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Abstraci—An increased dc-link voltage and fast-
switching semiconductors constitute new challenges on
the insulation system of low-voltage electrical machines,
especially in automotive applications. During the design
process, the different components of the insulation
system can be tested according to IEC 60034-18-41.
This industrial standard prescribes certain test voltages
for type-l insulation systems based on empirical values.
However, important ambient influence factors such as
humidity and air pressure are not considered. Therefore,
this work focuses on the influence of ambient conditions
on the insulation strength of low-voltage electrical
machines. Partial discharge tests are performed on
specimens representing the interturn insulation which
is usually regarded to be the weakest part of the insulation
system. To represent the electrical stress during inverter
operation, a bipolar test voltage is applied. The results of
the measurements show that the standard is not applicable
for the studied conditions in this work. It is concluded that
the humidity and especially the ambient pressure have to
be considered. The standard method using safety factors
to calculate the test voltage is discussed. The method is
extended to consider ambient conditions which are not
covered by the standard.

Index Terms—Electrical machine, insulation system, in-
terturn insulation.

[. INTRODUCTION

O achieve a faster battery charging process of electric ve-

hicles, the dc-link voltage can be increased. In automotive
industry, the commonly used 400 V-systems are expected to
be replaced by 800 V-systems, which means that the electrical
stress on the insulation components increases. As a benefit,
the increase of the voltage leads to lower losses and weight
savings due to lighter cables [1]. Additionally, the utilization of
fast-switching semiconductors (e.g., SiC or GaN) moves into fo-
cus, providing a higher possible switching frequency and lower
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switching losses [2]. However, the low voltage rise time ¢, and
high slope du/dt cause higher overvoltages when compared to
conventionally used silicon-based semiconductors with a lower
voltage rise time and increased risk of partial discharge (PD)
inception [3]-[6]. Partial discharges occur inside air inclusions
between adjacent wires or between a wire and the stator core, as
pictured in Fig. 1. Usually, the winding insulation (turn-to-turn)
is considered to be the weakest part of the insulation system [7].
According to IEC 60034-18-41 [8], the insulation system of a
low-voltage electrical machine rated below an effective voltage
of 700 V is classified as a type-I system which must be partial
discharge free for the entire lifetime. This value refers to the
phase-to-phase rms value.

The different components of the insulation system are tested
by applying a certain test voltage which the components must
withstand without the inception of a partial discharge. According
to [8], the lowest voltage at which a partial discharge occurs
is defined as the partial discharge inception voltage (PDIV).
During a test procedure, where the PDIV is exceeded, partial
discharges occur frequently. When the applied voltage is contin-
uously decreased, partial discharges extinguish when the partial
discharge extinction voltage (PDEV) is reached.

The test voltage for qualification tests depends on different
enhancement factors taking into account that the insulation
capability is lowered by, e.g., the influence of a high temperature.
Other ambient influences such as humidity and air pressure are
not considered in this standard. Based on the physics about
partial discharge processes, it is obvious that these factors affect
the discharge phenomena and therefore the PDIV and PDEV.
Especially in the field of more electric aircraft (MEA), the insu-
lation strength has to be evaluated for high altitudes. Therefore,
several studies are performed to evaluate the influence of air pres-
sure [9]-[11]. The standard distinguishes between qualification
tests and type tests. For type tests, an aging process is considered
by applying an additional enhancement factor. The influence of
ambient conditions on the partial discharge resistance is studied
in several publications [12]-[15], but a methodology to improve
the current standard has not been developed yet.

It can be stated that the design based on empirically defined
enhancement factors can lead to an inappropriate dimensioning
of the insulation system [7]. A more precise dimensioning can be
achieved with an individual material examination. Additionally,
it has to be investigated how the influence factors correlate to
each other to ensure the applicability of the provided method.
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Fig. 1. Cross section of an exemplary stator slot.

This article therefore focusses to use the method given by IEC
60034-18-41 to calculate the test voltage and extend the standard
to consider operating conditions which are not yet covered.
Moreover, the mechanisms of partial discharge processes in-
fluenced by temperature, pressure and humidity are discussed in
this work.

