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Abstract

Electrical insulation materials quality and reliability play a central role in providing the electrical
machines reliable operation. It is well recognized that insulating system of low voltage motor fed by
converter is exposed to electrical stresses arising from repetitive square waveform of supplying
voltage while additional impact of temperature, vibrations and environmental operation conditions are
imposed. The implementation of wide bandgap power semiconductors as SiC and GaN in recent years
allows to create very powerful converters with high switching speed. On the other hand it leads to a
remarkable increasing electro-thermal constraints applied to windings’ turn-to-turn insulation of
motors fed by such converters. The relevance of new testing methods and test benches is well found
by remarkable modern advances in semiconductors technology. Testing methods for low voltage
motors winding wires insulation proposed in this paper permit to evaluate the withstand capability of
insulation materials applying the high frequency modulated signals representative for traditional
converters supplying (us level of impulse rise/fall time), as well as the voltage waveforms with very
straight adjustable dV/dt, very fast rise time and fall time (ns level of impulse rise/fall time)
engendered by new semiconductor devices based on wide bandgap materials. The possibility to
modify experiment parameters in wide rage for insulation endurance tests allows to obtain a rich data
for further analysis.

Introduction

It is widely known from previous research that the implementation of Pulse Width Modulation (PWM)
based power converters having better performances enabled by the high switching speed besides their
obvious advantages leads to a drastic increase in electrical stresses in low voltage electrical machines
[1-3].

Electrical machines generally constitute the final element of an energy conversion chain; they are at
the interface between the power converter and the mechanical system. Therefore, they constitute a
preferred route for the transmission of electromagnetic interferences in the environment and are also
influenced by electrical stresses characterized by steep rising and falling pulses with very straight
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fronts (high dV/dt) generated by converters, reflected waves in cable line, mismatching of cable and
motor winding impedance caused by high frequency component in variable frequency drives (VFD)
systems. So that leads to an appearance of over-voltages at the motor terminals [3-6] that can reach the
values up to the Partial Discharge Inception Voltage (PDIV).

The partial and corona discharges occur in voids and defects existing in the insulation in the delivered
condition due to insulating technology, as well as in voids and localized defects appearing during the
electrical machines operation. These defects can be located between the insulation surface and the
stator core, in the insulation between different phases, or between winding’s turns [7]. The partial
discharges activity in the voids provokes the complex physico-chemical process caused by accelerated
electrons and ions bombardments, gas-discharge radiation, temperature increasing, chemically active
substances produced by these discharges, and increased local electrical intensity in affected areas.
Partial discharges in voids give rise to the deterioration of dielectric material around these voids
increasing the size of the voids and the intensity of the partial discharges [8]. As the insulation
degrades, the number and magnitude of partial discharges pulses will increase, thus the insulation
system is weakened due to persistent discharges and a complete failure occurs. Occurring partial
discharges are at the same time both a symptom of an insulation defect presence and a degradation
process that can lead to the final failure.

During the operation, electrical machines are exposed to various influencing factors such as electrical
stresses, temperature, vibrations, pressure, humidity, and corrosion environment. The studies show
that humidity impact on partial discharges appearance has lower significance than the pressure and the
temperature ones [6, 8]. Thus the conditions leading to insulation breakdown are the low pressure and
elevated temperature. Typical situation is, for example, encountered in aeronautic applications. This
observation is in good correlation with Zhurkov’s thermo fluctuational approach of bonds destruction.
According to this theory the breaking of chemical bonds in material occurs due to the energy of
thermal fluctuations of atoms creating these bonds. Electrical, thermal and mechanical stresses
decrease the potential barrier and facilitate the breaking [9].

The main means limiting the electrical stresses in motor windings insulation are to apply the filter
methods, to optimize the configuration of the system “converter — cable — motor”, and / or to increase
the insulation resistance to high dV/dt by using corona resistant enameled wires containing inorganic
nanoparticles enhancing the dielectric strength.

