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Partial-Discharge-Inception Testing
on Low-Voltage Motors

Dennis Bogh, Senior Member, [EEE, Jeft Coffee, Member, IEEE,
Greg Stone, Fellow, IEEE. and Jim Custodio

Abstrace—This is a review of one manufactarer’s efforts
toward testing National Electrical Manufacturers Association
(NEMA) low-voltage motor insulation for compatibility with
adjustable-speed drives (ASDs). Partial-discharge-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. PDIV measurement is explained in
terms of procedure and accuracy. Data are presented from fests
made on motors from several prominent manufacturers.

Index Terms—MG1 Part 31,
discharge-inception voltage (PDIV).

motor insulation, partial-

I. INTRODUCTION

OTORS operated on sine-wave power long before the

advent of modern adjustable-speed drives (ASDs). Sta-
tor insulation systems and standards evolved over time 1o
be well suited for sine-wave power. ASDs (both dc and ac)
challenged motor manufzcturers to design insulation systems
capable of withstanding repeated voltage impulses. Modern
pulsewidth-moduiation (PWM} low-voltage drives are recog-
nized as one of the most demanding applications for a motor.
National Electrical Manufacturers Association (NEMA)Y MGt
parts 30 and 31 [1] were developed to provide a standard for
motor insulation systems capable of operating in the PWM en-
vironment. Partial-discharge-inception-voltage (PDIV) testing
has gained popularity as a methoed {0 measure insulation-systern
capability to withstand voltage impulses. There are no standards
for the application of PDIV testing on low-voltage motors. This
paper documents the steps one manufacturer has taken to assure
that motors meet and exceed the NEMA MG part 31 standard
for voltage withstand.

i HISTORY

MG part 30 was issued in 1993 as: “application consider-
ations for constant speed motors used on simusoidal bus with
harmonic content and general purpose motors used with
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variable-voltage or variable-frequency controls or both.” This
was the first tme NEMA made any mention of the use of ac
motors on drives. Part 30 is a glossary of terms and a tutorial
covering derating of motors as a result of cooling inefficiency.

in NEMA MGI part 31—1998, the voltage withstand way
set to 3.1 times the line voltage in par 31.44.2, and remains
the same today in MG1—2003. This withstand 1s calculated for
motors with base rating voltages Vigiee < GUGV a8

LE;Jeaéf: < 1lix2= ng # Viared = 3.0 % Ve i

where
1.1 10% overvoltage;
2 2x vohtage on the reflected wave,

2 converts rms o peak volts;

Voeax  single-amplitude zero-to-peak line-to-line voltage;

and the rise time is 0,10 ps.

These limits are echoed in [2. paragraph 5.2.9.5].

Motor manufacturers have complied with this standard. Mo-
tors are designed with robast insulation systems and put in
operation. As failures occur, lessons are swiftly (and sometimes
patnfully) learned. Long service in environments that approach
the himits of MGI part 31 indicates compliance with the
standard.

The International Electrotechnical Commussion (JEC) 15 de-
veloping & standard “Evaluation and qualification of electrical
insulation systems used in rotating electrical machines when
fed from voltage converters.” [BEC 60034-18-41. The com-
mittee draft s November 2005 [3]. This proposed standard
comans definitions and 4 wtorial covering insulation damage
due to inverter operation. When 41 is finished. ¥ will doc-
ument complementary test methods, The drall suggests two
winding types, the first of which will be sublect o impulw
voltage but the winding will not be exposad to pantial dis
charge (PD) over its expected life dype 1) The second will
be subject to repeated impulse voltages where PD may occur
in operation (type 11}, It goes on to define three “duty levels”
for motor insulation systemns, A (benign), B {medium), and
C {severs). Finally, each “duiy level” has a description of
voltage-withstand requirements and a deseription of acceptance
criteria. Table T describes the requirements for type-Il insula-
tion systemss. The draft is changing, but it appears type I1.C
mnsulation systems will be very similar 1o MG1 part 31.
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TABLE |
SURGE VOLTAGE AT MOTOR TERMINALS AND ACRGSS STATOR-WINDING INSULATION COMPONENTS {3}
Maximum voltage at the motor input terminals {Vpeai)
Phase to Exampie for Vime=400 Vons
T £ volt ground Phase fo Phase to Phase Turn to
ype of voltage iframe) phase Turn to turn ground to phase turn

