
IEEE Std 95™-2002
(Revision of IEEE Std 95-1977)

IE
E

E
 S

ta
n

d
ar

d
s 95TM

IEEE Recommended Practice for
Insulation Testing of AC Electric
Machinery (2300 V and Above)
With High Direct Voltage

Published by 
The Institute of Electrical and Electronics Engineers, Inc.
3 Park Avenue, New York, NY 10016-5997, USA

12 April 2002

IEEE Power Engineering Society

Sponsored by the
Electric Machinery Committee

IE
E

E
 S

ta
n

d
ar

d
s

Print:  SH94982
PDF:  SS94982



 

Recognized as an

 

American National Standard (ANSI)

 

The Institute of Electrical and Electronics Engineers, Inc.
3 Park Avenue, New York, NY 10016-5997, USA

Copyright © 2002 by the Institute of Electrical and Electronics Engineers, Inc.
All rights reserved. Published 12 April 2002. Printed in the United States of America.

 

Print:

 

 ISBN 0-7381-9245-4 SH94982

 

PDF:

 

 ISBN 0-7381-3246-2 SS94982

 

No part of this publication may be reproduced in any form, in an electronic retrieval system or otherwise, without the prior 
written permission of the publisher.

 

IEEE Std 95™-2002

 

(Revision of
IEEE Std 95-1977)

 

IEEE Recommended Practice for 
Insulation Testing of AC Electric 
Machinery (2300 V and Above) 
With High Direct Voltage

 

Sponsor

 

Electric Machinery Committee
of the
IEEE Power Engineering Society

 

1 August 2002

 

American National Standards Institute

 

Approved 20 March 2002

 

IEEE-SA Standards Board

 

Abstract:
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ings in ac electric machines.
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Introduction

 

[This introduction is not part of IEEE Std 95-2002, IEEE Recommended Practice for Insulation Testing of AC Electric
Machinery (2300 V and Above) With High Direct Voltage.]

 

Traditionally, the insulation of rotating machines has been tested for dielectric strength with alternating volt-
age. In 1952, attention was directed to testing with direct voltage. Since then, high direct voltage has been
widely used. Many reports of procedure and results are found in the IEEE Transactions with expressions of
widely differing opinion.

In 1957, the Insulation Subcommittee of the IEEE Rotating Machinery Committee appointed a working
group to review the existing literature and to prepare a guide for the conduct and interpretation of high
direct-voltage insulation tests. It was found that many methods of making the tests have been used and that
there was no uniform opinion of their relative merits.

In 1971, the Insulation Subcommittee of the IEEE Rotating Machinery Committee appointed a working
group to revise the existing guide to a recommended practice.

In 1996, the Materials Subcommittee of the IEEE Electric Machinery Committee appointed a working group
to revise the existing recommended practice. The document has been updated in a number of respects and
typical test results using the ramped voltage test method have been included.

At present there is wide usage of high direct voltage for insulation testing, but there are still areas of dis-
agreement regarding the utility of such tests. In this recommended practice every effort has been made to
state facts and to indicate what is not certain. This document gives the present opinion and evaluation of high
direct-voltage insulation testing of a large number of investigators with experience in a wide area of test
activities.

Many of those who have used the methods described in this recommended practice have found them to be
satisfactory and a valuable addition to other test procedures. It is hoped that the use of this recommended
practice will achieve more uniform results and a fuller understanding and appreciation for the benefits of the
high direct-voltage dielectric test.

A general discussion of test procedures, a comparison between alternating and direct-voltage testing, and
requirements for high voltage power supplies may be found in Annex A of this recommended practice. For
background information on overvoltage testing, see Clause 8 of IEEE Std 56-1977 and see IEEE P62.2/
D23.
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WARNING

Due to high voltage used, dielectric tests should be conducted only by experienced personnel, and 
adequate safety precautions should be taken to avoid injury to personnel and damage to property.
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IEEE Recommended Practice for 
Insulation Testing of AC Electric 
Machinery (2300 V and Above) 
With High Direct Voltage

1. Overview

1.1 Scope

This recommended practice provides uniform methods for testing insulation with high direct volta
applies to stator (armature) windings of ac electric machines rated 2300 V or higher. It covers acc
testing of new equipment in the factory or in the field after installation, and routine maintenance tes
machines that have been in service.

1.2 Purpose

The purpose of this recommended practice is to:

a) Provide uniform procedures for performing high direct-voltage acceptance tests and routine m
nance tests on the main ground insulation of windings of ac electric machines.

b) Provide guidance in analyzing the variations in measured current versus applied voltage so 
condition of the insulation can be more effectively assessed.

c) Compare direct-voltage testing with alternating voltage testing.

1.3 Application and limitations

Testing of machine insulation may be conducted in the factory, in the field during installation, as a co
of acceptance, to verify the efficacy of repairs or maintenance, after a system disturbance or exten
age, and/or on a routine basis during the lifetime of the machine.

High direct-voltage acceptance tests are generally performed to provide some assurance that the
insulation has a minimum level of electrical strength. Because the inherent electrical strength of soun
lation is well above the usual proof test value, failure during an acceptance test at an appropriate
indicates the insulation is unsuitable for service. 
Copyright © 2002 IEEE. All rights reserved. 1
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The use of controlled high direct-voltage tests (e.g., stepped or ramped voltage tests) offers certain
tages over proof-type acceptance tests. By observing measured current during the controlled applic
voltage, variations in current versus applied voltage may be useful in diagnosing certain insulation 
and modes of deterioration. Controlled overvoltage tests may also afford the possibility of detecting im
ing insulation problems by recognizing abnormalities in the measured current response, thereby allow
test to be discontinued prior to insulation failure.

Insulation problems that may be detected by controlled direct-voltage tests include:

— Cracks or fissures
— Surface contamination
— Uncured resin
— Moisture absorption
— Delamination
— Voids

There has been limited experience in detecting delaminations and voids by the means of controlled
voltage tests. See [B32], [B33].

High direct-voltage tests may be preferred over alternating-voltage (e.g., 50 Hz or 60 Hz) tests 
following reasons:

a) The supply unit for the direct voltage is relatively small and lightweight, making it suitable for t
port to most field locations.

b) Fewer partial discharges occur during direct-voltage tests as compared to alternating-voltag
thus less damage to the insulation results from the direct-voltage test.

c) If insulation breakdown occurs during testing, direct-voltage tests cause less damage beca
capacity of the test supply is small and the energy discharged into the fault is largely that sto
the capacitance of the winding under test.

d) Variations in measured current versus applied voltage provide meaningful information regardi
nature of insulation defects and modes of deterioration.

e) Comparison of test results with previous results of tests performed on the same machine may
indication of the rate of insulation system deterioration.

f) Overvoltages that are likely to occur in the stator windings are generally of a surge natur
appear to correlate well to direct-voltage stresses rather than alternating-voltage stresses.

Some disadvantages and limitations of high direct-voltage testing are as follows:

a) Under some conditions, expertise is required to properly interpret the test results.
b) High direct-voltage tests electrically stress the stator endwindings according to the relative re

ties of the dielectric material and the winding surface. The resulting stress distribution doe
duplicate that experienced by the machine when in operation or when tested using alte
voltage.

c) Cracks or fissures may not be detected until they are contaminated with moisture, dirt, or oth
ductive materials.

d) Some high direct-voltage tests may not detect internal insulation voids caused by improper im
nation, thermal deterioration, or thermal cycling in form wound stator coils. 

e) Any tests conducted while a machine is at standstill may not detect problems related to ro
such as loose coils/bars or endwinding vibration.
2 Copyright © 2002 IEEE. All rights reserved.



 
IEEE

MACHINERY (2300 V AND ABOVE) WITH HIGH DIRECT VOLTAGE Std 95-2002

     

gulat-

          

inery 

  

ting

  

Oil-

trical

        

inery

  

ng

   

th Floo

  

ocken,

  

31, 3,
d Stat
A.

  

ng

  

ca

  

For inf

  

2, USA
2. References

This recommended practice shall be used in conjunction with the following publications.

ANSI C50.10-1990, General Requirements for Synchronous Machines1

ANSI/IEEE Std C57.12.90-1999 Standard Test Code for Liquid-Immersed Distribution, Power and Re
ing Transformers 

ASTM D257-99, Standard Test Methods for DC Resistance or Conductance of Insulating Materials2

IEC 60034-1 (1999), Rotating Electrical Machines—Part 1: Rating and Performance3

IEEE Std 4™-1995, IEEE Standard Techniques for Dielectric Tests.4,5

IEEE Std 43™-2000, IEEE Recommended Practice for Testing Insulation Resistance of Rotating Mach

IEEE Std 56™-1977 (R1991), IEEE Guide for Insulation Maintenance of Large Alternating-Current Rota
Machinery 10 000 kVA and Larger

IEEE Std 62™-1995, IEEE Guide for Diagnostic Field Testing of Electric Power Apparatus—Part 1: 
Filled Power Transformers, Regulators, and Reactors

IEEE P62.2/D23 Draft Guide for Diagnostic Field Testing of Electric Power Apparatus: Elec
Machinery6

IEEE Std 112™-1996, IEEE Standard Test Procedure for Polyphase Induction Motors and Generators

IEEE Std 115™-1995, IEEE Guide: Test Procedures for Synchronous Machines

IEEE Std 433™-1974, IEEE Recommended Practice for Insulation Testing of Large AC Rotating Mach
with High Voltage at Very Low Frequency

IEEE Std 510™-1983, IEEE Recommended Practices for Safety in High-Voltage and High-Power Testi

NEMA MG 1-1998, Motors and Generators (including Revisions 1 and 2)7

1ANSI publications are available from the Sales Department, American National Standards Institute, 25 West 43rd Street, 4r,
New York, NY 10036, USA (http://www.ansi.org/).
2ASTM publications are available from the American Society for Testing and Materials, 100 Barr Harbor Drive, West Conshoh
PA 19428-2959, USA (http://www.astm.org/). 
3IEC publications are available from the Sales Department of the International Electrotechnical Commission, Case Postale 1 rue
de Varembé, CH-1211, Genève 20, Switzerland/Suisse (http://www.iec.ch/). IEC publications are also available in the Unitees
from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor, New York, NY 10036, US
4The IEEE standards or products referred to in Clause 2 are trademarks owned by the Institute of Electronical and Electonics Eineers,
Incorporated.
5IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Pistaway,
NJ 08855-1331, USA (http://standards.ieee.org/).
6This IEEE standards project was not approved by the IEEE-SA Standards Board at the time this publication went to press. or-
mation about obtaining a draft, contact the IEEE. 
7NEMA publications are available from Global Engineering Documents, 15 Inverness Way East, Englewood, Colorado 8011
(http://global.ihs.com/).
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3. Definitions

3.1 absorption (polarization) current (iA): Current that results from polarized atoms and molecu
becoming displaced and aligned when a dielectric is placed in an electric field. Upon application of a 
step, the absorption current decays from a comparatively high initial value to nearly zero. The initial m
tude and rate of decay depend on the type, condition, dimensions, and temperature of the insulation

3.2 absorption coefficient (K): The absorption current measured 1 minute after the application of a con
electric stress, divided by the applied voltage and the geometric capacitance. 

3.3 absorption exponent (n): The exponent of the time in minutes that defines the rate of decay o
absorption current following the application of a constant electric stress.

3.4 absorption ratio (N): The ratio of the absorption current after 1 minute divided by the absorption
rent after 10 minutes where the times are measured from the application of the constant electric str
base 10 logarithm of the absorption ratio N is equal to the absorption exponent n.

3.5 acceptance proof test: A pass/fail type of test made on a new or repaired winding before allowing
machine to be placed in service. The test may be performed at the factory, after field installation, or b
ANSI C50.10-19908).

3.6 breakdown current (iB): The current discharged as a result of insulation failure. The peak value o
current may be very high, reflecting the energy stored in the capacitance of the winding. Normally, th
rent cannot be accurately measured.

