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INTERNATIONAL ELECTROTECHNICAL COMMISSION

CALIBRATION OF SPACE CHARGE MEASURING EQUIPMENT BASED ON
THE PULSED ELECTRO-ACOUSTIC (PEA) MEASUREMENT PRINCIPLE

1)

9)

The main,\task of IEC technical committees is to prepare International Standa
exceptional circumstances, a technical committee may propose the publication of a te

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization.co
all national electrotechnical committees (IEC National Committees). The object of IEC isp to
interpational co-operation on all questions concerning standardization in the electrical and electronic f
this ¢nd and in addition to other activities, IEC publishes International Standards, Technical Speci
Techphical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee irf

ublications have the form of recommendations for internationaluse and are accepted by IEC
ittees in that sense. While all reasonable efforts are made to ensure that the technical conter
Publications is accurate, IEC cannot be held responsible forthe way in which they are used or
misirjterpretation by any end user.

In onder to promote international uniformity, |[EC National)Committees undertake to apply IEC Pul
transparently to the maximum extent possible in their national and regional publications. Any di
betwgen any IEC Publication and the correspondingnational or regional publication shall be clearly ind
the Igtter.

IEC {tself does not provide any attestation of conformity. Independent certification bodies provide cd
assepsment services and, in some areas, access to IEC marks of conformity. IEC is not responsiblg
serviges carried out by independent certification bodies.

All ugers should ensure that they have.the Tatest edition of this publication.

No lipbility shall attach to IEC or_ its\directors, employees, servants or agents including individual exp
mempers of its technical committees and IEC National Committees for any personal injury, property dg
othel damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fg
expephses arising out of the\'publication, use of, or reliance upon, this IEC Publication or any o
Publications.

Attention is drawn to the/Normative references cited in this publication. Use of the referenced public
indispensable for the\correct application of this publication.

Atterjtion is drawn to the possibility that some of the elements of this IEC Publication may be the s
patent rights.\JEC shall not be held responsible for identifying any or all such patent rights.
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specification when

the required support cannot be obtained for the publication of an International Standard,

despite repeated efforts, or

the subject is still under technical development or where, for any other reason, there is the

future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC 62758, which is a technical specification, has been prepared by technical committee 112:
Evaluation and qualification of electrical insulating materials and systems.


https://iecnorm.com/api/?name=f99507422824492b18c76c3dda16d484

TS 62758 © IEC:2012(E) -5-

The text of this technical specification is based on the following documents:

Enquiry draft Report on voting

112/206/DTS 112/219/RVC

Full information on the voting for the approval of this technical specification can be found in
the report on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

The committee has decided that the contents of this publication will remain unchangéd until
the stgbility date indicated on the IEC web site under "http://webstore.iec.ch"~in\tHe data
related|to the specific publication. At this date, the publication will be

« transformed into an International Standard,
* recpnfirmed,

* withdrawn,

* replaced by a revised edition, or

« amended.

A bilingual version of this publication may be issued at a later)date.

IMPORTANT - The ‘'colour inside' logo *on the cover page of this publicatipn
indicafes that it contains colours which.are considered to be useful for the correct
undergtanding of its contents. Users shiould therefore print this document using a
colour|printer.
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INTRODUCTION

The pulsed electro-acoustic (PEA) method has been used to measure space charge
distribution in dielectric materials by many researchers, and it has been accepted, in general,
as a useful method to understand the electrical properties of dielectric materials. However,
since PEA measurement equipments have been developed/used independently by different
researchers over the world, there has not yet been any standard way to evaluate whether a
system works properly. The IEC has therefore established a project team to create a standard
procedure to evaluate PEA measurement equipment. This technical specification is the result.
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CALIBRATION OF SPACE CHARGE MEASURING EQUIPMENT BASED ON
THE PULSED ELECTRO-ACOUSTIC (PEA) MEASUREMENT PRINCIPLE

1 Scope

IEC 62758, which is a technical specification, presents a standard method to estimate the
performance of a pulsed electro-acoustic (PEA) measurement system. For this purpose, a
systematic procedure is recommended for the calibration of the measurement system. Using
the procedure, users can estimate whether the system works properly or not.

2 Ndrmative references

None.

3 Terms and definitions
For the purposes of this document, the following terms and définitions apply.

3.1
space charge
accumulated charge in materials

Note 1 tp entry: This technical specification deals with ‘the space charge in bulk and on surfaces of gdlielectric
materialg.

3.2
pulsed electro-acoustic method
PEA
technique for measuring space chiarge density distribution in solid dielectric materials

Note 1 tp entry: In this technigue; the pressure wave that is generated from the charge layer in a|material
specimef by applied pulse voltage to the specimen is observed using piezo-electric transducer attached bghind an
electrod¢ contacted to the specimen. Details of measurement theory are described in Clause A.1.

3.3
piezo-¢lectric transducer
sensor|to detegt the intensity of the pressure wave

Note 1 tp.entry: By applying the pressure wave, the charge is proportionally induced on the surfacqd of the
transducer>xBy connecting an adequate external circuit, the induced charge is converted to voltage signal. In the
PEA measurement, the film or plate shaped piezo-electric transducer is usually used. The pressure wave intensity
is measured as a voltage signal across the transducer when the wave propagates through the transducer. Details
of the measurement procedure are described in A.1.3.

