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Abstract

In 1985 Takada developed a acoustic based method to evaluated polarization and injected
electric charges in Dielectrics. This method is known since then, but is still not really
common in the evaluation of insulation materials. For the monitoring of insulation ma-
terial under AC voltage, the partial discharge measurement and the dissipation factor
measurement have clearly prevailed. For the evaluation of DC insulation systems, how-
ever, it is somewhat more difficult, since the phase relationship between the current and
voltage is lost. Therefore Space Charge measurement might become more important in
the near future, to evaluate the degradation of insulation material. Moreover, the effect

of charge injection cannot be detected with a partial discharge equipment.

The results of the space charge measurement show quite different results for the different
materials as well as for the different applied electrical field magnitudes. Very interesting is
the difference of charge accumulation at the electrodes, where Kapton accumulates hetero
charge, but Fluorinated Ethylene Propylene accumulates homo charge there. The charge
carrier stored in the bulk, due to the effects of polarization and charge carriers injected,
appear to be very different for the two materials as a function of electrical field. While
the accumulated charge has a rather linear course for Kapton, the same effects take a
rather exponential course for Fluorinated Ethylene Propylene and has a threshold level

in terms of the magnitude of the electric field.
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1 Introduction

In the course of time, great progress has been made in power electronics in recent years.
The components developed in this process are becoming increasingly powerful and voltage-
resistant. For this reason, power electronics is becoming more and more important in
high-voltage engineering. This opens up a new, old-well known possibility for electri-
cal power distribution to implement Thomas Alva Edison’s initially preferred method of
power distribution by means of Direct Current(=DC). The reduction of the effects of
reactive power components and skin effect, as well as the higher transmitted power per
volume are only a few advantages that would speak for a change from AC to DC. [1] The
key technology in this context is power electronics in order to vary the desired voltage
levels, since transformers cannot be used under DC. However, when DC voltage is used
by means of DCDC converters, a superimposed ripple occurs due to the fast switching

frequencies. This prevents a complete disappearance of the first two mentioned effects. [2]

The change of the network distribution voltage form from AC to DC voltage with su-
perimposed ripple does not only mean the use of power electronics, but also leads to a
changed in stress onto the insulation system. Transient switching operations in distri-
bution networks lead to voltage peaks. [3] [4] The electric field distribution during these
switching transients is therefore similar to the electric field under AC. From this follows
the insulation system needs to be capable for AC and DC. However, the insulation is
exposed to the DC voltage for most of the time. While under AC the dielectric con-
stant is responsible for the electric field distribution with layered dielectric, the electric
field distribution with DC results from the different conductivities of the materials. [1] [5]
This would not be a problem if both parameters behave the same or remain constant in
case of an external influence. However, this is not the case, while the dielectric constant
changes only marginally with different weather and temperature variations, this affects
the conductivity of the insulation materials very strongly. The fluctuations under AC for
the dielectric constant are in the tens, but for the conductivity, fluctuations can go far

beyond several powers of ten. [6] [4]

The evaluation of insulation materials under AC for its degradation, is mostly investigated
with partial discharge detectors. This method has been performed for decades and, with
the dissipation factor measurement, it is the most commonly used method to find out the

degree of degradation. [7]

At the present time, no method has become widely accepted for testing insulation ma-
terials under DC voltage. Partial discharge measurement is also used for DC voltage.
However, the phase reference of current and voltage is lost. In addition, PD pulses occur

much less frequently due to the high time constant. [4] [7] [5] Therefore, mirroring the
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evaluation methods from AC to DC makes it difficult to detect PD pulses, especially in
noisy environment. This does not mean that the partial discharge measurement under
DC does not make sense. However, it makes the evaluation of PD under DC very difficult

at the moment. [7]

The above arguments lead scientists and the industry to find other ways to test insulation
systems for degradation. In 1985, Takada introduced an acoustic method to determine
the amount of space charge density in insulation materials. The lack of market from
testing insulation systems under DC stress has made this measurement system somewhat
forgotten. As the trend in electrical energy transmission is moving back towards DC
voltage transmission due to the arguments mentioned above, this measurement system
is more up-to-date than ever. In addition, the development of high-voltage insulation is
moving towards ever higher nominal electric field strengths. At very high electric field
strengths of over 100kV/mm at room temperature, charge injections can occur at the
electrodes into the insulation material, which can only be represented and differentiated
from other effects such as occurring partial discharge on the basis of the space charge
measurement. [8] [9]

