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	10. Preface to Second  Edition
The first edition as well as its forerunner of Kuffel and Abdullah published in
1970 and their translations into Japanese and Chinese languages have enjoyed
wide international acceptance as basic textbooks in teaching senior under-
graduate and postgraduate courses in High-Voltage Engineering. Both texts
have also been extensively used by practising engineers engaged in the design
and operation of high-voltage equipment. Over the years the authors have
received numerous comments from the text’s users with helpful suggestions
for improvements. These have been incorporated in the present edition. Major
revisions and expansion of several chapters have been made to update the
continued progress and developments in high-voltage engineering over the
past two decades.
As in the previous edition, the principal objective of the current text is to
cover the fundamentals of high-voltage laboratory techniques, to provide an
understanding of high-voltage phenomena, and to present the basics of high-
voltage insulation design together with the analytical and modern numerical
tools available to high-voltage equipment designers.
Chapter 1 presents an introduction to high-voltage engineering including
the concepts of power transmission, voltage stress, and testing with various
types of voltage. Chapter 2 provides a description of the apparatus used in the
generation of a.c., d.c., and impulse voltages. These first two introductory
chapters have been reincorporated into the current revision with minor
changes.
Chapter 3 deals with the topic of high-voltage measurements. It has under-
gone major revisions in content to reflect the replacement of analogue instru-
mentation with digitally based instruments. Fundamental operating principles
of digital recorders used in high-voltage measurements are described, and the
characteristics of digital instrumentation appropriate for use in impulse testing
are explained.
Chapter 4 covers the application of numerical methods in electrical stress
calculations. It incorporates much of the contents of the previous text, but the
section on analogue methods has been replaced by a description of the more
current boundary element method.
Chapter 5 of the previous edition dealt with the breakdown of gaseous,
liquid, and solid insulation. In the new edition these topics are described in
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two chapters. The new Chapter 5 covers the electrical breakdown of gases.
The breakdown of liquid and solid dielectrics is presented in Chapter 6 of the
current edition.
Chapter 7 of the new text represents an expansion of Chapter 6 of the
previous book. The additional areas covered comprise a short but fundamental
introduction to dielectric properties of materials, diagnostic test methods, and
non-destructive tests applicable also to on-site monitoring of power equipment.
The expanded scope is a reflection of the growing interest in and development
of on-site diagnostic testing techniques within the electrical power industry.
This area represents what is perhaps the most quickly evolving aspect of high-
voltage testing. The current drive towards deregulation of the power industry,
combined with the fact that much of the apparatus making up the world’s
electrical generation and delivery systems is ageing, has resulted in a pressing
need for the development of in-service or at least on-site test methods which
can be applied to define the state of various types of system assets. Assessment
of the remaining life of major assets and development of maintenance practices
optimized both from the technical and economic viewpoints have become
critical factors in the operation of today’s electric power systems. Chapter 7
gives an introduction and overview of the fundamental aspects of on-site test
methods with some practical examples illustrating current practices.
Chapter 8 is an expansion of Chapter 7 from the previous edition. However,
in addition to the topics of lightning phenomena, switching overvoltages and
insulation coordination, it covers statistically based laboratory impulse test
methods and gives an overview of metal oxide surge arresters. The statistical
impulse test methods described are basic tools used in the application of
insulation coordination concepts. As such, an understanding of these methods
leads to clearer understanding of the basis of insulation coordination. Similarly,
an understanding of the operation and application of metal oxide arresters is
an integral part of today’s insulation coordination techniques.
Chapter 9 describes the design, performance, application and testing of
outdoor insulators. Both ceramic and composite insulators are included.
Outdoor insulators represent one of the most critical components of
transmission and distribution systems. While there is significant experience
in the use of ceramic insulators, composite insulators represent a relatively
new and quickly evolving technology that offers a number of performance
advantages over the conventional ceramic alternative. Their use and
importance will continue to increase and therefore merits particular attention.
The authors are aware of the fact that many topics also relevant to the
fundamentals of high-voltage engineering have again not been treated. But
every textbook about this field will be a compromise between the limited
space available for the book and the depth of treatment for the selected topics.
The inclusion of more topics would reduce its depth of treatment, which should
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be good enough for fundamental understanding and should stimulate further
reading.
The authors would like to express their thanks to Professors Yuchang Qiu of
X’ian Jaotong University, Stan. Grzybowski of Mississippi State University,
Stephen Sebo of Ohio State University for their helpful suggestions in the
selection of new material, Ontario Power Technologies for providing help
in the preparation of the text and a number of illustrations and Mrs Shelly
Gerardin for her skilful efforts in scanning and editing the text of the first
edition. Our special thanks go to Professor Yuchang Qiu for his laborious
proof reading of the manuscript.
Finally we would like to express our personal gratitude to Mr Peter Kuffel
and Dr Waldemar Ziomek for their invaluable help in the process of continued
review and preparation of the final manuscript and illustrations.
 


