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SUMMARY

This thesis describes developmental work on a number of high
voltage measuring techniques. The emphasis of the development
has been on measuring technigues for high voltages and on wide
band partial discharge measurements.

Two methods have been developed for the measurement of high
voltages, both with a single high voltageycapacitor in the input
circuit.

The first one ~ described in chapter 2 - is based on the con~
secutive differentiation and integration of the signal. An im-
portant advantage of this method is that a long measuring cable
between the high voltage area and the measuring area can be in-
cluded into the system without matching difficulties. Different
measuring devices, based on this principle have been developed
for dc, ac and impulse voltages; the results obtained with these
devices are also reported in chapter 2.

The second method for voltage measurement is a modern varsion‘
of a generating voltmeter. The voltmeter described in chapter 3
does not have a rotating electrode but a vibrating one, driven
by a piezo electric transducer. The possibilities to use this
device as a voltmeter and as a field meter are examined. The
apparatus that was used to convert the modulated signal‘from
the vibrating electrode into a signal proporticnal to the high
voltage is briefly described; results obtained with one type of
transducer are given.

Chapter 4 deals with the measurement of partial discharges in
high voltages cables. A partial discharge caused by an imper-
fection in the cable insulation generates travelling waveé~be-
tween conductor and sheath. After a brief survey of the equi-
valent circuits for a partial discharge, the propagation of
travelling waves in XLPE insulated high voltage cables is dis-
cussed. The attenuation of the travelling waves is mainly caused
by the semiconducting layers on both sides of the insulation.
The theoretical model is verified by attenuation measurements.



With the known properties of the cable, a theoretical model has
been used to estimate the smallest partial discharge that can be
detected. For a 30 m long cable of a given type the smallest
detectable partial discharge turns out to be 0.05 pC. The travel-
ling waves can be detected by two different methods: across an
interruption of the cable sheath and by a coil wound around the
sheath. The second method is only briefly dealt with here. The
chapter concludes with some oscillograms of actually observed
small partial discharges in different types of cables.



1. GENERAL INTRODUCTION

1.1. High-voltage measuring techniques

High-voltage technology has a wide range of applications. Large
quantities of electrical energy are being transported today at
voltages as high as 800 kV. BEven higher voltages are achieved
in electrostatic generators, in pulsed power machines (for
particle beams and lasers) and in EMP simulators. These vol-
tages may change in characteristic times ranging from hours (dc
voltages) through milliseconds (50/60 Hz) to nanoseconds (im-
pulse voltages).

Voltage measuring devices must be able to give an accurate re-
production of these signals at a level reduced to several (tens
of) volts. They can be divided roughly into two categories:
voltage transformers and dividers. Voltage transformers are
used in every substation in the power distribution system,
while voltage dividers are mainly used in laboratory measure-
ments. The first half of this thesis deals with different
voltage measuring systems with a single high voltage capacitor
at the input.

Non-destructive tests of insulation quality is another important
line of high voltage measurements. Two well known examples are
the loss-tangent and the partial discharge measurements. The
guality of an oil-paper dielectric can very well be estimated
from the tan 6-voltage curve, which is a measure for the inte-
gral of the losses in the dielectric.

This method cannot be used for modern synthetic polymers such

as epoxy resins and polyethene. These materials have a low loss-
tangent but their insulating qualities suffer from the influence
of small local imperfections, such as cavities. Partial dis-
charge detection can "see" these individual faults; it offers a
way to estimate the quality of the materials although the
relationship between the partial discharges (pd) and long-term
failure has not been firmly established. Chapter 4 of this
thesis is devoted to partial discharge detection in high voltage
cables. A wide band detection method is developed which allows
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the detection and localization of very small partial discharges
in relatively short cables.

Section 1.2 of thi$ introduction gives some analogies between
voltage and pd measurements, with special emphasis on the input
circuits. The concluding section 1.3 gives a brief outline of
the main experimental facilities which have been used in the
investigations for this thesis.

1.2. Voltage measurements and partial discharge detection:
analogies

A voltage measuring device measures a voltage at a well-

defined point in a high-voltage circuit. Partial discharge
measurements detect the fast voltage collapse across a

void (of which the location is usually unknown) in a dielectric.
Although these two measurements are different in several
aspects, there are also a number of common features. Since these
common features have been important in the developmental work,
they are briefly surveyed here.

The_ importance of the input circuit. The correct definition, the
frequency response énd the wish to reduce the physical size of
the input circuit are familiar problems in high voltage re-
search, where the voltmeter leads are usually long. A well

"~ known éxample is the divider for high impulse voltage, where
the connecting pipe can be several metefs long. The main
problem of long leads is the appreciable inductance; secundary

. problems for high frequencies are transgit times and an incor-

rect impedance matchihg;’?artial’dischargé,measurements face a
similar problem. : o '

The ccollapse of the voltage across the tinvaoid has to reach
the outside world through a voltage reduction across the whole
sample; If the voltage drop across the whole sample is measured
to thain information on the process in the void, one can
clearly speak of a voltmeter with pdorly defined leads. As a
result, the real voltage drop across the void is not measured
but only the apparent charge.
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A well-defined and compact input circuit in large objects can
only be obtainedin a number of special cases: partial discharge
measurements in cables (coaxial geometry), built-in sensor in
test objects (e.g. a divided electrode) etc.

Correct response over a wide frequency range is important for

impulse voltage measurements but also for partial discharge
measurements {(improved sensitivity) and for any measurement
where fast phenomena are being investigated. If the signal is
not distorted by the input circuit itself, it still has to be
transmitted to a measuring instrument of adequate pandwidth.
The signal is usually transmitted over a long coaxial cable
terminated with its characteristic impedance. This may loock
trivial, but as can be seen from numerous papers in the litera-
ture, it is not.

Transit times_in_large.scale_systems are inherent to the large
gize of the systems. This is true both for voltage and
partial discharge measurements. Transit times are unavoidable;

with a good experimental lay-out their influence ¢an be
partially reduced.

= 7 T
: bit)
()Vh k= Rq Vd []?—o Zo[] e

c E

-

{a} (b}

Figure 1.1. Analogy between voltage measurements and partial discharge
measurements.
(a) Imput circuit of a voltage measuring system
(b) Equivalent eireuit for a partial discharge in a long
cable.
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An example of the similarity of voltage measurements and partial
discharge measurements can be found by comparison of iwo fi-
gures in this thesis. The left part of Figure 2 in section 2.2
{reproduced as Figure l.la) shows the differentiating part of

the voltage measuring system while the almost identical Figure
4.2 (reproduced as Figure 1.1b) shows an equivalent circuit for

a partial discharge in a long high-voltage cable. Although the
ocbjectives are quite different, the equivalent circuits give a
clear picture of the similarity in the approach of the measuring
systems.

1.3. Experimental facilities

All experiments described in this thesis were carried out in
the high-voltage laboratory of the Eindhoven University of
Technology. The main dimensions of the shielded experimental
enclosure are 24 x 18 x 14 m3. The damping of radiated inter-
ference is 80 dB. The measuring apparatus can, whenever neces-
sary, be located in a small screen room (2 x 1.5 x2 m Y. oo

The ac experiments were carried oﬁt with a Hipotronics resonant
test set. Only one of the three modules (300 kv, 2A each) was
used. The clean waveform of the 50 Hz resonance gives a good
suppression of conducted interference;-this is especially im-
portant for partial discharge measurements. Impulse voltages

_ were supplied by 5 stages of a 12 stage Haefely impulse Voltage
generator (200 kv, 2.5 kJ per stage).

A part of the experimental work for this thesis is described

in three papers that were already published elSéwhere. Two
papers are co~authored by P.C.T. van der Laan who has initiated
and stimulated this research. J.A.G. Bekkers, the other co-
"author of éection 2.2 performed most of the experimental work
reported in this section as a partial fulfilment of the require-
ments for a M.Sc. degree in Electrical Engineering.



13

2, VOLTAGE DIVIDERS WITH CONSECUTIVE DIFFERENTIATION AND
INTEGRATION

2.1. Introduction

The measurement of high voltages generally involves the use of a
voltage divider to bring the high voltage into a range that can
be measured by a meter, oscilloscope or digitizer. Exceptions to
this rule are the electrostatic voltmeter where the full voltage
appears across the measuring capacitor and some optical voltage
sensors, based on the Kerr~ or Pockels effect.

The resistive divider is frequently used for the measurement of
dc voltages. The electrostatic voltmeter and the generating volt-
meter are also employed here. Measuring transformers are widely
utilized for the measurement of ac voltages (e.g. in power dis-
tribution networks). In closed gas insulated systems (CGIS) the
utilization of capacitive dividers is growing; these systems
have a favorable geometry for a cylindrical high voltage capa-
citor. Impulse voltages (switching, lightning, EMP} are measured
with capacitive, resistive and mixed dividers ana with optical
sensors.

Most dividers consist of two or more similar impedance elements
to achieve - at least to-a first approximation - a freguency in-~
dependent dividing ratio. When the high voltage branch has a
number of high voltage components, the parasitic impedances make
it increasingly difficult to obtain a flat freguency response
curve.

In this chapter a different type of divider will be described.
The high voltage branch is a single capacitor of low value to
avoid the problems with the parasitic impedances; the low vol~
tage branch is a small measuring resistor. This divider has a
ratio proportional to the frequency, in other words it acts as

a differentiator. The low value measuring resigstor can be formed
by the characteristic impedance of a correctly terminated
measuring cable; this cable can then be as long as the physical
lay-out of the testing area requires, without any effect on the
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dividing ratio.

To restore the shape of the original signal an integrator for
the low voltage signal is necessary. Integration at the receiv-
ing end of a transmission line has the advantage that interfer-
ence is also integrated, which means that an improved signal to
noise ratio results. In fact the differentiator could be con-
sidered as a pre-emphasis network, analogous to the networks
used in phonograph recording or FM-transmission.

The principle of consecutive differentiation and integration has
been used in the past for fast pulse measurements in plasma

physics experiments [Ke 64]. In the following three sections its
use for dc, ac and impulge voltages is described.
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2.2. Capacitive measurement of high dc voltages

Capacitive measurement of high dc voitages

G. G. Wolzak, J. A. G. Bekkers, and P. C. T. van der Laan

Eindhoven Ur of Technology, Dep of Electrical Enginesring. High Voltage Group, P.O. Box 513, 5600
M@ Eindhoven, The Netherlands

{Received 20 April 1981; accepted for publication 3 July 1981)

This paper describes a new technique for the capacitive measurement of high do voitages, based
on the principle of consecutive differentiation and integration. A measuring electrode acts as the
differentiating high-voltage capacitor; the electric flux to the measuring electrode can be

intercepted by a movable shield. The signal is integrated with a commerically available integrator.
The method has excellent accuracy and linearity, while the long-term stability is determined by
the drift of the integrator. Calibration is only necessary after a change in the high-voltage circuit.
The system is sensitive to corona, but the onset of corona can easily be observed by the operator.

