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Abstract—In inverter-driven low-voltage electrical machines,
the insulation system is stressed by steep voltage slopes. In many
applications, the use of silicon carbide-based semiconductors
and an increase in the DC link voltage are desired. These
trends reinforce the risk of partial discharges which are mainly
triggered by high electric fields. Material parameter such as the
permittivity and the thickness of the insulation layer influence
the electric field inside the insulation system. To determine the
permittivity, capacity measurements are carried out on enam-
eled wires. Besides, the cross-section of the wires is analyzed
to measure the insulation thickness allowing the calculation of
the permittivity based on a cylinder capacitor geometry. To
study the influence of these parameters, the Townsend equation
is used to determine the expected partial discharge inception
voltage. By comparing the simulation results to partial discharge
measurements on twisted pair samples, the secondary-electron-
emission coefficient can be determined.

Index Terms—electrical machine, insulation system, insula-
tion material

I. INTRODUCTION

The insulation system of low-voltage electrical machines
consists of various components. Usually, the conductors are
insulated by enamel providing the turn-to-turn insulation. The
phase-to-phase insulation (slot divider or phase separator) and
the slot insulation (slot liner) is commonly made of papers
or flexible laminates. Additionally, impregnation or potting
can be used to reduce air inclusions inside the insulation
system. The impregnation also improves the heat dissipation
and mechanical strength [1].

The design of the insulation system is made according to
certain constrains. Besides the thermal class, the mechanical
strength and the resistance to environmental conditions is of
great interest. Ensuring the partial discharge-free operation
is a crucial part in the design process. Partial discharges
are deterioration processes yielding premature failure of the
insulation system. Such processes usually occur in air-filled
voids inside the insulation system, if the dielectric strength of
the air is exceeded [2]-[4]. The external electric voltage from
which partial discharges occur, is named partial discharge
inception voltage (PDIV). In low-voltage electrical machines,
partial discharges must be avoided during the whole service
life, according to DIN EN 60034-18-41 [5].

In inverter-driven electrical machines, the insulation sys-
tem is exposed to steep voltage slopes leading to an over-
voltage at the machine’s terminals [2], [6]-[8]. Besides the
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external electrical voltage, the electric field inside air-filled
voids depends on the material parameters of the insulation.
The permittivity of the insulation material is a measure of the
electric polarizability. A higher value of the permittivity as
well as a thinner insulation layer leads to an increased electric
field inside the air increasing the risk of partial discharge
inception.

The turn-to-turn insulation is often focused as it is usually
regarded to be the weakest part of the insulation system [9],
[10], i.e. the part where partial discharges are most likely to
occur. Therefore, special attention is paid on the enamel of the
conductors. From the designer’s point of view, the insulation
layer should be as thin as possible to achieve a high copper
filling factor but sufficiently thick to ensure the absence
of partial discharges. Frequently used polymeric materials
are for example polyetherimide (PEI), polyesterimide (PESI)
and polyamide-imide (PAI) [11], [12]. In some applications,
polyether ether ketone (PEEK) is used. In safety-critical
applications, such as More Electric Aircraft, the use of so
called corona-resistant insulation layers is discussed. These
polymer-based materials additionally consist of inorganic
nano-fillers increasing the lifetime under partial discharge
exposure [13]-[15].

In the design process of the insulation system, the PDIV
is calculated by using simulation models based on the Finite-
Element-Method (FEM) in combination with physical models
describing the gas discharge process [16]-[18]. In this work,
the Townsend criterion is used. As stated in [19], measur-
ing the permittivity of the insulation material improves the
accuracy of the calculation. Usual manufacturer information
consists of the following data:

o number of insulation layers,
o insulation material and
o grade of insulation layer.

The latter information refers to the insulation thickness in
a specific range. The exact value is usually unknown as well
as the permittivity. Without characterization of the insulation
material, only assumptions can be made. With the provided
method in this paper, it is possible to study the influence of
the insulation material on the PDIV and compare different
types of wires.

In the first step, the capacity of the insulation layer
of three different wires is measured. After that, the cross-
section of the enameled wires is analyzed. Subsequently, the
results are used to set up a simulation model of the different
geometries. With this model, the influence of the different
parameters on the PDIV can be studied. Additionally, partial
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Fig. 1: Derivation of a simplified plane capacitor set up from
the cross-section of a twisted pair.

discharge tests are conducted. By comparing both, the simu-
lated and measured results, the secondary-electron-emission
coefficient can be parameterized.

