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Preface

The present book is the translation of the German textbook “Hochspan-
nungsmesstechnik” published in 2017 and the thoroughly revised and extended
version of “High Impulse Voltage and Current Measurement Techniques” pub-
lished in 2013. The new edition is intended as an actual and comprehensive
introduction into high-voltage measurement techniques. It covers the standardized
measurement quantities as defined in the standards, the measuring circuits and
methods in the fields of direct, alternating, and impulse voltages and currents,
electro- and magneto-optical sensors, electric and dielectric quantities, and partial
discharges. In most areas of high-voltage measurements, digital techniques and data
processing have been successfully introduced, replacing the well-known analogue
measuring instruments and techniques of the past. This significant development,
which is still ongoing, provides an enlarged variety of new technical solutions
combined with the prospect of sophisticated analysis and higher accuracy.

High-voltage measurement technique is generally considered to be very
important for reliable transmission of electrical energy at high-voltage potential.
Furthermore, it poses high demands on the engineers and technicians entrusted with
testing and measurements. In addition to the transmission of electrical energy, high
voltages and currents occur in many other areas of physics and engineering, in
which they are made use of for various applications. Catchwords for these appli-
cations are as follows: plasma physics, particle accelerators, power electronics,
medical technology, aluminum production, spot-welding technology, electronic
ignition systems for combustion engines, electro-shock devices, and electromag-
netic compatibility. Even in these areas, precise high-voltage measurement tech-
nique is of special significance, either to prevent the device under test being stressed
too high or too low, or to guarantee the quality of the application.

As a general point, international agreements on testing and metrology have
taken more and more influence on electrical engineering, not least because of the
globalized market economy. This is particularly evident, on the one hand, in
national and international test specifications, which lay down (more or less) exact
measurement and evaluation procedures, and, on the other, in the worldwide net-
work of accredited testing and calibration laboratories. Accreditation according to
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internationally accepted rules is a prerequisite for mutual recognition and accep-
tance of the test and measurement results. The introduction of digital techniques and
the significantly improved characteristics of digital recorders and personal com-
puters, achieved during the last two decades, allow sophisticated data processing by
applying rather complex software algorithms. Examples are, among others, the
objective evaluation of the recorded waveforms, filtering of the measured data,
detection of partial discharges, and application of convolution for investigating the
dynamic performance of voltage dividers and current sensors.

For understanding the content of this book, basic knowledge of high-voltage
engineering is a prerequisite for the reader. While in Europe, measuring systems as
well as testing and measurement technology are tailor-made for alternating voltages
up to the maximum transmission voltage of 400 kV, more than twice this level is
required in other parts of the world for bridging large distances between energy
suppliers and consumers. As a result of the enormous economic development in the
Asiatic region, voltages higher than 1000 kV for alternating voltage transmission
and 800 kV for direct voltage transmission are under discussion. In this context, the
experts also discuss the question whether the proven measuring devices and mea-
surement techniques can even be used at these higher voltages.

I would like to express my greatest thanks to Prof. Dr.-Ing. Dr.-Ing. h.c. Dieter
Kind, Professor at the Technical University of Braunschweig and Past-President
of the Physikalisch-Technische Bundesanstalt Braunschweig und Berlin (PTB). He
has strongly influenced and fostered my professional life at the High-Voltage
Laboratory of the PTB, supported me on many small and big occasions, and
introduced me to the international group of high-voltage experts. My hearty thanks
are also due to my colleagues at the PTB and a number of high-voltage experts in
other institutes and companies for their valuable support in elaborating the manu-
script and providing me with photographs and printing permissions. Finally, I would
like to thank the Springer staff for the good and efficient support of the book project.

Braunschweig, Germany Klaus Schon
April 2019
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Chapter 1
Introduction

Abstract High direct, alternating and impulse voltages as well as the corre-
sponding currents play an important role in the electrical energy supply, but also in
many other areas of physics and technology. The high-voltage apparatus and other
equipment used for this purpose are subjected to a series of tests prior to com-
missioning, which allow limited information on their reliability and expected life-
time. The decisive factor is the proper execution of high-voltage insulation, which
is based inter alia on the specific knowledge of the solid, liquid and gaseous
insulating materials used. All tests require accurate measurement techniques and the
use of calibrated measuring systems. In this context are terms and content such as
quality assurance, calibration, traceability of the measurements to the SI units,
measurement uncertainty, internationally agreed test specifications, accredited
testing and calibration laboratories. In the following chapters, the old but still valid
fundamental basics and principles of high-voltage measurement techniques are
combined with the more recent developments in all the above-mentioned fields
under particular consideration of digital measurement technology and data
transmission.

The transmission of electrical energy from the energy suppliers to the urban centers
takes place predominantly via overhead transmission lines at high voltage to keep
the line currents and transmission losses low. In the metropolitan areas themselves,
the energy is distributed further via underground high-voltage cables, gas-insulated
switchgear (GIS) and gas-insulated lines (GIL). The energy transmission with
three-phase alternating (AC) voltages, which can be transformed with power
transformers to the desired voltage levels, is used worldwide. The highest voltage
levels for electrical power transmission are, for example, 400 kV in Europe,
750 kV in North America and 1000 kV in Asia. The frequency of the approxi-
mately sinusoidal AC voltage is 50 Hz in Europe and in many other countries,
while 60 Hz is common in North and Central America and parts of South America.
Other frequencies exist, for example, the German railway network is operated with
its own electrical power supply with a single-phase AC voltage of 110 kV and a
frequency of 16.7 Hz. Furthermore, a large number of local supply networks exist
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for regional trains with different voltages and frequencies. High AC voltages are
also required in other areas of physics and engineering, including devices and
systems for generating high direct (DC) voltages and impulse voltages.

Electrical energy transmission over distances of more than 700 km advanta-
geously takes place at high DC voltage, since in this case lower transmission losses
occur than at AC voltage and more power can be transmitted. In high-voltage DC
current (HVDC) transmission networks, voltages are generally in the range of up to
500 kV. In Asia, networks with a maximum of 800 kV are in operation or planned.
On the other hand, short DC transmission lines are also used to interconnect two
asynchronous AC voltage networks (back-to-back HVDC installation). HVDC
systems are also installed with submarine cables or underground cables with a
length of up to several 100 km. In Germany, the future energy supply will change
significantly after switching off nuclear power plants. For example, the energy
increasingly generated by wind turbines in the north of the country is to be
transported via HVDC transmission lines to the south in addition to the existing AC
grid. Finally, it should be noted that a futuristic planning study examines the
technical, economic and political conditions for the case that the solar energy
generated in the Sahara with photovoltaic systems is transported via HVDC links to
Europe.

High DC voltages are used in a variety of other applications, such as X-ray
machines, dust filter systems, coating and painting facilities, aluminum production,
etc. Particularly high DC voltages of up to 25 MV, which are free from harmonics,
can be generated with electrostatic band generators according to van de Graaff.
However, they can only be loaded with low currents of a few milliamperes and
therefore are not suitable for electrical power transmission. They are mainly used in
accelerator systems for basic research in nuclear physics.

Transient overvoltages with peak values of more than 1 MV can occur in power
supply networks with overhead lines. The impulse voltages are thus greater than the
maximum DC and AC operating voltages. Causes of the overvoltages are direct or
indirect lightning strokes on overhead lines or outdoor switchgear, short circuits or
flashovers due to failure of the electrical insulation, switching operations in sub-
stations and the response of overvoltage arresters. The rise times of these transient
voltages are mainly in the range of microseconds to milliseconds. In special cases,
for example, in the event of disruptive discharges, the voltage collapse can take
place in a very short time of less than 1 ls. Extremely short impulse voltages
lasting from a few 100 ns down to 1 ns occur in gas-insulated systems during
switching operations and flashovers. Transient voltages of more than 1 kV can also
occur in the low-voltage network when switching an electrical household appliance.
This may affect or even destroy the appliance itself or neighboring devices.

The apparatus used in power grids is also subjected to high DC, AC and impulse
currents. For example, in the case of a short circuit, the AC current may be
superimposed by a transient DC component. The resulting short-time current then
reaches briefly peak values of up to 200 kA or even more. Direct or remote
lightning strokes in the supply grid can cause transient currents with peak values in
the range of 100 kA and rise times of 1 ls. When a transmission line is struck by
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lightning, current impulses propagate on either side of the line and cause high
transient voltages at both ends of the line, which are superimposed on the operating
voltage. Surge arresters are therefore used to protect the apparatus from overvolt-
ages. When the arrester reacts, the transmission line can be discharged, resulting in
an approximately rectangular current impulse of approximately 1 ms duration.

High impulse voltages and currents with rise times in the microsecond or
nanosecond range also occur in other fields of physics and engineering or are useful
for certain applications, as the following examples show. In plasma physics,
extremely high magnetic fields are generated for the short-time magnetic confine-
ment of hot plasma. The impulse currents required for electrical spot-welding have
peak values of up to 200 kA. Electronic ignition systems for internal combustion
engines generate impulse voltages with a maximum peak value of 30 kV. In power
electronics, impulse voltages and currents of several 10 kV and up to 10 kA occur
or are required for testing, for example, for solar modules. Electricity meters are
tested with impulse currents consisting of a line-frequency sinusoidal half-
oscillation with amplitudes of up to several kiloamperes. In medical technology, the
destruction of kidney stones and gallstones as well as calcifications in joints is
achieved by acoustic shock waves generated by electric impulses. The effect of
electro-shock devices is based on high-voltage impulses that temporarily paralyze
the muscle functions of the attacked person or animal. Finally, mention should be
made of the wide spectrum of impulses used in electromagnetic compatibility
(EMC) testing of small electronic devices to very complex systems such as aircraft.

The insulation of the apparatus can be severely stressed by the high voltages and
currents during operation, which affects the service life. Knowledge of the electrical
and dielectric properties of the solid, liquid and gaseous insulation materials used is
therefore an important part of high-voltage engineering. If the high-voltage insu-
lation of the apparatus is not perfect, for example, due to gas cavities, partial
discharges will occur in this region above a certain inception voltage. The
long-term influence of partial discharges on the surrounding insulation often leads
to a gradual degradation of the electrical strength and possible failure of the system.

The reliability of the electrical energy supply is an important prerequisite for a
prosperous economy in every country and for the welfare of the population.
Therefore, the apparatus of the energy supply is subjected to a series of acceptance
tests prior to its use. The electrical, mechanical and thermal stresses which may
occur during practical operation of the apparatus are thus simulated in laboratory
tests, possibly also as on-site tests at the site of operation. These include, on the one
hand, tests with the voltage or current type corresponding to the mains operation of
the apparatus, and, on the other hand, tests with impulse voltages or currents. The
level of the internationally standardized test voltages depends on the rated voltage
of the apparatus. For EMC testing of electronic devices and systems, the electro-
magnetic test fields between plate- or strip-shaped electrode arrangements are
generated with very steeply rising impulse voltages. The effect of the electromag-
netic pulse (EMP), which is released by a nuclear explosion at very high altitude,
can also be simulated in this way.

1 Introduction 3



In addition to the voltage tests, all high-voltage apparatus are subjected to partial
discharge tests in a usually shielded test laboratory or during on-site tests. The
phenomenon of partial discharges is very complex and not yet fully understood.
However, it has been known for decades of experience that there is a risk of
long-term damage to the insulation and premature failure of the apparatus if the
partial discharge magnitude exceeds a value individually specified for each appa-
ratus. Therefore, in addition to an initial acceptance test, permanent online moni-
toring of the partial discharges takes place increasingly in order to detect a possible
failure of the apparatus in time. In further measurements, the electrical and
dielectric properties of the high-voltage insulation are checked. These include
quantities such as insulation resistance, conductivity, capacitance and dissipation
factor of the test object.

To carry out all necessary tests, thorough knowledge of the measurement
technique is required. This is important in order to avoid overloading or under-
loading of the test object, or because the quality of an application, for example, a
medical treatment or electrical spot welding, must be ensured. The measurement of
high voltages and currents, partial discharges and dielectric properties of insulating
materials has a long tradition. There are now two crucial changes. The mechanical
meters and measurement methods used for decades have been largely replaced by
electronic measuring instruments and suitable measurement methods several years
ago. The introduction of digital measurement technology with numerical data
processing is yet another key breakthrough and means the end for most analog
measuring circuits and instruments.

All measuring instruments used in the tests must be thoroughly checked with
regard to their uncertainty of measurement. In this context, terms and contents such
as quality assurance, calibration, traceability of the measurements to the SI units,
measurement uncertainty, internationally recognized test specifications, accredited
testing and calibration laboratories, etc., are of particular importance.

High-voltage and power engineering are discussed extensively in the relevant
literature, especially in the current conference volumes of national and international
lectures and proceedings, for example, “International Symposium on High Voltage
Engineering” (ISH). Comprehensive representations can be found in several text-
books, but the corresponding measurement techniques are only briefly presented
[1–5]. The resourceful reader can also get more or less detailed information on
individual topics via the well-known search engines on the internet. The textbooks
in references [6–8] deal with high-voltage measurement techniques and related
fields in more detail, but were published decades ago or are available only as an
unchanged copy of older editions.

Current topics of the high-voltage measurement technique are dealt with in
recent publications [9, 10]. The present book is a translation of [10], which is a
revised and extended version of [9]. It now comprises the measurement techniques
for high DC, AC and impulse voltages and the corresponding currents, partial
discharges as well as electrical and dielectric measurement quantities. The book has
been written with the intention of combining the old but still valid fundamental
basics and principles of high-voltage measurement techniques with recent
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developments in all the above-mentioned fields. These developments have resulted
from improved test and measurement equipment, the introduction of digital
methods and numerical data processing, special calibration procedures and uncer-
tainty calculations, as well as from the increasing importance of the relevant test
standards.
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Chapter 2
High Alternating Voltages and Currents

Abstract The transmission of electrical energy from the power plant to the con-
sumer takes place predominantly with high alternating (AC) voltages, so that this
voltage and thus also the alternating currents have special significance. Each
apparatus for the electrical energy supply is therefore tested for reliability prior to
commissioning. The test and measurement procedures as well as requirements for
test voltages and test currents are specified in national and international test regu-
lations. High AC voltages are also important because they are needed for the
generation of high DC and impulse voltages as well as numerous applications in
physics and engineering. Furthermore, high alternating voltages are used for tests
on insulating material in terms of dielectric properties and partial discharges. The
chapter introduces the standardized quantities and measurement methods, briefly
describes the basic principles of AC voltage and current generators, and discusses
the measuring systems and instruments in more detail. Although analog measure-
ment methods and devices are still in use, including the standard sphere gap, to-day
the main focus is on digital measuring systems with computer-aided data pro-
cessing, allowing online and on-site tests.

High alternating voltages—and thus also high alternating currents—play an
important role in the transmission of electrical energy from the power plant to the
consumer, so that this type of voltage is particularly important. Each high-voltage
device for the power supply is tested for reliability before use, with the test and
measurement procedures as well as the test voltage and current requirements
specified in national and international test standards. Alternating voltages are also
particularly important as they are necessary for the generation of high direct and
impulse voltages. Furthermore, high alternating voltages are used for tests on
insulating material in terms of dielectric properties and partial discharges. The
chapter introduces the standardized measurement quantities and methods, briefly
describes the basic principles of voltage and current generators, and deals primarily
with the measurement systems and instruments that are widely used today in digital
versions with computer-aided data processing.
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2.1 Alternating Test Voltages

High alternating (AC) voltages are the prerequisite for the economic transmission
of electrical energy over medium distances and are necessary for the generation of
high direct (DC) and impulse voltages as well as for dielectric tests and partial
discharge measurements. The basic test and measurement procedures for the
apparatus of the electrical power transmission at high voltage are laid down in a
number of national and international test standards [1–5]. The terms and require-
ments for the generation of AC test voltages are specified in IEC 60060-1 [1], the
details for measurements and calibrations in IEC 60060-2 [2]. For on-site tests, the
definitions and requirements are given in IEC 60060-3 [3]. The use of sphere gaps
and rod-rod gaps is dealt with in IEC 60052 [5]. For the devices in the low-voltage
range with rated AC voltages of maximum 1 kV, special test regulations are given
in IEC 61180 [6].

The generated AC test voltage shall be approximately sinusoidal with a fre-
quency between 45 and 65 Hz. Other frequencies are possible, e.g. 16.7 Hz for
testing the equipment of the German railway. For specific tests, frequencies well
below or above this range are recommended, e.g. 1 Hz or even 0.1 Hz for on-site
cable testing.

The peak value of the AC test voltage is defined as the mean of û+ and û−:

û ¼ ûþ þ û�
2

; ð2:1Þ

where û+ and û− are the positive and negative maximum values, respectively
(Fig. 2.1). The difference between the positive and negative maximum values shall
be less than 2%. The peak value û, divided by √2, gives the value of the AC test
voltage that characterizes the AC voltage and to which the requirements in the test
standards refer:

U ¼ ûffiffiffi
2

p ¼ ûþ þ û�
2

ffiffiffi
2

p : ð2:2Þ

t

û+

0

û-

0 20 40 60ms

u

U

Fig. 2.1 Example of a
sinusoidal AC voltage with
the maximum values û+ and
û−, the peak value
û = (û+ + û−)/2 and the value
of the AC test voltage
U = û/√2
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Older analog peak voltmeters often only measure the maximum value of one
polarity. If the measured values û+ and û− differ by less than 2%, the maximum
value displayed is accepted as the peak value û according to Eq. (2.1). The test
voltage value relevant for a high-voltage test object is specified in the test standards.
For test durations not exceeding 1 min, the test voltage shall be kept constant within
±1% of the specified value (±3% for longer test duration).

Note The definition of the peak value divided by √2 as the test voltage value is based on the
fact that the breakdown of insulating material usually depends on the maximum voltage—
apart from the thermal breakdown at constant load.

Occasionally, e.g. when investigating thermal effects, the root-mean-square
(RMS) value is to be determined as the test voltage value:

Urms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

RT
0
u2dt;

s
ð2:3Þ

where T is the time of an integer number of cycles of the AC voltage. For an ideal
sinusoidal voltage, both test voltage values according to Eqs. (2.2) and (2.3) are
identical. The AC test voltages that are generated by transformers are generally not
purely sinusoidal but superimposed by harmonics of the mains frequency. The
voltage shape and thus the result of the voltage test is considered acceptable if the
quotient of the peak value and RMS value corresponds to √2 within ±5%.

The test voltage value according to Eq. (2.2) or Eq. (2.3) shall be measured with
a suitable measuring system with an uncertainty of not more than 3%. Further
requirements concern the frequency response. If the measuring system is used for
voltage measurement at a single frequency fnom, the frequency response may only
change by ±1% within fnom to 7fnom. For a wider frequency range of the AC voltage
to be measured, e.g. fnom,1 = 45 Hz to fnom,2 = 65 Hz, the frequency response must
be constant within ±1% from 45 Hz to at least 7 � 65 Hz = 455 Hz. The fre-
quency response above 7fnom is subject to further specifications. The requirements
on the frequency response of the measuring system are considered sufficient to
determine the Total Harmonic Distortion (THD) value (see Sect. 2.2.1). However,
there is no requirement for the THD value of a test voltage.

On-site testing with AC voltage are used to verify the correct installation of a
complete operating system, the individual components of which have already been
thoroughly tested in the high-voltage laboratory [3, 7]. For on-site tests, the per-
missible tolerances and measurement uncertainties are partly greater. The values are
summarized in Table 2.1 compared to those when testing in high-voltage labora-
tories. The frequency range of test voltages for on-site tests is extended from 10 to
500 Hz, with low frequencies being preferred for cable testing.
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2.2 Alternating Currents

In connection with high AC voltages, high alternating (AC) currents also occur in the
electrical power supply. The test specifications were published in 2010 in the new
Publication IEC 62475, together with the specifications for DC currents and impulse
currents [4]. The requirements apply to test currents in high-voltage and high-power
test laboratories of more than 100 A, with a distinction between steady-state AC
currents and short-time AC currents. The basis for the test specifications are the test
and measurement methods in the major European high-power test fields. For this
purpose, intercomparison measurements were performed with a coaxial shunt and a
Rogowski coil as transfer standards for current measurements [8].

2.2.1 Steady-State Alternating Current

The standard test current is an alternating current with an approximately sinusoidal
shape and a frequency that is generally between 45 and 65 Hz. For certain test
objects, the frequency may have a different value. The value of the test current is the
true RMS value according to:

Irms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

RT
0
i2 tð Þ dt:

s
ð2:4Þ

where T is the time corresponding to an integer number of cycles. The tolerance for
generating steady-state AC test currents is ±3%. The difference between the pos-
itive and negative peak values shall be less than 2%.

For a more accurate characterization of the test current’ shape, the Total
Harmonic Distortion (THD) is used:

Table 2.1 Requirements on the measuring system during tests in the laboratory and on site

AC voltage Test in laboratory On-site test

Tolerance

û/√2 (Test duration � 1 min) ±1% ±3%

û/√2 (Test duration >1 min) ±3% ±5%

Quotient û/ueff √2 ± 5% √2 ± 15%

Uncertainty

Test voltage value û/√2 � 3% � 5%

Scale factor F � 1% � 2%
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THD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

n¼2 I
2
rms; n

q
Irms; 1

: ð2:5Þ

In Eq. (2.5), Irms,1 is the RMS value of the fundamental oscillation (n = 1) and
Irms,n is the RMS value of the nth harmonic with n = 2 to n = 50. The total har-
monic distortion according to Eq. (2.5) shall not exceed 5% of the RMS value of
the fundamental oscillation Irms,1.

The requirements on the frequency response of AC current measuring systems
are the same as for AC voltage measuring systems (see Sect. 2.2.1). Within the
frequency range of fnom,1 to 7fnom,2, the frequency response or the scale factor may
only vary by ±1%. The frequency response outside the usable frequency range is
subject to further specifications.

2.2.2 Short-Time Alternating Current

The test with short-time AC currents simulates the stress that the test object must
withstand during a short circuit in the supply network. The switching angle w is the
angle between the zero crossing of the voltage and the beginning of the short
circuit. It has a decisive influence on the course of the short-time current, which
lasts only for a certain number of periods. In general, the test current is asymmetric
and characterized by an AC component with a superimposed transient DC com-
ponent (Fig. 2.2a). In extreme case, the peak value î of the short-time current
reaches almost double the amplitude of the steady-state AC current due to the
superimposed DC component. The maximum current can therefore reach several
100 kA. After the exponential decay of the DC current component, the short-time
AC current lags behind the voltage by the phase angle u determined by the
resistance and the inductance of the shorted circuit. Under certain switching and

(a) (b) 

1

2

t

i(t)
î

0

A

t

i(t)
î

ts
0

Fig. 2.2 Examples of short-time AC currents. a Asymmetrical short-time AC current
1 superimposed by a transient DC component 2, b symmetrical short-time AC current without
DC component
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phase conditions, a symmetrical short-time AC current results without a DC
component (Fig. 2.2b). The analytical representation of short-time AC currents is
given in Sect. 8.3.

According to the main part of IEC 62475 [4], the short-time AC current is
characterized by its peak value î and the RMS value of the symmetrical AC com-
ponent 1. The latter results as the difference A between the upper and lower
envelope of the short-time current, divided by 2√2 (see Fig. 2.2a). In addition, the
true RMS value Irms is defined by:

Irms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

RT
0
i2 tð Þ dt

s
; ð2:6Þ

which includes the contribution from the DC current 2. The integral in Eq. (2.6) is
calculated from t = 0, i.e. when the current first deviates from zero, until t = T when
the current last deviates from zero. Other parameters of the test current are the
frequency, the duration and the impedance angle u = arctan (xL/R), where L is the
inductance and R is the resistance of the short circuit. The informative Annex G of
IEC 62475 [4] defines additional RMS values, e.g. the conventional RMS value of
the AC current component, determined with the three-crest method. It is calculated
from the difference between the peak value of a half-oscillation and the mean of the
two adjacent peak values with opposite polarity divided by 2√2.

In the generation of short-time AC currents, the tolerance is ±5% for the peak
value î as well as for the RMS value of the symmetrical AC current component. The
expanded measurement uncertainty for both measurement quantities must not
exceed 5%. Depending on the test object, the required bandwidth of the measuring
system ranges from 0 or 0.2 Hz up to 7fnom, where fnom is the mains frequency.

2.3 Generation of High Alternating Voltages

Some generator systems for generating high AC voltages are briefly dealt with in
this section, as their typical properties, such as the harmonic content of the voltage
or the occurrence of partial discharges can have an influence on the test and
measurement. High AC voltages are predominantly generated by inductive trans-
formers. Depending on their intended use, they have cast resin, oil or SF6 insula-
tion. They are either single-step transformers or cascaded to generate voltages of
more than 600 kV. In addition, there are resonance systems, also in cascade, which
are often used for on-site testing due to their smaller dimensions and if the required
excitation power is not too high. The AC voltages generated by transformers are
used to test the equipment and components for the electrical power supply, but of
course also for the calibration of the measuring systems used. Further applications
include measurements of dielectric properties (see Chap. 11) and partial discharges

12 2 High Alternating Voltages and Currents



(see Chap. 12). The highest AC voltages of up to 1000 kV, which are mainly found
in Asia, require correspondingly high voltages for testing and calibration. These
ultra-high test voltages (UHV) can only be generated in a few test laboratories in
some industrialized countries. In addition, AC voltages are needed to generate high
DC and impulse voltages for testing but also in many other fields of physics and
engineering.

2.3.1 Types of Test Transformers

Test transformers for the generation of high AC voltages exist in different versions
(Refs. [1–5] of Chap. 1). Figure 2.3 shows two conventional types of oil-insulated
test transformers designed as single units. In the example in Fig. 2.3a, the magnetic
core 2 with the low- and high-voltage windings 3 and 4 is located in an oil-filled
metal tank K. The high-voltage winding is provided with control electrodes 5 for
reducing the electric field strength. This type of transformer with oil-impregnated
paper insulation requires a fairly complex, field-controlled oil-to-air bushing D to
conduct the high voltage along the metal tube 6 to the high-voltage electrode 7
outside the tank. Large test transformers have high-voltage bushings that are
arranged horizontally or diagonally to reduce the overall height.

1

2

3
4
5

K M

D

7

6

(a) (b)

Fig. 2.3 Construction of oil-insulated test transformers (schematic). aMetal tank type, b insulated
housing type. 1 Base plate, 2 iron core, 3 exciting winding, 4 high-voltage winding, 5 control
electrode, 6 high-voltage metal tube, 7 high-voltage electrode, D high-voltage bushing, K metal
tank, M insulating housing
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The oil-insulated test transformer in Fig. 2.3b is housed in an insulating cylinder
M between the grounded plate electrode 1 and the high-voltage plate electrode 7.
Therefore, this type of transformer does not require a high-voltage bushing. However,
in comparison with transformers in a metal tank, such transformers have the disad-
vantage that heat dissipation to the environment is less efficient. They therefore have a
reduced test power. Because of the possible risk of bursting or leakage of the insu-
lating cylinder, it must be ensured that in the event of such an emergency, the
considerable amount of leaking oil is collected in a sufficiently large safety tank.

In smaller transformers for indoor applications of up to 100 kV, the windings
and even the iron core are often cast in epoxy resin. Since these dry-type trans-
formers cannot be repaired after manufacture, the cast-resin insulation must be free
from defects which can lead to partial discharges and thus impair the service life
(see Chap. 12). In order to reduce the electric field strength in the insulation, the
windings can be divided into two halves, which are connected in series and
arranged on the right and left side of the core. The high voltage is then tapped
between two bushings, which are either floating or grounded on one side. The core
is connected with the mid-point of the two windings, i.e. at half potential, and must
therefore be isolated from ground. This circuit is found, for example, in oil testers
where grounding of the high-voltage winding is not necessary.

The primary voltage of the test transformers is often supplied by manually
adjustable or motorized regulating transformers from the supply network. The
primary voltage is slowly increased from zero to the desired test voltage.
Alternatively, the primary voltage can be supplied by a machine set, then also with
other frequencies, e.g. 16.7 Hz for the equipment of the railway system in
Germany. The reduced permissible test voltage of the transformer at lower fre-
quencies must be observed! Smaller test transformers can be excited with static
(electronic) voltage generators, with the frequency being adjustable over a wide
range. However, even with a purely sinusoidal primary voltage, the secondary
voltage of the transformer has higher harmonics due to the non-linear magnetization
characteristic of the transformer core, under both load and idle conditions.

Test transformers in compressed-gas vessels with SF6-impregnated foil insula-
tion have relatively small dimensions. However, when used in conjunction with
air-insulated systems, they require large bushings. They are therefore preferable
integrated in metal-enclosed gas-insulated systems. As an example, Fig. 2.4 shows

1 2 3 4 5 6Fig. 2.4 Metal-enclosed
transformer with SF6
insulation for GIS.
1 Compressed-gas vessel,
2 iron core, 3 excitation
winding, 4 high-voltage
winding, 5 conductor,
6 support insulator
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a compact version that is flanged directly to the gas-insulated switchgear (GIS) to
be tested. The magnetic core and the low end of the high-voltage winding are
connected to the vessel at ground potential. This transformer type is particularly
suitable for on-site testing of GIS and GIL.

2.3.2 Cascaded Test Transformers

AC test voltages of more than 600 kV are usually generated with cascaded
transformers. The principle of a three-stage cascade is shown in Fig. 2.5. The three
high-voltage windings H are connected in series, which requires an isolated
arrangement of the second and third transformer stages. The first and second stages
have coupling windings K for the primary (excitation) windings E of the two upper
stages. The connecting lines from the coupling windings K to the excitation
windings E are each housed in the relevant high-voltage tubes of the bushings. At
the output of the third stage, the maximum voltage 3U with the power P is
available. The power of the excitation and coupling windings to be transmitted is
2P for the second stage and 3P for the first stage. The windings are dimensioned
according to the higher load. Similarly, the dimensions of shields and toroidal
electrodes are adapted to the higher voltages in the second and third stages.
A three-stage cascade system with oil-insulated transformers in metal tanks prob-
ably has the world’s highest test voltage of 3 MV [9].

A two-stage cascaded test transformer with cast resin insulation has already been
described in Sect. 2.3.1. The cascade is fabricated as a single unit in such a way that
a second excitation and high-voltage winding with a coupling winding is wound on
the core in Fig. 2.3a. This particular design of a two-stage cascade is also found in

~ U

2U 3UE

K E

K E

H

H

H

3P

2P

P

Fig. 2.5 Basic circuit of a three-stage cascade for AC voltages. E Excitation (primary) winding,
K coupling winding, H high-voltage winding
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the version in which the oil-insulated transformer is housed in a metal tank. The
transformer has two high-voltage bushings, one of which is generally grounded. In
this arrangement, the metal tank connected to the magnetic core is at half potential
and therefore needs to be insulated. In the case that both bushings are not grounded
and the tank is grounded, a symmetrical voltage is obtained across the two bushings.

Cascaded transformers can also be realized with oil-insulated transformers that
are housed in insulating cylinders. The individual stages are arranged one above the
other so that the cascade requires a small base area. A two-stage cascade of this type
with a rated voltage of 800 kV is shown in the background of Fig. 2.6. The
compressed-gas capacitor in the foreground serves as the measurement capacitor of a
peak voltmeter (see Sect. 2.5.2.2). At the base of the cascade, an annular drip tray is
installed to collect leaking oil in the case of leakage or explosion of the insulating
housing. The collected oil is then conducted to a large container located below the
hall floor.

Fig. 2.6 Two-stage 800 kV transformer cascade housed in insulating cylinders (in the
background) with compressed-gas capacitor (right) and instrument transformer (left) in the
foreground (PTB)
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2.3.3 Simple Equivalent Circuit Diagram

In the equivalent circuit diagram, the test transformer appears as capacitance CT at
the high-voltage output in connection with the short-circuit impedance Rk and Lk
(Fig. 2.7). Therefore, a series resonant circuit is formed with the mostly capacitive
test object CP. U1′ is the primary voltage relative to the secondary side of the
transformer, in accordance with the transformer ratio. The capacitance CT, which
adds to CP, takes into account the capacitances of the transformer windings,
shielding electrodes and high-voltage leads. The series resonance leads to an
increase in the secondary voltage U2 of the transformer. This means that the test
object is exposed to a higher voltage than that resulting from the product of the
applied primary voltage and the transformer ratio. The voltage actually applied to
the test object must therefore always be measured on the high-voltage side using a
separate measuring system. The reactive power caused by the capacitive load is
compensated on the primary side by reactors.

2.3.4 Resonant Circuits

Test voltages with nearly sinusoidal shape and high stability can be generated in
resonant circuits with a high-voltage reactor. The equivalent circuit diagram of a
series resonant circuit is similar to that in Fig. 2.7 and consists mainly of the
inductance and resistance of the low-loss reactor in series with the capacitance of
the test object. Other resonant circuits, e.g. the parallel resonant circuit, are dis-
cussed in (Refs. [4, 5] of Chap. 1; [10]). The resonant circuit is supplied from an
exciter transformer with low voltage and power. In case of resonance in the tuned
circuit, the voltage increases considerably at the test object according to the quality
factor. The resonance condition at the natural frequency is achieved either by
varying the inductance of the reactor at a constant frequency of the supply voltage
or by a variable frequency at a constant inductance, the latter operating mode
having a number of advantages. By series connection of several reactors, test
voltages of 2 MV and more can be generated.

Due to their relatively small size and low weight, series resonant systems are
suitable for mobile use, especially for on-site testing of power apparatus with a
large capacitance such as cables and GIS [11]. The frequency of the test voltage can
be selected in a wide range. Because of the large reactive power available in the

Rk Lk

CPU2U1' CT

Fig. 2.7 Simple equivalent
circuit diagram of a
transformer with the
short-circuit impedance Rk

and Lk, the stray capacitance
CT and the capacitive load Cp

of the test object
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case of resonance, cable tests can advantageously also be carried out at frequencies
around 50 Hz. Cable testing with other high-voltage sources can only be performed
at much lower frequencies because of the strong capacitive load.

In connection with resonant circuits, the Tesla transformer should also be briefly
mentioned. Due to its very low output power, however, the Tesla transformer plays
no special role in the field of electrical power engineering. The principle of the Tesla
transformer is based on the resonance of two magnetically loosely coupled coils
without a magnetic core, which are wound on top of each other. The oscillation is
periodically excited by charging a capacitor in the primary circuit and then dis-
charging it again by igniting a spark gap. With Tesla transformers, voltages of up to
several megavolts with frequencies from 10 to 500 kHz can be generated [12–14].

2.4 Generation of High Alternating Currents

Steady-state AC test currents are generated with high-current transformers in which
the primary current magnitude can be set in fine steps by a variable transformer. The
variable transformer can either be fed from the mains power supply, from a gen-
erator set or from a static (electronic) generator. With the last two possibilities, the
frequency can be varied. High-current generators for more than 50 kA in contin-
uous operation are often equipped with an external connection for cooling. High
currents are associated with strong magnetic fields that can be dangerous for people
and equipment. The test set-up including the high-current supply and return con-
ductors should be positioned as symmetrically as possible in order to avoid elec-
tromagnetic interference in measuring instruments.

Short-time AC test currents simulate the stress caused by a short circuit of power
apparatus, e.g. circuit breakers. They can be generated in the test fields with
powerful machine sets up to the highest currents of several 100 kA. The short-time
AC current is limited to a few periods or half-periods during the test of circuit
breakers, so that the maximum test duration is in the range of 1 s. The processes can
be described with the simple equivalent circuit diagram in Fig. 2.8, where the
resistance R and the inductance L simulate the components of the test object and the
connecting leads [4]. When the switch S is closed at t = t0, the AC voltage of
generator G with the instantaneous value u(t0) = ûsinw is applied to the test object,

R

Lûsinωt

i(t)

S

G

Fig. 2.8 Simple equivalent
circuit diagram of the test
arrangement with generator G
for generating short-time AC
currents
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where w is the switching angle. For a predetermined duration or period number, the
voltage ûsin (xt + w) drives the short-time AC current i(t) through the test object.
The analytical treatment of the short circuit is given in Sect. 8.3.

In stationary operation, the short-time current lags behind the AC voltage by the
phase angle u due to the inductive load. Depending on the switching angle w, the
stationary short-time AC current is superimposed by a more or less large DC
component, which decreases exponentially with time (see Fig. 2.2a). The peak
value of the resulting short-time AC current can thus reach almost twice the
steady-state value, which means a particularly high stress for the test object.
Short-time AC currents with lower magnitudes can also be generated with a static
generator that is fed by a digital-to-analog converter with the desired waveform.

2.5 Measurement of High Alternating Voltages

For measuring high AC voltages with the mains frequency of 50 Hz or 60 Hz—in
special cases with different frequencies, e.g. 16.7 Hz for the equipment of the
German railway system—there are several possibilities. The majority of the mea-
suring systems consist of a capacitive high-voltage divider whose output voltage is
recorded by a measuring instrument. Instead of a voltage divider, a single
high-voltage capacitor can also be used to measure the capacitive AC current. The
measuring instruments used today are predominantly digital ones on the basis of A/
D converters. They allow a comprehensive, computer-assisted evaluation of all
parameters of the AC voltage (see Sect. 2.2.1). This enables on-site testing and
online monitoring to be carried out in connection with the use of special trans-
portable voltage generators and measuring systems installed at the site of the test
object. Due to the existing or planned energy transmission with ultra-high AC
voltages of up to 1 MV (UHV range), especially in Asia, the requirements in the
field of measurement technique are also increasing.

The direct measurement of high AC voltages is possible with instrument
transformers, electrostatic voltmeters or sphere gaps, the latter two options being
used more frequently in the past. In combination with current transformers,
inductive and capacitive instrument transformers are preferably used for energy
measurements in the network because of their small phase difference between input
and output voltages. With field sensors, potential-free voltage measurements are
possible, in which the measured values are sent to the measuring device on ground
potential by means of fiber optic data transmission or wireless technology. Recent
advances in the application of the Pockels effect and the Kerr effect have led to an
increasing use of optoelectronic sensors for AC voltage measurements (see
Sect. 6.1).
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2.5.1 Capacitive High-Voltage Dividers

Capacitive high-voltage dividers generally consist of a number of series-connected
capacitors arranged one above the other. The high AC voltage is applied to the top
electrode of the divider, and a true-to-scale reduced voltage is available for mea-
surement at the output terminal, i.e. at the lowest capacitor. The output voltage,
which is usually limited to not more than 2 kV, is then evaluated by an analog or
digital measuring device. The insulation of high-voltage capacitors usually consists
of windings made of oil-impregnated paper or gas-impregnated plastic film (see
Sect. 4.3.3.1). Certain ceramic plate capacitors have an excellent frequency
response and are therefore preferably used in voltage dividers for the measurement
of high-frequency voltages or impulse voltages (see Sect. 4.3.4.1). Compressed-gas
capacitors of the Schering and Vieweg type have excellent characteristics with
regard to the accuracy of the capacitance and tan d up to the megavolt range,
making them ideally suited for use in a reference system (see Sect. 11.5).

The series connection of several capacitors in the voltage divider reduces the
total capacitance. For example, for n equal capacitors C1, the total capacitance—
without taking into account the stray capacitances to ground—is only C1/n. Voltage
dividers for measurement purposes usually have only a relatively small total
capacitance of a few 100 pF. This is because their properties in terms of long-term
stability, frequency behavior, temperature dependence and voltage dependence are
better than those of a voltage divider with larger capacitance. In addition, a large
capacitance puts higher load on the generator.

2.5.1.1 Stray Capacitances and Simple Equivalent Circuit Diagrams

The transfer behavior of unshielded high-voltage dividers is dealt with in detail in
Sect. 4.3.1.4. The capacitive voltage divider has inductances of the components and
high-voltage leads as well as stray capacitances to ground and to electrodes, e.g. to
the torus electrode on the divider top. In the case of capacitive AC voltage dividers,
the distributed stray capacitances C0

e must be taken into account because they affect
the division ratio and the frequency behavior. The current i0e flowing through C0

e, in
particular the higher frequency components, does not reach the capacitor C2 and is
thus lost in the measurement result (Fig. 2.9). Therefore, the stray current leads to a
division ratio different from the theoretical value (C1 + C2)/C1 of the simple series
connection with C1 and C2. All partial capacitances C0

e are assumed to be
approximately equal. In the usual vertical arrangement of the voltage divider, the
calculable value for the stray capacitance to ground is in the range 15–20 pF/m,
depending on the diameter of the voltage divider [15].

In the frequency range of the mains frequency and its harmonics, the influence of
inductive and resistive components of the capacitors is usually negligible. Based on
this assumption, two equivalent circuit diagrams can be derived for the capacitive
high-voltage divider. Both diagrams show that the effective high-voltage
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capacitance C1 is reduced by a part of the ground capacitance Ce. In other words,
the division ratio becomes larger and the output voltage u2 is reduced. In the
equivalent circuit diagram in Fig. 2.10a, a capacitance 2/3Ce is connected in parallel
to half of the high-voltage capacitance. In Fig. 2.10b, C1 is reduced by 1/6Ce so that
the effective capacitance Ceff in the high-voltage branch is (Refs. [1, 4] of Chap. 1):

Ceff ¼ C1 � Ce

6
: ð2:7Þ

Both equivalent circuit diagrams show that the transfer behavior of a capacitive
voltage divider for frequencies up to the kHz range can be assumed to be approx-
imately frequency-independent. Due to the stray capacitances, the exact division
ratio u1/u2 cannot be calculated from C1 and C2, but must be determined from
measurements. The division ratio of voltage dividers is predominantly dimensioned
such that the maximum output voltage u2(t) at the rated input voltage is usually 1 kV
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Fig. 2.9 Capacitive voltage
divider with distributed stray
capacitances C0

e to ground

(a)  (b)

u2(t)C2

2C1

2C1

2/3Ce

u1(t)

u2(t)C2

C1 – 1/6Ce

u1(t)

Fig. 2.10 Simple equivalent
circuit diagrams of a
capacitive voltage divider
taking into account the stray
capacitance Ce. a Parallel
capacitance 2/3Ce, b reduced
high-voltage capacitance
C1 −

1/6Ce
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or 2 kV. To measure the output voltage u2(t), analog and digital measuring devices
are basically suitable. However, the trend towards digital data acquisition with
software-based device control and data evaluation has already been largely imple-
mented. With digital instruments and data processing, a complete analysis of the
measurement data required for AC voltage tests including the comprehensive doc-
umentation within the framework of quality management, can be carried out.

2.5.2 Analog Measuring Instruments

In the past, measuring instruments for AC voltages in combination with
high-voltage dividers were exclusively analog. They have been continuously
improved over the years and extended in their measurement possibilities.
Nowadays, new measuring instruments are built exclusively digitally, making
analog meters and the corresponding measurement methods less and less common.
Therefore, only a few basic principles of analog measurement techniques are dealt
with in this section.

2.5.2.1 Simple Analog Peak Voltmeter

Figure 2.11a shows the principle of a simple analog AC peak voltmeter connected to
the low-voltage capacitor C2 of a capacitive high-voltage divider (Ref. [4] of
Chap. 1; [16]). Via the rectifier G, the measuring capacitor Cm is charged to the
positive peak value of the AC voltage u2(t), the voltage drop across the rectifier G1
being neglected. When the AC voltage u2(t) decreases again, Cm is slightly dis-
charged and its voltage um(t) decreases according to the time constant RmCm. In the
next positive half-cycle, when u2(t) > um(t), Cm is recharged and um(t) increases
again to the peak value (Fig. 2.11b). The resistances R2 and Rm as well as the
capacitance Cm are chosen such that, on the one hand, the division ratio is as little
affected as possible and, on the other hand, small changes in u2(t) and thus in the high
voltage u1(t) can be detected. To display the DC voltage um with ripple, moving-coil
instruments, electrostatic voltmeters or electronic analog circuits, optionally with
digital display, can be used. The difference in the display of meters indicating the
mean or RMS value is acceptable if the test voltage complies with the test standards.

The simple basic circuit in Fig. 2.11a can cause several measurement errors. Due
to the ripple of um, the mean or RMS value displayed by the measuring instrument M
is always slightly lower than the peak value and thus also frequency-dependent (see
Sect. 2.2.1). During the charging phase of the rectifier, Cm is parallel to C2, which
increases the division ratio. Since the AC voltage can be asymmetrical, the measuring
instrument must be able to measure both the positive and the negative peak values.
Several circuit variants have been developed in the past, which led to improvements
in the measurement behavior of the circuit and to the reduction of interference
(Refs. [4, 6] of Chap. 1). As a result, themeasurement uncertainty required by the test
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standards for the complete measuring system can be maintained. In summary, it can
be said that analog peak voltmeters for the frequency range 16.7–300 Hz have a long
tradition, but are increasingly being replaced by digital instruments.

2.5.2.2 Peak Voltmeter According to Chubb and Fortescue

The principle of the analog peak voltmeter developed by Chubb and Fortescue is
remarkably simple (Ref. [4] of Chap. 1; [17]). The high AC voltage u(t) applied to
the capacitor C generates the current ic(t) which is proportional to the derivative of
u(t) (Fig. 2.12):

ic tð Þ ¼ C
du tð Þ
dt

: ð2:8Þ

By the rectifiers G1 and G2, the current ic(t) is divided into positive and negative
components. In the conduction period of rectifier G1, the current measured by the
moving-coil instrument M is im(t) = ic(t), neglecting the voltage drop across G1. In
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Fig. 2.11 Principle of an analog AC peak voltmeter with capacitive voltage divider. a Basic
circuit of the measuring circuit at the divider output, b input voltage u2–u1 of the measuring
instrument M and displayed voltage um
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Fig. 2.12 AC peak value
measuring circuit according to
Chubb and Fortescue (basic
principle). C High-voltage
capacitor, G1, G2 rectifier,
M moving-coil instrument
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the negative half-cycle of the AC voltage, ic(t) flows through the second rectifier G2
in the parallel branch and im = 0. Due to its working principle, the moving-coil
instrument M displays the arithmetic mean Im of the AC current im(t). Under
simplifying assumptions, the following equation for the mean current can be given:

Im ¼ 1
T

ZT=2
0

icðtÞdt ¼ C
T

Zþ û

�û

du ¼ 2fCû; ð2:9Þ

where T is the period duration of the AC voltage. From Eq. (2.9), we obtain the
peak value of the AC voltage:

û ¼ Im
2f C

: ð2:10Þ

Equation (2.10) applies to AC voltages without a saddle point where du/dt = 0.
Saddle points can occur by superimposing strong oscillations. According to
Eq. (2.8), a saddle point would lead to an additional zero crossing of the current im(t).
In this case, the moving-coil instrument would display an incorrect mean or peak
value. In test practice, however, the standardized test voltage usually has no saddle
point.

The circuit according to Chubb and Fortescue basically allows an accurate
measurement of the peak value of AC voltages. A compressed gas capacitor
according to Schering and Vieweg, which is known to have good measurement
properties, is very well suited as the high-voltage capacitor C (see Sect. 11.5).
Compared with the circuit in Fig. 2.11a, the Chubb and Fortescue circuit has the
advantage that no low-voltage capacitor is needed, which would also contribute to
measurement uncertainty.

In an improved circuit, the moving-coil instrument M is replaced by a measuring
resistor Rm [18]. The rectified current im(t) flowing through Rm causes a voltage
um(t) = Rm im(t), which is converted by a voltage-to-frequency converter into an
average pulse rate fm. The subsequent gate circuit is controlled by an auxiliary
voltage derived from the primary voltage of the high-voltage transformer. It opens
for a predetermined number of p periods of the AC voltage, so that N pulses can
pass through the gate to a frequency counter. The number N of counted pulses is
proportional to the peak value û of the AC voltage according to the equation:

û ¼ N
2pARmC

¼ k � N ; ð2:11Þ

where A is the conversion factor of the voltage-to-frequency converter. The mul-
tiplication factor k is determined by the circuitry and may be input to the frequency
counter for direct reading of the peak value û. For the improved measurement
circuit, a “total error” of 6 � 10−4 is given (compared to 3.4 � 10−3 for the simple
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circuit in Fig. 2.12). In addition, it is particularly advantageous that measurements
and calibrations can be performed by one person easily and efficiently.

Note The “total error” specified in [18] was determined by linear addition of the error
contributions of the individual components of the measuring device.

Figure 2.13 shows a further development of the peak voltmeter according to
Chubb and Fortescue, in which a PC takes over the control of the individual circuit
components [19]. The capacitor current ic(t) according to Eq. (2.8) is fed via the
overvoltage protection circuit 1 into the operational amplifier 2 with the feedback
resistor Rm. At the output of 2, an AC voltage uc proportional to ic is generated and
converted by the full-wave rectifier 3 into a pulsating DC voltage. Subsequently,
this voltage is converted by the voltage-to-frequency converter 4 into a pulse train
with the average pulse repetition rate fm. An auxiliary voltage derived from uc opens
the gate circuit 5 for p periods so that N pulses reach the frequency counter 6. The
display of the counter is again proportional to the peak value û according to
Eq. (2.11). The peak voltmeter is programmed to measure both positive and neg-
ative peak values and their mean. Erroneous measurements due to saddle or
inflection points of the AC voltage are displayed.

A particular advantage of the circuit in Fig. 2.13 is that the input of the oper-
ational amplifier 2 is at virtual zero potential. The overvoltage protection 1 and the
usually long connecting cable to the high voltage capacitor C are thus also at zero
potential. This means that no leakage currents flow from the coaxial cable to ground
and falsify the measurement. Moreover, different cable lengths have no influence on
the measurement result and even small AC voltages u(t) down to 1 kV can be
measured with the same low uncertainty as high voltages. Furthermore, DC volt-
ages can also be measured by replacing the high-voltage capacitor C with a resistor.
Careful estimates of all error influences result in a measurement uncertainty of
6 � 10−5 for the peak value of AC voltages and of 2 � 10−5 for the arithmetic
mean of DC voltages. The measuring instrument is therefore ideal for automated
and accurate calibration of other AC and DC voltage measuring devices.
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Fig. 2.13 Improved measuring circuit according to Chubb and Fortescue with PC control.
1 Overvoltage protection, 2 current-to-voltage converter with measuring resistor Rm, 3 full-way
rectifier, 4 voltage-to-frequency converter, 5 gate circuit, 6 pulse counter
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2.5.3 Digital Measuring Instruments

A comprehensive, rational measurement of AC voltages is only possible by digital
recording and evaluation of the recorded data with software. For AC voltage
measurements, the digital measuring instrument is mainly used with a capacitive
voltage divider whose division ratio is stored in the instrument. Often the digital
instrument is designed to be suitable for DC and even impulse voltage measure-
ments with the appropriate voltage divider. Figure 2.14 shows the basic structure of
a digital measuring instrument for AC voltage measurements. The output voltage
u2(t) of the capacitive high-voltage divider is first reduced in amplitude by an
internal attenuator and then applied to the input of an A/D converter via an
impedance converter and a programmable amplifier. The A/D converter is the main
component of the digital measuring instrument with an amplitude resolution of at
least 8 bit (see Chap. 7). The digital data record is stored and evaluated by an
internal microprocessor or an external PC. The result values and the curve of the
AC voltage are usually displayed on a screen. Extensive measures are taken to
protect the entire electronics against overvoltages and interference, e.g. complex
circuit layout, overvoltage protection and shielded housing.

The digital measuring instrument in Fig. 2.14 is more than a simple peak
voltmeter, because in addition to the positive and negative peak values and the
value of the test voltage, i.e. the RMS value, the ripple and the THD value are also
indicated. In addition, the AC voltage curve is displayed on a monitor. The digital
instrument also has the advantage that in the event of a breakdown or flashover in
the test circuit, the voltage applied to the test object at this time is indicated.

Instead of using a capacitive voltage divider, the digital instrument can also be
operated with a high-voltage capacitor for AC voltage measurements.
A sophisticated variant of the measuring instrument for AC voltage is shown in
Fig. 2.15. The modules of the low-voltage side are accommodated as plug-in cards
in a well-shielded industrial PC [20]. The input circuit of the measuring instrument
is in principle comparable to that shown in Fig. 2.13. The charging current ic(t) of

u2

u1

C1

C2

A
D

Microprocessor

Fig. 2.14 Capacitive high-voltage divider with digital measuring circuit
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the capacitor C first passes through the overvoltage protection circuit and is then
converted into a proportional AC voltage uc(t) by the operational amplifier 2 with
the feedback resistor Rm. In the next step, the analog voltage uc(t)–ic(t) is digitized
by a high-resolution A/D converter 3 (24 bit, 1 MS/s). According to Eq. (2.8), the
desired high voltage u(t) is given by:

uðtÞ ¼ 1
RmC

Z
uc tð Þ dt ð2:12Þ

and results as digital data set by numerical integration of uc(t) in 4. From the data
set, the peak values û+, û− and the mean RMS value ûm = (û+ + û−)/2 as well as
other measurement quantities, such as the THD value, are calculated. In addition,
calculations using the FFT can be performed. The values and the curve of u(t) are
displayed on the monitor 5 of the PC.

2.5.4 Electrostatic Voltmeters

Electrostatic voltmeters utilize the force of the electric field between two electrodes.
In the most widely used version of Starke and Schröder, a small metal plate is
placed in the opening of one of the parallel plate electrodes so that it can be
deflected by the applied voltage (Refs. [4, 6] of Chap. 1). The plate is provided
with a mirror, on which a beam of light is directed and then reflected to a scale. The
deflection of the reflected light beam on the scale increases with the square of the
voltage. Electrostatic voltmeters according to Starke and Schröder are suitable for
RMS measurements of both AC and DC voltages, the maximum measurement
voltage being about 500 kV. With electrostatic voltmeters, voltages with frequen-
cies in the MHz range can be measured. The voltage source is practically not
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Fig. 2.15 Principle of a digital measuring instrument with compressed gas capacitor C, A/D
converter and numerical integration unit. 1 Overvoltage protection, 2 current-to-voltage converter
with measuring resistor Rm, 3 A/D converter, 4 software for numerical integration, 5 evaluation
and display
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loaded, which is advantageous for special measurement tasks. The main disad-
vantage is the quadratic scaling of the display so that only the upper part of the scale
has satisfactory sensitivity.

2.5.5 Instrument Transformers

The inductive instrument transformer transforms the high AC voltage into a stan-
dardized low voltage with very accurate magnitude and phase values. Instrument
transformers for voltage measurements—and also for current measurements—are
preferably used in the supply network, more rarely in the high voltage test field. On
the one hand, instrument transformers are suitable for accurate measurements and, on
the other hand, are used for protection purposes in order to initiate the reliable grid
disconnection in the event of a fault in the grid. Instrument transformers for voltages
are used with current transformers for the metering of electrical energy in the power
supply [21]. Instrument transformers for indoor use and voltages of not more than
100 kV are often designed with cast resin insulation. For higher voltages, instrument
transformers have oil-impregnated paper insulation and are housed in oil-filled metal
tanks equipped with porcelain or composite bushings. Instrument transformers for
direct use in GIS are metal-enclosed and have SF6-impregnated foil insulation.

Instrument transformers have galvanically isolated primary and secondary
windings (high- and low-voltage windings), which are wound around a common
iron core and thus magnetically coupled. The basic working principle is comparable
to that of a test transformer housed in a metal tank. However, the primary winding
is excited by the high AC voltage to be measured with low power consumption
(Fig. 2.16a). Instrument transformers in the supply network are operated in the

(a) (b) 
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Fig. 2.16 Types of conventional transformers for high-voltage measurement. a Inductive voltage
transformer, b capacitive voltage transformer
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linear range of the magnetization characteristic with voltages between 0.8 and 1.2
times the rated voltage. On the secondary side, the measuring instrument, e.g. an
analog voltmeter indicating the RMS value or an electronic device, is connected. As
the highest operating voltage of an instrument transformer, the RMS value of the
phase-to-phase voltage U is defined. It should be noted that when measuring the
phase-to-ground voltage, the permissible voltage is only U/√3.

Oil-immersed instrument transformers with porcelain insulators are mainly used
in substations for the medium voltage range. In the upper high-voltage range,
instrument transformers are usually filled with SF6 and have composite insulators.
The secondary rated voltages of instrument transformers are standardized, e.g. 100 V
or 100/√3 V. These output voltages are needed to connect the old analog devices,
while the newer digital instruments require voltages of only a few volts. The open
circuit voltage ratio u1/u2 is approximately equal to the winding ratio K = N1/N2 of
the primary and secondary windings, resulting in the following equation:

u1
u2

� N1

N2
: ð2:13Þ

Deviations from the simple form of Eq. (2.13) are caused by the resistances and
inductances of both windings. In their measurement behavior, instrument trans-
formers are characterized by the ratio error e = (Ku2 − u1)/u1 and the phase dis-
placement d, which is positive when the secondary voltage u2 leads the primary
voltage u1. Both quantities are defined for the fundamental oscillations of u2 and u1
with mains frequency.

The advantages of inductive instrument transformers are the potential-free sec-
ondary voltage, high accuracy, insensitivity to electromagnetic interference,
long-term stability and low phase displacement between the primary and secondary
voltages. The low phase displacement is the prerequisite for accurate energy
measurements with combined voltage and current transformers. The amplitude and
phase errors remain low up to frequencies in the kHz range [22]. Traceable cali-
brations of the transformers are performed by comparison measurement with a very
accurately designed instrument transformer and a transformer test set.

2.5.6 Capacitive Voltage Transformers

With increasing voltage, the effort involved in the construction of instrument
transformers increases disproportionately. For voltages above 220 kV, capacitive
voltage transformers are therefore preferably used for voltages up to more than 1
MV [23, 24]. According to Fig. 2.16b, the AC voltage to be measured is first
divided by a capacitive voltage divider to an output value between 10 and 30 kV
and further with an inductive transformer to the standardized secondary voltage.
The high-voltage capacitance C1 is in the range of 1000 pF to more than 10,000 pF.
The inductance L and the resulting capacitance form a resonant circuit for the mains
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frequency, whereby the capacitive voltage divider is only minimally loaded. The
secondary voltage of the transformer is approximately given by:

u2 � C1

C1 þC2
u1 : ð2:14Þ

Amplitude and phase errors are low during resonance. The resonance circuit thus
enables the non-reactive connection of an analog RMS voltmeter directly to the
transformer output.

The capacitive voltage transformer is subject to a number of disturbing influ-
ences that do not occur with the purely inductive transformer. These include, for
example, leakage currents, temperature influence and stray capacitances, so that the
capacitive voltage transformer does not achieve the highest accuracy and long-term
stability of an inductive transformer. In [25], the influence of stray capacitances for
different arrangements of the capacitive voltage divider is investigated theoretically
and experimentally. Calculations for a 765 kV capacitive voltage transformer with
a height of 6 m clearly show that the larger the high voltage capacitance C1, the
lower the influence of the stray capacitances on the division ratio. Depending on the
position of the voltage divider, the measurement deviation is e = 2–3% for
C1 = 1500 pF and e � 0.5% for C1 � 6000 pF.

Before delivery, the capacitive voltage divider is calibrated in the manufacturer’s
laboratory, with the divider usually placed directly on the floor. In the substation,
however, the capacitive voltage divider is installed in a higher position, resulting in
a change in stray capacitance. With an installation height H = 6 m, the calculation
yields e values which are only slightly smaller than for H = 0. For example, the
difference De is less than 0.18% for C1 � 2500 pF, i.e. the different installation
heights are often negligible for large capacitances.

2.5.7 Electronic Voltage Transformers

Conventional instrument transformers have secondary voltages of the order of
100 V and are loaded by analog measuring instruments. For some time now, there
are strong efforts to introduce electronic transformers with secondary voltages of a
few volts and process the analog or digital measurement data by software. Various
methods are known, have been investigated and some have already been standard-
ized. Figure 2.17 shows the principle of an electronic voltage transformer with an
electronic current transformer, which together represent a combined electronic
instrument transformer [26]. In this example, the high AC voltage is measured with
a parallel-mixed RC voltage divider whose output voltage (or secondary voltage)—
unlike a conventional voltage divider—is tapped from the RC element at the divider
top and then fed into subassembly S1. For current measurement in the high-voltage
line, a toroidal coil with magnetic core is used. Its secondary current is converted by
a resistor (burden) into a small voltage, which is also fed into S1. Both voltages are
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digitized in assembly S1, converted into light pulses and sent via optical fibers to
subassembly S2 on ground potential. In S2, the optical pulses are reconverted into
analog voltages of a few volts, which are proportional to the secondary voltage or
secondary current.

A particular problem of the electronic instrument transformer is the verifiability
of its measurement uncertainty, which is a prerequisite for approval in the field of
legal metrology. The decades-proven calibration methods are based on transformer
test sets developed to measure the secondary voltages in the range of 100 V. They
are now not suitable for evaluating the significantly lower output voltages of
electronic transformers. Therefore, a new programmable two-channel AC voltage
source with high-resolution D/A converters has been developed to calibrate elec-
tronic transformers (see Fig. 11.8). In the first step of the calibration process, the
two subassemblies S1 and S2 and a commercially available transformer test set are
each individually calibrated in the required measurement ranges. The pro-
grammable two-channel AC voltage source is also suitable for determining the
different durations of the current and voltage signals through the long optical fibers,
resulting in a large phase displacement. Finally, the complete electronic transformer

Fig. 2.17 Example of a
combined electronic
instrument transformer with
data transmission via optical
fibers to ground potential
([26]; Fig. 1)
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is then calibrated by comparison with standard current and voltage transformers and
the transformer test set [26].

Detailed experience on conventional and electronic energy measuring systems
installed in a three-phase 135 kV network with a rated current of 1500 A is reported
in [27]. The conventional measuring system consists of capacitive voltage trans-
formers of accuracy class 0.2, inductive current transformers of accuracy class 0.2S
and a three-phase energy meter of class 2S. In the electronic measuring system,
capacitive voltage dividers and current transformers of the ring-core type with fixed
burdens are used. The output voltages of the voltage dividers are digitized with A/D
converters as well as the burden voltages at high potential. The data are sent to the
interface at ground potential via optical fibers and evaluated with an industrial PC.
Optical fibers are also used to power the A/D converters. Over a one-month trial
period, the maximum difference between the conventional and electronic energy
metering systems is found to be 0.11%. Further studies are needed to determine the
long-term stability and temperature behavior of the system with digital output.

2.5.8 Standard Sphere Gap

The standard sphere gap according to IEC 60052 [5] is an approved IEC measuring
device for the peak value of high AC voltages. In principle, sphere gaps are also
suitable for measuring impulse voltages and—with increased measurement uncer-
tainty—DC voltages. The standard sphere gap consists of two equally sized metal
spheres, arranged vertically or horizontally, with one of the spheres connected to
the point where the voltage is to be measured while the other is grounded
(Fig. 2.18). Special requirements apply to the surface quality of the spheres,
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Fig. 2.18 Standard sphere gap according to IEC 60052 [5]. a Vertical arrangement of the spheres,
b horizontal arrangement of the spheres
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particularly in the region of the sparking points. The sphere diameter D ranges from
2 to 200 cm, the spacing S from 0.05 to 150 cm for voltages up to the 2 MV range.
There are various requirements regarding the arrangement of a standard sphere
gap. For example, the minimum distances A and B to the earth plane and adjacent
objects depend on the sphere diameter, and the geometry of the sphere holder is
fixed for each sphere diameter D and for the shanks. The series resistor Rv should be
between 0.1 and 1 MX for AC voltage measurements in order to protect the
spherical surfaces from damage caused by excessive currents and to dampen
oscillations of higher frequencies.

A sufficiently high voltage and the availability of free electrons in the gap
between the spheres are prerequisites for the reproducible ignition of the measuring
spark gap. An additional ionization source is often required, especially for a small
spacing S of the spheres. For example, this can be a mercury vapor quartz glass
lamp with a spectrum in the far ultraviolet range (UVC). The softer irradiation in
the UVA or UVB range has proven to be insufficient. Ionization can also be
achieved by corona at AC voltage or pre-discharges from a DC corona source at
negative voltage. The previously used ionizing preparations, e.g. a-emitters, are not
recommended for the ionization of spark gaps or only under special safety pre-
cautions because of the potential radiation exposure of the employees.

The sphere gap is mainly used to establish the scale factor of a measuring system
or to check its linearity. The AC voltage is initially set to a value immediately
below the expected disruptive discharge voltage according to the selected sphere
diameter D and spacing S. The voltage is then slowly increased and at the instant of
the disruptive discharge, the value displayed by the measuring system used is noted.
This value may be, for example, the primary voltage of the transformer used or the
display of a suitable high-voltage measuring instrument. The procedure is repeated
at intervals of at least 30 s until n � 10 consecutive values are obtained. If the
standard deviation s is not greater than 1%, the mean of the n measured values is
accepted as the disruptive discharge voltage specified for D ad S in IEC 60052 [5],
possibly after correction according to the actual atmospheric conditions (see below).
In Fig. 2.19, the disruptive discharge voltage Udo is plotted versus the gap spacing
S for AC voltages and standard atmospheric conditions. For each spherical diameter
D, there is initially an approximately linear relationship between Udo and S, which
is lost, however, with increasing voltage.

The standard deviation s of the n disruptive discharge voltages is an important
parameter for the acceptance of the measured values. If the requirement s � 1% is
not satisfied, the cause may be an insufficient number of free electrons or inaccurate
readings of the disruptive discharge voltages. In addition, flying insects, dust par-
ticles and other particles in the air, e.g. small floating plant particles, can cause early
disruptive discharges and thus incorrect measurement values [28]. Recent investi-
gations largely confirm the values of the disruptive discharge voltages and mea-
surement methods that were defined long ago as the result of international
comparison measurements [29, 30]. Under standard atmospheric conditions, the
uncertainty of the disruptive discharge voltages for a gap spacing S � 0.5D is
estimated to be 3% (confidence level p � 95%). The standard sphere gap thus
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fulfills the requirement for an approved measuring system according to IEC 60060.
For a spacing S > 0.5D, greater uncertainties are to be expected, as the dashed line
of Udo in Fig. 2.19 indicates.

The disruptive discharge voltages Udo shown in the tables in IEC 60052 apply to
standard atmospheric conditions (temperature T0 = 20 °C, atmospheric pressure
p0 = 101.3 kPa = 1013 mbar). In the case of deviating atmospheric conditions, the
corresponding disruptive discharge voltage Ud is obtained by multiplying the table
values Udo by a correction factor equal to the relative air density d:

Ud ¼ d � Ud0 : ð2:15Þ

The relative air density d takes into account the deviations of the atmospheric
pressure p and temperature T from the corresponding standard values p0 and T0:

d ¼ p
p0

273 Kþ T0
273 Kþ T

: ð2:16Þ

Furthermore, the table values for the disruptive discharge voltage Udo apply to
the reference value h0 = 8.5 g/m3 of the absolute humidity. For any other humidity
h in the range of 5–12 g/m3, Udo is multiplied by the correction factor k:

k ¼ 1þ 0:002
h
d
� 8:5

� �
: ð2:17Þ

In industrialized countries, standard sphere gaps are now rarely used for AC
voltage measurements. The reasons for this are the possible effects of electro-
magnetic interference on the electronic equipment used in the test laboratory, the
high effort for the proper operation of the standard sphere gap and the impossibility
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of measuring the harmonic content of the AC voltage. Sphere gaps are, however,
still used to check the scale factor and to prove the linearity of voltage dividers (see
Sect. 10.3.5). Since the linearity test with the sphere gap is performed as a relative
measurement within a short time, the atmospheric conditions remain approximately
constant during the test time and a correction of the disruptive discharge voltage is
unnecessary. With appropriate effort and careful experimental procedure, the lin-
earity of a voltage divider can thus be confirmed within ±1%.

2.6 Measurement of High Alternating Currents

AC currents in the conventional electrical power supply are nearly sinusoidal with a
frequency of 50 Hz in Europe and 60 Hz in the US and other countries. Other
frequencies are also possible, e.g. 16.7 Hz for the railway system in Germany.
When measuring currents with higher harmonics, short-circuit currents and tran-
sient currents on transmission lines, high-frequency components must be consid-
ered as well as a transient DC component in short-circuit currents. Various
measuring systems are used for different measurement tasks. For the measurement
of AC currents with magnitudes of up to 10 kA, the devices for DC current
measurement such as Hall sensors (see Sect. 3.5.2), zero flux DC current trans-
formers (see Sect. 3.5.3) and magneto-optical sensors (see Sect. 6.2) can also be
used. Basically, it must be distinguished whether the measurement point is at
high-voltage or ground potential.

2.6.1 Measuring Resistors

The simple AC current measuring circuit with a resistor Rm is shown in Fig. 2.20.
The output voltage um of the measuring resistor is usually recorded with a digital
recorder for further data processing. From the simple equation um = iRm, the current
i can in principle be easily calculated. The use of low-ohmic resistors to measure AC
currents has advantages and disadvantages. It is advantageous that resistors can
measure both the DC component, e.g. in the short-time AC current, as well as higher
harmonics of the AC current with mains frequency. The fundamental disadvantage is
their self-heating at high current magnitudes, which leads to a change in resistance
according to the temperature dependence. The properties of low-ohmic measuring
resistors and the consideration of electromagnetically generated interference in the
measurement of impulse currents are described in detail in Sect. 5.3.1.
Low-inductive coaxial resistors, which are mainly designed for impulse current
measurement, are also used for AC current measurements. In most measuring cir-
cuits, the resistor is grounded, but can also be used with an optical data transmission
system for current measurements at high-voltage potential.
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2.6.2 Inductive Current Transformers

The inductive current transformer with magnetic core basically resembles a voltage
transformer, which is short-circuited on the secondary side. It transforms large
primary currents into small measurable secondary currents corresponding to the
quotient of the number of windings N1 and N2. Inductive current transformers are
designed for AC currents with mains frequency and their harmonics. The basic
equation results from the condition for the same flux of the magnetic core:

i1N1 ¼ i2N2: ð2:18Þ

The magnitude of the current is usually displayed as RMS value. Standard rated
currents on the secondary side are 1 and 5 A. The current transformer can be
provided with two or more cores, each with its own secondary winding (Fig. 2.21).
To avoid dangerously high output voltages, the secondary side must be practically
short-circuited. High-current inductive transformers are also built as ring-core
transformers in which the primary current conductor is inserted through the mag-
netic ring core, with the primary winding number N1 = 1 (see Sect. 2.6.3).

Inductive current transformers with porcelain insulators have been used for
decades in the supply network at high voltage for current and—in combination with
voltage transformers—power measurements and for protective purposes. With a
correspondingly qualitative design, there are only small current errors and phase
displacements between the primary and secondary currents. These errors are
determined by comparison with a high-precision standard current transformer and
a transformer test set at ground potential [21].
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i(t) i(t)Fig. 2.20 Simple circuit with
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Fig. 2.21 Example of an
inductive current transformer
with two secondary windings
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2.6.3 Measuring Coils with Electronic Data Transmission

The basic mode of operation of measuring coils with magnetic core, referred to as
ring core current transformer, and of Rogowski coils with non-magnetic core is
described in detail in Sect. 5.3.2, which deals with the impulse current measure-
ment technique. There is a basic difference between the two measuring coils. The
ring-core transformer is generally loaded on the secondary side with a low-ohmic
resistor (burden) and provides a current-proportional output voltage. The Rogowski
coil induces an open-circuit voltage proportional to the derivative of the current,
which is to be integrated before evaluation. In some cases, integration takes place
internally in the Rogowski coil through an internal passive RC element. The output
voltage is then directly proportional to the current. Ring core current transformers
and Rogowski coils are available as clamp-on ammeter or split-core version , which
can be easily installed around the current conductor. Both embodiments of mea-
suring coils, in particular the ironless Rogowski coil, are increasingly being used for
potential-free current measurements in the high-voltage network in conjunction
with an optical data transmission system.

2.6.3.1 Rogowski Coils for Alternating Current Measurements

To measure a current, the primary conductor is placed centrally through the
Rogowski coil so that the number of primary turns is N1 = 1 (Fig. 2.22). For a
sinusoidal current i1 = î1sinxt, the voltage ui = Mdi1/dt = xMî1sin(xt + p/2) is
induced at the output of the secondary winding (see Eq. 5.23), from which the RMS
value î1/√2 of the current is calculated. The mutual inductance of the measuring coil
with N2 turns is M = µ0N2A/lm (see Eq. 5.21), where A denotes the cross section of
the ironless coil carrier (µr = 1) and lm is the mean field line length in the toroidal
coil. The induced output voltage is smaller compared to the transformer with
magnetic core and can only be loaded with high resistance. In general, the current in
transmission lines is not purely sinusoidal, and the above equation for the induced
sine voltage ui is no longer valid. Therefore, the induced output voltage ui must be

i1

ui ~ di1/dt

i1

Fig. 2.22 Principle of a
Rogowski coil with the
conductor and secondary
cross winding
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determined by integrating the primary current i1. Integration is done with passive or
electronic circuits or by applying numerical algorithms (see Sect. 5.3.2.5.2).
A further possibility for determining the primary current i1 is given by Fourier
analysis of the output voltage. In addition to the fundamental oscillation, the har-
monics can then also be determined in terms of their magnitude and phase.

The basic behavior of Rogowski coils for measuring AC currents is treated in a
number of publications. The results of the studies on the linearity of ten different
Rogowski coils at power frequencies are presented in [31]. Because of the different
types and rated currents, no comprehensive statement of linearity can be given here.
A winding that is accurately wound on a rigid core is, in principle, the best pre-
requisite for low non-linearity. For example, a large exactly wound Rogowski coil
showed a relative linearity deviation of only ±25 � 10−6 up to the maximum test
current of 22.7 kA. Such a low nonlinearity is considered sufficient for most
applications. In addition, this Rogowski coil consists of two core halves with two
windings connected in series. It can therefore be easily opened and placed around
the current conductor (see Fig. 5.30a).

The frequency behavior of Rogowski coils is discussed in [32]. In general,
Rogowski coils have two types of windings. In one type, the turns are uniformly
arranged on the rigid core and the end is returned to the beginning of the winding
within the coil. The other type has a cross winding on the core, which proves
advantageous because the influence of external magnetic fields is reduced. The
paper deals with theoretical and experimental investigations on both Rogowski
coils to determine the mutual inductanceM, its frequency dependence and the phase
displacement between the primary current and the induced output voltage.

A report on the suitability of an AC standard measuring system with Rogowski
coil and digital voltmeter for on-site calibration of inductive current transformers
can be found in [33]. During the measurements, the current transformer was sep-
arated from the 400 kV grid and the current was generated by a separate current
generator at ground potential. The output voltage of the Rogowski coil was com-
pared with that of a measuring resistor as a reference. Long-term studies with the
Rogowski coil with AC currents up to 6 kA confirmed a very small relative
measurement uncertainty of 0.02% for the current error and 0.2′–0.7′ for the phase
displacement [34].

2.6.3.2 Current Measurement on High-Voltage Potential

Inductive current transformers with oil insulation have been used for decades for
safe and accurate current measurement in high-voltage networks. However, the
costs of these transformers are high and increase disproportionately with their
dimensions as well as with the required amount of oil and the insulation voltage.
From an ecological point of view, the oil in the transformer is an increasing
environmental problem because of potential leaks and faulty disposal. The aim of
several activities is therefore to replace the conventional current transformer in the
high-voltage network by an oil-free converting device, if necessary with a
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potential-free data transmission. The converting device can be a ring-core trans-
former with a magnetic core or an ironless Rogowski coil. The A/D conversion of
the signal measured at high-voltage potential, the data transmission to ground
potential and the conversion back into a current proportional analog or digital signal
are investigated in detail with very different techniques.

Two variants with ring-core transformers on high-voltage potential are already
briefly described in Sect. 2.5.7, together with electronic converters [26, 27]. The
voltage at the burden of the ring-core transformer, which is proportional to the AC
line current, is digitized by an A/D converter, converted into light pulses and sent
via optical fiber to the measuring device on ground potential (see Fig. 2.17). There,
the light pulses are converted back into an analog voltage, which is proportional to
the current for further evaluation.

The measuring system presented in [35] uses clamp-on current transformers for
current measurements in a three-phase 13.8 kV network. They can be installed
around the current conductors in a short time without interrupting the power supply.
The output voltages of the current transformers are converted by a pulse frequency
modulation into light pulses, which are transmitted to the receiver on ground
potential via optical fibers. There, they are converted back into current-proportional
voltages, digitally recorded and evaluated. The electronics on high-voltage potential
is powered by a battery with an operating time of ten days.

Another version consists of a split-core current transformer with two magnetic
cores and two secondary windings [36]. The current transformer employs the zero-
flux principle described in Sect. 3.5.3 and is thus very accurate. It is constructed to
be installed and removed from high-voltage transmission lines up to 765 kV using
live-line techniques. The output voltage proportional to the current of the main coil
winding is digitized with an A/D converter and the data is transmitted via Bluetooth
wireless technology to ground potential for evaluation with a PC. This electronic
reference system is intended to calibrate conventional inductive current trans-
formers under operation. Data transmission takes place in conjunction with a GPS-
based temporal assignment of the signals coming from the reference system and the
conventional current transformer to be calibrated. This makes it possible to detect
the phase displacement between the measured signals appearing at different points
in the power line network. The electronics on the high-voltage side are powered via
the second core winding. The three-phase reference system is suitable for a quick
check of conventional current transformers at high voltage and for monitoring the
currents on transmission lines in medium- and high-voltage networks. The results of
extensive testing in the laboratory and in a 138 kV substation are described as good.

The test results of an optoelectronic signal transmission system for use with a
Rogowski coil for current measurement in the high-voltage network are described
in [37]. The output voltage of the Rogowski coil is first integrated and then con-
verted by pulse frequency modulation into square-wave pulses, which are converted
into optical pulses and transmitted via an optical fiber to the receiver at ground
potential. After optoelectronic conversion, the frequency-modulated pulses are
demodulated and amplified to the required voltage level for further evaluation. In
the range between 3 and 2500 A, the ratio error of the optoelectronic signal
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transmission system is within ±0.3% and the phase displacement is less than 20′.
The bandwidth of the measurement system ranges from DC to 1.2 MHz, so that
even higher harmonics of the AC current as well as impulse currents and DC
currents can be measured. The power supply of the electronics at high voltage is
provided from the transmission line via a second Rogowski coil.

Another current measurement system with a Rogowski coil is presented in [38].
The precision Rogowski coil has a split-core design and can be easily installed
around the current conductor. The output voltage is electronically integrated, dig-
itized with a 16 bit A/D converter and converted into optical pulses that are
transmitted to the receiver at ground potential via an optical data link. In the
receiver, the optical pulses are converted back into an analog voltage proportional
to the measured current. In addition, there is an optical power link with laser diodes
to supply the electronics on high-voltage potential of up to several 100 mW. This
hybrid current measurement system is intended for on-line monitoring of overhead
transmission lines and as a reference system for the verification of ANSI/IEEE class
0.3 current transformers.
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Chapter 3
High Direct Voltages and Currents

Abstract High direct (DC) voltages and currents are becoming increasingly
important because of the increasing number of high voltage direct current (HVDC)
transmission systems worldwide. Numerous other application fields exist in physics
and technology, and DC voltages are also needed to generate impulse voltages and
currents. The basic requirements for test and measurement methods for electrical
power equipment are laid down in national and international test specifications. The
introduction of digital measurement techniques with computer aided data pro-
cessing has greatly improved the scope, quality and accuracy of the measurements.
This marks the imminent end of the analogue circuits and instruments used so far,
though analog measurement methods and devices, including the standard rod-rod
gap, are still used. This chapter first defines the standardized measurement quan-
tities of DC voltages and currents, briefly describes a few selected generator sys-
tems and then discusses in detail the predominantly used digital measurement
circuits and methods with computer-aided data processing, allowing online moni-
toring and on-site tests.

High direct (DC) voltages and currents are becoming increasingly important
because of the increasing number of high voltage direct current (HVDC) trans-
mission systems worldwide. Numerous other application areas are found in physics
and technology, and DC voltages are also required to generate impulse voltages and
currents. The basic requirements for testing and measuring methods for electrical
power equipment are laid down in national and international test specifications. The
introduction of digital measurement technique with computer aided data processing
has greatly improved the scope, quality and accuracy of the measurements. This
marks the imminent end of the analogue circuits and instruments used so far. In the
chapter, the standardized measurement quantities of DC voltages and currents are
presented, some selected generator systems are briefly described and the predom-
inantly used measuring circuits and methods are dealt with.
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3.1 Direct Voltages

The test and measurement methods for equipment used for the transmission of
electrical energy with high direct (DC) voltages are described in the test specifi-
cations already cited in Refs. [1–5] of Chap. 2. The increasing trend towards
HVDC transmission systems with ever higher voltages of up to ±800 kV repre-
sents a special technical challenge and is increasingly discussed in the relevant
international standards bodies. For test and development tasks, cascade circuits are
in operation, which generate DC voltages of up to 3 MV. High DC voltages are
also required for further tasks in physics and technology, e.g. particle accelerators,
X-ray machines, electrostatic precipitators, coating systems and aluminum pro-
duction. For devices with a rated DC voltage of not more than 1.5 kV, there are test
specifications, which result in the appropriate manner from the high voltage test
specifications (Ref. [6] of Chap. 2).

High DC voltages are usually generated by rectifying a mains-frequency AC
voltage. A simple example shows the voltage curve u(t) for the one-way rectifi-
cation (Fig. 3.1). The value of the test voltage is the arithmetic mean value:

U ¼ 1
T

ZT

0

u tð Þdt; ð3:1Þ

where T is the duration of the measurement.
The requirements for the test voltage are given in IEC 60060-1 (Ref. [1] of

Chap. 2) and that of the measuring system in IEC 60060-2 (Ref. [2] of Chap. 2).
Depending on the type of the rectifier circuit and the load of the test object, the DC
voltage generated has a more or less large ripple which denotes the periodic
deviation from the arithmetic mean value U. The ripple amplitude du is defined as
half the difference between the maximum and minimum voltage values (Fig. 3.1):

du ¼ umax � umin

2
: ð3:2Þ

The quotient du/U is called ripple factor. It shall not exceed 3% for voltage tests,
unless otherwise specified by the Technical Committee responsible for the apparatus.

0
u

Ū 2δu

t

Fig. 3.1 DC voltage with the
arithmetic mean value U and
ripple amplitude du
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The tolerance for the value of the generated test voltage is ±3%. The DC test
voltage must not be applied immediately to the test object, but shall be slowly
increased from an initial value to the desired maximum value. Starting from an
initial voltage of 0.75U, a voltage increase of 2% of the test voltage value U per
second is generally considered appropriate. Inadmissibly high capacitive over-
voltages as well as too long loading of the test object are thus avoided. If the
duration of the applied test voltage is up to 1 min, the test voltage value may only
change within ±1% (±3% for durations longer than 1 min). After passing the
withstand voltage test, the remaining DC voltage on the test object is to be slowly
discharged to zero through a resistor. This controlled discharge of the capacitances
of the test circuit is also necessary to avoid endangering the employees due to
residual voltages.

The expanded uncertainty of measurement for the test voltage value according to
Eq. (3.1) should not be more than 3% (k = 2, see Sect. 13.1.6). For measuring
voltage changes in the range of 1% per second, the time constant of the measuring
system must not be greater than 0.25 s. The amplitude of the ripple is to be
determined with an uncertainty of no more than 1% of the test voltage value or of a
maximum of 10% of the ripple amplitude, whichever is greater. The ripple mea-
suring system with the fundamental frequency f0 must have a frequency response
ranging from 0.5f0 to 7f0 within 3 dB.

In the case of on-site tests with DC voltage according to IEC 60060-3 (Ref. [3]
of Chap. 2), larger tolerances and uncertainties apply in some cases. They are
summarized in Table 3.1 in comparison with the values specified for stationary tests
in the high-voltage test field.

3.2 Direct Currents

For DC currents, a distinction is made between the steady-state DC current and the
short-time DC current. The test specifications for DC currents are formally aligned
with those for high DC voltages and published as IEC 62475 in 2010 (Ref. [4] of
Chap. 2). The basis for standardization is the experience with the test methods used

Table 3.1 Requirements for the DC test voltage U and the measuring system for tests in the
high-voltage test field and for on-site tests

DC voltage Test in the test field On-site test

Tolerance

U (duration � 1 min)
U (duration > 1 min)
Ripple factor

±1%
±3%
� 3%

±3%
±5%
� 3%

Meas. uncertainty

U
Ripple

� 3%
� 10% of the ripple or � 1% of U

� 5%
� 10% of the ripple
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in the major international high-power laboratories. The requirements apply to
equipment in the high and low voltage range with currents of generally more than
100 A.

3.2.1 Steady-State Direct Current

The steady-state DC current is not fixed or limited in time by definition. In analogy
to the DC voltage, the value of the DC test current is defined as the arithmetic mean
value:

I ¼ 1
T

ZT

0

i tð Þdt; ð3:3Þ

where T is the duration of the measurement. Correspondingly, the following applies
to the ripple amplitude of the current:

di ¼ imax � imin

2
; ð3:4Þ

which is generally greater than the ripple of a DC voltage (see Sect. 3.1). The ripple
factor of the current is di/I. The following requirements and limits apply to the
generation and measurement of DC currents:

• ±3% tolerance for the value of the test current generated
• 7% limit for the ripple factor di/I
• 3% expanded uncertainty for the test current value I
• 10% expanded uncertainty for the ripple amplitude di (or 1%, based on the value

of the test current, if this value is greater).

The requirements for the measurement uncertainty of the ripple amplitude with
the fundamental frequency f0 are generally met if the measuring system used for this
purpose has an upper −3 dB limit frequency of more than 10f0 and a lower −3 dB
limit frequency of less than 0.1f0.

3.2.2 Short-Time Direct Current

The short-time DC current has a limited duration, e.g. less than 1 s. It is used for
short-circuit tests on equipment in high-power laboratories. An example of the
curve of a short-time DC current is shown in Fig. 3.2. The current rises expo-
nentially with the time constant s = L/R given by the inductance L and the resis-
tance R of the test circuit. However, due to saturation effects in ferromagnetic
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materials, the inductance can change with the current magnitude. The current rise
can be very steep so that an initial overshoot occurs due to the circuit inductance.
After a certain time, the current reaches its steady-state value, before it drops more
or less steeply. The drop of the test current takes place in a relatively short time so
that the electronic measuring instruments in the high-power laboratory are exposed
to strong electromagnetic interference.

Short-time DC currents are characterized by two current quantities and the
current duration. The maximum magnitude of the current is the peak value îss. The
steady-state current Iss is defined as the arithmetic mean value of the current above
0.9îss. The duration Ts is the time within which the current is greater than 0.1îss.

Note Figure 16 in IEC 62475 shows an example of a short-time DC current (Ref. [4] of
Chap. 2). However, the quantities îss and Iss are not drawn correctly, i.e. the positions
indicated in the drawing do not correspond to the written definitions. The corresponding
German edition contains a corrected drawing.

The following tolerances are specified for the generation of the test current:

• ±5% for the peak value îss
• ±5% for the steady-state current Iss
• 0–25 s for the time constant s of the current rise.

The duration Ts is given by the Technical Committee responsible for the test in
the relevant test specification. Ts may have, for example, a value of up to 1 s.

The expanded measurement uncertainty of the peak value îss and the steady-state
current Iss shall not be more than 5%. The measuring system must have a frequency
response from 0 to at least 1 kHz (−3 dB upper limit frequency).

3.3 Generation of High DC Test Voltages and Currents

Some generator systems commonly used to generate high DC test voltages and
currents are briefly discussed in this chapter. Their typical properties such as ripple
or the occurrence of partial discharges can have an influence on tests and mea-
surements. High DC test voltages are generated predominantly by rectifying an
alternating voltage, either in a single-stage or to achieve higher voltages in a
multi-stage circuit. Ultra-high DC voltages of up to several Megavolts can be

1
0.9

0.1
0

t
Ts

i / îss
Iss

Fig. 3.2 Example of a
short-time DC current. îss:
peak value, Iss: steady-state
current, Ts: time duration
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generated by charge separation with band generators. High DC voltages generated
by rectifier circuits are primarily used for the testing of equipment and components
for the electrical power supply, but also, of course, for calibrating the measuring
systems used. Further fields of applications of high DC voltages are partial dis-
charge measurements and determination of the properties of dielectric materials.
The highest DC transmission voltages of up to 800 kV, which are mainly found in
Asia, require correspondingly high test voltages. They can only be generated in
large test laboratories in a few industrial countries. DC voltage generators are also
used in other areas of physics and technology.

3.3.1 Rectifier Circuits

High DC voltages for the testing of apparatus in power supplies are generally
generated by rectifying AC voltages. In the simple one-way rectifier circuit
according to Fig. 3.3, the rectifier G charges the smoothing capacitor C to the peak
value of the AC voltage in the positive half-period of the transformer output voltage
(Refs. [2, 4] of Chap. 1). Subsequently, the DC voltage drops by 2du due to the
load of the resistor RP of the test object until the rectifier G again passes current for
recharging C. The result is a pulsating DC voltage u(t) with the mean value U and
the ripple du (see Fig. 3.1). The maximum value of the DC voltage in the one-way
rectification is equal to the single peak value of the alternating voltage.

An almost twice as high DC voltage is achieved with two rectifiers in the
Greinacher voltage doubler circuit (Fig. 3.4). The rectifier G1 causes the capacitor

~
uC RP

GFig. 3.3 One-way rectifier
circuit. G: rectifier,
C: smoothing capacitor,
RP: resistance of test object

~
uC2 RP

G2

G1

C1Fig. 3.4 Greinacher voltage
doubler circuit
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C1 to be charged to a DC voltage corresponding to the peak value of the AC
voltage, around which the AC voltage oscillates. At the input of G2, therefore, there
is a mixed voltage with a maximum of twice the AC peak value, which charges the
capacitor C2 to this value. Depending on the load RP of the test object, the capacitor
voltage subsequently decreases again more or less until the next charging cycle
begins. At the output of the Greinacher circuit, the mean value of the pulsating DC
voltage is approximately 2U with the ripple du, whose fundamental frequency is
twice as high as that of the one-way rectification.

As rectifiers, semiconductors are used, which consist mainly of silicon, in the
past also selenium, and which are connected in a correspondingly large number in
series. They have almost completely replaced the high-vacuum valves used pre-
viously with glow cathode. The series circuit of a plurality of semiconductor rec-
tifiers requires a potential control by parallel-connected capacitors.

As with AC voltage, a multiple higher DC voltage is achieved by cascading the
basic circuit (Refs. [2, 4] of Chap. 1). Figure 3.5 shows the principle of the (un-
symmetrical) Greinacher cascade circuit, later improved by Cockcroft and Walton,
with n = 3 stages. For ideal circuit elements and no-load condition, the DC voltage
at the output of the cascade is n times the peak value of the AC voltage applied to
the input. The two upper capacitors C1 are each charged to the double, and the
lowermost capacitor to the simple peak value of the AC voltage. The lowermost
capacitor with the capacitance 2C1 receives the same charge as the two overlying
capacitors. The capacitors C2 serve to smooth the DC voltage. Given a corre-
spondingly large number of stages n, DC voltages of several megavolts can be
generated. The output current is in the range of some 10 mA.

~

u
2C1

C1

C1

C2

C2

C2

Fig. 3.5 Greinacher cascade
circuit for the generation of
high DC voltages (principle
with n = 3 stages)
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Under load, the DC voltage obtained by rectifying an AC voltage of power
supply frequency is superimposed by a pronounced ripple. Smaller ripple can be
achieved when the AC voltage to be rectified has a higher frequency. In this case,
the voltage is generated electronically, amplified by a HF transformer with ferrite
core, and then rectified. Rectifier systems are usually built in an open design and are
therefore exposed to ambient conditions. Figure 3.6 shows a metal-enclosed SF6-
insulated 300 kV DC voltage supply accommodated in the metal tank rear left.
The DC output voltage is very precisely controlled by means of a highly stable SF6-
insulated voltage divider arranged in the large metal tank in the middle of Fig. 3.6.
The electronic control unit operated by a PC is located in the movable chassis. In
the smaller SF6-insulated metal tank on the right-hand side of Fig. 3.6, a
high-precision 100 kV DC voltage divider is accommodated (see Sect. 3.4.5). On
the left in Fig. 3.6 is an older 300 kV DC voltage divider in oil-insulated design [1].

With electrostatic generators, ultra-high DC voltages of several megavolts can be
generated. They have virtually no ripple, but can deliver only low current magni-
tudes of usually less than 1 mA. The best known example of an electrostatic
generator is the van de Graaff generator, which is mainly used in nuclear physics
research laboratories, e.g. for accelerating particles. The functional principle is

Fig. 3.6 SF6-insulated 300 kV DC voltage supply (left-hand metal tank, background) connected
with a 300 kV voltage divider (large metal tank in the middle), a separate SF6-insulated 100 kV
voltage divider of the highest accuracy (right) and an older oil-insulated 300 kV voltage divider
(left) (PTB)
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briefly explained with the help of Fig. 3.7. Electric charge from a corona source is
sprayed on the lower part of an insulating belt 1, which runs over two motor-driven
pulleys of different material. The spray electrode system 2 has a comb-like shape.
The charge on the belt is transported to the upper insulating pulley where the belt is
discharged through the electrode system 3 connected to the spherical high-voltage
electrode 4. The discharged part of the belt then returns to the lower metal pulley of
the generator and is recharged there. By further revolutions of the belt, the spherical
high-voltage electrode is charged further and further until there is balance with the
charge lost to the environment. An electrostatic generator built in a pressure tank
and insulated with SF6 generates DC voltages of up to 25 MV (Ref. [4] of Chap. 1).

3.4 Measurement of High DC Voltages

Most high DC voltage measurement systems consist of a high-ohmic divider that
provides a scaled-down voltage for the measuring instrument at the divider output.
Alternatively, a single high-voltage resistor can also be used to measure the DC
current flowing through the resistor. The currently used measuring instruments are
predominantly digitally structured and, with appropriate software, enable a com-
prehensive, computer-assisted determination of all parameters. A direct measure-
ment of high voltages is possible with electrostatic voltmeters or rod-rod gaps,
which measure the rms value or peak value. The difference to the arithmetic mean
value is usually negligible, since the ripple factor is limited to 3%. Another mea-
surement principle is found in the so-called field mill and the rotary voltmeter, in
which the electric field generated by the DC voltage is converted in an AC voltage
by rotation of a correspondingly shaped electrode. The use of electro-optical sen-
sors, which exploit the Pockels or Kerr effect, is described in Sect. 6.1.
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Fig. 3.7 Principle of the
electrostatic generator
according to van de Graaff for
the generation of ultra-high
DC voltages. 1 moving
insulating belt, 2 spray
electrode for charging,
3 discharging electrode,
4 high-voltage electrode
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DC voltages and currents are particular important from a metrological point of
view, since the units of measure “Ampere” and “Volt” belong to the base or derived
units in the International System of Units (SI units). They are realized with highest
precision in the National Metrology Institutes (NMI), usually at low voltages and
currents, but also at high voltage.

Special precautions must be taken when working with high DC voltages and
currents. In order to avoid dangerously high electrostatic charging of persons and
objects by influence, the test area must be separated from the control room by a
grounded protective grating. After switching off the DC test voltage, the capacitors
in the test circuit must be discharged via ground rods with protective resistor.

3.4.1 Measuring Circuit with Resistive Divider

The resistive voltage divider in combination with a digital measuring instrument
DM at its output is the most frequently used circuit for measuring high DC voltages
(Fig. 3.8). The top of the voltage divider, possibly also the bottom, is equipped with
a torus electrode for field control. The upper resistor R1 has a high ohmic value, but
should allow a current magnitude of at least 0.5 mA at rated voltage. R1 is usually
implemented as a series connection of a plurality of individual resistors, which are
often arranged in the form of a helix. The resistors are mechanically held by a
highly insulating construction in order to keep leakage currents as low as possible.
The resistor chain R1 is housed in a highly insulating tube filled with dry air or
insulating oil, the insulating medium being circulated for better heat dissipation.
The lower resistor R2 is generally a parallel connection of a large number of
individual resistors, often housed separately from R1 in a metal box at the bottom of
the voltage divider. This allows an easy change of the lower resistor R2 to obtain a
different division ratio.

R2

u

R1

DMu2

Fig. 3.8 Resistive voltage
divider with digital meter for
high DC voltage measurement
(principle)
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The individual resistors R1 and R2 may be wire-wound resistors, metal oxide film
resistors, carbon film resistors or composition resistors. High-ohmic metal film
resistors and carbon film resistors are available with a helical groove cut in the
resistance layer. This increases or determines on the one hand, as desired, the value
of R2, but on the other hand there is the risk of flashover across the groove in the
event of a transient overvoltage. As a consequence, the resistance can be increased
or even damaged. Before installation, the individual resistors of any type are
generally aged for several hours at a temperature of more than 100 °C. Usually, the
temperature coefficients of R1 and R2 are chosen as equal as possible. Precise
standard voltage dividers are occasionally composed of a special type of resistor,
the Park resistor (Ref. [4] of Chap. 1; [2–4]). It consists of a single or a few
wire-wound resistors, which are placed in a cylindrical metal housing for protection
against external influences. This construction also leads to a reduction of the local
field strength.

In [1], an oil-insulated 300 kV precision voltage divider is presented which
consists of 300 wire-wound resistors each of 2 MX. The resistors are connected in
series in the form of a helix with 50 windings. The pitch of the helix, however, is
not uniform, i.e. the spacing between the upper turns of the helix is smaller than that
between the lower turns (see Fig. 3.6, left side). This means that the voltage drop
along the helix is greater in the upper part than in the lower one. By this design, the
potential distribution along the axis of the resistor helix is matched to the elec-
trostatic field between the high-voltage and ground electrodes. In the ideal case of
this field-conformal arrangement, there exists no horizontal component of the
resultant electric field so that leakage currents to the surroundings are negligible.
Furthermore, capacitive stray currents normal to the helix are also reduced,
resulting in an improvement of the bandwidth of the DC voltage divider. It is thus
possible to measure low-frequency AC components superimposed on the DC
voltage, e.g. the ripple. The principle of the field-conformal arrangement of resistors
is also found in impulse voltage dividers with the aim of improving the transfer
behavior (see Sect. 4.3.2.4).

An alternative to single resistors connected in series is the so-called Schniewind
resistor. It consists of a resistance wire that is interwoven meander-shaped with
insulation yarn to form a resistor web of almost any length and width. Due to its
low inductance, this type of resistor is also used in impulse voltage dividers and
damping resistors (Refs. [71, 72] of Chap. 4). For the production of high-ohmic
resistors with sufficient mechanical strength, the resistor web is wrapped around a
support tube and cast with epoxy resin to form a stable and stackable unit.
However, the cast resistor web has poorer heat dissipation.

The digital measuring instrument DM at the output of the voltage divider
replaces the previously used measuring devices, such as the moving-coil instrument
or electrostatic measuring device, as well as the subsequent analog electronic cir-
cuits. The term “digital” refers here to the entire measurement principle and not
only to the display, i.e. the divider output voltage u2(t) is digitized by an A/D
converter and temporarily stored. The data set is then evaluated by means of
software with regard to the arithmetic mean value, ripple and, if requested, other
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quantities. One of the first digital measuring devices with A/D converter for
high-voltage application is described in [5]. Today’s measuring instruments with
high-resolution A/D converter enable fully automated measurements and fast
computer-aided evaluation of the measurement data with high accuracy.

The arithmetic mean value U of the high voltage in the circuit of Fig. 3.8 results
formally:

U ¼ U2 1þ R1

R2

� �
; ð3:5Þ

wherein the term in the bracket represents the division ratio or scale factor of the
measuring system. Various methods can be used to determine the ratio. The
development of high-resolution digital voltmeters and precise calibration generators
now allows the direct and accurate measurement of the ratio with calibration
voltages of up to 1000 V. Previously, each high-ohmic series resistor of a DC
voltage divider was individually measured at low voltage and added to a total value
R1. The division ratio was obtained by calculation, but with limited accuracy. In the
case of higher accuracy requirements and a large number of approximately equal
individual resistances, the Hamon principle offers another possibility for deter-
mining R1 at low voltage. For this purpose, the divider resistors are grouped into
several parallel and series connections whose resistances are measured. This allows
the high-voltage resistance R1 to be calculated, and hence the division ration. The
field-conformal voltage divider mentioned above has special devices to achieve
these series-parallel connections of the helix resistors by pushing metal bars into the
oil-filled vessel from above [1]. The uncertainty of the low-voltage ratio obtained
according to the Hamon principle was estimated to be 12 � 10−6.

In accordance with IEC 60060-2, the division ratio determined at low voltage is
to be checked by a linearity test with at least five voltage values up to the maximum
operating voltage. If the five individual ratios deviate, a mean value is set as the
assigned scale factor, and the greatest deviation of the individual ratios from the
mean is taken into account in the uncertainty budget (see Sect. 10.3.1.4). During the
linearity test for obtaining the voltage dependence of the scale factor, the high
voltage is applied only for a short time. With longer duration of the applied voltage,
the voltage-dependent self-heating effect is noticeable. This leads to an increase in
temperature of the resistors and thus also to a change of the division ratio (see
Sect. 3.4.3).

3.4.2 Measuring System with Series Resistors

Figure 3.9 shows three principle circuits with series resistors for measuring high
DC voltages. In the historical circuit of Fig. 3.9a, a moving-coil instrument M is
connected in series with the known high-voltage resistor R1, and because of its
operating principle, the arithmetic mean value I of the current i(t) flowing through
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R1 is indicated. Neglecting the voltage drop on the coil windings of M, the arith-
metic mean value of the DC voltage is given by:

U ¼ I R1: ð3:6Þ

Instead of the moving-coil instrument, an operational amplifier OP and digital
voltmeter DVM is used in the circuit of Fig. 3.9b [6]. The arithmetic mean value of
the high voltage is:

U ¼ R1

R2
U2: ð3:7Þ

In addition to the arithmetic mean value, further quantities can be measured in
this circuit, e.g. the ripple, if the high-voltage resistor R1 has a sufficiently high
bandwidth. The circuit in Fig. 3.9b also has the advantage that the input of the
operational amplifier OP is practically on virtual zero potential due to the high
amplification, i.e. there is no open-circuit voltage between the input terminals of the
OP that could falsify the measurement. Nowadays, digital circuits with A/D con-
verters (Fig. 3.9c) are used instead of the moving-coil instrument or analogous
circuit, just as is the case with AC voltage circuits.

The series resistor R1 must be high-ohmic in order to limit its self-heating and
not to load the high-voltage source too much. However, a low measurement current
increases the influence of leakage currents, which flow to ground through the
support of R1 and do not contribute to the display of the measuring instrument M.
The measurement current through R1 should therefore not fall below 0.5 mA. The
same types of resistor are used for R1 as for the high-voltage resistors in the voltage
divider (see Sect. 3.4.1), including the Schniewind resistor. To protect the operator
and instrument, a surge arrester (not shown in Fig. 3.9) parallel to the instrument is
essential.

(a) (c)(b)
u

R1

M

i

u

R1

i

R2

DVMu2

OP

u

R1

i
DM

Fig. 3.9 Circuits for measuring the arithmetic mean value of high DC voltages using a resistor.
a Simple circuit with moving-coil instrument M. b Circuit with operational amplifier OP and
digital voltmeter DVM. c Circuit using a digital measuring device DM with A/D converter
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3.4.3 Temperature Behavior

The individual resistors of a voltage divider or series resistor have a temperature
coefficient (TK) depending on the type. With increasing temperature, the total resis-
tance R1 and correspondingly the division ratio change, so that the voltage reading is
incorrect. The same applies to the Schniewind resistor (see Sect. 3.4.1). By selecting a
suitable low-voltage resistor R2, at least a partial compensation of the temperature
effect can be achieved. The temperature increase of a resistor divider can have two
causes. In the simple case, the ambient temperature changes evenly over the entire
length of the voltage divider. With the same TC values of R1 and R2, the division ratio
and thus the indicated voltage value are temperature-independent. The other cause of
the temperature rise is self-heating of R1, expressed by the Joule heat Q:

Q ¼ PDt ¼ U2

R1
Dt; ð3:8Þ

where P is the electrical power converted into heat in the time unit Dt.
The self-heating effect is as follows. The high-voltage resistors are usually

housed in an insulating cylinder, which is filled with dry air or transformer oil and
bounded above and below by the electrodes. During operation of a DC voltage
divider, Joule heat rises upwards and causes a noticeable increase in temperature at
the top of the divider. At the same time, heat is dissipated to the surroundings
through heat conduction and convection. After some time, a temperature gradient
results in the voltage divider. The upper part of R1 and the lower resistor R2

therefore have different temperatures, which cause a change in the division ratio. An
approximately equal temperature distribution in the voltage divider can be achieved
when the air or the insulating oil is circulated.

How the temperature distribution affects the division ratio also depends on the
type of resistors used. In the case of sheet and film resistors, the resistance layer is
separated from direct contact with the air or the insulating oil only by a thin
protective coating. The Joule heat of the resistors can therefore be transferred well
to the insulating medium. In contrast, high-ohmic wire-wound resistors have a
relatively thick insulating casing which impedes heat transfer. The internal tem-
perature of the resistance wire is therefore not necessarily equal to the temperature
on the outside of the resistor. The internal temperature is decisive for the resistance,
but in general only the temperature on the outside is measurable.

The temperature distribution in a voltage divider can be approximately calcu-
lated using the classical laws of heat generation and heat transfer by conduction and
convection [7]. An example is given for a 300 kV standard voltage divider con-
sisting of a helix with 300 wire-wound resistors à 2 MX as described in [1]. The
calculation was carried out for three different operation conditions, i.e. the resistors
were assumed to be embedded in stationary air or oil and in circulated oil. Ambient
temperature outside the divider was always constant 20 °C. Figure 3.10 shows the
simplified construction of the voltage divider and the temperature increase D#(U) in
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the uppermost and lowest resistor [8]. As expected, the internal resistor temperature
increases most with the voltage when air is the insulating medium. At 300 kV, the
temperature increase is D# � 48 K in the top resistor (Fig. 3.10b, curve 1) and
D# � 41 K in the bottom resistor (Fig. 3.10c, curve 1). When the resistors are
embedded in insulating oil, the heat dissipation to the environment improves and
the temperature increase D# is only about half that in air (curves 2). The circulation
of the insulating oil obviously causes only a small further reduction in the resistor
temperatures (curves 3).