3.4

calibration

set of operations that establish, under specified conditions, the relationship between values of
quantities indicated by measuring instrument or measuring system, or values represented by
a material measure of a reference material, and the corresponding values obtained by a
theoretical model

[SOURCE: IEC 60050-394:2007, definition 394-40-43, modified — the words "obtained by a
theoretical model" replace "realized by standards".]

Note 1 to entry: This is the standard way to estimate the performance of a PEA measurement system. In the PEA
measurement, the pressure wave generated from the charge layer in the material is measured as a voltage signal.
To obtain the charge density distribution, it is necessary to calibrate the measured voltage signal to the charge
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density distribution. Therefore, in this technical specification, the calibration means the procedure to calculate the
charge density distribution from the measured voltage signal.

3.5
deconvolution
procedure to recover the voltage signal from the distorted one

Note 1 to entry: The measured voltage signal is usually distorted by the reflection of the pressure wave at the
interfaces between materials constituting the measurement system, the characteristic of the voltage signal
detecting circuit and the induced noise with applied pulse voltage. To recover the voltage measured signal, a so-
called de-convolution technique is usually used. The details of the deconvolution procedure are described in
Clause A.2.

4 Basictheory for measurement

4.1 Permittivity and induced charge density

When p d.c. voltage V4. (V) is applied to a film or sheet shaped dielectfic material with
thickngss of d [m] through the attached electrodes, positive and neQative charggs with
densities of o, and —oy (C/mz) are induced at the interfaces between‘the material gnd the
electrofles. The constant average electric field E4. (V/m) and the eharge density are|ideally
described by the following equations:

y (1)
o = ebie (2)

Where |¢ is the permittivity of the dielectric.material described with the unit of (F/m). It|is also
descrijed using the permittivity in vacuuni, = 8,854 x 10'? (F/m) as follows:

£ =808 (3)
where the non-dimensionalicoefficient ¢ is called the relative permittivity.

4.2 Charge in dielectrics and Poisson’s law

Here, the axis zlisdefined in the direction of thickness of a film or a sheet shaped diglectric
materigl. Whenthe charge is accumulated in the material with a volume density of p(z) C/m3),
electriq field,~distribution E(z), under static conditions, is described using the following
Poissop!s«equation:

E()=—— [ ple)ez @

EoE,

The electric potential distribution in the material V(z) is described as

V(z)= —IE(Z)dZ (5)
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4.3 Coulombic force of charge in electric field

When charge ¢ (C) is put in the electric field £ (V/m), the following Coulombic force F (N) acts
on the charge:

F=qE (6)

When the charge ¢ is homogeneously distributed as a perpendicular layer to z axis, the
charge density of the layer cr(C/mz]) is calculated by using the area of the material S (mz) as
o = ¢/S. Therefore, the pressure wave p (Pa = N/m2]) generated from the charge layer when
the elegtric field F is applied to the material is

p=okE (7)

When tfhe above electric field is generated by the pulse voltage with very| short duratipn, the
pulse fgressure wave generates from each charge layer and it propagates-in the materigl.

4.4 Reflection and transmission of pressure wave

When a pressure wave propagates through the interfaces between different materials, it is
divided into transmitted and reflected waves. The ratio of this division is determined by so
called acoustic impedance Z (Pa s/m = N s/ms). The acoustic impedance Z is obtained| by the
following equation:

Z = mu (8)
where jn ( kg/m3) and u (m/s) are density and‘acoustic velocity in the material.

When the pressure wave propagates)from material 1 to material 2, the transmissipn and
reflectipn ratios K, and K, are deséribed using the acoustic impedances of the matefials Z,
and Z,|as

27,
Z,+7Z,

t

K :ZZ_ZI (10)
" Z+ 7,

When the pressure wave is generated at the interface between material 1 and 2, the ratio of
propagation towards material 2, say K, is described as

Z 11
ng_ 2 ( )
Z,+Z,

4.5 Maxwell stress

When a voltage V is applied across electrodes attached to a sheet or a film dielectric material
with thickness of d and permittivity of &, the following Maxwell stress Fy (N) is generated at the
interfaces between the material and electrodes:
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2
g(ﬁj = %EXO' (12)

4.6 Response of linear system

When a delta function &(z) (impulse) as a function of time ¢ (s) is input into a linear system, the
output of it (z) is called “transfer function”. The relationship between 4(z) and &(z) is described
using the following convolution equation:

G J”:CS(T G (13)

When p certain function voltage v, (f) inputs the linear system, the output Voltage 1|  (¢) is
obtaingd using A(¢) as

+o0
voul0)= [ vin () le—)dx (14)

In the frequency domain, the above relationship is converted-into the following equation:

Voulf) = H(f) ¥inlf) (15)

where [,u(f), H(f) and Vin(f) are functions of frequency f (Hz) converted from v, (¢), A(z) and
vin(t), réspectively.

5 Prpcedure to calibrate the space charge measurement

5.1 Principle of calibration
5.1.1 General

A basig principle of calibration for obtaining charge density distribution from the PEA sjgnal is
descrijed below. Generally in calibration for measurement, we need a signal from a
measufing objectwhich value is known absolutely. In the case of the PEA measuremept for a
flat sheet samplé, the induced surface charges by applied d.c. voltage at the intgrfaces
betwegn the_sample and electrodes are theoretically obtained when the permittivity| of the
samplg is( known. Therefore, the following calibration process is based on the¢ ideal
measuftement of the surface charges under d.c. voltage application.

