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In recent years, adjustable speed drives power by power electronic converters
have caused insulation failure in the electrical motors with stator windings.
The repeating impulse voltages produced by IGBTs created insulation
reliability problems in the stator winding. Overvoltage can cause partial
discharge (PD), which can rapidly result in insulation system failure. To
address this issue, IEC standards and technical specifications (TS) necessitate
that a PD test on the motor insulation system is done at sinusoidal and square
voltages. The PD characteristics obtained are used to evaluate insulation
performance, enhancing insulation design. This work focuses on the PD
characterization of twisted pair samples using high frequency sine and square
waveforms at room temperature. The PD characteristics were investigated at
50 Hz, 1 kHz, 2.4 kHz, and 5 kHz. The result shows that there are fewer PD
events with lower PD magnitudes and shorter delay times at higher
frequencies. Further, at different temperatures of 30 °C, 60 °C, and 90 °C, the
partial discharge inception voltage (PDIV) of twisted pair insulation was
investigated using high-frequency sine and square waveforms. The results
show that the corona inception voltage (CIV) (kV) decreases as ambient
temperature increases. Furthermore, the conditions for PD occurrence in the
insulation system were analyzed at higher switching frequencies. The electric
field distribution of twisted pairs with a 0 mm air gap was modeled from
50 Hz to 5 kHz switching frequency using COMSOL software.
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1. INTRODUCTION

Inverter-fed motors are now widely employed in numerous industries, including high-speed railroads,
hybrid electrical vehicles (HEVs), and many industrial applications, due to several advantages such as high
efficiency and controllability [1]. Unlike conventional motors powered by sinusoidal AC supply, modern
inverter-fed motors utilize pulse width modulation (PWM) techniques, characterized by high-frequency, fast-
rising voltage pulses generated by advanced switching devices such as IGBTs [2]. As a result, the coil's enamel
insulation experiences frequent surge voltages with nanosecond rise times. Low and medium voltage motors
are both affected by these surges, which cause reliability issues [3]. Additionally, excess voltages may build
up at the phase-to-phase and turn-to-turn insulation terminals of the motor winding, up to twice the input
voltage, as a result of reflection, resonance effects, and impedance mismatches between the inverter, cable, and
motor [4], [5]. The unexpected early breakdown of motor winding insulation is caused by these forces [6], [7].
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Additionally, there is an uneven distribution of electrical potential across the windings. This leads to greater
electrical stress on phase-to-ground and turn-to-turn insulation than that caused by a sinusoidal waveform [8],
especially in the early turns [9]. High switching frequency can cause overvoltage and the start of partial
discharge (PD) activity when there are fast rising/falling voltages present. This causes the organic insulating
materials used in winding insulation to degrade rapidly [10], [11]. As a result, the International Electro
technical Committee (IEC) has produced IEC TS 60034-18-41 and IEC TS 60034-18-42 to improve the
insulating reliabilities of inverter-fed motors [12], [13]. IEC standards have been addressed individually for
examining the adverse effects of PD on inverter-fed motor insulation systems, according to the technical
specifications (TS). PD is prohibited throughout the whole lifespan of random-wound motors (type I,
rated voltage < 700 V). As a result, during qualification and acceptance tests, the partial discharge inception
voltage (PDIV) should be identified to ensure that it is adequate to prevent PD during the motor's expected
lifetime [12].

A study of low-frequency PDIV behavior on type I enamel insulation has been reported [14].
However, when employed in speed control applications, enamel insulation is subjected to higher frequency
stresses, significantly degrading the motor winding insulation [15]. This work shows the PDIV at different
temperatures of 30 °C, 60 °C, and 90 °C, at various frequency levels ranging from 50 Hz to 5 kHz, as well as
the PD characteristics of square and sine waveforms at various frequency levels ranging from 50 Hz to 5 kHz
at room temperature. The IEC TS 60034-18-41 standard [16] has a significant impact on rotating machine
evaluation and performance. According to the above-mentioned document, square wave voltage is used to
assess PDIV for type-I insulation systems that produce the highest dv/dt, which may create dielectric and
thermal stresses on the insulation system when compared to a sine waveform. The growing number of low
voltage motors and the increased demand for variable-speed electrical machine applications are the reasons for
choosing a high frequency [17], [18]. In order to examine the electric stress caused by rapidly increasing high-
frequency voltage pulses on motor winding insulation as a result of IGBT operation, high-frequency switching
is used in this work and to investigate the differences in electrical stresses produced by sine and square wave
voltages which result in significant differences in PD characteristics and motor winding insulation life.
Therefore, it is essential to investigate the partial discharge (PD) behavior of inverter-fed motor insulation
under square voltages [19], since the findings can have a significant impact on the design of the machine
insulation system [20]. The results of PDIV tests may be used to assess the insulation system and, as a
consequence, enhance the design of the motor winding insulation.