	13. Preface to First  Edition
The need for an up-to-date textbook in High Voltage Engineering fundamentals
has been apparent for some time. The earlier text of Kuffel and Abdullah
published in 1970, although it had a wide circulation, was of somewhat limited
scope and has now become partly outdated.
In this book an attempt is made to cover the basics of high voltage laboratory
techniques and high voltage phenomena together with the principles governing
design of high voltage insulation.
Following the historical introduction the chapters 2 and 3 present a compre-
hensive and rigorous treatment of laboratory, high voltage generation and
measurement techniques and make extensive references to the various inter-
national standards.
Chapter 4 reviews methods used in controlling electric stresses and intro-
duces the reader to modern numerical methods and their applications in the
calculation of electric stresses in simple practical insulations.
Chapter 5 includes an extensive treatment of the subject of gas discharges
and the basic mechanisms of electrical breakdown of gaseous, liquid and solid
insulations.
Chapter 6 deals with modern techniques for discharge detection and
measurement. The final chapter gives an overview treatment of systems
overvoltages and insulation coordination.
It is hoped the text will fill the needs of senior undergraduate and grad-
uate students enrolled in high voltage engineering courses as well as junior
researchers engaged in the field of gas discharges. The in-depth treatment of
high voltage techniques should make the book particularly useful to designers
and operators of high voltage equipment and utility engineers.
The authors gratefully acknowledge Dr. M. M. Abdullah’s permission to
reproduce some material from the book High Voltage Engineering, Pergamon
Press, 1970.
E. KUFFEL, W.S. ZAENGAL
March 1984
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Introduction
1.1 Generation  and transmission of electric energy
The potential benefits of electrical energy supplied to a number of consumers
from a common generating system were recognized shortly after the develop-
ment of the ‘dynamo’, commonly known as the generator.
The first public power station was put into service in 1882 in London
(Holborn). Soon a number of other public supplies for electricity followed
in other developed countries. The early systems produced direct ccurrent at
low-voltage, but their service was limited to highly localized areas and were
used mainly for electric lighting. The limitations of d.c. transmission at low-
voltage became readily apparent. By 1890 the art in the development of an a.c.
generator and transformer had been perfected to the point when a.c. supply
was becoming common, displacing the earlier d.c. system. The first major
a.c. power station was commissioned in 1890 at Deptford, supplying power
to central London over a distance of 28 miles at 10 000 V. From the earliest
‘electricity’ days it was realized that to make full use of economic genera-
tion the transmission network must be tailored to production with increased
interconnection for pooling of generation in an integrated system. In addition,
the potential development of hydroelectric power and the need to carry that
power over long distances to the centres of consumption were recognized.
Power transfer for large systems, whether in the context of interconnection
of large systems or bulk transfers, led engineers invariably to think in terms
of high system voltages. Figure 1.1 lists some of the major a.c. transmission
systems in chronological order of their installations, with tentative projections
to the end of this century.
The electric power (P) transmitted on an overhead a.c. line increases approx-
imately with the surge impedance loading or the square of the system’s oper-
ating voltage. Thus for a transmission line of surge impedance ZL (¾
D250 )
at an operating voltage V, the power transfer capability is approximately
P D V2
/ZL, which for an overhead a.c. system leads to the following results:
V kV 400 700 1000 1200 1500
P MW 640 2000 4000 5800 9000
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1 1890 10 kV Deptford
2 1907 50 kV Stadtwerke München
3 1912 110 kV Lauchhammer − Riesa
4 1926 220 kV N. Pennsylvania
5 1936 287 kV Boulder Dam
6 1952 380 kV Harspränget − Hallsberg
7 1959 525 kV USSR
8 1965 735 kV Manicouagan − Montreal
9 2003 (Est) 500 kV Three Gorges (China)
1 2
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8
Figure 1.1 Major a.c. systems in chronological order of their installations
The rapidly increasing transmission voltage level in recent decades is a
result of the growing demand for electrical energy, coupled with the devel-
opment of large hydroelectric power stations at sites far remote from centres
of industrial activity and the need to transmit the energy over long distances
to the centres. However, environmental concerns have imposed limitations
on system expansion resulting in the need to better utilize existing transmis-
sion systems. This has led to the development of Flexible A.C. Transmission
Systems (FACTS) which are based on newly developing high-power elec-
tronic devices such as GTOs and IGBTs. Examples of FACTS systems include
Thyristor Controlled Series Capacitors and STATCOMS. The FACTS devices
improve the utilization of a transmission system by increasing power transfer
capability.
Although the majority of the world’s electric transmission is carried on
a.c. systems, high-voltage direct current (HVDC) transmission by overhead
lines, submarine cables, and back-to-back installations provides an attractive
alternative for bulk power transfer. HVDC permits a higher power density
on a given right-of-way as compared to a.c. transmission and thus helps the
electric utilities in meeting the environmental requirements imposed on the
transmission of electric power. HVDC also provides an attractive technical
and economic solution for interconnecting asynchronous a.c. systems and for
bulk power transfer requiring long cables.
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Table 1.1  summarizes a number of major HVDC schemes in order of their
in-service dates. Figure 1.2 provides a graphic illustration of how HVDC trans-
mission voltages have developed. As seen in Figure 1.2 the prevailing d.c.
voltage for overhead line installations is 500 kV. This ‘settling’ of d.c. voltage
has come about based on technical performance, power transfer requirements,
environmental and economic considerations. Current trends indicate that d.c.
voltage levels will not increase dramatically in the near future.
0
100
200
300
400
500
600
700
1950 1960 1970 1980 1990 2000 2010
Year of installation
D.C. voltage
(kV)
Figure 1.2 Major d.c. systems in chronological order of their installations
1.2 Voltage stresses
Normal operating voltage does not severely stress the power system’s insula-
tion and only in special circumstances, for example under pollution conditions,
may operating voltages cause problems to external insulation. Nevertheless,
the operating voltage determines the dimensions of the insulation which forms
part of the generation, transmission and distribution equipment. The voltage
stresses on power systems arise from various overvoltages. These may be of
external or internal origin. External overvoltages are associated with lightning
discharges and are not dependent on the voltage of the system. As a result,
the importance of stresses produced by lightning decreases as the operating
voltage increases. Internal overvoltages are generated by changes in the oper-
ating conditions of the system such as switching operations, a fault on the
system or fluctuations in the load or generations.
Their magnitude depends on the rated voltage, the instance at which a
change in operating conditions occurs, the complexity of the system and so
on. Since the change in the system’s conditions is usually associated with
switching operations, these overvoltages are generally referred to as switching
overvoltages.
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Table 1.1 Major HVDC schemes
Scheme Year Power D.C. Line or cable Location
(MW) voltage length (km)
(kv)
Gottland 1 1954 20 š100 96 Sweden
English Channel 1961 160 š100 64 England–
France
Pacific Intertie 1970 1440 š400 1362 USA
Nelson River 1 1972 1620 š450 892 Canada
Eel River 1972 320 2 ð 80 Back to Canada
back
Cabora Bassa 1978 1920 š533 1414 Mozambique–
South Africa
Nelson River 2 1978 900 š250 930 Canada
1985 1800 š500
Chateauguay 1984 1000 2 ð 140 Back to Canada
back
Itaipu 1 1984 200 š300 785 Brazil
1985 1575
1986 2383 š600
Intermountain 1986 1920 š500 784 USA
Cross Channel 1986 2000 2 ð š270 72 England–
France
Itaipu 2 1987 3150 š600 805 Brazil
Gezhouba–
Shanghai 1989 600 500 1000 China
1990 1200 š500
Fenno-Skan 1989 500 400 200 Finland–
Sweden
Rihand-Delhi 1991 1500 š500 910 India
Hydro Quebec–
New England 1990 2000 š450 1500 Canada–USA
Baltic Cable 1994 600 450 250 Sweden–
Germany
Tian Guang 2000 1800 š500 960 China
(est)
Three Gorges 2002 3000 š500 – China
(est)
Source: HVDC Projects Listing, D.C.  Flexible A.C. Transmission Subcommittee of the IEEE Transmission and Distribution
Committee, Working Group on HVDC, and Bibliography and Records, January 1998 Issue.
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In designing  the system’s insulation the two areas of specific importance
are:
(i) determination of the voltage stresses which the insulation must withstand,
and
(ii) determination of the response of the insulation when subjected to these
voltage stresses.
The balance between the electric stresses on the insulation and the dielectric
strength of this insulation falls within the framework of insulation coordination
and will be discussed in Chapter 8.
1.3 Testing voltages
Power systems equipment must withstand not only the rated voltage (Vm),
which corresponds to the highest voltage of a particular system, but also
overvoltages. Accordingly, it is necessary to test h.v. equipment during its
development stage and prior to commissioning. The magnitude and type of
test voltage varies with the rated voltage of a particular apparatus. The stan-
dard methods of measurement of high-voltage and the basic techniques for
application to all types of apparatus for alternating voltages, direct voltages,
switching impulse voltages and lightning impulse voltages are laid down in
the relevant national and international standards.
1.3.1 Testing with power frequency voltages
To assess the ability of the apparatus’s insulation withstand under the system’s
power frequency voltage the apparatus is subjected to the 1-minute test under
50 Hz or 60 Hz depending upon the country. The test voltage is set at a level
higher than the expected working voltage in order to be able to simulate
the stresses likely to be encountered over the years of service. For indoor
installations the equipment tests are carried out under dry conditions only. For
outdoor equipment tests may be required under conditions of standard rain as
prescribed in the appropriate standards.
1.3.2 Testing with lightning impulse voltages
Lightning strokes terminating on transmission lines will induce steep rising
voltages in the line and set up travelling waves along the line and may
damage the system’s insulation. The magnitude of these overvoltages may
reach several thousand kilovolts, depending upon the insulation. Exhaustive
measurements and long experience have shown that lightning overvoltages are
characterized by short front duration, ranging from a fraction of a microsecond
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to several tens of microseconds and then slowly decreasing to zero. The stan-
dard impulse voltage has been accepted as an aperiodic impulse that reaches
its peak value in 1.2 µsec and then decreases slowly (in about 50 µsec) to half
its peak value. Full details of the waveshape of the standard impulse voltage
together with the permitted tolerances are presented in Chapter 2, and the
prescribed test procedures are discussed in Chapter 8.
In addition to testing equipment, impulse voltages are extensively used in