(a)

(b) (c)

Fig. 3.10 Calculated self-heating of a 300 kV DC voltage divider. a Construction of the voltage
divider with wire-wound resistors (principle), 1 high-voltage electrode, 2 torus electrode, 3
insulating tube, 4 insulating support, 5 wire-wound resistors, 6 air or transformer oil, 7 chassis.
b Temperature increase D# (U) in the top resistor (calculation), 1 resistors in air, 2 resistors in
transformer oil, 3 resistors in transformer oil with circulation. c Temperature increase D# (U) in the
lowest resistance (calculation). 1, 2, 3 as in case b
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The calculations for the divider were supplemented by extensive experimental
investigations [8]. In the first step, the temperatures of the oil or air near the top and
bottom resistors were measured at voltages up to 200 kV. During extensive revision
work on the divider, the resistor helix was pulled out of the divider housing. Then, a
wire-wound resistor of 2 MX was inserted as dummy on the divider top as well as
on the divider bottom. The dummy resistor was provided with a bore and a tem-
perature sensor was inserted as close as possible to the resistor wire. The test
conditions at low voltage were largely adapted to the use of the complete voltage
divider. That is, the DC current flowing through the dummy resistor had the same
magnitude and the insulating medium the same temperature as in the corresponding
use of the divider at high voltage. The temperature of the insulating media was
achieved by heating bands wound around the divider housing.

For stationary oil or air, the results of the experimental investigation confirm
very well the computed temperatures of the top and bottom resistors according to
Fig. 3.10b, c. In the case of circulated oil, the calculated temperatures are slightly
but significantly higher than the measured ones. This may be due to the fact that the
equations derived for heat transfer apply to natural, but not to forced convection. It
has already been pointed out that the internal temperature of a wire-wound resistor
can deviate from the temperature of the surrounding insulating medium. Thus, the
temperature of the wire in the top resistor was about 10 K higher than the tem-
perature of the surrounding air at 200 kV.

Note The measurements were performed during a revision of the voltage divider because
the division ratio had changed after a long period of use. The insulating oil was drained and
the resistor helix was taken out from the divider housing. The change of the division ratio
was caused by semiconducting deposits on the surface of the resistors due to decomposition
products of the transformer oil. After careful cleaning of all resistors, the original division
ratio could be exactly restored. The voltage divider with air insulation can only be used up
to approx. 200 kV. The values calculated for higher voltages serve for comparison with the
values for oil insulation.

The self-heating of the resistors, of course, affects the division ratio X of the
divider according to the applied voltage. The ratio change with voltage was cal-
culated for rather small temperature coefficients a1 for R1 and a2 for R2, which are
typical of selected wire-wound resistors in precise voltage dividers. For the three
operating conditions, the results for four quotients a1/a2 are shown in Fig. 3.11.

The conclusions are that the influence of the self-heating effect on the relative
change DX/X of the division ratio:

• is particularly large in stationary air, both for a1 = a2 and a1 6¼ a2,
• can be reduced by selecting a suitable TK value a2 for R2, and
• is almost negligible for a1 � a2 and oil circulation.

Conventional voltage dividers for tests usually have resistors with higher TC
values so that larger changes in the division ratio are to be expected.
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3.4.4 Transfer Behavior of DC Voltage Dividers

The high-ohmic design and large dimensions of DC voltage dividers limit their
bandwidth, so that the ripple of the DC voltage can often not be measured correctly.
This is mainly due to the distributed stray capacitances Ce′ of the voltage divider to
ground, through which the AC component of the DC voltage flows (Fig. 3.12a).
Depending on the dimensions of the voltage divider, the stray capacitances are in
the order of 15–20 pF/m. The parallel capacitances Cp1′ in the equivalent circuit
diagram are determined by the type of resistor, the pitch of the resistor helix and the
shape of the intermediate electrodes at the individual divider stages. Inductances of
the high-ohmic resistors and leads do not need to be considered because of the
small currents. If the parallel capacitances Cp1′ are negligible, a simplified equiv-
alent circuit diagram of the high-ohmic DC voltage divider can be used in which a
capacitance 2/3Ce is connected in parallel to (R1/2 + R2) as shown in Fig. 3.12b.
The theoretical basics for the transfer behavior of a voltage divider, which is
considered as a ladder network, are discussed in detail in Sect. 4.3.2.2. Due to the
charged stray capacitances, high transient voltages can occur in the event of a
sudden switch-off or failure of the DC voltage supply, resulting in damage or
destruction of the resistors, in particular in the upper region of the voltage divider.

In order to improve the transfer behavior, the capacitors C1′ and C2 are occa-
sionally added in parallel to the individual resistor stages R1′ und R2 of the voltage
divider (Fig. 3.13a). The general requirement for the time constants of the upper
and lower divider parts is R1C1 = R2C2. The parallel capacitor chain of this par-
allel-mixed RC voltage divider reduces the effect of stray capacitances and thus the
danger that transient overvoltages destroy the resistors. An even better transfer

Fig. 3.11 Relative change DX/X of the division ratio due to self-heating, calculated for different
temperature coefficients a1 und a2 of the wire-wound resistors embedded in: a Stationary air,
b stationary oil, c circulated oil, 1 a1/a2 = 10/10 � 10−6 K−1, 2 a1/a2 = 5/5 � 10−6 K−1,
3 a1/a2 = 6/4 � 10−6 K−1, 4 a1/a2 = 4/6 � 10−6 K−1
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behavior is achieved when the capacitors C1′ and C2 are connected in series with
damping resistors. The result is a damped capacitive voltage divider which can also
be used for AC and impulse voltage measurements (see Sect. 4.3.4).

(a) (b)

Fig. 3.12 Equivalent circuit diagrams of a high-ohmic DC voltage divider. a Circuit with
distributed capacitances Ce′ to ground and parallel capacitances Cp1′ and Cp2. b Simplified
equivalent circuit for negligible parallel capacitances Cp1′ and Cp2

(a) (b)

Fig. 3.13 Principle circuits for measuring the ripple of a high DC voltage. a Parallel-mixed RC
voltage divider, b circuit with high-voltage capacitor, integrator and digital recorder
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3.4.4.1 Measurement of Ripple

The parallel-mixed RC voltage divider shown in Fig. 3.13a also provides the
possibility of measuring the ripple of DC voltages. The ripple itself can, of course,
also be measured with a separate capacitive voltage divider. Another option is
provided by the measurement circuit with a high-voltage capacitor, which decou-
ples the AC component of the pulsating DC voltage (Fig. 3.13b). The capacitor
current ic must first be integrated in order to obtain a voltage corresponding to the
ripple, which is then recorded by the digital recorder. The ripple is evaluated with
regard to its amplitude and frequency f0. The 3 dB bandwidth of the ripple mea-
suring system must be at least 0.1f0 to 10f0 (see Sect. 3.1).

3.4.5 High-Precision DC Voltage Divider

For special measurement tasks, e.g. for checking particle accelerators and X-ray
equipment or for the detection of certain elementary particles as in the tritium
neutrino experiment, highly stable DC voltage dividers with relative uncertainties
of a few 1 � 10−6 are required. These high requirements can only be met by a
sophisticated design and special measures in the selection of the resistors, tem-
perature stabilization and shielding [1, 9–11]. As an example, the construction and
characteristics of a very accurate and stable 100 kV voltage divider are described in
[10]. The entire divider developed at the PTB in Germany is housed in a metal
pressure vessel filled with compressed SF6 (Fig. 3.14a). The main part of the
voltage divider consists of a resistor helix surrounded by five copper ring elec-
trodes. They are connected to a parallel-mixed RC auxiliary divider and serve for
potential control (Fig. 3.14b). The resistor helix has a constant pitch and is arranged
in five sections (Fig. 3.14c).

The total high-voltage resistance is 1 GX, resulting from the series connection of
100 wire-wound resistors of 10 MX. The nominal division ratios are 100:1 for
calibrations at low voltage and 10,000:1 for high voltage measurements. The 100
resistors of 10 MX each were carefully selected from a batch of 500 resistors with
regard to voltage dependence, temperature behavior and self-heating. They are
selected in pairs and connected in series, so that the run-in behavior of each resistor
pair is practically zero. The resulting run-in behavior of the complete divider with
the matched resistors is thus very short. The extraordinary constancy of the division
ratio M at 20, 60 and 100 kV is shown in Fig. 3.15, with the first 2 min being
necessary for the preparation of the measurement and the start-up of the high DC
voltage.

The internal temperature of the pressure vessel is kept constant at 26 ± 0.15 °C
by means of a sophisticated control unit, the heart of which is a Peltier element for
heating and cooling. The divider output voltage is measured using a high-ohmic
digital voltmeter or a null detector in combination with a reference voltage source.
The settings of the high-voltage source, the measurement and evaluation of the
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recorded data are program-controlled. In-depth investigations on the complete
voltage divider, including a linearity test compared to a 300 kV voltage divider (see
Fig. 3.6, center) and taking into account the possible influence quantities, resulted
in an expanded relative uncertainty of 2 � 10−6 for the division ratio.

Fig. 3.14 100 kV voltage divider of highest accuracy (PTB). a View of the SF6-insulated voltage
divider in the pressure vessel with underframe. b View of the lower Cu electrodes for potential
control of the resistors. c Arrangement of the resistors in a 5-stage helix (control electrodes
dismantled)

Fig. 3.15 Relative temporal
change of the division ratio
M at 20, 60 and 100 kV (the
first 2 min are for preparing
the measurement and
starting-up the high DC
voltage)
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Comparison measurements between PTB’s standard divider and a 150 kV
standard divider developed at the NML Australia showed excellent agreement
within ±2 � 10−6 for DC voltages up to 100 kV [12]. During the comparison
measurements, however, there was a significant effect. As the high voltage was
increased step by step, the division ratio of the NML divider initially decreased by
up to 10 � 10−6, but then gradually returned to its initial value within the following
30 min. The metal oxide film resistors used in the NML voltage divider can be
regarded as the main cause of this behavior. Their voltage and temperature coef-
ficients cause about the same but opposite effect. In the case of a voltage change, the
division ratio is immediately affected according to the negative voltage coefficient,
while the subsequent compensation by the self-heating of the resistors takes place
only slowly.

At the time of preparing the manuscript, a divider for DC voltages of up to
1000 kV was developed as part of a European joint project for HVDC technology.
It serves as a transportable reference divider for calibrating the voltage dividers in
converter stations [13]. The high-voltage unit consists of five stages of 200 kV
each, each stage consisting of four modules of 50 kV. The reference divider is
surrounded by three resistive-capacitive voltage dividers for shielding and potential
control. The grading of the capacitances in the shielding divider was determined by
field calculations so that the field distribution in the immediate vicinity of the 8 m
high reference divider is as linear as possible with the divider height and thus equal
to the electric flow field. The relative measurement uncertainty of the 1 MV ref-
erence divider is stated to be less than 1 � 10−4. The reference divider has a
bandwidth of a few 10 kHz and is therefore also suitable for measuring the ripple of
DC voltages. In the context of the HVDC project, methods and devices for gen-
erating and measuring of the ripple have also been developed with high accuracy
[14].

Due to their size and their high-ohmic design, DC voltage dividers with rated
voltages in the 1 MV range have the basic problem that leakage currents can flow to
ground through the numerous supports of the individual resistors. They are there-
fore lost in the voltage measurement at the bottom resistor. Although the total
leakage current is taken into account during the calibration of the voltage divider,
one must assume that it is non-linear with voltage and temperature changes. This
behavior affects the scale factor and causes a measurement error in the output
voltage.

The total leakage current can be determined as the difference between the current
entering the top of the voltage divider and the current leaving the divider on its
ground side. For this purpose, two measuring resistors of 15 kX each were con-
nected to the high- and low-voltage side of a 1.4 GX voltage divider and their
voltages were measured with precision digital voltmeters (DVM) [15]. The DVM at
high-voltage potential was powered by batteries. Both DVMwere connected to a PC
via wireless local area networks (WLAN). This enabled simultaneous measurements
at both measurement points and data transfer to the PC. Due to the simultaneous
recording, the influence of instability and ripple of the DC voltage (1.2% at 800 kV)
could be largely excluded. The investigation showed that with increasing voltage the
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current through the bottom resistor became disproportionately smaller than that
through the top resistor. At 1 MV, the relative current deviation and thus the relative
error of the measured high voltage amounted to −65 � 10−6.

3.4.6 Addition of Partial Voltages

The measurement of very high DC voltages is impaired by leakage currents in the
resistive voltage divider and discharge currents due to corona. The large voltage
dividers used are generally unshielded and of modular design. It is therefore pos-
sible to measure the partial voltages of the individual modules and obtain the total
voltage by an exactly timed addition [16]. The measurement principle is described
using the example of a three-stage system shown in Fig. 3.16. In addition to the
main resistor, each stage 1 is provided with a small series resistor whose voltage is
converted by a voltage-frequency converter 2 into a pulse sequence. The pulses are
sent via an optical transmission path with transmitter 3, optical waveguide and
receiver 4 to a parallel-to-serial converter 5 on low-voltage potential. The sum of
the pulses coming from the three stages is detected by a pulse counter 6 and
displayed as the total voltage.

A test model of this measurement principle was thoroughly tested at DC voltage
up to 250 kV under various conditions. The sum of the partial voltages representing
the total voltage showed excellent linearity. The voltage indication remained
completely unaffected, even when corona was artificially generated by means of
small metal tips on the intermediate electrodes, causing leakage currents to ground

Fig. 3.16 Addition of
partial voltages (principle
arrangement of a three-stage
measuring system). 1 divider
stage with lower and
upper resistor, 2 voltage-to-
frequency converter,
3–4 optoelectronic
transmission path,
5 summation of pulses,
6 pulse counter and voltage
display
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and the high-voltage electrode. On the other hand, the indication of a measuring
system with a conventional DC voltage divider was significantly affected by
corona. Further advantages of the measurement principle are lower costs due to the
smaller high-voltage electrode and the possibility of increasing the number of stages
as needed.

3.4.7 Fixed Points of the High Voltage Scale

The general requirement of each measurement is that the measured quantities are
traceable to the units of measurement in the SI system (see Sect. 10.1). The unit of
voltage is available with the highest possible accuracy by means of the Josephson
effect, but only at low voltage of 1 V or 10 V [17]. Traceability of voltages of
several 100 kV or even 1 MV to this small voltage unit can, in principle, be
achieved by using resistor dividers. However, this implies a loss of accuracy that
may be tolerable for standardized testing on power apparatus, but not for
high-precision voltage measurements. In this context it is worth mentioning that
calibration laboratories and national metrology institutes regularly perform
multi-lateral or bilateral comparison measurements even in the field of high DC
voltages. The aim is to detect possible measurement deviations of the high-voltage
dividers used in comparison with an accurate transfer standard. Although the
quality of transfer dividers has in fact increased over decades, the achievable
accuracy of the comparative measurements is limited for a number of reasons.

As an example of a so-called absolute measurement standard in the high-voltage
range, the sphere gap can also be considered, with which high voltage measure-
ments are traced back to the SI base unit of length (spark gap, sphere diameter).
However, the influence of several disturbance quantities only allows measurement
uncertainties in the percentage range. Another, more precise absolute standard is the
electrostatic voltage balance that has been studied in some national metrology
institutes in the past. With the voltage balance, the force between two voltage
electrodes is compensated by weights. Voltages of up to several 10 kV can thus be
traced back to the SI unit of mass with a relative uncertainty of about 10 � 10−6.

Another method deals with the realization of calibration values or fixed points of
the voltage scale in the high-voltage range, comparable to fixed points in the
temperature scale for melting ice or evaporating water. Using the Maxwell equa-
tions, the interaction of accelerated electrons with the microwave field inside a
rectangular cavity resonator is calculable. According to the theory, the electrons
generally undergo a deflection from their original path, but for certain calculable
values Ui of the acceleration voltage, they can leave the cavity resonator in the same
direction as at the entrance [18, 19]. The equation for determining Ui contains two
resonant frequencies of the high-frequency field and the quotient e/m0 (elementary
charge e per electron rest mass m0). Since frequencies can in principle be measured
very accurately, at the beginning of the experimental work, a relative measurement
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uncertainty of 5 � 10−7 was considered quite realistic for the determination of
these fixed points Ui.

Figure 3.17 shows the setup for the experimental confirmation of the novel
theoretical approach in the voltage range up to 100 kV [19, 20]. The electrons
emerging from the electron source 1 are accelerated by a controllable highly stable
DC voltage U in the z direction and pass through a small aperture into the super-
conducting rectangular cavity resonator 2 made of niobium. The microwave field of
a H1,0,p mode in the resonator, generated by the microwave generator G, causes a
deflection of the electrons by Coulomb and Lorenz forces. In general, the deflected
electrons strike the inner walls of the resonator. However, if the electrons 3 are
accelerated by one of the calculable voltages Ui, they can leave the resonator again
in the z direction through a second aperture at the resonator exit. These electrons are
collected by the Faraday Cup 4 and displayed as current Ie. Figure 3.17b
schematically shows a typical measurement curve of Ie versus the acceleration
voltage U. The location of the maximum of Ie at the calculable voltage Ui is given
by the intersection of the extrapolated flanks of Ie. Theoretically, the shape of Ie
should be a single vertical line at the calculable voltage Ui, but this is not exper-
imentally achievable due to the not infinitely small diameter of the aperture and
further inadequacies.
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Fig. 3.17 Realization of fixed points of the high voltage scale (schematic). a Experimental setup
with simulated electron path at one of the calculable acceleration voltages, 1 electron source, 2
superconducting cavity resonator, 3 electron path, 4 Faraday cup. b Measured detector current Ie
whose maximum marks one of the fixed points of the voltage Ui
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The cavity resonator thus acts as an electron speed filter, i.e. the electrons can
pass through the resonator via small apertures only for well-defined velocities that
correspond to the calculable voltages Ui. Moreover, the filter characteristic is
independent of the phase of the electrons, i.e. the time of their entry into the res-
onator. As a result of the experimental investigations, five maxima of the current Ie,
i.e. five fixed points Ui were detected in the voltage range between 40 and 100 kV.
The reproducibility of the fixed points was 1 � 10−4, which was considered as still
improvable by various measures. However, the experimentally determined fixed
points differed by about 10% from the theoretical fixed points Ui. The cause of this
large deviation could not be determined within the given timeframe [21, 22].

3.4.8 Rotary Voltmeter

The rotary voltmeter belongs to the group of field sensors and voltmeters called
generating voltmeter. Originally, these devices were used as field mills in a handy
design for the measurement of electrostatic fields, even in the atmosphere (Ref. [4]
of Chap. 1). The measurement principle is that the capacitance of an electrode
arrangement located in an electric field is periodically changed so that the influ-
enced charge periodically changes between a minimum and a maximum value. The
oscillating charge causes a dielectric displacement current that generates a mea-
surable AC voltage across a resistor. The electrodes of generating voltmeters are
often plate-shaped and provided with sectoral recesses, but other electrode
arrangements as described below for high DC voltage measurements are also
possible.

The generating voltmeter shown in Fig. 3.18 has cylindrical electrodes, the high
DC voltage being applied directly to the outer cylindrical electrode 1 [23]. The
eccentrically arranged low-voltage electrode consists of two half cylinders 2 and 3
as well as the grounded end sections. The two half cylinders are connected to each
other via an AC current meter with the internal resistance Ri and an equal resistor
R = Ri, the junction between the two resistors being grounded. Since Ri is very
small, the two half cylinders 2 and 3 are practically at ground potential. The
complete low-voltage electrode is motor driven and rotates about its own axis. As a
result, the partial capacitances of the two half cylinders to the surrounding
high-voltage electrode change periodically. In the drawing in Fig. 3.18, the
capacitance C12 of the half cylinder 2 has its maximum value and the capacitance
C13 of the half cylinder 3 has its minimum value. After half a turn in the time T/2,
the two half cylinders have exchanged their positions and capacitances. The charge
DQ transported thereby from one half cylinder to the other is:

DQ ¼ UCmax � UCmin ¼ C12 � C13ð ÞU ¼ DCU: ð3:9Þ

The rotation of the half cylinders with the frequency fr = 1/T causes a periodic
change of charge and thus a measurable AC current i:

3.4 Measurement of High DC Voltages 67



i ¼ DQ
T=2

¼ 2DCUfr; ð3:10Þ

from which the DC voltage U can be determined.
An advantage of the rotary voltmeter is that the two half cylinders of the

low-voltage electrode move in an almost homogeneous field and are largely
shielded from external disturbances. The capacitances C12 and C13 of the half
cylinders can be determined by field calculation and are thus traceable to the SI unit
“length”. Alternatively, the capacitances can be measured, as well as the rotation
frequency fr. Another advantage is the powerless measurement without loading of
the DC voltage source. Two prototypes of the rotary voltmeter for 30 kV and
200 kV have been constructed and tested. The achievable measurement uncertainty
was considered to be better than 1%. Several improvements in the design and

(a)

(b)

Fig. 3.18 Construction of the
rotary voltmeter with
cylindrical electrodes
(principle). a High-voltage
electrode 1 and low-voltage
electrodes 2 and 3.
b Cross-sectional drawing
through the high- and
low-voltage electrodes
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smaller dimensions, which can be achieved with SF6 insulation, have been pro-
posed to further reduce measurement uncertainty.

3.4.9 Standard Rod-Rod Gap

The determination of the peak value of high voltages up to about 2 MV using
standard sphere-gaps has a long tradition. According to recent studies, the standard
rod-rod gap is the better, more precise alternative for DC voltage measurements of
more than 135 kV (Ref. [5] of Chap. 2; [24]), while the sphere-gap is intended for
AC and impulse voltage measurements (see Sect. 2.5.8). The two rod-shaped
electrodes made of steel or brass can be arranged vertically or horizontally
(Fig. 3.19). A minimum distance of 5 m must be maintained between the tip of the
high voltage electrode and grounded objects or walls, except the ground plane. For
the rods, a solid cross-section with side lengths between 15 and 25 mm is required.
The rod ends shall be cut at right angles to the axis with sharp edges, which is the
prerequisite for a reproducible discharge mechanism. However, reproducibility of
the streamer pre-discharges is not given for small gap spacing, so that the standard
rod-rod gap can only be used as an approved measuring system for d � 250 mm
corresponding to a voltage of at least 135 kV.

When carrying out the measurements, the positive or negative DC voltage is
increased from 75 to 100% of the expected discharge voltage in about 1 min. The
voltage at the instant of sparkover is taken with the indicating device used, e.g. for
the control voltage of the DC voltage generator. The procedure is repeated until a

(a) (b)

Fig. 3.19 Standard rod-rod gap for DC voltage measurement (250 mm � d � 2500 mm)
a Vertical arrangement b Horizontal arrangement
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total of n = 10 successive readings. The mean of the ten individual values gives the
disruptive discharge voltage. For positive and negative DC voltages, the disruptive
discharge voltage can be approximated by the numerical equation [24]:

U0 ¼ 2þ 0:534d; ð3:11Þ

where U0 is in kilovolts and the gap spacing d in millimeters. Equation (3.11)
applies to vertical and horizontal gap arrangements with d between 250 and
2500 mm. Furthermore, the U0 values in Eq. (3.11) are valid for standard atmo-
spheric conditions (temperature T0 = 20 °C, air pressure p0 = 1013 mbar =
101.3 kPa) and the quotient h/d in the range 1–13 g/m3, where h is the absolute
humidity in g/m3 and d the air density according to Eq. (2.16):

d ¼ p
p0

273 Kþ T0
273 Kþ T

:

Under these conditions, the reference values of the disruptive discharge voltage
U0 have an estimated uncertainty of 3% for a confidence level of at least 95%.

In the case of deviating standard atmospheric conditions, the measured break-
down voltage U is converted by division with the factors d and k into the value U0

for standard conditions:

U0 ¼ U
d � k : ð3:12Þ

The humidity correction factor k is given by the numerical equation:

k ¼ 1þ 0:014
h
d
� 11

� �
; ð3:13Þ

where h/d is in g/m3. Humidity therefore affects the breakdown voltage of the
rod-rod gap more than that of the sphere gap (see Sect. 2.5.8). The equations given
for U0 and k apply to the investigated values h/d in the range 1–13 g/m3.

Several studies have also been conducted with rods having circular cross-section
and rounded ends [24–26]. However, the breakdown voltages for positive and
negative DC voltages are different, so that separate equations for the respective
polarity should have been taken into account. In addition, the spread of the
breakdown voltage values for round rods is greater than for rectangular rods.

Note For measuring positive and negative DC voltages, the use of sphere gaps is not
recommended by IEC 60052 because of erratic disruptive discharges. Nevertheless, with
some precautions, sphere gaps can also be used for DC voltage measurements, with the
breakdown values being the same as for AC voltages and negative impulse voltages.
The IEC edition of 2002 (Ref. [5] of Chap. 2), valid at the time of printing, gives no
indication of the uncertainty achievable for DC voltages with sphere gaps, whereas an
uncertainty of 5% was stated in previous IEC editions.
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3.5 Measurement of High DC Currents

With the exception of the DC currents supplied by batteries and accumulators, the
technically generated DC currents are associated with a more or less large ripple.
A DC measurement system should therefore also be designed to measure the
components with ripple frequency, or the ripple factor is determined by another
measurement system. In general, the measurement system consists of a current
sensor and a digital device, often a digital recorder. DC current measurements on
high voltage potential, e.g. on overhead lines, require a potential-free measurement
system. This is no longer a fundamental problem due to the data transmission
facilities with optical fibers. Conventionally, low-ohmic shunts are used for current
measurement, but also Hall sensors and DC transformers based on the zero-flux
principle. Advances in the technical application of the Faraday effect have led to
increased use of magneto-optical current sensors, e.g. for current measurement in
aluminum production (see Sect. 6.2).

3.5.1 Low-Ohmic Measuring Resistors

The conventional measurement principle for high DC currents is shown in
Fig. 3.20. The current i flows through the low-ohmic resistor Rm and generates the
voltage um, which is indicated by the measuring device M connected via a coaxial
cable. In general, digital voltmeters are used to measure steady-state DC currents
and digital recorders to measure short-time DC currents. For very large DC cur-
rents, Rm is less than 50 lX to limit the measurement voltage um and the thermal
load. For the measurement of short-time DC currents, coaxial shunts are preferably
used as they are generally present in testing laboratories for AC current and impulse
current measurements. Further details on coaxial shunts can be found in
Sect. 5.3.1.4. The voltage is simply um = iRm if the input resistance of the mea-
suring instrument is Re � Rm. In contrast to rapidly changing currents, the coaxial
cable does not have to be terminated by its wave impedance when measuring
steady-state DC currents.

Fig. 3.20 Measurement of a
DC current i with a
low-ohmic measuring resistor
Rm. M: digital voltmeter or
digital recorder with input
resistance Re
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According to IEC 62475 (Ref. [4] of Chap. 2), the measuring instruments used
for testing must indicate the arithmetic mean value, the ripple and, in addition, for
short-time DC currents, their duration and rise time. If the short-time DC current
drops rapidly, the test object is heavily loaded, possibly in conjunction with elec-
tromagnetic influence on the measuring system. A double shielding of the mea-
suring system is preferred, comparable to impulse current measurements (see
Sect. 5.3.1.1).

A potential-free hybrid-optical measuring transformer (HOCT) for current
measurement up to 300 A in a 220 kV DC transmission line is described in [27].
The current sensor on high-voltage potential is a Manganin shunt for measuring the
DC component. In addition, the AC component of the current is measured with a
Rogowski coil. The output voltages of both sensors are digitized and sent via two
optical fiber links to the measuring instruments and the PC on ground potential. The
temperature dependence of the shunt is corrected by calculation. The power supply
of the optocouplers is around 1 W, which is sent to high-voltage potential using a
power laser diode and a third optical fiber link. The preliminary results of the
investigation are satisfactory and the measured values are in accuracy class 0.2.

3.5.2 Hall Current Sensors

Current sensors of this type exploit the Hall effect, which is caused by moving
charge carriers in a magnetic field due to the Lorentz force. The principle of the Hall
effect is shown in Fig. 3.21. When a semiconducting plate of thickness d is posi-
tioned in a vertical magnetic field with the inductance B and the control current Is
flows through it, the electrons are deflected by the Lorentz force perpendicular to
the original current direction and perpendicular to the magnetic field. Due to the
charge displacement, the Hall voltage uH is generated at the outer edge of the plate:

uH ¼ RH
IsB
d

	B: ð3:14Þ

The Hall coefficient RH is inversely proportional to the charge carrier concen-
tration ne in the plate material and the elementary charge e0. For metallic conductors
with a high charge carrier concentration, the Hall voltage uH is therefore relatively

Fig. 3.21 Hall effect in a
conductive or semiconducting
plate (principle). B: magnetic
field, Is: control current, uH:
generated Hall voltage
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small. Only the use of semiconductors with orders of magnitude smaller charge
carrier concentrations and thus higher values of RH and uH has led to a wider
application of the Hall effect. By vapor deposition of a thin semiconductor layer on
a carrier material, the effective thickness d can be kept very small, whereby uH
becomes larger. The Hall effect exists for DC fields as well as AC fields and
impulse fields. The same applies to the control current Is.

The basic principle of a Hall current sensor is explained with reference to
Fig. 3.22. The current-carrying conductor is passed through the opening of the
magnetic core and generates a magnetic field with the induction BFe in the core. In
the air gap of the core is the Hall element, where it is exposed to the magnetic field
Hair. Because of the continuity of induction in the magnetic core and in the air gap
of the width d, the following applies:

BFe ¼ lrl0HFe ¼ Bair ¼ l0Hair: ð3:15Þ

The relationship between the current i and the magnetic field strength H is
determined by the law of magnetic flux (Ampere’s law) according to Eq. (5.16).
The line integral of the magnetic field strength extends over the magnetic core of
the length lFe and the air gap with lLuft = d and is expressed in a simplified form:

i ¼
I

Hds ¼ HFelFe þHaird: ð3:16Þ

For a highly permeable magnetic core, a simple expression for the induction Bd

in the air gap results from Eqs. (3.15) and (3.16):

Bd ¼ Bair ¼ l0 i
lFe
lr

þ d
� l0

d
i: ð3:17Þ

Inserting Eq. (3.17) in Eq. (3.14) gives the equation for the Hall voltage:

Fig. 3.22 Principle of a
simple Hall sensor with
semiconductor plate in the air
gap of a magnetic core
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lH ¼ RH
Is
d
l0
d
i ¼ KHi; ð3:18Þ

where KH is the Hall coefficient. Under the conditions mentioned above, the Hall
voltage uH is proportional to the induction B and thus to the current i to be
measured.

The simple basic circuit in Fig. 3.22 has the disadvantage that the measurement
accuracy is not satisfactory because of the non-linearity of the magnetic core and
the Hall sensor. Improvement is achieved by a compensation winding Nk on the
magnetic core (Fig. 3.23). Through the winding, the compensation current ik flows
so that the induction in the core becomes zero (zero-flux principle). The compen-
sation current ik is derived from the Hall voltage and sent via an operational
amplifier OP through the compensation winding Nk. The voltage um across the
resistor Rm is proportional to the compensation current and thus also to the current
i to be measured [28–30].

Depending on the design, Hall current sensors can be used to measure DC, AC
and impulse currents with peak values of up to 30 kA. In the version without
compensation winding (see Fig. 3.22), the achievable bandwidth is between 1 and
10 kHz. Higher bandwidths of up to some 100 kHz are achieved by Hall sensors
with compensation winding, with the sensor in this version operating above 1 kHz
as a current transformer. The zero-flux principle ensures relative measurement
uncertainties of less than 1%. Hall sensors are also installed in handy clip-on current
transformers, which can be conveniently opened and placed around the current
carrying conductor. It should be added that the Hall effect is also used in sensors for
measuring magnetic fields.

Fig. 3.23 Hall current sensor
in the air gap of a magnetic
core with compensation
winding Nk (zero-flux
principle)
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3.5.3 Zero Flux DC Current Transformer

DC currents as well as AC and impulse currents can also be measured with DC
current transformers operating on the zero-flux principle [29, 30]. The DC current
transformer consists of three magnetic cores, a common secondary winding, several
auxiliary windings and an electronic module with the zero-flux detector (Fig. 3.24).
The transformer is usually constructed with toroidal cores, through whose openings
the primary conductor (shown as a winding in Fig. 3.24) is guided. The primary
current ip produces in the three magnetic cores a magnetic field which is com-
pensated by the compensation current ik in the winding W2. For this purpose, the
AC and DC components of the measured current are supplied separately to the two
inputs of the operational amplifier OP. The AC current component iAC is generated
in the auxiliary winding W1. The DC current component iDC including the
low-frequency component is provided by means of an electronic module in the
zero-flux detector and the symmetrical auxiliary windings W3 and W4.

Via an oscillator in the zero-flux detector and the symmetrical auxiliary windings
W3 and W4, the two magnetic cores are driven into saturation in opposite direction,
so that the resulting flux in the main core is zero. In the case where the primary
current has a DC component, a corresponding magnetic flux is generated in the two
cores. This means that the cores are no longer in the same state of saturation and the
currents through W3 and W4 are then different. The current difference is propor-
tional to the primary DC current and fed into the positive input of the operational
amplifier OP. The resulting compensation current ik with the DC and AC com-
ponents is therefore a scaled image of the primary current. The corresponding
voltage at the measuring resistor Rm can be evaluated with a digital measuring
device.

Fig. 3.24 Principle diagram of a DC current transformer with zero-flux detector
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Due to the zero-flux principle, the resolution of the DC current transformer with
electronic module according to Fig. 3.24 is very high, and relative measurement
uncertainties in the range of some 10−6 can be achieved. Depending on the design
of the DC current transformer, the maximum bandwidths are between 10 and
500 kHz and the maximum current amplitudes between 5 and 25 kA. Due to the
low measurement uncertainty, the DC current transformer is particularly well suited
for the precise calibration of other current measuring systems.
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Chapter 4
High Impulse Voltages

Abstract In power supply networks for the transmission and distribution of
electrical energy at high voltage, transient voltages of more than 1 MV can occur
due to lightning or switching operations. Because of their high magnitudes and
short rise times, ranging from a fraction of a microsecond to milliseconds, the
overvoltages cause enhanced stress on the insulation of the affected high-voltage
apparatus, such as power transformers, switchgears, arrestors, insulators, power
cables, etc. Therefore, before commissioning, each high-voltage apparatus must
undergo acceptance tests with standardized impulse test voltages. The chapter
introduces the standardized quantities and measurement methods and briefly
describes the basic principles of impulse voltage generators. The various systems
for measuring impulse voltages with resistive, capacitive or mixed voltage dividers
and digital recorders are discussed in detail. The main focus is on digital measuring
systems with computer-aided data processing that enable automated data acquisi-
tion, data filtering of impulses with overshoot, online monitoring and on-site tests.
A well-founded measurement technique is essential and is achieved mainly by
comparison measurement with a reference system. One important property of an
impulse measuring system is its step response, which characterizes the transfer
behavior. Short descriptions of analog measurement methods and devices that are
still in use, including the standard sphere gap, are included. High impulse voltages
are also used for applications in other fields of physics and engineering, such as
plasma physics, electric spot-welding, electro-shock weapons, etc.

High impulse voltages are required for testing electrical apparatus used for the
generation and transmission of electrical energy at high voltage, for example power
transformers, switchgears, arrestors, insulators, power cables, etc. The test simulates
the transient voltage stress with peak values of even more than 1 MV, which can be
caused by lightning strokes, short circuits or switching operations in the supply
network. The chapter presents the internationally standardized high-voltage
impulses and measurement quantities, describes the measurement methods and
briefly discusses some generator circuits for generating impulse voltages. The
various systems for measuring impulse voltages with voltage dividers and digital
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recorders are discussed in detail in theory and practice. Further measurement
options such as the conventional standard sphere gap and newer capacitive field
probes are described. For information on electro-optical sensors that exploit the
Pockels or Kerr effect, see Sect. 6.1.

4.1 Definitions and Parameters of Standard Impulse
Voltages

Standard impulse voltages used in high-voltage tests are characterized according to
IEC 60060 by three or more parameters (Refs. [1–3] of Chap. 2). Their definitions
differ in part from those common to low-voltage impulses (Refs. [1–3] of Chap. 2).
Reasons for this are the inadequacies in the generation and measurement of
high-voltage impulses, but also in the special stress of high-voltage insulation by
impulse voltages with superimposed peak oscillation. As a rule, high-voltage
impulses are recorded by means of a wide-band voltage divider and a digital
recorder, stored and analyzed with regard to the parameters by software. Data
processing with the right software is not only very helpful for the correct evaluation
of the relevant impulse parameters, but also appears indispensable in many cases.
For example, lightning impulse voltages with superimposed peak oscillation are
evaluated by using the standardized filtering method. Another example is the
numerical convolution calculation to prove the dynamic behavior of a measuring
system. The analytical representation of some impulse voltages by their shape and
spectrum is given in Chap. 8. For devices used in the low-voltage range with a rated
voltage of 1 kV maximum, special test standards derived from high-voltage test
standards apply (Ref. [6] of Chap. 2).

4.1.1 Lightning Impulse Voltages

Lightning impulse voltages are used to test the dielectric strength of high-voltage
apparatus against external transient voltages, which can be caused by lightning
strokes in the supply network. A distinction is made here between full lightning
impulse voltages and chopped lightning impulse voltages. A standard aperiodic
lightning impulse rises to its peak value û within a few microseconds and then falls
more slowly to zero (Fig. 4.1a). The rising part of the impulse voltage is referred to
as the front, the maximum as the peak, and the falling part as the tail. The impulse
shape can be approximated by superposing two exponential functions with different
time constants (see Sect. 8.1).

Chopping of lightning impulse voltages in the test field is achieved by the
disruptive discharge of a chopping gap. A distinction is made between chopping on
the tail (Fig. 4.1b), chopping at the peak and chopping on the front (Fig. 4.1c). The
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standard chopped lightning impulse voltage has a time to chopping between 2 ls
(chopping at the peak) and 5 ls (chopping on the tail) (Fig. 4.1b). The voltage
collapse on the tail shall be significantly faster than the initial voltage rise. Due to
the rapid voltage collapse, the test object is exposed to a very high stress.

Lightning impulse voltages chopped on the front have times to chopping
between 2 and 0.5 ls (Fig. 4.1c). For short times to chopping, the time course of
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the front between 0.3û and the voltage at the chopping instant is approximately
linear. If the deviations from linearity lie within ±5% of the front time, a wedge-
shaped impulse voltage is obtained with the virtual steepness:

S ¼ û
Tc

: ð4:1Þ

In the test specifications, the different lightning impulse voltages are charac-
terized by the following time parameters:

• front time T1 and time to half-value T2 for full lightning impulse voltages,
• front time T1 and time to chopping Tc for standard chopped impulse voltages

(2 µs� Tc� 5 µs),
• time to chopping Tc for lightning impulse voltages chopped on the front

(Tc < 2 µs),
• front time T1 and virtual steepness S for wedge-shaped impulse voltages.

The starting point for determining the time parameters is the virtual origin O1,
which precedes the instant of point A of the impulse voltage by the time 0.3T1
(Fig. 4.1a–c). Graphically, O1 is obtained as the intersection of the straight line
through the points A and B with the zero line. The introduction and definition of the
virtual origin O1 is necessary because the origin O of the recorded impulse voltage
is often not recognizable due to superimposed interference voltages and limited
bandwidth of the measuring system.

The impulse parameters are defined for idealized smooth time courses, as shown
in Fig. 4.1. For a smooth impulse, the peak value û is the value of the test voltage to
which all requirements apply. In the test practice, however, the peak region of a
lightning impulse voltage may be superimposed by an oscillation or overshoot.
Depending on the frequency of the oscillation or the duration of the overshoot, the
insulation of the test object is stressed differently. The value of the test voltage is
then determined for a fictitious curve of the test voltage, which results from the
application of a special evaluation method to the recorded data of the oscillating
lightning impulse voltage (see Sect. 4.1.1.2).

The front time T1 is the time between the virtual origin O1 and the intersection of
the front line through the points A and B with the peak line (Fig. 4.1):

T1 ¼ 1
0:6

TAB ; ð4:2Þ

where TAB is the time between the instants when the impulse is 0.3û (point A) and
0.9û (point B) on the test voltage curve. Lightning impulse voltages are defined by
the front time T1 < 20 µs, otherwise it is a switching impulse voltage (see
Sect. 4.1.2). The time to half-value T2 is the time between the virtual origin O1 and
the instant when the test voltage curve has decreased to half the test voltage value
(Fig. 4.1a).
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The time to chopping Tc is defined as the time interval between the virtual origin
O1 and the instant of chopping. For an impulse voltage chopped on the tail, the
instant of chopping is given by the intersection of the straight line through
the points C at 0.7ua and D at 0.1ua with the impulse voltage immediately before the
collapse (see Fig. 4.1b). This intersection also defines the voltage ua. In the case of
an impulse voltage chopped on the front, the instant of chopping is defined by the
intersection of the straight line through C and D with the horizontal peak line (see
Fig. 4.1c). The determination of the virtual instant of chopping takes into account
that the beginning of the chopping is not always clearly evident from the recorded
impulse. This is due to the finite duration of the chopping and a limited bandwidth
of the measuring system, resulting in a rounded shape of the recorded impulse
voltage in the chopping region [1]. Furthermore, during the firing of the chopping
spark gap, electromagnetic disturbances occur, which may be superimposed on the
impulse at the time of chopping. The duration of the voltage collapse is defined as
TCD/0.6, where TCD is the time interval between the points C and D.

A full lightning impulse voltage is characterized by its front time and time to
half-value given in microseconds as abbreviation. The standard 1.2/50 impulse
voltage accordingly has a front time T1 = 1.2 ls and a time to half-value
T2 = 50 ls. In the generation of the impulse voltages, certain tolerances apply for
the peak value and the time parameters.

4.1.1.1 Tolerances and Measurement Uncertainties in Tests

Deviations from the parameter values of the generated impulse voltages are per-
missible within the tolerances specified for each impulse type. For the parameters of
the lightning impulse, the tolerances are (Ref. [1] of Chap. 2):

• ±3% for the value of the test voltage,
• ±30% for the front time T1, and
• ±20% for the time to half-value T2.

The reason for the large tolerances of the time parameters lies in the varying
degrees of interaction of the test objects with the generator circuit, as a result of
which the impulse shape and thus the parameters of the generated lightning impulse
voltage are more or less strongly influenced. Therefore, the elements of the impulse
generator with which the impulse shape is set need not be adapted each time the
load of the test object is slightly changed. There are no tolerances defined for the
time to chopping Tc.

The value of the test voltage and the time parameters shall be determined within
the specified limit values of the expanded measurement uncertainty (k = 2). The
measurement uncertainty consists of the uncertainty of the approved measuring
system and, in most cases, of further uncertainty contributions. These contributions
take into account the actual conditions during the voltage test, which often differ
from those during the calibration of the measuring system, such as ambient
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temperature, deviations in the impulse shape or long-term drift (see Chap. 13). The
permissible measurement uncertainties are (Ref. [2] of Chap. 2):

• 3% for the value of the test voltage of full and chopped lightning impulse
voltages with times to chopping Tc � 2 ls,

• 5% for the value of the test voltage of lightning impulse voltages chopped on the
front with times to chopping 0.5 ls � Tc < 2 ls, and

• 10% for the time parameters.

Note Uncertainties are given without polarity sign but are to be understood as positive and
negative limits.

4.1.1.2 Lightning Impulse Voltage with Overshoot

Lightning impulse voltages actually generated in the test circuit may be superim-
posed by an overshoot or oscillation at the peak and on the front. Such overshoot or
oscillation is caused by the inductances and capacitances of the impulse voltage
generator as well as of the test and measurement circuit including the high-voltage
leads. Further reasons are a non-optimal sequence in the firing of the generator
spark gaps or reflection phenomena in the test circuit. In order to detect the
oscillations correctly, the measuring system must have a sufficiently large band-
width, at least 10 MHz for front oscillations and 5 MHz for peak oscillations.
Oscillations in the test circuit must be clearly distinguished from natural oscillations
of the voltage divider itself, which can be excited due to unfavorable construction.
If in the test circuit oscillations occur with the natural frequency of such a voltage
divider, these are reproduced at the divider output with amplified amplitude. The
voltage divider is therefore not suitable for measuring oscillating test voltages.
According to IEC 60060-1 (Ref. [1] of Chap. 2), lightning impulse voltages with
oscillations in the peak region require a special evaluation method for determining
the test voltage value, which is decisive for the stressing of the insulation of the test
object (see Sect. 4.1.1.2.2).

Former Evaluation Procedure

It has long been known that the stress of the insulation of high-voltage apparatus
depends on the frequency of superimposed peak oscillations or the duration of an
overshoot. Accordingly, a lightning impulse voltage with a high-frequency oscil-
lation in the peak region does not stress the insulation as much as an impulse
voltage with a low-frequency peak oscillation, with both impulse voltages having
the same extreme value. In previous test standards, the extreme value of a lightning
impulse voltage with superimposed peak oscillation of the frequency f < 500 kHz
was defined as the value of the test voltage. On the other hand, for f � 500 kHz,
the peak value û of the mean curve 2 through the oscillating impulse 1 was the
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value of the test voltage (Fig. 4.2a). In other words, for determining the test voltage
value, the amplitude of the oscillation was multiplied by a factor k = 1 for
f < 500 kHz or k = 0 for f � 500 kHz (Fig. 4.2b). This evaluation procedure was
valid for an overshoot b � 5%.

This evaluation was also unsatisfactory from a metrological point of view, since
the frequency of the peak oscillation in the critical range about 500 kHz cannot be
determined exactly. It was therefore not possible to make a clear decision as to
which evaluation method, i.e. k = 1 or k = 0, should be used. In addition, the course
of the mean curve to be drawn through the peak oscillation was not precisely
defined, but was dependent on the visual impression of the operator.

Revised Evaluation Procedure

Detailed investigations have been carried out in several high-voltage test labora-
tories with the aim of determining the dielectric strength of gaseous, liquid and solid
insulations against lightning impulse voltages with superimposed peak oscillations
[2]. In carrying out the extensive series of tests, the breakdown values of similar test
samples for impulse voltages with and without peak oscillation were measured.
Here, the amplitude, frequency and phase of the superimposed oscillation were
varied within wide limits. Summarizing the test results, it can be stated that the
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frequency-dependent stress of the insulation was confirmed in principle, but in a
modified form.

The example in Fig. 4.3 shows schematically the voltage curves shortly before
the breakdown of a sample. Curve 1 shows the damped oscillating impulse voltage
obtained experimentally by superposition of the smooth impulse voltage 3 (base
curve) and the oscillation 4. Curve 2 with the peak value Ut is the equivalent
smooth impulse voltage, which also leads to the breakdown of a comparative
sample. The equivalent smooth impulse voltage 2 thus represents the test voltage
curve of the oscillating impulse voltage 1 and its peak value Ut is the test voltage
value of both impulse voltages.

By introducing the frequency-dependent factor k(f), the results of the investi-
gation can be expressed by the following relationship for the test voltage value Ut:

Ut ¼ Ub þ k fð Þ � Uos ¼ Ub þ k fð Þ � Ue � Ubð Þ ; ð4:3Þ

where Ub is the peak value of the base curve 3, Uos the amplitude of the super-
imposed peak oscillation 4, and Ue the extreme value of the oscillating impulse
voltage 1. The value of the frequency-dependent factor k(f) is therefore decisive for
the extent to which the oscillation amplitude Uos enters into the determination of the
test voltage value Ut.

For all investigated insulations, test samples and frequencies of the peak oscil-
lation, the experimentally determined values of the k-factor are summarized in
Fig. 4.4. Despite the scattering of the values for the different insulating materials, it
can be clearly seen that the k-factor—and thus the influence of the peak oscillation
on the breakdown—steadily decreases with the frequency above 100 kHz and
becomes approximately zero for f � 5 MHz. In the semi-logarithmic representa-
tion in Fig. 4.4, a straight line can be drawn through the empirically values that
characterizes the basic frequency dependence of the k-factor. Instead of the pre-
viously accepted abrupt change in the evaluation of peak oscillations at 500 kHz
(see Fig. 4.2b), a gradual transition in the frequency range from 100 kHz to 5 MHz
has proven to be correct.
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Further studies dealt with the adoption of the experimental results into the test
standards [3–8]. A good approximation of the experimentally obtained k-factor
values is—apart from the simple straight line in Fig. 4.4—given by the equation:

k fð Þ ¼ 1
1þ 2:2f 2

ð4:4Þ

with the oscillation frequency f in megahertz (curve 2 in Fig. 4.5). This function k
(f), called test voltage function with the advantage of continuity, replaces the pre-
vious, several decades valid k-factor according to curve 1 in Fig. 4.5.

The test voltage function k(f) is the basis for the standardized filtering method in
IEC 60060 (Ref. [1] of Chap. 2) for calculating the fictitious test voltage, with
which the high-voltage apparatus is actually stressed by a lightning impulse voltage
with a superimposed peak oscillation. The results of the breakdown tests in [2] are
transferred to the stress of a high-voltage apparatus during voltage tests, i.e. with
voltages below the breakdown value. The method is briefly described with refer-
ence to the curves in Fig. 4.3. The starting point of the evaluation is the data record
of the oscillating impulse voltage 1 measured during the high-voltage test of the
apparatus. The corresponding base curve 3 is calculated as a double exponential
curve using Eq. (8.8) and adapted to the curve 1. The difference between the two
curves 1 and 3 results in the superimposed oscillation 4 with the frequency f. The
data of the oscillation 4 are filtered with the test voltage function k(f) according to
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Eq. (4.4). The result of the filtering is an oscillation whose amplitude is determined
by the oscillation frequency. The filtered oscillation is then superimposed on the
base curve 3, which finally yields the fictitious test voltage curve. Its maximum Ut

is the sought value of the test voltage. The test voltage curve computed with the
filtering method thus has a superimposed oscillation, which stands in contrast to the
experimentally determined equivalent smooth impulse voltage 2 without oscillation
(see Fig. 4.3).

The time parameters are also determined from the fictitious oscillating test
voltage curve obtained by the filtering method. In the case of an oscillating impulse
voltage chopped on the tail, the filtering is performed for the corresponding full
oscillating impulse voltage, but with a reduced voltage level. The result is then
transferred to the chopped impulse curve in the corresponding voltage and time
formats. A lightning impulse voltage chopped on the front is basically defined as
the test voltage.

Note The responsible IEC working group has discussed quite intensively whether the smooth
or the oscillating impulse shape of the fictitious test voltage should be preferred. Finally, the
decision was made in favor of the described filtering method. i.e. in favor of the oscillating
test voltage curve. In any case, the value Ut of the test voltage remains the same, since it is
identical for the smooth and the oscillating test voltage. With regard to the time parameters,
however, different values are to be expected for the smooth and the oscillating curve.

An alternative to the comprehensive filtering method is the so-called manual
evaluation method, which can also be applied to impulse shapes in graphic formats
(Ref. [1] of Chap. 2). Starting from the recorded oscillating impulse voltage 1, the
mean curve is drawn through this curve, which is the base curve 3 with the peak
value Ub (see Fig. 4.3). The difference between the two curves 1 and 3 gives the
superimposed oscillation 4 with the amplitude Uos. The frequency f of this oscil-
lation can be evaluated from the duration of the first half-oscillation of curve 4.
With the knowledge of f, the corresponding k-factor can be calculated according to
Eq. (4.4) and, finally, the test voltage value Ut according to Eq. (4.3). The complete
test voltage curve results from the base curve 3 multiplied by the k-factor. It is thus
a smooth test voltage curve comparable to the curve 2 in Fig. 4.3. The time
parameters are also determined from the smooth test voltage curve. Since the
manual evaluation procedure depends on the subjective perception of the respon-
sible person, an additional uncertainty contribution could occur (Ref. [1] of
Chap. 2). On the other hand, one can image that the manual evaluation can easily
be replaced by computer-aided data evaluation with appropriate software.

Both evaluation methods also eliminate the digitalization noise of the recorder
(see Sect. 7.2.7) and the front oscillation of lightning impulse voltages, but with the
filtering method only for oscillation frequencies above 10 MHz, because then k
(f) = 0. The experimental determination of the frequency-dependent k-factors in [2]
as well as the approximation by the test voltage function k(f) according to Eq. (4.4)
are associated with uncertainties. In order to limit the resulting uncertainty con-
tribution (see Appendix B.2.2) in the determination of the test voltage value and the
time parameters, the application of both evaluation methods is limited to a relative
overshoot b = (Ue − Ub)/Ue of 10% of the extreme value.
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Oscillation on the Front

Oscillations on the front of a lightning impulse voltage can influence the determi-
nation of the virtual origin O1 and thus also the time parameters. With the two
above-mentioned evaluation methods for peak oscillations, it is also possible to
eliminate front oscillations in whole or in part [6]. There are further methods to
eliminate front oscillations, for example digital filtering of the recorded data, limi-
tation of the frequency spectrum, or step-wise substitution of the impulse by expo-
nentials, parables or straight lines [9–11]. As a result, a mean curve through the front
oscillation is obtained, comparable to the earlier graphical evaluation, and the points
at 0.3û and 0.9û are used for the determination of the virtual origin O1 and the front
time T1 (Fig. 4.6). Front oscillations occur mainly in the initial part of a lightning
impulse voltage and then affect only the determination of the point A at 0.3û. If the
evaluation of the front at 0.3û is ambiguous as shown in the example in Fig. 4.6, it is
suggested to take themiddle of the three intersection points as a simple approximation
solution. The calculation of the complete mean curve is then superfluous [12].

Investigations on calculated impulses with and without superimposed front
oscillation show that the impulse shape is more or less strongly distorted by the
application of smoothing methods. The front time of the smoothed impulse is
therefore not identical to that of the original impulse without front oscillation.
Decisive for the quality of the smoothing is the frequency difference in the spectra of
the front oscillation and the impulse voltage. High-frequency oscillations can be
easily eliminated by filtering without a significant distortion of the impulse. On the
other hand, the filtering of a low-frequency oscillation whose frequency is in the
characteristic frequency range of the impulse voltage causes a strong distortion of the
impulse. In the case of an impulse voltage chopped on the front, the superimposed
front oscillation may extend to the peak. In the peak region of front-chopped impulse
voltages, smoothing methods should be used with caution to avoid peak distortion.

4.1.2 Switching Impulse Voltages

Tests with switching impulse voltages simulate the stress of high-voltage apparatus
due to internal overvoltages as a result of switching operations in the supply
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network. The idealized form of an aperiodic switching impulse voltage as that of an
aperiodic lightning impulse voltage is represented by the superposition of two
exponential functions, but their time constants are much greater (see Sect. 8.1.3).
The switching impulse voltage is characterized by the peak (or maximum) value û
as the test voltage value and two time parameters. These are related to the true
origin O, which is defined as the time at which the recorded curve increases
monotonically (Fig. 4.7). Similar to lightning impulse voltages, the beginning of
the switching impulse voltage is distorted, but due to the larger time scale, the
distortion is barely noticeable and therefor generally negligible. The time to peak Tp
is defined as the time interval from the true origin O to the time of maximum value
û, the time to half-value T2 as the time interval between O and the instant when the
impulse has first decreased to 0.5û.

In addition to Tp and T2 or as a substitute, further time parameters are defined.
The time above 90% is the time Td, during which the impulse voltage is greater than
0.9û. In special circuits, switching impulse voltages can swing below zero in the tail
region. Therefore, it may be necessary to specify the time to zero Tz between the
virtual origin O and the instant of the first zero crossing in the tail. In addition to the
time to peak Tp, the front time T1 of switching impulse voltages is defined
according to Eq. (4.2). It serves as a criterion for distinguishing between lightning
and switching impulse voltages. Switching impulse voltages are defined to have a
front time of 20 ls or longer.

Switching impulse voltages are characterized by the numerical values of the time
parameters Tp and T2 in microseconds. The standard 250/2500 impulse has a time to
peak Tp = 250 ls (tolerance: ±20%) and a time to half-value T2 = 2500 ls (tol-
erance: ±60%). The large tolerances make it possible to test different apparatus
without having to adapt the elements of the impulse voltage generator to the
changed load. Corresponding to the lightning impulse voltages, the permissible
uncertainties of measurement (k = 2) are:

• 3% for the value of the test voltage, and
• 10% for the time parameters.
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Each measurement uncertainty consists of the uncertainty of the approved
measuring system determined by calibration and possibly further uncertainty con-
tributions during the impulse test (see Sect. 13.1.4).

4.1.2.1 Evaluation of the Time to Peak

According to its definition, the time to peak Tp of switching impulse voltages
appears to be an easily measurable quantity. In automated data evaluation, however,
the long duration of the peak region is superimposed by small digitization errors of
the recorder or by disturbances, which can lead to incorrect values of the time to
peak. The uncertainty of measurement given in the test specifications for Tp is then
often not complied with. Since the time to peak is to be retained as an important
time parameter in the test practice, it is not determined directly, but from the time
interval TAB between 0.3û and 0.9û, multiplied by the factor K:

Tp ¼ K � TAB : ð4:5Þ

For the 250/2500 impulse with double exponential impulse shape according to
Eq. (8.8), the calculation yields TAB = 99.1 ls and thus K = 2.523. For other
values of Tp and T2 within the permissible tolerances of the 250/2500 impulse,
K can be calculated approximately according to the following equation (Ref. [1] of
Chap. 2):

K ¼ 2:42� 3:08� 10�3TAB þ 1:51� 10�4T2; ð4:6Þ

wherein the measured values of TAB and T2 are to be inserted in microseconds. The
error in the calculation of Tp with K according to Eq. (4.6) is within ±1.5%, which
is usually negligible in tests. For other switching impulses, Eq. (4.6) is not valid.
The factor K = Tp/TAB is then obtained from the impulse shape calculated with
Eq. (8.8) and having the same value TAB as the measured impulse. For on-site
testing with oscillating switching impulse voltages, a uniform value K = 2.4 applies
(see Sect. 4.1.3).

4.1.3 On-site Testing and Oscillating Impulse Voltages

Impulse voltage tests on electrical power apparatus are not only carried out in the
high-voltage laboratory, but more and more on site during installation (Ref. [3, 7] of
Chap. 2). On-site testing makes it possible to check the proper assembly, the
error-free initial commissioning and recommissioning after successful repair or the
long-term behavior. For these on-site tests, difficult test conditions are often
prevalent. In general, other generation and measuring systems than those used in a
test laboratory are more suitable. In addition to the aperiodic lightning and
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switching impulse voltages shown in Figs. 4.1a and 4.7, oscillating impulse volt-
ages can be used. As an example, Fig. 4.8 shows an oscillating switching impulse
voltage (curve 1) and its upper envelope (curve 2). As a result of the oscillation,
almost a doubling of the peak value of the aperiodic impulse voltage is achieved.
This is advantageous for on-site testing since the required transportable test gen-
erator is correspondingly smaller.

The definitions for the origin and the front time of oscillating lightning or
switching impulse voltages are the same as for the corresponding aperiodic impulse
voltages. For example, O1 is the virtual origin of oscillating lightning impulse
voltages, and O is the true origin of oscillating switching impulse voltages. The
time to half-value T2 is defined as the time interval between O1 (or O) and the time
when the upper envelope of the oscillating impulse voltage has fallen to 50% of the
peak value (Fig. 8.8). For on-site testing, the time to peak is Tp = 2.4TAB for all
standard switching impulses (see Fig. 4.7).

Owing to the more difficult test conditions during on-site testing, larger toler-
ances in the generation and partly greater uncertainties in the measurement of
aperiodic or oscillating impulse voltages are permitted than in stationary tests in the
laboratory. The tolerance for the value of the test voltage is ±5%. For lightning
impulse voltages, the permissible front times are between 0.8 and 20 ls, the times
to half-value between 40 and 100 ls and the oscillation frequencies between 15 and
400 kHz. Switching impulse voltages are defined by times to peak between 20 and
400 ls, times to half-value between 1000 and 4000 ls and oscillation frequencies
between 1 and 15 kHz. The maximum permissible expanded measurement uncer-
tainties are 5% for the value of the test voltage, 10% for the time parameters and
10% for the oscillation frequency.

4.1.4 Steep-Front Impulse Voltages

Steep-front impulse voltages occur, for example, during disconnecting switch
operations in gas insulated equipment, which are also referred to as very fast
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transient overvoltages. These transient voltages with rise times down to 5 ns are
dangerous to the equipment connected to the substation. The standardization of
steep-front impulse voltages used in tests is not uniform, but is left to the Technical
Committees responsible for the individual power apparatus. Steep-front impulse
voltages can be generated with a conventional impulse voltage generator in con-
junction with a spark gap or an exploding wire and a secondary peaking circuit (see
Sect. 4.2.4). With an appropriate design of the circuit, steep-front impulses with
slopes of up to 100 kV/ns are achieved, which corresponds, for example, to a rise
time of 5 ns at 500 kV.

Figure 4.9 shows schematically the output voltage u1 of a lightning impulse
voltage generator and the steep-front impulse voltage u2 at the output of the sec-
ondary peaking circuit connected to the impulse generator (Ref. [2] of Chap. 1).
With optimal configuration of the elements of the impulse voltage generator, the
switching element and the secondary peaking circuit, the steep front of u2 begins at
the instant of the peak u1 when the switching element is closed. The time course in
the tail depends on the configuration of the secondary peaking circuit and the test
object, including the voltage divider. An approximately rectangular impulse voltage
with a steep front is generated by means of a spark gap, which is located at the
output of the secondary circuit and fired shortly after the peak of u2. Due to the
inductances of the elements in the test circuit and by reflection phenomena,
high-frequency oscillations can superimpose the steep-front impulse voltage.

4.2 Generation of High Impulse Voltages

The basic principle of the predominantly used generator circuits for generating high
impulse voltages is that a storage capacitor is charged relatively slowly and then
quickly discharged to an RC network and the test object. The shape of the generated
lightning or switching impulse voltage is determined by both the RC network and
the connected test object. In conjunction with a chopping spark gap, further impulse
shapes, such as chopped lightning impulse voltages or steep-front impulse voltages,
can be generated. For on-site testing, voltage generators are preferably used which

u1, u2

t

u2

u1

Fig. 4.9 Output voltage u1 of
a lightning impulse voltage
generator and steep-front
impulse voltage u2 of the
secondary peaking circuit
connected to the generator
output
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can generate oscillating impulse voltages. The generators are designed with
low-inductance elements and for high impulse stress. In addition to the generator
circuits with capacitive storage, there are other ways to generate switching impulse
voltages, for example by using a test transformer to increase the impulse amplitude
(Refs. [2, 4] of Chap. 1).

4.2.1 Generators for Lightning and Switching Impulse
Voltages

Two basic circuits are mainly used to generate lightning and switching impulse
voltages (Ref. [2] of Chap. 1). In both circuits, the impulse capacitor Cs is charged
relatively slowly by a rectified AC current via the resistor RL (Fig. 4.10). When the
DC voltage U0 at Cs reaches the firing voltage of the sphere gap FS, Cs discharges
in a short time via the discharge circuit formed by the load capacitor Cb, the
damping resistor Rd and the discharge resistor Re. As a result, the impulse voltage u
(t) is generated at Cb with the peak value û depending on the spacing between the
two spheres. When the capacitors Cs and Cb are discharged, the spark extinguishes
and Cs can be recharged via RL. The impulse repetition rate depends on the
charging voltage or the charging current amplitude. In small generators with
impulse voltages of up to a few 10 kV, mechanical or electronic switches are
preferably used instead of the switching spark gap.

The two circuits in Fig. 4.10 are distinguished by the position of the discharge
resistor Re. In the circuit A, Re is arranged behind Rd, and in the circuit B, Re is
before Rd. While Rd is mainly decisive for the charging of Cb and thus for the front
time T1 of the impulse voltage, Re influences discharge of Cb and thus the time to
half-value T2. From the basic circuits, the equations for the double exponential
impulse can be derived, with which the impulse shape of the generated lightning or
switching impulse voltage is calculated (see Sect. 8.1).

Cs U0

FS Rd

Re Cb u(t)

Cs U0

FS Rd

Re Cb u(t)

(a)

(b)

RL

RL

~

~

G

G

Fig. 4.10 Single-stage basic
circuits for the generation of
impulse voltages. a Basic
circuit A. b Basic circuit B
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The unavoidable stray capacitances and inductances of the circuit elements and
high-voltage leads are not shown in Fig. 4.10. They can be taken into account in the
extended equivalent circuit diagram (see Sect. 4.2.1.3). The impedance of the test
object also affects the circuit and influences more or less the shape of the generated
impulse voltage.

The maximum energy stored in the impulse capacitor Cs is:

W ¼ 1
2
CsU

2
0 ; ð4:7Þ

which is the most significant parameter of impulse voltage generators. The effi-
ciency (or: utilization) factor η is defined as the quotient of the peak value û of the
generated impulse voltage and the charging voltage U0:

g ¼ û
U0

¼ f
Cs

Cb

� �
: ð4:8Þ

In order to achieve a high efficiency factor and hence a large peak value,
Cs � Cb. For example, in the circuit B according to Fig. 4.10b with Cs = 5Cb,
η � 0.8 for a 1.2/50 lightning impulse voltage. The efficiency factor of circuit B is
generally greater than that of circuit A. Furthermore, η is greater for lightning
impulse voltages than for switching impulse voltages. Information on the efficiency
factor of an impulse voltage generator is supplied by the manufacturer in the form
of diagrams.

4.2.1.1 Multiplier Circuit

The single-stage basic circuits according to Fig. 4.10 are realized for impulse
voltages of up to about 300 kV. The multiplier circuit patented by E. Marx makes it
possible to build up relatively compact generators for lightning and switching
impulse voltages—also known as Marx generators—with peak values of up to
several megavolts (Ref. [1] in Chap. 1). Figure 4.11 shows schematically a
multi-stage impulse voltage generator on the basis of circuit B, which consists of
n = 4 equal stages. The principle of the multiplier circuit is as follows. The
parallel-connected impulse capacitors C0

s are first slowly charged to the DC voltage
U0

0 and then suddenly connected in series by the firing of the sphere gaps, so that
the individual stage voltages add up to the total charging voltage n U0

0. As a result,
the external load capacitor Cb is charged via the series connection of all damping
resistors R0

d and then discharged via all R0
e and R0

d. Compared to the basic circuit in
Fig. 4.10b, Re = n R0

e, Rd = n R0
d, Cs = C0

s/n and U0 = n U0
0.

During operation, the test object is connected in parallel with the load capacitor
Cb. Due to the modular design of the impulse generator, individual stages can be
connected in parallel for adaptation to increased test loads. The influence of
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different test object capacitances on the shape of the impulse voltage is kept small
when the generator is operated with the largest possible Cb.

Other multiplier circuits with a modification or combination of the two basic
circuits A and B in Fig. 4.10 are also used. Usually, impulse voltage generators are
equipped with interchangeable sets of resistors and capacitors for generating both
lightning and switching impulse voltages. During the charging process, external
discharges may occur which can be suppressed by various measures if necessary.
Figure 4.12 shows two different versions of impulse voltage generators with a total
charging voltage of about 3 MV. The individual stages of the generators are clearly
recognizable. While impulse voltage generators usually consist of rectangular
stages with a metallic frame (Fig. 4.12a), the generator in Fig. 4.12b has triangular
stages with insulating side plates [13]. The efforts to achieve ever higher trans-
mission voltages, especially in the Asian region, have led to the development of
impulse generators with much higher rated voltages. In [14], a 24-stage impulse
voltage generator with a total charging voltage of 7.2 MV is presented for use in the
open air test field.

4.2.1.2 Operation of the Impulse Voltage Generator

Important precondition for the proper functioning of the multiplier circuit is the
reliable and time-delayed firing of the sphere gaps arranged one above the other.
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Fig. 4.11 Multiplier circuit
of basic circuit B for
generating impulses in the
megavolt range
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For this purpose, the lowest sphere gap has a slightly reduced spacing so that it fires
slightly earlier than the other sphere gaps. This can also be achieved by a triggered
auxiliary discharge. When the lowest sphere gap is fired, almost twice the voltage is
momentarily applied to the sphere gap above it, resulting in a rapid firing. The other
sphere gaps are fired accordingly. For firing the next sphere gap, it is also important
that a sufficiently large number of initial electrons be generated by photoemission,
resulting from the preceding firing of a sphere gap. A non-optimal firing of the
individual generator stages causes a damped oscillation in the front of the impulse
voltage with a frequency that may be above 1 MHz.

With increasing number of stages and with small charging voltages, i.e. less than
20% of the total charging voltage, reliable firing of one or more sphere gaps in
conventional impulse voltage generators is not always ensured. In specially
designed impulse generators, the controlled firing of all sphere gaps is achieved by
electrical or optical trigger signals, the latter by means of potential-free laser
sources. Impulse voltage generators with triggered spark gaps are required for
composite AC and impulse voltage tests, whereby the impulse voltage is triggered
at a defined phase of the AC voltage. The reproducibility of the impulse voltage
also depends quite considerably on the stability of the charging voltage [15]. When
the spark gaps fire, electromagnetic fields are generated which can affect the

Fig. 4.12 Two types of impulse voltage generators. a Total charging voltage 3.2 MV, 320 kJ
(HIGHVOLT Prüftechnik Dresden GmbH). b Total charging voltage 3 MV, 300 kJ (Haefely Test
AG)
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measuring instruments and falsify the measurement result. Interference can be
prevented only to a limited extent by shielding the measuring instruments (see
Sects. 4.3.1.7 and 5.3.1.1).

The polarity of the generated impulse voltage is changed by simply reversing the
rectifier G in Fig. 4.11. After a voltage impulse has been generated or when the
charging process has been interrupted, dangerously high residual charges can
remain on the capacitors. It is then not sufficient to ground the capacitors of the
lowermost stages for a short time, as they subsequently recharge. In modern
impulse voltage generators, the residual charges of all capacitors are automatically
short-circuited and grounded via a continuously rotating metal strip after switching
off. The repetition rate of a generator at maximum charging voltage is limited to one
or two impulses per minute in order not to overload the generator elements
thermally.

The load capacitor Cb in the generator circuit for lightning impulse voltages
according to Fig. 4.11—as well as the discharge resistor Re in circuit A—is
occasionally provided with a low-voltage unit and then used as a capacitive or
resistive voltage divider. This allows the generator output voltage to be measured,
but not the actual impulse voltage at the test object. For the correct measurement of
lightning impulse voltages, the prescribed sequence is: generator—test object—
measuring divider (see Sect. 4.3.1.1). Also, the dynamic behavior of such a voltage
divider formed with Cb would generally not be suitable for measuring lightning
impulse voltages, since the capacitors required in the microfarad range have large
inductances.

Using a simple equivalent circuit diagram for the impulse generator, the equation
for the double exponential impulse is developed in Sect. 8.1. However, the impulse
voltages actually generated differ more or less from the calculated impulse. This is
because the test object and the generator elements, including stray capacitances and
inductances, affect the shape of the impulse voltage. The generated impulse voltage
therefore often has an undesirable overshoot in the region of the peak (see
Sect. 4.2.1.3). The influence can theoretically be studied with various methods and
software for the calculation of linear circuits. The aim is to optimize the generator
circuit and to keep the parameters of the impulse voltage within the permissible
tolerances [16–20]. A very detailed equivalent circuit diagram is available on the
internet, which allows the calculation of the impulse shape after entering the values
for the generator elements, test objects, stray capacitances, inductances, etc. [21].
The other way, namely the calculation of the corresponding circuit elements of the
impulse voltage generator for given values of the time parameters T1 and T2, is
described in [22].

High-voltage impulses comparable to switching impulse voltages can also be
generated with testing transformers, which are excited with a rapid voltage change
[23, 24]. In one method, an initially charged capacitor is suddenly discharged into
an RC circuit and the low-voltage winding of a transformer. In the other method,
the rectified mains AC voltage is switched to the low voltage winding at the time of
its maximum. The shape of the impulse voltage occurring on the high-voltage side
of the transformer depends on the low-voltage circuit and the load. It is different
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from the standardized switching impulse voltage; in particular the time to peak and
the time to half-value are longer.

4.2.1.3 Lightning Impulse Voltage with Overshoot

The large dimensions of an impulse voltage generator include unavoidable induc-
tances LS and stray capacitances Ce. Together with the capacitance CP of the
connected test object, they influence the shape of the generated impulse voltages, in
particular lightning impulse voltages. Figure 4.13 shows a simple equivalent circuit
diagram of the generator circuit B with the stray inductance LS and the resulting
capacitance Cb* = Cb + Ce + CP. With increasing size of the high-voltage circuit,
consisting of the generator, test object, high-voltage leads and voltage divider, LS is
also larger. Typical values for LS are between 20 and 150 lH. Because of this
inductance, the generated lightning impulse voltage can be superimposed by a
damped oscillation (see Sect. 4.1.1.2). In particular in the generation of impulses
with short front times, a pronounced overshoot in the peak is to be expected, since
in this case the damping resistance Rd is reduced and the inductances in the test
circuit are more effective. A large overshoot in the order of b = 20% or more occurs
in the test of transformers.

In model calculations, the influence of Rd, LS and Cb* on the overshoot b and the
front time T1 is studied in detail and graphically illustrated [25]. In principle, b
increases with increasing inductance LS, which can be at least partially compensated
by larger values of Rd and Cb*. On the other hand, the front time T1 increases with
increasing Rd and decreases with increasing Cb*. There are therefore critical values
Rd, LS and Cb*, for which the overshoot meets the former IEC limit b � 5% (see
Sect. 4.1.1.2.1), but T1 is above the IEC tolerance limit of 1.56 ls. A similar study
for the generator circuit A with the inductance LS can be found in [26].

According to Sect. 4.1.1.2, an overshoot b or oscillation superimposed on the
peak of the lightning impulse voltage can lead to an increased stress on the test
object. Although this is taken into account in the data evaluation of the recorded
impulse voltage with the frequency-dependent test voltage function k(f) (see
Sect. 4.1.1.2.3), it is generally better to prevent or reduce the overshoot from the
outset by suitable circuit measures. A simple measure for reducing the oscillation is
to increase the attenuation resistance Rd. However, the front time T1 of the gen-
erated impulse voltage is thereby longer and may then lie outside the tolerance. In
addition, the measurement of the overshoot or oscillation places higher demands on
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S Rd

Re Cb
*

LS

U0

Fig. 4.13 Simple equivalent
circuit diagram of an impulse
voltage generator with stray
inductance LS and capacitance
Cb* = Cb + Ce + CP
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the dynamic behavior of the measuring system. If the bandwidth of the measuring
system is insufficient, the overshoot is not recorded correctly, so that the maximum
value of the test voltage is measured too low.

The serial compensation circuit with RC, LC and CC according to Fig. 4.14,
which was first proposed in [27], can be used successfully to reduce a strong
overshoot. A reduction of the overshoot is also achieved with the parallel com-
pensation circuit, in which RC, LC and CC are connected in parallel to the load
capacitor Cb [28, 29]. Model calculations and measurements show that with both
compensation circuits even large overshoots can be reduced to the previously
admissible values b � 5%. In this case, however, an influence on the front time T1
is to be expected so that it can then lie outside the IEC tolerance. In the interpre-
tation of the results, a number of advantages are shown for the series circuit in [28],
whereas according to [29] both compensation circuits are equivalent. In general,
however, the application of compensation circuits for various test objects in the
UHV range is rather time-consuming and costly, so that other ways for reducing
overshoots are sought.

The trend to significantly higher transmission voltages, especially in the Asian
region, is not yet taken into account in IEC 60060 (2010). For this reason, the
experts have begun to discuss the possibility of introducing extended tolerance
limits for the overshoot b and the front time T1 of lightning impulse voltages in
future regulations. According to extensive experimental investigations in [30], the
50% breakdown voltage of all tested high-voltage insulations is only slightly
influenced by the front time in the range 1.2 ls � T1 � 4.8 ls. For the UHV
range, therefore, a limit of more than the currently valid value of 1.56 ls could be
allowed for the front time T1. The advantage is that a large overshoot b on the peak
of a lightning impulse voltage can then be reduced to the permissible value simply
by increasing the damping resistor Rd, i.e. an expensive compensation circuit would
be superfluous in the case of a permissible longer front time.

4.2.1.4 Low-Inductance Load

When testing low-inductance loads with Lb < 40 mH, for example inductors and
low-voltage windings of power transformers, the time to half-value of lightning
impulse voltages may be significantly shorter than the permissible lower tolerance
limit of 40 µs. In addition, the impulse shows an oscillation in the tail, so that the
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Fig. 4.14 Equivalent circuit
diagram of the impulse
voltage generator in circuit A
with serial compensation
circuit RC, LC and CC to
reduce the overshoot of
lightning impulse voltages
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voltage can swing below zero. In the simple equivalent circuit diagram of the
impulse generator, the inductance Lb of the test object can be placed parallel to Cb*
(see Fig. 4.13). For different variants of this circuit with and without the additional
inductance LS, the solutions of the differential equations of higher order are given in
[31]. Diagrams are provided for the dimensioning of generator circuits to generate
lightning and switching impulse voltages within the allowable tolerances.

The shortening of the time to half-value of lightning impulse voltages can be
largely compensated by connecting an inductance Lp parallel to the damping
resistor Rd in Fig. 4.13 [32, 33]. In order to compensate for the influence of a very
small load inductance Lb < 4 mH, a resistor Rp = RdLb/Lp parallel to the load
capacitor Cb* is required in addition to the inductance Lp [33]. A detailed theo-
retical and experimental treatment of both circuit variants when testing the
low-voltage winding of transformers can be found in [34]. A further contribution in
this field deals with the reduction of oscillations on the peak of lightning impulse
voltages by means of the compensation circuit shown in Fig. 4.14 [35].

4.2.2 Generation of Oscillating Impulse Voltages

Oscillating lightning and switching impulse voltages according to Fig. 4.8 are
usually generated with impulse voltage generators, in which the damping resistor Rd

in the basic circuit A of Fig. 4.10b is replaced by an inductance. The equivalent
circuit diagram is then similar to that shown in Fig. 4.14, where Rd � 0 and LS
represents this inductance in addition to the other inductances. The oscillating
impulse voltage is triggered by the firing of the spark gap FS. The natural frequency
f0 of the generated oscillation is calculated as (Ref. [5] of Chap. 1):

f0 ¼ 1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LS

CsC	
b

Cs þC	
b

s : ð4:9Þ

The attenuation of the oscillating impulse voltage is caused by the ohmic losses
in the generator circuit and possibly by an additional resistor in series with LS. Due
to the superimposed oscillation, the maximum value of an oscillating impulse
voltage is considerably greater than the peak value of the corresponding aperiodic
impulse voltage at the same charging voltage. For an oscillating lightning impulse
voltage, the amplification factor is 1.7–1.8 and that for an oscillating switching
impulse voltage 1.3–1.4. Oscillating impulses are preferably used for on-site test-
ing, as mobile generators are smaller than the conventional generators for aperiodic
impulse voltages. Requirements for oscillating impulse voltages are specified in
IEC 60060-3 (Ref. [3] of Chap. 2). Oscillating switching impulse voltages can also
be generated with test transformers [36].
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4.2.3 Generation of Chopped Impulse Voltages

Chopped impulse voltages are generated by means of a sphere gap, which is in
parallel to the load capacitor Cb of the lightning impulse voltage generator.
A triggered sphere gap is necessary for reproducible chopping on the tail of impulse
voltages. Impulse voltages chopped on the front can be generated without trig-
gering, if the sphere gap is irradiated with UVC light. The UVC irradiation of the
gap produces a sufficiently large number of initial electrons to fire the sphere
gap. This improves the reproducibility of chopping, which should be sufficient for
most applications, including the calibration of measuring systems within the
required uncertainty. In order to achieve different slopes of the impulse voltage with
the same peak value, the spacing of the sphere gap must be adjusted. The atmo-
spheric ambient conditions also influence the firing behavior of the sphere gap and
thus the peak value (see Sect. 4.3.6)

For the generation of chopped impulse voltages of more than 600 kV, the use of
a multiple spark gap is recommended in [37]. The device consists of n sphere gaps
arranged one above the other. They obtain the same potential difference by means
of a parallel-connected n-stage resistive or capacitive voltage divider. Firing of the
spark gaps is initiated by triggering the lowest two or three sphere gaps. During
firing, transient overvoltages occur in the voltage divider, through which the upper
sphere gaps are also fired. Triggering can also be effected electronically or with
laser pulses. In order to achieve a very rapid voltage collapse, gas-filled sphere gaps
or multiple-plate gaps are used.

4.2.4 Generation of Steep-Front Impulse Voltages

With conventional low-inductive generators, impulse voltages can only be gener-
ated with a slope of not more than 2.5 kV/ns. Due to the unavoidable inductances
of the generator elements of more than 1 lH per stage and of the lead inductances,
greater slopes cannot be achieved directly. To generate steep-front impulse voltages
with significantly greater slopes, the conventional impulse voltage generator is
operated in conjunction with a secondary circuit, the peaking circuit [38].
Figure 4.15 shows the basic circuit consisting of the 1.2/50 impulse voltage gen-
erator 1 and the peaking circuit 2 with the fast multi-plate spark gap FS. The
impulse capacitor C1 of the 1 MV generator with a capacitance of 1–2 nF is
connected in series with a part of the damping resistor R1. To limit the inductance
LS of the secondary circuit to 2–3 lH, HF ceramic capacitors are used for C1 and
carbon composition resistors for R1’ and R1 in a series-parallel circuit.

The secondary circuit is dimensioned such that the fast spark gap FS fires at the
peak of the lightning impulse voltage u1 and rapidly charges the capacitive test
object C2. For C2 � (0.1–0.2)C1, the output voltage u2 thus increases within 20 ns
to a maximum of 700 kV and then decreases more or less quickly depending on the
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damping resistor R2 (see Fig. 4.9). With a chopping spark gap, which is addi-
tionally connected to the output of the secondary circuit, the steep-front impulse
voltage can be chopped in the tail, so that an approximately rectangular time course
results.

Not only in high-voltage test practice, but also in many areas of physics and in
the military field, various variants of the basic circuit according to Fig. 4.15 have
been developed. An overview of the test and measurement technology for steep
impulse voltages can be found in [39]. With careful, mostly coaxial design, peak
values of up to 1 MV, rise times down to a few nanoseconds and steepness in the
order of 100 kV/ns can be achieved [40–45]. A metal-enclosed, compressed-gas
insulated steeping circuit for the generation of very fast front (VFF) impulse volt-
ages is described in (Ref. [5] of Chap. 1).

Steep-front impulse voltages can also be generated with exploding wires as
switches [46, 47]. A copper wire connected to the output of an impulse voltage
generator evaporates explosively when a lightning impulse voltage is generated. In
conjunction with the circuit inductances and capacitances, a steep impulse voltage
is generated whose peak value and time parameters are determined by the length
and the diameter of the wire. The peak value of the steep impulse voltage generated
by the exploding wire can be a multiple of the total charging voltage of the impulse
generator. The maximum attainable steepness of the voltage is in the range of
10 kV/ns. The test circuit with the exploding wire also serves to commutate an
impulse current with a steep front to a test object that is parallel to the wire and the
impulse voltage generator.

Often there is the obligation to prove the electromagnetic compatibility (EMC)
of electronic equipment or to demonstrate the screening effect of electronic control
cabinets. For this purpose, the test object is exposed to the electromagnetic radiation
of steep impulse voltages (electromagnetic pulse, EMP), which are applied between
ground and a horizontal plate or strip electrode connected to the secondary circuit in
Fig. 4.15. Depending on the application, the electrode arrangement can have large
dimensions so that entire assemblies from the distribution box of the power supply
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Fig. 4.15 Generation of steep-front impulse voltages with impulse voltage generator 1 and
peaking circuit 2 with multi-plate spark gap FS
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to motor vehicles or even airplanes can be tested. With the EMP test facility
described in [48], electric and magnetic field strengths of up to 200 kV/m or
500 A/m with rise times of 5 ns can be achieved. Comparable values are to be
expected for a nuclear electromagnetic pulse (NEMP) caused by a nuclear
explosion at high altitude. Of course, the largest EMP test systems of this type are
found in the military sector.

4.3 Measurement of High Impulse Voltages

For conventional measurement of impulse voltages during high-voltage tests,
measuring systems with an impulse voltage divider are predominantly used. At its
output terminals, the high-voltage divider is intended to provide a true-to-scale
replica of the impulse voltage, which can be recorded and evaluated by the mea-
suring instrument. As measuring instruments on the low-voltage side, mainly digital
recorders with computer-aided data evaluation of the recorded impulse voltage are
used (see Chap. 7). Occasionally, standard sphere gaps are also used for measuring
high voltages, mainly for the linearity check of impulse voltage dividers. The
disruptive discharge voltage of sphere gaps is standardized up to 2 MV depending
on the sphere diameter and spacing.

The trend towards ever higher transmission voltages outside Europe leads to
considerable difficulties in the development of accurate impulse voltage dividers
with correspondingly high rated voltages. Capacitive field probes provide another,
potential-free measurement option for determining high impulse voltages through
field measurements. The Pockels and Kerr cells based on electro-optic effects that
exploit the effect of the electric field on the optical properties of crystals and other
materials are described in Sect. 6.1.

4.3.1 Measuring Systems with High-Voltage Impulse
Dividers

Measuring systems with resistive, capacitive or resistive-capacitive voltage dividers
are used for impulse voltage measurements of up to several megavolts. In special
cases, voltage dividers with aqueous solutions are also used. This section deals with
the different types of high-voltage dividers, their individual components and general
characteristics. Important characteristics are the linearity up to the maximum applied
voltage and the transfer behavior for measuring fast rising voltages. Attention is
drawn to the importance of the step response for characterizing the dynamic behavior
of impulse voltage dividers. With some limitations, the numerical convolution
algorithm can be well used to study the dynamic behavior of a measurement system.
A general equivalent circuit diagram of impulse voltage dividers, including the stray
capacitances to ground and inductances of the components, allows the calculation of
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the basic transfer characteristics. Examples of the design and performance of highly
accurate reference dividers are presented, which will be taken to calibrate other
reference or approved voltage dividers by comparison measurement.

4.3.1.1 Basic Arrangement of the Test and Measurement Circuit

The basic set-up of a high-voltage impulse test circuit consists of the impulse
voltage generator 1 with the load capacitor Cb, the test object 2, the measuring
system 3 with damping resistor Rd, the measuring instrument M and the
high-voltage leads (Fig. 4.16). In this circuit, the measuring system 3 with its
high-voltage lead is arranged so that it measures the impulse voltage actually
applied to the test object 2. Occasionally, the load capacitor Cb is supplemented
with a low-voltage capacitor and used as a measuring divider with a measuring
instrument. In this arrangement, the measuring divider is positioned between
generator 1 and test object 2. The separate measuring system 3 would thus obvi-
ously be dispensable. For the measurement of lightning impulse voltages, however,
the measuring circuit with Cb as the voltage divider does not comply with IEC
60060-2. In addition, the transfer behavior of load capacitors is usually unsatis-
factory, since the necessarily large capacitances of about 1 lF can only be produced
with high inductance. There is no objection to using Cb with low-voltage capacitor
as a voltage divider for switching impulse voltage and AC voltage measurements.

4.3.1.2 Components of an Impulse Voltage Measuring System

The complete high-voltage impulse measuring system consists of several compo-
nents (Fig. 4.17). The conventional impulse voltage divider 1 has a high-voltage

1
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3

Cb

M

Rd

Fig. 4.16 Basic set-up of a high-voltage impulse test circuit (schematic representation). 1 Impulse
voltage generator with load capacitor Cb and the unavoidable high-voltage leads, 2 test object, 3
measuring system with damping resistor Rd and measuring instrument M
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part, generally not shielded, and a shielded low-voltage part. As components,
resistors or capacitors or a combination of both connected in series or in parallel are
used. One or more toroidal electrodes 2 are attached to the divider top for field
control. Calculations have shown that the electric field in the vicinity of the top of
the voltage divider has a maximum value and a high field gradient to ground. The
capacitive coupling of the toroidal electrodes makes the electric field around the
divider top more uniform and reduces the influence of the high-voltage lead 3. In
the simplest case, the lead 3 is a metal wire or, to reduce the lead inductance, a
conductive strip, pipe or tube. The length of the lead should correspond approxi-
mately to the divider height.

The external damping resistor 4 attenuates oscillations in the circuit, which
would otherwise be superimposed on the impulse voltage. These are caused, on the
one hand, by reflections of traveling waves on the high-voltage lead and, on the
other, by oscillatory LC components of the measurement circuit [49–52]. In order to
avoid flashovers, the voltage divider including the toroidal electrode, connecting
lead and damping resistor should have sufficient clearance from walls and adjacent
objects, at least according to its height. Typical values for this are 3 m for 1 MV
lightning impulse voltages and 5 m for 1 MV switching impulse voltages.

An impulse voltage u1(t) applied to the top of a voltage divider produces at the
divider output the scaled-down voltage u2(t), which is fed via the measuring cable 5
to the measuring instrument 6 as input voltage u3(t) for further evaluation. For
impedance matching, a resistance equal to the cable impedance is placed either at
the beginning or the end of the usually long coaxial measurement cable. Reflection
phenomena that occur with rapidly changing voltages are thus suppressed. The
voltage divider, the test object and the impulse generator are generally positioned in

u1(t)

1

3

6

u3(t)

4

5

u2(t)
7

2

Fig. 4.17 Principle arrangement of a high-voltage impulse measuring system (without cable
terminating resistor). 1 Impulse voltage divider, 2 toroidal electrode, 3 high-voltage lead, 4
damping resistor, 5 coaxial cable, 6 digital recorder, 7 low-inductance grounded area
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the test hall on the low-inductance ground conductor 7. The measuring instrument 6
is usually located in a separate measurement and control room, which allows the
operator to look at the high-voltage test circuit. The voltages u2(t) and u3(t) should,
as far as possible, be a true-to-scale copy of the impulse voltage u1(t). Deviations
from the exact record result from the quality of the measurement arrangement, and
for which limits are specified in the test standards.

The elements (resistors, capacitors) of the high-voltage part of an impulse
voltage divider are housed in an insulating cylinder made of laminated paper,
Plexiglas or glass fiber reinforced plastic. The insulating cylinder is thus decisive
for both the mechanical stability and the electrical strength. In order to prevent
flashover inside and improve heat dissipation to the outside during long-term
loading, impulse voltage dividers are sometimes insulated by pressurized gas or by
transformer oil. As a rule, impulse voltage dividers for higher voltages have a
modular structure with several identical units of 1 m to 2 m height mounted one
above the other. The minimum overall height is determined by the flashover voltage
of the insulating cylinder.

Some voltage dividers have toroidal electrodes on the top as well as on the
low-voltage side. These toroidal electrodes can be dimensioned to act as an external
voltage arrester, and if the applied voltage exceeds the rated voltage, a flashover is
triggered. The voltage divider itself is thereby protected, but not the external
damping resistor 4 arranged at the beginning of the high-voltage lead and through
which the entire short-circuit current would flow.

For special measurement tasks, smaller impulse voltage dividers up to several
100 kV are sometimes needed, which are built into a metal housing and are
therefore completely shielded. Larger impulse voltage dividers are generally not
completely shielded. If one still speaks of a “shielded” impulse voltage divider, it is
usually a voltage divider with large toroidal electrodes at the top and bottom.
However, their shielding effect is limited, particularly against high-frequency
interferences, for example when spark gaps fire.

High-Voltage Lead

The approximately horizontal high-voltage lead connects the voltage divider to the
test object. The lead and the usually existing top electrode of the voltage divider
contribute to the stray capacitance to ground. The stray capacitance Ce,h of a hor-
izontal thin wire with the diameter d and the length l at a height h above ground is
given under the condition (4 h)2 � l2 by the equation (Ref. [2] of Chap. 9):

Ce;h ¼ 2pe0 l

ln
2 l
d

� � : ð4:10Þ

The stray capacitance of the high-voltage lead is therefore not dependent on the
height h above ground and only slightly dependent on the diameter d of the wire or
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tube with d < l. For a tubular lead of length l = 1 m and diameter d = 2 cm, the
stray capacitance is 12 pF according to Eq. (4.10). Since Eq. (4.10) also applies to
curved wires and tubes with not too small bending radius, the stray capacitance of
toroidal electrodes can also be estimated. The high-voltage lead and the toroidal
electrode also have stray capacitances to the voltage divider. This influence of the
toroidal electrode is used directly to control the electric field of the voltage divider,
mainly for reducing the high field in its top region.

When measuring the step response of voltage dividers, the measurement circuit
may also have a vertical lead (see Fig. 9.16b). The stray capacitance of the vertical
lead, whose lower end is slightly above ground, is approximately given by
Eq. (4.16). The length-related capacitances of the horizontal and vertical leads are
therefore not very different.

In addition, the horizontal high-voltage lead of length l and diameter d has an
inductance (Ref. [2] of Chap. 9):

Lh ¼ l0l
2p

ln
4h
d
; ð4:11Þ

where h is the height above ground. A lead with d = 2 cm and h = 1.5 m, therefore,
has an inductance Lh = 1.14 lH/m.

For an infinitely long horizontal high-voltage lead with the diameter d in cm and
the height h in m above ground, the wave impedance is determined by:

Z ¼
ffiffiffiffiffi
L0

C0

r
¼ 1

2p

ffiffiffiffiffi
l0
e0

r
ln
4h
d

� 60 ln
4h
d

X ; ð4:12Þ

where L′ and C′ are the inductance or stray capacitance per unit length of the lead.
Accordingly, the wave impedance increases only slightly with the height h of the
horizontal lead, i.e. with the size of the voltage divider.

Damping Resistor

As already mentioned, the external damping resistor Rd at the beginning of the
high-voltage lead (see Fig. 4.17) has two tasks: avoidance of high-frequency
traveling wave phenomena on the high-voltage lead due to reflections, as well as
attenuation of the oscillations caused by inductances and capacitances in the
high-voltage circuit. The influence of the damping resistor on the step response of
different configurations of impulse voltage dividers is shown in [53]. From the
wave impedance of the idealized high-voltage lead according to Eq. (4.12), an
approximate value for the reflection-free termination of the lead can be calculated.
For an infinitely long lead with d = 2 cm and h = 1.5 m, the wave impedance is
Z = 342 X. In terms of its dimensions, this would correspond to the horizontal
high-voltage lead of a 500 kV impulse voltage divider with the height h.

108 4 High Impulse Voltages



Measurement Cable and Its Termination

The measurement cable 5 from the divider output to the measuring instrument is a
single or double shielded coaxial cable (see Fig. 4.17). When measuring
high-frequency oscillations or fast transient voltages, in particular step responses,
chopped impulse voltages or steep-front impulse voltages, the wave impedance of
the cable:

Z ¼
ffiffiffiffi
L
C

r
ð4:13Þ

must be taken into account, where L is the inductance and C is the capacitance of
the coaxial cable. Typical values for Z are 50, 60 and 75 X. In order to avoid
reflection phenomena when measuring high-frequency signals, the coaxial cable
must be terminated at least at one end by a resistance R = Z. If the terminating
resistor is missing, the voltage to be measured is completely or partially reflected at
the high-impedance input of the measuring instrument and travels back to the
beginning of the cable. Here again, there is a reflection in the case of mismatch. As
a result, along the lossy cable runs a traveling wave, which is superimposed on the
voltage to be measured as a damped oscillation.

The propagation velocity of a traveling wave in the coaxial cable is:

c ¼ c0ffiffiffiffi
er

p ; ð4:14Þ

where c0 is the speed of light in vacuum and er is the permittivity of the cable
dielectric. For insulation made of polyethylene (er = 2.25) or Teflon (er = 2), the
signal propagation time s in the cable is approximately 5 ns/m. For a 10 m long
coaxial cable, the period of oscillation is 100 ns, which results from the double travel
time 2s of the traveling wave moving back and forth. This time is short compared to
the front time of a full lightning impulse voltage. Therefore, even when the cable
termination is not matched, the traveling wave oscillation, being damped by the
cable losses, will hardly affect the evaluation of a full lightning impulse voltage. As a
rule, however, the terminating resistor will not be dispensed with in order to cor-
rectly record high-frequency oscillations or fast transients. Low-loss coaxial cables
whose inner conductor is held by an insulating spiral have air or insulating gas as the
dielectric. Due to er � 1, the cable propagation time is about 3.3 ns/m.

In large test fields, the measurement cable can reach a length of 50 m and more.
As the length increases, the quality of the cable must be considered. A long coaxial
cable of poor quality has an ohmic resistance which, in conjunction with a
low-ohmic input resistance of the measuring instrument, causes a non-negligible
voltage drop along the cable. The input voltage u3 at the measuring instrument is
then about 1–2% smaller than the divider output voltage u2 (see Fig. 4.17). The
capacitance of coaxial cables with rated voltages of a few kilovolts ranges from 60
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to 100 pF/m. The cable capacitance is parallel to the low-voltage part of the divider
and, in the case of a long cable, represents a significant load on the divider output.
Depending on the design of the voltage divider, the scale factor of the measuring
system and the shape of the recorded voltage are affected. For this reason, the
measuring system must always be used in tests and calibrations with the same
coaxial cable or with another cable of similar length and type.

Measuring Instrument

As measuring instrument 6, preferably a digital recorder with an amplitude resolu-
tion of 8 bit to 16 bit is used (see Chap. 7). Digital recorders allow a largely automated
data acquisition, digitization and computer-aided evaluation of the voltage to be
measured. To avoid interference caused by ground loops, the measuring instrument is
grounded not directly but via the shield of the measuring cable, which is connected to
the voltage divider (see Fig. 4.17). Occasionally, analogue impulse oscilloscopes are
still in use, however, without additional equipment, they allow only a manual eval-
uation of the recorded impulses with insufficient accuracy. If only the test voltage
value is to be determined, analogue or digital impulse voltmeters can be used. In this
case, compliance with the standard impulse shape with regard to the time parameters
and oscillations is to be checked with an oscilloscope.

4.3.1.3 Scale Factor

The displayed or recorded output voltage u2(t) of the measuring system shall be a
true-to-scale replica of the impulse voltage u1(t) within the permitted tolerances
(Ref. [2] of Chap. 2). In measurement practice, the quotient of the two peak values
gives the impulse scale factor F:

F ¼ û1
û3

� û1
û2

: ð4:15Þ

In this case, it is assumed that the measuring system is linear and the impulse
voltage has no superimposed oscillation on the peak (see Fig. 4.17). The impulse
scale factor is usually a number without unit. When evaluating a measurement, the
instrument reading is multiplied by the scale factor in order to obtain the test voltage.

The preferred method for determining the scale factor is the comparison mea-
surement at impulse voltage with an accurate reference measuring system (see
Sect. 10.3.1). The measurement practice shows that the scale factor is not a con-
stant, but depends on a number of influencing quantities. These include the peak
value and the time parameters of the impulse voltage themselves, furthermore the
ambient temperature, the clearance to adjacent objects, etc. The scale factor may
only vary within the limits defined for the intended measurement task. A measuring
system with a universal voltage divider for all types of voltages can have different
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scale factors for DC, AC, lightning and switching impulse voltages. It is also
possible to limit the validity of the scale factor to a certain range of front times or
times to chopping.

As an alternative to the comparison with a reference system, the individual scale
factor of each component of a measuring system such as voltage divider, digital
recorder and external attenuator can be determined by calibration, and their product
gives the scale factor of the complete measuring system. Sometimes, other terms
such as divider ratio, transformation ratio or gain factor are common. The cali-
bration of the individual components shall be carried out under conditions com-
parable to those for the complete measuring system. For determining the scale
factors of the components, the measurement methods known in the low-voltage
range can be applied. The scale factor calculated from the individual components
must be confirmed by a linearity test of the complete measuring system up to the
rated voltage or maximum operating voltage (see Sect. 10.3.5). This also proves
that the measuring system has no external partial discharges, which could affect the
measurement accuracy.

4.3.1.4 Stray Capacitance to Ground

First, the influence of the stray capacitance of an unshielded impulse voltage
divider on the transfer behavior is investigated in more detail. In the general
equivalent circuit diagram, the high-voltage divider is represented by a series
connection of N equal impedances Z 0

1 (Fig. 4.18). From the divider column, dis-
tributed stray capacitances C0

e lead to ground and grounded walls. In a first
approximation, all values of C0

e are assumed to be equal. Looking at the voltage

u2(t)Z2

Ce Z1

Z1

Z1

Z1

Ce

Ce

Ce

Ce

u1(t)Fig. 4.18 Equivalent circuit
diagram of a high-voltage
divider with series-connected
impedances Z 0

1 and distributed
stray capacitances C0

e to
ground and grounded walls
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divider as a slim, vertical cylinder above ground, its total stray capacitance to
ground is given by (Ref. [2] of Chap. 9):

Ce ¼ 2p e0 l

ln 2ffiffi
3

p l
d

� � ; ð4:16Þ

where l is the length and d is the diameter of the cylinder. According to Eq. (4.16),
the stray capacitance per unit length is in the range 10–15 pF/m for tall, slim
voltage dividers and approx. 20 pF/m for short, thick voltage dividers.

Furthermore, the capacitance per unit length varies only slightly with the divider
height (Ref. [6] of Chap. 1), which confirms the assumption that the stray capaci-
tances C0

e in Fig. 4.18 have approximately the same value. Via these stray capaci-
tances, a frequency-dependent leakage current flows to ground. The consequence is
that the high-frequency signal components do not reach the low-voltage part of the
voltage divider and are therefore absent in the spectrum of the output voltage u2(t).
How strongly this affects the transfer behavior at high frequencies depends on the
type of the voltage divider and the values of the impedances Z 0 in relation to C0

e.

4.3.1.5 General Consideration of the Transfer Behavior

The voltage divider is usually the most important—and often most critical—
component of a high-voltage impulse measuring system. Its transfer behavior can
be characterized in the frequency domain by the transfer function H(jx) or in the
time domain by the step response g(t) (see Chap. 9). In the measurement practice
with impulse voltages, the step response is generally preferred, while for theoretical
investigations also the transfer function is of interest. Both forms of representation
can be transformed into each other. They offer the possibility of calculating the
output voltage of a voltage divider with known transfer behavior for any input
voltages by means of convolution. Convolution may be a complement or even
alternative to the comparative measurement with an accurate reference divider to
study the influence of different front times or times to chopping on the scale factor.
In this case, the peak value errors and the time parameter errors of the examined
voltage divider are calculated for the respective impulse voltage form and repre-
sented in error diagrams (see Sects. 9.7.4 and 10.3.9).

For a perfectly constructed homogeneous voltage divider, a simple rule of thumb
for the upper limit frequency can be given. Assuming that the voltage impulse
passes through the voltage divider at the speed of light, the maximum value for the
upper frequency limit is [53]:

f2 ¼ 150
h

MHz ; ð4:17Þ
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where h is the divider height in meters. According to this rule of thumb, the upper
limit frequency or the bandwidth of an ideally constructed voltage divider decreases
with increasing divider height and thus with higher rated voltage. For example, a
1.5 m high impulse voltage divider for 500 kV achieves according to Eq. (4.17) a
bandwidth of 100 MHz. However, the actual values of real voltage dividers are
considerably lower. For very large voltage dividers, the bandwidth is still consid-
ered sufficient to be able to measure full impulse voltages within the given
uncertainty limits, but not lightning impulse voltages chopped on the front (Ref.
[34] of Chap. 9). If the voltage divider is not optimally dimensioned, larger mea-
surement deviations in the peak value and in the time parameters result.

Prerequisite for the good transfer behavior of a real impulse voltage divider is the
optimal frequency balance of the high-voltage and low-voltage parts, taking into
account all components. This includes not only the visible components, but also the
unavoidable stray capacitances and self-inductances. The term compensated voltage
divider is well known from the low-voltage technique, i.e. the upper and lower parts
of a shielded voltage divider are built up identically in their components, taking into
account the parallel capacitances and self-inductances. Such a compensated struc-
ture can hardly be achieved with large unshielded high-voltage dividers. This is
primarily due to the stray capacitances of the high-voltage components to ground
and to the walls, through which an increasing proportion of the measurement signal
is derived with increasing signal frequency. There is no equivalent for such com-
pensation in the small low-voltage part. Compensation of the large high-voltage
divider is therefore possible only in a limited frequency range.

For the theoretical analysis of the transfer behavior, the spatially extended impulse
voltage divider can be represented as a ladder network with homogeneously dis-
tributed elements, which are successively passed through by a fast transient signal.
The advantage of the ladder network as an equivalent circuit lies in the uniform
representation for the different types of voltage dividers, which allows general
statements about the transfer behavior. However, the effect of the high-voltage lead,
the damping resistor and the coaxial cable, which is connected to the divider output
with terminating resistor, must be considered separately. The same applies to any
deviation from the homogeneity of the voltage divider, which inevitably results from
the low-voltage part or is intended to improve the transfer behavior.

For the standardized impulse voltages with time parameters in the microsecond
range, it is not absolutely necessary to consider the voltage divider as a spatially
extended ladder network. The signal propagation time in the impulse voltage
divider is short even with a large overall height in comparison to the time
parameters of a full lightning impulse voltage. A simplified equivalent circuit
diagram with concentrated elements of the impulse voltage divider, including the
unavoidable stray capacitances and inductances, should therefore be sufficient in
many cases. This simplification applies to voltages whose time parameters are large
compared to the signal propagation time through the voltage divider. Only the
voltage collapse of a chopped lightning impulse voltage occurs in a time compa-
rable to the propagation time of the signal in the voltage divider and should
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therefore be investigated using the ladder network. However, the exact evaluation
of the voltage collapse is not the subject of a standard impulse voltage test.

4.3.1.6 General Ladder Network Diagram and Step Response

To investigate the propagation of fast transient signals, the spatially extended
high-voltage divider is approximately represented as a ladder network with
homogeneously distributed longitudinal and transverse impedances (Fig. 4.19).
This approach is common in many other areas, for example in the transmission line
theory at higher frequencies. The signal to be measured enters the voltage divider at
its top and passes through the individual ladder elements one after the other down to
the last element lying at ground potential. The total transit time through the ladder
network is no longer negligible compared to the duration of a fast signal.

The ladder network as an equivalent circuit makes it possible to establish a
uniform theory that provides general information about the transfer behavior of
impulse voltage dividers. The general equivalent circuit diagram of Fig. 4.19a shows
a large number n of equal longitudinal impedances Z 0

1 and transverse impedances Z 0
q,

each related to the length. The longitudinal impedances Z 0
1 represent the real ele-

ments of the voltage divider (resistors, capacitors) as well as their inevitable parasitic
elements such as inductances and parallel capacitances (Fig. 4.19b). The transverse
impedances Z 0

q represent the distributed stray capacitances of the voltage divider to
ground. The low-voltage part of the voltage divider with the output voltage u2(t) is
also shown as a similar element of the ladder network.

