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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ROTATING ELECTRICAL MACHINES -

Part 27-5: Off-line measurement of partial discharge inception
voltage on winding insulation under repetitive impulse voltage

FOREWORD

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization ‘compijising

aJl national electrotechnical committees (IEC National Committees). The object of IEC is to promgte internatjonal
cp-operation on all questions concerning standardization in the electrical and electronic fields. /o this end and

ublicly Available Specifications (PAS) and Guides (hereafter referred to as "IEC ,Publication(s)").

addition to other activities, IEC publishes International Standards, Technical Specifications; Technical Refdorts,

Iheir

preparation is entrusted to technical committees; any IEC National Committee interested.in‘the subject dealf with

tandardization (ISO) in accordance with conditions determined by agreement between the two organizatio

cpnsensus of opinion on the relevant subjects since each technical committee has representation fro
interested IEC National Committees.

isinterpretation by any end user.

order to promote international uniformity, IEC Nationak Committees undertake to apply IEC Publica
ansparently to the maximum extent possible in their national and regional publications. Any divergence bet
any IEC Publication and the corresponding national or‘tegional publication shall be clearly indicated in the |

C itself does not provide any attestation of conformity. Independent certification bodies provide confo
apsessment services and, in some areas, access' to IEC marks of conformity. IEC is not responsible fo
services carried out by independent certification bodies.

Il users should ensure that they have the\latest edition of this publication.

embers of its technical committees and IEC National Committees for any personal injury, property dama
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
ekpenses arising out of thespublication, use of, or reliance upon, this IEC Publication or any other
ublications.

ttention is drawn to the Normative references cited in this publication. Use of the referenced publicatio
indispensable for the €otrect application of this publication.

ttention is drawn te.the possibility that some of the elements of this IEC Publication may be the subject of p
hts. IEC shall.not’be held responsible for identifying any or all such patent rights.

The|main task)of IEC technical committees is to prepare International Standards. In excepti
circumstances, a technical committee may propose the publication of a technical specificgtion

ay participate in this preparatory work. International, governmental and non-governmental organizations ligjising
ith the IEC also participate in this preparation. IEC collaborates closely with the.lnternational Organizatign for

ns.

he formal decisions or agreements of IEC on technical matters express, as“neatly as possible, an internatjonal

n all

C Publications have the form of recommendations for internationahUse and are accepted by IEC Natjonal
ommittees in that sense. While all reasonable efforts are made(to' ensure that the technical content of IEC
ublications is accurate, IEC cannot be held responsible far,the way in which they are used or forl any

tions
veen
htter.

rmity
any

o liability shall attach to IEC or its\diréctors, employees, servants or agents including individual experty and

e or
and
IEC

ns is

ptent

bnal

the required support cannot be obtained for the publication of an International Stand
despite repeated efforts, or

ard,

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 TS 60034-27-5, which is a Technical Specification, has been prepared by IEC technical
committee 2: Rotating machinery.
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The text of this Technical Specification is based on the following documents:

Draft TS Report on voting
2/1955/DTS 2/1962A/RVDTS

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

NOTE A table of cross-references of all IEC TC 2 publications can be found on the IEC TC 2 dashboard on the IEC
webdite.
The|committee has decided that the contents of this document will remain unchanged until the
staljility date indicated on the IEC website under "http://webstore.iec.ch” in the data related to
the ppecific document. At this date, the document will be
e reconfirmed,
e withdrawn,
e feplaced by a revised edition, or
e amended.

IMPORTANT - The 'colour inside’ logo on the cover page of this publication indicates

that it contains colours which are considered\to be useful for the correct understanding
of its contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

The recent development of power electronics technology has led to various power drive systems
(PDS) of variable-speed rotating electrical machines. The new influences of PDS on rotating
machines are introduced in IEC TS 60034-25 [1]1. This document points out that electrical
insulation of machine winding is exposed to numerous voltage impulses due to the repetitive
fast switching of power devices in PDS. The severity of the impulses depends on ratings of
converter and machines, converter topology, length of cable between machine and converter,
filtering equipment and so on.

IEC
des
con
(PD
imp

explanation and several PD measuring methods, in general. For practical test guidance spe

to
med
RP

BUU34-T8-4T [Z], published In 20714, 1s the first International Standard which descr
gn qualification and type tests for Type | (partial discharge free) insulation systemsrussd

tests with power frequency voltage or impulse excitation. As for PD measurements
Ilse excitation, I|EC 60034-18-41 cites IEC TS 61934, which provides-a techn

vinding insulation of rotating machines, this document was prepared as an off
surement of PD inception and extinction voltages during repetitive~impulse condif
IV and RPDEV.

bes
din

erter-fed rotating electrical machines. In this document, both tests require partialdisCharge

with
ical
cific
line
ion,

T Nu

mbers in square brackets refer to the Bibliography


https://iecnorm.com/api/?name=03f5a9737d2f8784295f4047fb3fe1d7

-8 - IEC TS 60034-27-5:2021 © |IEC 2021

ROTATING ELECTRICAL MACHINES -

Part 27-5: Off-line measurement of partial discharge inception
voltage on winding insulation under repetitive impulse voltage

1 Scope

Thig document provides an off-line measurement method of the partial discharge inception|and
extipction voltage on winding insulation under repetitive impulse voltage. This do¢ument is
releyant to rotating machines supplied by a voltage source converter.

2 |Normative references

Thelfollowing documents are referred to in the text in such a way that seme or all of their conftent
constitutes requirements of this document. For dated references, only the edition cited applies.
For| undated references, the latest edition of the referenced “document (including |any
amgndments) applies.

IEC|60034-27-1, Rotating electrical machines - Part\27-1: Off-line partial discharge
megsurements on the winding insulation

IEC|TS 61934:2011, Electrical insulating materials ‘and systems — Electrical measurement of
partjal discharges (PD) under short rise time andrepetitive voltage impulses

IEC|TS 62478, High voltage test techniques — Measurement of partial discharges| by
eledtromagnetic and acoustic methods

3 |[Terms, definitions, symbols and abbreviated terms

For the purposes of this document, the terms, definitions, symbols and abbreviated terms g|ven
in IEC 60034-27-1, IEC«S:-61934, and the following apply.

