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The PDIV under surge voltages was
1.6 to 1.8 and 2.3 to 2.7 times higher
than those under AC voltage
application for the used and virgin
samples, respectively.

Introduction
ecause conventional inverter-fed motors for electric vehicles
and hybrid vehicles operate under low-voltage stresses [1]–

[4], their electrical insulation performance has not been critical
for their basic design. However, the operating voltage of inverter-
fed motors is being increased for higher performance, e.g., high
power output and compactness, which requires a rational electri-
cal insulation design. Especially, inverter-fed motors utilize power
electronic devices, such as IGBTs with high-speed switching abil-
ity [3], and are then exposed to transient surge voltage stresses
with steep wave fronts as shown in Figure 1. The surge voltage
generation is attributed to the difference in surge impedances of
the inverter (Z

inverter
), cable (Z

cable
), and motor (Z

motor
). Z

motor
 for a

20- to 50-kW motor is of the order of kΩ, as can be seen in Figure
2 [5], whereas Z

cable
 is of the order of 10 to 30 Ω, and Z

inverter
 is

generally very low and ~ 0 Ω, i.e., Z
motor

 >> Z
cable

 > Z
inverter

. Such a
surge voltage stress can cause partial discharges in the motor in-
sulation system and can deteriorate the electrical insulation, lead-
ing to breakdown.

From this background, in this article, we have investigated the
partial discharge (PD) inception characteristics of a twisted pair
as a simplified inverter-fed motor-coil sample. We discuss the
difference in the PD inception characteristics of a twisted pair
under 60-Hz voltage and surge voltages with a steep wave front.

Experimental Set-Up
Figure 3 shows the experimental set-up for the measurement

of the PD characteristics of the twisted pair. The twisted pair con-
sists of two enamel-coated wires with the following specifica-
tions: conductor diameter: 0.845 mm, coating thickness: 0.03 mm,
twisted pitch: 7 mm, and total length: 130 mm. The enamel coat-

ing has two layers: an inner layer (thickness, 0.023 mm; dielec-
tric constant, 3.8) and an outer layer (thickness, 0.007 mm; di-
electric constant, 4.2). One of the wires was grounded, and high-
voltage AC or surges were applied to the other wire. The fre-
quency of the AC voltage was 60 Hz, and the surge voltage had a
rise time of 20 ns, a duration of 1 µs for a single shot, and a
repetitive shot frequency of 6 or 60 pps.

The PD inception voltage (PDIV) was detected by PD light
intensity under both AC and surge voltage applications. The PD
light intensity signal was observed using a photo multiplier tube
(PMT). The PD light emission images were taken by a still cam-
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era through an image intensifier (II) with an exposure time of 5
sec. We also measured the PD current pulses under AC voltage
application through a high-frequency current transformer (1
GHz); CT1 for the twisted pair, and CT2 for the coupling capaci-
tor.

PD Characteristics Under AC Voltage
Application

We measured the PD characteristics of two twisted pairs un-
der AC voltage application; Sample A was a used sample, and

Sample B was a virgin one. We found that PDIV
A
 was 816 Vpk

for Sample A, where Vpk is the peak voltage, and PDIV
B 

was
780 Vpk for Sample B, using the PMT.

Figure 4 shows the applied voltage, PD light intensity, and PD
current pulses of Sample A at PDIV (816 Vpk).  A PD light in-
tensity signal with a steep-pulse waveform and PD current pulses
with a polarity reversal between CT1 (twisted pair) and CT2 (cou-
pling capacitor) were detected simultaneously, which verified the
PD generation in the twisted-pair sample.

Figure 5 shows the PD light emission images at a) an applied
voltage (Va) of 900 Vpk and b) 2000 Vpk, respectively. The PD
light emission was first observed at 900 Vpk and became more
intense as the applied voltage was increased. The optical PDIV
measurement showed about a 5% higher PDIV than that mea-
sured by the current transformers. Figure 6 shows an enlarged
image of the PD light emission in the wedge-shaped gap space.