3.7 breakdown voltage: The voltage at which a disruptive discharge takes place through the volume o
the surface of the insulation.

3.8 conduction (leakage) current (itc): The sum of the volume conduction current and the surface con
tion current.

3.9 controlled overvoltage test (e.g., stepped or ramped voltage tests): A test in which the magnitude of
the applied direct voltage is manually or automatically increased above the peak value of the nomin
to-ground rms rating of the insulation system. During such tests, measured current is contin
monitored for indications of insulation defects or deterioration. If insulation failure appears immine
attempt may be made to stop the test before damage due to breakdown occurs. 

3.10 electric strength (dielectric strength): The maximum applied voltage an insulation system can w
stand without failure.

3.11 electroendosmosis: The migration of moisture within a stationary solid material, under the influenc
an applied electric field, toward an electrode. The net movement of water molecules is generally tow
negatively-charged electrode.

3.12 geometric capacitance: The capacitance of a geometric arrangement of the electrodes where the
of the relative dielectric constant of the insulation system has been included. The capacitance valu
sured at 50 Hz or 60 Hz is sufficiently accurate for use in connection with direct-current measure
[B29].

3.13 geometric capacitive current (iC): A reversible component of measured current that is equal to the
of change of applied voltage times the winding-to-ground geometric capacitance. Following an a

8Information on references can be found in Clause 2.
4 Copyright © 2002 IEEE. All rights reserved.
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direct-voltage step, the geometric capacitive current is of comparatively high magnitude and short du
It decays exponentially. The decay time constant is the product of the series resistance of the cha
charge path (including the internal resistance of the test supply) and the geometric capacitance
winding.

3.14 high direct voltage: A unidirectional voltage whose magnitude is greater than the peak value o
nominal rms line-to-ground rating of the insulation system under test.

3.15 insulation resistance (IRt): The resistance of an insulation to current resulting from an applied d
voltage. It is defined in IEEE Std 43-2000 as the ratio of applied direct voltage to measured insulati
rent where the current measurement is taken at time t, specified from the start of voltage application. Th
insulation resistance measurement should be corrected to 40 ˚C.

3.16 maintenance proof test: A pass/fail type of test performed to verify that the stator winding is suita
for future operation. A maintenance proof test is usually made at a lower voltage than the acceptanc
test.

3.17 measured current: The sum of all currents at a specific time resulting from an applied voltage a
an insulation. It includes the absorption, geometric capacitive, and volume and surface conduction 
components. Measurements are usually made using a microammeter.

3.18 overvoltage (overpotential): A voltage whose magnitude is above the nominal rating or maxim
operating voltage of an apparatus. A direct overvoltage exceeds the peak value of the alternating fr
rms line-to-ground value.

3.19 polarization index: The ratio of the insulation resistance at time t2 to the insulation resistance at tim
t1. If t2 and t1 are not specified, they are assumed to be the 10-minute and 1-minute values, respectiv
polarization index may be used to assess insulation condition and moisture absorption.

3.20 proof test (withstand test): A pass/fail type of test performed to verify that the electric strength of
insulation system meets or exceeds a predetermined minimum value.

3.21 ramp test (ramped voltage test): A controlled overvoltage test in which direct voltage is increas
from zero, or from an initial constant value, at a continuous rate (typically 1 kV/minute). The measure
rent versus applied voltage is usually plotted with an X-Y recorder to permit observation and analysis
current response as the test progresses.

3.22 relative dielectric constant (relative permittivity): The relative dielectric constant of an insulatin
material is defined as εr = C/Co, where C is the capacitance between two parallel plates having the s
between them filled with the insulating material under discussion, and Co is the capacitance for the sam
parallel plates where these are separated by vacuum.

3.23 step test (stepped voltage test): A controlled overvoltage test in which the direct voltage is increa
in a series of uniform or graded steps. The first voltage step is usually maintained for 10 minutes to
mine the absorption ratio, insulation resistance, and polarization index. Subsequent voltage steps a
duration may be chosen to linearize the effect of the absorption current on the current versus 
response.

3.24 surface conduction current: The component of measured current that flows over the endwinding
faces of the stator coils or bars. The magnitude of the surface conduction current depends on the
voltage as well as the degree of conductive surface contamination, such as dirt and moisture.
Copyright © 2002 IEEE. All rights reserved. 5
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3.25 volume conduction current: The continuous, irreversible component of measured current that fl
through the volume of the insulation when a potential exists across the insulation. Its magnitude dep
the composition and condition of the insulation system.

4. Test preparations

4.1 Safety precautions required for high direct-voltage tests 

Prior to performing a high voltage test, barriers must be in place to restrict access to the testing a
machine under test. This safety measure is necessary to prevent personnel from inadvertently com
contact with energized equipment (see IEEE Std 510-1983).

Test personnel should be advised that application of a high direct voltage results in a stored charg
capacitance of the winding under test. De-energizing the test source will not immediately de-energ
winding. The stored charge may be hazardous to equipment and/or personnel. Windings that ha
tested with direct voltage must be fully discharged and solidly grounded before being handled by per

Ungrounded objects in the vicinity of the winding under test should be solidly connected to ground 
vent induced voltages.

Before making a high direct-voltage test, the stator winding should be deemed suitable for high volta
ing. Insulation resistance and polarization index should be at or above the minimum values specified 
Std 43-2000.

A machine should not be placed in service after a high direct-voltage test until the winding has
grounded for an appropriate period of time. If a high alternating-voltage test is to follow a high direc
age test, it is advisable to double the minimum grounding time to ensure that the absorbed charge 
contribute to insulation failure during the subsequent alternating-voltage test. This may occur if the r
direct voltage, superimposed on the peak alternating voltage, exceeds the electric strength of the ins

4.2 Influencing factors 

Factors affecting the condition of the winding should be evaluated prior to performing a high direct-v
test.

4.2.1 Temperature 

A direct-voltage test should be made at winding temperatures at or below 40 ˚C, unless otherwise
upon between the user and the manufacturer.

Insulation resistance and dielectric absorption vary with temperature. Therefore, consistent temperat
required for accurate and comparable current measurements. Winding temperatures near ambient
ferred. Otherwise, measured resistance values must be normalized before comparison (see IEEE
2000).

WARNING
Due to high voltage used, dielectric tests should be conducted only by experienced personnel a
adequate safety precautions should be taken to avoid injury to personnel and damage to proper
6 Copyright © 2002 IEEE. All rights reserved.
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4.2.2 Relative humidity

Surface conduction current over endwindings, support insulators, etc., is increased under conditions
humidity, particularly if conductive contamination is present. Because it is difficult to maintain a sta
humidity for correlation of current measurements on successive tests, some users prefer to keep the 
dry by maintaining the winding temperature slightly above ambient (e.g., 5 ˚C). When a machine is i
long periods, it may be heated to prevent condensation and/or moisture absorption [see IEEE Std 
(R1991)].

High direct-voltage tests are most valid when made under humidity conditions similar to those under
the machine will operate. When in service, the machine will generally operate above the dew point
ever, if cracks or fissures are believed to exist in the groundwall insulation, it may be desirable to ca
tests under conditions of high ambient humidity and low winding temperature to promote ingress of
ture into the fissures and cracks to enable them to be detected. 

4.2.3 Surface contamination 

Contaminants (e.g., oil, carbon, brake dust, dirt, insects, etc.) combined with moisture can cause an 
able increase in surface conduction current during direct-voltage tests. Contamination may increase
stresses in endwindings, especially if moisture is present.

The winding may be cleaned before testing if it is deemed that a clean condition is the standard upo
measurements from preceding and succeeding tests will be compared. 

If oily or flammable contamination could present a fire hazard, in view of the possibility of a flashove
ing the test, the winding should be cleaned before testing.

The winding should be cleaned if contaminants cause insulation resistance to fall below the minimum
recommended in IEEE Std 43-2000. 

Consideration may be given to testing both before cleaning, for easiest detection of incipient faults an
tification of repairs required during the time out of service, and again after cleaning and drying and an
work, for final assurance of fitness for service.

4.2.4 Uncured resins and other coatings 

Certain uncured resins, varnishes, and other coatings may cause high conduction currents during dir
age tests. Coatings and bonding resins should be completely dry and cured before tests are made. I
efforts to cure the resins prior to testing, anomalous current versus voltage curves have been reporte
controlled overvoltage tests [B22]. After a number of months in service these signs usually disappear

4.2.5 Disposition of rotor 

The stator winding may be tested with or without the rotor in place. However, if the rotor will be rem
for other reasons, it may be preferable to perform the test after the rotor has been removed to perm
observation of the stator winding during the test.
Copyright © 2002 IEEE. All rights reserved. 7
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4.3 Gas-cooled machines

4.3.1 Air-cooled machines

Time out of service, temperature, and humidity are important factors when making measurements us
direct voltages because these factors influence moisture condensation on the surface of and absorpt
insulation.

4.3.2 Hydrogen-cooled machines 

Hydrogen-cooled machines may be tested in a hydrogen, carbon dioxide, or air environment. Hydro
carbon dioxide of suitable pressure should be maintained during the test to ensure the effectiveness
ing distances. If the test is being performed for contractual purposes, agreement should be reached
the parties involved regarding the type of gas and pressure. For comparative purposes, tests shoul
formed with the same gas at the same gas pressure.

4.4 Liquid-cooled machines 

4.4.1 Water-cooled windings 

If a power supply were available with sufficient capacity to energize the winding, the conduction c
drawn by the hoses would be so high as to mask completely any conduction paths in the stator gro
insulation. Nevertheless, the test would still be valid for proof test (hipot) purposes.

When testing water-cooled windings, a common procedure is to have the insulating hoses drain
thoroughly dried internally prior to the test to avoid electrical tracking, in accordance with the recomm
tions of the manufacturer. Alternately, the hoses or water connections may be removed prior to the te

Some users and manufacturers prefer that water of proper conductivity be circulated at rated flow du
test to avoid overheating pockets of stagnant water. In this case, the test supply will require addition
rent capacity. Some users test with 50 Hz or 60 Hz voltage or possibly 0.1 Hz voltage to avoid the
mentioned problems.

In some cases, the winding manufacturer has provided an insulated water header such that the wat
and the winding are at the same voltage during the test, thus avoiding electric stress on the hoses.

4.4.2 Oil-cooled windings 

In the case of oil-cooled machines, the oil dielectric forms a parallel circuit with the winding insulation
normal procedure is to keep the cooling oil circulating through the winding and hoses during the test. 
cooled winding should be tested in accordance with the manufacturer’s recommendations. 

4.5 Isolation of the winding from cables and auxiliary equipment 

The sensitivity of current measurements to any weakness in the winding will be improved by elimi
external equipment from the test. Therefore, it is preferable to exclude any items that can readily be 
nected and to apply separate tests appropriate to them. If auxiliary equipment is included in the t
weakness is detected, the weakness should be located by sectionalizing.

Potheads, bus insulators, and other conductive paths must be dry and carefully cleaned, and may b
necessary with temporary guard electrodes consisting of a band of semi-conducting, self amalgamat
applied to the surface of the insulator and separated by approximately 2 mm from the ground electrod
8 Copyright © 2002 IEEE. All rights reserved.
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insulator. Each guard electrode must then be attached to the low voltage guard circuit of the high dire
age supply. Alternatively, porcelain surfaces may be coated with silicone compound to reduce con
due to condensed moisture on the surface. 

Oil-filled apparatus, such as generator step-up transformers, should not be included in stator windi
when current measurements are made because the resulting current readings may be erratic and ma
vide valid results. If it is impractical to isolate an oil-filled transformer, the maximum test voltage shou
exceed the transformer test voltage specification given in ANSI/IEEE Std C57.12.90-1999.

Surge arresters and surge capacitors must be disconnected prior to any tests using high direct voltag
arresters have resistive elements and possibly gaps. Surge capacitors have discharge resistors. T
ments are in parallel with the winding under test and will invalidate the current measurements.

It is important to record all cables and auxiliary equipment included in each test to assure proper com
with tests made at other times.

