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ABSTRACT The electromagnetic utilization of an electrical machine can be increased by raising the current
density, with a limitation resulting from the maximum permissible temperature of the winding insulation.
Conventional insulating materials only have a low specific thermal conductivity, which results in large
temperature gradients in the winding cross section and consequently hotspots. This article presents the
development and characterization of ceramic-like composite materials based on filled polysiloxanes for
the dip coating of lamination stacks and the impregnation of the winding of electrical machines. The specific
equivalent thermal conductivity is determined on composite winding samples, the thermal cycle stability is
examined and the microstructure is analyzed with the scanning electron microscope. The manufacturability
and the partial discharge behavior are examined based on test samples. The results of tests on an electric
traction machine are used to show the potential for increasing the power density.

INDEX TERMS Ceramic insulation, electric machines, impregnated insulation, machine windings, thermal

variables measurement.

I. INTRODUCTION

The challenges of a transition towards renewable energy
systems result in increasing requirements for the design of
electrical machines. On the one hand, these should be energy-
efficient. On the other hand, especially for mobile applications
as in the area of electric mobility and electric aircraft, they
should offer a high-power density, which is synonymous with
improved resource efficiency. A higher power density can be
achieved by increasing the linear current density (i.e., the
magnetomotive force per length), the air gap induction or
the mechanical speed [1], [2], [3], [4]. The air gap induction
is limited to values of about 1.1 T due to the saturation of the
magnetic circuit. Speed increases that cause circumferential
speeds of the rotor of > 150 m/s are mechanically challenging.

In this case, the use of carbon fiber bandages, high-strength
electrical steel, or special copper alloys in the squirrel cage of
induction machines are necessary [5], [6], [7], [8]. The only
remaining possibility is increasing the linear current density,
but this requires intensified cooling of the windings [1], [2],
(31, [4].

For the winding insulation of electrical machines with a
rated voltage <1 kV, insulating sheets are applied as the
main or interphase insulation. The winding itself consists of
mutually insulated enameled copper wires. It is impregnated
with the aim of avoiding air inclusions or even fully encap-
sulated including the end windings. Conventional insulating
materials generally have a low specific thermal conductivity
of around 0.2 W/(m-K). As the machine load increases, this
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results in large temperature gradients in the winding cross
section and consequently hotspots. With regard to the thermal
rating of the insulating materials, the electromagnetic utiliza-
tion of the machines must be limited. Cooling methods such as
direct cooling of the conductors or the approach of applying
ceramic-like winding insulation for electrical machines pre-
sented in this article allow shifting this limitation to higher
levels.

Il. INSULATION MATERIALS AND PROCESSES

A. STATE OF THE ART-INSULATION MATERIALS AND
PROCESSES

At present, the main insulation of the winding or the lamina-
tion stack of electrical machines with a rated voltage <1 kV is
primarily implemented using insulating sheet materials such
as polyester film and polyester fleece. The thickness of those
materials is typically (0.1...0.4) mm, the specific thermal
conductivities are in the range of (0.1...0.2) W/(m-K). For
fractional horsepower machines, the plastic coating of lami-
nation stacks or single teeth offers an alternative. However,
the layer thicknesses exceed 0.4 mm due to the solidification
process; the specific thermal conductivity of the applied plas-
tic materials is approximately 0.2 W/(m-K). The maximum
permissible temperature of the aforementioned materials is
usually below 220 °C; thermal class “H” with $,x = 180 °C
is typical for applications in the field of electric mobility.

When impregnating the windings of electrical machines,
dipping, hot-dipping, dip-rolling, trickling, or vacuum-
pressure impregnation processes are used. High impreg-
nation factors (i.e., avoidance of air inclusions) can be
achieved particularly in the vacuum pressure impregnation
process. The impregnating or soaking materials used are
low-viscous (viscosity in the range (100...1000) mPa-s),
hydrocarbon-based synthetic resins based on polyester,
polyamide, polyesterimide, epoxide, polyurethane, phenol, or
melamine. They typically have a specific thermal conductivity
of (0.15...0.2) W/(m-K), can withstand temperatures of up to
220 °C and, in the cross-linked state, ensure high mechanical
strength of the winding composite. The impregnating mate-
rials are generally unfilled and consist of one component. In
some cases, solvents such as styrene, which is flammable and
harmful to health, are added with the aim of improving the
impregnation result.