Consider a virgin (not having space charges in its bulk) dielectric (flat) sheet sample, placed
between a set of electrodes. The sample thickness and relative permittivity are d and s,
respectively. When a small d.c. voltage Vg is applied to the sample, positive and negative
surface charges +oy and -op are induced at interfaces between the sample and electrodes,
anode and cathode, respectively. Here, the voltage V, is assumed to be relatively low so that
it is not enough to generate any space charge in the bulk of sample. Since these surface
charges are located at quite thin layers, they can be treated as impulse (delta) functions on a
positional axis z along the thickness of the sample as shown in Figure 1(a). The value of
surface charge density oy can be calculated by the following equation:

00 = &&E4 = SQErVdc/d (16)
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where E4. and &, are applied average electric field and the permittivity in vacuum, respectively.
Under the electric field Eq;, when a pulsive voltage Vy(¢) is superimposed on Vg, pulsive
pressure waves po(t) and pq(t) are generated from the surface charges (see Annex A). In the
PEA method, the pressure wave p(¢) generated from the charge distribution p(z) is observed
using a piezo-electric sensor which transforms the pressure to voltage signal V4(¢) (see A.1.3).
Therefore, the calibration procedure enables to transform the obtained V¢(¢) to the charge
density distribution p(z). Since the surface charge density oy can be theoretically calculated
using Equation (1), the signal voltage of Vs(¢) can be easily calibrated by observing oy. On the
other hand, the position z can be calculated by the following relationship:

Z = Ugal (17)
where {5, is acoustic velocity in the sample.
Howevegr, in general, it is hard to obtain an accurate value of relative permittivity of a gample.
Therefpre, the actual calibration should be carried out using some parameters that arg easily
measufed. As shown in Figure 1(b), the electric field distribution E(z) in the sample [can be
obtaingd by integral calculation of charge density distribution p(z). At.can be seen that the
electriq field distribution E(z) in the sample for the calibration~measurement shpwn in
Figure [1(b) has a simple rectangular shape with the value of flat portion, E4c = Vyc{d. The
thickngss of the sample d and the applied d.c. voltage Vy. arédeasy to measure. Therefore,
calibrafion using the electric field distribution E(z) is proposedin this specification.
Anode
o-dc
Surface
Cathode charge
a) —>
0 d
Surface '
chargé :
e |
b) 0: id N
Average
electric field - .Edc
| Applied |V
i voltage A
c) — : >
U vd
<!
Sample thickness IEC 1646/12
Figure 1(a) — Charge density Figure 1(b) — Electric field Figure 1(c) — Electric potential
distribution distribution distribution

Figure 1 — Theoretical distributions for calibration measurement

5.1.2  Typical result of calibration measurement

Figure 2 shows a typical result of calibration measurement. In this measurement, a PMMA
(poly (methyl-methacrylate)) sheet specimen with a thickness of 4 = 500 um is used.
Figure 2(a) shows charge density distribution obtained by applying a d.c. voltage of V4. = 2 kV
to the sample. If the measurement is ideally carried out for the sample without any space
charge in its bulk, the charge density distribution should be a pair of delta functions as shown
in Figure 1(a). However, they are observed as a pair of peaks with a certain width that is
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determined by both of the pulse widths ¢#,, of the applied pulse voltage and acoustic wave
traveling time ¢, passing through the piezo-sensor (see A.1.4). The half-value width, d, of the
first peak in this measurement result is defined as a positional resolution of this measurement.
An integral calculation of this peak must be equal to the surface charge density op shown in
Figure 1(a).

5
T L |
L
3]
a) 0
= i {>&_0’dc = &oerEgc |
L
-100 0 100 200 300 400 500 600
E o0 o 5
s 1%
b) < 2p ls =
L Egc =4 kV/mm o
ORI B A J I
R ‘ T779-10 «
1 1 \ o
-100 0 100 200 300 400 500 600 >
2,0k J I
Z 15¢ .
o) o "Of so=2kV |
S 0,5 J
O’O | \ | v
-100 0 100 200 300,400 500 600
Position z- (um)
PMMA 500 um, ¥pc = 2kV (Egc = 4 kV/mm) IEC 1647/12
Figure 2(a) — Charge density Figure 2(b) — Electric field Figure 2(c) — Electric potential
distribution distribution distribution
Figure 2 — Typical result of calibration measurement
5.2 $ample preparation
5.21 Sample for calibration measurement
A commercially available PMMA sheet with a thickness range of 0,5 mm to 1 mm may He used
for the|calibration" measurement. The calibration measurement shall be carried out unfer the
applied electric field which gives a linear relationship between calculated average glectric
field and_applied d.c. voltage as shown in Figure 10. It is recommended that the electric field
strength™is”within a range of 5§ kV/mm to 30 kV/mm, providing the application time is short

enough (typically 5 min) not to accumulate space charge. Before the calibration measurement,
the thickness of the sample shall be accurately measured using a micrometer. If there are
foreign objects or dust on the surface of the sample, the interface adherence between sample
and electrodes may be lost. Since the interface adherence is important to make the signal
pressure wave smoothly propagate, the sample surfaces shall be cleaned up with soft cloth to
remove foreign objects and dusts. A sample with evaporated electrodes may also be used for
the calibration measurements.