research laboratories in the fundamental studies of electrical discharge mech-
anisms, notably when the time to breakdown is of interest.
1.3.3 Testing with switching impulses
Transient overvoltages accompanying sudden changes in the state of power
systems, e.g. switching operations or faults, are known as switching impulse
voltages. It has become generally recognized that switching impulse volt-
ages are usually the dominant factor affecting the design of insulation in h.v.
power systems for rated voltages of about 300 kV and above. Accordingly,
the various international standards recommend that equipment designed for
voltages above 300 kV be tested for switching impulses. Although the wave-
shape of switching overvoltages occurring in the system may vary widely,
experience has shown that for flashover distances in atmospheric air of prac-
tical interest the lowest withstand values are obtained with surges with front
times between 100 and 300 µsec. Hence, the recommended switching surge
voltage has been designated to have a front time of about 250 µsec and half-
value time of 2500 µsec. For GIS (gas-insulated switchgear) on-site testing,
oscillating switching impulse voltages are recommended for obtaining higher
efficiency of the impulse voltage generator Full details relating to generation,
measurements and test procedures in testing with switching surge voltages
will be found in Chapters 2, 3 and 8.
1.3.4 D.C. voltages
In the past d.c. voltages have been chiefly used for purely scientific research
work. Industrial applications were mainly limited to testing cables with rela-
tively large capacitance, which take a very large current when tested with a.c.
voltages, and in testing insulations in which internal discharges may lead to
degradation of the insulation under testing conditions. In recent years, with
the rapidly growing interest in HVDC transmission, an increasing number of
industrial laboratories are being equipped with sources for producing d.c. high
voltages. Because of the diversity in the application of d.c. high voltages,
ranging from basic physics experiments to industrial applications, the require-
ments on the output voltage will vary accordingly. Detailed description of the
various main types of HVDC generators is given in Chapter 2.
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1.3.5 Testing  with very low-frequency voltage
In the earlier years when electric power distribution systems used mainly
paper-insulated lead covered cables (PILC) on-site testing specifications called
for tests under d.c. voltages. Typically the tests were carried out at 4–4.5V0.
The tests helped to isolate defective cables without further damaging good
cable insulation. With the widespread use of extruded insulation cables of
higher dielectric strength, the test voltage levels were increased to 5–8V0. In
the 1970s premature failures of extruded dielectric cables factory tested under
d.c. voltage at specified levels were noted1
. Hence on-site testing of cables
under very low frequency (VLF) of ¾0.1 Hz has been adopted. The subject
has been recently reviewed1,2
.
References
1. Working Group 21.09. After-laying tests on high voltage extruded insulation cable systems,
Electra, No. 173 (1997), pp. 31–41.
2. G.S. Eager et al. High voltage VLF testing of power cables, IEEE Trans Power Delivery, 12,
No. 2 (1997), pp. 565–570.
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Generation of  high voltages
A fundamental knowledge about generators and circuits which are in use for
the generation of high voltages belongs to the background of work on h.v.
technology.
Generally commercially available h.v. generators are applied in routine
testing laboratories; they are used for testing equipment such as transformers,
bushings, cables, capacitors, switchgear, etc. The tests should confirm the effi-
ciency and reliability of the products and therefore the h.v. testing equipment
is required to study the insulation behaviour under all conditions which the
apparatus is likely to encounter. The amplitudes and types of the test voltages,
which are always higher than the normal or rated voltages of the apparatus
under test, are in general prescribed by national or international standards or
recommendations, and therefore there is not much freedom in the selection of
the h.v. testing equipment. Quite often, however, routine testing laboratories
are also used for the development of new products. Then even higher volt-
ages might be necessary to determine the factor of safety over the prospective
working conditions and to ensure that the working margin is neither too high
nor too low. Most of the h.v. generator circuits can be changed to increase
the output voltage levels, if the original circuit was properly designed. There-
fore, even the selection of routine testing equipment should always consider
a future extension of the testing capabilities.
The work carried out in research laboratories varies considerably from one
establishment to another, and the type of equipment needed varies accordingly.
As there are always some interactions between the h.v. generating circuits used
and the test results, the layout of these circuits has to be done very carefully.
The classes of tests may differ from the routine tests, and therefore specially
designed circuits are often necessary for such laboratories. The knowledge
about some fundamental circuits treated in this chapter will also support the
development of new test circuits.
Finally, high voltages are used in many branches of natural sciences or other
technical applications. The generating circuits are often the same or similar
to those treated in the following sections. It is not the aim, however, of this
introductory text to treat the broad variations of possible circuits, due to space
limitation. Not taken into account are also the differing problems of electrical
power generation and transmission with high voltages of a.c. or d.c., or the
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pure testing technique of h.v. equipment, the procedures of which may be
found in relevant standards of the individual equipment. Power generation
and transmission problems are treated in many modern books, some of which
are listed within the bibliography of an earlier report.1Ł
This chapter discusses the generation of the following main classes of volt-
ages: direct voltages, alternating voltages, and transient voltages.
2.1 Direct voltages
In h.v. technology direct voltages are mainly used for pure scientific research
work and for testing equipment related to HVDC transmission systems. There
is still a main application in tests on HVAC power cables of long length, as
the large capacitance of those cables would take too large a current if tested
with a.c. voltages (see, however, 2.2.2: Series resonant circuits). Although
such d.c. tests on a.c. cables are more economical and convenient, the validity
of this test suffers from the experimentally obtained stress distribution within
the insulating material, which may considerably be different from the normal
working conditions where the cable is transmitting power at low-frequency
alternating voltages. For the testing of polyethylene h.v. cables, in use now
for some time, d.c. tests are no longer used, as such tests may not confirm the
quality of the insulation.50
High d.c. voltages are even more extensively used in applied physics
(accelerators, electron microscopy, etc.), electromedical equipment (X-rays),
industrial applications (precipitation and filtering of exhaust gases in thermal
power stations and the cement industry; electrostatic painting and powder
coating, etc.), or communications electronics (TV, broadcasting stations).
Therefore, the requirements on voltage shape, voltage level, and current rating,
short- or long-term stability for every HVDC generating system may differ
strongly from each other. With the knowledge of the fundamental generating
principles it will be possible, however, to select proper circuits for a special
application.
In the International Standard IEC 60-12
or IEEE Standard. 4-19953
the
value of a direct test voltage is defined by its arithmetic mean value, which
will be designated as V . Therefore, this value may be derived from
V D
1
T
 T
0
Vt dt. 2.1
where T equals a certain period of time if the voltage Vt is not constant, but
periodically oscillating with a frequency of f D 1/T. Test voltages as applied
to test objects then deviate periodically from the mean value. This means that
Ł Superscript numbers are to References at the end of the chapter.
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a ripple is present. The amplitude of the ripple, υV, is defined as half the
difference between the maximum and minimum values, or
υV D 0.5Vmax  Vmin. 2.2
The ripple factor is the ratio of the ripple amplitude to the arithmetic mean
value, or υV/V. For test voltages this ripple factor should not exceed 3 per
cent unless otherwise specified by the appropriate apparatus standard or be
necessary for fundamental investigations.
The d.c. voltages are generally obtained by means of rectifying circuits
applied to a.c. voltages or by electrostatic generation. A treatment of the
generation principles according to this subdivision is appropriate.
2.1.1 A.C. to D.C. conversion
The rectification of alternating currents is the most efficient means of obtaining
HVDC supplies. Although all circuits in use have been known for a long time,
the cheap production and availability of manifold solid state rectifiers has
facilitated the production and application of these circuits fundamentally. Since
some decades, there is no longer a need to employ valves, hot cathode gas-
filled valves, mercury pool or corona rectifiers, or even mechanical rectifiers
within the circuits, for which the auxiliary systems for cathode heating, etc.,
have always aggravated their application. The state of the art of such earlier
circuits may be found in the work of Craggs and Meek,4
which was written
in 1954. All rectifier diodes used now adopt the Si type, and although the
peak reverse voltage is limited to less than about 2500 V, rectifying diode
units up to tens and hundreds of kVs can be made by series connections if
appropriate means are applied to provide equal voltage distribution during the
non-conducting period. One may treat and simulate, therefore, a rectifier within
the circuits – independently of the voltage levels – simply by the common
symbol for a diode.
The theory of rectifier circuits for low voltages and high power output is
discussed in many standard handbooks. Having the generation of high d.c.
voltages in mind, we will thus restrict the treatment mainly to single-phase
a.c. systems providing a high ratio of d.c. output to a.c. input voltage. As,
however, the power or d.c. output is always limited by this ratio, and because
very simple rectifier circuits are in use, we will treat only selected examples
of the many available circuits.
Simple rectifier circuits
For a clear understanding of all a.c. to d.c. conversion circuits the single-phase
half-wave rectifier with voltage smoothing is of basic interest (Fig. 2.1(a)).
If we neglect the leakage reactance of the transformer and the small internal
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Figure 2.1 Single-phase half-wave rectifier with reservoir capacitance C.
(a) Circuit. (b) Voltages and currents with load RL
impedance of the diodes during conduction – and this will be done throughout
unless otherwise stated – the reservoir or smoothing capacitor C is charged to
the maximum voltage CVmax of the a.c. voltage V¾t of the h.t. transformer,
when D conducts. This is the case as long as V  V¾t for the polarity of D
assumed. If I D 0, i.e. the output load being zero RL D 1, the d.c. voltage
across C remains constant CVmax, whereas V¾t oscillates between šVmax.
The diode D must be dimensioned, therefore, to withstand a peak reverse
voltage of 2Vmax.
The output voltage V does not remain any more constant if the circuit
is loaded. During one period, T D 1/f of the a.c. voltage a charge Q is
transferred to the load RL, which is represented as
Q D