This article is organized as follows. In Section II, the me-
chanics of partial discharge processes are discussed. Section III
gives an overview of the method to calculate the test voltage for
type-I insulation systems given by the standard. In Section IV,
the measurement setup is introduced. In the following section,
the measurement results of the PDIV and PDEV are presented
for the different ambient influences. The experiments are carried
out on twisted pairs. The results are used in Section VI to
compensate the operation conditions, which are not considered
by the standard.

[I. PARTIAL DISCHARGE PROCESSES

In this section, mechanisms of partial discharge are discussed
including the role of charge carrier accumulation and the influ-
ence of ambient conditions.

A. Charge Carrier Accumulation

Partial discharge processes are initiated by a starting elec-
tron colliding with a gas molecule. In addition to a starting
electron, a sufficiently high electric field strength is required.
Through this process, electrons are released from the molecule
and move toward the anode. The residual positive ions move in
the direction of the cathode. The free charge carriers accumulate
at the insulation surfaces creating an electric field Ey. with an
opposite direction to the external field Fey¢. In inverter-driven
electrical machines, polarity changes of the pulsed voltage occur.
An exemplary course of the voltage and the corresponding
charge carrier accumulations are shown in Fig. 2. After the first
partial discharge occurs, the total electric field between two wires
is weakened by the electric field created by the accumulated
charge carriers at the insulation surfaces. When the polarity
of the external voltage U changes, the magnitude of the total
electric field is increased by the electric field component F.
again leading to a partial discharge. Due to this mechanism,
partial discharges occur continuously. The partial discharges
disappear only when the external voltage in decreased so that the
magnitude of the total electric field is below the critical voltage.
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Fig. 2. Charge carrier accumulation.

B. Effect of Ambient Conditions on PD Mechanisms

The influence of air pressure on the PDIV can be explained
considering the Townsend equation. A variant of this equation
is shown as follows:

B-p
ln(A~p-d)—ln<1—%>.

In this equation, E},q is the breakdown electric field strength
depending on the specific gas parameters A and B, the distance d
and the secondary-electron-emission coefficient ~y. Typical val-
ues for the parameters A and B are 10.951/(Pa-m) and
273.8 V/(Pa - m) considering a discharge process in air. The
parameter «y indicates the number of electrons released by the
impact of positive ions on the cathode. The value depends on
the combination of cathode material and gas and is well known
for metallic cathode materials. As an example, the value for the
combination of air and iron is 0.02. For polymeric materials, the
value is assumed to be significantly lower because of the higher
work function. This equation shows the general influence of
gas pressure on the breakdown voltage. It is noticeable that this
equation is only valid for homogeneous fields and usually used
for the consideration of metallic cathodes. Nevertheless, it can
be used to discuss the general phenomena and dependencies of a
discharge process. On its way from cathode to anode, the initial
electron collides with gas molecules. For a lower gas pressure,
the particle density in the gas is lower leading to a higher distance
between the collisions. Therefore, the electron gains more ki-
netic energy whichleads to a decreased breakdown voltage. For a
very low pressure, the electron will hit the anode before colliding
with a gas molecule. The Townsend equation does not include
the influence of the temperature on the breakdown voltage [15].
An approach to include the temperature dependence into this

Epg =

ey
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Fig. 3. Influence of temperature and pressure on the electric break-
down field.

equation is the Dunbar correction [16]. Following this approach,
an equivalent pressure is calculated based on the ideal gas law
in the following:

p- V=N kg T 2)

This equation states that the number of particles NV decreases
with an increasing temperature 7" inside an ideal gas with vol-
ume V. The Boltzmann constant is indicated as k. This leads to
the conclusion that a reduction of air pressure and an increase of
temperature produce the same effects. The equivalent pressure p;
can be calculated using the following:

T
T

The original pressure value p is multiplied by the relation of
the original temperature 7 and the new temperature 73. The
effects of a reduction in pressure or an increase in temperature
using the Dunbar correction is exemplarily shown in Fig. 3.
The Paschen curve is displayed at normal conditions and at
increased temperature or pressure. Additionally, an exemplary
solution for the electric field inside the geometry of two adjacent
wires is shown. It has to be noted, that only the part of the field
lines in air is shown for a better understanding. The field lines
start and end at the conductor surfaces. The distance d relates
to the length of the corresponding field lines. The electric field
value is the maximum value along the field line. It can be seen
in the figure, that the change in temperature and pressure can
lead to an intersection with the field solution which means that
the electric breakdown field is locally exceeded. Additionally,
the variation in temperature also affects the permittivity of the
insulation material. It can be seen in [17] that the permittivity
of polyester-imide significantly increases when increasing the
temperature. Consequently, this leads to an increased electric
field between two adjacent wires.