Sinusoidal voltage, Vire (Vims) | V2 Vine/v 3 V2 Viine (N2 Vine/ V3N + 327 + 568 + BZTIN
Converier directly sonnected
o the machine {or through & + ¥o\busee = Yhusge Uneven + 270 + 5440 Uneven
shott cable)
Converter connacted 1o Ehe 3 + 2 )
machine through a long ~able | = 12VbUSqc Vbugae Uneven + 810 + 1080 Lineven
Converter connecied o the
machine through a long cable 3 _ z 2
wihile the maching is = TlaVbusg. Vbusae Uneven = 810 =z 16820 Uneven
regenerative braking

N = number of twns per phase,
Vs, = DC bus voltage

VWhere!

There is a diversity of definitions used in existing literature.
For the purpose of this paper, we will use the following.

1} Peak voltage refers to peak-to-peak voltage rather than
zero-to-peak voltage. It is possible to have adjacent zero-
to-peak positive and a zero-to-peak negative peaks. These
can only be properly evaluated as peak 1o peak. Ulti-
mately, the motor must be capable of withstanding the
peak-to-peak voltage applied.

Per-unit base voltage is the peak line-to-neutral voltage.
Essentiatly, rms line-to-neutral (line~to-Hne/1.73) muli-
plisd by the square root of 2 for peak.

The MG1 definition does not allow for transients in the
cpposite polarity. Section IV describes several transients that
are best measured peak to peak.

HE WinDiNG CONFIGURATION

Most low-voltage motors are random wound, Individual coils
are made up of insulated copper wire, inserted into the stator
and finished by connecting together with leads, HFig. 1 showsa
typical section of a stator winding.

Turn-to-tars voltage is typically limited to 106 Viems. Since
these machines are random wound, coils of different phases are
ofen adiacent, and it is necessary o separate them by additional
insulation. Wire to wire contact in the motor s limited (o aboig
300 Vias.

Magnet wire is typically round copper coated with multiple
coats of insplating film. The wire insulation consists of a base
coat for dieleciric strength, a second coat with an inorganic
Eiler, which is PD resistant, and a top coar for mechanical
toughness. The total build of enamel is 0.0015 to 0.0025 in,
depending on wire diameter. These wires have demonstrated
longer life in the presence of PDy [4},

The wire standard for PD-resistant wire is NEMA MW 1000,
class MW33C 151 The standard uses the same mechamical
properiies as the normal magnet wire, including the temperature
rating (200 *C or higher), the resistance to abrasion, and crack
reststance, There are several differeni acceptable manufacturing
processes under the standard. Each manufacturer is responsible

phase insulation / overhang insulation
ground insulation

turn insulation

phase to phase

phase to ground

turn to fum

Wik = U

Fig. i.  Section of stator winding {31

for application and satisfactory results in a particular motor
design.

Stator slots are Hned with ground insulation. The ground
insulation has 2z chort tme diglectric breakdown on the order
of 26 kV. Coils are designed 1w be inserfed into the stator
efther in lap winding form or conceniric winding form, In the
end-turn region, different phases are separated by glass cloth
with 2 short time dielectric breakdown of 8 kV. The ground
wall insulation level and phase insulation levels are based
on material and manufacturing constraints that cause them o
have plenty of voltage margin. Rarely do we see failures caused
by drive application in these parts of the machine.

Omee the coils are inserted into the stator, the connections are
made ap. This is accomplished using cold crimp connectors or
brazing.

Afier the winding i3 installed into the stator laminations,
it is sealed with varnish. The varnish provides resistance o
enviropmentat damage, mechanical stability, ransfers heat, and
fills air gapsto reduce corona. It is beljeved that varnished coils
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Voltage at Motor + s 5 40
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Vohage at drive and motor measured phase—ground,

with voids within the vamnish. which encapsulate either air or
vacuum, can lower the PDIV [6].