The voltage impulse u1(t) applied to the upper input of the ladder network passes
through the network elements to the lowest grounded network element at which the
output voltage u2(t) can be tapped. From the quotient of the output and input
voltages, the complex transfer function F(s) of the ladder network is calculated and
expressed by the Laplace transform:
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Fig. 4.19 Equivalent circuit
diagram of a high-voltage
divider. a General ladder
network with longitudinal
impedances Z 0

1 and transverse
impedances Z 0

q. b Individual
element of the ladder network
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F sð Þ ¼ n
u2 sð Þ
u1 sð Þ ¼ n

sinh 1
n

ffiffiffiffiffiffiffiffi
Zl sð Þ
Zq sð Þ

q

sinh
ffiffiffiffiffiffiffiffi
Zl sð Þ
Zq sð Þ

q ; ð4:18Þ

where s is a complex number [49, 53–55]. In Eq. (4.18), Zl and Zq are the accu-
mulated complex longitudinal and transverse impedances of the n-stage ladder
network (see Fig. 4.19):

Zl sð Þ ¼ n Z 0
l sð Þ and Zq sð Þ ¼ 1

n
Z 0
q sð Þ:

With F(s) according to Eq. (4.18), the normalized step response of the impulse
voltage divider results formally by inverse Laplace transformation (see Table A.2):

g tð Þ ¼ L�1 1
s
F sð Þ

� �
: ð4:19Þ

The general solutions of Eqs. (4.18) and (4.19) with the longitudinal and trans-
verse impedances according to Fig. 4.19 are not dealt with here. In the following
sections, typical values of the impedances Zl and Zq for the resistive and damped
capacitive impulse voltage dividers are introduced into the equations to calculate
F(s) and g(t). However, because of the simplified representation of the impulse
voltage divider by the ladder network with equal stray capacitances to ground and
the same end element for the low-voltage part, the result of the calculations can only
give a general overview of the dynamic behavior of impulse voltage dividers. In the
practical construction of an impulse voltage divider, an optimized design of the
low-voltage part can often improve the dynamic behavior [56–58].

The advantages and disadvantages of representing a voltage divider through the
ladder network using an analytical approach have already been briefly discussed
above. Nowadays, commercial or user-developed software for network analysis of
electrical circuits and for the calculation of electric fields provides a practical and
effective method for theoretical investigations on impulse voltage dividers. In this
way, the transfer behavior of a voltage divider can be determined based on its indi-
vidual equivalent circuit diagram or by field calculations. The presentation and cal-
culation as a ladder network with individual elements that better corresponds to
reality is, of course, also possible with such software. The influence of the
high-voltage lead with the damping resistor, the grading electrodes of the voltage
divider and the measuring cable with the terminating resistor can be taken into
account. The correctness of the calculation model assumed for the impulse voltage
divider is checked by comparing the calculated step response with the recorded
experimental step response [59–64]. This comparison provides valuable information
for improving the model approach and thus to improve the construction of the voltage
divider itself. However, it should be noted that inadequacies in the experimental setup
and interference effects affect the measurement of the step response (see Sect. 9.8).

4.3 Measurement of High Impulse Voltages 115



4.3.1.7 Influence of Disturbances and Countermeasures

When firing the sphere gaps of an impulse voltage generator or a chopping spark
gap, strong electromagnetic fields are generated, which interfere with the measuring
system in many ways. Measuring instruments specially developed for impulse
voltage measurements are largely protected against conducted and electromagnet-
ically coupled disturbances by suitable electronic circuitry and shielding. To
improve the signal-to-noise ratio, maximum input voltages of up to 1000 or 2000 V
corresponding to the maximum divider output voltage are common. If the instru-
ment is not designed for such high input voltages, it will be supplemented by an
external attenuator.

Measuring instruments that are not adequately protected by their design are
operated in a shielded cabin, the Faraday cage. Power is supplied to the instrument
via an isolating transformer outside the shielded cabin and a mains filter mounted
on the outer cabin wall. This enables potential-free operation of the measuring
instrument and makes the penetration of transient interferences into the mains
supply more difficult. The shielded cabin is grounded so that the source voltage
induced by the electric field on the cabin surface is dissipated and does not reach the
measuring instrument inside the cabin. Grounding the cabin is essential as some
mains filters charge the (ungrounded) cabin to half the mains voltage. In order to
dissipate the heat generated by the measuring instrument, the shielded cabin has
ventilation openings covered with a honeycomb grid or a fine metal mesh to keep
out interference fields.

When the measuring instrument is operating in a shielded cabin and there is a
strong magnetic field outside the cabin, additional shielding of the measurement
cable is recommended. Well suited for this purpose are metal tubes embedded in the
floor or flexible corrugated metal pipes, through which the measuring cable is
guided. Also suitable are double-shielded coaxial cables, although their shielding
braid allows a certain punch-through of the external interference field on the inner
conductor increasing with frequency. The outer shield is connected to the grounded
cabin at the location of the cable bushing, while the inner shield is connected to the
shield of the instrument inside the cabin. In general, it is advantageous to inter-
connect the outer and inner shields of the cable at the divider output (see Fig. 5.12).
Transient potential rises in the ground circuit or source voltages induced by mag-
netic fields can then discharge via surface currents in the closed ground circuit and
cannot reach the measuring instrument in the shielded cabin through the coupling
impedance of the cable [65–69]. There must be no cable or other electrically
conductive connection to devices such as PC, printer, etc. outside the screened
cabin at the time of generating the impulse voltage. Otherwise, external interference
is coupled into the measuring instrument [70]. Optoelectronic data transmission via
optical fibers from the measuring instrument to the PC and peripheral devices
outside the cabin are very practical and effective, while retaining the full shielding
effect of the cabin.

Electromagnetic interference fields also affect the high-voltage divider that is
usually unshielded and thus acts as an antenna. Only the low-voltage part of the
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divider is usually shielded. The interference signal picked up by the voltage divider
superimposes itself on the measured signal at characteristic times. For example, the
firing of the generator sphere gaps is noticeable at the beginning of the recorded
impulse voltage, so that the determination of the 30% point and thus the front time
of a lightning impulse voltage could be influenced. In the case of an impulse
voltage chopped on the front, the firing of the chopping gap affects the peak region.
Frequently, the disturbance already shows up before the peak of the chopped
impulse voltage, since the interference coupled electromagnetically into the voltage
divider has a shorter propagation path in air than the conducted measurement
signal. Depending on the phase of the disturbance, the recorded peak value of the
chopped impulse voltage may become larger or smaller.

The magnitude and temporal assignment of the total interference coupled into
the measuring system can be detected by two measurements with a two-channel
digital recorder. First, the impulse voltage is recorded as usual in the complete
measurement circuit. The second record is taken at the same charging voltage of the
generator, but the high-voltage lead connecting the voltage divider to the impulse
voltage generator is removed. For synchronization of the two records taken with the
first recorder channel, a trigger signal is supplied to the second channel, either
directly from the trigger output of the impulse voltage generator or from a wire
acting as an antenna. The comparison of the two records yields the magnitude and
temporal assignment of the interference.

4.3.2 Resistive Impulse Voltage Divider

Resistive impulse voltage dividers with a total resistance of 1–20 kX are mainly
used to measure lightning impulse voltages up to 2 MV and steep-front impulse
voltages up to several 100 kV. These low-ohmic voltage dividers are less suitable
for the measurement of switching impulse voltages. This is partly due to the higher
power consumption because of the longer impulse duration, but also to the
deformation of the impulse tail by the low-ohmic load. Occasionally, high-ohmic
voltage dividers and those with low-ohmic aqueous solutions are also used for
lightning impulse voltage measurements. The resistive voltage divider can be
represented in the equivalent circuit diagram as a ladder network and calculated
with regard to its transfer behavior. Special versions of the resistive voltage divider
with non-linear distribution of the resistances and optimal voltage tap are intended
to improve the transfer behavior.

4.3.2.1 Impulse Measuring System with Resistive Voltage Divider

Figure 4.20 shows the general circuit of the complete high-voltage measuring
system with a resistive impulse voltage divider. Typical values for the high-voltage
resistor R1 are 1–20 kX depending on the rated voltage and impulse type. The lower
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resistances apply to voltage dividers suitable for measuring very short impulse
voltages of a few 100 kV. At the divider top, a more or less large torus electrode is
attached. The damping resistor Rd at the beginning of the high-voltage lead, whose
task is to suppress or at least reduce traveling wave oscillations on the lead, is in the
order of 100–400 X. Typical values for the resistor R2 in the low-voltage part are
0.5–10 X. The transient output voltage u2(t) of the voltage divider passes via the
coaxial cable 2 with the wave impedance Z = 50 X or 75 X to the input of the
measuring instrument 3, usually a digital recorder. To avoid reflection phenomena,
the coaxial cable is terminated at the recorder input with the resistance R = Z. This
resistance and the cable capacitance Ck are for low-frequency signals parallel to R2,
which may affect the division ratio for larger values of R2.

The use of high-ohmic voltage dividers for measuring impulse voltages is rel-
atively rare. A high-ohmic 400 kV voltage divider as a reference for the mea-
surement of switching impulse voltages is described in [70]. The high-voltage
resistor consists of a series and parallel connection of individual resistors with a
total resistance of 150 kX. With a response time TN = 0.22 ls and settling time
ts = 3 ls, the reference divider has low measurement errors for the peak value and
the time parameters. To evaluate the measured switching impulse voltage, the curve
in the peak region is fitted to a double exponential function.

For a resistive impulse voltage divider, different types of resistors come into
consideration. For larger voltage dividers, a meandering resistor wire of NiCr or
CuNi is often used, which is woven with textile threads into a resistor band with a
width of up to 1 m (“Schniewind resistor”) [71, 72]. The resistor band is either
flexible with several meters in length or rigid in the form of a rod or tube cast with
epoxy resin. Small damping resistors as well as large voltage dividers with the
highest rated voltages can thus be produced efficiently. The meandering arrange-
ment of the resistance wire reduces the inductance, which typically ranges from less
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Fig. 4.20 Impulse voltage measuring system with resistive voltage divider and digital recorder.
1 Resistive impulse voltage divider, 2 coaxial cable with wave impedance Z, 3 digital recorder
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than 1–30 lH/m. With an optimal layout of the meander, the effect of the induc-
tance is at least partially compensated by the capacitance of the parallel wire
sections. In another embodiment, a resistor wire is wound around an insulating tube
and returned in the opposite winding direction, thereby forming a bifilar winding to
reduce the inductance [73].

For particularly “fast” voltage dividers with rated voltages of less than 500 kV,
series-connected low-ohmic individual resistors are also used. For example, carbon
film resistors have a good high-frequency behavior and high impulse withstand
voltage. The carbon film deposited on the insulating body, however, must not have
any groove in the form of a helix or partial helix, with which a defined resistance is
usually to be achieved. With a groove incised, there is a risk that electrical discharges
will form across the groove, damaging the carbon film and leading to a local
flashover. Film resistors also have a good high-frequency behavior, but their current
loading capability is significantly lower compared to carbon film resistors and
wire-wound resistors. The required higher current carrying capacity is achieved by
connecting several resistors in parallel, which also reduces the total inductance. Chip
and ceramic resistors with a resistance layer deposited on a quartz substrate have an
even better frequency behavior. Series-connected carbon composite resistors can
also be used for impulse voltage dividers [74]. Liquid voltage dividers consisting of
low- and high-ohmic aqueous solutions are briefly described in Sect. 4.3.2.7.

The low-voltage part of an impulse voltage divider is usually housed in a shielded
box at the bottom of the voltage divider. It consists of a parallel connection of
individual resistors to achieve a high current loading and low inductance. The
resistors used in the high- and low-voltage parts are often similar in construction to
obtain the same temperature behavior, but they are differently loaded. In the
low-voltage measurement technique, the principle of the compensated voltage
divider is well-known, according to which the ratio of the inductances L1/L2 of the
high- and low-voltage parts should be equal to that of the resistances R1/R2. This
requirement cannot be fulfilled with large voltage dividers. On the one hand, a
correspondingly small inductance cannot be achieved in the low-voltage part and, on
the other hand, such balancing of the voltage divider is not necessarily advantageous.
The low-voltage inductance can partially compensate for the effect of stray capac-
itances on the high-voltage part and improve the transfer behavior of the voltage
divider in the desired frequency range. As a result, the step response of the voltage
divider has a slightly increased overshoot, but shorter rise and response times [75].

To compensate for parallel capacitances of the resistors in the high-voltage part,
it may be advantageous to connect a capacitance corresponding to the division ratio
in parallel to the low-voltage resistor. In this context, the capacitance of the coaxial
cable connected to the divider output must be considered. The input resistance of
the measuring instrument is also parallel to the low-voltage part. If the recorder
input is terminated with the wave impedance of the coaxial cable, i.e. low-ohmic,
the conductor resistance must be taken into account in the case of a longer, not so
high-quality coaxial cable. Coaxial cables typically have a conductor resistance
between 15 and 150 mX/m. Using a longer coaxial cable of poor quality may result
in a voltage drop of a few percent of the impulse voltage to be measured. The
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measuring instrument will then indicate too low a voltage if the voltage drop is not
taken into account by calibration.

Considering the resistive impulse voltage divider alone, i.e. without coaxial
cable, measuring instrument and terminating resistor R, its division ratio is deter-
mined by the quotient of the applied high voltage u1 and the divider output voltage
u2. For DC and low-frequency voltages, the division ratio is formally given by (see
Fig. 4.20):

u1
u2

¼ R1 þR2 þRd

R2
: ð4:20Þ

The division ratio determined by the resistors according to Eq. (4.20) is, how-
ever, no longer valid at higher frequencies. The unavoidable stray capacitances to
ground and inductances of the divider components affect the transfer behavior and
must be taken into account in the equivalent circuit diagram.

4.3.2.2 Step Response of the Resistive Voltage Divider

The basic transfer behavior of a resistive voltage divider can theoretically be
investigated by means of the ladder network with a total of N homogeneously
distributed elements (see Fig. 4.19). Besides the resistance R′, the single element of
the ladder network in consists of the inductance L′, the parallel capacitance C0

p and
the stray capacitance C0

e which is divided into two halves (Fig. 4.21). The capac-
itance C′ in series with R′ and L′, as shown in Fig. 4.19b, is of course omitted here.
Assuming that the low-voltage part is comparable to the last element of the ladder
network, the step response of the resistive voltage divider results from the general
solution in Eq. (4.18) as [53–56]:

g tð Þ ¼ 1þ 2e�at P1
k¼1

�1ð Þk
cosh bktð Þþ a

bk
sinh bktð Þ

1þCp
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k2p2
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Fig. 4.21 Individual element
in the ladder network of the
resistive impulse voltage
divider
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with:

a ¼ R
2L

bk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � k2p2

LCe 1þCp

Ce
k2p2

� �
vuuut ; ð4:22Þ

R ¼ nR0; L ¼ nL0;Ce ¼ nC0
e;Cp ¼ C0

p=n.
Figure 4.22 shows the step responses g(t) of a resistive voltage divider calcu-

lated according to Eq. (4.21) for the total resistances R = 2, 5 and 10 kX. The
inductive time constant L/R = 10 ns is assumed to be constant, i.e. as the resistance
increases, so does the inductance. The resulting stray capacitance to ground is
Ce = 40 pF, the parallel capacitance Cp = 1 pF. These values are typical for an
impulse voltage divider with a rated voltage of 1 MV. When R is low, the influence
of Ce is small and the series inductance L causes a pronounced overshoot of the step
response (curve 1 in Fig. 4.22). A small resistance R means that in Eq. (4.21) one or
more bk values become imaginary. The hyperbolic functions then turn into the
corresponding trigonometric functions with the absolute values of bk in the argu-
ment. As R becomes larger, the influence of the stray capacitance Ce increases. As a
result, the step response rises more slowly and the overshoot is reduced (curve 2).
Above a critical value of R, only hyperbolic functions remain in Eq. (4.21) and the
step response asymptotically approaches the final value g(∞) = 1 (curve 3).

At this point it should be pointed out again that in the measurement practice a
limited overshoot of the step response is quite acceptable or even desirable. Due to
the brief overshoot, the response time according to Eq. (9.31) is reduced, which is
one of several criteria for the correct peak value measurement of impulse voltages.
Decisive here is that the overshoot of the step response has subsided at a time that is
clearly before the occurrence of the impulse peak, i.e. for the settling time ts 
 Tp
must apply (see Sect. 9.8.2). A slight overshoot of the step response usually affects at
first the front time of impulse voltages, while a large overshoot then also affects the
peak value.
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Fig. 4.22 Calculated step
responses g(t) of the resistive
voltage divider represented as
a ladder network according to
Eq. 4.21 for different
resistances R (L/R = 10 ns,
Ce = 40 pF, Cp = 1 pF). 1:
R = 2 kX, 2: R = 5 kX, 3:
R = 10 kX
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The calculated step responses in Fig. 4.22 show an initial jump at time t = 0.
This is due to the parallel capacitances C0

p in the high and low voltage parts of the
ladder network, which together with the stray capacitances C0

e form a capacitive
voltage divider. At time t = 0, i.e. when the step is applied, the voltage at the lowest
capacitance C0

p of the ladder network immediately jumps to the value determined by
the capacitive division ratio. This initial voltage jump is the more pronounced the
larger the ratio Cp/Ce. In measurement practice, however, such an initial jump has
not been observed.

With the simple ladder network, not all details can be correctly replicated. For
example, the individual ladder elements are identical both in the high- and in the
low-voltage part, but this is not the case in the voltage divider. In addition, the skin
effect as well as the high-voltage lead and the measuring cable are not considered.
Also, the step voltage actually generated is not infinitely steep as is assumed in the
calculation, which primarily affects the initial form of the step response. In order to
improve the equivalent circuit diagram in Fig. 4.21, there are various suggestions,
for example, to supplement each parallel capacitance C0

p with an inductance in
series [53, 54].

To better account for the difference between the low-voltage and high-voltage
parts in the ladder network, both parts are considered separately [56]. For this
purpose, at first the impulse current flowing through the high-voltage part is cal-
culated, whereby the low-voltage part is short-circuited. In the second step, this
current is injected into the low-voltage part as an impressed current, thus generating
the output voltage u2(t). The influence of the high-voltage lead with damping
resistor has also been theoretically investigated in a similar way [57].

4.3.2.3 Simple Equivalent Circuit with Concentrated Elements

A resistive voltage divider with a resistance R � 10 kX has a step response
according to curve 3 in Fig. 4.22, which asymptotically approaches the final value
without overshoot. For large values of R, the related inductance L/R and the parallel
capacitance Cp 
 Ce are negligible. Therefore, Eq. (4.21) turns into the simplified
expression for the step response of a high-impedance ladder network [53–55]:

g tð Þ ¼ 1þ 2
P1
k¼1

�1ð Þkexp � k2p2

RCe
t

� �
: ð4:23Þ

From Eq. (4.23), the response time T results:

T ¼ RCe

6
: ð4:24Þ
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The response time according to Eq. (4.24) is equal to that of a simple circuit with
lumped elements and RC behavior whose time constant is s = T and whose step
response is given by Eq. (9.20). Figure 4.23 shows the corresponding equivalent
circuit diagram. It is frequently used not only for high-ohmic DC voltage dividers
(see Sect. 3.4.4), but also in general, when the voltage to be measured is not too
fast, instead of the ladder network. It can be shown that the step response of the
simplified equivalent circuit according to Fig. 4.23 is approximately the same as
that of the ladder network according to Eq. (4.23) with asymptotic approximation to
the final value (Ref. [1] of Chap. 1).

A realistic estimate of the stray capacitance Ce to ground can be made with
Eq. (4.16). For a typical voltage divider, a rough guideline value of 15 pF/m
results. The negative effect of the stray capacitance on the transfer behavior can be
reduced or partially compensated by constructive field controlling measures, for
example, by attaching large torus electrodes to the voltage divider at the top and
bottom, or by connecting additional capacitors with graded capacitances parallel to
the divider resistors. Due to the influence of the stray capacitance, resistive voltage
dividers with more than 20 kX can hardly be found for the measurement of
lightning impulse voltages. Too small resistances are also considered unsuitable,
since the overshoot of the step response and the load on the impulse voltage
generator may become too large. The use of particularly low-ohmic, low-inductive
resistive voltage dividers is therefore reserved primarily for the measurement of
steep-front impulse voltages with small impulse duration.

4.3.2.4 Field-Conformal Resistive Voltage Divider

So far, it has always been assumed that the resistance in the high-voltage part is
arranged linearly with the divider height. If the voltage divider is considered as a
homogeneous resistance column through which the current flows, the voltage and
field distribution along that column would also be linear without taking into account
the stray capacitance. On the other hand, the field distribution between the
high-voltage electrode and ground by itself, i.e. without the resistance column, is
highly nonlinear. For example, in the vicinity of a spherical electrode, the field
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Fig. 4.23 Simplified
equivalent circuit of a
high-ohmic DC voltage
divider with stray capacitance
Ce
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strength decreases with the square of the distance from the sphere. This means that
the field strength in the immediate vicinity of the divider top is particularly large
compared to the field strength in the lower region of the voltage divider. In extreme
cases, more than half of the field strength accounts for the upper 20% of the divider
height. In the upper part of the voltage divider, therefore, there is a marked dif-
ference between the two fields, which leads to a strong normal component of the
resulting field, i.e. perpendicular to the divider column. This normal component of
the field is the driving force for a frequency-dependent leakage current that flows
through the stray capacitances of the voltage divider to ground and worsens its
transfer behavior at high frequencies.

The normal field component and thus the capacitive leakage current to ground
becomes zero if the current distribution of the voltage divider is adapted to the
undisturbed field pattern of the high-voltage electrode. The required resistance per
unit length results from field calculations or field measurements. It is quite high in
the region of the top electrode and decreases quickly towards the bottom of the
voltage divider. The step response of such a field-conformal voltage divider actually
shows a steeper rise and therefore a shorter rise time than a comparable voltage
divider with linear resistance distribution [76, 77]. The principle of field-conformal
resistance matching can be applied particularly effectively to high-ohmic voltage
dividers with rated voltages of 1 MV and more. Such voltage dividers are therefore
equally suitable for measuring lightning and switching impulse voltages [78]. The
high-ohmic voltage divider with deionized water described in Sect. 4.3.2.7 is also
of the field-conformal type, which is achieved by appropriate division into differ-
ently sized sections.

The principal disadvantage of the impulse voltage divider with field-conformal
arrangement of the resistors, however, is that in the region of the top electrode the
comparatively high-ohmic resistor is subjected to an even higher voltage stress than
in the linear voltage divider. The risk of a flashover or breakdown in the upper
region of the field-conformal voltage divider is thereby increased. The
field-conformal voltage divider can therefore not be operated at the same maximum
voltage as a linear voltage divider of the same height. If one tries to remedy this
disadvantage by increasing the height of the field-conformal voltage divider, its
transfer behavior deteriorates and the advantage over the smaller voltage divider
with linear resistance distribution decreases or is completely lost.

Instead of adapting the ohmic to the capacitive potential profile along the voltage
divider, the reverse approach is used in [79]. The high-voltage part of the described
1 MV voltage divider consists of a resistance wire with a total resistance of
6.56 kX, which is wound linearly around a 3.70 m high insulating tube with a
diameter of 13 cm. The voltage divider is supplied with three torus electrodes
which are optimized by a field computation program so that the resulting capacitive
potential profile is also approximately linear with the divider height. The voltage
divider is suitable for measuring full and front-chopped lightning impulse voltages
within the permissible IEC error limits.
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4.3.2.5 Optimized Measurement Tap

Another proposal for improving the transfer behavior relates to the positioning of
the voltage tap in the resistive voltage divider with linear resistance distribution.
The tapping is not carried out as usual at the low voltage part of the voltage divider,
but at a point which lies between the top and bottom of the voltage divider [80–82].
The advantage of the optimized measurement tap lies in the fact that the
high-frequency signal components which flow off via the distributed stray capac-
itance and do not reach the low-voltage part of the divider, can still largely be
detected (Fig. 4.24). The optimized position of the measurement tap is defined here
as the point at which the response time of the calculated step response is T = 0.
According to theoretical investigations, the optimized measurement tap of a voltage
divider of height H lies at zopt = 0.57H, i.e. just over half of the total resistance.

The theoretical results have been largely confirmed by detailed measurements on
an 800 kV impulse voltage divider. For this purpose, the measurement tap was
inserted at different heights of the divider between z = 0 and z = H. Since in this
method the measurement tap is at high-voltage potential, the measuring instrument
must either also be operated at high potential or connected via an optoelectronic
data transmission system.

The experimental step response shows a small overshoot and a short settling
time for the optimized measurement tap at zopt = 0.57H, while at the divider top
(z = H) a large overshoot and at the low-voltage side (z = 0) an asymptotic
approach to the final value without overshoot occur. The step response measured at
the optimized measurement tap has a minimum rise time of 10 ns. However,
oscillograms of full and chopped lightning impulses measured at the optimized tap
and at the conventional low-voltage tap do not show any visible difference [81]. An
advantage of the optimized measurement tap is that at the point zopt the influence of
external fields disappears. The impulse voltage divider can therefore be constructed
as a very high-ohmic one.
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Fig. 4.24 Optimized
measurement tap at
zopt = 0.57H. 1 Resistive
voltage divider, 2
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transfer with optoelectronic
data transmission system, 3
oscilloscope

4.3 Measurement of High Impulse Voltages 125



4.3.2.6 Capacitive Signal Coupling into the Low-Voltage Part

The transfer behavior of a voltage divider can be improved by capacitive coupling
of a portion of the impulse voltage from the top of the divider into the low-voltage
output. The principle of capacitive signal coupling is described for a gas-insulated,
metal-enclosed 1 MV impulse voltage divider in [83]. Thanks to the metal housing,
the voltage divider with a total resistance of 10.5 kX is thus optimally shielded
against electromagnetic interference from the outside. However, the large stray
capacitance to the metal housing worsens the transfer behavior at higher frequen-
cies. To improve the frequency response, the higher frequency components of the
impulse voltage are capacitively decoupled at the divider top and fed with appro-
priate signal delay to the measurement tap at the low-voltage side, where they are
superimposed on the output voltage. The coupling capacitance is simply realized by
a circular plate electrode of 20 cm diameter, which is mounted opposite the central
high-voltage conductor in the bushing (see Sect. 4.3.7). Via a coaxial cable and a
delay network, the decoupled sensor signal is fed to the low-voltage divider output
and superimposed on the output voltage. As a result, the rise time of the experi-
mental step response of the voltage divider is reduced from the original 70 ns to less
than 10 ns.

4.3.2.7 Voltage Divider with Aqueous Solution

Low- and high-ohmic impulse voltage dividers with aqueous solutions are intended
for special measurement tasks. With a two-stage, quite elaborately constructed
80 kV impulse voltage divider, the discharges of a TEA CO2 laser with a pulse
width of about 100 ns are measured [84]. The first, potential-controlled divider
stage with a total of 50 X consists of a coaxial insulating tube filled with a
one-molar aqueous CuSO4 solution. At its output, the second divider stage is
connected, which is composed of a coaxial arrangement of carbon mass resistors of
a total of 500 X. The 50 X output resistance of the second stage corresponds to the
wave impedance of the measurement cable, which is also terminated with 50 X at
the input of the oscilloscope. The step response has a rise time of 4 ns and is
superimposed by a decaying oscillation with initial amplitude of 5% in the first
40 ns.

Another 600 kV impulse voltage divider with a height of 0.75 m, which is
simple and inexpensive, consists in the high-voltage part of a one percent NaCl
solution with a resistance of about 300 X [85]. The low-voltage part consists of
parallel-connected metal film resistors with a total of 0.2 X. The step response has a
rise time of 5 ns and a short overshoot within the first 25 ns. Due to the different
structure of the high- and low-voltage part, the temperature dependence is relatively
large. The temperature of the voltage divider must therefore be measured before and
after its use and considered in the division ratio. The voltage divider is used to
measure the voltage during dielectric strength tests on insulators with an uncertainty
of less than 5%.
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A high-ohmic 500 kV voltage divider filled with deionized tap water is used to
measure the high-frequency output voltage and discharges of a Tesla transformer
[86]. The 2.7 m voltage divider with a total of 1.6 MX is suspended from the
ceiling and connected directly to the toroidal electrode of the Tesla transformer. By
varying the dimensions of the water column in terms of length and diameter, a
field-conformal resistance profile along the divider is achieved (see Sect. 4.3.2.4).
The capacitance of the voltage divider is estimated at 0.76 pF. The transfer
behavior of the voltage divider can be optimized by applying a convolution algo-
rithm in the frequency domain (see Sects. 9.2 and 9.3), which is underlined by
examples of the step response and a discharge pulse.

4.3.3 Capacitive Impulse Voltage Divider

Capacitive voltage dividers are preferably used to measure switching impulse
voltages up to the highest test voltages. They are not or only slightly damped and
therefore less suitable for measuring lightning impulse voltages or fast transient
voltages. Compared to resistive voltage dividers, they have the advantage that the
tail of a generated switching impulse voltage is not significantly affected. In
addition, self-heating can be largely excluded except from the effect of the dissi-
pation factor of the capacitors used. Theoretical investigations on the basis of the
ladder network show that the step response of the undamped capacitive voltage
divider tends to strong high-frequency oscillations. As a rule, it is therefore used
with an external damping resistor. A special type of the capacitive voltage divider is
the damped capacitive voltage divider with internally distributed damping resistors,
which will be discussed in Sect. 4.3.4.

4.3.3.1 Impulse Measuring System with Capacitive Voltage Divider

The basic circuit of a complete impulse voltage measuring system with a capacitive
voltage divider is shown in Fig. 4.25. The high-voltage capacitor C1 usually con-
sists of a series connection of oil-impregnated capacitors with a total capacitance of
several 100 pF. On the low-voltage side, C2 also consists of oil-impregnated
capacitors or low-inductance plastic film capacitors connected in parallel. When
selecting C2, the temperature coefficient should be of the same order of magnitude
as C1. The large capacitance and current carrying capacity of C2 can be achieved by
connecting a large number of capacitors in parallel, which also reduces the
inductance on the low-voltage side. A perfect compensation of the inductive
component of the high-voltage capacitor C1 is not always intended even for the
capacitive voltage divider. A larger inductance on the low voltage side may be
advantageous since it leads to a slight overshoot of the step response and thus to a
shorter rise time.
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For measuring impulse voltages, the capacitive voltage divider is usually
operated with an external resistor Rd to attenuate the oscillations propagating in the
divider and on the high-voltage lead. The origin of the oscillations is of a different
nature. The high-voltage capacitors used and their inductances, on the one hand,
represent an oscillating LC network in the MHz range. On the other hand,
high-frequency oscillations are formed due to reflection phenomena of traveling
waves in the capacitive voltage divider. They are caused when a steep voltage
impulse enters the divider top and passes through the voltage divider, is reflected at
the divider bottom, returns to the divider top almost undamped, is reflected there
again, and so on. As a result, oscillations occur in the frequency range up to
100 MHz by traveling waves. The step response of the capacitive voltage divider
therefore shows violent oscillations, which are only weakly damped by the ohmic
losses of the capacitors and the connecting lead and by the skin effect [53–55]. With
an external damping resistor Rd of 300–600 X at the beginning or end of the
high-voltage lead, the oscillations can be reduced to such an extent that the
capacitive voltage divider is occasionally also used to measure full lightning
impulse voltages.

4.3.3.2 Low-Voltage Measuring Circuit

Although the pure capacitive voltage divider is not suitable for measuring fast
transient voltages, the low-voltage circuit is usually designed according to
high-frequency criteria. At the divider output, therefore, the coaxial cable is con-
nected not directly but via a series resistor R equal to the cable impedance Z of
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Fig. 4.25 Measuring system with capacitive impulse voltage divider and digital recorder.
1 Capacitive impulse voltage divider, 2 coaxial cable with impedance Z and capacitance Ck, 3
digital recorder. 4 Burch termination C3 R3 in case of a longer coaxial cable
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50 X or 75 X. For fast transient voltages, the coaxial cable acts at first like a resistor
with the wave impedance Z. The steep voltage impulse entering the coaxial cable
from the divider output and travelling to the recorder input is thus halved by the
series connection of R and Z. After the cable delay s, the voltage wave reaches
the other end of the cable at the recorder input, where it is doubled due to the
high-ohmic input resistance of 1 MX or more, so that the full voltage is applied to
the recorder. The quasi-open cable end at the recorder input causes the voltage wave
to be reflected to the voltage divider. After twice the double cable delay 2s, the
reflected wave arrives again at the voltage divider and finds there a reflection-free
cable termination with the series resistance R = Z. The reflected wave is thus
completely absorbed at R, since the large low-voltage capacitance C2 is practically a
high-frequency short circuit.

For low-frequency signals, the cable delay is negligible and the wave impedance
Z in Fig. 4.25 is not effective. Since the series resistance R is negligible compared to
the high-ohmic recorder input, almost the total impulse voltage lies on the recorder.
Thus, the capacitive impulse voltage divider is equally balanced for low- and
high-frequency voltages. By the way, the cable termination must not be implemented
as a parallel resistor at the recorder input, as is the case with the ohmic voltage divider
in Fig. 4.20. Such a termination would cause a rapid discharge of the low-voltage
capacitor C2 and thus a shortening of the time to half-value of switching impulses.

4.3.3.3 Burch Termination

In the case of a long coaxial cable, the Burch termination is advantageous for
accurate measurement of fast transient signals. It consists of the series connection of
the resistor R3 and capacitor C3, which are connected in parallel to the recorder
input, as shown by the dashed lines in Fig. 4.25. Without the Burch termination, the
coaxial cable loads the divider output with the cable capacitance Ck after double the
cable delay time 2s of the signal. For larger cable lengths, Ck is no longer negligible
compared to C2, so that the effective capacitance of the low-voltage part of the
divider increases. The division ratio at the beginning of the signal transmission and
after the double cable delay time is therefore different. This leads to an initial
overshoot of the measured signal until time t = 2s when the reflected signal arrives
at the divider output. With the Burch termination with C3 and R3 parallel to the
recorder input, this overshoot can be compensated. An optimized transfer behavior
with reduced overshoot is obtained for R3 = Z and Ck + C3 = C1 + C2 [58, 87].
The long coaxial cable is thus terminated at both ends with its high-frequency wave
impedance.

4.3.3.4 Simple Equivalent Circuit Diagrams with Stray Capacitance

A rudimentary treatment of the transfer behavior of purely capacitive voltage
dividers on the basis of the ladder network in Fig. 4.19 can be found in [53]. The
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transfer behavior is characterized by the already mentioned high-frequency oscil-
lation within the voltage divider, which can be very large and long lasting in the
absence of a damping resistor. The purely capacitive voltage divider without
damping resistor is therefore less suitable for measuring fast transient voltages than
other voltage dividers. Therefore, details of the ladder network will not be discussed
in detail here.

The capacitive voltage divider has stray capacitances to ground of the same order
of magnitude as the resistive voltage divider. In analogy to the resistive voltage
divider, the resulting stray capacitance Ce can be taken into account in the sim-
plified equivalent circuit diagram by a concentrated capacitance of 2/3Ce, whereby
inductances and resistances are neglected (Fig. 4.26a). The equivalent circuit dia-
gram can be further simplified by reducing the high-voltage capacitance C1 by an
amount Ce/6 (Fig. 4.26b). Both equivalent circuit diagrams show that the stray
capacitance reduces the current through the low-voltage capacitor C2, so that the
output voltage u2(t) at C2 becomes smaller. The division ratio û1/û2 is increased
accordingly.

In order to limit the influence of the stray capacitance and the cable capacitance,
the high-voltage capacitance C1 should be as large as possible. On the other hand,
the frequency behavior of high-voltage capacitors with large capacitance is not very
good due to the manufacturing process. In addition, the load of the impulse voltage
generator is increased, which affects the impulse shape. Comparing the effect of the
stray capacitance of capacitive and resistive voltage dividers, a decisive difference
can be detected. The frequency behavior of the capacitive voltage divider is not
affected by the stray capacitance according to the simplified equivalent circuit
diagrams in Fig. 4.26. The division ratio thus appears to be the same for low and
high frequencies. In a correspondingly extended equivalent circuit diagram, how-
ever, inductances and resistances are also to be considered. Then, the transfer
behavior and thus the division ratio again become frequency-dependent.

The results for the optimized measurement tap in resistive voltage dividers can
be transferred to capacitive voltage dividers (see Sect. 4.3.2.6). Theoretical inves-
tigations show that the optimized height of the measurement tap is again
zopt = 0.57H. At this point again the response time T = 0 and the influence of
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u1(t)Fig. 4.26 Simplified
equivalent circuits of the
capacitive voltage divider in
which the capacitance Ce to
ground is taken into account
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external fields disappears. A capacitive voltage divider with a measurement tap at
zopt could therefore be built with a relatively small capacitance on the high-voltage
side, resulting in lower production costs [82].

4.3.3.5 Variants of the Capacitive Impulse Voltage Divider

Compressed-gas capacitors after Schering and Vieweg are often used in the AC
voltage measurement technique because of their excellent properties (see Sect. 11.5).
They can also be used as impulse voltage dividers in combination with a
low-inductance capacitor in the low-voltage part [88]. The tendency to oscillate can
be reduced by a damping resistor inserted between the compressed-gas capacitor
and the low-voltage capacitor. The concentric arrangement of the high- and
low-voltage electrodes basically promises wide-band transfer behavior and effective
shielding against external interferences. The investigated capacitive voltage divider
with an 800 kV compressed-gas capacitor has a step response without overshoot
and a rise time of 50 ns. Due to the low capacitance of compressed-gas capacitors,
which is mainly in the range of 10–100 pF, the load of the impulse voltage gen-
erator is minimal.

In other measuring systems with compressed-gas capacitors, the impulse voltage
is obtained by integrating the capacitive current i = C·du/dt. The basic measure-
ment principle is comparable to that in which an AC voltage is measured with a
compressed-gas capacitor and a subsequent integrating circuit (see Sect. 2.5.2.2).
The capacitor used in [89] is a coaxial electrode arrangement that is part of a
metal-enclosed SF6-insulated switchgear installation and used up to 200 kV. The
measuring system is equipped with active or passive integration circuits. The step
response shows a rise time of 120 ns and minimal overshoot of 5%, the step voltage
being generated by firing a sphere gap. In [90], a circuit with a plate capacitor and a
passive integrator is described to measure steep front impulse voltages up to
250 kV. With a 240 X damping resistor, the system’s step response has a response
time of 2.8 ns, a rise time of 8 ns and an overshoot of 4%.

The load capacitor Cb of the impulse voltage generator is occasionally equipped
with an additional low-voltage capacitor and then used as a voltage divider for
measurement purposes. The total capacitance of Cb is in the range of 1–10 nF,
which is usually achieved by the series connection of several individual capacitors.
The correspondingly required high capacitance is the cause that the frequency
behavior is not very good. Special constructions of the load capacitor are internally
equipped with low-ohmic damping resistors and are therefore better suited for
measuring impulse voltages. However, as has already been pointed out in
Sect. 4.3.1.1, such a voltage divider with Cb between the impulse generator and the
test object shall not be used to measure lightning impulse voltages (Ref. [2] of
Chap. 2).
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4.3.4 Damped Capacitive Impulse Voltage Divider

The damped capacitive impulse voltage divider, also called Zaengl divider, is
particularly well suited for measuring lightning impulse voltages and other fast
transient voltages up to the UHV range, usually in conjunction with a digital
recorder at the divider output. The Zaengl divider consists of a large number of
series connected resistors and capacitors in the high- and low-voltage parts.
Together with an external damping resistor, oscillations are successfully sup-
pressed. The structure of the damped capacitive impulse voltage divider thus
approximately resembles the homogeneous ladder network, which can well be used
as equivalent circuit to calculate typical characteristics of the step response and
derive basic properties. Special software for further optimization of the measure-
ment behavior is available. Examples of the construction of accurate reference
dividers and their behavior are given.

4.3.4.1 Measuring System with Damped Capacitive Voltage Divider

Figure 4.27 shows the basic arrangement of the complete measuring system with a
damped capacitive impulse voltage divider. Characteristic are the internal damping
resistors R0

1 in series with the capacitors C0
1 in the high-voltage part and R0

2 in series
with C0

2 in the low-voltage part. Due to the distributed damping resistors, the
oscillations which occur with rapidly changing voltages in the purely capacitive
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Fig. 4.27 Measuring system with damped capacitive voltage divider and digital recorder. 1 Damped
capacitive impulse voltage divider (Zaengl divider), 2 coaxial cable with wave impedance Z and cable
capacitance Ck, 3 digital recorder, 4 Burch termination C3R3 for longer coaxial cable

132 4 High Impulse Voltages



voltage divider by the traveling waves are successfully suppressed. A number of ten
R0
1C

0
1 elements in the high-voltage part are considered sufficient. The damped

capacitive impulse voltage divider works as a capacitive divider for low signal
frequencies and as a resistive divider for high frequencies [53–55, 91].

In the high-voltage part of damped capacitive impulse voltage dividers, usually
oil-filled capacitors are used and in the-low voltage part also oil-filled capacitors or
plastic film capacitors. Particularly suitable for use in “fast” damped capacitive
dividers with rated voltages below 1 MV are the class 1 power ceramic HF plate
capacitors with Rogowski profile, which have a permittivity er � 60. They are
characterized by a very low inductance and good long-term stability. Depending on
its size, the capacitance of a single plate capacitor with this permittivity amounts to
a maximum of 2000 pF and the permissible impulse load up to 50 kV. Due to the
series connection of the plate capacitors, the total high-voltage capacitance C1 of a
voltage divider with a rated voltage of up to 1 MV reaches only a few 100 pF at.
The capacitance should not be less than 100 pF, in order to minimize the influence
of external fields. If the requirement for the measurement accuracy is higher, the
influence of the stray capacitance to ground must be investigated separately (see
Sect. 10.3.10). Class 2 power ceramic plate capacitors have a different dielectric
with higher permittivity. However, they are not used in impulse voltage dividers
because of their greater voltage and temperature dependence, and their long-term
stability is not satisfactory.

As internal damping resistors R0
1 between the individual capacitors C0

1 in the
high-voltage circuit, the types mentioned in Sect. 4.3.2.1 come into consideration.
Carbon film resistors without any incised helical groove are well suited for smaller
voltage dividers because of their low inductance and high impulse load capacity. The
voltage stress of the resistors in the voltage divider is particularly high with chopped
impulse voltages and comparable fast voltage changes, since then the capacitors act
in the first approximation as a short circuit. The required current carrying capacity of
R0
1 is achieved by connecting several individual resistors in parallel.
When dimensioning the low-voltage part, the external damping resistor Rd must

also be taken into account in order to obtain a voltage divider that is balanced for
both fast and slow voltages. For the conventional balance of a compensated voltage
divider with external damping resistor, the following relationship holds without
considering the stray capacitance:

R1 þR2 þRd

R2
¼ C1 þC2

C1
¼ L1 þ L2

L2
; ð4:25Þ

wherein the index 1 denotes the elements on the high-voltage side and the index 2
the elements on the low-voltage side. If a long coaxial cable is used, its capacity
may need to be considered in Eq. (4.25). For common division ratios between
500:1 and 2000:1, the resistance R2 in the low-voltage part is only a few tenths of
an ohm, while C2 is in the range of 0.5 lF. By connecting many RC series elements
in parallel in the low-voltage part, the required values of R2 and C2 are achieved,
while the inductance L2 is reduced. In order to compensate for the influence of the
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stray capacitance, an increased inductance on the low-voltage side can once again
be advantageous.

4.3.4.2 Equivalent Circuit Diagram and Step Response

The equivalent circuit diagram of the damped capacitive impulse voltage divider
can be represented as a ladder network (see Fig. 4.19a) with n individual sections as
shown in Fig. 4.28. In the individual sections of the ladder network, the elements R′
and C′ represent the actual resistors and capacitors of the voltage divider. Further
elements are the longitudinal inductances L′ of the elements and their connecting
lines, the stray capacitances C0

p parallel to the elements and the stray capacitances
C0
e/2 to ground at the beginning and end of each ladder section.
From the general solution of Eq. (4.18) for the transfer function of a ladder

network, the step response g(t) of the damped capacitive voltage divider is obtained
by Eq. (4.19) [53–55]:

g tð Þ ¼ 1� Ce

6 CþCp
	 
 þ 2 e�at

X1
k¼1

�1ð Þk cosh bktð Þþ a
bk
sinh bktð Þ

1þCp

C
þ Ce

C k2p2

� �
1þCp

Ce
k2p2

� � :

ð4:26Þ

where: R = nR′, L = nL′, C = C′/n, Ce = n C0
e, Cp = C0

p/n,

a ¼ R
2L

;

bk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 �

k2p2 1þCp

C
þ Ce

C k2p2

� �

LCe 1þCp

Ce
k2p2

� �
vuuuuut :

R

L
Cp

C

2
e
'C

2
e
'C

Fig. 4.28 Individual section
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Figure 4.29 shows three examples of the step response of a damped capacitive
voltage divider, calculated according to Eq. (4.26) with the capacitance C = 150 pF
and the resistances R = 0.75, 1 and 2 kX. Further values in the calculation are: stray
capacitance to ground Ce = 40 pF, parallel capacitance Cp = 1 pF and inductance
L = 2.5 lH. The basic form of the step response of the damped capacitive voltage
divider is similar to that of the resistive voltage divider in Fig. 4.22, but with a
different time scale. Compared to the resistive voltage divider, the resistance in the
damped capacitive voltage divider is much smaller, so that its stray capacitance to
ground has an effect only at significantly higher frequencies. Therefore, the damped
capacitive impulse voltage divider basically has a better transfer behavior than the
resistive voltage divider and the load on the test circuit is lower.

For small resistances, the coefficients bk in Eq. (4.26) become imaginary and the
hyperbolic functions are converted into trigonometric functions. This means that the
step response tends to oscillate. For example, for R = 0.75 kX, the step response g
(t) of the damped capacitive voltage divider shows a pronounced oscillation (curve
1 in Fig. 4.29). The oscillation or overshoot of g(t) is significantly lower for
R = 1 kX (curve 2). For even larger resistances, the step response runs asymptot-
ically to the final value without any oscillation (curve 3).

As with the resistive voltage divider, the calculated step response g(t) in
Fig. 4.29 shows an initial jump at the beginning. Again, this can be explained by
the capacitive division ratio of the parallel capacitances C0

p to the stray capacitances
C0
e (see Sect. 4.3.2.2). The final shape of the step response remains below one

because a part of the step current flows via the stray capacitances to ground, thereby
increasing the effective division ratio. The difference between the calculated final
value g(t = ∞) and the value one is time- or frequency-independent and is
expressed on the right side of Eq. (4.26) by the second term Ce/6(C + Cp). For the
limiting case C = ∞, the resistive voltage divider is obtained with g(t = ∞) = 1.

The transfer behavior of real damped capacitive impulse voltage dividers cannot
be fully described by the general ladder network. Aswith the resistive voltage divider,
the influence of the low-voltage part and the high-voltage lead can be analytically
taken into account by additional and improved terms [54, 55]. Procedures for
experimental optimization of the low-voltage part are dealt with in Sect. 4.3.4.4.
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Fig. 4.29 Step response g
(t) of a damped capacitive
voltage divider, represented as
a ladder network with sections
according to Fig. 4.28 and
calculated using Eq. 4.26
(C = 150 pF, Ce = 40 pF,
Cp = 1 pF, L = 2.5 µH). 1:
R = 0.75 kX, 2: R = 1 kX, 3:
R = 2 kX
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4.3.4.3 Measurement Cable and Burch Termination

The output of the voltage divider is connected to the high-ohmic input of the
recorder via the series resistance R = Z − R2 and the coaxial measurement cable
with its characteristic impedance Z (see Fig. 4.27). With R and the resistance R2 in
the low-voltage part of the divider, the coaxial cable at the divider output is ter-
minated with its characteristic impedance, since C2 represents a short circuit for fast
signals. A voltage impulse which is reflected at the high-ohmic recorder input and
travels back to the divider output is thus absorbed. Long coaxial cables have a
capacitance Ck that is no longer negligible compared to C2. As with the purely
capacitive voltage divider, a Burch termination with R3 and C3 at the recorder input
is then recommended [87]. Theoretical investigations show that for an assumed
capacitance Ck = 0.1(C1 +C2 + C3) the transfer behavior becomes optimal for
R3 = k � Z and k(Ck + C3) = (C1 + C2) with k = 1.25. The initial overshoot of the
step response during the cable delay time 2s is thereby significantly reduced.
Taking cable losses into account, a reduced value of 1 < k < 1.25 is recommended
[54].

4.3.4.4 Optimization of the Low-Voltage Part

The analytical calculation of the transfer behavior of a voltage divider with the
ladder network is useful for general statements. However, optimization for a par-
ticular voltage divider in the UHV range can only be achieved by a meaningful
combination of measuring the step response and applying special calculation
methods. With a comparatively small change in the circuit or the structure of the
low-voltage part, a significant improvement in the transfer behavior is often
achieved. In general, the aim is to achieve a slight overshoot of the step response by
adjusting the low-voltage circuit. The experimental step response is recorded either
for the complete voltage divider or only for the low-voltage part into which a step
current is injected [92]. However, detailed investigations on a 6 MV impulse
voltage divider show that the measurement and evaluation of the step response of
measuring systems in the UHV range is difficult (Ref. [34] of Chap. 9).

Damped capacitive impulse voltage dividers with rated voltages of more than
800 kV usually consist of oil-impregnated plastic film capacitors whose permit-
tivity can be frequency-dependent. The step response of these voltage dividers often
shows a slower increase after about 95% of the final value. This behavior is called
creeping. Such a voltage divider is therefore not suitable as a reference divider. The
step response can be optimized by connecting a resistor R in series with a capacitor
C in parallel with the low voltage side. To additionally compensate for the influence
of a large cable capacitance, the RC series circuit is implemented as a Burch
termination on the high-ohmic recorder input (see Sect. 4.3.4.3).

If the output voltage of the divider is too large for the recorder, a secondary
damped capacitive divider will be connected in parallel with the divider output. The
values of the secondary low-voltage divider are optimal for a slight overshoot of the
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step response. The elements are calculated analytically using the ladder network as
an equivalent circuit diagram [93].

The individual equivalent circuit diagram of a voltage divider and thus its step
response can be calculated with special software. The calculated step response is
then compared with the measured step response, which helps to further improve the
equivalent circuit. Using the example of a 1 MV divider for switching impulse
voltages, it is shown in [94] that the pronounced creeping of the step response can
be completely eliminated by optimizing the circuit of the low-voltage part. This
reduces the experimental response time of the impulse voltage divider from 1 ls to
32 ns, the settling time from 26 ls to 2.4 ls and the overshoot from 26 to 2.4%.

4.3.4.5 Optimally and Weakly Damped Voltage Dividers

For the damped capacitive voltage divider as well as for the resistive voltage
divider, it is quite desirable that a small, time-limited overshoot of the step response
be achieved to reduce the rise time and response time. From this point of view, the
optimally damped capacitive impulse voltage divider should have a total internal
damping resistance of [53]:

Ropt ¼ 3�4ð Þ
ffiffiffiffiffi
L
Ce

r
: ð4:27Þ

For a damped capacitive voltage divider with L = 2.5 lH and Ce = 40 pF, the
values for Ropt are between 750 and 1000 X. The step responses calculated for these
limits are shown as curves 1 and 2 in Fig. 4.29. Since both L and Ce increase
approximately linearly with the height of the voltage divider, Ropt remains constant.
Equation (4.27) thus applies to both small and large voltage dividers, i.e. inde-
pendent of the rated voltage. When dimensioning a damped capacitive impulse
voltage divider, the lower limit of Ropt in Eq. (4.27) or an even smaller value is
chosen. As a result, the overshoot of the step response is greater, which is
acceptable in the case of a short duration, and the response time is shorter, which is
often favorable.

A variant is the low damped capacitive impulse voltage divider with a rated
voltage of usually more than 1 MV. The value of the internally distributed damping
resistor is calculated as [95–97]:

R � 0:25. . .1:5ð Þ
ffiffiffiffi
L
C

r
; ð4:28Þ

where L is the inductance of the measuring circuit and C is the capacitance of the
voltage divider. For low damping, Eq. (4.28) gives a typical resistance of 50–
200 X, distributed in the high-voltage part. In the low-voltage part as well as in the
high-voltage lead, no additional damping resistors are provided. The apparent
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advantage of the low damped capacitive voltage divider is that, due the small time
constant RC, it can be used simultaneously as the measurement capacitor and as the
load capacitor of the impulse voltage generator. However, the combination of load
capacitor and voltage divider is not permitted for standard-compliant testing of
power apparatus with lightning impulse voltages (Ref. [2] of Chap. 2).

The internal damping of a capacitive impulse voltage divider with distributed
damping resistors has a further advantage. Calculations of the voltage distribution
within a multistage high-voltage capacitor show that locally and temporally varying
oscillations of different magnitudes are generated when a voltage step is applied. In
this case, the capacitor represented as a ladder network according to Fig. 4.19a is
stressed at the top by an overvoltage whose maximum value is a multiple of the step
amplitude. With the internally distributed damping resistors, the initial magnitude
of the overvoltage cannot be significantly reduced, but its duration is considerably
shortened. Thus, with a distributed damping resistance of 1 kX in total, an
approximately linear voltage distribution along the capacitor column is achieved
after only 50 ns. The shorter voltage stressing of the capacitors is, of course,
advantageous for their service life [98].

4.3.4.6 Examples of Reference Dividers

With appropriate dimensioning and use of low-inductance elements, damped
capacitive impulse voltage dividers have excellent transfer behavior. Therefore,
they are well suited as reference dividers for the calibration of other impulse voltage
dividers with lightning and switching impulse voltages. For lightning impulse
voltage measurements, low-ohmic resistive dividers are also suited as reference
dividers. Figure 4.30a shows in the foreground a damped capacitive impulse
voltage divider as a reference divider up to 500 kV. The high-voltage part consists
of 20 stages with ceramic HF plate capacitors in series with carbon film resistors
without any incised groove. The total capacitance is 150 pF, the internal damping
resistance 400 X. Each damping resistor between two plate capacitors consists of a
parallel connection of six carbon film resistors. The two-stage version in Fig. 4.30b
also serves as a reference divider for impulse voltages up to 1 MV. The stages are
similar in construction to the single-stage version in Fig. 4.30a.

Reference systems with reference dividers are characterized by reduced mea-
surement uncertainties, which are as follows (Ref. [2] of Chap. 2):

• 1% for the test voltage value of full and chopped impulse voltages with times to
chopping Tc � 2 µs,

• 3% for the test voltage value of front-chopped impulse voltages with times to
chopping 0.5 µs � Tc < 2 µs, and

• 5% for the time parameters.

Reference systems are typically used only for the calibration of other voltage
measuring systems in the high-voltage laboratory and are therefore not subject to
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harsh test conditions, for example due to weather or mechanical stress. The
long-term stability is verified by regular performance tests and checks.

Low-Voltage Part

The low-voltage part is housed in a metal box at the bottom of the damped
capacitive voltage divider. For the single-stage reference divider in Fig. 4.30a, a
division ratio of about 2000 is established according to Eq. (4.25). Carbon film
resistors and plastic film capacitors are well suited because of their high-frequency
characteristics and impulse voltage strength. Basically, even better characteristics
show chip resistors and chip capacitors. By parallel connection of a larger number
of resistors R2 in series with the capacitors C2, the current load is distributed and the
total inductance of the low-voltage part is kept small.

Figure 4.31 shows two low-inductive versions of the low-voltage part, which are
housed in metal boxes and arranged just below the high-voltage part. The first
version in Fig. 4.31a consists of conventional carbon film resistors in series with

Fig. 4.30 Two examples of damped capacitive impulse voltage dividers (PTB). a Single-stage
version for 500 kV (in the background: chopping spark gap on the left and impulse voltage
generator on the right), b two-stage version for 1 MV
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plastic film capacitors that are arranged radially in a circular plane. The capacitors
and resistors are soldered to the outer ring of the grounded metal box or to the inner
copper area, which is connected via a gold-plated plug contact to the high-voltage
part located above. Figure 4.31b shows a variant of the low-voltage part in an
extremely low inductance arrangement using chip capacitors and chip resistors.
They are soldered between two concentric Cu rings on a printed circuit board.

External Damping Resistor

The external damping resistor Rd of the reference divider in Fig. 4.30a is a series
and parallel connection of carbon film resistors or, as an alternative, a low-inductive
resin-cast resistor web (see Sect. 4.3.2.1). The damping resistor is arranged at the
beginning of the tubular high-voltage lead. The lead length is variable by using
individual tubes that can be plugged into each other. The resistance Rd = 330 X
approximately corresponds to the wave impedance of the horizontal lead, so that
almost no traveling wave phenomena occur along the lead. The internal and
external damping resistors have a total of 730 X, which is close to the lower limit of
optimal damping recommended in Eq. (4.27).

Step Response and Response Parameters

Figure 4.32 shows the step response of the single-stage reference divider in
Fig. 4.30a with external damping resistor Rd = 330 X, recorded in the circuit with a
horizontal lead of length L = 1.5 m according to Fig. 9.16a. The reference divider

Fig. 4.31 Two versions of the low-voltage part of the 500 kV damped capacitive impulse voltage
divider (PTB). a Version with plastic film capacitors and film resistors. b Version with chip
capacitors and chip resistors
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is matched such that the absolute values of the partial response times Ta and Tb of
the step response are approximately equal. The result is a small overshoot and a
negligible response time TN � 0. Since the damping resistance corresponds
approximately to the wave impedance of the high-voltage lead, its length has only a
small influence on the step response and thus on the response parameters.
A significant difference between the step responses of the reference divider with the
two differently structured low-voltage parts in Fig. 4.31 is not recognizable.

The reference divider is used to calibrate other impulse voltage dividers, which
usually have a larger overall height. For the comparison measurement, therefore,
the reference divider must be connected via a correspondingly long high-voltage
lead to the common measurement point of the Y circuit (see Fig. 10.2). However,
the measurement behavior of the reference divider must not change significantly
due to the longer connecting lead. This can be checked on the basis of the recorded
step response and their response parameters. Figure 4.33 gives an impression of the
dependence of the experimental response time TN and the settling time ts on several
parameters. These are the external damping resistor Rd, height H of the step voltage
generator, length L and arrangement of the high-voltage lead and bandwidth B of
the digital recorder used. Table 4.1 provides further information on the experi-
mental set-up for the step response measurement [99].

The results of the investigation show that the values of the experimental re-
sponse time differ only within ±8 ns from the rated value TN = 0. Another
important parameter is the settling time, the mean value of which results in ts =
180 ns with deviations within ±20 ns. Therefore, the small dispersion of the two
response parameters will only affect the measurement of front-chopped lightning
impulse voltages. For example, an increase of about 5 ns in the response time will
result in a theoretical peak value error of about 1% for an impulse voltage chopped
after 0.5 ls. The investigated variations in the measurement set-up also have only
minimal influence on the other response parameters. Altogether, the reference
divider is well suited for the calibration of other high-voltage dividers with standard
full and front-chopped lightning impulse voltages within the permissible error
limits, even with different designs of the high-voltage lead.
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Fig. 4.32 Step response of
the 500 kV damped
capacitive voltage divider in
Fig. 4.30a (damping resistor
Rd = 330 X, lead length
L = 1.5 m)
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4.3.5 Parallel-Mixed Resistive-Capacitive Voltage Divider

The parallel-mixed resistive-capacitive voltage divider is a high-ohmic voltage
divider with parallel-connected capacitors to improve the transfer behavior at higher
frequencies. The frequency-dependent influence of the stray capacitance is thus
reduced by the parallel capacitance. The mixed voltage divider is resistive at low
frequencies and capacitive at higher frequencies. The realization of the additional
parallel capacitance can be done in different ways. In Fig. 4.34, each of the n series
resistors on the high-voltage side is connected in parallel with a capacitor C0

1, and a
capacitor C2 is connected in parallel with the low-voltage resistor. Taking into
account the damping resistance Rd and the cable capacitance Ck and neglecting the
stray capacitances and inductances, the division ratio of the balanced voltage
divider at low frequency is:

u1
u2

¼ C1 þC2 þCk

C1
¼ R1 þR2 þRd

R2
ð4:29Þ
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Fig. 4.33 Experimental response time TN and settling time ts of the 500 kV damped capacitive
voltage divider with different measurement bandwidth B and set-ups (see Table 4.1). Rd external
damping resistor, L length of the high-voltage lead, H height of the step generator B bandwidth of
the recorder

Table 4.1 Further information on the experimental set-up for the step response measurement

Set-up (Fig. 4.33) 1 2 3 4 5 6 7 8 9 10 11

Rd in X 333 346 366 366 366 366 366 366 366 366 366

H in m 2.7 2.7 2.7 1.4 2.7 3.3 3.3 3.3 3.3 3.3 3.3

L in m 2.5 2.5 2.5 2.5 2.5 2.5 2.5 4.5 4.5 5.5 5.5

Lead Cu pipe, 2 cm in diameter Hose Wire
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with C1 = C0
1/n and R1 = nR0

1. Further, the individual parallel capacitances C0
1 can

be graded along the divider height. In order to reduce the influence of the stray
capacitance Ce, a ratio of C1/Ce � 3 is desirable (Ref. [6] of Chap. 1). The
reflection-free termination of the coaxial cable at high frequencies is realized as in
the purely capacitive voltage divider by a series resistor R equal to the cable
impedance Z at the output of the voltage divider.

In a variant of the parallel-mixed resistive-capacitive voltage divider, there are
no galvanic cross-connections between the resistors and capacitors on the
high-voltage side, apart from the connections at the uppermost and lowest partial
resistors R0

1. However, the particular, approximately concentric arrangement of the
resistive and capacitive branches causes a capacitive coupling between them.
Capacitive coupling is also achieved by several torus electrodes distributed along
the divider height, which enclose the resistor column without galvanic connection
to each other and to the resistors (Ref. [6] of Chap. 1).

The transfer behavior of the parallel-mixed resistive-capacitive voltage divider
can be examined in more detail on the basis of the ladder network (Ref. [4] of
Chap. 1). The frequency dependence of the scale factor caused, for example, by the
change from capacitive to resistive behavior, is noticeable in the step response by an
amplitude change (Ref. [4] of Chap. 1). The requirement that the parallel capaci-
tance should be at least three times the stray capacitance in order to improve the
transfer behavior, leads to large parallel capacitances C0

1, in particular in the case of
a multistage voltage divider. However, the available, mostly oil-impregnated
high-voltage capacitors have a considerable inductance, whereby the desired
improvement in the transfer behavior is more or less canceled.

u1(t)

u2(t)
C2

Z, Ck

u3(t)

R=Z
C1 R1

R2

C1 R1

3

Rd

2

1

R1
C1

Fig. 4.34 Measuring system with parallel-mixed resistive-capacitive voltage divider. 1
Parallel-mixed resistive-capacitive voltage divider, 2 coaxial cable with wave impedance Z and
cable capacitance Ck, 3 digital recorder
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The parallel-mixed voltage divider represents an additional capacitive load of the
impulse voltage circuit. Not least because of the increased costs due to the addi-
tional capacitor, the parallel-mixed resistive-capacitive voltage divider has lost
significance for impulse measurements in comparison to the damped capacitive
voltage divider. The mixed voltage divider still serves as a universal voltage divider
for measuring DC, AC and impulse voltages. For improving the transfer behavior,
the capacitive arm can be designed as a damped capacitive voltage divider, i.e. the
capacitors are connected in series with resistors [100]. The scale factor and the rated
voltage are usually different for each of the three types of voltage.

4.3.6 Standard Sphere Gaps

Standard sphere gaps are used in a vertical or horizontal arrangement to determine
the 50% disruptive discharge voltage U50 according to IEC 60052, which corre-
sponds to the peak value of impulse voltages (Ref. [5] of Chap. 2). For large gap
spacing, i.e. for large voltages, it should be noted that positive and negative impulse
voltages have different U50 values. The arrangement of the sphere gaps for impulse
voltages is identical to that for AC voltage measurements (see Sect. 2.5.8).
However, the low-inductive series resistor Rv needed to eliminate oscillations in the
test circuit during the voltage collapse should not exceed 500 X (see Fig. 2.18).
Because of the short impulse duration, a sufficiently large number of free electrons
in the spacing of the spheres are required for reproducible firing, in particular at a
small spacing. The firing condition can usually be satisfied by impulse voltage
generators used with open switching spark gaps. Generators with encapsulated
switching spark gaps often require additional ionization, for example by corona
discharges or UV light in the UVC wave range with a mercury vapor lamp. The
thermal radiation generated by the UV lamp in continuous operation sometimes
leads to an increasing air temperature in the vicinity of the sphere gap, whereby the
disruptive discharge voltage is changed.

Note: The softer UVA or UVB irradiation is considered to be insufficient for ionization. The
ionizing preparations (a emitters) used in the past are no longer permitted or only under
special safety precautions because of the potential radiation hazard of the employees.

There are two methods to use a standard sphere gap with the sphere diameter
D and the spacing S. In the first method, five series of at least ten equal impulse
voltages are generated. In the first series, the charging voltage of the impulse voltage
generator is set so that the peak value of the generated impulse voltage is slightly
below the U50 value given in the IEC table for D and S (Ref. [5] of Chap. 2). At this
voltage, the sphere gap must not fire yet. The time between the individual impulse
voltages of the series shall be at least 30 s. In each of the following series, the peak
value of the impulse voltage is increased by approximately 1%. The U50 value is
obtained when half of the generated impulse voltages in a series lead to a disruptive
discharge. The corresponding generator voltage or the peak value from the measuring

144 4 High Impulse Voltages



instrument used is recorded. This value, however, still has to be related to the
standard atmospheric conditions. The alternative method of determining the 50%
disruptive discharge voltage U50 is carried out as an up-and-down test with at least
20 V applications in steps of approximately 1% of the expected U50 value.

Whichever method is used, the reliability of the result obtained must be proven
by an additional test. For this purpose, a series of 15 impulse voltages are generated
with a peak value that is 1% below the U50 value obtained for lightning impulse
voltages or 1.5% below the U50 value obtained for switching impulse voltages.
Overall, there shall be no more than two disruptive discharges in this series.

Figure 4.35 shows the course of the disruptive discharge voltage U50 over the
gap spacing S at standard atmospheric conditions for positive impulse voltages and
different sphere diameters D. The corresponding U50 values for negative impulse
voltage are up to 5% lower and identical to those for AC voltage (see Fig. 2.19).
They also apply to DC voltage, but with greater uncertainty. The uncertainty of the
U50 values for impulse voltages of both polarities is given as 3% for spacing
S � 0.5D (confidence interval � 95%). For spacing S > 0.5D, larger uncertainties
are to be expected, which is indicated in Fig. 4.35 by the dashed curve.

The U50 standard values apply to standard atmospheric conditions (temperature:
20 °C, air pressure: 101.3 kPa, absolute humidity: 8.5 g−3). In the case of deviating
atmospheric conditions, correction factors for the relative air density and humidity
according to Eqs. 2.15–2.17 shall be applied to the measured disruptive discharge
voltage U50 (Ref. [5] of Chap. 2).

The measurement methods for sphere gaps and the disruptive discharge voltages
were established more than half a century ago as the result of international com-
parison measurements. They have been largely confirmed and also supplemented
by recent investigations and comparison measurements with AC and impulse
voltages (Ref. [28, 29] of Chap. 2). In industrialized countries, sphere gaps are
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nowadays rarely used for voltage measurements except for verification of the scale
factor and to prove linearity of voltage dividers. On the one hand, the firing of the
sphere gap causes serious EMC problems and, on the other hand, the time
parameters cannot be determined. With appropriate effort and careful execution of
the test, the linearity of an impulse voltage divider can be checked within ±1%.

4.3.7 Capacitive Field Sensors

The classic impulse voltage divider is not suitable for every test set-up and test
object due to its large dimensions and limited bandwidth. Examples are measure-
ments in gas-insulated switchgear, oil-insulated high-voltage equipment and
water-cooled power pulse generators. In such arrangements, capacitive field sensors
with small dimensions advantageously applicable in many cases. They detect the
displacement current caused by the transient electric field and are suitable for
voltage measurement if properly wired and calibrated. Various variants of the
measuring arrangement with fixed or freely movable sensors are in use, including
potential-free spherical sensors for three-dimensional measurements.

4.3.7.1 Measurement Principle and Equivalent Circuit Diagram

The principle of the capacitive field sensor in a coaxial gas-insulated electrode
arrangement is shown in Fig. 4.36. The sensor 1 consists of a plastic foil metallized
on both sides and is mounted on a metal support plate. The sensor is positioned
either in the wall of the grounded outer conductor 3 or in a flange opening.
Depending on the stray capacitance C1, the upper electrode of the sensor captures a
portion of the electric field between the inner conductor 2 at high voltage u1(t) and
the grounded outer conductor 3. Together with the capacitance C2 of the metallized
foil, a capacitive voltage divider with the output voltage u2(t) is formed. The sensor
is also used in a coaxial design in which a metallized plastic foil about 10 cm wide
covers the inner wall of the outer conductor.

Figure 4.37 shows the equivalent circuit diagram of the field sensor as a
capacitive voltage divider whose output voltage u2(t) is fed to the measuring

u1(t)

C1

C2

2

3

u2(t)

1

Fig. 4.36 Capacitive field
sensor in a gas-insulated
switchgear (schematic). 1
Field sensor, 2 inner
conductor, 3 outer conductor
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instrument via the resistor R = Z and the coaxial cable with the impedance Z. The
terminating impedance Ra with Ca at the cable end is dimensioned as Burch ter-
mination (see Sect. 4.3.3.3), which is intended to compensate for the influence of
the cable capacitance Ck. Since C2 is not very large, Ck must not be neglected to
accurately measure fast transient voltages. For dimensioning the terminating
impedance, Ra = kZ and k(Ca + Ck) = (C1 + C2), where k = 1 according to [87] or
k = 1.25 according to [57]. Depending on the size and bandwidth of the mea-
surement set-up, such field probes allow transient voltages to be measured even in
the nanosecond range [101–107].

In another version of the field sensor, a measuring resistor R2 is used instead of
C2. Again, a small measuring electrode represents the stray capacitance C1 to the
inner conductor. The capacitive current flowing through C1 and R2 is:

i ¼ C1
du1
dt

; ð4:30Þ

which generates the voltage u2(t) = iR2 at R2. Thus, u2(t) is proportional to the
derivative of the desired voltage u1(t). This sensor type is also referred to as a Ė (E-
dot) sensor, where the superscript point represents the differentiated field strength
(Ref. [40] of Chap. 5). Integrating u2(t) yields the desired measurement quantity:

u1 tð Þ ¼ 1
R2C1

Z t

0

u2 tð Þdt : ð4:31Þ

There are several ways to integrate the voltage u2(t). Integration can be carried
out passively by a capacitor in parallel with R2, actively with an integration
amplifier or, if the impulse form is available as digital data set, numerically by
software. For small dimensions of the Ė-sensor and very high-frequency electric
fields or voltages, integration is preferably carried out passively by connecting a
capacitor C2 in parallel with the high-ohmic measuring resistor R2. Alternatively,
C2 can also be realized by a defined stray capacitance. This integration circuit can in
turn be interpreted as a capacitive voltage divider according to Fig. 4.37, in which

Z, CkR

u2(t) Ra

Ca

C1

C2

u1(t)

um(t)

Fig. 4.37 Electrical
equivalent circuit diagram of
the sensor with the
measurement set-up
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C2 is loaded by the high-ohmic input resistor Ri = R2 of the measuring instrument.
The voltage at C2 is then directly proportional to the voltage u1(t) between the inner
and outer conductors.

For extremely fast transient voltages in the range of nanoseconds and below, the
classical formulae and equivalent circuit diagrams of electrical engineering are not
sufficient to describe exhaustively the processes when using field sensors. Fast
transient electrical fields are always associated with transient magnetic fields that
can influence voltages in the measurement circuit and induce currents. The
geometry of the field sensor determines whether the electric field acts as a useful
signal and the magnetic field as an interference signal or vice versa. The measuring
set-up must then be optimized so that the respective useful signal is as large as
possible and the interference signal is negligibly small. The relationship between
the electric and magnetic fields is determined by Maxwell’s equations, which lead
to simple equations and equivalent circuit diagrams for simple geometric
arrangements [108]. If the wavelength of the fields is no longer short compared to
the dimensions of the sensor, effects due to the transit time must not be ignored.
Considering the field sensor in the UHF range of a few gigahertzes as an antenna,
the transfer behavior and the optimal sensor form can be determined with the
antenna theory. Field sensors for voltage measurements are calibrated directly on
site and used without changing its position [109].

4.3.7.2 Electric Field Sensors for Linearity Proof of Voltage Dividers

Even in conventional test set-ups, simple planar field sensors with correspondingly
larger dimensions can be used to measure impulse voltages. They can be easily
made from a double-sided copper-coated circuit board, as it is used for electronic
circuits. With a diameter of 0.5 m and plate thickness of 0.5–2 mm, a capacitance
C2 in the range of 1–10 nF is achieved. The plate capacitor C2 and the stray
capacitance C1 to the high-voltage circuit form a capacitive voltage divider, whose
output is connected via a shielded measurement cable to the high-ohmic input of a
digital recorder. A damping resistor equal to the cable impedance is connected
between the plate capacitor C2 and the measurement cable to prevent traveling wave
oscillations.

After on-site calibration, this measurement arrangement can completely replace
the voltage divider during a test. However, it mainly serves to prove the linearity of
impulse voltage dividers up to the highest operating voltage. For this purpose, the
plate capacitor is placed on the hall floor or on a stool near the impulse voltage
divider to be tested. Since the linearity test is only a relative measurement with
different voltage levels, it is not absolutely necessary to calibrate the field probe on
site. Prerequisite for successful use is the charge-free testing and measuring
arrangement, which sometimes requires a thorough and quite time-consuming
elimination of all possible sources of interference, for example partial discharges.
Under this condition, the linearity proof is possible within ± 1% up to a few
megavolts [110].
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For the direct measurement of impulse voltages, a different arrangement with a
field sensor is described in [111]. It consists of a large circular plate capacitor with a
diameter of 1.15 m and a plate spacing of 1 m. Each of the plate electrodes is
provided with a toroidal shield. The upper plate electrode is connected directly to
the test object or impulse voltage generator. In the center of the lower grounded
plate, a small plate electrode is installed as an isolated field sensor, thus located in a
largely homogeneous field. The upper plate electrode and the sensor electrode form
the high-voltage capacitance C1. The field sensor has the low-voltage capacitance
C2 to ground. The signal measured at C1 is amplified and recorded by a digital
recorder installed in a shielded box under the lower plate electrode. The digital data
are sent via optical fiber to a PC in the measurement room for further evaluation.
The transfer behavior of the measuring arrangement is characterized by a response
time TN < 10 ns and settling time ts < 150 ns, which fulfills the requirements for
measuring lightning impulse voltages. Due to the large diameter and spacing of the
plate capacitor, however, the influence of external fields, i.e. the proximity effect,
cannot be completely avoided. Therefore, a distance of more than 5 m from
adjacent test equipment is required. This means that the field sensor must be
recalibrated every time the test set-up is changed within this distance or every time
the location is changed.

4.3.7.3 Three-Dimensional Field Sensors

The electric field sensors described so far have in common that they only detect one
field direction and that one electrode is at ground potential. Potential-free field
measuring devices which can be positioned anywhere in the high-voltage field, are
much more complex. They consist of a spherical sensor head, an analog (or digital)
transmission link with optical fiber and a measuring instrument at ground potential.
Two-dimensional and three-dimensional sensors with a diameter of 4 cm to 10 cm
are in use. Depending on the design of the spherical sensor and the electronic
circuit, bandwidths of up to 350 MHz can be achieved, with the lower limit fre-
quency being 20 Hz [112–114]. In the wideband version, it is even possible to
measure the EMP fields which are generated in a strip-line test arrangement by
steep impulse voltages with rise times of a few nanoseconds (see Sect. 4.2.4).

Figure 4.38 shows the principle of a three-dimensional field sensor with two
opposite measuring electrodes for each of the three field directions in the x-, y- and
z-direction. The particular arrangement and shape of the measuring and reference
electrodes are the result of field calculations in order to optimize the measurement
accuracy of the spherical sensor in the inhomogeneous field. Inside the sphere, the
two measuring electrodes for each field direction are connected by HF capacitors in
series, whereby voltage dividers are formed whose output voltages are supplied to
the evaluation device via optical fibers. The connection of the reference electrodes
with each other supplies the reference potential zero of the electronic circuit. Power
is supplied to the optical transmission system inside the sphere via batteries for
several hours.
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Potential-free field sensors can be used not only for the spatial measurement of
transient electric fields, but also for the measurement of impulse voltages in the
UHV range, in particular for the linearity test of impulse voltage dividers. The
dimensions of the test set-up for voltages above 1 MV are much larger than those of
the field sensor, so that field distortions caused by the introduction of the sensor
head are negligible. With broadband field sensors, high-frequency oscillations in
the impulse front and tail can be detected, in particular of chopped lightning
impulse voltages [115]. Impulse voltage dividers for UHV measurements, on the
other hand, have only limited transfer behavior due to their large dimensions.
Prerequisite for the use of potential-free field sensors is—as in the case of the planar
sensors described in Sect. 4.3.7.2—that there are no space charges in the envi-
ronment, such as those generated by partial discharges or the firing of open spark
gaps in the impulse voltage generator.

The calibration of a field measuring device itself essentially comprises the
determination of the scale factor and its dependence on the strength and frequency
of the electric field. For calibration, the potential-free field sensor is positioned in
the nearly homogenous, calculable AC field between two large plate electrodes. The
amplitude and frequency of the applied sine voltage is varied within the limits given
by the electrode geometry and generator circuit [116]. The indication of the sensor
is verified for all three field directions by aligning the sensor axes. The linearity test
up to the highest measurable field strength can be performed in the high-voltage
hall. For this purpose, the sensor is positioned in the AC field between the top
electrode of a high-voltage transformer and the grounded wall or floor of the hall.
For frequencies above 1 MHz, the sensor is calibrated in the transverse electro-
magnetic field of a TEM or GTEM cell. If the potential-free field sensor is to be used
for impulse voltage measurements, the scale factor and the time parameters are
determined by an on-site comparison measurement with a reference divider at a
reduced impulse voltage. The position of the sensor during calibration and testing
must be identical as far as possible.

z

yx

Az

Aref

AyAx

Aref
Aref

Fig. 4.38 Three-dimensional
electric field sensor in
spherical form (principle). Ax,
Ay, Az: measurement
surfaces, Aref: reference areas
for zero potential
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Chapter 5
High Impulse Currents

Abstract Tests with high impulse currents are performed to simulate the stress of
power apparatus in the high-voltage grid caused by lightning and short circuits.
Various impulse test currents and the corresponding measurement methods are
standardized in IEC 62475, together with DC and AC currents. Impulse currents
with peak values of up to several 100 kA are generated in the test laboratory, using
capacitive energy storage units which are charged slowly and then discharged
abruptly to the test object via an RC network. For the conventional measurement of
impulse currents up to the highest current magnitudes, low-ohmic measuring
resistors or magnetic coils with and without magnetic core are used together with
digital recorders, enabling computer-assisted evaluation of the impulse parameters.
A well-founded measurement technique is essential, which is achieved mainly by
comparison measurement of the current measuring system with a reference system.
One of the important properties of a current sensor is its step response, which
characterizes the transfer behavior. Numerical convolution can be used for
improving the dynamic behavior of a current measuring system.

Tests with high impulse currents are performed to simulate the stress of power
apparatus in the high-voltage grid caused by lightning and short circuits. Various
impulse currents and the corresponding measurement methods are standardized in
IEC 62475, together with DC and AC currents (Ref. [4] of Chap. 2). Impulse cur-
rents are generated in the test laboratory with peak values of up to several 100 kA. In
order to generate high impulse currents, capacitive energy storage units are usually
slowly charged and then discharged abruptly to the test object via an RC network.

For the conventional measurement of impulse currents up to the highest current
magnitudes, low-ohmic measuring resistors or magnetic coils with and without
magnetic core are used together with digital recorders. In measurement practice, the
impulse parameters are predominantly determined by computer-assisted evaluation
of the digitally recorded measurement data. One of the important properties of a
current sensor is its step response, which characterizes the transfer behavior and
thus enables numerical convolution. Current measuring systems can be subject to
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interference from magnetic fields, which can be largely reduced by special
measures.

Current sensors operating on the basis of the Hall effect are suitable for mea-
suring DC and AC currents as well as for impulse currents up to a few 10 kA (see
Sect. 3.5.2). Magneto-optical sensors on the Faraday effect are basically also
suitable for DC, AC and impulse current measurements (see Sect. 6.2).

5.1 Definitions and Parameters of Impulse Currents

The shape of impulse currents can be very different depending on the intended test
purpose [1]. Basically, impulse currents with exponential and rectangular time
characteristics can be distinguished in power engineering, which are standardized in
IEC 62475 (Ref. [4] of Chap. 2). Impulse currents are characterized by their peak
value, which can be up to several 100 kA, and two time parameters. In addition, the
impulse charge and the Joule integral of the impulse may be of interest. For
impulse currents, tolerances in the generation and uncertainties in the measurement
are specified in the test standards.

5.1.1 Exponential Impulse Currents

Exponential impulse currents show a relatively fast, approximately exponential rise
to the peak, followed by a rather slow current drop to zero. Depending on the circuit
of the generator and the test object, the decrease takes place either exponentially or
as a heavily damped sine wave. In the latter case, a transient oscillation of the
impulse current below zero is to be expected (Fig. 5.1). The analytical expression of
an exponential impulse current in the time and frequency domain is derived in
Sect. 8.2. The parameters of an exponential impulse current are, in addition to the
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peak value î as the value of the test current, the front time T1 and the time to half-
value T2. Both time parameters are related to the virtual zero point O1, which results
from the intersection of the straight line through the front with the zero line. Unlike
impulse voltages, the front line of impulse currents passes through the points A at
0.1î and B at 0.9î. The front time is calculated as follows:

T1 ¼ 1:25 TAB ; ð5:1Þ

where TAB is the time between the two points A and B. The time TAB thus cor-
responds to the definition in the low-voltage range for the rise time Ta of an impulse
(see Sect. 9.6).

The time to half-value T2 is defined as the time interval between the virtual zero
point O1 and the instant at which the impulse current has decreased to half of the
peak value (Fig. 5.1). If oscillations are superimposed on the exponential impulse
current in the tail, resulting in two T2 values, their mean value is taken as a fictitious
time to half-value.

An exponential impulse current is characterized by its front time and time to
half-value in microseconds. For example, the 8/20 impulse current has a front time
T1 = 8 ls and a time to half-value T2 = 20 ls. The tolerance limits for generating
an 8/20 impulse current are ±10% for the peak value and ±20% for the time
parameters. When generating other impulses, other tolerances may be specified
(Ref. [4] of Chap. 2; [1]). The expanded measurement uncertainty is limited to 3%
for the peak value and to 10% for the time parameters.

In the case of an exponential impulse current with superimposed oscillation, the
polarity reversal after crossing the zero line must not result in a reversal peak
which is more than 30% of the peak value. Otherwise, there is a risk that the test
object will be damaged by the reversal current. The calculation in Sect. 8.2 shows
that the condition for maximum reversal peak in the simple impulse current circuit
of Fig. 5.1 is only achieved for T2 > 20 ls. The reversal peak may need to be
limited by an appropriate chopping device. With a crowbar spark gap, the polarity
reversal can be effectively suppressed, but with the disadvantage of an enlarged
time to half-value (see Sect. 5.2.1.2).

The charge of an impulse current i(t) is defined as the time integral over the
absolute value of the current:

Q ¼ R1
0

i tð Þj jdt : ð5:2Þ

The upper integration limit is chosen so that the residual contribution of the
integral is negligible. Another measurement quantity is the Joule integral as the
time integral of the square of the impulse current:

5.1 Definitions and Parameters of Impulse Currents 159



W ¼ R1
0
i2 tð Þdt ; ð5:3Þ

with which the maximum permissible energy consumption in the test object or
measuring resistor is calculated. The actual values of Q andW during a test shall not
be below the values specified in the test standards for this equipment, i.e. the lower
tolerance limit is zero.

5.1.2 Rectangular Impulse Currents

The typical time course of a rectangular impulse current, formerly referred to as
long-duration impulse current, is shown in Fig. 5.2. It is characterized by the value
of the test current î and the time parameters Td and Tt (Ref. [4] of Chap. 2). The
value of the test current is determined by the maximum value of the impulse current
including a superimposed oscillation. Rectangular impulse currents often have a
more or less pronounced roof slope. The duration Td is the time in which the current
is always greater than 0.9î. If the rectangular impulse current is superimposed with
oscillations (see Fig. 5.2), Td is taken as the longest time interval in which the
current is constantly higher than 0.9î. Rated values for Td are 500, 1000 and
2000 ls or even longer times up to 3200 ls. Because of the long duration of the
peak, the test with rectangular impulse currents represents a heavy load on the test
object.

An additional time parameter is the total duration Tt, during which the current is
greater than 0.1î, with the requirement Tt � 1.5 Td. Apart from this indirect
requirement on the rise time, there are no other requirements. To characterize
rectangular impulse currents, the values of Td/Tt are given.

The upper tolerance limit in the generation of rectangular impulse currents is
+20% for î and Td, the lower limit is zero. The amplitude of a possible polarity
reversal below zero must not exceed 10% of the test current value î. For the charge
according to Eq. (5.2) and the Joule integral according to Eq. (5.3), the lower
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tolerance limit is also zero. The permissible measurement uncertainties are 3% for
the peak value and 10% for the time parameters.

5.2 Generation of High Impulse Currents

In test laboratories, impulse currents with peak values of more than 100 A up to
several 100 kA can be generated. Usually, a storage capacitor is slowly charged and
then abruptly discharged to the test object via an RC network that determines the
impulse shape. Impulse currents can also be generated with exploding
current-carrying wires.

5.2.1 Generator Circuit for Exponential Impulse Currents

To generate exponential impulse currents in the test laboratory, mainly circuits with
capacitive energy storage are used (Fig. 5.3). The capacitor C is slowly charged to a
predetermined voltage U0 and then abruptly discharged via the resistor R, the
inductivity L and the test object P by means of a switch, usually a thyristor or a
triggered spark gap. Via the built-in resistor Rm, the measurement voltage
um(t) proportional to the impulse current i(t) can be tapped. The shape of the
generated impulse current depends not only on R, L and C, but also on Rm and the
characteristic impedance of the test object (see Sect. 8.2).

Compact impulse current generators are used as table-top devices with peak
values of some 10 kA up to spatially extended devices with 200 kA and more. The
maximum charging voltage U0 of table-top devices and larger set-ups ranges from
10 to 200 kV. Impulse current generators for very high current amplitudes are
modularly constructed with several capacitors connected in parallel, which are
arranged in a partial or full circle (Fig. 5.4). To generate the different impulse
shapes according to the specifications, the capacitors and resistors can be
exchanged.

P

Rm

LR

CU0

um(t)

i(t)

SG

≈

Fig. 5.3 Equivalent circuit
diagram of a generator for
generating exponential
impulse currents
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The test standards provide for a variety of different impulse shapes. By appro-
priate selection of the plug-ins in table-top devices or change of the elements in
larger units, impulse current generators can be relatively easily adapted to the
requirements. The calculation of the desired current and the required components
can be done by different methods [2–4]. A method described in [5] applies com-
mercial software with which the circuit elements of a modular impulse current
generator can be calculated for a given impulse shape. If the characteristic data of
the test object are not known, these can also be determined using the calculation
method. The otherwise time-consuming experimental preparation for adapting the
circuit elements to the desired impulse shape can thus be avoided.

Note To avoid dangerously high open-circuit voltages, the output terminals of an impulse
current generator must be short-circuited via the low-ohmic test object or, if the generator is
not in operation, via a short-circuit bar.

In principle, impulse voltage generators can also be modified in such a way that
they generate impulse currents in short-circuit operation [6]. However, the
achievable current amplitudes are below the subjectively expected values, e.g. 40–
70 kA for an 8/20 current impulse that can be generated with a 2 MV impulse
voltage generator depending on its capacitors.

Fig. 5.4 Design of a modular 200 kA impulse current generator (100 kV, 250 kJ) (HIGHVOLT
Prüftechnik Dresden GmbH)
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5.2.1.1 Influence of the Test Object on the Impulse Shape

The shape and thus the parameters of an exponential impulse current are determined
by the circuit impedances including the test object, the measuring system and the
high-voltage leads. Figure 5.5 shows the measured time parameters T1 and T2
depending on the resistance Rp of the test object P, which is positioned in the
discharge circuit of a 20 kA table-top impulse current generator with a charging
voltage of 10 kV. As Rp increases, the front time of the 8/20 impulse current
decreases and the time to half-value increases. The same effect is also caused by the
measuring resistor Rm. In addition, as the load resistance increases, so does the
voltage at Rp, and the generator can no longer generate the specified maximum
current amplitude. Knowing the values of C and L in the equivalent circuit diagram,
the influence of the resistance on T1 and T2 can also be calculated (see Sect. 8.2).

5.2.1.2 Crowbar Technique

The tail of exponential impulse currents may have a more or less pronounced
oscillation, which can lead to a polarity reversal (see Fig. 5.1). For the exponential
8/20 impulse current, the reversal peak with opposite polarity is approximately one
third of the main peak (see Sect. 8.2). A reversal peak of this magnitude is unac-
ceptable when testing certain power apparatus such as arresters. Increasing the
damping resistance in the circuit of the current generator shown in Fig. 5.3 reduces
the reversal peak, but also reduces the peak value.

An effective improvement in the case of oscillating impulse currents with
polarity reversal brings the crowbar technique. With the circuit in Fig. 5.6, very
high current impulses can be generated, which fall exponentially in the tail without
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oscillation. An essential element of the extended generator circuit is the triggerable
crowbar spark gap CFS with the resistance RCR of the spark [7, 8]. The indicated
circuit elements L1, R1 and L2, R2 take into account the inductances and lead
resistances of the generator circuit and the test object. The spark gap FS and the
crowbar spark gap CFS are initially open and the capacitor C is charged. At time
t = 0, the charging voltage is U0, which causes the firing of the spark gap FS,
whereby C is discharged via the circuit elements and the test object P (see Fig. 5.3).
The initial shape of the impulse current through the test object P is that of an 8/20
impulse current (Fig. 5.7, curve 1). At the time of the current peak t = tp, the
crowbar spark gap is triggered by the spark gap TF. During the firing of the crowbar
spark gap, the circuit with L2, R2 and the test object P is short-circuited via the spark
gap resistance RCR. In addition, at peak time tp, almost all of the energy previously
stored in C is present in the inductance L2 � L1, and which now discharges via the
test object. For t > tp, the resulting current through P decreases exponentially to
zero with the time constant L2/(Rcr + R2), i.e. there is no polarity reversal (curve 2
in Fig. 5.7).

Exponential currents can also be generated with inductive energy storage
devices. In this case, an inductor is charged with DC current via a charging circuit.
Then, an initially closed switch parallel to the test object is opened and the current
is commutated abruptly into the test object. Examples of fast commutation switches
are circuit-breakers or wires that evaporate explosively at high current amplitudes,
whereby the initial discharging circuit is interrupted [9, 10]. In order to simulate
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multiple lightning strokes, current generators are used which can generate a fast
sequence of impulse currents with different impulse shapes and both polarities
[11, 12].

5.2.2 Generation of Rectangular Impulse Currents

The basic circuit of a generator for generating rectangular (long-duration) impulse
currents with duration of more than 1 ls is shown in Fig. 5.8. The series-connected
LC elements form an n-stage ladder network. The parallel capacitors C′ are charged
by the rectified AC voltage to the DC voltage U0 and discharged via a triggered
spark gap FS on the terminating resistor R1 and the test object. The terminating
resistance of the homogeneous ladder network is determined by:

R1 ¼
ffiffiffiffi
L
C

r
ð5:4Þ

with L = nLi and C = nC′. Wherever required, the resistive part of the test object P
is taken into account in Eq. (5.4). The duration Td of the rectangular impulse current
shown in Fig. 5.8 is approximated by (Ref. [1] of Chap. 1):

Td � 2
n� 1
n

ffiffiffiffiffiffi
LC

p
: ð5:5Þ

From Eqs. (5.4) and (5.5), L and C can be calculated for the desired rectangular
current of duration Td. Numerical calculations for a generator with n = 8 elements
show that an asymmetrical design of the ladder network is more advantageous in
order to achieve as rectangular an impulse shape as possible without much over-
shoot and undershoot at the beginning and end of the impulse. Accordingly, the
individual inductances L1 to Ln are significantly different, while the partial capac-
itances C′ of the ladder network remain constant [13].
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Fig. 5.8 Schematic circuit diagram of a generator for rectangular impulse currents
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5.3 Measurement of High Impulse Currents

The conventional measurement of impulse currents up to the highest peak values of
some 100 kA is usually carried out with low-ohmic resistors or magnetic coils with
and without magnetic core. They are commonly referred to as current sensors.
Measuring resistors provide an output voltage proportional to the current, mea-
suring coils an output voltage proportional to the time derivative of the current. The
measuring instruments at the output of the current sensors are comparable to those
used for high-voltage impulse measurements, mainly digital recorders. When using
magnetic coils, integration of the output voltage can be achieved in different ways.
Further measurement options are provided by current sensors based on the Hall
effect and Faraday effect, which are discussed in detail in Sect. 3.5.2 or Sect. 6.2.

The use of the various types of sensors is associated with advantages and dis-
advantages of a fundamental nature. Important criteria for the selection of a current
sensor are, for example, the electrical insulation from ground and the measurement
behavior for DC and high-frequency components. Current measuring systems are
exposed to electrical and strong magnetic fields, which may lead to incorrect
measurements due to interference. Depending on the sensor type and the measuring
circuit, the effect of interference can often be largely avoided.

5.3.1 Measuring Systems with Low-Ohmic Resistors

In order to measure high impulse currents, traditionally low-ohmic measuring
resistors are used. The measuring resistor Rm is inserted at a suitable location in the
circuit, where it is directly flowed through by the current i(t) to be measured
(Fig. 5.9). In the preferred position, the resistor is grounded at one end. Measuring
resistors for impulse currents are generally constructed as a quadrupole with a

Rm uR(t)
Reum(t)

i(t)
Z, RL

M

Fig. 5.9 Measuring circuit for impulse currents with low-ohmic resistor Rm. M: Measuring
instrument with input resistance Re
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defined voltage tap. Under ideal conditions, the voltage uR(t) at the measuring
resistor Rm is proportional to the current i(t):

uR tð Þ ¼ Rmi tð Þ : ð5:6Þ

An important prerequisite for the validity of Eq. (5.6) is that Rm behaves purely
resistive in the considered frequency range. The resistance of Rm is usually in the
range of 50 lX to 50 mX. A low value of Rm is advantageous for several reasons.
The power dissipation in the measuring resistor is limited and a change in resistance
or even damage due to excessive self-heating or voltage stress is avoided.
Moreover, the shape of the impulse generated by the current generator will remain
substantially unchanged in the case of a small resistance. Finally, even at very high
currents, the voltage across Rm is limited to values below 2000 V and can be
recorded directly with the measuring instruments specially designed for
high-voltage impulse.

On the other hand, a low-ohmic measuring resistor has the disadvantage that the
output voltage uR is small for low current amplitudes. The measuring instrument
must then have a high sensitivity, and interference voltages can have a greater
influence on the measurement results. A low-ohmic resistor also impedes the
measurement of the frequency response or the step response, since the available
generator circuits are usually designed only for low current amplitudes. Hence, only
a small voltage across Rm is available for the measurement.

5.3.1.1 Ground Loops and Coupling Impedance

The impulse voltage uR(t) at the measuring resistor is fed via a coaxial cable to the
measuring instrument M with the input resistance Re. In order to avoid a ground
loop in the measuring circuit by double grounding, the measuring instrument M is
not connected directly, but via the shield of the coaxial cable to ground. In addition,
the mains supply is provided by an isolating transformer. But even without direct
grounding of the measuring instrument, the resulting stray capacitance Ce of the
housing and of the isolating transformer form a closed circuit for high-frequency
signals (Fig. 5.10). The magnetic field H generated by the impulse current i
(t) permeates the area shown hatched and induces in the ground loop the voltage uin,
which drives the interference current iSt (Refs. [66, 67] of Chap. 4).

The interference current iSt flows in the cable shield and generates via the
coupling impedance Zk the voltage uSt on the inner surface of the shield (Fig. 5.11).
The coupling impedance of a coaxial cable is defined as Zk = uSt/iSt, with the inner
conductor and the inner side of the cable shield short-circuited at one end. A good
shielding effect of the coaxial cable is characterized by low coupling impedance Zk.
The coupling impedance of a coaxial cable with woven metallic braid as the shield
initially decreases with increasing frequency, but then increases again due to the
inductance of the shielding braid. The interference voltage uSt is superimposed on
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the voltage measured at Re. The magnitude of the current also depends on the
impedances in the circuit, mainly Re. With high-ohmic input of the measuring
instrument M, this part of the interference current is usually negligible.

Also, the coaxial cable and the measuring instrument positioned at some distance
away are directly exposed to the magnetic field generated by the impulse current.
On the non-magnetic cable shield and the instrument housing, however, eddy
currents are formed, which generate an opposing magnetic field that counteracts the
penetration of the magnetic field. Although the shielding may be limited by
inhomogeneity of the coaxial cable, the residual interference effect on the measured
voltage is small compared to that in the grounded loop arrangement. The inter-
ference effect due to the electric field occurring in the generation of the impulse
current can usually be considered low.

Avoiding of cable shield currents and housing currents due to ground loops is
therefore the main objective to prevent interference on the measuring circuit. An
effective means is to additionally shield the coaxial cable and place the measuring
instrument in a shielded cabin (Fig. 5.12). Both ends of the outer cable shield and
the shielded cabin S are grounded. The interference current ist generated by the
external magnetic field now flows via the outer cable shield and the shielded cabin

iSt iSt

uStFig. 5.11 Definition of the
coupling impedance
ZK = uSt/iSt of a coaxial cable.
iSt: Interference current, uSt:
generated interference voltage

Rm

Re

i(t) M

Ce

iSt

uiniSt iSt

HH

Fig. 5.10 Example for explaining electromagnetic interference in an impulse current measuring
system with low-ohmic resistor Rm, coaxial cable and measuring instrument M. H: Magnetic field
generated by the impulse current i(t), uin: voltage induced by the magnetic field H permeating the
hatched area, iSt: interference current in the ground loop via the stray capacitance Ce of the housing
of M
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to ground. An opposing magnetic field is built up and the interior of the shielding
becomes field-free.

Additional shielding of coaxial cables can be achieved by several measures.
A double-shielded coaxial cable in turn has the disadvantage that the shielding
effect of the two shield braids is still not optimal and decreases at higher fre-
quencies. A better choice is a cable provided with a thin metal foil shield on which
the braid is arranged. The most suitable shielding is to place the coaxial cable: i in a
flexible corrugated pipe, ii in a metal tube lying on (or under) the floor, or iii in a
cable channel below the grounded floor area. A good shielding effect also has a
twisted wire pair in a surrounding shield.

5.3.1.2 DC Resistance of a Coaxial Cable

Measurements of impulses with rise times well below 1 ls require that the coaxial
cable with impedance Z at the input of the measuring instrument be terminated by a
resistance Re = Z. Otherwise, travelling waves propagate along the cable and are
superimposed on the signal to be measured. At high currents, impulse voltages of
up to 2000 V occur at the current measuring resistor Rm. Therefore, Re must also
have a sufficiently high impulse load capacity.

When using a long coaxial cable, it may be necessary to consider its DC
resistance RL, in particular when the cable is terminated with its characteristic
impedance Z, i.e. with low resistance in the range of 50 X. The value of RL per unit
length is usually in the range of 15–150 mX/m. Since RL and Re are connected in
series, they form a voltage divider for the measurement voltage. At the input of the
measuring instrument, therefore, the voltage is:

um tð Þ ¼ RmRe

RL þRe
i tð Þ ; ð5:7Þ

Rm

i(t)

M

Ce

iSt

iSt

S

iSt

Fig. 5.12 Double shielding of the coaxial cable and measuring instrument to prevent the influence
of interference currents on the measurement
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which is reduced compared to uR(t) in Eq. (5.6) due to the voltage across the
measuring cable. For example, if the long coaxial cable has a DC resistance
RL = 0.5 X and the input resistance is Re = Z = 50 X, then the input voltage
um(t) and thus the impulse current i(t) is measured by 1% too low. The DC
resistance of the coaxial cable affects all types of voltage measurements.

5.3.1.3 Inductances of a Low-Ohmic Resistor

Low-ohmic resistors, which are not specially designed to measure short impulses,
no longer show a pure resistive behavior already beyond 1 kHz. The simple
equivalent circuit of a low-ohmic resistor shows the resistive component R and in
addition a series inductance L (Fig. 5.13). An impulse current i(t) flowing through
the resistor therefore causes the output voltage u(t) = uR(t) + uL(t) with the two
partial voltages uR(t) = Ri(t) and uL(t) = Ldi/dt (Fig. 5.14). Characteristic is the
inductive voltage peak of uL(t), which can be even larger than the resistive partial
voltage uR(t) for a very steep impulse current. The inductance thus prevents a
true-to-scale measurement of the impulse current.

Figure 5.15 shows the equivalent representation of the output voltage u(t) in the
frequency domain. The amplitude density F(f) increases with frequency and attains
at the upper limit frequency f2, which is characterized by xL = R, twice the value of
the DC component F0. In order to achieve a wideband behavior, therefore, the
inductive component of a resistor must be kept as small as possible by a suitable
construction and the materials used. In addition, it should be mentioned that
resistors in the equivalent circuit diagram usually also have a parallel capacitance.
However, the parallel capacitance has no influence here due to the low resistance
and is not considered in Fig. 5.13.

Low-ohmic resistors can have two main inductance components. One of them is
determined by the construction of the resistor and its connecting leads. The
self-inductance L of a wire or a cylindrical conductor of non-magnetic material
(lr = 1) with diameter d and length l is calculated as (Ref. [2] of Chap. 9):

i(t)

u(t)

R

L

uR

uL

Fig. 5.13 Simplified
equivalent circuit diagram of
a low-ohmic resistor R with
self-inductance L
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L ¼ l0 l
8p

4 ln
l
d
� 3

� �
; ð5:8Þ

where l0 = 0.4p � 10−6 H/m � 1.257 lH/m is the magnetic field constant.
A cylindrical film resistor with d = 1 cm and l = 5 cm then has a self-inductance of
9 nH. If the resistor is provided with two connecting wires of diameter d = 1 mm
and total length l = 2 cm, their inductance is also 9 nH. The total inductance of the

i (t)

uL(t)

uR(t)

u(t)

t

t

t

t

(a)

(b)

(c)

(d)

Fig. 5.14 Impulse response
of a low-ohmic resistor with
self-inductance (schematic).
a Impulse current i(t), which
is fed into the resistor,
b output voltage u(t) of the
resistor (impulse response),
c inductive and resistive
partial voltages uL or uR
according to the equivalent
circuit diagram in Fig. 5.13

F(f)

F0

log ff2
0

Fig. 5.15 Frequency
response of a resistor with
self-inductance (schematic)
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resistor is then 18 nH. The upper limit frequency f2 of the resistor, at which the
inductive and ohmic components are equal, results from the relationship
xL = R. For a resistance R = 1 mX and an inductance L = 18 nH, f2 = 9 kHz.

The second inductance component is caused by the type and form of the mea-
surement tap on the resistor. The principle is explained by the simple model of a
thin-walled tubular resistor through which the current i(t) flows (Fig. 5.16). The
skin effect has not yet been taken into account here. With a homogeneous distri-
bution of the resistance and a long tube, the current flow results in circular
equipotential lines on the tube wall. If the potentials u1 and u2 at the measurement
points M1 and M2 are tapped, the voltage uR is obtained under simplifying
conditions:

uR ¼ u1�u2 ¼ Ri tð Þ; ð5:9Þ

where R represents the effective resistance of the tube between the measurement
points M1 and M2 (Ref. [1] of Chap. 1). Further, according to the law of magnetic
flux (see Sect. 5.3.2.1), the current generates a tangential magnetic field outside the
resistor tube, which decreases with increasing distance r > a from the surface of the
resistor. The magnetic field inside the tube is negligible.

um(t)
Φ(r,t)

i(t)

i(t)

φ1

φ2

r

M1

M2

h

a b

1
2

Fig. 5.16 Simple model of a
current-carrying thin-walled
tubular resistor. M1, M2:
Measurement points with
potential taps
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In the simple model, the potential taps at M1 and M2 are connected via short
leads to the output terminals 1 and 2, from which the coaxial cable leads to the
measuring instrument. This results in a measurement loop which encloses a portion
of the magnetic field marked by the hatched area (b − a)h. The temporal change of
the magnetic flux U(r, t) in the measurement loop induces the partial voltage
uL = −dU/dt at the output terminals 1–2, which is superimposed on the resistive
partial voltage uR according to Eq. (5.9). Taking into account the polarity rule for
the induced voltage, the resulting measurement voltage um(t) is given by:

um tð Þ ¼ uR � uL ¼ R i tð ÞþM
di tð Þ
d t

: ð5:10Þ

Here, M is the effective mutual inductance, which can be calculated from the
geometric dimensions of the measurement loop. For a rectangular loop, the mutual
inductance is:

M ¼ l0h
2p

Zb

a

dr
r
¼ l0 h

2p
ln
b
a
: ð5:11Þ

In the equivalent circuit diagram of Fig. 5.13, the mutual inductance M must be
added to the self-inductance L of the measuring resistor. Resistors with this type of
voltage tap have an increased time constant (L + M)/R and thus a rise time that is
probably not much better than 1 ls. The goal of any construction of wideband
measuring resistors is therefore to place the voltage tap in the magnetic field-free
area.

5.3.1.4 Coaxial Measuring Resistors

The requirement to place the voltage tap of a measuring resistor in the magnetic
field-free area can be fulfilled by a coaxial design. In the simplest case, the
low-ohmic measuring resistor consists of a parallel connection of equal individual
resistors with good high-frequency behavior, which are housed in a metal cylinder.
The impulse current i(t) enters the connecting bolt 1 and is evenly distributed to the
individual resistors 2 (Fig. 5.17). The outer metal tube 3 serves as the return
conductor, whereby the resulting magnetic field within the cylinder disappears (see
Sect. 5.3.1.5). The voltage tap on the resistors and the lead 4 to the coaxial mea-
surement terminal 5 are therefore in field-free space, so that no interference voltage
can be induced here. The current-proportional voltage is tapped at the output ter-
minal 5 and passes via a coaxial cable to the measuring instrument. Measuring
resistors of this type can be produced without much effort for impulse currents of
several 10 kA with mostly satisfactory transfer behavior.
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The parallel connection of individual resistors reduces the total inductance and
improves the frequency behavior. If the requirements regarding the frequency
behavior are not so high, bifilar-wound wire resistors are sufficient. They are man-
ufactured with a low temperature coefficient and remain approximately constant
even under high current load. Film resistors and chip resistors with ceramic carrier
basically show a better frequency behavior. Film resistors should not have a helical
groove in the resistive layer, which is particularly common with carbon film resistors
to achieve a very precise nominal resistance. However, the helical groove can lead to
discharges and flashovers between adjacent resistance paths, which initially cause an
irreversible increase in resistance and later the destruction of the resistor.