Increased humidity leads to moisture between the wires. Due
to the high permittivity of moisture, the electric field can be
locally exceeded leading to an increased electric field strength
in the air enclosure and thus, a decreasing PDIV. For moisture,
a permittivity of 80 can be assumed [18]. Additionally, the
moisture influences the material properties of the insulation
leading to a changed relative permittivity due to the adsorbed
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Fig. 4. Voltage pulses stressing the insulation (a) and the definition of
a unipolar test pulse (b) according to IEC 60034-18-41 [8].

water molecules. Another reason is the influence of surrounding
moisture on the release of initial electrons which incept the
PD [14], [19].

Ambient conditions also influence the PDEV. The PDEV is
always less than or equal to the PDIV regarding a bipolar voltage
waveform. The PDEV mainly depends on the charge carrier
accumulation on the insulation surfaces. A higher amount of
charge carriers leads to a higher electric field component Fi.
which in turn leads to a lower PDEV. This field component is de-
pending on parameters of the voltage waveform like the switch-
ing frequency. It can be assumed that the ambient conditions,
especially humidity and temperature, influence the attachment
and decay process of charge carriers.

[ll. CALCULATION OF THE TEST VOLTAGE

In this section, the calculation of the test voltage for the
interturn insulation according to IEC 60034-18-41 is explained.
The standard provides different enhancement factors depending
on the operation conditions, that are multiplied by the dc-link
voltage. The result is the test voltage which the insulation system
must withstand without the inception of a partial discharge.

A. Electrical Stress

The different voltage waveforms stressing the insulation sys-
tem are pictured in Fig. 4(a). Between two different phases,
bipolar voltages occur where the overshoot factor O F' is defined
by the relation of the peak voltage U, and the final voltage
value U, [cp. Fig. 4(b)] as indicated in (4). This factor defines
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TABLE |
DIFFERENT STRESS CATEGORIES DEPENDING ON THE
OVERSHOOT FACTOR [8]

Stress catesor Overshoot factor Impulse rise time
sory (OF) t, in ps
A - Benign OF <1.1
B - Moderate 1.1<OF <15 0.3
C - Severe 1.5 <OF <20
D - Extreme 20<OF <25
the corresponding stress category (see Table I)
U
OF = 22, 4)
Ua

It has to be noted, that Fig. 4(a) displays a simplified version
of the actual waveforms. Regarding the turn-to-turn voltage
waveform studied in this article, factor a is used to estimate the
maximum voltage stressing the interturn insulation. In reality, it
is depending on the switching behavior of the inverter as well
as the propagation velocity of the voltage pulses and the wire
distribution inside the slot. The latter aspects are not covered
by the standard.It has to be noted that the stress categories
strongly correlate to the cable length. In inverter-driven electrical
machines, usually very short cables are used. However, stress
category A with an overshoot factor of 1.1 is very hard to reach,
especially when semiconductors with short rise times are used.
An overshoot factor of 2 is considered for an electrical machine
with long connection cables. The upper limit value of 2.5 relates
to extreme conditions in special applications [8].

Itis assumed that the interturn insulation is stressed by a part a
of the jump voltage U;. The jump voltage U; corresponds the
phase-to-phase voltage multiplied by a factor of 0.7 as stated
in (5). This factor is empirically determined and is related to
the potential shift of the zero point of the converter. The value
is linked to the capacitive rise up to 1/3 leading to a factor of
about 0,7 [8]

Uj =0.7-U,. (5)

The factor a is defined by (6) and indicates the relation-
ship between the applied turn-to-turn voltage U and the jump
voltage U;

a=—. (6)

In Fig. 5, the relation between the rise time of the voltage and
the factor a is given. It can be seen that for a rise time below 50 ns
almost the full jump voltage is stressing the interturn insulation.
For a rise time below 50 ns, which is expected to be the case for
applications with fast-switching semiconductors, the factor a is
not specified.