ISOland IEC maintain terminological databases for use in standardization at the following
addfesses:

e |EC Ele¢tropedia: available at http://www.electropedia.org/

e |ISO Online browsing platform: available at http://www.iso.org/obp

3.1
partial discharge

PD

localized electrical discharge that only partially bridges the insulation between conductors and
which can or cannot occur adjacent to a conductor

3.2

repetitive partial discharge inception voltage

RPDIV

minimum peak-to-peak impulse voltage at which more than five PD pulses occur on ten voltage
impulses of the same peak-to-peak values when the impulse voltage applied to the test object
is increased with step-by-step method

Note 1 to entry: This is a mean value for the specified test time and a test arrangement where the voltage applied
to the test object is increased with the step-by-step method. Details are mentioned in 5.5.


http://www.iso.org/obp
https://iecnorm.com/api/?name=03f5a9737d2f8784295f4047fb3fe1d7
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3.3
repetitive partial discharge extinction voltage
RPDEV

maximum peak-to-peak impulse voltage at which fewer than five PD pulses occur on ten voltage
impulses of the same peak-to-peak values when the voltage applied to the test object is
decreased with step-by-step method from a higher value at which such discharges are observed

Note 1 to entry: This is a mean value for the specified test time and a test arrangement where the voltage applied

to the test object is decreased with the step-by-step method. Details are mentioned in 5.5.

3.4

unipotarimpuise
voltage impulse, the polarity of which is either positive or negative

Note|1 to entry: Details are mentioned in 4.2.

3.5
bipolar impulse

voltage impulse, the polarity of which changes alternately from positive to-negative or vice v

3.6
peak-to-peak impulse voltage

Upkfpk
maxXimum numerical value of voltage reached from the lowgstwalue impulse

Note|1 to entry: The definition of peak-to-peak voltage is clarifiedin Clause 4.

Note|2 to entry: U, is used for the entire waveform of the impulse including distorted impulses.

pk/pk

3.7
impulse rise time
tr
timg for the voltage to rise from 10 %1090 % of its final value

3.8
impulse decay time
lg

timg interval between the instants at which the instantaneous values of a triangular imp

decrease from a specified upper value to a specified lower value

3.9
imppulse fall time
i
timqg for the voltage of a rectangular impulse to fall from 90 % to 10 % of its initial value

3.1

prsa

ulse

impulse width

lw

interval of time between the first and last instants at which the instantaneous value of a single

impulse reaches a specified fraction of its impulse magnitude or a specified threshold

3.1
time between two successive impulses

‘op

time between two successive impulses with the same waveform — in a considered set of pulses,

for example, for one period
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3.12

imp

Tr

average of the inverse of the time between two successive impulses ¢

ulse voltage repetition rate

3.13

train of impulse
sequence of repetitive impulse voltages with the same waveform parameters, including peak-
to-peak impulse voltage, rise time, decay time, impulse width, fall time, polarity and time interval
between impulses

Note

3.14

1 to entry: Details are mentioned in 4.3.

step-by-step method

SBY
met
and

Note

3.15
U,

S
star

Note

3.16
U,

m

maximum applied voltage U

Note

3.17
AU
incr

Note

3.18

No

num

Note

method

decrease of peak values

1 to entry: Details are mentioned in 4.4.

ing applied voltage Upki/pk during step-by-step method

1 to entry: See Figure 16 and Figure 17.

pk/pk during step-by-step method

1 to entry: See Figure 16 and Figure 17:

pase or decrease voltage Upk/pk during step-by-step method

1 to entry: See Figure 46 and Figure 17.

ber of impulses in a train during step-by-step method

1 to,entry: See Figure 16.

hod of impulse voltage application of trains of repetitive impulse with step?by-step incrg

3.19

tSS

rest time between two trains of impulses with voltage step AU during step-by-step method

Note 1 to entry: See Figure 16.

3.20

k

ratio of Upiok value of distorted waveform to original Uoiiok
generator

3.21

conditioning

pre-application of conditioning voltage before PD test for stable measurement condition

ase

at open terminal of an impulse
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3.22
ringing
transient oscillation of impulse voltage that is influenced by the circuit impedance

3.23

noise
electric noise caused by thermal white noise from PD detection circuit or impulse generator
which may lower PD detection sensitivity

spe

orette

Cial test model used for the evaluation of the electrical insulation systems«of random-wdg

windlings

3.26
forn
spe

hette
Cial test model used for the evaluation of the electrical insulation systems for form-wg

windlings

3.27

parallel winding

spe

Lial test winding in which the turn/turn insulation is simulated by at least two electrig

isolated conductors wound in parallel, one of which is grounded and the other is energized

4

4.1

Thig
exti
IEC

Repetitive impulse voltages for. PD measurement

General

document describes RPDIY and RPDEV as repetitive partial discharge inception
nction voltage of test objects under repetitive impulse voltage. They were first define
TS 61934 and are redefined in this document. Both RPDIV and RPDEV have two feat

compared with the conventional PDIV and PDEV under sinusoidal voltage defined in IEC 60

27-1
secC

. The first featuré is the clear definition of repetitive impulse voltage with distortion and
bnd one is 50 %_PD occurrence probability.

ctric

und

und

ally

and
d in
ires
34-
the

tmputse PB +est
generator measuring object
(1G) circuit

IEC

Figure 1 — Block representation of measurement circuit for RPDIV and RPDEV

Figure 1 shows a representative scheme of a measurement circuit for RPDIV and RPDEV as a
block diagram. Repetitive impulse voltage from an impulse generator (IG) are mentioned in
detail in this Clause 4. PD measuring methods are mentioned in Clause 5. Subclause 6.1
describes test objects of both model samples and complete windings. A four-terminal test object
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is illustrated in Figure 1 as a complete winding of a three-phase rotating machine with a neutral
point terminal. The combination of the possible connections is summarized in Table 2 and
Table 3 and in Annex C. PD behaviour reflects the internal voltage inside the winding of the test
object mentioned in 4.5. The relation between terminal voltage and internal voltage distribution
depends mainly on rise time ¢.. For the detection of PD on turn-turn insulation, a short ¢, is

preferable, as rise time ¢, is influenced not only by output from the IG, but also by whole circuit
parameters. The detail is discussed in 4.5.