To evaluate the withstand capability of the winding wire to the stresses applied to the motor powered
by converter different methods are used. In the test methods described in the current standards [10,
11], two types of winding wires insulation, Type I and Type Il, are distinguished according to their
rated voltage level, and, therefore, for wires covered by Type I insulation the presence of the partial
discharges is undesirable. So the objective of these tests is to qualify and to control the insulation
quality by demonstrating the absence of partial discharges during the tests under the voltage threshold
determined by electrical machines operating conditions. On the other hand, references [1-3, 12] have
shown the possible presence of partial discharges in motors in VFD systems. Thus the methods based
on the study of the partial discharges appearance designed for high voltage electrical machines and
transformers have been adapted for medium and low voltage machines powered by converters since
their applying has changed the constraints and therefore the dielectrics aging and degradation
processes. The main objectives are to characterize partial discharges, the conditions of their
appearance and the influence of their presence on the insulation [12-15], or to detect insulation defects
[16] with the ultimate goal of developing insulation lifetime models depending on the applied
constraints and their interaction [17].

The implementation of wide bandgap power semiconductor components (SiC and GaN) in several
applications results in the increase of electrical stresses in electrical machines. The higher switching
speeds in comparison with silicon components obtained with wide bandgap devices lead to the raise of
common mode currents and dV/dt [18, 19].
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Thus testing methods must be adapted to the operating conditions taking into account the possible
constraints (temperature, electrical stresses, humidity, pressure, vibrations), fetching out the most
important ones, as well as the difficulties of their interaction analysis, the limit of the tests duration
(the accelerated aging can be used to evaluate dielectrics endurance), and considering the available
equipment. In order to evaluate the ability of enameled winding wire to withstand the typical PWM
stresses applied to motors, in particular electrical and thermal stresses (thermoelectric nature of aging)
as well as impregnation quality, the tests on the twisted pairs can be conducted [7, 10, and 15]. This
paper therefore suggests two testing methods for insulation between adjacent turns of the windings of
electrical machines fed by converters. The designed test benches make it possible to reproduce the
severe stresses exposed to the windings insulation, namely, electrical and thermal, to characterize the
thermoelectric aging. These simple methods allow to evaluate the withstand capability of the solid
dielectrics used in electrical machines fed by voltage waves with different levels of dV/dt and the
influence of power converters on the motors windings electrical insulation robustness.

Corona resistance testing method

The suggested method allows to estimate the mean time to failure of twisted pairs made of winding
wire in conditions close to the operational stresses for motors fed by converters based on silicone
technology.

In accordance with [20] tested samples were the standard twisted pairs of winding wire (Fig. 1).

o —3

Fig. 1: Standard twisted pair of low-voltage winding

Samples were placed into a climate chamber and tests were carried out at a temperature corresponding
to a relative thermal index of tested wires. The twisted pairs were exposed to high-frequency electric
stresses created using specially designed equipment; the block scheme of the bench is shown in Fig. 2.

Climate Electronic measuring unit
chamber c > | . Power
ounter ower supply unit,
:: time :: Transformer, Power :: 220V
Sample electronig module,
Ventilator

Fig. 2: Block scheme of test bench

High frequency signals modulated by designed pulse generator (Fig.3) pass via high voltage isolated
bus to test twisted pairs installed in the climate chamber. The parameters of generated signals are: an
alternating rectangular voltage with the amplitude equal to 1200 V, frequency of 400 Hz with the
quantization voltage frequency (modulation) of 5 kHz, with the rise time equal to 4 ps, and dV/dt
equal to 0,3kV/us [21]. Generated electrical impulses lead to appearance of corona and partial
discharges across the twisted part of samples during the experiment (Fig.3).
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Fig. 3: Testing twisted pairs’ installation and appearance of corona effect (purple light on the twists)

During the test the accelerated electro-thermal aging of twisted pairs’ insulation is engendered. Partial
discharges and corona occurring due to applied stresses (temperature and voltage pulses amplitude)
lead to enamel insulation damage followed by breakdown. The mean time to failure was chosen as the
criterion for evaluating the insulation endurance. In order to obtain a plentiful experimental data for
further statistical analysis and minimize random errors for each type of studied wire no less than 30
samples were tested; with a regard to conduct tests based on design of experiments technique the
number of replicates was calculated according to number and levels of investigated factors. The
factorial and dispersion analysis of experimental results show the significant influence of electrical
stresses on insulation aging process as well as the important role of temperature and voltage
interaction.