4.6 Sectionalizing the winding 

Under certain conditions, tests may be made on the entire winding. However, one objection to tes
phases simultaneously is that only the ground insulation is tested. No test is made of the phase-
insulation as is done when one phase is tested with other phases grounded. 

It is usually preferable for each winding phase to be isolated and tested separately. This typically r
that the wye-connection at the neutral end of the winding be broken and separated from the neutral 
ing transformer. Testing one phase at a time improves the sensitivity of the test and allows com
between phases.

Testing all phases at once is appropriate for small machines and for machines with inaccessible neu
nections. In these situations, the winding phases should be shorted together at the line end to avoid
reflections in the event of insulation failure or flashover.

If separation of phases is unusually difficult or impractical for a particular machine, it may be done o
establish a reference. Thereafter, all phases may be tested together until a deviation from normal is o

5. Test equipment and connections

5.1 High direct-voltage test equipment 

General information regarding high direct-voltage test equipment is given in IEEE Std 4-1995.

5.1.1 Power source to direct-voltage test equipment 

The ac supply to the direct-voltage test equipment must provide constant, non-fluctuating voltage if a
dc measurements are to be made. The ac supply circuit should be free from intermittent loads and tr
Regulating transformers, electronic regulators, or combinations of these may be used. Commerciall
able regulators perform best when their apparent power capacity matches or exceeds the load. Ot
ambiguities in the direct voltage test data may result due to unpredictable fluctuations in geometric 
tive current and absorption current associated with fluctuations in the applied high voltage.
Copyright © 2002 IEEE. All rights reserved. 9
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A source utilizing 50 Hz or 60 Hz system frequency is preferable to a non-synchronized source, su
separately driven station service generator, because of the effect of variable frequency upon voltage
tors and electronic test equipment. A low-amperage (e.g., 15 A), 50 Hz or 60 Hz power source will 
the usual equipment used for high direct-voltage tests on electric machine insulation.

5.1.2 High direct-voltage supply 

A source of adjustable high direct voltage is required. The voltage control should provide for chang
voltage in small increments. If it is desired to raise the voltage continuously rather than in steps, some
of smooth variation is necessary. Stepless voltage increases, in ramped or other functions of time
arranged with certain direct-voltage supplies.

The polarity of the high-voltage output may be either positive or negative. Historically, negative polari
been preferred for high direct-voltage tests because of the phenomenon of electroendosmosis (
polarity is considered to be more searching). If test results will be compared to previous or future resu
tests should be made using the same polarity. The test report should indicate the polarity used. 

A test set with a well-regulated (0.1 percent line regulation or better) high voltage output is recomm
See A.3 for additional information regarding voltage supply and current measuring requirements.

5.1.3 Direct-voltage measurements 

The direct-voltage test set should be provided with a high voltage measurement circuit calibrated 
volts. For best sensitivity, the instrumentation should be capable of measuring kilovolts with several 
available. If the test equipment includes an overvoltage relay trip, the relay should be set and calibra

It is occasionally desirable to check the calibration of the test set kilovoltmeter. This may be done by 
sphere-gap (see IEEE Std 4-1995).

A sphere-gap may be used as an overvoltage limiter during proof tests if the gap is increased 10 to
cent above the calculated gap for the maximum test voltage. The gap allowance ensures there w
needless flashovers.

NOTE—When current measurements are to be made, the sphere-gap should be omitted from the test circuit.

5.1.4 Direct-current measurements 

The total current is typically measured in microamperes. For improved sensitivity, the current meter 
have several current ranges available. If the test set includes an overcurrent trip, it should be calibra
set high enough to avoid inadvertent trips during the test. Interruption during the test could cause a su
may overstress the insulation.

Current measurements are greatly improved if a recorder with a time or voltage base is used. In part
recorder facilitates determination of an accurate average when current is fluctuating because of sup
age unsteadiness.

5.2 Discharge and grounding provisions 

Appropriate discharge and grounding provisions should be available for use upon completion of the t
in case of an emergency during the test. A discharge stick with a discharge resistor is usually furnish
the direct-voltage test supply. The stick should be insulated and safe for use up to the maximum test
A high-voltage resistor having 1000 to 6000 Ω/kV of maximum test voltage should be provided. The wi
that connects the discharge resistor to ground should be extra flexible and have generous current-
10 Copyright © 2002 IEEE. All rights reserved.



IEEE
MACHINERY (2300 V AND ABOVE) WITH HIGH DIRECT VOLTAGE Std 95-2002

ground
e suffi-

ero. On
either an
e (with-
.

to con-

henever
her min-
nection
d of the
ne end
 avail-

oltage
ed sur-
ut solid

length.

h mate-
er of the
volving
or high
tion may

cting or
o elim-
ead foil

avoided
 conduc-

ields that

 to test
cord the
capacity and physical strength, such as stranded No.12 AWG. Broken strands will be obvious if the 
cable is uninsulated. The clamping device used to connect the ground wire to plant ground should b
ciently strong and secure to prevent unintentional disconnection of the discharge stick from ground.

The winding should be discharged through the discharge resistor until the voltage is reduced to z
some test sets, opening the main breaker automatically inserts a resistive grounding device. When 
automatic or manual grounding scheme is incorporated into the test set, an external grounding devic
out a resistor) must be available for solidly grounding the winding after a test and for emergency use

Grounds left in place after completion of tests may be unattended. All personnel who might come in
tact with these leads should be advised of their purpose and importance (see 6.4).

5.3 High-voltage test connection to the winding 

The phase under test should be energized at both the line and neutral ends simultaneously w
practical. Other phases should be grounded at both ends. Connecting both ends of the winding toget
imizes possible damaging surges in the event of failure or flashover during the test. Where a con
between line and neutral is very difficult, tests may be made by connecting the supply to only one en
winding. Extra precautions should be taken to avoid external flashover of the test circuit when only o
of the winding is energized. Testing only a portion of a large machine winding is desirable to limit the
able discharge energy. 

High-voltage test connections should contribute minimal leakage current and corona loss. High-v
leads should be spaced a minimum of 100 mm plus 25 mm per 10 kV of test voltage from ground
faces. Test connections should be supported in the clear so that they are visible to the tester, witho
insulation wherever possible. Where solid insulation is used, it must be dry and of generous surface 

The use of large diameter wire for test leads will reduce corona. The use of conductors insulated wit
rials such as polyethylene will reduce corona because the insulation effectively increases the diamet
test lead. Using large-diameter or insulated test leads may be particularly beneficial in situations in
minimum clearance from grounded surfaces. When test lead insulation not specifically designed f
voltage applications is used, the test leads should be treated as if they were bare. Also, the insula
become damaged during the test and is thereafter unsuitable for normal use.

Corona can be reduced by rounding off sharp projections and terminals with masses of either condu
insulating material. Connections exposed when sectionalizing a winding should be carefully treated t
inate sharp contours. Semi-conducting plastic or putty, shaped to spherical contour, may be used. L
or rounded metallic caps or tubes may be used to cover sharp ends (aluminum foil should be 
because it crinkles and creates undesirable points). Polyethylene sheeting wrapped around exposed
tors has been found to be effective in preventing corona.

The effect of corona on measurements can be reduced by enclosing terminals, etc., in conducting sh
are connected to a guard circuit that is insulated from the measuring circuit.

At high elevations, corona is more severe and all precautions to minimize it may be necessary.

After the test leads are in place but before connecting them to the winding, conduction current due
connections should be checked at several voltage levels up to the highest voltage to be used. Re
results of this test.

A typical circuit configuration for high direct-voltage tests is shown in Figure 1.
Copyright © 2002 IEEE. All rights reserved. 11
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5.4 Test connection to ground 

Ground connections must be strong and secure to ensure the safety of personnel. In addition, ina
grounding could compromise test data quality and interpretation. All ground leads and connectors m
mechanically strong and so arranged that they cannot be broken or removed by accident or error. The
lead is usually No. 12 AWG flexible stranded conductor or larger. The ground connections should be 
For this reason, tape and rubber clip insulators should not be used on leads used for ground connect
conductor strands should be visible at lugs and clips and not covered in any way. 

The test set chassis should be connected to the closest station ground. If the high voltage output o
set is connected directly to the machine terminals then the test set chassis should also be connecte
to the frame of the machine under test. This ground is for the protection of the operator of the test eq
and must be secure and continuous.

During a high direct-voltage test, it is possible for nearby ungrounded coils, metallic objects, or 
conducting varnished surfaces to develop voltages which could give dangerous shocks. It is th
recommended that in the area within 3 meters of the test leads or the machine winding under test
spare parts, pieces of equipment, tools, etc., that cannot be removed, be grounded while the t
progress. The following auxiliary equipment should be grounded to the machine frame:

a) Stator resistance temperature detectors or thermocouples
b) Other devices associated with the stator winding
c) Current transformer secondary windings
d) Rotor winding (both terminals) and shaft
e) Test set chassis
f) Objects close enough to become charged

6. Test procedure: proof tests

Prior to performing any high direct-voltage tests, the stator winding should be deemed suitable for hig
age testing according to IEEE Std 43-2000. Test preparations, connections, preliminary tests, etc., a
made as described in Clause 4 and Clause 5. 

Figure 1—Typical connection diagram for high direct-voltage tests

µA
12 Copyright © 2002 IEEE. All rights reserved.
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6.1 Test voltage for acceptance proof testing

Testing of new equipment, either in the factory or in the field, is governed by the appropriate equipm
code. See IEC 60034-1, ANSI C50.10-1990, and NEMA MG 1 Part 3. For acceptance tests, the
voltage test level is 1.7 times the alternating frequency (rms) test value (50 Hz or 60 Hz). See A.1.3.

6.2 Test voltage for maintenance proof testing 

For equipment that has been in service, the test voltage may depend upon the type and condition o
tion, equipment history, desired service reliability, etc. In general, an alternating voltage test rangin
125 to 150 percent of the rated rms line-to-line voltage (E) has proven adequate. This is approximately eq
to 65 to 75 percent of 2E + 1000 V, depending on the voltage rating of the equipment to be tested. The d
voltage test value for maintenance tests is 1.7 times the alternating voltage (rms) maintenance test v
Hz or 60 Hz).

The test voltage for maintenance proof testing under special conditions of insulation age, damage, or
of other considerations may require variation from the range indicated. It is suggested that the o
equipment manufacturer be consulted in these circumstances.

6.3 Voltage application 

The application of test voltage should be gradual, should avoid exceeding the maximum test set curr
should avoid unnecessarily tripping the overvoltage or overcurrent relays in the test set which could
duce undesirable surges. The duration of either acceptance or maintenance proof tests is typically 1 
timing begins when the target test voltage is reached. 

6.4 Discharging and grounding 

Upon completion of the high direct-voltage test, the test supply output voltage control should be redu
zero. It must be recognized, however, that eliminating the test source will not remove the stored char
the winding. The winding is not safe until it has been completely discharged and solidly grounded. 
the winding is properly discharged and grounded, it should be considered dangerous and must not
dled by personnel. The danger exists for an indeterminate period of time. 

After the supply voltage control has been reduced to zero, the specimen voltage should be allowed 
to half value through the series resistance of the test equipment (e.g., the series resistance associate
voltmeter). The winding should then be discharged to ground through a suitable discharge resistor, or
provided with the direct voltage test supply. Once the winding has been fully discharged and the 
reduced to zero, the winding should be solidly grounded. Refer to 5.2 for information regarding dis
and grounding equipment and connections.