This Clause 4 starts with the waveforms of single impulse voltage at the open terminals of two
types of impulse generator: a conventional IG circuit with one switch, and a four-arm (H type)

brid
like

The
resi
are
sing
whig
ste
diffq
gen

4.2

4.2 Waveform at impulse generator terminal without test object

The
con
circ

The
and
han
for

bety
high
IGB
app
dep
objg
lond
and
imp
pol3
swit

a triangular or rectangular impulse, respectively.

impulse voltage waveforms are distorted due to test objects with capacitive, inductive
5tive impedance. The distortion can occur through attenuation and dispersion, but als
sult of reflection, resonance and cross-coupling phenomena. Three typical distortion
le impulse waveform are discussed in 4.2.2. Next is the introduction of a"train of impy
h characterizes the repetition of a single impulse as mentioned in 4.3\ Finally, the step|
(SBS) increase and decrease of the train of repetitive impulses is-mentioned in 4.4. M
rent types of impulse waveforms are presented in Clause 4., In practice the imp
brators (IG) producing waveforms in Figure 12 and Figure 167aré€ the most common.

Waveform of single impulse voltage

waveform of a single impulse depends on_the impulse generator and the test ci
Hitions. Impulse generators (IG) used in this document may be classified into two type
it

first type of IG consists of capacitoriC, switch S and an output impedance, resistand
inductance L as shown in Figure 2., The left-hand side is a charging circuit and the ri
d side is an output terminal. It is~noted that the capacitor is regarded as a current so

een metal electrodes with atrigger was utilized for a long time as switch S. Today, howe
voltage power devices~are commonly used as the switch, such as a thyristor, MOSH
T. When switch S is closed after charging the capacitor C, a triangular unipolar imp
pars at open terminals of the impulse generator as shown in Figure 3. The rise tin
ends mainly on_switching characteristics of the power device and resistance of the
ct in series. The/decay time ¢4y depends on resistance R. Without a load or test object,
er than ¢, dnd terminal voltage appears step-like. With a test object, ¢y becomes sho
impulse“becomes a familiar triangular waveform. The waveform becomes a unip
Ilse with the same polarity as the capacitor. If impulses with both positive and negg
rity ‘are needed for bipolar waveforms, a cascade of the circuit in Figure 2 and the additi
ch circuit for polarity change may be necessary.
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Figure 2 — Simplified impulse generator (IG) circuit with a single switch S
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The repetition rate of the impulse may depend on the charging speed of the capacitor in IG,
after the first impulse. Figure 4 shows two impulses at open terminal of an IG with a single
switch. The time interval between the start of two consecutive impulses is defined as ¢, the

inverse of which is the repetition frequency.

pp’

S A

~Y

IEC

Figure 3 — Output voltage at open terminal of IG with single switch

Figure 4 — Two impulses @t'open terminal of IG with single switch

The|other type of IG circuit consists’of a so-called four-arm (or six-arm) bridge circuit of pqwer
devices, similar to a converter,-as shown in Figure 5. On the left-hand side is a charging cifcuit
and|on the right-hand side is the output terminal. High voltage power devices such as IGBT|are
usedl as switch. According to the open/close combination of four switches S1, S2, S3 and|S4,
positive or negative rectangular impulses appear at the output terminal.

O —O
s1] s2 |
C__ F&
T s3 S4
[ (
o— —— —=0

IEC
Figure 5 — Simplified IG circuit with four-arm (switch) bridge circuit

The rise time 7, and fall time ¢; of the rectangular voltage depend mainly on switch-on and -off
characteristics of the power device used. Although 7. and # are almost in the same range, they

should be treated separately. As regards the distortions mentioned in 4.2.2, these values can
also influence the waveform.

With gate signals of suitable timing, a two-level pulse width modulation (PWM) waveform will
appear at the output terminal. For PD measurement, periodic gate signals lead to periodic
repetitive impulse voltage at open terminals. With a four-arm (or more) bridge circuit of power
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devices, both positive and negative rectangular voltage impulse can be created as desired with
the appropriate gate signals. Figure 6 a) and Figure 6 b) show both positive/positive unipolar
and positive/negative alternating impulses, respectively. For positive/positive unipolar impulses,

Upk/pk @nd 7, can be defined in the same manner shown in Figure 4.

In the case of positive/negative alternating impulses, a set of positive/negative alternating
impulses should be treated as one bipolar impulse for PD detection, unless the time between
two successive positive and negative impulses is long enough to neglect the electrostatic
influence of the preceding impulse on the next one. Uy should be measured from negative

peak to positive peak values, and fop should be measured between successive bipolar impulses.

= A .-

Upk/pk

- 4y

C

a) Two positive unipolar rectangularimpulses

12
pp

g .
() L

] 1
1 )
1 A ! |
1
1

-~V

IEC

b) Alternating unipolar rectangular impulse (bipolar impulse)

Figure 6 — Output voltages at open terminal of four-arm bridge circuit

4.2.p Typical distortions of impulse waveform at the terminals of test object

It is emphasized that with most test objects, the impulse voltage waveform is distorted due to
the circuit impedance of the entire test circuit, including IG, measuring circuit and test object.
The reason is that test objects in this document may have a wide variety of impedance. The
typical distortions may be classified into three patterns. The effect of the rotor on the waveform
distortion is also introduced.

a) Increase of rise time and decrease of peak voltage

Figure 7 and Figure 8 show the increase of rise time and decrease of peak voltage to
triangular and rectangular impulses, respectively, where dotted lines show the deformed
waveforms.

When the test object is a complete winding and the capacitance between the winding and
ground is large, the rise time of the impulse voltage applied to the test object may become
longer than the original rise time at the open terminal of the IG. This phenomenon may occur
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15—

when the IG cannot provide enough capacitive current for the test object to generate a
steep-fronted voltage rise. It might be overcome by increasing the current capacity and
output impedance of the impulse generator.

A

b)

1

mpulses.