The described principle can also be used to measure 60 Hz and impulse voltages.

PACS numbers: 84.70. + p

INTRODUCTION

High voltages are usually measured with voltage dividers
consisting of combinations of resistors, capacitors, and
inductors. The high-voltage components of these dividers
are large in size and therefore tend to have appreciable
parasitic capacitances and inductances, When a num-
ber of high voltage components are used, the parasitic
impedances make it increasingly difficult to obtain a
flat frequency response curve.

These problems are largely avoided if the high-
voltage branch of the divider consists of one single
capacitor. Such a capacitor which could have air, SF,,
or oil as its dielectric can.be a rather pure capacitive
impedance. The other components of the divider are in
the low-voltage branch and can be of normal size; be-
cause only low impedance values are needed in this
branch, quite pure impedances are possible.

in the configuration of Fig. 1 the high-voitage
capacitance, for instance, formed by a measuring elec-
trode at some distance from a hxgh—voltage object,
cames a current

= e (CV o = 1
i lt( h) ) T i 'l ()

where ¥ is the electrical flux ending on the measuring
- electrode. Equation (1) shows that integration is re-
quired to obtain a voltage proportional to V,; two meth-
ods are: (a) Z is a low-voltage capacitor. The divider
is now a simple capacitive divider. The measuring
instrument across the low-voltage capacitor shouid have
a high impedance; (b) Z is a resistor. The RC combina-
tion differentiates, which means that a separate inte-
grator is required. This principle, which was earlier
employed by Keller'? for fast pulse measurements, is
used in this paper for measurements of dc voltages.

i. DIVIOER CIRCUIT

A circuit diagram of the measuring system is given in
Fig. 2. The high-voltage capacitor is represented by

1572 Rev. Scl. Instrum. 52(10), Oct. 1981
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Cy; in addition a capacitance C; of the measuring elec-
trode or the connecting cable to ground is shown. An
operational amplifier with open-loop gain A is connected
as an integrator. The following equations can be derived:

_ RRCa Vs

P bl ) 2
S R.FR, @ 2}
H R Cy
Vo= V7)) dr = e ¥, 3
*TRC J ad - Rivrc @
and are valid for the frequency range
i < Ry + R, @

<€ w .
A(Rg + R)C; RyR{Cq + Cy)

At low frequencies the integrator starts to fall off; at
very high frequencies Eq. (2) fails because the parallel
impedance of C, and Cy is no longer large compared to
the paralle] resistance of R, and R;. Note that C, has
no influence on Eq. (2) when o satisfies the inequality
Eq. (4). Two limiting cases of the general Eq. (3) can
be considered: (i) R; < R.. Eq. (3) now turns into

RyCy. V.
R(Ci

In this case the differentiating part of the system acts
as a voltage source for the integrator. An advantage is
that R ; can be the matching resistor at the end of a long
signal cable, so that the divider can have a flat response
over a wide frequency range.! A disadvantage may be
that the attenuation of the divider [Eq. (5)] can be
too high.
(ii) R4 # R;. Equation (3) now changes to

Vo= (5}

C,
Vo= C‘j Vi, ®
where the assumption has been made that AC; » Cp.
Here R, can also be left out. Clearly the voltage V,
and the capacitor C, act together as a current source
for the integrator. In fact this case can also be described

© 1981 American institute of Physics 1572
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Fic. 1. Principle of the measuring system. (a) Capacitive divider
scheme; (b) Electric flux pattern.

as a capacitive divider. The resistor R; is not important
anymore (see Eq. 6), although in practice R; may pro-

tect the operational amplifier against large transients.

picked up by the connecting cable. The low-frequency
limit of inequality (4) disappears, whereas the high fre-
quency limit simplifies to @ » (RCg) ™"

In the actual system a much more severe limitation
will be that the nonterminated cable should remain much
shorter than a quarter wavelength at any frequercy in
the signal to be measured.

At very low frequencies or for dc voltages a variation
of C, generates a signal according to Eq. (1), and sim-
ulates thereby a variation of V), which can be more easily
measured. The variation of C,; can be: (a) periodic
as in generating voltmeters?; (b) caused by a motion of

object and measuring electrode relative to each other?;

(c) aperiodic, as in a situation where a grounded shield
between object and electrode is removed. This last
method is used in our measuring system.

I, APPARATUS

‘The measuring- electrode is a 60° sector of a metal
cylinder, insulated from the rest of the grounded cylinder

F16. 2. Circuit diagram of the measuring systen.

1573 Rev. Scl. instrum., Vol. 52, No. 16, October 1981
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{see Fig. 3). No extreme insnlation is required since the
impedance level remains low. A second cylinder with
an opening surrounds the first cylinder as a grounded
shield. A remotely controlled ele¢iric motor inside the
inner cylinder can turn the outer cylinder. In the **open”
or measuring position the opening in the outer cylinder
allows the measuring electrode to see the high-voltage
object. In the **closed™ position the measuring electrode -
is surrounded by the grounded outer cylinder. In this
position the integrator can be reset. In view of the re-
semblance to a helmet with visor the system is named
““the knight.”

The signal of the measuring electrode is connected
by a long coaxial RG 58/U cable to a stable integrator,
the MI-3D integrator of Walker Magnemetrics.® This
integrator has a 3¥s-digit display, a capacitor C, of 10,
1 or 0.1 uF, and a resistor R, which can be varied be-
tween 0 and 1 MS) in steps of 100 (. The resistor R, can
be connected across the input of the integrator.

. EXPERIMENTS
A. Linearity

The combination knight and integrator was tested in
a simple corona-free setup with dc voltages up to 50kV.
The linearity of the system was checked against a
resistive divider and an electrostatic voltmeter of 1%
accuracy. .

Figure 4 shows results for a number of values of C,
which was varied by changing the distance of the
knight-high-veltage electrode (0.9 m for C, = 0.35 pF).

B. Stability, influence of R,, and drift

For a finite value of Ry, condition (4), wA (Ry + R)
X C;® 1, is not satisfied at very low frequencies. In case

620mm

. FIG 3. The knight: (1} Outer cylmdcr {2) Inner cylinder; (3) Open-
ing in auter cylinder; {4) Measuring electrode.

High DL voltages. 1573
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FiG. 4. OQutput signal of the integrator vs high voltage.

R, is taken out, the left-hand side of condition (4) dis-
appears, but then the drift of the integrator still limits
the accuracy for long measuring periods. On the other
-hand, R; cannot be chosen too low as this results in a
too large attenuation of the signal {cf. Eq. (2)].

The open loop gain A of the integrator is 20:,000.
Condition (4) with R, = 500 k2, R; = 50 kQ, and
C; = 0.1 uF gives w > 107%™, the corresponding period
time T < 100 min!

However, the drift of the integrator is (after careful
adjustment) in the order of 0.5%/min. This means, that
the long-term stability of the system is determined by
the drift of the integrator. Our experiments confirmed

1574 Rev. 8cl. Instrum., Vol, 52, No. 10, October 1981
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this fact. Therefore, all further measurements were
carried out without R,. The above stated drift of 0.5%
per min provides enough time (typically several minutes)
to read the display after opening the visor.

C. Corona

Corona in the high voltage circuit is a limitation to
the accuracy of the system. This was verified by
deliberately causing corona in the test setup. The
corona impuises give a net current towards the electrode;
this current is measured by the integrator. However,
the fast rising output sigoal is a good indication for
the onset of corona; an experienced operator can easily
distinguish between corona-caused “*drift” and the real
drift of the integrator.

D. Calibration

We used an electrostatic voltmeter {(accuracy 1%) to
calibrate our system. Due to the good linearity calibra-
tion at one or two voltages is sufficient; there is no need
for recalibration as long as the setup is not changed.
It is also possible to calibrate the system with a 50-
(or 60-) Hz ac voltage.

In a calibrated system expression (3) can be used to
determine the value of Cy; if there is no standard volt-
meter available, the measurement of C, (with a
capacitance bridge) and (3) can be used to calibrate the
system.
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2.3. The measurement of ac (50 Hz) voltages with a differ-
entiating/integrating divider

voltage measurements in high voltage networks are important for
protection and for monitoring the energy flow. Up till several
years ago voltage measuring in networks was exclusively done
with inductive voltage transformers. The increasing number of
CGIS~gtations and the modern protective circuitry have changed
this fact.

In CGI8 capacitive dividers can be used advantageously because
the necessary high voltage capacitors can easily be built inteo
the system. Secondly the power, required by the modern protec~
tive equipment has been reduced by two orders of magnitude

[To 82], which makes the capacitive divider with its smaller
power output more acceptable. )

The possibilities for utilizing the differentiating/integrating
divider as voltage monitor in substations ére discussed in this
section. The theory of the system is identical to the theory
described in the sections 2.2 and 2.4. The special requirements
concern the measurement of 50 Hz voltages with a low amplitude
error (up to 0.1%) and a low phase error (dowﬁ to 5'), which
are necessary for the various categories of measuring systems
in power engineering. )

The accuracy is determined mainly by the high voltage capacitor. .
small variations as a funcﬁion of temperature or pressure (for
a compressed gas capacitor} can lead to unacceptable errors.
This is a matter of proper design of the hv capacitor; further
details can be found in the literature [Gr 69] and will not be
treated here.

The phase error requires a special design of the integrator.
Generally an active integrator is used but as was shown in
section 2.2 the drift in the output signal of an active inte-
grator is a problem. For measurements in,substations drift is,
of course, unacceptable. This means that the working point of
the integrator has to be stabilized for dc by means of an
additional resistor Rz' see Figure 2.1. The output voltage V0
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Figure 2.1 : Ae voltage divider with de stabilized integrator.

ig then given by:

v o=-2. 1 __y (2.1)
[+ R1 1 + ijZCi d : ;

if the open loop gain A is high. The phase difference ¢ between
Vo and Vd can be calculated from (2.1):

¢ = ~arctan(wR2Ci) {2.2)

For an ideal integrator ¢ equals -w/2; the phase error of the
integrator from Figure 2.1 is therefore:

. ~ - )
Ap = argtan(wRZCi) 5 . {2.3)

A phase error A¢ smaller than 5' at a frequency of 50 Hz is
cbtained for wvalues of chi larger than 2.2 s. The phase error
in the differentiating part is negligible; the differentiation
of course introduces a phase shift of m/2.