IV, ELECTRICAL ENVIRONMENT

Over the years, many different methods have been developed
io rectify the power system voltage and convert fixed frequency
sine-wave ac to an ac voltage with selectable frequency [7].
Almeost all drives convert incoming ac to a de voltage (bus) then
switch the dc bus to construct a variable-frequency variable-
voltage ac output voltage. The present generation of drives are
based on power transistors and PWM technology. The positive
and negative de is switched thousands of times per second to
create an ac current waveform of the desired frequency and
voltage. The drive generates short-rise-time rectangular puises
of fixed amplitude voltage, which have varying duration and
frequency. The voltage of the pulses at the output of the con-
verter 15 about the same as the de-bus voltage. Early switching
transistors were bipolar junction transistors (BITs) and had
relatively slow trn-on times, on the order of microseconds.
Such refatively long-rise-time pulses cause high drive-power
foss and do not construct a good sine wave., Poor sine-wave
consuuction causes excessive heating in motors.

Virtnally all modera drives for low-voltage motors use
IGBTs {insulated gate BITs) as the swiwching devices. The
IGBTs are commonly configured using PWM wechnology, The
dc-bus voltage depends on the rectified 60-Hz voltage or regen-
erative braking voltage level (Table 13, The rise time of the puise
from a PWM-IGBET drive is usually on the order of 30-100 ns.
with a voltage that squals the de-bus volage (Fig. 2).

However, if it takes longer for the pulse 1o travel along the
power cable connecting the drive 1o the motor than the rise
time of the pulse, then z reflection will cecur at the motor
terminais, which can {for a very short time) cause superposition.
and thus, a higher voltage than the de-bus volizge {8]. In
most power cables, the velocity of pulse propagation is about
0.153 m/ns. Thus, the tavel time alosg a 30-m-long cable
berween the drive and the motor will take about 200 ns. Conse-
quently, the drive/cable/motor system behaves like a wansmis-
sion Hine and reflections will occur. 1 the drive is integrated into
the motor, the pulse travel tme is 0, and no refiections ocour
{and thus, no voltage wansient higher than the do-bus voltage
is prasent).

The amount of overvoltage depends on the surge impedance
of the power cable (typically 30 O} and surge impedance of
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Fig. 3. Short-puise phenomena.

the motor {depends on the winding capacitance and number
of stator-winding paraliels per phase)—typically higher thas
100§} for a random-wound stator. From transmission-line
theory, the higher the surge impedance of the motor, the greater
the overvoliage will be, up to & maximum of twice the de-bus
voltage [91.

The rise time at the motor terminals depends on the cabie
grounding system, various design aspects of the cable, the
motor surge impedance, and the presence of any filters that siow
the pulse rise time.

Oscilloscope traces of voltage surges from a typical inverter
drive are given in Fig. 2. The top tace shows the pulse as
measured phase to ground at the drive on the same phase as
at the motor in the second trace. The vertical scale is 500 V
per division and the horizontal scale 10 s per division. The
waveform at the motor has a much higher peak voltage than the
drive due to the “ring” from reflections.

Very short puises can produce voltages above two times the
de-bus voltage. Fig. 3 shows the effect of a short pulse, The
short pulse allows a significant ring to occur when it is turned
GFF. The peak voltage is 2680 V. Fig. 3 also shows the need for
peak-to-peak measurements rather than only zero to peak.

Voltages above two times the de-bus volisge can also be
produced by drive doubde transition caused by a converter-fed
drive algorithm that does sot allow 2 minimum time betweon
suiccessive puises. Double wansition sccurs when an IGBT
one phase swiiches from minus to plus do-bus voliage at
same instant that an IGBT in ancther phase switches from plus
1o minus. Fig. 4 is a ¢ase where phase C {frace 35 shows
resulting transient when a negative switching event is tmneadi-
ately followed by a positive switching event. Such events may
generate two times the de-bus voltage wave, which waveis to the
motor and can then build to grester than two dmex the do-bus
overveliage when reflectad at the motor terminals.

