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Quantitative knowledge about
space charge inside electrical
insulation is important in order to
evaluate the electrical field.

InTRODUCTION
lectrical insulation in high voltage equipment is subject
Eto electrical stress. Severely stressed insulation will age,
and in the case of bad material and/or design, may fail in
service. To design equipment, it is therefore important to have
quantitative knowledge about the electrical field inside the in-
sulation. When the geometry of the insulation, the permittiv-
ity of the different materials, and the service voltage U are
known, the ac field can be computed with the use of suitable
software. Space charge is hardly present in equipment used
under ac stress and therefore plays no role of importance.
In equipment being serviced under dc stress however,
space charge is often present. This charge greatly influences
the electrical field. Quantitative knowledge about the pres-
ence of space charge is therefore needed. This paper de-
scribes the quest for useful measurement principles. One
measurement principle, the Pulsed Electroacoustic method,
will be described extensively. The method of calibration and
the importance of knowledge about the frequency response
of the system are described. The results of space charge
measurements on impregnated paper samples are presented
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and discussed, along with a model that predicts the observa-
tions fairly well.

HistoricaL Review

As the number of applications of dc equipment grew
(HVDC cables, X-ray systems, televisions, etc.) [1-3], there
was a need for quantitative measurement of space charge in-
side the dielectrics used inside the equipment. Following the
history of charge measurement, one recognizes two classes
of techniques: destructive and non-destructive techniques.

Destructive Techniques

The first attempts to quantify charges in and on dielectrics
atthe beginning of this century were made by using powders.
The dielectric was first cut into slabs. After that, charge po-
larity sensitive powder was put on the slabs. Red-colored
lead oxide (P6,0,) was used to detect positive charges;
yellow-white colored sulphur (S) was used to detect negative
charges [2, 4, 5, 6]. The powders “stuck” to the surface
charges on the slabs. Putting the two-dimensional slabs on
top of each other revealed the original three-dimensional
space charge profile. The disadvantages are evident: the
method of preparing the slabs is destructive to the dielectric,
the preparation can affect the charge distribution, and only a
qualitative knowledge is gained.

Later on, quantitative measurements could be performed
by using a field mill or, better, a capacitive (electrostatic)
probe [2, 6, 7]. Again, the dielectric had ro be cut into slices.
The probe approached the charged surface to a certain dis-
tance. The induced voltage at the probe was then measured
by using a stable, high impedance meter. Although the meas-
urement was quantitative, the previously mentioned disad-
vantages still remained.

Other techniques, such as TSC (Thermally Stimulated
Current), TSSP (Thermally Stimulated Surface Potential)
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and TL (Thermoluminescence) are also used concerning the
charge phenomena in dielectrics.

Non-Destructive Techniques

As the need for non-destructive, quantitative measure-
ment techniques grew, new measurement principles were
developed. Most of the measurement principles were devel-
oped in the past one or two decades. They will be reviewed
briefly.

The TSM (Thermal Shock Method or Thermal Step
Method) was the first non-destructive, quantitative method
that saw the light of day [8]. First, a flat sample is made. Thin
electrodes are then deposited on both sides of the sample.
One side of the dielectric sample is exposed to a temperature
pulse or step. This thermal pulse or step travels as a thermal
wave through the sample. Any space charges inside the sam-
ple will be slightly displaced as the thermal wave passes by.
This slight displacement of charges results in a simultaneous
shift in the electrode charges, which can be measured as a
current or voltage (depending on the detection circuit). The
propagation of the thermal wave through the sample can be
calculated. Together with the voltage or current signal, the
original space charge distribution can be calculated using
convolution techniques. The disadvantage of this method is
the need for rigorous mathematical treatment and the great
expense of the equipment.