PD Characteristics Under Surge Voltage
Condition

Figure 7 shows the applied surge voltage and light intensity
waveforms of Sample A for a) a Va of 1000 Vpk (No PD), b)
1350 Vpk (PDIV), and c) 2000 Vpk, respectively, at a pulse rep-
etition rate of 60 pps. A PD light intensity signal was detected
during the transients of the applied surge voltage in Figures 7 (b
and c). Figure 8 shows the details of the PD generation in Figure
7(c). In Figure 8, we can see clearly the time delay of the PD
inception caused by the very steep wave front of the applied surge
voltage.

Figure 9 shows the PD light emission images of Sample A
under 60-pps surge voltage application for applied voltage mag-
nitudes of a) 1400 and b) 2000 Vpk, respectively. The first PD
light emission was observed at 1400 Vpk at both ends of the

Figure 1. Inverter-fed motor system.

Figure 2. Surge impedance of rotating machines [5].



January/February 2005 — Vol. 21, No. 1 7

twisted pair and became more intense with increasing Va, spread-
ing over the whole length of the twisted pair.

Discussion on PDIV Mechanism
We calculated the theoretical value of the AC PDIV of the

twisted pair using the finite element method of electric field cal-
culation and Paschen’s law for air. Figure 10 shows the equi-
potential lines for a cross-section of the twisted-pair sample. The
gap length d between the two conductors was defined as shown
in Figure 10. Figure 11 shows the electric field distribution along
the surface of the twisted pair sample as a function of the gap
length d for values of Va of 500, 800, and 1500 Vpk, respec-
tively. The calculated breakdown strength in air according to
Paschen’s law [6]–[7] is also shown in Figure 11. The electric

Figure 3. Experimental set-up. *C.C. (coupling capacitor) is only for AC.

Figure 4. Applied voltage, PD light intensity, and PD current
pulse waveforms under AC voltage application. (Sample A, Va
is 816 Vpk). Figure 5. PD light emission images for AC voltage (Sample A).
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field distribution along the surface makes first contact with the
Paschen curve when d is 0.03 mm and Va is 800 Vpk, which
corresponds to the theoretical PDIV under AC voltage applica-
tion and agrees well with the measured PDIV of 816 Vpk.

The comparison of the PDIV between AC and surge voltage
conditions is shown in Figure 12, where the average value and
the standard deviation are plotted for both cases. For the AC volt-
age, the PDIV is almost the same for Samples A and B. On the
other hand, for the surge voltages, the PDIV for 60-pps repeti-
tion was lower than those for 6 pps and the single shot. This
result suggested that the insulation performance of the twisted-
pair sample would be more deteriorated under a higher repeti-
tion rate of surge voltages. The average value of the PDIV for
surge voltages divided by the PDIV for AC voltage is 1.6 to 1.8
for Sample A and 2.3 to 2.7 for Sample B. The higher PDIV for
surge voltages than that for AC voltage may be attributed to the
lack of an initiatory electron in the localized higher electric field
region of the twisted pair sample. In the case of the surge voltage
application, the lack of an initial electron would be significant
because of the short time voltage application (~100 ns) and the
limited stressed volume. The impulse ratio obtained in this ex-
periment would be strongly influenced by the surge wave front
and voltage duration etc.

Conclusions
We have investigated the PD characteristics of twisted pair

samples for inverter-fed motor coil under AC and surge voltage
conditions. The results can be summarized as follows.
· The PDIV under AC voltage was measured and verified to

agree well with the theoretical value using electric-field analy-
sis and Paschen’s law.

· The PDIV under surge voltage was measured for different rep-
etition rates; the PDIV for 60-pps repetition was lower than
those for 6 pps and for the single shot, which suggested that
the electrical insulation performance would be influenced by
the repetition rate of voltage surges.

