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Abstract—Increasing DC-link voltages and high inverter slew
rates in electrical traction drives may be a serious risk for con-
ventionally designed insulation systems. Resulting overvoltages
can cause partial discharges (PD) if the critical voltage inside
the insulation system is exceeded. This applies in particular to
the winding insulation, which is predicted to be the weakest
point. The critical voltage can be determined using the Paschen
curve. The partial discharge inception voltage (PDIV) is not only
depending on the amplitude of the electric field but also on
the timely sequence. Modeling partial discharge processes is an
instrument to predict the electrical load on insulation systems and
to evaluate possible new design criteria for insulation systems.
The presented model uses the volume-time-theory to calculate
the PDIV of twisted pairs of enameled wires. The results of
the simulation are compared to PDIV measurements for bipolar
voltage pulses with short rise times.

Index Terms—electrical machines, insulation system, partial
discharge, winding insulation

I. INTRODUCTION

In low-voltage traction drives, the DC-link voltages are
increasing to achieve a faster battery charging process keeping
the current level constant. Additionally, SiC-MOSFETs are
used to increase the switching frequency and reduce power
electronic switching losses [1]. The use of SiC-MOSFETsSs
causes higher inverter slew rates (dv/dt) compared to con-
ventional Si-IGBTs. The resulting overvoltages lead to higher
electric fields inside the machine and thus to higher electrical
loads on the insulation system [2]-[4]. If the critical voltage
inside the insulation system is exceeded, partial discharges
can occur. Low-voltage electrical machines are designed to be
PD-free at any operation point by standard [5]. The critical
voltage can be increased by applying a thicker insulation
which decreases the copper filling factor of the machine. If
the insulation is exposed to partial discharge, this leads to
electrical aging and erosion. After a certain time, depending on
parameters such as switching frequency, voltage and material
data, the insulation can not longer withstand the electrical
load resulting in the breakdown of the insulation [6]. It is
known from literature that the winding insulation is usually the
weakest element [2]. The expected lifetime for conventional
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enameled wires reduces to a few hours or less. Another
possibility of facing the higher demand on the insulation is to
use corona-resistant insulation materials which can withstand
electrical loads significantly longer.

The critical voltage for the winding insulation can be calcu-
lated using the Paschen curve which indicates the relationship
of the breakdown voltage and the product of distance and
gas pressure. By using an FE-simulation for a model of two
adjacent enameled wires, the electric field distribution can be
studied and compared to the Paschen curve. To incept a PD a
so called starting electron must be available to start an elec-
tron avalanche [7]. Exceeding the critical voltage means that
electrons have sufficient kinetic energy to ionize molecules.
Electrons are accelerated along the electric field lines. If the
electrons collide with gas molecules, the molecules can be
ionized releasing electrons from their outer shells resulting in
an electron avalanche. The electrons collide with the insulation
causing damage by breaking up the polymeric bonds.

For a transient voltage, particularly for a switched voltage
with a high slew rate, the timely sequence of the applied
voltage has to be studied [8]. Therefore, the volume-time-
theory is used to estimate the generation of initial electrons
to incept a PD. A probability model is used to calculate the
risk of PD inception. The electrons can be detached from O,.-
molecules or from the insulation surface by field emission.

To validate the simulation model, measurements are per-
formed on twisted pairs of enameled wires representing the
winding insulation. The PDIV is measured for different in-
verter slew rates. In this paper, the test voltage is directly
applied to the specimen based on the fact that the first and last
turn of a coil can be adjacent to each other constituting the
worst-case scenario. To estimate the actual voltage stressing
the winding insulation inside the machine, the voltage distri-
bution within the winding has to be calculated based on calcu-
lation models as presented in [9]. Additionally, impregnation
improving the insulation and increasing the PDIV is not taken
into account.
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Fig. 1. Bipolar voltage pulse.

II. MEASUREMENT OF PDIV

In electrical machines used in traction applications, the
winding insulation is exposed to bipolar voltages. Overvolt-
ages occur due to the inverter-motor connection and short rise
times of the voltage pulses.

A. Definition of Bipolar Voltage Pulse

The quantities of the bipolar voltage pulse are defined in
Fig. 1 according to [10]. V, is defined as the steady-state
voltage and corresponds to the DC-link voltage Vj.. V), is the
peak voltage including the overshoot voltage V5. The peak-
to-peak voltage V,_, is defined as the difference between the
maximum and minimum voltage. The voltage V,_, is the
maximum voltage difference during the switching operation
from —V, to V,. The rise time t, is defined as the time for
the voltage rise from 0.1-V,_, t0 0.9 - V,_,.