B. Temperature

The standard defines a safety factor of 1.3 for the influence
of increased temperature concerning the phase-to-phase and the
turn-to-turn insulation. This assumption is based on empirical

U/
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[

Fig. 5. Factor a in relation to the

IEC 60034-18-41 [8].

rise time according to

data for the PDIV decrease between 20 °C and 155 °C. How-
ever, the applicability is not explicitly limited to a temperature
of 155 °C. The effect for the phase-to-ground test is expected to
be lower as the effect of cooling is higher. Therefore, the PDIV is
decreased by only 5 % to 10 % [8]. This influence is considered
in a temperature factor T'F'.

C. Fartial Discharge Safety Factor

The utilization of another enhancement factor is based on
the fact that the PDEV is lower than the PDIV according to
the influence of charge carrier accumulation since the external
field is bipolar. As described before, the released charge carriers
create an electric field opposite to the external field. The standard
states that the PDEV is known to be 25 % lower than the
PDIV [8]. This value is empirically determined. If a partial
discharge is incepted due to a transient overvoltage, the partial
discharge activity has to stop at normal conditions. Otherwise the
winding would suffer from electrical aging. The enhancement
factor PD is defined by the following:

PDIV

PD=5ppy

@)

D. Aging

During operation, the insulation system is exposed to different
aging mechanisms whereby thermal aging is considered to be
the major influence. For type-I insulation systems, it can be
assumed that electrical aging can be neglected due to the absence
of partial discharges. However, in inverter-driven machines, the
switching operation and the associated polarization process lead
to dielectric heating. Therefore, high dielectric losses can lead
to an early breakdown [20], [21]. Other aging influences can
be divided into mechanical and chemical aging. An example
for mechanical aging is the abrasion of the insulation if adja-
cent wires get into contact with each other or the stator iron.
Impregnating the insulation system reduces the abrasion and
increases the heat dissipation to the stator core. Additionally,
slot liners are used to prevent the contact between the wires and
the stator. Chemical aging occurs, for example, due to harsh
ambient conditions such as a high humidity or contact with
aggressive chemicals or dirt [22]. Overall, it can be said that
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any aging effect causing a thinning of the insulation leads to a
reduction of the PDIV as investigated in [23]. In this standard,
only thermal aging is considered resulting in an enhancement
factor AF depending on the thermal class temperature and the
service temperature during operation

AF —19. (1 _ Class temperature — Service temperature) .

Class temperature
®)

Expecting an operation temperature below the thermal class
temperature, the maximum value for AF' cannot exceed 1.2.

E. Test Woltage

According to the standard, the test voltage for the insulation
system of inverter-driven electrical machines is calculated on
the basis of the dc-link voltage and the previously discussed
enhancement factors. It is assumed that the peak-to-peak voltage
is the deciding criterion what coincides with the work discussed
in [24] and [25]. In the standard, it is therefore assumed that
unipolar and bipolar voltage waveforms can be used equally
when providing the same peak-to-peak voltage [8]. This assump-
tion simplifies the partial discharge processes and might not be
applicable to any configuration. The peak-to-peak voltage to be
applied for examining the interturn insulation is determined by
the following equation (according to the standard)

Usest pie/pk = 2@~ 0.7-Uge - OF - NF - PD - AF - TF,
)

The enhancement factor /N F' considers an estimated variation
of = 10% of the supply voltage and the battery voltage, respec-
tively. It has to be noted that the aging factor is only applied for
type tests. The prescribed test voltage pulse has a rise time ¢,
of 0.3 us with a tolerance of - 0.2 pus. The factor 0.7 is associated
with the capacitive shift of the ground potential of the machine
relatively to the ground potential of the dc-link.