The PWP (Pressure Wave Propagation) method was a bet-
ter alternative, and it is widely used nowadays [2, 9, 10]. The
principle is very much like that of TSM. Instead of a thermal
pulse, the sample is exposed to a pressure pulse of very short
duration (one often talks about an acoustic pulse instead of a
pressure pulse). The pressure pulse travels as a wave through
the sample, displacing any apparent charges inside the di-
electric. As with TSM, this results in simultancous displace-
ment of electrode charges that can be detected as a small
voltage or cutrrent. Due to the short duration of the pulse,
there is no need for convolution techniques to recover the
charge distribution. This is an advantage over TSM. A pie-
zoelectric foil, PVDF (Polyvinylidenefluoride), is used as a
pressure generating device. However, in the beginning of the
development of the PWP method, the pressure pulse was
generated by ceramic piezoelectric devices. These methods
are known as PPP (Piezoelectrically Generated Pressure
Pulse) method and PPS (Piezoelectrically Generated Pres-
sure Step) method.

The LIPP (Laser-Induced Pressure Pulse) method uses the
same principle as the PWP method but differs in the generat-
ing of the pressure pulse [2,11]. A very short laser pulse
(< <1ns)irradiates one side of the sample. The material gen-
erates a pulsed acoustic wave as a result of the energy shock
at the surface of the sample. Like the PWP method, the LIPP
method in principle needs no mathematical treatment. The
only disadvantage is the rather costly system. The advantage
over PWP is the shorter rise time of the stimulating pressure
pulse. The decay time, however, is of the same order of mag-
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Fig. 1 Circuit description of the PEA measurement system

nitude. In the literature, the names “LIPP” and “PWP” are
often used interchangeably.

All of the non-destructive methods named so far use an
externally generated wave quantity (thermal or acous-
tic/pressure) that travels through the whole sample and in-
teracts with the charges when passing by. The principle way
of detection is electrical.

The PEA (Pulsed Electroacoustic) method principally dif-
fers from the previous mentioned methods [1, 2, 12,13, 14].
The method was developed by the research group of Prof, T.
Takada (Japan) in close cooperation with Prof. C.M. Cooke
(USA). A short electrical pulse is put across the sample. As a
result, the charges are stimulated by the pulsed applied field
and experience a pulsed force that travels as acoustic waves
(from each charge) through the sample. The acoustic waves
are detected by a piezoelectric transducer (PVDF foil) that
converts them into electric signals. With the PEA method,
the wave quantity (acoustic/pressure) is generated at the site
of the charges itself. The principle way of detection is acous-
tic. The method is also known as the ESAW (Electrically
Stimulated Acoustic Wave) method.

Deraien Description of THe PEA Metnoo

Measurement Set-Up

The principle of the Pulsed Electroacoustic method will
be further explained using Fig. 1. The dielectric sample is put
between two electrodes. Seen from left to right, the system
consists of electrode El,, conducting acoustic layer L, the
sample, electrode El,, piezoelectric transducer T, and acous-
tic absorber Abs. An amplifier is placed across the transducer
T that leads its signal to an oscilloscope. A pulse source and a
dc source are mounted in parallel across electrodes El, and
El,, using a coupling capacitor C and a protecting resistor R.
Typical values for the dc voltage are 5 - 40 kV, depending on
the sample thickness. Typical values for the pulse voltage and
pulse width are 0.1-2 kV and 5-200 ns, respectively.

27




The result of putting a dc voltage across the sample is
two-fold. First, charges are injected in the sample; that is,
space charges are generated. Second, electrode charges are
formed at the electrodes.

The effect of the pressure pulse is the generation of pres-
sure waves at three principle sites: at electrode El,, at El, (the
electrode charges) and at places inside the sample where
space charges have accumulated. They all simultaneously
travel through the sample in two directions.