Capacitive voltage monitors in CGIS can lead to a peculiar
measuring problem, usually referred to as the "trapped charges
problem" [IE 79]. If the circuit breakers of a transmission

line open, some charge can be ieft on the line (and the divider).
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If on subsequent reclosure these charges have not entirely de~
cayed, while the output of the integrator has gone to zero
(with a time constant chi) a dc error appears on the output,
superimposed on the ac voltage. This error dies out with

the same time constant chi’ which is unacceptable for accurate
neasurenents. It must be stressed however, that this phenomenon
is inherent to all measuring systems which fail to correctly
measure dc voltages. Inductive voltage transformers fazil also
in this respect but provide a dec path for the charges to leak
away. If by some other means a dc leakage path is provided - as
is anyway desirable to avoid dangerous overvoltages on CGIS -
the capacitive voltage monitor will also function correctly.

a
{Ry#R3)G={Ry /R, I Ty )
 P—
R3 Ry
Ry, R4
L} S
# 2

Pigure 2.2 : Mized passive/active integrator with tmproved pulse response,

If a measuring system is to be used to actuate protective
circuitry, it must be able to give an accurate reproduction of
transient signals. The rapidly changing high voltage causes a
large current through the high voltage capacitor Cd in Figure
2.1. A part of this current goes through R1 and therefore the
operational amplifier must be able to supply as large a feed-
back current through'ci. This reQuires a carefully selected
operational amplifier. In a modified integrator design, in
which the passive integrator preceeds the active one the
requirementskon the operational amplifier are less stringent.
Figure 2.2 gives an example of such a design. The choice of
the components is governed by the condition:'
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R, R,
— L - . C (2 - 4)
RZ+R3 1 R 2

Some successful laboratory experiments at 50 Hz voltages were
carried out with the coaxial high voltage capacitor ESPOM, des~
cribed in the next section. Basically the measuring principle
seems guite suitable for voltage monitors in substations.
Extensive field tests and further work on the accuracy is how-
ever needed to convince potential users. Field tests will be
carried out in the near future.
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Abstract

In this paper we propose a new concept for impulse
voltage dividers based on the principle of conse~
cutive differentiation and integration of the signal.
The high voltage element is a single gas-filled
capacitor. This capacitor together with a long,
characteristically terminated measuring cable which
acts as a low value resistor, forms the different-
iating part of the system. Integration is carried
out by either a passive or an active integrator.

We report measurements on standard {1.2/50 us) pulses
in addition the step response if the divider is
measured according to the "sphete-gap® method. These
measurements show the good transient behavior of the
system. We discuss the most adeguate type of inte~
grator to be .used and we pay attenticn to the
shielding precautions, assoclated with the use of a
*normal® oscilloscope for impulse voltage measure-
ments.,

Keywords

capaciter, divider, measurement.

1. Introduction: capacitive divider problems.

For the measurement of high impulse voltages, a.
voltage divider has to reduce the high voltage of up
to some MV to a value that can be measured by an
oscilloscopa, For modern oscilloscopes this value is
about 10-850v. The low voltage signal must be a geod
reproduction of the rapidly changing high voltage.
Three types of divider can be distinguished;
resistive, capacitive and mixed dividers.
Resistive dividers with a low value of the total
resistance (e.g. 10 kQ) tend to load the high veltage
circuit severely; high chmic dividers suffer frow the
influence of stray capacitances. Mixed dividers,
having resistors and capacitors either in series or
in parallel are used in many laboratories but tend to
be rather complex and pose a linearity problem. The
advantages of a single capacitance in the high
voltage circuit have been described previously, This
capacitance can be a compressed gas capacitor [1] or
be formed by an electrode at some distance of a high
voltage object [2]. Alsc the use of a coaxial tubulax
capacitor for testing metal enclosed switchgear has
been reported {3}. o
The problems, associated with the use of undamped
capacitive dividers can be summarized as follows:
a) Natural frequencies of the low voltage axm.
Special care has to be taken to,ensure a very low
inductance of the low voltage arm. Usually special
capacitors [4] or a number of capacitors in
parallel [5] are emloyed,
Travelling wave escillations on the transmission
line between the high~ and the low-veltage arm.
These oscillations occur when a compressed gas
. capacitor is used [1].
¢} The matching of the signal cable which cannot be
properly terminated with its characteristic
impedance. To prevent multiple reflections, a
series resistor is often employed.

b

2. The new approach.

2.1. Principle,

The divider we propose is based on the principle of
consecutive differentiation and integration of the
signal [2,6,7]. The differentiating part of the
divider is a single high voltage capacitor, connected
to a long terminated measuring cable which acts as a
low waiue resistor, Figure 1.

measuring cable Ry

osciiloscope

iv3

Figure 1. Principle of the new divider.

The integrator, either pasgsive or active, and the
oscillogeope are in a shielded measuring room. ’
The circuit diagram of the measuring system is given
in Figure 2. The high voltage capacitor is presented
by Cg, the parasitic capacitance is given by Cyr If
R; >> Ry the followlng equations can be derived:

av,
Ya= 5w S
$4 R.C
1 [ aa
L et v (tidr = . Y (2}
© Rici 2 4 Ricl h

(1) and (2} are valid for the frequency range:

1 1
R IR L e — {3}
R Rg{Cqtey!

1f ap active integrator with open loop gain A is used
{Figure 2b) the lower £ y limit b

H

hmici)
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Figure 2. Equivalent circuit of the measuring system
a. with passive integrator
b. with active integrator

Equation {2) gives the ratic of the divider. The
product R . is determined by the length of the pulse
to be mea u%ed {see 2.3} and canncut be chosen too
small (RiC; = 10°5-10"3s). Ry is generally 50 ohm
and Cgq is 10~ 130 pF. This weans that the divider
ratio {(the attenuation of the signal) will be in the
order of 105 to 107.

2.2, inductance in the high voltage circuit.

The impulse generator and the divider are connected
by a high voitage lead. The inductance of this lead
{and the inductance of the grounding circuit) cannot
be neglected. In Figure 3 the modified eguivalent
circuit for the differentiating part is given.

Figure 3. Modified equivalent cirxcuit,

We ran now derive:

Yy JRLC, .
v T T @
b - W’ o+ qug .
2 “w
o ©
o
/ey 2
with 9= g and wl = = (5

d

We can see that the inductance L influences the upper
limit of the fraguency range, specified in (3}. very
small inductances would in fact Improve the frequency
responge; a series L-C-R circuit with Q = % Y2 has a
more linear response than a C-R circuit without L.

For typical values, Cd = 10 pF and Rd = 50 this
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optimal value is 12.5 aH, which dis much smaller than
the values of several pH to be expected in a practi~
cal situation. The upper frequency limit of {3) is
therefore lowered to approximately the w of (5). an
extra damping resister at the high voltage side is
reguired to avoid a resonanve peak.

This problem always has to be faced when s test-
object is connected with several meters of high
voltage lead. Lf the capacitor can be built into the
test set-up {e.g. in (GIS) the inductance in the
high voltage circuit does influence the test voltage
waveform and the measurement simultanecusly. In that
case a true representation of the test voltage is
obtained,

2.3, Integration.

Three types of integrators were considered for the
new measuring system, see Figure 4, The passive RC
integrator has the advantage of being very simple,
but its application is limited due to droop problems.
When we want to measure a full 1,2/50 is impulse
with an accuracy of 5% we have to chooge RC > 2 msec.
This means a very large attenuation of the signal,
according to (2).

B
L —H
Vg Czm= Vg {a)
L —
Re 1 Ry
S
Y ] Crme= |5 {h)

v

Figure 4. Differcnt types of integrators.
a, passive
b, passive, compensated
¢, active, Miller,

The compensated passive integrator [8] shows a much
better droop behavior. A two stage compensated inte-
grator {Figure 4.b) with RyCy = 2 msec can measure a
1.2/50 us pulse with a droop of < 1%, Three or four
stage compensated integrators behave even better.
However, one still has to choose the product R;Cy
aqual to about ten times the pulse length.

The active Miller integrator shows the best behaviour
at low frequencies., Compared with a passive
integrator the RC time can be a factox A (the open
loop gain} smaller to obtain the same low freguency
cut-off, Howsver, when measuring steep pulses (like
chopped impulse voltagesg) the cpamp must be able to
supply the required current in €;. This requires a
careful selected opamp,

3. Apparatus.

For our experiments we used a coaxial high voltage
capacitor, ESPOM, a part of a metal enclosed SFg-
insulated switchgear Installation; a simplified view
is given in Figure 5. The measuring capacitance Cg



is 10 pF: the total capacitance, including the bush-
ing is 134 pF,

Special attention is paid to the differentiating
resistor Ry. ¥hen the high voltage changes rapidly
{e.g. is chopped}, the current through R, can be high
{> 1004}, as can be seen from (1}. Therefore R, is
constructed from 20 low-inductance resistors - sach

1 k$i, L W~ in parallel.

Figure 5. Coaxial high voltage capacitor ESPOM.

1. epoxy-resin support

2. gaseous dielectric

3. surge arrestor + sarthing switch
4. shielded cable

5. earth screen

&. measuring elactrode

7. enclosurs {pressure vessel)

8. centre electrode

9. HY~-connection.

The differentiating resistor Ry, the integrator and
the oscillescope (Tektronix type 7B44) are placed in
a small shielded room. The low voltage terminal of
the capacitor and Ry are connected by a 16 n long
RG 214/0 cable in a copper pipe. The pipe and the
cable shield are grounded at the entrance of the
shielded room and at the enclosure of the capacitor.
To maintain shielding integrity a small brass box
surrcunds the short open leads near the ESPOM
connections.

4. Experiments.
4.1, Measurement of full impulse voltages,

To aveid droop problems in measurements on especially
the tail of full impulse voltages we used an active
integrator with R, = 100 k@, C, =100 pF and open loop
gain A= -2500. Thése values 88t the ratio of the
divider to 2 x 10%,

Figure & shows an oscillogram of a 200 kv impulse,
The front of the impulse shows a "clear™ picture

{no oscillations occur}, indicating the adequate
shielding against interferencs,
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Pigure 6. Full {1.2/50 ps) impdlse woltage.

4.2, Measurement of the step respunse.

The large ratjo of the divider makes it impossible
to use a mercury wetted relay for the measurement of
the step response. The alternative is the “sphere
gap method® [9] which alsc had the advantage that
the system is tested at more realistic values of the
voltage and 4v/dt. .

imnpulse generator

. ESPOM
16m 3602 20

-

Figure 7. Test set-up for impulse response
measurement.

Figure 7 shows the test set-up: the two damping
resistors are needed to prevent oscillations in the
high voltage circuit. All the comnections (high
voltage and ground) are made with brass pipes, of
42 mm diameter. The spheres have a dlameter of

20 ©m, the distance between the spheres is 4 om.

A peasured step response is given in Figure 8. We
could use & passive integrator here (10 k2, 10 nF)
because the emphasis is not on the tail of the
impulse. The rise time of the signal (10-90%) is

120 ns, the overshoot is small, 5%, Computer
caleulations, in which we took into account the
total vapacitance of the ESPOM, the inductance of
high-voltage and grounding leads and the resistors
in the circuit, show that the risetime and the over-
shoot are determined by these components. This means
that the actual response of the divider may sven be
faster, but cannot be ascertained in this way.