The charts in Fig.4 and 6 represent examples of experimental results obtained on this test bench. The
different enameled copper wires of the same external diameter have been studied:
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Fig. 4: Experimental results of corona resistance tests: study of temperature impact

Types of winding wires represented on Fig.4 are:
e Type 1 - doubly coated corona resistant enameled wire :
1 layer (inner) — 3-hydroxiethylcyanurate varnish, comprising silicon nanoparticles,
2 layer (outer) — polyamide imide varnish,
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e Type 2 - doubly coated enameled wire :
1 layer (inner) — polyester varnish,
2 layer (outer) — polyamide imide varnish.

One of the conducted experiments was study of insulation defectiveness on its endurance and effect of
healing of through defects by impregnation. For this research the nondefective unimpregnated samples
and samples having artificially made defects in their insulation, unimpregnated and impregnated by
different varnishes, were tested. Artificial defects were in form of a ring defect (ring cutting of enamel
insulation until reaching a core), one defect was made on one turn, and another defect on adjacent turn
at distance between the defects equal to 0.10 mm.

Fig. 5: View of a ring defect on the enameled wire
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Fig. 6: study of defectiveness and effect of defects “healing” by impregnation

Tested samples shown on Fig. 6 are:
e a—nondefective unimpregnated samples;
e b —unimpregnated defective samples;
defective samples impregnated by:
e c— corona resistant organic-silicone varnish,
e d-—polyether compound modified by organic-silicone resins,
e — compound based on oligo-etheracrylates.

Using this bench, a numerous tests conducted in order to evaluate different types of winding wire
insulation: conventional, corona-resistant and high thermal resistance wires, as well as different
systems “enamel copper wire — impregnating varnish”, non-defective samples and samples with
artificial defects on turns, under separate and combined impact of thermal and electrical stresses (using
design of experiments method). A large number of tests is required for obtain sufficient experimental
data for rigor statistical analysis because insulation failures depends on many factors and random
variables. Determination of mean time to failure doesn’t permit to make a prognosis of wires service

EPE'17 ECCE Europe ISBN: 9789075815276 et CFP17850-ART P.5
© assigned jointly to the European Power Electronics and Drives Association & the Institute of Electrical and Electronics Engineers (IEEE)



Development of testing methods for winding turn-to-turn insulation of low voltage BOLGOVA Veronika
motors fed by PWM converters

life during electrical machine’s operation but to evaluate their quality, ability to withstand to
operational stresses, and compatibility in the system “enamel wire - impregnating varnish” as an
indicator of durability [7].

High dV/dt testing method

The experimental bench described in the previous paragraph allows the adequate reproducing of
stresses typical for VFD with components based on silicon technology. Recent advances in power
semiconductor engineering make it possible to create VFD that enable more quickly, accurately, and
efficiently control of the electric machines due to availability of very powerful converters using high
speed switches based on SiC and GaN technologies. The future large implementation of these
semiconductors will revolutionize power electronics by allowing high temperature, very high
switching frequency, and very high-voltage operation. Their higher-temperature performance will
permit operation in much harsher environments; higher switching frequencies will lead to substantial
reduction of size and weight, hence, contributing to lower cost and higher portability [22]. All listed
outstanding features are especially important for transport and aeronautic applications. In order to
carry out test and comparative analysis of electrical stresses changing due to implementation of SiC
based high speed switches another test bench is designed (Fig.7).

