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Partial Discharge (PD) is a localised electrical discharge in an insu-
lation system that does not completely bridge the electrodes. It 
is a phenomenon that occurs only at higher ac voltages (above 

2 000 Vac rms (root mean square) line voltages). PD was originally 
believed to be a problem only above 4 000 V (see section on low 
voltage (LV) inverter-fed motors).

The higher the voltage, the more destructive the activity; the 
higher the altitude, the lower the voltage for the onset of destructive 
PD. PD is a leading cause, and indicator, of insulation breakdown. PD 
arises in a motor winding when electrical stresses in the air rise above 
withstand levels. It is usually caused as a result of low energy dis-
charge pulses that occur continuously during operation which cause 
the insulation to slowly break down and eventually fail. PDs cause 
premature failure of the insulation – shortening the life of the machine.

PD in MV machines [1, 2]

Types of machine insulation

Type II

• Machine with rated voltage >700 V rms
• Form wound
• Expected to withstand PD activity during its life

Generally, MV machines are form wound with rectangular conduc-
tors, the insulated coils filling the slot perfectly, without voids. The 
insulation system is designed to eliminate voids where possible, and 
would consist of conductor insulation, turn insulation with, possibly, 
a corona shield over the turn insulation, a main wall insulation with 
a corona shield to ensure good void-free contact with the core, and 
stress grading at each end of the coils where the coils leave the slot 
section in the core.

Mica is extensively used in MV machine insulation systems owing 
to its excellent PD-resistant properties.
Common problem areas are voids:
o In the insulation between the conductors and core in the slot
o Between the conductors and the inner corona shield
o Between the outer surface of the coil and core
o Between the inner corona shield and the main insulation
o Within the main insulation due to de-lamination
o Within the main insulation due to an incomplete resin fill
o At the coil surface where the coil exits from the slots
o In the air gaps between the coils of different potential
o In the air gaps between the winding connectors and the terminal 

leads

 

Figure 1: Potential area of PD in slot section of coils. (Typical cross section 
of a 3 turn 11 kV form wound coil.)

 
Figure 2: Example of PD in an 11 kV machine in the overhang.

Figure 3: Example of PD damage in the slots of an 11 kV machine after 
many years of service.
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We know that Partial Discharges take place in all medium and high voltage machines and equipment, but low voltage motors, operating with 

electronic adjustable speed systems, may also be subjected to partial discharge conditions.

The higher the voltage, the more destructive the 
activity; the higher the altitude, the lower the voltage for 
the onset of destructive PD which is a leading cause, and 

indicator, of insulation breakdown.
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Abbreviations Figure 4: PD between coils in the overhang of an 11 kV motor (not many 
years of service).

 
Figure 5: PD between coils in the overhang of an 11 kV motor (as in Figure 4).
 

Figure 6: Detail of damage to the insulation of coils from the motor in Figure 5.
Note: Figures 2 to 6 are from machines connected directly to an 11 kV system 

and not fed by a voltage converter.

Introduction to PD in LV motors fed from variable drives

Electric motors and speed control – HOW? A simple question – how 
do we provide for, and easily allow for –manipulation of the torque/
speed curve of electric motors. Many years ago it would have meant 
that dc motors were used for this purpose with maintenance problems 
associated with commutation, brushes, etc, or alternatively wound ro-
tor motors with associated controls, liquid starters, resistor banks, etc. 
Times have changed. With the advent of power electronics we have 
solid state fast power switching devices such as the IGBT (Insulated 
Gate Bipolar Transistor) which introduce high voltage spikes every 
time the dc voltage is switched to produce an ac voltage.

Types of machine insulation

• Type I
 o Rated voltage ≤700 V rms

 o Random wound
 o Not expected to experience PD activity during its life

Insulation in the Type 1 system is generally not PD-resistant. The con-
ductor insulation would probably be an enamel covered conductor; the 
wall insulation would be in the form of an insulation liner and, owing 
to the random winding of the coils, it is possible that the beginning 
and end of a coil would be next to each other. 

A paper published by the IEEE entitled Partial Discharge Inception 
Testing on Low Voltage Motors [4] reviews a manufacturer’s efforts 
in testing NEMA LV motor insulation for compatibility with adjustable 
speed drives – Variable Frequency Drives (VFDs). PD Inception Voltage 
(PDIV) measurements were selected as a tool to evaluate the future 
performance of the stator insulation system to resist deterioration 
by the drives.

Type 1 insulation systems discussed in the recently published 
standard IEC60034-18-41 [2] are generally used in rotating machines 
rated at 700 V (rms) or less and tend to have random wound windings.

The procedures described in the standard are directed at:
o Qualification of the insulation system
o Type and routine testing of the complete windings of service 

machines

Most drives convert the incoming sine wave ac voltage to a dc volt-
age then switch the dc bus voltage to construct a variable frequency, 
variable voltage ac output voltage.