For potting the windings of electrical machines, e.g., for
connecting the end windings to the cooling system or for
full encapsulation of the stator, mineral-filled encapsulation
compounds based on epoxy, polyurethane, polyesterimide,
or silicone are used [9], [10], [11]. The casting compounds
are usually applied as a two-component system. Depending
on the degree of filling, the specific thermal conductivity is
(0.5...2.5) W/(m-K) and the thermal rating is usually below
220 °C (special casting compounds reach up to 250 °C). Only
low-viscous systems (with a mixed viscosity in the range

VOLUME 4, 2023

(1500...3000) mPa-s), which have specific thermal conduc-
tivities of up to 0.6 W/(m-K) with a low filling level, are
suitable for fully potting the windings of electrical machines
with round and profile wire winding. Potting under vacuum is
preferred to avoid air inclusions.

B. STATE OF RESEARCH-CERAMIC-LIKE INSULATION OF
ELECTRICAL MACHINES

With the aim of increasing power density and therewith reduc-
ing active mass (i.e., enhancing resource efficiency), a clear
trend towards high temperature-stable and better thermally
conductive insulating materials can be seen in the technology
fields of electric mobility and electric aircraft. In this regard,
Kulan et al. [12] give a comprehensive overview of the devel-
opments. In [13], it is shown that by coating copper wires with
aluminum oxide Al,O3, the thermal conductivity of the wind-
ing composite can be increased by a factor of approximately
2.5, with an epoxy resin being used as the impregnating
material. Such wire coatings are currently of increasing inter-
est for high-temperature applications in the aerospace sector,
whereby the mechanical and electrical load capacity is still
limited due to the brittleness of the ceramics [14], [15], how-
ever. In addition to Cu/Ni wires [16], [17], [18], development
is currently also focusing on thermal spray coating with Al,O3
[19]. There are also initial approaches to electrochemical coat-
ing of lamination stacks, with thermal conductivities of the
insulation of up to 2 W/(m-K) and temperature stability of
up to 300 °C being achieved [20]. The filling of polymer
materials with ceramic fillers to improve the specific thermal
conductivity is known, with thermal conductivities of up to
approximately 2.5 W/(m-K) being achievable with high levels
of filling [21], [22], [23]. In [24], [25], [26], and [27], the use
of ceramic fillers is examined for high-voltage machines up
to a filling level of 25 vol.-%, which doubles the thermal con-
ductivity of the impregnating material from 0.3 W/(m-K) to
0.6 W/(m-K). As such, the excess temperature of the winding
can be reduced by approximately 10 K. With regard to the
high temperature resistant and thermally conductive insulation
of electrical machines with a rated voltage <1 kV containing
round and profile wire windings, there is still a great need
for development. In this regard, the development approach for
ceramic-filled polysiloxanes presented in this article makes a
contribution (cf., [28], [29], [30], [31]).

1Il. MATERIAL DEVELOPMENT AND CHARACTERIZATION
A. DEVELOPMENT OF COMPOSITE MATERIALS

In this article, composite materials have been developed for
the winding impregnation and the main insulation of lamina-
tion stacks. They consist of a polysiloxane matrix and ceramic
fillers. The matrix is created through the thermal cross-linking
of liquid silicone resins, with the selection of suitable reac-
tive centers enabling the formation of dense and pore-free
composite structures. Aluminum oxide («-Al,03), aluminum
nitride (AIN), and boron nitride («¢-BN) were used as fillers.
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FIGURE 1. Microstructure of the composite systems with the fillers.
(a) Al,0s. (b) AIN. (c) BN.

The fillers based on aluminum compounds have grain sizes in
the range of (2...6) um and their surfaces have been pretreated
with a hydrophobic coating process described in [32] in order
to ensure high filling levels without impairing the flowability
of the composite. Boron nitride was used as pregranulate with
an average grain size of 30 um without further pretreatment.