IV. MEASUREMENT SETUP

In this section, the measurement setup for the partial dis-
charge measurement is described. To evaluate the influence
of the ambient conditions, PDIV and PDEV are measured on
twisted pairs representing the interturn insulation of an electrical
machine. The setup is schematically sketched in Fig. 6(a). An
HVDC source provides a dc-voltage in the range between 0
and 1500 V. The silicon carbide (SiC) module, which is intro-
duced in [26], consists of an H-bridge of CREE C2M0045170D
MOSFETSs (metal-oxide-semiconductor field-effect transistor) to
provide a bipolar impulse voltage. Since the influence of ambient
conditions is studied, the specimen is located inside an oven,
a climate chamber or a vacuum chamber. The specimen is
contacted via cables with a length of 1.5 m. The cable length
was determined to be the minimum length needed to contact the
specimens inside the oven and climate chamber. The inception
of partial discharges is studied by the evaluation of the signal
spectrum measured by a high frequency antenna. The type of
antenna used in this work is from the 100 Series EMC Probes
from Beehive Electronics. The model of the spectrum analyzer

HVDC| |

source | |

SiC module

Bipolar voltage
pulses

HF Spectrum
analyzer

antenna
Frequency
. spectrum

Twisted pair sample

d

Oven/vacuum chamber/climate chamber
(@
HV pulse
generator

(b)

Fig. 6. Measurement setup of the performed partial discharge tests.

used is the Tektronix RSA306B (real-time spectrum analyzer).
The measured spectrum is either the magnetic or electric field
depending on the antenna used. The average distance between
the antenna and the specimens is about 0.5 m. In Fig. 6(b), two
sections of the test bench setup are shown. In the top picture, the
SiC-module (right side), the UHF-antenna (encircled) and the
oven are shown. The antenna used in this setup is sensitive to
magnetic fields. One of the connection cables is fed through the
loop of the antenna. The specimen (shown in the bottom picture)
is placed inside the oven and contacted via cables.

A. Specimens

To represent the interturn insulation, twisted pair specimens
are used for the partial discharge tests. These are qualified
to derive the voltage stress level to be applied between two
parallel conductors of a motorette or a stator. With regard to
the partial discharge tests, equivalent results are expected, but
the voltage distribution along the machine winding cannot be
reproduced [8]. Therefore, this testing method can be seen as
worst-case scenario expecting the full voltage drop between two
adjacent windings. The specimens are produced according to
IEC 60172-0-1 [27]. The parameters of the studied wire are
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TABLE Il
PARAMETERS OF THE WIRE

Value
Dahréntrad DAMID 200 [28]

Parameter

Commercial name

1mm
Grade 2

THEIC-modified polyester or
polyesterimid (PEI)

Conductor diameter

Insulation grade!

Insulation basecoat

Insulation overcoat Polyamide-imide (PAI)

Thermal Class N

Number of twists 8

Laccording to IEC 60317-0-1

Signal Strength in dB

1.5 . 4 . 3.0
Frequency in GHz

[SiC switching | [ PD signal | [WLAN signal |
m
<
=}
Z-30n
%0
=
3
.|
S 591
& N g,
@ 0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0
Frequency in GHz
Fig. 7. Frequency spectrum without (above) and with (below) the oc-

currence of partial discharges.

listed in Table II. For a conductor diameter of 1 mm, according
to IEC 60317-0-1 [27], the increase of the outer diameter of the
wire due to the insulation has to be in the range of 63 and 94 pm
for Grade 2. Based on this specification, the insulation thickness
is expected to be in the range of 31.5 and 47 um.

B. Partial Discharge Detection

There are numerous different methods to detect partial dis-
charge activity. The appropriate choice is a crucial part and
depends on the application. In this article, partial discharge tests
are carried out inside an oven, a vacuum chamber and a climate
chamber. The utilization of a high frequency antenna provides
the best results in comparison to PD detection by measurement
of the current at the specimen’s terminals. Usually, commercial
test systems using an antenna only evaluate a small bandwidth of
the frequency spectrum. In this article, the spectrum up to 3 GHz
is studied. In Fig. 7, the frequency spectrum with and without
presence of partial discharge is shown. It can be seen that partial
discharge activity can be characterized over a large bandwidth.
In some parts of the frequency range, it is not trivial to separate
the PD signals from the signal without PD. These critical parts
depend on the location of the antenna and the other properties
of the measurement setup. To achieve the best results, the full

800

400

Voltage in V
(==}

-400

-800

-16.9 -16.85 -16.8 -16.75 -16.7 -16.65 -16.6
Time in ps

Fig. 8. Bipolar test voltage.