T
iLt dt D
1
RL

T
Vt dt D IT D
I
f
. 2.3
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I is therefore the mean value of the d.c. output iLt, and Vt the d.c. voltage
which includes a ripple as shown in Fig. 2.1(b). If we introduce the ripple
factor υV from eqn (2.2), we may easily see that Vt now varies between
Vmax ½ Vt ½ Vmin; Vmin D Vmax  2υV. 2.4
The charge Q is also supplied from the transformer within the short conduction
time tc D ˛T of the diode D during each cycle. Therefore, Q equals also to
Q D

˛T
it dt D

T
iLt dt. 2.5
As ˛T − T, the transformer and diode current it is pulsed as shown idealized
in Fig. 2.l(b) and is of much bigger amplitudes than the direct current iL
¾
D I.
The ripple υV could be calculated exactly for this circuit based upon the expo-
nential decay of Vt during the discharge period T1  ˛. As, however, for
practical circuits the neglected voltage drops within transformer and rectifiers
must be taken into account, and such calculations are found elsewhere,3
we
may assume that ˛ D 0. Then υV is easily found from the charge Q transferred
to the load, and therefore
Q D 2υVC D IT; υV D
IT
2C
D
I
2fC
. 2.6
This relation shows the interaction between the ripple, the load current and
circuit parameter design values f and C. As, according to eqn (2.4), the mean
output voltage will also be influenced by υV, even with a constant a.c. voltage
V¾t and a lossless rectifier D, no load-independent output voltage can be
reached. The product fC is therefore an important design factor.
For h.v. test circuits, a sudden voltage breakdown at the load RL ! 0
must always be taken into account. Whenever possible, the rectifiers should
be able to carry either the excessive currents, which can be limited by fast,
electronically controlled switching devices at the transformer input, or they
can be protected by an additional resistance inserted in the h.t. circuit. The
last method, however, increases the internal voltage drop.
Half-wave rectifier circuits have been built up to voltages in the megavolt
range, in general by extending an existing h.v. testing transformer to a d.c.
current supply. The largest unit has been presented by Prinz,5
who used a 1.2-
MV cascaded transformer and 60-mA selenium-type solid state rectifiers with
an overall reverse voltage of 3.4 MV for the circuit. The voltage distribution
of this rectifier, which is about 12 m in length, is controlled by sectionalized
parallel capacitor units, which are small in capacitance value in comparison
with the smoothing capacitor C (see Fig. 2.14). The size of such circuits,
however, would be unnecessarily large for pure d.c. supplies.
The other disadvantage of the single-phase half-wave rectifier concerns the
possible saturation of the h.v. transformer, if the amplitude of the direct current
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is comparable with the nominal alternating current of the transformer. The
biphase half-wave (or single-phase full-wave) rectifier as shown in Fig. 2.2
overcomes this disadvantage, but it does not change the fundamental effi-
ciency, considering that two h.v. windings of the transformer are now avail-
able. With reference to the frequency f during one cycle, now each of the
diodes D1 and D2 is conducting for one half-cycle with a time delay of
T/2. The ripple factor according to eqn (2.6) is therefore halved. It should
be mentioned that the real ripple will also be increased if both voltages V1¾
and V2¾ are not exactly equal. If V2 max would be smaller than V1 max  2υV
or Vmin, this h.v. winding would not charge the capacitance C. The same effect
holds true for multiphase rectifiers, which are not treated here.
V1∼(t)
V2∼(t)
D1
D2
h.t.
transformer
C V RL
Figure 2.2 Biphase half-wave rectifier circuit with smoothing capacitor C
Thus single-phase full-wave circuits can only be used for h.v. applications
if the h.t. winding of the transformer can be earthed at its midpoint and if the
d.c. output is single-ended grounded. More commonly used are single-phase
voltage doublers, a circuit of which is contained in the voltage multiplier or
d.c. cascade of Fig. 2.6, see stage 1. Although in such a circuit grounding
of the h.v. winding is also not possible, if asymmetrical d.c. voltages are
produced, the potential of this winding is fixed. Therefore, there is no danger
due to transients followed by voltage breakdowns.
Cascade circuits
The demands from physicists for very high d.c. voltages forced the improve-
ment of rectifying circuits quite early. It is obvious that every multiplier circuit
in which transformers, rectifiers and capacitor units have only to withstand a
fraction of the total output voltage will have great advantages. Today there are
many standard cascade circuits available for the conversion of modest a.c. to
high d.c. voltages. However, only few basic circuits will be treated.
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In 1920 Greinacher, a young physicist, published a circuit6
which was
improved in 1932 by Cockcroft and Walton to produce high-energy positive
ions.7
The interesting and even exciting development stages of those circuits
have been discussed by Craggs and Meek.4
To demonstrate the principle
only, an n-stage single-phase cascade circuit of the ‘Cockcroft–Walton type’,
shown in Fig. 2.3, will be presented.
HV output open-circuited: I D 0. The portion 0 n0
Vt is a half-wave
rectifier circuit in which C0
n charges up to a voltage of CVmax if Vt has
reached the lowest potential, Vmax. If Cn is still uncharged, the rectifier Dn
conducts as soon as Vt increases. As the potential of point n0
swings up
to CV2 max during the period T D 1/f, point n attains further on a steady
potential of C2Vmax if Vt has reached the highest potential of CVmax. The
part n0
n 0 is therefore a half-wave rectifier, in which the voltage across
D0
n can be assumed to be the a.c. voltage source. The current through Dn that
∼
V(t); Vmax
C′n Cn
D′n
Dn
C′n−1 Cn−1
D′n−1
Dn−1
n′ n
4′
3′
D3
D2
D1
C1
C2
C3
2′
1′
1
(n−1)′ (n−1)
C3
′
D3
′
C2
′
D2
′
C1
′
D1
′
2
3
4
0
I
H.V. output
(a)
Figure 2.3 (a) Cascade circuit according to Cockroft–Walton or
Greinacher. (b) Waveform of potentials at the nodes, no load
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1 = H.V. output
1′
2′
V
0
=
n
.
2
V
max
(n −1)
Stages(n−2) to 3
(n −1)′
2
n
n′
2Vmax
V(t )
t
0
t1
t2
D1...Dn
Conducting
D1
′...Dn
′
Conducting
Vmax
(b)
Figure 2.3 (continued)
charged the capacitor Cn was not provided by D0
n, but from Vt and C0
n. We
assumed, therefore, that C0
n was not discharged, which is not correct. As we
will take this into consideration for the loaded circuit, we can also assume
that the voltage across Cn is not reduced if the potential n0
oscillates between
zero and C2Vmax. If the potential of n0
, however, is zero, the capacitor C0
n 1
is also charged to the potential of n, i.e. to a voltage of C2Vmax. The next
voltage oscillation of Vt from Vmax to CVmax will force the diode Dn 1
to conduct, so that also Cn 1 will be charged to a voltage of C2Vmax.
In Fig. 2.3(b) the steady state potentials at all nodes of the circuit are
sketched for the circuit for zero load conditions. From this it can be seen, that:
ž the potentials at the nodes 10
, 20
. . . n0
are oscillating due to the voltage
oscillation of Vt;
ž the potentials at the nodes 1, 2 . . . n remain constant with reference to
ground potential;
ž the voltages across all capacitors are of d.c. type, the magnitude of which is
2Vmax across each capacitor stage, except the capacitor C0
n which is stressed
with Vmax only;
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ž every rectifier D1, D0
1 . . . Dn, D0
n is stressed with 2Vmax or twice a.c. peak
voltage; and
ž the h.v. output will reach a maximum voltage of 2nVmax.
Therefore, the use of several stages arranged in this manner enables very
high voltages to be obtained. The equal stress of the elements used is very
convenient and promotes a modular design of such generators. The number of
stages, however, is strongly limited by the current due to any load. This can
only be demonstrated by calculations, even if ideal rectifiers, capacitors and
an ideal a.c. voltage source are assumed.
Finally it should be mentioned that the lowest stage n of the cascade circuit
(Fig. 2.3(a)) is the Cockcroft–Walton voltage doubler. The a.c. voltage source
Vt is usually provided by an h.t. transformer, if every stage is built for
high voltages, typically up to about 300 kV. This source is always symmet-
rically loaded, as current is withdrawn during each half-cycle (t1 and t2 in
Fig. 2.3(b)). The voltage waveform does not have to be sinusoidal: every
symmetrical waveform with equal positive and negative peak values will give
good performance. As often high-frequency input voltages are used, this hint
is worth remembering.
H.V. output loaded: I  0. If the generator supplies any load current I, the
output voltage will never reach the value 2nVmax as shown in Fig. 2.3(b).
There will also be a ripple on the voltage, and therefore we have to deal with
two quantities: the voltage drop V0 and the peak-to-peak ripple 2υV. The
sketch in Fig. 2.4 shows the shape of the output voltage and the definitions of
2n Vmax
(no load)
V0 max
V0 (t) with load
2 δ V
∆V0
+Vmax
t1
0
t2
V(t)
T = 1/f
t
Figure 2.4 Loaded cascade circuit, definitions of voltage drop V0 and
ripple υV
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V0 and 2υV. The time instants t1 and t2 are in agreement with Fig. 2.3(b).
Therefore, the peak value of Vo is reached at t1, if Vt was at CVmax and the
rectifiers D1 . . . Dn just stopped to transfer charge to the ‘smoothing column’
C1 . . . Cn. After that the current I continuously discharges the column, inter-
rupted by a sudden voltage drop shortly before t2: this sudden voltage drop
is due to the conduction period of the diodes D0
1 . . . D0
n, during which the
‘oscillating column’ C0
1 . . . C0
n is charged.
Now let a charge q be transferred to the load per cycle, which is obviously
q D I/f D IT. This charge comes from the smoothing column, the series
connection of C1 . . . Cn. If no charge would be transferred during T from this
stack via D0
1 . . . D0
n to the oscillating column, the peak-to-peak ripple would
merely be
2υV D IT
n

iD1
1/Ci.
As, however, just before the time instant t2 every diode D0
1 . . . D0
n transfers
the same charge q, and each of these charges discharges all capacitors on the
smoothing column between the relevant node and ground potential, the total
ripple will be
υV D
1
2f

1
C1
C
2
C2
C
3
C3
C . . .
n
Cn

. 2.7
Thus in a cascade multiplier the lowest capacitors are responsible for most
ripple and it would be desirable to increase the capacitance in the lower
stages. This is, however, very inconvenient for h.v. cascades, as a voltage
breakdown at the load would completely overstress the smaller capacitors
within the column. Therefore, equal capacitance values are usually provided,
and with C D C1 D C2 . . . Cn, eqn (2.7) is
υV D
I
fC
ð
nn C 1
4
. 2.7a
To calculate the total voltage drop V0, we will first consider the stage n.
Although the capacitor C0
n at time t1 will be charged up to the full voltage
Vmax, if ideal rectifiers and no voltage drop within the a.c.-source are assumed,
the capacitor Cn will only be charged to a voltage
Vcn
max D 2Vmax 
nq
C0
n
D 2Vmax  Vn
as Cn has lost a total charge of nq during a full cycle before and C0
n has to
replace this lost charge. At time instant t2, Cn transfers the charge q to C0
n 1
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equal amounts q to C0
n2, . . . C0
2, C0
1 and q to the load during T. Therefore,
C0
n 1 can only be charged up to a maximum voltage of
VC0
n 1
max D

2Vmax 
nq
C0
n


nq
Cn
D VCn
max 
nq
Cn
.
As the capacitor C0
n 1 will be charged up to this voltage minus n  1q/c0
n 1,
etc., one can easily form the general rules for the total voltage drop at the
smoothing stack C1 . . . Cn
If all the capacitors within the cascade circuit are equal or
C1 D C0
1 D C2 D C0
2 D . . . Cn D C0
n D C,
then the voltage drops across the individual stages are
Vn D q/cn;
Vn 1 D q/c[2n C n 1];
.
.
.
V1 D q/c[2n C 2n 1 C 2n 2 C . . . C 2 ð 2 C 1]. 2.8
By summation, and with q D I/f, we find
V0 D
1
fC

2n3
3
C
n2
2

n
6

. 2.9
Thus the lowest capacitors are most responsible for the total V0 as is the case
of the ripple, eqn (2.7). However, only a doubling of C0
n is convenient, since
this capacitor has to withstand only half the voltage of the other capacitors;
namely Vmax. Therefore, Vn decreases by an amount of 0.5 nq/c, which
reduces V of every stage by the same amount, thus n times. Hence,
V0 D
1
fC