Composites with a flowability suitable for the impregnation
of winding systems could be filled with up to 40 vol.-% filler
when using Al,O3 or AIN. For comparison, boron nitride-
filled systems were produced with a filler content of up to
30 vol.-% and did not exhibit suitable impregnation behavior
overall. The impregnation or coating systems were produced
by stirring the components at 80 °C and showed no tendency
to separate even after several days. Mixing was followed by
repeated degassing at 120 °C under vacuum (100 mbar). The
systems pretreated in this way had a flowability at temper-
atures above 140 °C suitable for dip impregnation or coating
without vacuum. The matrix crosslinking took place at 180 °C
for 8 h under normal pressure.

B. CHARACTERIZATION OF MATERIAL PROPERTIES

1) MEASURING METHODS AND MATERIAL
CHARACTERIZATION

Investigation of microstructure of the composites for impreg-
nation and main insulation with a field emission raster electron
microscope Ultra 55 plus (Zeiss) revealed a smooth integra-
tion of the AIN and Al,O3 filler components into the polymer
matrix. The boron nitride filler behaves differently. Here, the
big grain size, the platelet structure, and the special surface
interfere a wetting with the matrix polymer and a more even
powder distribution in the composite matrix (cf., Fig. 1).

To characterize the flowability of the composite systems,
their viscosity was determined using the HAAKE Viscotester
550 rotational viscometer with a plate-plate configuration and
a gap distance of 0.25 mm. Measurements of the unfilled
matrix resin system as well as the AIN or Al,Os-filled sys-
tems at shear rates, which are comparable to the processing
conditions in stator production in the range of (0...500) s~!,
and a material temperature of 100 °C show a strong increase
in viscosity due to the filling. A largely independent viscosity
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FIGURE 2. Characterization of dynamic viscosity of the composite
materials with rotational viscosimeter.

from the shear rate of the unfilled and Al,O3-filled system
indicates a flow behavior of an ideal Newtonian liquid. In the
AlN-filled system, the viscosity decreases abruptly at a shear
rate of 250 s~ !, which can be interpreted as the destruction of
internal flow-inhibiting structures (cf., Fig. 2). This is contra-
dicted by the fact that the two fillers Al,O3 and AIN have
comparable morphologies with almost round grain shapes.
BN-filled systems with a degree of filling of 30 vol.-%, which
is sufficient to increase the thermal conductivity, showed such
a low flowability that their viscosity could not be measured
with the selected measuring method.

The three-point flexural strength according to DIN EN 843-
1 was measured using the TIRAtest 2300 measuring device
from the Rauenstein Franz Wohl and Partner Priifmaschinen
GmbH with a 1 kN pressure sensor and a driving speed of
100 mm/s. Cast bars with dimension of (5x5x50) mm> were
used as test specimens.

The linear thermal expansion coefficient of the devel-
oped composite materials was characterized with NETZSCH
thermo-mechanical analyzer TMA 402F3. The measuring
principle is based on a highly precise inductive displacement
transducer. The measurements were carried out in nitrogen in
a temperature range of (20...200) °C with a heating rate of
5 K/min.

The thermal conductivity of the pure composite materi-
als was determined using the 7PS 2500 S measuring device
from Hot Disk AB. The measuring principle is based on the
transient plane source technique (TPS). This technique, also
known as the hot-disk method, works dynamically in a non-
stationary manner, whereby heat is introduced through a flat
and round heater into two material samples that are arranged
tightly below and above the heater (cf., Fig. 3). A resistance
thermocouple is integrated in the heating element, which en-
ables the temperature to be determined as a function of the
measuring time. The temperature measurement begins after
an initial period for the heater to heat up and for the heat to
be coupled into the specimen and must be completed before
the heat front reaches the specimen edges. Plates measuring
(20x20x5) mm? proved to be suitable for determining the
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FIGURE 3. Principal setup for the measurement of thermal conductivity by
TPS method [33].