In this further report, space charge measurements using the Pulsed Electro Acoustic
method were performed on Kapton (Polyimide-Film) and Fluorinated Ethylene Propy-
lene (=FEP).
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2 Direct Current at a Polymer based Insulator

If voltage is applied to an insulating material, different polarization processes first oc-
cur within the bulk of the insulator, depending on the frequency of the voltage. As the
frequency of the applied voltage approaches zero, further polarization processes occur,
which do not occur with an AC voltage with a nominal frequency of 50 Hz. Due to
the decay and almost complete disappearance of the polarization current, the field distri-
bution changes and goes from a capacitive to a resistive field distribution. This results
in charge accumulation at the interfaces of different conductivities. The accumulation of
charge carriers at the material interfaces in the insulator influences the initial electric field
resulting from the charge accumulation at the electrode surfaces. [10] The specific conduc-
tivity of polymer-based insulating materials depends on different mechanisms, therefore
an integral current measurement (PD-measurement) does not provide information about
the processes taking place as well as about the nature of the charge carriers involved. [11]
It is also important to clarify the injection of charge into the insulating material. This
requires a spatial and chronological resolution of space charge in the solid insulating ma-
terial. For this purpose, the Pulsed Electro Acoustic, the pressure wave method and the
thermal step method have become widely used.

As already mentioned, the conductivity depends on many factors. The criteria that
influence the conductivity the most are the electric field strength [12] [13], the temper-
ature [14] [13], the humidity [15] and the time [13]. However, in order to gain a deeper
understanding of the transport of charge in polymer-based insulating materials under DC
voltage, the change in the cause of electrical conductivity must be considered in more de-
tail. The different processes that occur make it difficult to create a single charge transport

model as known from semiconductor technology.

3 Pulsed Electro-Acoustic Method

The Pulsed Electro Acoustic (=PEA) method was developed by Takada, as already men-
tioned. The principle of this method is based on Coulomb’s one-dimensional force law.
The basic operating principle is shown in Fig. 1. It consists of a High voltage DC-
Generator, which is responsible for the constant high electric field over time within the
sample and allow the accumulation of space charges. [16] The High DC voltage applied
to the sample is superimposed with a pulse voltage e,(t), which has a short on time and
a defined frequency in the low kHz range. The pulse will move the accumulated charge
carriers slightly, this movement by the charge carriers generates an acoustic wave which
travels through the sample and the ground electrode and is then recorded with a piezo
electric sensor. This sensor allows the conversion from an acoustic signal to a voltage

signal proportional to the space charges. The absorber after the piezo-sensor is used to
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avoid reflections of the acoustic signal. The amplifier after the piezo electric sensor keeps
the signal-to-noise ratio as big as possible, since the output voltage of the piezo electric
sensor is very low. The amplified voltage signal is then recorded with the scope and sent
to a computer to be first saved and then post processed. [16] [17] [18]

FEqu.3.1 shows the mathematical expression for the output signal in the frequency do-
main.

a(0) o(d)

V() = SUIZ R + RO+ T eap(- L2

=) (3)

« S(f) System response function that depends on the transducer and the amplifier

a(0)
Vs AT

Surface charge at the ground electrode

« R(f) accumulated charge in the sample

. g%ewp(—i%) surface charge at the high voltage electrode
e DeltaT sampling time

e v, speed of sound

e d sample thickness

= I; AMPLIFIER

SURFACE CHARGES

Figure 1: Measurement and function principle of the PEA-method
source: [16]
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3.1 Generated and Induced Surface Charges

If Flig. 1 is used as an illustration and a voltage is applied to the test specimen, the
charge initially accumulates on the surface of the material with the lowest conductivity.
The accumulated charge then depends on the electric field Eg4. and on the permittivity
of the material €. [16]

€ = €&y (3.2)
EDC = ‘/dc/d (33)
opc = By (3.4)