A

A

gure 8 — Increase of rise time and decrease of peak voltage of rectangular impulse

Dvershoot of peak and following fast @scillation (ringing)

Figure 9 and Figure 10 show the overshoot of the voltage peak, followed by fast oscilldtion
or triangular and rectangular impulses, respectively. The phenomenon is often observdd in
eal test objects and is called "ringing", since the circuit includes both stray capacitance|and
Inductive factors. Peak-to-p&ak impulse voltage U, ok should be measured from maximum

beak of positive impulse~to minimum peak of negative impulse of observed distofrted
vaveform. Figure 11 shows an example of an observed waveform for repetitive rectangular

. |

IEC

IEC

Figure 9 — Overshoot of peak and following fast oscillation of triangular impulse
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igure 10 — Overshoot of peak and following fast oscillation of rectangular-impulsg
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Figure 11 — Typical "ringing” observed during bipolar rectangular voltage test

Slow oscillating.decay (reverse overshoot)

Figure 12 .and Figure 13 show the slow oscillating decay of triangular and rectang
impulses, respectively. When the inductance of the test object causes a slow oscillg
juring#after decay, a positive unipolar impulse may become a bipolar one, and the peaH
peak.voltage of impulse increases unintentionally. Uy, should be measured from the

ular
tion
-to-
top

f\péak to the reverse peak of oscillation as shown in Figure 12 and Fiqure 13. When

the

oscillation does not reach negative value, Uy, should be measured from zero to positive

peak. It is also noted that impulse width ¢, decreases greatly.
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Figure 12 — Slow oscillating decay of triangular impulse
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Figure 13 — Slow oscillating decay of rectangular impulse
\s shown in Figure 13, the slew/oscillation of the first impulse may be superposed on

ht open terminal, multiple’superpositions may result in complicated waveforms. Accordin
{he recording of real impulse waveforms during PD measurement is strongly recommen

Fffect of rotor

Recently, the influence of a rotor on the internal voltage distribution of stator winding
peen reported. [3]. Unlike sinusoidal voltage, high-frequency Fourier components of
mpulse veltage surge are sensitive to the existence of magnetic flux passing through
otor. According to [3] the waveform of the impulse may be strongly distorted with a rq
[he distorted waveform or U, can change the PD inception voltage. These eff

jepend on the kinds and structures of rotors of three-phase AC machines. Therefore,

that

bf the following impulses. When the oscillation is too slow compared with impulse waveform

aly,
led.

has
the
the
tor.
bcts
the
real

presence of a rotor during PD measurement shall be reported with the recording of

impulse waveforms.

Train of single impulse voltage

Power switching devices such as IGBTs or MOSFETs used in impulse generators are driven
with a gate signal, which means the repetition parameters may be controllable.

In this Subclause 4.3, the concept of "train of impulse" is described using rectangular impulses,
while the concept can be applied for both triangular and rectangular impulses. The output of a
PWM converter consists of a set of rectangular voltage impulses, the fundamental frequency
component of which determines the speed of a three-phase AC machine. For PD inception
voltage measurement, it is natural to use such repetitive impulses rather than a single impulse.
The pattern of PWM changes often in operation; it seems appropriate to define a train of a plural
number of single impulse voltages with a suitable time interval.
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In this document, a "train of single impulses" is defined with the following parameters. As shown
in Figure 14, the train of either positive or negative unipolar impulses is characterized with the
number Np of repetitive single impulses with same waveform and with the same lop- Clearly lop
should be longer than the width of single impulse ¢,. Repetition frequency f, used in several
publications is the inverse of Top- Figure 15 shows the train of bipolar impulses at the output
terminal, where it also involves alternating unipolar impulses as mentioned in 4.2.1. With test
objects, the waveforms of Figure 14 and Figure 15 may be distorted as shown in Figure 12 and
Figure 13. The train of positive unipolar impulse can be changed to a train of bipolar impulse.
Accordingly, Upypk shall be measured on the distorted impulse waveform, not the original

waveform at open terminal of an impulse generator.

= A
1 t

! PP ! pp :
—————P—————P>

I I 1

| [W | | |

— - 1 1

I 1

. |

IEC
Figure 14 — Schematic representation of train parameters of positive unipolar impulses
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Figure 15 — Schematic representation of train parameters of bipolar impulses

4.4 | “Step-hy-step voltage increase and decrease using trains of single impulse |

voltage

In this document, the step-by-step (SBS) method means the set of trains of single impulse
voltage with "SBS parameters" and "train parameters" mentioned in 4.3. SBS parameters are
given as follows:

a) start voltage Ug and maximum voltage Up,;

b) step voltage increase or decrease AU between successive trains;
c) resttime 1 between two trains of impulses with voltage step AU.
Figure 16 shows an example of an SBS pattern for RPDIV measurement for positive unipolar

impulse without distortion. For the measurement of RPDIV, the SBS pattern should start from
Us to U, with step voltage increase AU and rest time #55. As shown in Figure 17, both RPDIV
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and RPDEV are obtained in one test procedure, when the test voltage increases from U to Up,,
and decreases from U, to Ug. While the SBS pattern may be generated manually, presetting of
automatic SBS patterns may be possible with the recent IGs. Minimum values of both Top and
tss depend on the specification of the |G used. Since Uy < RPDIV and RPDEV < U, preliminary
tests to set up the suitable values of Ug and U, may be beneficial. However, U,, may be limited

if the application of higher voltage might damage the insulation system. The other possible SBS
pattern is discussed in Annex D.

. nmnnat ”” W S g

: IEC

Key

‘pp time interval between successive impulses with same peak yalug

lsg rest time between two trains of impulses with voltage st€p AU

Figure 16 — SBS parameters of)positive unipolar impulses
S A
RPDIV measurement RPDEV measurement

t
IEC

Key

|

Figure 17 — SBS voltage pattern of positive unipolar impulses for RPDIV and RPDEV

Shadow blocks show trains of unipolar impulses

The maximum applied voltage U, may be chosen arbitrarily for research, and it is usually higher
than the expected RPDIV and RPDEV values. For qualification and/or verification purposes of
complete windings, however, U, may be chosen as a certain value. When lower than 50 % PD
occurrence is observed at U, the RPDIV may be judged as being higher than the expected

value, while the RPDEV cannot be obtained. If higher than 50 % PD occurrence is observed
below U, the SBS voltage may be stopped and reduced to measure RPDEV.