Due w the different IGBT-drive switching times, practics!
experience shows there are a range of surge-voliage magnitudes
and rise gmes that any particular inverter-fad motor will ses,
Fig. 5 shows a three-dimensional (3-D plot of surge rise time
(in nanoseconds] versus surge magnitude {in ferms of pu. where

H




BOGH #r il PARTIAL-DISCHARGE-INCEPTION TESTING ON LOW-VOLTAGE MOTORS 151

_._fw\-«,/'/\ AN S s
Phase A Phase voltage
; . 3200 volts / div
\J\mﬂmm'
-Phase Bu . -
SN TUNIR U W W WP
\‘&"y’ Y N~ \C phase switches fmﬁ‘;"m valts
" CHanaa megatve @ 1600 voits positive
Fiter
fiter 1 volt / div

(.5 microsecond / division

Fig. 4. Double mansition.
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Fig. 3. Surge environment, phase Al

i pu is the peak Hae-ground rated power-frequency voltage)
and number of surges per second measured at the motor termi-
nals [7]. The figure clearly shows that a single magnitude with
& single rise time s not practically encountered.

Fatlures related o these pulses have been well documented,
Usually, the failure 15 in the first twrn or two of 2 coil. Fig. 6
shows a representative faiture. Often, little damage occurs due
to the fast wm-OFF time of the IGRTs. The vollage transient is
sxtrernely fast and decays rapidly in the coils due o inductance.
Typically, the first coil can have between 30% and 80% of the
pulse voliage across it [10%

V., OfFLINE MEASURING OF PDIV

Winding faifures seen on motors in dedve applications have
generally occurred in the first coil of a pole connected 10 2
sower lead. Depending on the motor/drive setup, sometimes
the fatlure may extend between phases. It has been a standard
practice to add extra phase insulation between coils within a
pole. Unfortunately, standard test procedures did not test the
effectiveness of this practice, leaving the real tesi to the field.

oita'e failure

Fig. 6. Winding faifure due o voltage spike,
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Fig. 7. Surge and drive waveforms,

Presently, a test method has been developed to measure the volt-
age at which PD occurs. The development of the test method
produced several lessons.

A variable voltage source producing a rise time similar to
that of an IGBT drive has only recently become commercially
available. Fig. 7 is a graph showing an IGB'T-drive voltage pulse
measured at the terminals of a 40-bp motor. The graph also
shows the output of an IGBT-controlled surge unit applied to
the same 40-hp motor, and a BJT-controlled surge unit applied
to the same 40-hp motor. The rise time of the surge unit is
shightly faster than that of an IGBT drive, and the rise dme of
the BIT surge unit is considerably slower than the IGBT onits.
Barly attempts to measure PD with units that had slower rise
times (a BJT-controlled surge unit} vielded inception voltages
that were higher than when measered with an IGBT-controlied
surge unil.

PO owas first messured by using 2 surge unit o lest one
winding with the other windings grounded while measuring
the current in a grounded tead. Unformmately, the frequency
response of most current probes is not high enough to capture
currents in the frequency range of PD {> 100 MHz). Ultimately,
a PD detection equipment using high-pass filtering techniques
was chosen. Surges are applied to windings and 2 high-pass
filter returns small high-frequency voltage drops that ocour
whent PD is produced. This method measures PDTV line 1o line
and line to groumnd as only one winding 18 surged while the other
wo arg grounded. All the measurements described are voltage
Hne 1o fine.

Fig. 8 shows the test gircuit for PDIV measurement. The
surge generator surges each lead individually while the other
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two leads are grounded. The voltage is siowly increased from
0 ¥ while motor terminal voltage and PD output is monitored
on the oscillescope. Once the peak PD output exceeds 100 mV,
the voitage s no longer mereased. and the PRIV recorded,

Fig. 9 shows an exarople of the PRIV measurement. Channe!
1 #s the motor terminel voltage. Channel 2 is the PD outpur,
The zero (o peak of the PD s"mzpm 15 conside
T mVoas mentioned above, That s«
fors tesied, With ;Lm a synalk dzd e in valtage. the P ocours
£ than 100 mV at the m:;v
tion, The PDILV measurement for this motor phase 1s 3620V
The vertical scale on the top trace is 1000 W per division.