II. TECHNICAL BACKGROUND

In this section, the influence of the insulation’s material
parameter on the electric field in air enclosures between
adjacent wires is explained. Furthermore, the conditions for
the inception of partial discharges is explained based on the
Townsend criterion.

A. Permittivity and Insulation Thickness

For the insulation thickness and permittivity, the influence
can be illustrated by the example of a plane capacitor as
depicted in Fig. 1. In this example, the external voltage U is
composed as follows:

U = Eins . dins + Eair . dair + Eins . dins~ (1)

With the boundary condition of the electric flux den-
sity D (2), the electric field F,; can be expressed depending
on the insulation’s material parameters (3):

D = const. = €5 - Fins = €0 * Fair, )

U
Eair ’ (3)
2'dins' _7+dair'50

Eair =

From this equation, it can be derived, that the electric field
in air is increased by a higher permittivity e€i,s or a lower
insulation thickness di,s. The permittivity ¢ is specified as

the product of the material-dependent relative permittivity e,
and the vacuum permittivity €q:

€=¢; - €p. 4

B. Townsend Criterion

The Townsend criterion can be used to describe gas
discharge processes. In general, during a gas discharge pro-
cess, the conductivity of the gas increases due to collision
processes and photo ionization where neutral gas atoms are
split up into negative and positive charge carriers. These
processes occur, if a starting electron has sufficient kinetic
energy to ionize a gas molecule. Through this process,
electrons are removed from the gas molecule moving in
the direction of the anode. These electrons trigger further
collision processes and cause an avalanche-like increasing
amount of electrons on the way from cathode to anode. The
residual positive ions left behind after the collision processes
move in the opposite direction hitting the cathode material.
Besides, photons are emitted by the ionization processes and
also effect the cathode. Thereby, further starting electrons
can be generated causing subsequent electron avalanches.
According to Townsend, the ignition condition is fulfilled, if
each avalanche triggers at least one avalanche. This condition
is given by the following equation:

d
e
=0

In this equation, « indicates the cathode reaction, i.e.
released electrons by impacting positive ions and photons.
This coefficient is also named secondary-electron-emission
coefficient. Besides, other effects like ion emission and
field emission are considered. a.g is the effective ionization
coefficient depending on the local electric field and d is the
distance of the electrodes. The ionization coefficient indicates
the number of new electrons generated by one electron per
unit length and is dependent on the electric field strength.
This formulation is valid for the inhomogeneous field [20].

et (E(x))-dz ] —1| > 1. ®)

C. Secondary-Electron-Emission Coefficient

The coefficient 7 indicates several effects and depends
on parameters like cathode material, gas, electric field and
pressure. The specification of values for this coefficient varies
greatly depending on the experimental conditions. Values
for  are specified for several metallic cathode materials and
gases [20].

III. DETERMINATION OF RELATIVE PERMITTIVITY

In this paper, three different wires are examined. The first
one is a commercially available wire with two insulation
layers: PESI and PAI The second one is insulated with a
layer of of corona-resistant polyamide-imide (CR-PAI). The
insulation layer of the third wire is composed of PEEK. In
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Fig. 2: Working steps to determine the permittivity.

the following, the wires are named according to the insula-
tion layers. The first two wires are subject to the delivery
conditions according to IEC 60317-0-1 [21]. This standard
prescribes a minimum increase of the wire diameter due to
the insulation layer as well as a maximum outer diameter.
For a Grade 2 wire with a diameter of 1 mm, the insulation
thickness is within the limits of 31.5pm and 47 pum. The
third wire is a custom-made wire with an expected insulation
thickness of 75 um according to the manufacturer. The known
data before examination are summarized in Table I.
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Fig. 3: Cross-section of wires.

TABLE I: Data of examined wires.

Insulation laver 1 Insulation Insulation
y layer 2 thickness
THEIC-modlﬁedipo_lyester or PAT Grade 2
polyesterimid
CR-PAI - Grade 2
PEEK - approx. 75 um

The determination of the relative permittivity of the
insulation layer &, i,s is composed of several steps as vi-
sualized in Fig. 2. The measurement principle is based on
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a cylinder capacitor geometry. Firstly, the wires are coated
with silver lacquer over a defined length of 10 cm forming
an electrode at the surface of the insulation layer. This length
corresponds to the prescribed value for the determination of
the dissipation factor for enamelled copper wires according
to IEC 60851-5 [22]. The second electrode is defined by
the copper conductor itself. The capacity of the specimens
is measured by means of an LCR-bridge (R&S®HMS118

5
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Fig. 6: Calculated relative permittivity.