It should be mentioned here that the PMMA sample could acquire space charges even below
30 kV/mm, above about 303 K and maintain the space charges for a long time. Therefore,
samples used for calibration shall either be not subjected to high temperatures in their history
or it must be ensured that the voltage levels are not so high as to cause accumulation of
space charges when subjected to high temperatures.
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5.2.2 Sample placement

Prior to placing the sample between electrodes, in order to help propagation of pressure
waves signal at interfaces between electrodes and the sample, both surfaces of the sample
should be wetted with commercially available silicone oil. A semi-conductive layer should be
placed between the sample and the metal upper electrode to improve the acoustic impedance
matching (see A.1.2). Commercially available semi-conductive sheets can be used for this
purpose. Adequate force shall be applied to the sample to keep tight contact with the
electrodes using a jig mounted to the measurement system.

Upper electrode Mechanical

force

DTFop of siiicone oft
Dropg of
Semi-conductive silicéne oil

|aveSrample \ g ‘//
—] —
> w_

Lower electrode

i

C 1648/12
Figure 3 — Drop of silicone oil and sample placement

5.3 Data acquisition
5.3.1 Pulse voltage test

In the | PEA method, the signal is obtained{by applying a pulse voltage to the pample
repeatedly. However, when only the pulse woltage is applied to the sample without any d.c.
voltagq stress, a very small signal is obServed (see A.1.1). Such a signal should b¢ small
enough to be neglected in the calibration measurement. Therefore, before the calibration
measufement, the signal obtained by-only the pulse voltage application shall be obgerved.
The signal shall be obtained withtan adequate number of averaging (see 5.3.2). Higure 4
shows |a typical measurement-result obtained by applying the pulse voltage of 500V with
duratiop of 14 ns to the PMMA-sample with a thickness of 0,5 mm. It may be seen thgt there
is no remarkable signal in_Figure 4, and such a kind of result is advisable.

0,02 po=
=2 0,01 pma 1 | condition :
z 0 /4 AR Pulse voltage 500 V
g R A Pulse width 14 ns
9 -0,0T fo.02 No-signal” 1 Sample PMMA (500 ptm)
_0’02 004
0 Time (ns) 200 IEC 1649/12

Figure 4 — Pulse voltage application test

5.3.2 Averaging

Generally, in the PEA method, the signal is obtained using the averaging technique that is
carried out on the data (obtained by repeatedly applying the pulse voltage to the sample). The
suitable minimum number of times for averaging depends on measurement conditions and
characteristics of equipment. A signal obtained with a deficient number of times of averaging
would be inaccurate for calibration. Figure 5 shows typical waveforms with various averaging
number. The waveforms are obtained by applying d.c. voltage of 4 kV and pulse voltage of
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500 V with duration of 14 ns to the PMMA sample with a thickness of 1 mm. As shown in
Figure 5(a), the waveform without averaging seems to be hidden in white noise. With the
number of times of averaging increasing, the noise level decreases as may be seen in Figures
5(b) and 5(c), and consequently the S/N (signal to noise) ratio of the waveform becomes
higher. In this example, the wave form shown in Figure 5(c) is preferable for calibration.
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Fi —a: . . _ _
averaging (100 times) (10 000 times)

Figure 5 — Dependence of averaging number

5.3.3 Data acquisition for calibration

ed signal

Immediately after d.c. voltage application to the PMMA sample, the PEA signal wave form is
measured by repeatedly applying the pulse voltage with an adequate averaging number. To
confirm linearity of the results, measurements should be carried out under at least 3 levels of
d.c. electric field E, below 30 kV/mm. In the obtained waveforms, time duration between
peaks f,, must be measured and the acoustic velocity us, = d/t,,, shall be calculated.
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Figure
application. When the waveform (a). obtained before the d.c. voltage application is th¢ same
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Figure 6 — Measurement of waveform for calibration

Signal obtained under short circuit condition

btaining the signal under d.c. stress, as described above, the d.c. stress is re
fa is obtained under a short-circuit condition. If theZapplied d.c. voltage is so ex

ately after obtaining the data for calibration” Figure 7 shows a procedure and

condition before applying d.c. voltage “for calibration. This result is the same

7(c) to compare with the oné under short circuit condition before the d.c.

waveform (c) obtained_afterwards, it can be said that the d.c. voltage magni

moved,
cessive

might cause space charge accumulation, the accumulated space charge shquld be
bd under a short-circuit condition immediately after removal of the d.c. Joltage.
bre, it is necessary to observe the signal ‘waveform under a short-circuit cqndition

typical

concerning this confirmation. Figure Z(a) shows a waveform obtained under g short-

as the

for calibration. Then the data under short-circuit condition shall be taken as shown in

voltage

tude is

proper [for the calibration.
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IEC 1652/12
Figure 7(a) — Measurement only Figure 7(b) — Measurement for Figure 7(c) — After
with pulse voltage application calibration (under d.c. voltage measurement (under
(under short circuit condition) application) short-circuit condition)
Figure 7 — Confirmation of absence of space charge accumulation
during d.c. voltage application for calibration
5.4 Data processing and calibration
5.4.1 Deconvolution

Obtained data for calibration ordinarily (or generally) includes some distortion because of the
acoustic reflection and/or due to characteristic nature of the detection circuit. Therefore, a
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deconvolution technique is usually applied to the obtained data (see Clause A.2). When the
deconvolution technique is carried out, the high frequency noise is increased. Therefore, a
low pass filter is also applied in addition to the deconvolution technique. By applying
adequate deconvolution and filtering procedure, the waveform with two peaks is obtained as
shown in Figure 8(a).