To the right, they travel through the sample and are trans-
ferred into electrode El, (aluminum). This electrode delays
the arrival of the acoustic pulse until the disturbances,
caused by the firing of the pulse source, have died away.
Hereafter, the acoustic wave 1s transmitted to transducer T
(PVDE, typically 4 to 110 :m thick; the smaller, the better
resolution). Leaving transducer T, the acoustic wave is trans-
mitted into acoustic absorber Abs which delays and sup-
presses the reflections of the acoustic wave back into
transducer T. To the left, the acoustic waves first meet the
conducting acoustic layer L. The need for this layer will be
explained later. From here, the acoustic wave is transmitted
to electrode El, (aluminum), after which it will reflect
against the air/aluminum interface and will travel back into
the system. As all the waves that started traveling to the left
will arrive later at transducer T than the waves that started
traveling to the right, no overlapping of signals occurs.

The transducer T transforms the acoustic wave into an
electrical signal. This signal is amplified by a broadband am-
plifier and displayed on an oscilloscope.

Reflection and transmission will occur at every acoustic
interface. This cannot be ignored and will be discussed later.

ErecTrosTatic DESCRIPTION
Starting from Poisson’s equation for quasi-static fieldsin a
dielectric of constant relative permittivity e, , given by

v.E=LP |
&, (1)

it can be deduced that for a flat sample the electrode charges o
and ©; are given by

G, =¢g,e L, )
O, = —848,E, 3)

where E; stands for the magnitude of the electric field at El; and E,
stands for the magnitude of the electric field at EL.

At the Electrodes

Electrostatic forces per unit area, i.e., pressure, generated
at the electrodes El, and El, are then given by

1 1
p, = 5808,]512 = zclED “)
1 1
pZZ—ZSOS,E§=—2«(52E2. 5)

We introduce a total field comprised of two parts; the dc field E; pc
and the pulse field E, (which is approximated by U, /dsme) by
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E,=E,;+E, (6)
E,=E,pt+E,. @)
It follows that

1
b= zgoer(Elz,DC +E; +E1,DC Ep) >

1
pzz_zeos,(EiDc +E. +E,pc Ep) . )

The term E;pc” represents a constant pressure that can be ne-
glected. By using (2) and (3) we end up with

1
b= Gl,DCEp + E SOS,E;

(10)
P, =G,5cE, - 1 N
2 (11)
Generally E,” <<0;pcE, . Therefore, it follows that
P =6, pellys (12)
Py =0,pcE, (13)

Within the Dielectric Bulk

The electric pulse E, with width AT acts on a slab of space
charge of width b=v AT, where v, denotes the speed of
sound inside the sample. Then the pressure at place x inside
the sample is given by

ps(x)=p(x)bE,. (14)
The description has used the electrostatic approximation, which
in practice has proved to be sufficient.

It results from (12) and (13) that the amplitude of the
pressure waves originating from the electrode charges de-
pend linearly on the pulse voltage and the electrode charges
themselves. From (14) it follows that the pressure amplitude
originating from the space charge depends linearly on the
pulse voltage and the space charge itself.

Acoustic DescripTion

Every layer in the measurement system (Fig. 2) has a cer-
tain, known acoustical impedance Z,. When there is a mis-
matching of these impedances at two successive layers,
reflection and transmission of the acoustic waves will occur
at the interfaces. From each charge source, i.e., the elec-
trodes El, and El, and the space charges inside the sample,
only a part of the acoustic wave will arrive at the transducer

El, L

Sample El, T

Fig. 2 Acoustic description of the measurement set-up
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T at one moment in time. This can be described by introduc-
ing transmission coefficients K.

The part of the acoustic wave originating from El, (p,)
that arrives at transducer T (p, ;) is given by

Pir= K K, K, p, (15)

The part of the acoustic wave originating from El; that arrives at
transducer T 'is given by

Dor= K; K, p, (16)
The part of the acoustic wave originating from a slab of space
charge that arrives at transducer T is given by

1
bsr = sz K, p,

(17)
where
.= Zm Kz — 2 Aluminum
Zsa + ZL ZAluminum + Zsa (18)
I<3 - ZAluminum W= ZT ,
ZAluminum + Zsa ZT + ZAluminum (19)

and Z, stands for the acoustic impedance of material x.