Where:
e g9 permittivity of free space
e g, relative permittivity of the material
e d thickness of the specimen
e Vi applied voltage

The calculation of Equ. 3.3 refers to a uniform electric field, where fringing fields at the

edges of the electrodes are neglected. [19]

The accumulated surface charges at the high voltage electrode and at the Ground electrode

are of the same magnitude, but opposite in sign. [16]

O'jl; = 5Edc (35)

O'd_c = _5Edc (36)

Assuming a positive voltage, the positive charges accumulate at the interface between the
high-voltage electrode (Anode) and the test specimen. The negative charges accumulate
at the interface between the ground electrode (Cathode) and the test specimen. The
superscripts in Equ. 3.5 and Equ. 3.6 illustrate this. Similarly, the superimposed pulse
voltage, which is responsible for the movement of the charge, generates additional surface

charge.
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As with the surface charge from the applied DC voltage, this occurs on both electrodes
with different signs. [16]

€
U;_ulse = §6P(t) (37>
_ g
Opulse = _éEp(t> (38>

As soon as space charge p(x) accumulates in the bulk of the material, injected by the
surface charge, the surface charge results in opposite magnitude, but with the same sign.
The ratio in front shows the injection of the space charge starting from the high voltage
electrode (Equ. 3.9) or from the Ground electrode (Equ. 3.10), respectively. [16]

o
oy = —/Epp(x)d:c (3.9)
d
o, = —/ d_dxpp(x)dx (3.10)

The total surface charge for the High voltage electrode and the Ground electrode results
then in the following Equations: [18§]

d
0" =04+ Opuee + 0y = €Ba. + gep(t) — / %p(m)dm (3.11)
0
€ Td—u
0" =04+ 0puse 0, = €L — §ep(t) - / Tpp(x)dx (3.12)

0
Since the magnitude of the generated field strength caused by the pulse voltage (e,(t))
is only a minor part of the magnitude of the electric field strength caused by the high

voltage source (Eq4.), this term can be neglected from the equation. [18] [16]

o
Figure 2: accumulated surface charges at the interfaces of the electrode
caused by the applied electric field Eg4. as well as injected

space charges p(x) source: [16]
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3.2 Electrostatic Forces

As explained at the beginning of this chapter, the working principle of this measurement
is based on the one-dimensional Coulomb’s law of forces. The accumulated charge on both
electrode surfaces strives for a charge exchange until a charge equilibrium is established,
which is prevented by the low conductivity of the test specimen. The accumulated charge
due to the high electric field is exposed to the total electric field from the sum of the DC

voltage source and the pulse generator. [16]
E(x,t) = Eq(x) 4 ep(t) (3.13)
The mathematical description formulated by Coulomb law of force is:
F=qF (3.14)

e q is the charge of a single charge carrier
o F is the force
- E is the applied electric field to the charge carrier

If the Equ. 3.14 is applied, the electrostatic force is given by the FEqu. 3.15 and
Equ. 3.16: [1] [16]

fi (2) = ;aJrEdc(x) _ ;aEdC 2(z) (3.15)
() = 50 Bule) = oA () (3.16)
ATE, (2) = plo) AvEa(r) (3.17)

o fi (x), fg, (x) forces acting on surface charges: o+ (z), o~ (x)

o« AfP(x) force acting on thin space charge layer: Ax
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The force originating from the DC voltage source due to the Laplace field can be neglected.
The field generates a constant force and thus also a constant pressure wave. Therefore,
in this case only the Equ. 3.18 — 3.20, which are responsible for the charge vibration

are taken into account. [16] [18]

L 2(t) = [0t + ésep(t)]ep(t) (3.18)

1 1

1ot = 07 eylt) = S2e2(t) = [0~ + seep (O]t (319)

A2 (2,1) = pla)Axe,(t) (3.20)

3.3 Generation and Propagation of Acoustic Waves

The vibration of the charges, due to the force f., () generates acoustic waves that prop-
agate through the PEA cell. When the acoustic wave reaches an interface of two different
materials with different acoustic impedances, one part of the wave is reflected and an-

other is transmitted. These phenomena are described by the coefficients: generation