Optimal transfer behavior is provided by the perfectly homogeneous coaxial
measuring resistor, also called coaxial shunt or tubular shunt. The first types of
these resistors are reported in [14]. In the construction according to Fig. 5.18, the
impulse current i(t) is fed into the coaxial shunt at the terminal 1, flows through the
thin-walled tubular resistor 3 to the right metal plate and back again over the outer
metal tube 4. The latter is insulated by the insulating ring 2 from the current
terminal 1. The current-proportional impulse voltage at the resistance tube 3 is
tapped and passed via the lead 5 to the coaxial output terminal 6. The coaxial
arrangement in turn ensures that no magnetic field can form within the coaxial shunt
and thus no interference voltage is induced at the measurement tap 5. The homo-
geneous tube resistor 3 in Fig. 5.18 consists of a non-magnetic resistance alloy or a
graphite-coated insulating foil. As will be shown below, the thickness of the resistor
body determines the achievable bandwidth and the thermal load capacity. The
temperature coefficient of the tube resistance must be small and the resistance
reversible, even at temperatures of 100 °C and more. In conclusion, it can be said
that the coaxial shunt according to Fig. 5.18 is very close to the ideal of pure
resistance without self-inductance. The lightning current transducer described in
[15] has a 60 lm thick NiCr metal foil as forward and return conductors in a coaxial
arrangement.

i(t)

i(t)
1

2

3 4

5

i(t)

Fig. 5.17 Measuring resistor with parallel connected individual resistors in a metal housing.
1 Current terminal, 2 individual resistors, 3 current return conductor, 4 measurement tap and lead
to the output terminal, 5 coaxial output terminal
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Figure 5.19 shows some examples of low-ohmic measuring resistors. In addition
to an AC current shunt on the left side, there are three vertically arranged coaxial
shunts designed according to the shunt in Fig. 5.18 for impulse currents of up to

i(t)

i(t)
1

2 3 4 5

i(t)

6

Fig. 5.18 Principle construction of a wide-band coaxial shunt for impulse current measurements.
1 Current terminal, 2 insulating ring, 3 resistance tube, 4 current return conductor, 5 measurement
tap with lead to the output terminal, 6 coaxial output terminal

Fig. 5.19 Examples of different measuring resistors for high-current measurements. Left: AC
current resistor, right: three coaxial shunts for impulse current measurements (HILO-TEST)
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100 kA and bandwidths of more than 100 MHz. As will be shown in the next
section, the material and thickness of the resistance tube 3 determine the achievable
bandwidth and the thermal load capacity for impulse currents.

5.3.1.5 Skin Effect

Although the coaxial shunt shown in Fig. 5.18 is largely homogeneous and
low-inductance, its bandwidth cannot be increased infinitely. A time-varying cur-
rent in a cylindrical conductor generates a magnetic field, which in turn generates
currents called eddy currents. The eddy currents are superimposed on the original
current and thereby influence the current distribution in the conductor. The resulting
current is no longer distributed homogeneously over the entire cross-section of the
conductor, but is displaced by the skin effect with increasing frequency more and
more to the outer edge region of the conductor. Furthermore, the eddy currents
generate a magnetic opposing field that is superimposed on the original magnetic
field, so that the resulting magnetic field within the conductor disappears. The
interlinked electric and magnetic fields occurring in the conductor can be deter-
mined under idealizing assumptions by Maxwell’s equations or by the laws of
magnetic flux and induction (Ref. [1] of Chap. 9).

Because of the skin effect, it does not make sense to make a cylindrical con-
ductor or resistor for high-frequency currents out of solid material. Even with the
usual tubular constructions, the wall thickness cannot be fully utilized for
high-frequency currents. The current density is largest on the outer surface of the
resistance tube and decreases radially to the tube interior (Fig. 5.20). The uneven

î

î
e

0
δ d

i

r

Fig. 5.20 Uneven current
distribution in the cross-
section of a tubular conductor
due to the skin effect
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current distribution across the conductor cross-section is equivalent to an increase in
resistance compared to the DC resistance.

Characteristic parameter for the skin effect in a conductor with the conductivity
r and the permeability l = lrl0 is the penetration depth (or: skin depth):

d ¼ 1ffiffiffiffiffiffiffiffiffiffi
plrf

p ; ð5:12Þ

at which the current density with the frequency f has fallen to 1/e of the surface
value (to about 37%). This relationship applies exactly to infinitely long plate or
cylindrical conductors, which have a very large thickness or a large diameter
compared to the penetration depth. With a tube wall thickness d � d, the skin
effect has only a minor effect, and the resistance retains nearly its DC value up to
the frequency specified for d. In order to limit the skin effect, the penetration depth
d according to Eq. (5.12) is made as large as possible by using non-magnetic
materials with low conductivity r. Suitable resistance materials with lr = 1 are
Constantan, Manganin and chromium-nickel alloys in the normal conducting state.
Even a thin graphite layer deposited on an insulating body shows good frequency
behavior but, depending on the manufacturing process, has only limited stability
against thermal overload and mechanical stress.

The transfer behavior of a measuring resistor Rm can be characterized in a similar
manner as for an impulse voltage divider by the unit step response g(t) (see
Sects. 9.1 and 9.8). It is defined as the voltage at Rm, divided by I0Rm, when
injecting a step current with the amplitude I0 into Rm. To go into more detail,
Maxwell’s equations can be used to calculate the distribution of the injected step
current in the nonmagnetic resistance tube, whereby the unit step response of the
coaxial shunt is obtained as (Ref. [1] of Chap. 1; [16, 17]):

g tð Þ ¼ 1þ 2
P1
k¼1

�1ð Þ kexp � k2p2

l0 r d2
t

� �
: ð5:13Þ

Figure 5.21 shows the calculated step response of a coaxial shunt with a specific
conductivity r = 1 m/Xmm2 for three different wall thicknesses d. The basic form
of the step response shows no inductive voltage peak, i.e. in contrast to the simple
resistor in Fig. 5.14, the coaxial shunt has no inductive component. The finite rise
of g(t) is determined by the ratio of the wall thickness d of the resistance tube to the
penetration depth d according to Eq. (5.12). For example, for d = 0.1 mm, the rise
time of g(t) is 3 ns (curve 1 in Fig. 5.21). As the wall thickness increases, the rise
time increases disproportionately (curves 2 and 3 in Fig. 5.21).

The step response of coaxial shunts according to Eq. (5.13) is, as far as the
equation type is concerned, identical to the step response of the high-ohmic voltage
divider in Eq. (4.23). The latter is characterized by the RC ladder network or by the
simplified equivalent circuit diagram in Fig. 4.23. The formal comparison of the
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expressions in Eqs. (5.13) and (4.23) provides the response time T and the band-
width B of the coaxial shunt:

T ¼ l0 r d
2

6
ð5:14aÞ

B ¼ 1:46
l0 r d2

: ð5:14bÞ

Thus, the dynamic behavior of a coaxial shunt can be improved primarily by
reducing the thickness d and, to a lesser extent, by selecting materials with low
conductivity r. The specific conductivity of suitable alloys is in the range of 0.8–
2 m/Xmm2 at room temperature.

Very thin resistance foils down to 10 lm can be made with chromium-nickel
alloys, the penetration depth d at 1 GHz being about 17 lm. Short coaxial shunts of
about 3 cm in length made of extremely thin resistive foils of Cu (1 lm) and NiCr
(10 lm) are discussed in [18]. The measured rise times were below the inherent rise
time of 0.4 ns of the then available oscilloscope.

5.3.1.6 The Coaxial Shunt as Ladder Network

In analogy to the resistive voltage divider, the coaxial shunt with the step response
according to Eq. (5.13) is represented by the ladder network as equivalent circuit in
Fig. 5.22a with n distributed longitudinal inductances L′ and transverse resistances
R′ [16, 17]. For the limiting case n = ∞, the parallel connection of the n resistances
R′ = nR0 yields the DC resistance R0 and the series connection of the n series

0
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0 10 20 30 40 50

1 2 3

ns
t

g(t)

Fig. 5.21 Step response of a coaxial shunt with skin effect, calculated according to Eq. (5.13) for
a conductivity r = 1 m/Xmm2 and three wall thicknesses d. 1 d = 0.1 mm, 2 d = 0.2 mm, 3
d = 0.3 mm
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inductances L′ = L0/n the resulting inductance L0. For impulse currents with front
times of more than 1 ls, a simplified equivalent circuit diagram with discrete
elements and a comparable step response can be derived (Fig. 5.22b).

From the requirement that the response times of both equivalent circuit diagrams
should be equal, the result for the inductance in the simplified equivalent circuit
diagram is initially a value of 0.67L0. An improved value of 0.43L0 is obtained from
the equality of the rise times of both equivalent circuit diagrams. Finally, however,
it should be remembered that the coaxial shunt due to its special construction has
virtually no inductance and that its transfer behavior is characterized by the skin
effect.

5.3.1.7 Experimental Step Response of Measuring Resistors

For generating step currents, the step generators mentioned in Sect. 9.8.4 are
available. The low-ohmic measuring resistor is usually connected to the step gen-
erator in series with an internal and/or external terminating resistor of 50 X. When
using mercury wetted reed contacts, step currents with rise times down to 1 ns and
amplitudes of up to 3 A can be achieved. The step response of low-ohmic resistors
then reaches amplitudes of usually only 1 mV or even less, requiring a preamplifier
for the recording instrument. When using a cable generator, higher current ampli-
tude can be achieved by connecting several cables in parallel. In [19], a 500 m long
coaxial cable is charged to 300 V and then discharged via a manually operated
spark gap to the measuring resistor. The step voltage at the resistor has a rise time of
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0.43 L0
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Fig. 5.22 Equivalent circuit diagrams of the coaxial shunt. a Ladder network with n elements
L′ = L0/n and R′ = nR0, b simplified equivalent circuit with the same rise time as the ladder
network
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less than 6 ns and generates a step current with a maximum amplitude of 120 A.
The electronic step generator in [20] provides an output current of up to 1.2 kA, but
with a long rise time of 60 ns. With gas-filled spark gaps, higher voltages can be
switched, and thus larger current amplitudes are achievable.

Figure 5.23 shows the experimental, i.e. measured step response of a wideband
5 kA coaxial shunt, consisting of a thin resistance sheet made of chromium-nickel
alloy. The rise time of the coaxial shunt is 3 ns, which corresponds to a bandwidth
of more than 100 MHz according to Eq. (9.38). This value is comparable to the
theoretical rise time of a coaxial shunt with a thickness of d = 0.1 mm, whose step
response is calculated according to Eq. (5.13) (see Fig. 5.21, curve 1). An over-
shoot of the experimental step response does not occur, i.e. in accordance with the
above theoretical investigation, the coaxial shunt under study has no
self-inductance. In the first 25 ns, the step response shows a creeping to the final
level, but this is mainly due to the non-ideal voltage step of the cable generator
used. To measure the step response, the current return conductor of the coaxial
shunt (4 in Fig. 5.18) was connected to the shield of the coaxial output of the step
generator via a funnel-shaped adaptor in order to achieve a reflection-free
connection.

In principle, the conditions in the measurement of the step response of coaxial
shunts can be described as nearly ideal. Compared to high-voltage dividers, coaxial
shunts have smaller dimensions, are usually completely shielded and traveling wave
phenomena in the measurement circuit can be largely avoided by a terminating
resistor equal to the cable impedance. The experimental step response of a coaxial
shunt is therefore largely free of interference effects. If the generated current step
does not have the expected ideal curve, the effect on the step response can
optionally be corrected by a convolution calculation.

These are good prerequisites for using the step response in numerical convo-
lution calculations, e.g. to prove the suitability of a coaxial shunt for measuring a
given current impulse. Compliance with defined error limits for the peak value and
the time parameters can thus be checked by calculation for arbitrary current
waveforms. With the convolution calculation, possibly in conjunction with a check
measurement by comparison with a reference system, an effective method for
proving the dynamic behavior of coaxial shunts is therefore available, which is
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Fig. 5.23 Experimental step response of a 5 kA coaxial shunt
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basically also accepted in IEC 62475 (Ref. [4] of Chap. 2). It is therefore not
necessary to specify response parameters and their limits for current measuring
resistors, as is the case with voltage dividers for lightning and switching impulse
voltages and which are not always justified (Refs. [30, 44] of Chap. 9).

5.3.1.8 Special Designs of Coaxial Shunts

For rise times below 1 ns or frequencies above 1 GHz, the length of a coaxial shunt
can no longer be considered short compared to the wavelength of the measurement
signal. The arrangement of the resistor element and the junction from the resistor to
the coaxial cable connector must be optimized at high frequencies in order to
achieve even shorter rise times. Extremely large bandwidths are achieved with
disk-shaped resistors, wherein the resistive material may be a thin graphite layer
deposited on an insulating support [21] or a NiCr foil with a thickness between 10
and 50 lm [22]. In the principle arrangement according to Fig. 5.24, the current
source is connected via the coaxial conductor 1 to the vertically arranged disk
resistor 2, which is mechanically supported by the insulating disc 3. In the coaxial
conductor 1, a plane wave propagates perpendicularly from the current source to the
disk resistor 2. From the inner conductor, a current flows radially through the disk
resistor 2 to the outer conductor and back to the current source. The voltage tap at
the disk resistor is designed as a conical transition 4, through which the charac-
teristic impedance of the transition 4 increases nearly reflection-free from virtually
zero to the impedance of the coaxial cable connected at 5.

The rise time of the disc-shaped resistor with a 15 lm thick NiCr foil is reported
to be less than 0.35 ns, which corresponds to the inherent rise time of the oscil-
loscope used at that time. Due to their small thickness, disk resistors are suitable for
measuring very short current impulses with maximum peak values of 10 kA. The
disc resistor is also available as a 50 X terminator for oscilloscopes with

i(t)
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Fig. 5.24 Principle of a
disk-shaped measuring
resistor. 1 Coaxial conductor,
2 disk-shaped resistor,
3 insulating disc,
4 reflexion-free transition,
5 output terminal
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bandwidths of 500 MHz and more. Theoretical studies on the conduction mecha-
nism in disc resistors lead to the same equations for the step response and the rise
time as in Eqs. (5.13) and (5.14a) for the coaxial shunt.

In addition to the dynamic behavior of measuring resistors, the maximum current
load is an important criterion. Coaxial shunts for very high current amplitudes and
long impulse duration must have a correspondingly large wall thickness (see
Fig. 5.18, resistance tube 3) in order to limit Joule’s self-heating and the associated
resistance change. However, a large wall thickness leads to significantly longer rise
times due to the skin effect. Various variants for improving the transfer behavior of
high current shunts can be found in [23, 24]. In the squirrel cage resistor, the
resistance tube is replaced by several circularly arranged resistance wires or rods.
This allows the magnetic field generated by the measurement current to partially
penetrate into the cage arrangement and influence the voltage tap inside. In the
measurement loop of the tap thereby a voltage is induced, which increases the
output voltage for the higher frequency components. With optimized execution, this
is noticeable in the step response by a steeper rise and an overshoot.

The calculation of different cage-type resistors taking into account the skin effect
shows that the step response largely depends on the number of rods or wires. By
accepting a larger overshoot of the step response, rise times in the range of 1 ns and
sometimes also negative response times are achievable. A comparable penetration
of the magnetic field into the measurement tap can be obtained in a coaxial shunt, in
which one or more longitudinal slits are cut in the outer cylinder serving as the
return conductor. But even with optimal dimensioning, the achieved frequency
response is generally unsatisfactory and must be equalized by complex electrical
compensation circuits (Ref. [6] of Chap. 1).

In another variant of the coaxial shunt for very high current amplitudes, the lead
from the measurement tap to the output connector is embedded in the wall of the
resistance tube. As a result, a well-defined part of the time- and location-dependent
magnetic field in the wall is coupled into the measurement lead with the aim of
improving the frequency response of the coaxial shunt. The optimum arrangement
of the measurement lead within the tube wall results from the calculation of the
variable magnetic field of a step current. In a first simpler prototype, the resistance
tube was composed of several layers of a resistance foil. Between two of the foil
layers, the measurement lead was embedded isolated, with the optimal position
resulting from field calculations. For the multi-layered coaxial shunt with embedded
measurement lead to the output connector, the rise time improved from originally
125 ns to 9 ns [25]. Figure 5.25 shows a later implementation of a 250 kA coaxial
shunt for short-circuit measurements. The insulated measurement lead 4 runs in a
calculated groove milled into the thick tube wall 2. The magnetic field can act
optimally on the lead in the groove and the transfer behavior of the shunt is
significantly improved. The measured step response shows a considerable reduction
of the rise time from the original 350 µs to 1 µs [26–28].
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5.3.1.9 Limit Load Integral

The heavy load of measuring resistors at high current amplitudes has already been
mentioned. The heating of the measuring resistor by a single impulse current is
assumed to be approximately adiabatic, since due to the short duration of the
current, heat dissipation into the environment is practically zero. Under this con-
dition and neglecting the skin effect, the energy converted into heat by an impulse
current i(t) in the measuring resistor R with the mass m and the specific heat
capacity c is (Ref. [1] of Chap. 1):

R1
0
i2 tð ÞR dt ¼ mcDT : ð5:15Þ

Considering first R to be constant, the temperature increase DT of the measuring
resistor follows from Eq. (5.15) as:

DT ¼ 1
rq cA2

Z1
0

i2dt ð5:16Þ

where:

r specific conductivity of the resistance material
q density of the resistance material
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Fig. 5.25 Cross section of a 250 kA coaxial shunt with ideally profiled measurement lead in the
resistance tube to improve the dynamic behavior. 1 Current terminal, 2 resistance tube with
groove, 3 return conductor, 4 measurement lead, isolated arranged in the groove, 5 coaxial output
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c specific heat capacity of the resistance material
A cross-section of the resistor

For the resistance materials in question, the values of q and c are only slightly
different. Although NiCr alloys have lower conductivities than copper or Manganin
by a factor of 2–3, they are usually preferred because of the greater current pene-
tration depth according to Eq. (5.12). The temperature increase DT according to
Eq. (5.16) can be most effectively limited by increasing the cross-section A. Since
the wall thickness of the resistance tube should remain small because of the skin
effect, a large cross-section and thus limitation of DT can only be achieved by
increasing the tube diameter. The desired resistance is obtained with a corre-
sponding tube length.

The temperature increase of the measuring resistor is associated with a change in
resistance according to its temperature coefficient. The change in resistance by a
single impulse current can be considered reversible, as long as the limit load
integral:

IG ¼ R1
0
i2dt ð5:17Þ

does not exceed the limit value specified for the measuring resistor. The limit load
integral can be used to calculate the permissible peak value of an impulse current
for a given impulse shape. For example, a resistor whose limit load integral is
specified by the manufacturer as IG = 2 � 104 A2s, can be used to measure 1 ms
long rectangular impulse currents up to a peak value of 4.5 kA. For an impulse
current of 10 ms, the permissible peak value is only 1.5 kA. Furthermore, an 8/
20 impulse current according to Eq. (8.26a) can be used up to the maximum per-
missible peak value of 63.6 kA.

The limit load integral according to Eq. (5.17) is given by the manufacturer of an
impulse current measuring resistor for a specified temperature increase, usually
DT = 100 K. Thus, the maximum reversible resistance change due to a single
impulse current can be estimated. For a temperature rise DT = 100 K and an
assumed typical value of the temperature coefficient of 5 � 10−5 K−1, the resis-
tance increases by 0.5%. This is synonymous with an equally large measurement
error in the peak value. Since the change in resistance affects the entire shape of the
impulse current, it basically influences the front time as well. This influence on the
front time can usually be assumed to be negligible.

The limit load integral does not apply if the resistor is loaded by successive
impulse currents, nor during continuous load due to DC or AC currents. During a
pulse sequence, the contributions of the individual impulses add up to the tem-
perature increase, but heat is also emitted into the environment. Advantageous for
the heat dissipation of a coaxial shunt are a large diameter and a great length. After
prolonged impulse loading, provided that the resistance change is reversible, a
quasi-steady state for the absorbed and emitted heat is established. With continuous
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load due to DC or AC currents, the permissible current magnitude is often less than
1% of the maximum impulse current.

5.3.2 Current Measuring Systems with Coils

Current measuring systems with coils are well suited for the potential-free mea-
surement of high AC and impulse currents. Their working principle is based on the
law of magnetic flux and the law of induction. In use are measuring coils with or
without magnetic core, which thus have different properties. Their output voltage
after integration is proportional to the measured current, whereby measuring coils
with magnetic core are usually equipped with an internal integrating element. The
measuring instrument is usually a digital recorder with software-based data eval-
uation (see Chap. 7).

5.3.2.1 Law of Magnetic Flux and Law of Induction

Every current I in a conductor and every magnetic flux H in space generates a
magnetic field. According to the law of magnetic flux (Ampere’s Law), the line
integral of the magnetic field strength H is proportional to I and H (Ref. [2] of
Chap. 9):

H
Hds ¼ H ¼ I : ð5:18Þ

For the simple example of a straight, infinitely long conductor, the surrounding
field lines lie on circles with the radius r for reasons of symmetry. The line integral
in Eq. (5.18) is 2pr, and the magnetic field strength H in simple notation is
therefore given by:

H rð Þ ¼ I
2pr

: ð5:19Þ

The law of magnetic flux according to Eq. (5.18) applies to DC, AC and impulse
currents. It also applies if the permeability of the considered space has different
values. If a measuring loop of the area A is placed perpendicular to a homogeneous
magnetic field, it is permeated by the magnetic flux U:

U ¼ R
BdA ¼AB ¼ lAH : ð5:20Þ

Here l = lrl0 is the permeability, l0 = 0.4p � 10−6 H/m � 1.256 lH/m the
magnetic (field) constant and lr the permeability number (relative permeability) of
the permeated material. For air and all non-magnetic materials, lr � 1.
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According to the law of induction, a time-variable current i(t) in the conductor 1
generates a magnetic field H(t) that induces in the open measurement loop the
voltage (Fig. 5.26):

ui tð Þ ¼ � dU tð Þ
dt

: ð5:21Þ

The negative sign in Eq. (5.21) means that the induced voltage ui wants to
generate a current in the measurement loop whose magnetic field counteracts the
original magnetic field H(t).

If instead of the simple measurement loop a toroidal coil with N turns is arranged
around the conductor, the induction effect is amplified N times (Fig. 5.27). With
Eqs. (5.20) and (5.18), the induced voltage is:

i(t)

ui(t)

H(t)

Fig. 5.27 Induced voltage
ui(t) at the output of a toroidal
coil due to the magnetic field
H(t) generated by the current
i(t) through the conductor

i(t)

ui(t)

H(t)
1

2

Fig. 5.26 Schematic diagram
to explain the law of magnetic
flux and law of induction.
1 Conductor, 2 measuring
loop, H(t): magnetic field
strength generated by i(t),
ui(t): voltage induced by H(t)
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ui tð Þ ¼ N
dU
dt

¼ M
di
dt
; ð5:22Þ

where M is the mutual inductance between the measuring coil and the conductor.
The indication of the negative sign is not taken into account in Eq. (5.22).
Measuring coils are partially provided with a symbol indicating the direction of
current flow in the conductor to obtain a positive output voltage. The ideal toroidal
coil having the cross-section area A and a mean coil circumference lm equal to the
length of the enclosed field line has the mutual inductance:

M ¼ lNA
lm

: ð5:23Þ

According to Eq. (5.22), the induced voltage ui(t) at the output of the measuring
coil is proportional to the temporal change of the current to be measured. The
output voltage must therefore be integrated over time to obtain the desired current
i(t):

i tð Þ ¼ 1
M

Z1
0

ui tð Þdt : ð5:24Þ

Basically, a distinction is made between measuring coils with and without
magnetic core, on which the value of M largely depends. Since the induction effect
exists only for time-variable measurement quantities, DC currents cannot be mea-
sured with coils. However, special types of coils with magnetic core, additional
auxiliary windings and an electronic module also allow the measurement of slowly
varying AC currents and even DC currents (zero-flux principle, see Sect. 3.5.3).

In the practical construction of a coil winding, the end of the wire is led back
through the coil turns in the opposite direction to the other end of the winding in
order to reduce interference from external magnetic fields. Instead of returning the
wire, a second winding wound in the opposite direction may be arranged. For
shielding against electric fields, the measuring coil is surrounded by a slit toroidal
shield, occasionally even by two shields. In this case, the circumferential longitu-
dinal slit enables penetration of the magnetic field associated with the measured
current.

Occasionally, the functional principle of the measuring coil is assumed to be
comparable to that of the current transformer used in power supply networks for
measurement purposes. However, they differ significantly from each other due to
their external circuitry (Ref. [2] of Chap. 1). The law of induction according to
Eq. (5.22) applies if the measuring coil is unloaded; the induced voltage ui is then
proportional to the derivative of the primary current. In contrast, the current
transformer is operated virtually in the short-circuit mode, i.e. ui � 0, and the
secondary current is proportional to the primary current and thus proportional to the
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turns ratio. The short-circuited current transformer therefore does not require, unlike
the no-load induction coil, a subsequent integrating circuit to generate a measure-
ment quantity proportional to the primary current.

5.3.2.2 Integration Methods

The integration of the induced voltage ui according to Eq. (5.24) is often achieved
with passive or active circuits, rarely by numerical integration. The passive inte-
gration with an RL element is particularly easy to implement, since the
self-inductance L of the measuring coil is used for integration. In the equivalent
circuit diagram, the resistor R is between the output terminals at which the output
voltage um is tapped (Fig. 5.28a). Due to the integration with the RL element, um is
directly proportional to the current. Frequently, R is already built into the current
measuring coil and is equal to the characteristic impedance of the coaxial cable to
the measuring instrument.

The passive RL integration according to Fig. 5.28a can be found especially in
measuring coils with magnetic core. The high permeability number lr ensures that
the voltage ui induced in the measuring coil—and thus also the output voltage um
obtained after integration—is still sufficiently large in the lower frequency range of
a few hertz. They are therefore suitable for measuring low-frequency signals.

In another passive integrating circuit, an RC element is connected to the output
of the measuring coil, and the voltage um proportional to the measuring current is
tapped at the capacitor C (Fig. 5.28b). The resistor Rd damps the high-frequency
natural oscillation of the measuring coil.

Measuring coils without magnetic core are mainly operated with active inte-
grator for impulse current measurements. The reason is that passive integrating
circuits are only suitable for special coil types that are designed for the measure-
ment of extremely high-frequency currents. Active integrators consist of operational
amplifiers with capacitive feedback, which allow the measurement of
low-frequency currents of well below 1 Hz, depending on the amplification.

L

C0ui R
um

1 L

C0ui Rd
um

1 R

C

(a) (b)

Fig. 5.28 Equivalent circuit diagram of the measuring coil 1 with passive integrating circuit.
a Integration with self-inductance L and resistance R, b integration with external capacitance C and
resistance R
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Numerical integration methods are rarely used, although they have a number of
advantages. In this case, the induced output voltage ui(t) of the measuring coil
according to Eq. (5.22) is measured with a digital recorder and stored as a data set
for numerical integration with the PC. Since the analog electronic integrator is
dispensable, numerical integration provides a cost-effective alternative that can also
give more accurate results. The digital recorder and the PC are not additionally
required for numerical integration, since they are usually also needed when using an
analog integrator for subsequent signal recording and data processing. Examples of
numerical integration are can be found in Sect. 5.3.2.5.2.

5.3.2.3 Step Response of Toroidal Coils

The transfer behavior of coils used to measure impulse currents is preferably
characterized by the step response. As step generators, similar circuits as for
impulse voltage dividers and measuring resistors are used (see Sect. 9.8.4). The
simplified measurement arrangement is shown in Fig. 5.29. From the output of the
step generator 1, a current conductor is led concentrically through the opening of
the toroidal coil 2 and connected via the wideband resistor R = 50 X to the copper
foil 3, which serves as a low-inductive return conductor to the step generator.
The DC current that first flows through the coil opening is suddenly interrupted
when closing the switch S. This has the effect of a negative step current applied to
the toroidal coil.

When using a mercury-wetted reed contact as switch S, the maximum achievable
current amplitude is usually limited to 2 A, and the rise time can be less than 1 ns.
The output of the toroidal coil, i.e. the step response or its derivative, is fed to the

U
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Rv

1

2

4
S R

3
Z

Fig. 5.29 Measurement arrangement for recording the step response of a toroidal coil. 1 Step
generator, 2 measuring coil with integrator, 3 surface conductor, 4 recorder
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input of the recorder 4 directly or, in the case of low amplitude resolution, via a
preamplifier. The input resistance Re is equal to the characteristic impedance Z of
the measuring cable. A symmetrical arrangement for measuring the step response of
extremely wideband measuring coils in a coaxial TEM cell is described in [29]. The
step current with a maximum amplitude of 600 A and a rise time of 3 ns is gen-
erated here with a cable generator.

For simple characterization of the dynamic behavior of measuring coils, either
the rise time of the step response or the bandwidth (or upper limit frequency)
calculated therefrom is specified (see Sect. 9.6). If the recording time is long
enough, it can be seen that the step response of a coil decreases with time and
approaches zero. This corresponds to the limited transfer behavior of measuring
coils in the lower frequency range. This disadvantage plays no role in the mea-
surement of exponential impulse currents with time parameters in the range of 1 ls,
but must be taken into account in the case of long rectangular impulse currents and
short-time currents with superimposed DC component. Manufacturers of current
measuring coils typically report the amplitude droop, which is defined as the
percentage decrease in the step response after 1 ls or 1 s. With the amplitude
droop, it is possible to estimate whether the measuring coil is suitable to measure a
low-frequency current impulse within the permissible error limits. More precise
knowledge is obtained by a frequency response measurement in the lower fre-
quency range. For example, a lower limit frequency of less than 0.2 Hz is con-
sidered sufficient for measuring short-circuit currents (Ref. [4] of Chap. 2).

5.3.2.4 Potential-Free Current Measurement at High Voltage

The galvanic insulation of the measuring coil from the primary current circuit
enables potential-free measurements in the high-voltage circuit and analog or digital
data transfer via optical fiber, comparable with AC currents (see Sect. 2.6.3)

5.3.2.5 Rogowski Coils

The Rogowski coil is a toroidal coil without magnetic core, which is used for
potential-free measurement of AC and impulse currents. In the original form of the
Rogowski coil, the turns are wound around a flexible pressboard strip that is placed
around the conductor for measurement [30]. The continuous development of
Rogowski coils allows their application for many measurement tasks in power
engineering and physics. Depending on the type of construction, smallest currents
with rise times in the nanosecond range or largest short circuit currents with power
frequency can be measured [31–34]. In addition to rigid Rogowski coils in closed
ring form, there are versions that consist of two halves with separate windings
(Fig. 5.30a). They can be easily opened, placed around the conductor and closed
again without changing the test setup. In another model, the winding is carried out
in zigzag form on both sides of a printed board. Very practical are flexible
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Rogowski coils, which can be easily opened and conveniently positioned as
clip-around probe around the conductor. The reproducibility in measurements with
this type is about 1%. The flexible Rogowski coil in Fig. 5.30b has a clip-in locking
mechanism with screw plug to connect the winding to the coaxial cable which leads
to a handy battery-operated integrator. The output voltage of the transducer can be
recorded by a digital recorder for further data processing.

Position of the Conductor

Rogowski coils are usually characterized by low non-linearity. Prerequisite for this
is that the temporal current change di/dt does not exceed the limit specified by the
manufacturer and that no deformation of the coil occurs, e.g. due to the magnetic
forces of the current to be measured. For the achievable measurement accuracy of a
Rogowski coil, the regularity and rigidity of the winding are crucial.
A high-precision Rogowski coil with its winding on a stable (non-magnetic) tor-
oidal core shows only a small dependence on the position of the conductor in the
coil opening or the return conductor outside the coil. The same statement applies to
a Rogowski coil wound on two rigid core halves. The measured deviations dui of
the induced output voltage with centric and eccentric positioning of the conductor
are within ±0.1% (Fig. 5.31). This position dependence has practically no signif-
icance for impulse current measurements within the scope of the targeted mea-
surement uncertainty in the percentage range. In addition, the reproducibility of
impulse current measurements with optimum closure of the two halves is better
than 0.1%. In contrast, inexpensive flexible Rogowski coils with a simple screw

Fig. 5.30 Two types of Rogowski coils. a Rogowski coil with two rigid halves of the coil
winding (photo: PTB), b flexible Rogowski coil with screw plug of the winding and electronic
integrator (PEM)
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plug have a significantly higher dependence on the conductor position in the range
of 1–2% [35]. Therefore, a centric position of the conductor is always recom-
mended in current measurements with flexible Rogowski coils.

The induced output voltage of a Rogowski coil must be integrated in order to
obtain the desired time course of the current according to Eq. (5.24). Passive
integration circuits according to Fig. 5.28 are only suitable if the Rogowski coil is
specially constructed for the measurement of very short current impulses with
frequency components of more than 1 kHz. To measure slowly varying current
impulses with frequency components of 1 Hz and even below, the Rogowski coil
must be operated with an electronic integrator with high amplification. Passive or
electronic integrating circuits are components of the entire current measuring sys-
tem and contribute to the uncertainty of measurement in addition to the Rogowski
coil.

Examples of Numerical Integration

Numerical integration methods are rarely used for impulse current measurement
with Rogowski coils, although they have a number of advantages. Numerical
integration of the output voltage ui(t) of the Rogowski coil is usually achieved using
the trapezoidal rule that is commonly implemented in commercial software. With a
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Fig. 5.31 Influence of the position of the conductor in the opening of a Rogowski precision coil.
a Sketch to explain the rotation angle b of the eccentrically arranged conductor, b deviation dui of
the induced output voltage as a function of the rotation angle b
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sufficiently large number of samples, this calculation algorithm can be regarded as
virtually error-free within the scope of the desired measurement uncertainty of 0.1–
1% for the complete measurement system. As an example, Fig. 5.32 shows the
recorded output voltage ui(t) of a Rogowski coil and the numerically integrated 8/20
impulse current i(t) in a normalized representation [35].

When applying numerical integration, it should be noted that the induced output
voltage of the Rogowski coil represents a differentiated signal and thus places
higher demands on the sampling rate and bandwidth of the recording digital
instrument than the current impulse itself. This applies in particular to the step
response (Fig. 5.33). The investigated Rogowski coil is specially designed to
measure very large AC currents and short-circuit currents and therefore has an inner
diameter of 30 cm. Because of the large dimensions of the Rogowski coil, its step
response g(t) in Fig. 5.33 shows a relatively large rise time of 0.8 ls. However, this
value is not typical for Rogowski coils. Smaller Rogowski coils have much shorter
rise times in the nanosecond range.

Maximum Current

The maximum permissible current that can be measured with a Rogowski coil is
determined by the permissible limit ui,max of the induced voltage. To avoid over-
stressing of the insulation of turns and leads, ui,max should be limited to 500 V.
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Fig. 5.33 Application
example of numerical
integration for the step
response. ui: induced output
voltage of the Rogowski coil,
g: step response obtained by
numerical integration of ui
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Fig. 5.32 Application
example of numerical
integration for an 8/20
impulse current. ui: Induced
output voltage of the
Rogowski coil, i: impulse
current obtained by numerical
integration of ui
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For a pure sinusoidal current of amplitude î, the induced voltage according to
Eq. (5.22) is determined by:

ui tð Þ ¼ xM î sin xtþ p
2

� �
: ð5:25Þ

The induced voltage u(t) is also sinusoidal with a phase displacement of p/2 and
a frequency-dependent amplitude ûi = xMî. For a Rogowski coil with mutual
inductance M = 1 lH and permissible insulation voltage is ui,max = 300 V, the
maximum permissible AC current at power frequency is 1 MA.

For impulse currents, significantly lower limits apply. They induce high voltages
at relatively low current amplitudes because of the large di/dt values in the impulse
front. If di/dt is expressed approximately as the quotient of the peak value î and the
front time T1, then the maximum permissible peak value îmax results from
Eq. (5.22):

îmax � T1
M

ûi;max ð5:26Þ

where ui,max is the specified limit of the induced voltage. Accordingly, for a
Rogowski coil with M = 1 lH and ui,max = 300 � √2 V, the peak value of an 8/20
impulse current must not be greater than îmax = 3.4 kA. Rogowski coils for mea-
suring larger impulse currents are therefore produced with significantly smaller
mutual inductances than 1 lH.

The mutual inductance M of a Rogowski coil can be determined according to
Eq. (5.25) by measuring the voltage induced by a sinusoidal current. The frequency
of the AC current must be well above the lower limit frequency f1 of the measuring
coil. If f1 is less than 1 Hz, M can be determined with sufficient accuracy by
comparison with a standard current transformer at power frequency. Since
Eq. (5.25) applies only to sinusoidal currents, a falsification of the measurement
result due to higher harmonics in the AC test current is to be avoided. Instrument
transformer test sets that evaluate only the fundamental oscillation of the AC
current are well suited for the comparison measurement in conjunction with a
standard instrument transformer.

Fast Varying Impulse Currents, Shielding

With specially constructed Rogowski coils, very fast transient currents can be
measured. To avoid unwanted interference from external electric fields, the coil is
surrounded by a toroidal metal shield with a slit through which the magnetic field
can penetrate. The optimization of the slit shielding, which reduces the bandwidth
of the Rogowski coil, is discussed in [36]. For rise times in the nanosecond range,
the signal delay time in the coil is comparatively long. The “electrically long”
Rogowski coil can then no longer be regarded simply as a concentrated inductance,
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but is represented in the equivalent circuit diagram as a delay line with distributed
elements and a defined signal propagation time. Due to the rapidly changing
magnetic field, corresponding partial voltages are induced in the individual coil
turns, which occur approximately simultaneously with the same amplitude. They
can be represented in the equivalent circuit diagram by distributed voltage or
current sources. The capacitive coupling between the coil turns and the surrounding
electrical shield is taken into account by transverse capacitances.

For fast varying current impulses, the Rogowski coil together with the shield acts
as a traveling wave line with the characteristic impedance Z. Depending on the
wiring of the Rogowski coil at the winding ends, different traveling wave phe-
nomena can be proved theoretically and experimentally. Particularly favorable
measurement conditions are present when the Rogowski coil is connected to the
electrical shield at one end directly and at the other end via a low-ohmic measuring
and integrating resistor Rm � Z. The partial voltages of the individual turns
induced by a current step cause two current waves travelling in opposite direction in
the Rogowski coil. The waves are reflected at the winding ends and generate a
voltage step at Rm proportional to the current step. Because of Rm 6¼ 0, the
reflection factor r < 1, so that the voltage amplitude decreases step-by-step every
two times the travel time in the Rogowski coil. The staircase-shaped voltage curve
is consistent with the approach for slow transients. In this case, the “electrically
short” Rogowski coil is described by lumped elements, which lead to an expo-
nential decrease in the voltage with the time constant L/R [37, 38].

5.3.2.6 Current Measuring Coils with Magnetic Core

The progress in the development of magnetic materials with excellent frequency
behavior of the permeability and low eddy current losses have made it possible for
several decades to produce very wide-band current measuring coils with iron or
ferrite core [39, 40]. Because of the high permeability of the magnetic core, the
mutual inductance M and thus the induced voltage ui (t) according to Eq. (5.22) are
much larger than that of the ironless Rogowski coil. The integration of ui (t) is
preferably achieved according to Fig. 5.28a by an internal LR element with the
self-inductance L and resistance R, which often corresponds to the characteristic
impedance Z = 50 X of the connecting cable. Since the integrator is located directly
in the coil, the erroneously impression may appear that the coil works without an
integrating unit. As an example, Fig. 5.34 shows a measuring coil with two halves
of winding and magnetic core, which can easily be clamped together around a
conductor (“Pearson current monitor”). Such a clamping device allows convenient
current measurements without having to open the circuit. Due to the internal RL
integrating unit, the output voltage of the measuring coil is proportional to the
measured current and is fed via the measuring cable directly or through an atten-
uator to the digital recorder.

Depending on the type of construction, the rated current of measuring coils with
magnetic core can be up to 500 kA for impulse currents. In addition to the peak
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value, the manufacturer also specifies a limit for the product of peak value and
duration of a rectangular current, i.e. the permissible peak value decreases with
increasing impulse duration. The maximum continuous load due to power fre-
quency AC currents is usually only a few percent of the permissible impulse load.

Due to the high permeability of the magnetic core, lower limit frequencies of less
than 1 Hz and, secondly, upper limit frequencies of more than 100 MHz can be
achieved. Figure 5.35 shows the step response g(t) of a wideband 5 kA measuring
coil with magnetic core and internal integrator in three time ranges [41]. The
evaluation of the step response up to 150 ns provides a response time of 8 ns and a
settling time of 30 ns (Fig. 5.35a). In the further course until 0.5 ms, the step
response remains approximately constant with deviations within ±1% (Fig. 5.35b).
After 91 ms, the step response has dropped to 70% of the initial value (Fig. 5.35c).
The upper limit frequency is 25 MHz resulting from the rise time of the step
response. A frequency response measurement gives a lower limit frequency of
1 Hz. Associated with the magnetic core are the well-known disadvantages such as
nonlinearity, polarity effect, remanence, core saturation due to DC currents, etc.
However, for the intended use and the targeted measurement uncertainty in the
percentage range, these deficiencies can be usually neglected or reduced by
calibration.

With appropriately designed measuring coils with ferrite cores, impulse currents
with frequency components above 1 GHz or with rise times of less than 1 ns can be
measured. The measuring coils are shielded like Rogowski coils against external
electric fields, while the magnetic field can act on the coil winding through a

Fig. 5.34 Wideband current measuring coil with magnetic core and internal integrating element
as clamp-on unit (Pearson)
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longitudinal slit in the shield. Internal damping resistors that are connected between
some coil turns and the outer shield serve to damp high-frequency oscillations [39].

5.3.2.7 Magnetic Field Sensor

If the Rogowski coil is reduced to a single turn, the induction loop 2 shown in
Fig. 5.26 is obtained. With correspondingly small dimensions, it is particularly
suitable as a sensor for measuring very fast varying magnetic fields in a spatially
limited environment. The component of the magnetic field perpendicular to the
induction loop induces at the output of the sensor a voltage ui which, according to
the law of induction in Eq. (5.21), is proportional to the temporal change of the
magnetic field. The magnetic field strength is obtained by integration of this output
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Fig. 5.35 Step response of a wideband 5 kA measuring coil with magnetic core shown for
different recording times. a Record up to 150 ns, b record up to 0.5 ms, c record up to 500 ms
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voltage. By onsite calibration of the sensor at the installation site, the current that
generates the magnetic field according to the law of magnetic flux can be
determined.

Small induction loops are often installed in gas-insulated switchgear and powerful
pulse generators. Figure 5.36 shows schematically three possible installation variants
of the induction loop in the outer wall of a gas-insulated coaxial conductor. In addition
to the simplest arrangement A, the measuring loop can also be formed symmetrically
to ground in order to suppress interference (arrangement B) or arranged in a groove of
the tubular conductor (arrangement C). The measuring loop can be designed so that it
is largely shielded against the effect of electric fields [38, 42].

The induction loop can be represented in the simplified equivalent circuit dia-
gram by its self-inductance L, a voltage source and a load and measuring resistor
R (see Fig. 5.28a). The magnitude of the time constant L/R compared to the
duration and rise time of the measurement signal determines the type of integration.
In high-frequency magnetic fields and when L/R is relatively large, i.e. R is very
small, the measuring circuit has an integrating effect and indicates a measurement
quantity proportional to the magnetic field strength. The upper limit frequency is
determined here by stray capacitances of the measuring loop and the circuit. For
low-frequency magnetic fields and when L/R is relatively small, the measuring
circuit has a differentiating effect. In this case, an electronic integration amplifier is
required to obtain an indication that is proportional to the magnetic field strength.

An induction loop sensor for the one-dimensional measurement of quasi-stationary
and transient magnetic fields in high-voltage test field and in EMP simulators is
described in [43]. The analog output voltage of the sensor is fed via optical fiber to the
receiver on ground potential for evaluation. In the frequency range from 30 Hz to
10 MHz, the integration takes place electronically with an integration amplifier. At
higher frequencies up to 300 MHz, the measurement loop acts self-integrating.

With a spherical sensor, three-dimensional magnetic fields in free space can be
measured potential-free [44]. On the metal sphere, three induction loops are aligned
orthogonal to the three spatial axes. Inside the sphere is the battery-powered

i(t)

1

2

A B C

Fig. 5.36 Examples of induction loops for detecting fast transient magnetic fields in a
gas-insulated conductor (principle). 1 Inner conductor, 2 outer conductor with the three examples
A, B and C of induction loops
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electronics for optoelectronic transmission of the measurement and control signals.
Several examples show the broad application of the measuring system with a
bandwidth of 50 Hz to 350 MHz. The paper reports on magnetic field measure-
ments in the vicinity of a transformer during switching operations, of a cable
bushing of a gas-insulated system during disconnector switching and of an arrester
in impulse current tests.

References

1. Gamlin, M.: Impulse current testing. In: Proceedings of 14th ISH Beijing, Paper J-09 (2005)
2. Modrusan, M.: Normierte Berechnung von Stoßstromkreisen für vorgegebene Impulsströme.

Bull. SEV 67, 1237–1242 (1976)
3. Schwab, A., Imo, F.: Berechnung von Stoßstromkreisen für Exponentialströme. Bull. SEV/

VSE 68, 1310–1313 (1977)
4. Kuzhekin, I.P., Hribar, Z.: Imitator of lightning currents with amplitudes of 200 kA. In:

Proceedings of 13th ISH Delft (2003)
5. Körbler, B., Pack, S.: Analysis of an impulse current generator. In: Proceedings of 12th ISH

Bangalore, Paper 7–22 (2001)
6. Zhao, G., Zang, X.: EMTP analysis of impulse voltage generator circuit. In: Proceedings of

14th ISH Beijing, Paper A-11 (2005)
7. Zischank, W.: A surge current generator with a double-crowbar spark gap for the simulation

of direct lightning stroke effects. In: Proceedings of 5th ISH Braunschweig, Paper 61.07
(1987)

8. Pietsch, R., Baronick, M., Kubat, M.: Impulse current test system with crowbar gap extension
for surge arrester testing. In: Proceedings of 15th ISH Ljubljana, Paper T10-745 (2007)

9. Salge, J., Peier, D., Brilka, R., Schneider, D.: Application of inductive energy storage for the
production of intense magnetic fields. In: 6th Symposium on Fusion Technology, Aachen
(1970)

10. Kind, D., Salge, J., Schiweck, L., Newi, G.: Explodierende Drähte zur Erzeugung von
Megavolt-Impulsen in Hochspannungsprüfkreisen. ETZ-A 92, 46–51 (1971)

11. Feser, K., Modrusan, M., Sutter, H.: Simulation of multiple lightning strokes in laboratory. In:
Proceedings of 3rd ISH Mailand, Paper 41.05 (1979)

12. Klein, T., Köhler, W., Feser, K.: Exponential current generator for multiple pulses. In:
Proceedings of 12th ISH Bangalore, Paper 7-21 (2001)

13. Modrusan, M.: Langzeit-Stoßstromgenerator für die Ableiterprüfung gemäß
CEI-Empfehlung. Bull. SEV 68, 1304–1309 (1977)

14. Park, E.H.: Shunts and inductors for current measurements. NBS J. Res. 39, 191–212 (1947)
15. Navarro, A., et al.: Transducer for lightning current measurement. In: Proceedings of 14th

ISH Beijing, Paper B-29 (2005)
16. Schwab, A.J.: Die Berechnung der Bandbreite und der Anstiegszeit rohrförmiger

Messwiderstände unter Berücksichtigung der Stromverdrängung. ETZ A 89, 604–606 (1968)
17. Schwab, A.J.: Low-resistance shunts for impulse currents. IEEE Trans. PAS 90, 2251–2257

(1971)
18. Pfeiffer, W.: Aufbau und Überprüfung von koaxialen Rohrwiderständen sehr kurzer

Anstiegszeit. ETZ-A 91, 59–60 (1970)
19. Wakimoto, T., Ishii, M.: Step response and comparison test of impulse current measuring

system. In: Proceedings of 18th ISH Seoul, Paper PC-10 (2013)
20. Nagel, A., Kerwer, T.: Design of a 1 kA pulsed current source with 60 ns rise time for the

analysis of current probes. In: Proceedings of PCIM Europe Nürnberg, pp. 899–902 (2004)

5.3 Measurement of High Impulse Currents 199



21. Högberg, L.: 1 Gc/s bandwidth shunt for measurements of current transients in the 10 A–10
kA range. J. Sci. Instrum. 42, 273–279 (1965)

22. Wesner, F.: Koaxiale Flächenwiderstände zur Messung hoher Stoßströme mit extrem kurzer
Anstiegszeit. ETZ-A 91, 521–524 (1970)

23. Witt, H.: Response of low ohmic resistance shunts for impulse currents. Elteknik 3, 45–47
(1960)

24. Lappe, F., Westendorf, K.B.: Ein Meß-Widerstand für Hochfrequenz. Z. Angew. Phys. 3, 29–
32 (1951)

25. Malewski, R.: New device for current measurement in exploding wire circuits. Rev. Sci. Instr.
39, 90–94 (1968)

26. Malewski, R.: Micro-Ohm shunts for precise recording of short-circuit currents. IEEE Trans.
PAS 96, 579–585 (1977)

27. Malewski, R., Nguyen, Chinh T., Feser, K., Hyltén-Cavallius, N.: Elimination of the skin
effect error in heavy-current shunts. IEEE Trans. PAS 100, 1333–1340 (1981)

28. Schwab, A., Imo, F.: Übergangsverhalten koaxialer Strommesswiderstände mit exzentrischem
Spannungsabgriff. ETZ A-Arch. 2, 95–100 (1980)

29. Lu, L., Mou, L., Liu, J., Li, Y.: Development of a standardizing device for Rogowski coil. In:
Proceedings of 14th ISH Beijing, Paper J-48 (2005)

30. Rogowski, W.: Über einige Anwendungen des magnetischen Spannungsmessers. Arch.
Elektrotech. 1, 511–527 (1913)

31. Destefan, D.E., Ramboz, J.D.: Advancements in high current measurement and calibration.
In: NCSL Intern. Workshop and Symposium, Toronto (2000)

32. Ward, D.A., Exon, J.L.T.: Using Rogowski coils for transient current measurements. IEE
Eng. Sci. Educ. J. 2, 105–113 (1993)

33. Ray, W.F., Hewson, C.R.: High performance Rogowski current transducers. In: Conference
Proceedings of IEEE-IAS Conference, Rome (2000)

34. Kojovic, L.: PCB Rogowski coils benefit relay protection. IEEE Comput. Appl. Power 15, 1–
4 (2002)

35. Schon, K., Schuppel, W.: Precision Rogowski coil used with numerical integration. In:
Proceedings of 13th ISH Ljubljana, Paper T10-130 (2007)

36. Hewson, C.R., Ray, W.F.: Optimising the high frequency bandwidth and immunity to
interference of Rogowski coils in measurement applications with large local dV/dt. In:
Conference Proceedings of IEEE-APEC Conference, Palm Springs (2010)

37. Cooper, J.: On the high-frequency response of a Rogowski coil. J. Nucl. Energy Part C 5,
285–289 (1963)

38. Bellm, H., Küchler, A., Herold, J., Schwab, A.: Rogowski-Spulen und Magnetfeldsensoren
zur Messung transienter Ströme im Nanosekundenbereich. Arch. Elektrotechn. 68, part 1, 63–
74, part 2, 69–74 (1985)

39. Anderson, J.M.: Wide frequency range current transformers. Rev. Sci. Instrum. 42, 915–926
(1971)

40. Waters, C.: Current transformers provide accurate, isolated measurements. In:
Conference PCIM (1986)

41. Schon, K., Mohns, E., Gheorghe, A.: Calibration of ferromagnetic coils used for impulse
current measurements. In: Proceedings of 12th ISH Bangalore, vol. 5, 166–1169 (2001)

42. Di Capua, M.S.: High speed magnetic field and current measurements. In: NATO ASI Series
E Applied Sciences, vol. 1, issue 108, 1, pp. 223–262 (1986)

43. Krauß, T., Köhler, W., Feser, K.: Improved high bandwidth potential-free magnetic field
probe for the measurement of transient magnetic fields. In: Proceedings of 11th ISH London,
Paper 467 (1999)

44. Kull, M., Krauß, T., Köhler, W., Feser, K.: High bandwidth 3D-magnetic field probe for the
measurement of transient magnetic fields. In: Proceedings of 12th ISH Bangalore, Paper 1–16
(2001)

200 5 High Impulse Currents



Chapter 6
Electro-optic and Magneto-optic Sensors

Abstract The basics of electro-optic and magneto-optic effects, also named after
their discoverers, have been known for more than a century. The Pockels effect and
the Kerr effect characterize the optical properties of certain crystals, liquids and
gases under the influence of an electric field, whereby the polarization of a light
wave propagating in the optical axis of the medium is affected. According to the
Faraday effect, a magnetic field also changes the polarization of a passing light
wave. For all effects, a rotation of the polarization plane of the light occurs in the
medium, which is indicated by a downstream analyzer and photodetector as the
corresponding electric or magnetic field strength. The optical processes in the
medium take place in the nanosecond range, so that bandwidths from zero to the
GHz range can generally be achieved with electro-optic or magneto-optic sensors.
The clause discusses the nature and characteristics of various recently developed
sensors. In conjunction with fiber optics, there are good prospects for the use of
these sensors in the high-voltage area. After calibration of the sensors on site, the
voltages or currents that generate the fields can be displayed directly. The technical
realization of sensors based on the Pockels or Faraday effect has progressed in the
last two decades thanks to the solution of many individual problems, resulting in a
variety of electro-optic and magneto-optic transducers in the high-voltage network.

The basics of electro-optic and magneto-optic effects, also named after their dis-
coverers, have been known for more than a century. The Pockels effect and the Kerr
effect characterize the optical properties of certain crystals, liquids and gases under
the influence of an electric field, whereby the polarization of a light wave propa-
gating in the optical axis of the medium is affected. According to the Faraday effect,
a magnetic field also changes the polarization of a passing light wave. For all
effects, a rotation of the polarization plane of the light occurs in the medium, which
is indicated by a downstream analyzer and photodetector as the corresponding
electric or magnetic field strength. The optical processes in the medium take place
in the nanosecond range, so that bandwidths from zero to the GHz range can
generally be achieved with electro-optic or magneto-optic sensors. In conjunction
with fiber optics, there are good prospects for the use of these sensors in the
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high-voltage area. After calibration of the sensors on site, the voltages or currents
that generated the fields can be displayed directly. The technical realization of
sensors based on the Pockels or Faraday effect has progressed in the last two
decades thanks to the solution of many individual problems, resulting in a variety of
electro-optic and magneto-optic transducers in the high-voltage network.

6.1 Electro-optic Effects

Under the influence of an electric field E, certain crystals, liquids and gases change
their optical properties. When a light wave passes through such a medium with the
refractive index n, induced birefringence occurs:

n ¼ n0 þ aEþ bE2 þ � � � ; ð6:1Þ

where n0 denotes the natural refractive index. While the Pockels effect character-
izes the linear relationship between refractive index and field strength and therefore
b = 0, the Kerr effect describes the quadratic dependence with a = 0. The Pockels
effect occurs in two variants, which are determined by the direction of the electric
field. In the case of the longitudinal Pockels effect, the electric field and the light
wave have the same direction. The transversal Pockels effect (like the Kerr effect) is
characterized in that the electric field acts perpendicular to the light wave.

6.1.1 Pockels Effect

The basic principle of a measurement arrangement that exploits the longitudinal
Pockels effect for field strength or voltage measurements is shown in Fig. 6.1. With
the laser 1, a light beam of the wavelength k is generated in the z-direction and
linearly polarized by the polarizer 2 in the x-direction. The subsequently arranged
k/4 wave plate 3 is a thin crystal plate in which there are two mutually perpen-
dicular axes x′ and y′, along which the refractive indices and hence the propagation
velocities differ. The angle of incidence of the polarized light to the optical axis and
thus to the “slow” y′-axis is 45°. Upon entering the k/4 wave plate, the light clearly
splits into two orthogonal partial waves of equal amplitude, which propagate in the
z-direction with different velocities due to natural birefringence. The resulting phase
shift causes the two partial waves to leave the plate again as circularly polarized
light. With appropriate thickness and orientation of the plate, the phase shift of the
partial waves at the plate output is just k/4 corresponding to Du = p/2. As a result,
the operating point of the Pockels cell, as described below, is placed in the linear
part of the characteristic curve [1, 2].

The actual Pockels cell 4 is likewise an optically uniaxial, birefringent crystal
of length l in the z-direction. The propagation direction of the polarized light is
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placed in the optical axis of the crystal in which the natural birefringence is not
effective, i.e. n0 = 0 in Eq. (6.1). An electric field E aligned parallel to the optical
axis causes an induced birefringence, which leads to a comparable formation of x′-
and y′-axes with different propagation velocities of the orthogonal partial waves. At
the output of the Pockels cell, the light is elliptically polarized. Depending on the
distance z passed through in the crystal, the phase difference between the two partial
waves is:

D/ zð Þ ¼ 2pDn
k

z ; ð6:2Þ

where Dn denotes the difference of refractive indices or propagation velocities for
the two partial waves. For Dn, the already mentioned linear relationship with the
field strength applies:

Dn ¼ n30 rij E : ð6:3Þ

Here, rij is the effective electro-optic coefficient in this arrangement, which
depends on the crystal temperature, the wavelength k of the light and the frequency
of the electric field E or the applied voltage.

At the output of the Pockels cell 4 is the analyzer 5, which is aligned perpen-
dicular to the input polarizer 2. The analyzer acts as a polarizer that lets the light
through only with the component in its polarization direction. The phase

Fig. 6.1 Longitudinal Pockels effect for high-voltage measurement (principle). 1 Laser, 2
polarizer, 3 k/4 wave plate, 4 crystal, 5 analyzer, 6 photodetector, M measuring instrument, e.g.
oscilloscope or recorder
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modulation is thereby converted into an intensity modulation. The light intensity
I at the output of the analyzer is:

I ¼ I0 sin2
D/
2

� �
: ð6:4Þ

Here, I0 is the maximum measured light intensity and Du the phase displacement
for z = l at the crystal output. For example, in the arrangement of Fig. 6.1 without
the k/4 plate 3 and without the external field E, no light can pass through the
analyzer 5 due to Du = 0 and hence I = 0. For a total phase displacement of
Du = p, the intensity reaches its maximum, i.e. I = I0.

If the sensor is provided for voltage measurements, the voltage U is applied to
the end faces of the crystal 4 and the electric field is E = U/l. According to Eq. (6.2)
with Eq. (6.3), Du is proportional to the field strength and Eq. (6.4) can be
rewritten:

I ¼ I0 sin2
p
4
þ p

2
U
Up

� �
: ð6:5Þ

The first term in the bracket of Eq. (6.5) takes into account the phase dis-
placement Du = p/2 of the light wave after passing through the k/4 plate 3 (see
Fig. 6.1). The term Up denotes the half-wave voltage for which there is a phase
difference of k/2 = p between the two orthogonal light waves at the crystal output.
The Up values of commonly used crystals are in the range of 3–31 kV.

Because of the ambiguity of sin 2x for x > p, the working area is chosen to lie in
the approximately linear part of the sine square of Eq. (6.5) with U < Up/2
(Fig. 6.2). Therefore, a bipolar voltage signal with low amplitude leads to an
approximately linear modulation of the downstream analyzer. The zero shift
obtained with the k/4 plate corresponding to an initial phase rotation of p/2 could
alternatively be achieved by an applied DC voltage Up/4.

The photodetector 6 in Fig. 6.1 detects the voltage-dependent light intensity
according to Eq. (6.5) and converts it into an electrical signal for further processing
with a digital voltmeter or digital recorder. In the case of the transversal Pockels
effect with the field strength acting perpendicular to the light wave, similar pro-
cesses take place in the crystal as in the longitudinal Pockels effect.

6.1.1.1 Pockels Sensors for Field Measurements

The earlier development of electro-optic sensors with Pockels cells for use in
high-voltage engineering is summarized in [3, 4] including a large number of
references. Basically, there are two main types: miniaturized Pockels cells that can
be positioned freely in the electric field for field measurements, and Pockels cells
that are usually arranged in series between two electrodes and connected directly to
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the high voltage to be measured. Instead of a laser, which was mainly used earlier in
orientation investigations in the laboratory, today other light sources such as laser
diodes (LD) or light-emitting diodes (LED) are in use. Fiber optic cables serve for
coupling and decoupling the light wave. Investigations on optical fibers in the
high-voltage field show, however, that at higher air humidity flashovers can occur,
depending on the coating material of the optical fiber used [5]. Optical fibers are
often used in special designs as polarization-maintaining optical fibers (PMF).

For Pockels cells, anisotropic crystals such as Bi4Ge3O12 (BGO), Bi12SiO20

(BSO), Bi12TiO20 (BTO) or LiNbO3 are used in certain cutting directions. A typical
arrangement of an electro-optic sensor with Pockels cell is shown in Fig. 6.3. The
light is generated by an LED 1 (or LD) and passes through the optical fiber 2 to the
sensor in the high voltage field, the beam being coupled through a microlens 3 in
the fiber. Via a linearly polarizing beam splitter 4 and a k/4 plate 5, the circularly
polarized light wave enters the Pockels cell 6, from which it exits again under the
action of the electric field with elliptical polarization. The light then passes through
a second polarizing beam splitter 4, the microlens 3 and the optical fiber 2 before
reaching the photodetector 7. Here, the beam intensity is converted into a pro-
portional voltage, which is detected by the measuring device M [4].

The technical development in the realization of electro-optic sensors with
Pockels cells has led to considerable advances, in particular with regard to sensor
dimensions and variety of applications. Thus, the individual elements of an
electro-optic sensor with two GRIN lenses 2 (gradient index lenses), polarizer 3, k/4
plate 4, LNO crystal 5 and analyzer 6 can be glued together to form a unit in the
dimensions 10 mm � 75 mm. Together with the connections of the two fiber
optics, this results in an easily manageable sensor (Fig. 6.4). The sophisticated

Fig. 6.2 Initial course of the
characteristic I/I0 of the
Pockels sensor whose linear
part is used to convert an
optical signal into an
electrical signal
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bonding technique requires a special mounting device and adjustment unit on an
optical bench [6]. Critical points in choosing a suitable adhesive are high light
transmission, no stress during curing and minimal elongation with temperature
changes.

Extremely small dimensions are achieved by using optical waveguide technol-
ogy in the LNO crystal with diffused Ti and the use of a dielectric mirror [4, 7]. The
light beam generated by an LED is passed through the optical fiber 1 to an optical
coupler 2 and polarizer 3, where it is linearly polarized (Fig. 6.5). The light
propagates in the 7 lm wide waveguide 4, is reflected at the end face and exits the
waveguide. It then returns to the polarizer 3 and the coupler 2, where a part of it is
coupled out and passed through a second optical fiber 1 to the analyzer and pho-
todetector. In [8, 9] further improvements and even smaller versions of this sensor
type with two parallel optical waveguides are presented. In one of the examples
presented, the sensor is used to measure surface discharges.

The arrangement in Fig. 6.6 also shows a sensor with a dielectric mirror for
reflecting the light at the end face of the Pockels cell [10]. The linearly polarized
light is conducted in a polarization-maintaining fiber 1 (PMF) via a GRIN lens 2 to

Fig. 6.3 Typical
arrangement of an
electro-optic sensor with
Pockels cell. 1 Light source,
2 optical fiber, 3 microlens,
4 polarizing beam splitter,
5 k/4 plate, 6 crystal,
7 photodetector, M measuring
instrument

Fig. 6.4 Pockels sensor
element in bonded design.
1 Optical fiber, 2 GRIN
microlens, 3 polarizer,
4 k/4 plate, 5 LNO crystal,
6 analyzer
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the film 3, which acts as a k/4 plate. By means of the beam splitter 4, a part of the
circularly polarized light is directed into the electro-optic BTO crystal 5. In order to
keep the distortion of the electric field low, the crystal has a cylindrical shape with
no sharp edges, the diameter and length of each being 5 mm. Under the influence of
a longitudinal electric field, the light is elliptically polarized, which is coupled with
a phase rotation. The light is reflected by the dielectric mirror 6 and propagates
through the crystal 5 a second time. Although the second pass through the crystal
causes a doubling of the phase rotation, the advantage of the corresponding
intensity gain is lost again by the subsequent beam splitter 4. The light wave
continues to the prism 7 where it is directed to the analyzer 8 and further via the

Fig. 6.5 Pockels sensor in
miniature version with optical
waveguide and dielectric
mirror. 1 Optical fiber,
2 optical coupler, 3 polarizer,
4 optical waveguide,
5 dielectric mirror

Fig. 6.6 Pockels sensor with
dielectric mirror and beam
splitter (principle). 1 Optical
fiber, 2 optical lens, 3 k/4
plate, 4 beam splitter, 5 BTO
crystal, 6 dielectric mirror,
7 prism, 8 analyzer
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lens 2 and the optical fiber 1 to the photodetector for intensity indication. The
individual elements of the sensor are glued after careful alignment.

Furthermore, in [10] the influence of different parameters and in particular the
interaction of the total 17 mm long sensor with the surrounding field is considered
theoretically and experimentally. According to Maxwell’s equation of continuity
for the conduction and displacement current densities, the introduction of a
dielectric in air changes the electric field strength in both the air and the dielectric.
Due to the large relative permittivity er � 50 of BTO and the high conductivity
j � 1.2 � 10−13 Xm−1, the AC field strength in the crystal is mathematically
reduced by a factor of 13. This leads to a corresponding reduction in sensor sen-
sitivity. In the DC field, the field reduction in this crystal is even several orders of
magnitude due to the very different conductivities. The sensitivity loss is corre-
spondingly high, so that the crystal is not readily suitable for use in the DC field. In
addition, the conductivity of the air—and thus the sensitivity of the crystal—is
strongly influenced by various parameters such as temperature and humidity.

The different behavior of electro-optic sensors with the BTO crystal for DC and
AC fields investigated in [10] is clearly evident in the step response. The initial
rapid rise of the electric field is correctly reproduced by the sensor, but in the
subsequent range of constant field strength, the step response falls to zero within
35 s. This is comparable to the step response of a measuring coil (see, for example,
Fig. 5.35c). The BTO sensor is calibrated in the defined AC field of a large plate
electrode arrangement at power frequency, as described in (Ref. [116] of Chap. 4).
The result shows that the sensor works linearly for field strengths in the investigated
range of ±150 kV/m. The sensitivity at room temperature is 1.65 � 10−7 m/V,
with reproducibility within ±3%. The sensor is intended for field measurements on
silicone insulators that are tested with AC and impulse voltages. In another
application of the sensor, the field distribution on electrical apparatus is measured,
e.g. the tangential field of the replica of a stator end winding in a large turbine
generator [11]. The experimental results are intended to support numerical field
calculations. The aim is to improve the arrangement in order to avoid high local
field strengths, which can lead to partial discharges and thus to long-term damage in
the winding area.

In [12] a sensor with an LNO crystal is described, which also has a dielectric
mirror at the end face for reflecting the light beam and thus has small dimensions.
Two identical height-adjustable sensors are installed to the right and left of a
150 kV AC overhead line insulator, which allow the axial and radial field com-
ponents in the vicinity of the suspension insulator to be measured relatively easily
and quickly. Based on the measured spatial field distributions, the presence, loca-
tion and type of damage in the tested insulators can be clearly identified.

6.1.1.2 Pockels Sensors for Voltage Measurements

The examples in Sect. 6.1.1.1 deal with the use of sensors with Pockels cells in
miniature design for field measurements. For the direct measurement of high
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voltages, sensors of larger dimensions are used, which are usually installed in SF6-
insulated electrode arrangements. A sensor with a BGO crystal (er = 16), which has
a diameter of only 1 mm and a length of 40 mm, is described in [13]. The sensor
with the fragile crystal is tested for suitability for DC, AC and impulse measure-
ments up to 50 kV. The lightning impulse voltages measured with this sensor have
no superimposed oscillations, which occur with other sensors due to the inverse
piezoelectric effect (see Sect. 6.1.1.3). The rise time of the step response of the
sensor is reported as less than 3 ns, which corresponds to a bandwidth of more than
116 MHz.

To measure higher voltages, several electro-optic crystals can be connected in
series and arranged one above the other with spacers or glued into a unit. The
frequently used BGO crystal is known to have a stable behavior for at least one
hour, even in DC operation. A sensor array of eight series-connected BGO crystals
1, each 1 mm in length, is described in [14]. Together with the spacers 2 between
the individual crystals, the sensor reaches a total length of 110 mm (Fig. 6.7). The
sensor structure corresponds to the typical arrangement with the polarizer 3 or
analyzer, k/4 retardation plate 4, microlens 5 and optical fiber 6. The sensor is
installed between the two electrodes 7 in the insulating cylinder 8 and housed in a
larger SF6-insulated electrode assembly. For the complete sensor and a wavelength

Fig. 6.7 Electro-optic
high-voltage measuring
system with eight BGO
crystals in series. 1 BGO
crystal, 2 spacer, 3 polarizer/
analyzer, 4 k/4 plate,
5 microlens, 6 optical fiber,
7 electrode, 8 insulating
cylinder
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k = 1300 nm, a half-wave voltage Up = 14 MV is calculated, which is thus several
hundred times larger than the Up value of a single BGO crystal. The sensor shows
excellent linearity, the deviations being within ±0.2% for DC voltages in the range
of ±225 kV, within ±0.1% for 50 Hz AC peak voltages up to 250 kV and within
±0.2% for lightning impulse voltages up to 400 kV. The measurement of DC
voltage was carried out in each case 5 min after applying the voltage. The data of
the recorded lightning impulse voltages were filtered to eliminate the superimposed
oscillation of about 160 kHz due to the inverse piezoelectric effect (see
Sect. 6.1.1.3).

Another study deals with the behavior of a 1.1 m long sensor, which consists of
eight BGO crystals as in [14] and is provided at both ends with a polarizing beam
splitter and a transparent electrode [15]. Two light waves with wavelengths of 1300
and 1550 nm are introduced into the grounded base of the sensor via an optical
multiplexer and a polarization-maintaining optical fiber. On the high-voltage side,
the light waves pass through a demultiplexer, which supplies them to two opto-
electronic converters for evaluation. The combination of the two individual char-
acteristic curves (see Fig. 6.2) for the light waves results in a locus curve from
which the applied voltage can be determined. In this method, the expectation is that
higher voltages than for a single light wave are unambiguously measureable. Due to
the Faraday and piezo-gyration effects, however, the characteristic curves and thus
also the measured voltages are superimposed by low noise. During the measure-
ment of the natural birefringence and the sensitivity of each crystal at DC voltage, a
50 Hz modulation voltage is applied to one end of the crystal, whereby the
above-mentioned decrease in photosensitivity can be avoided for at least 1 h. On
the other hand, the results show that each crystal has a different temperature
behavior. Due to the inverse piezoelectric effect (see Sect. 6.1.1.3), the measured
lightning impulse voltages are superimposed by an 80 kHz oscillation, which can
be eliminated by a special filtering method including FFT.

6.1.1.3 Inverse Piezoelectric Effect

Due to the sub-nanosecond processes in the electro-optic crystal, Pockels cells can
theoretically achieve bandwidths from zero to the gigahertz range. Several inves-
tigations are therefore concerned with wide-band electro-optic measuring systems
for impulse voltages [6, 10, 13, 15, 16]. However, due to the inverse piezoelectric
effect, the crystal undergoes a periodic change in length in the tail of a lightning
impulse voltage, which causes an oscillation of the phase angle Du according to
Eq. (6.5). The resulting fluctuation in the intensity of the polarized light wave is
converted by the photodetector at the output of the crystal (6 in Fig. 6.1) into an
electrical oscillation superimposed on the measured lightning impulse voltage
(Fig. 6.8). The frequency of the superimposed oscillation lies between 80 kHz and
1 MHz for the examined crystals.

The test results relating to the occurrence of oscillations superimposed on
impulse voltages do not give a uniform picture for the electro-optic crystals studied.
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For example, the lightning impulses measured with the 40 mm long BGO crystal
(diameter 1 mm) presented in [13] have no superimposed oscillations. On the other
hand, the majority of sensors with the same or with different crystals show this
annoying effect. Furthermore, by reducing the length of an LNO crystal to 2.5 mm,
the oscillation frequency increases from a few 100 kHz to almost 1 MHz [6]. The
multilayer arrangement with thin crystals is also advantageous in order to shift the
oscillation to a higher, no longer disturbing frequency range. The oscillations and
noise components superimposed on the lightning impulse voltage can then be
largely eliminated by digital filtering of the measurement signal [14–16]. In the
case of well reproducible impulse voltages, a significant reduction of the super-
imposed oscillation is also achievable by multiple recording and averaging of the
impulses [10].

6.1.1.4 Electro-optic Voltage Transducers

An important goal in the development of sensors with Pockels cells is their use in
electro-optic voltage transducers (or: electro-optic voltage transformers) as a
replacement for the inductive and capacitive voltage transformers, which are
used almost exclusively for energy metering in the supply network so far. The
replacement of conventional oil-insulated voltage transformers is sought from an
ecological point of view, e.g. because of the danger of leaking oil or an explosion.
This is also advantageous in view of lower weight and the acquisition and operating
costs. Also advantageous is the small output voltage of electro-optic transducers in
the range of a few volts, which enables the direct connection of electronic circuits
with digital acquisition of the measured data. In addition, the transmission voltages of
up to 1 MV planned in Asia place high demands that conventional measuring sys-
tems with voltage transformers and dividers can hardly meet due to the required
dimensions, the insulation effort and the transmission bandwidth at reasonable costs.

The development of electro-optic voltage transducers—often referred to as
“non-conventional transformers”—for measurement and protection purposes in the
energy supply network has progressed over the last two decades. They are now

Fig. 6.8 Schematic diagram
of a measured lightning
impulse voltage with
superimposed oscillation,
which is generated by the
inverse piezoelectric effect of
a Pockels cell
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proven in practice and are offered commercially. On the other hand, for inductive
voltage transformers with appropriate maintenance and monitoring, a lifetime of
40 years can be expected. In the case of electro-optic transducers, comparatively
long experiences are not yet available, so that their spread only increases slowly by
replacement.

Pockels sensors in electro-optic voltage transducers are either floating in the
electric field between the high-voltage and ground electrodes or are directly con-
nected to the voltage to be measured. In the electro-optic voltage transducer pre-
sented in [17], the Pockels sensor 1 is located in the field of a hemispherical
high-voltage electrode 2, which is supported by a 2 m high insulating tube 3
(Fig. 6.9). The sensor is connected via an optical fiber 4 to the devices 5 at ground
potential (light source, measuring instrument, control units, etc.). The experimental
studies, in which the position of the sensor in the electric field as well as the
position of devices in the vicinity of the transformer was varied, showed satisfac-
tory results. The authors come to the positive conclusion that the electro-optic
voltage transducer is suitable for use in the 500 kV supply network after on-site
calibration. A variant of the arrangement is shown in [18], in which the
high-voltage electrode encloses the spherical ground electrode with built-in field
sensor.

In general, GIS and GIL provide good conditions for the installation of the
complete electro-optic sensor including polarizer, k/4 plate and analyzer [19, 20].
The sensor works as a field sensor whose display is converted into a voltage after
on-site calibration. The relative measurement uncertainty of the sensor is reported
as less than 0.5% for the usual industrial operating temperature range.

Electro-optic voltage transducers whose sensors are directly connected to volt-
age can be subdivided into two groups. In one group, the sensor is located at the

Fig. 6.9 Electro-optic
voltage transformer
(schematic diagram).
1 Pockels sensor in the
electric field of the voltage to
be measured, 2 high-voltage
electrode with flange,
3 insulating tube,
4 optical fiber, 5 light source,
measuring instrument, control
devices, etc.
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output of a capacitive voltage divider whose disadvantages must be taken into
account as with the conventional capacitive voltage transformer (see Sect. 2.5.6).
The sensors of the other group are connected directly to the full high voltage of up
to several 100 kV. In [21, 22], an electro-optic voltage transducer with BGO
crystals (Bi12GeO20 or Bi4Ge3O12) in SF6 atmosphere is described for use up to the
550 kV level. The introduction of two light waves with a phase shift of +k/8 and
−k/8 proved to be beneficial for the stability of the crystal. The voltage transducer,
also designed as an outdoor combined instrument transducer with Faraday sensor
for current measurement, meets the requirements of IEC accuracy class 0.2.

The periodic change in length due to the inverse piezoelectric effect (see
Sect. 6.1.1.3) is also used for AC voltage measurement [22]. The measuring sensor
consists of a 100 mm long cylindrical quartz crystal around which a special
dual-mode optical fiber with an elliptical core is wound. The resulting differential
phase modulation of the two fiber modes is proportional to the voltage applied to
the quartz crystal. The piezo-optic voltage transducer is housed in a compact
arrangement and can be plugged into a suitably prepared 170 kV GIS. In addition, a
420 kV prototype sensor with four series-connected quartz crystals has been
developed and investigated for outdoor operation.

6.1.2 Electro-optic Kerr Effect

Like the transverse Pockels effect, the electro-optic Kerr effect is based on the
induced birefringence of a light wave in the Kerr medium under the action of a
transverse electric field E, which in turn causes a rotation of the polarization plane.
The basic circuit in Fig. 6.10 consists of a laser 1, polarizer 2, container 3 with the
mostly liquid or gaseous Kerr medium, an analyzer 4, a photodetector 5 and a
measuring instrument M. As with the Pockels sensor, the arrangement can be
extended by a k/4 plate (see Fig. 6.1) or by a mirror for reflection of the light wave
(see Fig. 6.5). According to the quadratic dependence of the induced birefringence
in the Kerr effect according to Eq. (6.1), the path difference of the two wave
components and thus the phase shift is [1–4]:

D/ ¼ 2p l K E2 ; ð6:6Þ

where K is the Kerr constant and l is the effective length of the medium traversed
by the light wave under the action of the electric field E. The intensity of the light
wave after leaving the Kerr medium is again proportional to the square of the sine
function according to Eq. (6.4) or Eq. (6.5), but the argument is proportional to the
square of the field strength:
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I ¼ I0 sin2
p
2
E=Emð Þ2 : ð6:7Þ

The course of the intensity I/I0 according to Eq. 6.7 is characterized by maxima
and minima, which follow each other with increasing field strength at ever shorter
intervals. The first maximum I = I0 for k = 1 occurs at the field strength Em.
Equation (6.7) gives the relative field strength E/Em [23]:

E
Em

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kþ 2

p
arc sin

ffiffiffiffi
I
I0

rs
: ð6:8Þ

Due to the quadratic dependence of the Kerr effect on the field strength or
voltage, the polarity information is lost. Therefore, and because of instability and
high temperature dependence, Kerr cells are less well suited for voltage or field
strength measurements than Pockels crystals.

When using a Kerr cell for voltage measurement, the applied voltage is u =
(E/Em) (Emd) with E/Em according to Eq. (6.8), where d denotes the effective
electrode spacing (see Fig. 6.10). The product Emd is determined by calibration
with a reference divider at DC, AC or impulse voltage [23, 24]. In the early days of
Kerr cell measurement, an oscilloscope was used as instrument M and the number

Fig. 6.10 Electro-optic Kerr effect for high-voltage measurement (principle). 1 Laser, 2 polarizer,
3 container filled with liquid Kerr medium, 4 analyzer, 5 photodetector, M measuring instrument,
e.g. oscilloscope
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Fig. 6.11 Characteristic of a
Kerr cell showing the light
intensity I/I0 versus the
applied voltage

of voltage maxima displayed was counted (Fig. 6.11). Basically, the accuracy of
this evaluation increases with increasing field strength or voltage, since the number
of maxima increases disproportionately.

The Kerr effect has been extensively investigated in a large number of studies
concerning its use in high-voltage and field measurement, pulse physics and
insulation technology [3, 4]. The materials that were initially preferred because of
their large Kerr constant K were flammable, explosive or toxic liquids. So, Kerr
sensors with nitrobenzene were manufactured for impulse voltages of up to 300 kV
(Ref. [6] of Chap. 1; [4]). Later, less hazardous materials such as water, transformer
oil, solids and gases were also used as the Kerr medium. Although nitrobenzene has
a large Kerr constant, on the other hand it has a rather large relative permittivity
er = 36. If the Kerr cell is operated in a substance of lower relative permittivity, the
field strength in the Kerr medium decreases with the permittivity ratio, and the
sensitivity of the Kerr cell is reduced. Therefore, not only the value of the Kerr
constant K is decisive, but also the quotient K/er [25].

Transformer and silicone oils have small, gases such as O2, N2, CO2 and SF6 still
much smaller Kerr constants. Even at higher field strengths or voltages, only a small
indication is achieved with these materials that barely exceed the noise level.
A proven remedy is the modulation of the voltage to be measured by an auxiliary
voltage whose frequency is between 1 and 50 kHz and amplitude between 200 V and
1 kV [4, 26, 27]. The modulated output signal of the photo detector is then fed via a
lock-in amplifier to the PC and the influence of the superimposed auxiliary voltage is
eliminated by digital filtering. Further increase in sensitivity is achieved by providing
the Kerr cell at the entrance and exit sides of the light wave with translucent concave
mirrors. The light wave thus experiences a multiple reflection before it leaves the
Kerr cell. Due to this multiple reflection, the entire path of the light wave in the
electric field—and thus the phase shift Du—is significantly increased [27].

6.2 Faraday Effect

In most solid and liquid dielectric materials that are optically transparent, the
magneto-optic effect occurs, which according to its discoverer is also referred to as
Faraday effect or Faraday rotation. It describes the interaction of linearly polarized

6.1 Electro-optic Effects 215



light with a magnetic field in a transparent medium. The polarization plane of the
light as it passes through the medium is rotated under the influence of a longitudinal
magnetic field, which is shown in the example of Fig. 6.12 for a glass rod. The
rotation is based on induced circular birefringence, i.e. the linearly polarized light is
decomposed into right- and left-circularly polarized waves which propagate in the
transparent rod at slightly different speeds due to different refractive indices. At the
output of the glass rod with the effective length l, the two partial waves recombine
to form a linearly polarized wave. However, its polarization plane is rotated by the
angle b with [1–3]:

b ¼ V l B ¼ V l l0H: ð6:9Þ

Here, V is the Verdet constant of the medium with µr = 1, which can be positive or
negative and which depends on the wavelength of the light, the medium and the
temperature. Occasionally, instead of V, the product µ0V is given in numerical form.
The processes in the medium take place in the range of nanoseconds. With a
downstream analyzer, the rotation of the polarization plane is converted into an
intensity modulation. Then, a photodetector converts the intensity modulation into a
corresponding electrical signal to be measured by an instrument.

6.2.1 Magneto-optic Current Sensors

The basic properties of magneto-optic sensors and their use in measuring high DC,
AC and impulse currents are discussed in numerous publications [18–22, 28–33].

Fig. 6.12 Principle of the magneto-optic Faraday effect for measuring magnetic fields or currents.
1 Laser, 2 polarizer, 3 glass rod, 4 analyzer
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According to Eq. (6.9), the angle b and thus the measured value of the instrument is
directly proportional to the magnetic flux or current generating this flux:

b� i: ð6:10Þ

Basically, a distinction is made between sensors in block form and fiber form.
Around the simple cylindrical sensor made of quartz glass in block form, the current
carrying conductor is wound with several turns, whereby the longitudinal magnetic
field is generated (Fig. 6.13a). The current-proportional rotation of the polarization
plane at the output of the quartz glass is converted by an analyzer into an intensity
modulation and by a photodetector into an electrical signal for further evaluation.
The production of sensors in block form is described as simple and their long-term
stability as good. The response time of the complete sensor is a few 100 ns, which
corresponds to a bandwidth of several megahertz [34].

A special embodiment of a sensor in block form is the magneto-optic current
transducer with glass ring sensor head (Fig. 6.13b). It consists of a square quartz
glass arrangement 1 with a centric opening through which the conductor 2 is
inserted [1, 3, 18, 21]. The current generates in the glass plate 1 a magnetic field
H with field components that are parallel to the edges of the glass plate. Via the
optical fiber 3, the lens 4 and the polarizer 5, the light enters as a linearly polarized
light wave L in the glass plate parallel to an edge. At each plate corner 6, the light
wave is mirrored by 90° so that it propagates parallel to the four edges—and thus
also approximately parallel to the magnetic field—until it leaves the glass plate near
the entrance point again. Under the influence of the magnetic field, the light is
circularly polarized as described above. After a complete circulation, the light wave

(a) (b)

Fig. 6.13 Basic versions of two different magneto-optic current sensors in block form. a Faraday
sensor with multiple wound conductor, b Faraday sensor with a centric opening through which the
conductor is inserted. 1 Quartz glass transducer, 2 conductor, 3 optical fiber, 4 lens, 5 polarizer,
6 mirror
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Lb leaves the quartz glass again with linear polarization, but with a phase rotation b
proportional to the current i according to Eq. (6.10). At the output of the glass ring,
the phase rotation is converted by an analyzer into an intensity modulation, which
is then converted by a photodetector into an electrical signal for further
evaluation.

Magneto-optic current sensors in fiber form have recently come to the fore.
Optical glass fibers in special versions are used as sensors. In the basic arrangement,
the glass fiber 1 is wound around the conductor 2 in one or more turns (Fig. 6.14).
The light source is a laser diode 3 with a downstream polarizer 4 for generating
linearly polarized light. The magnetic field H generated by the current i is parallel to
the sensor fiber and causes the Faraday rotation of the polarization plane by the
angle b * i. The phase modulation of the linearly polarized light is converted by
the analyzer 5 into an intensity modulation, which is displayed by the detector 6 as
an electrical signal for further data processing.

In the practical implementation of the simplified measuring principle according
to Fig. 6.14, however, there are great problems. The polarization is changed by
minimal thermal and mechanical effects on the glass fiber winding. In addition,
optical fibers have slight asymmetries that affect polarization. After decades of
research and development in various laboratories, the breakthrough for the practical
application of the fiber optic current sensor is considered successful. As a result, for
example, the light is reflected at the end of the optical fiber and passes through it a

Fig. 6.14 Magneto-optic current sensor in fiber form wound around the conductor (principle).
1 Optical fiber, 2 conductor, 3 laser diode, 4 polarizer, 5 analyzer, 6 photodetector
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second time in the opposite direction. This doubles the Faraday rotation and dis-
turbing factors such as temperature, pressure, vibration and asymmetry of the
tempered optical fiber are largely compensated. In electrolytic metal extraction, e.g.
in the aluminum industry, very high DC currents of several 100 kA are needed. The
parallel current busbars require an opening diameter of the winding of the sensor
coil of more than 1 m. In [35, 36], a sophisticated fiber optic measuring system is
described, with which currents of up to 500 kA can be measured, whereby the
uncertainty is not more than 0.1%.

6.2.2 Magneto-optic AC Current Transducers

The use of magneto-optic sensors as AC current transducers in the high-voltage
network instead of oil-filled inductive transformers offers economic and ecological
advantages, similar to the use of electro-optic voltage transducers (see
Sect. 6.1.1.4). The magneto-optic transducers (also: magneto-optic transformers)
have sensors in block and fiber forms. Together with the polarizer and analyzer,
they form a passive unit with small dimensions, which does not require an external
power supply. The sensor positioned at high-voltage potential is connected via
optical fibers to the light source and the detector at ground potential. In dry air, the
magneto-optic sensor with the connecting optical fiber does not significantly affect
the electric and magnetic fields and does not require any special insulation effort
itself. Electromagnetic interferences as in hybrid transducers, e.g. with Rogowski
coil and optical data transmission, do not occur.

The magneto-optic glass ring transducer according to Fig. 6.13b is distinguished
by its simple and cost-effective construction. After intensive investigation and
testing in the energy supply network, satisfactory experiences are available [18, 21,
37–39]. The best optical glass ring transducers are assigned to the accuracy class
0.2. The commercial implementation of magneto-optic current transducers in fiber
form (see Fig. 6.14) was more complex and the first prototypes were later intro-
duced to the market [18, 20]. In contrast to the measuring assembly for very high
DC currents in [35, 36] with diameters of the sensing coil in the range of 1 m, the
optical fiber wound around the high-voltage conductor has a stronger curvature and
is therefore more affected by mechanical stress. Advantageous is the greater pos-
sibility of variation of the current measuring range, which can be selected as in
inductive current transformers by changing the number of turns of the optical fiber.

Magneto-optic current transducers are used in combination with electro-optic
voltage transducers as combined instrument transducers for power measurements in
the high-voltage network. Here, the different propagation times of the current and
voltage signals must be considered. The extended test specifications for trans-
formers, which have so far mainly prescribed secondary currents of 1 A and sec-
ondary voltages of 100 V, now accept much smaller output quantities that are
suitable for further data processing with electronic and digital circuits (IEC 60044-7
and -8). The previously predominantly used inductive current and voltage
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transformers are known to be reliable and long-lasting. Experience gained so far
with optical transducers is not yet considered sufficient to assess their accuracy and
expected long-term behaviour. This is one of the main reasons that their use in the
supply network is not yet widespread.
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Chapter 7
Digital Recorders, Software
and Calibrators

Abstract The measurement of high direct, alternating and impulse voltages, as
well as the corresponding currents, is carried out mainly with measuring systems, in
which digital recorders or other digital instruments are used. Analog measuring
devices, e.g. impulse oscilloscopes or impulse voltmeters, have practically no more
meaning and are not treated here. An important component of digital measuring
instruments is the A/D converter, which digitizes the analog measurement voltage
and provides it as a digital data set for further evaluation with the PC. The
requirements for A/D converters vary according to the voltage type. For example,
the recording of impulse voltages and currents requires high sampling rates, which
can only be realized by fast flash converters with limited amplitude resolution. The
chapter describes a variety of test and calibration methods to determine the
characteristics of digital devices. For the accurate calibration and verification of
digital measuring instruments, calibrators are used which generate AC, DC and
impulse voltages of several 100 V up to 2000 V. The analysis of the recorded data
is carried out with evaluation software, which is also subjected to a comprehensive
evaluation using the test data generator (TDG).

The measurement of high DC, AC and impulse voltages, as well as the corre-
sponding currents, is carried out mainly with measuring systems, in which digital
recorders or other digital instruments are used. Analog measuring devices, e.g.
impulse oscilloscopes or impulse voltmeters, have practically no more meaning and
are not treated here. An important component of digital measuring instruments is
the A/D converter, which digitizes the analog measurement voltage and provides it
as a digital data set for further evaluation with the PC. The requirements for A/D
converters vary according to the voltage type. For example, the recording of
impulse voltages and currents requires high sampling rates that can only be realized
with limited amplitude resolution. For the accurate calibration and verification of
the measuring instruments, calibrators are used which generate AC, DC and
impulse voltages of several 100 V up to 2000 V. The analysis of the recorded data
according to the test standards is carried out with evaluation software, which is also
subjected to a comprehensive evaluation.
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The requirements for digital measuring instruments and software, as well as the
calibration and test methods, are specified in a four-part series of IEC 61083 [1].
This chapter mainly describes the characteristics of digital recorders with fast A/D
converters, their calibration and testing of software for the evaluation of the stan-
dardized parameters. Some digital circuits developed for precise AC and DC
voltage and current measurements are dealt with in Chaps. 2 and 3.

7.1 Construction and Characteristics of Digital Recorders

Digital recorders for measurements in the fields of high voltage and high current
were initially used only for measuring impulse voltages and have now largely
replaced analog oscilloscope. Other designations are digital oscilloscope, transient
recorder and digitizer, which in the past have also been associated with certain
constructional and functional principles. Digital recorders are also increasingly used
for AC and DC voltage measurements after being included in the test standards [1].
Here, the term “digital recorder” stands for all digital measuring instruments used in
high-voltage and high-current applications. The same digital recorder is often used
for the measurement of all voltage and current types.

The simplified block diagram of a digital recorder is shown in Fig. 7.1. The
input signal u(t) passes through the attenuator 1 and preamplifier 2 to the analog-to-
digital (A/D) converter 3 and is temporarily stored as digital data set in the semi-
conductor memory 4. From here, the data set can be shifted into a stationary internal
or external memory 5 for further processing or displayed on a screen as an analogue
waveform with the aid of a digital-to-analog (D/A) converter. If the trigger con-
dition is satisfied, the contents of the temporary memory 4 are overwritten by a new
input signal, so that the last recorded data is always stored in the memory. The
individual modules of the digital recorder are controlled with the clock generator
and the control logic in the correct order [2, 3].

The most important module of the digital recorder is the A/D converter 3, which
samples the analogue input signal at equidistant time intervals according to its

Fig. 7.1 Simple block diagram of a digital recorder. 1 Input attenuator, 2 amplifier 3 A/D
converter 4 temporary memory 5 data output for external equipment (PC, monitor, plotter, etc.)
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amplitude resolution. From the beginnings of digital recording of impulse voltages,
a series of fundamentally different working principles have emerged for converting
a rapidly changing analog signal into a digital data set [4–6]. In a transitional
period, attempts have been made to convert the impulse voltage recorded with an
analog oscilloscope into a digital data set, e.g. by means of a special cathode ray
tube with photosensitive diode matrix memory or a special camera adapter with
analog-to-digital image conversion. However, the triumph of the continuously
improved digital recorder with electronic A/D converter could not be stopped. For
impulse voltage measurement, the A/D converter with parallel conversion has
prevailed [7, 8]. With these flash converters, recorders with high sampling rate of
up to 200 MHz and amplitude resolution between 8 bits and 14 bits are now
available. Other versions of A/D converters are used for high AC and DC voltage
and current measurements with much higher resolution but lower sampling rates
(Chaps. 2 and 3).

7.1.1 Fast A/D Conversion with Flash Converter

The input circuit of a flash converter consists of a multi-stage voltage divider 1 with
an amplitude resolution of N bit corresponding to 2N quantization values (Fig. 7.2).
The divider is connected to the reference voltage U0 and matched to 2N − 1 equal
voltage stages. In parallel there is a chain of the same number of comparators 2. The
analog input voltage u(t) is compared with the stage voltages of the voltage divider
at the predetermined clock times. As a result, “0” or “1” is simultaneously displayed
at the output terminals of the comparator. In the following encoding unit 3, the
output signals of the 2N − 1 comparators are converted into a binary code with N-bit
resolution. The maximum achievable speed of the A/D conversion depends mainly
on the switching times of the comparators and the delay of the encoding unit.

Bit

0
1
2

N

1           2         3 

U0

u(t)

1

0
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Fig. 7.2 Simplified block
diagram of an A/D converter
with flash converter 1
multi-stage voltage divider
with reference voltage U0 2
comparators 3 encoding unit
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Note For recording DC and AC voltages that do not require high sampling rates, other
conversion methods are also used to achieve high measurement accuracy. For example, in
the case of the sample-and-hold circuit, each sampled voltage value is temporarily stored
by a capacitor for a short time and then digitized relatively slowly but with high resolution.

The digital recorder is not a linear measuring device like the analog oscilloscope.
In the A/D converter, the analog input signal is replaced by the sum of the sampled
values at discrete points in time kDt, i.e. the information about the measurement
signal between adjacent samples is lost. As an example, Fig. 7.3 shows the sam-
pling of an arbitrary voltage at equidistant time intervals with limited amplitude
resolution. Depending on the quantization level, the sample values will be below or
above the analog curve. The successive sample values uk, uk+1 … un are directly
connected on the screen, so that the visual impression of a continuous voltage curve
is produced, provided that the amplitude resolution and the sampling rate are high.
By prescribing sufficiently large minimum values for the sampling rate and the
amplitude resolution, the A/D converter can be considered to be quasilinear for the
measurement of voltages down to the microsecond time range, i.e. for lightning
impulse voltages. This statement also applies to oscillations which are superim-
posed on the lightning impulse with the maximum frequencies occurring in the test
circuit. The Nyquist theorem, which determines the sampling rate in relation to the
maximum signal frequency, is thus automatically fulfilled.

7.1.2 Characteristic Data of Digital Recorders

Characteristic data of digital recorders are the amplitude resolution, maximum
sampling rate, analogue bandwidth or rise time and data memory. The amplitude
resolution of a digital recorder is usually expressed by the number N of the A/D

k k+1 k+i k+n t

u(t)

uk

uk+1

uk+n

uk+i

0

Fig. 7.3 Example of a
sampled voltage u
(t) (schematic)
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converter in bits, from which the corresponding quantization levels can be calcu-
lated as two to the power of N, i.e. 2N. Digital recorders developed specifically for
use in high voltage and current impulse measurement systems have a rated reso-
lution of 8 to 14 bits. For example, the minimum resolution of N = 8 bits corre-
sponds to 28 = 256 quantization levels ranging from 0 to 255, which corresponds to
a step height of about 0.4% of full scale. AC and DC measuring instruments with
specially developed high-precision A/D converters can have an amplitude resolu-
tion of more than 20 bits.

With the input attenuator 1 and preamplifier 2, the input voltage u(t) is set to the
operating range of the A/D converter 3 (see Fig. 7.1). High-quality digital recorders
have continuously variable input amplification so that the voltage at the A/D
converter is increased to its full scale. Then the A/D converter always works with
optimum amplitude resolution. The majority of the recorders do not have this
feature, so the resolution gets worse with decreasing voltage amplitude. The
amplitude resolution can be apparently increased if the input voltage is recorded at a
much higher sampling rate than required. With this oversampling technique, two or
more adjacent samples are combined into a mean value, which is generally between
two quantization levels. The measured voltage is then represented by the totality of
the mean values, giving the impression of a higher amplitude resolution.

The sampling rate indicates the number of samples per second and is expressed
in kS/s or MS/s (kilo- or megasamples per second). The formally correct unit “Hz”
for the sampling frequency is not used, as this can easily lead to confusion with the
bandwidth or the frequency spectrum. The minimum sampling rate required for a
standardized impulse voltage test is determined by the time TAB in the front of the
impulse voltage or current (see Sect. 7.5). For lightning impulse voltages, sampling
rates of several 10 MS/s are required, which are mainly needed for the evaluation of
the front time and a possibly superimposed oscillation. The sampling rate of some
recorders can be changed after a preset recording time. It is then possible to record
an impulse voltage in the front with a high sampling rate and in the tail with a low
sampling rate. The advantage is that less memory is required due to the smaller
number of samples in the tail. By combining two or more A/D converters that
alternately sample the measurement voltage, a multiplication of the sampling rate of
up to 200 MS/s or more can be achieved [7, 8].

The rise time of a recorder for impulse voltage measurements shall not exceed
3% of TAB. This corresponds to a minimum bandwidth of approx. 25 MHz for
recording standardized lightning impulse voltages with the shortest front time
T1 = 0.84 ls (see Sect. 9.6). Digital recorders even have bandwidths of up to
100 MHz and sampling rates of up to 200 MS/s and even more with special
sampling techniques [7, 8]. Higher bandwidths are difficult to implement because of
the internal attenuator for input voltages of up to 2 kV. Low-voltage digital
recorders with input voltages of less than 100 V and 8-bit resolution have higher
sampling rates and bandwidths in the range of 1 GS/s or 400 MHz. They are thus
also well suited for recording the step response of components of high-voltage and
high-current impulse measuring systems.

7.1 Construction and Characteristics of Digital Recorders 227



The temporary data memory, into which the samples are continuously written,
has a limited storage capacity. When the memory is full, further recording is
stopped or, depending on the selected recording mode and trigger condition, the
memory content is automatically overwritten by a new input voltage. The data of
the last recorded input voltage is therefore always stored in the memory. Recording
a voltage with a higher sampling rate requires a correspondingly large memory to
store the same impulse shape. In the early days of digital measurements, as already
mentioned above, some recorders with low memory capacity could record the
impulse tail at a reduced sampling rate in order to limit the amount of data.

7.1.3 Further Characteristics of Digital Recorders

For optimum signal recording, there are two trigger modes. On the one hand, the
value of the trigger pulse and, on the other hand, the partitioning of the memory
space before and after reaching the trigger value is set. The phase-locked sampling
of a continuous voltage or the time before the beginning of an impulse can thus be
conveniently chosen. Unlike analog oscilloscopes, where recording is started by the
trigger pulse, the recording of digital recorders is stopped by the trigger pulse and
the voltage shape prior to the trigger event is stored in memory. Because of this
pre-trigger mode, trigger problems, such as with analog oscilloscopes, do not occur
with digital recorders.

Most digital recorders enable the repetitive recording of a series of identical
impulses and evaluation of the averaged impulse. This is advantageous for the
multiple recording of step responses or calibration impulses generated by stable
generators. In this case, a smoothing effect and higher accuracy can be achieved
since the normally distributed digitization errors are largely eliminated in contrast to
the sampling of a single impulse (see Sect. 13.1.3). In addition, some digital
recorders use a special scanning technique in which each pulse of a pulse train is
sequentially sampled with a very small time shift, and all the samples are then
time-correctly combined into a single impulse. The effective sampling rate is
thereby increased considerably, but the bandwidth of the recorder will remain
unchanged.

A digital recorder usually has at least two measurement channels. This allows
the simultaneous recording of current and voltage quantities or carrying out com-
parative measurements between the measuring system and a reference system (see
Sects. 10.3 and 10.4). It also facilitates the performance of the interference test in
which the temporal assignment of the generated interference voltage to the mea-
sured test voltage is of interest. However, the simultaneous operation of two or
more channels in the same recorder may lead to a mutual influencing of the input
voltages.

The A/D converter of a digital recorder usually requires an input voltage of
several volts for full scale deflection. The voltage to be measured is adapted to this
value by means of internal or external input attenuators and preamplifiers. The

228 7 Digital Recorders, Software and Calibrators



attenuators are developed as compensated RC dividers for voltages of up to 1000 V
or even 2000 V, which is typically the maximum output voltage of high-voltage
dividers. High input voltages are of advantage in suppressing interference voltages
generated in the measurement cable by electromagnetic fields, e.g. by the firing of
sphere gaps. When the input voltage is attenuated by the internal divider of the
recorder, the interference voltage is accordingly reduced. Digital recorders used for
low-voltage measurements allow input voltages of not more than 100 V. Therefore,
they usually require an external voltage divider for connection to the output of a
high-voltage divider [9, 10].

The input impedance of digital recorders shall be at least 1 MX with a parallel
capacitance of not more than 50 pF. Distortion of the impulse shape, in particular in
the tail of switching impulse voltages, is thereby limited. In addition, digital
recorders are also equipped with an input resistor equal to the cable impedance of
50 X, 60 X or 75 X. The low-ohmic termination helps prevent reflections when the
recorder is operated in conjunction with low-ohmic resistive dividers or measuring
shunts. If a recorder, which is not developed specifically for the measurement of
high-voltage impulses, is operated with its low-ohmic input resistor, its electrical
load capacity must be considered. With high AC or DC input voltages or long
impulse duration, there is the danger that the low-ohmic input resistor will change
its value or even be destroyed. To protect the input circuit of such a recorder, it is
therefore advisable to realize the low-ohmic termination preferably by an external
resistor with sufficiently high load capacity.

A variety of options are available for further processing of the data temporarily
stored in the recorder. The data can be read from the internal memory of the
recorder at a relatively slow repetition frequency, e.g. 1 kHz, and can be repetitively
reproduced via a D/A converter as an analog signal on an internal or external
screen. Due to the inertia of the human eye, this gives the impression of a stationary
display. Furthermore, the data cached in the recorder can be moved to other storage
media, such as an internal or external permanent memory, a floppy disc or a
CD-ROM drive to be used for later analysis or comparison with other data sets.

In high-voltage and high-power laboratories, strong electromagnetic fields are
generated that can adversely affect the function of electronic circuits. Due to their
construction and a shielded housing, the digital recorders used there are largely
protected against electromagnetic fields and line-conducted interference. When
using low-voltage instruments, special precautions must be taken to prevent such
interference. Shielding with the help of a Faraday cage and a filtered power supply
is essential (see Sects. 4.3.1.7 and 5.3.1.1). Disturbances are also coupled via data
lines that lead from the measuring instrument to peripheral devices outside the
Faraday cage. Data transmission to the external PC and other devices is therefore
often carried out via optocouplers with optical fibers.

Digital recorders are available in various versions. In addition to individual
devices with an internal or separate computer for control and data processing, there
are digital recorders in complex mobile systems. Figure 7.4 shows three versions of
digital recorders offered by manufacturers with different amplitude resolution,
sampling rates and peripherals.
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Digital recorders are used with software for the objective and standardized
evaluation of the recorded test voltages and currents (see Sect. 7.3). This is par-
ticularly important for impulse voltages with superimposed peak oscillations. Also,
the filtering of the recorded data to smooth the impulse, the determination of the
mean value from a series of data sets, the numerical integration of the stored
impulse and the calculation of the spectrum by means of the Fast Fourier
Transform (FFT) are possible with an internal or external PC. The printout of the
stored data on paper enables the manual evaluation of the impulse similar to an
analog oscillogram. In case of doubt, the correctness of the software for evaluating
the parameters of the measured impulse can thus be easily checked.

Fig. 7.4 Various types of digital recorders for use in high-voltage measurement systems.
a Recorder with external notebook and fiber optic data transmission to external PC (HIGHVOLT
Prüftechnik Dresden), b recorder with built-in PC, printer and CD drive (DR. STRAUSS
Messtechnik), c Recorder with mobile table frame, monitor and printer (HAEFELY TEST AG)
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Since the introduction of digital recorders in high-voltage and high-current
impulse tests in the early 1970s, considerable progress has been achieved in the
amplitude and time resolution of A/D converters. Also, the analogue input circuit of
recorders, in particular the accuracy and frequency behavior of the input attenua-
tors, has been steadily improved. Further progress in exact measurements is the
detailed calibration technique and the introduction of accurate calibration genera-
tors. In summary, the uncertainty contribution caused by the digital recorder in
high-voltage measurements was significantly reduced.