spectrum up to 3 GHz is used for each measurement. The
exemplary spectrum shows that the signal without presence of
partial discharges is noisy. Particularly in the range between 0
and 200 MHz, the amplitude of the measured signal strength
is high which can be explained by the switching operation of
the MOSFETs inducing frequencies in this range. The amplitude
of this signal is sensitive to the location of the antenna and the
shielding of the SiC module. In the range of 2.4 GHz, the signal is
noisy due to the Wireless Local Area Network (WLAN) signal.
Between these frequency ranges, the PD signal can be clearly
separated. When partial discharges occur, a significant change
of the signal is instantly visible over a large bandwidth when the
partial discharge inception voltage is reached.

C. Test Voltage

The applied test voltage is exemplarily shown in Fig. 8. The
voltage waveform is measured at the terminals of the specimen.
In this case, the dc-link voltage is set to 800 V at a rise time ¢,
of 80 ns and a switching frequency of 60 kHz. The short rise
time causes a peak voltage of 973 V resulting in an overshoot
factor of 1.22 and a voltage slew rate of 25 kV/us. The switching
voltage AU is 1773 V. According to the standard, any volt-
age waveform could be used providing the same peak-to-peak
voltage. As stated in Section III-E, this specification might not
represent real conditions. It is therefore assumed, that a bipolar
test voltage with fast rising voltage pulses can best represent the
actual electrical stress during inverter operation. Additionally,
the PDEV is strongly depending on charge carrier phenomena
(cp. Section II-A). The prescribed test voltage pulse by the
standard can not represent the fast switching operation of new
generation semiconductors since it is known that the rise time
of the voltage pulse has a significant effect on the PDIV [29],
[30]. During the partial discharge measurement, the voltage was
increased or reduced manually by about 2 Vs~1.

V. MEASUREMENT RESULTS

In this chapter, the measurement results are discussed. A
bipolar test voltage is applied to the specimens. Once a partial
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Fig. 10. Dependence of PDIV and PDEV on the air pressure.

discharge occurs, a PD is incepted at each voltage pulse due to
the field enhancement of the charge carrier when the voltage
polarity is changed. Therefore, all results relate to the repetitive
PDIV and PDEV. The specified voltage values refer to the dc-link
voltage value.

A. Temperature

The PDIV and PDEV are measured for different temperatures
on ten specimens at uncontrolled humidity. From 0 °C to 20°C,
the measurements are performed in the climate chamber as
well as for higher temperatures in an oven. The results are
shown in Fig. 9. Originating from 20°C, it can be seen that
the PDIV increases for a lower temperature and decreases for
a higher temperature. From 20°C to 200°C, the mean value
of the PDIV decreases from 982 to 829 V corresponding to a
relative decrease of 15 %. The most significant decrease can be
seen between 150°C to 200°C which confirms the preliminary
examinations in [15]. The PDEYV values follow the course of the
values of the PDIV except at 200°C where the PDEV slightly
increases.

B. Air Pressure

The influence of the ambient pressure on the PDIV is mea-
sured between 200 and 1000 mbar in equidistant steps on ten
specimens. The results are shown in Fig. 10. It can be seen that
the ambient pressure significantly influences the measurement
results. The mean value of the measured PDIV decreases from

1000 —F—20°C|-
1 50°C
950 —F-80°C|1
900 F
> 850t
> 800}
a
750 -
700
650
GOOE i -
30 60 82 85
Relative Humidity in %
(@)
1000 F T 50°C] ]
900 F
> L
. 800
>
=
a 700}
(a9
600 F
500 F

30 60 82 85
Relative Humidity in %

(b)

Fig. 11. Dependence of PDIV (a) and PDEV (b) on the combined effect
of relative humidity and temperature.

972 to 564 V which corresponds to a relative decrease of 42 %.
The values for the PDEV decrease in the same way as the values
for the PDIV.

C. Humidity

The influence of humidity on the PDIV and PDEV is measured
for three different values of the relative humidity at different
temperature values on five specimens. At 80°C, the maximum
achievable value for the relative humidity is 82 %. The results
presented in Fig. 11 indicate that the relative humidity signif-
icantly affect the PDIV and PDEV. It can be derived that the
curves for the different temperatures get closer for higher values
of the humidity for the PDIV. The largest drop of the PDIV
can be investigated between 60 % and 85 % relative humidity
corresponding to a relative decrease of 24 % of the mean value.
The results of the measured PDEV follow the course of the PDIV.