Kfi i transmission KZT_ ; and reflection K z.P: ; in the following equations. [16]
Z;
G j
K ;= i j (3.21)
27
T j
K ;= i : (3.22)
7. _ 7
R J i
il i : (3.23)

As already mentioned, these coefficients depend on the acoustic impedance Z, which in
turn is a product of the mass density and the acoustic velocity of the medium. The
lowered letters indicate the material from which the acoustic wave is generated or coming
from (¢) and the material to which it propagates, j. [16]

Using the propagation velocity v of the material ¢ and the strength of the material d,
that the acoustic wave must pass, the propagation time 7, of the wave can be calculated

using the following equation: [16]
Ty = — (3.24)

To illustrate this F'zg. 3 shows the generation and transmission coefficient at the interfaces

of the materials and in the bulk.
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The subscripts AL stands for Aluminium, A for specimen A and PVDF is the Piezo

electric sensor.

Hv SAMPLE GROUND SENSOR

r(z) 0 &.

=p+(t)

)

~—r

PO

51

N Ter NI
r >T gl

Figure 3: generation and propagation of acoustic waves source: [16]

If Fig. 3 is used for illustration, then an acoustic wave is generated (K§,_,), due to the
surface charge on the high voltage electrode. The generation of it can be calculated with
Equ. 3.25. This wave then propagates through the test specimen A until it meets the
ground electrode, due to the different impedances of the media (K% _ ,;) is calculated with
Equ. 3.26. Once the wave has finally propagated through the ground electrode to the
piezoelectric sensor, the last interface between the ground electrode and the piezoelectric

sensor has to be mastered(K%, o ). This interface is calculated with Equ. 3.27. [16]

Za
K¢ ,=—-—" 3.25
AL—A ZAL +ZA ( )
2741

Kt , =" 3.26
A—AL ZA +ZAL ( )

2Zpypr
KXL—PVDF = (3-27)

Zar+ Zpvpr
The acoustic wave generated by the negative charges at the ground electrode can be seen
in Equ. 3.28. The coefficient K%, o p is the same as in Equ. 3.27. [16]

ZarL

K¢ =
ATAL T 70+ Zar,

(3.28)

If the acoustic wave is generated by space charge in the bulk. The generation coefficient

for homogeneous materials is calculated as follows:

Z
K¢ =_=24 __ _— . 2
e 0.5 (3.29)
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The value of 0.5 means that the wave propagates with 50% in both directions. The trans-
mission coefficients for the next material interfaces are calculated as already presented in
Equ. 3.26 and Equ. 3.27. The calculated propagation time for F'ig. 2 results in two
different propagation times. Where 74 is the propagation time of the sample and Tgg is

the propagation time of the ground electrode. [16]

d
Th=—2 (3.30)
VA
d
Tor = 2% (3.31)
VAL

e dy,dgr thickness of the specimen and the ground electrode

e v4,v4r speed of sound in the specimen and the ground electrode

The calculated acoustic pressure wave p(t) propagating towards the piezo electric sensor(PV DF'),

based on the surface charges 0,0~ and the space charge p(x) are calculated as fol-

lows: [16]
p+(t) = K aKA KA1 pypr fe(t) (3.32)
p-(t) = K§ 4. KA1_pypr fe, (1) (3.33)
Apy(z,t) = KE—AKAT—ALKZ;L—PVDF Affp (z,1) (3.34)

If the propagation times for the acoustic waves 74 and Tgg of the test specimen and the
ground electrode are now substituted into the Equ. 3.32 — 3.34, they can be rewritten
as follows: [16]

1
pi(t) = KgL—AKz;—ALKZ;L—PVDF [U+ + §5€p(t —TA— TGR)]ep(t —TA — TGR) (3.35)

1
p-(t) = KngLKZ;LfPVDF 07 — §5€p(t - TGR)]ep(t — TGR) (3.36)

dA—:L’

App(:c, t) = KngKngLKgLfPVDF p(r)Azey(t — L — TGR) (3.37)

VA
The acoustic wave generated by a thin layer of space charge Ax is indicated by the term
x, at a generic position in the specimen. The space charge position is described starting
from the high voltage electrode at the location d4 — x,. All acoustic waves caused by the
accumulated space charge are described by Equ. 3.38. Here, dy — x, from Equ. 3.37
is substituted by the product of the propagation velocity v4 with the propagation time