7.2 Sources of Error in Digital Measurement Technique

The measurement of high voltages and high currents is mainly done with digital
measuring instruments whose analog and digital components cause characteristic
measurement errors. Even digitizing a voltage with an ideal A/D converter is
associated with errors due to the limited amplitude and time resolution. They are
called quantization errors or sampling errors whose maximum values can theo-
retically be estimated relatively easily. The real A/D converter, in particular the fast
flash converter according to Fig. 7.2, causes additional errors due to its technical
imperfection. These can only be determined in part by detailed investigations. The
error influences can be subdivided into those already present in the sampling of a
DC voltage and those which additionally occur with high-frequency voltages. Other
sources of error are the input attenuator and amplifier of the recorder, which are
already known in principle from the previously used analogue oscilloscopes. This
also applies to the effect of interferences caused by the high electric and magnetic
fields in the generation of impulse voltages and currents.

7.2.1 Ideal Quantization

The basic behavior of an A/D converter is represented by its quantization char-
acteristic, which shows the digital output in dependence of a DC input voltage.
When a DC voltage u1 is applied to an ideal A/D converter, the corresponding
output value is u2,k = kDu, where Du denotes the step height of the quantized
voltage and k the code or quantization index (Fig. 7.5, curve 1). The step height is
Du = u2,max/2

N, where u2,max is the maximum output value at full scale deflection of
the A/D converter and N is the amplitude resolution in bits. When the input voltage
u1 is increased by a small amount, the output value u2,k initially remains unchanged
at the level kDu. If u1 exceeds the transition level of the next level, the output value
jumps to u2,k+1 = (k + 1)Du. Altogether, a staircase-like characteristic with the
average code bin width wo and step height Du results. Curve 2 in Fig. 7.5 is an
example showing the quantization characteristic of a real, i.e. faulty A/D converter
with unequal code bin width wk [1].
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Sampling of an arbitrary voltage means that the sampled voltage value is usually
between two quantization levels. It is then replaced by the value of the nearest
quantization level and stored in the memory. The quantization value therefore
deviates from the exact voltage value by the quantization error di,k. For an arbitrary
voltage, the maximum quantization error di,max is given by half the difference
between two adjacent quantization levels:

di;max ¼ 0:5 LSB ð7:1Þ

where LSB (Least Significant Bit) denotes the smallest quantization step. For a
resolution N = 8 bits, the maximum quantization error at full-scale deflection is
di,max � 0.2%. If the input voltage is lower than required for full-scale deflection,
the relative quantization error is correspondingly greater.

The discrete quantization errors di,k in the ideal sampling of a voltage can be
characterized by a rectangular distribution with the limit values ±di,max. For a total
of m individual values of the quantized voltage, the standard deviation ri of ideal
quantization is generally (see Sect. 13.1.3):

ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Fig. 7.5 Quantization characteristic of an AD converter for DC voltage 1 Ideal A/D conversion
with equal step width w0 and step height Du 2 Faulty AD conversion with unequal step width wk
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The standard deviation ri according to Eq. (7.3) is the standard uncertainty of ideal
quantization.

When sampling a voltage, the maximum is generally not exactly captured. The
recorded amplitude or peak value is then too small, resulting in a negative sampling
error. The most unfavorable case occurs when the two samples adjacent to the
maximum value are at the same level [11]. For a pure sinusoidal voltage with the
amplitude û and frequency f, the negative amplitude error is:

Du ¼ �û½1� cosðpDtf Þ� ð7:4Þ

where Dt is the sampling interval, i.e. the reciprocal of the sampling rate (Fig. 7.6a).
For an AC voltage with power frequency, the amplitude error according to Eq. (7.4)
is negligibly small. Not until a frequency f = 4.5 MHz and a sampling rate of
100 MS/s (sampling interval Dt = 10 ns), a negative amplitude error of up to −1%
can occur.

For full lightning impulse voltages and a sampling rate of 100 MS/s, the sam-
pling error of the peak is negligibly small. In the case of a lightning impulse voltage
chopped on the front with Tc = 0.5 ls, the sampling error at 100 MS/s can theo-
retically amount to −1% (Fig. 7.6b). In test practice, however, the recorded impulse
is rounded in the peak region and the absolute peak value error is therefore smaller.

7.2.2 Static Differential and Integral Non-linearities

The quantization characteristic of a real A/D converter deviates more or less from
the ideal characteristic due to the technical imperfection of the converter circuitry.
In the example of curve 2 in Fig. 7.5, the individual quantization steps have a
different width. The relative deviation of the code bin width w(k) of the k-th step
from the average code bin width w0 in the ideal characteristic 1 is the static
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Fig. 7.6 Maximum amplitude error Du in the case of unfavorable sampling, a Sinusoidal voltage,
b chopped lightning impulse voltage
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differential non-linearity d(k). The accumulation of steps with too small and too
large step widths results in a deformation of the quantization characteristic 2 of the
real A/D converter compared to the ideal characteristic 1. The deformation causes
measurement errors not only for the peak value but also for the time parameters of
impulse voltages and currents. In the test specifications for digital instruments for
measuring DC, AC and impulse voltages, the following limit values are defined:
s � 0.5% for the static integral non-linearity and d � 0.8w0 for the differential
non-linearity [1, part 1 and part 3]. High-quality 8-bit and 10-bit converters have a
clearly lower differential non-linearity of s � 0.1% [12].

The standardized determination of the quantization characteristic with DC
voltage is quite time-consuming, even with fully automated implementation. The
number of applied DC voltages shall be at least five times the number of quanti-
zation levels, i.e. approximately 5000 DC voltages ranging from zero to full scale
for a 10-bit converter. Furthermore, each voltage shall be evaluated for a sufficiently
large number of samples, i.e. n � 1000. The calibration of a digital recorder with
high-resolution A/D converter therefore requires high stability of both the DC
voltage source and the digital recorder for several hours. In order to shorten the time
for recording the quantization characteristic, the use of ramp voltages or sinusoidal
voltages with Fourier analysis is proposed [13, 14]. In this case, the slope or the
repetition frequency of the calibration voltage is limited to small values, so that the
dynamic behavior of the digital recorder has no additional effect on the quantiza-
tion. In a sophisticated calibration technique for a 14-bit recorder, a ramp-shaped
voltage is applied, which consists of tiny steps corresponding to a resolution of 16
bits. Each voltage level is checked by measurement with a precision digital volt-
meter [15].

7.2.3 Differential Non-linearity Under Dynamic Stress

The A/D converter, in particular the one with flash converter according to Fig. 7.2
causes further characteristic errors in the sampling of time-varying voltages, i.e. AC
and impulse voltages. With increasing steepness or frequency of the input voltage,
it may happen that the A/D converter cannot follow rapid voltage changes due to
stray capacitances, inductances and instabilities of the comparators and internal
attenuators. Some of the comparator stages respond initially only irregularly and
then not at all. The affected codes are therefore present with a lower statistical
frequency than adjacent codes or they no longer occur. The relative deviation of the
statistical frequency of code k from the average frequency is referred to as differ-
ential non-linearity under dynamic stress d(k). The A/D converter in recorders for
impulse voltage measurements is tested according to IEC 61083 with symmetrical
triangular voltages and those for AC voltage measurements with sinusoidal volt-
ages. The frequency distributions H of code k, which are to be expected for ideal
sampling of triangular and sinusoidal voltages, are shown in Fig. 7.7.
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The voltages for the test are generated using an analogue signal generator or a
digital synthesizer with D/A converter. The amplitude should be close to the value
required for full-scale deflection (f.s.d.) of the tested A/D converter. The repetition
frequency of the test voltages must not be a harmonic of the sampling frequency.
The slope of the triangular voltage must be at least equal to the value f.s.d./0.4TAB
definition of TAB (see Sect. 4.1.1). For the reliable evaluation of the histogram, a
sufficiently large number of periods of the sampled voltage is necessary. The fre-
quency of occurrence of the discrete codes must be at least 0.8H0, where H0 is the
mean of the frequency distribution (Fig. 7.7). Further requirements for carrying out
the test and the evaluation are specified in [1].

In Sect. 7.2.6, it is shown that the slope of the voltage at the sampling point is
decisive for the respective sampling error. This behavior can be illustrated very
clearly in the histogram of the codes for linearly increasing test voltages. While at
low steepness all codes are approximately equally frequent, certain codes have a
decreasing frequency with increasing slope. It may even be that certain codes
(missing codes) fail completely according to a special pattern. The A/D converter
thus loses part of its original amplitude resolution, which increases with signal
steepness [16–21]. As an example, Fig. 7.8 shows the measured frequency distri-
bution of the codes of an 8-bit recorder with flash converter for three different
slopes S of the test voltage, which is a symmetrical triangular voltage. The fre-
quency distribution H refers to the maximum occurring value Hmax. For
S = 0.1 Vls−1, all codes in the investigated range between 10 and 245 are still
present, although not with exactly the same frequency (Fig. 7.7a). With increasing
slope, the number of codes decreases more and more (Fig. 7.7b), and for
S = 22 Vls−1, only 7 codes are left, which corresponds to a resolution of 4 bits
(Fig. 7.7c).

Note The triangular test voltage has the advantage that the dynamic stress of all codes is
approximately the same over the entire voltage range. The peaks of the generated triangular
voltage are often deformed. It may then be advantageous to set the triangular voltage
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Fig. 7.7 Ideal frequency distribution H of code k for a a triangular voltage of constant slope S,
b sinus voltage of frequency f

7.2 Sources of Error in Digital Measurement Technique 235



slightly larger than full scale so that the peaks lie outside the range of the A/D converter and
will not be evaluated. When testing with sinusoidal voltages, the dynamic stress of the
lower and upper codes, i.e. in the region of the negative and positive amplitudes, is rather
low and the codes will then show maximum frequency of occurrence. In [20], the frequency
distribution of two recorders is determined with impulse voltages with impulse voltages.

7.2.4 Sampling Errors with Sinusoidal Voltages

The quantization characteristic of a flash converter obtained with DC voltage does
not automatically apply to fast varying voltages. Above a certain frequency of an
AC voltage, the dynamic behavior of the converter deteriorates due to stray
capacitances, inductances and instabilities of the internal voltage divider and
comparators. For the purpose of metrological testing of A/D converters, sinusoidal
voltages that can be generated precisely even in the megahertz range are particularly
advantageous. The principle of the evaluation is shown in Fig. 7.9. Sampling of the
sinusoidal voltage is done over many periods and provides m stored sample values
uk. These are then approximated by an ideal sinusoid u(t) with respect to frequency,
amplitude, phase and offset (Fig. 7.9a). The deviations of the sampled values from
the corresponding values of u(t) at the discrete sampling times kDt are the sampling
errors dr,k (Fig. 7.9b).

In contrast to ideal quantization, the sampling errors of real A/D converters are
not limited to 0.5 LSB. They can reach much higher values and have a normal
distribution, which is also in contrast to the ideal quantization with uniform dis-
tribution. The empirical standard deviation rr of the sampling errors dr,k for the real
digitization of a sinusoidal voltage is calculated as [11]:

rr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
m� 1

X

m

k¼1

d2r;k

s

; ð7:5Þ

which is understood as the standard error of the A/D converter under study.
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The plot rr as a function of the frequency f provides valuable information about
the dynamic behavior of the A/D converter. In general, rr(f) increases linearly with
frequency f of the sine voltage, the initial value being approximately equal to the
value ri of the ideal quantization according to Eq. (7.3). Figure 7.10 shows the
measured curves rr(f) of different A/D converters in four digital recorders [16–18,
22]. Curve 1 denotes the A/D converter of an 8-bit digital recorder, which was used
as one of the first ones for high-voltage impulse measurements. Its standard error rr
according to Eq. (7.5) steeply increases with frequency f, which at first sight
indicates the particularly poor dynamic behavior of this A/D converter. However, at
low frequencies, the A/D converter achieves approximately the low sampling error
ri = 0.5 LSB of the ideal quantization. It is therefore well suited for measuring the
peak value of AC and impulse voltages where the voltage changes relatively
slowly. Curve 2 characterizes the A/D converter of a low-cost 8-bit digital oscil-
loscope with particularly high noise superposition. Therefore, it hardly differs from
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the curve 3 obtained for a 6-bit recorder. The best performance shows the A/D
converter of a high-quality 8-bit recorder 4 which is also characterized by a large
analogue bandwidth of 400 MHz.

7.2.5 Effective Number of Bits

Digital recorders are occasionally characterized by the effective number of bits
according to the following equation [11, 16–22]:

EB ¼ N � log2
rr
ri

ð7:6Þ

with the standard deviations ri and rr according to Eq. (7.3) or Eq. (7.5). The A/D
converter of the recorder is thus compared with an ideal A/D converter via their
standard deviations. The plot of the EB number versus the logarithm of the sine
frequency results in a typical characteristic that is reminiscent of the well-known
frequency response of analogue measuring instruments. At low frequencies, the EB
number of most recorders initially remains approximately constant and is slightly
less than the rated resolution N. Above a certain frequency limit, the EB number
decreases significantly with increasing frequency since the sampling error rr in
Eq. (7.6) increases.

Figure 7.11 shows the EB characteristics of the four recorders 1, 2, 3 and 4 with
their rr values plotted in Fig. 7.10. The EB values of the two 8-bit recorders 1 and 2
are noticeable due to their atypical characteristics. The EB values of curve 1 are
approximately ideal at low frequencies up to 0.1 MHz, but curve 1 then decreases
relatively quickly with increasing frequency and has only slightly less than 6 EB at
1 MHz. The EB curve 2 is also atypical, because the low-cost oscilloscope with a

0

2

4

6

8

105 106 107 Hz         108

EB

f

3

4

2

1

bit

Fig. 7.11 Effective number
of bits of different digital
recorders versus frequency 1,
2, 3, 4: recorder as in
Fig. 7.10

238 7 Digital Recorders, Software and Calibrators



specified resolution of 8 bit apparently has an effective resolution of only 6 bits. As
in Fig. 7.10, the 8-bit recorder with the EB curve 4 has the best performance.

The EB characteristic as well as the rr characteristic provide an informative
overview of the dynamic behavior of the investigated A/D converter and allow a
limited assessment of different recorders. However, both characteristics do not
cover all frequency-dependent parameters that influence digital recorders. The
sampling errors dr,k, with which rr and thus also the EB number are calculated, refer
to the mathematically fitted sine and not to the actual sinusoidal voltage applied to
the recorder input. The transfer behavior of the input circuit is thus not taken into
account. In addition, the rr or EB characteristics do not allow quantitative infor-
mation about the dynamic measurement error of a recorder for an arbitrary signal,
as is possible from the frequency response of analog instruments using the
numerical convolution algorithm.

7.2.6 Signal Slope and Sampling Error

Looking closer at the sampling errors dr,k of most digital recorders with flash
converters, it can be found that the largest errors dr,k occur during zero-crossing of
the sinus voltage and the smallest errors dr,k in the amplitude region (see Fig. 7.9).
The sampling errors are obviously dependent on the steepness of the input voltage.
Sinusoidal voltages with slopes that vary between zero and a maximum are
therefore not particularly suitable for testing the dynamic behavior of A/D con-
verters. The basic behavior of A/D converters can be better examined with ramp or
triangular voltages whose steepness is approximately constant over the entire
voltage range. Due to the statistical evaluation, no particularly high requirement is
placed on the linearity of the triangular voltage.

The evaluation of the recorded samples is comparable to that for sinusoidal
voltages. The samples in the rising part of the triangular voltage are approximated
by a straight line with the slope S and their deviations dr,k are determined at the
sampling times kDt. For the two 8-bit recorders 1 and 2 (see Fig. 7.10), the standard
deviations rr(S) are calculated using Eq. (7.5) and plotted versus slope S in
Fig. 7.12. Each A/D converter has a characteristic curve rr(S), which can be
regarded as a mean error curve. In this representation, the two 8-bit recorders 1 and
2 again show a behavior different from that of a good recorder. For comparison,
curve 3 in Fig. 7.12 represents the frequency-independent standard deviation ri
0.3 LSB calculated for ideal quantization according to Eq. (7.3). The advantage of
knowing rr(S) is that the slope-dependent errors of a digital recorder can be
determined and corrected for any measured voltage value according to its steepness
at the sampling time [17, 18, 22].
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7.2.7 Internal Noise and Jitter

Digital recorders with flash converters have the typical feature that the sampled
values are scattered around the actual voltage curve by one or more quantization
levels. The stored raw data is therefore superimposed with randomly distributed
noise that occurs even during the sampling of a DC voltage, in addition to the
quantization noise of less than 0.5 LSB with uniform distribution. With greater
voltage steepness, the scattering is amplified due to the failure of individual levels
(see Fig. 7.8). The randomized noise superimposed on the recorded voltage
adversely affects the determination of the characteristic parameters of DC, AC or
impulse voltages. An 8-bit recorder causes a typical noise superposition of three or
more quantization levels, whereby the maximum value of the recorded voltage
appears larger by 1–2%. Recorders with 10 bits and more show a noise superpo-
sition of mostly less than 0.5% of the maximum value, due to the smaller quanti-
zation steps. Furthermore, the superimposed noise may falsify the evaluation of the
front time of impulse voltages. In the case of front-chopped impulse voltages that
have only one or two samples at the peak, a reduction of the peak value is also
possible.

With various methods also used to reduce superimposed front oscillations, the
noisy raw data can be smoothed more or less successfully, thus reducing the
influence of noise on the determination of the peak value and front time. Examples
are: section-wise approximation of the raw data with parabolas or straight lines,
digital filtering of the raw data within a certain data “window” or lowering the
upper cut-off frequency. The effectiveness of different smoothing methods is
investigated theoretically in (Ref. [9] of Chap. 4; 23). When using the standardized
filtering method (see Sect. 4.1.1.2) for determining the test voltage value of an
impulse voltage with superimposed peak oscillation, the noise is generally com-
pletely eliminated. Smoothing a single impulse voltage chopped in the front is
particularly problematic because the peak must not be included. The peak will
otherwise be reduced or increased depending on the smoothing method used (Ref.
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[9] of Chap. 4). The effectiveness of the smoothing method can be checked with
test impulses generated with the Test Data Generator (TDG) (see Sect. 7.3.1).

When calibrating digital recorders and other measuring instruments, a sequence
of calibration voltages is applied and the mean is calculated. This averaging results
in a significant reduction of the internal noise component. The allowable internal
noise level of a recorder, which is determined by DC calibration, is 0.4% of the full
scale deflection. Averaging of the records is particularly advantageous when cali-
brating with impulse or rectangular voltages, whereby, of course, a sufficiently high
stability of the calibrator used is a prerequisite. Averaging also reduces the
uncertainty in calibrating recorders, which, of course, is not achieved when
recording a single impulse voltage.

Note The internal noise of a digital recorder with A/D flash converter seems to have a
positive effect on its quantization characteristic. For each DC input voltage u1, the corre-
sponding output value u2,k is determined as the mean of a large number of samples.
Because of the superimposed noise component, u2,k can therefore even have a value
between two adjacent quantization levels. The quantization characteristic is then not
staircase-like as in Fig. 7.5, but shows a rather steady increase. One gets the impression that
there is a quasilinear relationship between the input voltage and the output value of the
recorder. In other words, the effective amplitude resolution appears to be greater than the
rated value.

The sampling frequency of the A/D converter is generated by an internal
oscillator with limited stability. The sampling of a signal then does not always occur
exactly at the predetermined times, but is subject to minor deviations. The scattering
of the sampling times around their exact value is referred to as jitter, which would
result in an amplitude error in the sampling of very fast signals. Scattering of digital
recorders ranges from 10 ps to 100 ps and therefore need not be considered when
measuring standard impulse voltages and currents.

7.2.8 Step Response of Digital Recorders

Digital recorders used in high-voltage measurement systems have input attenuators
and preamplifiers that adjust the measurement voltage of up to 2000 V to the input
of the A/D converter. The quality of a recorder is seen not only in high rated values
for the amplitude and time resolution of the A/D converter but also in the exact
adjustment of the analog part. This applies in particular to digital recorders whose
input ranges must be balanced over a wide frequency range, including DC voltage.
An imperfect balancing of the resistors and capacitors in the individual voltage
ranges leads to deviations of the scale and time factors in the case of range
switching. The manufacturer usually only specifies a maximum amplitude devia-
tion, e.g. � 1% for DC voltage or AC voltage of 1 kHz. The deviation in linearity
can be determined by detailed calibration of the individual voltage ranges. For
higher accuracy requirements, the deviation is taken into account by correcting the
scale factor.
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In the preferred calibration method for recorders in impulse measuring systems,
an accurate impulse calibrator is used which generates the standardized impulse
voltages according to the test specifications (see Sect. 7.4). For each input range of
the recorder, the measurement deviations for the peak value and the time parameters
are determined. If an external attenuator is used, it must be adapted to the selected
input range of the recorder [24]. Calibrating the relevant input ranges immediately
before and after use of the recorder will provide information about the short-term
stability. Regular control measurements of the scale factor during a year of oper-
ation provide information on the long-term stability.

The dynamic behavior of the individual input ranges of the recorder, which is
particularly important for impulse voltage measurements, can be analyzed more
precisely by its step response. For the generation of step voltages, circuits with
mercury wetted reed contacts are suitable (see Sect. 9.8.4). The maximum step
amplitude is, however, limited to 500 V or up to 1000 V for some reed contacts. If
each individual input range is optimally balanced, the respectively recorded step
response reaches its final values within 1 ls without large over- or undershoots. But
even high-quality digital recorders show completely different step responses in the
individual input ranges. For example, in the first 10 ls, an over- or undershoot of
up to 2% may occur or the step response is creeping and only very slowly reaches
its final value [11, 12, 25]. As a result, the peak value and the front time of impulse
voltages are erroneously measured.

Figure 7.13 shows the step response of a well-balanced 8-bit recorder in two
time ranges using a cable step generator with reed contact. The rise time of the
recorder is 0.7 ns, which corresponds to the 400 MHz bandwidth specified by the
manufacturer. Apart from minimum oscillations in the first 20 ns, which originate
mainly from the step generator and the measuring circuit themselves, the form of
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the step response is almost ideal. For input voltages of more than 100 V, the
recorder is operated with an external probe, which is matched to the recorder input
by means of the recorded step response.

The polarity of the input voltage may also have some influence if the pream-
plifier of the digital recorder is not properly balanced for positive and negative input
voltages [26]. A possible polarity effect is determined by applying positive and
negative impulses generated by an impulse calibrator (see Sect. 7.4) or a step
generator (see Sect. 9.8.4). If the calibration is performed with step voltages, the
direction of the step and not the polarity of the applied voltage is decisive. For
example, if a positive DC voltage is applied and short-circuited, a negative voltage
step occurs.

7.2.9 Electromagnetic Interference

When firing the spark gaps of an impulse voltage generator, high electromagnetic
fields are generated, which can cause interference voltages in an insufficiently
shielded measuring circuit [27]. The disturbances are particularly noticeable as
high-frequency superimposition in the initial part of the recorded impulse voltage
and can thus falsify the front time. In the case of chopped impulse voltages, the
region just before and after the chopping instant is additionally affected, so that the
peak value is influenced. Furthermore, electric flashovers or breakdowns at AC
voltage can cause particularly high current discharges.

Digital recorders and other measuring instruments that have been specially
developed for use in high-voltage measurement systems are usually effectively
protected against direct electromagnetic interference. Protection includes not only
the outer shielding of the housing, but also additional measures already taken care
of in the preliminary development phase of the individual components. In the early
days of digital high-voltage measurements, mainly recorders developed for the
low-voltage range were used, which had to be protected by accommodating them in
a shielded cabin and filtering the power supply. The disturbing effect on the
recorded impulse voltage can then be demonstrated particularly impressively if the
door of the shielded cabin is only slightly opened.

Interference effects on the measurement cable leading from the voltage divider to
the recorder are prevented by additional cable shielding, avoiding ground loops and
other measures (see Sect. 4.3.1.7). The additional cable shield, which is connected
to the shielded housing of the recorder, is indispensable for high-current mea-
surements. The high-frequency magnetic field generated by an AC current or
impulse current induces a voltage in the ground loop, which drives a corresponding
current through the outer cable shield and the shielded housing of the recorder. This
creates a magnetic opposing field that compensates for the primary field and thus
prevents interference with the measured voltage (see Sect. 5.3.1.1).
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7.3 Software for Data Analysis

Evaluation of the digitally stored data is done with software either supplied by the
manufacturer of the measuring instrument or developed by the user himself. The
focus here is on the standardized determination of the value of the test voltage and
of additional parameters from the stored raw data. The calibration of the measuring
instrument with an accurate calibrator for DC, AC or impulse voltages indirectly
already includes a certain check of the evaluation software. The parameter values
computed with software during calibration should correspond largely to the set
calibrator values. However, the time courses of the calibration voltages are gen-
erally rather smooth, while the voltages and currents recorded during high-voltage
and high-current tests are superimposed by noise and oscillations.

Special attention must therefore be paid to the data processing using software.
For example, software for evaluating lightning impulse voltages must recognize the
oscillation superimposed on the peak and its frequency and be able to calculate the
value of the test voltage effective for the insulation (see Sect. 4.1.1.2). For the
evaluation of oscillating impulse voltages during on-site tests, other requirements
apply to the evaluation software. During impulse current tests, further parameters
such as the impulse charge and the reversal peak in the case of undershoot are to be
determined. Not only hardware, i.e. the measuring instrument, but also software has
to be thoroughly tested. In every case, the recorded raw data and the result values of
a measurement must remain stored in order to be able to verify the data evaluation
at a later time if necessary.

7.3.1 Software Verification with the TDG

The specifications for high-voltage and high-current tests in (Refs. [1–4] of Chap. 2)
as well as software tests in [1] generally have no direct requirements with regard to the
use of specific methods, measurement instruments or algorithms for data processing.
An exception concerns the evaluation of impulse voltages with superimposed peak
oscillations, which is to be carried out using a standardized filtering method
(see Sect. 4.1.1.2). With the exception of this filtering method, the user has extensive
freedom in the choice of software used for data evaluation. The algorithms of the
software implemented in the recorder are not subjected to any more or less complex
individual assessment or approval. The validity of the evaluation software is verified
with data sets provided by theTest DataGenerator (TDG) for a variety ofAC,DC and
impulse voltages and currents. The parameter values determined with the evaluation
software must correspond within specified limits with the reference values of the
TDG.

A first approach to this pragmatic procedure took place in the framework of an
international comparison. A floppy disk with invariable data sets of calculated and
measured impulse voltages and step responses was distributed to each participating
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laboratory. Computation of the test data was carried out by each participant with
software that was available in the laboratories in the early days of digital mea-
surement technique. The result of the comparison revealed unacceptably large
deviations of some of the evaluated parameter values from the reference values [28].

A significant improvement is the TDG, which is part of IEC Publication 61083
[1]. The TDG is software that allows the user to generate the data of selected
voltages and currents with the aim of testing the evaluation software of his recorder.
These test data originate either from calculated or measured voltages and currents.
For example, the first TDG version that has been recently revised generates the test
data of full and chopped lightning impulse voltages, switching impulse voltages and
impulse currents. The special feature of the TDG is that the user can choose the
resolution, sampling rate and superimposed noise according to the characteristics
and data format of the recorder he is using.

The revised TDG also contains data sets with impulse voltages that are typical of
on-site tests and transformer tests. Furthermore, the TDG data collection contains
impulse voltages with superimposed peak oscillations whose test voltage value is to
be calculated with the test voltage function k(f) (see Sect. 4.1.1.2.3). As digital
recorders are increasingly being used also to measure AC and DC voltages and the
corresponding currents, the revised TDG is supplemented with the corresponding
AC and DC test data [1, Part 4]. The test data are exemplary for AC voltages with
harmonics and DC voltages with superimposed ripple [29].

For all TDG test voltages and currents, reference values with upper and lower
limits are available for each standardized parameter. The reference values are based
either on calculations of analytically given voltages and currents or on mean values
resulting from international comparisons with several participating laboratories [30,
31]. It is the responsibility of the user to select those TDG data sets that are typical
for the high voltages and currents to be measured in his laboratory and to determine
the parameters with the evaluation software implemented in his recorder. If the
parameter values agree with the reference values within the specified tolerances, the
evaluation software is accepted as passed. From the tolerances for the reference
values, the standard uncertainty of the evaluation software can be estimated, which
contributes to the measurement uncertainty of the complete measuring system.

7.4 Calibrators

Digital recorders and other instruments for measuring AC, DC and impulse voltages
can be calibrated in a number of ways. Analog calibrators with sufficiently high
accuracy are preferably used to determine the scale factor and the time parameters.
Very accurate calibrators for AC and DC voltages up to 1000 V have been
available for a long time. The calibration of the previously used analog impulse
oscilloscopes was also done with AC voltage. For the calibration of digital recor-
ders for impulse measurements, IEC 61083-1 describes two methods [1]. In the one
calibration method, the input ranges of the recorder under test are calibrated with
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step voltages that can be generated in the circuit of Fig. 9.17. The recorded data of
the step response is evaluated within a specified time range. This method has
become less importance since impulse calibrators are available that generate double
exponential lightning and switching impulse voltages. Even chopped impulse
voltages with variable times to chopping down to 0.5 ls, impulse currents and step
voltages are available. The time parameters of the double exponential calibration
impulses are the specified limits for the shortest front time and the longest time to
half-value of full impulse voltages. Depending on the impulse shape and the
manufacturer, the peak value of the calibrator can be increased from approx. 100 V
in steps of 1 V to a maximum of several 100 V or even 2000 V.

The principle of an analog impulse calibrator is comparable to that of the basic
circuit of impulse voltage generators in Fig. 4.10 (or impulse current generators in
Fig. 5.3). Often the spark gap is replaced by a thyristor, another electronic com-
ponent or a mercury-wetted reed relay. The capacitor Cs is charged to the prede-
termined voltage value and then quickly discharged to the RC element which
determines the impulse shape. At the output of the calibrator, a double exponential
impulse voltage is generated, whose peak value is determined in a first approxi-
mation by the product from the preset DC voltage and the utilization factor of the
circuit. In addition to the impulse voltages mentioned above, some standardized
current proportional voltages can be generated. Due to the non-linearity of electronic
switches, the utilization factor of the calibrator may be voltage dependent, which is
particularly noticeable at small peak values of less than 100 V. However, the
non-linearity of the calibrator is largely compensated by the internal control unit.

Calibrators of this type are primarily designed to calibrate recorders with an
input impedance of at least 1 MX and not more than 50 pF. If the load at the
calibrator output is larger, e.g. due to the capacitance of a longer coaxial cable to the
recorder, oscillations may occur in the beginning of the calibration impulse. This
makes the determination of the point at 0.3 û and thus the front time of the recorded
impulse voltage more difficult. Calibrators adapted to the recorder of the same
manufacturer enable fully automatic or at least semi-automatic calibrations in all
measurement ranges. High stability of the calibrator is essential, as complete cali-
bration of a recorder can take several hours for all impulse shapes, measurement
ranges and amplitudes. Figure 7.14 shows different types of impulse calibrators
from three manufacturers.

In addition to the analog calibrators that generate some standardized impulse
voltages, programmable function generators are also used to generate arbitrary
waveforms [32]. The desired waveform is entered as an equation or a data table and
converted to the corresponding analog output voltage by a D/A converter. The
output resistance of these function generators is usually 50 X. It is hence so small in
comparison to the input resistance of the recorder to be tested that the voltage shape
is practically unaffected. However, due to the low output voltage of the order of
10 V, only the direct input of the recorder without the attenuator can be calibrated.
With the programmable function generator, the impulse shape, e.g. the front time of
a lightning impulse voltage, can be varied as desired. This allows the recorder’s
dynamic behavior to be studied in the area of interest in more detail.
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The development of digital recorders with ever greater amplitude and time
resolution require calibrators with correspondingly high accuracy [33]. A very
accurate impulse calibrator up to 300 V consists of a mercury-wetted reed contact
as a switch and precisely dimensioned circuit elements for impulse shaping [34,
35]. The output voltage of the circuit with high-quality components is calculated
taking into account the stray capacitances and line inductances. The input impe-
dance of the digital recorder and the capacitance of the coaxial cable to the cali-
brator are also included in the calculation. This “calculable” impulse calibrator
promises uncertainties of 0.05–0.14% for the peak value of the generated calibra-
tion impulses and less than 0.5% for the time parameters. A powerful variant of the
calculable impulse calibrator with MOSFET switch and low output impedance is
suitable for accurate calibration of recorders up to 1000 V and even impulse voltage
dividers. Further circuit variants with reed contacts and MOSFET switches are dealt
with in [36, 37].

The calibrator is an important link in the chain of traceability of high DC, AC
and impulse voltage and current measurements to the internationally defined SI
units for voltage and time. The verification of the calibrator properties in an
accredited calibration laboratory ensures traceability to the national measurement

Fig. 7.14 Impulse calibrators from different manufacturers, a step voltage calibrator up to 1000 V
(DR. STRAUSS Messtechnik GmbH), b impulse calibrator up to 1600 V for all standardized
impulse shapes (HAEFELY TEST AG), c impulse calibrator up to 330 V (basic unit and
individual calibrator head for an impulse shape) (HIGHVOLT Prüftechnik Dresden GmbH)
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standards with low uncertainty. The permissible measurement uncertainties of
accurate reference calibrators are summarized in Table 7.1. International compar-
ison measurements on calibrators provide the basis for standardized measurements
of high voltages and currents [38, 39].

7.5 Uncertainty Requirements

The calibration procedures and requirements for digital measuring instruments,
evaluation software and reference calibrators used in high-voltage and high-current
testing are laid down in a series of IEC 61083 [1]. Part 1 of the test specifications
deals with the calibration of digital recorders and Part 2 with the test of the eval-
uation software for impulse voltages and currents using the TDG (see Sect. 7.3.1).
For AC and DC voltages, Part 3 describes the calibration of the digital measuring
instruments and Part 4 the software test with the TDG. From the results of the
calibrations, the uncertainties of the digital instruments are estimated in a similar
manner as shown for the complete high-voltage measuring systems in IEC 60060-2.
The maximum permissible uncertainties of the measuring instruments used in
approved measuring systems and reference systems are summarized in Table 7.1.

Note The permissible measurement uncertainties for the complete high-voltage measuring
system are given for tests with AC voltage in Table 2.1, with DC voltage in Table 3.1 and
with impulse voltage in Sect. 4.1.1.1.

For instruments in approved impulse measuring systems, additional require-
ments apply to the allowable deviations of the measured time parameters from the
default nominal values of the calibrator. For most time parameters of impulse
voltages and currents, the permissible deviations are ±3%, with the exception of
the time to half-value (±2%) and time to chopping (±5% for Tc < ls).

Table 7.1 Compilation of the permissible uncertainties (k = 2) for the calibration of measuring
instruments and reference calibrators according to IEC 61083 [1]

Type of voltage/parameter Instrument in
approved system

Instrument in
reference system

Reference calibrator

Impulse voltage:a

peak value
time parameters
Rectangular current:
peak value
time parameters

2% (3%)b

5%

2%
5%

0.7% (2%)b

3%

0.7%
3%

0.5% (1%)b

2%

2%
2%

AC and DC voltages:a

value of the test voltage
time and frequency parameters

1%
1%

0.7%
0.7%

0.5%
0.5%

avalues also apply to currents
bfront-chopped lightning voltage
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Note Analog measuring instruments are no longer included in IEC 61083.

In addition to the uncertainties given in Table 7.1, additional requirements on
individual parameters must be met. For example, the amplitude resolution of digital
recorders for impulse voltage measurements shall be at least N = 8 bits. For tests
which involve spectrum analysis or waveform transformation, N = 9 bits or more
are recommended. In test practice, the input voltage of digital recorders is generally
lower than the voltage required for full scale deflection. The actual resolution is
then less than the rated resolution N. Therefore, a minimum input voltage is
required which must not be less than 4/N for a recorder in an approved measuring
system (6/N for a recorder in a reference system). For an 8-bit recorder, this means
that the input voltage in the selected range shall be at least 50% (75%) of full scale
deflection.

The required sampling rate depends on the time TAB of the impulse front (see
Fig. 4.1) and shall not be less than 30/TAB. For lightning impulse voltages with the
shortest front time T1 = 0.84 ls, the required sampling rate is at least 60 MS/s. This
rather high sampling rate is necessary in particular for the evaluation of the front
time and a possibly superimposed oscillation.

The amplitude resolution of digital measuring devices for DC and AC voltages
depends on the required uncertainty of the respective measurement quantity. The
minimum sampling rate of digital recorders for AC voltage measurements results
from the quotient n/T, where n is the number of samples per period of the highest
harmonic to be measured and T is the period duration. The sampling rate also
depends on the required measurement uncertainty uSR for the highest harmonic. The
requirement n � p/arcos(1 − uSR) applies to the number n of samples. For
example, the required sampling rate of a 50 Hz voltage including the 10th harmonic
is therefore at least 12 kS/s.

The rise time of measuring devices for AC and DC voltages shall not exceed 1/
(18 fmax), where fmax is the highest frequency of the harmonic to be measured with
an uncertainty of not more than 1%. Since the value of a parameter obtained by
calibration is given as a mean value and the required sampling rates are not very
high, the requirements for AC and DC voltages will pose no problems.
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Chapter 8
Representation of Impulses in the Time
and Frequency Domain

Abstract Single and continuous signals can be represented by their shape in the
time domain or by their spectrum in the frequency domain. Both forms of repre-
sentation are equivalent. Which form is preferred in a particular case depends on the
measurement task and the specified target. Both the waveform and the spectrum can
be used to derive requirements for the correct measurement of a signal.
High-voltage impulses and high-current impulses are defined by their waveforms,
which are characterized by the value of the test voltage – usually the peak value –

and two time parameters. On the other hand, low-voltage measuring instruments,
including analog oscilloscopes and digital recorders that are not specifically built to
measure impulse voltages and currents, are more characterized by parameters in the
frequency domain such as frequency response and bandwidth. In this chapter, the
spectra as well as the time courses of some ideal impulse voltages and currents are
calculated using the Laplace transform. This allows a statement as to whether the
transfer behavior of the measuring instrument is suitable for the measurement task.

Single and continuous signals can be represented by their shape in the time domain or
by their spectrum in the frequency domain. Both forms of representation are equiv-
alent. Which form is preferred in a particular case depends on the measurement task
and the specified target. Both the waveform and the spectrum can be used to derive
requirements for the correct measurement of a signal. High-voltage impulses and
high-current impulses are defined by their waveforms, which are characterized by the
value of the test voltage—usually the peak value—and two time parameters. For the
measurement of these parameters, uncertainties are prescribed which must be
observed by an approved measuring system, the suitability of which has preferably
been proven by comparison with a reference system in the time domain. On the other
hand, low-voltagemeters, including analog oscilloscopes anddigital recorders that are
not specifically built tomeasure impulse voltages and currents, aremore characterized
by parameters in the frequency domain such as frequency response and bandwidth.
For this reason, the spectra of some impulse voltages and currents are also treated in
this chapter in addition to the time courses. This allows a statement as to whether the
transfer behavior of the measuring instrument is suitable for the measurement task.
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8.1 Analytical Representation of Impulse Voltages

Lightning and switching impulse voltages generated by the two basic circuits in
Fig. 4.10 can be approximately represented in analytical form. In this case, the stray
capacitances and lead inductances are ignored and the spark gaps are assumed to be
ideal switches. For the generator circuit A (see Fig. 4.10a), two basic calculation
methods are given. After firing of the spark gap FS at time t = 0, the capacitor Cs

charged to U0 discharges through the circuit consisting of Rd, Re and Cb. The
discharge current id is divided into i.e. and ib:

id tð Þ ¼ ie tð Þþ ib tð Þ:

The loop equation established for the generator circuit A is:

U0 � 1
Cs

Z t

0

iddt ¼ idRd þ u tð Þ: ð8:1Þ

This equation leads to a homogeneous second order differential equation that can
then be solved with the known solution approaches.

The Laplace transform provides an alternative approach (see Appendix A.2).
Applying the rules and correspondences in Tables A.1 and A.2 to Eq. (8.1) yields
the following equation in the complex variable domain:

U0

s
� 1
sCs

Id ¼ IdRd þU; ð8:2Þ

where s = r + jx is a complex number. With:

Id ¼ Ie þ Ib ¼ U=Re þCbUs

and the time constants s1 and s2, Eq. (8.2) can be solved for U = U(s):

U sð Þ ¼ U0

RdCb

1
1þ s=s1ð Þ 1þ s=s2ð Þ : ð8:3Þ

After inverse transform into the time domain with s = jx and the correspondences
in Table A.2, the impulse voltage u(t) is obtained as the difference of two expo-
nential functions:

uðtÞ ¼ U0

RdCb

s1s2
s1 � s2

e�t=s1 � e�t=s2
� �

: ð8:4Þ
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The two time constants s1 and s2 are roots of a quadratic equation with:

1
s1;2

¼ B0

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B0

2

� �2

�B1

s
ð8:5aÞ

B0 ¼ 1
RdCb

þ 1
RdCs

þ 1
ReCb

ð8:5bÞ

B1 ¼ 1
RdCbReCs

: ð8:5cÞ

In the same way, the output voltage of circuit B in Fig. 4.10b can also be
calculated. For u(t), we obtain a largely identical expression as in Eq. (8.4) with the
only difference that Cs replaces Cb in the third term on the right side of Eq. (8.5b).

For the standardized lightning and switching impulse voltages, ReCs < < RdCb.
Then, the time constants s1, s2 and the efficiency η of the circuit A (index “A”) can
be approximately calculated as follows (Refs. [1, 6] of Chap. 1, Refs. [16, 17] of
Chap. 4):

s1;A � Rd þReð Þ Cb þCsð Þ; ð8:6aÞ

s2;A � RdRe

Rd þRe

CbCs

Cb þCs
; ð8:6bÞ

gA ¼ û
U0

� Re

Rd þRe

Cs

Cb þCs
: ð8:6cÞ

Accordingly, for the time constants and the efficiency of the impulse voltage
generator in circuit B (index “B”) we have:

s1;B � Re Cb þCsð Þ; ð8:7aÞ

s2;B � Rd
CbCs

Cb þCs
; ð8:7bÞ

gB ¼ û
U0

� Cs

Cb þCs
: ð8:7cÞ

The inadequacy of the two idealized basic generator circuits in Fig. 4.10 has
already been pointed out in Sect. 4.2.1. Taking into account the inductances and
stray capacitances of the impulse voltage generator and the test object, an analytical
calculation of the complete equivalent circuit is practically impossible. More suit-
able for this purpose is software that is either generally available for the calculation
of electrical circuits or especially for the optimization of impulse voltage generators
(Ref. [18, 22] of Chap. 4).
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For theoretical investigations regarding the shape and spectrum of lightning and
switching impulse voltages or the transfer behavior of voltage dividers, the fol-
lowing equation derived from Eq. (8.4) is better suited:

u tð Þ ¼ ûA e�t=s1 � e�t=s2
� �

: ð8:8Þ

Here, A � 1 is a factor with which the two exponential functions are to be mul-
tiplied so that the impulse voltage reaches its peak value û at the time to peak tp
(Fig. 8.1). For lightning and switching impulse voltages, s1 � s2 applies. This
means that the waveform of the impulse voltage in the tail is mainly determined by
the exponential term with s1 in Eq. (8.8).

Setting the first derivative of Eq. (8.8) to zero gives the time to peak tp:

tp ¼ s1 s2
s1 � s2

ln
s1
s2

: ð8:9Þ

The symbols for the time to peak and the other time parameters that can be
calculated from Eq. (8.8) are written in lower case. This is in contrast to the
capitalization of the standardized time parameters in IEC 60060 (Refs. [1, 2] of
Chap. 2), which are referred to the virtual origin of lightning impulses (Fig. 4.1).
With the time to peak tp according to Eq. (8.9), the factor A can be calculated as:

A ¼ 1
e�tp=s1 � e�tp=s2

: ð8:10Þ

For the analytical representation of an impulse voltage with the time parameters
T1 and T2, the corresponding time constants s1 and s2 in Eq. (8.8) must be known.
The relationship between the time constants and the time parameters of the impulse
voltage is determined numerically today, whereas previously s1 and s2 were
determined by means of diagrams. The procedure for determining the time

Fig. 8.1 Representation of
an impulse voltage u(t) as
superposition of two
exponentials with the time
constants s1 and s2 according
to Eq. (8.8)
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constants s1 and s2 of an impulse voltage according to Eq. (8.8) for a predetermined
value pair of the time parameters T1 und T2 � T1 will be briefly outlined below.
The first step is to estimate an initial value for s1. Since in the tail of lightning and
switching impulse voltages the second exponential term in Eq. (8.8) with the time
constant s2 is negligible, Eq. (8.8) simplifies for the time to half-value t2 � T2:

u t ¼ T2ð Þ ¼ ûAe�T2=s1 ¼ 0; 5û;

from which with A � 1 a first approximate value is obtained:

s1 � T2
lnð2AÞ : ð8:11Þ

With the estimate s2 � T1/3, a first data set for the impulse voltage can be
calculated using Eq. (8.8). In further iterative steps, improved values are calculated
with Eqs. (8.9)–(8.11) and inserted in Eq. (8.8) until the time parameters T1 and T2
reach the prescribed nominal values.

8.1.1 Mathematical and Virtual Origin

The standardized virtual origin O1 of a lightning impulse voltage (see Sect. 4.1.1)
obviously differs from the mathematical origin O of the impulse defined by
Eq. (8.8). For higher accuracy requirements, this difference may need to be con-
sidered e.g. when comparing a measured impulse voltage with the result of the
convolution calculation (see Sect. 9.7). The difference between O and O1, which of
course depends on the time course of the considered lightning impulse voltage, is
designated here by t0. It is calculated according to the intercept theorem for the
straight line through the points at 0.3û and 0.9û (Fig. 8.2a):

t0 ¼ O� O1 ¼ 0:3û
T1
û
� t30 Oð Þ ¼ 0:5TAB � t30 Oð Þ ð8:12Þ

where t30(O) is referred to the mathematical origin of the lightning impulse voltage.
For the 1.2/50 lightning impulse voltage, the virtual origin O1 is about t0 = 0.22 ls
before O. Therefore, the time to half-value T2, which is referred to O1 and has the
nominal value 50 ls, is around 0.5% greater than the value calculated for O. This
small difference is certainly negligible in most cases. The time difference t0 has no
influence on the front time defined by Eq. (4.2).

For lightning impulse voltages chopped in the front, it may be necessary to
consider the time difference between the origins O and O1. For the 1.2/50 lightning
impulse voltage chopped after tc(O) = 500 ns, the virtual origin O1 is t0 = 61 ns
before O (Fig. 8.2b). The time to chopping relative to the virtual origin O1 is
therefore Tc = 561 ns, which is about 12% larger than 500 ns. On the other hand, if
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Tc = 500 ns is set and the lightning impulse voltage is calculated until
t = Tc − t0 = 439 ns according to Eq. (8.8), the peak value is only about 93% of the
original value û. To get the original peak value û again, the impulse voltage must
increase more steeply (curve u* in Fig. 8.2b). This, in turn, changes the position of
O1 and thus also of t0 and Tc. Further iterative steps are necessary, but this will not be
discussed further here. If necessary, it must be checked whether the steeper front of
u* and the shorter time to chopping can affect the measurement result, since the
requirements on the dynamic behavior of the measuring system are higher.

8.1.2 Variants of the Impulse Voltage

The impulse calculated with Eq. (8.8) shows an abrupt rise from the zero line at
t = 0, whereas in test practice, the impulse voltage generated by the voltage gen-
erator rather shows a gradual increase. To better approximate the gradual onset of
the impulse voltage, another function is occasionally added in Eq. (8.8), which
leads to a rounding of the initial curve. Also for the time t > tc, i.e. after the collapse
of a chopped lightning impulse, an additional function with a third time constant s3
can be inserted:

ucðt � tcÞ ¼ uðtcÞe�ðt�tcÞ=s3 ; ð8:13Þ

where by an exponential decay of the voltage is achieved.
Furthermore, the impulse voltage chopped in the front, which is often repre-

sented by a wedge-shaped voltage, can be approximated by a triangular function
with the slope S:

uðtÞ ¼ û
tc
t ¼ St for 0� t� tc

¼ 0 for t[ tc

ð8:14Þ

u(t)

tO1 O t30 t90

t0

TAB

OO1 ttctc*

u*

u

t0

û = û*

t30 t90

t0

(a) (b)

Fig. 8.2 Mathematical origin O and virtual origin O1 of lightning impulse voltages. a Full
lightning impulse voltage, b Front-chopped lightning impulse voltage
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The triangular function has the advantage that it is easier to handle for basic
calculations than the equation for the front-chopped lightning impulse voltage, with
no significant differences in the final result (see Sect. 8.1.4).

8.1.3 Parameter Values of Impulse Voltages

For some of the most common high-voltage impulses, the numerically calculated
parameter values are listed in Table 8.1. The time to peak tp of lightning impulse
voltages (LI) refers to the mathematical origin O, which lies after the virtual origin
O1 by the time t0. The lightning impulse voltage chopped on the front (LIC) has a
time to chopping tc = tp = 0.5 ls, based on the mathematical origin O. The quotient
ûLIC/ûLI indicates the peak value of the chopped lightning impulse voltage
(LIC) relative to that of the corresponding full 1.2/50 lightning impulse voltage (LI).
For switching impulse voltages (SI), the obvious origin corresponds approximately
to the mathematical origin, i.e. O1 = O. Therefore, t0 = 0 and Tp = tp can be set.

More and more frequently, the task is to find a closed mathematical expression
for the recorded data set in order to further process it using special computational
algorithms. In principle, the synthesis or analysis of any signal can be carried out
with sinusoidal oscillations according to Fourier. For the synthesis of impulse
voltages, parabola segments or exponential functions, which are fitted in sections to
the recorded impulse, are more suitable. The sum of these functions then represents
the complete data set in a good approximation. For example, the Test Data
Generator (TDG, see Sect. 7.3) comprises, in addition to the analytically given test
impulses, the series representation of measured impulses. With the TDG, the
software for evaluation of typical high-voltage and high-current parameters is
verified. Both types of test impulses can thereby be processed in the same manner
by the evaluation software, taking into account the characteristics of the digital

Table 8.1 Parameter values of some high-voltage impulses calculated according to Eq. (8.8) in
comparison to the standardized parameters in IEC 60060 (Ref. [1, 2] of Chap. 2)

Lightning impulse voltage Switching impulse voltage

Parameter 1.2/50 0.84/60 250/2500

Symbol LI LIC (0.5 µs) LI LIC (0.5 µs) SI

s1 µs 68.217 83.666 3155

s2 µs 0.405 0.2746 62.487

A 1.037 1.022 1.104

tp
a µs 2.089 0.5 1.576 0.5 250

t0 µs 0.2210 0.061 0.1563 0.074 0

T1 µs 1.2 0.524 0.84 0.509 165.1

Tc µs – 0.561 – 0.574 –

ûLIC/ ûLI – 0.728 – 0.851 –
aReferred to the mathematical origin O
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recorder used (quantization, superposition of noise, etc.). An example for the rep-
resentation of the data set of a TDG test impulse with superimposed oscillation by a
series of complex exponential functions is described in (Ref. [10] of Chap. 4). The
series representation offers, inter alia, the possibility to determine the mean curve
through the oscillation by reducing the number of exponential functions.

8.1.4 Spectrum of Impulse Voltages

To calculate the spectrum of impulse voltages or currents, the complex or real
Fourier integral and the Laplace transform are available (see Appendix A). In the
following, the Laplace transform is preferred for calculating some spectra. Using
the Laplace correspondences in Table A.2, the Laplace transform of the double
exponential impulse voltage according to Eq. (8.8) is obtained:

F sð Þ ¼ ûA
1

sþ 1
s1

� 1

sþ 1
s2

2
664

3
775: ð8:15Þ

With s = jx and after multiplying the fractions in Eq. (8.15) with their conjugate
complex denominators, the Laplace transform can be separated into its real and
imaginary parts. The absolute value, referred to F(x = 0), is equal to the normal-
ized amplitude density of the impulse voltage:

F xð Þ ¼ F jxð Þ
F 0ð Þ
				

				
¼ 1

s1 � s2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s1

1þ xs1ð Þ2 �
s2

1þ xs2ð Þ2
" #2

þ xs21
1þ xs1ð Þ2 �

xs22
1þ xs2ð Þ2

" #2vuut :

ð8:16Þ

The spectrum of chopped impulse voltages can, in principle, also be calculated
with the help of the Laplace transform, but the calculation is quite extensive
because of the numerous expressions. A lightning impulse voltage chopped on the
front can be approximated by the triangular function of Eq. (8.14), whose spectrum
is easier to calculate. The discontinuity at the instant of chopping t = tc is overcome
in that the triangular function u(t) is expressed by the sum of three functions which
are unlimited in time:

u tð Þ ¼ ua þ ub þ uc ð8:17Þ

that cancel each other out for t > tc (Fig. 8.3). Here, ua is a ramp with the steepness
û/tc, ub a negative step starting at tc with the amplitude −û and uc a negative ramp
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starting delayed at t = tc with the slope −û/tc. The sum of the three functions,
together with the calculation rules and correspondences in Tables A.1 and A.2,
leads to the Laplace transform of the triangular function:

F sð Þ ¼ û
1
tcs2

� 1
s
e�stc � 1

tcs2
e�stc


 �
: ð8:18Þ

After separating Eq. (8.18) into real and imaginary parts, we have:

F sð Þ ¼ ûtc
sinxtc
xtc

þ cosxtc
xtcð Þ2 �

1

xtcð Þ2 þ j
cosxtc
xtc

� sinxtc
xtcð Þ2

 !" #
: ð8:19Þ

Considering s = jx and F(x = 0) = ûtc/2, the normalized amplitude density of
the triangular function is the absolute value of Eq. (8.19):

F xð Þ ¼ F jxð Þ
F 0ð Þ
				

				 ¼ 2

xtcð Þ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xtcð Þ2 þ 2 1� cosxtc � xtcsinxtcð Þ

q
: ð8:20Þ

The expression in Eq. (8.20) are undefined for x = 0, since both the numerator
and denominator are zero. For small x, Eq. (8.20) also becomes unusable, since the
smallest inaccuracies in the computation cause strong oscillations of F(x). By series
expansion of cosxtc and sinxtc, we obtain:

F xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ �1ð Þn2� 8 n� 1ð Þ

n!
xtcð Þn�4

r
for n ¼ 6; 8; 10 . . . ð8:21Þ
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Fig. 8.3 Equivalent
representation of a triangular
function (left) by the sum of
three functions ua, ub and uc
(right) which are unlimited in
time
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The series in Eq. (8.21) for the triangular function converges rapidly for xtc < 1.
The normalized amplitude density is practically equal to 1 for xtc < 0.1. This
corresponds to a frequency f < 32 kHz at a time to chopping tc = 0.5 ls. Above
this frequency, Eq. (8.20) can be used to calculate the amplitude density.

Figure 8.4 shows the amplitude density of some impulse voltages (curves 1–5)
normalized to the respective DC component F(f = 0). In the semi-logarithmic
representation, the amplitude density F(f) of each impulse voltage is approximately
constant up to a limit frequency determined by the impulse shape and then
decreases more or less rapidly as the frequency increases. From the frequency
characteristic, the upper 3 dB limit frequency f2 can be determined, at which the
normalized amplitude density has fallen to 1/√2 � 0.7. For comparison, the
amplitude density of the 8/20 impulse current is also shown (curve 6). The oscil-
lation in the course of time appears as a resonance peak in the frequency charac-
teristic before the steep decay in the spectrum occurs.

The 250/2500 switching impulse voltage (curve 1 in Fig. 8.4) has an upper limit
frequency f2 � 50 Hz, which is comparable to the power frequency. For the 1.2/50
lightning impulse voltage (curve 3), f2 = 2.4 kHz. Above 200 kHz, i.e. approxi-
mately 100 times the value of f2, the amplitude density has decreased to less than
1%. In comparison, the amplitude density of the 0.84/60 impulse voltage, which is
used to calibrate digital recorders and impulse voltmeters, differs only insignifi-
cantly (curve 2).

The triangular function used as a wedge-shaped impulse with the time to
chopping tc = 0.5 ls has the highest limit frequency f2 = 1.1 MHz. The ampli-
tude density remains approximately constant up to 100 MHz (curve 5 in
Fig. 8.4). Basically, the shorter and steeper the impulse, the more its spectrum
extends to higher frequencies. For the ideal Dirac impulse with infinitely narrow
impulse width, the spectrum is known to be constant up to infinitely high
frequencies.
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Fig. 8.4 Amplitude density
F(f) of some impulse voltages
and an impulse current 1 250/
2500 switching impulse
voltage 2 0.84/60 lightning
impulse voltage 3 1.2/50
lightning impulse voltage
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voltage 5 triangular function
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8.2 Analytical Representation of Impulse Currents

Assuming linear elements in the RLC circuit for generating exponential impulse
currents, Kirchhoff’s loop equation applies to the voltages (see Fig. 5.3):

uC ¼ uL þ uR ð8:22Þ

and Kirchhoff’s junction equation to the currents:

U0 � 1
C

Z
idt ¼ L

di
dt

þRi; ð8:23Þ

where U0 is the charging voltage at the capacitor C at the beginning of the discharge
at t = 0. Applying the Laplace transform with its correspondences in Table A.1 to
Eq. (8.23), the equivalent equation in the complex variable domain is:

U0

s
� 1
Cs

¼ LsiþRi; ð8:24Þ

which is dissolved for the current:

i sð Þ ¼ U0

L
1

s2 þR
Lsþ

1
LC

: ð8:25Þ

The form of Eq. (8.25) is comparable to that of Eq. (8.3) for impulse voltages,
whose solution is given by two exponential functions corresponding to Eqs. (8.4)
and (8.8). In contrast to impulse voltages, however, the values for the front time and
the time to half-value are not very different for the 8/20 impulse current and some
other impulse currents. The solution of Eq. (8.25) thus differs from Eq. (8.8) with
the two exponential terms. In this case, the inverse transform of Eq. (8.25) with the
correspondences in Table A.2 offers two further solutions, one for the damped
oscillating impulse current:

i tð Þ ¼ U0

xdL
e�dtsin xdtð Þ; ð8:26aÞ

and the other for the aperiodic impulse current:

i tð Þ ¼ U0

x	
dL

e�dtsinh x	
dt

� � ð8:26bÞ

where:

d ¼ R
2L

; ð8:27Þ
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xd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
LC

� R
2L

� �2
s

; ð8:28aÞ

x	
d ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R
2L

� �2

� 1
LC

s
: ð8:28bÞ

In Fig. 8.5, the calculated time courses of exponential impulse currents are
plotted for various damping resistors R1 < R2 < R3. Curve 1 shows a weakly
damped impulse current according to Eq. (8.26a), curve 2 the 8/20 impulse current,
also calculated according to Eq. (8.26a), and curve 3 shows an aperiodic impulse
current according to Eq. (8.26b). For R = 0, we obtain from Eq. (8.26a) the the-
oretical special case of an undamped sinusoidal oscillation.

By setting the first derivative of Eq. (8.26a) to zero, the times of occurrence of
the positive and negative maxima of a damped oscillating impulse current are
obtained as:

tmax;k ¼ 1
xd

arctan
xd

d

� �
þ kp

h i
for k ¼ 0; 1; 2; . . . : ð8:29Þ

The time to peak tp = tmax,0 is determined for k = 0 and the time tmax,1 of the first
(negative) undershoot for k = 1. The amplitude of the first undershoot is calculated by
setting t = tmax,1 in Eq. (8.26a). For tests, limit values are specified for undershoot, as
a higher current amplitude with opposite polarity could destroy the test object.

It should be noted that the impulse currents calculated according to Eq. (8.26a)
refer to the mathematical origin O. The difference between O and the standardized
virtual origin O1 is determined in analogy to the impulse voltages according to
Fig. 8.2a, if t30 is replaced by t10:

t0 ¼ O� O1 ¼ 0:125 TAB � t10 Oð Þ: ð8:30Þ

Fig. 8.5 Exponential
impulse currents calculated
according to Eq. (2.26a, b)
1 weakly damped impulse
current 2 8/20 impulse current
3 aperiodic impulse current
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In Eq. (8.30), t10(O) is the time between O and the time when the current reaches
the value 0.1î, and TAB is the time between the values at 0.1î and 0.9î. For the 8/20
impulse current, O1 is about t0 � 0.28 ls before O. This has no effect on the front
time T1 calculated from Eq. (5.1), but the time to half-value T2 referred to O1 is
greater by 1.4% than the value referred to O. In test practice, the difference between
O and O1 is tolerable due to the large permissible tolerance for T2, thus a correction
can be omitted. For higher accuracy requirements, however, the exponential
impulse current is calculated according to Eq. (8.26a) with a value T2 that is smaller
by t0, e.g. T2 � 19.72 ls for the 8/20 impulse current.

8.2.1 Determination of the Circuit Elements

When an impulse current defined by its time parameters T1 and T2 is to be gen-
erated, the required circuit elements R, L and C in Fig. 5.3 can be calculated from
Eq. (8.26a) by iteration with numerical calculation methods (Ref. [5] of Chap. 5).
They replace the previously proposed graphical methods with the help of diagrams
(Ref. [1] of Chap. 1, Refs. [2, 3] of Chap. 5). Usually, the capacitance C of the
charging capacitor, which is a considerable cost factor of an impulse current gen-
erator, is prescribed and the two other circuit elements are calculated to obtain the
desired impulse shape. As an example, Fig. 8.6 shows three 8/20 impulse currents
calculated with the circuit elements according to Eq. (8.26a) for various charging
capacitors. It can be seen that for the same charging voltage U0 the peak value î
becomes larger with C. However, the impulse shapes computed for 50, 40 and
30 lF are identical when normalized to the respective peak value î. The 8/20
impulse current referred to the virtual origin O1 attains its peak after tp = 10.6 ls.
The maximum undershoot occurs after 36.8 ls and is 33.5% of the main peak î.

Fig. 8.6 8/20 impulse current calculated using Eq. (8.26a) for various charging capacitors C 1
C = 50 lF 2 C = 40 lF 3 C = 30 lF
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Table 8.2 compiles the values of the circuit elements used to calculate the 8/20
impulse currents for the three charging capacitors from Eq. (8.26a). The values in the
first three table rows refer to the virtual origin O1. For comparison, the values referred
to the mathematical origin O are also given for C = 30 lF in the last table row.

8.2.2 Spectrum of Exponential Impulse Currents

The spectrum of exponential impulse currents results from Eq. (8.26a) with the
correspondences of the Laplace transform in Table A.2 as:

I sð Þ ¼ î
1

s2 þR
Lsþ

1
LC

: ð8:31Þ

After separation into real and imaginary parts, the normalized amplitude density
is obtained with s = jx:

F xð Þ ¼ F jxð Þj j
F 0ð Þ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� LCx2ð Þ2 þ RCxð Þ2
q : ð8:32Þ

As an example, curve 6 in Fig. 8.4 shows the normalized amplitude density of
the 8/20 impulse current compared to different impulse voltages. At a frequency of
16.4 kHz, which corresponds to that of the damped oscillation in the time domain
(Fig. 8.5, curve 2), it has an increase of 36%. The upper 3 dB limit frequency is
f2 = 27 kHz. The drop in the amplitude density is steeper than that of the impulse
voltages shown in Fig. 8.4.

Table 8.2 Circuit elements
and current peaks for the 8/20
impulse current, calculated
using Eq. (8.26a) for the
virtual origin O1 or
mathematical origin O

Origin C (µF) R (X) L (µH) î/U0 (A/V)

O1 50 0.102 1.235 4.15

O1 40 0.128 1.547 3.31

O1 30 0.173 2.067 2.48

O 30 0.188 2.13 2.38
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8.3 Analytical Representation of Short-Time AC Currents

On the basis of the simple equivalent circuit diagram for the short-circuit AC
current in Fig. 2.8, the following differential equation can be set up after closing the
switch S:

u tð Þ ¼ ûsin xtþwð Þ ¼ L
di tð Þ
dt

þRi tð Þ; ð8:33Þ

where w is the switching angle at the time of closing S. The solution of the
differential equation yields the short-time AC current:

i tð Þ ¼ î sin xtþw� uð Þ � sin w� uð Þ � e�t=s
� 
 ð8:34Þ

with the amplitude î, the phase angle u and the time constant s:

î ¼ ûffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ xLð Þ2

q ; ð8:35Þ

u ¼ arc tan
xL
R

; ð8:36Þ

s ¼ L
R
: ð8:37Þ

Equation (8.34) consists of two parts. The first part represents the steady-state
AC component of the short-time current and the second part describes the expo-
nential decrease of the DC component of the current (see Fig. 2.2a). The AC
current, i.e. the first term in the square bracket of Eq. (8.34), consists of an ohmic
and an inductive component which is in phase with the voltage or lags behind by
90°. The resulting AC component has the phase angle u corresponding to
Eq. (8.36). The second term in the square bracket represents a DC current that
decreases exponentially with the time constant s.

The initial form of the short-time AC current depends on the instant ts or the
switching angle w at which the AC voltage is switched to the RL circuit. Under
unfavorable switching and phase conditions, the steady-state and transient currents
can superimpose such that at low values of R, the first peak value of the resulting
short-time AC current reaches almost double the amplitude of the steady-state
current (see Fig. 2.2a). This means, of course, a considerable load on the test object.
If the switching is in the zero-axis crossing of the AC voltage and R is very small,
the DC current practically disappears and the short-time AC current is almost
sinusoidal (see Fig. 2.2b).
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Chapter 9
Transfer Behavior of Linear Systems,
Convolution and Deconvolution

Abstract The transfer behavior of a linear system can be described by its input and
output signals and expressed in the time domain or frequency domain. In order to
analytically determine the transfer behavior of a system, the Laplace transform of a
time function into the complex variable domain (spectral domain, frequency
domain) and the subsequent inverse transform into the time domain is a very
effective tool. The step responses of simple RC and RCL circuits, which represent
the basic elements of voltage dividers, shunts and measuring coils, are calculated
using the Laplace transform. With the convolution integral, the output signals of the
RC and RCL circuits are calculated for some characteristic input signals. This opens
up a variety of possibilities to thoroughly analyze and optimize impulse voltage and
current measuring systems and their components without the need for extensive
experimental investigations. For calculations with experimental step responses,
numerical convolution is applicable due to the high computing power of the PC as
well as the significantly improved properties of digital recorders.

The transfer behavior of a linear system can be described by its input and output
signals and expressed in the time domain or frequency domain. Which domain will
be preferred depends on whether the input signal is also predetermined in the time
or frequency domain. The Laplace transform of a time function into the complex
variable domain (spectral domain, frequency domain) and the subsequent inverse
transform into the time domain is a very effective way to analytically determine the
transfer behavior. The relationships derived for linear systems can be applied to the
high-voltage measurement systems used in practice, in particular for impulse
voltages and impulse currents. Voltage dividers, shunts and measuring coils, which
are provided for measuring impulse voltages or impulse currents in the time
domain, are preferably characterized by their step response. In contrast, in the
low-voltage range and in the measurement technique of high AC voltages and
currents, it is customary to characterize electrical measuring instruments by their
frequency response. For oscilloscopes and digital recorders, which are used to
measure impulse voltages as well as AC voltages, both forms of representation in
the frequency or time domain are common.
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If the transfer behavior of a linear system is known in the time or frequency
domain, its output signal can be calculated for any input signals with the convo-
lution integral. This opens up a variety of possibilities to thoroughly analyze and
optimize impulse voltage and current measuring systems and their components
without the need for extensive experimental investigations. For the calculations,
both analytical and numerical approaches are available. The enormously high
computing power of the PC as well as the significantly improved measurement
properties of digital recorders now offer good technical prerequisites for the
application of convolution using numerical algorithms. The following principles for
voltage measurement systems apply accordingly to current measurement systems.

9.1 Step Response of a System

Figure 9.1 schematically shows an ideal system with the input voltage u1(t) and the
output voltage u2(t). The transfer behavior of the system is characterized in the time
domain by the step response g(t) or in the frequency domain by the complex
transfer function H(jx) (see Sect. 9.3). The relationships for linear systems can be
applied to measuring systems for high voltages and currents, but the influence of
electromagnetic interference on the most unshielded measuring systems often
adversely affects the result. The transfer behavior of impulse voltage and current
measuring systems is preferably expressed by the step response g(t) and that of AC
voltage and current measuring systems by the complex transfer function H(jx).

When the input of a system is the step voltage:

u1 tð Þ ¼ U10s0 tð Þ; ð9:1Þ

the step response is obtained at the system output:

u2 tð Þ ¼ U20g tð Þ: ð9:2Þ

Here, s0(t) is the unit step function with the time-dependent form:

s0 tð Þ ¼ 0 for t� 0;
¼ 1 for t[ 0;

u1(t)         u2(t)   g(t) 
H(jω) 

Fig. 9.1 Characterization of
a linear system by the step
response g(t) or the complex
transfer function H(jx)
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and g(t) the unit step response. The quotient U10/U20 denotes the nominal division
ratio or the transformation ratio of the system. For the sake of simplicity, unless
otherwise pointed out in this book, the term “step response” is understood as the
unit step response g(t). Figure 9.2 shows an typical example of the step function
s0(t) and the step response g(t) of a damped oscillating system which also has an
inductive component in addition to resistive and capacitive components.

The step response of linear systems can be characterized by a set of different
response parameters. The hatched partial areas of the step response mark the
deviations from the step function and are referred to as partial response times Ta,
Tb, Tc, etc. Their sum yields the response time T, with the areas above the unit line
having a negative sign. In the test standards for high-voltage impulse dividers, the
response parameters are slightly differently defined, which takes into account the
imperfections in the recording and evaluating of the experimentally obtained step
response. Compliance with specified limit values serves as proof of the adequate
dynamic behavior of the voltage divider. The significance of the response param-
eters is discussed in more detail in Sects. 9.8.1 and 9.8.2.

9.2 Convolution Integral and Convolution Algorithm

If the step response g(t) of a system is known, the convolution integral, also known
as Duhamel integral, provides the possibility to calculate the output signal u2(t) for
an arbitrary input signal u1(t) [1–4]:

u2 tð Þ ¼ d
dt

Z t

0

u1 sð Þ � g t � sð Þds
2
4

3
5 ¼ d

dt

Z t

0

u1 t � sð Þ � g sð Þds
2
4

3
5: ð9:3Þ

1

0

s0(t),     
g(t)

t

Tα

-Tβ

Tγ

-Tδ

s0(t) g(t)

T = Tα - Tβ + Tγ - Tδ + …

Fig. 9.2 Unit step s0(t) and
unit step response g(t) of a
damped oscillating system
with the partial response times
Ta, −Tb, Tc, −Td, …
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Both versions of Eq. (9.3) are identical due to the commutative law. One of the
four possible forms of the convolution integral is given by:

u2 tð Þ ¼ u1 0ð Þg tð Þþ
Z t

0

u1 sð Þ dg t � sð Þ
dt

ds : ð9:4Þ

The following example may serve to understand the convolution principle. The
input signal u1(t) is considered as the superimposition of many small time-displaced
single steps (Fig. 9.3). Each step Du2,i produces the corresponding small response
Du2,i at the output of the system. The superposition of the individual responses
yields the time-discrete output signal u2(kDt), which turns for infinitely small time
intervals Dt into u2(t). For impulse voltages, we have u1(0) = 0, so that on the right
side of Eq. (9.4) only the integral remains. However, the convolution integral can
be solved analytically only for a few step responses and input signals. The high
computing power of the PC and the improved measurement properties of digital
recorders now offer good technical prerequisites for the application of numerical
convolution algorithms.

The time courses of g(t) and u1(t) measured with digital recorders are available
as time-discrete samples and the convolution integral in Eq. (9.4) is calculated
numerically [5–8]. For the numerical integration, the simple trapezoidal rule is
suitable, and with an adequate number of samples, it enables a sufficiently accurate
calculation of the convolution integral. With the abbreviation for the derivative (or
the differential quotients) of the step response:

g0 ¼ Dg
Dt

and assuming u1(0) = 0, the following convolution algorithm is obtained to cal-
culate the output voltage u2(t):

u2 kDtð Þ ¼ u2;k ¼ Dt
u1;kg00
2

þ
Xk�1

i¼1

u1;ig
0
k�i

" #
ð9:5Þ

for k = 2, 3, 4, … N − 1.

u1(t)

t
∆t

∆u1,i

Fig. 9.3 Representation of a
signal u1(t) by time-displaced
single steps Du1,i, which
generate the corresponding
step responses Du2,i at the
system output
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The initial value of the output signal for k = 1 is:

u2;1 ¼ Dt
2
u1;1g

0
0 ð9:6Þ

where N is the number and Dt the equidistant time interval of the discrete samples
of g(t) und u1(t). The sampling frequency for recording both signals must be the
same. For the numerical differentiation of the step response, the calculation of the
central mean value from the two neighboring values is recommended:

g0k ¼
gkþ 1 � gk�1ð Þ

2Dt
ð9:7Þ

for k = 1, 2, 3, … N. The first value g00 at the initial time t = 0 is not defined by
Eq. (9.7). It is either set equal to the first calculable value g01 or, if the derivative of
the step response at the beginning changes very much, is preferably determined by
extrapolation of the first five values g01 … g05.

With convolution, the dynamic behavior of impulse voltage and current mea-
suring systems, which are characterized by their step response, can be proved
without the need for complex experimental investigations. For example, deviations
of the measured peak value from the correct value can thus be calculated as a
function of the front time or time-to-chopping. Convolution is particularly useful
for detecting or confirming the quality of wide-band measurement systems with
very good characteristics, maintained in metrology institutes or highly qualified
calibration laboratories. The reason is that even more accurate reference systems are
rarely available for comparative measurements. The conditions and limits for the
application of convolution are dealt with in Sect. 9.7.

At first glance, it seems easy to rearrange the convolution algorithm in Eq. (9.5)
in such a way that the input voltage u1(kDt) can be calculated from the output
voltage u2(kDt) and the derivative of the step response g′(kDt). However, the
inverse of the convolution, the deconvolution, provides only a few satisfactory
results in measurement practice. Small disturbances and sampling errors that are
inevitably superimposed on the recorded data u2(kDt) and g′(kDt), even the smallest
computational errors of the PC, result in a rapid amplification of the disturbances
due to the recursive calculation formula. Without any special countermeasure, the
disturbances add up to u1(kDt) after each computed series expansion, so that the
final result of the numerical deconvolution becomes unusable. Smoothing methods
and an iterative procedure, in which every intermediate result for u1 is verified
by convolution, help to a limited extent. The corresponding deconvolution in
the frequency domain, briefly discussed in Sect. 9.3, is often more promising
[9–21].
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9.3 Fourier Transform and Transfer Function

As an alternative to the step response, the transfer behavior of a system can be
characterized by its transfer function. According to Fourier, every signal can be
decomposed into a series of partial sine waves u(xt) = ûsin(xt + u) with the
amplitude û, the angular frequency x and the phase angle u (see Appendix A).
A partial sine wave u1,i applied to the input of a linear system produces at its output
a sine wave u2,i of the same frequency, but generally of different amplitude and
deviating phase angle (Fig. 9.4a). Between the two partial sine waves u1,i and u2,i
with the angular frequency x, there exists a time delay t0 due to the finite signal
propagation time:

t0 ¼ u1 � u2

x
¼ b

x
; ð9:8Þ

where b = u1 − u2. The entirety of the partial sine waves at the output, which are
superimposed according to their amplitudes and phase angles, results in the output
signal u2(t).

The quotient of the Fourier transforms of the output and input signals of a
system yields the complex transfer function [3]:

H jxð Þ ¼ U2 jxð Þ
U1 jxð Þ ¼

û2ej xtþu2ð Þ

û1ej xtþu1ð Þ ¼ H jxð Þj je�j u1�u2ð Þ ¼ H xð Þe�jb : ð9:9Þ

t0

t

u(t) u1,i

u2,i

t

u(t)
u1

u2

t00

(a) 

(b) 

Fig. 9.4 Decomposition and
synthesis of a signal after
Fourier. a Partial sine wave
u1,i of the decomposed input
signal u1(t) and corresponding
sine wave u2,i at the output of
a linear system; b input signal
u1(t) of the system and output
signal u2(t) obtained by
synthesizing the sine waves
u2,i
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The absolute value is called the transfer factor H(x) and the phase difference b
(x) = u1 − u2 the transfer angle. H(x) and b(x) can be graphically represented as
the amplitude response or phase response of the system versus frequency. The
absolute value H(x) is synonymous with the reciprocal of the division ratio of a
voltage divider, the transformation ratio of a transformer or the amplification factor
of an amplifier.

The special case of ideal signal transfer is given by H = 1 and b = 0. Input and
output signals of the system are then identical. However, due to the finite velocity
of signal propagation in passive or active systems, this particular case cannot occur
in the strict sense. The distortion-free transfer with H = H0 = const. and b/x =
t0 = const. is theoretically possible and highly desirable in practice. This means that
the output signal u2 is increased or decreased relative to u1 and delayed by the time
t0 (Fig. 9.4b). The output signal then represents a true-to-scale reproduction of the
input signal.

If the complex transfer function H(jx) of a system is known, the output signal
u2(t) can be calculated for any arbitrary input signal u1(t). Calculation is made in the
frequency domain according to the relationship:

U2ðjxÞ ¼ HðjxÞ � U1ðjxÞ ð9:10Þ

which results from Eq. (9.9). First, the spectral function U1(jx) of u1(t) is calcu-
lated with the Fourier integral according to Eq. (A.1), i.e. the input signal is
decomposed into its frequency components. Then, each frequency component of U1

is multiplied by the corresponding frequency component of the transfer function H,
resulting in the spectral function U2. The inverse transform of U2(jx) is carried out
according to Eq. (A.4) and leads to the desired output signal u2(t) in the time
domain:

u2 tð Þ ¼ 1
2p

Z1
�1

U2 jxð Þejxtdx: ð9:11Þ

In Appendix A.1, it is pointed out that the complex Fourier integral in Eq. (A.1)
can only be solved analytically for a few elementary cases. In measurement prac-
tice, therefore, the frequency analysis is performed predominantly numerically
using the Fast Fourier Transform (FFT). This evaluation option is offered by most
of the measuring instruments with digital storage of the measured data. The number
of samples in the FFT must be a power of 2. For higher accuracy requirements and
arbitrary number of samples, the Discrete Fourier Transform (DFT) is more suit-
able, but their application requires a considerably longer computation time.

The calculation of u2(t) in Eq. (9.11) with the spectral functions H(jx) and
U1(jx) corresponds to the convolution in the time domain. In general, the amplitude
and phase response of a shielded measuring system, which is connected
reflection-free to the frequency generator via a coaxial cable, can be measured very
well even at higher frequencies. For high-voltage dividers, which are usually large
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and unshielded, the measurement of the frequency response is not customary.
Because of the limited signal amplitude of the frequency generator and the large
division ratio, the divider output signal is quite small, so that strong electromagnetic
interference is to be expected. The transfer behavior of high-voltage dividers is
therefore preferably characterized by their step response g(t).

Transition from the time domain into the frequency domain may be advanta-
geous in order to obtain the transfer function H(jx) according to Eq. (9.10). The
transition is possible since between the transfer function H(jx) and the Dirac
impulse, i.e. the time derivative of the step response g(t), the following relation
exists:

HðjxÞ ¼ R1
�1

dg
dt
e�jxtdt ð9:12Þ

which is also derived from Eq. (9.14) with the Laplace transformsH(s) andG(s) with
s = jx. Once again, the integral in Eq. (9.12) can only be solved for a few analytical
functions. The step response g(t) usually exists as digital data set, which can be
numerically differentiated and transformed into the frequency domain by FFT.

According to Eq. (9.9), the transfer function H(jx) is defined as the quotient
U2(jx)/U1(jx) in the frequency domain. If the input and output signals are given in
the time domain, the corresponding spectral functions can be formed using
Eq. (A.1). When forming the quotient H(jx), care must be taken to ensure that there
is no zero in the denominator U1(jx), so that a division by zero is excluded.

In high-voltage testing, the voltage applied to the test object is primarily of
interest. However, fast high-voltage impulses cannot always be measured correctly,
e.g. due to the limited response of the measuring system. By rewriting Eq. (9.10),
we obtain the spectral function U1(jx) as the quotient U2(jx)/H(jx). This operation
corresponds to the deconvolution in the time domain. The time function u1(t) cor-
responding to U1(jx) is calculated using Eq. (A.4). This method of deconvolution
using the spectral functions is often more successful than the deconvolution in the
time domain.

9.4 Laplace Transform

The Laplace transform of a function from the original time domain to the complex
variable domain (or s domain) and the inverse Laplace transform back to the time
domain provide another, very convenient and comprehensive possibility to deter-
mine the transfer behavior of a system analytically [4]. The transfer function H(s) of
a linear system according to Eq. (9.9) can be formally expressed as the quotient of
the Laplace transforms of the output and input functions:

276 9 Transfer Behavior of Linear Systems, Convolution …



H sð Þ ¼ U2 sð Þ
U1 sð Þ ð9:13Þ

where s is generally a complex variable, e.g. s = r + jx. For example, when a
system is characterized by a passive network of resistors, capacitors and inductors,
Kirchhoff’s laws, along with the Heaviside operator s for differentiation (1/s for
integration), provide the conditional equation for determining the output voltage
U2(jx), when U1(jx) is the voltage applied to the system input. For a series of input
and output functions, there are appropriate correspondences of the Laplace trans-
forms (see Appendix A) that can be directly inserted into Eq. (9.13). The advantage
of using the Laplace transform is that the well-known calculation rules and cor-
respondences can be applied very effectively, which greatly simplifies the
calculation.

The step function s(t) in the time domain corresponds to 1/s in the complex
variable domain (see Table A.2). If the step function is applied to the input of a
system, then U1(s) = 1/s and the output function U2(s) is identical to the step
response G(s). From Eq. (9.13), we obtain a simple relationship between the
Laplace transforms of the transfer function H(s) and the step response G(s) as:

G sð Þ ¼ 1
s
� H sð Þ : ð9:14Þ

For the inverse transform of G(s) into the time domain, the calculation rules and
correspondences are again available in Tables A.1 and A.2. Application examples
of the Laplace transform and inverse transform to RC and RLC elements are given
in Sect. 9.5.

In another specific task, let the step response G(s) be known and the output
function U2(s) of a system for an arbitrary input function U1(s) to be determined.
With Eqs. (9.13) and (9.14), the output voltage is obtained in the complex variable
domain:

U2 sð Þ ¼ s � U1 sð Þ � G sð Þ : ð9:15Þ

The inverse transform of U2(s) into the time domain using the correspondences
in Table A.2 yields the desired output voltage u2(t). This method corresponds to the
analytical convolution in the time domain (see Sect. 9.2). The convolution integral
in Eq. (9.4) is directly obtained from Eq. (9.15) using the convolution theorem of
the Laplace transforms in Table A.1. Even in the case of convolution, calculation
with the Laplace transform is simpler than evaluation of the convolution integral in
the time domain. The same applies to the solution of linear differential equations,
which are set up for the purpose of network analysis using Kirchhoff’s laws for
voltages and currents.
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In a similar manner, the complex transfer function H(s) can also be defined as the
quotient of the output current I2(s) to the input voltage U1(s):

H sð Þ ¼ I2 sð Þ
U1 sð Þ ð9:16Þ

or other combinations of input and output quantities. The transfer function in
Eq. (9.16) has the dimension of admittance. An important field of application is the
verification of the integrity of the windings of power transformers. The test is often
carried out with impulse voltages, with the simultaneously recorded current and
voltage impulses being transformed by the Fourier transform into the frequency
domain. Depending on the type and condition of the power transformer, a char-
acteristic form of the transfer function versus frequency is obtained. Any deviation
from the initial form found during later inspections should be regarded as serious
indication for a possible damage of the transformer winding. This method can also
be used during on-line monitoring in the power supply network, where transients
caused under operational conditions are used as the exciting input voltage [22–27].

9.5 Characteristics of RC and RLC Elements

RC and RLC elements can be found in the simplified equivalent circuits of voltage
and current measuring systems. For a basic understanding of the transfer behavior
of high-voltage dividers, current shunts and other components of a measuring
system, it is therefore very instructive to know the transfer behavior of RC and RLC
elements. Their step responses are defined by relatively simple analytic expressions,
which can be determined with the aid of the Laplace transform and inverse trans-
form. The step response and the transfer function of an element can be converted
into one another in the frequency domain. The amplitude responses of different RC
and RLC elements are discussed in the following sections.

9.5.1 Step Response of an RC Low-Pass Filter

Figure 9.5a shows an RC element that is set up as a low-pass filter, at whose input
the unit step s0(t) is applied and the unit step response g(t) is tapped at the capacitor
C. According to Kirchhoff’s loop rule, we obtain in the time domain:

s0 tð Þ ¼ Riþ 1
C

Z
idt ð9:17Þ
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and in the complex variable domain (see Appendix A):

1
s
¼ I sð Þ Rþ 1

Cs

� �
: ð9:18Þ

With I(s) = sCG(s), we obtain the unit step response in the complex variable
domain:

G sð Þ ¼ 1
s 1þRCsð Þ : ð9:19Þ

The inverse transform into the time domain using Rule 5 in Table A.2 gives the
unit step response g(t) of the RC element (Fig. 9.5b):

g tð Þ ¼ 1� e�
t
s ; ð9:20Þ

where s = RC is the time constant. It also results graphically as the point of
intersection of the tangent at g(t = 0) = 0 with the horizontal through the value 1 or
additionally from the area A between g(t) and the horizontal through 1.

9.5.2 Step Response of an Oscillatory RLC Element

For the RLC element in Fig. 9.6a, we obtain from Kirchhoff’s loop equation the
Laplace transform:

(a)

(b)

Fig. 9.5 Transfer behavior of
an RC element set up as a
low-pass filter. a RC element
with unit step s0(t) at the
input; b unit step response g
(t) at the output of the RC
element with response time
T = s = RC = A
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1
s
¼ I Rþ Lsþ 1

Cs

� �
: ð9:21Þ

Further calculation is analogous to that for the RC low-pass filter and yields the
unit step response at the capacitor C in the complex variable domain:

G sð Þ ¼ 1
s

1
LCs2 þRCsþ 1

¼ 1
s
F sð Þ: ð9:22Þ

Inverse transform of G(s) into the time domain is favorably performed in two
steps. First, Rule 1 in Table A.1 is applied, which gives the integral of the quotient
in Eq. (9.22), expressed in the time domain, and, secondly, the solution of the
integral for the here interesting case R < 2(L/C)1/2 results in the step response of the
oscillatory RLC element:

g tð Þ ¼ 1� e�dt cosx0tþ d
x0

sinx0t

� �
ð9:23Þ

where d is the decay constant and x0 the natural angular frequency:

d ¼ R
2L

ð9:24aÞ

(a) 

g(t)

R

C
0

1

L

i (t)
s0(t)

(b) 

1

2

3

1

0
t

g(t)

Fig. 9.6 Transfer behavior of
an oscillatory RLC element.
a RLC element with step
s0(t) at the input; b unit step
response g(t) at the output. 1
Weakly damped oscillation, 2
normally damped oscillation,
3 aperiodic limiting case
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x0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
LC

� R
2L

� �2
s

: ð9:24bÞ

For very small resistances R, the decay constant is d � x0, and the step
response results from Eq. (9.23) with x�

0 = (LC)−1/2 approximately as:

g tð Þ � 1� e�dt � cosx�
0t : ð9:25Þ

The amplitude of the strongly oscillating step response in Eq. (9.25) can reach
almost twice the value of the exciting step voltage.

For the aperiodic limiting case with x0 = 0 and since sinx/x = si(x) = 1,
Eq. (9.23) reduces to:

g tð Þ ¼ 1� e�dt 1þ dtð Þ : ð9:26Þ

Figure 9.6b shows three step responses of the RLC element for different values
of d and x0. Curve 1 represents the step response of a weakly damped resonant
circuit and curve 2 that of a normally damped resonant circuit according to
Eq. (9.23). Curve 3 characterizes the aperiodic limiting case given by Eq. (9.26).

9.5.3 Transfer Functions of RC and RLC Elements

According to Eq. (9.14), the transfer function H(s) and the step response G(s) of a
system are linked with each other in the complex variable domain. For the RC
low-pass filter with G(s) according to Eq. (9.19), we obtain the simple expression:

H sð Þ ¼ sG sð Þ ¼ 1
1þ ss

ð9:27Þ

where s = RC. The absolute value of Eq. (9.27) with s = jx yields the amplitude
response H(x) of the RC element in the time domain:

H xð Þ ¼ H jxð Þj j ¼ H sð Þj j ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ xsð Þ2

q : ð9:28Þ

For the oscillatory RLC element with G(s) according to Eq. (9.22), the transfer
function is:

H sð Þ ¼ sG sð Þ ¼ 1
LCs2 þRCsþ 1

ð9:29Þ
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and the amplitude response:

H xð Þ ¼ H jxð Þj j ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2LCð Þ2 þ xRCð Þ2

q : ð9:30Þ

Figure 9.7 shows the amplitude response H(f) in double-logarithmic represen-
tation calculated for two RC elements (curves 2 and 3) and one RLC element (curve
4). For comparison, curve 1 is the amplitude density F(f) of a 1.2/50 lightning
impulse voltage, which can also be seen as curve 3 in Fig. 8.4.

The time constant of the RC element with H(f) corresponding to curve 2 is
s = RC = 436. This value is chosen so that the rise time Ta = 2.2RC = 960 ns
calculated with Eq. (9.35) equals that of the lightning impulse voltage according to
Eq. (9.34). If the rise time is reduced to one tenth, i.e. Ta = 96 ns and thus
s = 43.6 ns, the amplitude response according to curve 3 is obtained with a 3 dB
limit frequency of 3.7 MHz. The amplitude response of the RLC element with
RC = 0.436 ls and LC = 0.275 � 10−12 s (curve 4) shows a slight overshoot at
220 kHz, corresponding to the oscillation in the step response. The 3 dB limit
frequency is 410 kHz.

The amplitude responses of the three elements investigated extend to signifi-
cantly higher frequencies than the amplitude density of the 1.2/50 lightning impulse
voltage. The question of which limit frequency a measuring system must have for
the true-to-scale recording of impulse voltages is discussed in Sect. 9.8.

20 dB

1

3

2

f

H(f), F(f) 4

102 103 104               105              106              107    Hz   108

10

1

0.1

0.01

0.001

0.0001

Fig. 9.7 Amplitude response H(f) of RC and RLC elements in comparison to the amplitude
density F(f) of the 1.2/50 lightning impulse voltage. 1 1.2/50 lightning impulse voltage, 2 RC
element with RC = 436 ns, 3 RC element with RC = 43.6 ns, 4 RLC element with RC = 436 ns
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9.6 Response Time, Rise Time and Bandwidth

An important parameter of the unit step response g(t) is the response time T. The
general mathematical definition is:

T ¼ R1
0

1� g tð Þ½ 	dt : ð9:31Þ

For the RC element in Fig. 9.5a with the time constant s = RC and the step
response g(t) according to Eq. (9.20), the response time is:

T ¼ R1
0
e�

t
sdt ¼ s ¼ RC 
 A ð9:32Þ

where A = RC denotes the hatched area in Fig. 9.5b. The time constant s of the RC
element, as well as its response time T, are obtained graphically as the time at which
the tangent to the beginning of the step response intersects the horizontal with the
value of 1 (see Fig. 9.5b).

For the RLC element in Fig. 9.6a with the step response according to Eq. (9.23),
the response time is calculated as follows:

T ¼ R1
0
e�dt cosx0tþ d

x0
sinx0t

� �
dt ¼ RC : ð9:33Þ

The response time T can also be determined graphically as the sum of the partial
areas of the step response shown hatched in Fig. 9.2, wherein the partial areas with
g(t) > 1 are entered with negative sign:

T ¼ Ta � Tb þ Tc � Td þ . . . :

In general low-voltage engineering, it is customary to characterize current and
voltage impulses by their rise time Ta. It is defined as the time between the two
points in the front at 10 and 90% of the impulse peak or final value (Fig. 9.8). High
impulse voltages and currents, on the other hand, are characterized by the front time
T1 (see Sects. 4.1 and 5.1). For the idealized double exponential impulse voltage
according to Eq. (8.8), the rise time is approximately:

Ta � 4
5
T1 ¼ 4

3
TAB ð9:34Þ

where the time TAB is defined in Eq. 4.2. The rise time Ta assigned to a measuring
instrument is the rise time of its step response. For a measuring instrument with RC
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characteristic according to Fig. 9.5, the following relationship exists between the
rise time Ta of the step response and its response time T:

Ta � 2:2RC ¼ 2:2T : ð9:35Þ

Sometimes, measuring instruments are used whose inherent rise time Ta,e cannot
be ignored. When evaluating a recorded impulse, the measured value Ta,m is then
larger than the true impulse rise time Ta. Under certain conditions, which are
generally given in the measurement practice, the following relationship is valid:

T2
a;m ¼ T2

a þ T2
a;e; ð9:36Þ

from which the true rise time of the impulse is calculated as follows:

Ta ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
a;m � T2

a;e

q
: ð9:37Þ

If the rise time Ta,e of the measuring instrument is significantly smaller than that of
the impulse, conversion according to Eq. (9.37) can be dispensed with. If Ta,e is less
than one fifth of the impulse rise time, i.e. Ta,e < 0.2 Ta, then we have Ta � Ta,m with
an error of less than 2%.

The statement of the rise time in the time domain is equivalent to the statement
of the bandwidth B in the frequency domain with 3 dB limit frequency. For all
wideband systems whose bandwidth is practically equal to the upper 3 dB limit
frequency, the following simple relationship applies (Ref. [6] of Chap. 1):

B ¼ 0:35. . .0:45
Ta

: ð9:38Þ

The factor 0.35 in Eq. (9.38) applies to a system whose step response attains the
final value without overshoot, e.g. an RC network. A bandwidth of 10 MHz then
corresponds to a rise time of Ta = 35 ns. The factor 0.45 in Eq. (9.38) applies to a
system with about 10% overshoot in the step response.

1

0

0.9

0.1

Ta

u(t)

t

Fig. 9.8 General definition
of the rise time Ta of a
low-voltage impulse
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9.7 Examples of Convolution

In the preceding sections, the basic concept of convolution to calculate the output
signal of a linear system for arbitrary input signals has been presented. The ana-
lytical calculation with the convolution integral according to Eq. (9.3) leads to a
solution only for a few step responses and input signals. Comparable with the
analytical convolution in the time domain is the calculation of the output signal by
means of the Laplace transform, which can be applied to a large number of systems
and signals thanks to the correspondences in the time and complex variable
domains. Using the Laplace transform, the basic properties of linear systems are
derived using examples of simple RC and RLC elements. The results can serve as
model and are useful for understanding the measurement behavior of impulse
voltage dividers, current sensors and other components of measuring systems.
Examples of numerical convolution are given below for three fictitious voltage
dividers. The response errors calculated for impulse voltages with different rise
times can be graphically displayed in error diagrams.

9.7.1 Wedge-Shaped Impulse Applied to RC Element

As a first example, the response of the RC element in Fig. 9.5a to a wedge-shaped
impulse with an infinitely steep tail at time tc is investigated. According to Fig. 8.3,
the wedge-shaped impulse u1(t) is composed of three functions. The Laplace
transforms of u1(t) and the step response g(t) of the RC element with s = RC are
represented by Eqs. (9.15), (8.18) and (9.19). The Laplace transform of the output
voltage is given by:

U2 sð Þ ¼ s � U1 sð Þ � G sð Þ ¼ û1
tc

1� tcse�stc � e�stc

s2 1þRCsð Þ : ð9:39Þ

The inverse transform into the time domain using Table A.2 provides the output
voltage:

u2 tð Þ ¼ û1
tc

t � s 1� e�t=s
� �h i

� t � tcð Þ � s� tcð Þ 1� e� t�tcð Þ=s
� �h in o

: ð9:40Þ

Here, the term in the second square bracket on the right side of the equation
contributes only for t > tc.

Figure 9.9a shows the response of the RC element according to Eq. (9.40). At
the beginning, the output voltage u2(t) follows the rise of the input voltage
u1(t) with a delay and, after a certain settling time, runs parallel to u1(t) but dis-
placed in time. The constant time delay of u2(t) in the steady-state condition is equal
to the response time T = s = RC. The term in the second square bracket in
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Eq. (9.40) is not considered here. This means, on the other hand, that at the time to
chopping tc with tc � s, the output voltage is lower than the input voltage by the
difference dû. For an infinitely steep collapse of u1(t) at time tc, there is a peak value
error dû of the output voltage:

dû ¼ u2 tcð Þ�u1 tcð Þ ¼ �û1T=tc ¼ �ST ð9:41Þ

where S = û1/tc is the steepness of the slope of the wedge-shaped impulse voltage
and T = RC the response time of the RC element according to Eq. (9.32). For
example, for a time to chopping tc = 500 ns and a response time T = 25 ns, the
relative peak value error is dû/û1 = −5%.

The wedge-shaped impulse with finitely steep chopping can again, as in Fig. 8.3,
be composed of several, in this case five time-displaced functions. The corre-
sponding five output functions of the RC element can be easily calculated and their
sum gives the output voltage u2(t). In contrast to the infinitely steep chopping of
u1(t), the output voltage overshoots the value u2(t = tc) and reaches its peak value
û2 only later at time t�c > tc (Fig. 9.9b). When evaluating the recorded output
voltage, therefore, t�c appears to be the time to chopping. Due to the overshoot of
u2(t), a smaller peak value error dû* < dû results [28, 29]. In the case of a recorded
impulse, dû* can be estimated from the slopes of the output voltage shortly before

(a) 

T

tc

δû

t

u(t)

u1

u2

(b) 

T

tc

δû* δû

ttc*

u(t)

u1

u2

Fig. 9.9 Wedge-shaped
impulse u1 at the input of an
RC element and output
voltage u2 calculated by
analytical convolution.
a Infinitely steep tail at tc;
b finitely steep tail at tc
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and after the voltage collapse (Ref. [1] of Chap. 4). A further feature is that the tail
of the wedge-shaped impulse of any slope intersects the output voltage u2(t) in the
peak [12]. The results obtained for the wedge-shaped impulse also apply approx-
imately to an impulse chopped on the front, whose waveform is quite close to the
idealized wedge-shaped impulse (see Fig. 4.1c).

It should be pointed out that the lagging of u2(t) behind u1(t) by the response
time T must be clearly distinguished from the time delay t0 in Eq. (9.8) due to the
limited signal propagation time. In both examples shown in Fig. 9.9, the time delay
is not shown, i.e. t0 
 0. Significant signal delay occurs, for example, when the
output of the RC element is connected to the recording instrument via a longer
coaxial cable. Impulse voltage dividers have a more or less large signal delay time
due to their dimensions, the high-voltage lead and the coaxial cable connected to
the divider output. In the steady state, the recorded output voltage u2(t) of the
voltage divider is displaced from the input voltage u1(t) by the sum of the time
delay and the response time, i.e. by t0 + T (Fig. 9.10).

The contributions of the high-voltage divider with its lead and its coaxial cable
to the time delay can be estimated, if necessary, from the divider and lead
dimensions and the cable datasheet. In most cases, however, the time delay is of
minor interest in impulse voltage tests.

The response time T of a voltage divider can also be determined from simul-
taneous recordings of the input and output voltages. In addition to the output
voltage u2(t), the input voltage u1(t) is recorded with a second measuring system (or
channel) that triggers the first channel. At a favorable low input voltage level, the
voltage dividers or probes can be used with short cables and negligible propagation
times. The time difference between u1 and u2 in the steady state, as shown in
Fig. 9.9, directly indicates the response time T of the measuring system. For a
wedge-shaped input voltage u1(t) with a steep voltage collapse, the response time
T can be calculated from the steepness S and the difference du of the peak values
according to Eq. (9.41). Both evaluation methods are used only occasionally in the
measurement practice, since the necessary prerequisites are often not fulfilled.

t0

tc

δû

t

u(t)

u1

u2

tc+ t00 t0

T

Fig. 9.10 Time delay of the
output voltage u2 with respect
to the input voltage u1 by the
signal propagation time t0
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9.7.2 Wedge-Shaped Impulse Applied to RLC Element

Apart from the aperiodic limiting case, the transfer behavior of an RLC element is
characterized by a more or less violently oscillating step response (see Fig. 9.6b). In
the case of a pronounced overshoot, the response time T in Eq. (9.31) becomes
negative. As a special case, T = 0 is also possible. The following two examples will
illustrate the basic influence of oscillating step responses on the output voltage. The
analytical calculation is done in the same manner as for the RC element by using
the Laplace transforms of the step response in Eq. (9.22) and the wedge-shaped
impulse voltage with infinitely steep tail in Eq. (8.18). The derivation and repro-
duction of the extensive equations is omitted here.

The results of the convolution calculations for the two RLC elements with
oscillating step responses (curves 1 and 2 in Fig. 9.6b) are presented graphically in
Fig. 9.11. After a short settling time, the front of the output voltage u2(t) of the RLC
element with T = 0 almost coincides with the input voltage u1(t) (Fig. 9.11a). For
the RLC element with the longer response time, u2(t) shows a significant time delay
(Fig. 9.11b). In the steady state, this time delay is again equal to the response time
T of the oscillating step response, comparable to the RC element.

Furthermore, it is evident that the oscillation of the step response has a different
effect on u2(t), depending on the steepness of u1(t). In the comparatively slowly
rising front of u2(t), the oscillation is barely detectable, while in the steep collapse
of u2(t) for t > tc it is clearly recognizable. The infinitely steep collapse of u1(t) in

u(t)

ttc0

u1

u2

T ≈ 0 

(b) 

(a) 

u(t)

ttc
0

u1

u2

T

Fig. 9.11 Wedge-type
impulse u1 at the input of an
RLC element and output
impulse u2 calculated by
analytical convolution for two
different response times T of
the step response. a T � 0
(step response according to
curve 1 in Fig. 9.6b); b T > 0
(step response according to
curve 2 in Fig. 9.6b)
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Fig. 9.11 appears to be a negative step voltage, but the actual response u2(t) for
t > tc is not exactly the step response. The explanation is that the tail of u2(t) is also
affected by the shape of u1(t) before chopping, i.e. u2(t) is defined by the sum of the
response signals for the three components ua, ub and uc of the triangular function as
shown in Fig. 8.3.

The example in Fig. 9.11a shows that a measuring system optimized for T � 0
can correctly measure the peak value, but not automatically the front time of the
applied impulse voltage in addition. If the point at 0.3û2, which determines the
calculation of the front time T1, is not located in the steady-state region due to the
superimposed oscillation, significant deviations from the correct value of T1 may
occur. If the input voltage of the RLC element drops in finite time for t > tc, the
output voltage has an overshoot similar to that of the RC element and reaches a
higher peak value than in the case of the infinitely steep chopping (see Fig. 9.9b).
For optimum dimensioning of an impulse voltage divider, therefore, the response
time T is not the only relevant parameter.

9.7.3 Double Exponential Impulse Applied to RC Element

When a double exponential impulse voltage with the Laplace transform in Eq. (8.15)
is applied to the input of the RC element with the Laplace transform in Eq. (9.19), we
obtain the output voltage in the complex variable domain according to Eq. (9.15):

U2 sð Þ ¼ s � U1 sð Þ � G sð Þ ¼ ûA
RC

1
sþ 1=s2

� 1
sþ 1=s2

� �
1

sþ 1=RCð Þ ð9:42Þ

where s1 and s2 are the time constants of the double exponential impulse voltage
defined by Eq. (8.6). With the correspondences in Table (A.2), the inverse
transform provides the output voltage in the time domain:

u2 tð Þ ¼ ûA
RC

e�t=RC � e�t=s1

1=s1 � 1=RC
� e�t=RC � e�t=s2

1=s2 � 1=RC

� �
: ð9:43Þ

Curve 1 in Fig. 9.12 shows the initial form of a 1.2/50 lightning impulse voltage
u1(t) applied to an RC element. The curves 2, 3 and 4 represent the output voltages
u2(t) calculated with Eq. (9.43) for three time constants s = RC. The RC element
with the time constant s = RC = T = 436 ns (curve 3 in Fig. 9.12) is characterized
in that the rise time Ta of its step response with Ta = 2.2T = 960 ns equals the rise
time of the 1.2/50 lightning impulse voltage according to Eq. (9.34).

As expected, the larger the time constant RC or rise time Ta, the greater the
deviation of the output voltage from the input voltage. It should also be noted that
each output voltage (curves 2 to 4) is intersected at its peak by the input voltage
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(curve 1). The tail of u2(t) is shifted approximately parallel to u1(t), the time delay
being equal to the response time and time constant of the RC element.

9.7.4 Response Errors and Error Diagram

The example of convolution in Sect. 9.7.3 deals with the calculation of the output
voltage u2(t) of an RC element, to whose input terminals a 1.2/50 impulse is
applied. By comparing u2(t) with u1(t), the deviations dû for the peak value and dT1
for the front time can be easily calculated. These deviations are also referred to as
transfer errors or response errors of the system. For the three RC elements
investigated in Sect. 9.7.3, which can be considered as fictitious voltage dividers
with RC behavior, the relative response errors dû and dT1 are summarized in
Table 9.1. Both response errors are negligibly small for RC = 43.6 ns. For
RC = 436 ns, the permissible error of 10% for dT1 is clearly exceeded, while for
even larger RC values, dû also exceeds the limit of 3%.

The response errors can also be represented graphically in error diagrams as a
function of the front time or another time parameter. This results in a compre-
hensive characterization of the dynamic behavior of a measuring system. In the
following example, the behavior of three fictitious voltage dividers is represented
by the step responses of a first and second order system as well as an oscillating
system (Fig. 9.13). The selected response times are T = 50 ns (curve 1), 100 ns
(curve 2) and 19.9 ns (curve 3). Since each response time is greater than the limit of
15 ns recommended in (Ref. [2] of Chap. 2) for a reference divider, none of the
three fictitious voltage dividers would be suitable as a reference divider for the
measurement of lightning impulse voltages.

0

0,25

0,5

0,75

1

0 1 2 3 4 5

4
3

2

1

µs
t

u1 u2

R

C

0.75

0.5

0.25

u1, u2

Fig. 9.12 Input and output voltages of an RC element with different time constants s = RC. 1 1.2/
50 lightning impulse voltage u1, 2 output voltage u2 for RC = 43.6 ns, 3 output voltage u2 for
RC = 436 ns, 4 output voltage u2 for RC = 1 ls
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However, the results of numerical convolution with the algorithm in Eq. (9.5)
lead to a different assessment. The response errors dû und dT1 of the three fictitious
voltage dividers with the step responses according to Fig. 9.13 are plotted in
Fig. 9.14a versus the front time T1 of full lightning impulse voltages. In summary, it
can be concluded that the response errors for the peak value are within ±0.02% and
for the front time within±3%. This means that the transfer behavior of these voltage
dividers is adequate to use them as reference dividers for the measurement of
impulse voltages with front times in the tolerance range T1 = 1.2 ls ± 30% [5, 30].