The ground connection should be kept in place until the absorbed charge is completely dissipated. T
require several hours, depending upon the dielectric material and its condition, the size of the wind
test duration, and the magnitude of the applied direct voltage. If the ground connection is removed
sufficient time has elapsed, a recovery voltage may build up which can be dangerous to personnel wh
touch the winding or damaging to the insulation if it were placed in service or subjected to subsequen

Dissipation of residual absorbed charge cannot be accelerated by applying an alternating voltage or
voltage of opposite polarity from the test voltage. Excessive internal voltage gradients may be intro
across the winding insulation if either of these techniques is attempted. 
Copyright © 2002 IEEE. All rights reserved. 13
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Typically, a minimum grounding time of at least 2 h or 4 times the direct-voltage test duration, whiche
greater, is recommended to ensure that no significant energy remains stored in the winding. For 
machines, a shorter time may be acceptable, but the user should be satisfied that no safety hazard e

6.5 Test results

Acceptance and maintenance proof tests are conducted on a withstand basis. If no evidence of di
insulation failure is observed by the end of the total time of voltage application, the winding is conside
have passed the test.

6.6 Insulation failure 

Electrical insulation failure or breakdown is usually indicated by a sharp capacitive discharge at the
location. There are times, however, when failure or partial failure is indicated by a large, abnormal ch
measured current or by erratic behavior of measured current.

Do not assume that a faulted winding has been completely discharged. Be sure that the winding is p
discharged and grounded, as described in 6.4, before being handled by personnel or before voltage
plied. Refer to Clause 8 for fault locating methods.

7. Test procedure: controlled overvoltage test

7.1 Test method 

A controlled overvoltage test (sometimes referred to as either a dc leakage or absorption test) is
direct-voltage test in which the applied voltage is changed in a controlled manner. The voltage may b
ually increased in a series of steps or automatically ramped up to the maximum test level.

During controlled overvoltage tests, the measured current versus applied voltage is monitored as 
progresses. Abnormalities or deviations in the current response may indicate insulation problems. Wh
formed under suitable conditions, the test provides information regarding the present condition of the
winding insulation. The test may also serve as a proof test; if the insulation system withstands the ma
prescribed test voltage, it may be deemed suitable for operation until the next scheduled main
outage.

In some cases, a controlled overvoltage test may offer the possibility of detecting an impending ins
problem and thereby allow the test to be halted prior to damaging insulation breakdown. However, b
unexpected insulation failure can occur during the test, it is important to be aware of the possible 
make repairs before the machine can be returned to service.

7.2 Test setup 

Test equipment and connections, preliminary tests, etc., are to be made as described in Clause 4 an
5. 
14 Copyright © 2002 IEEE. All rights reserved.
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7.3 Measured current 

During high voltage testing, the measured current is the sum of geometric capacitive current, abs
current, and conduction current. The geometric capacitive current is that component attributable to th
ing-to-ground capacitance and is equal to the rate of change of applied voltage times the geometric
tance, or

The capacitance C depends on the stator winding conductor-to-core geometry (i.e., size, shape, and sp
and the applicable relative dielectric constant (see A.1.3.4).

Following an applied voltage step, the geometric capacitive current decays exponentially to zero in s
The geometric capacitive current represents a stored reversible energy and is not usually considered
uating the condition of the insulation.

The absorption current response to a stepped voltage is similar to the geometric capacitive current r
except that the absorption current takes minutes to hours to decay to a negligible value. It is comp
reversible and irreversible components. The expression for absorption current (in amperes) with re
an applied voltage step is:

where

K is the absorption coefficient, determined by type and temperature of the winding insulation
C is the geometric capacitance (in farads)
V is the applied voltage step (in volts)
t is the time of the applied voltage step (in minutes)
n is the absorption exponent of the winding insulation (typically ranging from 0.5 to 0.9 for asp

0.8 to 1.6 for polyester; 1.0 to 1.9 for resin rich epoxy) [B23]

The volume conduction and surface conduction components of the measured current are continuo
versible currents resulting from a voltage being applied across an imperfect insulation. Volume cond
currents pass through an insulation’s volume and its defects. Surface conduction current flows over th
ing surfaces. Surface conduction and volume conduction currents will vary depending on tempe
humidity, degree of contamination, and voltage stress, as well as on the quality and condition of the
tion being tested. The conduction currents of high-quality insulation will, in general, be small, linea
proportional to the applied voltage), and constant with respect to time. As the insulation starts to a
weaken, these currents will increase, and at some voltage level, will become nonlinear as evidenc
positive increase in the slope of the current versus voltage curve. A significant increase with test volta
indicate an impending problem with the insulation system.

7.4 Test voltage for controlled overvoltage testing 

Because controlled overvoltage tests are normally done as maintenance tests rather than acceptance
maximum applied voltage should be no higher than the value recommended in 6.2.

7.5 Initial voltage level 

There are two generally accepted initial voltage levels used in stepped and ramped voltage testing.

iC C dV dt⁄×=

i A KCVt n–=
Copyright © 2002 IEEE. All rights reserved. 15
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7.5.1 Zero initial voltage level 

The controlled high direct voltage is started at zero volts and increased to the desired maximum 
according to the established test procedure. If a prior test was made of the winding to verify its suitab
overvoltage testing, the winding must be completely discharged before the overvoltage test is perform

7.5.2 Initial voltage at polarization index level

In this method, an initial voltage step (equal to 30 percent or less of the maximum test voltage) is app
held constant until the insulation resistance and polarization index are determined. Once the wind
been declared suitable for high voltage testing according to IEEE Std 43-2000, the controlled vol
increased from the existing voltage level.

7.6 Voltage increments 

Controlled overvoltage tests may be performed in a variety of ways. For example, the applied test 
may be increased in a series of steps or as a linearly increasing voltage. Additional voltage applicatio
dures are also possible. Each test method offers advantages and disadvantages. The three te
commonly used for high direct-voltage testing are the uniform-time step, graded-time step, and ramp
age test methods. 

7.6.1 Uniform-time voltage step test 

This method involves application of the high direct voltage in a series of uniform voltage steps at r
time intervals. Current readings are taken at the end of each interval and the current versus voltage
hand plotted on graph paper. During and after testing, the curve is examined for increases or other v
in conduction current versus applied voltage response that may indicate insulation weakness.

The initial voltage step is used to measure the polarization index and establish that the winding is suit
controlled overvoltage testing. Subsequent voltage steps should not exceed 3 percent of the final t
and should be held for a period of one minute before proceeding to the next step. Adjustments to the
setting at each step should be made within the first 10 s. In making the voltage adjustment, allow fo
increase in the final value due to the effective series resistance of the test set. It may be necessary 
voltage approximately five to ten percent below the desired value to allow for voltage increases dur
time interval. Once set, the voltage steps should not be readjusted because complex geometric c
current and absorption current conditions will be introduced and may cause erratic current readings.

Current measurements are made at the end of each time interval. A plot of current versus voltage is 
on graph paper. If log-log coordinate graph paper is used, the curve should be nearly linear. Voltage s
made in succession until the final voltage level is reached or the recorded current deviates from lin
impending breakdown is suspected. 

Dielectric absorption may dominate the current measurements and mask significant variations in con
current. To minimize this effect, the test voltage may be held at each level long enough to allow the 
tion current to decay to a negligible value. For older asphalt-mica and shellac mica-folium winding
suggested that the time interval be extended to 3 min due to the slower decay of the absorption cu
these insulating materials.

7.6.2 Graded-time voltage step test 

It is usually not practical to hold each voltage step long enough to make the absorption current neglig
avoid introducing error from incomplete absorption current decay and to shorten the time required to
current versus voltage curves, complex volt-time schedules were developed. The basic idea of th
16 Copyright © 2002 IEEE. All rights reserved.
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schedules is to adjust the voltage, in steps, according to a diminishing time schedule so the absorpti
ponent of the measured current is linearized, i.e., proportional to the applied voltage. By following a 
termined test schedule, relative changes in conduction current become more readily discernible. A
the graded-time step test is more difficult to perform than the uniform-time step test, it does reduce t
test time and results in better assessment of the conduction current. 

The graded-time step test procedure, described in detail in A.2, may be summarized as follows. Th
voltage step, 30 percent or less of the maximum test voltage, is applied and held constant for 10 min.
measurements are recorded at 0.5, 0.75, 1.0, 1.5, and 2.0 min, and each minute thereafter up to 10
measured values are immediately plotted on a log-log scale. A smooth curve is fitted to the measu
following the 8-min reading. This curve is extrapolated to 10 min. Three points are read from the s
curve to be used in determining the conduction component of the measured current. The conduction
is subtracted from the 1- and 10-min current readings to obtain the absorption current (geometric ca
current is assumed to have decayed to zero). The measured and calculated currents are then used
mine the absorption ratio. Once the absorption ratio is determined, the time schedule to be used
remainder of the test may be selected. The test is continued through the successive voltage steps 
desired maximum voltage level or until the recorded current deviates from linear and impending brea
is suspected.

The time duration at each voltage step is variable and is determined by the characteristics of the ins
Using the information in Table A.1, graded-time step test schedules appropriate to the particular ins
system should be selected.

Even with the improved volt-time schedules, controlling test time intervals and voltage increments, a
as visually reading from a meter and averaging a fluctuating insulation current, may result in poor te
accuracy. Subtle deviations in the current versus voltage response may be impossible to detect. M
the human factor makes it difficult to exactly reproduce previous test conditions and current measur
Uncertainty decreases confidence in the data, or worse, may even lead to improper assessment of i
condition.

7.6.3 Ramped voltage test 

The principal advantages of the ramped voltage test over the conventional stepped voltage methods
it gives better control and improved warning of impending failure to avoid damage to the insulation. 
nation of the human variable from the time, voltage, and current parameters yields overall test result
are much more accurate and repeatable. In addition, the slow and continuous increase in applied
(typically 1 kV per minute) is less apt to result in unpredictable damage to insulation than the voltage
ments of the step method (approximately 1 kV per second).

The ramped voltage test method can be considered a step test in which the voltage steps and time
are made very small. As the size of the voltage and time increments approaches zero, a voltage
formed. A programmable high direct-voltage test set is used to automatically ramp the high voltage a
selected rate. Insulation current versus applied voltage is recorded with an X-Y plotter, providing continuous
observation and analysis of the current response as the test progresses. The application of a rampe
instead of discrete voltage steps, automatically linearizes the geometric capacitive and absorption 
nents of the current so that small, meaningful variations in the measured current are more easily obs

Any variation in the rate of rise of the applied voltage will create a nonlinear change in current and t
reduce the accuracy of the test results, thus a stable and well-regulated high voltage supply is essen
Copyright © 2002 IEEE. All rights reserved. 17
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7.7 Discharging and grounding

Upon completion of a controlled overvoltage test, the test supply output voltage control should be red
zero, and the winding should be discharged and grounded as described in 6.4.

7.8 Test results 

Breakdown voltage cannot always be projected from the curve; hence, unpredictable insulation failu
occur during the test. This is especially true for insulation defects in the slot portion of the windings
cases of clean, dry cuts in the endwinding insulation. See 6.6 for more information on insulation fa
See Clause 8 for fault locating methods.