Figure 8, Step response oscillogram,
5. Concfusion,

The advantages of a single capacitor as primary
element in an impulse voltage divider ave fully
exploited when this capacitor forms a part of a
differentiating-integrating meauring systém: no

travelling wave hetween high and low voltage arm and

an easy matching of the weasuring cable. The
experiments have shown a good step response. The
integrator has to be chosen carefully.
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3. A GENERATING VOLTMETER WITH PIEZ0 ELECTRIC MODULATION

3.1. Introduction

Generating voltmeters were originally developed as non-contacting
dc voltmeters or fieldmeters. Their common aspect is a mechani-
cally modulated measuring electrode, capacitively coupled to the
test object (or test field). The modulation generates an ac
signal, proportional to the voltage difference between electrode
the high voltage object.

Three basic modulation techniques can be distinguished [Vo 74]:
- the rotating segmented disc (field mill),

- the oscillating vane (tuning fork},

- the vibrating capacitor.

All three principles have been developed into commercially
available instruments. The vibrating capacitor technique was
first described by Zisman [2i 32], who used a piano wire to
drive an electrode. Later versions of Gohlke and Neubert [Go 40]
and van Nie and Zaalberg [Ni 63] use a coil and a membrane capa-
citor respectivély.

In this chapter the possibilities of a vibrating capacitor driven
by a piezo electric crystal will be examined. The use of a piezo
transducer has two advantages:

- the vibration frequency can be significantly higher than the
frequency obtained with other transducers. This opens the
possibility to widen the frequency range of the high voltage
to be measured. Whereas for instance the field mill can only
be used to measure dc voltages, an extension to at least power‘
frequencies (50 or 60 Hz) is very'interesting. _ '

~ The reliability of a transducer is much higher than that of
the other techniques, because mechanical wear is no longer
important. ‘ .

A possible problem is the small amplitude of the vibration (a

few um), which will lead to very small signals.
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3.2. Theory

Congider the capacitor of Figure 3.1. The distance between the
high voltage electrode and the central low voltage (measuring)
electrode varies as a function of time according to:

d(t) = 60 + d sin wet {3.1)

4 Jhv electrode

d{t)

f \ \gua’rd
Jr l moving electrode
1

Pigure 3.1 : Principle of vibrating plate capacitor.

If the measuring electrode hag an area A and (3.1} is substi-
tuted in the expression for a parallel plate capacitor, the
capacitance C(t) is given by:

Qalnn

e A
= i s 2. - ;
c{t) = Co + AC sin wkt = do (1 sin wkt) {(3.2)

(=}

The displacement current I flowing from the measuring electrode
to ground can then be calculated:

I(e) = & (v = ¢ 5 &< (3.3)

Two cases can be distinguished:



A,

Vh
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The voltage Vh is a dc voltage: dvhfdt = 0,
Eq. (3.3) turns into a very simple expression:

Ity = Vo & : (3.4)

- - a
I{t) = Vh we F Co cos mkt . (3.5)

c =2 ‘ (3.6)

The current I is a sinewave with an amplitude proportional to
the high wvoltage Yy see Figure 3.2.

IR ANVANVAY
HRVARVA

{al (bl

RN

Pigure 3.2 : The input voltage (a) and the output curvent (b} for a high

B.

de voltage.
The voltage V, is an ac voltage:

vty = vh sin(o t + ¢) {3.7)

whe:e @y << Wy -

‘The current I has two components, according to (3.3):
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th

at

]

I,(t) = cb) Cy oy {rh cos (upt + 9) (3.8)

I,(t) = vy (t) % - x“zh mk AC sin{w,t + ¢) cos(w,t)  (3.9)

N

(a} ‘ (b)

. F%gufe 3.3 : The input voltage (a) and the output current (b} for a high
ae voltage.

The first component I1 represents the nhormal displacement
current and is independent of the movement of the electrode.
The current 1, is a modulated ac current, see Figure 3.3. The
type of modulation is known as double sideband suppressed
carrier (DSSC) modulation [Ca 75]. The frequency spectrum of
I1 and 12 is given in Figure 3.4,

I

e
I
—t—
! ! '
Wh Wi-Wh Wk Wk+Whn

Pigure 3.4 : Frequency spectrum of the output current (Iz + 12} for a
high ac voltage.

The currents, described by (3.5) and (3.9) have to be measured
and demodulated to obtain a signal proportional to the voltage
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Vh(t). The details of the current measurement and demodulation
are treated in the next section. From (3.5) and (3.9) another
important fact can be learned: both expressions show a Ad/d-
dependence in the current I.

This means that the current becomes very small for a remote high
voltage source: the device cannot be used as a field meter. How-
ever,>the movement of the central electrode in an electrical
field causes an additional effect which is independent of dis~
tance.

! forward
position
%w |
= ! DN
{ zero
JL position
ESNNNN \qW %B\
l backward
i L position
NANNNN | : | ANNNN N

7

Figure 3.5 : Field pattern for the different positions of the measuring
electrode.

The movement of the measuring electrode causes not only a change
in the length of field lines but also a change in the electric
field pattern. This can be seen from Figure 3.5 where the field
lines are sketched for three positions of the measuring electrode.
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The variation in the number of field lines is equivalent to a
time varying flux, in other words to a small current.

An exact calculation of the amplitude Ay of this fluxvchange
requires a detailed knowledge of the electric\fieldstrength
along the electrode. This problem can be solved by conformal
mapping for a two dimensional situation [Be 63] but this solu-
tion gives a diverging value for Ay at large distances from the
high-voltage eleétrode. For an electrode in the form of a half
sphere, the flux to the half sphere is 3nrze°E° [Pr 69], where

r is the radius of the sphere. Compared to the flux to the plane,

when the half sphere has flattened out this corresponds to Ay =
2

2mx“e E_.

o o
For a vibrating circular electrode of radius r in a plane a
first order approximation is adopted here.

Y
Ad

4d

Figure 3.6 : Extension of the field disturbance in the extreme position
of the electrods.

If the field pattern of Figure 3.6 is assumed for the forward
position of the measuring electrode then additional fiux coming
from a radius ¥ + Ar is seen to end on it. The additional flux
is limited by the field line which ends in the lower corner.
Since this field line leaves under 45° it is reasonable to
assume that Ar ~ d. The extra flux Ay is then:
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AY = eogozm:a : ) (3.10)

in the extreme downward position the total flux to the measuring
electrode is diminished by Ay.

If the movement of the electrode is givén by (3.1), the current
generated by this variation in the flux is:

= 4 = d .
I3tt) = 3t (AY) = eoEowRZﬂr dcoswkt ) {3.11) .

This expression is similar to (3.5): a time independent field
E, is assumed. For a time dependent field expressions comparable
to (3.8) and (3.9) are obtained. The next guestion is: what is
the relative importance of these two effects?

The ratio of I}I3 can be calculated from (3.5) and (3.11):

I __x ‘ (3.12)
I, 24,

The . currents are equal for r = 2do; for larger distances the
I3 component is dominant.

3.3. Apparatus

In this section the different components of the generating volt-
meter system will be treated. The realization of the vibrating
electrode will be described first. Then attention is paid to the
current measuring system, consisting of a Rogowski coil and a
lock-in amplifier, which alsc acts as a demodulator for the
signals. )

The measuring electrode

The design of the test set up with a vibrating measuring elec=-

trode is based upon two important considerations:

- efficient coupling between the piezo-electric crystal and the
electrode,

- the exciter signal of the crystal must remain decoupled from
the current to be measured.
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The approach to fulfill these requirements is sketched in
Figure 3.7,

. high voitage electrode

T

transducet

; . zxi'ﬂelding
:: L,T r"“"'g::“g‘:wski;oii
* j /‘
% Q N = ,;
V77T N | N7~ /
7 -
/ %A\curmm
//QQ \\
\\ \\/,
/] \\\ N
N g ﬁ:\.‘(

Figure 3.7 : The test set-up with the Sonair transducer.

The vibrating front plane of a commercially available trans-
ducer (Sonair 2 from Vernitron Ltd) serves as a measuring
electrode. The aluminum housing of the transducer gives a good
shielding against the excitation signal of the crystal. Figure
3.7 also illustrates why the measurement of the displacement
current reﬁuires special care: a small current is superimposed
on the much larger excitation current of the transducer.

The use of a Rogowski coil is ideal here: the current for the
transducer is fed through a coaxial cable and the measuring
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current goes through the sheath of the cable. The Rogowski coil
only "sees" the net current. Further details of the coil will be
given later in this section.

The transducer {28 mm diameter) is placed in the center of an
alupinum Rogowski-profiled electrode (15 cm diameter). The high
voltage electrode is identical in shape. The system operates at
a frequency of 40 kHz, the estimated amplitude of the vibration
is in the order of .1 um. '

windings n=100

Figure 3.8 : Princivie of the Rogowski coil.

The_Rogowski _coil_and lock-in amplifier

The simplest way of current detection is usually the measurement
of the voltage drop over a series resistor. However, a series
resistor cannot be used with the Vernitron transducer while
application with the HPA transducer is somewhat difficult.
Furthermore a resistor implies galvanic coupling between the
sensitive measuring circuitry and the high voltage circuit; this
can be disastrous in the case of a breakdown or flashover. A
Rogowski coil offers a good solution but the transfer impedance,
defined as the ratio of output voltage and input current must be
as high as possible.

Figure 3.8 gives a picture of the coil and Figure 3.9 a simple
equivalent circuit. The mutual inductance can be calculated
with:
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_ pourh' )

K—DT]_DE— (3.13)

where n is the number of turns, h is the height of the coil; T,

and r, are the outer and inner radius respectively. If in Figure
3.9: R, >> o, L, and C, << 1/w§L2 the output voltage V, is given

by:

vy, = Wy M Zl:1 ) (3.14)

The number of ways to increase the value of M is limited:

~ the dimensions of the coil cannot be too large,

- a ferrite core with a high value of u, can be used,

- the number of turns n is limited.

In this case, ferrite cores (rl = 11 mm, r, = 18 mm, W = 3000)
were used. The height h was increased by stacking two cores. On
the cores were 100 turns of .2 mun copper wire. The value of M,
according to (3.13) is then 0.8 mH.

The output voltage v, can be further increased by tuning the
Rogowski coil. The choice of the capacitor C2 in Figure 3.9

should then be such that the condition

W, M
N Li=8 uH

L ) Lo == '||R Vo M =08mH
Lyp=81mH

Figure 3.9 : Simplified equivalent ctreuit for the Rogoweki cotl.

(3.15)

1
¢,

Wy, Loy, =
k2 fnk

is fulfilled. The capacitance C2 is composed of:
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- the capacitance of the cable to the voltmeter,

- the input capacitance of the voltmeter,

- the tuning capacitance.