For chopped lightning impulse voltages, Fig. 9.14b shows the calculated re-
sponse errors dû and dT1 of the same fictitious voltage dividers as a function of the
time to chopping Tc. The voltage collapse after chopping is exponential with a time
constant of 50 ns. As expected, the same response errors are obtained for
Tc � 2 ls as for full lightning impulse voltages. With decreasing time to chop-
ping, the response errors become increasingly negative, i.e. the peak values and
front times of the chopped lightning impulse voltages are measured too low. In
summary, it can be said that the fictitious voltage dividers could only be used in a
very restricted range of Tc as approved impulse voltage dividers or even reference
dividers. In testing practice, however, chopped impulse voltages have a rounded
peak. The dynamic stressing of the voltage dividers is therefore lower and the
response errors are smaller than those calculated for a sharp peak as shown in
Fig. 9.14b.

Table 9.1 Response errors
dû und dT1 of three RC
elements calculated for a
1.2/50 impulse

RC in ns
(curve in Fig. 9.12)

43.6 (2) 436 (3) 1000 (4)

dû in % −0.03 −0.8 −3.6

dT1 in % 0.25 53.7 221
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g(t)
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1

Fig. 9.13 Step responses of different linear systems with the response time T. 1 First order system
(T = 50 ns), 2 second order system (T = 100 ns), 3 oscillating system (T = 19.9 ns)
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It should be taken into account that the data of g(t) and u1(t) recorded in practice
are affected by small measurement errors, which, of course, is noticeable in the
result of numerical convolution. The step response of high-voltage dividers cannot
be accurately measured due to the well-known insufficiencies of the measurement
and test circuits (see Sect. 9.8). Apart from the finite steepness of the generated step
voltage and the sampling errors of the digital recorder, the spatially extended,
unshielded high-voltage impulse divider cannot be connected to the step voltage
generator without reflections and disturbances. The other function in numerical
convolution, the impulse voltage u1(t) applied to the input of the voltage divider, is
not known exactly as a rule. In general, u1(t) can be measured by a high-voltage
divider only with limited accuracy, since even reference dividers as defined in (Ref.
[2] of Chap. 2) cannot be regarded as error-free due to the permissible errors of
±1% for the peak value and ±5% for the time parameters.

In summary, the numerical convolution method can be very helpful in assessing
the dynamic behavior of impulse voltage dividers. However, due to the
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Fig. 9.14 Calculated
response errors dû und dT1 of
three fictitious voltage
dividers with the step
responses 1, 2 and 3
according to Fig. 9.13.
a Input voltage: 1.2/50
lightning impulse, top: dû = f
(T1), below: dT1 = f(T1);
b input voltage: chopped
lightning impulse, top: dû = f
(Tc), below: dT1 = f(Tc)
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insufficiencies in the measurement of g(t) and u1(t), it is advisable to check the
results of the convolution calculation by means of a metrological verification. For
this purpose, a comparison measurement of the impulse voltages with an accurate
reference divider is suitable, with at least one value of the relevant time parameter.
This combination of calculation and measurement significantly reduces the effort
required to determine the dynamic behavior of an impulse voltage divider. The
difference between the calculated and measured parameter values contributes to the
uncertainty budget (see Chap. 13).

9.8 Experimental Step Response

The experimental step response of voltage or current measuring systems and their
components is recorded with a digital recorder under defined measurement con-
ditions and evaluated with software. In contrast to the mathematically exact step
response in Sect. 9.1, the experimentally obtained step response will have some
imperfections and interferences that affect the determination of the origin, the final
value and thus the response parameters. This makes it more difficult to accurately
evaluate the dynamic behavior of a measuring system on the basis of its step
response, especially for large voltage dividers. In contrast to high-voltage impulse
dividers, current sensors are often shielded, resulting in minor disturbances of the
experimental step response. In principle, the step response can reproduce transient
events in the range of nanoseconds, in particular the time range in which the
imperfections and interferences occur. A significant influence on the measurement
of lightning impulse voltages and exponential impulse currents due to these
interfering effects can therefore usually be excluded.

The experimental step response provides valuable information about the transfer
behavior of a measuring system and its components. It reveals a non-optimal design
of the measuring system, which can then be improved by means of simulation
calculation with commercial or self-developed software. Requirements for the
course of the experimental step response are given in the relevant test standards
(Refs. [2, 4] of Chap. 2). From the experimental step response, several response
parameters can be derived, which also serve as a criterion for the adequate dynamic
behavior of the measuring system. Furthermore, the step response may be stored as
a fingerprint of the measuring system for its identification and proof of long-term
stability. Finally, with some limitations, the experimental step response can be used
for the numerical convolution calculation in order to obtain the response errors of a
measuring system for predefined input impulses.

9.8.1 Analysis of the Experimental Step Response

High-voltage and high-current measuring systems have very different step
responses, depending on their construction and dimensions. The analysis of the
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experimentally determined step response can be affected by several insufficiencies
of the measuring circuit and by interference as follows. The generated step voltage
may not have the ideal rectangular shape, and measurement errors of the digital
recorder may affect the recording of the step response. Impulse voltage dividers
with high-voltage lead, which are usually not or only insufficiently shielded, receive
electromagnetic interference of all kinds due to their large dimensions and con-
struction like an antenna. On the other hand, they themselves radiate the
high-frequency signals of the step voltage to the environment [31–33]. Due to
mismatch between the voltage divider and the step voltage generator, reflection
phenomena occur, which lead to damped travelling waves on the connecting leads.
Frequently, the voltage divider is provided with a different lead in the step response
measurement as in the high-voltage test.

The inadequacies mentioned intensify with increasing divider height as shown
on the example of a damped capacitive 6 MV voltage divider [34]. Far better
measurement conditions exist for coaxial shunts which allow a reflection-free
connection to the step generator via a coaxial cable due to their smaller dimensions
and their shielded construction. Also, the step response of a current measuring coil,
through whose opening the conductor is led and connected reflection-free to the
step generator, can generally be recorded without any problem.

The beginning of the recorded step response and thus also the zero point can
often not be clearly determined. This may be due to the insufficient bandwidth of
the recorder and to electromagnetic interference. In the test specifications, the origin
O1 is therefore defined as the point at which the step response first rises mono-
tonically from zero (Refs. [2, 4] of Chap. 2). The evaluation of the step response at
the end of the record is equally problematic due to superimposed disturbances, but
is necessary to fix the amplitude value “1” (Fig. 9.15). The reference level to which
the value “1” is assigned is calculated from the mean of the samples in the reference
level epoch extending from 0.5tmin to 2tmax. The times tmin und tmax denote the
limits of the permissible front time of the impulse to be measured. The step
response of an approved measuring system may only vary by ±2% in the reference
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Tα

Tβ
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ts 0.5tmin 2tmax
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Fig. 9.15 Experimental step
response g(t) of a measuring
system with defined origin
O1, reference level, reference
time epoch and response
parameter
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level epoch and by ±5% in the extended range from 2tmax to 2T2max (see
Sect. 10.3.8). Experiences and suggestions for computer-aided evaluation of step
responses can be found in ([32–43]; Ref. [99] of Chap. 4).

9.8.2 Response Parameters of the Step Response

The step response of impulse voltage dividers can be characterized by four response
parameters for which maximum limit values are prescribed in international stan-
dards. Compliance with the limit values is considered as proof that the dynamic
behavior of the measuring system is adequate to meet the prescribed error limits for
the peak value and the time parameters. However, the significance of the response
parameters has been reduced in the revised test standards and recommended limit
values for the response parameters refer only to reference systems for full and
chopped impulse voltages (Ref. [2] of Chap. 2).

For impulse current measuring systems, the response parameters with prescribed
limit values have not gained acceptance (Ref. [4] of Chap. 2). On the one hand,
there is a wide variety of standardized impulse currents, for which reliable limit
values should have been determined. On the other hand, the direct evaluation of the
step response according to Sect. 10.3.8 or the calculation of the measurement
deviations with the convolution algorithm according to Sect. 9.2 offer far more
effective alternatives.

The four response parameters of the step response g(t) according to IEC 60060-2
(Ref. [2] of Chap. 2) are:

Experimental response time TN : TN ¼ R2tmax

O1

1� gðtÞ½ 	dt ð9:44Þ

Partial response time Ta : Ta ¼
Rt1
O1

1� gðtÞ½ 	dt ð9:45Þ

Settling time ts : TN � Rt
O1

1� g tð Þ½ 	dt
					

					� 0:02ts ð9:46Þ

Overshoot b : b ¼ ĝ� 1 : ð9:47Þ

The experimental response time TN according to Eq. (9.44) allows to a limited
extent an estimation of the peak value error of the measured impulse voltage. It
differs from the mathematical definition of the response time T given in Eq. (9.31)
by the lower and upper integration limits.

9.8 Experimental Step Response 295



The partial response time Ta in Eq. (9.45) is used to judge the correctness of a
measuring system during fast voltage changes in the front of an impulse voltage,
e.g. in the case of superimposed oscillations.

The settling time ts defined in Eq. (9.46) is the shortest time that satisfies the
given inequality for all times t � ts of the step response up to the upper integration
limit 2tmax. The settling time ts can be interpreted such that for t > ts the remaining
contribution of the step response to the response time is not more than 2% of ts.
Besides experimental response time TN, the settling time ts is considered the most
important parameter of the step response.

The overshoot b is given by the amount by which the maximum value of the
oscillating step response exceeds the reference level. If the step response of a
voltage divider shows a large overshoot, the front of the measured impulse voltage
will be reproduced incorrectly. A diagram shows the permissible range of b as a
function of the ratio Ta/T1 resulting from simulation calculations with various forms
of the step response and the impulse voltage [44].

Note Due to the modified definition of the origin O1 of the step response in (Ref. [2] of
Chap. 2), the previously defined initial distortion time T0 has practically no more meaning
and is not treated here.

The characterization of the step response by the response parameters and the
setting of corresponding limit values may seem practical, but there is no clear
quantitative relationship between these response parameters and the measurement
deviations of an impulse voltage divider. The examples in Sect. 9.7.4 calculated
with the convolution algorithm show that the limit values of the response param-
eters set for impulse voltage dividers are not always justified.

The response parameters are usually calculated using software from the data of
the recorded step response. The correctness of the software can be checked with
analytically calculable step responses of ideal systems (see Sect. 9.5). However, the
partly different definitions of the response parameters for the experimental and
analytical step responses have to be taken into account, e.g. with regard to the origin
and the integration limits [45].

The response parameters can basically also be determined graphically from the
partial areas between the step response g(t) and the reference level (see Fig. 9.15).
The experimental response time TN results from the sum of the partial areas,
whereby those above the reference level being are added with a negative sign:

TN ¼ Ta � Tb þ Tc � � � � : ð9:48Þ

However, graphical determination of the response parameters is now rarely done
since the previously used analog oscilloscopes, for which a graphical evaluation
was required, have largely been replaced by digital recorders with computer-aided
data evaluation.

Note In earlier test specifications and publications before issuing (Refs. [2, 4] of Chap. 2),
the virtual origin O1 of the step response was defined as the intersection of the tangent to the
steepest part of the step response with the time axis. Furthermore, the tangent replaced the
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recorded initial course of the step response below its steepest part. However, the prescribed
evaluation often resulted in a significant change in the initial step response, which of course
affected the calculation of the response parameters. The modified determination of the zero
point O1 in (Refs. [2, 4] of Chap. 2) can lead to deviations of the response parameters, in
particular in the case of Ta und TN, compared with earlier evaluations.

9.8.3 Measuring Circuits for the Step Response

Three arrangements for recording the step response of a voltage divider are stan-
dardized. The circuit according to Fig. 9.16a with horizontal lead between the step
generator 1, damping resistor 2 and voltage divider 3 corresponds most closely to
the usual arrangement of the voltage divider in the high voltage test circuit and is
therefore recommended in the test specifications (Ref. [2] of Chap. 2). The step
generator is located at the same height as the divider top, with the lead length
approximately equal to the divider height. An at least 0.5 m wide low-inductance
copper foil 5 serves as the ground return conductor between the step generator and
the divider bottom.

The other two arrangements in Fig. 9.16b and c are also standardized (Ref. [2] of
Chap. 2), although the position and length of the leads are not comparable to those
in the high-voltage test. Therefore, step responses and response parameters are

(a) 1

3

4

2
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(c)(b)

1

3 42

5 1

3 42

5

Fig. 9.16 Arrangements for the step response measurement of high-voltage dividers (schematic).
a Recommended set-up of the voltage divider with horizontal lead; b voltage divider with
rectangular lead; c voltage divider with inclined lead. 1 Step voltage generator, 2 damping resistor
Rd, 3 impulse voltage divider, 4 measuring instrument, 5 earth return conductor
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expected to deviate from those obtained in the arrangement of Fig. 9.16a. If the step
response is only used as a fingerprint to identify a voltage divider and to verify its
long-term stability, i.e. without further evaluation of the response parameters, the
simple arrangement in Fig. 9.16c is often preferred.

For the step response measurement, the voltage divider should be assembled as
far as possible as for the high-voltage test. The voltage divider, high-voltage lead,
external damping resistor and coaxial cable to the recorder always form a unit. Any
change of the divider position and spatial arrangement of the lead, the distance to
the hall wall or to other objects and even the hall size can affect the step response
(see Fig. 4.33). Changes in the measurement setup can be simulated and their
influence on the step response can be calculated using special software [46]. In
general, the recorder used for the high-voltage test must be replaced by another
recorder with a higher sampling rate and sensitivity. The bandwidth of the recorder
for the step response measurement also has an influence on the step response and
the response parameters.

A small part of the step voltage is radiated from the step generator and the
unshielded lead and reaches the unshielded voltage divider as an electromagnetic
wave. An interfering signal is thus coupled into the unshielded lower part of the
voltage divider, which arrives there earlier than the step voltage conducted via the
lead and through the voltage divider. The interfering signal is superimposed on the
step response at its beginning, whereby its origin is partially hidden. Interference is
stronger in the two circuits with vertical and inclined leads (Fig. 9.16b and c), since
the distance of the step generator and the lead to the lower part of the divider is less
than in the arrangement according to Fig. 9.16a.

The infinitely long horizontal lead to the voltage divider is characterized by its
characteristic impedance Z (or: surge impedance) (see Sect. 4.3.1.2.1). For
example, Z = 360 X for a lead with a diameter d = 2 cm and a height h = 2 m
above the hall floor according to Eq. (4.12). In the case of a finitely long horizontal
lead, similar to the arrangement in Fig. 9.16a, it is common practice to approxi-
mately calculate Z also by Eq. (4.12). The external damping resistor Rd at the
beginning of the lead has two functions. For Rd = Z, the finitely long lead is
approximately terminated with its impedance, so that travelling waves on the lead
are largely suppressed. With the matched damping resistor, the influence of dif-
ferent lead lengths on the step response and thus on the measurement behavior of
the voltage divider is also greatly reduced. This is particularly advantageous for
reference dividers that are used with variable lead length for the calibration of
differently sized voltage dividers by comparison measurement. The size difference
is compensated with the corresponding lead length of the reference divider.

9.8.4 Generation of Step Voltages

The principle of the circuit in Fig. 9.17 is suitable for generating step voltages with
short rise times. When the switch S is opened, the DC voltage U0 is applied to the
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terminating impedance Za of the test object via the high-ohmic limiting resistor R1.
As a result, the voltage at Za increases relatively slowly up to a final value deter-
mined by U0, Za, R1 and R2. The charging time is additionally determined by the
inductance of the lead and the parallel capacitance of the components. When the
switch S is closed, depending on the polarity of the applied direct voltage U0, a
negative or positive voltage step against ground occurs. The steepness of the step
depends on the switch itself and the inductance of the leads in the discharge circuit
and is usually much greater than that of the initial increase of the charging voltage.
Only this steep flank of the shorted voltage is used for the step response
measurement.

As a fast switch, a reed relay with mercury-wetted contact is preferably used,
since in contrast to simple mechanical switches, bounce-free switching of voltages
up to a maximum of 1000 V or currents up to 2 A is possible. The contact resis-
tance of the short-circuited reed contact—and thus the output resistance of the step
generator—lies below 10 mX. The movable reed contact is actuated once or
periodically by means of an exciter coil, which is not shown in Fig. 9.17. The
period duration of the generated rectangular voltage can be selected almost as long
as desired. Thus, with decreasing exciter frequency of the relay coil, the step
responses can be recorded in the range of seconds. Restrictions on the use of
mercury due to ecological constraints have severely limited the availability of more
powerful reed contacts.

The circuit principle in Fig. 9.17 is basically suitable for all components of an
impulse voltage or current measuring system. If Za is a capacitive voltage divider
without or with only a small damping resistor, attention must be paid to the
maximum permissible current load of the reed contact during short-circuiting.
Currents above the rated value lead to contact disturbances and shorten the life of
the reed contact considerably. If Za is a recorder or a low-ohmic coaxial shunt
connected to the step generator via a long coaxial cable, it is recommended to
connect a series resistor equal to the impedance of the cable at the output of the step
generator to avoid reflection phenomena.

Another possibility to generate step voltages with short rise times offers a cable
generator (Fig. 9.18). The coaxial cable with the wave impedance Z is charged to
the voltage U0 through the series resistor R1. When the switch S is closed, a steep
voltage wave enters the cable. It is reflected at the open end of the cable and runs
back to the cable input with the same amplitude but opposite polarity. At the
terminating impedance Za, a voltage step is produced whose amplitude is

Za

R1

R2 S

U0

Fig. 9.17 Circuit principle of
a generator with reed contact
S for generating step voltages
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determined by the ratio of the impedances Za and Z. For Za 6¼ Z, reflection phe-
nomena occur after twice the cable delay time. The duration of the rectangular
impulse generated depends on the cable length L and the cable delay time t = 2L/
v with v = 1/√L0C0 � 0.2 m/s. The cable length is usually limited so that the
duration of the rectangular impulse voltage is less than 500 ns in order to limit the
drooping of the impulse caused by the attenuation losses of the cable. With a
mercury-wetted reed contact as switch S and by optimal matching of the test object
to the cable generator, step amplitudes of up to 500 V and rise times of less than
0.5 ns can be achieved.

Step voltage generators with electronic switches, e.g. with thyristors or ava-
lanche transistors, are also used [47, 48]. The tuning of the electronic components
must be carefully done in order to avoid drooping of the rectangular impulse. For
thyristor circuits, the amplitude of the step voltage is up to 1000 V and the rise time
is more than 10 ns. For circuits with avalanche transistors, the maximum step
amplitude is a few tens of volts and the rise time is less than 1 ns. Electronic step
voltage generators often have an output resistance of the order of the impedance of
coaxial cables.

Step voltages of considerably more than 1000 V can be generated with a sphere
gap as switch [32, 49]. While with oil-immersed sphere gaps rise times down to
10 ns are available, small compressed-gas insulated sphere gaps enable rise times in
the range of a few nanoseconds. The sphere gap is operated with a rectified AC
voltage or with an impulse voltage of longer front time. The sphere gap fires in the
region of the peak, where the voltage change is practically zero. Sphere gaps are
also used together with a high-voltage cable as a cable generator [49, 50].

High step amplitudes have the advantage that the step response of the complete
high-voltage measuring system, i.e. including the recorder and its internal attenu-
ator, can be measured. On the other hand, the voltage u1(t) generated with the
sphere gap usually differs significantly from the ideal shape of a step voltage.
Consequently, the voltage u2(t) recorded at the output of the measuring system is
not the exact step response. An improved expression for the step response can be
obtained by performing the FFT of the voltages u2(t) and u1(t) and calculating their
quotient in the frequency domain, resulting in the transfer function H(jx) of the
system according to Eq. (9.9). With Eq. (9.14) and after inverse transformation into
the time domain, a good approximation of the step response g(t) is obtained.
However, if the high signal frequencies are missing in the input and output voltages
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Fig. 9.18 Schematic diagram
of a cable generator for
generating rectangular
voltages with duration of
twice the cable delay time and
small rise time
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u1(t) and u2(t), the step response calculated from them cannot provide information
about the behavior of the measuring system at these high frequencies.

The step voltage generators presented so far are rather small compared to the
large dimensions of a high-voltage divider. From the point source, a spherical wave
is electromagnetically radiated, which reaches the upper and lower part of the
unshielded voltage divider at different times. The portion radiated into the lower
part makes itself noticeable as a disturbance signal which is superimposed on the
beginning of the recorded step response. Thus, the true origin of the step response
cannot be detected (see Sect. 9.8.1). In order to avoid this interference effect, the
use of a step generator with distributed sources is suggested in [28, 52]. This pulse
generator consists of ten electronic step generators arranged one above the other,
which are simultaneously triggered by optical fibers. The spherical waves generated
by each of the individual step generators superimpose, so that an approximately
cylindrical wave is radiated. The resulting E-field propagates nearly parallel to the
multi-stage step generator and reaches the upper and lower part of the voltage
divider at the same time. The generated step voltage has a rise time of 10 ns, the
maximum amplitude is 500 V. However, the oscillograms shown for the step
response of a 3.8 MV impulse voltage divider differ only minimally when using the
multi-stage step generator or a conventional single-stage step generator.

The step voltage generators can even be used to calibrate impulse current
measuring systems and their components (Refs. [33, 36, 37] of Chap. 5). In this
case, the measuring shunt—or the conductor through the measuring coil—is con-
nected to the step voltage generator via a terminating resistor to avoid reflections. If
reflections are unavoidable, the step response will only be evaluated until the first
reflection occurs. With mercury-wetted reed contacts, current amplitudes of a
maximum of 1–2 A can be generated. Due to the usually very low resistance of
shunts or equivalent resistance of measuring coils, amplitudes of the step response
of only 1 mV and below are obtained, so that a preamplifier for the recorder is
required. The use of electronic circuits and sphere gaps for generating higher step
currents is often associated with the disadvantage of a larger rise time, drooping on
the tail or superimposed oscillations. The step response of the test object cannot be
then directly determined experimentally, but must be calculated from the input and
output voltages using the Fourier transform [51].

9.9 Supplementary Considerations on the Transfer
Behavior

The task of a measuring system is the error-free measurement of test voltages or test
currents. An important prerequisite for this is a frequency-independent transfer
factor H(f) of the measuring system up to the upper limit frequency f2, which must
lie above the limit frequency f 02 of the signal spectrum F(f) (Fig. 9.19). The lower
limit frequency of the measuring system is generally f1 = 0, but may also have a
value above zero. At the upper limit frequency f2, the transfer factor H(f2) has fallen
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by 3 dB, i.e. H(f2) is then only 1/√2 corresponding to about 70% of the original
value. For measurements with accuracy requirements in the percentage range, this
amplitude drop is generally too large. The numerical value given for f2 often leads
to a subjective misinterpretation of the transfer behavior of a measuring system. The
question arises as to which upper limit frequency f2 a measuring system must have
for accurately measuring impulse voltages. There are several approaches to answer
this question.

In impulse measurement technique, it is well-known that the rise time of a
measuring system should not be more than one tenth of the rise time of the signal to
be measured. For the 1.2/50 lightning impulse voltage with the front time
T1 = 1.2 ls, which according to Eq. (9.34) corresponds to a rise time Ta = 960 ns,
this requirement is just fulfilled by the RC element with the time constant
RC = T = 43.6 ns and the rise time Ta = 2.2T = 96 ns (curve 3 in Fig. 9.7). The
upper limit frequency of the RC element is f2 = 3.7 MHz and is thus 1500 times
greater than the limit frequency f 02 = 2.4 kHz in the spectrum of the lightning
impulse voltage (curve 1 in Fig. 9.7). An alternative criterion is that the range of the
approximately constant amplitude response H(f) of the measuring system (curve 3
in Fig. 9.7) must extend at least to the frequency at which the amplitude density F
(f) of the signal (curve 1 in Fig. 9.7) has fallen by more than 60 dB, corresponding
to a factor of 1000.

The step response of a measuring system being known, its output voltage can be
calculated for any input voltage by means of convolution. The comparison of the
output and input voltages gives the transfer error, i.e. the measurement deviations
for the peak value and the time parameters. Model calculations for systems with
different frequency responses can be used to find the measurement system with the
bandwidth B—or upper limit frequency f2—for which the transfer errors are smaller
than the predefined limit values (see Sect. 9.7). When looking at the results of the
numerical convolution in Sect. 9.7.4, the following rule of thumb can be estab-
lished for the required upper limit frequency f2 of the measuring system:

f2 � 100 . . . 1000ð Þf 02

lg f

H(f ), F(f )

H(f )

F(f )

f2f2‘f1

1

0.7

Fig. 9.19 Transfer factor H
(f) of a measuring system with
the limit frequencies f1 and f2
and amplitude density F(f) of
an impulse with the upper
limit frequency f 02 (schematic)
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where the factor 1000 applies to the measurement of the front time and the factor
100 to that of the peak value, the measurement deviation being within ±1%. The
1.2/50 lightning impulse voltage with f 02 = 2.4 kHz (see curve 1 in Fig. 9.7)
therefore requires a bandwidth of at least 240 kHz for measuring the peak value and
2.4 MHz for measuring the front time. Requirements related to the upper limit
frequency for the measurement of oscillations which may be superimposed on the
peak or the front of the impulse voltage, have not been considered here.

The amplitude response of the wedge-shaped voltage, which is represented by
curve 5 in Fig. 8.4 and is approximately equal to front-chopped impulse voltages,
has a limit frequency f 02 = 1.1 MHz. Following the rule of thumb, the upper limit
frequency of the measuring system should be more than 110 MHz for the peak
value measurement. In test practice, however, the peak area of front-chopped
impulse voltages is most likely rounded. This means that the amplitude spectrum
has a lower limit frequency, so that the bandwidth requirement is reduced.

Comparable considerations are to be made if the lower limit frequency f1 of the
measurement system is greater than zero. The system then acts as a high-pass filter
and is not able to detect the DC component of a measurement signal. Even slowly
varying voltages or currents are not measured true to original. In particular, the tail
of switching impulse voltages, the roof of rectangular impulse currents and
short-circuit currents with slowly decreasing DC component are affected. For
example, the impulse tail recorded by a measuring system with high-pass filter
characteristic shows an apparently faster drop, so that the time to half-value T2 of a
switching impulse voltage is measured too short. Depending on the type of test,
measuring systems for short-circuit currents shall have a lower limit frequency of at
least 0.2 Hz in order to correctly measure the transient DC component (Ref. [4] of
Chap. 2).

The distortion of an impulse by a measuring system with insufficient limit
frequency or rise time is treated here by two examples with rectangular impulses.
A measuring system with the lower limit frequency f1 = 0 is referred to as a
low-pass filter or, if the upper limit frequency f2 is very large, as a wide-band
system. An example of a simple low-pass filter is the RC element as shown in
Fig. 9.20a in which the resistor lies between input and output. Due to its integrating
effect on the input signal, the RC low-pass filter is also used as an integrator. If a
rectangular voltage u1(t) with the duration td is applied to the input of the RC
low-pass filter, the capacitor C will be charged via the resistor R with the time
constant s = RC. An almost true-to-original output voltage u2(t) � u1(t) is obtained
for RC � td. With increasing time constant or decreasing limit frequency of the RC
low-pass filter, an increasing deformation of the rising and falling flanks occurs
(Fig. 9.20b). For RC � td, the output voltage is strongly distorted (Fig. 9.20c).

A measuring system with the lower limit frequency f1 > 0 acts as a high-pass
filter or, if the upper limit frequency f2 is limited, as a bandpass. The simplest
high-pass filter is, in turn, an RC element in which the capacitor C is connected
between the input and output and the output voltage is across the resistor
R (Fig. 9.21a). Due to its differentiating effect on the input signal, the RC high-pass
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filter is also referred to as differentiator. If a rectangular voltage u1(t) is applied to
the input of the RC high-pass filter, the output voltage u2(t) is more or less
deformed due to the differentiating effect (Fig. 2.21b and c). Characteristic is the
voltage droop in Fig. 9.21b. The differentiator with RC � td produces positive and
negative needle pulses at the flanks of the rectangular voltage (Fig. 9.21c). Since
the high-pass filter cannot transmit the DC component, the hatched positive and
negative partial areas of the output pulse are equal.
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Chapter 10
Calibration of the Measuring Systems

Abstract For standardized tests of power apparatus used in the electrical power
supply, approved measuring systems are used to measure the relevant test voltages
and test currents. “Approved” in this case means that the measuring system meets
the requirements of the test and calibration standards. The approval of a measuring
system is achieved by a traceable calibration, i.e. a calibration that can be traced
back to national or international measurement standards. After an introductory
discussion on standardization, accreditation and traceability, the following sections
deal with the mainly applied calibration methods, with emphasis on impulse voltage
and current measuring systems. These are, for example, the determination of the
scale factor by comparison with a reference system, the linearity test and the
evaluation of the experimental step response. The principle of measurement
methods and the requirements on the measuring systems are largely comparable for
the various types of voltage and current, with few exceptions, which mainly con-
cern on-site tests.

For standardized testing of power apparatus in the electrical power supply, approved
measuring systems are used to measure test voltages and test currents. “Approved”
means in this case that the measuring system meets the requirements specified in the
test and calibration standards. The approval of a measuring system is achieved by a
traceable calibration, i.e. by a calibration that can be traced back to national or
international measurement standards. Here, on the one hand, the higher-level
“horizontal” test and calibration standards (Refs. [1–4] of Chap. 2) and on the other,
the special test standards for the individual apparatus like power transformers,
cables, gas-insulated switchgear, surge arresters, etc. must be observed.

After an introductory discussion on the subjects of standardization, accreditation
and traceability, the following sections deal with the mainly applied calibration
methods for conventional voltage and current measuring systems, with emphasis on
impulse voltage and current measuring systems. The principle of measurement
methods and the requirements on the measuring systems are broadly comparable for
the various types of voltage and current with a few exceptions, which primarily
concern on-site tests.
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10.1 Standardization, Accreditation and Traceability

The internationally accepted test and calibration standards in electrical engineering
are primarily issued by the International Electrotechnical Commission (IEC) as the
result of the collaboration between international experts [1]. The Technical
Committee (TC) 42 of the IEC is responsible for standardization in the high voltage
and high current areas. After translation of the IEC Publications, they are accepted
as harmonized, i.e. technically unchanged standards, by many countries. For
example, the Deutsche Elektrotechnische Kommission (DKE), an association of
VDE and DIN, is responsible for standardization in Germany in the field of elec-
trical engineering [2]. The German mirror committee to TC 42 is the Komitee K 124
of the DKE. The scientific and technological foundations of standardization in the
field of electrical power engineering are worked out by the experts in various
organizations, mainly the Conseil International des Grands Réseaux Électriques
(CIGRE) [3].

The qualification and approval of a voltage or current measuring system and its
components is carried out in the course of several tests and calibrations according to
IEC 60060-2 (Ref. [2] of Chap. 2) or IEC 62475 (Ref. [4] of Chap. 2). The
manufacturer of the measuring system first performs an acceptance test, if neces-
sary in consultation with the customer, consisting of a general type test and a
routine test. As a rule, the determination of the scale factor and the limit frequencies
or time parameters is also included in the first performance test. Performance tests
and performance checks are repeated at regular intervals, in which the user verifies
the stability of the measuring system in the course of its use. The characteristic data,
the results of the tests and calibrations as well as any changes or repairs of the
measuring system are documented in the record of performance.

Of particular importance is the traceability of a measurement to the corre-
sponding national or international standards of measurement maintained in every
industrial country by a National Metrology Institute. For example, in Germany the
Physikalisch-Technische Bundesanstalt (PTB), in the United Kingdom the National
Physical Laboratory (NPL) and in the USA the National Institute of Standards and
Technology (NIST) are responsible for this task. They develop and maintain the
measurement standards required in physics and technology with the lowest possible
uncertainties of measurement [4]. Regular intercomparisons among the metrology
institutes of all industrialized countries ensure the uniformity of the measurements
all over the world, including the area of high-voltage engineering [5–7]. The
measurement capabilities of the metrology institutes are listed in the database
Calibration and Measurement Capability (CMC) [8].

In many industrialized countries, testing and calibration laboratories are ac-
credited by a national accreditation body, e.g. the Deutsche Akkreditierungsstelle
(DAKKS) in Germany. Together with the National Metrology Institutes, they ensure
traceability in selected measurement ranges, i.e. the dissemination of the units of
measurement down to the working standards used in a factory (Ref. [9, 10] of
Chap. 7). Accreditation means the internationally valid recognition that the general
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requirements on the management system and the specific requirements on the
technical competence of the laboratory, including the employees, are met [9–12].
Accreditation also includes regular supervision and audit of the calibration and
testing laboratories every twelve to eighteen months.

In principle, each national accreditation body enjoys regional protection in its
own country, so that foreign accreditation bodies can be active there only in jus-
tified exceptional cases. The formal accreditation of a calibration or test laboratory
is not explicitly demanded in [11]. However, the laboratory must have the com-
petence required for its activities and must be able to prove it at any time. The same
criteria apply as for regular accreditation, in particular a comprehensive quality
management system, traceable and regularly recalibrated reference measuring
systems, suitable laboratories and test equipment, appropriately trained employees
for the tasks and documentation of all results.

Important basis for the quality of a manufactured product is the correctness of
the tests and measurements carried out within the specified measurement uncer-
tainties. Special attention should therefore be given to the measuring instruments
used. In the major industrial nations with a large number of manufacturers and test
institutes, the required number of traceable calibrations of the measuring instru-
ments cannot be managed by the National Metrology Institute alone, but only in
close cooperation with accredited calibration laboratories. An overview of the
hierarchy of measuring laboratories and instruments with regard to their accuracy is
given in Fig. 10.1, with the national measurement standard maintained in the
metrology institute of the respective country on the top.

Tests and calibrations of a product according to recognized standards and rules
as well as the documentation of the results are an important part of the quality
management. Many manufacturers of power apparatus and measuring systems have
their own accredited test or calibration laboratory with measuring systems that are
traced back to national or international measurement standards. This allows the
manufacturer to strengthen confidence in the quality of his products, so that tests
and calibrations need not be repeated at the customer. By international agreements,
mutual recognition of the calibration and testing laboratories operating in various
industrial countries and accredited according to [11], is thoroughly regulated. This

NMI 

Calibration Laboratory

National Standard

Reference Measuring System

Testing Laboratory
Approved Measuring System

Industry and Research
Measuring System with Certificate of Manufacturer 

Fig. 10.1 Hierarchy of
measuring laboratories and
measuring instruments in an
industrial country
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is an important prerequisite for the international trade of goods free of technical
trade barriers, as requested by the World Trade Organization (WTO) [15]. Of
course, the buyer of a product retains his right to perform additional tests and
calibrations in his own or a neutral laboratory.

10.2 About the Calibration of Measuring Systems

Calibration of a measuring system means that one or more measurement quantities
are determined by applying standardized methods or procedural instructions. As a
result of calibration, a numerical value for the desired quantity is obtained, e.g. for
the scale factor, which is associated with an uncertainty of measurement. This
uncertainty generally consists of several individual standard uncertainties resulting
from the uncertainty contributions of various influence quantities of the measure-
ment (see Chap. 13). The measurement uncertainty is regarded as a measure of the
quality of the measurement. Details of the calibration, the measured value and the
uncertainty of measurement are stated in the calibration certificate.

The preferred calibration method for determining the assigned scale factor and
other measurement quantities is the comparison measurement of the complete
measuring system with an accurate reference system. In this case, the comparison
measurement is carried out with the voltage or current shape and the values, which
correspond to the actual operating conditions. An alternative is the component
calibration, with which the individual components of a measuring system are
calibrated separately. Measurement methods at low voltage, which are customary in
low-voltage technique, can also be applied. The linearity of the complete measuring
system up to the rated value must then be confirmed by a suitable method.

The reference system of an accredited calibration laboratory plays a central role.
It is usually calibrated with minimal uncertainty directly against the national
measurement standard. Reference systems are mainly used for the traceable cali-
bration of approved measuring systems used in test laboratories. Calibration lab-
oratories can also calibrate other reference systems with their own reference
systems, but with reduced accuracy according to the resulting uncertainty budget. In
industry, research and development, both measuring instruments with and without
traceable calibrations are used whose measurement accuracy can be extremely high
or moderate. In part, the absolute accuracy obtained by a traceable calibration with
the national measurement standard is not of interest, but only the sensitivity of the
indication during a series of measurements.

10.3 Calibration of Voltage Measuring Systems

The preferred calibration method according to IEC 60060-2 (Ref. [2] of Chap. 2) is
the comparison of a measuring system with an accurate reference system for AC,
DC or impulse voltage. With the comparison measurement, the assigned scale
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factor, the linearity and the dynamic behavior of a measuring system are deter-
mined directly in relation to the reference system. Alternative methods are also
permissible. Furthermore, the influence of the ambient temperature, the short-term
and long-term behavior, the proximity effect of neighboring objects and the cou-
pling of interferences must be determined by applying other methods. The cali-
bration of the individual measurement quantities is associated with uncertainties,
which are determined according to the rules of the GUM, taking into account the
measurement uncertainty of the reference system (see Chap. 13). The uncertainty of
the calibration of an approved measuring system shall be sufficiently low to comply
with the permissible IEC limits when testing power apparatus. The long-term sta-
bility of a voltage measuring system is checked by regular performance tests and
performance checks and documented in the record of performance.

10.3.1 Comparison Measurement with Reference System

Figure 10.2 shows schematically the arrangement for the comparison measurement
of the impulse voltage measuring system X to be calibrated and the reference
system N. The two voltage dividers including their damping resistors Rd,X or Rd,N

and the high-voltage leads to the load capacitor Cb form a “Y” when viewed from

P 

View from above:

X 

N 

Cb    P 

Reference N

Measuring system X

 MX 

 MN 

G 

Rd,X

Rd,N

Cb 

Rd 

G 

FS

Fig. 10.2 Spatial arrangement for the comparison measurement in the Y circuit (principle), X
measuring system, N reference system, MX, MN measuring instrument (recorder), P measurement
point, Cb load capacitor, G impulse voltage generator, FS chopping gap
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above. The common measurement point P is generally realized by a sphere elec-
trode on top of an insulating support. The largely symmetrical Y circuit has several
advantages. The influence of the voltage dividers with each other and from
neighboring walls (proximity effect) as well as the interference effect caused by the
firing of the spark gaps of the impulse voltage generator G is a minimum, or both
measuring systems are equally affected. Also suitable is the T circuit with the
corresponding T-shaped arrangement of the two voltage dividers and the impulse
voltage generator.

To carry out comparison measurements with chopped impulse voltages, the
insulating support is replaced by a sphere spark gap FS with connection to the
common point P (Fig. 10.2). A triggered sphere gap is required for the exact
chopping at the peak or on the tail. Chopping on the front is achieved by reducing
the spacing between the spheres. Irradiation of the sphere gap with very short-wave
ultraviolet light (UVC) increases the number of free charge carriers, thereby
reducing the spread of the time to chopping. The time to chopping can be varied by
changing the spacing of the spheres. However, the breakdown voltage is also
affected and thus the peak value of front-chopped impulse voltage. This is com-
pensated by corresponding readjustment of the charging voltage of the impulse
voltage generator. At small spacing of the sphere gap and despite UVC irradiation,
a larger spread of the time to chopping and thus also of the peak value of chopped
impulse voltages is to be expected.

Reference dividers for lightning impulse voltages are generally designed for
rated voltages not exceeding 500 kV. With a divider height of less than 2 m, they
have good transfer characteristics and are convenient to transport for on-site cali-
brations. For conducting comparison measurements with tall voltage dividers, the
smaller reference divider must be connected to the common measurement point P
via a correspondingly long high-voltage lead (see Fig. 10.2). A stable tubular
conductor with a diameter of a few centimeters, which consists of several plug-in
telescopic tubes for individual length adjustment, is suitable as the lead. The
measurement point P shall be at least at the height of the divider top of the mea-
suring system X, so that the angle between the voltage divider and the high-voltage
lead is not less than 90°. With smaller angles, the high-voltage lead comes closer to
the voltage divider, as a result of which the interference effect due to electromag-
netic coupling is increased. As low-inductance ground returns of the two voltage
dividers to the impulse voltage generator, strips of copper foil with a width of at
least 0.5 m can be used. For safety reasons, the impulse voltage generator itself
must be connected to the ground rod of the high-voltage hall.

The coaxial cable connecting the measuring instrument to the voltage divider X
shall be the same during calibration and voltage testing, or at least equal in terms of
quality and length. The position of the coaxial cable is such that the coupling of
electromagnetic interference is minimized. Optimal is the laying of the coaxial
cable in grounded pipes or channels in the hall floor. The same applies to the
coaxial cable of the reference system N.

The measuring instrument is either specifically built for use with high-voltage
dividers and is electromagnetically shielded, or it is protected from interference by
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operation in a Faraday cage with filtered power supply (see Sect. 5.3.1.1). Digital
recorders and other measuring instruments, even if calibrated together with the
voltage divider during the comparison measurement, must undergo a separate
calibration in all measurement ranges. The correctness of the evaluation software is
verified with data supplied by the test data generator (see Sect. 7.3).

10.3.2 Special Features of the Comparison Measurement

The calibration of a large measuring system X is preferably carried out as on-site
calibration in the test laboratory, i.e. the place where the measuring system X is
used. On the one hand, the transport of the reference divider to the large
high-voltage system X is generally easier than vice versa—if system X is trans-
portable at all—and on the other, the measurement conditions for the on-site cal-
ibration are more or less identical to the use of the measuring system X in
high-voltage tests of power apparatus. This concerns in particular the premises of
the test hall, installation site of the measuring system, grounding conditions and, in
the case of impulse voltage measurements, the shape of the generated impulses. The
measurement uncertainty determined during the calibration can then be directly
taken over for the voltage measurement during tests. If necessary, additional con-
tributions to uncertainty must be taken into account, e.g. the long-term behavior of
the measuring system or another ambient temperature (see Annex B.2).

Large test laboratories often have their own reference systems to regularly cal-
ibrating their own approved measuring systems during performance tests and
performance checks. If, however, the calibration of the measuring system X is
carried out at the premises of the calibration laboratory commissioned for this
purpose, the measurement conditions generally deviate more or less from those in
the test laboratory. When using the calibrated system X in the test laboratory,
further uncertainty contributions must then be considered in addition to the mea-
surement uncertainty stated in the calibration certificate.

In the comparison measurement, an overshoot or oscillation superimposed on the
peak of the lightning impulse voltage must be avoided. Peak oscillations occur in
particular when the impulse voltage generator is set up for short front times and
inductances are effective in the test and measurement circuit. Lightning impulse
voltages with superimposed peak oscillations are generally measured correctly by
reference voltage dividers with good transfer behavior, but not by large voltage
dividers with rated voltages in the megavolt range. The consequence is that the
scale factor and time parameters are incorrectly determined during the comparison
measurement. The calibration specifications in (Ref. [2] of Chap. 2) do not provide
a solution for this case.

Oscillations in the test and measurement circuit can be eliminated by various
compensation circuits, but these circuits often result in longer front times (see
Sect. 4.2.1.3). A calibration with short front times therefore only seems to be
possible if the inductances in the test and measurement circuit are reduced. The case

10.3 Calibration of Voltage Measuring Systems 313



is completely different when the peak oscillation recorded with the measuring
system X is greater than what is indicated by the reference system N [16]. This
suggests that the transfer behavior of the voltage divider in the measuring system X
has a resonance point in the corresponding frequency range. When measuring
system X is used in tests, an existing peak oscillation would be erroneously
recorded too large and thus misinterpreted as an increased stress on the power
apparatus being tested.

Basically, the evaluation of the measured data differs when calibrating a voltage
measuring system and when using it during tests. During calibration, the result, such
as the scale factor or time parameter of a voltage or current measuring system, is
usually given as the mean value of a large number of repetitive measurements. As a
result of this averaging, the scattering of the individual measurement values, caused
by the limited resolution and internal noise of the digital recorder, is largely elimi-
nated. During voltage tests, however, only a single value for the peak value or a time
parameter is measured in general, which can be significantly different if the test is
repeated. For example, if the measuring system with digital recorder has an 8-bit
resolution, the individual peak values in consecutive measurements may differ by 1%
and more. The maximum possible deviation is then to be considered in the uncer-
tainty budget for the test voltage value by an additional uncertainty contribution.

10.3.3 Calibration of a Single Voltage Divider

Frequently, the task is to calibrate not the complete measuring system, but only the
high-voltage divider as a single component. For this purpose, the output of the
voltage divider is connected to a calibrated measuring instrument of the calibration
laboratory, so that the calibration in the arrangement according to Fig. 10.2 can take
place again. From a metrological point of view, it is problematic to use the second
channel of the recorder in the reference system, in particular in the case of impulse
voltage measurements. Thereby, the shields of the long coaxial cables of the two
voltage dividers are set to the same potential at the recorder input so that com-
pensating currents can flow and influence the measurement signals. Furthermore,
there is the danger of crosstalk, in particular if the input voltages of the two recorder
channels are of different sizes. The larger input voltage on the one channel would
couple a noticeable interfering voltage into the other channel.

There are two possible ways to check whether interference voltages are coupled
in. When the resolution of the two recorder channels is approximately equal, the
comparison measurement is repeated with interchanged channels and the two
measured values are averaged to eliminate interference. In order to examine
interference, it may also be helpful to perform the comparison measurement in two
successive measurement series, whereby the digital recorder is connected in each
series to only one of the two voltage dividers. Prerequisite for the serial measure-
ment is a good reproducibility of the impulse voltage generator.
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10.3.4 Assigned Scale Factor

The most important goal in the calibration of a measuring system is the determi-
nation of the assigned scale factor. It is generally defined as the factor by which the
display of the measuring system is to be multiplied in order to obtain the applied
test voltage. The assigned scale factor is preferably determined during the perfor-
mance test by comparison with a reference system. In this case, the measuring
system X to be calibrated and the reference system N are generally of the same type,
i.e. they each consist of a high-voltage divider with a digital recorder (Fig. 10.3).
When the test voltage u(t) is applied, the output voltages of the two voltage dividers
are recorded simultaneously, from which the values of the voltage are evaluated.
For example, for impulse voltages without overshoot, the values of the voltage are
the peak values ûX and ûN multiplied with the scale factors FX or FN. For the peak
value û of the applied high-voltage impulse, we then have the equation:

û ¼ ûNFN ¼ ûXFX; ð10:1Þ

from which the desired scale factor FX of the measuring system X is determined:

FX ¼ ûN
ûX

FN : ð10:2Þ

Frequently, the reference system N directly displays the peak value û, i.e. the
product ûNFN.

u(t) 

uX(t) uN(t)

Measuring System X Reference System N

Fig. 10.3 Model of the comparison measurement of the measuring system X with the reference
system N at impulse voltage
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The comparison measurement is preferably carried out over the entire voltage
range in which the measuring system X is to be used. If, however, the reference
system N has a smaller rated voltage than system X, the comparison measurement
can only be performed up to this voltage. Then a linearity test is required.

10.3.4.1 Comparison Over the Entire Voltage Range
(Reference Method)

Performance and evaluation of the comparative measurement for determining the scale
factor will be explained on the example of the standard 1.2/50 lightning impulse
voltage. As front time, a mean value T1cal within the permissible tolerance range from
T1min = 0.84 ls to T1max = 1.56 ls is selected. Furthermore, the time to half-value is
set to the upper tolerance value T2max = 60 ls. At first, a series of n � 10 measure-
ments is carried outwith at least 20%of the rated voltageU0 of themeasuring systemX,
the divider output voltages uX(t) und uN(t) being simultaneously recorded. For each of
the n impulse voltages, the peak values ûXund ûN are determined and the quotientûN/ûX
is calculated. Due to the simultaneous recording, the instability of the impulse voltage
generator is eliminated in the quotient formation. The mean of the n quotients, multi-
plied by the scale factorFN of the reference systemN according to Eq. (10.2), gives the
scale factor FX,1 of the measuring system X for the lowest voltage value (Fig. 10.4).

The comparison measurements with the reference divider are performed for at
least four additional voltage values in steps of 20% up to 100% of U0. Thus, at least
five mean scale factors FX,1 to FX,5 are obtained for the entire voltage range. Their
common mean FX = F = FX,m = 2040, as indicated by the dashed horizontal line in
Fig. 10.4, is the assigned scale factor of the measuring system X, which is valid for
the entire voltage range.

Equation (10.2) is the basic form of the model equation with which not only the
scale factor FX of the measuring system X but also the uncertainty of measurement
is determined. Since FX is related to the reference system N by the comparison
measurement, its standard uncertainty according to the rules of the GUM is an
important type A contribution to the uncertainty budget (see Annex B.1.1).
A further type A uncertainty contribution is s·FN/√n, where s is the greatest standard
deviation of the quotients ûN/ûX for the five voltage values (see Annex B.1.2). The
largest deviation of the individual scale factors FX,i from the mean value FX divided
by √3 provides a type B uncertainty contribution.
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Fig. 10.4 Example for
determining the assigned
scale factor F = FX,m of a
measuring system X by
comparison measurement
with a reference system N
over the entire voltage range
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10.3.4.2 Comparison Measurement Over a Limited Voltage Range

Frequently, the measuring system X to be calibrated has a higher rated voltage U0

than the reference system N. The assigned scale factor FX = FX,m can then be
determined by comparison measurements only up to a reduced voltage level. In this
case, the comparison should be made with at least two voltage values. The mean
scale factor FX,m calculated therefrom applies to the entire voltage range of the
measuring system X up to U0. As an example, Fig. 10.5 shows the three scale
factors FX,1, FX,2 and FX,3, resulting from the comparison at 20%, 40% and 60% of
U0. Their mean is the assigned scale factor FX = F = FX,m = 2038 of the mea-
suring system X, which is valid up to U0. The uncertainty of FX is estimated in a
manner similar to that in Sect. 10.3.4.1, with an additional uncertainty contribution
resulting from the linearity test as described below.

The linearity of the scale factor up to U0 is to be proved by a method for which
there are several alternatives (see Sect. 10.3.5). The following measurement with
the alternative system starts at the highest voltage of the comparison with the
reference system, i.e. in the example of Fig. 10.5 at 0.6U0, and is performed up to
U0. Since it depends on linearity rather than absolute accuracy, the mean scale
factor FX* determined with the alternative system may deviate more or less from
FX. The largest deviation of the individual values from their mean FX* is taken into
account as type B uncertainty contribution in the uncertainty budget of the scale
factor FX of the measuring system X (Ref. [2] of Chap. 2).

10.3.4.3 Calibration of the Components (Alternative Method)

In addition to the preferred comparison of the complete high-voltage measuring
system with an accurate reference system, alternative calibration methods for
determining the assigned scale factor are also permitted according to IEC 60060-2
(Ref. [2] of Chap. 2). The main components of a voltage measuring system are the
high-voltage divider, possibly with damping resistor, and the measuring instrument
on the low-voltage side. Further components can be an external attenuator at the
input of the measuring instrument, the coaxial cable or another signal transmission
device between the voltage divider and the instrument. In the alternative method,
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determining the assigned
scale factor F = FX,m of a
measuring system X by
comparison measurement
with a reference system N
over a limited voltage range
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the scale factors of the individual components are determined separately, whereby it
should be ensured that the load on the components corresponds to that in the
complete system. For calibrating the components, it is also possible to use mea-
suring devices and methods that are customary in the low-voltage range. The
product of the scale factors of the individual components gives the assigned scale
factor of the complete measuring system. In addition, proof of the linearity of the
complete measuring system up to the maximum operating voltage is required. This
linearity test can be performed using one of the methods mentioned in Sect. 10.3.5.

The calibration of digital instruments is carried out according to IEC 61083 (Ref.
[1] of Chap. 7). Calibrators for AC, DC or impulse voltages are on the market, with
output voltages being up to 2000 V. Calibrators with low-ohmic output are also
suitable for determining the scale factor of voltage dividers (Ref. [26] of Chap. 7).
As the output voltage of the divider is very small, it is advisable not to connect the
measurement circuit to the general laboratory ground due to superimposed distur-
bances. Another alternative method is to measure the resistances or capacitances on
the high- and low-voltage side of the voltage divider with a low-voltage bridge and
to calculate the scale factor from this. The influence of stray capacitances has to be
considered.

Each of the above low-voltage methods is suitable for checking the long-term
stability of the scale factor. For regularly repeated performance checks, the scale
factor of each component may not deviate by more than 1% from its previous value,
so that the assigned scale factor of the complete measuring system is still valid. If the
performance check is carried out with the complete measuring system, the verified
scale factor must not deviate by more than 3% from the assigned scale factor.

10.3.5 Linearity Test

The linearity test is intended to verify the constancy of the scale factor of a mea-
suring system over the entire voltage range. It is performed up to the required
voltage level either by comparison with a reference system or, if its rated voltage is
too low, by one of the alternative methods described below. For the linearity test, it
is not the absolute accuracy of the voltage measurement that is decisive but the
smallest measurable deviation from linearity. Depending on the type of voltage,
sufficient linearity can be expected from the following alternative systems (Ref. [2]
of Chap. 2) [17–21]:

• approved measuring system with a sufficiently large rated voltage
• primary voltage of an AC transformer, control voltage of a DC voltage gener-

ator, charging voltage of an impulse voltage generator
• field measuring probe
• sphere gap, rod-rod gap.
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In IEC 60052 (Ref. [5] of Chap. 2), the values of the disruptive discharge
voltage of sphere gaps are stated with an uncertainty of 3%, which is mainly due to
the influence of ambient temperature, atmospheric pressure and humidity in air.
However, due to the short measurement time during the linearity test, the ambient
conditions remain approximately constant and therefore have practically no influ-
ence on the test result. In the case of short-wave UVC irradiation of a sphere gap, a
sufficiently large number of free electrons is generated for rapid initiation of the
disruptive discharge mechanism, i.e. even in the case of lightning impulse voltages.
Experience has shown that then the scattering of the individual values of the dis-
ruptive discharge voltage during a measurement series is within ±1% (see
Sect. 2.5.5 and Fig. 3.4.9).

If larger deviations from linearity occur in the test with an alternative system, the
cause need not necessarily lie with the measuring system X. A further linearity test
with another alternative system is then possible for clarification. The deviation
determined during the linearity test with the alternative system does not enter into
the calculation of the mean scale factor Fm (see Sect. 10.3.4.2) but is taken into
account as Type B uncertainty contribution in the uncertainty budget of the mea-
suring system X (Ref. [8] of Chap. 1).

10.3.6 Time Parameters of Impulse Voltages

Impulse voltage measuring systems shall measure the time parameters of the test
voltage with an expanded uncertainty of not more than 10%. The correctness of the
time parameter measurement is preferably verified by comparison of the measuring
system X with a reference system N. To evaluate the time parameters, the same
records of the impulse voltage can be used, from which the scale factor is calcu-
lated. From the simultaneous measurement with both systems, the difference of the
time parameter TX to the value TN of the reference system N results:

dT ¼ TX � TN : ð10:3Þ

A total of n � 10 records are evaluated and the mean difference and the
standard deviation are calculated.

As an example, the front time of a lightning impulse voltage is considered,
which is formally given by T1 = TAB/0.6 according to Eq. (4.2). The comparison
measurement is carried out for the two tolerance limit values T1min = 0.94 µs and
T1max = 1.56 µs, preferably also with a third value lying between them. From at
least ten measurements for each value of T1, the differences dT1 are calculated
according to Eq. (10.3) and from which their mean value is determined. The largest
standard deviation of the values dT1, divided by √n, contributes to the type A
measurement uncertainty. The greatest difference of the individual values dT1 from
their mean, divided by √3, gives a type B contribution to the uncertainty budget.
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The differences of the time parameters of chopped and switching impulse voltages
are determined in a comparable manner.

The nature of the mean difference dT1 is systematic. In general, the reference
system N itself is not completely error-free, i.e. the front time indicated for an
impulse voltage may differ from the correct value, but is still within the permissible
limits. If this systematic difference is known, it can be subtracted from the indicated
value T1N, so that the error in the front time theoretically becomes zero. Similarly,
the measured difference dT1 of the system X can also be used as correction. The
front time of impulse voltages measured during tests on power apparatus can thus
be improved. The prerequisite in this case is that the front time of the test voltage is
approximately the same as in the calibration.

When calibrating the front time by comparison measurement, there is no
requirement for the magnitude of the impulse voltage. However, if the scale factor
of the measuring system X is voltage dependent, the front time T1 and thus dT1 are
also slightly influenced by the voltage level. The reason for this is that the
non-linearity of the scale factor is more effective at 0.9û of the impulse voltage than
at 0.3û, the points for calculating the front time.

The correct time parameter measurement of an impulse voltage measuring
system can also be checked by means of the component method, preferably using
an impulse generator with variable front time (see Sect. 10.3.4.3). Further possi-
bilities are offered by the evaluation of the experimental step response of the voltage
divider and the numerical convolution method (see Sect. 10.3.8).

10.3.7 Dynamic Behavior

As a result of the comparison measurement according to Sect. 10.3.4, the scale
factor of an AC or impulse measuring system X (or a component) is initially
obtained only for a single frequency or a single time parameter. However, an
approved measuring system (or component) must also be able to correctly measure
AC voltages of other frequencies or impulse voltages with deviating time param-
eters. It is therefore necessary to proof that the measuring system meets the relevant
requirements within the prescribed tolerances and error limits. The dynamic
behavior is again preferably examined by comparing the measuring system X with a
reference system N for AC or impulse voltages whose frequency or time parameters
are varied within the predetermined limits.

For example, the dynamic behavior of a measuring system for lightning impulse
voltages is investigated for the lower and upper tolerance values of the front time
T1min = 0.94 µs and T1max = 1.56 µs, with the time to half-value being set as the
upper tolerance value T2max = 60 ls. In the comparison measurement, the output
voltages of both measuring systems are recorded again ten times simultaneously for
T1min and T1max. The measuring system X usually displays a peak value ûX devi-
ating from that of the reference system N. The voltage difference dû between ûX and
ûN for the respective front time is:
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dû ¼ ûX � ûN : ð10:4Þ

If the comparison measurement is performed for other front times, the average
measurement deviations for the peak value may be listed in tables or graphically in
error diagrams (see Sect. 10.3.9) [22–24]. Alternatively, the result of the compar-
ison measurement can also be expressed by the scale factor in dependence on the
time parameter.

Besides the comparison with a reference system at high voltage, the dynamic
behavior of an impulse voltage divider can also be comprehensively determined
using an impulse generator of a few hundred volts. The calibrator has low-ohmic
output impedance and generates double-exponential impulse voltages according to
Eq. (8.8) with variable front time. The impulse voltages at the input and output of
the voltage divider are recorded simultaneously by digital recorders with adequate
amplitude resolution. The difference of the peak values dû is evaluated and can, in
turn, be shown in an error diagram in dependence on the front time (see
Sect. 10.3.9).

10.3.8 Evaluation of the Step Response

As an alternative to the comparison method in the case of impulse voltages with
different time parameters (see Sect. 10.3.7), the dynamic behavior of an impulse
voltage divider can be judged on the basis of its step response. In addition, a single
comparison measurement with a reference system is recommended. The recorded
step response g(t) is first slightly filtered to eliminate the internal noise of the digital
recorder and small high-frequency oscillations. In the next step, the reference level
is determined as the mean of the step response in the reference level epoch between
0.5tmin and 2tmax and is set equal to one. In the example of Fig. 10.6, the times
tmin = T1min = 0.84 µs and tmax = T1max = 1.56 µs denote the tolerance limits for
the front time of a 1.2/50 lightning impulse voltage. The permissible deviation of
the step response from the reference level is 2% in the reference level epoch and 5%
in the following time interval between 2tmax and 2T2max (Ref. [2] of Chap. 2).

The evaluation of the step response is supplemented by a comparison mea-
surement with a reference system in order to determine the assigned scale factor. In
this case, the lightning impulse voltage has a front time T1cal between the tolerance
limits T1min and T1max as well as a time to half-value equal to the upper tolerance
value T2max = 60 µs. Further, the step response at the time T1cal, may not deviate by
more than 1% from the reference level.

If the requirements for the step response and the comparison measurement are
met, the dynamic behavior of the voltage divider is recognized as adequate for
measuring lightning impulse voltages within the tolerance range of the front time
T1 = 1.2 ls ± 30%. The maximum deviation of the step response from the refer-
ence level within the reference level epoch may be used to calculate a
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corresponding type B uncertainty contribution to be taken into account in the
uncertainty budget of the scale factor (see Sect. 13.1.4). In the example of
Fig. 10.6, the maximum deviation of the step response from the reference level is
approximately 0.5%, resulting in a standard uncertainty of 0.3%.

Finally, reference is made to the convolution method with which the output
voltage of an impulse voltage divider with known step response can be calculated
for arbitrary input voltages (see Sect. 9.2 and 9.7). It is recommended to check the
result of the calculation by a single comparison measurement with a reference
system. The dynamic suitability of an impulse voltage divider used in a reference
system can also be demonstrated by its response parameters being below the
specified limit values (Ref. [2] of Chap. 2).

10.3.9 Error Diagram for Peak Value and Time Parameters

The dynamic behavior of an impulse voltage divider can be well represented in an
error diagram. As an example, the behavior of a resistive 2 MV voltage divider is
shown in the error diagram of Fig. 10.7. The 12 kX voltage divider was calibrated
by comparison with a reference divider at chopped lightning impulse voltages. The
error diagram shows the mean measurement deviations dû for the peak value
(Fig. 10.7a) and dT1 for the front time (Fig. 10.7b) as a function of the time to
chopping Tc. Here, dû and dT1 are related to the values obtained for full lightning
impulse voltages. The front time T1 defined in Eq. (4.2) is chosen as the quantity to
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Fig. 10.6 Section of the step response g(t) of an impulse voltage divider with reference level and
reference level epoch (schematic)
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be measured, as it can be unambiguously determined for chopped impulse voltages
as well as for full lightning impulse voltages and those chopped in the tail.

A typical feature of the investigated resistive voltage divider of this size is that
the measurement deviations dû and dT1 become increasingly negative as the time to
chopping decreases, i.e. the peak value û and the front time T1 of front-chopped
lightning impulse voltages are measured too small. This behavior is caused by the
stray capacitances of the voltage divider, through which a frequency-dependent part
of the measurement current flows to ground and thus does not contribute to the
displayed measurement value (see Sect. 4.3.1.4). Knowledge of the systematic
deviations dû and dT1 in Fig. 10.7 allows a corresponding correction of the values û
and T1 measured with the impulse voltage divider. The entire range of the time to
chopping Tc in Fig. 10.7 may also be subdivided into two or more sub-ranges. For
each sub-range, a corresponding mean value dû and dT1 is determined and used as
correction. As an alternative to correcting the measured peak value û, the scale
factor of the measuring system may be set anew for the entire range or a sub-range
of Tc, so that the measurement deviation dû is zero on average.

As another example, Fig. 10.8 shows the error diagram of a resistive 700 kV
voltage divider in dependence of the front time T1 of double exponential impulse
voltages. The peak value is 400 V and the front time ranges from 7 µs down to
0.5 µs. With decreasing front time T1, the peak value û is reduced only slightly, but
the front time T1 becomes significantly larger (Ref. [26] of Chap. 7). The increase
of dT1 for low T1 values can be explained by the step response of the voltage
divider showing an overshoot in this time range.

In the example of Fig. 10.8a, the deviation dû remains within the specified error
limits of ±1%, nevertheless, it is recommended to increase the scale factor of the
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2 MV resistive voltage divider
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voltage divider by 0.6%. This is equivalent to a corresponding increase in the
measured peak values, which causes the error curve in Fig. 10.8a to be shifted
upwards to smaller absolute values dû|. In the tolerance range of the front time
T1 = 1.2 ls ± 30% of a 1.2/50 lightning impulse voltage, the deviation dû is then
only within ±0.1%. For longer front times up to 7 µs, then dû � 0.3%. The
measurement deviation dT1 as shown in the error diagram of Fig. 10.8b can be used
to correct the front time T1 measured with this voltage divider (see Sect. 10.3.6).

Further investigations on the resistive 700 kV voltage divider confirm and
supplement the results of the calibration with impulse voltages at 400 V. The scale
factor values determined with DC voltage, AC voltage and resistance measurements
agree within ±0.2%. Measurements of the input and output voltages of the voltage
divider at AC voltage with frequencies of up to 150 kHz show a decrease in the
output voltage with increasing frequency. This corresponds to the trend of the
measurement deviation dû with decreasing front time in Fig. 10.8a. Finally, the
scale factor determined by comparison with a reference system for high-voltage
impulses largely confirms the value obtained by the low-voltage methods (Ref. [26]
of Chap. 7).

10.3.10 Proximity Effect

The scale factor of an AC or impulse voltage divider is affected by its clearance to
neighboring objects and walls. This proximity effect can be measured without much
effort using a digital voltmeter or a measuring bridge at low voltage. An AC voltage
of a few 100 V and preferably 1 kHz is applied to the voltage divider, and its output
voltage is measured for different wall clearances. The reason for affecting the scale
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factor is the stray capacitance Ce of the voltage divider, through which a part of the
measurement current flows directly to ground or grounded objects. This stray
current is then lost in the measurement of the divider output voltage (see
Sect. 4.3.1.4). For a capacitive voltage divider, this is equivalent to a reduction in
the effective capacitance on the high-voltage side, which can be measured directly
with a capacitance measuring instrument.

As an example, Fig. 10.9 shows the effective high-voltage capacitance C1 of a
500 kV damped capacitive voltage divider as a function of the clearance d to a
grounded metal grid. At a distance d = 1.4 m, which is equal to the height of the
voltage divider, the capacitance decrease is 0.14% of the rated value C10 = 150 pF.
Accordingly, the voltage at the divider output is too low. To compensate for this,
the scale factor can be correspondingly increased. The correction of the scale factor,
however, is not absolutely necessary in this case, since the decrease in the
high-voltage capacitance is so small. The test result serves as an orientation in the
estimation of the proximity effect caused by the influence of surrounding objects
such as the impulse voltage generator or other voltage dividers. In addition, the test
result is helpful to estimate the appropriate uncertainty contribution to the scale
factor. Because of the danger of electric flashover to walls, clearances that are
smaller than the divider height need not be considered in the test.

10.3.11 Short-Term and Long-Term Stability

The short-term stability characterizes the change in the scale factor of a measuring
system (or component) during a typical period of operation. The test is performed at
maximum voltage that is applied continuously or at maximum impulse rate.
According to IEC 60060-2 (Ref. [2] of Chap. 2), the scale factor shall be measured
as soon as the prescribed maximum voltage has been reached and then again just
before the voltage is reduced. In measurement practice, the scale factor is measured
with a low-voltage method before applying the voltage and after switching off the
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voltage and grounding the set-up. The difference of the scale factors measured
before and after the voltage application, divided by √3, gives a type B uncertainty
contribution for the short-term stability of the scale factor. The stability test is part
of the routine test and includes the self-heating effect of the voltage divider or
another converting device. Self-heating of a voltage divider causes a mostly
reversible change in the scale factor according to its temperature coefficient.
Manufacturers of electronic devices generally guarantee that the operating param-
eters are reached after a short warm-up period within 1, 8 or 24 h.

The long-term stability provides information about the constancy of a measuring
system (or component) over a longer period, usually one year. The reason for the
scale factor deviation may be of random or systematic nature. A small spread of the
scale factor within ±1% is acceptable since the measurement conditions are rarely
identical in the case of repeated measurements. A systematic change in the scale
factor may occur due to ageing of the components in the voltage divider or mea-
suring instrument and can last for many years. This change, also referred to as
(long-term) drift, is usually exponential in the initial time after commissioning of
the measuring system, until after a longer operating time a nearly constant value for
the scale factor is reached.

Knowledge about the long-term stability of a measuring system is obtained by
regularly measuring the scale factor, as required in the course of prescribed per-
formance tests and performance checks. For a new measuring system, it is rec-
ommended that the time interval between the initial scale factor checks be less than
one year, i.e. six or even three months. During the regular performance checks, the
measuring system is compared with an approved measuring system at the pre-
scribed voltage difference between the currently measured voltage values and the
previous value is within ±3%, the scale factor is accepted as still valid. If the
difference is larger, then a new assigned scale factor shall be determined in a
performance test (see Sect. 10.3.4). Alternatively, the scale factors of the individual
components of a measuring system can be checked. If the change in one of the scale
factors is outside ±1%, a new assigned scale factor shall be determined.

When a new measuring system is used for the first time, the extent of possible
ageing and the resulting change in the scale factor are often not exactly known. In
this case, an initial value of the change in the scale factor can first be obtained from
a reliable source, e.g. manufacturer data for one year. In general, however, it is not
known whether the given deviation is based on a random dispersion of the mea-
sured values or a systematic change of the measuring system. Extrapolation to a
time other than the specified time does not appear to be justified. The difference of
two successive performance tests, divided by √3, results in a type B uncertainty
contribution for the long-term stability of the scale factor.
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10.4 Calibration of Current Measuring Systems

The basic scheme of the measurement methods and requirements for AC, DC and
impulse current measuring systems according to IEC 62475 (Ref. [4] of Chap. 2) is
largely comparable with that for voltage measuring systems in Sect. 10.3. For the
user of a current measuring system, the scale factor and the frequency response or,
in the case of an impulse current measuring system, the measurement deviations for
the time parameters are most important. In conventional systems for measuring high
DC, AC and impulse currents, coaxial resistors are mainly used as converting
device (see Sect. 5.3.1). Time-variable currents are also measured with coils with or
without magnetic core (see Sect. 5.3.2). Both sensor types provide output voltages
which are proportional to the current either directly or after integration. To measure
these output voltages, mainly digital recorders or other measuring instruments with
A/D converters that meet the requirements of IEC 61083 are used (Ref. [1] of
Chap. 7). The preferred calibration method, i.e. the comparison measurement with a
reference system, and the alternative methods are described below using the
example of an impulse current measuring system. The long-term stability of a
current measuring system is checked by regular performance tests and performance
checks and documented in the record of performance.

10.4.1 Comparison with a Current Reference System

The preferred calibration method is the comparison measurement of the complete
current measuring system X with a reference system N. In this case, the current
sensors, i.e. shunts or coils, of both measuring systems are connected in series and
the same current i(t) flows through them. Figure 10.10 shows the basic arrangement
for the calibration of an impulse current measuring system X by comparison with
the reference system N. In the example, the current sensor of system X is a mea-
suring coil with a magnetic core. The current conductor is guided centrally through
the coil opening. The measuring coil has an internal integration element and its
output voltage is thus proportional to the current i(t). The potential-free output
voltage is recorded and evaluated as uX(t) by a digital recorder suitable for mea-
suring impulse currents. The current sensor of the reference system N with the scale
factor FN is a coaxial measuring resistor with the output voltage uN(t). Many of the
impulse currents standardized in (Ref. [4] of Chap. 2) have a relatively slow
temporal change. In this case, it is generally not absolutely necessary to terminate
the input of the digital recorder with the impedance of the coaxial cable.

If the recorder of the reference system N is not specifically designed to measure
high-current impulses, it is additionally shielded together with the measuring cable
to minimize the effects of electromagnetic interference. The interference current
induced by the magnetic field of the current to be measured is thus conducted to
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ground via the external shield and does not influence the measurement (see
Sect. 5.3.1.1). If the measuring coil of system X has a magnetic core, additional
measurements are recommended in order to detect a possible polarity influence. In
this case, the coil is reversed so that the current flows in the opposite direction
through the coil opening. A well-suited current measuring system X generally also
has a double shielding.

If the current sensor of the measuring system X is a resistor, it is arranged on the
grounded side of the calibration circuit in Fig. 10.10. Then the use of a
potential-free reference system N, e.g. based on a potential-free measuring coil, is
then compulsory. In this case, the measuring coil is usually calibrated against
another reference system with a measuring resistor. However, this inevitably
involves a loss of accuracy of the coil system.

In the comparison measurement, the output voltages uX(t) and uN(t) of the two
current sensors are recorded simultaneously with the digital recorders and evaluated
by software with regard to the peak value, the time parameters and, if necessary,
further measurement quantities. The details of the comparison measurement and
evaluation of the measured values, including the calculation of type A and B
uncertainties, are comparable to those for a voltage calibration (see Sect. 10.3).

In order to determine the scale factor of the current measuring system, the
comparison measurement with the reference system is carried out at five or more
current magnitudes between 5 and 100% of the maximum operating current. For
each current magnitude, the mean scale factor FX,i is calculated from at least ten
records analogously to Eq. (10.2). The assigned scale factor FX is the mean of the
individual values FX,i for all current magnitudes. For an approved current mea-
suring system, the assigned scale factor shall be constant within ±1%. From the
same records of the two systems, the difference of the time parameters is evaluated.

reference system N

measuring system X

uX

uN
impulse current
generator

i

Fig. 10.10 Comparison measurement between an impulse current measuring system X with
measuring coil and internal integration element and the reference system N with coaxial shunt
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10.4.2 Linearity Test

The preferred linearity test of a current measuring system consists of a comparison
measurement with a reference system. The procedure for the linearity test is
comparable to that for voltage measuring systems (see Sect. 10.3.5). Often, the
comparison measurement with the reference system N cannot be performed up to
the full rated current of the measuring system X, since the reference system has a
smaller rated current. Above this voltage, the linearity test of X is then carried out
by comparison with an alternative system of sufficient linearity up to the maximum
current magnitude, e.g. with an approved measuring system. Rigid Rogowski coils,
i.e. coils without magnetic core, whose output voltage after integration is propor-
tional to the current, are basically suitable for the linearity test with AC and impulse
currents (see Sect. 5.3.2.5).

If the current sensor of an impulse or short-time current measuring system X is a
resistor, the linearity proof can also be provided by calculating the temperature increase.
A single current impulse causes a nearly adiabatic temperature increase DT of the
measuring resistorR (see Sect. 5.3.1.9). Depending on the temperature coefficientKTK,
the increase DT results in a resistance change DR = RKTKDT and thus in a corre-
sponding change in the scale factor. For the desired time course of the impulse or
short-time current, the resistance change can be calculated from the manufacturer’s
specifications for the limit load integral and the maximum temperature increase.

10.4.3 Alternative Calibration of Current Measuring
Systems

In the alternative methods for determining the scale factor, the components of a
high-current measuring system are individually calibrated. As in the case of
high-voltage components, the measurement methods known in the low-current
range can also be used. The scale factor of a component can be determined, for
example, by simultaneous measurements of the input and output variables, com-
parison with a reference component, use of calibrators, measurement of the
impedances in a bridge circuit or calculation of the measured impedances. The
wiring and loading of the components at the input and output should be comparable
to those of the complete measuring system. The product of the scale factors of the
individual components gives the scale factor of the complete measuring system. In
addition, its linearity must be verified with the appropriate currents up to the
maximum current magnitude (see Sect. 10.4.2).

10.4.4 Dynamic Behavior

The dynamic behavior of DC and AC current measuring systems is determined by
measuring the frequency response. For impulse current measuring systems, the
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preferred method is the comparison with a reference system (Ref. [4] of Chap. 2).
The impulse currents used in the comparison shall have the longest and shortest
time parameters of the nominal epoch, e.g. T1min and T1max for the front time of
exponential currents. In this range, the scale factor may not vary by more than 1%.

The dynamic suitability of a measuring system (or a component) for impulse
currents can also be proved by means of numerical convolution on the basis of the
measured step response. Due to the large number of impulse currents, this stan-
dardized calculation method is believed to be very effective. By convolution, the
output currents of the measuring system are calculated for selected impulse currents
with variable time parameters. The deviations between the input and output currents
result in the errors for the peak value and the time parameters for which error limits
are specified in the standards. In addition to the calculation, a measurement of the
scale factor and a linearity test are to be performed.

The prerequisites for applying the convolution method to coaxial measuring
resistors are almost optimal. Due to their shielded construction and the possibility to
feed the step current into the resistor via a coaxial cable without reflection, the step
response can be measured correctly. The result of the convolution calculation for a
coaxial measuring resistor can therefore generally be regarded as reliable. A check
measurement with an impulse current whose time parameter is within the nominal
epoch of the step response is recommended.

10.5 Calibration of Digital Recorders

Digital recorders used in the measuring systems for AC, DC and impulse voltages
or the corresponding currents require comprehensive calibration (Ref. [1] of
Chap. 7). In the foreground is the determination of the scale factor and the dynamic
behavior in all measurement ranges of the recorder. Other requirements include
amplitude and time resolution, non-linearity, rise time and long-term stability. The
software used to evaluate the recorded data is subject to a separate validation test
using the test data of the test data generator for typical AC, DC and impulse
voltages (see Sect. 7.3). While the calibration of recorders with accurate DC or AC
calibrators and a frequency generator is generally relatively simple, the calibration
of recorders used in impulse voltage and current measuring systems requires con-
siderable effort and will be discussed in more detail below.
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10.5.1 Impulse Calibration

The preferred calibration of digital recorders used in high-voltage and high-current
impulse measuring systems is carried out with impulse voltages that are comparable
with the standardized test voltages and currents (Ref. [1] of Chap. 7). During
calibration, the scale factor and the deviation of the recorded time parameters are
measured for all ranges of the recorder. Impulse calibrators are available for
practical use, which generate impulse voltages of both polarities with peak values of
up to 2000 V (see Sect. 7.5). The accuracy of the calibrators themselves is proved
by traceable calibrations. The advantage of the calibration impulses is obvious:
The digital recorder records similar impulse shapes during calibration and evaluates
them with the same software used in the high-voltage or high-current tests. This
also applies to the algorithm by which the recorded data of the impulses are
smoothed before their evaluation and the internal noise of the recorder or super-
imposed oscillations are reduced. The calibration of the recorder thus indirectly also
includes a check of the evaluation software for the selected calibration impulses.

When calibrating a digital recorder with standard impulses, the peak value and
the time parameters are each determined as the mean value from at least ten records
for each input range at different amplitudes. By comparing the mean values with the
respective preset calibrator values, the scale factor and the measurement deviations
of the time parameters are obtained for the input range examined. The complete
calibration of a digital recorder with standard impulses, such as full and chopped
impulse voltages, in all measurement ranges with different input levels often
comprises more than one million individual records. If the calibrator and the
recorder are from the same manufacturer, the automated control of the calibrator as
well as the recording and evaluation of the measured data are usually supported. If
the digital recorder has several input channels, these can be calibrated in parallel
with an impulse calibrator at the same time. In this case, however, the influence of
the parallel connected input resistances and capacitances of the recorder channels
on the generated calibration pulses must be taken into account.

10.5.2 Calibration with Step Voltages

In the alternative calibration method for digital recorders used in impulse tests, the
recorder is calibrated with step voltages (Ref. [7] of Chap. 1). They can be gen-
erated by means of a DC voltage source and a mercury-wetted reed contact of up to
500 V (see Sect. 9.8.4). The scale factor is obtained as the quotient of the DC
voltage applied to the recorder input and the mean value of the repeatedly recorded
amplitude of the step response in a given time window. For example, the time
window for standard lightning impulse voltages and exponential impulse currents
ranges from 0.5T1min to T2max. Within the time window, the response of the
recorder may not change by more than 1%. The alternative calibration method has
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the disadvantage that the evaluation of the step responses requires software other
than that developed for the evaluation of test impulses. An additional requirement is
that the rise time of the applied step voltage shall be less than 10% of the lower time
window limit at 0.5T1min. Prior to data evaluation, the noise superimposed on the
step response, which occurs during sampling in the AD converter, is largely
reduced by filtering.

The example in Fig. 10.11 shows the direct comparison of the peak value of a
recorded impulse voltage 1 with the amplitude of a step voltage 2. Most digital
recorders facilitate the determination of the peak value on the screen by means of
two horizontal reference lines, which can be set to the zero and peak levels of the
impulse. The difference between the two reference lines is given as the peak value
of the impulse. This method is also applicable when using analog impulse oscil-
loscopes. Instead of the step voltage, a DC voltage may also be applied to write the
peak reference line. However, the calibration method with the step voltage is
preferable because, like the impulse voltage itself, it is a dynamic signal and also
indicates the zero level. When noise is superimposed on the recorded impulse
voltage, the step voltage is adjusted to the mean curve of the recording.

10.5.3 Calibration with Sinusoidal Voltages

Sinusoidal voltages are usually also suitable for calibrating digital recorders in
impulse voltage and current measuring systems. They have the advantage that they
are calculable and can be generated very precisely with a sinus calibrator. By
comparing the records for the impulse voltage and the sine voltage, not only the
measured peak value but also the front time of the impulse voltage can be checked.
An example of a 1.2/50 lightning impulse voltage is given in Fig. 10.12. Here, the
double sine amplitude is adjusted to the peak value of the impulse voltage.
The frequency is selected so that the sine voltage intersects the recorded impulse
voltage at 30% and 90% of the peak value, the time difference being equal to the
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time TAB. For the 1.2/50 lightning impulse voltage, TAB = 0.6T1 = 0.72 µs from
which the frequency of the equivalent sine voltage is calculated to be f = 295.9 kHz
(Ref. [31] of Chap. 7).
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Chapter 11
Capacitance and Dissipation Factor

Abstract The optimum performance of high-voltage equipment and apparatus of
the electrical energy transmission depends largely on the design and quality of the
insulating materials and the error-free execution of the insulation. Solid, liquid or
gaseous dielectrics, also in combination, are used as insulation material. Important
characteristics of the dielectrics that are exposed to high AC or impulse voltages are
the relative permittivity and the dissipation factor (dielectric loss factor). This
chapter explains the basics of both measurement quantities and the various analog
and digital measurement methods. The basic design of measuring devices such as
the Schering bridge with and without Wagner’s auxiliary arm, the current com-
parator bridge and the digital measuring system with A/D converters are discussed.
Examples of the calibration of the measuring instruments are given. The properties
of compressed gas capacitors according to Schering and Vieweg, which serve as a
virtually lossless reference in the measurement of capacitance and dissipation
factor, are discussed in detail.

The optimum performance of high-voltage equipment and apparatus of the elec-
trical energy transmission depends largely on the design, the quality of the insu-
lating materials used and the error-free execution of the insulation. Solid, liquid or
gaseous dielectrics, also in combination, are used as insulation material. Important
characteristics of the dielectrics that are exposed to high AC or impulse voltages are
the relative permittivity and the dissipation factor (dielectric loss factor). This
chapter explains the basics of both measurement quantities and the various analog
and digital measurement methods as well as the calibration of the measuring
equipment. The properties of compressed gas capacitors according to Schering and
Vieweg, serving as almost lossless reference in the measurement of capacitance and
dissipation factor, are discussed in detail.
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11.1 Basics

Under the influence of an electric field E, the positive and negative charge carriers
of the atoms of a dielectric are slightly displaced from their average equilibrium
position due to various mechanisms. They form dipoles arranged in the field
direction, which lead to dielectric polarization and thus to a corresponding electric
field that is opposite to the original electric field E in the dielectric. The original
field is thus weakened accordingly. When the external electric field becomes zero
again, the charge carriers return to their original position within the relaxation time.
The effect of the polarization in the dielectric is characterized by the relative per-
mittivity er. Analogous to the magnetic flux density B = lH and the electric current
density J = jE, the electric flux density D (electric displacement) in the dielectric
is defined as:

D ¼ eE ¼ e0erE; ð11:1Þ

where e0 = 8,8541878 � 1012 F/m is the electric field constant and e = e0 er the
permittivity. Equation (11.1) applies to isotropic media in which E and D have the
same direction. In general notation, D and E are vectors.

Some important solid and liquid insulating materials used in high-voltage engi-
neering, such as mineral oil and thermoplastics, have a relative permittivity that is
only slightly greater than 2. For other liquid and solid insulating materials, the
relative permittivity is 2 � er � 8. Water that can occur in all insulating materials,
however, has a much higher value er = 80. For air and other gases, relative per-
mittivity is er � 1. The relative permittivity is not a constant, but depends on various
quantities such as temperature, frequency, field strength, humidity, aging, etc.

The relative permittivity, in addition to the dielectric strength, is an important
characteristic of insulating materials used in high-voltage engineering. For a
capacitive electrode arrangement, this means that the capacitance is correspond-
ingly increased by introducing a dielectric with er > 1. Furthermore, it can be seen
that in the case of high-voltage insulation with mixed dielectric, the insulation with
the lower relative permittivity is exposed to a higher electric field. This also applies
to the case where a small defect in the form of a gas-filled bubble or void exists in
liquid or solid insulating dielectrics. The local field strength in the defect is then
greater by a factor equal to the relative permittivity er of the surrounding insulating
material. Due to the high field strength, then there is a danger that partial dis-
charges may occur due to ionization in the gas bubble or void, whereby the life of
the insulation could be reduced (see Chap. 12).

In the AC field, the reorientation of the dipoles in the dielectric causes frictional
losses, which are called polarization losses. Due to the residual ohmic conductivity
of insulating material, in addition conduction losses occur, which are also present at
DC current. The total losses in the dielectric, which occur in the AC field, are
characterized by the dissipation factor tand. In addition to polarization and con-
duction losses, ionization losses due to partial discharges are also possible. These
can start above a certain inception voltage and cause a rapid increase in tand with
increasing voltage.
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11.1.1 Dissipation Factor

The dissipation factor is defined as the quotient of the active and reactive com-
ponents of the power P or, depending on the viewpoint, of the current I or the
voltage U in the corresponding equivalent circuit diagram:

tan d ¼ Pw

Pb
¼ IR

IC
¼ UR

UC
: ð11:2Þ

Here, only the fundamental oscillation of the AC quantities is considered. As an
example, Fig. 11.1a shows a plate capacitor having a lossy dielectric. When an AC
voltage U is applied, the current I flowing through the capacitor has two compo-
nents: a capacitive component IC leading the voltage U by 90°, and a usually much
smaller ohmic component IR in phase with U (Fig. 11.1b). The angle between
U and I is the phase angle u and that between I and IC is the loss angle d.

For high-voltage insulation, solid and liquid insulating materials with tand <
0.001 at power frequency are required. Larger tand values cause heating of the
high-voltage insulation, which in turn can further increase the temperature-
dependent dissipation factor, thereby inducing thermal breakdown. Good solid and
liquid high-voltage insulations have dissipation factors in the range of 5 � 10−4 to
1 � 10−5. For small dissipation factors, we can write tand � d, and this is almost
always true for high-voltage insulations. The dissipation factor depends on a
number of influence quantities, such as the magnitude of the applied voltage,
ambient temperature, frequency and load duration. Thanks to digital measurement
technology, continuous monitoring of the dissipation factor of high-voltage appa-
ratus is becoming increasingly common. Therefore, important information about the
history of the stressed insulation is always available.

Equation (11.2) refers to the fundamental oscillation of the AC quantities at
power frequency, i.e. mainly 50 or 60 Hz. At much higher frequencies, the dipoles
generated by the polarization can follow the exciting AC field only delayed due to
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(a) (b)
Fig. 11.1 Capacitor with
losses and phasor diagram for
voltage and current.
a Capacitor with losses,
b Vector diagram (parallel
equivalent circuit)
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the relaxation times, so that a frequency dependence of the relative permittivity
occurs. In particular, in theoretical investigations of the processes in the higher
frequency range and the occurrence of multiple frequency components, e.g. when
excited by a plane wave, it is advantageous to introduce the complex permittivity:

e�r ¼ e0r � j e00r mit j ¼ ffiffiffiffiffiffiffi�1
p

: ð11:3Þ

The real part e0r here corresponds to the relative permittivity in Eq. (11.1), the
imaginary part e00r to the dielectric losses. Analytical expressions for both parts can
be derived from the relaxation processes of the dipoles (Ref. [3] of Chap. 1). The
dielectric dissipation factor due to the polarization losses is:

tan dP ¼ e00r
e0r
; ð11:4Þ

and the dissipation factor due to the conduction losses is:

tan dL ¼ j
xe0e0r

ð11:5Þ

with the specific conductivity j.

11.1.2 Equivalent Circuits for Dielectrics with Losses

Lossy dielectrics can be represented by two simple equivalent circuits through
which the current IP or IS flows (Fig. 11.2). In the one circuit, a resistor and a
capacitor are arranged in parallel (index “p”), in the other one in series (index “s”).
The resistors RP and RS represent the active power Pw due to the losses, the
capacitors CP and CS the reactive power Pb in Eq. (11.2). The inductive compo-
nents can be neglected. The dissipation factor results for the parallel circuit to
(Fig. 11.2a):

tan d ¼ 1
xRPCP

ð11:6Þ

and for the series circuit to (Fig. 11.2b):

tan d ¼ xRSCS : ð11:7Þ

Due to their simplicity, the two equivalent circuit diagrams in Fig. 11.2 have
only limited significance. In the parallel connection, the dissipation factor with
increasing frequency always seems to be getting smaller, in the series connection
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always larger. Of course, both equivalent circuit diagrams should give the same
tand value when calculated for a given frequency. Under this assumption, the
elements of both equivalent circuit diagrams can be converted accordingly by
equating the complex impedances (see Sect. 11.3.1). For some insulation
arrangements, such as cables and oil insulations, more comprehensive equivalent
circuit diagrams are considered in the literature (Ref. [3] of Chap. 1) [1, 2]. The
parallel equivalent circuit diagram in Fig. 11.2a can be represented by the phasor
diagram with the currents IC and IR according to Fig. 11.1. For the series circuit in
Fig. 11.2b, a corresponding phasor diagram with the voltages UR and UC results.

11.2 Test Arrangements for Solid and Liquid Dielectrics

The relative permittivity er and the dissipation factor tand—as well as the specific
conductivity j—of solid insulating materials are measured with the test arrange-
ment in Fig. 11.3a. The plate-shaped sample 1 is arranged between the voltage
electrode 2 and the circular measurement electrode 3, which is surrounded by the
grounded guard ring electrode 4. The electrodes 3 and 4 are connected via a coaxial
cable to the measuring instrument M [3]. With the guard ring arrangement, an
approximately homogeneous field in the area of the measurement electrode is
achieved. In addition, the guard ring 4 prevents surface currents from flowing from
the voltage electrode 2 to the measurement electrode 3. The relative permittivity is
calculated from the measured capacitance and the geometric dimensions of the
sample.

The sample is provided on both sides with adhesive electrodes to ensure good
electrical contact with the electrodes. The adhesive electrodes are painted with
silver or copper solutions, sprayed with graphite or evaporated in vacuo. However,
the solvents may penetrate into the sample, in particular in plastic films, thereby
falsifying the measurement. A test arrangement without adhesive electrodes, in
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CS 
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UC 

IR IC 

IP 

US 

IS 
(a) (b)

Fig. 11.2 Simple equivalent
circuits for a dielectric with
losses. a Parallel equivalent
circuit, b Series equivalent
circuit
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which there is an air gap between the sample and the electrodes at the top and
bottom, is investigated theoretically and experimentally in [4]. Due to the positive
results, this test arrangement is proposed for inclusion in a new IEC test
specification.

Figure 11.3b shows schematically the test vessel for determining the relative
permittivity er and dissipation factor tand of liquid insulating materials. Again, the
guard ring principle to eliminate edge effects is clearly visible. First, the air
capacitance C0 of the purified test vessel is measured in the empty state.
Subsequently, the insulating liquid is filled into the gap between the voltage and
measurement electrode and the capacitance CX is measured. The relative permit-
tivity results from the two capacitance measurements to er = CX/C0. Both test
arrangements in Fig. 11.3 allow fundamental investigations of solid or liquid
insulating materials with regard to the influence of voltage, temperature, frequency
or diffused substances such as water.

There is increasing interest in tand measurements that can be made directly on
apparatus of the electrical power supply, such as cables, bushings and transformers
or their replicas [1, 2, 5]. The parameters in the on-site measurements are often
frequency, voltage or temperature. The aim of the investigations is to obtain reliable
information about the long-term behavior and the aging state of the insulation. The
rapid development of fast digital technology and data processing meanwhile
enables the use of measurement techniques even in online operation and thus with
significantly shorter evaluation and response times than ever before [6, 7].

Previous tand measurements relate mainly to approximately sinusoidal voltages
in the frequency range from 0.1 to 1000 Hz. According to a new method described
in [8], the dielectric response function of the insulation is determined with lightning
or switching impulse voltages. The orientation measurements on impregnated paper
layers are recorded in the time domain with a digital recorder, and the result is
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Fig. 11.3 Arrangements for measuring er and tand of solid and liquid insulating materials. (M:
measuring instrument), a Plate-shaped insulating sample, b Liquid insulating sample, 1 insulating
sample 2 voltage electrode 3 measurement electrode 4 guard ring electrode
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presented in the frequency range of up to 1 MHz. The measurement method is
suitable to be applied to transformers and bushings in the high-voltage network,
whereby the transient voltages occurring in the network are used for online
measurements.

11.3 Measuring Instruments for Capacitance and Tand

Basically, a distinction is made between measuring instruments that are used in
high-voltage or low-voltage circuits. For both circuits, special bridge circuits are
generally used. High-voltage test objects usually have voltage-dependent values of
capacitance and dissipation factor and therefore require measurements at power
frequency up to the maximum operating voltage. Additional measurements with
one of the very accurate low-voltage bridges that normally operate at a measure-
ment frequency of 1000 Hz can be very useful. For example, a low-voltage mea-
surement provides accurate initial values of C and tand traceable to SI units on the
basis of linearity tests or annual check measurements can be made.

The principle of measuring bridges is to compare the currents flowing through
the test object and a virtually lossless standard capacitor in terms of magnitude and
phase. About a century ago, Schering presented the classic high-voltage bridge for
C and tand measurements, which is still used today in several variants [9]. Another
classic instrument is the transformer bridge with current comparator, which is also
available in self-balancing design. More recent measurement options are provided
by electronic C-tand measuring devices with A/D converters, with which the cur-
rents flowing through the test object and the standard capacitor are separately
digitized and evaluated with software.

11.3.1 Schering Bridge

The basic circuit of the Schering bridge, which has previously been used almost
exclusively for capacitance and tand measurements at high voltage, is shown in
Fig. 11.4. In the left upper bridge arm, the lossy test object, lying outside the
shielded bridge case, is represented as a series connection of the capacitance CX and
the resistance RX. The standard capacitor CN, typically a Schering and Vieweg
compressed gas capacitor (see Sect. 11.5) with a capacitance of 20 pF to 200 pF
and a negligible dissipation factor of approximately 5 � 10−6, lies in the parallel
arm outside the bridge case. The AC currents flowing through CX and CN generate
the voltages uA and uB at the bridge points A and B. By setting R3 and C4, the
bridge circuit can be balanced, i.e. the bridge points A and B are then at the same
potential and the null detector NI indicates zero current [9, 10].

The null detector NI is often an oscillographic null indicator. In general, a
Lissajous figure can be seen on the screen, which turns into a horizontal straight line
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when the bridge is balanced in phase and magnitude. The balance is achieved only for
the fundamental oscillation of the AC voltage u(t), i.e. the higher harmonics of the AC
voltage are filtered out. The bridge is protected by spark gaps (not shown in Fig. 11.4)
installed at the bridge points A and B. There they limit the voltages in the event of a
breakdown or flashover in the high-voltage circuit to safe values. In order to measure
a very large capacitance CX, a low-ohmic resistor can be connected in parallel with
R3, so that the voltage at the bridge point A does not become too large. Variants of the
Schering bridge circuit for measuring grounded capacitors are described in (Ref. [5]
of Chap. 1) and those with large capacitance in (Ref. [6] of Chap. 1).

According to the Schering bridge in Fig. 11.4, the lossy capacitor or another
capacitive test object is represented by CX and RX in series in the equivalent circuit
diagram. When the bridge is balanced, points A and B have the same potential,
resulting in the following equation for the complex impedances and admittances of
the bridge elements:

ZX
Z3

¼ ZN
Z4

or ZXY3 ¼ ZNY4; ð11:8Þ

and in the complete version:

RX þ 1
jxCX

� �
1
R3

¼ 1
jxCN

1
R4

þ jxC4

� �
: ð11:9Þ

The separation of Eq. (11.9) into real and imaginary parts supplies equations for
the resistance RX and capacitance CX in the equivalent circuit diagram:

CN

CX

RX

C4R4R3

u(t)

NI

BA

Fig. 11.4 Schering bridge
for C and tand measurements
at high voltage (without
protective spark gaps). CX,
RX: test object with losses,
CN: standard capacitor with
negligible dissipation factor,
NI: null detector
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RX ¼ R3
C4

CN
and CX ¼ CN

R4

R3
: ð11:10Þ

This results in the expression for the dissipation factor in series connection:

tan d ¼ xCXRX ¼ xC4R4 : ð11:11Þ

The resistance and capacitance of the series equivalent circuit can be converted
into the corresponding elements of the parallel equivalent circuit for a given fre-
quency. By equating the complex impedances ZX,p and ZX,s of the two equivalent
circuit diagrams in Fig. 11.2 on the one hand and the two determination equations
for tand according to Eqs. (11.6) and (11.7) on the other hand, the elements of the
parallel equivalent circuit are obtained:

CX;p ¼ CX;s

1þ tan2 d
ð11:12Þ

RX;p ¼ RX;s 1þ 1
1þ tan2 d

� �
: ð11:13Þ

The Schering bridge is used for measurements at frequencies from a few 10 Hz
up to several 100 Hz. The measurement range for CX is usually between 10 pF and
1 lF and for tand between 0.5 and 1 � 10−5. The dissipation factor of compressed
gas capacitors is about 5 � 10−6 (see Sect. 11.5), which should be added to the
measured value to achieve the lowest measurement uncertainty. In the case of a test
object with small capacitance CX, the bridge requires a high measurement voltage u
(t) > 10 kV to achieve the necessary sensitivity of the null indicator. The optimum
bridge balance—and thus the lowest measurement uncertainty—is achieved when
the capacitances of the two high-voltage capacitors are approximately equal, i.e.
CX � CN.

In most cases, the standard capacitor, typically a shielded compressed gas
capacitor, and the capacitor under test are located in the high-voltage test hall and
are connected via coaxial cables to the bridge in the adjacent control and mea-
surement room. The two coaxial cables should be identical in type and length so
that the cable capacitances in both bridge arms are approximately equal. The cable
capacitances are parallel to the bridge points A and B lying at voltages on the order
of several tens of volts. As a result, leakage currents flow to ground and the bridge
balancing is falsified. Also, the stray capacitances of the bridge elements to ground,
inductances and resistances of the supply lines and decade switches of the bridge as
well as electromagnetic interference coupled into the null detector influence the
bridge balance. In some cases, the influence quantities can be taken into account
mathematically by correction terms in bridge balancing (Ref. [6] of Chap. 1). If
partial discharges occur in the test object, these are reproduced on the screen of the
oscillographic null detector as needle pulses superimposed on the Lissajous figure.
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11.3.2 Schering Bridge with Wagner’s Auxiliary Arm

In the case of bridge balancing, the points A and B of the Schering bridge in
Fig. 11.4 are at the same potential but different from zero. Due to the cable
capacitances of the two high-voltage capacitors, but also via the stray capacitances
of the bridge impedances Z3 and Z4, stray currents flow to ground and falsify the
bridge balance. This undesirable effect can be avoided by means of Wagner’s
auxiliary arm [11] (Ref. [4, 6] of Chap. 1). The auxiliary arm consists of the
impedance ZW1, usually a high-voltage capacitor, and the adjustable impedance
ZW2 in the lower part (Fig. 11.5). The connection point E between the impedances
ZW1 and ZW2 is grounded, i.e. the test voltage source must not be grounded and the
lower bridge point is protected by a spark gap. The shielding of the Schering bridge
(here not drawn), the null detector and the coaxial cables are also connected to point
E and thus grounded.

With the switch S, the null detector NI is alternately connected to the bridge
point A of the Schering bridge and the grounded point E of Wagner’s auxiliary arm.
Each time, the two bridges are balanced in magnitude and phase. In general, bal-
ancing of each bridge must be repeated several times. After successful balancing,
both bridge points A and B are at virtual zero potential without being galvanically
connected to ground. Since then there is no driving voltage between the conductors
and shields of the two coaxial cables, no leakage currents can flow through the
cable capacitances to ground. The same applies to the bridge elements connected to
A and B.

CN 
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C4 R4 R3 

u(t) NI 
A B E 

ZW1 

ZW2 

≈ S 

Fig. 11.5 Schering bridge with Wagner’s auxiliary arm consisting of ZW1 and ZW2 (circuit
principle)
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The manual double adjustment of the Schering bridge and the Wagner auxiliary
arm can be tedious and time consuming. Remedy provides an electronic circuit that
replaces Wagner’s auxiliary arm and allows a semi-automated bridge balancing.
Here, the Schering bridge (see Fig. 11.4) is grounded, while the shielded housing
and the shielding of the two coaxial cables are connected to the output of an
operational amplifier. The amplifier operates as an impedance converter with unity
gain and its input is connected to the bridge point B. When manually balancing the
Schering bridge, point B—and thus also point A—is raised to a certain potential
which is then also applied to the shielding via the operational amplifier. The
measuring bridge is thus optimally balanced and since the inner conductors and
shields of the long coaxial cables are at the same potential, there are no leakage
currents. A further improvement results when using double-shielded cables, with
the outer shields grounded (Ref. [6] of Chap. 1).

11.3.3 Measuring Bridge with Current Comparator

The development of very precise current comparators with high permeability core
and electromagnetic shielding has resulted in a new type of high-voltage bridge for
capacitance and dissipation factor measurements. The principle of the current
comparator bridge or transformer ratio bridge is that the currents of the test object
and of the standard capacitor flow in opposite directions through two windings of a
current comparator, and when the bridge is balanced, the magnetic flux in the core is
zero (Fig. 11.6a). The balance for magnitude and phase is indicated by a null
detector, which is connected to a third winding of the same magnetic core. The first
measuring bridges of this type were still balanced manually by setting the bridge
resistance R and the number of turns N1 and N2 [12]. Further developments have
resulted in transformer ratio bridges with additional windings, via which an elec-
tronically generated compensation current is fed into the bridge circuit for balancing
(Fig. 11.6b) [13]. Semi-automatic and finally—due to the use of a microprocessor—
fully automatic capacitance and tandmeasurements are now possible [14–18]. Thus,
continuous monitoring of the insulation of high-voltage capacitors and other
equipment can be carried out for long-term studies.

In addition to the automatic balance option, the bridge circuit with current
comparator offers further advantages over the Schering bridge. First, the sensitivity
of the null detector can be increased by selecting a corresponding number of turns.
Secondly, due to the low-ohmic comparator windings, the bridge points A and B
are at a lower potential, as a result of which the cable capacitances of the test object
and standard capacitor have a negligible influence on the bridge balance.
Furthermore, the low bridge potential enables accurate and automated calibration of
the bridge by feeding well-defined currents into the bridge points A and B (see
Sect. 11.4.1).

In order to be able to measure very large capacitances with correspondingly high
charging currents, the test object CX is connected to the transformer bridge via a
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current transformer, which is designed as an electronically error-compensated
current comparator [19]. In another study, the standard capacitor CN is connected to
the measuring bridge via a precisely calibrated voltage transformer [20]. Therefore,
CN is at a much lower voltage than the test object CX. A possibly present voltage
dependence of CN practically does not occur at this reduced voltage. Alternatively,
CN may be a precise low-voltage standard capacitor. However, the test voltage is
limited to about 300 kV, because inductive instrument transformers are not usually
built for higher voltages.

11.3.4 Digital Capacitance and Tand Measurements

As in many other fields of metrology, digital data acquisition with A/D converter
and computer-aided evaluation has also found its way into capacitance and dissi-
pation factor measurements. Figure 11.7a shows the basic circuit [21, 22]. The
lossy capacitive test object CX and the standard capacitor CN are connected to the
sensor SX or SN on the low voltage side. The capacitive or resistive sensors provide
output signals that are directly or after integration proportional to the AC currents IX
and IN. The two signals are then amplified and digitized with high-resolution A/D
converters. Each sensor is either housed with the associated amplifier and A/D
converter in a battery-powered unit at the base of CX or CN, or is connected
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Fig. 11.6 Basic circuits of the current comparator bridge. a Bridge with manual balancing,
b Bridge with automatic balancing
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potential-free via optical fiber to the electronic circuit on ground potential. After
passing through the digital signal processors DSP, the data of the records are
processed with software on the PC. Signal evaluation takes place with the aid of the
DFT, wherein the fundamental oscillations of the currents IX and IN are evaluated.
The capacitance CX is determined from the amplitude ratio, the loss angle d from
the phase difference of the two currents (Fig. 11.7b). The loss angle d can also be
represented in the phasor diagram (see Fig. 11.1b). The digital measuring system is
also suitable for continuous monitoring of capacitive apparatus.

Note The digital measuring system in Fig. 11.7 is often referred to as a “measuring bridge”.
However, this is not entirely correct, as bridge balancing does not take place and the
independent current measurement arms are vectorially evaluated.

11.4 Calibration and Traceability

The dissipation factor is an important characteristic that can provide valuable
information about the state of the high-voltage insulation after electrical, thermal
and mechanical stress during long-term use. Prerequisite for a correct diagnosis is
the reliable measurement of the dissipation factor, which must be verified by a
traceable calibration of the measuring instrument. This section explains procedures
that can be used to calibrate C and tand measuring instruments, standard capacitors
and dissipation factor standards. As with all other quantities, the question of

(a) (b)

Fig. 11.7 Digital measuring system for capacitance and dissipation factor. a Principle of the
measuring system, b Loss angle d of the test object CX
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traceability of loss factor measurements to national and international units of
measurement also arises here. International comparability and recognition of
measurement results is demonstrated by comparison measurements on transfer
standards.

11.4.1 Calibration of C-Tand Measuring Instruments

The achievable uncertainty in the measurement of capacitance and dissipation
factor depends on a variety of factors. These include the type, measuring sensitivity
and shielding of the measuring instrument, the deviations of the bridge balancing
elements from their nominal values, the standard capacitor and the type and
capacitance of the test object itself. The previous manual calibration of a Schering
bridge by measuring the numerous internal decade resistances and capacitances is
extensive and time-consuming. Selective checks of the balanced bridge can be
carried out with known loss factor standards as test object CX. The results of
comparison measurements in European laboratories show that Schering bridges and
other measuring devices, such as current comparator bridges, do not differ signif-
icantly in their C and tand values measured on a 100 kV transfer capacitor with
artificially enlarged losses, provided the test voltage exceeds 30 kV (see
Sect. 11.4.2).