2n3
3

n
6

. 2.10
For this case and n ½ 4 we may neglect the linear term and therefore approx-
imate the maximum output voltage by
V0 max
¾
D 2nVmax 
I
fC
ð
2n3
3
. 2.11
For a given number of stages, this maximum voltage or also the mean value
V0 D V0 max  υV will decrease linearly with the load current I at constant
 


	32. Generation of high  voltages 19
frequency, which is obvious. For a given load, however, V0 may rise initially
with the number of stages n, but reaches an optimum value and even decreases
if n is too large. Thus – with respect to constant values of I Vmax, f and
C – the highest value can be reached with the ‘optimum’ number of stages,
obtained by differentiating eqn (2.11) with respect to n. Then
nopt D

VmaxfC
I
2.12
For a generator with Vmax D 100 kV, f D 500 Hz, C D 7 µF and I D 500 mA,
nopt D 10. It is, however, not desirable to use the optimum number of stages,
as then V0 max is reduced to 2/3 of its maximum value 2nVmax. Also the
voltage variations for varying loads will increase too much.
The application of this circuit to high power output, which means high prod-
ucts of IV0 is also limited by eqns (2.9) and (2.11), in which again the large
influence of the product fC can be seen. An increase of supply frequency
is in general more economical than an increase of the capacitance values;
small values of C also provide a d.c. supply with limited stored energy, which
might be an essential design factor, i.e. for breakdown investigations on insu-
lating materials. A further advantage is related to regulation systems, which
are always necessary if a stable and constant output voltage V0 is required.
Regulation can be achieved by a measurement of V0 with suitable voltage
dividers (see Chapter 3, section 3.6.4) within a closed-loop regulation system,
which controls the a.c. supply voltage Vt. For fast response, high supply
frequencies and small stored energy are prerequisites.
For tall constructions in the MV range, the circuit of Fig. 2.3(a) does not
comprise all circuit elements which are influencing the real working condi-
tions. There are not only the impedances of the diodes and the supply trans-
former which have to be taken into consideration; stray capacitances between
the two capacitor columns and capacitor elements to ground form a much
more complex network. There are also improved circuits available by adding
one or two additional ‘oscillating’ columns which charge the same smoothing
stack. This additional column can be fed by phase-shifted a.c. voltages, by
which the ripple and voltage drop can further be reduced. For more details
see reference 8.
Cascade generators of Cockcroft–Walton type are used and manufactured
today worldwide. More information about possible constructions can be found
in the literature9,10
or in company brochures. The d.c. voltages produced with
this circuit may range from some 10 kV up to more than 2 MV, with current
ratings from some 10 µA up to some 100 mA. Supply frequencies of 50/60 Hz
are heavily limiting the efficiency, and therefore higher frequencies up to about
1000 Hz (produced by single-phase alternators) or some 10 kHz (produced by
electronic circuits) are dominating.
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Also for this kind of generators, voltage reversal can be performed by
a reversal of all diodes. For some special tests on components as used for
HVDC transmission, a fast reversal of the d.c. voltages is necessary. This can
be done with special mechanical arrangements of the diodes, as published by
W. Hauschild et al.50,51
Figure 2.5 shows such a unit for a d.c. voltage up to
Figure 2.5 A Cockroft–Walton d.c. generator for voltages up to
900 kV/10 mA with fast polarity reversal at ETH Zurich (courtesy HIGH
VOLT, Dresden, Germany)
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900 kV. Here, also the general structure of the Cockroft–Walton circuit can
be identified.
Voltage multiplier with cascaded transformers
The multiple charge transfer within the cascade circuit of the Cock-
croft–Walton type demonstrated the limitations in d.c. power output. This
disadvantage can be reduced if single- or full-wave rectifier systems, each
having its own a.c. power source, are connected in series at the d.c. output
only. Then the a.c. potentials remain more or less at d.c. potentials. Although
there are many modifications possible, the principle that will be demonstrated
here is based upon a very common circuit, which is shown in Fig. 2.6. Every
transformer per stage consists of an l.v. primary (1), h.v. secondary (2), and l.v.
tertiary winding (3), the last of which excites the primary winding of the next
upper stage. As none of the h.v. secondary windings is on ground potential,
a d.c. voltage insulation within each transformer (T1, T2, etc.) is necessary,
which can be subdivided within the transformers. Every h.v. winding feeds
two half-wave rectifiers, which have been explained before. Although there
Further states
(up to n)
Stage 2
Stage 1
3
2
1 n.2V
1
∼
3
2 T1
T2
V
Figure 2.6 D.C. cascade circuit with cascaded transformers
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are limitations as far as the number of stages is concerned, as the lower trans-
formers have to supply the energy for the upper ones, this circuit, excited with
power frequency, provides an economical d.c. power supply for h.v. testing
purposes with moderate ripple factors and high power capabilities.
The ‘Engetron’ circuit (Deltatron)
A very sophisticated cascade transformer HVDC generator circuit was
described by Enge in a US Patent.11
Although such generators might be limited
in the power output up to about 1 MV and some milliamperes, the very small
ripple factors, high stability, fast regulation and small stored energies are
essential capabilities of this circuit.
The circuit is shown in Fig. 2.7. It consists primarily of a series connection
of transformers, which do not have any iron core. These transformers are
coupled by series capacitors Cs which compensate most of the stray inductance
Termination
HV d.c. − output
Further stages
Module
Stage 2
Stage 1
Cockcroft−Walton
multipliers
Cs
Cp
∼
Oscillator
(50 . . . 100 kc/s)
Figure 2.7 The ‘Engetron’ or Deltatron principle
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of the transformers. In addition to this, to every primary and secondary winding
a capacitor Cp is connected in parallel, which provides an overcompensation
of the magnetizing currents. The whole chain of cascaded transformers is
loaded by a terminating resistor; thus the network acts similarly to a terminated
transmission line along which the a.c. voltage remains nearly constant and
has a phase shift between input (high-frequency power supply) and output
(termination). The transformers, therefore, are not used to increase the a.c.
voltage.
It is now possible to connect to every stage indicated as usual
Cockcroft–Walton cascade circuit, with only a small input voltage (some
kV), producing, however, output voltages of some 10 kV per stage. The
storage columns of these Cockcroft–Walton cascades are then directly series
connected, providing the high d.c. output voltage for the whole cascade
transformer HVDC generator unit. Typically up to about 25 stages can be used,
every stage being modular constructed. As these modules are quite small, they
can be stacked in a cylindrical unit which is then insulated by SF6. Not shown
in Fig. 2.7 is the voltage regulation system, which is controlled by a parallel
mixed R-C voltage divider and a high-frequency oscillator, whose frequency
ranges from 50 to 100 kHz. As for these high frequencies the capacitors within
the Cockcroft–Walton circuits can be very small, and the energy stored is
accordingly low; regulation due to load variations or power voltage supply
variations is very fast (response time typically about 1 msec). The small ripple
factor is not only provided by the storage capacitor, but also by the phase-
shifted input voltages of the cascade circuits. Amongst the disadvantages is
the procedure to change polarity, as all modules have to be reversed.
Summary and concluding remarks to 2.1.1
It has been shown that all a.c. to d.c. voltage conversion systems could be
classed between the circuits of Figs 2.1 and 2.3, if single-phase a.c. voltages
are converted into d.c. voltages. A high d.c. to a.c. voltage ratio can only
be gained with a high product of a.c. frequency and energy stored in the
smoothing capacitors, as they have to store electrical energy within each cycle,
during which the a.c. power is oscillating. If, therefore, the d.c. output should
be very stable and continuous, a high product (fC) is necessary. A reduction
of stored energy is possible if the a.c. power is not only provided at ground
potential, this means if a.c. power is injected into the circuits at different
potential levels. The savings, therefore, can be made either on the a.c. or d.c.
side. The large variety of possible circuits and technical expenditure is always
strongly related to the ‘quality’ of the d.c. power needed, this means to the
stability and the ripple of the output voltage.
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2.1.2 Electrostatic generators
Electrostatic generators convert mechanical energy directly into electrical
energy. In contrast to electromagnetic energy conversion, however,
electrical charges are moved in this generator against the force of electrical
fields, thus gaining higher potential energies and consuming mechanical
energy. All historical electrostatic machines, such as the Kelvin water dropper
or the Wimshurst machine, are therefore forerunners of modern generators of
this type. A review of earlier machines may be found in reference 12.
Besides successful developments of ‘dust generators’ presented by Pauthe-
nier et al.13
the real breakthrough in the generation of high and ultra-high
d.c. voltages is linked with Van de Graaff, who in 1931 succeeded with the
development of electrostatic belt-driven generators.14
These generators are
in common use today in nuclear physics research laboratories. Figure 2.8
demonstrates the principle of operation, which is described in more detail
in reference 4. Charge is sprayed onto an insulating moving belt by means
of corona discharge points (or direct contact) which are at some 10 kV from
earth potential. The belt, the width of which may vary widely (some cm up to
metres), is driven at about 15–30 m/sec by means of a motor and the charge
is conveyed to the upper end where it is removed from the belt by discharging
points connected to the inside of an insulated metal electrode through which
Upper spray
points
Collector
Motor driven
pulley
Controllable spray
voltage
Lower spray
points
Insulating belt
H.V. terminal
Upper pulley
(insulated from earth)
Figure 2.8 Outline of electrostatic belt-driven generator
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the belt passes. The entire equipment is usually enclosed in an earthed metal
tank filled with insulating compressed gases of good performance such as air,
mixtures of N2 –CO2, Freon 12 (CCl2, F2) or SF6. For simple applications the
metal tank can be omitted, so that the insulation is provided by atmospheric
air only.