The output voltage of the tuned Rogowzkl coil is given by:

Vy=Quw MI, B (3.16}
where Q¢ is the guality factor of the secondary circuit:

Q = R (3.17)

t"ln
NN

2

The value of R, (the input resistance of the voltmeter) can be
chosen high {(e.g. 100 MQ) to increase Q. In practice, however,

Q is limited by the losses in Cyr L, etc. A practical value for
Q, also confirmed by a number of measurements is: Q = 30,

It must be stressed that the tuned coil has a strong frequency
selective behavior. This is normally considered as a disadvantage
for a wideband measuring system but it is a big advantage for a
carrier based system like this. From {(3.17) a transfer impedance
can be derived:

=Quw M (3.18)

The value of Rt gives the apparent measuring resistance, seen
from the voltmeter's side. For this situation a value for Rt of
6 k@ can be calculated. The high voltage circuit "sees™ in the

ground lead only an impedance of @ Wy Ll {= 60 Q).

This section concludes with a basic description of the lock-in
amplifier. A lock-in amplifier is an ac voltmeter, which ig able
to measure the amplitude of a signal of known frequency in the
presence of high level background noise or interference.
Basically a lock-in amplifier is a phase sensitive ac voltmeter
which compares an input signal with a reference to produce

a dc signal output whose level is proportional to that part

of the signal synchronous and in phase with the reference.
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Pigure 3.10 : Block diagram of the lock—in amplifier.

A block diagram of the lock~in amplifier is given in Figure 3.10.
Three basic blocks can be distinguished: the ac signal channel,
the phase sensitive detector and the reference channel. In the
signal channel, the input signal (and noise) is conditioned by a
low-noise preamplifier and a second amplifier, with an in-between
filter. This predetection filter can be a tunable bandpass, notch,
low-pass or high-pass network; it reduces the noise and thus the
possibility of overloading the mixer.

The reference channel transforms an externally applied reference
to a suitable square wave (at the reference fregquency) to drive
the mixer.

The phase sensitive detector, the combination of mixer,/low—pass
filter and dc amplifier produces a dc¢ voltage, depending on the
phase difference between the signal and the reference. The
results, reported in the next section were obtained with a
Princeton Applied Research (PAR) lock-in amplifier which has the
following characteristics:

- sensitivity: 1 uv to 250 mv full scale,

- frequency range: 0.5 Hz - 100 kHz,

- input impedance: 100 MQ in parallel with 20 pF.



38

3.4. Experiments; discussion

The system with the Sonair 2 transducer (see Figure 3.7} was
tested with de voltages up to 30 kV and 50 Hz ac voltages up to
20 kv rnis. The output'voltage of the lock-in amplifier was com-
pared to a direct high voltage measurement with a Singer electro~-
static voltmeter (error 1%). )

150 =15
uV (ac) mV {dc}
100 -+10
e FC
de—
50k 105
i 1 1 ]
0 05 10 15 20

-V, {kV) (rms for ac)

Pigure 3.11 : Output voltage of the lock—in amplifier versus high-voltage.
Test set-up with the Sonair transducer.

Pigure 3.11 gives a pictﬁre of the linearity of the system. The
digtance between the electrodes was 1 mm in these experiments.
The linearity is very good, both for dc and ac. The measured
signal is roughly a factor 10 smaller with ac voltages. This is
caused by a low-pass filter in the lock-in amplifier (time
constant 10 ms, 6 dB/octave) which gives a 10 dB damping for

50 Hz signals. This filter was built in the lock-in amplifier
and could not be switched off: for a 50 Hz measuring system a
more appropriate filter would have to be constructed.
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Pigure 3.12 : Output voltage of the lock-in amplifier versus distance
between hv electrode and measuring electrode for de voltages.

The influence of the distancé do betweén high voltage and
nmeasuring electrode is shown in Figure 3.12 of dc voltages and
in Figure 3.13 for ac voltages. The two curves in each figure
are measured for different field strengths.

The curves show in addition to the expected 1/d-like behavior a
constant negative output which causes the signal to go through
zero. This can be tentatively explained if the transducer does not
vibrate in the axial direction only , but also in the radial
direction. This effect is interesting because it 9gives a
possibility for a field meter; it counteracts the effect of the
"Ay"~-current according to (3.11).
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Figure 3.13 ¢ Output veoltage of the lock-in amplifier versus distance
between kv electrode and measuring electrode for ae voltages.

These effects clearly cannot be separated with this transducer.

To inhibit the vibration in the radial direction a new test set-—

up has been designed, see Figure 3.14; also here a commercially

available transducer (Philips HPA) has been used. This set-up

has two advantages:

- the amplitude of the vibration is larger: 20 pm,

- the elongation of the moving part gives a movement in the
axial direction only.

The main diéadvantage of the HPA is the low operating fregquency,

5 kHz, which is in the audible range. ' }

Due to a number of experimental difficulties no extensive

measurements have been carried out up till now.
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Figure 3.14 : Proposed test set-up with the HPA~transducer.

Another possibility to eliminate the radial vibration is to
cover the edges of the Sonair transducer (i.e. to recess the
transducer and extend the guard ring). The effect of the "AyY"
current can be further increased by the use of a metal gauze,
which would effectively increase the length of the dividing line
between the stationary and the vibrating electrode.
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4. WIDE BAND DETECTION OF PARTIAL DISCHARGES IN HIGH VOLTAGE
CABLES

4.1. Introduction

This chapter describes a method for wide band detection of
partial discharges in high voltage cables.

A partial discharge is defined as an electrical discharge which
bridges the insulation between conductors only partially. When
an insulating material is stressed electrically partial dis-
charges may occur in gas filled cavities in the material,
cavities which cannot be completely avoided during the manu-
facturing process. The partial discharges may give rise to a
progressive deterioration of the insulation and eventually to a
complete breakdown. The detection of partial discharges has
-therefore become a routine procedure for acceptance testing of
power cables, switchgear, transformers etc.

In a partial discharge electrons and ions flow during a short

time (less than 1 us)} whereas simultaneously acoustic, optical

and radio frequent energy is emitted. An electrical measurement

of the current flow caused by the discharge is a practical

measuring method for a power cable. A wide band measurement

offers the following advantages:

- the detection sensitivity can be increased,

- in cables trangsit time measurements are possible which means
that a localization of the discharge site is feasible,

- the actual shape of the pulse from the discharge in the void
can be studied.

In this chapter first attention is paid to an equivalent circuit
for a partial discharge. Then the attenuation of the rf signals
in the cable is treated. In the following sections several
Qetection methods are discussed and the chapter ends with a
number of experimental results among which oscillograms of
actual pd signals are shown.
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4.2. Theory

4.2.1. Equivalent circuits_for a partial discharge

The description of the electrical phenomena related to partial
discharges is usually based on the equivalent circuit of Figure
4.1 [Kr 64]. Capacitor c is the capacitance of the void, a is
the capacitance of the sample and b is the capacitance of the
dielectric between the electrodes and the void, in fact b con-
zistg of two capacitors in series. The spark gap symbolizes the
breakdown of the cavity.

T

I

Figure 4.1 : Equivalent cireuit for a partial diseharge.,

This model does not‘givé'a repréSentation of the actual physical
. mechanism of a partial discharge and cannot explain the differ-
ent waveforms of the current‘pulses. reported in the literature
[kE 76, Lu 79]; Furthermore, the essential effects of transit
times and the aiséipation canhot be described by the simple -
equivalent circuit of Figure 4.1 [Wo 81].

The equivalent circuit can be modified to include specific wave~
forms of the discharge current: the spark gap of Figure 4.1 is
then replaced by a voltage source which delivers a pulse of the
appropriate waveform. o :

Another problem with the equivalent circuit is the precise de-
finition of the capacitor b. The capacitance of b depends on the
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shape of the void, the distance to the electrodes and the dis-
charge process, which can change tie surface resistivity of the
"electrodes" of capacitor b. This fact can be indicated in the
equivalent circuit if b is taken to be a function of time:

b = b{t).

If the test sample is a high voltage cable; longer than a few
meters, the transit time of the wave in the axial direction
begins to exceed the pulse length. This means that capacitor a
in Figure 4.1 has to be replaced by the characteristic impedance
of the cable in each direction. The thus modified equivalent
circuit is given in Figure 4.2.

b“}_U?

] ¢ E

-I- .

Figure 4,2 : Modified equivalent cireuit for a partial discharge in a
long cable.

We can derive the following equations for the amplitude of the
travelling wave, ¢, and the apparent charge ¢, according to its
usual definition:

- a ' -4 : '
i, = 3% (b(E~e}) = FT {bE) / (4.1)
z
= - 2 4.2
e = 5 iy { )
[ 2 To : '
g= [ ibdt=—~2-f e dt = (bBEY | - (bE) | (4.3)
[o} [o3e] +=0 - t=To ‘

where To is the length of the discharge pulse and where e << E.
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This means that the measurement of e provides information on the
discharge process and measurement of the time integral of e
gives the apparent charge.

4.2.2. Propagation of the pulses_in_the high voltage cable

In the preceding section the assumption was implicitly made,

that the high voltage cable acts as an ideal coaxial cable, with

no losses. Such a cable can be characterized by a simple and

real wave impedance Zo. However, a high voltage cable deviates

in a number of aspects from this ideal coaxial cable:

- the skin effect in conductor and sheath is not negligible,

- the sheath is not a continuous cylinder but consists of copper
wires spiralling around the insulation,

- the insulation is surrounded by extruded semiconducting layers
{see page 48), both on the inside and the outside.

conductor

dielectric
layer

omt(%c.
tayer

Pigure 4.3 : Cross section of a 30/50 kV XLPE insulated cableé.
Figure 4.3 gives the cross-section of a 30/50 kV.XLPEl) insu-
lated cable. Several models have been developed in the litera-

ture for the propagation of hf signals in high-voltage cables.

1} XLPE is an abbreviation for cross-linked polyethene.
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These models are not only relevant for small partial discharge

signals, but also for high voltage pulses, caused by lightning

and switching surges. In the last case the attenuation can lead
to a very desirable reduction of the overvoltages at the end of
the cable.

inner semiconducting

R1 Ry Layer
8
C dielectric
Ré R Guter'semiconducting
, Layer
&

. Figure 4.4 : Element of the transmission line equivalent oircuit of a
high voltage cable.

All these models use a long line model with a series impedance
(z) and a parallel admittance (¥) per unit length [Br 71, Du 78,
St 82]. The series impedance, see Figure 4.4, is composed of the
cable's inductance plus the skin-impedance of the inner and the
outer conductors {the outer conductor is considered to be a
hollow cylinder):

2 =32, + julL + 2, : V (4‘.4)
where
u r : ‘
= -2 3 '
L = T in (r ) . (4.5)
o

. m, I {m,r))

1 "ol o
zl 2nr_o (4.6)
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. = m, Io(m2r3) Kl(m2r4) + Il(m2r4) Ko(m2r3) .7
2 2mryo, Il(mzré) Kl(m2r3) - I,(myry) K, {m,r,)
- I _ 14§ - /T3 _ 143
m = YOy =g s My = YOe0y) = 5
The constants g, and o, are the conductivity, §, and 62 the

skin-depths of the inner and outer conductor respectively. The
functions Io(x), Il(x), Ko(x) and Kl(x) are modified Bessel
functions of the first and second kind and of zero and first
order respectively. If the argument of such a function is
much greater than unity (radius much greater than the skin-
depth), it may be approximated by the first term of its
asymptotic series. After some algebra this leads to:

juu
1 o
Z, = ( ) (4.8)
1 ano gy

o joug ——
Zy = 7wy, V() coth Y(eugo,id

juu
! o
e V) (4.9)

where d is the thickness of the outer sheath, d = ry - r,-
A model which includes the effect of separate neutral wires is
given in [Du 78]; this model also includes the effects of the
return currents in a nearby grounded plane. The semiconducting
layers do not play a significant role in the series impedance 2:
the current in the axial direction flows almost entirely through
the central conductor and the sheath, because the conductivity
of the s.c. layers is several orders of magnitude lower than the
conductivity of the metal conductors.