Adlresting is done on wound cores with the rotor removed.
Several tests were run with rotors installed. In general, higher
PDIV readings resuited. but the variation was excessive. ] apr 2003

Preliminary testing of varnished stators indicated low PDIVs aliszek T2
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TABLE (I

MANUFACTURING TEST RESULTS
Parial Dhscharge Incepticn Voltage (KV)
frame] 2 Polel 4 Polet 5Pole} 8 Pole
320 3.27 3,43 32 285
26C 3.21 3.69 3.05 323
400 314 343 3.04 3.43
440 311 3 318 318

vith & standard deviation of 250 V. Considering that NEMA
MGI part 31 requires a 600-V motor to be able to handle a
pulse of 1860 V, the present process has a 4.5 sigma capability
to NEMA.

Vi OFFLINE PDIV-TESTING MOTORS

Eighteen motors were tested o compare insulation sys-
ems across the indusiry. These motors all had the following
characteristics: 10 hp, four potes, 460V, severe duty. and en-
sfficient. They represend o sampling of prominent NEMA
anufacturers. Fig, 10 displays results from the POIV tests.

?{ama:u';zw the details, the most important is the minimum
PNV level Al the manufacturers izsted shove the MG part
M ?’Q-(;iéﬁ?‘éi'??zji'éi of 1426 ¥ (3.1 » 460 V). In fact, all except
manufactorer #4 passed 2.0 &V, These ests were made on
wonnd cores, left in the frame, with rotors removed.

it is imteresting 10 nete the range of the readings o8 a per-
manufactarer basis. The range is indicative of both the test vari-
ation and the motor var af%m. The test variation is relatively the
same for all motors as the same procedure and equipment was
ased. The small deviation between motors. per manufacturer
and between phases of the same motor, demonstrates there is
%éﬁﬁﬁ:’:&n" diﬁefﬁﬁceﬂ; averpll between the motors.
sults obtained from factory pmdm}zm

chines. Production testing is done at
room femperature on he factory Hoor Repeatabie resulis are
heing oblained from the PDIV test, The PDIV is relatively
reme and speed independent. These reselts were obiained
¢ the manufacturing and festing processes were consistent.

Mfg C

L A-pole, 460-Y motors from six different manufactuerers,

VIH. LiFg TgsT

A life test was run to verify that motors would mamtain PDIV
over time. Motors were operated on a drive at the nsulation
class temperature. Every 500 b, the PDIV was measured.

Ten motors were operated no load on an IGBT PWM inverter
with long cable lengths in order to achieve peak motor voltages
approximately 10%-25% above NEMA MGI-31 limits. For
a A00-V insulation system, the max NEMA MGI1-31 volt-
age would be 1860 V. Peak voltages from the drive system
are all in the 160027006 V range. Fans were removed 1o
increase the motor winding temperature to class F limits of
145 °C. The motor winding temperature was measured using
thermocouples.

Table I shows motor temperatures and PDIV measurements
on the ten test motors as a function of time. The peak voltages
measured &t the motors are within the desired range and the
winding temperature is operating very close to 145 °C. The
PRIV for each of the motors remains very constant over e,
During the life test, PDIV was measure on motors both at room
temperature and al insuiation ciass emperature (~ 145 O
Testing indicates there is no difference in POIV between a hot
motor and a cold motor,

VIH., CONCLUSION

NEMA standards address insulason level i motors used
on drives. The method for testing that insulation level B
not vet accepted in a standard. TEC is currently working on
a standard for motor insulaton, including test methods and
levels.

One manufacturer’s test method is discussed. Repeatable
resules are currently being obtained. In order to prodace ac-
cepiable results, several manufacmuring-process changes wers
required while the materials were sot changed.