D. PD Safety Factor

The PD safety factor gives the ratio of the PDIV and PDEV.
The results for all measurements are depicted in Fig. 12. The
vertical axis gives the number of measured values for the corre-
sponding values on the horizontal axis. The range of the value
is between 1.02 and 1.57 with a cluster point at around 1.3. It
can be seen that the influence of the environmental conditions
can be divided into different regions.
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12 : : TABLE IV
Influence factor CALCULATED ENHANCEMENT FACTORS
ok Il Temperature| |
Il Humidity
. I Air pressure Enhancement Worst-case
g gl i fact " Value
g actor parameter
=}
o
S TF 200°C 1.15
:g RH 85 % 1.24
27 PF 500 mbar 1.25
ol PD - 1.41
0 1 1.1 1.2 1.3 1.4 1.5 1.6
’ PD Safety Factor ’ ' to Table I. The RMS-value of the line voltage is below 700 V
which means that a type-I insulation system is considered. The
glg 12, ?‘I\bsolut? frequency of the PD safety factor depending onthe  reference point for the studied maximum height in this article
erent influence factors. . . . . S
' i is the Khardung Pass in India (above 5 km height), which is
TABLE IIl considered the world’s highest motorized pass.
EXEMPLARY CONDITIONS
Utest,pk/pk = 2-0.85-0.7-800V - 1.25 - 1.1 - EF
Parameter Value =1309V - EF, 1. (10)
DC-link volt 800V . :
- ‘VO ége It has to be noted that the altitude of 5500 m is regarded
Voltage rise time 80ns to depict the worst case for the operation of an automotive
Maximum winding temperature 200°C application. Certainly, an altitude of about 3000 m matches the
Maximum relative humidity 85 % maximum altitude for most electric vehicles. The factor E F, 1,
Estimated maximum altitude 5500 m is the proposed enhancement factor which results from the
Minimum ambient pressure 500 mbar ambient conditions including the safety factor PD, the tem-

For the measurements influenced by humidity, the ratio of
PDIV and PDEV is between 1.02 and 1.2 with a mean value
of 1.09. It can be assumed that the presence of high humidity
increases the surface conductivity of the insulation leading to a
faster decrease of the amount of charge carriers. The air pressure
influence leads to results in a range of 1.02 to 1.37, where most
results are between 1.2 and 1.37. The temperature influence
causes comparatively high values for the PD safety factor up
to 1.57 with a mean value of 1.38. The highest values occur
between 100°C and 150°C.

VI. DISCUSSION

Since the tests are usually performed at room temperature,
the ambient conditions must be extrapolated to the expected
conditions during operation. This can be realized by applying
certain enhancement factors as the standard describes. The mea-
surement results show that all three ambient influence factors
significantly affect the partial discharge resistance of the insu-
lation system.

A. Calculation of the Ambient Enhancement Factor

For an exemplary automotive application, the proposed test
voltage is calculated for the conditions listed in Table III. Ac-
cording to Fig. 5, the rise time of 80 ns corresponds to the
value of 0.85 for the factor a. For an 800 V-system, the voltage
for qualification tests of the interturn insulation is calculated
in (10), taking into account that the dc-link voltage can increase
by 10%. Furthermore, a maximum overshoot factor OF' of
1.25 is applied, corresponding to stress category B according

perature enhancement factor 7'F', the humidity enhancement
factor RH and the pressure enhancement factor PF'. It has to be
noted that the ambient influences cannot be evaluated separately,
therefore a simple multiplication of different worst-case factors
might not depict the real conditions and thus overestimate the
electrical stress. For example, a high humidity and a temperature
above 100°C at the same time are not realistic. Hence, the com-
bined effect of temperature and humidity is investigated as done
in [31]. For the calculation of the enhancement factor in (11), the
maximum of RH and T'F is calculated to consider the worst-
case conditions. It is assumed that the qualification tests of the
interturn insulation are usually carried out at a controlled temper-
ature and humidity (20°C and 60 % relative humidity). The en-
hancement factors listed in Table I'V are calculated according to
the measurement results. Originating from standard conditions
(20°C, 60 % relative humidity and 1000 mbar), the measurement
results from the worst-case conditions are compared resulting
in an enhancement factor for the different ambient influence
factors. The values for the enhancement factors are calculated
from the relation of the measured mean value of the PDIV at
normal conditions and the PDIV for the worst-case parameter.
The derivation of the safety factors can be seen as an example
for the air pressure in Fig. 13.