Programmable LCR-Bridge) for a frequency of 50 Hz. The
results can be seen in Fig. 4. Subsequently, the wires are
embedded in epoxy resin and processed by a grinding table.
After that, the cross section of the different wires is examined
with the aid of a microscope. An exemplary picture of each
type of wire is shown in Fig. 3. To reduce deviations due
to tilting of the specimens during the grinding process and
deviations due to the manufacturing process, the thickness
of the insulation layer is measured at eight different points.
For further calculations, the mean value of the measurement
points is considered. The results can be seen in Fig. 5. The
mean values of the insulation layer thickness of the different
wires are 40 um (PESI-PAI), 35 um (CR-PAI) and 74 pm
(PEEK). It can be seen that the value of the PESI-PAI wire
is in the middle of the expected value range, while the value
of the CR-PAI wire is near the lower limit. This suggests
the latter wire to have a lower PDIV. The PESI-PAI wire
has two insulation layers, the inner layer being two and a
half times the size of the outer layer. With the PEEK wire,
it is noticeable that the insulation layer is not concentric to
the conductor. The mean value of the insulation thickness is
above the maximum value of a grade 3 wire.

With the help of the available measurement results, the
permittivity can now be calculated:

C Ry
.= In(=2).
c 27T€(]l . <R1> (6)

In eq. (6), C is the measured capacity, [ the length of
the electrode, R; the copper radius and Ry the copper radius
plus the insulation thickness. Fig. 6 shows the results of the
calculated relative permittivity.

IV. APPLICATION OF THE TOWNSEND CRITERION

In this section, the Townsend criterion is used to char-
acterize partial discharge processes in the twisted pair ar-
rangement. These occur inside air between the insulation
surfaces. In the first step, a model is set up to get the voltage
distribution and the electric field by a simulation according
to the finite element method. The input parameter of the
simulation are voltage U, conductor radius 7.onq, insulation
thickness di,s and permittivity of the insulation &;,s. Addi-
tionally, a minimum distance of 2 um is introduced between
the wires for numerical reasons. The electric field distribution
for the three wires can be seen in Fig. 7. For a qualitative
comparison, a voltage of 1V is applied. It is shown that
the electric field inside the air gap is significantly higher in
an arrangement with a thinner insulation wire (PESI-PAI and
CR-PAI). This study is consistent with eq. (3). The PESI-PAI
wire consists of two insulation layers with different values
of permittivity. With this method, only an effective value
for both layers can be considered. The application of the
Townsend criterion on the simulation model is sketched in
Fig. 8. In the upper part, the two-dimensional equivalent
arrangement including exemplary field lines inside air is
shown. It is worth mentioning that the actual field lines
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end at the conductor surfaces. For modelling gas discharge
processes, only the field inside the air is relevant. By knowing
the electric field strength inside air, the Townsend criterion
can be applied for field lines between the insulation surfaces.
This procedure is shown in the lower part of Fig. 8. Each
field line is sampled along its length in discrete steps. The
ionization coefficient is calculated depending on the electric
field. The secondary-electron-emission Townsend coefficient
is initially set to 0.001. The final value is later determined for
each wire based on partial discharge tests. The input voltage
is varied until the ignition condition is fulfilled for one field
line which is named critical field line.

At a low-frequency sinusoidal voltage, the corresponding
peak value of the voltage is regarded to be the PDIV.
For impulse voltage with steep voltage slopes and a strong
overshoot behaviour, other effects have to be considered [23].
The application of the Townsend criterion is illustrated in
Fig. 8. For each considered field line, yields the following
results: 1051V (PESI-PAI wire), 1012V (CR-PAI wire) and
1402V (PEEK wire). The simulated PDIV of the CR-PAI
wire is slightly lower than the PDIV of the PESI-PAI wire
which can be explained by the lower insulation thickness.
The results of the PEEK wire correspond to the expectation
that the PDIV is significantly higher for a thicker insulation
layer and a lower permittivity.