For an equal weighing of the acoustic waves, which in
turn is necessary for an equal weighing of the different
sources of space charges it is necessary that

1
K KK, =K K, = KK, 20)

Equation (20) will be satisfied if (using (18) - (21)),
Z,=7, @1)

Layer L. may be chosen to have the same acoustic imped-
ance as the sample material and may be conductive for easy
contact to the sample. Without this layer, the acoustical in-
terface would be formed by the sample material and the alu-
minum electrode E/l,. The acoustical impedance of
aluminum (and in fact of any useful metal), however, is ap-
prox. ten times higher than the most used plastic samples like
PE, LDPE, HDPE, PMMA, etc., so that condition (21)
would not be satisfied.

Cavigration

The output signal #__ in Volts on the oscilloscope must be
translated into pC/cm’. By using equation (14), which is
valid for charge density (UC/cm?), we can write

Uy =Kp =¥ E,bp=Kp, (22)

where K is the overall calibration factor, which, in this survey, is
independent of frequency. To be more complete (and sometimes
necessary!) the full frequency dependent response function of
transducer and amplifier should be taken into account.

If the sample is initially free of any space charge, putting a
dc voltage across it has the effect of creating only electrode
charges 6, and 6, but no space charges. The dc voltage must
therefore be chosen not too high so that no space charge will

May/June 1997 — Vol. 13, No. 3

be injected. Under these conditions we may calculate the
electrode charges 6, and &, by using (2) and (3)

Unc

(o) , T
d 23)

cal = 808

where G, stands for the electrode charges of the sample without
space charges. Together with (12) and (13) we artive at

3 €,8,Upe Ep
pml - d bl (24)

where p.a stands for the pressure originating from the electrode
during calibration.

Combining (22)—(24) we arrive at an expression for K|
_ db uosc,cal

B €€, Upc (25)

where  #o.a denotes the oscilloscope signal during calibration.
When the de voltage Upc or the pulse voltage U, is changed during
a measurement, a new calibration factor K must be determined. A
more elaborate discussion about calibration, including a convolu-
tion type description of the signals may be found in [14]. For the
sake of explaining the principle of calibration, we have given a
simplified expression.

Svstem Response

It is important to have a good understanding of the fre-
quency behavior of transducer T and amplifier A as in some
cases they can distort the acoustic wave. As a result, part of
the output signal may be wrongly interpreted as space
charge, but it is in fact a result of the frequency response of
the transducer and amplifier. The distortion takes place, for
instance, if the transducer and amplifier do not pass the total
frequency content of the original acoustic signal.

Distortion takes place if the frequency response of the
amplifier is not flat, if the amplifier’s high cut-off frequency
is too low, or if the combination of transducer and amplifier
act as a high-pass filter. The first two problems are easily
solved by using a high quality amplifier with good and suffi-
cient frequency characteristics. The third problem deserves
some extra attention.

T

T

Fig. 3 Circuit description of the transducer amplifier combination. The PVDF sensor is
represented by a frequency independent pressure p to voltage Up transformer.
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Fig. 4 Frequency characteristic W(f) of transducer/amplifier combination (dash-dot
line, R4=50 Q, Cr=0.1 nF}, frequency characteristic of original signal P(f) (solid line)
and frequency characteristic V(f) of the output signal (solid line with circles)
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Fig. 5 Time domain signals. The simulated acoustic signal p(¢) (solid ine) and the dis-
torted signal v(t) (dash-dot line)

The transducer consists of a PVDF sensor that has a high
capacitance (typically 0.1-5 nF). Low-noise and high-
frequency amplifiers (500 MHz) often have a low input im-
pedance (50Q) (see Fig. 3 for the simplified circuit descrip-
tion). Together, they act as a high pass filter with a cut-off
frequency that may lie well in the range of the frequency
content of the acoustic signal.