The semiconducting layers are, however, important in the paral-
lel admittance Y shown in Figure 4.4. The displacement current
in the radial direction goes through the s.c. layers and the
resistivity of these layers can cause extra losses. Therefore
the admittance Y is given by the series combination of the
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capacitance C (the conductance of the insulation can be neglec-
ted) and the admittances of the two s.c. layers:

g - JwC YS ¢ - Yl Yz
= e, PR .
Ys + JuC 8 Y1+Y2

(4.10)

‘The inner s.c. layer is only an extruded layer of polyethene
with added carbon; the outer s.c. layer is composed of extruded
conducting polyethene and two wrapped layers of carbon crepe
paper.

A possible model for the electric behavior of the s.c. layer is
given in Figure 4.4. The resistor R, the dc resistance of the
material, is parallelled by a capacitance C' and a resistance
R', simulating the ac impedance of the material. This gives the
following general expression for the admittances Y, and Y, in
(4.10}) ¢

¢ = 1+ ju(R+r") C
T R{T ¥ JurR'CH

(4.11}

The value of R can be determined from the measurement of the dc
resistance in the axial direction.

The exact values of R' and C' cannot be measured; the s.c.
layers are extruded simultaneously with the cable insulation

and a mechanical separation is practically impossible.

However, the order of magnitude of C' (> 800 pF/m for the cable’
of Figure 4.3) results in a high impedance, compared with the
resistance R (< 0.1 ohm) for frequencies to 200 MHz. The paral-
lel branch can therefore be neglected in the first approximation
which means that the impedance of the s.c. layer is purely V
resistive. ' '

The attenuation a and the phaseshift B of the signals per meter
cable length can now be calculated from

o + B = VEY¥ : , (4.12)

where Z is defined in (4.4) and Y in (4.10}. The attenuation o
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Pigure 4.5 : The caleulated attenuation o and phase shift B per meter

length as a function of frequency for the 30/50 KV cable
of Figure 4.3.

'is expressed in Np/m (multiplication by 20 1Olog e gives dB/m),
the phaseshift 8 is expressed in radians/m. Genérally o and B

are frequency dependent, because Z and Y depend on the fre-
quency. Figure 4.5 gives the calculated o and B for the 30/50 KV
XLPE cable shown in Figure 4.3 as a function of freguency. The
phaseshift B increases linearly with the frequency, which means

- that the grchp velocity v ig constant according to:

Jdie-

8 = {4.13)

The experimental values of o and 8 will be reported in section
4.3.1. o

4.2.3. Detection of the travelling waves

The travelling waves, generated by a partial discharge can be
detected by several methods. Three detection methods (external
capacitor, coaxial coupler and sheath interruption) are treated
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in section 4.3.2. In this section a fourth detection principle
will be briefly described.

Figure 4.6 : Bavrth screen of the 30/50 KV cable with the measuring coil.

Most XLPE insulated cables in the voltage range up to 50 kV do
not have a lead or aluminum sheath but have an earth screen of
spiralled copper wire and a copper tape running in the opposite
direction. The spiralling of the wires causes a current in the
¢-direction (see Figure 4.6) which in turn causes a magnetic
field in the axial direction, Hz‘ This field can be detected
with a simple coil, a number of turns wound around the cable.
If the amplitude of the travelling wave is e, the discharge
current in the earth screen (and conductor) is given by:

—.?.-..-: i . .
(‘i.— 7 : iy ’ (é.lé)

If the assumption is made that this current flows only through
the spiralling wires, the magnetic field is given by: '

i : ' .
z h (4.15)
where h is the pitch of the neutral wires, see Figure 4.7. The

. measuring coil has N turns, the induced,voitage Vind is then
given by: ) ) ’

2
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Figure 4.7 : Definition of the piteh (k) of ithe neutral wires.

From (4.2}, (4.14) and (4.16) the relationship between Vind and
the discharge magnitude can be calculated:

U . di

_ 2 _ 2
ina =V m (F3 7 Tl

o

v (4.17)

£

An integration of this induction voltage would give a signal
proportional to 15 {compare (4.2}) which can be readily compared
to partial discharge signals cobtained by other methods, for
instance the sheath interruption method.

The effect of the current in the spiralling wires is counter-
acted by a current in the oppositely wound copper tape. How the
discharge current is shared between the wires and the tape
depends on the respective selfinductances, on the mutual induc~
tance between the wires and the tape and on the contact resis~
tance. Especially the uncertainty about the contact resistance
between wires and tapes makes it difficult to predict the sen-
sitivity of the measuring coil. The described detection coil
would have a number of advantages: no damage to the cable and
directional sensitivity. No éxtensive expériments have been
carried out up till now, due to the above mentioned difficulties.
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4.2.4. The_sensitivity of wide band discharge detection

The sensitivity of discharge detection usually refers to the
smallest partial discharge (in pC} that can be detected. For
narrow band detection systems the sensitivity for large obijects
is in the order of 0.1 pC under favorable conditions. For the
calculation of the sensitivity in a wideband detection system
the theory of optimum detection systems, developed for radar
systems is useful [Bo 82].

The cable and the pd detection system can be considered as
linear transfer systems, see Figure 4.8. The transfer function
of the cable is derived in section 4.2.1. The transfer function
of the detection system can be chosen as to match the signals
from the cable.

e(t) vt} vy (1)
N J L
partial discharge céble detection system measured
{filter) valve

Figure 4.8 : Signal path from partial discharge to measured value. The
cable and the detection syatem are considered as transfer
systems.

A partial discharge generates a voltage puise‘e‘between con?
duétor and sheath of the cable, according to (4.2).'The fre-
guency~dependent attenuation of the cable changes the signal to
v(t). If the detection system is ideal, the sensitivity is

. determined by the minimum permissible signal-to-noise (power)
ratio, p:

p = g_ _ : (4.18)

where E is the energy of the pd pulse:
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w©

E=21 [v1) at (4.19)

O -

and Sy is the noise power per Hz bandwidth [Wa 62]. Eguation
{4.18) is only valid when a so~called matched-filter is used

for detection: a filter with a frequency dependent pass band
matched to the incoming signal. Since a matched filtef is
difficult to realize, it is more convenient to use a rectangularxr
bandpags~filter. The ratio oRZQM, where Pr and py are the S/N
ratios for the rectangular and matched filters respectively, can
be calculated [Wa 62] and is given in Pigure 4.9 for a rect~
angular pulse of pulselength T (see Figure 4.10a) as a function
of X, the product of T and the bandwidth Aw of the filter:

x=2 - g o (4.20)

Pr /Py

o8

04~

1 1 : { i 1
¢ 1 2 3 4 5

| e X

Pigure 4.9 : Comparison of the rectangular bandpass filter (S/N ratio
pg} with the matched filter (5/N ratio pM) for a rectangular
input pulse of length T. On the horizontal axis the product
of bandwidth and pulse length X = Aul/2.
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Figure 4.9 shows that the optimum bandwidth is reached when
X = 2,15, i.e. when
_ 4.3 )

Aw = —= (4.21)
The value of oR/pM is then 0,825, i.e. 1.7 @B less than unity.
This means that a rectangular bandpass filter is a good approxi=-
mation for a matched filter and that equation (4.18} can be used
to evaluate the detection sensitivity.

For the calculation of the energy E in the signal according to
(4.19) the signal v{t}) has to be known. This leads to rather
tedicus calculations because v{t) has to be found from the
Fourier transform V{w). A more simple approach is the direct
calculation of E from V{w) with the help of Parseval's formula
[Pa 62]:

[v2w at = [ v |? au (4.22)

But how does the spectrum V{(w)} look like for different types of
discharge pulses and different cables?

The transfer function of the cable is calculated in section 4.2.1
and is given by:

H{w) = expl-(a+3B)1} ‘ (4.23)

o and 8 depend on the frequency:; for simplicity we assume o = aw,

then |H(w)| becomes:
| | = exp(-aul) o o (4.24)

Also for simplicity a rectangular pulse e{t) with length T is
assumed (Figure 4.10a), the spectrum F(w) then becomes [Pa 62]:

T
2
wT
2

sin

F{w) =T {4.25)

see Figure 4.10b.
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Figure 4.10 : Shape of the input pulse e(t) (a) and corresponding
spectrum F(w) (b).

From (4.24) and (4.25) the spectrum V(w) can be calculated:

sin ot
2 e—awl

T
2

[V(w)] =T (4.26)

The phase shift of the signals is ignored in (4.26). Figure 4.11
gives a picture of |V(f)| for different values of the pulse
length T. A cable length of 30 m and a value for a of 2.5 * 10-9
dB/Hz.m was assumed, corresponding to Figure 4.15. The only in-
fluence of the rectangular bandpass characteristic of the de-
tection system is a limitation of the spectrum to + Aw.

From (4.19), (4.22) and (4.26) the energy of the signal after
passing the cable can be calculated as a function of the pulse
length T. The result is given in Figure 4.12. The reference is
the energy of the original signal (not attenuated by the cable)
with the same amplitude. Especially short pulses are strongly
attenuated by the cable.

The preceding calculations and Figure 4.12 provide sufficient

information to calculate the minimum detectable partial dis-
charge. The available thermal noise power per Hz bandwidth at
290 K is given by:
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Figure 4.11 : Spectrum V(f) for rectangular pulses of various pulse
widths, after attenuation by 30 metevs the of 30/50
XLFE cable under consideration.

5. = kT = 4 % 1072 w/nz ' , A (4.27)

Although a S/N ratio of 0 dB is acceptable when the discharges
are displayed on a CRT the losses of the deteétion'system
(coupling losses) and the extra noisevof'the amplifiers have to
be taken into account, The coupling losses can'be as high as

10 dB {[Bo 82], see also section 4.3.2), while a practical wide
band ampiifier adds 5 - 10 -dB noise. Therefore the minimum
7acceptable 5/N ratioc is set.to 20 4B here. This leads to a

minimum signal energy of 4 * 10'1,9 J.
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Figure 4.12 : Energy content ,éj" the original and the attemuated partial
discharge puzse as a fungtion of the pulse width. The
“amplitude of the incoming pulse is 1 Voit (across 34 9,
the pulse width T. V

With Figure 4.12 and equations (4.2) and (4.3) the minimum de-
tectable signal can be calculated in terms of charge. The results
are given in Figure 4.13. The lower curve gives the sensitivity

" in the case of no attenuation, the upper curve gives‘the values
with the attenuation present. The sensitivity (for this type and
length of cable!) is clearly limited to 0.05 pC.
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Pigure 4,13 : The smallest detectable partial discharge vs pulse length
: for 30 meter of the XLPE cable wunder consideration.