TABLE 1. Realized Properties of Polymer-Ceramic Composite Materials for
Winding Insulation

Property Method Impregnation/Coating
filler ALOs; | AIN BN
filling degree (vol.-%) 40 40 30
viscosity (mPa-s) DIN 53019-1 | 1300 1600 -
flexural strength DIN EN

(MPa) 8431 35.6 19.2 31.8
coefficient of thermal

expansion (ppm/K) ISO 11359-2 127 100 131
thermal conductivity

(W/(mK)) ISO 22007-2 | 0.83 1.16 2.76
specific electrical DIN EN

resistance (105 Q-cm) | 62631-3-1 4.23 6.64 | 0.28
dielectric strength DIN EN

(kV/mm) 60243-1 25.1 23.1 20.2

thermal conductivity of the composite materials. The thermal
conductivity and the thermal diffusivity can be determined
from the recorded temperature-time curves. The method only
provides reliable measurement values if the specimens have
sufficient isotropy so that the heat coupled into the specimen
can spread evenly in all spatial directions [33].

The specific electrical resistance according to DIN EN
62631-3-1 was determined using a milli- and teraohmmeter
Milli-TO3 from Fischer Elektronik. Cast samples with
dimensions of (100x100x 1) mm? were used, which were
printed with silver electrodes for contacting. The tests
were carried out with measuring voltages in the range of
(10...500) V dc at 23 °C and a relative humidity of 50 %.

The determination of the dielectric strength according to
DIN EN 60243-1 was carried out with the high-voltage
test device HV-Control from H4+H High-Voltage Technology
GmbH. Cast samples with dimensions of (100x 100x 1) mm?,
which were printed with copper electrodes, were used. The
measurements were carried out with test voltages of up to
130 kV dc.

2) SUMMARY OF MATERIAL PROPERTIES

Table 1 summarizes the main processing and application-
relevant properties of the polysiloxane-based composite mate-
rials developed for winding impregnation and main insulation.
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TABLE 2. Preliminary Estimation of the Price for the Composite Systems

Filler Filling degree Mass percentage Price
(vol.-%) (ma.-%) (€/kg)
AIN 40 64 80
ALLO3 40 68 15
BN 30 45 63

The AIN or Al,Os3-filled systems have sufficient flowability
for dip impregnation or coating at filling levels of up to
40 vol.-%. In addition, these systems exhibit a thermal con-
ductivity up to five times higher than classic impregnation
systems such as polyesters and epoxides, and compara-
ble electrical insulation properties. Although the BN-filled
systems have an even better thermal conductivity, their de-
velopment was not continued due to the insufficient flow
properties.

With regard to the subsequent application for the insu-
lation of electrical machines, the developed materials are
subject to different pressures on prices depending on the
industrial sector. Commonly used epoxy resins are in the
range (6...10) €/kg. A significantly larger price range of
(15 ...60) €/kg can be found for filled potting compounds that
are used for full stator potting, though they are not suitable
for winding impregnation due to their rheological properties.
For the raw materials used, there are the following rough
guiding prices: AIN approximately 100 €/kg (laboratory sup-
ply < 5 kg), Al,O3 in the range (0.5...1.4) €/kg (industry
supply > 1 t, depending on granule pretreatment), BN ap-
proximately 85 €/kg (industry supply approximately 50 kg),
and silicone resin with possible industrial price of approxi-
mately 45 €/kg. As a preliminary estimate, the prices listed in
Table 2 result for the composite systems discussed, although
these will be further reduced by increasing industrial applica-
tion. The proportion of impregnating agent in the winding of a
traction machine in the double-digit kilowatt range is around
1 kg. With the increase in electromagnetic utilization of up
to 25 % formulated as a target, the economic savings through
the reduced need for copper and electrical steel clearly out-
weigh the price increases due to the composite for winding
insulation. With regard to large quantities such as in electric
mobility, the Al,O3-filled system should be further developed.
For high-performance applications such as in special machine
construction or electric flying, the AIN or BN-filled system
will be of interest.