The frequency response function of the circuitis given by

_ 2mfCr R,
W(f)— 1+ 2wjf C, RA’ 26)

where R4 denotes the input impedance of amplifier A, Cr denotes
the capacity of the transducer T, f stands for the frequency of the
signal, and j is the imaginary unit.

The frequency plot of W(/) is plotted in Fig. 4. In the fol-
lowing we will simulate what will happen with an undis-

30

torted acoustic signal when it is detected by the trans-
ducer/amplifier combination. In Fig. 5 the simulated acous-
tic signal p(¢) is plotted (resulting from a 10-ns-wide
electrical pulse). This is the original undistorted signal. The
signal p(¢) is transformed into the frequency domain by using
an FFT algorithm, which gives us P(f), which is plotted in
Fig. 4. The frequency domain voltage output signal V(f) is
calculated by

Vi) = Py W(. 27)

As may be seen in Fig. 4, the lower frequency content of
the original signal P is attenuated by the frequency response
W(f) of the transducer/amplifier combination. When we
transform V(f) back into the time domain by using an inverse
FFT algorithm, we arrive at a distorted signal v(¢) that may
be found in Fig. 5. The negative undershoot of the first pulse
is not the result of real measured space charge but of the fre-
quency response of the measurement system. This result
should not be misinterpreted! This problem can be solved
mathematically or by using an amplifier with an higher input
impedance, for instance 50 kQ. The disadvantage of such
amplifiers is that their noise level is much higher.

We only took the R,C, distortion into account. To be
more correct, the frequency-dependent response function of
the PVDF sensor and of the sample material itself should be
taken into account. Whether one should use elaborate con-
volution and FFT techniques to restore the original signal or
not depends on the desired accuracy and the purpose of the
measurement. The result stresses the fact that the PEA meas-
urement system and its frequency response must be known
before an interpretation of signals can take place.

Test Resutrs on Imprecnaten Paper

Many tests have been performed by other authors on
polymeric samples. Little information, however, exists on
testing mass-impregnated paper insulation. High Voltage
Direct Current (HVDC) submarine cables are mostly of the
MIND (Mass Impregnated Non-Draining) type and use this

El / Sample j/ ;j Ei
2 1

Fig. 6 Definition of electric field symbois
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kind of paper insulation. As these cables are often part of
very large projects [15] and as they have proven to be very re-
liable, it is interesting to investigate the space charge behav-
ior of this type of insulation.
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The tests were performed using flat paper samples in-
stead of full-size cables. In the first approximation, it was
assumed that the space charge behavior of a flat paper sam-
ple is not different from the behavior of a paper stroke in a
ready cable. Therefore, in the first approximation, it was
considered justifiable to test paper samples instead of full-
size cables.

Different types of paper and oil combinations have been
tested. The papers differed mainly in thickness (100-155um)
and air impermeability (100-10000 Gurley seconds), whereas
the oil differed mainly in resistivity (10-400 TQm) and viscos-
ity (4-7500 mm?/s). The samples were prepared in such a way,
that the production process of full size cables was reflected as
much as possible. The paper was first vacuum dried at 120°C,
and after that, it was impregnated at 120°C. The temperature
of the samples was then reduced by natural cooling,.

The samples were kept in glass bottles. The oil level in the
bottle was such that the paper was immersed in the oil com-
pletely. The bottle was wrapped in aluminum foil. These
measures were taken to prevent air and moisture from dif-
fusing into the sample.

It was concluded from the test results that whatever the
combination of paper and oil, three general trends were ob-
served. They will be mentioned first and discussed later on.

1. Homocharge is always observed, both at anode and cathode.
2. A specific charge growth/decay pattern occurs.

31




_m_;_
| \eo

E' /fSample / El
]

Aluminum

120

100 - L]

80 1

f%]

60

40 -

[ | I T
100 120 140 160 180 200

dlum]

Fig. 9 Field enhancement factor f as a function of paper thickness ¢

— N+

| NGV |
/. A
El Sample / El
2 1
Aluminum Carbon
120
1001 @
80
_ -
& 60
n
40 - "
20 - -
0 e S
100 1000 10000

Fig. 10 Figld enhancement factor f as a function of air impermeability G

3. The growth and decay of the charge profiles can be de-
scribed by roughly two time constants, a small one (order of
magnitude 1 minute) and a large one (>1/2 hours).