T.
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The propagation velocity substituted into the equation is constant and the propagation

time 7 is defined from a generic position in the specimen. [16]

¢
pp(t) = 0.5K£_ALK£L_PVDF VA /T(T)ep(t — T — Tgr)dT (3.38)
0

As already shown, the value of 0.5 is calculated in homogeneous materials as the gen-
eration coefficient(Equ. 3.29). Finally, all generated acoustic waves pyot(t) are added
together. Equ. 3.39 now describes the acoustic wave generated by an electric pulse with-
out reflection coefficient. The surface charges can be considered as start and end point of
the region of interest. [16] [18] [20]

Prot(t) = py(t) +p_(t) + pp(t) =

1
KEL—AKZ—ALKZL—PVDF [0+ + §€ep(t —TA— TGR)]ep(t —TA—TGR) +

KAG—ALK:{L—PVDF 07 — 55613(75 - TGR)]ep(t —Tgr) + (3.39)

t
0

3.4 Acoustic Wave Reflections

The resulting reflections of acoustic waves, at interfaces of different acoustic impedances,
have not yet been taken into account and may lead to an incorrect interpretation of
the measurement result. How to calculate the reflection coefficient to be considered has
already been shown with Equ. 3.23. At the same impedance, when Z; = Z;, the coeffi-
cient becomes 1 and the travelling wave is not affected by the interface of the Materials.
Assuming this scenario, the signal recorded by the piezo electric sensor must have only
two peaks in the signal, that is of the surface charges. To prevent these reflections,
Inequ. 3.40 and Inequ. 3.41 must be satisfied for the ground electrode and the ab-
sorber. [16] [21]

1. var
dagr > —=dy— 3.40
n > yia (3.40
1
daps > idA rvpr (3.41)
VA

e d, thickness of specimen

e Var,Va,Vpypr Speed of sound for the specimen and for aluminium as well as

for the absorber material
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3.5 Output Signal of the Piezoelectric Sensor

If the acoustic wave pior(t) reaches the piezoelectric sensor, then a charge is induced on
the surface due to the piezoelectric effect. The amount of charge depends on the pressure

wave p, the piezo electric constant P, and the area S of the sensor. [16]
Q(t) = PcSptot (t) (342)

The recorded signal, the voltage Vpypr(t) , is calculated with the static capacitance Cp

of the sensor, which is equal to that of a plate capacitor: [16]

Vpvpr(t) = qc(’t) (3.43)

c, =2 (3.44)
dsg

where € = egepypr and dgg is the thickness of the piezo electric sensor. By substituting
Equ. 3.44 into Equ. 3.43 the resulting Equ. 3.45 is shown below: [16]

t P. S pi P.d
W) e Sp Bedsey (3.45)
p

dse

Veypr(t) =

According to the resulting Equ. 3.45, the recorded voltage Vpypr(t) depends on the
pressure piot(t) and the thickness dgg of the sensor. [16]

3.6 Deconvolution Process

The coupling between amplifier and transducer is that of a high-pass filter according to
the scheme of an RC' — element. Due to this, the recorded electrical signal is distorted
and must be corrected later with the help of a deconvolution process. Assuming the same
Device Under Test (=DUT) as in F'ig. 2, the perfect response of the recorded acoustic
pulse looks like in F'ig. 4, but due to the distortion the real recorded pulse seems like
somewhat similar to F'ig. 5. The red circle in Fig. 5 indicates the distorted region of
the signal. If this phenomenon can be observed right after starting the measurement,
it’s a distortion of the RC — element, since it can’t be charge as charge needs time
to accumulate in the bulk. However, if the measurement has been in progress for a
while, it is very difficult to differentiate whether it is accumulated charge or a distorted
measurement. Furthermore, it must be mentioned that the measurement error as shown
in the red circles, as can be seen in F'ig. 5 differs very much from dielectric to dielectric

material under test. [16]
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Figure 4: ideal charge response of the acoustic pressure wave source: [16]
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Figure 5: real charge response of the acoustic pressure wave source: [16]

The most commonly used method for the deconvolution process was developed by Jeroensen