In practice the voltage distortion of the impulse waveform is often observed, as mentioned in
4.2. Especially in the case of bipolar oscillation of unipolar impulses as shown in Figure 12 and
Figure 13, the SBS patterns of positive unipolar impulses may become bipolar. If the IG can be
set to automate the SBS pattern of unipolar voltage increase AU without the test object as
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shown in Figure 16, then the distorted SBS pattern becomes as shown in Figure 18. Ug may
change as kUg and Uy Of the second train in Figure 18 becomes k(Ug + AU), where k is the

ratio

of Upk,pk

determined only with distributed impedance of the measuring circuit.
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Figure 18 — SBS voltage pattern of bipolarly distorted positive unipolar impulse

e way as in Figure 16.

N-impulses
P IEC

Figure 19— SBS voltage increase of bipolar impulses

The
Hig

medsurement. dhis technique has been used for a long time for PDIV measurement
sinysoidal voltage application. Figure 20 shows a representative scheme for the conditio
prodgedure before SBS measurement. The conditioning voltage, unipolar or bipolar, conditio
timg andrest time between conditioning and start of measurement should be reported, if app
If nat applied, the first measurement data should be omitted.

so-called "voltage) conditioning" effect may reduce the variability in RPDIV and RPDO

value of distorted waveform to original U piok- It is noted that the ratio kis

re 19 shows the SBS pattern of bipolar impulses (N, = 5) including an alternating unipolar
Lise, as shown in Figure 6 b). It is noted that Ug, U,, and,AUshould be measured from
ptive peak to the positive peak values as Upy k. Whilew gy 155 and N, are measured in

the
the

EV.

voltage is .applied at a certain time on the test object before PD inception vol{age
with
ning
ning

ied.
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- 21 -

RPDIV measurement

Y
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Key

Shadow blocks show trains of unipolar/bipolar impulses

Figure 20 — Representative scheme of conditioning
procedure before RPDIV measurement

Table 1 shows the parameters of repetitive impulse for RPDIV/RPDEV "measurement, typical

range of the parameters and example values reported [2],[4]. Values in examples column ['a

"o xn

correspond to values of parameters for the impulse PD measurement of turn/turn insuldtion

mentioned

IEC 60034-18-41:2014 and

IEC 60034-18<41:2014/AMD1:2019, Anneix B.

Example "b*" corresponds to values used in a round-robin“test of random-wound motors| [4].
Thepe values may be useful for preliminary setup of impulse generators. It is emphasized that

onlyl Upsp

caldulation of RPDIV and RPDEV.

Table 1 — Typical ranges of‘impulse voltage parameters

at terminal of testwbject to be reported

k values, the measured terminal voltage at<the test object should be used for|the

Kind of Examples
Characteristics Typical range of values
parameter a* b*
Shape Triangular or rectangular Triangular Triangular
. Positive or negative Positive or . .
Polarity . A . . Negative unipglar
unipolar or bipolar negative unipolar
Impulse tise‘time 7, 0,05 us to 2,0 ps 0,1 ys to 0,5 s 0,14 yus 1,24 ps
Single -
impulse Impulsedecay time 4 5 ps to 100 ps - _
Impulse width 7, 1 us to 50 us >5 s 2,6 us to 20,3|us
fall time of rectangular I 0,05 ps to 2,0 us - -
Type of distortion a, b, c Visual judge b andc
Number of impulse Np 5to 100 - 10
. Time interval between
Train of impulses ¢ > 100 ps - 100 ms
impulses pp
. . . Negative
Pattern of polarity Unipolar or bipolar - constant
Start voltage U 5 % to 50 % of U, - 2 kV
Maximum voltage U, 2 kV to 20 kV - 5 kV
SBS test
AU 1% to 10 % of U, - 100 V
[298 10 ms to 2 000 ms - 500 ms
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insulation mentioned in IEC 60034-18-41:2014 and IEC 60034-18-41:2014/AMD1:2019 [2], Annex B.

Example "b*" corresponds to values used in a round-robin test of random-wound motors [4].

: Examples

Kind of Characteristics Typical range of values

parameter a* b*

Rotor Kind of rotor, if any - No rotor

Optional —

parameters Conditioning Voltage and application - No conditioning

time, if any
Key
Values in examples column "a*" correspond to values of parameters for the impulse PD measurement of turn/turn

4.5

The
into

Impulse voltage distribution inside rotating machines

difference of voltage distribution of each portion inside rotating machines should be tgken
account before PD measurement of complete winding in 6.1.3. Figure 21 shows a schematic

representation of phase/phase, phase/ground and turn/turn voltages appearing at an AC rotgting

madhine fed from a two-level converter. Figure 21 is based on Figure(B,3 of IEC 60034
41:2014 [2]. In Figure 21, U,, Uy, and U represent peak voltage, steady state impulse

jum
turn
edg

b voltage, respectively. The letter "a" represents the fractionyof voltage stressing
turn insulation. When the phase/ground voltage Upkipk has both shorter rising and fa

18-
and
the
ling

bs, the gradient of which leads to higher positive or negative’peaks on turn/turn insulafion.

In other words, the fraction "a" become higher with shorter\rise time and fall time of squiare

way|
detd
imp
dist

Usin
timg
stat
ins
of in
Sing

of R
the

iled explanation, please refer to the original document [2]. The connection type betwee

ibution as mentioned in 6.1.3 and Annex C.

rs. When the rise time is 0,3 s, 70 % of the total voltage is concentrated at turn
ation in the first coil. Therefore, IEC 60034-18-41 recommends having 0,3 us in rise
hpulse voltage for PD measurement of turn/turn insulation.

e PD activity is strongly influenced by the internal voltage distribution, the measured va
PDIV and RPDEV\should be interpreted carefully according to the parameters in Tab
fise time ¢, and(fall time ¢, especially.

eform of phase/ground voltage, which leads to higher(Upk of turn/turn insulation. For the

N an

llse generator and terminals of AC machine mayvalso influence the difference of voliage

g additional probes in the winding, many researchers have reported for random-wdund

windlings that voltage stress in the first coils is the highest and that this depends on the

of the impulse applied. Figure 7s-of IEC 60034-18-41:2014 [2] shows the worst gase

sceL];ario of turn/turn voltage in the first coil against rise time in a variety of random wqgund
|

rise

turn
ime

ues
e 1,
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eledtrical and nonelectrical methods for converter-fed rotating machines. Then, the effeq

dist

Megdsuring PD inception voltage,dnder repetitive impulse voltage stress normally ren

E  This is a schematic representation and not scaled for phase/phase, phase/groGnd-and turn/turn voltages

a" represents the fraction of voltage stressing the turn/turn insulation.

voltages of the winding of a rotating machine fed from a two-level converter [2]

PD measurement methods with impulse voltage

General

TS 61934 provides several electrical PD.measuring methods. Clause 5 describes prac

irbances and thresholds are mentioned.