In another accurate calibration method, two calibration currents IX and IN are fed
directly into the bridge arms, with the bridge connected to neither of the two
high-voltage capacitors. The calibration currents are exactly generated in terms of
magnitude and phase by means of transformers and inductive dividers from the
low-voltage network. IX and IN thus simulate the currents flowing through the
capacitive test object CX and the standard capacitor CN. The working principle of
such a calibration device is comparable to that of a computer-controlled measuring
system with which the correctness of test sets for current transformers is verified
[23]. If, for given values of IX and IN, the calibrated bridge appears balanced, the
errors of the indicated C and tand values can be calculated from the magnitudes and
phase angles of the injected calibration currents. The tabulated bridge errors are
then used as corrections to obtain accurate C and tand values. This calibration
procedure is particularly suitable for electronic bridge circuits with current com-
parator (see Sect. 11.3.3), but also for measuring instruments with vector evaluation
(see Sect. 11.3.4). Calibration can then be performed fully automatically, including
the printout of the report. Since the comparator windings and the sensors into which
the calibration currents are fed are low-ohmic and thus at low potential, stray
capacitances to ground have practically no influence.

A further improved calibration method for all types of bridges and other devices
for measuring capacitance and dissipation factor is presented in [24]. The sinusoidal
calibration currents IN and IX to be fed into the measuring bridge 1 are generated by
means of a digital two-channel AC voltage source with D/A converters 2 in con-
junction with the precision resistors 3 according to the equations (Fig. 11.8):
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IN ¼ U1

R1
and IX ¼ U2

R2
: ð11:14Þ

The currents generate across the resistors R1 and R2 two potential-free voltages
which are applied to the channel switch 5 via the buffer amplifiers 4. For each
m periods, the two sinusoidal voltages are alternately switched to the precision
digital voltmeter DVM, which operates in the sampling mode and digitizes the
sinusoidal voltages. The periods immediately before and after the switching points
are not taken into account during sampling. The DVM controls the channel
switching and also takes over the triggering and control of the two D/A converters,
which are thus clocked in exact synchronous operation. The currents, voltages and
impedances occurring in the calibration circuit can be expressed as complex
quantities in equations with which the capacitance and dissipation factor of the test
object are calculated. The evaluation of the measured data and the control of the
DVM is done with software on the PC.

In general, the C and tand values displayed by the tested bridge differ more or
less from those predefined by the calibration device. The differences can be saved
and used as corrections for the future use of the bridge. By using high-resolution
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Fig. 11.8 Calibration device for analog and digital C-tand measuring systems. 1 C-tand
measuring system as test object, 2 two-channel AC voltage source with D/A converter, 3 precision
resistors R1 and R2, 4 buffer amplifiers (fourfold), 5 channel switch
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D/A converters, precise resistors, a very accurate digital voltmeter and other
accurate circuit elements, extremely low uncertainties of measurement can be
achieved. These are 1 � 10−6 (relative) for the capacitance and (1–3) � 10−6

(absolute) for the dissipation factor in the calibration of transformer ratio bridges,
digital measuring bridges or other measuring devices that require only small input
voltages at measurement frequencies of up to 100 Hz.

Another application of the two-channel AC voltage source with D/A converters
is accurate impedance measurement [25]. Here, the capacitance and dissipation
factor of capacitors are determined by comparison with the resistance and time
constant of a bifilar wound 200 X wire resistor. Because of the low output voltages
of the D/A converters, the method is particularly suitable for large capacitances and
high frequencies. As an example, the dissipation factor of a 1 lF mica capacitor
was determined to be tand = 62.1 � 10−6 at a frequency of 2p kHz = 6.283 kHz.
The detailed consideration of all influence quantities leads to a measurement
uncertainty of 2 � 10−6 (k = 1). At a reduced measurement frequency, such as
50 Hz, capacitors with even larger capacitances can be measured with similar low
uncertainty.

11.4.2 Conventional Dissipation Factor Standards

The accuracy of capacitance and dissipation factor measurements depends on the
quality of both the standard capacitor CN and the measuring bridge. The best
low-voltage standard capacitors with 10 pF and 100 pF have a quartz or nitrogen
insulation whose dissipation factors are in the range of (2–4) � 10−6. The Schering
and Vieweg compressed-gas capacitors (see Sect. 11.5), which are used as CN at
high voltages of up to 1.5 MV, have about twice the dissipation factor. In the case
of high accuracy requirements, in particular when measuring other high-voltage
standard capacitors, this dissipation factor must be added to the measured tand
value of the test object. To check individual tand values obtained from a balanced
high-voltage bridge, compressed-gas capacitors with series-connected resistors are
suitable. However, the dissipation factor of the shielded series circuit cannot simply
be calculated using Eq. (11.7), but only taking into account the stray capacitances.

Figure 11.9 shows the simple equivalent circuit diagram of a dissipation factor
standard consisting of a shielded capacitor with the main capacitance C in series
with a resistor R [26]. Due to the shielding, there are defined stray capacitances of
C and R against the grounded housing. They are labeled C14, C34 and C24, with C24

resulting from the parallel connection of C0
24 and C00

24. The T-network consisting of
C, R and C24 and the other stray capacitances C14 and C34 are transformed into an
equivalent p-network of the dissipation factor standard. The effective capacitance
C13 between the input and output terminals 1 and 3 is calculated from the complex
admittances as:
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C13 ¼ C
1þ tan2 d

ð11:15Þ

and the dissipation factor of the standard as:

tan d ¼ x CþC24ð ÞR : ð11:16Þ

The effective capacitance C13 according to Eq. (11.15) is lower than the
capacitance C actually installed in the dissipation factor standard. In the case
tand < 10−3, however, this difference is negligible due to the quadratic contribution
tan2d. According to Eq. (11.16) for calculating tand, the capacitance is increased by
the stray capacitance C24 compared to Eq. (11.7) for the simple series equivalent
circuit (see Fig. 11.2b). The other stray capacitances C14 and C34 have no influence
on the effective capacitance and the dissipation factor.

The theoretical results on the dissipation factor standard in [26] were experi-
mentally verified for a gas-filled 1000 pF standard capacitor with nine pluggable
resistor boxes connected in series. The dissipation factors at 60 Hz, calculated
according to Eq. (11.16), ranged from 5 � 10−6 (for R = 0) to 1 � 10−2 (for
R = 25671 X). For the measurements, the precision bridge presented in [27] was
used. The resulting stray capacitance taken for the calculation in Eq. (11.16) was
measured to be C24 = 40 pF. The measured tand values, which were each deter-
mined as the mean of ten individual measurements, were slightly smaller than the
corresponding calculated values. For dissipation factors below 2 � 10−4, the
uncertainty of measurement (k = 2) is less than 2 � 10−4 (absolute value). Due to
the small differences between the corresponding measured and calculated values,

Fig. 11.9 Simple equivalent
circuit diagram of a shielded
dissipation factor standard for
the calibration of C-tand
measuring systems.
C standard capacitor without
losses, R series resistor,
C14, C0

24;C
00
24, C34 stray

capacitances to ground
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the equivalent circuit diagram of the dissipation factor standard shown in Fig. 11.9
is thus fully confirmed.

At high voltages, compressed gas capacitors according to Schering and Vieweg
with capacitances between 10 pF and 200 pF are generally used as C and tand
standards. To find out the measurement capability in Europe, capacitance and dis-
sipation factor measurements up to 100 kV were performed in a European com-
parison with four metrology institutes and three test laboratories [28]. The transfer
standard sent to the laboratories was an SF6-insulated, 120 kV compressed gas
capacitor with 100 pF plus two shielded resistors of 250 and 20 kX. The resistors
were intended to increase the dissipation factor by connecting them in series to the
capacitor at its low-voltage output. In the pilot laboratory, the dissipation factor of
the transfer capacitor without additional series resistor was measured to be tand =
6.2 � 10−6 and the stray capacitance to C24 � 145 pF, using a low-voltage bridge.
The stray capacitance was thus greater than the rated main capacitance C = 100 pF.
In the participating laboratories, the C and tand values of the transfer standard were
measured at different temperatures, gas pressures, etc. The values of all participants
were related to uniform test conditions and then combined for each of the C or tand
measurement into a common mean. There was a significant deviation of up to 20%
between the mean tand values and the corresponding values calculated according to
Eq. (11.16), the cause of which could not be explained.

11.4.3 Cryogenic Dissipation Factor Standard

The basis of every measurement is the proof that the measurand is traceable directly
or indirectly with low uncertainty to the units defined in the SI system. The following
example illustrates the theoretical and experimental fundamentals to achieve trace-
ability of the dissipation factor to calorimetric quantities. In the investigation, the
dissipation factor of a 45 µm thick mica capacitor was determined with an elaborate
calorimetric method at 4.2 K in the He cryostat [29]. The vapor deposited Pb
electrodes and the Pb coated supply lines made of nylon filaments are supercon-
ducting at He temperature and therefore lossless. The advantage of the low tem-
perature is further that mica has a very low specific heat capacity and therefore has
significant heating when an AC voltage is applied. The measurement principle is that
the temperature rise of the mica capacitor due to an applied AC voltage is compared
with the temperature rise resulting from the electrical heating by a DC voltage.

The dielectric power loss Pw of the mica capacitor is given by Eq. (11.2):

Pw ¼ Pb tan d ¼ U2xC tan d: ð11:17Þ
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If the AC voltage is applied for the duration Dt1, the temperature of the lossy
mica capacitor increases by DT1. On the other hand, if the capacitor is supplied with
a DC heating power I2R for the duration Dt2, it heats up by DT2. With an identical
temperature increase DT = DT1 = DT2, the dissipation factor of the mica capacitor
is calculated as follows:

tan d ¼ I2R
U2xC

Dt2
Dt1

: ð11:18Þ

In the experiment, at a temperature of 4.2 K and an applied AC voltage
U = 30 V of the angular frequency x = 104 s−1, the dissipation factor of the mica
capacitor was determined to be tand = 2.23 � 10−6 with very low measurement
uncertainty. Subsequently, the cryogenic dissipation factor standard was connected
to a high-precision bridge at room temperature and several 10 pF and 100 pF
low-voltage capacitors were calibrated at frequencies between 53 Hz and 10 kHz.

The dissipation factor of these capacitors, which are subsequently used as ref-
erence standards, is thus traceable to the SI units. However, the measurement
uncertainty is significantly increased by additional losses of the supply lines from
the cryostat to the measuring bridge at room temperature [30, 31]. The uncertainty
of the dissipation factor is further increased with decreasing frequency. For
example, the uncertainty of tand that can be achieved with low-voltage measure-
ments at 50 Hz is estimated to be 4.3 � 10−6 (absolute value, k = 1). This rather
large uncertainty is considered unsatisfactory and will be further increased in the
calibration of high voltage capacitors.

11.5 Compressed Gas Capacitors

Compressed gas capacitors of the Schering and Vieweg type with capacitances of
typically no more than 100 pF and rated voltages of up to 1.5 MV are often used for
accurate measurements in several fields. In contrast to other high-voltage capacitors,
compressed gas capacitors are largely shielded by the coaxial arrangement of their
cylindrical electrodes and thus protected against electromagnetic interference.
Because of other good properties, such as stable capacitance and small dissipation
factor, they are mainly used for accurate measurements of AC voltages and as
standard capacitors in bridge circuits for capacitance and dissipation factor mea-
surements. The insulating gas used today is mostly SF6, formerly also N2 or CO2.
Another type of gas-insulated capacitors has stacked plate electrodes housed in a
metal container. They have larger capacitances of up to several nanofarads and also
very small dissipation factors. However, the rated voltages are only in the range of
(1–30) kV. Gas-insulated capacitors of the parallel-plate type are not dealt with here.
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11.5.1 Constructions

Schering and Vieweg compressed gas capacitors have two or more concentric
electrodes housed in a gas-filled insulating cylinder [32–34]. In the usual
arrangement with two cylinder electrodes for voltages up to a maximum of
1500 kV, the high-voltage electrode 1 is arranged concentrically around the mea-
suring electrode 2, which is mounted in isolation on the grounded metal tube 3
(Fig. 11.10a). The high-voltage plate electrode 1 is held by a stable insulating
cylinder 4, which is covered gas-tight at the top and bottom with metal plate
electrodes. The insulating cylinder 4 may be made of laminated paper, glass fiber
reinforced epoxy resin or polymethylmethacrylate (PMMA, acrylic glass, Perspex,
Plexiglas). The surfaces of the electrodes, which are usually made of brass, are
polished and often provided with a chrome or nickel layer. This helps to avoid
damage to the electrode surfaces by partial discharges, which can occasionally
occur during conditioning of the capacitor after filling with not quite pure insulating
gas. The connecting line from the measurement electrode 2 to the output socket 5 is
shielded by the metal tube 3. Normally, a pressure gauge is installed at the bottom
of the capacitor to check the pressure of the insulating gas.

In another embodiment, the measuring electrode 2 is divided into two or more
sections. While the larger section is used for capacitance and dissipation factor

1 

2 

3 

4 

5 

1 
2 

3 

4 

5 

(a) (b)

Fig. 11.10 Construction of compressed gas capacitors of the Schering and Vieweg type.
a Arrangement with two cylinder electrodes b Arrangement with three cylinder electrodes, 1
high-voltage electrode, 2 low-voltage electrode, 3 metal tube, 4 insulating cylinder, 5 output socket
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measurements, the other sections are available for voltage measurements or serve as
guard ring electrodes to avoid edge effects and the influence of extraneous fields.
Figure 11.10b shows a compressed gas capacitor with two high-voltage electrodes
1, between which the measurement electrode 2 is located. The advantage of this
arrangement is in the larger capacitance compared to a capacitor of the same sized
in the construction according to Fig. 11.10a.

In both arrangements of Fig. 11.10, the low voltage electrode 2 is mounted on a
long metal tube 3. It therefore takes some effort to position the cylinder electrodes
concentrically. In the case of an eccentric electrode arrangement, the capacitance is
voltage-dependent since the electrostatic attraction forces increase the eccentricity
and thus the capacitance (see Sect. 11.5.5). In addition, this arrangement represents
an oscillatory pendulum, which can lead to resonance and thus to changes in
capacitance and dissipation factor (see Sect. 11.5.6.2).

In another type of capacitor, the low-voltage and high-voltage electrodes are
located in a gas insulated metal vessel provided with a bushing for the high-voltage
electrode. The significantly shorter support tube for the low-voltage electrode
results in improved mechanical stability and thus in reduced voltage dependence
[35].

11.5.2 Influence of Gas Pressure

Compressed gas capacitors are mainly filled with SF6 at a pressure of (2–5) bar.
SF6 has the advantage of higher dielectric strength and inception voltage of partial
discharges compared to other insulating gases. Previously used insulating gases
were CO2, N2 or dry air with significantly higher pressure of up to 15 bar. The
relative permittivity er of the insulating gases differs only slightly from one. At
1 bar and 20 °C, the values are er = 1.00205 for SF6, 1.00095 for CO2 and 1.00053
for N2 [36]. The relative permittivity depends on the gas density, i.e. the gas
pressure p and the temperature T according to (Ref. [4] of Chap. 1):

er ¼ 1þ a
273
100

p
T

ð11:19Þ

with p in kPa and T in K. The numerical value a for the gas in question can be
calculated from Eq. (11.19) with the above-mentioned relative permittivity.

The pressure dependence of the compressed gas capacitor is given by:

C pð Þ ¼ C0 1þ a � Dpð Þ ; ð11:20Þ

where C0 is the capacitance specified for the operation pressure p0 and Dp is the
pressure other than p0. By measuring the capacitance at different gas pressures, the
coefficient a can be determined experimentally. The experimental a values may
deviate from the theoretical values given above. The 10 to 20% higher experimental
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values mentioned in [34, 37] suggest that the examined gases were contaminated,
e.g. by moisture with er � 80.

The internal gas pressure is usually indicated by a small mechanical pressure
gauge with pointer instrument installed at the bottom of the capacitor. However,
such a gauge does not allow a sufficiently accurate pressure reading for precision
capacitance measurements. The use of a calibrated electronic pressure transducer
with sufficiently high sensitivity of 0.1 kPa is reported in [28]. However, the
transducer used had a positive drift, so that an approximately equal pressure loss in
the capacitor due to a leak could not be detected in time.

Pressure changes caused solely by temperature changes do not affect the
capacitance, i.e. the capacitance is corrected only according its temperature coef-
ficient. The reason is that the number of gas molecules—or the gas density—
present in a gas-filled container remains constant during a temperature change.
Although the volume of the gas container may increase slightly when the internal
pressure is increased with temperature, the gas density can be assumed to be
constant in a first approximation. The very limited influence on capacitance is a few
parts per million [33]. The temperature dependence of the capacitance of com-
pressed gas capacitors is mainly caused by the change in the dimensions of the
electrodes and their supports (see Sect. 11.5.3).

11.5.3 Temperature Dependence

In high-voltage test halls, temperature gradients of usually more than 0.2 K/m and
temporal changes of ±1 K must be expected during a working day. The required
height of compressed gas capacitors is up to several meters, depending on the rated
voltage. The temperature coefficient for the capacitance of compressed gas capac-
itors according to Fig. 11.10 is typically in the range of (2–3) � 10−5 K−1. For
accurate capacitance measurements, it is recommended to use a low-voltage bridge
that is more accurate and easier to use than a high-voltage bridge. For temperature
measurement, one or two specific locations for the installation of temperature
sensors on the capacitor are to be selected. Whether the temperature sensor is to be
attached to the bottom or top of the compressed gas capacitor or to both should be
determined by orientation measurements. Furthermore, it should be noted that the
stationary state is reached only after more than ten hours after a previous change in
the air temperature. Instead of correcting the capacitance according to the tem-
perature measurement, it is more accurate to directly determine the capacitance
before and after a measurement period using a low-voltage bridge. This check can
also help to detect a possible change in capacitance due to a gas leak.

The insulating gas has only minor influence on the temperature dependence of
the capacitance. As mentioned above, the insulating cylinder expands with
increasing temperature, resulting in a small decrease in the density of the gas
molecules. The main cause of the temperature influence is the different thermal
expansion of the metal electrodes and the outer insulating cylinder. Here, several
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parts can be distinguished [33, 34, 38]. The main part comes from the elongation of
the low-voltage electrode 2 with increasing temperature, which causes an increase
in capacitance (see Fig. 11.10). The second part is due to the different elongation of
the metal tube 3 and the insulating cylinder 5. Depending on which elongation
prevails, the distance between the hemispherical or dome-shaped head of the
low-voltage electrode 2 and the plate electrode above becomes larger or smaller,
and the partial capacitance changes accordingly. As the temperature rises, the head
of the low voltage electrode 2 expands and increases the partial capacitance to the
plate above. By selecting materials with suitable temperature coefficients, the
temperature effect can be partially compensated and the capacitance change limited.

Another situation occurs when there is a sudden temperature change, e.g. when
cold or warm air enters the high-voltage test hall through a temporarily opened hall
door. When the air flow hits the compressed gas capacitor on one side, the insu-
lating cylinder 4 slightly bends. As a result, the high-voltage electrode changes its
position relative to the low-voltage electrode and a transient capacitance change
occurs. The stationary state will only be reached after several hours. In order to
avoid or at least reduce this effect, the capacitor may be surrounded by isolating
hard-foam boards.

11.5.4 Eccentricity and Capacitance

The capacitance C of a concentric electrode arrangement compressed gas capacitor
(as well as that of a coaxial cable) with the length l, the inner radius r1 of the outer
cylinder and the outer radius r2 of the inner cylinder is (Ref. [2] of Chap. 9) [35]:

C ¼ 2pel
ln r1=r2ð Þ : ð11:21Þ

The prerequisite for this is that no edge effects occur at the ends of the ideal
cylinder capacitor. Such edge effects can be largely avoided by two guard ring
electrodes. Compared with an eccentric arrangement, the ideal concentric electrode
arrangement is characterized in that the capacitance has a minimum and is not
voltage-dependent.

The capacitance of cylinder electrodes, whose axes are offset by the eccentricity
e, as shown in Fig. 11.11, is given by [35]:

C ¼ 2pel

ln yþ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 � 1

p� � ð11:22Þ

with:
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y ¼ r21 þ r22 � e2

2r1r2
; y[ 1: ð11:23Þ

Extensive investigations on older compressed gas capacitors with rated voltages
between 100 and 800 kV show that the eccentricity of the electrodes can be up to
5 mm.

A simple measurement procedure gives an orienting impression of the eccen-
tricity of the low-voltage electrode, the rigidity of the support tube and the voltage
dependence of the capacitance [28]. For this purpose, the compressed gas capacitor
is placed horizontally on the ground so that the low-voltage electrode supported by
the metal tube tilts down due to gravity. The horizontal compressed gas capacitor is
then rotated about its axis by hand and the capacitance is measured as a function of
the angle of rotation b with a low-voltage bridge. Figure 11.12 shows the relative
change in capacitance versus the angle of rotation b for two compressed gas
capacitors with small eccentricity (curve 1) or large eccentricity (curve 2) of the

e0 

r1 

r2 

1 

2 
3 

Fig. 11.11 Cross section
through a cylindrical
compressed gas capacitor
with eccentric low-voltage
electrode (principle). 1
high-voltage electrode with
inner radius r1, 2 low-voltage
electrode with outer radius r2,
3 position of deflected
low-voltage electrode

Fig. 11.12 Relative change
in the capacitance of
horizontal compressed gas
capacitors with the angle of
rotation b. C0: Capacitance of
the capacitor in the vertical
position, 1 low eccentricity, 2
large eccentricity, 3 center
line of 1 and 2
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low-voltage electrode. Both capacitors tested were of the same type (100 pF,
120 kV) as shown in Fig. 11.10b. Curve 3 in Fig. 11.12 represents the center line
of the two sinusoidal curves 1 and 2. The capacitance change DC(b) refers to the
capacitance C0 of the capacitor in the normal vertical position. In the ideal case of a
precisely concentric electrode arrangement, the inclination of the low-voltage
electrode due to gravity would be the same for each angle of rotation and the
capacitance independent of the angle of rotation, comparable to curve 3.

Capacitance curves similar to the sinusoidal curves shown in Fig. 11.12 are
obtained when the compressed gas capacitor is in the usual vertical position and
rotated around its axis and a constant force acts laterally on the top of the capacitor.
As a result, the insulating cylinder bends and the high voltage electrode attached
thereto changes its position. If the force acts exactly in the direction of the
eccentricity so that it decreases, the capacitance becomes minimal. The capacitance
is again preferably measured at low voltage. Knowing the direction of the eccen-
tricity can be successfully exploited in high-voltage measurements. In order to
eliminate or reduce the eccentricity and thus the voltage dependence, the capacitor
is tilted accordingly, so that the low-voltage electrode is centered by gravity
[33, 37].

11.5.5 Voltage Dependence

The capacitance of a compressed gas capacitor is voltage-dependent, if the cylin-
drical electrodes 1 and 2 in Fig. 11.10 are not exactly concentric [39]. When a high
voltage is applied, electrostatic forces act on the electrodes. In an eccentric
arrangement, the low-voltage electrode attached to the long support tube is
deflected so that the eccentricity increases. The result is an increase in capacitance.
As the voltage increases, the electrostatic forces of attraction and hence the
eccentricity and capacitance continue to increase. Relative capacitance changes of
up to 200 � 10−6 have been reported in the literature. In addition to the enlarged
eccentricity, there is an inclination of the low-voltage electrode, the influence of
which will be considered below.

Note Even with concentric arrangement of high and low voltage electrodes, the capacitance
is not completely independent of the applied voltage. Slight voltage dependence cannot be
excluded due to the attractive forces between the two cylinder electrodes, whereby their
distance is minimally reduced and thus the capacitance increased. In the electrode
arrangement in Fig. 11.10a, there is even a minimal increase in the partial capacitance
between the top of the low-voltage electrode and the high-voltage plate electrode above.

Due to the force acting on the cylinder electrodes, the eccentricity increases by
De and thus the capacitance by DC. In [35], the electrostatic attraction force is
compared with the mechanical force DF which must be exerted on the low-voltage
electrode in the direction of eccentricity in order to achieve an equal increase in
De and DC. Here, it is assumed that electrostatic and mechanical forces cause
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comparable deflections of the low-voltage electrode. With Eq. (11.22), the calcu-
lation gives the following expression for the increase of eccentricity as a function of
the applied voltage U:

De ¼ U2

2
DC
DF

: ð11:24Þ

According to Eq. (11.24), the eccentricity increases with the square of the
applied voltage. With the capacitor open, the initial eccentricity e0 as well as the
increase in capacitance DC with the mechanical force DF are experimentally
determined. With the quotient DC/DF being known, Eq. (11.24) allows the cal-
culation of De. Since e = e0 + De, the corresponding capacitance C can be deter-
mined for each given voltage U according to Eqs. (11.22) and (11.23).

In most studies on the voltage dependence, the electrodes are assumed to remain
exactly parallel to each other. In fact, however, the low-voltage electrode mounted
on the support tube makes a small pivotal movement under the effect of the force of
attraction. The consideration of this pivotal movement yields an equation for
determining the relative change in capacitance, which in addition to the known
quadratic term of the voltage also contains a U4 term [40]. The aim of the inves-
tigations was also to extrapolate the capacitance change DC/C0 = f(U) measured at
a defined voltage to higher voltages by calculation. However, the equation with the
U4 term applied to various compressed gas capacitors did not always reach the
target, i.e. the calculated and measured values did not correspond to each other. In
studies of other authors, there is also no indication that the voltage dependence
deviates from the quadratic one.

In most investigations on the voltage dependence of compressed gas capacitors,
the deflection of the low-voltage electrode and the measurement of the capacitance
were carried out with the same AC voltage at power frequency. In [41], the
capacitance is measured at 190 Hz low voltage while the electrode deflection is
done at 50 Hz high voltage. The main problem with this method is the realization of
a filter with steep flanks that eliminates the influence of the 50 Hz component and
its harmonics on the measurement. Another way is described in [42], in which the
electrode is deflected at high DC voltage and the capacitance is measured at 50 Hz.
Here, the problem lies in the separation of the high DC voltage from the measuring
circuit.

Proven means for reducing the voltage dependence of compressed gas capacitors
is the overhaul and readjustment of the electrodes [28, 34]. As an example,
Fig. 11.13 shows the voltage-dependent capacitance of a 120 kV compressed gas
capacitor in the three-electrode arrangement of Fig. 11.10b. The behavior of this
capacitor during the horizontal rotation test is characterized by curve 2 in
Fig. 11.12. In the original state of the capacitor, the relative capacitance increase is
DC/C0 = 63 � 10−6 at 100 kV (curve 1 in Fig. 11.13), where C0 is the capacitance
measured at low voltage. After a simple readjustment of the electrodes in the open
capacitor, the capacitance increase is less than half that (curve 2). After extensive
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smoothing of the electrode surfaces, application of nickel layers and careful read-
justment, the relative capacitance increase is only 3 � 10−6 at 100 kV (curve 3).

In the typical linearity test, the compressed gas capacitor is compared in a bridge
circuit with a standard capacitor, usually also a compressed gas capacitor (see
Sect. 11.3). In this case, the standard capacitor should have a much higher rated
voltage, so that its capacitance can be considered constant in the voltage range
under test.

11.5.6 Mechanical Natural Oscillation, Electrical
Resonance

The low-voltage electrode with support tube in a compressed gas capacitor repre-
sents an oscillatory system. When a mechanical impulse is applied to the top of the
compressed gas capacitor, the impact is passed on to the low-voltage electrode,
which is thereby excited to a damped oscillation with the mechanical natural
frequency (eigenfrequency) f0. The high-voltage electrode remains almost stationary
due to the much greater rigidity of the outer insulating cylinder. From typical
oscillograms of the current through the compressed gas capacitor during excitation,
important data such as the natural frequency, the eccentricity of the electrode
arrangement and the voltage dependence of the capacitance can be derived.
Basically, the natural frequency decreases with increasing height of the compressed
gas capacitor because of the increasing length of the support tube and the larger
mass of the low-voltage electrode. The natural frequency is to be distinguished from
the frequency of an AC voltage at which the low-voltage electrode resonates due to
the electrostatic force. In the vicinity of the resonance frequency corresponding to
half the natural frequency, a significant change of the capacitance and the loss factor
can be observed.

Note Similar investigations have also been made on the oscillation behavior of
gas-insulated standard capacitors with stacked plate electrodes [43]. The tested plate
capacitors with rated voltages of up to 1.4 kV also showed mechanical natural frequencies

Fig. 11.13 Relative
capacitance change DC/C0 of
a compressed gas capacitor
(120 kV, 100 pF) as a
function of the applied
voltage U. 1 original state of
the capacitor, 2 after
readjustment of the
electrodes, 3 after thorough
overhaul of the electrodes and
readjustment
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that are several times the power frequency of 50 or 60 Hz. Changes in capacitance and
dissipation factor due to resonance again occur near half the natural frequency.

11.5.6.1 Mechanical Natural Oscillation

The oscillation of the low-voltage electrode due to a mechanical impulse acting on
the top of a compressed gas capacitor (see Fig. 11.10a), is theoretically and
experimentally investigated in [44, 45]. The capacitance C of the cylinder electrode
having the initial static eccentricity e0 is approximately given by the equation:

C ¼ Cc 1þ b e20
� �

: ð11:25Þ

Here, Cc is the capacitance of the concentric electrode arrangement according to
Eq. (11.21) and b is a constant that depends on the radii r1 and r2 of the cylindrical
electrodes:

b ¼ 1
ðr21 � r22Þ � lnðr1=r2Þ

: ð11:26Þ

The natural oscillation, which is excited by the mechanical impulse in the
direction of the eccentricity, can be represented as a time-dependent deflection e
(t) of the low-voltage electrode:

eðtÞ ¼ e0 � êm sinx0t ; ð11:27Þ

which consists of the initial eccentricity e0 and a superimposed sine oscillation with
the amplitude êm and the angular frequency x0 = 2pf0. For the sake of simplicity,
the oscillation having the natural frequency f0 is assumed to be undamped. The
oscillating low-voltage electrode causes a characteristic oscillation of the capaci-
tance C(t). From Eq. (11.25), where e0 is formally replaced by e(t) according to
Eq. (11.27), we obtain:

CðtÞ ¼ Cc 1þ b e0 � êm sinx0tð Þ2
h i

: ð11:28Þ

The natural oscillation of the low-voltage electrode can be recorded and eval-
uated using a simple method, called kinetic method by the author [44, 45]. In this
method, the capacitor is charged by a DC voltage U of several kilovolts and then
excited by a mechanical impulse. The current i(t) flowing through the capacitor is
given by:

iðtÞ ¼ U
dCðtÞ
dt

¼ UCce
2
0bx0

êm
e0

� �2

sin 2x0t � 2
êm
e0

� �
cosx0t

" #
: ð11:29Þ
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According to Eq. (11.29), i(t) generally consists of two oscillatory components
that have single and double natural frequencies and whose amplitudes depend on
the ratio êm/e0. Three cases can be distinguished. In the ideal case of concentric
cylinder electrodes with e0 = 0, the second term in the square brackets of
Eq. (11.29) is zero. This means that the capacitance—and thus the capacitor current
—oscillates with 2f0, i.e. with twice the natural frequency. For e0 � em, on the
other hand, the first term in the square brackets of Eq. (11.29) is negligible, and C

Fig. 11.14 Records of the current i(t) through different compressed gas capacitors with different
initial eccentricity after excitation by a mechanical impulse [44, Fig. 11.5], above: e0 < êm (50 pF,
500 kV) middle: e0 > êm (68 pF, 800 kV) below: e0 � êm (50 pF, 500 kV)
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(t) as well as i(t) oscillate with the simple natural frequency f0. For all other values
of êm/e0, there is a superposition of oscillations with single or double natural
frequency.

The theoretical results were confirmed by measurements on two 500 kV and one
800 kV compressed gas capacitors [44, 45]. Typical values of the measured natural
frequency ranged from f0 = 52 Hz for a 120 kV capacitor of 50 pF down to
f0 = 8 Hz for an 800 kV capacitor of 68 pF. Figure 11.14 shows examples of the
recorded current i(t) of the capacitors after being excited by a mechanical impulse.
In the upper oscillogram showing the oscillation of the current through a 500 kV
capacitor, the two frequency components with f0 and 2f0 are clearly visible. The
oscillogram in the middle of Fig. 11.14 shows the oscillating current through an
800 kV capacitor, whereby the 2f0 frequency component is only weakly visible. In
the lowest oscillogram of Fig. 11.14, the current through another 500 kV capacitor
oscillates practically only with the f0 component. From the recorded currents i(t) in
Fig. 11.14, the initial eccentricity e0 of each compressed gas capacitor can be
determined with the values of the current at xt = 0 and xt = p/4 [45]. For example,
the eccentricity of the one 500 kV capacitor, calculated from the current in the
upper part of Fig. 11.14, is e0 = 4.3 mm. This eccentricity—and thus the voltage
dependence of the capacitance—was thus much larger than that of the other two
capacitors investigated.

11.5.6.2 Electrical Resonance

The deflection of the eccentrically arranged low-voltage electrode of a compressed
gas capacitor due to the electrostatic force effect of a high AC voltage is described
in detail in [46]. For a simple mechanical-electrical model of the compressed gas
capacitor, taking into account the electrode mass, damping constant and spring
stiffness, a two-dimensional differential equation can be established from the bal-
ance of forces. Its solution provides a determination equation for the
time-dependent electrode deflection e(t). From this, further equations describing the
voltage and frequency dependence of the capacitance and the dissipation factor can
be derived. The calculations are supplemented by extensive experimental
investigations.

As an example, Fig. 11.15 shows the measured changes in capacitance C and
dissipation factor tand of a 120 kV compressed gas capacitor as a function of the
frequency f of an applied AC voltage at 100 kV. Near half the mechanical natural
frequency, i.e. at f = f0/2 = 18.7 Hz, the capacitance C and the dissipation factor
tand show a pronounced resonance behavior. The strong increase of tand results
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from the fact that the oscillation takes energy from the electric field. Measurements
on other compressed gas capacitors sometimes show a second or even third minor
discontinuity of C and tand in the vicinity of the main resonance.

In summary, it can be stated that the investigated nine compressed gas capacitors
with rated voltages of 100–800 kV have electrical resonance frequencies between
26 and 4 Hz, which are thus well below the usual power frequencies of 50–60 Hz.
Whether a compressed gas capacitor can be used for measurements at lower fre-
quencies, e.g. at the operating frequency of 16.7 Hz of the German railway system,
must be checked individually.

Fig. 11.15 Resonance
behavior of a compressed gas
capacitor (100 pF, 120 kV)
[45, Fig. 11.7a]. Above:
relative change in capacitance
C, Below: relative change in
tand
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Chapter 12
Basics of Partial Discharge
Measurement

Abstract Partial discharge (PD) denotes a small, localized electrical discharge in the
insulation between conductors, occurring when the local electric field strength exceeds
a critical value. Prolonged exposure to partial discharges is known to degrade the
dielectric behavior of the insulation and may even lead to complete breakdown. PD
testing of high-voltage equipment and electrical apparatus is one of the most important
and difficult tasks in high-voltage testing. This chapter describes the measuring
instruments, the calibration methods and the test circuits for measuring the so-called
apparent charge. For most apparatus, special PD measurement methods with com-
puterized data processing have been developed, which are constantly being improved.
Key words are on-site PD measurements after installation of the equipment, local-
ization of single or multiple PD sources in spatially extended apparatus, synchronous
multichannel PD measurement, VHF and UHF PD measurement techniques, perma-
nent PD online monitoring and interference suppression methods. Partial discharges
are associated with electromagnetic, acoustic, optical and chemical effects, which are
also exploited for their detection and diagnosis, in particular in complex apparatus such
as three-phase power transformers and gas-insulated switchgear (GIS). The PD
measurement techniques at DC and impulse voltages are briefly discussed.

Partial discharge (PD) denotes a small, localized electrical discharge in the insulation
between conductors. PD occurs when the local electric field strength of an insulation
arrangement exceeds the critical value for impact ionization and an initial electron is
present. Such local discharge is also referred to as incomplete breakdown, since initially
the strength of the insulation as a whole remains unaffected. Distinction is made
between internal discharges, external discharges and surface discharges. Particularly
dangerous are partial dischargeswithin the insulation, as these often remain undetected.
Prolonged exposure to partial discharges deteriorates the dielectric behavior of the
insulation and may even lead to complete breakdown. External partial discharges, also
called corona, occur in air or other gases around metal conductors or electrodes with
small radii of curvature, e.g. around power transmission lines. Surface discharges
appear in arrangements with tangential field distribution along the boundary of two
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different insulation materials. A typical example is the shielded high-voltage cable,
whose shield is removed at the cable end.

Internal partial discharges and the measurement technology have become more and
more important since the second half of the 20th century, when plastic insulation
increasingly replaced porcelain and glass in high-voltage engineering. Nowadays, PD
testing of high-voltage equipment and electrical apparatus is one of the most important
and difficult tasks in high-voltage testing technique. Internal partial discharges are
usually not directly accessible for measurements. Measurable are only the pulses
occurring as a consequence at the terminals of the test object or are received by a
measuring sensor. For most apparatus, special methods of PD measurement with
computerized data processing have been developed, which are constantly being
improved. Key words here are on-site PD measurements after installation of the
equipment, localization of single or multiple PD sources in spatially extended appa-
ratus, permanent PDonlinemonitoring andmethods of suppressing interference. Partial
discharges are associated with electromagnetic, acoustic, optical and chemical effects,
which are also used for their detection and diagnosis, in particular in complex apparatus
such as three-phase power transformers and gas-insulated switchgear (GIS).

This chapter describes the basics of measuring instruments and methods for mea-
suring partial discharges at AC voltage, in particular for the determination of the
so-called apparent charge. The constantly improved electromagnetic, acoustic and
optical diagnosticmethods are treated in principle. Themeasurement techniques forDC
and impulse voltages will be briefly discussed. Extensive contributions to the devel-
opment of PD measurements, the various PD forms, equivalent circuit diagrams and
further PD measurement techniques can be found in ([1–3]; Refs. [1–6] of Chap. 1).

12.1 Internal Partial Discharges at AC Voltage

The occurrence of partial discharges within high-voltage apparatus is initially a
clear indication of the faulty execution of the electrical insulation. For example, in
the manufacture of impregnated resin insulation, tiny gas-filled cavities or voids
may be formed. Due to the smaller permittivity of the enclosed gas, the electric field
strength in the cavity is significantly higher than in the surrounding dielectric. If the
field strength in the cavity reaches the value required for the ionization of the gas,
and if an initial electron is present, a localized small discharge, i.e. the partial
discharge, occurs. The dielectric surrounding the ionized cavity initially does not
seem to be affected by the occurrence of partial discharges. However, due to
prolonged exposure to partial discharges, the insulation progressively deteriorates
by various mechanisms such that finally, sometimes only after several months or
years, failure of the apparatus occurs by a complete breakdown. Further examples
of the occurrence of internal partial discharges are gas bubbles in oil-insulated
transformers and faulty cable fittings. In the case of older XLPE cables, the
inclusion of particles in the insulation or irregularities of the conductor smoothing
leads to locally increased field strength. Thus, progressive erosion results in
tree-like discharge structures that grow to the electrodes and finally initiate elec-
trical breakdown.
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Figure 12.1a shows the simple model of high-voltage insulation with a gas-filled
void as an internal defect, sometimes also located directly in the boundary layer
between an electrode and the dielectric. In the simple equivalent circuit diagram in
Fig. 12.1b based on Gemant and Philippoff, C1 is the capacitance of the void, C2 the
capacitance of the insulation in series with the void and C3 the parallel capacitance of
the complete arrangement [4]. Parallel to the void capacitance C1 is the spark gap F,
which fires upon reaching the ionization conditions. The discharge current flows
through the (later additionally introduced) resistor R and is thereby limited in dura-
tion and height. If need be, additional high-ohmic insulation resistors must be con-
sidered in parallel to C1 and C2, e.g. for cable testing at very low frequencies.

The processes involved in the occurrence of partial discharges can be described
in a simplified manner using the equivalent circuit diagram in Fig. 12.1b. As long
as the spark gap F does not fire, the voltage u1(t) at the spark gap F is proportional
to the AC test voltage u(t) according to the capacitive division ratio:

u1ðtÞ ¼ u10ðtÞ ¼ C2

C1 þC2
uðtÞ ; ð12:1Þ

where u10(t) denotes the (theoretical) voltage at C1 without partial discharge. When
u1(t) reaches the firing voltage uZ of the spark gap F, the void capacitance C1
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Fig. 12.1 High voltage insulation with gas filled void. a Arrangement with partial discharge;
b equivalent circuit diagram with spark gap F
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internal partial discharges
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voltage at spark gap F when
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discharges and u1(t) collapses to a small residual voltage (Fig. 12.2). As the test
voltage u(t) continues to rise, u1(t) increases again until the next partial breakdown
occurs in the void when the firing voltage is reached again, etc. A series of partial
discharges is the result. In the negative half of the voltage, the charging and dis-
charging processes are repeated equally. Due to various influences, e.g. lack of initial
electrons in the void, formation of space charges and deposition of decomposition
products on the void walls, the regularity of the partial discharges may be disturbed.

Note The simple model with the equivalent circuit diagram in Fig. 12.1b is considered by
some authors to be unsatisfactory because it does not sufficiently take into account the
physics of gas discharges. As an alternative, in (Ref. [5] of Chap. 1) a model is presented in
which the partial discharge in the cavity of the insulation is represented by a dipole.

The charging and discharging processes occurring in the cavity are generally not
accessible for direct measurements. They cause very small transient changes in current
or voltage at the terminals of the test object, which can be measured directly or by
means of sensors. However, apart from laboratory investigations on simple samples of
known geometry, these measurable pulses do not allow any conclusions about the
internal partial discharges and their measurement quantities, e.g. the discharge power.
Furthermore, they also show no direct relationship with the gradual deterioration of the
insulation. Typical of internal partial discharges is that the PD pulses occur in the
region of the zero crossings of the test voltage. Other phase angles and shapes of PD
pulses can be observed in external partial discharges and other electrode arrangements.
Additional defects in the dielectric cause further partial discharges at different voltage
levels, which further complicate the phenomena of PD pulses.

During the PD test of high-voltage apparatus, the test voltage is increased from a
low initial value to the voltage below the permissible limit, at which partial dis-
charges are measured for the first time. At this PD inception voltage, usually one
PD pulse occurs in each positive and negative half of the voltage. If the test voltage
is increased further up to the permissible limit, the number of PD pulses per cycle
increases. In addition, the PD magnitude may increase with further defects in the
insulation. As the test voltage gradually decreases again, the partial discharges
cease to occur at the PD extinction voltage, which is below the PD inception
voltage. An important requirement for high-voltage equipment is that not only the
PD inception voltage but also the PD extinction voltage shall be above the oper-
ating voltage. This ensures that partial discharges resulting from a transient over-
voltage no longer occur when the operating voltage is restored [5, 6].

Note According to IEC 60270 [5], “PD magnitude” is the correct term, not “PD intensity”.
The term “intensity” is related to a surface or an area. The same applies to “current
magnitude” and “current intensity”.

12.2 Characteristics of PD Pulses

Internal partial discharges are very short electrical pulses whose rise time and pulse
duration can be in the nanosecond range [7, 8]. Partial discharges in gas insulation
have extremely short rise times, i.e. much less than 1 ns. Minimum rise times of
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only 35 and 22.3 ps were measured in a point-to-plane electrode configuration in an
SF6-filled pressure chamber, with the bandwidth of the digital oscilloscope used
being 32 GHz [9, 10]. As already mentioned above, partial discharges within the
insulating material are generally not measurable. They cause current or voltage
pulses at the terminals of the apparatus, which are accessible to measurements.
These pulses are generally understood to be the PD pulses, but differ significantly
from the “true” partial discharges occurring within the dielectric.

Formally, a PD pulse can be represented as a current pulse i(t) by superposition
of two exponential functions [11]. To characterize the PD pulse, here Tp is referred
to as the time to maximum imax and T2 as the time to half-value at which i(t) has
fallen to 0.5imax (Fig. 12.3a). The spectrum of these pulses can be calculated by
means of the Fourier integral or the Laplace transform (see Chap. 8). For three
different value pairs of Tp and T2, Fig. 12.3b shows the amplitude density
F(f) relative to the respective value F0 = F(f = 0). For extremely short PD pulses
with rise times of a few 10 ps, the spectrum extends into the GHz range.

Note 1 The infinitely narrow Dirac pulse is known to have a spectrum that remains constant
up to infinitely high frequencies.

Note 2 Partial discharges are not always pulse-shaped. Investigations on point-to-plane
arrangements show that under certain experimental conditions a transition of the PD pulses
into a more continuous form, the so-called pulseless discharges in gases, takes place [12].

The aim of decades of research was and is to find the PD measurement quantity
that enables a well-founded statement about the lifetime reduction of high-voltage
apparatus. This goal has not yet been fully and satisfactorily achieved for all
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high-voltage insulations. It was not possible to derive a meaningful measurable
quantity, neither from the PD pulses measured at the terminals of the test object nor
from the “true” partial discharges inside the insulating material itself, which,
incidentally, are not accessible for the measurement with the exception of simple
test specimens. As a compromise, there is an international agreement to determine
the charge q of the PD pulse:

q ¼ R1
0
iðtÞdt ð12:2Þ

as the decisive measurement quantity in PD tests. The charge of the PD pulse has
the metrological advantage of being invariant when the pulse changes its shape as it
passes through the high voltage test and measurement circuitry.

Examples of the invariance of the pulse charge can be seen in Fig. 12.4. It
shows the calculated time courses of a current pulse in its original state (curve 1)
and after deformation by a low-pass filter with (curve 2) and without resonance
point (curve 3). The integration of the three current pulses according to Eq. (12.2)
always gives the same charge q = q1 = q2 = q3, even taking into account the
oscillation in curve 2 with negative charge components. This invariance of the pulse
charge is the basic prerequisite for PD measurements in spatially extended
high-voltage circuits, which are generally not designed for the transmission of high
frequency signals. However, due to stray capacitances in the test and measurement
circuit, some of the pulse charge can flow to ground and is not displayed by the PD
instrument. This charge fraction is detected by calibrating the PD instrument in the
complete test and measurement circuit (see Sect. 12.7.2).

Fig. 12.4 Example of the invariance of the pulse charge. 1 Original pulse, 2 deformation by
oscillating circuit, 3 deformation by low-pass filter
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The pulse charge q has a further specific characteristic. By comparing Eq. (12.2)
with the general equation for the complex spectrum F(jx) of a current pulse
i(t) [13]:

FðjxÞ ¼ FfiðtÞg ¼
Z1

�1
iðtÞe�jxtdt ð12:3Þ

we obtain for the positive time range and x = 2pf = 0 the identity:

q ¼ R1
0
iðtÞdt ¼ Fðjx ¼ 0Þj j ¼ Fð0Þ ; ð12:4Þ

i.e. the pulse charge q corresponds to the DC component F(0) of the amplitude
density. However, this identity between q and F(0) is not directly usable for the
practice of PD measurements. The PD pulses are usually coupled out of the test
circuit with a high-voltage capacitor, the so-called coupling capacitor, whereby the
DC component of the pulse spectrum is lost. As can be seen in Fig. 12.3b, however,
the amplitude density of the PD pulse remains approximately equal to F(0), even at
higher frequencies. For this frequency range in which F(f) � F(0) holds, the
important finding is that the charge q is approximately equal to the amplitude
density F(f):

q ¼ Fð0Þ � Fðf Þ : ð12:5Þ

Equations (12.2) and (12.5) form the basis for the different operating principles
of conventional PD charge measuring instruments (see Sect. 12.5).

12.3 Apparent Charge

The charge of a PD pulse which is coupled out on the high-voltage side of a test
object is called apparent charge q. In the International Standard IEC 60270, the
apparent charge of a PD pulse is defined as “that charge which, if injected within a
very short time between the terminals of the test object in a specified test circuit,
would give the same reading on the measuring instrument as the PD current pulse
itself” [5]. The apparent charge of the PD pulses is usually expressed in pico-
coulomb (pC). Depending on the high-voltage apparatus and measurement circuit,
values of less than 1 pC up to several 1000 pC are typical. However, the “true”
charge actually involved in the discharge within the insulation of an apparatus
cannot be deduced from the apparent charge.

Despite the knowledge that neither the true nor the apparent charge can give a
well-founded statement about the lifetime reduction of insulation, the PD mea-
surement nonetheless represents an important non-destructive test method for
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detecting defects in insulation. Based on decades of experience, the test specifi-
cations lay down limits for the apparent charge for each apparatus of the electrical
power supply, which must not be exceeded during acceptance tests before the first
use. If the requirement is met, failure of the equipment due to partial discharges
within the scheduled service life is not considered very likely.

Determining the apparent charge as the most important PD measurement
quantity is particularly advantageous from a metrological point of view. Although
the high-frequency PD pulses are more or less deformed on their way from the test
object to the PD measuring instrument, the apparent charge of the PD pulses is
maintained (see Sect. 12.2). However, part of the apparent charge can flow to
ground via stray capacitances and therefore will not be displayed by the PD
instrument. This loss of charge is determined by means of calibration pulses of
known charge, which are injected into the complete test and measurement circuit
(see Sect. 12.7.2). From the calibration, the scale factor k is determined by which
the reading of the instrument in the PD test is to be multiplied in order to obtain the
actual PD magnitude.

12.4 Derived PD Quantities

In some countries, other PD quantities derived from the charge q are used. These
quantities are generally approved by IEC 270 for PD testing and it is the respon-
sibility of each National Technical Committee to admit them for PD tests on the
relevant power apparatus. In addition to the radio disturbance voltage Ur, which is
dealt with separately in Sect. 12.5.1.3, the following quantities are accepted [5, 14]:

average discharge current I:

I ¼ 1
T

q1j j þ q2j j þ � � � qmj jð Þ; ð12:6Þ

discharge power P:

P ¼ 1
T
ðq1u1 þ q2u2 þ � � � qmumÞ; ð12:7Þ

quadratic rate D:

D ¼ 1
T
ðq21 þ q22 þ � � � q2mÞ: ð12:8Þ

In the equations for I, P and D, the terms q1 … qm denote the individual charges
in a given time interval T, e.g. in a period of the AC test voltage. In Eq. (12.7), u1
… um are the instantaneous values of the test voltage at the times of occurrence of
the individual charges q1 … qm. Occasionally, the sum of the PD charges Qs ¼
q1j j þ q2j j þ � � � qmj j is also determined within a given time interval.
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12.5 PD Measuring Instruments for the Apparent Charge

PD measuring instruments for the apparent charge q can be subdivided into two
main groups according to their working principle. In one group, integration is
performed by band-limited processing of the frequency response of the PD pulses
according to Eq. (12.5), which is also called quasi-integration. This integration
method forms the basis for the measuring instruments used mainly in the early days
of PD measurement technology. In detail, a distinction is made here between
narrow-band instruments with bandwidths of 4–10 kHz and wide-band instruments
with bandwidths of 100 kHz to 1 MHz (formerly: 500 kHz). As electronic devel-
opment progressed, it became possible to determine the charge of PD pulses by two
“real” integration methods according to Eq. (12.2). Integration of the PD pulse is
achieved either analogously using an integration amplifier or numerically with an
algorithm applied to the digitally recorded pulse. Combinations of analog and
digital integration techniques are also possible. Knowledge of the functioning of the
measuring instrument used is helpful for correct measurement and calibration (see
Sect. 12.8).

The various PD measuring instruments have advantages and disadvantages, so
that they are not equally suitable for all measurement tasks [15, 16]. Digital PD
measuring instruments with computer-aided evaluation have the decisive advantage
that they enable comprehensive representation and diagnosis of the measurement
results by means of software. For on-site tests after installation of the equipment
and during online monitoring in practice, the determination of the apparent charge
is often not possible or impractical. Then, completely different evaluation methods
are used (see Sect. 12.9). For PD tests on low-voltage devices such as isolating
transformers and opto-couplers, basically the same PD measuring instruments are
used as for PD tests at high-voltage [17].

12.5.1 Quasi-Integration Through Band Limitation

A PD measuring instrument with quasi-integration is characterized in that it has a
limited bandwidth compared to the PD spectrum. This bandwidth must be within
the frequency range of the approximately constant spectral amplitude density of the
PD pulse (see Fig. 12.3b). In this frequency range, the relation holds: F(f) � F
(0) = q, i.e. the charge q is approximately equal to the amplitude density F(f) ac-
cording to Eq. (12.5). If the bandwidth of the measuring instrument extends into the
higher-frequency range in which the amplitude density decreases more and more,
the condition for the charge-proportional display would no longer be satisfied. The
resulting error in the charge is called integration error [5, 18].

To determine the amplitude density F(f) and thus the charge q, the use of
narrow-band frequency analyzers is basically possible. The conventional PD
measuring instruments, however, use a different measurement principle, which was
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feasible at the beginning of the PD measurement technique with the technical
possibilities available at that time. As a result, the measurement of F(f) is replaced
by a quantity measured in the time domain. To understand this measurement
principle, a measuring system is considered which has a constant transfer factor
A(f) = A0 within the limit frequencies f1 and f2. The ideal bandpass filter has the
mid-band frequency f0 and the bandwidth Df as follows:

f0 ¼ f1 þ f2
2

ð12:9Þ

Df ¼ f2 � f1: ð12:10Þ

If a Dirac pulse is applied to the input of the measuring system, at the output the
response u(t) is given by [13]:

uðtÞ ¼ 2A0Fðf Þff2si½2pf2ðt � t0Þ� � f1si½2pf1ðt � t0Þ�g: ð12:11Þ

Here si(x) = sin(x)/x is the si function and t0 is the transit time of the pulse
through the measuring system. The response is thus a transient oscillation, which
will be discussed later in two examples. The maximum value of the oscillating
pulse response is:

umax ¼ 2A0Fðf ÞDf : ð12:12Þ

The amplitude density F(f) of the Dirac pulse is constant up to infinitely high
frequencies. Therefore, the same maximum value umax always results for any
arbitrary mid-band frequencies f0 and constant bandwidth Df of the measuring
system.

The result derived for the Dirac pulse can be applied to PD pulses with finite
pulse width, as long as their amplitude density remains approximately constant at
least up to the upper limit frequency f2 of the measuring system. Because of F
(f) � q according to Eq. (12.5), Eq. (12.12) provides the important information that
the maximum value of the pulse response is proportional to the PD pulse charge:

umax � q : ð12:13Þ

The results obtained for ideal band-limited systems are generally transferable to
PD measuring instruments. However, due to their non-ideal band filter character-
istic (finite slope of the filter, etc.), small deviations in the response may occur.
Depending on the bandwidth of the PD measuring instrument, two characteristic
pulse responses can be distinguished as follows.
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12.5.1.1 Wide-Band PD Instruments

The first example of quasi-integration deals with a PD instrument with ideal
wide-band filter characteristic A(f) = A0 within the limit frequencies f1 = 10 kHz
and f2 = 100 kHz (Fig. 12.5). A PD input pulse having a constant amplitude
density F � F(0) until at least the limit frequency f2 generates at the filter output the
response u(t) calculated according to Eq. (12.11). The maximum value umax is
detected by a peak detector and displayed as the charge q according to Eq. (12.13).
Alternatively, the output pulses of the bandpass system can be evaluated with a
pulse height analyzer. Characteristic of the band-limited pulse processing is also the
widening of the pulse response relative to the original PD pulse at the input. For the
limit case f1 = 0 (ideal low-pass behavior), the pulse duration at half the amplitude
of the response is calculated from the bandwidth Df as follows [13]:

s ¼ 1
2f2

¼ 1
2Df

: ð12:14Þ

In Fig. 12.5, for example, the duration of the pulse response is s � 5 ls, which
is at least 100 times greater than the duration of the PD input pulse. Due to their
large pulse duration, successive pulse responses can overlap, resulting in super-
position errors and thus incorrect PD readings. In order to avoid superposition of
pulse responses, the time interval between two consecutive PD pulses and to
reflected pulses, as may occur in long cables, must be greater than s. With a PD
measuring instrument having a larger bandwidth, a smaller pulse width of the pulse
response and thus a higher pulse resolution can be achieved.

Older wide-band PD measuring instruments display the measured PD value with
a pointer instrument, possibly supplemented by an oscillographic display of the PD
pulses on an elliptic time base representing the AC test voltage [3]. As a result, the
magnitude, phase and repetition rate of the PD pulses are visible. In newer PD
measuring instruments, the pulse response of the bandpass filter according to
Fig. 12.5 is sampled with an A/D converter. Figure 12.6 shows the principle of the
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Fig. 12.5 Pulse response u(t) of an ideal wide-band system with constant transfer factor A0 within
the limit frequencies f1 = 10 kHz and f2 = 100 kHz
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measuring circuit. The PD pulses decoupled from the high-voltage circuit enter the
upper channel and first pass through a bandpass filter 1 having a bandwidth of
usually not more than 1 MHz. As a result, quasi-integration of the PD pulses takes
place in the same way as in the purely analog wide-band instrument. The analog
output pulses are amplified in 2 and then digitized using an A/D converter 3
(post-processing). The maximum values umax, which according to Eq. (12.13) are
proportional to the charge, are stored for one or more periods in the PC. The second
A/D converter in the lower channel of Fig. 12.6 digitizes the test voltage. With the
PC, the pulse charges and the phases related to the test voltage are determined for a
preselected number of periods and displayed graphically.

These instruments are often referred to as “digital” PD instruments although the
analog measurement principle based on quasi-integration with bandpass filter is
used. Since the charge of the PD pulse is stored, these instruments can also be used
for PD measurements with DC voltage.

12.5.1.2 Narrow-Band PD Instruments

As the second example of quasi-integration, Fig. 12.7 shows the pulse response of a
narrow-band system with a bandwidth Df = 9 kHz and a mid-band frequency
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Fig. 12.6 Circuit principle of
a wide-band measuring
instrument with
quasi-integration and digital
post-processing of the
recorded data. 1 Wide-band
filter (Df � 1 MHz), 2
amplifier, 3 A/D converter,
4 voltage divider
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Fig. 12.7 Pulse response u(t) of an ideal narrow-band system with constant transfer factor A0

within the bandwidth Df = 10 kHz (mid-band frequency f0 = 100 kHz)
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f0 = 100 kHz, calculated again with Eq. (12.11). The PD pulse at the input of the
narrowband system has a constant amplitude density F � F(0) to at least the fre-
quency f0 + Df/2, i.e. the mid-band frequency f0 is thus in the frequency range of
the approximately constant amplitude density of the PD pulse. The pulse response
oscillates at the mid-band frequency and is significantly smaller and wider than that
of the wide-band PD instrument in Fig. 12.5. The charge q of the PD pulse again
results from the maximum value umax of the pulse response (envelope curve)
according to Eq. (12.13). A statement about the polarity is not possible, since
positive and negative PD pulses generate the same pulse responses.

The pulse duration s at half the amplitude of the pulse response is quite large
because of the low bandwidth of the PD measuring instrument. In order to avoid
superimposition of pulse responses, the interval between two successive PD pulses
must not fall below a corresponding minimum value. In some PD measuring
instruments, the mid-band frequency f0 can be tuned in a wide frequency range up
to the MHz range. This has the advantage that interference can be avoided by
choosing an optimal mid-band frequency. Possible causes of such disturbances are,
on the one hand, radio transmitters, thyristors in the low-voltage circuit and
fluorescent lamps, on the other hand, resonance points in the test and measurement
circuit, which lead to an increase in amplitude in the pulse spectrum.

12.5.1.3 Radio Disturbance Meters

A special type of the narrow-band measuring instrument with quasi-integration is
the radio disturbance meter (also known as radio interference meter). It was used
worldwide in the early days of PD measurement technique and is still widely used
in North America for standard-conforming PD measurements. The radio distur-
bance meter has a tunable mid-band frequency, which can be from 150 kHz to
30 MHz. The frequency is to be chosen so that it lies within the range of the
constant amplitude density of the PD pulse. With a 6 dB bandwidth of 9 kHz, radio
disturbance meters basically correspond to narrowband charge measuring instru-
ments. However, the display depends not only on the charge q, but also on the pulse
repetition rate N according to a weighting function f(N) standardized in CISPRE
16-1 [19] (see Fig. 12.10, curve 4). The display for PD pulses is the disturbance
voltage Ur in microvolts:

Ur � q � fðNÞ � Df � Rm; ð12:15Þ

where Df denotes the bandwidth and Rm the measuring resistor at the input of the
radio disturbance meter. In individual cases, a conversion of the disturbance voltage
Ur into a corresponding apparent charge q is possible. An example is given for the
PD inception voltage with an equal PD pulse in each positive and negative half
cycle. For a 50 Hz test voltage, the repetition rate is N = 100 s−1, and in this case
1 lV = 2.6 pC for a measuring resistor Rm = 60 X [5, 20–22].
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Note The weighting function f(N) in Eq. (12.15) originally characterizes the loudness
perceived by the human ear when there are crackling noises in the radio receiver. The
function f(N) also appears to be acceptable for PD measurements, as an increased repetition
rate of PD pulses is often accompanied by accelerated damage to the insulation.

12.5.2 Integration of the PD Pulses in the Time Domain

In this measurement principle, the apparent charge is determined by integrating the
time course of the PD pulses. Here, the PD measuring instruments use two variants.
In one variant, integration is performed by means of an electronic analog circuit. In
commercial PD instruments, however, this principle was only applied for a limited
time. In the other, increasingly used variant, the individual PD pulses are digitized
with a fast A/D converter, and integration is done by software with a numerical
algorithm. As an alternative to numerical integration, digital filtering of the data set
is also possible, which effects quasi-integration.

12.5.2.1 Analog Integration Circuit

PD instruments with analog integration circuit have been produced for a limited
time. The measurement principle, however, is still used for the calibration of pulse
calibrators in performance tests. The current pulses i(t) are integrated in the simplest
case with an RC element as a low-pass filter or, much better, with an operational
amplifier with capacitive feedback [23]. A current pulse at the input of the inte-
grator leads to the pulse voltage u(t) at the output:

uðtÞ� 1
RC

Z1

0

iðtÞdt; ð12:16Þ

which theoretically reaches its final value u∞ after an infinite time. The comparison
of Eq. (12.16) with Eq. (12.2) shows that the final value of the pulse response,
strictly speaking at t = ∞, is proportional to the charge:

uðt ¼ 1Þ ¼ u1 � q : ð12:17Þ

As an example, Fig. 12.8a shows on the left side the idealized current pulse i
(t) at the input of the integrator and on the right side its output voltage u(t), which
asymptotically approaches the final value u∞. According to Eq. (12.17), u∞ is
proportional to the charge q of the current pulse. In an ideal integrator, u∞ remains
constant and can be measured with a peak detector, an oscilloscope or an A/D
converter. In the practical implementation of the integrator, the pulse response
u(t) is set to zero after a few microseconds, so that the PD instrument is then ready
to measure the next PD pulse. Otherwise, if the integrator is not set to zero, each
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additional PD pulse leads to a corresponding increase in the output voltage. The
result is a staircase curve whose final value represents the sum of the charges within
the selected time, e.g. a period of the AC test voltage. The measurement principle
with analog integrator is therefore also suitable for PD measurements at DC voltage
within a defined measurement time.

It has already been pointed out that the PD pulses are often deformed by the
high-voltage test and measurement circuit and therefore may be superimposed by
oscillations. Also, calibration pulses may have oscillations due to inductances in the
circuit of the calibrator. As an example, Fig. 12.8b on the left shows a current pulse
i(t) with an oscillation in the tail, which thus causes a negative charge portion. After
integration of this pulse by the operational amplifier, the output voltage u(t) over-
shoots before reaching the final value u∞. The charge q is again proportional to the
final value u∞, not to the maximum of u(t).

12.5.2.2 Digital Data Acquisition, Numerical Integration

Advances in the hardware of fast A/D converters, data storage and computers now
enable the use of digital measuring instruments that directly digitalize each PD
pulse with high bandwidth and sampling frequency, store it as a digital data set and
process it by software. The first PD measuring instruments of this type were digital
oscilloscopes with PC and user-developed software, whereby the determination of
the pulse charge was not necessarily in the foreground [24–27]. The principle of a
very complex PD measuring instrument with digital acquisition of PD pulses and
comprehensive data processing is shown in Fig. 12.9 [28]. In the upper input
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Fig. 12.8 Principle of charge measurement with an integration amplifier using the example of two
current pulses i(t) with and without undershoot (q * u∞). a Pulse without oscillation; b pulse with
negative oscillation in the tail
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channel, the PD pulses first pass through an anti-aliasing filter with a bandwidth of
20 MHz, are then amplified and subsequently digitized by an A/D converter
(14 bits, 64 MS/s). In the lower channel, the attenuated test voltage is digitized with
a second A/D converter (24 bits, 100 kS/s). Both data sets are sent to the FPGA
(Field Programmable Gate Array) and processed in real time in online mode with
up to 1.4 � 106 PD pulses per second. The measured data and control commands
are sent via optocouplers 2 and optical fibers to the PC 3.

The large bandwidth combined with the high sampling rate of the digital mea-
suring device in Fig. 12.9 allows in many cases a largely true-to-original recording
of the entire time course of PD pulses. Even fast successive pulses are reliably
resolved in time. Thanks to the large bandwidth, effective suppression of interfer-
ence is possible. The PD pulse recorded in the time domain can be displayed in the
frequency domain with its spectrum using FFT. The fast evaluation of PD mea-
surements is particularly advantageous in the continuous online monitoring of
high-voltage apparatus. Changes in the PD pulse shape, which can be an early
indication of a defect, are detected in good time, so that the apparatus can be shut
down immediately if necessary. The simultaneous use of several of these
battery-powered PD meters enables discrimination and location of PD sources that
occur in various defects of a complex test object, such as a power transformer or
cable (synchronous multi-channel measurement, see Sect. 12.8.2). With these
digital devices, a comprehensive evaluation of PD pulses is possible even at DC or
impulse voltages.

There are two ways to determine the charge of PD pulses with these measuring
devices. In the first method, the charge is calculated by numerical integration of the
digitally stored pulse according to Eq. (12.2). In the second, faster method, the
recorded data passes through a digital filter and the charge results from the maxi-
mum value of the filtered pulse, as in analog quasi-integration (see Sect. 12.5.1).
The mid-band frequency and the bandwidth of the digital filter can be freely
selected within a wide range.

PD measuring instruments with digital data acquisition and processing are now
included in IEC 60270 [5, 6]. The digital measurement principle with numerical
integration has long been used to verify the charge of pulse calibrators needed to
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Fig. 12.9 Block diagram of a digital PD measuring instrument 1, which is connected
potential-free via optocouplers 2 and optical fibers to the PC 3
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calibrate PD meters and test circuits [11]. The calibration pulses generated by the
calibrator are recorded with a digital recorder and their charge is determined using
numerical algorithms (see Sect. 12.7.1). In a sense, the predecessor of the digital
wideband PD meter is the high bandwidth analog oscilloscope previously used in
research and development for PD measurements with manual (“digital”) counting
of the area under the pulse shape [7, 14].

12.5.3 Pulse Train Response

PD pulses show a stochastic pattern and may originate from different defects in the
insulation. In AC voltage tests, PD measuring instruments must display the largest
repeatedly occurring PD magnitude [5]. Occasionally occurring disturbance pulses
and smaller pulse charges resulting from other defects shall not contribute to the
display. Older analog PD measuring devices with mechanical pointer fulfill this
requirement for uniformly distributed pulses with pulse repetition frequencies
N 	 100 s−1. At lower pulse repetition frequencies, a pulsating value is indicated
due to the mechanical inertia of the pointer, resulting in a smaller average value of
the charge.

Note Some first generation PD measuring instruments with digital data processing behave
differently. Their display remains constant even if the pulse rate falls well below 100 s−1.
Therefore, they indicate greater PD charges than analogue PD measuring instruments with
pointer [29].

For all types of analog and digital PD measuring instruments, the display is now
standardized as a function of the pulse repetition frequency N [5]. Figure 12.10
shows the gray tolerance band 1, in which the pulse train response of a PD
instrument shall lie. Here, N = 100 s−1 means that one PD pulse each occurs in the
positive and negative half cycles of the 50 Hz test voltage. The tolerance band 1 is
chosen so that a large number of older analog PD measuring instruments with
pointer meet this requirement, as the example of curve 2 in Fig. 12.10 shows. Curve
3 applies to the digital PD measuring device with numerical data processing shown
in Fig. 12.9, which also complies with the IEC specification [28]. For comparison,
curve 4 shows the characteristic of a radio disturbance meter according to CISPRE
16-1 [19], which lies outside the permitted tolerance band 1.

12.6 PD Test Circuits According to IEC 60270

The small PD pulses appear at the high-voltage terminals of the apparatus under
test. They are superimposed on the high AC test voltage and must be coupled out of
the test circuit for measurement. Figure 12.11 shows three basic circuits for the
detection and measurement of partial discharges according to IEC 60270, from
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which further PD test circuits are derived [5, 30]. In each PD test circuit, the test
object is shown simplified as a capacitor Ca with internal partial discharges. In the
test circuit shown in Fig. 12.11a, the PD pulses reach the coupling device CD via
the high-voltage coupling capacitor Ck, which should have a low inductance and
itself no partial discharges or a sufficiently low PD magnitude. The coupling device
is connected via a more or less long coaxial cable to the PD measuring instrument
M outside the high-voltage area.

The coupling capacitor Ck is intended, on the one hand, to couple out the PD
pulses of the high-voltage circuit and, on the other hand, to keep away the high AC
test voltage, including the harmonics, from the PD measuring circuit. The capaci-
tance of Ck should be large compared to the stray capacitance of the test circuit in
order to achieve high measurement sensitivity and signal-to-noise ratio [8]. Since
Ck acts as a high pass filter, preferably the higher frequency components of the PD
spectrum can pass. When using a narrow-band PD measuring instrument according
to Sect. 12.5.1, therefore, the choice of a high mid-band frequency f0 is advanta-
geous. On the other hand, f0 must still lie in the frequency range of the approxi-
mately constant amplitude density of the PD pulse to be measured. Wide-band PD
measuring instruments for IEC tests shall have a bandwidth of no more than 1 MHz
(formerly 500 kHz).

The coupling device CD, the coaxial cable and the PD measuring instrument M
represent a unit with regard to the transfer behavior. The coupling device is usually
shielded and, in conjunction with the input circuit of M, forms the measuring
impedance Zm. In many cases, Zm = Rm is a resistance equal to the wave impedance
of the coaxial cable in order to avoid reflection phenomena. In parallel to Zm, there
are usually a surge arrester and an inductor to short-circuit the remaining AC
current component, including its harmonics, to ground. The coupling device may be
equipped with a preamplifier. In conjunction with a narrow-band PD instrument, the
coupling device used may be a resonant circuit whose resonance frequency is
matched to the mid-band frequency of the PD instrument. Alternatively, the cou-
pling device may be mounted on the high-voltage side of Ck, which can then be
grounded directly. In this case, the PD pulses are transmitted to the PD instrument
via a potential-free optical data link.
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Figure 12.11b shows a PD measurement circuit with the coupling device CD in
the ground connection of the test object Ca. This presupposes that Ca can be
operated without direct grounding and that CD can carry the high AC load current
through Ca. With direct grounding of Ca, the connection to CD can be achieved
using a Rogowski coil. Special constructions of the Rogowski coil can be opened
and conveniently placed around the ground line of Ca. The electrical path of the PD
pulses in turn leads via the coupling capacitor Ck. In the case that the stray
capacitances of the test circuit to ground are large compared to the capacitance Ca of
the test object, the coupling capacitor Ck may be omitted.

PD tests usually take place in a shielded high-voltage hall. External electro-
magnetic interference, e.g. caused by radio stations, can then not superimpose the
PD pulses and distort the PD measurement. If the shielding has been carried out
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Fig. 12.11 Basic PD test and measurement circuits according to IEC 60270 [5]. a Coupling
device CD in series with the coupling capacitor Ck; b coupling device CD in the ground
connection of the test object Ca; c bridge circuit with parallel arm Ca* and CD*
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carefully, especially in the area of the hall gates, doors and windows, a noise level
corresponding to a PD magnitude of less than 1 pC can be achieved. If a shielded
hall is not available or if internal disturbance sources such as fluorescent lamps,
thyristor circuits or floating metal parts with corona discharges are active, the bridge
circuit in Fig. 12.11c can reduce the effects of interference. For optimal bridge
balance, the parallel bridge arm with Ca* and CD* should be as identical as possible
to the main bridge arm with the test object Ca and, of course, must not itself have
any significant partial discharges. If necessary, the stray capacitances and series
inductances must also be taken into account, as a result of which the bridge balance
becomes frequency-dependent. When the bridge is ideally balanced, the PD mea-
suring instrument M is connected potential-free between CD and CD* and displays
the PD pulses at Ca without interference. The differential measurement technique
with the bridge circuit can also be used for PD measurements at DC voltage (see
Sect. 12.10).

The low pass filter or impedance Z in the three PD test circuits of Fig. 12.11 has
two tasks. On the one hand, high-frequency disturbances that might come from the
high-voltage supply and interfere with the PD measurement is blocked or at least
attenuated. On the other hand, Z prevents the PD pulses from being bypassed to
ground through the parallel stray capacitances of the transformer winding, resulting
in greater measurement sensitivity. However, in the circuit of Fig. 12.11b, it may
sometimes be more favorable to omit the filter Z, i.e. Ck is then parallel to the test
transformer. In this case, the stray capacitances of the transformer to ground are
fully effective, so that Ck and hence the measurement sensitivity are increased.

For transformers with capacitance-graded bushing, Fig. 12.12 shows a variant of
the circuit in Fig. 12.11a, which is particularly preferred for on-site tests. In this
case, the capacitance of the outermost grading element of the bushing is used as the
coupling capacitor for coupling out the PD pulses. A separate high-voltage coupling
capacitor is thus not required.

Another solution for measuring partial discharges in transformers is described in
[31]. In the patented measurement arrangement, a metal strip is mounted on the
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Fig. 12.12 PD test circuit for transformers with the bushing capacitance C1 as coupling capacitor
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bottom of the bushing and connected by a short lead to the coupling device CD,
which is located on the transformer tank. The easy-to-install metal strip serves as a
capacitive sensor for decoupling the PD pulses. After broadband amplification in
the frequency range of 10 kHz to 10 MHz, the PD pulse is transmitted via a fiber
optic link to the digital oscilloscope. The digital data is then evaluated by the PC,
including sophisticated digital filtering to separate the PD pulses from continuous
and pulsed noise.

12.7 Calibration of PD Instruments and Test Circuits

To ensure reliable PD measurements, comprehensive calibration is required. On the
one hand, the PD measuring instrument is calibrated together with the coupling
device CD in order to determine the basic properties and correctness of the dis-
played charge in all measurement ranges. On the other hand, the complete
high-voltage test and measurement circuit is calibrated to determine the scale factor
k. It takes into account the proportion of the pulse charge that flows through the
stray capacitances to ground and therefore is not displayed by the PD measuring
instrument. In both cases, calibration is accomplished by injecting current pulses of
known charge and repetition frequency into the test object. These calibration pulses
can be generated within specified uncertainties by means of a pulse calibrator with
a relatively simple circuit. However, to determine the characteristics of a PD
instrument in detail, a more sophisticated circuit of the calibrator is required. The
bandpass characteristic of the PD measuring instrument including the coupling
device CD shall be calibrated with sinusoidal currents and the result given as the
transfer impedance Z(f). In a comparison test among 13 European metrology
institutes and calibration laboratories, different calibration procedures and the
achievable measurement uncertainties were investigated.

12.7.1 Calibration Pulses

The form of the calibration pulses and the method for their generation are specified
in detail in IEC 60270 [5, 6]. The standardized calibrator essentially consists of a
rectangular or step voltage generator with the open-circuit output voltage U0 and a
series capacitor C0 (Fig. 12.13). When the calibrator is short-circuited, the charge
q0 of the generated current pulse is formally given by:

q0 ¼ U0C0 ; ð12:18Þ

where C0 is usually in the range of 1–100 pF, but not more than 200 pF. The
rectangular or step voltage shall have a rise time tr � 60 ns. Then the calibration
pulse generated in conjunction with C0 is sufficiently steep to produce a nearly
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constant amplitude density up to high frequencies. For the calibration of a very
wide-band PD instrument with an upper limit frequency f2 > 500 kHz (see
Sect. 12.5.1.1), an even shorter rise time tr < 0.03/f2 is required.

Further requirements for the characteristics of the rectangular or step voltage are
given in Annex A1 to IEC 60270, which is now included in the “Consolidated
version” of the standard [5, 6]. Accordingly, the amplitude of the step voltage shall
be approximately constant for at least 5 ls and then slowly decrease to 0.1U0 after
not shorter than 500 µs. This, in conjunction with C0, ensures that no negative pulse
with appreciable amplitude is generated. At the beginning of the generated step
voltage, oscillations are usually superimposed. After a maximum time of 200 ns,
any deviation DU from the step voltage amplitude U0, e.g. caused by superimposed
oscillations, must not exceed 3% of U0.

Note It is unusual that in the main part of an IEC Standard a mandatory construction manual
is specified as it exists for the calibrator in IEC 60270. Not the calibration pulse itself, but
the rectangular or step voltage is standardized. Furthermore, most specifications concerning
the pulse shape of the step voltages and spectrum of the calibration pulses are only relevant
to PD measuring instruments with quasi-integration (see Sect. 12.5.1).

Equation (12.18) also applies if the calibration pulse is injected into a resistor
Rm, since the pulse charge q0 is theoretically independent of Rm and the internal
resistance of the calibrator. However, with very large resistances, part of the charge
can be lost through parallel and stray capacitances. If the calibration pulse is
injected into a capacitor C, only the pulse charge:

q0
 ¼ q0
C

C0 þC
ð12:19Þ

is transferred. Therefore, a large capacitance ratio C/C0 � 1 is required so that as
much as possible of the entire calibration charge is injected into the test object
C and approximately q0* � q0 applies.

In measurement practice, small battery-powered calibrators are used which
generate unipolar calibration pulses with a pulse frequency of N = 100 s−1 and a
multi-stage adjustable pulse charge. They serve to quickly check the display of PD
measuring instruments and to determine the scale factor k of the complete test and
measurement circuit. More detailed examination and calibration of PD instruments
require a multifunctional calibrator that generates pulses with different pulse shapes,

C0

q0 = C0U0

U0

t

Fig. 12.13 Principle of a PD
calibrator that generates
positive pulses with the
charge q0 = C0U0 (output
short-circuited)
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continuously adjustable charges and repetition rates. Instead of the simple step
voltage generator in Fig. 12.13, a fast D/A converter with an amplitude resolution
of 12–16 bits and a maximum sampling rate of 50–200 MHz may be used [32–34].
With the programmable calibrator, arbitrary pulse shapes and pulse frequencies are
achievable in conjunction with the capacitor C0. Furthermore, oscillating pulses,
pulses with stochastically distributed charges and double pulses required for cali-
brating PD measuring instruments for cable tests can be generated. This enables a
comprehensive investigation of analogue and digital PD measuring instruments in
terms of linearity, dynamic behavior and phase-resolved PD pattern (see
Sect. 12.8.1).

Occasionally, the capacitor C0 in Fig. 12.13 is a high-voltage capacitor located
outside the step generator. The calibration can then be performed with the test
voltage applied to the test object. In another circuit variant, the calibration device
called online calibrator is operated at high-voltage potential [35]. The electronics
with D/A converter (for generating U0) and A/D converter (for data acquisition) is
housed between two metal hollow sphere halves, which are galvanically insulated.
The lower half of the hollow sphere is attached via a short metal rod directly to the
high-voltage electrode of the test object. The upper half of the hollow sphere is
capacitively coupled to ground potential via its stray capacitance, which represents
the capacitance C0. An optical fiber link connects the electronics to a PC at ground
potential for transmission of measurement data and control signals. Thus, online
calibrations of the test object in high-voltage operation are thus possible at any time.

The pulse calibrator is decisive for the accuracy of the PD measuring instrument
used and must therefore be regularly verified by performance tests and performance
checks. There are several methods to prove the correctness of the generated cali-
bration charge [5, 36–38]. Provided that the circuit of the calibrator allows this, the
step voltage U0 is measured with a digital oscilloscope and the capacitance C0 is
measured with a bridge. According to Eq. (12.18), the calibration charge is
q0 = U0C0. The calibration charge can also be determined by two further methods.
Here, the calibration pulses are either injected into a measuring resistor Rm or
capacitor Cm and the output voltage is digitally recorded for further data processing
(Fig. 12.14). In both measuring circuits, the pulse charge of the calibrator can also
be determined by comparison with a reference calibrator traceable to national
standards. The digital oscilloscope alternately records the pulses from both cali-
brators, and since it operates in both cases in the same input range, it does not need
to be calibrated.

In the measuring circuit of Fig. 12.14a, the resistance Rm at the recorder input is
typically 50–200 X. The larger values are preferred for measuring very small
charges or for attenuating oscillations superimposed on the recorded pulse voltage.
From the area A of the recorded pulse, the calibration charge is calculated
numerically according to Eq. (12.2). In the second measuring circuit shown in
Fig. 12.14b, the capacitor C0 of the calibrator and the measuring capacitor Cm form
a voltage divider. For calibration, Cm should be about 10 nF, i.e. Cm � C0, so that
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approximately the entire calibration charge q0 is injected into Cm and displayed by
the oscilloscope. In the case of R = 0, the voltage at Cm recorded by the digital
oscilloscope is directly proportional to the internal step voltage of the calibrator.
The series resistor R of the order of 100 X is inserted to attenuate superimposed
oscillations, but results in a slower voltage rise. After the decay of the initial
oscillations, the voltage Du is proportional to the calibration charge q according to
Eq. (12.18). When measuring charges smaller than 50 pC, Du becomes quite small.
It is then advantageous to replace Cm by an operational amplifier with capacitive
feedback.

As an example, Fig. 12.15a shows the time course of a calibration pulse
recorded in the circuit according to Fig. 12.14a with the resistance Rm = 50 X. The
charge calculated by numerical integration of the pulse is q0 = 48 pC. The
amplitude density of the calibration pulse calculated with FFT is approximately
constant up to 1 MHz (Fig. 12.15b). The recorded pulse is superimposed by an
oscillation caused by line inductances in the circuitry of the calibrator. The oscil-
lation disappears when the calibration pulse is injected into a larger resistance
Rm = 200 X. The charge is then maintained according to the invariance principle,
but the spectrum changes and the range of approximately constant amplitude
density is shortened.

C0

Rm

Cm

(a)

(b)
R

Δu

A

1 2

U0

C0

U0

Fig. 12.14 Two measurement circuits for verifying impulses charges. 1 Pulse calibrator, 2 digital
recorder. a Injection of the calibration pulse into a measuring resistor Rm; b injection of the
calibration pulse into a measuring capacitor Cm
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12.7.2 Calibrating the Complete Test and Measurement
Circuit

Due to the stray capacitances of the spatially extended high-voltage test and
measurement circuit, the PD pulses lose part of their apparent charge q on their way
from the test object to the PD measuring instrument. As a result of the charge
losses, only the portion q/k is indicated by the PD meter. The scale factor k is
determined by calibrating the complete test and measurement circuit with the
high-voltage generator connected but usually de-energized (Fig. 12.16). The cali-
bration pulses with the charge q0 are injected into the terminals of the test object Ca

and undergo on their way to the PD instrument M a comparable charge loss as the
PD pulses. The indicated charge qM is therefore smaller than the injected charge q0.
The scale factor k of the PD test circuit with the test object Ca is defined as:

Fig. 12.15 Calibration pulse recorded with a digital recorder according to Fig. 12.14a. a Time
course i(t)Rm (Rm = 50 X); b normalized amplitude density F(f)/F(0)
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k ¼ q0
qM

: ð12:20Þ

The pulse calibrator should be placed as close as possible to the high-voltage
terminal of the test object in order to avoid loss of charge due to the stray capac-
itance of the lead. The actually injected charge also depends on the capacitance Ca

of the test object and the coupling capacitance Ck. If the condition C0 < 0.1Ca is
satisfied, the injected charge can be considered equal to the calibration charge q0
[5]. Unlike the commonly used calibrators, the calibrator with external high-voltage
capacitor and the online calibrator already presented in Sect. 12.7.1 can even be
used with the test object at high-voltage [35].

In the subsequent PD test, the display of the PD instrument must be multiplied
by the scale factor k to obtain the correct value of the apparent charge q. In order to
achieve high measurement sensitivity, k should not be much greater than 1, i.e. the
charge losses in the test and measuring circuit must be kept small. This is achieved
with a coupling capacitance Ck that is much larger than the stray capacitances. The
scale factor applies only to the same arrangement of the test and measurement
circuit as in the calibration. Any change of the test object or in the test and mea-
surement circuit requires a new determination of the scale factor.

12.7.3 Accuracy Requirements

IEC 60270 specifies the accuracy requirements of PD measuring instruments and
pulse calibrators [5]. The uncertainty of pulse calibrators, which represents the basis
for the accuracy of PD measuring instruments, must not exceed 5% of the set
charge (or 1 pC for small charges). Furthermore, the impulse charge must be
traceable to national or international standards of measurement (Refs. [9, 10] of
Chap. 10). A calibrated PD measuring instrument conformal to the provisions of
the standard is considered to have an uncertainty of not more than 10% or 1 pC,
whichever is greater. Real PD measurements are, however, influenced in practice by

U = 0

Z

Ca

Ck

CD M

q0

k
qq 0=M

Fig. 12.16 Basic arrangement for calibrating the complete PD test circuit by injecting the
calibration charge q0 into the test object Ca and reading the charge qM indicated by the PD meter M
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various parameters, including electrical disturbances or background noise. A sound
estimate of the uncertainty of the measured apparent charge with the test object in
high-voltage operation can thus hardly be given.

In order to increase the mutual acceptance of pulse charge measurements, a ring
comparison was carried out with thirteen European laboratories, which were
metrology institutes, calibration and test laboratories. The task was to measure the
charge of different pulses generated by an arbitrary waveform generator with a
series capacitor. The participating laboratories used various methods and circuits for
charge measurement, inter alia the two circuits shown in Fig. 12.14. The results
show that the charges of the various calibration pulses were correctly measured by
the majority of participants within (2–3)%. The ring comparison also included a
check of the PD measuring instruments used in the participating laboratories. For
some pulse shapes, the PD meters partly showed impermissibly large deviations of
the measured charge values [39].

12.8 Visualization of PD Pulses

At the beginning of the PD measurement technology, a comprehensive evaluation
of PD pulses with the analog measuring instruments available at that time was not
possible. Due to the inertia of the moving coil meter, only the largest repeatedly
occurring PD magnitude was displayed. An important advance in the field of PD
measurement technique was the assignment of the individual PD pulses to the phase
of the AC test voltage. The PD pulses were displayed on the screen of an analog
dual-beam oscilloscope, with the voltage waveform being a sine or ellipse. The
phase-resolved representation of PD pulses was later adopted and refined with the
help of digital measuring instruments. For each insulation arrangement, charac-
teristic distribution patterns of the PD pulses are now available in dependence of the
phase of the AC voltage, which are compiled in comprehensive databases. In simple
cases, such as when only a single PD source exists, the comparison with the
database allows a statement about the nature of the measured partial discharges and
the degree of risk of the insulation. Further basic principles of today’s digital PD
measurement technique are the synchronous multi-channel and multi-frequency
measurement techniques that have already been implemented with analog mea-
suring instruments.

12.8.1 Phase Resolved PD Pattern

Digital PD measuring instruments have been in use for more than three decades.
Thanks to computer-aided data processing, they enable fast evaluation and com-
prehensive visualization of the measurement results. In first-generation digital PD
meters, the A/D converter is connected downstream of the analog band filter. This
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means that not the actual PD pulse, but the much wider response of the band filter is
digitized (see Fig. 12.5). Its peak value is determined, which is proportional to the
charge due to the quasi-integration of the PD pulse. This evaluation method is
called post-processing. The charge values digitally stored for several periods can be
displayed differently [40–44]. For example, a simple graphical representation shows
the frequency distribution H(q) of the charge q determined with a pulse height
discriminator. A more complex representation of the PD measurement is provided
by the extended three-dimensional u, q, n graph, where the phase u of the AC
voltage, the charge q and the number n of PD pulses are the axes.

In another fairly clear representation, the pulse charges are given as
phase-resolved partial discharge pattern (PRPD pattern) over the AC test voltage.
Each PD pulse is represented by a small dot, and the number n of PD pulses is
indicated by different gray levels or colors. As an example, Fig. 12.17a shows the
u, q, n pattern of a 10 kV induction motor in operation having multiple defects with
a critical average PD charge greater than 10 nC [45]. The u, q, n pattern in
Fig. 12.17b represents the state of polymeric material immediately after fabrication
with at least six gas-filled cavities of different sizes.

Today, ultra-wideband recording devices with very high sampling rates are
available so that they can directly record the true time course of PD pulses. The
maximum value u of each PD pulse is then evaluated and represented in a u, u,
n pattern. That is, the charge q is not evaluated because the knowledge of the charge
magnitude for the diagnosis is often not needed in on-site tests and online
measurements.

The digital dataset in combination with the appropriate software offers a wide
range of possibilities for distinguishing PD pulses from disturbances [46–50]. The
pattern of phase-resolved PD pulses is typical for each test object and each PD pulse
shape and provides information on the nature of the partial discharges. It can also be
compared with the stored PD patterns of a large reference database [51, 52]. It
should be noted, however, that the PD pattern may be affected by various quantities,
such as temperature, harmonic content and frequency of the test voltage [53, 54].

PD measurements with digital data processing are performed not only during
acceptance tests in the high-voltage hall or during on-site inspections, but also
increasingly for continuous online monitoring of high-voltage or power apparatus
due to the fast and automated data evaluation. This makes it possible at any time to
compare the actual phase-resolved PD patterns with previously recorded data.
Changes in the PD behavior indicating the state of aging of the insulation are thus
readily apparent. An important goal is the definition of critical PD threshold values
that, if exceeded, would lead to the automatic deactivation of the endangered
equipment.
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12.8.2 Synchronous Multichannel PD Measurement

Complex test objects with large dimensions such as three-phase power transformers
may have multiple defects. Partial discharges in the vicinity of one phase are
coupled in an attenuated form into the other two phases and are to be regarded as
interference pulses there. The separation of the pulses and localization of the defect
by measuring at only one point is difficult or even impossible. For this reason,
investigations on power transformers were carried out at an early stage with the aim

Fig. 12.17 Examples of phase-resolved PD patterns of defects. a u, q, n pattern of a 10 kV
induction motor ([45], Fig. 4); b u, q, n pattern of at least six spherical gas inclusions in polymeric
material (Power Diagnostix Systems)
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of measuring PD pulses at the three bushings as simultaneously as possible.
Initially, only one PD meter—first analog, later digital—was used, which alterna-
tively was connected via a fast multiplexer to the three high-voltage bushings and
also to the ground connection if applicable [55–58]. However, the separation and
localization of defects was not very accurate due to the time delay in switching and
the large pulse widths due to quasi-integration. In addition to these multi-terminal
measurements, multi-frequency measurements with a frequency analyzer are also
mentioned in [55].

The direct digitization of PD pulses with very fast ultra-wideband A/D con-
verters and data processing software represent a significant advance in PD mea-
surement technique. The combination of several of these PD measuring devices
with the corresponding coupling units or sensors enables synchronous
multi-channel measurement of PD pulses in complex equipment. Here, two variants
can be distinguished. The PD pulses are simultaneously detected either with
ultra-wide bandwidth at different, usually three measurement terminals (syn-
chronous multi-terminal measurement) or with narrow bandwidth at one terminal
with different center frequencies (synchronous multi-frequency measurement).
The PD pulses of each defect in the insulation are characteristically affected on their
way through the test object to the measurement terminal. Mathematically speaking,
this influence corresponds to the convolution of the pulse by the transfer function of
this particular propagation path. With both measurement variants, PD pulses from
different defects can be detected and separated from external interference pulses.
A combination of both measurement methods is also possible.

The principle of synchronous PD multi-terminal measurement and the visual-
ization of the results will be explained using a simple example. In the case of a
three-phase test object with an internal PD source, differently sized PD pulses occur
at the measurement terminals of the three phases L1, L2 and L3. When the PD
source is closest to the phase L1, the PD pulse measured there has the largest
amplitude (Fig. 12.18a). Due to the attenuation during the longer signal propaga-
tion, the pulse amplitude measured at L2 is smaller and even smaller at L3. The
three measured PD amplitudes are drawn into the triaxial multi-terminal star dia-
gram in a two-dimensional representation and added vectorially (Fig. 12.18b). The
end point indicates the position of this single discharge in the star diagram. With
longer recording time, a large number of PD pulses are detected whose amplitudes
are plotted in the same way in the star diagram. Due to the known spread of partial
discharges and depending on the operating status of the test object (e.g. voltage
instabilities, oil temperature changes and magnetostriction in a transformer), the
points cover a more or less large area in the star diagram (Fig. 12.18c). These result
in a characteristic pattern of partial discharges from this PD source, referred to as 3-
Phase Amplitude Relation Diagram (3PARD). The different frequency of occur-
rence of the PD pulses with approximately the same amplitude is indicated by
different colors or gray levels [59–61].

PD pulses from other PD sources in the test object also produce characteristic
patterns elsewhere in the star diagram. This representation also has the advantage
that each individual PD pattern in the star diagram can be converted into a

398 12 Basics of Partial Discharge Measurement



corresponding u, q, n pattern (see Sect. 12.8.1). Thus, the PD pulses from each
individual PD source can be clearly assigned to the phase of the test voltage and
interpreted based on decades of experience. (Compared with that, a complete u, q,
n pattern with superimposed PD pulses from all existing PD sources is very
complex and would be difficult to evaluate.) Disturbance signals from outside the
test object usually have the same effect on all measurement terminals and are
therefore mapped in a small area around the origin of the diagram axes.

A variant of the multi-terminal star diagram is the 3-Phase Time Relation
Diagram (3PTRD) which shows the time differences between the occurrence of the
PD signals measured in the three phases [60, 62]. Alternatively, or in addition to the
synchronous multi-terminal measurement, the synchronous multi-frequency mea-
surement is performed. The advantage is that the measurement is performed only at
a single terminal of the test object. For a three-phase apparatus under test, three
narrow-band PD measuring instruments with different center frequencies are con-
nected to the terminal. Due to the band limitation, there is a quasi-integration of the
PD signals, so that the evaluated pulse amplitudes are, in principle, proportional to
the charge. The measurement results are shown in the 3-Center Frequency Relation
Diagram (3CFRD) [63].

Another advancement of the synchronous multi-terminal and multi-frequency
measurement methods is that they can also be used in PD tests with DC voltage,
which in turn allows different PD sources to be distinguished (see Sect. 12.10).
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Fig. 12.18 Explanation of the two-dimensional multi-terminal star diagram (3PARD). a Signals
of a single PD pulse measured at the three phases L1, L2 and L3 of a transformer; b vectorial
addition of the amplitudes of the three measured PD signals in the star diagram; c visualization of
the PD signals measured over a longer time period
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12.9 Special Measurement and Detection Methods

The conventional PD measurement technique according to IEC 60270 for deter-
mining the apparent charge usually requires a coupling capacitor to decouple the
PD pulses from the test circuit. Such capacitor becomes larger and more expensive
with increasing operating voltage. Three-phase high-voltage apparatus with large
dimensions such as power transformers and GIS require multiple coupling capac-
itors to provide meaningful measurement results. On the other hand, the electro-
magnetic and acoustic processes associated with partial discharges allow the use of
completely different PD measurement techniques. In conjunction with appropriate
hardware and software, these techniques can be used advantageously in particular
for on-site and online PD measurements. Calibration with charge pulses to deter-
mine the apparent charge is often not possible and not required. The PD pulses are
detected with small electrical or acoustic sensors positioned inside or outside the
test object and measured with ultra-fast digital oscilloscopes in the time domain or
with frequency analyzers in the frequency domain. An IEC publication on elec-
tromagnetic and acoustic PD measurements is available as a Technical Specification
for information [64]. A special role in these measurement techniques is played by
the software, with which different PD sources can be distinguished and separated
from interference, e.g. caused by external discharges. The occurrence of partial
discharges is also associated with optical and chemical processes that are also used
for diagnosis.

12.9.1 VHF and UHF Measurement Methods

Partial discharges in gas-filled voids have spectral components of more than
20 GHz and rise times of less than 50 ps [9, 10]. The very fast gas discharges
generate electromagnetic waves whose propagation in a homogeneous medium is
described by Maxwell’s equations. Velocity and attenuation of wave propagation
depend on the properties of the insulating material and the construction of the test
object. Characteristic of the VHF and UHF measuring method is that the electro-
magnetic field generated by partial discharges is measured and evaluated in a
frequency range of a few 100 MHz (VHF range) to some gigahertz (UHF range).
This frequency range is thus considerably larger than that of conventional PD
measurements according to IEC 60270 (f2 � 1 MHz). Various sensors inside or
outside the test object are used for VHF or UHF measurements. In particular, the
UHF measurement technology is now thanks to high-performance sensors and
measuring instruments a very meaningful diagnostic tool for partial discharges in
GIS, GIL, transformers and cables. With on-site tests, the correct assembly of the
individual components is checked and with increasing online monitoring, changes
in the PD behavior can be identified as hazard criteria.
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12.9.1.1 UHF PD Measurements in GIS

The reasons of the occurrence of partial discharges in GIS are manifold. During
manufacture and assembly, small metal particles may remain in the GIS and be
charged in the strong 50 Hz field. Depending on the particle size, the AC field may
be high enough to lift the particles so that they can move freely by hopping within
the GIS. When approaching the metal wall, the charged particle causes a small
electric discharge [65, 66]. Electric discharges also occur due to microtips on the
current conductor. In both cases, there is a risk of an electrical flashover when
overvoltages occur. Partial discharges may also occur in case of defects in cast resin
GIS spacers that support the current conductor. Furthermore, partial discharges lead
to decomposition of the insulating gas (SF6), whose fission products also serve to
detect partial discharges (see Sect. 12.9.5).

In a gas-filled coaxial conductor, TEM waves and, with corresponding dimen-
sions, even higher TE and TM modes propagate at near the speed of light. Wave
propagation in GIS is affected by attenuation and reflection phenomena, which are
the subject of numerous theoretical and experimental investigations [67–73]. The
typical mean attenuation of wave propagation in gaseous material is considered to
be 2 dB/m. A particular advantage of UHF measurement technique in GIS lies in
the low influence of electromagnetic interference on PD pulse measurements.
External sources of interference are largely shielded and internal interferences only
have a small share in the UHF range. For noise suppression, it is often sufficient to
average the recorded PD pulses over a few minutes. With the UHF measurement
method, the perfect assembly of the GIS components is checked during on-site
tests. The method is also increasingly used in online measurements, as changes in
PD behavior are immediately recognizable. The long-term goal of PD pulse
monitoring is to send automatic hazard information to personnel or even to switch
off the operating voltage when a certain PD pulse magnitude is exceeded.

The results of studies on various very wide-band sensors for PD measurements
in GIS can be found in [74–76]. Basically, a distinction is made between internal
and external sensors. Internal sensors are, for example, disc-shaped or cone-shaped.
They are installed in one or more inspection openings of the grounded outer con-
ductor in such a way that the symmetrical structure of the GIS remains as undis-
turbed as possible. The PD signal is capacitively detected by the sensor and fed to
the measuring instrument outside the GIS (Fig. 12.19). Another measurement
option is provided by sensors in antenna or ring form embedded in prefabricated
GIS spacers made of cast resin [77]. External sensors are mounted on dielectric
windows in the outer conductor and detect the field that leaks to the outside.
Alternatively, the high-frequency stray field of the PD pulses is detected by horn or
other antennas mounted externally at the position of built-in spacers [78, 79].

Internal sensors are generally more sensitive than external sensors or antennas.
The latter are also susceptible to external disturbances and must therefore be
screened. The sensitivity of internal sensors corresponds to an apparent charge of
less than 1 pC. The decisive characteristic of a sensor or an antenna is the effective
length (or effective height), expressed as the quotient of the output voltage of the
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sensor and the surrounding electric or magnetic field. The reciprocal is called the
antenna factor. The basic properties and characteristic values of UHF sensors can
be determined in the field of a GTEM cell or of a cone-shaped antenna placed on a
metal plate [80–82].

There are two ways to process the PD pulses received from a sensor. In the first
method, the PD pulse is evaluated in the time domain with a wide-band (>1 GHz)
fast digital oscilloscope (>1 GS/s). The second method is to evaluate the pulse in
the frequency domain with a narrow-band spectrum analyzer with center frequen-
cies of up to several gigahertzes. The UHF measurement method has the advantage
that disturbances in the GHz range have largely subsided. The time representation
of the PD pulses as a function of the phase of the AC voltage again provides
characteristic distributions (PRPD, see Sect. 12.8.1), which give valuable infor-
mation about the type and cause of the partial discharges [70, 79]. Since the
propagation of the PD impulses in GIS is damped, several sensors are mounted at
intervals. By measuring the transit times of the PD pulses between two or more
sensors, it is possible to locate the PD source.

A disadvantage of the UHF measurement is that the apparent charge of the PD
pulses cannot be determined directly as with the IEC method. There are several
suggestions for calibrating the UHF measuring instrument including the sensor. The
measured quantity in the time domain is the maximum value of the PD pulse
recorded with the digital oscilloscope, usually expressed in millivolts. Two methods
are used to establish an approximate relationship between the display in mV and the
apparent charge in pC. In one method, partial discharges are generated by an
artificial defect within the GIS and measured simultaneously with the UHF and IEC
methods with separate sensors. Or electrical pulses with rise times less than 1 ns
and known charge are fed via an internal sensor into the GIS, which are then
received by a second sensor and evaluated with the UHF meter [83–85].

Partial discharges in GIS emit not only electromagnetic waves but also sound
waves. The acoustic measurement methods are discussed in more detail in
Sect. 12.9.3, which deals with PD measurements in transformers. They are occa-
sionally used in combination with the electric UHF measurement technique.
Acoustic sensors have a frequency range from 50 to 200 kHz. For PD

21 33 M2M

Fig. 12.19 PD diagnosis in GIS with UHF sensors (example). 1 Metal particle as PD source,
2 UHF sensor with instrument M, 3 spacer
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measurements, they are fixed individually or in groups outside the GIS with paste or
glue. The electric output signals are measured with a digital oscilloscope or a
comparable digital measuring device. The results of the investigation show that not
only the partial discharges caused by bouncing metal particles but also the partial
discharges caused by metal tips on the inner and outer conductors can be detected
well with acoustic sensors [86, 87].

12.9.1.2 UHF PD Measurements in Transformers

Partial discharges in oil-insulated transformers often originate from gas bubbles in
the insulating oil or in the winding insulation. The rise times and spectra of the PD
pulses in oil transformers are therefore quite comparable to those in GIS. However,
the propagation of electromagnetic waves in insulating oil is only about 200 m/ls,
i.e. two-thirds of the speed of light. The higher spectral components are more
attenuated than in GIS, so that the evaluation of the measurements usually only
covers the frequency range up to 1 GHz. The application of the GIS-proven UHF
measurement technique to PD measurements in power transformers is the goal of
intensive investigations. External disturbances such as corona discharges, which
can penetrate through the bushings into the transformer tank, are usually in the
frequency range below 300 MHz or even below 200 MHz and can therefore easily
be distinguished from the high-frequency internal partial discharges.

Two versions of capacitive sensors have proven to be particularly suitable for
on-site measurements using the UHF method (Ref. [5] of Chap. 1; [1, 88–90]).
Internal sensors can be inserted directly into the transformer tank using the standard
oil filling valves (Fig. 12.20a). These sensors are referred to as drain valve sensors.
The same UHF sensor can also be mounted as an external sensor on a dielectric
window in the tank wall and is referred to as top hatch sensor (Fig. 12.20b). Often,
the UHF sensor is directly equipped with a monopole antenna that can emit electric
calibration pulses into the oil tank. This allows direct function and sensitivity tests
of the UHF sensor before the PD measurement. The suitability of further sensors for
UHF measurements in model arrangements is discussed in [91–93].

A monitored power transformer is generally equipped with UHF sensors at
several points (Fig. 12.21). From the differences in the measured transit times and
amplitudes, the position of the PD source in the transformer can be determined to a
limited extent. However, due to multiple reflection and attenuation phenomena,
accurate PD localization is possible only in special cases. By combining the UHF
method with acoustic measurement methods, the location of PD sources in trans-
formers appear to be more effective (see Sect. 12.9.3). For UHF PD measurements
in transformers, comparable digital oscilloscopes or frequency analyzers are used as
for PD measurements in GIS.

As with GIS, UHF measurements of partial discharges in transformers have the
disadvantage that the apparent charge of the PD pulses cannot be determined
directly. Sensitivity measurements are reported in detail in [94]. Defined pulses are
injected via a monopole antenna into an oil-filled tubular test chamber and the
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radiated electromagnetic signal is measured with a UHF sensor. The injected pulses
with a half-width of less than 0.5 ns are generated electronically by means of a
bipolar square wave generator and a fast step recovery diode. The injected pulse,
which simulates a PD pulse, and its UHF signal are recorded with a two-channel
digital oscilloscope and evaluated with the PC. Further investigations are consid-
ered necessary to obtain a quantitative statement about the injected pulse charge

Fig. 12.20 UHF sensors for
PD measurements in power
transformers (Ref. [5] of
Chap. 1; Fig. 10.35).
a Internal UHF sensor as
drain valve sensor; b external
UHF top hatch sensor for use
on dielectric window

1

3

2
2

Fig. 12.21 Possible positions
of UHF sensors for PD
measurement in the oil tank
(schematic). 1 PD source with
electromagnetic radiation,
2 UHF sensors on dielectric
windows, 3 UHF sensors as
drain valve sensor
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q and the displayed value of the UHV sensor in mV. A theoretical study in [95]
presents the dimensioning of an oil-filled GTEM cell that would be suitable for the
basic calibration of UHF sensors.

12.9.1.3 PD Probe for Fast on-Site Measurement

The high-frequency electromagnetic field generated by partial discharges in GIS,
transformers, cable terminations, etc., can generally leak out due to small cracks and
gaps in the metallic housing and can therefore be detected outside. Figure 12.22
shows a battery-operated PD probe that enables fast potential-free measurements of
this high-frequency field on site (Ref. [5] of Chap. 1; [96]). The probe is equipped
on the front with two capacitive sensors, which are connected in a bridge circuit in
order to achieve a large signal-to-noise ratio. The highly sensitive PD probe can be
manually guided at a distance of a few centimeters along the test object without
touching it. The high-frequency field of the partial discharges is detected in the
range of 300–800 MHz. After processing the measured PD signal, the PD probe
displays the maximum value on a pointer instrument. In addition, a digital oscil-
loscope or PC for further data processing can be connected via an optical data link.
Instead of capacitive sensors, the PD probe can also be operated with inductive
sensors.