- d -
z /& z z
=} =} 5
> -t- > el e B e e B . Y P
50\ 5 . 5\ - Jﬁ”
3 5 — 5 <
Zr 1 %0 E Width at half 1 ] .
- height: dr -
0 200 0 525 0 525
Time ¢ (ns) Ij Iﬁ Position z (um) . Iﬁ Position z  (um
Z = Usal Iop(z Mz IEC 1653/12
Figure 8(a) — Deconvoluted Figure 8(b) — Waveform for Figure 8(c) — Waveform for
waveform positional charge density electric field distribytion
distribution
Figure 8 — Deconvolution and calibration
5.4.2 Calibration for horizontal axis and calculation of waveform for electric field
distribution
Using [Equation (17), the horizontal axis in “fime” shown in Figure 8(a) is convefted to

“positiqn” as shown in Figure 8(b). In this case, the width at half height of the 1° pq
shall b¢ measured. The ratio & of d, to the sample thickness d (k = d,/d x 100 /%)) is def]
spatial| resolution of this measurementx“The spatial resolution between 2 % to 1
prefergble (see A.1.4). To calibrate the vertical axis in charge density distribution, a w3

for th

shown |in Figure 8(b), the waveform for electric field distribution is obtained as sh
Figure 8(c).
5.4.3 Calibration for-electric field and charge density distributions

As shown in Figure 9(a), the waveform for electric field distribution shall have a flat sha
shown [in Figure 9(b), the vertical axis of the waveform for electric field is decided as th

of flat
calcul

Figure [9(¢c)..Since the value of the vertical axis in charge density distribution depends

is nec

e| electric field distribution is ealculated. By integrating positional charge dist

bart is equal to the electric field E4c (= Vqc/d). Then the charge density distrib

ssary to specify the numerical value used for the calibration.

bak “d,”
ned as
D % is
veform
ibution
own in

pe. As
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ition is
own in
bNn &, it

:Iled by~differentiation using a nominal value of relative permittivity &, as sh
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Figure 9(a) - Waveform for Figure 9(b) — Calibration of electric Figure 9(c) — Calculated|charge
electric field distribution field distribution using measured distribution from calirated
average electric field electric field distribytion
Figure 9 — Calibration for electric field and charge density distributions
5.4.4 Confirmation of linearity of measurement
When a calibration, as described in 4.4.3, is successfully achiéyved, the other measurgments
should|be carried out under different electric fields E4. using«the same procedure mentioned
above |n order to confirm linearity of such a calibration. Observations of signals under a short-
circuit condition before and after the measurement with/d.c. stress are also required tq check
whether the adequate d.c. stress is applied to the sample. When the data processing and
electriq field calibration are carried out, the same parameters obtained by the first calipration
procesg have to be used. An additional two or three results should be obtained. WHen the
values |of electric fields being proportional to. the applied voltages are obtained in all|cases,

the calibration procedure is considered valid,

400
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=400
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o
2
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Position z (um)
IEC 16

5/12

5.4.5

Figure 10 — Confirmation of linearity measurement

Typical test results by expert members of project team

Figures 11 to 16 show typical calibration test results obtained by various research groups of
expert members in this project. Table 1 shows sample thickness, permittivity and resolution of
measurements. Judging from the results, the calibrated space charge distributions are
different because of the usage of different system with different resolutions or permittivities.
For example, in the case of measurement results obtained using high resolution system, the
first peaks are larger than those obtained using lower resolution system. However, the
obtained electric field distributions are mostly the same. It means that the space charge
distributions shall be shown with the description of the measurement resolution and the
permittivity. Anyway, the electric fields in all results seem to be proportional to the applied
average electric fields. Therefore, the calibrations must be fairly carried out in all results.
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Flgure 11(a) — Electric field distribution Figure 11(b) — Charge density distribution
Figure 11 — Results of calibration test by research Group A
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Figure 12 — Results of calibration test by research Group B
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Figure 13 — Results of calibration test by research Group C
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Figure 15(b) — Charge density distribution

Figure 15 — Results of calibration test by research Group E


https://iecnorm.com/api/?name=f99507422824492b18c76c3dda16d484

- 20 -

Table 1 — Measurement resolution

TS 62758 © IEC:2012(E)

Research S_ample Relative Resolution Resolution
thickness e .
group permittivity um %
pm
A 530, 2,6 26 4.9
B 525 2,6 28 5,3
C 502 2,866 18,5 3,7
D 515 2,6 50 9,7
E 525 2,6 18,5 3,5
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Annex A
(informative)