Current probe > :
L5V +Vde Ngmerlcal
A oscilloscope
D )
— | Voltage probe
G
Gating — 5
ing . .
signals —Jp! DCi‘ia\er D Outputto e < Twisted pair
testing sample
oL
S
= L

Fig. 7: Scheme of high dV/dt test bench: half-bridge inverter

This scheme represents a pulse generator based on SiC MOSFET switches (Vps = 1200 V, Rps on) =
280 mQ at 25 ° C, Ref. Cree® C2M0280120D [23]) which are controlled by the driver for industrial
applications (Ref. Cree® CGD15HB62P1 [23]). A low output capacitance transistor (and thus the high
on-state resistance) has been selected to maximize dV/dt at the output of the inverter. The test circuit
also incorporates the devices for measuring the voltage and the current at the input of the tested
sample. To measure the voltage the Tektronix P3010 probe with a bandwidth of 100 MHz is used. The
power electronic components used in this test bench allow the application of voltage pulses with the
maximum amplitude up to 1200 V and the switching frequency up to 64 kHz (limitation of the driver).
The voltage front dVps/dt is adjusted and controlled by modifying the gate resistance. This
experimental set-up was designed in such a way as to minimize parasitic inductances and to form very
high dV/dt. As in the test bench described in the preceding paragraph, one wire of the tested twisted
pair is connected to the ground and to the other wire the voltage waves generated by the half-bridge
inverter are applied. The wires’ ends are in the air.

Figure 8 represents the measured voltage waveforms at the twisted pair terminals and current in the
pair (of capacitive origin) during turn-on and turn-off switching at 150 V, 300 V and 400 V. Values of
dV/dt were estimated: 50 kV/us at 150V and approximately 80 kV/us at 400V.
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Fig. 8: Experimental results: waveforms of current and voltage applied to the twisted pair samples

This test bench already allows us to apply very steep voltage fronts, which can lower the PDIV.
Whereas the previous studies [18] show that bipolar pulses can have a greater effect on insulation
lifetime than unipolar pulses, so another pulse generator assembly was designed to evaluate this effect

(Fig. 9).
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Fig. 9: Scheme of high dV/dt test bench: single phase inverter

In this test bench, which is intended to work at higher voltage levels, other switches have been chosen
(MOSFET SiC: Vps = 1700 V, Rps on) = 1 Q at 25 ° C, Cree® Ref. C2M1000170D [23]). They are
also controlled by commercial drivers (Ref Cree® PT62SCMDI17 [23]). These electronic power
devices allow switching at maximal voltage up to 1700 V. The drivers enable to set the dead time from
250 to 1000 ns and support dV/dt max up to 100 kV/us. This developed test bench is aimed to test
twisted pairs and motorettes of winding wires for reproduce and investigate the influence of adjustable
parameters such as dV/dt, voltage amplitude, or the length of the connecting cable, on the partial
discharges appearance, on the lifetime of the wires estimated by the mean time to failure, and the
aging process of the insulating material. It must be pointed out that to reproduce the thermo-aging
process tested samples may be exposed to high temperature or be subjected to high pulse voltage after
thermal aging. Furthermore, in order to obtain experimental results required to conduct a partial
discharges analysis, to investigate the processes of insulation degradation, and to develop insulation
lifetime models, the appropriate types and levels of applied stresses must be chosen as well as
extensive studies are still regarded as necessary.

Conclusion

The development of wide bandgap power semiconductor technologies requires a change in approach
and improvement of evaluating methods in accordance to the current state of the art. In this regard, it
is crucial to design the experimental equipment enable to reproduce severe constraints imposed by
high dV/dt and high temperature in order to evaluate the electrical insulation materials withstand
capability. To achieve this objective, a test bench allowing to generate pulses with very high dV/dt
wave fronts was developed. The possibility of controlling the dV/dt by the gate resistance of the SiC
MOSFETs used in the developed test benches provides the opportunity to study simultaneously the
influence of voltage and dV/dt on the wire’s insulation, to analyze partial discharge appearance and
dielectrics degradation mechanism.

Depending on the field of electric motors application, the test bench can be modified and influence of
the other stresses can be studied, for example, the effect of the pressure for aeronautical applications,
because according to Paschen's law the PDIV decreases with increasing pressure. The humidity has a
less severe effect than pressure or temperature, but its influence in interaction with the mentioned
factors can be investigated to complete the degradation analysis of insulation. In this case, the
proposed test bench designed to reproduce the electrical stresses imposed by modern converters can be
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supplemented by a climate chamber making it possible to carry out tests in a controlled environment
under the influence of a single influencing factor or combined with others.
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