Fig. 12.22 Portable PD
probe with two capacitive
sensors arranged in a bridge
circuit for fast on-site
measurements (Ref. [5] of
Chap. 1; Fig. 4.60c)
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12.9.2 PD Measurements in Cables and Accessories

The insulation of newly manufactured high-voltage cables consists mainly of
cross-linked polyethylene (XLPE). Older cables with oil-insulated paper as insu-
lation or mass-insulated cables will continue to be used for decades. Partial dis-
charges can be caused by gas bubbles or contamination in the cable insulation, and
by damage to the semiconducting layers on the inner or outer conductor of XLPE
cables. With older plastic cables, there is a risk that the lifetime will be impaired by
the formation of water trees. Newer cables with production lengths of up to several
1000 m are subjected to a conventional PD test according to IEC 60270 in the test
laboratory. If partial discharges occur in the cable, the PD pulses travel at a speed of
140–200 m/ls in both directions away from the defect (Fig. 12.23). Since the cable
end B is usually not terminated during the test, the PD pulses arriving there are
reflected and return to point A at the beginning of the cable. The pulses coming
directly from the PD source and the reflected pulses are more or less attenuated
depending on the distance traveled through the cable. At point A, the pulses are
coupled out via the capacitor Ck and measured with an oscilloscope as voltage
pulses at the measuring resistor Rm [97–99].

Note The first version of the so-called Lemke probe still worked according to the inte-
gration principle given in Sect. 12.5.2.1. The capacitively received PD pulse passed
through an input amplifier with a bandwidth of 10 MHz to an integration amplifier, so that
the charge of the PD pulse was displayed.

x
L

Δt

Ck

Rm

A B

Fig. 12.23 Basic circuit for localizing partial discharges in a cable (high-voltage power supply
and cable accessories not shown)
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The time difference Dt between the direct PD pulse and the reflected PD pulse
when they arrive at point A is:

Dt ¼ 2ðL� xÞ
v

; ð12:21Þ

where L is the cable length, x is the distance of the PD source from point A at the
beginning of the cable and v is the propagation velocity of the PD pulse in the cable.
With Eq. (12.21), it is possible to calculate the distance x and thus the location of
the PD source. In general, the measurement is repeated, the measuring system then
being connected to the cable end B. The mean of the distance values xA and xB
provides a more accurate value x for the location of the PD source. The propagation
velocity v in the cable of length L is determined by measuring the transit time of a
calibration pulse fed into the cable end B.

This basically simple location method will usually fail if the PD source is near the
cable ends A or B, or if there are multiple PD sources in the cable. For very long
cables, the reflected pulse is no longer measurable due to the strong signal attenu-
ation. In these cases, especially for on-site testing, the following two methods can
often be used successfully. In the first method, the PD test is performed with a
sinusoidal voltage of significantly reduced frequency of 0.1 Hz due to the large
capacitive load of the coaxial cable. In the second PD measurement method, which is
also well-suited for on-site testing, the test is performed with a decaying sinusoidal
oscillation, resulting from the sudden discharge of a charged DC cable [100, 101].

For an external 5.6 km long three-phase gas pressure cable system, an improved
method for locating PD pulses is described in [102] wherein the synchronous
multi-terminal measurement technique is used (see Sect. 12.8.2). During the test,
only one phase is connected to high voltage. The pulses from a possible PD source
propagate directly to both phase ends, where they are decoupled and evaluated in
real time by two ultra-wideband digital PD measuring systems of the type shown in
Fig. 12.9. The main part of the publication deals with a new technique to syn-
chronize the two PD measuring systems that are several kilometers apart. For this
purpose, a carrier signal is fed into the end of one of the two other cables, which
activates the generation of steep trigger pulses at both cable ends. Taking into
account the signal propagation time in the cable, the two PD measuring systems
thus have exactly the same time base for each recording, i.e. they are synchronized.
From the measured time differences of the PD pulses arriving at the PD measuring
systems, the PD source can be located. The location of multiple PD sources and the
separation of external disturbances are also possible. According to the results of the
investigation with artificial defects at both cable ends, the uncertainty of locating
the PD source is given as 0.2% of the cable length.

Defects in new cables are usually detected in PD tests by the manufacturer
before delivery. Problems with partial discharges therefore occur mainly during
cable assembly on site, especially in cable joints or cable terminations. In particular
in cable joints (or cable terminations), internal partial discharges can occur for
various reasons. In order to detect or exclude assembly errors—or a previously
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unrecognized defect in the cable—directional couplers are installed on both sides
of the cable joint [103, 104]. The sensors of the two directional couplers 1 and 2 are
installed between the outer semi-conductive layer 3 and the metal cable sheath 4
(Fig. 12.24). Each directional coupler has two ports denoted A-B and C-D, which
are connected to the PD analyzing system. Alternatively, the sensors can be
installed directly in the joint 5. Optimal directivity and sensitivity are achieved
when the sensors are mounted directly on the cable shield 4.

If a PD source is active in the cable system, a TEM wave will propagate to both
directional couplers and cause voltage pulses at the sensor ports A to D due to
capacitive and inductive interactions. Depending on the direction from which the
TEM wave hits the sensor, an addition or subtraction takes place, in the ideal case
even a complete extinction of these pulses. If, for example, the PD source 6 is
located in the cable joint, much higher pulse voltages occur at the ports B and C
than at the ports A and D. On the other hand, when the PD source is in the left
cable, the pulse voltages at the ports A and C are higher than at the ports B and D.
With directional coupler technology, multiple PD sources in the cable system can
be distinguished and separated from external interference.

PD pulses may also be decoupled inductively by means of an HF current
transformer arranged around the ground line of the cable at its termination, as
discussed in several publications. Preliminary studies on several de-energized
three-phase cables show that calibration pulses injected into the beginning of a
single phase can be inductively coupled out and detected at each of the three ground
connections at the other end of the short-circuited cable [105]. However, this
measurement technique is very susceptible to noise and therefore not suitable for
on-site PD tests. The signal-to-noise ratio is significantly improved by a special
arrangement of the ground connections through HF ring transformers [106].
Hereby, the three phases are short-circuited at the measurement station and
grounded, which, of course, requires a powerful AC voltage supply. In this PD test,
the ground connections are led in pairs through the ferrite cores of three HF current
transformers as shown in Fig. 12.25. For example, the left core with the currents +i1
and −i2 detects PD pulses in phases 1 and 2, but with different polarity. Due to the

A          B                                      C         D

1 2
6 3

4
5

Fig. 12.24 Principle of directional coupler technology for locating partial discharges in a cable
joint. 1, 2 Directional coupler, 3 outer semi-conductive layer, 4 cable sheath, 5 cable joint, 6 PD
source in the cable joint
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opposite current flow in each ferrite core, common-mode noise will be subtracted so
that external disturbances largely cancel each other out. The output signals of the
three HF ring transformers are recorded repeatedly using a potential-free
three-channel ultra-wideband PD measuring system with A/D converters. Using
the example of calibration pulses injected into the cable, the recorded output signals
are evaluated by software and displayed in various ways, e.g. in a star diagram
(3PARD, see Sect. 12.8.2). The PD measurement principle can also be used in such
a way that, instead of the ground connections, the high-voltage conductors are led
through the ferrite cores.

The propagation of electromagnetic fields generated by partial discharges in
cables and joints is the subject of numerous theoretical and experimental investi-
gations. Due to the high spectral components of the PD pulses in the GHz range, the
shielding of cables and joints is not perfect, so that the fields are partially emitted.
This is shown by field calculations for three-dimensional model arrangements using
different software solutions of Maxwell’s field equations. The experimental
investigations carried out in this context largely confirm the theoretical results. In
[107], the use of small air coils is described to measure the external magnetic fields
generated by PD pulses in an artificial void in a short test cable. Another paper deals
with small planar wide-band antennas for measuring the UHF field of PD pulses
emitted by a defect in cable terminations [108]. In this context, reference is also
made to the PD measuring probe in Sect. 12.9.1.3, which is capable of detecting the
emitted field of partial discharges in shielded test objects.

12.9.3 Acoustic PD Measurement

In addition to electromagnetic waves, partial discharges also generate ultrasonic
waves which propagate in gases, liquids and solids at different velocities. External

1 2 3

i3

i2

i1

A/D A/D A/D

PC

Fig. 12.25 Inductive
decoupling of PD pulses from
the ground lines of a
short-circuited
three-conductor cable in
conjunction with synchronous
multi-channel PD
measurement technique

12.9 Special Measurement and Detection Methods 409



partial discharges in air, such as on high-voltage lines or fittings, can be easily
located with a directional microphone. Of course, the corona source must be in
direct line of sight, and its location is facilitated by using the microphone with a
laser pointer. If the sound wave is reflected on walls or larger objects in the
environment of the corona source, its location may be erroneous.

The acoustic measurement of partial discharges in oil-filled power transformers
has gained particular significance. The velocity of undisturbed propagation of
acoustic waves in oil is about 1340 m/s. However, the shape and propagation of the
acoustic pulses generated by partial discharges in the oil-filled transformer are
affected by attenuation and superposition of reflected pulses. When the pulses
impinge on the walls of the transformer tank, they also propagate along the metal
walls. The ultrasonic waves impinging on the inner tank wall can be detected with
piezoelectric sensors mounted on the outside of the metal tank. They convert the
acoustic signal into an electric signal that is recorded by a digital oscilloscope or
digital PD measuring system and evaluated on the PC using special software [16,
109–112]. The main spectral component of the oscillating signals is between 50 and
200 kHz.

The advantage of the acoustic PD measurement method is that electric noise, e.g.
caused by corona, has no effect, provided that the electric part of the sensor unit, the
supply line and the measuring instrument are sufficiently shielded. Mechanical
vibrations of the transformer, e.g. caused by magnetostriction, occur well below the
above frequency range. By averaging multiple records of the acoustic signals, noise
and disturbances are largely reduced. Acoustic PD measurements are often com-
bined with methods for the detection of decomposition products (see Sect. 12.9.5).

With several ultrasonic sensors mounted on the outside of the transformer tank,
it is possible to locate a PD source 1 from the propagation time differences of the
detected acoustic pulses (Fig. 12.26a). However, the sensors 2 receive not only the
directly incoming acoustic wave, but also the components that are reflected from
the tank wall to the sensor or that propagate along the wall. Due to the

(a) (b) 
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Fig. 12.26 Acoustic detection of partial discharges in oil-insulated transformers (principle).
a Locating a PD source 1 in the oil tank with three ultrasonic sensors 2; b locating a PD source 1 in
the oil tank with an acoustic sensor array 2 and an UHF sensor 3
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superimpositions, the beginning of the acoustic pulse and thus the location of the
PD source cannot be determined exactly. By changing the position of the individual
sensors, the measurement conditions can be improved if necessary. Specially
designed ultrasonic sensors can also be positioned within the oil tank for PD
measurements. In this position, the sensors commonly referred to as hydrophones
have the advantage of higher sensitivity, but can only be used in areas of low field
strength.

The accuracy of the acoustic localization of PD sources in large power trans-
formers can be significantly improved by combination with the UHF method [113].
The high-frequency PD signal rapidly propagating in the oil is measured with a
UHF sensor, which is inserted into the oil tank through a drain valve (Fig. 12.26b).
The UHF signal serves as a trigger signal for the recorder channels for measuring
the acoustic pulses. It thus represents the exact zero point for the evaluation of the
acoustic transit time measurements. Further, the suitability of an acoustic sensor
array 2 for locating a PD source 1 is investigated in [114]. The array attached to the
outer wall of the tank consists of two orthogonal sensor pairs. The advantage is that
the position of the sensor array can be changed more easily than that of four
individual acoustic sensors. The results of the study show that in combination with
the UHF sensor 3 even multiple PD sources can be localized very precisely at the
same time.

In [115], the prototype of a combined sensor for acoustic and UHF measure-
ments of partial discharges as well as for transformer vibrations due to magne-
tostriction is presented. The sensor can be easily inserted into the oil tank of the
laboratory test setup through a drain valve. As an alternative to the trigger signal
derived from the UHF signal, the electrical PD signal can be coupled out with a
coupling capacitor or HF current transformer [116]. The different transit times of
the electric and acoustic signals from the PD source in oil to the measuring system
as well as the influencing parameters were specifically investigated in order to
obtain a reliable trigger signal, which is indispensable for locating the PD source.

With ultrasonic measurements, as well as with UHF measurements, there is no
direct correlation between the measured quantity and the apparent charge of the PD
pulses. In [117], two methods for the generation of defined ultrasonic waves are
descried. In one method, a small rod-plane gap is used as an artificial PD source to
calibrate ultrasonic sensors when installed. The miniaturized calibration source is
fixed at the end of a coaxial cable that can be immersed from above at different
depths into the oil-insulated transformer tank. Depending on the voltage applied to
the cable, partial discharges of 10–2000 pC can be generated. The spectrum of the
ultrasonic pulses generated by the artificial PD source is comparable to that of
partial discharges in oil, i.e. the main part lies in the frequency range between 50
and 200 kHz. The charge of the thus generated PD pulses was measured according
to IEC 60270 with a separate coupling capacitor and coupling unit or by utilizing
the capacitance of the coaxial cable to the rod-plane arrangement.

The second method described in [117] deals with the injection of defined
mechanical pulses from the outside into the metal wall of a tank via an acoustic
transmitter. With the electronically controlled pulse calibrator, the tank wall is made
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to vibrate, so that acoustic waves propagate along the tank wall. The vibration is
received by an acoustic sensor mounted at some distance on the tank wall. From the
excited and the received vibrations, the location-dependent acoustic transfer
function of the tank wall between the points of injection and measurement is
obtained, the knowledge of which is useful for theoretical investigations.

The acoustic PD measurement technique in model arrangements of transformers
and bushings with epoxy resin insulation is basically studied in [118, 119]. The
main part of the acoustic PD spectrum lies in the frequency range from 100 kHz to
a maximum of 1 MHz. The attenuation of the acoustic PD signal in the epoxy resin
insulation is between 62 and 140 dB/m, depending on the direction of propagation
and type of the test object. With the acoustic sensor, therefore, only very strong
partial discharges can be detected within 0.5 m. Acoustic disturbances, e.g. by
corona, are eliminated quite well by averaging multiple records.

Other investigations are concerned with the influence of partial discharges on a
polarized light beam which is coupled by a He–Ne laser via a polarizer into an
optical fiber. The pressure wave of a partial discharge causes a temporal change in
the refractive index of the optical fiber and thus a phase modulation of the light
beam, which is then converted into an electrical signal and evaluated. In [120], a
model with a point-plane electrode in a cylindrical glass chamber filled with SF6 is
investigated, around which a single mode fiber of only 5 lm thickness is wound in
several turns. The pressure wave propagating from the PD source causes phase
modulation of the optical beam in the fiber. The detection sensitivity of the
experimental set-up intended to simulate part of a GIS corresponds to a PD mag-
nitude of at least 20 pC. The acousto-optic sensor has the advantage that it is
non-invasive and insensitive to electromagnetic interference and can also be used in
areas of high field strengths.

Another acousto-optic sensor described in [121] consists of a tightly wound
optical fiber coil embedded in silicone elastomer. During the test, the sensor is
attached to one side of a cubic sample of transparent silicone elastomer having a
cast-in point-plate electrode. The thus generated partial discharges cause acoustic
pulses which propagate to the acousto-optic sensor and modulate the phase of the
light beam in the optical fiber. The investigation results show that the sensor
sensitivity is 6 pC for AC voltage and better than 1 pC for DC voltage. The
acousto-optic sensor system is intended for use in high-voltage cable accessories.
However, the measurements at DC and AC voltages caused partly, especially at
positive DC voltage, anomalous display of the acousto-optic sensor system.

12.9.4 Optical PD Measurement

In addition to electric and acoustic measurement methods, partial discharges can
also be detected by optical methods. The spectrum of the light emitted by partial
discharges due to ionization depends on the surrounding medium, ranging from the
infrared to the ultraviolet range. External partial discharges (corona) on
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high-voltage power lines, fittings, etc. can be easily located in the dark with the
naked eye or residual light amplifiers. In daylight, special UV camera systems are
successfully used, which capture an image or sequence of external discharges
together with the high-voltage circuit. By using optical filters in the wavelength
range k = 240–280 nm, the ambient daylight is sufficiently well suppressed
[122, 123].

The detection of light emission from internal partial discharges is the goal of a
series of fundamental investigations. Several papers deal mainly with two optical
measurement methods. Of course, both methods require that the PD source be
surrounded by a more or less translucent insulation, e.g. insulating gas, transformer
oil, silicone, etc. and that no external light disturbs the measurements. Advantages
of these methods are that the optical sensor practically does not disturb the electric
field, is immune to electromagnetic interference and causes only limited additional
partial discharges.

In preliminary studies, a conventional optical fiber is used as a sensor for the
partial discharges of a point-plane electrode arrangement 1 in a test vessel 2 filled
with air or oil (Fig. 12.27). For maximum sensitivity, one end of the optical fiber 3
is directed at a distance of less than 1 cm directly onto the point electrode. A greater
distance of up to 5 cm is possible when placing a lens in front of the optical fiber,
thereby increasing the angle of incidence. The other end of the optical fiber is
connected to a photodiode 4 which, in conjunction with a current-voltage trans-
ducer, converts the optical signal into an electrical voltage for further evaluation.
The optical PD measuring system in Fig. 12.27 has a sensitivity of 35 pC. The
displayed pulse height is proportional to the apparent charge [124].

In the second method of measurement, optical fibers with a fluorescent additive
are used to measure the luminous appearance of partial discharges. The particular
characteristic of the fluorescent optical fiber 1 (FOF) is to absorb the light rays 3
emanating from a PD source 2 and to emit photons 4 (Fig. 12.28a). By multiple
reflections at the boundary layer between the core and the coating of the fiber, the
photons propagate along the FOF. At its end, a conventional optical fiber is con-
nected, which forwards the light to a photomultiplier for conversion into an
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Fig. 12.27 Experimental
setup for PD measurement
with optical fiber.
1 Point-plane electrode
arrangement, 2 test cell filled
with air or oil, 3 optical fiber,
4 photo diode with
current-voltage transducer
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electrical signal. The angle of incidence at which the excitation beams of the partial
discharge strike the fluorescent fiber has only a small influence on the emitted
photocurrent.

In the experimental setup in Fig. 12.28b, a fluorescent optical fiber 1 (FOF) is
positioned in the continuous groove of a two-part sample 2 of transformer board. The
sample is placed between two plate electrodes 3 in an oil-filled test container 4 [125].
The partial discharges occurring in the groove activate the optical processes in the FOF
with their excitation radiation. These processes take place very quickly, including the
subsequent conversion into electrical pulses with a photomultiplier. The rise time of
these pulses is in the range of only a few nanoseconds, whereas the PD pulses mea-
sured with a conventional PD measuring system according to IEC 60270 have strong
oscillations formore than 1 µs. PDmeasurementswith andwithout FOF show that the
number of PD pulses is only slightly increased by the presence of the FOF. Due to the
positive results of the investigation, the authors recommend the future use of the
optical measuring system for PD measurement in transformers.

In another experimental setup, the FOF is wound in multiple turns around a
darkened cylindrical sample of transparent silicone in which a point-plane electrode
arrangement generates partial discharges [126]. A conventional optical fiber con-
nects the FOF end via an optoelectronic converter to the channel of a digital PD
measuring system according to Sect. 12.5.2.2. In addition, the PD pulses are
conventionally coupled out via a coupling capacitor and measuring impedance and
passed directly into a second channel of the PD measuring system. Comparison of
the PRPD patterns obtained with optical and electrical PD measurement methods
(see Sect. 12.8.1) shows good agreement, although small differences are visible.
Due to the overall positive experimental results, the use of fluorescent optical fibers
for PD monitoring in cable terminations is suggested. Further details on the same
topic are also presented in [127].
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Fig. 12.28 Fluorescent optical fiber (FOF) for detecting partial discharges. a Light wave of a PD
pulse incident in a fluorescent optical fiber (principle). 1 Fluorescent optical fiber, 2 PD source,
3 PD excitation radiation, 4 emitted photon radiation. b Experimental test setup for investigating
the influence of partial discharges on a fluorescent optical fiber. 1 Fluorescent optical fiber,
2 insulating sample with grove, 3 plate electrode, 4 test cell filled with oil
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12.9.5 Chemical PD Detection Methods

Partial discharges cause by various influences a gradual decomposition of the
surrounding insulating material. Here, a distinction can be made between the direct
effects on the insulating material and secondary effects. UV radiation and tem-
perature rise due to partial discharges act directly on the insulating material.
Secondary effects of partial discharges are caused by decomposition products such
as ozone, hydrogen, nitrogen oxides and—in the presence of moisture—nitric acid,
which then attack the surrounding insulating material. For example, the Dissolved
Gas Analysis (DGA) has long been a proven and reliable method of detecting the
condition of oil-filled transformers after prolonged exposure to temperature and
partial discharges. For this purpose, oil samples are taken at regular intervals and
analyzed with a gas chromatograph with regard to the individual gas fractions.
Based on decades of experience, typical decomposition gases in oil-paper insula-
tions can be detected after PD exposure. According to IEC 60599, the concentration
ratios of certain gases such as CH4/H2 and C2H4/C2H6 clearly show that partial
discharges have occurred in the oil-insulated system [128]. Permanent online
monitoring is increasingly being carried out with gas sensors mounted directly on
the transformer. Doing this, the total pressure of some typical gases dissolved in the
oil is continuously recorded and displayed. The connection can be clearly shown by
simultaneous measurements of the partial discharges and the gas pressure in the
transformer [129–131].

Partial discharges in GIS also lead to a decomposition of the insulating gas,
usually SF6. In [132], a novel gas sensor based on the single-walled carbon nan-
otube (SWNT) is investigated. With this sensor, the decomposition products of a
gas mixture of SF6, O2 and H2O in a GIS-like test chamber can be detected. The gas
molecules of the decomposition products are deposited on the gas sensor and cause
an integral increase in the electrical conductivity, which is digitally recorded and
evaluated in online operation. Synchronous measurements with the novel gas
sensor system, a UHF measuring system and a conventional PD measuring system
at partial discharges of 10 and 20 pC show consistent results with regard to the PD
behavior of the test sample. Advantages of the novel gas sensor are its small size,
fast response and high sensitivity compared to other gas sensors. Also advantageous
are the simple evaluation and the very low data volume of the measurements.

12.10 Partial Discharge Measurement at DC Voltage

The occurrence and measurement of partial discharges at DC voltage in HVDC
systems, X-ray equipment, cathode ray tubes, accelerator systems and radar systems
has long been a well-known problem. The growing demand for power transmission
systems operating at very high DC voltages has led to an increasing interest in the
behavior of insulation under DC stress. In principle, partial discharges occur at DC
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voltage as well as in the case of AC voltage when the insulation fails due to locally
increased field strength. Partial discharges within equipment with solid, liquid or
gaseous insulation are also particularly dangerous as they may shorten the service
time [133–135].

Figure 12.29 shows a simple equivalent circuit diagram for internal partial
discharges at DC voltage. The defect in the insulation is characterized by R1, C1 and
the spark gap F. The processes in the generation of partial discharges at DC voltage
differ from those at AC voltage, since the capacitances in the circuit have little
influence. After firing of the spark gap F and the collapse of the voltage u1, the
recharging process in the defect via the high-ohmic resistance R2 of the insulation
takes place only very slowly. Compared to the charging process with AC voltage,
therefore, so much more time passes until a new partial discharge occurs at the
defect. Due to various influences, such as the formation of space charges in the
insulation or the instability of the applied DC voltage, the magnitudes and in
particular the time intervals between successive PD pulses are subject to greater
scattering. This scattering is also noticeable in the inception and extinction voltages
of partial discharges.

The characteristic measurement quantity of PD pulses at DC voltage is again the
apparent charge. Further quantities are the pulse shape and the spectrum, the time
between successive pulses and the pulse frequency in a defined interval. The
diagnosis is not easy, since a clear relationship of the PD pulses to the DC voltage,
as it is the phase of the AC voltage, does not exist. Due to the random nature of PD
pulses, a distinction between partial discharges and interference pulses is made
more difficult. In some cases, the ripple of a rectified DC test voltage can establish a
phase dependent correlation with the PD pulses. Some information and suggestions
for standardized PD measurements at DC voltage can be found in IEC 60270 [6]. In
addition to the measurement of the individual pulse charges, in particular the ac-
cumulated apparent charge is of interest. It represents the sum of the apparent
charges of all individual PD pulses above a specified threshold level within a
predetermined time interval (Fig. 12.30). An additional criterion for passing the PD
test of a test object at DC voltage may be, for example, that the number of PD
pulses during a given time is less than a specified total.
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Fig. 12.29 Simple
equivalent circuit diagram for
internal partial discharges of
an insulating arrangement at
DC voltage
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Basically, the digital measuring instruments used for PD tests with AC voltage
are also suitable for DC voltage tests if they can display individual PD pulses and
the accumulated charge. The same applies to the different measurement and eval-
uation methods, e.g. the conventional test method with coupling capacitor
according to IEC 60270, the UHF method or the acoustic and optical diagnosis.
Particularly advantageous are wide-band digital PD measuring instruments that
record the PD pulses as true to the original as possible and enable comprehensive
computer-assisted evaluation. The two synchronous PD multichannel measurement
methods 3PARD and 3CFRD (see Sect. 12.8.2) are also applicable for the detection
and separation of partial discharges in PD tests with DC voltage [136]. Particularly
advantageous here is the ability to distinguish internal PD pulses of the test object
from external disturbances. These can be, for example, corona from the DC power
supply (e.g. Greinacher cascade) or discharges of metal pieces that are charged by
influence. A long recording time of one or several hours is a prerequisite for
evaluating a sufficiently large number of partial discharges.

The problem of distinguishing internal partial discharges from external inter-
ference pulses can also be solved by means of a bridge circuit with differential
signal evaluation [137]. The computer-controlled bridge in conjunction with a
digital PD measuring system can be used in both AC and DC voltage tests. The
basic measurement arrangement corresponds in principle to the conventional analog
bridge circuit in Fig. 12.11c, but no bridge balancing is performed. Instead, the
difference signal and the individual signals of the two bridge arms are digitally
recorded and multiplied by weighting factors in order to achieve a virtual bridge
balance by calculation. The weighting factors for the bridge arms result from the
calibration with known pulse charges. The measurement of the PD pulses and
determination of the charge is done either with wide-band devices in the time
domain or with narrow-band devices in the frequency domain. The common mode
rejection for external noise is given as 25 dB. The paper describes application
examples for the computer-controlled measuring bridge with differential signal
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Fig. 12.30 Measurement of
partial discharges at DC
voltage (principle methods).
a PD pulses versus time;
b accumulated apparent
charge of the individual PD
pulses
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evaluation in order to measure PD pulses at AC and DC test voltage. The results
show that partial discharges in a test object at 400 kV DC voltage can be clearly
distinguished from corona discharges of the DC voltage supply.

12.11 Partial Discharge Measurement at Impulse Voltage

Partial discharges generated by impulse voltages are attracting increasing interest.
Here, two areas of interest can be distinguished. On the one hand, impulse voltages
are the better choice for certain test tasks than AC voltages. On the other hand,
high-voltage equipment is constantly exposed to impulse voltages during normal
operation. For example, due to the large cable capacitance, PD testing on AC cables
requires a powerful AC voltage supply at mains frequency, which in particular is a
transport problem for on-site testing. PD tests to be performed at AC voltage with
reduced frequency down to 0.1 Hz or at impulse voltage are under discussion, with
the impulse voltage generator having the advantage that it can be transported in
parts and assembled on site for the PD test. The 250/2500 switching impulse
voltage has a rise time which is approximately 20 times smaller than that of the
50 Hz AC voltage, the upper 3 dB limit frequency being about 50 Hz (see
Sect. 8.1.4). Comparative PD tests provide a factor of about 2 by which the
switching impulse voltage must be greater than the AC test voltage to detect partial
discharges of the same defect (Ref. [5] of Chap. 1). It should be noted here that
partial discharges can occur first on the impulse back, i.e. at a lower voltage than the
peak value. This is due to the statistical time delay in the formation of the electron
avalanche required for the partial breakdown. Examples of devices whose normal
operation is characterized by permanent impulse stress and thus the risk of partial
discharges are rotating machines and their converters, transformers, cables etc., as
well as devices in power electronics, especially in converters for wind turbines and
photovoltaic systems.

Information on electrical PD measurements at impulse voltages is given in the
Technical Specification IEC TS 61934 [138]. In the PD test with impulse voltages,
the basic measurement problem is that the spectrum of the test voltage at higher
frequencies may be close to the spectrum of the PD impulses coupled out by the
coupling capacitor. A simple high-pass filter, as is common in AC tests, is therefore
not sufficient to separate the small PD signal components from the frequency
components of the test voltage. Therefore, an active high-pass filter of higher order
is required. If the test generator is a conventional impulse voltage generator with
open spark gaps, strong electromagnetic interference is generated with spectral
components in the upper frequency range. The usable frequency range for PD
measurements is then above 100 MHz. Extremely wide-band PD measuring
instruments with direct digital data acquisition are preferred (see Sect. 12.5.2.2).

Orienting investigations deal with a method in which a PD measuring system
with an acoustic sensor (see Sect. 12.9.3) detects and evaluates the ultrasonic waves
originating from partial discharges that are generated by 1.2/50 impulse voltages of
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negative polarity [139]. The partial discharge source is a needle-plane electrode
arrangement in oil, with a 1.6 mm thick pressboard insulation placed on the plane
electrode. The emitted ultrasonic signal propagates in the test chamber at a speed of
about 1400 m/s in oil and hits on the acoustic sensor mounted outside the chamber
wall only after several 100 µs. After this time delay, the electromagnetic interfer-
ence caused by the firing of the impulse generator has already subsided. The
measurement method is proposed as suitable for PD detection and diagnosis in
impulse voltage tests of power transformers.
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Chapter 13
Evaluation of Uncertainties
of Measurement

Abstract Each measurement is not perfect and therefore cannot give the “true”
value of the quantity to be measured, but only a more or less accurate approximate
value, called estimate (of the value). Even if the measurement is repeated under
seemingly identical conditions, the measuring instrument with sufficiently high
resolution will display values usually differing from one another. The imperfection,
or, positively considered, the quality of a measurement is expressed quantitatively
by a numerical value, the uncertainty of measurement. The result of a measurement
is the more reliable, the smaller the uncertainty. If the specified measurement
uncertainty limits are not met during tests and calibrations, the test object will not
pass the acceptance test. This chapter describes the definitions and the concept of
how the uncertainty of a measurement can be determined. Key words are model
function of the measurement, Type A and Type B evaluation methods, standard
uncertainties, expanded uncertainty, uncertainty budget and statement of uncer-
tainties. Several examples are given in Appendix B.

Each measurement is imperfect and therefore cannot give the “true” value of the
quantity to be measured, but only a more or less accurate approximate value, called
estimate (of the value). Even if the measurement on a test object is repeated under
seemingly identical conditions, the measuring instrument with sufficiently high res-
olution displays values usually differing from one another. The imperfection, or,
positively considered, the quality of a measurement is expressed quantitatively by a
numerical value, the uncertainty of measurement. As defined in the International
Vocabulary of Metrology (VIM), it is a “parameter, associated with the result of a
measurement that characterizes the spread of the values that could reasonably be
attributed to the measurand” [1].

The knowledge about the uncertainty (of measurement) and its evaluation
according to uniform specifications is of great economic importance in the interna-
tional trade in goods. The result of a measurement is the more reliable, the smaller the
uncertainty. If a measuring system consisting of several components is to be improved,
it makes sense to first replace the component with the greatest uncertainty. The
comparability of measurements at different locations or at different times is meaningful
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only with the statement of the uncertainty. This also applies to the traceability of a
measured quantity to national or international measurement standards (see Sect. 10.1).
If the specified limit values of the measurement uncertainty are not met during tests
and calibrations, the test object concerned will not pass the acceptance test.

13.1 The GUM

The idea of making a statement about the accuracy of measurement in addition to the
measured value is already very old. In this context, reference is made to the classical
Gaussian error calculation, which, however, only takes into account measurement
deviations based on statistical effects. Deviations due to non-statistical effects,
insofar they were not known exactly, were not included in uncertainty calculations in
the past. Increasing globalization of the world economy and the rising demands on
the accuracy of products and services require uniform international rules for the
determination of measurement uncertainties, taking into account statistical and
non-statistical influence quantities. As a result of the cooperation of the most
important bodies and organizations in this field, under the leadership of the Bureau
International des Poids et Mesures (BIPM), a guideline for the estimation of mea-
surement uncertainties was presented. A revised version of the guideline was pub-
lished as an ISO-Guide in 1995 and supplemented in 2008 [2]. This guide with more
than 100 pages, referred to as GUM or Guide, is a detailed instruction for the
evaluation of uncertainties in all fields of measurement practice. Besides a main part
in general terms, the GUM contains several appendices with practical hints and
recommendations for many measurement tasks.

The GUM is binding on the National Metrology Institutes (NMI) as well as
accredited test and calibration laboratories all over the world. A shortened version
of the GUM applies to the European laboratories [3, 4]. The GUM is also the basis
for the specification of uncertainties in test standards in various areas, including
high-voltage and high-current testing. The GUM replaces all previous methods for
determining uncertainties, including the old terminology. The basic concept of the
GUM is presented here in simple form and illustrated by examples from the areas of
calibration and testing [5–7].

13.1.1 Basic Concept of the GUM

At the beginning of this chapter, the imperfection of each measurement has already
been pointed out. This means that, if a measurement is repeated with the utmost care,
a more or less deviating value usually results. Possible reasons for the deviations are
the inconstancy of the measuring instruments used, the instability of the test object
itself and the not exactly reproducible measurement and ambient conditions. In the
GUM, the standard uncertainty (of measurement), which is defined for influence
quantities of statistical as well as non-statistical nature, is of fundamental importance.
It serves to characterize the range of values within which the unknown “true” value of
a measured quantity can be expected. This range and the probability distribution of
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the values of an input quantity result either from the measurements themselves or
must be estimated on the basis of reliable information. Frequently, a normal or
rectangular distribution of the possible values can be assumed.

The individual steps for evaluating the measurand and its measurement uncer-
tainty are shown schematically in Fig. 13.1 and are described in more detail in the
following sub-sections. The equations and examples given apply to uncorrelated
input quantities, as is the case in high-voltage and high-current testing. In the first
step, the model function of the measurement is set up, which describes the functional
dependence of the desired measurand Y on all conceivable input variables Xi. Each of
the N input quantities Xi is associated with a standard uncertainty u(xi), which results
either directly from repeated measurements using the Type A method or from an
estimate of reliable data using the Type B method. From the individual contributions
u(xi), the corresponding standard uncertainties ui(y) of the measurand Y are calcu-
lated with the help of the model function and combined as combined standard
uncertainty uc(y). After multiplication by the coverage factor k, the expanded
uncertainty U = kuc(y) is given in industrial metrology, which characterizes the
range of the possible values of Y with a coverage probability of at least 95%.

The estimation of the standard uncertainties u(xi) of the input quantities that are
not determined by repeated measurements, requires great expertise and generally
the greatest effort in the evaluation of uncertainty. A certain degree of subjectivity
in evaluating a measurement by different experts cannot be ruled out, so that
slightly different approaches and values may result for the same measurement.
Further steps for the evaluation of uncertainty up to the statement of the expanded
uncertainty U are rather to be carried out formally applying the given formulas.

13.1.2 Model Function of a Measurement

As a rule, a measurand Y (also called result quantity or output quantity) results from
the combination of N different input quantities Xi. The dependence of the output

Type A  evaluation Type B  evaluation

Standard  uncertainties 
u(xi) ui(y)

Standard  uncertainties
u(xi)  ui(y)

Combined  standard  uncertainty uc(y)  

Expanded  uncertainty U = kuc

Model  function Y = f (X1, X2, …, XN )Fig. 13.1 Concept for the
estimation of uncertainties
according to the GUM
(schematic)
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quantity on the input quantities can be generally expressed by the functional
relationship f, also called the model function of the measurement:

Y ¼ f X1;X2; . . .;Xi; . . .;XNð Þ : ð13:1Þ

In this case, the input quantities Xi themselves may depend on other variables,
such as ambient temperature, air pressure, etc., or are subject to corrections for
systematic deviations. Each input quantity Xi in the model function has not only a
value xi but also a standard uncertainty u(xi). With the model function according to
Eq. (13.1), then not only the result value y, but also the combined standard
uncertainty uc(y) is calculated according to the rules of the GUM. In a complex
measurement task with a large number of input quantities, the model function is
also very complex. It is generally set up as a single equation or multiple analytic
expressions, but it can also be a numerical arithmetic algorithm or an experimen-
tally determined data table. In any case, the model function shall comprise every
input quantity Xi, including all corrections and correction factors that lead to a
significant contribution to the result value and its uncertainty.

As a simple example of a model function, the measurement of a temperature-dependent
resistor R is considered. For this example, the model function is:

R ¼ f V ; I;Tk;Hð Þ ¼ V
I
1þ TK H� 20 �Cð Þ½ �

where V is the applied voltage, I the current magnitude, TK the temperature coefficient and h
the ambient temperature. Usually, V, I and h are measured while TK is taken from a data
sheet. The corresponding standard uncertainties result either directly from the measure-
ments or from the data sheets of the measuring instruments. With the model function, both
the resistance R and its expanded uncertainty are then calculated.

In measurements with smallest uncertainty, it will be indispensable to determine
the influence of each input quantity very accurately by measurements. However, the
GUM offers the possibility of determining the uncertainty contribution of an input
quantity by means of a reliable estimate based on experience and knowledge. The
accuracy of the estimate may be slightly less than the result of precise measurements,
but which is often negligible in the final result. According to the GUM, an uncertainty
contribution that is determined by a reliable estimate or by a measurement is con-
sidered to be equivalent. The estimate has the advantage over the accurate mea-
surement that time and effort for this task are saved and thus costs are reduced.

13.1.3 Type A Evaluation Method

The Type A method for evaluating standard uncertainties is applied to quantities that
result from the statistical evaluation of a series of individual measurements under
identical test conditions. This refers in particular to the comparison measurement
between the measuring system to be calibrated and the reference system for
determining the scale factor and the measurement deviations of the time parameters.
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For an infinitely large number of repetition measurements, the individual measured
values x have dispersion according to the normal (Gaussian) distribution p(x):

p xð Þ ¼ 1

r
ffiffiffiffiffiffi

2p
p exp

� x� lð Þ2
2r2

" #

; ð13:2Þ

where l denotes the expected value of the measured quantity with the greatest
probability of occurrence and r the standard deviation (Fig. 13.2). Corresponding
to the bell-shaped normal distribution p(x), the probability of occurrence of a certain
value x is the lower the further it deviates from the expectation value. The distri-
bution at p = 68.3% of the maximum value occurs at the values l + r and l − r.

For a limited number n of repetition measurements, the best estimate for the
expectation value l is given by the arithmetic mean:

�x ¼ 1
n

X

n

k¼1

xk ; ð13:3Þ

and the best estimate for the standard deviation r is given by the empirical standard
deviation s of the individual measurements:

s xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n� 1

X

n

k¼1

xk � �xð Þ2
s

: ð13:4aÞ

The square value s2(x) is called empirical variance. The empirical standard
deviation of the mean is:

s �xð Þ ¼ s xð Þ
ffiffiffi

n
p : ð13:4bÞ

It states how well �x meets the expectation value of X. By comparing the results
of the statistical evaluation with the Type A evaluation method, the best estimate for
the input variable Xi is obtained as its arithmetic mean:

µµ-σ µ+σ

p(x)

x
0

Fig. 13.2 Gaussian normal
distribution of measured
values
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l ¼ xi ¼ �Xi; ð13:5Þ

and the best estimate for the standard uncertainty u(xi) is the empirical standard
deviation of the mean:

u xið Þ ¼ s �Xið Þ ¼ s xið Þ
ffiffiffi

n
p : ð13:6Þ

The number of measurements should be n � 10, otherwise the reliability of the
Type A evaluation of uncertainty according to Eq. (13.6) must be verified on the
basis of the effective degrees of freedom (see Sect. 13.1.7). If an empirical standard
deviation sp of the individual measurement is already known from previous mea-
surements under perfect statistical conditions, it is recommended that in a compa-
rable measurement series with small number n, i.e. n = 1, 2, 3, … etc., s(xi) in
Eq. (13.6) is replaced by sp.

13.1.4 Type B Evaluation Method

The Type B method for the evaluation of standard uncertainties is to be applied
whenever the influence of an input quantity on the measurand does not result from the
statistical evaluation of a measurement series. In principle, the influence of an input
quantity can always be determined by statistical evaluation of a series of measure-
ment, which, however, means a great experimental effort. The time-consuming sta-
tistical evaluation is avoided, especially if it is a secondary input quantity, by
determining the standard uncertainty by the Type B method. Its application appears
simple, but requires extensive knowledge and experience of the metrological and
physical relationships between the desired measurand Y and the input quantities Xi.
When used competently, the Type B method is just as reliable as the Type A method.

Contributions to the Type B standard uncertainty originate from:

• Nonlinearities of voltage dividers and measuring instruments
• Dynamic behavior of the measuring system for different impulse forms
• Resolution of digital instruments, reading errors with analog display
• Short-term stability, self-heating
• Long-term stability, drift
• Dependence on temperature, humidity and pressure
• Proximity effect due to neighboring objects
• Electromagnetically coupled or line-conducted interferences
• Method of data processing, software
• Uncertainty in the calibration of the measuring system and its components.

Information on the values and uncertainties of input quantities can be taken from
current and past measurement results, calibration certificates, manufacturer data,
data from manuals and test specifications, or they are based on empirical data and
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general knowledge about material and measuring instrument properties. The fol-
lowing cases are distinguished:

(a) There is only a single value for the input quantity Xi, e.g. a single measured
value, a correction value or a reference value from technical literature. This
value is then used as the input value xi with the given standard uncertainty u(xi).
If u(xi) is not known, the value shall be determined from the given reliable data
or empirically estimated.

(b) The input quantity Xi is recorded with a measuring instrument whose expanded
uncertainty U = kuc is stated in a calibration certificate or in a data book of the
manufacturer (see Sect. 13.1.6). As a rule, a normal (Gaussian) distribution can
be assumed, so that the coverage factor k = 2. The standard uncertainty then
results as follows:

u xið Þ ¼ U
k
: ð13:7Þ

(c) For the possible values of the input quantity Xi, there is no special knowledge
about the probability distribution, but only the upper and lower limits a+ and a-
can be estimated. A rectangular distribution is then assumed in which all
possible values of Xi within the interval boundaries are equally probable and the
outside values are equal to zero (Fig. 13.3). On the assumption of a rectangular
distribution, the best estimate of the input quantity is given by the mean:

xi ¼ aþ þ a�
2

ð13:8Þ

and its standard uncertainty by:

u xið Þ ¼ a
ffiffiffi

3
p ; ð13:9Þ

xa- a+xi

0

3
2a

2a
p(x)

a2
1

Fig. 13.3 Rectangular
distribution of measured
values
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where a is half the interval width:

a ¼ aþ � a�
2

: ð13:10Þ

The rectangular distribution is often assumed because of its simplicity, unless
more detailed information about the distribution of the values is not available.
However, the discontinuity of the rectangular distribution at the boundaries is often
not physically justified, so that the assumption of other distributions such as tri-
angle, trapezoidal or normal distribution seems more appropriate. The standard
uncertainty is u(xi) = a/√6 for the triangular distribution and u(xi) = r for the nor-
mal distribution. The rectangle distribution thus provides the largest uncertainty
contribution, so that one is on the safe side of the estimate.

The GUM explicitly points out that an uncertainty contribution that has already
been taken into account as a Type A contribution shall not be re-entered in full size
as a Type B contribution. This applies, for example, to the use of digital recorders
when calibrating the scale factor. The spread of the n measured values observed in
the multiple measurements, which gives a Type A uncertainty contribution, can be
attributed to the limited resolution and internal noise of the digital recorder (see
Chap. 7). This spread no longer needs to be taken into account as a Type B
uncertainty contribution, or only to a limited extent. However, if the digital recorder
is used for a single measurement, the limited resolution corresponding to the stated
number of bits and the internal noise must be considered as a Type B uncertainty
contribution in its full magnitude.

Often, the value of an input quantity must be adjusted or corrected in order to
eliminate the systematic influence of a parameter, e.g. a significant temperature or
voltage dependency. Since such a correction can never be absolutely accurate, a
residual uncertainty contribution is to be reliably estimated and taken into account
in the uncertainty budget. Altogether, the uncertainty is to be determined realisti-
cally and on the basis of standard uncertainties. Special safety factors for achieving
uncertainties greater than those determined by the GUM method are not permitted,
with the exception of the coverage factor k.

13.1.5 Combined Standard Uncertainty

The standard uncertainty u(xi) of an input quantity Xi evaluated by the Type A or
Type B method leads to a corresponding uncertainty contribution ui(y) of the output
quantity Y:

ui yð Þ ¼ ciu xið Þ ; ð13:11Þ
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where ci is the sensitivity coefficient. It describes the dependence of the output
quantity Y on the input quantity Xi and can be determined analytically or numeri-
cally by partial derivation of the model function f with respect to Xi:

ci ¼ @f
@Xi

Xi¼xi

�

�

�
¼ @f

@xi
: ð13:12Þ

Example of a sensitivity coefficient is the temperature coefficient of a resistor,
which has a dimension and can be positive or negative. Under the assumption of
uncorrelated input quantities, the sign of the sensitivity coefficient is without any
effect, as only the square of the standard uncertainty is used in the further calcu-
lation. If the model function f in Eq. (13.1) is very complex and its derivation
corresponding to Eq. (13.12) is not possible, the sensitivity coefficient ci is deter-
mined numerically. For this purpose, the model function is calculated for different
input values xi, and ci is determined as the difference quotient Df/Dxi. This
numerical solution is also practiced in software for the programmed calculation of
measurement uncertainties.

The N uncertainty contributions ui(y) of all input quantities assumed to be
uncorrelated result in the combined standard uncertainty uc(y) of the output
quantity according to the calculation rule:

uc yð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2
1 yð Þþ u22 yð Þþ . . .u2N yð Þ

p

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

N

i¼1
u2i yð Þ

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

N

i¼1
ci u xið Þ½ �2

s

: ð13:13Þ

The form of the equation recalls the quadratic error propagation law of Gauss.
The combined standard uncertainty uc(y) characterizes the dispersion of the values
which can be “reasonably” attributed to the output quantity Y. These values are
approximately normally distributed if at least three Type B uncertainties of about
the same size and defined probability distribution, e.g. rectangular, triangle or
normal distribution, contribute to the combined standard uncertainty uc(y), and the
Type A standard uncertainty results from at least n = 10 repetition measurements.
The combined standard uncertainty according to Eq. (13.13) then covers 68.3% of
the possible values of the output quantity Y.

Note The standard uncertainty uc(y) attributed to the output quantity is referred to as
“combined standard uncertainty” in the GUM and is therefore given the index “c”. In the
European brief version of the GUM for accredited European test and calibration labora-
tories, published later by the EA, the index “c” is not given [3]. For the sake of clarity, the
index is retained here.

If two or more input quantities are correlated, also linear terms exist in
Eq. (13.13) and the sign of the sensitivity coefficients is important. For example,
correlation exists if the same measuring instrument is used to measure several input
quantities. Complicated uncertainty calculations can be avoided by taking into
account additional input quantities with the calibration values and uncertainties of
the measuring instrument in the model function. If there is a correlation, the
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combined uncertainty may be even smaller than for uncorrelated quantities.
Consideration of correlations is indispensable for precise uncertainty analyzes with
very small uncertainty contributions.

If the output quantity is a product or quotient of several input quantities:

Y ¼ cXp1
1 Xp2

2 . . .XpN
N ¼ c

Y

N

i¼1

Xpi
i ; ð13:14Þ

we obtain an expression comparable to Eq. (A2.13):

wc yð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

N

i¼1
piw xið Þ½ �2

s

; ð13:15Þ

where w(xi) and wc(y) are the relative standard uncertainties:

w xið Þ ¼ u xið Þ
xij j and wc yð Þ ¼ uc yð Þ

yj j :

The quadratic error propagation law is therefore valid for both types of
expressing uncertainties with uncorrelated input variables.

13.1.6 Expanded Uncertainty

In many areas of industrial measurement practice, a coverage probability of
p = 68.3% is considered to be too low. It has therefore been agreed worldwide to
specify an expanded uncertainty U covering a larger proportion of the possible
values of Y. Therefore, a coverage probability of not less than p = 95% is required,
which also applies to high-voltage and high-current test techniques. The corre-
sponding expanded uncertainty U is simply obtained by multiplying the combined
standard uncertainty uc(y) by the coverage factor k:

U ¼ k � uc yð Þ : ð13:16Þ

If a normal distribution can be assigned to the possible values of the output
quantity and the combined standard uncertainty uc(y) is sufficiently reliable, then
k = 2. Reliability is judged on the basis of the effective degrees of freedom (see
Sect. 13.1.7). If necessary, k > 2 must be set to achieve the required coverage
probability of not less than 95%.

The expanded uncertainty U is positive like all other uncertainties and is given
without sign. If, however, the relevant uncertainty interval is meant within its limits
and is linked to the measured value y, the information is given as y ± U.

The term “overall uncertainty” is often found in older test regulations and other
sources. This statement can usually be interpreted as expanded uncertainty U with
the coverage factor k = 2.
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13.1.7 Effective Degrees of Freedom

Prerequisite for the assumption k = 2 in Eq. (13.16) corresponding to a coverage
probability p � 95% is that the possible values of the output quantity Y are nor-
mally distributed. The correctness of this assumption is verified by means of the
effective degrees of freedom meff according to the equation:

meff ¼ u4c yð Þ
PN

i¼1
u4i yð Þ
mi

; ð13:17Þ

where mi is the number of degrees of freedom of the corresponding uncertainty
contribution ui(y) according to Eq. (13.11) for i = 1, 2, 3, …, N. If the assumption
of a normal distribution is not justified, a value k > 2 has to be determined in order
to achieve a coverage probability of approximately 95%.

The degree of freedom mi is a measure of the reliability of the estimation of the
respective standard uncertainty. Generally accepted values of mi for the various
uncertainty contributions are:

• mi = n − 1 for a Type A standard uncertainty for n observations,
• mi = ∞ for a Type B contribution with rectangular distribution,
• mi � 50 for an uncertainty statement in a calibration certificate with a coverage

probability of approximately 95%.

With these values for mi, the effective degrees of freedom meff can be calculated
according to Eq. (13.17). At first glance, the equation looks more complicated than
it actually is. However, it is often simplified since in the sum in the denominator of
Eq. (13.17), due to mi = ∞, the Type B contributions ui(y) with rectangular dis-
tribution become zero. For the calculated value of meff, the corresponding coverage
factor k for a coverage probability p = 95.45% is given in Table 13.1. For meff < 50,
the coverage factor is k > 2.

The coverage factor k can alternatively be calculated using the approximation
formula given in IEC 60060-2:

k ¼ 1:96þ 2:374
meff

þ 2:818
m2eff

þ 2:547
m3eff

: ð13:18Þ

Table 13.1 Coverage factor k dependent on the effective degrees of freedom meff for a coverage
probability of p = 95.45%

meff 1 2 3 4 5 6 7 8 10 20 50 ∞

k 13.97 4.53 3.31 2.87 2.65 2.52 2.43 2.37 2.28 2.13 2.05 2.00
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13.1.8 Uncertainty Budget

In the uncertainty budget, all essential data of the measurement and evaluation
according to the model function in Eq. (13.1) are summarized. It is usually pre-
sented in the form of a table, as exemplified in Table 13.2. It is recommended to
enter all input values and standard uncertainties as absolute values, including their
units. When using special software, the uncertainty calculation and the generation
of the uncertainty budget are performed automatically after entering the model
function and all input data into the computer [7, 8]. The last line in Table 13.2
shows the result value y calculated from the measured quantities and, if necessary,
from corrections. In addition, the combined standard uncertainty uc(y) and the
effective degree of freedom meff is given.

13.1.9 Statement of the Complete Result of a Measurement

In calibration and test certificates, the complete result of a measurement is to be
given in the form “y ± U”, where y is the measurand including each correction and
U is the expanded uncertainty for a coverage probability (or confidence level) of
approximately 95%. In other words, 95% of the possible values y lie within the
interval (y − U) � Y � (y + U). The numerical value of U is rounded to no more
than two significant digits. If the numerical value of the uncertainty due to rounding
decreases by more than 5%, the rounded-up value is to be given. The measurand
itself shall be rounded corresponding to the least significant digit of the expanded
uncertainty. Examples for the recommended statement of a measured voltage value
with expanded uncertainty are:

(227.2 ± 2.4) kV,
227.2 (1 ± 0.011) kV,
227.2 (1 ± 1.1 � 10−2) kV.

Table 13.2 Scheme of a measurement uncertainty budget

Quantity
Xi

Estimate
xi

Standard
uncertainty u
(xi)

Degrees of
freedom mi
(meff)

Sensitivity
coefficient
ci

Uncertainty
contribution
ui(y)

X1 x1 u(x1) m1 c1 u1(y)

X2 x2 u(x2) m2 c2 u2(y)

⋮ ⋮ ⋮ ⋮ ⋮ ⋮

XN xN u(xN) mN cN uN(y)

Y y uc(y) meff
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The frequently chosen statement “227.2 kV ± 1.1%” is therefore not accept-
able. Furthermore, the coverage probability p and the coverage factor k shall be
stated (usually p 	 95% and k = 2 for normal distribution).

13.2 Concluding Remarks

The evaluation of measurement uncertainties is an important tool in quality man-
agement and is part of the work of the personnel in test and calibration laboratories
that meet the requirements of ISO IEC 17025. Occasionally, the question arises as
to whether the personnel in test laboratories have to deal with the topic “uncertainty
of measurement“ at all, since during tests they use the high-voltage systems cali-
brated by accredited calibration laboratories within the specified measurement
uncertainties. The answer is “yes” for high-voltage and high-current test laborato-
ries, especially if the calibration was performed not in the test site but in the
calibration laboratory. When using the measuring system in the test laboratory,
further uncertainties are then to be taken into account because of the differing
measuring and ambient conditions. This also applies if the calibration is incomplete
because not all influence quantities can be determined, e.g. if in the calibration
laboratory the linearity test cannot be performed up to the full rated voltage of the
high-voltage measuring system.

If the calibration of the measuring system is carried out in the test laboratory, it
can be assumed that the effects of temperature, proximity effect, grounding con-
ditions, shape of the test voltage, etc., will be measured completely and correctly
and will enter into the uncertainty budget. The uncertainty stated in the calibration
certificate for the measuring system can then usually be taken over simply when
measuring test voltages or currents (see examples in Annex B). If need be, another
uncertainty contribution for the long-term behavior of the measuring system has to
be considered.

It is the responsibility of the personnel in the test laboratory to verify the data in
the calibration certificate of the measuring system and, if necessary, to add missing
uncertainty contributions. The subsequent consideration of uncertainty contribu-
tions is formally quite simple. In the first step, the standard uncertainty U/k of the
measuring system is determined by dividing the expanded uncertainty U by the
coverage factor k given in the calibration certificate (see Sect. 13.1.4, case b). Then,
the value of U/k is combined with the standard uncertainties of the additional input
quantities in accordance with Eq. (13.13). Contributions that arise in the test during
the voltage or current measurement are treated in the same way and are included in
the uncertainty budget. For example, by connecting the test object to the test circuit,
the impulse test voltage may be superimposed by peak oscillations. Finally, the
combined standard uncertainty uc(y) is calculated with the additional uncertainty
contributions and by multiplying by the coverage factor k, the expanded uncertainty
U = kuc(y) of the measurement of the test voltage or test current is obtained.
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Appendix A

Fourier and Laplace Transforms

The Fourier transform and the Laplace transform are integral transforms which
have great practical significance in science and technology. They are applied very
successfully for solving many mathematical problems. In most applications, a real
continuous function in the time domain is transformed into a complex function in
the complex variable domain (s-domain, spectral domain, frequency domain). The
Laplace transform is considered a generalization of the Fourier transform. A direct
application of both transforms provides the complex transfer function of a linear
system in the frequency domain from which the amplitude response and phase
response are obtained. With the Laplace transform, complicated calculations in the
time domain such as differentiation and integration can be replaced by simple
algebraic operations in the s-domain. The function obtained in the s-domain is then
transformed back into the time domain and expressed as a time function. For a
number of functions, there are appropriate correspondences listed in tables. The
Laplace transform can also be successfully applied to solve the convolution inte-
gral. Analogous to the Laplace transform is the z-transform, which will not be
discussed further here and by which a time-discrete function is transformed into a
complex discrete function in the z-domain.

A.1 Fourier Transform

An impulse is a one-time temporal event that can be represented by the superpo-
sition of an infinite number of sinusoidal partial oscillations with different ampli-
tudes and phase angles. Mathematically, the decomposition of a time function
f(t) into partial oscillations is described by the complex Fourier integral:
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FðjxÞ ¼ F xð Þ eju xð Þ ¼ R1
�1

f ðtÞ e�jx tdt ðA:1Þ

where x = 2pf is the angular frequency and F(jx) the spectral function or Fourier
transform of the time function f(t). In contrast to a periodic signal known to have a
discrete spectrum and which can be represented by an infinite Fourier series, an
impulse has a continuous spectrum. The amplitude of a partial oscillation is hereby
related to an infinitesimal frequency interval dx. The absolute value of the complex
spectral function F(jx) is the amplitude density F(x), resulting from the square root
of the sum of squares of the real and imaginary parts of F(jx):

FðxÞ ¼ FðjxÞj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Re F jxð Þf g 2 þ Im F jxð Þf g 2

q
: ðA:2Þ

The individual partial oscillations of the signal with the amplitude density
according to Eq. (A.2) have a phase displacement expressed in its entirety as the
phase response u(x) of the signal:

u xð Þ ¼ arctan
Im F jxð Þf g
Re F jxð Þf g : ðA:3Þ

The knowledge of u(x) is generally of secondary importance in high-voltage
and high-current impulse measurement technique.

On the other hand, if the complex spectrum F(jx) of a signal is known, the
corresponding time function f(t) is obtained by the inverse Fourier transform into
the time domain:

f ðtÞ ¼ 1
2p

Z1
�1

FðjxÞ ejx tdx: ðA:4Þ

Apart from determining the spectrum of an impulse according to Eq. (A.1), the
transformation of a time function into a spectral function has the advantage that
certain arithmetic operations in the frequency domain can be performed better or
easier than in the time domain. The resulting new spectral function is then trans-
formed back into the time domain according to Eq. (A.4) and yields the appropriate
time function. However, this arithmetic operation is preferably performed with the
Laplace transform (see Appendix A.2).

The complex Fourier integral according to Eq. (A.1) and the inverse Fourier
transform according to Eq. (A.4) can only be solved for some analytically defined
impulse shapes and spectra. In practice, therefore, the real presentation of the time
signal and Fourier integral is of greater importance. The time function is represented
in real form by the Fourier series:
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f ðtÞ ¼ R1
0
aðxÞ sinx t dxþ R1

0
bðxÞ cosx t dx ðA:5Þ

with the two spectral functions:

aðxÞ ¼ 1
p

Z1
�1

f ðtÞ sinx t dt and bðxÞ ¼ 1
p

Z1
�1

f ðtÞ cosx t dt: ðA:6Þ

The amplitude density of a signal is given by:

FðxÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2ðxÞþ b2ðxÞp

: ðA:7Þ

The real form is advantageous for numerical calculations, e.g. when f(t) is
available as data set of a digital recorder. The integrals in Eqs. (A.5) and (A.6) are
then replaced by series. In order to reduce the computation time required for large
amounts of data, the Fast Fourier Transform (FFT) is used instead of the Discrete
Fourier transform (DFT) in Eqs. (A.5) and (A.6). The number of samples must be a
power of 2. The advantage of speed, however, is achieved at the expense of
accuracy of calculation, which is acceptable for many practical applications (Refs.
[1, 2, 4] of Chap. 9).

A.2 Laplace Transform

The Laplace transform of a time function into the complex variable domain pro-
vides another possibility for signal analysis. It was originally developed to solve
linear differential equations by means of transforming them into algebraic equa-
tions. The Laplace transform generally applies to any function, but is commonly
applied to time functions. Besides signal analysis, another important field of
application of the Laplace transform is the simple calculation of switching opera-
tions in electrical circuits. Under the assumption that the time function f(t) for t < 0
is equal to zero, the Laplace transform of f(t) reads:

L f ðtÞf g ¼ FðsÞ ¼ R1
0
f ðtÞ e�stdt; ðA:8Þ

where s = r + jx is a complex number. In order to determine the spectrum of a time
function, s = jx is inserted.

In analogy to Eq. (A.2), the amplitude density F(x) of a signal is given by the
absolute value of the Laplace transform:
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F xð Þ ¼ F sð Þj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Re F sð Þf g 2 þ Im F sð Þf g 2

q
: ðA:9Þ

Apart from calculating the spectrum of a time signal, the practical advantage of
the Laplace transform lies in the fact that calculations in the s-domain can be done
much more easily than in the time domain. The resulting new image function F(s) is
then transformed back into the time domain and yields the associated time function.
The inverse Laplace transform of the image function F(s) into the time domain
formally reads:

f tð Þ ¼ 1
2p j

Zrþ j1

r�j1
F sð Þ estds: ðA:10Þ

The application of the Laplace transform to electric circuits requires that all
energy sources be uncharged at time t = 0. If this condition is satisfied, the Laplace
transform can be developed directly in the s-domain with the operator s from the
impedances of the circuit. For a circuit with energy sources, first the differential
equation for the circuit must be set up, from which the Laplace transform is then
formed.

For the Laplace transform and inverse transform, there are general calculation
rules that can be advantageously applied. Thus, differentiation and integration of a
function as well as the convolution integral in the time domain are replaced by
simple algebraic operations with the operator s in the complex variable domain. For
a large number of functions of the Laplace transform, the two integrals in Eqs. (A.8)
and (A.10) have already been evaluated and are available in the literature in table

Table A.1 Some calculation rules of the Laplace transform

Rule No. Laplace F(s) Function f(t � 0) Remark

1 1
s
F sð Þ Rt

0
f tð Þ dt Integration for t � 0

2 dF sð Þ
ds

�tf tð Þ Multiplication

3 sF(s) – f(0) df tð Þ
dt

First derivative

4 e�asF sð Þ f(t + a) Time delay by t = a

5 F1(s)·F2(s) Rt
0
f1 xð Þ � f2 t � xð Þ dx Convolution

6 1
a
F

s
a

� � f(at) Time scaling (a > 0)

7 a1F1(s) + a2F2(s) a1f1(t) + a2f2(t) Linearity
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form (Refs. [1, 2, 4] of Chap. 9). A small selection of the calculation rules and
correspondences that are used in Chaps. 8 and 9 is compiled in Tables A.1 and A.2.

Table A.2 Some correspondences of the Laplace transform

Example
No.

Laplace F(s) Function f(t � 0) Remark

1 1
s

us(t) = 1 Unit step function, us = 0 for t <
0

2 1 d(t) Dirac impulse

3 a
s 2

a t Ramp function

4 1
sþ a

e�at Exponential function

5 1
s sþ að Þ

1� e�at Mirrored exponential function

6 1
s 2 sþ að Þ

t � a 1� e�atð Þ

7 1
1þ asð Þ 1þ bsð Þ

1
a� b

e�t=a � e�t=b
� � Double exponential function

8 1
s 2 þ a sþ b

1
x0

sinx0t � e�a t=2

1
x �

0
sinhx �

0 t � e�at=2

8>><
>>:

x0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
b� a2

4

r
for b[

a2

4

x �
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

4
� b

r
for b\

a2

4
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Appendix B

Examples of Estimating Uncertainties

By means of three examples, the procedure for estimating uncertainties according to
the GUM is shown for non-correlated input quantities. The first example deals with
the calibration of a high-voltage impulse measuring system by comparison with a
reference system. After creating the model equation for the scale factor of the
measuring system, the individual uncertainty contributions are estimated. From the
combined uncertainty, the expanded uncertainty of the scale factor is determined.
The second and third examples deal with the later use of the calibrated measuring
system in the high-voltage test of a power apparatus, with the impulse voltage
superimposed with and without peak oscillations. The uncertainty of the voltage
measurement is composed of the combined uncertainty of the scale factor and
additional uncertainty contributions that occur during the voltage test and were not
taken into account during the previous calibration. Another example in (Ref. [7] of
Chap. 7) deals with various methods for estimating the uncertainty of the atmo-
spheric correction factor.

B.1 Scale Factor of an Impulse Voltage Measuring
System

The scale factor of a high-voltage impulse measuring system X is determined by
comparison with a reference system N in the measurement setup according to
Fig. 10.2. Each measuring system consists of a 1 MV voltage divider with digital
recorder for recording the divider output voltage. The comparison measurement is
carried out at a temperature of 15 °C in the high-voltage hall, in which the mea-
suring system X is also used for tests on power apparatuses. For the reference
system N, a scale factor FN = 1.015 at 20 °C with expanded uncertainty U = 0.8%
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(k = 2) is stated in the calibration certificate. The calibration certificate issued 11
months ago contains no uncertainty contribution for long-term stability.

B.1.1 Setting up the Model Function

The first step consists of the analysis of the measurement procedure with the aim of
setting up the model function according to Eq. (13.1). In the ideal case, both the
measuring system X and the reference system N provide the correct peak value û of
the applied impulse voltage during the comparison measurement. Then we can
write (see Fig. 10.3):

û ¼ ûXFX ¼ ûNFN;

where FX and FN are the scale factors and ûX and ûN are the peak values measured
at the low-voltage side of the measuring system X or reference system N. The
above equation yields the basic form of the model function for the scale factor of
the measuring system X:

FX ¼ ûN
ûX

FN: ðB:1Þ

Other basic forms of the model function are quite conceivable, but will not be
discussed here.

The two measuring systems X and N are subject to various influences, which are
quantified by measurement or reliable estimation and taken into account in the
model function for the scale factor FX. In the case of the measuring system X, these
are the measured values for the quotient ûN/ûX and the standard deviation, the
dependence on the peak value û and the front time T1 of the test voltage, the
clearance L to neighboring objects and the short-term stability Sk. The scale factor
FN of the reference system is affected by the long-term stability SL and the ambient
temperature H. The complete model function for the scale factor FX accordingly
has the general form:

Fx ¼ f ûN=ûX;FN; SL;H; û; T1; L; Skð Þ: ðB:2Þ

The exact functional dependence between the output quantity FX and most input
quantities in Eq. (B.2) is not known in detail. To avoid extensive investigations, the
model function is set up in a simplified form. The influence of the input quantities
on FN and FX is directly expressed, i.e. implicitly the sensitivity coefficients ci (see
Sect. 13.1.5), by the deviations DFN,i and DFX,k and reliably estimated. Each of
these deviations is formally given a negative sign and put to the respective scale
factor on the appropriate side of the model function.

After inserting these deviations in Eq. (B.1) and solving for the scale factor FX,
the complete model function for the scale factor reads:
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FX ¼ ûN
ûX

FN �
X2
i¼1

DFN;i

 !
þ
X4
k¼1

DFX;k ðB:3Þ

with the numbered deviations DFN,i and DFX,k:

• DFN,1 influence of the ambient temperature H on the reference system N
• DFN,2 long-term stability SL of the reference system N
• DFX,1 voltage dependence of the measuring system X
• DFX,2 influence of the front time on the measuring system X
• DFX,3 proximity effect of the measuring system X due to the wall distance L
• DFX,4 short-term stability SK of the measuring system X.

Each of the listed deviations basically consists of a numerical value for the
deviation itself and the corresponding standard uncertainty. The numerical value of
a deviation may even be zero within the specified uncertainty. The long-term
behavior of the measuring system X is not taken into account here. A corresponding
uncertainty contribution is therefore to be determined by the test laboratory itself
from subsequent performance checks.

B.1.2 Estimation of Standard Uncertainties

According to the GUM, there are two methods for estimating standard uncertainties
(see Sects. 13.1.3 and 13.1.4). The Type A method is applied to quantities resulting
from the statistical evaluation of a series of individual measurements under identical
test conditions. The standard uncertainty is then simply deduced from the standard
deviation s and the number of measurements according to Eq. (13.6). The Type B
method is applied to quantities that do not result from the statistical evaluation of a
measurement series. If the exact distribution of the measured value is not known, it
then often makes sense and is practical to assume a rectangular distribution with
symmetrical interval limits a+ und a−, in which the respective deviations DFN,i and
DFX,k have uniform probability of occurrence (see Fig. 13.3). From the half-width
a of the rectangular distribution, the standard uncertainty of the deviation results in
a/√3 according to Eq. (13.9). Since the uncertainty contributions of DFX1 to DFX4 in
Eq. (B.3) are directly related to the scale factor FX, the model function has a
relatively simple form.

In the following steps, the input quantities, deviations, corrections and standard
uncertainties are determined by measurements or obtained from reliable data
sources. First, the scale factor FN of the reference system determined at 20 °C is
calculated for the ambient temperature of 15 °C during the comparison measure-
ment. According to the manufacturer’s data for the temperature coefficient, the scale
factor has to be corrected by −0.3% so that the actual value at 15 °C is FN = 1.012.
However, corrections are always associated with uncertainties. Therefore, the last
decimal place of FN is considered uncertain and formally a residual deviation within
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±0.001 is inserted, assuming a rectangular distribution according to Fig. 13.3. The
corresponding Type B standard uncertainty thus results in u1(FN) = 0.001/√3 =
0.000577 (absolute value) according to Eq. (13.9). The long-term stability of the
reference system within one year is ±0.5%, as stated by the manufacturer. This
results in a further uncertainty contribution u2(FN) = 0.005�1.012/√3 = 0.00292.

The comparison measurement between the measuring system X with the rated
voltage U0 = 1 MV and the reference system N is carried out at five voltage levels
between 20 and 100% of U0. The impulse voltage generator is set to a front time T1
= 1.1 ls, which is approximately in the middle of the permissible tolerance limits,
and to the maximum time to half-value T2max = 60 ls. The impulse voltages are
smooth and have no peak oscillation or overshoot. For each of the five voltage
levels, n = 10 pairs of the peak values ûN and ûX are measured. As an example,
Table B.1 shows the values ûN and ûX measured at 20% of U0. The simultaneous
measurement of both peak values eliminates the effect of instability of the impulse
voltage generator. The spread of the values for the quotient is thus smaller than for
the individually measured peak values and correspondingly also for the Type A
standard uncertainty.

In the same way, the peak values ûN, ûX and the quotients ûN/ûX are determined
at 40–100% of the rated voltage U0. The result of the comparison measurement at
the five voltage levels between 0.2 and 1 MV is summarized in Table B.2. For each
voltage value, the mean quotient ûN/ûX and the standard deviation s(ûN/ûX) are
given. With increasing impulse voltage, an increase of ûN/ûX is visible. According
to the model function, the scale factor FX also increases. For calculating the Type A
standard uncertainty according to Eq. (13.6) with n = 10, the maximum value smax

of the standard deviations is taken.
For the later employment of the measuring system X during tests, it is expedient

to use a mean scale factor F = FXm for the entire voltage range (see Fig. 10.4).

Table B.1 Measured peak values ûN of the reference system N and ûX of the measuring system X
and their quotients ûN/ûX at approximately 20% of U0 = 1 MV

Measurement No. ûN kV ûX V ûN/ûX
1 208.0 103.6 2007.7

2 208.2 103.6 2009.7

3 207.1 102.9 2012.6

4 205.9 102.3 2012.9

5 207.3 102.3 2026.4

6 207.7 103.1 2014.5

7 207.8 103.3 2011.6

8 207.7 103.3 2010.6

9 206.8 102.9 2009.7

10 207.8 103.5 2007.7

Mean quotient ûN/ûX 2012.3

Standard deviation s(ûN/ûX) 5.4
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Therefore, the mean value of the quotients ûN/ûX from the five measurement series
is inserted into Eq. (B.3). The voltage dependence of the scale factor is taken into
account by an uncertainty contribution at DFX,1. This contribution is obtained from
half the interval width a1 of a rectangular distribution, where a1 denotes the
maximum deviation of the individual quotients ûN/ûX from their mean multiplied
by the scale factor FN of the reference system (see Table B.2).

In further comparison measurements with the reference system N, the dynamic
behavior of the measuring system X is investigated. The front time T1 of the
lightning impulse voltage is varied and the effect on the scale factor is determined.
The measurements show that within the permissible tolerance range T1 = 1.2 ls ±
30%, the scale factor FX changes within ±a2 = 0.5%. The proximity effect during
the comparison measurements is taken into account with a proportion ±a3 = 0.2%,
depending on the position of the test object. The short-term stability test leads to a
deviation of FX within ±a4 = 0.2%.

With the deviations a1–a4, the corresponding Type B standard uncertainties are
calculated according to Eq. (13.9). During the interference test, disturbances of less
than 1% occur in the initial part of the recorded impulse voltage. However, the
disturbances do not affect the determination of the impulse parameters and are
therefore not taken into account in the uncertainty budget.

B.1.3 Uncertainty Budget and Result of the Calibration

The values of the input quantities and uncertainty contributions are summarized in
the uncertainty budget (Table B.3). The numerical evaluation of the model function
in Eq. (B.3) is conveniently performed using validated software (Ref. [8] of
Chap. 13). As a result of the calculation, the mean scale factor FXm, the combined
standard uncertainty FXm and the number of the effective degrees of freedom meff is
given in the last line of Table B.3. The relatively large value meff = 370 means that
there is a normal distribution with the coverage factor k = 2 for a coverage prob-
ability of at least 95%.

Table B.2 Result of the comparison measurement at five impulse voltage levels

Voltage û MV Quotient ûN/ûX Standard deviation s(ûN/ûX)

0.2 2012.3 5.4

0.4 2011.0 5.6

0.6 2015.2 6.2

0.8 2019.9 6.1

1 2025.7 6.9 (=smax)

Mean quotient ûN/ûX 2016.7

Maximum deviation from mean 9
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The complete result of the calibration is finally stated in the calibration certificate
for the scale factor of the measuring system X in the form:

F ¼ FXm ¼ 2041� 27 with a coverage probability of p� 95% ðk ¼ 2Þ:

The specified expanded uncertainty of the assigned scale factor F = FXm corre-
sponds to a relative value of 1.3%.

Finally, it should be pointed out once again that the uncertainty of the assigned
scale factor as a result of a calibration is not necessarily identical with the uncer-
tainty resulting from the use of the measuring system X for voltage measurements
during a test. In addition to the long-term stability of the measuring system, further
input quantities may also have to be considered in the uncertainty budget for
voltage measurements. This will be discussed in the following two examples in
which impulse voltages with and without superimposed peak oscillations are
measured.

B.2 Uncertainty of Voltage Measurement During a Test

The measuring system X calibrated in Appendix B.1 is used to measure the test
voltage value of a single lightning impulse when testing a power apparatus. In the
first example, the lightning impulse voltage is measured without and in the second
example with superimposed oscillation. The scale factor FXm = 2041 with the
expanded uncertainty U(FXm) = 27 determined by the calibration at 15 °C is to be
adapted to the actual test conditions. The following additional input quantities and
uncertainty contributions are taken into account. The impulse voltage test takes
place at a temperature of 21 °C. Thereby, the scale factor FXm referred to 15 °C
increases by DF1 = 0.3% corresponding to the temperature coefficient of the
measuring system. Performance checks show that the scale factor FXm has

Table B.3 Uncertainty budget for the mean scale factor FXm

Quantity
Xi

Value xi Standard
deviation
u(xi)

Degrees of
freedom
mi (meff)

Sensitivity
coefficient
ci

Uncertainty
contribution
ui(FXm)

ûN/ûX 2016.7 2.18a 9 1.0 2.2

FN 1.0150 0.00400a 50 2000 8.1

DFN1 0.003036 0.000577 ∞ −2000 −1.2

DFN2 0.0 0.00292 ∞ −2000 −5.9

DFX1 0.0 5.25 ∞ 1.0 5.3

DFX2 0.0 5.89 ∞ 1.0 5.9

DFX3 0.0 2.36 ∞ 1.0 2.4

DFX4 0.0 2.36 ∞ 1.0 2.4

FXm 2041 uc = 13.4 meff = 370
aNormal distribution (all other input quantities: rectangular distribution)
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increased by DF2 = 0.4% as a result of the long-term drift. Since the two corrections
DF1 and DF2 represent only approximate values, a rectangular distribution with half
the interval width of 0.1% each, referred to FXm, is assumed for the possible values
of the corrected scale factor. With all input quantities and standard uncertainties, the
numerical evaluation of the model function will be done again with software (Ref.
[8] of Chap. 13).

B.2.1 Impulse Voltage Without Peak Oscillation

In this example, the impulse voltage to be measured has a time course without peak
oscillation. The digital recorder displays a peak value of Urec = 324.5V. Since the
deflection of the 10-bit recorder is only 80%, a deviation of ±0.2% within a
rectangular distribution is set for Urec, which also takes into account the contri-
bution of superimposed noise. For the desired value Ut of the test voltage, the
following model equation can be set up:

Ut ¼ Urec � F ¼ Urec FXm þDF1 þDF2ð Þ: ðB:4Þ

The given values and uncertainties are summarized in the uncertainty budget
(Table B.4). The number of degrees of freedom FXm is set to m = 50 because the
value meff = 370 determined during calibration and indicated in Table B.3 is gen-
erally not included in the calibration certificate and is thus unknown (see
Sect. 13.1.7). The last line of Table B.3 gives the result for the test voltage value Ut.
The number of effective degrees of freedom is 57, so that there is a normal dis-
tribution of the result values and the coverage factor is k = 2 (coverage probability
p � 95%). The result for the test voltage value is:

Ut ¼ 666:9 kV� 9:1 kV ðp� 95%; k ¼ 2Þ:

Table B.4 Uncertainty budget for the test voltage value Ut of an impulse voltage without
superimposed peak oscillation

Quantity
Xi

Value xi Standard
deviation
u(xi)

Degrees of
freedom
mi (meff)

Sensitivity
coefficient ci

Uncertainty
contribution
ui(Ut) kV

FXm 2041 13.5a 50 320 V 4.4

DF1 6.12 2.04 ∞ 320 V 0.66

DF2 8.16 2.04 ∞ 320 V 0.66

Urec 324.5 V 0.375 V ∞ 2100 0.77

Ut 666.9 kV 4.55 kV 57
aNormal distribution (all other input quantities: rectangular distribution)
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The expanded uncertainty of the test voltage value Ut is relatively 1.6%. It is
thus only slightly greater than the uncertainty of 1.3% for the scale factor, as
determined in the first example for the calibration of the impulse voltage measuring
system.

B.2.2 Impulse Voltage with Peak Oscillation

In this example, the lightning impulse test voltage has overshoot or oscillation in
the peak region. The test voltage value Ut that is decisive for the stress of the
insulation of the power apparatus, must therefore be determined by means of the
test voltage function k(f) (see Sect. 4.1.1.2). The recorded impulse voltage with
superimposed peak oscillation has the extreme value Ue = Urec = 324.5 V. To
determine the test voltage value, the alternative method based on manual evaluation
of the recorded impulse is used. A double exponential base voltage according to
Eq. (8.8) is fitted to the oscillating lightning impulse voltage. This method gives a
peak value of Ub = 299.3 V, for which a standard uncertainty of 0.2% is estimated,
assuming a rectangular distribution. The difference between the oscillating lightning
impulse voltage and the exponential voltage yields the oscillating residual curve
with the amplitude b = Urec − Ub. The oscillation frequency, which is the reciprocal
of twice the duration of the half-period in the time region of the peak, is f = 0.3
MHz. For this frequency, the value of the test voltage function is k(f) = 0.835
according to Eq. (4.4). The amplitude b of the residual curve is multiplied by k
(f) and superimposed on the peak value of the double exponential base curve. The
result is the desired value Ut of the test voltage.

With the same input data for the scale factor (see example in Sect. B.2.1), the
following model equation for the desired test voltage value Ut can be set up:

Ut ¼ Ub þ kðf Þ � b½ � � F ¼ Ub þ kðf Þ � Urec � Ubð Þ½ � � FXm � þDF1 þDF2ð Þ:
ðB:5Þ

For the test voltage function k(f) according to Eq. (4.4), no uncertainty is given in
(Ref. [1] of Chap. 2). However, the result of the investigation in (Ref. [2] of
Chap. 4) shows that the experimentally determined k-values deviate more or less
from the function values of k(f) calculated according to Eq. (4.4). The typical spread
of the values is within ±0.2 (absolute). For the test voltage function k(f), a Type B
standard uncertainty u(k) = 0.2/√3 = 0.115 is assumed, which also includes the
uncertainty of the frequency determination.

The values and uncertainties are summarized in the uncertainty budget
(Table B.5). The last line in Table B.5 contains the result for the test voltage value
Ut. The large number of effective degrees of freedom of 440 indicates that there is a
normal distribution of the result values with the coverage factor k = 2 for a coverage
probability p � 95%.
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The result of the voltage measurement during the test can finally be stated in the
form:

Ut ¼ 658 kV� 15 kV ðp� 95%; k ¼ 2Þ:

The expanded uncertainty of the test voltage value Ut for the lightning impulse
voltage with superimposed peak oscillation is relatively 2.3%. It is thus greater than
the uncertainty of 1.6%, which is estimated for the lightning impulse voltage
without peak oscillation, but is still below the permissible limit value of 3%.

Table B.5 Uncertainty budget for the test voltage value Ut of a lightning impulse voltage with
peak oscillation taking into account the test voltage function k(f) according to Eq. (4.4)

Quantity Xi Value xi Standard
uncertainty
u(xi)

Degrees of
freedom
mi (meff)

Sensitivity
coefficient
ci

Uncertainty
contribution
ui(Ut) kV

FXm 2041 13.5a 50 320 V 4.3

DF1 6.12 2.04 ∞ 320 V 0.65

DF2 8.16 2.04 ∞ 320 V 0.65

Urec 324.5 V 0.375 V ∞ 1700 0.64

Ub 299.3 V 0.346 V ∞ 340 0.12

k(f) 0.835 0.115 ∞ 52 � 103 V 6.0

Ut 658.4 kV 7.5 kV 440
aNormal distribution (all other input quantities: rectangular distribution)
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A
Acceptance test, 308
Accreditation, 308
Accumulated apparent charge, 416
AC current

conventional RMS value, 12
measurement, 35
parameters, 10
three-crest method, 12
true RMS value, 12

Acoustic PD measurement, 410
Acoustic PD sensor array, 411
Acoustic PD spectrum, 412
Acoustic transfer function, 412
Acousto-optic PD sensor, 412
AC peak voltmeter

Chubb and Fortescue, 23
improved design, 24
simple design, 22

AC test voltage
requirements, 9

AC voltage
measurement, 22
parameters, 8

AC voltage supply, 12
AC voltmeter

digital design, 26
AC voltmeter with capacitor, 26
A/D converter, 224, 226, 228, 234, 237
Addition of partial voltages, 64
Adiabatic heating, 183
Alternative calibration

current, 329
voltage, 317

Ampere’s Law, 185

Amplitude density, 261, 266, 442
Amplitude droop, 190
Amplitude error, 233
Amplitude resolution, 231
Amplitude response

RC, RLC, 282
Anti-aliasing filter, 384
Aperiodic impulse current, 263
Aperiodic lightning impulse, 80
Aperiodic switching impulse, 90
Apparent charge, 375
Approved measuring system, 307
Aqueous solution, 126
Arithmetic mean, 431
Arithmetic mean value

DC current, 46
DC voltage, 44

Assigned scale factor, 315
DC divider, 54
reference method, 316

Average discharge current, 376

B
Back-to-back HVDC installation, 2
Bandwidth

coaxial shunt, 178
RC network, 284

Base curve, 86
BGO crystal, 209, 211, 213
Bifilar winding, 119
Birefringence

induced, 202, 203
natural, 210

BTO crystal, 208
Burch termination, 129, 136, 147
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C
Cable

PD location, 407
PD measurement, 406

Cable generator, 179, 299
Cable joint

PD detection, 407
Cable shield, 167
Cable termination

PD detection, 407
Calculable impulse calibrator, 247
Calibration

alternative method, voltage, 318
comparison measurement, 311
current measuring system, 327
digital recorder, 234, 242, 330
dissipation factor, 348
time parameter, 319
voltage component method, 317
voltage divider, 314
voltage measuring system, 310

Calibration certificate, 310
Calibration of components, 111
Calibration with step voltage, 246
Calibrator, 223, 245, 318
Capacitive signal coupling, 126
Capacitive voltage divider, 20, 127

simple equivalent circuit diagram, 129
Capacitive voltage transformer, 29
Carbon film resistor, 119, 133, 138, 139
Cascaded transformer, 15
Cavity resonator, 66
3-Center Frequency Relation Diagram, 399

PD pulses at DC voltage, 417
Ceramic HF plate capacitor, 133, 138
Characteristic impedance

lead, 298
Charge

impulse current, 159
Chip capacitor, 139
Chip resistor, 119, 139, 174
Chopped impulse voltage

generation, 102
Chopped lightning impulse, 80, 258
Chubb and Fortescue AC peak voltmeter, 23
Circularly polarized light, 202, 207
Clamp-on ammeter, 37
Clamp-on current transformer, 39
Coaxial cable, 109, 116, 119, 136, 312

DC resistance, 169
Coaxial shunt, 71, 173

very high current, 182
Code, 231
Code bin width, 231, 233

Coil with magnetic core, 195
Combined acoustic and UHF PD measurement,

411
Combined electronic instrument transformer,

30
calibration, 31

Combined instrument transducer, 219
Combined standard uncertainty, 429, 435
Comparison measurement, 110, 310

current measuring system, 327
scale factor, 316
voltage measuring system, 313

Compensated voltage divider, 113, 119
Complete result of the calibration, 452, 453,

455
Complex number, 443
Complex permittivity, 338
Complex transfer function, 114, 270, 275, 278,

441
Complex variable, 277
Complex variable domain, 254, 269, 276, 441
Component calibration, 111, 310

current, 329
voltage, 317

Compressed gas capacitor, 20, 24, 131, 341,
352, 353

construction, 354
electrical resonance, 364
excentric electrodes, 357
gas density dependence, 355
gas pressure, 355
kinetic method, 362
natural oscillation, 361
temperature dependence, 356
voltage dependence, 359

Convolution, 112
examples, 285

Convolution algorithm, 272
Convolution integral

general, 271
Coupling capacitor, 386
Coupling device, 386
Coupling impedance, 116

coaxial cable, 167
Coverage factor, 429, 433, 436, 437, 451
Coverage probability, 437, 451
Creeping of voltage divider, 136
Creeping step response, 180, 242
Crowbar spark gap, 159
Crowbar technique, 163
Cryogenic dissipation factor standard, 352
Crystal, 202
Current comparator bridge, 345
Current measuring coil, 195
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Current sensor, 166
Current transformer

inductive, 18, 36

D
D/A converter, 224, 229, 246
Damped capacitive voltage divider, 60, 132
Damping resistor, 106, 108, 140, 298
Data memory, 228
DC current transformer, 75
DC test current

requirements, 46
DC test voltage

requirements, 45
DC voltage divider

SF6-insulated, 50
ultra-stable, 61

DC voltage supply, 48
SF6-insulated, 50

Deconvolution, 273
complex, 276

Dielectric mirror, 206–208
Dielectric polarization, 336
Dielectric power loss, 352
Dielectric window, 401, 403
Differential non-linearity

dynamic, 234
static, 234

Digital bridge
dissipation factor, 346

Digital filtering, 240
Digital instruments

uncertainty requirements, 248
Digital measurement technology, 4
Digital recorder, 110, 223

calibration, 330
calibration with impulse, 331
calibration with sine, 332
calibration with step, 331
dynamic behavior, 237, 239
resolution, 249
rise time, 249

Digital synthesizer, 235
Digitizer, 224
Dirac impulse, 262, 276
Dirac pulse, 378
Direct (DC) voltage, 44
Directional coupler

PD location, 408
Discharge power, 376
Discrete Fourier Transform, 275
Disk-shaped resistor, 181
Disruptive discharge, 2
Disruptive discharge voltage, 33, 70, 144

Dissipation factor, 4, 336
calibration, 348
conduction losses, 338
cryogenic mica capacitor, 353
cryogenic standard, 352
digital measurement, 346
liquid insulating material, 340
parallel circuit, 338
polarization losses, 338
series circuit, 338
solid insulating material, 339
standard device, 350

Dissolved Gas Analysis, 415
Division ratio, 120

resistive divider, 52
Double exponential impulse, 260
Drain valve PD sensor, 403
Drift, 326
Dual-mode optical fiber, 213
Duhamel integral, 271
Duration

impulse current, 160
Dynamic behavior, 242

current measuring system, 329
voltage measuring system, 320

E
EBcharacteristic, 238
EBnumber, 238
Eccentricity, 359

capacitance change, 358
cylinder capacitor, 357

Eddy current, 176
Effective degrees of freedom, 432, 437, 451
Effective number of bits, 238
Efficiency factor, 95
Electric field, 203
Electric field constant, 336
Electricity meter testing, 3
Electromagnetic compatibility, 3
Electromagnetic interference, 116, 243

current sensor, 327
voltage divider, 314

Electromagnetic pulse, 3, 103
Electronic energy measuring system, 32
Electronic ignition system, 3
Electronic voltage transformer, 30
Electron speed filter, 67
Electro-optic coefficient, 203
Electro-optic effect, 201, 213
Electro-optic sensor, 205, 208

sensor array, 209
step response, 208

Electro-optic voltage transducer, 211
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Electrostatic band generator, 2
Electrostatic voltmeter, 27
Empirical standard deviation, 236, 431
Empirical standard deviation of the mean, 431
Equivalent circuit diagram

capacitive divider, 20, 130
coaxial shunt, 179
dissipation factor standard, 350
resistive voltage divider, 59

Equivalent smooth impulse, 86
Error diagram, 290, 322

2 MV resistive divider, 323
resistive 700 kV divider, 323

Ė-sensor, 147
Evaluation software, 223, 244
Expanded uncertainty, 436, 452

impulse voltage, 454
oscillating impulse, 455

Experimental response time, 295
Experimental step response, 293
Exponential impulse

convolution, 289
Exponential impulse current, 158

F
Faraday cage, 116, 229, 313
Faraday effect, 215
Faraday sensor

block form, 217
fiber form, 217, 218

Fast Fourier Transform, 230, 275, 443
Fiber optic cable, 205
Fiber optic current sensor, 218
Field-conformal arrangement, 53
Field-conformal resistive divider, 123, 127
Field mills, 67
Field sensor

calibration, 150
three-dimensional, 149
two-dimensional, 146

Field strength
Kerr effect, 213
Pockels effect, 202

Film resistor, 174
Filtering, 89
Filtering method, 87
Filtering of data, 230
Fingerprint, 293, 298
Fixed points of the voltage scale, 65
Flash converter, 225, 235
Fluorescent optical fiber, 413
Fourier integral, 441
Fourier series, 442
Fourier transform, 274, 441

Frequency domain, 253, 269, 441
Frequency response, 269, 329
Front oscillation, 89
Front time

impulse current, 159, 163
lightning impulse, 82
switching impulse, 90

Full lightning impulse voltage, 80

G
Gas-Insulated Lines (GIL), 1
Gas-Insulated Switchgear (GIS), 1, 15

UHF PD measurement technique, 401
Generating voltmeter, 67
Glass ring sensor, 217
GPS-based temporal assignment, 39
Gradient index lense, 205
Greinacher cascade circuit, 49
Greinacher DC voltage doubler circuit, 48
Ground loop, 110, 167
GUM, 447

basic concept, 428

H
Half-wave voltage, 204
Hall effect, 72
Hall voltage, 72
Hamon principle, 54
Heaviside operator, 277
Helical groove, 174
Helix, 53, 61
Helix-like groove, 119
High-voltage insulation, 4
High-voltage lead, 312
Histogram, 235
Horizontal high-voltage lead, 107
Humidity correction factor, 70
HVDC, 2
HVDC technology

European joint project, 63
Hybrid-optical measuring transformer, 72
Hydrophone, 411

I
Impedance measurement, 350
Impulse calibrator, 246, 331
Impulse current

analytical, 263
parameters, 157

Impulse current generator, 161
Impulse oscilloscope, 223
Impulse parameter values, 259
Impulse scale factor, 110

uncertainty, 447
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Impulse test current
requirements, 159

Impulse test voltage value
uncertainty, 453

Impulse voltage
analytical, 254

Impulse voltage divider, 104
Impulse voltage generator, 93, 97, 98
Impulse voltage measuring system, 105
Impulse voltage test circuit, 105
Impulse voltage with overshoot

uncertainty, 454
Impulse voltmeter, 223
Induced voltage, 186, 187, 194
Inductance

low-ohmic resistor, 170
Induction law, 186
Induction loop, 198
Initial distortion time, 296
Input attenuator, 228
Input impedance, 229
Input quantities, 449
Instrument transformer

inductive, 28
Integrating unit, 195
Integration error, 377
Integration methods, 188
Interference, 110
International Symposium on High Voltage

Engineering (ISH), 4
Inverse Fourier transform, 442
Inverse Laplace transform, 269, 444
Inverse piezoelectric effect, 210
Ionization losses, 336

J
Jitter, 241
Joule heat, 56
Joule integral, 159

K
Kerr constant, 213
Kerr effect, 202, 213
Kerr medium, 215
k-factor (overshoot), 85, 86
Kinetic method, 362
Kirchhoff’s junction equation, 263
Kirchhoff’s loop equation, 263

L
Ladder network, 59, 113–115, 122, 134, 143,

165
coaxial shunt, 178
complex transfer function, 114

k/4 wave plate, 202
Laplace transform, 254, 260, 263, 266, 269,

276, 285, 289, 441, 443
amplitude density, 443
calculation rules, 445
correspondences, 445

Laser diodes, 205
Least Significant Bit, 232
Light-emitting diodes, 205
Light intensity

Pockels cell, 204
Lightning impulse

definitions, 80
tolerances, 83
uncertainties, 83

Lightning stroke, 2
Limit frequency, 302
Limit load inegral, 183
Linearity proof

impulse divider, 148
Linearity test

current measuring system, 329
voltage measuring system, 318

Linear system, 269
Lissajous figure, 343
Live-line technique, 39
LNO crystal, 206, 208, 211
Load capacitor, 98, 131
Longitudinal Pockels effect, 202
Long-term stability, 326
Loss angle d, 337
Low damped capacitive divider, 137
Low-inductance load, 100
Low-ohmic resistor

DC current measurement, 71
Low-voltage divider unit, 128

M
Magnetic field, 168
Magnetic field constant, 171, 185
Magnetic field sensor, 197
Magnetic field strength, 185
Magnetic flux, 73, 173, 185
Magneto-optic AC current transducer, 219
Magneto-optic current sensor, 216
Magneto-optic effect, 201, 215
Mains filter, 116
Manual evaluation method, 88
Marx generator, 95
Mathematical origin, 257, 264
Maxwell’s equation, 148, 208
Mercury-wetted reed relay, 179, 246, 247, 299
Metal film resistor, 126
Missing code, 235
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Model equation, 316, 453, 454
Model function, 429, 430, 448
Multiple spark gap, 102
Multiplier circuit, 95
Multi-terminal star diagram, 398
Mutual inductance, 37, 38, 173, 187, 194, 195

N
Narrow-band PD measurement, 380
National measurement standard, 309
National Metrology Institute, 52, 309, 428
Natural frequency

compressed gas capacitor, 361
Normal (Gaussian) distribution, 431
Numerical convolution, 180, 291

current measuring system, 330
Numerical integration, 192
Nyquist theorem, 226

O
One-way rectifier circuit, 48
On-line monitoring, 278
On-site testing, 3, 91
Optical data link, 40
Optical glass ring transducer, 219
Optical multiplexer, 210
Optical PD measurement method, 412
Optical waveguide, 206
Optimally damped capacitive divider, 137
Optimized measurement tap, 125, 130
Optoelectronic data transmission, 125
Optoelectronic signal transmission, 39
Oscillating impulse, 92
Oscillating impulse current, 263
Oscillating impulse generator, 101
Oscillating test impulse, 92
Oversampling, 227
Overshoot, 296

lightning impulse, 84
Overshoot reduction, 99

P
Parallel-mixed RC voltage divider, 59
Parallel-mixed voltage divider, 142
Park resistor, 53
Partial discharge, 3

dissolved gas analysis, 415
equivalent circuit diagram, 371
general, 370
ionization losses, 336

Partial response time, 296
Passive integrating circuit, 188
PD calibration pulse, 389
PD extinction voltage, 372

PD impulse
derived quantities, 376

PD inception voltage, 372
PD magnitude, 372
PD measurement

combined acoustic and UHF sensor, 411
PD measurement at DC voltage, 415
PD measurement at impulse voltage, 418
PD online calibrator, 391
PD probe for on-site measurement, 405
PD pulse

accumulated apparent charge, 416
acoustic measurement, 410
analog integration, 382
charge, 374
complex spectrum, 375
digital data acquisition, 383
duration, 379
idealized impulse shape, 373
inductive decoupling, 408
invariance of charge, 374
measuring instrument, 377
optical measurement, 413
post-processing, 380
ultrasonic spectrum, 411

PD pulse calibrator, 389, 411
PD pulse train response, 385
PD reference calibrator, 391
PD sensor

single-walled carbon nanotube, 415
PD test circuit, 385
Peaking circuit, 93, 102
Peak value

AC test voltage, 8
impulse current, 158
impulse voltage, 80

Peak value error, 286
Pearson current monitor, 195
Peltier element, 61
Penetration depth, 177
Performance checks, 308
Performance test, 308
Permeability, 185
Permeability number, 185
Permittivity

definition, 336
test arrangements, 339

3-Phase Amplitude Relation Diagram, 398
PD pulses at DC voltage, 417

Phase displacement of transformer, 29
Phase-resolved PD pattern, 396
Phase response, 442
3-Phase Time Relation Diagram, 399
Piezoelectric effect, 209, 213
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Piezoelectric PD sensor, 410
Planar field sensor, 148
Plasma physics, 3
Plastic film capacitor, 140
Plate capacitor, 133
Pockels effect, 202
Pockels sensor

field measurement, 204, 212
voltage measurement, 208

Polarity reversal, 159, 163
Polarization-maintaining fiber, 205, 206, 210
Polarized light, 202
Polarizing beam splitter, 210
Post-processing of PD pulses, 396
Preamplifier, 228
Pre-trigger mode, 228
Programmable function generator, 246
Propagation velocity in coaxial cable, 109
Proximity effect, 312

damped capacitive divider, 324
PRPD pattern, 396

Q
Quadratic rate, 376
Quality assurance, 4
Quantization

ideal, 232
Quantization characteristic, 231
Quantization error, 231, 232
Quantization index, 231
Quantization level, 227
Quantization noise, 240
Quasi-integration, 377

R
Radio disturbance meter, 381
Randomly distributed noise, 240
Ratio error of transformer, 29
RC element, 285

step response, 278
Record of performance, 308
Rectangular distribution, 232, 433, 449
Rectangular impulse current, 160, 165
Reference calibrator, 248
Reference divider, 112, 118, 138

uncertainty requirements, 138
Reference level, 294, 321
Reference level epoch, 294, 321
Reference system, 253

current sensor, 327
voltage divider, 310

Refractive index, 202
Relative permittivity, 336
Resistive DC voltage divider, 52

Resistive impulse voltage divider, 117, 121
Resistor, low-ohmic, 35
Resistor

current measurement, 166
DC voltage measurement, 54

Resonant circuit, 17
Response error, 290

chopped lightning impulse, 291
Response parameter, 295

of a system, 271
Response time, 122, 141, 287

RC element, 283
RCL element, 283

Reversal peak, 163
Ring-core current transformer, 36, 37, 39
Ripple

DC voltage, 61
DC voltage supply, 50

Ripple amplitude
DC current, 46
DC voltage, 44

Ripple factor
DC current, 46
DC voltage, 44

Rise time, 180
exponential impulse, 283
of a recorder, 227

RLC element, 288
step response, 279

RMS value of the symmetrical AC component,
12

Rod-rod gap, 69
Rogowski coil

AC current measurement, 37
AC current on high voltage, 39
conductor position, 191
electronic integrator, 192
linearity, 38
maximumm AC current, 193
shielded, 194
types, 190

Rogowski profile, 133
Root-mean-square value, 9
Rotary voltmeter, 67
Routine test, 308

S
Sample-and-hold circuit, 226
Sampling, 232
Sampling error, 231, 236, 239
Sampling rate, 227, 228, 249
Scale factor, 111

current measuring system, 328
limited voltage range, 317
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Scale factor (cont.)
PD instrument, 390
PD test circuit, 389, 393
voltage measuring system, 315

Schering and Vieweg compressed-gas
capacitor, 131

Schering bridge, 341
equivalent circuit diagram, 342
Wagner’s auxiliary arm, 344

Schniewind resistor, 53, 56, 118
s-domain, 276, 441, 444
Self-heating effect, 54, 56, 58, 326
Self-inductance, 173
Sensitivity coefficient, 435
Settling time, 141, 296
Shielded cabin, 116, 168, 243
Short-term stability, 325
Short-time AC current, 2, 11, 267

generation, 18
Short-time DC current, 46, 71

requirements, 47
Single-walled carbon nanotube, 415
Sinusoidal test voltage, 236
SI units, 247
Skin depth, 177
Skin effect, 172, 176
Slope-dependent error, 239
Smoothing method, 89
Software, 230, 244
Software verification, 244
Solar module testing, 3
Spectral domain, 441
Spectral function, 275
Spectrum

exponential impulse current, 262, 266
impulse voltage, 260
triangular function, 261

Sphere gap, 32, 300
impulse generator, 96
UVC irradiation, 319

Spherical magnetic sensor, 198
Split-core ammeter, 37
Spot-welding quality, 3
Squirrel cage resistor, 182
Standard atmospheric conditions, 34, 70, 145
Standard deviation, 33, 232, 238, 239
Standard error, 236
Standard 1.2/50 impulse, 83
Standard impulse voltage, 80
Standard rod-rod gap, 69
Standard sphere gap, 32, 144
Standard uncertainty, 310, 428, 433

ideal quantization, 233
Star diagram, 398

Statement of the result of a measurement, 438
Steady-state AC current, 267
Steady-state AC test current, 10
Steady-state DC current, 46, 71
Steep-front impulse, 92

generation, 102
Step current generation, 179
Step generator

distributed sources, 301
Step response, 112, 120, 121, 180, 242, 269,

270
coaxial shunt, 177
complex, 277
damped capacitive divider, 134, 140
evaluation, 294, 321
first order system, 290
high-impedance network, 122
ladder network, 115
measurement circuits, 297
numerical differentiation, 273
Pearson coil, 196
reference level, 321
reference level epoch, 321
Rogowski coil, 193
second order system, 290

Step response measurement
toroidal coil, 189

Step voltage generator, 297, 299
Stray capacitance, 20, 59, 111, 114, 119, 123,

130
Superposition errors, 379
Surge impedance

lead, 298
Switching impulse, 89

tolerances, 90
uncertainties, 90

Synchronous multi-frequency PD
measurement, 398

Synchronous multi-terminal PD measurement,
398

T
Tand

see dissipation factor, 336
TDG software, 245
Temperature behavior

resistive DC divider, 56
Temperature coefficient, 184
Tesla transformer, 18, 127
Test and calibration standards, 308
Test Data Generator, 241, 244, 259, 330
Test transformer, 13
Test voltage curve, 86
Test voltage function, 87, 245
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Test voltage value
lightning impulse, 82
lightning impulse with overhoot, 86
switching impulse, 90
uncertainty, 452

Thermal breakdown, 337
Time above 90%, 90
Time domain, 253, 269
Time parameter

analytical, 256
calibration, 319
impulse current, 158
impulse voltage, 82

Time to chopping, 81, 83
Time to half-value

impulse current, 159, 163
lightning impulse, 82
switching impulse, 90

Time to peak
oscillating impulse, 92
switching impulse, 90, 91

Time to zero
switching impulse, 90

Top hatch PD sensor, 403
Toroidal coil, 186, 189
Torus electrode, 107, 123, 124, 143
Total duration

impulse current, 160
Total Harmonic Distortion, 9, 10
Traceability, 247, 308, 428
Traceable calibration, 307

calibrator, 331
Transfer behavior, 59, 112, 120, 270, 302

damped capacitive divider, 136
Transfer error, 290
Transfer factor, 301
Transfer function, 112, 276

complex, 274
RC element, 281
RLC element, 281

Transfer impedance, 389
Transformer

dry-type, 14
oil-insulated, 14
SF6-insulated, 14
simple equivalent circuit diagram, 17
UHF PD measurement technique, 403

Transformer ratio bridge, 345

Transient DC current, 267
Transient recorder, 224
Transversal Pockels effect, 204
Trapezoidal rule, 192
Triangular function, 260
Triangular test voltage, 235, 239
Trigger modes, 228
Tritium neutrino experiment, 61
True origin, 90
True RMS value, 10
Tubular shunt, 174
Two-channel AC voltage source, 31, 348
Type A evaluation method, 429, 430, 449
Type A standard uncertainty, 450
Type B evaluation method, 429, 432, 449
Type B standard uncertainty, 454
Type test, 308

U
U50 value, 144, 145
UHF PD measurement in GIS, 400
UHF PD measurement in transformer, 403
Uncertainty budget, 438, 451, 454
Uncertainty of measurement, 310, 427, 439,

447
Uncertainty of PD calibration, 394
Uncorrelated input quantities, 429
Undershoot, 264

impulse current, 265
Unit step response

system, 271
UVC irradiation, 33, 102, 144, 312, 319

V
Value of the test current, 159, 160

AC current, 10
DC current, 46

Value of the test voltage, 253
AC voltage, 8
DC voltage, 44

van de Graaff generator, 50
Verdet constant, 216
Very fast front impulse, 103
Very fast transient current, 194
Virtual origin, 82, 257, 264
Virtual steepness, 82
Virtual zero point

impulse current, 159
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Virtual zero potential, 25, 55
Schering bridge, 344

Voltage transformer
capacitive, 29
inductive, 28

W
Wagner’s auxiliary arm, 344
Water tree, 406
Wave impedance

cable, 109
horizontal lead, 108

Wedge-shaped impulse, 82, 258, 262

convolution, 285
Weighting function, 381
Wide-band PD measurement, 379
Wide-band PD sensor, 401
WLAN data transfer, 63

Y
Y circuit, 141

Z
Zaengl divider, 132
Zero-flux principle, 39, 74, 75, 187
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