· The PDIV under surge voltages was 1.6 to 1.8 times and 2.3
to 2.7 times higher than those under AC voltage application
for the used and virgin samples, respectively.  This might be
attributed to the lack of an initial electron in the localized high
electric field region. The obtained impulse ratio would be
highly influenced by the applied surge voltage wave front and
the time duration.

Figure 6. PD light emission image of twisted pair sample
(enlarged image).

Figure 7. Applied voltage and PD light intensity waveforms
under surge voltage condition. (Surge wave front: 20 ns;
Sample A, 60 pps).
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Figure 8. Details of applied voltage and PD light intensity
waveforms under surge voltage condition. (Surge wave front:
20 ns; Sample A, 60 pps; 2000 Vpk).

Figure 10. Equi-potential lines of twisted pair sample.

Figure 9. PD light emission images under surge voltage
condition. (Surge wave front: 20 ns; Sample A, 60 pps).

Figure 12. PDIV under AC and surge voltage conditions.
(Surge wave front: 20 ns).

Figure 11. Electric field strength as a function of gap length.



10 IEEE Electrical Insulation Magazine

References

[1] M. Fenger, S. R. Campbell, and G. C. Stone, “Some properties of
partial discharges measured during fast risetime voltage surges,”
Insucon 2002, pp.153–156, 2002.

[2] M. Kaufhold, “Failure mechanism of the interturn insulation of low
voltage electric machines fed by pulse controlled inverter,” CEIDP,
pp. 254–257, 1995.

[3] M. Melfi, J. Sung, S. Bell, and G. L. Skibinski, “Effect of surge
voltage risetime on the insulation of low-voltage machine fed by
PWM converters,” IEEE Trans on IA, vol. 34, pp.766–775, 1998.

[4] K. Kimura, S. Itaya, S. Ushirone, M. Hikita, and W. Bito, “Dis-
charge condition and surface charge distribution under repetitive
bipolar impulse,” ICPADM, pp.1061–1064, 2003.

[5] Technical Report of IEEJ, “Switching surges and application tech-
nology of vacuum circuit breakers,” vol. 422, p.28, 1992.

[6] T. W. Dakin, G. Luxa, G. Oppermann, J. Virgreux, G. Wind, and H.
Winkelkemper: “Breakdown of gases in uniform fields. Paschen
curves for nitrogen, air and sulfur hexafluoride,” Electra, no.32,
pp. 61–82, 1974.

[7] J. M. Meek and J. D. Craggs, Electrical Breakdown of Gases. John
Wiley & Sons, 1978.

Naoki Hayakawa (M’90) was born on
September 9, 1962. He received a Ph.D. in
1991 in electrical engineering from Nagoya
University. Since 1990, he has been at
Nagoya University, and presently he is an
associate professor of Nagoya University in
the Department of Electrical Engineering
and Computer Science. From 2001 to 2002,
he was a guest scientist at the

Forschungszentrum Karlsruhe/Germany. He is also a member of
IEE of Japan.

Hitoshi Okubo (M’81) was born on
October 29, 1948. He received a Ph.D. in
1984 in electrical engineering from Nagoya
University. He joined Toshiba Corporation/
Japan in 1973 and was a manager of the high
voltage laboratory at Toshiba. From 1976
to 1978, he was at the RWTH Aachen/Ger-
many and the TU Munich/Germany. Since
1989, he has been an associate professor at

Nagoya University in the Department of Electrical Engineering,
and presently he is a professor at Nagoya University in the
EcoTopia Science Institute. He is a member of IEEE, IEE of Ja-
pan, VDE, and CIGRE.


	footer1: 
	01: v
	02: vi
	03: vii
	04: viii
	05: ix
	06: x
	footerL1: 0-7803-8408-3/04/$20.00 © 2004 IEEE
	headLEa1: ISSSTA2004, Sydney, Australia, 30 Aug. - 2 Sep. 2004       