The observations were done using both voltage polari-
ties and different voltages (2 - 8 kV). The two different
electrode materials that have been used, conducting pa-
per and aluminum, had no influence on these general
trends.

Homocharge

The fact that homocharge occurs in all cases means that
interface processes dominate over the bulk conduction
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mechanism(s). Charges are more easily injected than they ax
transported away from the electrode.

The maximum of the charge densities at a moderate ho-
mogeneous dc stress (U/d) of 20 kV/mm varied between
roughly 10 and 30 C/m’.

The high reproducability of homocharge patterns in paper
is quite remarkable as space charge distributions in plastic
samples or PE cables are usually hardly reproducable [1, 16].

If homocharge appears at both electrodes, it results in a
field enhancement in the middle of the paper (see Fig. 6).
The relative field increase as compared with the homogene-
ous dc field will be called the field enhancement factor fand
is defined as

U
EMAX - E
f=—g—2%100%,
d (28)

in which Eyaxis the maximum field strength in the sample, Uis the
external voltage and d is the thickness of the sample.

Growth/Decay Fattern

The difference in growth and decay patterns is shown in
Fig. 7. Starting from an initial space charge- free sample, it
was observed that the growth of charge starts from near the
electrodes. After some time the charge grows in magnitude
and travels deeper into the paper. When the positive and
negative homocharge meet each other in the middle of the
paper, a stable situation occurs. It is assumed that recombi-
nation of charge carriers takes place in this region.

When removing the voltage, the charge profile changes in
magnitude only; the homocharges diminish.

This is explained by the fact that the field direction in the
middle of the paper stays the same after removal of the volt-
age. As a result, the charges still move to each other until com-
plete recombination has taken place. Nearer the electrodes,
the field direction is reversed due to the removal of the volt-
age. The charges in this region will travel back toward the
electrodes. It is assumed that they are adsorbed there.

Time Constants

The growth and decay of space charge can be described by
two time constants (see Fig. 8). The first time constant is a short
one (<1 minute). The second one, although it differs much per
sample, mostly is >1/2 hours. It is explained as follows.

Charges are injected at the electrodes in an initially space
charge-free sample. This may happen quite quickly and is de-
scribed by the first time constant.

Injection processes are often field-dependent in a non-
linear way (think of the Schottky injection, for instance).
The higher the interface field, the higher the rate of charge
injection. As a homocharge is formed, the interface field is
lowered, thus decreasing the rate of injection. After the in-
jection, the charges will move deeper into the sample and
will prevent the homocharge profile from stabilizing imme-
diately. Only after the three processes (injection, transporta-
tion, and recombination) are in balance does the
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homocharge profile become stable. These combined actions
may then be described by the second time constant.

The Effect of Paper and Oil Properties on the Field
Enhancement Factor

The field enhancement factor f may be seen as a paper
perfomance factor, The higher the field enhancement fac-
tor, the higher the field in the middle of the paper, which is
not desirable. And even worse, after a polarity reversal, the
field at the paper interface is increased. Interfaces are gen-
erally the weakest points in an insulation system. It is there-
fore desirable to keep the field enhancement factor f as low
as possible.

In Fig, 9, the field enhancement factor fis shown as a
function of the paper thickness d, and in Fig. 10, f is
shown as a function of the air impermeability G. Itis con-
cluded that the lower the thickness d and the higher the
air impermeability G, the lower the field enhancement
factor f.

There were no paper samples available such that the
thickness and the air impermeability of the samples could
be changed independently. At this stage it is therefore
more correct to evaluate the combined quantity {d, G}
and not to evaluate the quantities separately. Itis therefore
concluded that thin paper with a high air impermeability
coefficient is the best choice to keep the field enhance-
ment low.