The Figures 4.11 and 4.13 also give an indication for the op-
timum bandwidth of the detection system. Equatioﬁ {4.21) gives
for a 1 ns pulse a bandwidth of 680 MHz, while Figure 4.11 shows,
that the spectrum is falling rapidly above 300 MHz. Also Figure
4.13 confirms that the cable itself limits the propagation of
very short pulses rather than the detection system.
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The practical situation can deviate from the preceding theory on

two important points:

- the pulse form of an actual pd is usually not rectangular.
However, the results with other pulse forms will not differ
much from the results obtained here, see e.g. [Bo 82].

~ the different locations of discharge sites result in different
distances to the detection peint. As the attenuation is a
function of distance, the same pd signals at different sites
have different spectra upon detection. This fact can hardly be
accounted for in theory.

To conclude this section some remarks should be made about
further enhancement of the S/N ratio. The application of corre-
lation techniques to pd measurements was first reported by
Wilson [Wi 73]. The primary technique is signal averaging,
although auto~ and cross-correlating can also be used [Be 71].
However, there are a number of problems involved in signal
averaging:

- & partial discharge is a random process [Be 71]; the averaging
can only be successful if the repeatability of the discharge
in each cycle is sufficiently high.

-~ The repetition rate of the pd signals is.50 Hz. The enhancement
of the 8/N ratio is proportional to the number '
of repetitions [Tr 68]. This means for a 20 dB improvement al-
ready a measuring time of 2 s.

~ The situation gets worse for a wideband detector. The limited
time resolution‘of a multichannel averager requires the use of
a boxcar avefager here. A boxcar averager is in fact a single
channel averager, which only takes one sample per period. This
elongates the measuring time'by'an order of maéhitude [wi 731.

These problems make it clear that signal correlation techniques

cannot really improve the S/N ratio in pd mMeasurements
s;gnlficantly.
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4.3. Experiments

4.3.1. Measurements on_the propagation of hf signals in_power

cables

The attenuation and phase shift of hf signals were measured on
the 30/50 kV cable shown in Figure 4.3. The cable is terminated
with its characteristic impedance (34 ), composed of 10 dis-
crete low inductance resistors in parallel. The measurements
were carried out with a HP B8405A vector voltmeter and a HP 8654A
RF generator; the experimental set-up is given in Figure 4.14.

5052

XLPE cable {3482}

high
: hmic
signat g
generafor probe 3482
= HP 8405 A . =

vector voltmeter

Figure 4.14 : Test set~up for the attenuation measurements.

The transition in characteristic impedance from the 50 O of the
signal generator cable to the 34 Q of the XLPE cable gives rise
to a reflection of about 17% of the signal. This does not in-
fluence the measurements because both incoming and odtgoing
signals are measured with high impedance (100 k@, 2.5 pF) probes.
The‘attenuationfper meter cable length as a function of fre-
quency is given in Figure 4.15; The measured values are signi-

~ ficantly higher than the values calculated in Section 4.2.2.
This can be due to the fact that the properties of the s.c.
layers were unsufficiently known. The measured attenuation of
2.5 % 10°° dB/m.Hz happens to be in good agreement with the
value measured by Stone and Boggs [St 82] for a similar type of
cable.
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Pigure 4.15 : The attenuation per meter cable length as a funetion of
Frequency.

The phase shift per meter cable length is given in Figure 4.16

as a function of freguency. The difference between the calculated
and the measured value is much smaller here; if the group velo-
city is calculated with (4.13) a value of v = 1.9 * 10° m/s is
found. This is in good agreement with the value that has been
determined by transit time measurements.
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Abstract

Wide band detection of partial discharges offers
several advantages over the move classical narrow band
wethod. Egpecially in distributed systems with
relatively low losses (like GITL) which permit a
bandwidth of up to 1 GHz the sensitivity can be ine
creased by an oxrder of magnitude. An additional
advantage is the possibility of lovalization of the
discharge sites.

We have developed some improvements on the wide band
detection method, applied for cables of short length.
Experiments with low-losz coaxial cables show the
increased detection sensitivity and the accurate
localization.

In high voltage solid dielectric cable the losses -
caused probably by the semi-conducting extruded
layers ~ are higher and frequency dependent. This
sets a limit to the maximum usable bandwidth. A care-
ful layout of the measuring circuit and numerous
shielding measures allowed a detection sensitivity of
0.1 pC. The lecalization of the discharge sites was

possible with an accurxacy of % 20 om.
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1. Introduction

Partial discharges have a limiting effect on the life
time of many high voltage constructions. Therefore
the measurement of partial discharges (pd) has become
a routine procedure fur acceptance testing of power
cables, transformers, switchgear etc.

The improved production technology of solid dielecw
tric cables causes the magnitude of pd in the cables
to decrease, which calls for a more sensitive detect-
ion system. .

There are two methods for pd detection in cables: the

classical narrow band method and the wide ‘band method
The latter was mainly developed for the localization

of discharge sites in long (> 500 m) cables. Recently.

a systematic study was reported [1] on the improve-
ment of detection sensitivity that can be obtained by
the wide band method, both for Gas Insulated Trans-
misgion Line (GITL)} and solid dielectric cable. .

As a part of a larger project which has to establish
the role of very small pd on the life expectancy of
solid dielectric cable we had to develope some
improvements on the wide band detection method,
applied for cables of short lemgth (30 m). These
improvements should enable us to detect partial
discharges of less then 0.5 pC and localize then with
an accuracy ¢f 0.5 m; amnalysis of the pulse shape
should alsc be possible.

2. Wide band detection mwethods.

A pd in the ingulation of a cable generates travel-
ling waves which propagate in two divections alonsg
the cable. With the widely adopted@ equivalent circuit
of Figure 1 we can calculate the relationship between
the amplitude of these tiavelling waves and the dis-
charge current or the apparent charge [2] . We can
derive:

—
©

¥igure I. Equivalent circuit for a pd in a long

cable, .

(1)

(2)

where T is the length of the discharge pulse. The
voltaye e gives information on the discharge
current, the integral on the apparent charge g. The
travelling waves can be detected in three ways:
1. In the external circnit with a coupling capacitor
and a detection impedance. This method is described
recently by Lemke {3] and Beyer [4]. There are a
nuvber of disadvantages to this method:
the coupling capacitor which should have a value
of 1~10 nF and should be discharge free tends to
be very expensive for voltages above 100 kv,
the physical size of the coupling capaciter and
its leads limits the frequency response of the
input civcuit at high frequencies,
localization is cbtained by the measurement of the
time difference of the incident and the reflected
signal. The attenuation of the signal limits the
applicability of this method for very small pd.
Reeves [S] has tried to overcome this difficulty
by using two capacitors and a dual beam ogcillogw
cope for very accurate localization.
2. Boggs and Stone [1} describe the use of coaxial
coupling capacitors built into GITL; this input
circuit shows an excellent hf behavior. However,
analogous coupling capacitor in solid dielectric
cable requires twe complete sheath interruptions.
3. The travelling waves tan be detected with a
measuring resistor across an interruption of the
cable sheath. This methoed was originally reported
by Kreuger [2] but has regeived little attention
since. The advantages are:
-~ no external coupling capacitor is needed,
- the coaxial geometry of the cable is disturbed,
~ a sheath interruption near each end of the cable
gives the possibility of localization irrespective
of signals, reflected at the ends of the cable,
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We have adopted this last method for the detection of
small pd in ghort cables.

3. Description of the measuring method.

3.1, Theory.
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Figure 2. Signals at a sheath interruption.

A picture of incident, reflected and transmitted
signals at an interruption of the cable sheath is
given in Figure 2. Important for pd detection is the
relationship between the voltage across the meas—
uring impedance Zu; and the original wave amplitude e:

2

m
v = 2e. ST (3)
m o

The measuring impedance Z_ can be formed by a dis-
crete resistor, the resis¥ance of a sepiconducting
layer or the input impedance of the measuring system.

In the more refined equivalent circuit of Figure 3
we have included the ‘ground-impedance' Z,, the wave

impedance of the cabie sheath with respecl to the
nearby ground plane.
22,
+
2e v
Figure 3. Equivalent cirvcuit of sheath interruption.
‘With this change (3) turns into:
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3.2, Measuring circuits.

With two sheath interruptions in a cable, one at each
end, the following detection circuits are possible:

- gtraight detection at one interruption can be used
for analysis of the pd pulse shape. For lecal-
ization one of the two following circuits has to be
used.

detection with two interruptions in parallel, see
Figure 4a. The equivalent circuit is given in
#igure 4b. .

balanced detection, see Figure 4c. The measuring
cable with characteristic impedancs 2, is connected
between a. en b. A balun (balanced-unbalanced
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transformex} has to be used to match the differen—
tial voltage v, - vy, O the asymmetric measuring
cable and coscilloscope amplifier

‘ terminati
f =
" la
Mg L—l9§

(b}

{c} =

Figure 4. Possible measuring circuits:
(2) ceble and sheath interruptions
{b} unbalanced detection, eguivalent

cirecuit

(¢} balanced detection, equivalent circunit
The two valtage sources in (b)) and (¢)
represent the incident wave fronts which
may arrive at different moments.

The balanced circuit can be usged for the suppression
of external interference. However, this advantage is
only fully exploited when the remaining cable lengths
beyond the interruptions are egual and the high
voltage connection (point &. in Figure 4.a) is
located halfway the two terminations; only then the
transit times of the interfering signals to the
interruptions are equal so that they do not show up
in va -

b
3.3. Localization,

Localization of a discharge site in the cable between
the interruptions is possible by the measurement of
the time difference of the pulses, arriving at the
interruptiong., In two cases this procedure can give
some difficulties: ’

~ a pd located exactly in the middle of the cable
does not register in the balanced dectection set-
up, because the two signals arrive at the inter-
ruptions simultanecusly. The best solution to this
problem is to neasure with two signals and a dual
beam ostilloscope or with the balanced setup.

- a discharge site in the immediate vicinity of a
sheath interrupiion leads to more complicated
signals because reflections from the terminations
arvive quickly. In the interpretation one should
note that the polarity of the measured pulses
depends on the direction in which the wave propa-
gates,



The length of the cable between the interxuptions can
easily be determined by the injection of a simulated
discharge pulse at one interruption which is then
measured at both interruptions. The reflected siusnals
from the terminations should not interfere with the
direct signals. This can be achieved when the sheath
interruptions are at a sufficiently large distance
from the terminations. A length of 2 to 3 meters
cable is enough.