Theory of PEA method

A.1  Principle of PEA measurement method

When a pulse voltage is applied to a sample including space charge in its bulk, a pressure
wave is generated from each charge. In the PEA method, the pressure wave is detected using
the piezo-electric transducer, because the propagating pressure wave has information about

th h £ biclk +l H P |
e C IHU MU wWimoiT ure pICOOUIU wavio 1o Bcllclalcu-

A1.1 Generation of pressure wave
A1.11 Sample without space charge in its bulk

Schemptic diagram of static force when a d.c. voltage is applied to a Sample withouf space
chargelin the bulk is shown in Figure A.1(a). As shown in this figure, a-d.c. voltage 7, applied
to a plate-shaped solid sample through metallic electrodes, induces positive and nggative
chargep at interfaces between the sample and electrodes, namiely, anode and cathode,
respectively. In this condition, a static force F,, called “Maxwgl stress”, acting on the induced
charges, is described as

b
1 (Vye
Fy = —¢ 9% A1
0 25[ d j ( )

where [ and ¢ are the sample thickness and, permittivity, respectively. This force always acts
as a cqmpression for the sample. The force doesn’t generate any pressure wave under static
conditipns. By applying a pulse voltage™v (¢) superimposing on ¥, to the sample in thg above
conditipn, the Maxwell stress F on‘the induced charges generates the pressure waye. The
Maxwell stress F is described as

F :ig(—VdC +vp(t)]2 :lg( Ve jz +& Ve Vp(t) +l{ vp(t)jz (A.2)

2 d 2 d d d 2 d

The force described in the first term of Equation (A.2) above, on the right hand side |(RHS),
does rot generate any pressure wave as mentioned above. The forces described|in the
second and third terms (RHS) generate pulse pressure waves. The force described| in the

third term/of the equation is negligible when the pulse voltage v (¢) is moderately| small.

Theref heas _tha ~raccolira oy _oaanara tod by thao foran dacoer baoad in tha coacaon a _tormm of the
O C— P CoSurC—wavC—geTCTratCC— oyt C—ToTCC— G C oot Tt C— ST CoOma—CrTt

equation that is proportional to d.c. stress V, and pulse voltage v () is the object to be
measured. Since the expansion and compression pressure waves are generated at anode and
cathode electrodes, respectively as shown in Figure A.2(b), the polarities of the charges
induced on the electrodes are distinguished by measuring the polarity of pressure waves.

A1.1.2 Sample with space charge in the bulk

A schematic diagram of force when a pulse voltage is applied to the sample including space
charge p(z) in the bulk at position z is shown in Figure A.1(c). When a pulse voltage is applied
to this sample, a pressure wave is generated. Figure A.1(d) shows a schematic diagram of
pressure wave generation in the sample including a space charge under d.c. stress Vg,
superimposed by a pulse voltage v (7). In this case, it is assumed that the charge layers with
charge density of o(0) and o(d) are induced at anode (position z = 0) and cathode (positon z =
d) interfaces, respectively. Furthermore, a space charge p(z) within a small width of 4z is also
existing in the bulk of the sample. When a pulse voltage superposing the d.c. voltage is
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applied to the sample, pressure waves are generated from the charges o(0), p(z) and o(d) at
the same time. Here the pressure waves generated from the charge layers o(0), p(z) and o(d)
are described as po(#), p,(t) and p(7), respectively. The pressure wave is totally described as

p(t): po(t)+ pp(t)+ pd(t): U(O)X ep(t)+ p(z)x Az xep(t)+ O'(d)x ep(t) (A.3)

where e, (1) (=v,(1)/d) is a pulse electric field that is generated in the sample by the application
of pulse voltage vj(7).

Coi| /()
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R
1{(v )2 s @l Lj 7Y X
F=_4| _dc .
2 [ d ] D Fa Af'= o(z)ep(t) é o=
S S £ “Ue
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a) b)
C Vp(t
Ce Volt) — & F@L
R
R -
q(1)
@ -
19 g UL n 5
Af= p(z)Az x ep(t) ®T r K\
— Piezo-electric
> iEp(2)A: transducer
c) Q(t)b
0 \/ f
d) IEC | 1661/12
Figure A.1(a) — Static Maxwell stress Figure A.1(b) — Generation and propagatipn of
pressure wave from induced charges on elgctrode
Figure A.1(c) — Generation and propagation of Figure A.1(d) — Measurement of pressure wave

pressure wave from space charge in bulk of sample

Figure A.1 — Principle of acoustic wave generation in PEA method

A1.13 Propagation of pressure wave

Figure A.2 shows a schematic diagram of the pressure wave propagation in the PEA
measurement system. In the configuration of the PEA system shown in Figure A.2, pressure
waves propagating towards a piezo-transducer, which is attached to the grounded Al
electrode, are detectable. When a pressure wave is generated at an interface between
different materials, the intensity of the pressure waves propagating through the materials
depends on the characteristic acoustic impedances of the materials. For example, in the case
of a pressure wave p (f) generated at the interface between the sample and grounded Al
electrode, the pressure wave p,(f) that is propagating towards the grounded Al electrode is
described as
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pil)= 22— pol) (A4)

where Z, and Z_, are characteristic acoustic impedances of aluminum and sample material,
respectively. Here, the characteristic acoustic impedance is defined as the ratio of pressure p
to particle velocity in the material v (Z = p/v), and it is known that it is obtained by a product of
the material density m and acoustic velocity in the material u (Z = mx u). In the case of the
pressure wave p,(t) generated from space charge in the bulk of sample, it is found that a half
of it is a pressure wave p,(t) propagating towards the grounded electrode. When the
propagating pressure wave passes through the interface between different materials, some
part of it is reflected at the interface. Therefore, it is necessary to consider the transmittance
Of |t I_Ul U)\dlllp:ﬁ, VV;IUII [Jz(t) Mdooto tillUuyil t:IU ;IltUlfabU bUtVVUEII tilﬁ balllpiU dnd AI
electrofle, the transmitting pressure wave p,’(¢) is described as

pz'(r)=%pz(r) (A.5)