7.8.1 Interpretation of stepped voltage test results 

A number of measured current versus applied high direct-voltage test results are given in Figure 2 
Figure 14. Note that numerical values of voltage and current are not shown as they differ from mac
machine. The examples have been provided to illustrate typical current versus voltage characteristics

When the controlled overvoltage test has been successful, the following interpretations may be appli

a) For a winding in good condition, the measured current versus applied voltage response will 
be a smooth curve with rising characteristics. Conduction current should be negligible up 
maximum value of applied test voltage. The apparent increase in current with respect to vol
dependent upon the scales used for plotting. When comparisons will be made with previou
identical scales should be used. When there is no abrupt deviation from the smooth curve,
down is probably not imminent and the test may be continued until the recommended max
voltage is reached.

b) Any deviation from a smooth curve should be viewed as a warning of possible approach 
breakdown voltage of the insulation. See Figure 2 and Figure 3. Deviations should be confirm
further measurements at one or more voltage increments. It should be remembered that warn
sometimes obtained within as little as 5 percent below the breakdown voltage. When the devia
confirmed, the test should be stopped if possible breakdown is to be avoided.

c) The most usual indication of approach to breakdown is an accelerating rate of increase of 
with respect to voltage. This type of behavior is associated with windings at ambient tempera
air of normal to high humidity. To obtain an indication of the breakdown voltage, the plotted cu
curve may be extrapolated to the vertical, with somewhat accelerating curvature for the sake 
servatism (see Figure 2). If the predicted breakdown voltage is below the recommended ma
test voltage, the trend should be verified by one more voltage step. If the extrapolation still sh
low breakdown voltage, the test should be stopped to avoid possible breakdown.

d) Current should be monitored for any tendency to rise with time during constant voltage appli
because this could indicate imminent breakdown.

e) A very abrupt drop in conduction current is rarely found; but when it occurs above the peak o
ing voltage for the winding, it may indicate approaching insulation failure (see Figure 3). No m
is known for estimating the breakdown voltage in this case; it can only be assumed that fai
imminent. One more voltage step should be made. On confirmation of the occurrence of th
nomenon, the test should be stopped if possible breakdown is to be avoided.

f) Abrupt, unexpected insulation breakdown may occur before the current curve approach
vertical. In some cases this occurs where there is mechanical abrasion, cracking, or acu
migration. Hence, if breakdown is to be avoided, the test should be terminated conservatively
preliminary inspection shows that such conditions possibly exist.

g) If possible breakdown is indicated, it should be confirmed that the measurements are no
affected by corona from test connections, insulation of test leads, etc. Such problems can be 
by proper placement, insulation and preliminary testing of the leads (see 5.3).
18 Copyright © 2002 IEEE. All rights reserved.
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cteris-
uted to
h) Tests are usually made individually on each phase of the winding. Differences in current chara
tics between the phases not attributed to corona, temperature, or humidity are usually attrib
the condition of the insulation (see Figure 4).

Figure 2—Winding first appears in good condition, then shows warning of breakdown

(kV)

Figure 3—Decrease in slope of measured current may indicate imminent insulation failure

(kV)
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7.8.2 Interpretation of ramped voltage test results

A series of examples has been provided to demonstrate how the results of ramped voltage tests may
preted. The curve shown in Figure 5 is a typical response of new epoxy-mica insulation when tested
ramped voltage. The curve represents the sum of the geometric capacitive, absorption, and conduc
rents. The geometric capacitive current is constant and proportional to the winding capacitance C times the
ramping rate (dV/dt) of the applied voltage. The geometric capacitive current produces a positive off
the I-V (current versus voltage) curve. The absorption current component is linear and gradually inc
with voltage. In a ramp test, the geometric capacitive current and the absorption current constitute the
ity of the total measured current for a winding in good condition, whereas the surface conductio
volume conduction current components are very low, or possibly negligible, up to the maximum test v
In general, the smooth, almost linear curve indicates the stator winding groundwall insulation is in
condition.

The current response shown in Figure 6 is typical of new asphalt-mica insulation. As noted in the dis
of Figure 5, the geometric capacitive current is constant and proportional to C × dV/dt. The absorption cur-
rent component of the asphalt-mica insulation, while linear, accounts for a greater percentage of t
measured current. This result is typical and is indicated by the steeper slope of the I-V curve. As expected for
new insulation, the conduction current is negligible up to the maximum test voltage. This charac
curve represents sound, high-quality asphalt-mica stator winding insulation.

Figure 7 displays a very nonlinear current versus voltage response curve for an asphalt-mica windi
sudden increase in conduction current at a relatively low test voltage suggests the groundwall insulat
single coil/bar may be cracked or otherwise damaged. The test was terminated early to avoid the po
of permanently faulting the insulation.

Figure 8 represents a typical ramped voltage test response of aged asphalt-mica insulation. Compar
curve of new asphalt-mica, shown in Figure 6, the aged insulation exhibits a gradual increase in con
current, an indication that general deterioration of the insulation has taken place. The nonlinear con
current versus test voltage response is due to many minute discontinuities, similar to the one shown i

Figure 4—Plot of controlled overvoltage test on three phases tested separately

(kV)
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7. As the applied voltage is increased, the slope of the conduction current will continue to rise in a no
manner. Insulation breakdown will occur as the current asymptotically approaches the vertical. T
should be halted well before this point is reached.

Figure 9 shows the ramped voltage test results from an asphalt-mica winding that absorbed moistu
out of service for an extended period of time. Heaters were not used during the outage. The conduc
rent response increases exponentially with respect to the applied voltage. To avoid insulation failure,
was stopped prior to reaching the recommended maximum test voltage. 

The curve in Figure 10 is an example of a ramped voltage test for a stator winding with insufficiently
repairs (e.g., epoxy resin patch) to the epoxy-mica groundwall insulation. After allowing the repairs to
cure, the test was repeated and the I-V curve was found to be linear to the maximum test voltage.

The test response in Figure 11 exemplifies an epoxy-mica insulation with severely contaminated en
ings. The nonlinear current response indicates excessive surface conduction current.

Figure 12 illustrates the ramped voltage test results for epoxy-mica insulation with a crack in the g
wall insulation. The I-V curve appears linear almost until the point where insulation breakdown was rea
A few minor spikes in the measured current were observed before the stator winding insulation fa
ground.

The I-V response in Figure 13 displays a nonlinear characteristic that is different from the usual cond
current effects. The test curve appears normal as the applied voltage is initially increased from zero 
kilovolts. However, as the voltage approaches a certain value, the slope of the curve sharply increa
test voltage continues to ramp up and then the slope of the curve eventually levels off again. The
slope of the I-V curve is essentially the same as the initial slope. This nonlinear response to the appl
voltage has been associated with delaminated polyester-mica insulation.

The I-V response in Figure 14 at the higher test voltages shows the effect of audible discharges on 
windings of a polyester-mica winding under conditions of low relative humidity (18 percent). This exa
also illustrates the use of the alternate test procedure in which the ramp is initiated immediately fol
the measurement of polarization index without discharging the specimen.

Figure 5—Typical ramped voltage test result for epoxy-mica winding insulation 
(where the absorption current component is relatively small)

(kV)
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Figure 6—Typical ramped voltage test result for asphalt-mica winding insulation 
(where the absorption current component is relatively large)

(kV)

Figure 7—Example of ramped voltage test result for asphalt-mica 
insulation with a localized weak spot

(kV)
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Figure 8—Example of ramped voltage test result for aged asphalt-mica insulation

(kV)

Figure 9—Example of ramped voltage test result for wet asphalt-mica insulation

(kV)
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Figure 10—Example of ramped voltage test result for an epoxy-mica 
winding with an incompletely cured repair (i.e., epoxy patch)

(kV)

Figure 11—Example of ramped voltage test result for epoxy-mica 
winding with contaminated endwindings

(kV)
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Figure 12—Example of ramped voltage test result for epoxy-mica 
winding with cracked insulation

(kV)

Figure 13—Example of ramped voltage test result for polyester-mica 
winding with delaminated insulation

(kV)
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7.9 Use of controlled overvoltage tests 

Controlled overvoltage tests are often used to obtain benchmark I-V curves, providing the characteristic
response of the insulation system while it is new and in good condition (oftentimes, problems with 
installation are revealed by high direct-voltage tests before potentially damaging alternating-voltage
tests are performed). Once the benchmark response has been established, future changes in condu
acteristics may be used to detect and diagnose deterioration of the stator winding. In some cases,
benchmark test will be the one that is made after a period of time in service as it is not unusual fo
associated with the insulation of the connections to be less than fully cured prior to service. The I-V curves
of individual phases may be compared to one another as well as to previous test curves, giving evide
the severity and rate of deterioration. 

While no single diagnostic test can successfully detect all types of stator winding insulation deterio
routine high direct-voltage testing has proven to be an effective means for reducing in-service failures
done properly, maintenance tests can identify stator windings that are approaching failure, without ac
ing the deterioration process.

8. Fault location

When insulation failure occurs during a test, the test voltage should be reduced immediately to preven
pected and undesired voltage buildup across the winding insulation and a repeat of the flashover.

It may be advantageous to have several observers stationed near the machine to assist in rapidly id
the location of the fault. However, do not assume that a faulted winding has been de-energized. Be s
properly discharged and grounded according to 6.4 of this recommended practice before handling by
nel or before voltage is reapplied. 

Figure 14—Example of surface discharge on endwinding of polyester-mica winding 
in low relative humidity (alternate test procedure with ramp initiated immediately 
following measurement of polarization index without discharging the specimen)

(kV)
26 Copyright © 2002 IEEE. All rights reserved.



IEEE
MACHINERY (2300 V AND ABOVE) WITH HIGH DIRECT VOLTAGE Std 95-2002

ng from

ssary to

d area
oltage.

, it may
 a par-

cular

ate the

ing up

dentify
om both
 of the
se and

round
round
then
e spark

faulted
lectri-
m volt-
ed, or

atisfy the
d and
The number of repeat tests should be limited to avoid possible damage to the remainder of the windi
surges that may occur when the winding discharges as a result of the fault.

When the fault must be located to determine the cause of failure or to make a repair, it may be nece
employ methods that can make it visible, such as the following:

a) Apply alternating voltage using an ac test set. Slowly increase the voltage until the faulte
flashes to ground. Locate the arc by the sound, smoke, or flash of light. Record the flashover v
This method usually works unless the fault exhibits a very low resistance to ground.

b) If the failure has resulted in a low resistance path between the winding conductor and ground
be possible to use a clip-on ammeter at the coil-to-coil series connections to trace the fault to
ticular slot. Alternatively, induction coils are sometimes useful for tracing the fault to a parti
slot.

c) If the failure is arcing or sparking, a directional ultrasonic sensor can be used to help to loc
failure. Once in the vicinity of the failure, the arcing may be visible. 

d) For low resistance grounds, apply voltage from a low voltage power source capable of supply
to 10 amperes. Watch for smoke and possibly fire.

e) If no smoke or fire is visible during the above step, open the wye or delta connections and i
the failed phase using an insulation resistance tester or ohmmeter. Measure the resistance fr
the line and neutral ends of the failed phase to ground with a low resistance bridge. The ratio
two measurements will indicate how far into the phase the failure is located. Trace the pha
determine which coil is in the right position. This method is not very accurate.

f) Probing with a length of grounded metal wire or foil fastened to an insulating rod, such as a g
stick, can be helpful in locating the point of failure external to the slot. The probe can be at g
potential with winding energized or vice versa. If the faulted winding will not support voltage, 
the probe should be energized and the winding grounded. The use of a Tesla coil (high voltag
coil) to locate small, hard to see failures in the end windings can be helpful.

g) An infrared detector may be useful for pinpointing heating at the site of the failure.

If the failure cannot be readily located, the winding must be successively divided and tested until the 
portion of the winding or specific coil is located. When the failed coil has been identified, it must be e
cally isolated so that the remaining parts of the winding can be tested to the predetermined maximu
age. If the winding is to be returned to service, the faulted coil must either be repaired, replac
permanently bypassed. In the latter case it may be necessary to bypass additional coils so as to s
requirements of the protective relaying or to minimize vibration. Note that one end arm of the faulte
bypassed coil is normally cut to prevent a possible turn-to-turn fault. See [B20], [B24]. 

9. Suggested test record

A suggested test record includes:

a) Operating designation (station/location)
b) Serial number of equipment
c) Equipment rating, type of insulation
d) Manufacturer’s name
e) Date of test
f) Time of test
g) Test voltage and duration
h) Leakage current at end of test
i) Test connection and connected apparatus (if any)
j) Temperature of winding
k) Time at this temperature
l) Temperature and humidity of environment
Copyright © 2002 IEEE. All rights reserved. 27



IEEE
Std 95-2002 IEEE RECOMMENDED PRACTICE FOR INSULATION TESTING OF AC ELECTRIC
m) Gas type and pressure
n) Time out of service
o) Test equipment description

Comments regarding the following are also of value:

a) Reason for test 
b) Visual inspection
c) Physical condition of winding and insulation
d) Insulation resistance and polarization index prior to test
e) Pertinent history of equipment
f) Date winding was installed
g) Observations of distress, corona, etc., during test
h) Result of test and action taken
i) Recommendations for maintenance, operation, or future test activity
28 Copyright © 2002 IEEE. All rights reserved.
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Annex A

(informative) 

Test procedures

A.1 General discussion of test procedures

Test procedures and experience leading to the use of high direct voltage are discussed in the followi
graphs. A comparison of high direct-voltage versus alternating-voltage test methods is given.