4. Apparatus.

All measurements were carried out in the shielded
high voltage laboratory of the Eindhoven University
of Technology. The excellent shielding of this
laboratory gives a 80 @B damping of unwanted signals.

For “hi pd measurement we used a Tektronix 7844 dual
bean oscilloscope with a bandwidth of 400 MHz. The
oycilloscope was placed in a small shielded measuring
cabin. The mecasuring cable (RG 214 U) is laid in a
copper pipe. The characteristic impedance of this
terminated cable forms the input impedance of the
measuxing system.

Measurement of very small pd is possible by the use
of Avantek pre-amplifier: we used two types, with
bandwidths of 2 MHz - 550 MHz and 200 Hz - 550 MHz.
The gain of both types was 28 dB and their noise

53 4V fEr The smallest detectable signal was there-
fore T80 wv__.

Several types of balun were used, constructed
according to [6]. ALl had a small ferrite toroidal
core, with 7 to 13 turns of wire on it.

5. Experlments.
5.1. Tests with RG 214 U and RG 218 U cables.

These cables, with a characteristic impedance z°= 509
were used for calibration and initial tests.
Simulated discharge pulses were injected into a

cable with no terminations; from the signals measured
at the interruptions we were able to calculate the
ground impedance Z_.

For this cable and lnterruptions, 2, was about 2009.
The very small demping of the cables causes little
attenuation or distortion of the pd signais. There-
fore we were able to measure very small discharges
and locate them very accurately. Figure 5 gives a
picture of a pd in a RG 214 U cable. The discharge
magnitude was 0.44 pC and the detection circuit of
Figure 4.b was used.

Figure 5. Parcial discharge in a RG 214 U cable.

The length of the cable was 20 m; the

the discharge sive was g ble with an
+ 3

ch cable was
0.04 pC, with a pulse duraticn of 5 ns, With {2} and
{4) we can calculate, that this is just above the
theoretical minimum (0.03 the given oulse

length.

5.3. Tests with 30/50 kV XLPE cabilas.

These power cables have a characteristic impedance of
about 349, Sheath interruptions are made in the
copper wires of the grcund shield. The outer semi-
conductive layer then gives a measuring resistance of
500 to 1000R, parallel to the 50i input impedance of
the measuring system.

A number of tests with simulated discharge pulses
showed these cables to have a rather high attenuation
of hf signals. This can probably be attributed to the
semiconductive layers [7]. The detailed results of
the attenuation measurements and calculations wiil

be reported in the near future.

Figure 6. Partial discharge in a 30/50 kV XLPE cable.

A typical example of a p< in the XLPE cable is given
in Figure 6. Signals of this kind are difficult to
integrate for the measurement of the apparent

charge g. We therefore have used a conventional ERA-:
detector for refexence measurements.

The smallest discharge we have observed in the power
cables was a 0.4 pC, 10 ns pulse. This discharge
could be localized with an accuracy of + 20 cm.

6. Conclusion.

The experiments have shown that wide band detaection
of partial discharges is possible in short high
voltagecables with solid dielectrlc. The 1 @s in
the extruded inner and outer semiconductive layers
limit the maximum usable bandwldth to about

100 MHz.

A number of shielding precautiong can bring down the
measuring sensitivity to less than 0.5 pC.

Wide band detection makes localization of discharge
sites possible. In the paper this was done by

cscilloscope measurements, the use of more
advanced elactronics is ale.
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SAMENVATTING

Dit proefschrift beschrijft de ontwikkeling van enige meetmetho-
den op het gebied van de hoogspanningstechniek. Hierbij ligt het
accent op meetmethoden voor hoge spanning en op detectiemethoden
voor parti&le ontladingen.

Voor het meten van hoge spanningen zijn twee methoden ontwikkeld,
beide met als ingangscircuit een enkele hoogspanningscondensator.

De eerste methode wordt beschreven in hoofdstuk 2 en is gebaseerd
op achtereenvolgende differentiatie en integratie van het sig-
naal. Een belangrijk voordeel van deze methode is, dat tussen
hoogspanningsdeel en meetinstrument een lange coaxiale meetkabel
gebruikt kan worden. Deze karakteristiek afgesloten meetkabel
vormt dan een integraal deel van het meetsysteem. Op basis van
dit principe zijn verschillende uitvoeringen gerealiseerd voor
het meten van gelijk-, wissel- en stootspanningen; de resultaten
van de metingen met deze apparaten worden ook in hoofdstuk 2
beschreven.

De tweede methode van spanningsmeting is een moderne uitvoering
van de genererende voltmeter. In hoofdstuk 3 wordt een voltmeter
beschreven die geen roterende maar een vibrerende meetelektrode
heeft, aangedreven door eeh piézo-elektrische transducer. In het
kort worden de mogelijkheden aangegeven dit apparaat te gebruiken
voor het meten van spanningen en elektrische velden. Tevens wordt
een bheschrijving gegeven van de benodigde apparatuur om het ge=-
moduleerde signaal van de bewegende elektrode om te zetten in een
spanning die evenredig is met de te meten spanning.

De detectie van partiéle ontladingen in hoogspanningskabels is
het onderwerp van hoofdstuk 4. Door een partiéle ontlading, ver-
oorzaakt door een holte in het di&lektricum van de kabel ontstaan
lopende golven tussen geleider en mantel. Na een kort overzicht
van de vervangingsschema's voor een parti&le ontlading wordt de
voortplanting van deze golven langs de kabel nader bestudeerd.

De verzwakking van de lopende golven wordt voornamelijk veroor-
zaakt door de halfgeleidende schermen (geleider- en aderscherm)
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aan weerszijden van de isolatie. Het theoretische model hiervoor
wordt door middel van verzwakkingsmetingen geverifieerd. Gegeven
deze eigenschappen van de kabel is de kleinst detekteerbare
partidle ontlading bepaald met behulp van een theoretisch model.
Voor 30 m kabel van een bepaald type (30/50 kv XLPE) blijkt deze
kleinste ontlading 0.05 pC te zijn.

De lopende golven kunnen op twee manieren worden gedetecteerd:
door middel van een onderbreking van de kabelmantel 3f met be-
hulp van een 3poeltje dat om de kabel gewonden is. De tweede
methode wordt hier slechts kort beschreven. )

Het hoofdstuk eindigt met enige experimentele resultaten, waar-
onder oscillogrammen van enige kleine parti€le ontladingen in
verschillende typen kabel.
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Bij iedere meting in de hoogspanningstechniek is een
correcte definitie van het -~ vaak omvangriike en onover-
zichtelijke - ingangscircuit wvan groot belang. Het onder-
scheid, dat Gallagher en Pearmain maken tussen "voltage
pulse detection” en "current pulse detection” is een
voorbeeld van onvolledig inzicht in de aard van het
ingangscircuit.

Dit proefschrift, hoofdstuk 1

T.J. Gallagher, A.J, Pearmain,

High voltage - measurement, testing and design
(John Wiley, New York 1983}

Het door Bahder et.al. voorgestelde model voor de veroude-
ring van kabels met kunststofisolatie onder invloed van
het elektrische veld kan niet worden toegepast op moderne
XLPE kabels met hoge bedriijfsveldsterkte.

G. Bahder et.al., IEEE Transactions vol. PAS - 101
(1982) pp. 1379-1382.
G. Bahder et.al., IEEE‘Transactions vol. PAS - 102
{1983} pp. 2173-2182.

Het uitwerken van een "whole vehicle radiated susceptibility
test” aan een voertuig wordt bij hoge frequenties steeds
moeilijker door het sterke richteffect van de antennes. In
dit licht gezien is het frequentiebereik waarover een
dergelijke test dient te worden uitgevoerd volgens SAE J 1338
(10 kHz - 18 GHz) niet realistisch.

SAE Publication J 1338, in: SAE Handbook 1982
{Soc. of Automotive Eng., Warrendale, 1982).

Van de bestaande typen spanningsdelers biedt de differenti-~
erende/integrerende deler de beste mogelijkheid om als on-
derdeel van de deler een lange, karakteristiek afgesloten
kabel naar het meetinstrument toe te passen{

Dit proefschrift, hoofdstuk 2.



De optredende knik in de stijgende flank van een coronapuls,
zoals deze is gemeten door Zentner, vindt ziijn oorzaak in
het meetsysteem en niet in een fundamenteel verschijnsel.

R. Zentner, Zeitschr. angew. Physik 29 (1970)
pPp. 294-301,

Gezien de macromoleculaire structuur van polyetheen is het
uitvoeren van een zgn. naaldtest aan dit materiazal te ver-
gelijken met het prikken van een scherpgepunte wandelstok
in een emmer, gevuld met rubber ballen. Op grond van de
resultaten van dergelijke "naaldtests® kunnen derhalve
geen uitspraken over intrinsieke materiaaleigenschappen
worden gedaan.

Het model dat door Stone en Boggs wordt gebruikt voor de
beschrijving van een halfgeleidende laag in een hoog-
spanningskabel geeft geen adequate beschrijving van de
verzwakking van hoogfrequente signalen.

G.C. Stone, S.A. Boggs, Conf. on El.Ins. and Diel.
Phen., Amherst (1982} pp. 275~280.
Dit proefschrift, hoofdstuk 4.

Om een objectieve voorlichting aan de deelnemers van het
"Informatie en communicatie experiment Zuid-Limburg" te
waarborgen, verdient het aanbeveling in dit gebied op
ruime schaal Orwell's boek "1984" te verspreiden.

De door Nikolopoulos en Topalis aangegeven methode voor het
corrigeren van fouten, veroorzaakt door stootspanningsmeet-
systemen, kan onder ongunsiige omstandigheden aanleiding
geven tot grotere fouten in het gecorrigeerde dan in het
oorspronkelijke signaal.

P.N. Nikolopoulos, F. Topalis, Fourth Int.Symp.
on High Voltage Eng., Athens (1983) paper 65,08
B.R. Hunt, IEEE Transactions vol. AC 17 (1972}
rp. 703-705.



10.

11.

12,

De aanwezigheid van oppervlaktelading op een isolerende
spacer beinvloedt de doorslagspanning van het spacer-gas
systeem. Het is niet correct - hoewel uit praktisch ocog-
punt begrijpelijk - dat deze oppervlaktelading vaak na het
wegnemen van het elektrische veld gemeten wordt.

L.G. Christophorou (ed.), Gaseous Dielectrics III,
chapter 8 (Pergamon Press, New York, 1982).

De slechte economische situatie in de bouw biedt een goede
gelegenheid de sterk versnipperde structuur - die voor een
belangrijk deel verantwoordeliik is voor de geringe

technische vooruitgang in deze bedrijfstak -~ te veranderen.

De uitvinding van het "scratchen” in de discomuziek dient
te worden gezien als een oneigenliijk middel tot het stimu-~
leren van de platen verkoop en niet als het toevoegen van
een nieuw element in deze muziek.