The potential of the h.v. terminal at any instant is V D Q/C above earth,
where Q is the charge stored and C is the capacitance of the h.v. electrode to
ground. The potential of the terminal rises at a rate given by dV/dt D I/C,
where
I D O
Sb 2.13
is the net charging current to the terminal. In this equation, O
S is the charge
density at the belt in coulombs/m2
, b its width in m, and v the belt speed
in m/sec. In practice, dV/dt may reach a value of 1 MV/sec and it appears
that the final potential of the h.v. electrode would be infinite in the absence
of any mechanism of charge loss. Equilibrium is in practice established at a
potential such that the charging current equals the discharge current which
includes load currents – also due to voltage dividers, leakage currents and
corona losses, if present – and by voltage regulating systems which are based
on voltage measurement and the controllable spray unit.
While the h.v. terminal electrode can easily be shaped in such a way that
local discharges are eliminated from its surface, the field distribution between
this electrode and earth along the fast moving belt is of greatest importance.
The belt, therefore, is placed within properly shaped field grading rings, the
grading of which is provided by resistors and sometimes additional corona
discharge elements.
The lower spray unit, shown in Fig. 2.8, may consist of a number of needles
connected to the controllable d.c. source so that the discharge between the
points and the belt is maintained. The collector needle system is placed near
the point where the belt enters the h.v. terminal.
A self-inducing arrangement is commonly used for spraying on the down-
going belt charges of polarity opposite to that of the h.v. terminal. The rate of
charging of the terminal, for a given speed of the belt, is therefore doubled. To
obtain a self-charging system, the upper pulley is connected to the collector
needle and is therefore maintained at a potential higher than that of the h.v.
terminal. The device includes another system of points (shown as upper spray
points in Fig. 2.8) which is connected to the inside of the h.v. terminal and is
directed towards the pulley at the position shown. As the pulley is at a higher
positive potential, the negative charges of the corona at the upper spray points
are collected by the belt. This neutralizes any remaining positive charges on
the belt and leaves any excess negative charges which travel down with it and
are neutralized at the lower spray points.
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For a rough estimation of the current I which can be provided by such
generators, we may assume a homogeneous electrical field E normal to the
belt running between the lower spray points and the grounded lower pulley.
As E D D/ε0 D O
S/ε0, D being the flux density, ε0 the permittivity and O
S
the charge density according to eqn (3.13) deposited at the belt, with ε0 D
8.85 ð 1012
As/Vm, the charge density cannot be larger than about 2.7 ð
105
As/m2
if E D 30 kV/cm. For a typical case the belt speed might be v D
20 m/sec and its width b D 1 m. The charging current according to eqn (2.13)
is then I ¾
D 540 µA. Although with sandwiched belts the output current might
be increased as well as with self-inducing arrangements mentioned above, the
actual short-circuit currents are limited to not more than a few mA with the
biggest generators.
The main advantages of belt-driven electrostatic generators are the high d.c.
voltages which can easily be reached, the lack of any fundamental ripple, and
the precision and flexibility, though any stability of the voltage can only be
achieved by suitable stabilizing devices. Then voltage fluctuations and voltage
stability may be in the order down to 105
.
The shortcomings of these generators are the limited current output, as
mentioned above, the limitations in belt velocity and its tendency for vibra-
tions, which aggravates an accurate grading of the electrical fields, and the
maintenance necessary due to the mechanically stressed parts.
The largest generator of this type was set into operation at Oak Ridge
National Laboratory.15
A view of this tandem-type heavy ion accelerator is
shown in Fig. 2.9. This generator operates with 25 MV, and was tested up to
internal flashovers with about 31 MV.
For h.v. testing purposes only a limited amount of generators are in use
due to the limited current output. A very interesting construction, however,
comprising the Van de Graaff generator as well as a coaxial test arrangement
for testing of gases, is used at MIT16
by Cooke. This generator, with an
output of about 4 MV, may be controlled to provide even very low frequency
a.c. voltages.
The disadvantages of the belt-driven generators led Felici to develop elec-
trostatic machines with insulating cylindrical rotors which can sustain perfectly
stable movement even at high speeds. The schematic diagram of such a
machine17
is shown in Fig. 2.10. To ensure a constant narrow air gap, the
stator is also made in the form of a cylinder. If the stator is a perfect insulator,
ions are deposited on its surface which tend to weaken the field. In order to
avoid such ion screening, a slight conductivity has to be provided for the stator
and resistivities in the range 1011
–1013
/cm have been found satisfactory.
The overall efficiency of the machine is higher than 90 per cent and the life
expectancies are only limited by mechanical wearing of the bearings, provided
the charge density on the rotor surface is kept within limits which depend upon
the insulating material employed. Epoxy cylinders have a practically unlimited
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Figure 2.9 25-MV electrostatic tandem accelerator (Oak Ridge National
Laboratory)
life if the density remains sufficiently low. Unlike the rectifier circuit, the cylin-
drical generator delivers a smooth and continuous current without any ripple.
Sames of France have built two-pole generators of the Felici type. They
give an output of 600 kV at 4 mA and are suitable for use with particle
accelerator, electrostatic paint spray equipment, electrostatic precipitator, X-
ray purposes and testing h.v. cables. A cross-sectional view of the generator
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Figure 2.10 Diagrammatic cross-section of the Felici generator.
(1) Cylindrical stator. (2) Insulating rotor. (3) Ionizer. (4) Contact metallic
segments. (5) Auxiliary generator. (6) Load. (7) Stationary insulating core
(V D 30 kV; CV D 200 kV)
is shown in Fig. 2.11. The distinctive features include a cylindrical pressure
vessel enclosing the generator, the rotor of which is driven at 3000 rpm by
means of an induction motor. Ions from an exciting source are sprayed onto
the rotor at the charging poles and are transported to the output poles with a
consequent rise of potential. The transfer of charge takes place by means of
thin blades placed a short distance from the rotor, and in the absence of any
rubbing contact the efficiency of the machine is about 90 per cent. The char-
acteristics of the 600-kV generator are such that the fluctuation in the voltage
is less than 104
per cent and the voltage drop at full load current of 4 mA
is only 500 V. For a 5 per cent variation in the main voltage, the generator
voltage remains within 105
per cent.
The main applications of these ‘rotating barrel’ generators are in physics as
well as in different areas of industrial applications, but rarely in h.v. testing.
The maximum voltages are limited to less than 750 kV.
Finally, another type of electrostatic generator is the vacuum-insulated
‘varying capacitance machine’, first discussed in detail by Trump18
and
recently again investigated by Philp.19
This machine provides a high voltage
in the range up to about 1 MV and/or high power in the range of megawatts.
The high efficiency, however, could only be reached by high field gradients
within the generator, which up to now can only be obtained theoretically
by assuming the possible high E values in vacuum. It is, however, doubtful
whether the stresses necessary can be reached within the large electrode areas
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Rotor
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Figure 2.11 Sames electrostatic generator
present in such generators, and therefore only a reference to this type of
generator might be useful.
2.2 Alternating voltages
As electric power transmission with high a.c. voltages predominates in our
transmission and distribution systems, the most common form of testing h.v.
apparatus is related to high a.c. voltages. It is obvious then that most research
work in electrical insulation systems has to be carried out with this type of
voltage.
In every laboratory HVAC supplies are therefore in common use. As far
as the voltage levels are concerned, these may range from about 10 kV
r.m.s. only up to more than 1.5 MV r.m.s. today, as the development of
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transmission voltages up to about 1200 kV has proceeded for many years.
For routine testing, the voltage levels for power-frequency testing are always
related to the highest r.m.s. phase-to-phase voltage Vm of power transmission
systems. This ‘rated power-frequency short duration withstand voltage’ Vt is
different for different apparatus used within the transmission systems and also
dependent upon the type of insulation coordination applied (see Chapter 8).
For Vm  300 kV, the ratio Vt/Vm is up to about 1.9 and may decrease with
higher values of Vm. If, nevertheless, higher nominal voltages for the a.c.
testing supplies are foreseen, the necessity for the determination of safety
factors are most responsible for this fact.
In general, all a.c. voltage tests are made at the nominal power frequency
of the test objects. Typical exceptions are related to the testing of iron-cored
windings, i.e. potential or instrument transformers, or to fundamental studies
on insulating materials or systems. For iron-cored windings, the frequency
has to be raised to avoid saturation of the core. Depending upon the type of
testing equipment used, the methods for the generation of variable-frequency
voltages might be expensive.
A fundamental design factor for all a.c. testing supplies is an adequate
control system for a continuous regulation of the high output voltages. In
general, this will be performed by a control of the primary or l.v. input of
the voltage step-up systems. It is not the aim of this chapter to deal with the
details of these systems. Some hints related to the different methods will be
given in section 2.4.
Although power transmission systems are mostly of three-phase type, the
testing voltages are usually single-phase voltages to ground. The waveshapes
must be nearly pure sinusoidal with both half-cycles closely alike, and
according to the recommendations2,3
the results of a high-voltage test are
thought to be unaffected by small deviations from a sinusoid if the ratio of
peak-to-r.m.s. values equals
p
2 within š5 per cent, a requirement which can
be assumed to be met if the r.m.s. value of the harmonics does not exceed
5 per cent of the r.m.s. value of the fundamental. The r.m.s. value is for a
cycle of T
Vr.m.s. D