A.1.1 Proof tests 

For many years the use of power frequency (50 Hz or 60 Hz) overvoltage proof tests has been the 
tional method of acceptance testing for new windings and of routine maintenance testing for wi
already in service. Proof tests are intended to search for flaws in the material and for manufacturing 
and to demonstrate in a practical manner that the insulation tested has a certain agreed upon e
strength. A primary requirement of such a test is that it should be discerning and effective in detectin
at or below a minimum specified strength without damaging sound insulation.

Proof test voltages are intended to be sufficiently high to break down insulation that has an insufficien
of safety with respect to the operating voltages, transient overvoltages, and further deterioration
expected in service. It should be recognized that both power frequency voltage and direct-voltage pro
are empirical in nature and do not necessarily check the adequacy of the design or the inherent bre
voltage level of the insulation system.

A.1.2 Routine maintenance tests 

Planned maintenance tests are used to assess stator winding insulation condition, identify main
needs, and prevent in-service failures. Information obtained from these tests can be used to take adv
and perhaps even extend the full reliable life of the stator winding. Benefits of planned maintenance
include:

a) Successive tests provide a means of evaluating the extent and rate of insulation deterioration
particularly important when judging the risk of delaying actions, such as extending the time be
outages. 

b) Maintenance activities can be justified, prioritized, and scheduled according to their relative ur
For example, test results may indicate that one particular machine should be rewound before 

c) When test results reveal low measured electric strength, machine operating conditions 
restricted or surge protection can be installed to protect against insulation damage or further d
ration.

d) It may be practical to make localized repairs or to cut out or replace weak coils when test 
indicate local rather than general insulation weakness.
Copyright © 2002 IEEE. All rights reserved. 29
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A.1.3 Relationship between direct and alternating overvoltage tests 

Voltage levels for power frequency (50 Hz or 60 Hz) proof tests specified in IEC, ANSI, IEEE, and N
standards are based on many years of experience. It is because of these established alternatin
standards that a relation between the power frequency voltage and direct-voltage methods is sou
relationship between the withstand voltage level using high direct voltage and the equivalent withstan
age using power frequency voltage cannot be precisely stated because the relationship is dependent
factors (e.g., insulation type, age, and condition).

The lack of a precise equivalence should not cause concern because the purpose of overvoltage t
demonstrate that the insulation can withstand the usual conditions to be expected in service rathe
establish the precise value of electrical strength. In studies, the electrical strength has been found to 
with impulse strength. Therefore, a direct-voltage proof test may indicate ability of the insulation to
stand surges and short-time overvoltages approximating the same peak value. The test overvoltage v
provides for insulation deterioration during a further period of operation.

The proper high direct-voltage proof test for insulation need not necessarily be related to the corresp
power frequency voltage proof test by the ratio of the electrical strength of sound insulation under pow
quency voltage stress to that under direct-voltage stress. However, some investigators assert tha
known equivalence can be established, the direct-voltage test cannot be considered comparable in s
ability to the established power frequency voltage tests.

Direct voltage acts to search out a faulty area in the insulation by establishing a conduction current fr
area. Although small currents may aggravate damage and lead to breakdown if the voltage is raised 
enough level, this usually does not occur unless the weakness is significant and should be found. H
perature of the insulation usually increases the conductance of any solid insulation remaining in th
path; direct current conduction in fissures, however, may be reduced rather than increased by an inc
temperature.

A.1.3.1 Ratio of direct test voltage to power frequency test voltage 

The ratio of direct breakdown voltage to power frequency (rms) (50 Hz or 60 Hz) breakdown voltag
been reported to vary from 1 to 3 (see [B22], [B26], [B28], [B39], [B44]) while in [B11] it is reported th
some cases the ratio can exceed 3. This was determined from tests comparing predicted direc
strengths with actual power frequency voltage (rms) strengths of machine insulation containing in
faults, and from tests comparing direct-voltage and power frequency voltage (rms) strengths of larg
bers of intact samples of new and used insulation. Further research is required to correlate the physi
acteristics of breakdown locations with the associated range of ratios. In general, it appears that:

a) The higher ratios occur in well-compacted insulation. This reflects the thermal instability caus
partial discharges and dielectric losses leading to lower breakdown voltages in the case of alte
voltage.

b) Ratios in the region of 1.41 correspond, as would be expected, to conditions emulating an o
gap in a uniform field (where direct voltage equals the peak value of the alternating voltage).

c) Ratios less than 1.41 correspond to internal or surface creepage paths, open or closed in 
along which maintained direct-voltage stress may have some peculiar property of establishing
siderable (but not necessarily destructive) conduction current.

The well-compacted slot portions of armature coils appear to have an average electrical strength 
direct voltage to power frequency voltage (rms) between 2 and 3. However, in a machine winding the
coil or bar connections and leads external to the slots cannot approach the same conditions of me
compaction and electrical strength in their ground insulation. For testing complete armature windi
rotating machines, therefore, the ratio between direct voltage and power frequency voltage (rms) de
this recommended practice is 1.7 for both acceptance and maintenance tests.
30 Copyright © 2002 IEEE. All rights reserved.



IEEE
MACHINERY (2300 V AND ABOVE) WITH HIGH DIRECT VOLTAGE Std 95-2002

factor to
g voltage

urface
rtion of
, in the
he case
st volt-

voltage
ached at
r level,
esult in

 obtained
diately
ported

ecimen
he ratio

tal resis-
ial

electric
a high
voltage

insula-
a lower

shellac
s [B22]. 

d sta-
oper
p test,
en it is

d appear
A.1.3.2 Voltage gradients: alternating versus direct 

When applying a test voltage to any insulating structure, the matter of voltage gradients becomes a 
be considered. Does a direct-voltage test stress the insulation in the same manner as an alternatin
test, and is the stress as severe [B41]?

In a direct-voltage test, the stress distribution is a function of the winding insulation resistivity and s
conditions. For alternating voltage tests, the stress distribution is essentially capacitive. In the slot po
the winding, the voltage gradient is similar for both the alternating and direct voltage tests. However
endwindings the stress distribution is quite different depending on the nature of the test voltage. In t
of an alternating voltage test, the potential on the surface of the endwinding reaches the full applied te
age at a point very near to the stator iron. Thus, the endwinding insulation is subjected to minimal 
across its thickness. In the direct voltage case, the maximum voltage on the endwinding surface is re
the maximum distance from the stator iron. Thus, the endwinding insulation is stressed at a highe
particularly near the stator core. Some consider that this type of stress on the endwindings may r
unnecessary failures during direct voltage tests. 

A.1.3.3 Acceptance testing using high direct voltage 

There has been a great quantity of test experience over a period of several decades which has been
by manufacturers, some of whom have made extensive use of high direct voltage during and imme
following manufacture of electric equipment. In most cases this has been in proof testing. All of the re
experience indicates very satisfactory results.

A.1.3.4 Comparison of direct-voltage and alternating-voltage test results

Direct-voltage testing is normally done by connecting a direct-voltage source between the test sp
conductors and ground and using a direct-current ammeter to measure the total current to ground. T
of the test voltage to the test current once the latter has reached a constant value will reflect the to
tance between the test specimen and ground. Resistance (R) is dependent upon the resistivity of the mater
(ρ), the length of the path (L), and the cross-sectional area (A) as evidenced in the following formula:

Because the resistivities of the dirt, oil, and water that often contaminate the endwinding areas of 
machinery are usually quite low, direct-voltage testing of a contaminated winding normally results in 
surface conduction current and, therefore, a low resistance reading. This property makes direct-
testing a viable method for determining the extent of surface contamination on an insulation system. 

In addition, if the insulation system utilizes a cotton-backed tape with mica as the primary electrical 
tor, a direct-voltage test might reveal whether or not the cotton has absorbed moisture and has 
resistivity. Note that most windings manufactured after 1970 do not have these hygroscopic tapes.

It has been reported [B4] that the relative magnitude of the absorption coefficient reflects aging of 
bonded mica insulation systems. Such a relationship in the case of asphalt-mica has not been obviou

The usual primary electrical insulating material (e.g., mica) used in the insulation design of form-woun
tor windings has very high resistivity. Therefore, if a void exists within the insulation due to impr
impregnation, thermal deterioration, or thermal cycling, a direct-voltage test, other than possibly a ram
would be unable to detect it. If, however, there exists a severe crack through the entire insulation, th
possible that an electrical track would be established between the copper conductor and ground an
as a low resistance.

R ρL A⁄=
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However, when a high alternating-voltage is connected between the terminals of the test specim
ground, the capacitance of the test specimen can cause capacitive current to be greater than the res
rent. In such cases, the capacitive current tends to mask changes in the resistive current. CapacitanC, in
picofarads) is dependent upon the relative dielectric constant of the insulating material (εr), the surface area
of the electrodes (A), and the thickness of the insulating material (d) as determined from the following for-
mula for a parallel plate capacitor where the physical dimensions are in centimeters:

Because the relative dielectric constant of an insulation system is greatly affected by the presence 
and/or moisture, an alternating-voltage test is generally more sensitive than conventional direct volta
with regard to detection of most internal insulation problems associated with all types of insulation sy
It has been reported (see [B32], [B33]) that careful interpretation of the results of ramped direct-voltag
can also detect internal voids or delamination of the insulation.

A.2 Detailed procedure for the graded-time step test

It is desired to obtain only the true conduction current during a controlled overvoltage test. How
procedures require a compromise between allowing too brief a time at each voltage and maintainin
voltage for a very long time so that absorption is practically complete and only conduction current re
If complete absorption were approached, it would consume many hours of test time. The grade
method, in a reasonable time, will provide a curve related to the true conduction current. For thos
desire to add this refinement to the test, the following program is presented. Note that all preliminar
test connections, safety precautions, and interpretations of test results are the same as for the contro
voltage test using the simpler uniform-time step method.

The initial voltage step is 30 percent or less of the maximum. For 13.8 kV machines, the initial step 
not exceed 10 kV dc phase-to-ground. This voltage is maintained constant for 10 min during which ti
measured current is observed. The time should be logged from the initial voltage application to the w

Adjustments to the voltage setting on each step should be made within the first 10 s. It is generally ne
to set the initial voltage approximately 5 to 10 percent below the desired value to allow for voltage in
during the decay of the absorption current and to end each step at the desired test voltage.

The measured current should be recorded at 0.5, 0.75, 1.0, 1.5, and 2.0 min and each minute therea
10 min during the initial voltage step. These values are plotted as read during the test on log-log coo
graph paper (see Figure A.1).

A smooth curve is drawn through the most points following the 8-min reading. This curve is extrapola
10 min. Figure A.2 shows a full-scale template for a “ship’s curve” which may be used in drawing sm
curves of the proper shape.

Three points are read from the smooth curve to be used in the calculation of the conduction compo
the measured current. These values are the total currents at 1.0, 3.16, and 10 min. They are substitu
following formula for the total conduction current:

C
εr A

3.6πd
--------------=

i tc

i1 i10×( ) i3.16( )2–

i1 i10+( ) 2i3.16–
-------------------------------------------=
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Subtract itc from the 1- and 10-min total current readings to obtain the current due to absorption (geo
capacitive current is assumed to be negligible). These values will then be used to calculate the ab
ratio N as follows:

As soon as the preceding calculations are completed and N has been determined, the time sched
used for the remainder of the test may be selected from Table A.1.