[22]. This method allows the deconvolution process to start with the recorded signal from

the oscilloscope, as can be seen in Equ. 3.46: [106]
Viaer(t) = F71Vorig(f) * H(f)] (3.46)

By rewritting Equ. 3.46 for the original deconvoluted Signal, the equation changes to:
[16]

‘/det(f)] (347)

Vom'g(t) — F—l[ H(f)

dec
o F~1 inverse fourier transform

« H(f) system response
e Vaer detected signal at the oscilloscope

If H is known, it is possible to reconstitute the original signal with the inverse of H 1. [16]
The connection between the signals Ve (), p(t) the pressure p(t), the pulse voltage e, (t)

and the detection system response in time domain h(t) are as follows: [16]

Vaer(t) = Kh(t) @ ep(t) @ p(t) (3.48)

e K calibration factor

e @ represents convolution operation
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The system response H (t) results from the convoluted signal from h(t) with e,(t). For
this reason, the previously noted Equ. 3.48 can be rewritten in the frequency domain
to: [16]

Vaer(f) = Kh(f)ep(f)p(f) = KH(f)p(f) (3.49)

The already mentioned space charge distribution p(t) can be evaluated in the time domain

as well as in the frequeny domain, with the folowing Equ. 3.50 and Equ. 3.51 [16]

1 Viger()

p(f) =+ ") (3.50)
plt) = o F L) (3.51)

As soon as a known space charge p(t) is measured with the help of the piezo electric
sensor Vgei(t), the response function H can be calculated. It should be noted, how-
ever, that only the charge on the surfaces o interfaces of the electrodes can be predicted
with Equ. 3.5 and Equ. 3.6. However, since the voltage pulse, from the positive sur-
face charge, must pass through the entire specimen, the pulse is subject to very high
attenuation and dispersion. Therefore, due to the same magnitude in charge 0~ = o,
the negative surface charge o~ is mainly used as this pulse V, is not subjected to any

damping or dispersion. [16]

_ Vdet(f) Vgr

H(f) = 3.52)
I=% p(f) Ko~ (
With the impulse funtion §(t) by assuming the following:
K, =Ko~ (3.53)
Equ. 3.52 can be rewritten and changes to:
Vorlf) _ 1
H(f) =2 = — .54
(f) KO_, Kl ‘/97’ (3 5 )

K represents the ideal signal from the surface charge o~ without distortion of the RC-
element. However, in Equ. 3.47 the inverse of the system response H (f) is needed.
Therefore, the inverse of Equ. 3.54 leads to: [16]

Ky
Vor(f)

H(f)™" = (3.55)

Another problem which arise during the deconvolution process are the high frequency

components, in the signal H(f)~!. To avoid the distortion by the high frequency com-
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ponents in the signal a low pass Gaussian filter G(f) is applied to the signal with the task
to remove these components. [16] According to Equ. 3.47, the inverse system response
H(f)~ " is still multiplied by the recorded signal Ve (f). After that the inverse Fourier
transformF ! has to be done to get the original charge profile. Now a correction factor
must be included K., because Vg is an approximation of the real charge profile K,

was assumed as 1. [16]
maz(|Viee(t)|)

max(|Vae (1))
To get the real charge profile with the Correction factor according to the applied voltage,
Viec(t) has to be divided by the Correction factor Keopp:

Kooy = (3.56)

Vom'g (t) —

dec

(3.57)

The above mathematical description of the deconvolution process is also shown as a block

diagram in F'ig. 6. [16]

“fdet (T)

K; —><)D Gaussian

Filter G(f)

M"F A
)

l Vgee®) l V()

FFT |—(X)—{ FFT ‘\/—A—>®—>_\[—J\;

Figure 6: Block diagram of the deconvolution process source: [16]
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3.7 Calibration Process

The signal V2" now obtained is proportional to the applied voltage, but this is still in
units of [mV] but the space charge profile p(z) should be in [C'/m3]. Therefore, two
calibrations are necessary. First, the X-axis must be calibrated from a time-resolved to a
displacement-resolved axis, and second, the voltage signal must be adjusted to match the

charge signal, as shown in Fig. 7. [16]

L
s A T A
£ A=
= 3)
2 _— =
= g0
c E
= 5
Time [us] " Position [m]