1
T
 T
0
V2t dt.
The nominal value of the test voltage, however, is defined by its peak value
divided by
p
2, i.e. Vpeak/
p
2. The reason for this definition can be found in
the physics of breakdown phenomena in most of the insulating materials, with
the breakdown mainly following the peak voltages or the highest values of
field strength.
Testing of h.v. apparatus or h.v. insulation always involves an application
of high voltages to capacitive loads with low or very low power dissipation
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only. In general, power dissipation can be completely neglected if the nominal
power output of the supply is determined. If Ct is the capacitance of the equip-
ment or sample under test, and Vn the nominal r.m.s. voltage of the h.v. testing
supply, the nominal KVA rating Pn may be calculated from the design formula
Pn D kV2
nωCt 2.14
in which the factor k ½ 1 accounts for additional capacitances within the whole
test circuit and some safety factor. Examples for additional capacitances are
h.v. electrodes and connections between test object and voltage source, which
might have large diameters and dimensions to avoid heavy discharges or even
partial discharges, or measurement devices as, e.g., capacitor voltage dividers
or sphere gaps frequently incorporated within the test circuit. This safety factor
k might range from only about 2 for very high voltages of ½1 MV, and may
increase to higher values for lower nominal voltages, as over-dimensioning
is economically possible. The capacitance of test equipment Ct may change
considerably, depending upon the type of equipment. Typical values are:
Simple post or suspension insulators some 10 pF
Bushings, simple and graded ¾100–1000 pF
Potential transformers ¾200–500 pF
Power transformers
1000 kVA ¾1000 pF
1000 kVA ¾1000–10 000 pF
H.V. power cables:
Oil-paper impregnated ¾250–300 pF/m
Gaseous insulated ¾60 pF/m
Metal clad substation, SF6 insulated ¾1000–10 000 pF
One may calculate the nominal currents In D Pn/Vn from eqn (2.14) for
different test voltages, different Ct values as shown above, and proper safety
factors k. From such estimations it may be seen that these currents may range
from some 10 mA for testing voltages of 100 kV only, up to amperes in the
megavolt range. Although these currents are not high and the nominal power
is moderate, many efforts are necessary to keep the test equipment as small
as possible, as the space is limited and expensive within any h.v. laboratory.
Frequently the equipment will be used also for field testing. Then the porta-
bility and transportation calls for lightweight equipment. Some facilities are
possible by the fact that most of the test voltages are only of short dura-
tion. The nominal ratings are, therefore, often related to short time periods
of 15 min. Due to the relatively large time constants for the thermal tempera-
ture rise, no sophisticated cooling systems are in general necessary within the
voltage testing supplies.
A final introductory remark is related to the necessity that all supplies can
withstand sudden voltage breakdowns of the output voltage. The stress to the
 


	45. 32 High Voltage  Engineering: Fundamentals
windings and coils accompanied by the breakdown events is usually not related
to the short-circuit currents and thus the magnetic forces within the windings,
as those currents are not large either; more frequently it is the stray potential
distribution between the windings which will cause insulation failures. One
may also provide proper damping resistors between h.v. testing supply and the
test equipment to reduce the rate of the sudden voltage drop and to avoid any
overvoltages within the test circuit caused by interruptions of the breakdown
phenomena. Nominal values of such damping resistors between 10 and 100 k
will usually not influence the test conditions. These resistors, however, are
expensive for very high voltages and it should be checked whether the a.c.
voltage supply can withstand the stresses without the damping resistors.
Most of the above remarks are common to the two main methods for the
generation of high a.c. testing voltages: transformers and resonant circuits.
2.2.1 Testing transformers
The power frequency single-phase transformer is the most common form of
HVAC testing apparatus. Designed for operation at the same frequency as the
normal working frequency of the test objects (i.e., 60 or 50 Hz), they may also
be used for higher frequencies with rated voltage, or for lower frequencies, if
the voltages are reduced in accordance to the frequency, to avoid saturation
of the core.
From the considerations of thermal rating, the kVA output and the funda-
mental design of the iron core and windings there is not a very big difference
between a testing and a single-phase power transformer. The differences are
related mainly to a smaller flux density within the core to avoid unneces-
sary high magnetizing currents which would produce higher harmonics in the
voltage regulator supplying the transformer, and to a very compact and well-
insulated h.v. winding for the rated voltage. Therefore, a single-phase testing
unit may be compared with the construction of a potential transformer used
for the measurement of voltage and power in power transmission systems.
For a better understanding of advanced circuits, the fundamental design of
such ‘single unit testing transformers’ will be illustrated. Figure 2.12(a) shows
the well-known circuit diagram. The primary winding ‘2’ is usually rated for
low voltages of 1 kV, but might often be split up in two or more windings
which can be switched in series or parallel (not shown here) to increase the
regulation capabilities. The iron core ‘l’ is fixed at earth potential as well as
one terminal of each of the two windings. Simplified cross-sections of two
possible constructions for the unit itself are given in Figs 2.12(b) and (c).
In both cases the layout arrangement of core and windings is basically the
same. Figure 2.12(b), however, shows a grounded metal tank unit, for which
an h.v. bushing ‘6’ is necessary to bring the high voltage out of the tank
‘5’. Instead of a bushing, a coaxial cable could also be used if this improves
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Figure 2.12 Single unit testing transformers. (a) Diagram. (b  c) different
construction units. (1) Iron core. (2) Primary l.v. or exciting winding.
(3) Secondary h.v. winding. (4) Field grading shield. (5) Grounded metal tank
and base. (6) H.V. bushing. (7) Insulating shell or tank. (8) H.V. electrode
the connection between testing transformer and test object. In Fig. 2.12(c)
the active part of the transformer is housed within an isolating cylinder ‘7’
avoiding the use of the bushing. This construction reduces the height, although
the heat transfer from inside to outside is aggravated. In both cases the vessels
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would be filled with high-quality transformer oil, as most of the windings are
oil-paper insulated.
The sectional view of the windings shows the primary winding close to
the iron core and surrounded by the h.v. winding ‘3’. This coaxial arrange-
ment reduces the magnetic stray flux and increases, therefore, the coupling
of both windings. The shape of the cross-sectional view of winding no. 3 is
a hint to the usual layout of this coil: the beginning (grounded end) of the
h.v. winding is located at the side close to the core, and the end close to a
sliced metal shield, which prevents too high field intensities at h.v. potential.
Between both ends the single turns are arranged in layers, which are carefully
insulated from each other by solid materials (kraft paper sheets for instance).
Adjacent layers, therefore, form coaxial capacitors of high values, and if those
capacitances are equal – produced by the reduced width of the single layers
with increasing diameters – the potential distribution for transient voltages can
be kept constant. By this procedure, the trapezoidal shape of the cross-section
is originated.
It may well be understood that the design of the h.v. winding becomes
difficult if voltages of more than some 100 kV must be produced within one
coil. Better constructions are available by specialized techniques, mainly by
‘cascading’ transformers.
The first step in this technique is to place two h.v. windings on one iron
core, to join both windings in series and to connect this junction with the
core.20
For illustration, the circuit diagram is shown in Fig. 2.13 in combi-
nation with a simplified cross-section of the active part. The arrangement
could still be treated as a single unit transformer, as only one core exists.
The mid-point of the h.v. winding is connected to the core and to a metal
tank, if such a tank is used as a vessel. The cross-section shows that the
primary winding ‘2’ is, however, placed now around the first part ‘3a’ of the
whole h.t. winding, whose inner layer, which is at half-potential of the full
output voltage, is connected to the core. There are two additional windings,
‘4a’ and ‘4b’, rated for low voltages, which act as compensating windings.
These are placed close to the core and reduce the high leakage reactance
between ‘3b’ and the primary ‘2’. Often an exciting winding ‘5’, again a
winding rated for low voltages as the primary winding, is also available. This
exciting winding is introduced here as it will be needed for the cascading
of transformers. Note that this winding is at the full output potential of the
transformer.
Although no vessel is shown in which such a unit would be immersed, it
can easily be understood that for metal tank construction (see Fig. 2.12(b))
two h.v. bushings are now necessary. The tank itself must be insulated from
earth for half-output voltage. This typical view for testing transformers can
be seen in Fig. 2.14. If, however, insulating tanks are employed, this internal
layout may not necessarily be recognized from outside.
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Figure 2.13 Single unit testing transformer with mid-point potential at
core: Diagram (a) and cross-section (b). (1) Iron core. (2) Primary winding.
(3a  b) High-voltage windings. (4a  b) compensating windings.
(5) Exciting winding
Cascaded transformers
For voltages higher than about 300 to 500 kV, the cascading of transformers
is a big advantage, as the weight of a whole testing set can be subdivided into
single units and therefore transport and erection becomes easier. A review of
earlier constructions is given in reference 4.
A prerequisite to apply this technique is an exciting winding within each
transformer unit as already shown in Fig. 2.13. The cascading principle will
be illustrated with the basic scheme shown in Fig. 2.15. The l.v. supply
is connected to the primary winding ‘l’ of transformer I, designed for an
h.v. output of V as are the other two transformers. The exciting winding
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Figure 2.14 Testing transformer for 1200 kV r.m.s. comprising three single
unit transformers according to Fig. 2.13, with metallic tanks and bushings
(High Voltage Laboratory, Technical University of Munich, Germany). (Note.
Suspended at ceiling and connected with transformer is a selenium-type
rectifier with a reverse voltage of 3.4 MV, see ref. 5.)
‘3’ supplies the primary of the second transformer unit II; both windings
are dimensioned for the same low voltage, and the potential is fixed to the
high potential V. The h.v. or secondary windings ‘2’ of both units are series
connected, so that a voltage of 2 V is produced hereby. The addition of the
stage III needs no further explanation. The tanks or vessels containing the
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Figure 2.15 Basic circuit of cascaded transformers. (1) Primary windings.
(2) Secondary h.t. windings. (3) Tertiary exciting windings
active parts (core and windings) are indicated by dashed lines only. For a
metal tank construction and the non-subdivided h.v. winding assumed in this
basic scheme, the core and tank of each unit would be tapped to the l.v.
terminal of each secondary winding as indicated. Then the tank of transformer
I can be earthed; the tanks of transformers II and III are at high potentials,
namely V and 2 V above earth, and must be suitably insulated. Through h.t.
bushings the leads from the exciting coils ‘3’ as well as the tappings of the
h.v. windings are brought up to the next transformer. If the h.v. windings
of each transformer are of mid-point potential type (see Fig. 2.13), the tanks
are at potentials of 0.5 V, 1.5 V and 2.5 V respectively, as shown in Fig. 2.14.
Again, an insulating shell according to Fig. 2.12 could avoid the h.t. bushings,
rendering possible the stacking of the transformer units as shown in Fig. 2.16.
The disadvantage of transformer cascading is the heavy loading of primary
windings for the lower stages. In Fig. 2.15 this is indicated by the letter P, the
product of current and voltage for each of the coils. For this three-stage cascade
the output kVA rating would be 3P, and therefore each of the h.t. windings ‘2’
would carry a current of I D P/V. Also, only the primary winding of trans-
former III is loaded with P, but this power is drawn from the exciting winding
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of transformer II. Therefore, the primary of this second stage is loaded with
2P. Finally, the full power 3P must be provided by the primary of trans-
former I. Thus an adequate dimensioning of the primary and exciting coils is
necessary. As for testing of insulation, the load is primarily a capacitive one,
a compensation of this capacitive load by l.v. reactors, which are in parallel
Figure 2.16 (a) Cascaded testing transformers with insulating shell
construction (courtesy IREQ, Canada)
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Figure 2.16 (b) Cascaded testing transformers with metal tanks and
coolers. Total voltage 3000 kV, 4 A (courtesy HIGH-VOLT Dresden,
Germany)
to the primary windings, is possible. As these reactors must be switched in
accordance to the variable load, however, one usually tries to avoid this addi-
tional expense. It might also be necessary to add tuned filters to improve the
waveshape of the output voltage, that is to reduce higher harmonics.21
Without any compensation, the overloading of the lower stage transformers
introduces a relatively high internal impedance of the whole cascade circuit.
In a simplified equivalent circuit of each transformer unit, which consists of
a three-windings-type, we may define leakage or stray reactances X for each
winding, the primary Xp, the h.t. winding Xh and the exciting winding Xe.
Neglecting losses within the windings and magnetizing currents, the somewhat
simplified calculation of the resultant reactance Xres of a cascade unit with n
transformers having the individual reactances Xpv, Xhv and Xev shows
Xres D
n