Figure 21 — Schematic representation of phase/phase, phase/ground and turn/turn

The

tical
t of

lers

diffgrent results compared to thosé measurements defined in IEC 60034-27-1. This is due to

the
is d
stre

The
hav
the

5.2
5.2.
IEC

5.2.

fact that the impulse voltage distribution across the various parts of the winding insulg
Ifferent from that under_sinusoidal voltage stress. Some parts of the insulation may
5sed equally, while ether parts may be stressed to a higher and others to a lower exten

oscilloscope and the high voltage probe used to measure the voltage and PD pulse sh

rise time of‘the impulse.

Electrical PD measurements

tion
be
t.

buld

b a bandwidthnexceeding that of the impulse, evaluated approximately as the reciprocal of

1~ General

TS 61934 presents the following electrical PD detection devices.

2 Coupling capacitor with higher order analogue filter

A coupling capacitor with a voltage rating exceeding that of the expected applied impulse
voltage together with a filter that strongly attenuates the test voltage impulses can be used as
shown in Figure 22. The filter should have at least three poles and special measures to inhibit
cross coupling of the input signal to the output. The filter can be designed using passive or
active filtering technology. The coupling capacitor is connected to the test object high-voltage
terminal. Figure 23 reports an example of frequency spectra of PD pulse and impulse voltage
before and after filtering for an eighth order filter.
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NOTE Impulse voltage rise-time 50 ns, PD pulsetrise-time 2 ns, eighth order filter with filter cut-off frequency gqual
to 500 MHz.
Figure 23 — Example of.voltage impulse and PD pulse frequency spectra
before (left) and after (right) filtering
5.2.8 HFCT with higher-order analogue filter
A high-frequency curfent transformer (HFCT) together with a filter can be used to detecf PD
pulges while suppréessing the impulse voltage. Note that HFCTs may have a very wide range of

sufficient electrical insulation to ensure that breakdown and/or partial discharge between the
cable and the HFCT does not occur. Alternatively, the HFCT can be connected between the

test

object and earth (Figure 25). Only low-voltage insulation is then required. The latter
arrangement is effective, in general, only if the metallic enclosure of the test object can be
isolated from earth.
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Figure 24 — HFCT between supply and test object with higher order analogue filter

Impulse Test
generator object

IJ__/ Filter T PD signal
HFCT

IEC

Figure 25 — HFCT between test object and earth with higher order analogue filter

5.2.4 Electromagnetic couplers

Anteénna-type couplers can be used to separate impulses from the supply from PD origing
in the test object as shown in Figure 26.

Various antenna-type couplers can be used té‘detect an electromagnetic signal from the p
disgharge site in the test object. For the separation of the PD signal from the impulse volt
the pouplers should have suitable frequency characteristics.

An diltra-wide band (UWB) couplerican detect a PD signal with impulse noise. To suppress|
impullse voltage, an electromagnetic near-field coupler with a fixed coupling impedance to
lead from the impulse supply-to-the test object can be effective.

Impulse [ Test
generator /:— object
Antenna
Acquisition
system

ting

rtial
ge,

the
the

IEC

Figure 26 — Circuit using an electromagnetic coupler (for example an antenna)
to suppress impulses from the test supply

An alternative electromagnetic coupler can detect the radiated electromagnetic signals

propagating through free space from the PD site in the test object (Figure 27). If the ante
has UWB characteristics including a lower frequency component of impulse voltage, a filte

nna
ring

function is necessary to suppress the residual signal inside the acquisition system. Some
double-ridged guide antennae (horn antennae) have a cut-off frequency above 0,5 GHz which
need no filters. UHF antennae with narrow-band characteristics, the centre frequency of which

is higher than those of impulse voltage also do not need a filter for the same reason. Note
the coupling efficiency will depend on the distance between the PD site and the antenna as
as the presence of any metallic shielding between the PD site and the antenna.

that
well
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Figure 27 — Circuit using an electromagnetic UHF antenna

cal measurements of PD have been used mainly on a twisted pair or equivalent
ratories because of its high PD sensitivity. The optical signal can be detécted even
electromagnetic noise and disturbance. With special conditions such as low air press|
bw-like PD around a complete winding can be detected optically. Optical'UV sensors {
photomultiplier tube with flexible optical fibre shall be able to view)all parts of the
ct.

Threshold level of PD detection

eneral, the PD inception voltage may be measured with anylevel threshold detection sys

5 in
with
ure,
uch
test

tem.

Usuglly the threshold value has been selected to be slightly'higher than the noise level. Under

high
high
mez
prok
in p
mes

In th
PD
che
"dis
eleg
app

pulge detection. It is neted that the PD threshold value is higher than the disturbance level

that
Figy

er noise circumstances, a higher threshold valugtmay be selected, which may lead
er PD inception voltage. In other words, a higher'noise level may lead to less sensitive
surements. The ambiguity in the setup of threshold levels has been one of the fundame
lems of PDIV detection. In IEC 60034-27-1-with sinusoidal voltage application, calibrg
ico-Coulomb (pC) is recommended for gomparison of the noise level between diffe
suring systems.

e case of a repetitive impulse voltage, however, pC calibration is not possible because
detection frequency is in the VHF or UHF ranges mentioned in 5.2. Instead, a sensit
Ck as set out in IECTS 61934 and/or in IEC TS 62478 is required. Furtherm
urbance" means transient induced signals from the impulse generator itself and/or adja
tric devices. As shown in Figure 28, the disturbance level due to short rise time of
ied impulse itself may .often be higher than the thermal noise level and it may disturb

different threshold values may lead to a different PD inception voltage, as show
re 28. The noise’and disturbance levels should be reported.
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Figure 28 — Schematic representation of noise, disturbance and threshold values
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Measuring system with impulse generator and computer

The low frequency PD detection methods described in IEC 60034-27-1 for sinusoidal test
voltage using couplers and electronic circuits have been applied for several decades. The
analogue PD signals are detected by couplers and are amplified, filtered, using discriminating

ana

logue or digital electronic circuits.