B. Test Circuit

In this paper, the winding insulation is analyzed. For this
purpose, the PDIV of twisted pair specimens is measured
according to [5]. The test setup is depicted in Fig. 2. It consists
of an HVDC source and an SiC-switching circuit introduced
in [1] to provide bipolar voltage pulses. Three different SiC-
modules with voltage rise times of 40 ns, 80 ns and 120 ns are
applied. Partial discharges are on-line monitored by an HF-
antenna. With this test circuit it is possible to separate the
signals caused by partial discharges from other signals (e.g.
switching frequency of the SiC-modules and rise time of the
voltage pulse) in the frequency spectrum even at high inverter
slew rates.

The DC-link voltage is increased by 5 V/s starting at 500 V.
For each SiC-module, different values of overvoltage are
measured. These values depend on the different rise time. In
this paper, the peak-to-peak voltage is measured. Therefore,
the DC-link voltage is converted to its corresponding peak-to-
peak value. The overshoot factor v.s is defined in (1) where
Vp and Vg are defined according to Fig. 1.

HVDC| | SiC
Source| | J Module
kj h ‘ Bipolar Voltage
L_[ L_[ Pulses
Antenna Online
PD-Detection
System

Twisted Pair

Fig. 2. Measuring setup for partial discharge detection.

Vos = ( l)
Vdc

C. PDIV Results

To remove statistical uncertainties, 20 specimens are tested
for each rise time at a frequency of 20kHz. The results of
the PDIV measurement are depicted in Fig. 3. It is shown
that the peak-to-peak value is significantly higher for a lower
rise time. For the highest rise time of 120ns, the PDIV is
measured between 1855V and 2070 V. The range of PDIV for
the shortest rise time of 40 ns is between 2515V and 2778 V.
The difference between the maximum and minimum value of
the PDIV results for the different rise time is between 144V
and 302V. The corresponding slew rate (4%a) depending on
the PDIV and the voltage rise time is determined with regard to
the median. For the lowest rise time, the slew rate is 39 ¥V/ps.
For 80ns and 120 ns, the slew rate is 22 %V /us and 15kV/ps,
respectively.

Assuming that the material properties of all specimens are
identical, a possible reason for the spread of the measuring
results can be attributed to the manufacturing tolerances of
the enameled wires according to [11]. This assumption is
discussed later.

D. PD Pattern

It is known from literature [8,12,13] that partial discharge
usually occurs at the rising and falling edges of the voltage
pulse. Most of the PDs incept close to the first maximum
of the overshoot voltage. For comparison the PD pattern of
the measurement is analyzed. Therefore, the first PD during
the PDIV measurement occurring at rising edge is tracked.
The results are depicted in Fig. 4. For the shortest rise time,
most of the PDs incept in the first and second maximum of
the overshoot voltage as expected. For the other rise times, it
can be seen that most of the PDs still occur close the rising
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Fig. 4. PD pattern for varying rise time.

edge of the voltage pulse. However, the PDs are more widely
distributed, which can be attributed to the smaller overshoot
voltage.

From these measurements it can be assumed that the PD
pattern is particularly depending on the overshoot character-
istic of the voltage pulse which is again depending on the
voltage rise time.

III. MODELING OF PARTIAL DISCHARGE PROCESSES

Measurements [14] have shown, that the calculation of
the PDIV by using the Paschen curve corresponds to the
measured PDIV under sinusoidal voltage. For a switched
voltage, a significantly higher PDIV is measured. The lack
of an initial electron is attributed as the cause. Therefore,
the transient pattern of the voltage pulse has to be regarded
taking into account a fast rise time and overvoltage. In [8]
and [15], volume-time theory is used to estimate the generation
probability of an initial electron to start an avalanche.

The simulation model consists of two adjacent enameled
wires touching each other representing the twisted part of

a specimen. The electric field in air is extracted from the
FE-simulation and compared to the Paschen curve. The re-
lationship between breakdown voltage V}, and gap distance d
respectively the gas pressure p is given by (2).