When applying impulse voltage, the choice of voltage waveform parameters can have a significant
influence on PD and lifespan, resulting in varied outputs in the same insulating system [21].
Wang et al. [22] investigated the effect of repeated square voltage frequency on PD characteristics using turn-
to-turn insulation models and observed that higher square voltage frequencies lead to fewer PD events and a
lower average magnitude. Wang et al. [23] found a substantial difference in the PD amplitude, patterns, and
frequency energy distribution between square wave voltages with a rise time of 100 to 200 ns and sinusoidal
voltages with the same peak-to-peak and frequency. Montanari et al. [24] investigated PD properties of
inverter-fed motor insulation systems that were tested with repeating square voltage. The results showed that
a greater square voltage frequency could reduce PD occurrences with smaller magnitudes and shorter decay
durations. It is also suggested that a square voltage of 50% duty cycle is probably the best choice for certifying
and testing low-voltage inverter-fed rotating machines. Because dv/dt has an impact on the amplitude of PD,
insulation lifespan at sinusoidal and square wave voltages with the same peak-to-peak voltage and frequency
showed notable variances [25]. Under various temperature conditions, Wang et al. [26] examined the PD
characteristics of a square waveform at 50 Hz with a peak-to-peak voltage of 2.5 kV. According to their
findings, the impact of temperature on PD magnitude and delay duration is greater at lower frequencies, with
higher temperatures producing PD events with greater magnitudes and longer delay times. Studies report that
at 10-30 kHz, square-rising and square-spike waveforms show lifetimes with steep then declining slopes, while
the square waveform degrades insulation more rapidly [27]. Sarathi et al. [28] conducted phase-resolved partial
discharge analysis and observed that with increasing applied voltage, discharges occur during the rising portion
of the waveform. Rapid voltage rise leads to visible surface discharges, which are more pronounced in the
positive half cycle of AC voltage than in the negative half cycle. Additionally, asymmetrical AC voltages
generate both high and low amplitude discharges. According to the researchers, the failure of twisted pair
insulation is caused by the partial discharge being initiated by a high repetition frequency [29]. It has also been
noted that while using the COMSOL software, PD appears in the micro gap between the twists.

The majority of reported experimental results were obtained under sinusoidal voltage circumstances
[30], whereas only a small number of research have investigated the effect of square voltages on PD statistical
properties, as mentioned in the existing literature. In this work, an attempt is made to assess the lifetime of
twisted-pair enamel insulation by evaluating its PD characteristics under square voltages in the frequency range
of 50 Hz to 5 kHz at room temperature, along with PDIV measurements at temperatures of 30 °C, 60 °C, and
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90 °C. In the present experiment, twisted-pair polyester enamel samples are subjected to square and sine
waveforms at frequencies ranging from 50 Hz to 5 kHz. The experimental results revealed significant variations
in the PD statistical characteristics under square and sine voltages at different frequencies. The results indicate
that the twisted-pair insulation system deteriorates more quickly under square waveform stress than under sine
waveform stress. COMSOL is used to model the field distribution at a 0 mm air-gap length between twists,
with an enamel thickness of 40 pm, at switching frequencies ranging from 50 Hz to 5 kHz. The simulations
reveal that although square and sinusoidal voltages share the same peak-to-peak voltage and frequency, the
square waveform generates higher electric field values, thereby raising the PD inception voltage between the
gaps. The paper is organized into experimental setup and PD testing in section 2, results with high-frequency
modeling (section 3), and analysis of PD amplitude and insulation degradation (section 4).

2. METHOD
2.1. Sample preparation

The twisted-pair samples are prepared using two enameled magnet wires twisted together in
accordance with ASTM D1676-03 standards. A 40 um thickness of single-coated polyester enamel insulation
is employed for testing. The twisted-pair length is maintained at (12 £ 6) cm as per standard. The number of
twists is 6 depending on the diameter the wire.

2.2. PD measurement setup

Figure 1 shows the partial discharge test setup. The sinusoidal AC supply voltage and square
waveform with (50% duty cycle) different frequencies are simulated using a function generator (Tektronix,
Model No AFG3051C) and signaled through a Trek amplifier (Model No 20/20C with 4 kV amplification
factor). The partial discharge activity is then detected using a UHF sensor operating in the 300-3000 MHz
frequency range after it has been supplied into the twisted pair [28] placed 20 cm distant from the twisted pair
sample. A digital storage oscilloscope is attached to the output of the UHF sensor. The spectrum analyzer was set
to zero-span mode for the resolved partial discharge experiments to understand the phase of occurrence of
discharges with different frequencies of the sinusoidal and square waveforms as per the IEC 60270 standard [31].