V. PARTIAL DISCHARGE MEASUREMENT

To study the influence of the material parameters of
the insulation on the PDIV, partial discharge measurements

Simulation Model
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Fig. 8: Schematic representation of the simulation model.
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Fig. 9: Setup for partial discharge measurements.

are carried out. For each type of wire, twisted pairs are
manufactured according to IEC 60172 [24]. Among other
things, this standard prescribes the number of twists and
the load weight during the twisting process. Subsequently,
the specimens are subjected to heat storage at 100°C for
24h to remove impurities. For the measurement of the
PDIV, a commercial stator tester (Schleich MTC 3) is used.
This device allows standardized measurements according to
IEC/TS 61934 [25]. The measurement setup is shown in
Fig. 9.

In inverter-driven electrical machines, impulse voltages
occur at the machine’s terminals with a certain frequency.
Besides the frequency of the pulse width modulation, other
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frequencies are emitted due to the steep voltage slopes.
To study the material influence at a defined frequency, a
sinusoidal test voltage is more suitable. Therefore, the PDIV
is measured at a sinusoidal voltage of 50 Hz. The results can
be seen in Fig. 10 and refer to the peak (pk) voltage of the test
voltage. The results of the PESI-PAI wire are 1142V for the
mean value and 20 V for the standard deviation of the PDIV,
respectively. The calculated value of 1051V is 8 % below
the measured mean value. For the CR-PAI wire, the mean
value of the measured PDIV is 996 V which is very close
to the simulated value of 1012 V. The standard deviation of
the measured PDIV is 14 V. The results of the PEEK wire
show the highest standard deviation of 35V with a mean
value of 1474V. The comparatively high deviation of the
measurement results can be attributed to the non-concentric
position of the conductor inside the insulation layer. Re-
garding the cross section of two adjacent wires, different
values for the insulation thickness can occur influencing the
measured PDIV. The calculated value for the PDIV is 5%
below the measured one.

VI. DETERMINATION OF THE
SECONDARY-ELECTRON-EMISSION COEFFICIENT

The comparison of the simulated and measured values of
the PDIV shows some deviations. These can be attributed to
differences of the coefficient ~y for the insulation materials. As
mentioned in Section IV, the initial value is set to 0.001. With
the measurement results, v can be calculated by applying
the ignition condition eq. (5). Specifically, the parameter ~y
is varied, until a field line is found at which the ignition
condition is fulfilled for the corresponding PDIV value.

The results are shown in Fig.11. Due to the exponential
correlation of the measurement results and the secondary-
electron-emission coefficient, small deviations in the PDIV
result in large deviations of 7. It has to be noticed that
this method should be seen as an estimation. In this two-
dimensional arrangement, parameter like d,,;, also influence
the results. Twisted pairs are used to best represent the turn-
to-turn insulation by ensuring a contact of the insulation
surfaces which is regarded to be the worst-case scenario. To
improve the accuracy of the determination of v, the distance
of the insulation surfaces and the location of the discharge
process should be known exactly.

By qualitatively comparing the results, the CR-PAI wire
has significantly larger values for ~ than the PESI-PAI wire
where PAI is the outer insulation layer. This leads to the
assumption that the corona-resistant nano-fillers lead to easier
detrapping of electrons from the insulation surface.

VII. CONCLUSIONS

In this work, a method to study the influence of insulation
material’s parameters is presented. To determine the permit-
tivity of the material, capacity measurements on different
wires are carried out. To allow capacity measurements of
the insulation layer, the surface is coated with silver lacquer.
Subsequently, the cross-section of the wires is analysed to
determine the thickness of the insulation layers. With these
parameters, the permittivity can be calculated analogous to a
cylindrical capacitor.

For the three different wires, a simulation model is set
up to study the influence of different parameters and to
calculate the expected PDIV. For both grade 2-wires (PESI-
PAI and CR-PAI), the PDIV is expected to be in the same
range. However, the simulated PDIV of the CR-PAI wire is
slightly smaller because of the smaller insulation thickness.
The permittivity is in the same range for both wires. The
simulated PDIV of the PEEK wire is almost 50 % higher
than the PDIV of the grade 2-wires. The main reason is
the significantly greater insulation layer thickness. Another
reason is the lower value of the permittivity.

The PDIV is measured for each type of wire by using
twisted pairs with a sinusoidal test voltage. The expectations
based on the measurement results are qualitatively confirmed.
Quantitatively, the comparison of the simulated and mea-
sured results shows differences which can be attributed to
the secondary-electron-emission coefficient. Therefore, the
ignition condition for gas discharge processes is used to
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determine this parameter depending on the measurement
results.
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