B-p-d

Ve = In(A-p-d)—In[ln(1+~1)

2

A and B are gas parameters, which are well known for
different gases. The parameter 7 is known as the second
Townsend coefficient and describes the feedback effect of the
positive ions on the cathode. Effectively, this factor states
the number of new starting electrons for subsequent electron
avalanches and depends on the combination of gas and cathode
material [16].

The first point of intersection between the Paschen curve
and the extracted solution identifies the critical voltage. In
this paper, only normal pressure is regarded. The critical
voltage is particularly depending on the insulation thickness,
the dielectric constant of the insulation material and the gas
pressure. A higher dielectric constant of the insulation material
leads to a higher electric field in the air between the conductors
and therefore to a lower PDIV as well as a thinner insulation.
The distance between the enameled conductors is determined
by the length of the electric field lines. As shown in Fig. 5, the
points of intersection with the Paschen curve indicate, where
the critical electric field is locally exceeded. The red-marked
critical area can be directly calculated from the dotted field
lines. The volume between the critical field lines is evaluated
for the case that the local critical electric field is exceeded
meaning that a starting electron has sufficient kinetic energy
to start an avalanche. Thus, not the whole volume between
these field lines is part of the critical volume.

For every voltage, the critical insulation surface and gas vol-
ume are calculated, where the critical electric field is exceeded.
The electron generation rate is determined by integration
across the critical surface S, and volume V., respectively
by using (3) and (4).

R A L
Nos= [ ) Pes (1= 1Y as,, @

dne,v/dt and dnes/dt are the electron generation rates per
volume and surface, respectively. n is the electron attachment
coefficient, « is the electron impact coefficient. The term in
brackets is known as the Legler function. If the local critical
voltage is significantly exceeded, the Legler function is close
to unity due to the fact that o > 7 in this case [7]. The surface
electron emission rate can be calculated from the Richardson-
Schottky term stated in (5).
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Fig. 5. Comparison of the Paschen curve and the extracted solution of the
electric field.

6 el
dnes _ S(T) exp | — \/ 4dmeg (1 _ Q) 5)

dt e kT

This term consists of the surface area A, the elementary
charge e, a temperature dependent function S (T), the ef-
fective work function ¢, the electric field E, the vacuum
permittivity g, the Boltzmann constant k, temperature 7'
and the Legler function. The electron emission rate is very
sensitive to the parameter of the effective work function of
the insulation.

The calculation of the volume generation rate is depending
on the generation rate of charge carriers and their lifetime [7,
17,18]. The resulting term is a function of the electric field in
air.

dnev n
at

(6)

2.91-10"V/m
1.17-10~*s - exp <9—0/>

E

In (6), n is the negative ion density and the denominator is
the lifetime of oxygen ions depending on the electric field.

A measured voltage pulse is the simulation input. For every
time step, the generation rates are calculated depending on the
voltage value and discretely integrated. This is schematically
shown in Fig. 6.

A. Probability Model

To evaluate the probability of an initial electron incepting a
partial discharge, different models are introduced [8,18].

shift of voltage pulse
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Fig. 6. Schematic discrete integration.
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Fig. 7. Transient pattern of the probability functions P; (¢) and Ps (¢) for
the different rise times.

rw=1-eo [0l ™

t

Py(t) = p. (t) - exp [— [ dt] ®)
0

with p, (t) = Ne,V + Ne,s )

The first function stated in (7) develops versus one, if the
steady-state voltage V,, is higher than the critical voltage and
applied sufficiently long. The threshold value for PD inception
is Py (t) > 0.5 [8]. Contrary to that, the second function
follows a Poisson distribution. Inception of PD is regarded
for P, (t) > 1 [18]. This function converges towards zero
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due to the exponential term. The transient pattern of the two
functions is shown in Fig. 7 for different rise times.

For the first model P; the probability of PD inception
increases with time. Thus, inception of PD would rather occur
at steady state voltage for the regarded voltage amplitude. The
probability is mainly depending on the steady-state voltage
and pulse width. Function P»(t) reaches its local maximum
values at the peaks of the overshoot voltage. At steady-state
voltage the probability of partial discharge inception decreases
exponentially with time.

In Fig. 8 the PD pattern (bars) and the probability func-
tion P»(¢) (dashed line) are compared for ¢, = 40ns. This
comparison shows a good match of the probability model and
the measurement results.