N
i A1

i A10

------- (absorption current at 1 min)
(absorption current at 10 min)
------------------------------------------------------------------------= =

Figure A.1—Test curve for determining absorption current

kV
Copyright © 2002 IEEE. All rights reserved. 33



IEEE
Std 95-2002 IEEE RECOMMENDED PRACTICE FOR INSULATION TESTING OF AC ELECTRIC
Figure A.2—Ship’s curve template for drawing dielectric absorption curves
34 Copyright © 2002 IEEE. All rights reserved.
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After the 10-min reading has been taken, immediately increase the voltage to the level of the seco
This may occur at some point during the calculation but should not be neglected; otherwise, the tes
will be invalidated. If the elapsed time approaches the period indicated for the end of the second step
N has not been calculated, choose some arbitrary value for N, such as 5, and follow that time sched
the calculation is completed. Any necessary correction may be made at the end of the step follow
completion of the calculation. Generally, this calculation will take 2 to 3 min once one becomes profi
and no problems of delay in the determination of the time schedule will arise.

The test should be continued through the successive voltage steps up to the maximum voltage lev
ously agreed upon. Each voltage change should be made as quickly as possible to conform to the
instantaneous voltage application.

The behavior of the current should be observed continuously to allow for the variations due to line-v
swings. By interpolating these swings, more accurate results may be obtained. Test results are p
shown in Figure A.3.

It is important to graph the data as it is recorded. If the current should increase rapidly the test should
minated before flashover occurs. Accepted practice dictates that if the slope of the current doubles 
two successive data points, termination of the test is warranted.

Using modern portable computers it is possible to construct a spread sheet to record the data, per
necessary calculations, and graph the results while the test is being performed. Suggestions to this e
follows: record the current at 0.5, 0.75, 1.0, 1.5, 2.0, 3.16 (3 min, 10 s), 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, a
min. Plot the data as it is recorded and make sure that the data produces a reasonable curve. If a re
curve is obtained the data at 1.0, 3.16, and 10.0 min can be inserted directly into the formulae for ab
current and absorption ratio. Once the absorption ratio has been determined the time values can be r
Table A.1 and the test can continue without delay. Continue recording the current and reviewing the g
that if the current increases rapidly the test can be terminated.

For further information and an example of this test procedure see [B16].

  

Figure A.3—Example results of a graded-time stepped voltage test

(kV)
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7 8 9

(s) (min) (s) (min) (s)

10 10

54 13 58 14 2

14 17 22 17 30

13 20 25 20 36

56 23 12 23 26

25 25 46 26 4

45 28 9 28 31

55 30 24 30 49

58 32 30 32 59

54 34 30 35 2

44 36 24 36 59

29 38 12 38 51

9 39 56 40 38

45 41 35 42 20

17 43 11 43 58

45 44 42 45 33

10 46 11 47 5

32 47 36 48 33

51 48 58 49 58

8 50 18 51 21

22 51 35 52 41

34 52 51 53 59

44 54 3 55 15

52 55 14 56 28

58 56 23 57 40
Table A.1—Elapsed time at the conclusion of each voltage step 

Voltage 
percentage of 

first step

Absorption ratio N

2 3 4 5 6

(min) (s) (min) (s) (min) (s) (min) (s) (min) (s) (min)

100 10 10 10 10 10 10

120 13 14 13 27 13 36 13 44 13 49 13

140 15 56 16 21 16 39 16 53 17 4 17

160 18 17 18 55 19 21 19 42 19 59 20

180 20 24 21 12 21 47 22 14 22 37 22

200 22 19 23 18 24 1 24 34 25 2 25

220 24 4 25 14 26 4 26 43 27 17 27

240 25 42 27 1 27 59 28 45 29 23 29

260 27 12 28 41 29 47 30 38 31 21 31

280 28 37 30 15 31 28 32 25 33 13 33

300 29 57 31 44 33 3 34 7 34 59 35

320 31 12 33 8 34 34 35 43 36 40 37

340 32 23 34 27 36 0 37 14 38 16 39

360 33 31 35 43 37 22 38 41 39 48 40

380 34 35 36 55 38 40 40 5 41 16 42

400 35 36 38 4 39 55 41 25 42 40 43

420 36 35 39 10 41 7 42 42 44 2 45

440 37 31 40 14 42 17 43 56 45 20 46

460 38 25 41 15 43 23 45 8 46 35 47

480 39 17 42 14 44 28 46 17 47 48 49

500 40 8 43 11 45 30 47 23 48 59 50

520 40 56 44 6 46 30 48 28 50 8 51

540 41 42 44 58 47 29 49 31 51 14 52

560 42 28 45 50 48 25 50 31 52 19 53

580 43 11 46 40 49 20 51 30 53 21 54
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2 57 30 58 50

5 58 36 59 58

6 59 40 61 4

5 60 42 62 9

3 61 43 63 13

0 62 43 64 15

56 63 41 65 16

50 64 38 66 15

43 65 34 67 13

35 66 25 68 10

26 67 22 69 6

16 68 14 70 1

6 69 6 70 55

54 69 57 71 48

41 70 47 72 40

27 71 35 73 31

13 72 23 74 22

58 73 10 75 11

41 73 57 75 59

24 74 42 76 46

ntinued)

7 8 9

(s) (min) (s) (min) (s)
600 43 54 47 28 50 13 52 28 54 22 56

620 44 35 48 15 51 4 53 24 55 22 57

640 45 15 49 1 51 54 54 18 56 19 58

660 45 53 49 45 52 44 55 11 57 16 59

680 46 31 50 28 53 32 56 3 58 11 60

700 47 8 51 10 54 18 56 53 59 5 61

720 47 43 51 51 55 4 57 42 59 58 61

740 48 18 52 32 55 48 58 30 60 49 62

760 48 52 53 11 56 32 59 18 61 39 63

780 49 25 53 49 57 14 60 3 62 28 64

800 49 58 54 26 57 55 60 48 63 17 65

820 50 29 55 3 58 36 61 33 64 4 66

840 51 0 55 38 59 16 62 16 64 50 67

860 51 30 56 13 59 55 62 58 65 35 67

880 52 0 56 40 60 33 63 40 66 20 68

900 52 29 57 21 61 10 64 20 67 6 69

920 52 57 57 54 61 46 65 0 67 46 70

940 53 25 58 26 62 23 65 39 68 29 70

960 53 53 58 58 62 58 66 18 69 10 71

980 54 20 59 29 63 32 66 56 69 50 72

Table A.1—Elapsed time at the conclusion of each voltage step  (co

Voltage 
percentage of 

first step

Absorption ratio N

2 3 4 5 6

(min) (s) (min) (s) (min) (s) (min) (s) (min) (s) (min)
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ntinued)

15 16 20

(s) (min) (s) (min) (s)

10 10

17 14 19 14 25

0 18 4 18 17

22 21 28 21 48

29 24 36 25 3

22 27 32 28 5

4 30 16 30 57

38 32 51 33 39

3 35 19 36 13

21 37 39 38 41

33 39 53 41 1

40 42 2 43 17

41 44 5 45 27

38 46 4 47 32

31 47 58 49 33

20 49 49 51 30

5 51 36 53 24

47 53 20 55 14

26 55 1 57 1

2 56 38 58 45

36 58 14 60 27

6 59 46 62 6

35 61 17 63 42

1 62 45 65 16

26 64 11 66 48
Table A.1—Elapsed time at the conclusion of each voltage step (co

Voltage 
percentage of 

first step

Absorption ratio N

10 11 12 13 14

(min) (s) (min) (s) (min) (s) (min) (s) (min) (s) (min)

100 10 10 10 10 10 10

120 14 5 14 8 14 10 14 13 14 15 14

140 17 36 17 42 17 47 17 52 17 56 18

160 20 46 20 54 21 2 21 9 21 16 21

180 23 39 23 51 24 1 24 11 24 20 24

200 26 20 26 34 26 48 27 0 27 11 27

220 28 50 29 7 29 23 29 38 29 52 30

240 31 11 31 31 31 50 32 7 32 23 32

260 33 24 33 47 34 8 34 28 34 46 35

280 35 30 35 56 36 20 36 42 37 2 37

300 37 31 37 59 38 26 38 50 39 12 39

320 39 25 39 57 40 26 40 52 41 17 41

340 41 15 41 49 42 21 42 49 43 16 43

360 43 0 43 37 44 11 44 42 45 11 45

380 44 42 45 21 45 57 46 31 47 2 47

400 46 19 47 1 47 40 48 16 48 49 49

420 47 53 48 38 49 19 49 57 50 32 51

440 49 24 50 11 50 55 51 35 52 12 52

460 50 52 51 42 52 28 53 10 53 49 54

480 52 18 53 10 53 58 54 42 55 23 56

500 53 41 54 35 55 25 56 11 56 55 57

520 55 1 55 58 56 50 57 39 58 24 59

540 56 19 57 18 58 13 59 4 59 51 60

560 57 35 58 37 59 34 60 26 61 15 62

580 58 50 59 53 60 52 61 47 62 38 63
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15 16 20

(s) (min) (s) (min) (s)

48 65 35 68 18

9 66 57 69 46

27 68 17 71 13

44 69 36 72 37

0 70 53 74 0

14 72 9 75 21

26 73 23 76 41

38 74 36 77 59

47 75 47 79 16

56 76 57 80 32

3 78 6 81 46

9 79 14 82 59

14 80 20 84 11

18 81 26 85 22

21 92 30 86 32

23 83 33 87 41

24 84 36 88 49

24 85 37 89 55

23 86 38 91 1

21 87 37 92 5

ntinued)
Voltage 
percentage of 

first step

Absorption ratio N

10 11 12 13 14

(min) (s) (min) (s) (min) (s) (min) (s) (min) (s) (min)

600 60 2 61 8 62 9 63 6 63 59 64

620 61 12 62 21 63 24 64 23 65 17 66

640 62 21 63 32 64 37 65 38 66 34 67

660 63 29 64 41 65 49 66 51 67 50 68

680 64 35 65 50 66 59 68 3 69 3 70

700 65 39 66 56 68 7 69 14 70 16 71

720 66 42 68 1 69 15 70 23 71 27 72

740 67 44 69 5 70 20 71 30 72 36 73

760 68 44 70 8 71 25 72 37 73 44 74

780 69 43 71 9 72 28 73 42 74 51 75

800 70 42 72 9 73 30 74 46 75 57 77

820 71 39 73 8 74 32 75 49 77 1 78

840 72 35 74 7 75 32 76 51 78 5 79

860 73 30 75 4 76 30 77 51 79 7 80

880 74 24 76 0 77 28 78 51 80 8 81

900 75 17 76 55 78 25 79 50 81 9 82

920 76 10 77 49 79 21 80 47 82 8 83

940 77 1 78 42 80 17 81 44 83 7 84

960 77 52 79 35 81 11 82 40 84 4 85

980 78 41 80 26 82 4 83 35 85 1 86

NOTES:
1—Time at end of first step: 10 min
2—Voltage increment: 20 percent of first step.

Table A.1—Elapsed time at the conclusion of each voltage step (co
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A.3 High voltage power supplies, power conditioners, and filtering in the 
current measuring instrumentation used for controlled high direct-voltage 
tests

The intent of A.3 is to provide some basics to help the test engineer understand and evaluate co
power supply technologies for their suitability to the tests to be performed.

The power supply must provide the test operator with the voltage versus time profile required for the 
be performed. The power supply must operate correctly and safely under the specific test conditions,
little deviation from the profile as practical, within the prevailing economic constraints. The voltage p
may be a constant, series of steps, linear ramp, or any other characteristic deemed useful in high volt
ing. See Figure A.4 for examples of voltage profiles. Some power supplies may provide multiple p
while others may provide only one.

High direct-voltage proof tests are often used to verify that an insulation system has a minimum l
electrical strength. Because specimen current is usually not measured during proof tests, the supply
may exhibit minor fluctuations without adversely affecting the outcome of the test. However, when pe
ing controlled high direct-voltage tests, such as stepped or ramped voltage tests, accurate current m
ments are necessary to properly diagnose the quality and condition of the insulation. Thus, a stable a
regulated supply is necessary to avoid introducing errors into the current measurement. High direct-
power supply technology has improved significantly since such tests were first used to assess in
condition. Whereas electrostatic generators were once considered state-of the-art, modern electron
supplies provide better performance for less cost as well as smaller size and weight.