The dc bus voltage is switched many thousands of times per 
second to create an ac wave form of the required frequency and volt-
age. The drive creates short rectangular pulses of fixed amplitude that 
have various durations and frequencies. Virtually all modern VFDs 
use IGBTs as the switching device; the dc bus voltage is dependent 
on the rectified ac incoming voltage (50 or 60 Hz) supply. 

The rise time of a PWM-IGBT drive is usually between 50 and  
100 ns, with a voltage equal to the dc bus voltage. If the pulse takes 
longer to travel down the power cable (that connects the drive to the 
motor) than the rise time of the pulse, a reflection will occur at the 
motor terminals which can (for a very short time) cause superposition 
and thus a higher spike voltage than the dc bus voltage. 

A figure of 0,15m/ns is quoted for the velocity of propagation 
of a pulse along a power cable, which means that in a cable length 
of 15 m the pulse would take approximately 100 ns. The amount of 
overvoltage would depend on the surge impedance of the power 
cable and the motor.

EF  – Enhancement Factor
GIS  – Gas Insulated Switchgear
GPS  – Global Positioning System
IEC  – International Electrotechnical Commission.
IEEE – Institute of Electrical and Electronics Engineers
IGBT – Insulated Gate Bipolar Transistor
IVIC – Impulse Voltage Insulation Class
LV – Low Voltage
MV – Medium Voltage
NEMA – National Electrical Manufacturers Association
PD  – Partial Discharge
PDEV  – Partial Discharge Extinction Voltage
PDIV  – Partial Discharge Inception Voltage
PWM  – Pulse Width Modulation
rms  – root mean square
RPDIV  – Repetitive Partial Discharge Inception Voltage
UHF  – Ultra High Frequency
VFD  – Variable Frequency Drive
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Figure 7: Random wound stator showing how conductors could cross other 
coils and even phases.

 
Figure 8: Random wound machine end winding showing conductors cross-
ing and overlapping resulting in areas which would be prone to PD activity.

Derivation of possible terminal voltages in service for 
a converter-fed machine

Rated
Voltage.

V rms

Udc

V

Overshoot
Factor
Up/Ua

Up

V

Umax

V

Up/p/Umax

500 675 1,1 743 409 1,82

500 675 1,5 1 013 409 2,48

500 675 2,0 1 350 409 3,30

500 675 2,5 1 688 409 4,13

Table A.1: Examples of maximum peak voltages (extract from IEC 60034-
18-41 [2]).

Where: Phase/phase voltage on the machine = dc link voltage x over-
shoot factor (1,1 -1,5 -2,0 -2,5)
Annex B (normative). IEC 60034-18-41 [2]

Derivation of test voltages for type 1 insulation systems

B6 Calculation of test voltages

As an example, the peak/peak test voltages for phase/phase and 
phase/ground insulation in a 500 volt-rated rotating machine fed 
from a 2-level converter are equal to the maximum operating voltage 
shown in Table B.4 multiplied by the relevant total enhancement fac-
tor (EF) shown in Table B.2. The resulting voltages for the example 
shown in Table B.4 are given in Table B.5. Table B.5: Examples of 
maximum peak/peak test voltage for a 500 volt rated winding fed 
from a 2-level converter, according to the stress categories of Table 
4 and with a EF 1,25.

Stress Category or 
impulse IVIC

Examples of maximum peak/peak test voltage

Phase/phase.
Vpk/pk

Phase/ground.
Vpk/pk

A (Benign). 2043 1430

B (Moderate). 2785 1950

C (Severe). 3123 2600

D (Extreme). 4641 3250

Table B 5:  Example of Maximum peak/peak test voltages for a 500 volt fed 
from a  2-level VFD (extract from IEC 60034-18-41).

In IEC 60034-18-41 [2]:

o Section 11 covers the type test procedure for Type 1 insulation 
systems.

o Section 12 covers the routine tests with the note that tests de-
scribed in 11.2 1 and 11.3 are performed in agreement between 
the manufacture and customer.

Problems due to and associated with the use of PWM 
converters

o PD due to repetitive possible voltage overshoots in both MV and 
LV machines

o Higher winding temperature due to reduced cooling at lower speeds 
or heating due to harmonic currents (forced cooling could be a pos-
sible solution to loss of cooling due to reduced speed operation)

o Bearing damage due to induced voltages on the rotor
o Stress concentration at the slot exits and at junctions between 

stress grading and corona protection materials
o Winding insulation ageing due to PD or dielectric heating often 

intensified between turns as well as across the main wall of the 
stator coils.

                                         
Figure 9 : Voltage overshoot and distribution along winding (typical).