The p,{t) arrives at the piezo-transducer with a delay of travelling“time through the pample
compared with arrival of p,(¢). Considering the delay, transmittance and propagation| ratios,
the obgerved pressure wave p(¢) by piezo-transducer is describéd,using Equation (A.5) [as

()= =2 — {0y 1)+

Zp+Zga

%ﬂ p(z)ep[t _LjAZ O Zsa 22y U(d)ep(t_i (A.6)
Zp+Zgg Usg Zpat+Zsg Zp+Zsg Ugg

where [, is the characteristic acoustic impedance of backing material inserted betwgen the
sampldg and high voltage electrode as shown in Figure A.2. By choosing the backing material,
which |has the characteristic acoustic impedance close to that of sample material, the
coefficients of above three terms come clese to each other (Zs, = Zy)), therefore

e A S W MR N (B A7)

Zpn+Zg —® Usg

where [r is a time varjable and defined as z = us 7. In Equation (A.6), the second tern] of the
pressufe wave is generated from a single layer of the charge distribution. On the othef hand,
Equatign (A.7) isnexpressed as the pressure wave generated from total charge distfibution
using integral form.



https://iecnorm.com/api/?name=f99507422824492b18c76c3dda16d484

- 24 - TS 62758 © IEC:2012(E)

p(z) : charge distribution in the sample

d : thickness of the sample M
us, : acoustic velocity in the sample o }dic' -
Amplifier
C vp(t)
ol 0" %vs(z)
Al high voltage 77‘7
electrode Sample Zsa
L . —| o(d + - Al
Zy . characteristic acoustic - of )p(z) +§+ +po(t) |- Ale?égtur ggzd electrode
impedance of material x - + -
S — ¥ - Zal Zp
Ted) , § O, [T
o : induced surface charge - ot - o(0)
I
Backi ial Z Jz =d z=0 Piezo-electric\Backing
acking material Zba ) transducer material
V4
A Zp Zgp
{f m p(t) : pressure wave at piezo-device
z :|position in the sample z rAz% S S
o(d) o(0) p(t) vs(?)
7:delay time of each =d/ L ¢
bressure wave travelling 4 fa=¢tsa r Z/usa,, 0 Q 0
o piezo-device = A&
e »
i =
QHUH “polt)
ﬂﬁ / vs(f) : output signal from
detecting circuit

¢ ol
A, &

p,(t) : pressure wave generated at the same time from each charged layer IEC 16612

Figure A.2 — Pressurewave propagation in PEA measurement system

A.1.2 Transform from pressure wave to electric signal

Figure |JA.3 shows a response of piezo-transducer. When a steady pressure wave p is ppplied
to a thick piezo-transducer, an amount of charge ¢ is induced on the surfaces |of the
transdycer. The gharge g is described using a piezo-electric constant i, as

g=pxh (A.8)

When the time-variable pressure wave is travelling through the piezo-transducer with a
velocity up, the piezo-constant /i, is described as hy(f) using variable 7. Since the A, is a
constant during the pressure wave propagation through the transducer, the function #,(¢) is a
constant with duration of A¢, (= b/u,). When a pressure wave with very short duration Az is
propagating through the transducer with thickness, b, the amount of charge induced is
described as a function of time as shown in Equation (A.9):

Aglt) = %hp(t)x p(t —iJ (A.9)
Up

where ¢, z and A4z are time, position and width of the pressure wave, respectively. The 4z is
expressed as Az = u, x At. Integrating for the total pressure wave, the above equation is
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rearranged while considering the transmittance at the interface between Al electrode and the
piezo-transducer, as

27, u
— p p _
t__ZAr+Zp ; _mhdﬁpﬁ oMz (A.10)

+00

where Z is a characteristic acoustic impedance of the piezo-transducer.

Steady pressure p
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Figure A.3 — Response of piezo-transducer
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Figure A.4 — Transform from pressure to amount of charge induced on piezo-transducer

A.1.3 Spatial resolution of PEA measurement

In the PEA measurement system, the time-variable induced charge ¢(¢) is measured as
voltage signal v¢(¢) using external detecting circuit. The minimum width of v4(¢) is the width of
signal derived from the induced charge o(0) on the grounded electrode because it is formed
as a very thin layer on the electrode. In other words, the pressure wave from the induced
charge o(0) can be treated as a delta function §(t). When the pulse voltage with duration of


https://iecnorm.com/api/?name=f99507422824492b18c76c3dda16d484

- 26 - TS 62758 © IEC:2012(E)

At,, applied to the sample, the width of the pulse pressure wave is equal to Az, if o(0) is
treated as a delta function. When the pressure wave is travelling through the piezo-electric
transducer with time-duration of 4¢,, the amount of charge ¢(¢) is described as a convolution of
the hp(r) and the p(¢) as shown in Figure A.5. In the case of 4, < At,, the obtained ¢(¢) is a
trapezium shape, as shown in Figure A.5, with a rising and falling time with 4t,, and half-value
width with 47, respectively. In this case, the half-value width is defined as the “spatial
resolution” in time domain. On the other hand, in the case of 47, > 4z, the obtained ¢(¢) is of
a trapezium shape, as shown in Figure A.5, with a rising and falling time with 47 and a half-
value width with 4z, respectively.