High frequency High

Voltage ]
Trek amplifier Spectrum analyzer
(Model No 20/20C with 4 KV sg::fr (PRED Measurement)
amplification factor)
Twisted pair ‘
sample
Function Generator
(Tektronix, Model No 300-3000 MHz DSO
AFG3051C) (4 channel,

- 3.5 GHz bandwidth,

40 GSa/S)

Figure 1. Schematic experimental setup for partial discharge studies

The PDIV and PD characteristic tests were conducted on twisted-pair specimens by applying the test
voltage to the edge of one wire while grounding the edge of the other, thereby subjecting the enamel layers on
both wires to high-voltage stress. The IEC 60270 standard was used to conduct the partial discharge
investigations [31]. To conduct the PDIV test, the test voltage is progressively increased from a low level in
order to determine the lowest voltage at which partial discharges take place. The test specimen is placed inside
a temperature-controlled environmental chamber. PD measurements done at higher temperatures (e.g., 30 °C,
60 °C, 90 °C), high-frequency, high-voltage sine and square waveforms ranging from 50 Hz to 5 kHz were
used to measure the PDIV and PRPD characteristics on insulation with enamel at room temperature ranging
from 50 Hz to 5 kHz. The PD characteristics and PDIV were determined using the average results from five
samples. Table 1 shows the PD test setup parameters along with the specifications of the sine and square
waveforms.

Table 1. Details of the test setup
Frequency Duty cycle Waveforms and rise time  Test operating voltage
50Hz, 1,2.4,and 5 kHz 0-50% Sine, Square (<1 ps) 0-20 kV (RMS)
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3.  RESULTS AND DISCUSSION
3.1. PDIV measurements at room temperature

The PDIV of twisted pair insulation was measured at room temperature using high-frequency
sinusoidal and square voltage stresses. Figure 2 shows a histogram of average PD amplitude values for sine
and square waveforms at various frequencies ranging from 50 Hz to 5 kHz. It is seen from the graphs that the
corona inception voltage CIV (kV) increases with an increase in the frequency of both sine wave and square
waveform as the polarization process dominates over the retention effect, leading to a higher PD magnitude at
higher frequencies, similar to the trend reported in [32]. Additionally, the graphs indicate that PD inception for
the square waveform occurs at a lower voltage than for the sine waveform across all frequencies. As a result,
the square waveform consistently has a lower PDIV than the sine waveform. This implies that the insulation
system of twisted pairs degrades more rapidly under square waveform stress, subjecting the insulation to more
severe electrical stress compared to sine waveforms, which aligns with the results reported in [23].

3.2. PDIV measurements at higher temperatures

Twisted-pair insulation's PDIV was measured at 30 °C, 60 °C, and 90 °C while subjected to high-
frequency sinusoidal and square voltage stress. Figures 3(a) and 3(b) show a histogram of average PD
amplitude values for sine and square waveforms, respectively at higher temperatures over frequencies from 50
Hz to 5 kHz. At higher temperatures, PDIV decreases at all frequencies compared to room temperature. This
is undesirable for motor winding insulation stressed at high temperatures under loaded conditions. The adverse
effect of low PDIV at high temperatures is that it enhances the PD activity, uneven space charge accumulation
and enhanced electrical aging processes, thus reducing the material lifetime and insulation reliability [33].
Furthermore, the graphs indicate that at higher frequencies, PDIV increases across all temperatures because
the polarization process dominates over the retention effect [32]. Moreover, the graphs reveal that the corona
inception voltage CIV (kV) decreases with increasing ambient temperature for both sine wave and square
waveforms. The PD inception of the square waveform occurs at a lower voltage than that of the sine waveform
at all frequencies and temperatures. Furthermore, at the same temperature and frequency, the PDIV of the
square waveform is much lower than that of the sine waveform. As a result, as the temperature rises, the
twisted-pair insulating system degrades more quickly under a square waveform than under a sine waveform.
Hence, it is concluded at higher temperatures and higher frequencies, the PDIV of the square waveform is
found to be detrimental to insulation compared to the designed stress of power frequency sine wave [34].
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Figure 2. PDIV at 50 Hz, 1 kHz, 2.4 kHz, and 5 kHz under sine and square waveforms
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Figure 3. PDIV of (a) sine waveform and (b) square waveform at different temperatures