Limited testing indicates there are differences in insulation
systems between motor manufacturers. 1 s expected that man-
ufacturing procedures from all manufacturers will improve as
testing becomes niore common,
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TABLE 13
MoOTOR PRIV avD TEMPERATORE OVER TIME
Average Average Average Average Average ¢ Average Average Peak | Average
: CvEe - PDivg Fbivg . PDiV@ POIVE@ ¢ PDIVE Vollage at motor ¢ winding
Motor 25C hours | 50C hours ¢ 1000 hours © 2000 hours 2500 hours 300C hours . terminais ' temperature
s A : (kW : KV} KV (KV : (kY3 Dy T/CE
1 3.8 38 36 36 3.7 36 ' iy 138
2 38 38 35 s 35 35 200 140
3 37 2.6 35 3.5 : 36 : 35 2.0z ‘ 136 |
4 .35 3.3 34 3.4 35 : 3.4 208 44
& 35 : 3.2 3.2 3.2 32 32 2.02 ; 50 |
B 35 32 32 34 3.3 ‘ 33 o 2ra 139
7 3.4 32 3.3 : 33 33 ‘ 3.3 2.14 : 138
8 35 33 3.4 3.3 3.2 3.3 212 ? 138
& 3.5 33 3.5 3.4 34 3.3 212 ; 140
10 3.4 3.3 3.3 3.3 3.4 3.5 2.16 ‘ 133
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Aging tests on several stators driven by inverters indicate
that motors with high-discharge inception voltages exhibit a
long hfe m the PWM drive environment. The data show no
degradation in PDIV when PD is not suspected.

ciric- Mo

REFERENCES

[F] Motors and Generators, NEMA Standards Pub, MG 1, 2003,

|2} Application. Guide for AC Adjustable Speed Drive Svstems. (2001).
NEMA Stundards Pob. {Online]. Available: httpe/fwww nema.org/stds’
aiaciustable cfm

(31 Evaluerion and Qualificaiion of Elecerical Insularion Svstems Used in
Rowwing Eivorival Machines When Fed From Voltage Converters, TRC
H0034-18-41, Nov, 2005 (Commitiee Draf1y.

41 AL L. Lynn. Wo AL Gottung, and D R, Johnstor, “Corona resistent turn
msulation in AC rotaling machines.” in Proc. [EEE Flectrical Insulation
Conf., Chicago. 1L, Oct, 1983, p. 308,

5] Magre! Wive Standard. NEMA Standards Pub. MW 1006, 1997,

{61 G. Stone. 5. Campbelt and 8. Tetreault, “lnverter-fed drives: Which mo-
iors stators are ar risk.” IEEE fad. Appl Mayg. vol. 6, no. 5, pp. 17-22,
Sep.fct. 2000,

[7] 3. A Oliver und G, C. Stone. “Tmplications for the spplication of ad-
justable speed drive electronics to motor stator winding insulation.” IEEE
Electr Insul. Mag. vol T oo, 40 pp. 32-36. Jul./Aug. 1995

X[ M. Melii. G. Skibisski. 8. Bell and J. Sung. “Effect of surge voltage
rivetime an the insulatos of fow voltage machines fed by PWM con- well as two books. He ts active on both Intemationa
verers.” i Proc, JEEE Indusies Applivations Sociers Arn. Meeting,  Tiectrotechnical Commission (1RC; and TEEE rowting machine standarids
New Orieans, development.

9 LA Saunde Tevted wavel” in FProe [EFF Petro- U Stome 15w formier President of the 1
i and Ch CePCHC Philadeiphia, PAL Sep. 1996, Insul

Greg Stone (F'93) received the Ph.D. degree in ¢lo
trical engineering from the University of Waterl:
Waterloo. ON. Canada.

For 17 years, he was with the Research Division
of Ontario Hydro. a major electrical utility, whero
he was mvelved i motor and generator electricud
testing. Since 19900 he has been with Iris Powes
Engineering. Toronto., ON. Canada, x manufucture:
of elecimical testing apparatus, He has published over
100 papers on the electricai westing of machines. w-

A elecrrics and Tlecrricdd

wn Seciey.

Jim Cusiodio ha
. A

W

PSR THVENS