Figure 29 shows an example diagram of PD measurement in laboratories. The system consists
of an impulse generator, a voltage divider, PD sensors (detectors), an oscilloscope and a
personal computer (PC) for measurement and data management. It is noted that each unit is
connected with a high-voltage analogue line (white), low-voltage analogue line (black) or serial

orp
PD
nec

autgmatic control unit may be commercially available for practical use. As for the ¢alculatio
RPDIV and RPDEV in 5.5 with stored PD pulse data, the computer-assisted systen
recqmmended with the digital oscilloscope. See Annex A.

5.5

As defined in 3.2 and 3.3, both RPBIV and RPDEV are U values at which PD pulses o

aga
RPL
parg
imp
first
dec
assi

Gen
So
beh

arallel digital line (grey). Since a series of data of applied repetitive impulse voltages
signals are detected in parallel at the same time, sufficient memory capacity.‘may
bssary in the digital oscilloscope or measuring system. An impulse generator-with
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Figure 29 — Example diagram of PD measurements with PC

Calculation and interpretation of RPDIV and RPDEV

nst repetitive impulses with @ 50 % probability. For example, Figure 30 shows RPDIV
EV based on PD pulse data measured using the SBS method. In this measurement,

meter values are read'as N, =5, Ug = 1000V, U, =2000V and AU = 200 V. Since
ilses are applied inta train, RPDIV is calculated as Uy at which three PD pulses
y detected (= 1800 V) during voltage increase and RPDEV (= 1 600 V) during volf

ease. Values (of RPDIV and RPDEV may be calculated automatically by a compd
sted system.as'shown in Figure 29.

erally, PD activity is unstable around the inception and/or extinction voltage. See Anng
RPDIV,*and RPDEV are recommended with an averaging treatment of unstable PD p
aviour. Nevertheless, experience suggests there can still be some scattering. In orde
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large Np and low AU may lead to more stable results. At least five repeated RPDIV and RPDEV
measurements are recommended.
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Figure 30 — Example of RPDIV and RPDEV.calculation using
a 50 % PD probability against repetitivé.impulse voltage
(Figure 12 of IEC TS 61934:2011, modified)

The|minimum values of RPDIV and RPDEV are thesmost important as a quality control check
in mass-production lines. The Weibull distributien*plot may be beneficial to confirm the minimum
values based on measured data.

RPDIV and RPDEV may depend on the PD detection method and detection parameﬂ‘ers,
especially the threshold values. Accordingly, noise and disturbance should be measdyred
cargfully before the test, and the values should be reported.

RPDIV may be higher than RPDEV, as occurs with PDIV and PDEV measured with sinusqidal
voltage.

In the case of inductivetest objects such as a mortorette, a formette or a complete winding, a
shofter rise time ¢, leads to a more uneven voltage distribution, as mentioned in 4.5. That mgans

that|PD at turn/turn insulation in the first coil may occur in the case of a very short rise time 7,
whi¢h may lewer the RPDIV and RPDEV values.

6 [Impulse PD test procedure

6.1 Test object
6.1.1 Twisted-pair or equivalent

Twisted pairs of round winding wire have been measured for insulation research of random-
wound machine for a long time. There are a lot of publications on PD phenomena using the
twisted-pair samples [5] to [10]. For twisted pairs, the RPDIV and RPDEV show the fundamental
data for turn-turn insulation design of the machine. Instead of a twisted pair sample, a single
contact sample of two wires is also used for more fundamental research of PD phenomena.

Since the capacitance of a twisted pair or the equivalents is small or negligible compared with
that of the impulse generators commercially available, the distortion of impulse waveform
mentioned in 4.2 is small.
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For form-wound winding, the contact of two insulated bars or parallel winding of a rectangular
magnet wire wound on a bobbin are typical test objects for the turn-turn insulation.

In the case of the other test objects mentioned in 6.1.2 and in 6.1.3, it is difficult to separate
PD signals of each winding portion in general. If the RPDIV and RPDEV of turn/turn insulation
are obtained successfully, these simple test models may be useful.

6.1.2 Motorette or formette

Motorettes and formettes have been used as model test objects of insulation systems of
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plete machine in service.

it is difficult to determine if the PD is occurring in the turn/turny’phase/ground an
se/phase insulation, because the internal voltage within windings is not measured dirg
it depends on both internal impedance and waveform of applied.impulse voltage. In add
he electrical transfer function of the PD from its source inside the insulation system to|
suring point at the coil ends is an unknown R-L-C combination, it is hard to identify the

¢ Complete winding and connection

IV and RPDEV can be measured on a complete winding of the rotating machine. U
el test objects mentioned above, the following precautions are needed.

capacitance and inductance of a complete winding may cause distortion to the orig
eform from the impulse generator;'that is, an impulse generator with sufficient capaci

5e windings. A complete winding consists of phase/phase, phase/ground and turn

tify the PD site or location: It is well known theoretically and experimentally that turn

hge distribution is uneven along the winding for impulses with short rise time. For mach
a same winding design, the turn/turn voltage in a complete winding may be estimated
measured on a model machine with additional terminals from conductors inside.