Power supplies fall into two broad categories: unregulated and regulated. Each of these categorie
subdivided based on the design approach taken by the power supply manufacturer. Because the test
is usually concerned about test results rather than power supply design details, this discussion will be
to unregulated versus regulated power supplies.

A.3.1 Unregulated versus regulated power supplies

A.3.1.1 Unregulated power supplies

The simplest power supplies do not have their output voltages regulated. That is, if the line (input) v
changes by some percentage, the output voltage will change by about the same percentage. If the 
rent of the power supply changes, the output voltage will usually change significantly. Also, some 
voltage noise on the line will appear at the output. Beyond basic filtering, unregulated power suppli

Figure A.4—Examples of voltage versus time profiles that 
may be used in high direct-voltage testing
40 Copyright © 2002 IEEE. All rights reserved.
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no special care to reduce the residual line-related alternating voltage components (ripple) that are inh
the basic AC-to-DC conversion process. Unregulated power supplies are not suitable for many high
voltage tests, as changes in line voltage and load will often add unacceptable error to the meas
results. However, at the highest test voltages, unregulated power supplies may be the only available
or if a regulated power supply is available, it may not be economically feasible.

A.3.1.2 Regulated power supplies

Modern regulated power supplies have electronic circuitry to keep their output voltages constant
changing conditions of line voltage and load current. In addition, significant suppression of ripple is u
a side product of the regulation process. Specifications (to be discussed later) such as line regulat
regulation, and ripple rejection provide a means of comparing the performance of different power su
Regulated power supplies are often mandatory if current measurements made during high direct volta
are to be meaningful.

While differences exist in the design and implementation details of regulated power supplies, Figu
shows the basic block diagram elements for a typical modern regulated high direct-voltage power su

The regulation process attempts to reduce the error voltage to as close to zero as practical. If the e
age could be maintained at exactly zero, the high voltage output would follow the voltage profile ref
exactly. In practice, the error voltage will not be exactly zero and there will be some difference betwe
profile reference and the high voltage output. The goal of the power supply designer is to reduce this
ence sufficiently so that it has no significant effect on the test results.

A.3.2 System transients

Transient voltage changes occur routinely on the power system as loads are switched in or out, ge
are brought on line or taken out of service, or the grid is reconfigured. The transient voltages gener
these operations will tend to generate transient noise spikes on the output voltage of any power supp
noise is not eliminated, it may adversely affect test results. The voltage spikes can cause charging
spikes in the device being tested, and these spikes may not be distinguishable from the currents c
corona, discharge in insulation voids, local insulation breakdown, etc. The power supply must suppre
system transients such that they do not obscure the test results.

Figure A.5—Block diagram of a typical modern regulated high direct-voltage power supply
Copyright © 2002 IEEE. All rights reserved. 41
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A.3.3 Power conditioners

Power conditioners process the power line voltage before it is applied to the power supply. This pro
may range from keeping the output voltage relatively constant over a range of input voltages to prov
pure, constant, isolated sinewave voltage, regardless of input voltage waveform, input voltage chan
load current waveform. Some conditioners include energy storage to allow the alternating voltage ou
ride though momentary loss of input power.

Power conditioners use various techniques including the ferroresonant (constant voltage) transform
switching, or electronic switching techniques followed by sine-wave reconstruction to provide well-
lated, isolated line-frequency output. Depending on the application, each technique has weaknesse
may affect power conditioner performance. For instance, under non-linear loads with high crest facto
the ratio of peak current to rms current), the output voltage waveform of ferroresonant transformer
power conditioners may flattop, reducing the peak voltage of the sinewave. This condition may caus
age regulation problems for some power supplies. The best performance with the least problems ma
from the fully-isolated switching power conditioners, at the expense of higher cost.

The proper use of a power conditioner can greatly reduce line voltage variations and transients that 
sented to the input of the power supply, and thus improve the power supply performance over what i
be without the conditioner.

A.3.4 Power supply specifications

Over the years, a number of criteria have been developed to specify power supply performance. T
commonly cited steady-state specifications are line regulation, load regulation, and ripple rej
Although the response of the power supply to line transients is also important, this information is rare
vided. A good ripple rejection characteristic often indicates good line transient performance; howeve
ripple rejection does not guarantee good transient response.

A.3.4.1 Line regulation

For high voltage testing, line regulation is the maximum steady-state amount that the output voltage
rent will change as a result of a specified change in input line voltage (usually for a change from 10
125 V or from 210 V to 250 V, unless otherwise specified). Regulation is given either as a percentag
output voltage or current, or as an absolute change, ∆E or ∆I. See [B13].

Line voltage changes usually occur slowly, although switching operations and load changes on the
grid can cause quasi-step changes in the line voltage. The low-pass filter formed by the output resis
the power supply and the capacitance of the specimen under test prevents the output voltage from c
instantaneously. However, any change in output voltage will result in changes in the geometric cap
absorption, and conduction currents of the test specimen. While the change in conduction current will
certainly be negligible, the change in geometric capacitive and absorption currents may be large en
make accurate measurements difficult. Thus, the dynamic line regulation of the power supply is a 
parameter.

Consider the following example. For a direct voltage of 5000 V on a generator winding, a typical cond
current might be 1µA. Assume that the nominal line voltage input to the high voltage power supply is
and that this line voltage changes from 105 V to 125 V over some period of time (see Figure A.6).
42 Copyright © 2002 IEEE. All rights reserved.
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This 20-V change represents a 17.4 percent change in the line voltage. If the power supply has a line
tion of 1.0 percent, there will be a line-induced change at the 5000-V output of the power supply of 0×
0.01 × 5000, which equals 8.7 V. The effect this voltage change would have on the current measu
would depend primarily on the capacitance of the winding and how fast the output voltage change
latter depends on how fast the line voltage changes and the output resistance of the power supply, 
connected to the capacitance of the winding.

The fundamental equation defining geometric capacitive current in a capacitor is

where 

iC is the geometric capacitive current 
C is the capacitance of the winding
dV/dt is the rate-of-change of the voltage across the capacitor

If the line-induced change in output voltage occurred over a ten-minute period, the voltage rate-of-
would be

The geometric capacitive current into a 1µF capacitor during the time the line voltage is changing wo

For a 1 µA conduction current, the increase in geometric capacitive current would add about a 1.5 
error to the measurement. If the voltage change occurred over a 1-min period instead of 10 min, th
would be ten times as much, or about 15 percent. In addition, the effects of line-voltage change i
absorption current would add additional measurement error. If the voltage change is not linear, the s
rapidly becomes very complicated. Predictions of the effects on the measurements become difficul
impossible to make, other than in very general terms. Because the rate-of-change of the line voltage 
ally unknown, this example shows that the line regulation of the power supply needs to be very s

Figure A.6—Power supply AC line voltage change versus time

iC C dV dt⁄×=

dV dt⁄ 8.7 V
10 min 60 s/min×
-------------------------------------------- 0.015 V s⁄≅=

iC 1 10 6– F×( ) 0.015 V s⁄( ) 1.5 10 8– A× 0.015 µA= = =
Copyright © 2002 IEEE. All rights reserved. 43
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ensure that the error on the conduction current measurement remains negligible. To allow for the wi
ety of possible line-voltage-change versus time profiles, it is recommended that the line-voltage reg
be 0.1 percent or better. Further improvements can be gained by using a power conditioner which
cantly reduces the measurement error by greatly reducing the voltage variations seen by the power s

A.3.4.2 Load regulation

Load regulation specifies how much the power supply voltage will change as the load current is varie
some minimum value (usually zero) to some maximum value (usually the current rating of the powe
ply). The load regulation specification is generally unimportant in high direct voltage testing because
corona or insulation breakdown occurs, the load current is small and changes very little. 

A.3.4.3 Ripple rejection

For high voltage testing, ripple is defined as the periodic deviation from the arithmetic mean value
voltage. The amplitude of the ripple is defined as half the difference between the maximum and mi
values. The ripple factor is the ratio of the ripple amplitude to the arithmetic mean value. See [B13]. 
on the voltage of the power supply gives rise to ripple current in the test specimen. Because the com
of ripple current are at line frequency or greater, and the instruments measuring the current are g
band-limited well below the line frequency, ripple current cannot normally be seen directly on either a
or digital meters. However, the indirect effects can be quite serious.

In even the best power supplies, ripple is slightly non-sinusoidal and non-symmetrical about the tim
(vertical asymmetry), with the degree of deviation from a true sinusoid depending on the design of the
supply. The average value of the measured direct current plus ripple current will, therefore, be differen
ally higher) when ripple is present than when ripple is absent. Thus, the presence of ripple inh
increases the error of the measurement. For example, assume it is desired to measure the conductio
in a generator winding. We will use the 1 µA typical conduction current from the previous line regu
example. Assume there is only 1 volt peak of not-quite-sinusoidal ripple at 60 Hz on the power supp
put. Using the geometric capacitive current equation with a winding capacitance of 1 µF, the ripple c
would be about 380 µA peak, a value of current more than two orders of magnitude greater than tha
direct current being measured. Because the presence of ripple changes the average value of the ou
age, the error cannot be eliminated by filtering out the ripple in the current measuring instrumentatio
example illustrates that a very small amount of vertical asymmetry in the ripple current can introdu
error to the measured value of conduction current that can easily swamp the true conduction current
set of one percent in the peak ripple current could result in a reading of 4.8 µA, a 480 percent erro
error could lead the test operator to erroneously conclude that the winding was damaged.

With the use of active components in the current measuring instrumentation, the situation may b
worse. Using the above example, but not considering the AC ripple current, it would be reasonable to
full-scale current range of the measuring instrumentation to 5 µA or less. If the measuring circuits w
specifically designed to eliminate ripple current from reaching the instrumentation, the front-end am
might easily clip one side of the current waveform, resulting in a current waveform similar to that sho
Figure A.7.
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If the input filtering of the current metering instrumentation is inadequate, the ripple rejection characte
of the power supply must be quite stringent to avoid errors induced by clipping. In the above exampl
1 V of ripple produced nearly 500 µA peak of ripple current. One volt of ripple riding on a typical test
age of 5000 V (a very realistic possibility) is only 0.02 percent.

While the above problem exists because of insufficient ripple rejection in the power supply, from a te
ogy standpoint it is usually easier to provide ripple filtering at the input of the current measuring instr
tation than to tighten up the power supply ripple rejection specification.

The above examples assumed a current measurement of about 1 µA. If, on the other hand, the curr
measured were 1 mA, the same error due to ripple would be less than 0.5 percent of the curren
measured. Therefore, the significance of the power supply ripple rejection depends on the curren
measured. If relatively large direct currents are being measured, the ripple rejection requirement
power supply for a specified measurement error is much less than if a small current is being measur

A.3.5 Filtering in the current measuring instrumentation

If the objective is to only measure the direct component of current in the specimen, the easiest way t
nate unwanted transient current from the measurement without introducing additional error is to inco
a low-pass filter into the current measuring instrumentation. A simple R-C filter with a time constant of 10 s,
for example, has a cutoff frequency of 0.0159 Hz. This filter would significantly reduce the amplitude 
AC components of input current such as 50 Hz or 60 Hz noise.

On the other hand, it may be desired to observe higher frequency signals such as the discharges
occur in an insulation prior to failure so that the test may be halted before the insulation actually fails.
case, a bandwidth of several hertz would be useful. A simple R-C filter with a 5 Hz cutoff frequency would
have a time constant of 32 milliseconds. This filter would attenuate the line frequency about 50 dB le
the 10 s R-C time constant filter. Consequently, for a 5-Hz bandwidth, a simple R-C filter would be inade-
quate. A more complicated filter would be required to meet the 5-Hz bandwidth requirement and at th
time adequately remove the line frequency sufficiently to avoid the problems discussed in A.3.4.3.

Figure A.7—Current waveforms associated with conduction current, 
ripple current, and input amplifier clipping
Copyright © 2002 IEEE. All rights reserved. 45
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