Int J Appl Power Eng, Vol. 14, No. 4, December 2025: 893-902



Int J Appl Power Eng ISSN: 2252-8792 a 897

3.3. Sine and square waveforms PD characteristics at various frequencies

PD statistics are obtained by recording 600 cycles of data from PD pulses during the test. Figures 4
and 5 show the PRPD patterns of sine and square waveforms obtained from PD tests at different frequency
levels, respectively. Figures 4(a)-4(d) show that at all frequencies, the discharges occur mostly in the rising
part. For 50 Hz frequency, PD with a large magnitude occurs around 4 ms during the rising part, as shown in
Figure 4(a). The amplitude increases from 20 a.u. to 50 a.u. at 1 kHz during the initial interval from 0 to
0.24 ms, as shown in Figure 4(b). At 2.4 kHz, it remains nearly constant, as illustrated in Figure 4(c), and then
decreases to about 10 a.u. at 5 kHz, as shown in Figure 4(d). This behavior occurs because the polarization
effect of space charge no longer dominates the variation of PD, while also influencing the degree of polarization
and the diffusion process at higher frequencies [35]. However, for square wave stress, the discharge occurs
throughout the cycle for 50 Hz and 1 kHz, but shifts towards a positive cycle as the frequencies increase
to 2.4 kHz, and 5 kHz as shown in Figures 5(a)-5(d). The decrease in PD occurrence time and magnitude with
rising frequency is consistent with the observations reported in [35]. Figure 5(a) shows that at 50 Hz frequency,
PD with a small magnitude occurs from 0 to 20 ms throughout the cycle. The lesser magnitude PD is uniformly
distributed from 0 to 1 ms for 1 kHz, as shown in Figure 5(b). At a frequency of 2.4 kHz, the PD activity is
observed to be very intense, spread over a positive half cycle while the magnitude of PD pulses increased to
about 30 a.u. as shown in Figure 5(c), similar to the trend reported in [36]. When the frequency is increased to
5 kHz, almost a similar effect is observed except that magnitude of PD pulses is increased from 10 a.u. to
25 a.u. as shown in Figure 5(d). Summarizing early PDIV at high temperature, at the square waveform, and
high frequency, discussed in section 3.2 and PD characteristics discussed in section 3.3, the high-magnitude
PD pulse at high frequency, stressed under a square waveform at high temperature, is found to be highly
detrimental to insulating life, leading to premature failure. The results may help in estimating the lifespan of
the insulation system and in designing new insulation systems capable of operating at high frequencies and
high temperatures for various waveforms experienced by twisted pair rotating machine insulation. Hence,
a new type of insulation (polymer nano composites) that can withstand such PWM stresses needs to be
introduced and that should be higher dielectric strength and resistance to surface erosion is necessary.
Investigating PD characteristics and insulation aging mechanisms under sine and square waveforms is crucial
for ensuring reliable operation of inverter-fed drives in applications such as aircraft, electric vehicles (EVs),
and renewable energy systems. Proactive design strategies, combined with careful material selection, can help
prevent premature insulation failures. As a future direction, the influence of fast voltage rise times on PD
inception in polymer insulation is proposed for investigation.
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Figure 4. PRPD patterns of sine waveforms at (a) 50 Hz, (b) 1 kHz, (c) 2.4 kHz, and (d) 5 kHz
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Figure 5. PRPD patterns of square waveforms at (a) 50 Hz, (b) 1 kHz, (c) 2.4 kHz, and (d) 5 kHz

3.4. High-frequency simulation of electric field distribution
3.4.1. Simulation parameters

A geometrically simplified model of winding wires without twists in the form of two conductors in
direct contact (g = 0 mm) is investigated. The purpose of simulation in this work is to understand the stress
experienced by twisted pairs, the contact points in particular. The COMSOL application was used to model the
electric fields of two adjacent wires. The dielectric constant was taken as 3.3 and the polyester enamel thickness
was 40 pm. The simulation was conducted using the following parameters: an enamel insulation thickness of
40 pm (0.04 mm), a copper conductor diameter of 0.72 mm (radius: 0.36 mm), and a surrounding rectangular
boundary area of 1.9 mm?. In the model, the left side of the inner layer of the two copper wires was assigned a
high-voltage potential, while the right side was connected to ground. The simulation is configured using the
AC/DC physics interface together with the heat transfer module. The electric currents model is employed to
represent the electrical behavior, while heat transfer in solids is used to analyze the system’s thermal effects.
And mesh size is 0.121 mm. Table 2 lists the materials used in the simulation of the 2D electric field
distribution.