re 31 shows' a representative scheme of voltage terminals for three-terminal
Hterminal~machines. Tested phases are connected to the IG and the PD detector.
hining_phases are connected to the machine's ground. In Figure 31, the potential of

hge distribution of the winding.
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Figure 31 — Representative scheme of voltage terminals
for three-terminal machine and four-terminal machine
Posgible connections for RPDIV and RPDEV are shown in Table 2 for‘athree-terminal machine
and|Table 3 for a four-terminal machine where the neutral Y connection terminal is availgble,
respectively. In each connection phase/phase (p-p), phase/ground (p-g) and turn/turn |(t-t)
windings have different influences. With any connection, the fowest RPDIV and RPDEV among
p-p,| p-g and t-t insulation is detected. It is necessary to seleet the connection carefully for| the
megsurement purpose. Each connection is shown Figure ©.1 to Figure C.9.
Table 2 — Connection of complete winding of three-terminal machine
Tdst Terminal voltage Test portion
tvbe Remarks
y u ' w Fr pP-p pg t-t
A G G G * v v Mostly recommended for p-g and t-t tesfing
Recommended
. (p-p and p-g voltage is applied only
B A A G G v v between U, V and W, Fr. t-t voltage of the
U phase may be lower than that of Test
Type A)
( A G G F * *
I A G P F * *
B A €] F G * v
R A A A G - *
Key
A: voltage applied
G: | ‘gréunded
F: floating
Fr: frame potential
U: terminal of U phase without neutral terminal
p-p: phase to phase insulation
p-g: phase to ground insulation
t-t:  turn to turn insulation
v':  main test portion

not main portion but a reduced voltage is applied
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Table 3 — Connection of complete winding of four-terminal machine

Test Terminal voltage Test portion
type U, A W, N, Fr | pp p-g -t Remarks
G A G G G G * * v
p-p and p-g voltage is applied only
H A A G G G . . y between U, V and W, Fr
The t-t voltage of the U phase may be
lower than connection Type G
ra S S S = * * v
I A G F G F * * v
A G F G G * * v
L A A A G G * v v
M A A A G F * * v
N A F F G F v
&' A G G F G * v Same as Type A
H' A A G F G * 4 Same as(Fype B
! A G G F F * * Same as Type C
! A G F F F * * Same as Type D
K A G F F G * v Same as Type E
' A A A F G \ Same as Type F
Key
A: voltage applied
G: | grounded
F: floating
Fr:| frame potential
Ut] terminal of U phase
Nt] potential of neutral terminal
p-p| phase to phase insulation
p-g| phase to ground insulation
t-t:| turn to turn insulation
v: | main test portion
*: not main portion but test voltage is applied

6.2 | (Safety and environment during PD test

6.2.1 Grounding and floating of test objects during tests

Extreme care is necessary after each test, since the full test voltage may still be present on the
windings, even if the test instrument has an automatic short circuit applied. Both phases should
be discharged to ground potential by appropriate means.

For grounding, the frame and stator core of the rotating machine shall be grounded perfectly.
For a floating potential requirement, the whole machine shall be electrically insulated from

ground. Grounding is recommended after these tests with voltage floating for safety.

6.2.2 Environment during test

Since the following environmental parameters may influence the PD characteristics, it is

recommended to record these environmental data during PD tests for the test report.
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Relative humidity has been reported to influence the PD inception in the case of a twisted-pair
sample and complete windings [4], [6]. However, the effect of humidity on RPDIV and/or RPDEV
may be complex according to several published papers. Therefore, it is recommended that PD
tests be performed only in dry condition.

Temperature is also another parameter which may influence PD activity. Room temperature is
recommended for testing.

Air pressure will have a major influence on PD activity. For aeronautic applications, special
precaution is necessary for converter-fed rotating machine insulation [11]. It is well known that
PD 5 wirreh Hy—with wHle—p 0 &t w—er dre—Hder
thede conditions, optical detection of PD may be used for RPDIV and RPDEV measurement.

6.3 | Test procedure and reports
For RPDIV and RPDEV measurements of test objects, the following process may, be undertgken.

1) |Selection of test object
2) |Selection of test voltage range and necessary impulse generator
3) |Selection of PD measuring method
4) |Recording of single impulse waveform with/without measufing circuit with test object
5) |Adjustment of circuit parameters, if necessary, and recording of the final waveform
6) [Noise and disturbance measurement in the measuring’/circuit
7) |Sensitivity check and/or decision of threshold value
8) |Decision of all parameter values of single impulse waveform, train and SBS method
9) [Adjustment of environmental conditions, if hecessary
) |Application of high voltage as conditioning, if necessary
) |Repeated measurement of PD with;SBS method
12) |Calculation of RPDIV and RPDEV
) |Change the test condition andrepeat measurement, if necessary
)

Test report
Thelfollowing test data shall be attached as a test report.

a) Parameters of single impulse voltage waveform observed at test object terminal
b) Parameters«ofitrain of repetitive impulses
c) Parameters of SBS method and voltage conditioning

d) Pensitivity, noise level and threshold for PD detection

e) Type of test object and connection for complete windings

f) Relative humidity, temperature and air pressure during test
g) Waveform recording of impulse voltage and typical PD pulse
h) Other remarks on a kind of rotor used and conditioning parameters, if applied
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Annex A
(informative)

Typical PD measurements on a complete winding

Typical PD measurements on a complete winding of aged small motors was performed in a
round robin test (RRT) in Japan [4]. Figure A.1 shows a block diagram of the measurement

system. Table A.1 shows the values of repetitive impulse parameters.

Voltage
divider
o Impulse Stator
Digital generator coil
oscilloscope
I I
PC Patch
antenna
JEC

Figure A.1 — Block diagram of PD measurement system used in RRT

Table A.1 — Parameters used.\in RRT

Characteristic Value

0,14 ps to 1,24 us

Rise time
Pulse width 2,6 ps to 20,3 us
Repetition rate 20 Hz
Shape Triangular
Polarity Unipolar (negative)
2 o
) 3
n
>
<
\i
[ ‘HHHH
t
100ms _ || o
i 500 ms

PD (mV)

t
IEC

Figure A.2 — Impulse pattern used in RRT and PD inception
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Figure A.2 shows the step-by-step increase pattern used in the tests. PD pulses are shown to
the applied impulse train. After PD measurements, correction of voltage was done based on
Paschen's law for temperature and air pressure. RPDIV values have been calculated according
to the definition in 3.4 of IEC TS 61934:2011. The dotted line in Figure A.2 shows threshold
voltage in mV.
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