Itis noticeable that in this case, the influence of high humidity
is expected to be larger than a high temperature. For the PD
safety factor, the right choice is crucial. From the measurement
results it is obvious that a value of 1.25 as proposed by the
standard could underestimate the electrical stress on the inter-
turn insulation. Assuming that the operating temperature of the
winding is higher than 100°C, the ratio of PDIV and PDEV is
expected to be between 1.38 and 1.57. In this example, a value
of 1.41 is assumed, which corresponds to the mean value of the
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Fig. 13.  Calculation of the air pressure enhancement factor.

measured PD safety factor between 100°C and 200°C. Due to
the limits of the current laboratory equipment, the air pressure
could not be varied at the same time. However, with reference
to (1) and (2), it can be assumed that a multiplication with the
pressure factor PF is valid. The ambient enhancement factor is
exemplary calculated as follows:

EFymp, = max(TF, RH) - PF - PD

= 2.19. (11)

The resulting test voltage is calculated as 2867 V. According
to the standard, the maximum enhancement factoris 1.63, which
is based on the fact that a temperature above 155°C is not
considered. The resulting test voltages for qualification tests of
the interturn insulation according to the standard is 2134 V. For
the example in this article, the proposed test voltage is 34 %
higher. When comparing these results to the standard, it has to
be noted that the superior standard IEC 60034-1 [32] defines
the maximum altitude to 1000 m, which means that the standard
does not consider the pressure conditions investigated in this
work. This fact illustrates that the standard is not without further
ado applicable to automotive traction drives.

B. Interturn Voltage

It can be said that the calculation of the required test voltage is
subject to further uncertainties. The factor a represents the worst-
case stress for the interturn insulation depending on the rise time
of the voltage pulse. However, using this factor does not provide
an accurate estimate for all machines. In a real application, the
voltage distribution depends on many factors, e.g., the windings
scheme, the inductance of the winding, the wave propagation
velocity and others. Furthermore, a is not specified for arise time
below 50 ns. Future inverters are expected to reach a rise time
below this value. Therefore, modeling and measurement of the
voltage distribution has great potential to increase the accuracy
of the required test voltage. An exemplary measurement setup
and a method to model the voltage distribution is shown in [33].

VII. CONCLUSION

In this article, the calculation of the test voltage for the wind-
ing insulation was discussed. The standard IEC 60034-18-41
provided a method based on an enhancement factor for the

temperature and a PD safety factor considering the ratio of PDIV
and PDEV. For type tests, an additional aging factor was applied.
Ambient influences such as air pressure and humidity were not
mentioned in the standard IEC 60034-18-41.

In this work, partial discharge tests were performed on twisted
pair samples to study the influence of ambient conditions on the
PDIV and PDEV. It was identified that air pressure and humidity
had a significant influence and therefore had to be considered
during the design and test process of the insulation system.
Exemplary ambient conditions for an automotive application
studied in this work were not regarded by the standard IEC
60034-18-41. The temperature value was outside the parameters
regarded by the standard. The test voltage was consequently
calculated based on the performed measurements. It was shown
that the calculated voltage is 34 % higher than the test voltage
prescribed by the standard.

The results showed that the design based on general safety
factors, particularly at harsh ambient conditions, could lead to
an underestimation of the electrical stress and to an early break-
down of the insulation system. Additionally, it was discussed that
a simple multiplication of several enhancement factors might not
depict the real stress. In this work, the combined effect of the
increase of humidity and temperature on the PDIV and PDEV
was studied. Considering that, for example, a high humidity
and a temperature above 100°C was not a realistic scenario, the
different enhancement factors were evaluated separately. Using
the measurement results, it was possible to use the standard
method of calculating the test voltage based on safety factors
and extend it to operation conditions which are not covered yet.
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