This means that the larger one of them is the “spatial resolution” in time domain. In the case

of At,, =

measu
resolut
as the
betwee
include
It mear
higher
becom
induce

Therefgre, adequate resolution should be chosen.
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At—since—the-ebtaired—y{H-has—a-shape-eftrangle-with-ahigh-peak—a-high-se
ement is expected. The “spatial resolution” in length is obtained by product of|t
on and the acoustic velocity in sample. Relative resolution in percentage is\cal
ratio of the resolution in length to sample thickness. Figure A.6 shows.a relat
n the relative spatial resolution and observed wave form. The observed way

s a signal derived from induced surface charges with the width of the spatial reg
peak is included in observed distribution, the space chargeCdistribution in th

bs relatively small, as shown in Figure A.6. On the other hand, the wide peaks
i charges must overlap with space charge distribution (in the bulk of the 5
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Figure A.5 — Relationship between the pulse width
and thickness of piezo-transducer
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Figure A.6 — Adequate spatial¢esolution

A.2 |Deconvolution

The acfual observed voltage signal of the PEA(measurement is affected by acoustic reflection
at the |interface between the piezo-transducer and the backing material and/or fregquency
responge characteristics of the detecting.€ircuit as shown in Figure A.7. Since the distoftion of
the sighal by them is a kind of systematic error of the measurement system, the obtained
voltagg signal v¢(¢) is described as ‘the following convolution of the impulse responsg of the
system| (¢) and the charge distribution p(z):

+00

vs ()= hle)x ple)= [ nle=)plelie (A.11)

—00

Therefore, by obtdining the impulse response i(¢), the charge distribution is calculateql using
the soqcalled “dec€onvolution” technique. The convoluted functions are described as a|simple
product of them:

A £ — RLLNS TT( £
TS\ T T NI (A12)

where V(f), R(f) and H(f) are Fourier transforms of v¢(¢), p(¢) and i(z) in frequency domain,
respectively. In general, H(f) is called a “transfer function” of the measurement system. To
obtain the transfer function, an impulse response must be observed. Since, in the PEA
measurement, the signal derived from the induced charge on the electrode is treated as an
impulse (delta function), the signal itself is the impulse response of the system. However, if
space charge is accumulated in the bulk of the sample, the induced charge on the electrode
may be deformed. Therefore, it is necessary to measure the signal without space charge in
the bulk to obtain the impulse response of the system. Under a relatively low d.c. stress, the
induced charges are observed by the PEA measurement as shown in Figure A.7(a). Since
such voltage application doesn’t cause any damage to the sample, the signal is obtained
before the actual measurement. Furthermore, since the induced charges are theoretically
calculated as described in Equation (1), the previously obtained signal should be taken before
the actual measurement. The data is called a “reference” signal for measurement. The
reference signal should be composed of two same shape peaks. However, the pressure wave
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generated at the upper (far from the piezo-device) electrode is sometimes distorted during
propagation through the sample by attenuation and/or dispersion, the signal derived from
lower grounded electrode is adequate for calibration. The induced charge on grounded
electrode o(0) is originally surface charge density in units of Coulomb per unit area. However,
when the signal is observed using digital oscilloscope, the observed signal has a width of at
least one digit 75 (sampling time) of the time resolution (sampling time) of the oscilloscope.
Therefore, the induced charge o(0) is described as the volume charge density p(0) in units of
Coulomb per unit volume:

p(0) = o(0) x 1 (A.13)
Tg XUsg
The signal from the induced charge V(f) in frequency domain is described as
Ve(f)=Ro(f)x H(f) (A.14)

where Ro(f) is Fourier transformed induced charge p(¢) in frequency domain.

Since the o(0) is an impulse, the Fourier transformed R(f) is a.constant value describeg as

Ro(f) = p(0) = o(0)x———— = ey (A.15)

Ts XUgg d Ts XUgg

When the sample including the charge densityodistribution p(¢) is measured using the PEA
system], the signal v¢(¢) shown in Figure A.7(bJ)\is obtained. Using Equations (A.12) and (A.14),
the chgrge density in frequency domain R(f)uis obtained as

R(f) = RMf)x% (A16)
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Figure A.7(a) — Reference signal Figure A.7(b) — Measurement signal

Figure A.7 — Example of two types of signal

Figure [A.8 shows“a calculation flow to obtain the deconvoluted signal. In the progess of
deconvolution,(the division is carried out in the frequency domain. However, the division by
small alues<eccur in high frequency components resulting in a divergence of the calgulated
value. [Therefore a certain kind of low pass filter is used to reduce the divergent valuel Since
the shapel.of first peak in reference signal depends on the filter characteristics, the sqg-called
Gaussian Tilter Is preferably used In many cases because It makes the shape of peak
symmetry. Figure A.9 shows the effect of Gaussian filtering. When a cut-off frequency of
Gaussian filter is chosen over the frequency corresponding to the resolution of measurement,
the results of calculation include an oscillating waveform as shown in Figure A.9. Therefore,
the cut-off frequency must be chosen approximately within the frequency corresponding to the
measurement resolution.
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