Power electronic voltage waveforms affect the reliability of winding 
electric insulation, if not designed correctly for the inverter supply.

Definitions and terms

• PD Inception Voltage (PDIV): the lowest voltage at which PDs are 
initiated in the test arrangement when the voltage applied to the 
test object is gradually increased from a lower value at which no 
such discharges are observed

• Repetitive Partial Discharge Inception Voltage (RPDIV): minimum 

Voltage stress in 
between these 
conductors, and the 
rest of the winding, 
could be very high and 
is a potential failure 
waiting to happen, 
particularly with VFD 
supply

Random wound stator 
showing how conduc-
tors cross other coils 
in winding
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 peak to peak voltage at which PDs occur with a repetition rate of 
one or more PD pulses every two voltage impulses as the mean 
value for a specified test, in the test arrangement where the voltage 
applied to the test object is gradually increased from zero volts.

• PD Extinction Voltage (PDEV): voltage at which PDs are extin-
guished in the test arrangement when the voltage applied to the 
test object is gradually decreased from a higher value at which 
such discharges are observed

Note: With sinusoidal applied voltage, the PDIV/PDEV/RPDIV is defined 

as the rms value of the voltage. With impulse voltages, the PDIV/PDEV/

RPDIV is defined as the peak to peak voltage.

Measurement of PDs

The electrical measurement of PD both off-line and on-line requires 
special instruments and, in the case of off-line measurement, a suitable 
power supply. PD may be measured in volts (mV) or pico-Coulombs, 
but for comparison purposes the same measuring system and unit 
should be used and conversion from one to the other is not recom-
mended. (1 volt applied to a capacitor of 1 pico-Farad results in a 
pico-Coulomb charge). Currently there are a number of suppliers of 
PD measuring equipment using UHF antennas and capacitive couplers 
which is connected to a suitable monitoring system with indications of 
the magnitude and intensity of the PD including PDIV/PDEV values, fre-
quency and polarity of the discharges. MV machines are usually tested 
at line frequency using some type of capacitor coupler; however, HF 
current transformers and other coupling systems can be used. Various 
manufacturers of test equipment have their own preferences and these 
should be evaluated with respect to the application. IEC 60034-18-41 [1] 
and 42 [2] require an insulation quality qualification test on sample 
systems for the particular application. If these tests prove that the PDIV 
is above the operating voltage for the selected stress category volt-
age multiplied by the enhancement factor (EF), with suitable thermal 
ageing, the samples will have met the acceptable pass criteria. If tests 
are performed under impulse or power frequency according to the IEC 
specification, and the design qualification testing has been performed 
successfully on the complete winding, the insulation system has ef-
fectively passed its type test and no additional type test is required.

Conclusion

IEC specifications [1, 2] explain and state criteria for testing and evalu-
ating insulation systems in machines for medium power frequency 
and inverter-fed machines. Test equipment for all tests is available 
from a number of suppliers with options for particular applications.

Vicki Warren is quoted in a recent webinar [5] as stating that the 
expected life of insulation system that is subjected to PD could be 
on 11 to 13,8 kV - five years, 6 to 8 kV - two to three years and on LV 
machines - a matter of months. The time period relates to the thick-
ness of the insulation system. LV systems have a very thin insulation 
system, and if conductors are not contained in a parallel group, this 
insulation is soon punctured by the PD, resulting in failure.

The design and manufacture of the insulation system and wind-
ing has a major effect on the elimination and reduction of PD. MV 
machine coils, besides being correctly insulated, should be designed 
and formed to have a reasonable gap between coils in the overhang. 

Random wound machines should ensure that the coil’s conductors 
(wires) run parallel to one another and do not cross or run close to 
other coils or phases. PD measurement and analysis, in conjunc-
tion with Tan Delta tests, could assist in defining the quality of an 
insulation system in a machine – Tan Delta being an off-line test that 
should be done at the manufacture or rewind stage with capacitance 
measurement, followed by PD measurement prior to installation, 
giving a finger print for future comparisons after and during service. 
PD can be measured during operation, continuously or periodically, 
if suitable couplers are fitted. 

New equipment is available for PD and Tan Delta measurement at 
an extremely low frequency of 0,1 Hz. This equipment is comparatively 
smaller and lighter, enabling easier handling for on-site measurement. 
The measurements obtained using low frequencies indicate PD and Tan 
Delta values that can be interpreted to indicate possible problem areas 
in the insulation system. The values are not comparable with operating 
frequency (50 or 60 Hz) values. Tan Delta testing can only be done on 
stationary machines during a shutdown. In a factory you would have 
to use the same type of measuring frequency to do comparisons. PD 
can be monitored during operation which would always be at operat-
ing frequency (50 or 60 Hz.) and therefore for comparative purposes it 
would be best to measure at this frequency, even in the static mode.
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