vD1
[Xhv C n  2
Xev C n C 1  2
Xpv]. 2.15
(All reactances related to same voltage.)
Assuming three equal transformer units, the equation leads to a resultant
reactance of
Xres D 3Xh C 5Xe C 14Xp
instead of only 3Xh C Xe C Xp which might be expected.
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Cascaded transformers are the dominating HVAC testing units in all large
testing laboratories. In Fig. 2.16(a) the 2.4-MV cascade of the Quebec Hydro
Research and Testing Laboratory can be seen. Here, each of the six 600 kV
single units are of insulating case type and the two lower stages consist of
four units to avoid overloading for full rated current. The world’s largest a.c.
testing station at WEI Istra near Moscow, Russia, is equipped with a cascaded
testing transformer rated for 3 MV, 12 MVA, which is shown in Fig. 2.16(b).
This very large unit was designed and built by the former firm TuR, Dresden,
Germany, and commissioned by Siemens.
A final remark relates to the effect that for all transformers the output voltage
will increase with load, as this is formed by capacitors. The equivalent circuit
of a transformer loaded by capacitors forms a series resonant circuit, which
is shown in Fig. 2.17 and will be used to introduce the resonant circuits for
testing purposes. With nominal load, the exciting frequency is well below
resonance frequency, so that the voltage increase is only about proportional to
the load. If the testing transformer, however, is switched to a primary voltage
higher than about half the rated voltage, the output voltage will oscillate with
resonance frequency, and the amplitude may easily become higher than the
rated voltage. The impedance of the voltage regulators used must also be taken
into account for quantitative calculations.
L1 r1 L2
L
r2
∼ C
Figure 2.17 Equivalent circuit of straight test set consisting of a
transformer and test capacitance
2.2.2 Series resonant circuits
The tuned series resonant h.v. testing circuit arose as a means of overcoming
the accidental and unwanted resonance to which the more conventional test
sets are more prone. If we consider a conventional ‘straight’ test set such as
the first unit in Fig. 2.15 used in, say, testing a capacitor C, then its equivalent
circuit will be that shown in Fig. 2.17. In this circuit (r1 C jωL1) represents the
 


	54. Generation of high  voltages 41
impedances of the voltage regulator and the transformer primary. ωL represents
the transformer shunt impedance which is usually large compared with L1 and
L2 and can normally be neglected. (r2 C jωL2) represents the impedance of
the transformer secondary. 1/ωC represents the impedance of the load.
If by chance ωL1 C L2 D l/ωC, accidental resonance occurs. At supply
frequency the effect can be extremely dangerous, as the instantaneous voltage
application can be of the order of 20 times the intended high voltage. This
has given rise to some vicious explosions during cable testing. The greatest
possibility of this occurring is when testing at the maximum limit of current
and relatively low voltages, i.e. high capacitive load. Unfortunately the induc-
tance of most of the supply regulators varies somewhat over its range, so
that resonance does not necessarily occur when the voltages are at their low
switch-on value, but rather suddenly at the higher voltage range.
Resonance of a harmonic can similarly occur, as harmonic currents are
present due to the transformer iron core. In recent years, also the power supply
voltages contain a large amount of harmonics due to the still increasing appli-
cation of power electronics. These resonances are not quite so disastrous, but
third harmonics have been observed of greater amplitude than the fundamental,
and even the thirteenth harmonic can give a 5 per cent ripple on the voltage
waveform. This form of harmonic resonance causes greater voltage distor-
tion than other effects and occurs insidiously at particular capacitance loads,
usually unnoticed by conventional instrumentation.
With the series resonant set, however, the resonance is controlled at funda-
mental frequency and no unwanted resonance can therefore occur.
Historically, in the period 1935–45, power engineers were increasingly
aware of the potentialities of tuned circuits. It was not, however, until the late
1940s that engineers at Ferranti, England, and Standard Telefon of Kabelfabrik,
Norway, combined to make this a practical proposition culminating in a 600-
kV, 2400-kVA a.c. testing equipment completed in 1950, although an earlier
version of a resonance transformer for supplying X-ray equipment has been
described by Charlton.22
The development of this technique will be demonstrated based upon some
circuits shown in Fig. 2.18. In each circuit, the capacitance Ct represents
the almost pure capacitive load of the test objects and a constant power
supply frequency is assumed. In Fig. 2.18(a) a continuously variable induc-
tance (reactor) is connected to the l.v. winding of a step-up transformer,
whose secondary winding is rated for the full test voltage. By this means,
the impedance of the reactor is converted to the h.v. side. If the inductance
of the reactor is tuned to match the impedance of the capacitive load, the
idle power of the load is completely compensated. The step-up transformer,
however, has to carry the full load current, which is a disadvantage of this
circuit. The same disadvantage applies to the circuit of Fig. 2.18(b), although
no special means are necessary to cascade two or more units. The inductors are
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Figure 2.18 Series resonant circuit for transformer/reactor. (a) Single
transformer/reactor. (b) Two or more units in series. (c) Simplified diagram
of s.r. circuit for h.t. reactor units in series. (d) Equivalent diagram of s.r.
circuits
designed for high-quality factors Q D ωL/R within the limits of the inductance
variation. The feed transformer therefore injects the losses of the circuits only.
These types of s.r. circuits have been produced mainly up to about the late
1960s, since it was not possible to design continuously variable reactors for
high voltages. Then, as described in reference 23, a new technique was devel-
oped with split iron cores, the gap of which is variable. This technique now
provides h.t. continuously variable reactors up to about 300 kV per unit. Thus
the testing step-up transformers can be omitted, as indicated in Fig. 2.18(c).
The inductance of these h.t. reactors may be changed by up to 10 to 20 times,
offering the opportunity to tune the circuits with capacitances Ct, which vary
within the same order.
The equivalent circuit diagram for all these circuits is simply a low damped
s.r. circuit sketched in Fig. 2.18(d). Because the equations of such circuits
are well known, detailed designs will not be discussed here. It should be
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