Figure 7: Necessary Calibration from the recorded PEA signal in [mV]
to the charge profile in [C/m3] source: [16]

To convert the time-resolved axis to a displacement-resolved axis, the speed of sound of
the material under test must be known, since the times for the two largest amplitude
values of the incoming waves are known from the measurement itself. Based on this

information, the two peak values can be determined as follows: [16]
position = v;time (3.58)

If the calibration procedure has been done correct, the displacement between the peaks
should be of the same thickness d, as the specimen itself. In order to start the displace-
ment value from 0 with the help of the calibration, the delay time of the incoming
negative wave must be adjusted, since it depends on the thickness d, and on the speed of
sound of the ground electrode vy;. F'ig. 8 serves as an illustration and shows the delay

caused by the ground electrode. [16]

e Ground Sample HV | Ground Sample HV
% Electrode j ~ Electrode Time % Electrode Electrode
= Shift =
) )
£ =
(=] (=]
= >
Time [us Time [us
1.56 1,69 [us] s g [us]
: ; > Position [mm] : T Position [mm]
0 10 10.3 0 0.3

Figure 8: delay correction of the ground electrode source: [16]
Now, as already mentioned, a calibration of the y-axis is necessary to change the voltage

signal into a space charge density. For this purpose, another calibration factor K4

is introduced. After the calibration to the displacement axis has been performed, the
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obtained signal can now be written after the deconvolution process as follows V ”g(w)

The connection between the signal and the calibration factor K4 is now as follows: [16]

Viee’ ()

Kcal
p(x)

(3.59)
The determination of the calibration factor can only be done with the surface charge(o),
since this charge density is known. As already explained in the chapter 3.6, the same
problems with the wave beginning from the positive electrode occur here. Therefore, only
the negative wave is used for this purpose.

Assuming that the applied voltage V' is known, the electric field E is calculated with the

material thickness d, for a homogeneous electrode arrangement. [16]

E=— 3.60
T (3.50)

This Equ. 3.60 is only valid if no polarization or charge injection process has taken place.

If this was not the case, the surface charge can be calculated like in Equ. 3.6. With this
provided information Equ. 3.59 changes to: [16]

SV

dec

Kog=t2 — (3.61)

g

The start and end points of the Integral in Equ. 3.61 are related to the start and end

point of the Vd"e’jg signal. The integral of it represents the area of the negative voltage

curve, which is related to the negative charge density. After the calibration factor is

known the space charge density can be calculated: [16]

Vi)

dec

3.62
Kcal ( )

p(z) =
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4 Measurement Setup

This section shows the measurement setup for the Pulsed electro-acoustic method to
perform Space charge measurements, as can be seen in F'ig. 9 under DC. In between the
layers beginning with the HV to the Ground electrode, an oil droplet has been placed to
reduce the acoustic impedance. The Pulse duration send by the Pulse Generator is 5 ns
and the frequency of the Pulse is 3,7 kHz. The specimen for the PEA-method has a
thickness of 0.127 mm. The temperature during the measurement was below 25°C.To
simulate the structure of a cable, a semiconductor material was given in addition to the

material.

—

Control

board
HV
Scope

- Semiconductor
— Specimen

| ~ Ground
electrode
\\ Piezo electric
Sensor

Pulse [\

Generator

Figure 9: Measurement Setup of the Pulsed electro-acoustic method

4.1 Measurement Procedure

1. Loading the PEA-cell
2. Set up the circuit according to F'ig. 9

3. Check the connection between the PC and the Scope and see whether it is possible

to read data from the scope

4. Insert the Material specifications and important parameters in the PEALabV4 in-
terface of the MATLAB application

5. Increase the voltage to the desired level

=)

. press the start button
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7. Wait until the poling time has ended
8. Press the depolarization button immediately after the end of the poling time.
9. The measurement ends automatically after the depoling time has ended

10. Save the results

5 Measurement Results

This section shows the results of the Space Charge Measurement with the Pulsed Electro