Based on the measurement results and the literature, it can
be assumed that partial discharge occurs close to the rising
and falling edges of the voltage pulse. Therefore, it can be
assumed that the use of function P (t) corresponds best to fit
the measurement results.

IV. SIMULATION OF PDIV

For the calculation of PDIV, the measured voltage pulses
are applied to the simulation model. The PDIV depends on
the peak-to-peak value of the applied voltage [19]. In [19]
this fact is attributed to space charge accumulation inside the
insulation. In this paper, it is assumed that winding insulation
is exposed to the full stroke voltage V,,_,. Therefore, the
bipolar voltage pulse is shifted by V, for the calculation and
regarded as unipolar pulse.

A. Simulation Parameters

The parameters for the Paschen curve are listed in Table 1.
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Fig. 9. Results of PDIV simulation compared to measurement results.

The gas parameters A and B for air are well known
from literature [20]. Special attention has to be paid on the
second electron emission coefficient vy, which depends on the
gas-cathode combination. This parameter is experimentally
determined in [16] for air and polyamide-imide.

The wire parameters listed in Table II are given by the
supplier.

TABLE 11
PARAMETERS OF WIRE

Parameter Value
Commercial name Dahrentraht DAMID 200
Conductor diameter 1mm
Insulation grade® Grade 2

Insulation basecoat | THEIC-modified polyester or polyesterimid (PEI)

Insulation overcoat Polyamide-imide (PAI)

TABLE 1
PARAMETERS OF PASCHEN CURVE
Parameter Unit Value
A (mm - bar) T 1130
B kV - (mm - bar) ! 27.4
¥ - 0.0017

Taccording to IEC 60317-0-1

The insulation grade and definition refers to the insulation
thickness following IEC 60317-0-1 [11]. For wires with a
diameter of 1 mm a minimum insulation thickness of 31.5 um
is prescribed. The maximum permitted insulation thickness is
47 pm. Relative permittivities €, of 4 (PAI) and 3 (PEI) are
estimated as these are typical values for these materials. In [7]
the effective work function for weakly conduction material is
expected to be in the range of 1.1eV to 1.3eV. In [21] the
value is determined to 1.28 eV for PEL This value is used for
the simulation.

From test simulations, it could be detected that the influence
of volume generation is much lower when compared to surface
generation (between 1% and 5% depending on the voltage
level).

B. Simulation Results

The critical voltage is determined for three different insula-
tion thicknesses resulting in values between 820V and 990 V.
A comparison between measurement and simulation is shown
in Fig. 9. For the varying rise time, PDIV is calculated for three
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different values of the insulation thickness. The minimum
and maximum values refer to the possible manufacturing
tolerances following [11]. The simulation results are plotted as
the blue points whereas the boxes indicate the measurement
results.

It can be seen that the boxes are inside the borders given
by simulated PDIV for the lowest and highest value of the
insulation thickness. Regarding the average value for the
insulation thickness, a good accordance with the measured
results for 80 ns can be observed. For 40 ns and 120 ns, the
simulation results deviate from the measured data. For the
largest rise time, a higher PDIV is calculated.

Deviations of the calculated values can be attributed to an
inaccurate knowledge of the material data. The simulation
model is very sensitive to the effective work constant. The
permittivities have a large influence on the electric field in the
air between the conductors and thus on the PDIV. Changes in
these parameters also affect the sensitivity of the behavior of
PDIV and rise time.

V. CONCLUSIONS

In this paper, measurements are performed on twisted pairs
to find a relationship between the PDIV and the rise time
of the inverter voltage. For small rise times, the PDIV is
significantly higher when compared to a higher rise time
regarding peak-to-peak values. Deviations of measurement
results can be attributed to manufacturing tolerances of the
wires. Additionally, the PD pattern of the measurement is
analyzed for the rising voltage edge showing that PDs incept
close to the maximum of the overshoot voltage.

A simulation model based on the volume-time theory is used
to calculate the PDIV for fast voltage rise times. Therefore,
generation mechanisms due to field emission are regarded. It
is found out that the surface generation is the dominant factor.
Two different probability models are compared leading to
the conclusion that the probability function follows a Poisson
distribution for switched voltages.

The presented model provides a method to calculate the
PDIV of the winding insulation for a bipolar voltage for high
values of inverter slew rate. It is shown that a good match of
simulation and measurement results is found for a rise time
of 80ns. Further material studies are necessary to increase
the accuracy of the simulation model.
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