From other observations, it was concluded that the higher
the conductivity 6 the lower the field enhancement factor f.
The results are not shown here.

The table shows what type of paper and oil should be used
in order to keep the field enhancement factor low.

Table |
paper ol
property thickness air impermeability  { conductivity
chaice small high high
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Fig. 12 A simulation result of a growth pattern. The voltage during simulation was 2 kV dc.

A Physical Model for Space Charge Accumulation in
Impregnated Paper

A model has been built, based on ionic conduction [17],
Schottky injection [18], and recombination. The model pre-
dicts the occurrence of homocharge, the specific growth/de-
cay patterns, and the order of magnitude of the charge
density and the field enhancement factor, However, it failed
to predict the occurrence of the two time constants.

Fig. 11 shows the principle of the model. The ionic con-
duction in the bulk of the paper is modeled as energy barriers
placed in a row at a successive distance L, which later on
proved to be in the order of magnitude of 0.1 - 5 um (compa-
rable to the pore structures in paper). The energy barriers
have been set up for both positive and negative charge carri-
ers. A Schottky injection of positive charges has been mod-
eled at the anode and a Schottky injection of negative charge
carriers at the cathode. Recombination was modeled
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throughout the whole sample and was made a function of
the charge carrier density as a function of location.

The different parameters of the ionic conduction model
and the Schottky model have been chosen, based on steady-
state conduction considerations [17]. Other parameters,
such as the rate of recombination and the distance between
the energy barriers, have been chosen in an iterative way in
order to match the observed values of charge density p, field
enhancement factor f and time constant T, (the large one).

Fig. 12 shows a result of the simulation of the growth of the
charge. The lower part of the figure shows the charge density
p as a function of location, whereas the upper part shows the
field E , relative to the Laplacian field in percentages.

The values of field enhancement, homocharge density,
and time constant agree very well with the observed values
within the order of magnitude. The specific pattern of
charge growth is also clearly observable: charges start at the
electrode and move to the interior of the paper.

The region very close to the electrodes (first 20 wm or so)
could not be observed in practice, due to the limited resolution
of the measurement system. The charge densities as measured
may therefore be compared only with the calculated values,
disregarding the regions very close to the electrodes.

The calculated decay pattern (not shown here) corre-
sponded with the observations, too.

A more detailed evaluation about the testing and the dis-
cussion on space charge measurements on impregnated pa-
per will be given in a paper that will be presented elsewhere.

ConcLusions

Together with the Laser Induced Pressure Pulse (LIPP)
method, the electrically pulsed acoustic method (PEA,
ESAW) is the most commonly used principle of measuring
space charge nowadays. The PEA measurement method was
described against the background of the historical search for
anon-destructive way of measuring space charge in a quanti-
tative manner. An electrostatic approximation was used to
describe the principle of the electrically pulsed method. Ei-
ther the acoustic impedances must be known or an acoustic
layer at the high voltage electrode must be used in order to
quantify the surface charges on that electrode in a correct
manner. For some transducers, the charge signal will be dis-
torted by the combination of transducer and amplifier when
using a low input impedance (50 Q) amplifier. It depends on
the desired accuracy and the purpose of the measurement
whether one should use mathematical tools to reveal the
original signal.

Test results of PEA measurements on oil-impregnated pa-
per samples were presented. In most of the literature, space
charge measurement results are shown for plastic samples.
To the authors’ best knowledge, this is the first time that re-
sults have been published on space charge measurements on
HVDC cable paper.

Thick papers with a low air impermeability coefficient
suffer from the highest field enhancements in the middle of
the paper. Regarding the oil, the conductivity should notbe
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chosen too low, in order to keep the field enhancement fac-
tor low. A physical model based on ionic conduction,
Schottky injections of both positive and negative charge car-
riers, and recombination was able to predict most of the ob-
servations.
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