Acoustic method.
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Figure 10: Kapton 80kV/mm at a thickness of 0.127mm >1h poling time
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Figure 12: Kapton 150kV/mm
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Trap depth pdf
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Figure 13: Fluorinated Ethylene Propylene 80kV/mm at a thickness of
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Figure 14: Fluorinated Ethylene Propylene 120kV/mm at a thickness of
0.127mm >1h poling time

10.10.2022

page 21 of 27



FH-OO Pichler, B.Sc.
Deconvoluted signal [C/m?] 5 Trap depth pdf
200 \
15
100 B 1 \
oAl e pa 22 0 \
100 II""-. s r’.f C ‘ '\,‘\
AN A 5 / \,
\ 137 s /
=0 304z s ™~
A —
0.05 0.1 0.15 09 085 1 105 11 115 12
Sample thickness [mm] A trap depth [eV]
<H » ‘ ,
Deconvoluted pattern [CImS] Stored Charge / Max Field 300
e |
0.5 40 250 £
E = E
2 €20 o | 200 2
Q % /
S 01 =) / =
< o g | 150 2
£ 220 / 3 =
o i M __{H00" 8
£0.05 & il -
~ ol 3
» 7 s 150 =
olL!
0 2000 4000 6000 0 2000 4000 6000
Time [s] Time [s]
Figure 15: Fluorinated Ethylene Propylene 150kV /mm at a thickness of
0.127mm >1h poling time
10.10.2022 page 22 of 27



FH-O0O Pichler, B.Sc.

6 Discussion

Measurements were made with both DUTs at 80kV/mm, 120kV/mm and 150kV /mm.
The results are sorted by test specimen and by increasing electric field. It can be seen
that the increase in field strength leads to an increase in the injection of charge carriers,
or/and the effect of polarization. This is the case for both materials and can be seen
in the figure with the heading stored charge. Likewise, the energy level of the charge
carriers in deep traps increases with increasing field strength, as can be seen from the

figure trap depth.

The deconvoluted Signal from voltage to charge carrier density shows how the signal
changes at the beginning of the measurement until the end of polarization. The contour
plot of the charge carrier density shows how this changes as a function of the measurement

time and the thickness of the test specimen.

The recorded accumulated charge density is divided in 3 Sections. Firstly, the two sur-
face charges which accumulate at the Cathode (ground electrode A) and at the Anode
(high voltage electrode (C')). As well as in the test specimen (B), in which it can be
observed how the charge distribution is aligned on the basis of the applied voltage and also
how charge is induced. It is worth noting that the measurements in F'ig. 15 show how
charge injection and transportation in terms of holes takes place from the Anode to the
Cathode when the principle of the energy band model of charge transportation is applied,
as it can be used in Semiconductors. [20] Especially with Kapton, the accumulation of
hetero charge at the interfaces to the electrodes can be observed.Whereas with FEP the

accumulation of homo charge is noticeable.

The peak in the stored charge figure right after the voltage turn off happens because
of the way the scope records the measurement. Since the environment of the lab, where
the measurement have been taken, has a really high noise level and no Faraday cage, a
high averaging filter was applied to the recorded signal to smooth the data. In addition to
this after the program has been started it automatically adjusts the voltage per division
for its best resolution without clipping. After the voltage is switched off a change in the
recording voltage is observable and the scope adjusts the voltage per division again and
therefore also the trigger is forced again and the averaging of the signal starts from 0
again. This leads to high noise level in the measured data and results in this peak. This

can be seen in F'ig. 10 and F'ig. 15
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7 Conclusion

The whole measuring system and their results must be considered very critically. In
principle, it depends on the magnitude of the normal field component of the electric
field whether charge is induced into the material or not. However, due to the electrode
arrangement and the triple point [4], field excesses occur at this point which far exceed
the calculated uniform field distribution. Therefore, the electric field strength with which

the material was stressed is actually three times the magnitude or even higher. [4]

Nevertheless, the space charge measurement technique offers a new way to check electrical
insulations. The materials tested in this report (Kapton,FEP) store beyond the applied
120kV/mm a significant amount of space charge over a longer period of time. This injected
charge can itself be damaging to the insulation, but it can also trigger premature partial
discharge in a cavity, depending on the type of charge accumulation. It should also be
mentioned that the injection of charge carriers is strongly dependent on temperature,

since the conductivity also changes strongly with this. [23]
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