Table 2. Properties of materials used for simulation
Material €, relative permittivity o, electrical conductivity [S/m]

Copper 1 5.998x107
Air 1 101
Polyester 1.3 10°¢

Table 3 shows the sine and square waveform breakdown voltages between 50 Hz and 5 kHz.
According to the table, the square wave has a lower breakdown voltage than the sine waveform at all
frequencies. Furthermore, at 5 kHz, the square waveform reduced the breakdown voltage by 16.6 percent less
than the sine wave. The cause of the reduced breakdown voltage at higher switching frequencies is discussed
in [27]. Table 4 shows the simulation electric field values of sine and square waveforms. The table indicates
that the electric field value in the simulation rises at a frequency of 5 kHz. This is due to the application of heat
physics in simulation, which causes dielectric losses to impact the computation. This is due to the usage of heat
physics in the simulation incorporates the dielectric losses as a heat input. This further affects temperature
distribution and thus electric field will increase. As a result, it is found that a lesser reduction in breakdown
voltage results in higher electric stress at 5 kHz frequency is reported in [37]. The applied voltage was
considered as the breakdown voltage for the sine waveform in simulation for all frequencies. Figure 6 shows
the electric field distribution of two parallel conductors in direct contact between them.
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Table 3. The breakdown voltage of sine and square waveforms
Frequency  Breakdown voltage of sine wave (kV.,s)  Breakdown voltage of square wave (KVims)

50 Hz 8 5.8
1 kHz 8.6 6.6
2.4 kHz 9 7.4
5 kHz 9.6 8

Table 4. Simulation electric field values (kV/mm) for sine and square waveforms
Frequency  Sine waveform  Square waveform

50 Hz 260 265
1 kHz 283 287
2.4 kHz 286 296
5 kHz 290 316
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Figure 6. The 2D electric field distribution at 5 kHz with an air gap of 0 mm: (a) sine waveform and
(b) square waveform

The electric field is observed to be the highest on the wire insulation surface at the wire contact point.
Figure 7 shows how the electric field distribution differs for sine and square waveforms. The graph indicates
the maximum electric field at 5 kHz, with smaller fields at 50 Hz, 1 kHz, and 2.4 kHz for sine and square
waveforms. At all these frequencies, the square waveform exhibits a higher electric field strength than the sine
waveform. Because of air gap ionization and surface potential decay [27], the electric field on the wire
insulation surface remains sufficiently high to initiate PD under both waveforms. A higher square waveform
electric field value leads to a higher PDIV as compared to a sine waveform of the same applied voltage and
frequency, consistent with the trends reported in [23], [25]. This shows how high frequency affects the electric
field distribution in the air gap between the wires and on their surfaces. Moreover, PD generated by high
frequency stress, which increases the PD inception voltage level, leads to insulation failure. Therefore, new
insulation materials and design approaches are needed for low-voltage motor insulation to ensure greater PD
resistance at higher operating frequencies.
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4. CONCLUSION

High switching frequency is a major factor contributing to insulation reliability issues. At higher
temperatures, PDIV decreases at all frequencies compared to room temperature. Furthermore, it can be seen
from the graphs that the corona inception voltage CIV (kV) decreases with increasing ambient temperature for
both sine wave and square waveforms. The PD inception of the square waveform occurs at a lower voltage
than that of the sine waveform at all frequencies and temperatures. Hence, as the temperature increases, the
degradation rate of the twisted pair insulation system using a square waveform is faster than that of the sine
waveform. At lower frequencies up to 1 kHz, though the PD amplitude is high for sinusoidal waveform stress,
the magnitude reduces at higher frequencies up to 5 kHz and the PD activity is less. However, when stressed
under square waveform, intense PD activity is observed mainly over a positive half cycle pointing to the
deleterious effect of square waveform stress at high frequency. As a result, the twisted pair insulation system
degrades more rapidly under a square waveform than a sine waveform, indicating that converter operation
subjects the insulation to higher electrical stress. From the simulation, the square waveform produces the
highest electric field in the gap between the wires and on their surfaces, with lower values in other regions
compared to the sine waveform. Furthermore, it is found that the square waveform has significant electric field
stress in all the above-mentioned frequencies as compared to the sine waveform, which causes the early
breakdown of the enamel insulation. At higher switching frequencies, the impact of partial discharges from
square waveforms on enamel insulation becomes so severe that the twisted-pair samples fail prematurely.
Therefore, further research is needed to develop magnetic wires with high PD resistance for low-voltage motors
operating at higher operating frequencies.
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