IV. INVESTIGATION OF COMPOSITE SAMPLES OF
INSULATION SYSTEMS

A. IMPREGNATION OF WINDING COMPOSITE SAMPLES

1) PRODUCTION OF THE COMPOSITE WINDING SAMPLES
Based on the results of the previously described material de-
velopment and characterization, composite winding samples
were constructed. These provided a basis for investigating
the suitability of the ceramic-filled composite materials as
impregnations for electrical windings. The wire bundles were
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wire guide wire clamp

wire clamp

FIGURE 4. Production of composite winding samples. (Detail: (a) Wire
tensioning device and casting mold; round wire winding with copper fill
factor gcy ~ 57 %, wire diameter dc, = 0.85 mm, grade 2 polyurethane
insulation with wall thickness bis, = (28 ...44) um, (b) AIN- and (c)
BN-based composite system.)

pretensioned with the tensioning device shown in Fig. 4(a)
and enclosed in a casting mold. Casting took place under
vacuum (100 mbar) at 140 °C/1 h and subsequent crosslinking
at 180 °C/8 h under normal pressure. With the Al,O3- and
AlN-filled impregnation systems, the round wire winding was
completely infiltrated [cf., Fig. 4(b)] whereas the BN-filled
system showed insufficient infiltration due to the coarse filler
[cf., Fig. 4(c)]. With regard to further investigations, the ap-
proach of filling with BN was not taken into account anymore.
In addition to the round wire samples, composite samples
were also built with flat wire (2.8x1.25) mm? with a copper
fill factor ¢y ~ 78 %. A complete infiltration with the Al,O3-
and AIN-filled impregnation was verified [28].

Additional composite winding samples based on state-of-
the-art polyesterimide (PII) were also produced for compara-
tive tests.

2) EXAMINATION OF COMPOSITE WINDING SAMPLES

In order to characterize the winding composite, grinding
surface patterns were examined using the scanning electron
microscope. Temperature change tests were carried out; the
equivalent thermal conductivity was determined experimen-
tally as well as calculated numerically.

Using the grinding surface patterns of the round wire wind-
ing examined with the scanning electron microscope, it was
possible to prove that the winding composite was impreg-
nated without air inclusions and that the ceramic filler grains
were evenly distributed in the polymer matrix [cf., Fig. 5(a)
and (b)]. The interface between the surface of the enameled
copper wire and the impregnation shows complete wetting
[cf., Fig. 5(b)]; ceramic filler grains were detectable even in
the tight spaces between the wires [cf., Fig. 5(c)].
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FIGURE 5. Microstructure analysis of the winding composite (AIN-filled
impregnant. (a) Filler distribution. (b) Interface connection. (c) Wire gap
filling).

Cycle tests on the composite winding samples have been
carried out to investigate the thermal cycling capacity of the
composite winding. For this purpose, the temperature was
varied in the range (-35 ...165) °C, with a temperature change
of only 3.3 K/min and a holding time in the final values of
15 min, thus, a complete heating or cooling of the samples
could be assumed. During the test, the condition of the sam-
ples was checked optically approximately every 100 cycles.
Small cracks and flakings were acceptable, the disintegration
or break-up of the sample defines the defect of the speci-
men. During the first tests on the composite winding samples,
no microscopy examination or measurement of the insula-
tion resistance was carried out between the cycles. Starting
from crack formations, the Al,O3z-sample has been destroyed,
whereas the sample with AIN filling and the one based on
PII remain almost undamaged until the end of the test after
1735 cycles (cf., Fig. 6). In the real machine, the winding
compound is stabilized by the electrical laminated core. With
regard to further work, the thermal, electrical, ambient, and
mechanical load capability (team factors) have to be examined
in detail for the ceramic-like insulation system on motorettes.

The hot disk method, which was used to measure the spe-
cific thermal conductivity of the material samples, assumes
spherical heat propagation in isotropic media [33] and can,
therefore, not be applied to determine the equivalent ther-
mal conductivity of the winding composite. The measurement
was carried out using the heat flow measurement method
according to Fig. 7. The test setup consisted of a Cu heat-
ing plate with three electrical resistors (power dissipation of
5 W each), the composite winding sample between two heat-
flow-measuring plates and a Cu cooling plate with Al heat
sinks. The individual layers were mounted applying a cover
with heat-conductive paste (A ~10 W/(m-K)), cf., Fig. 7(a).
The joint gap is not influencing the measurement accuracy
because the temperature probes are located directly on the
probe surface. The stack was held together with a hard paper
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FIGURE 6. Temperature cycle tests on composite winding samples (round
wire winding with copper fill factor ¢, ~ 57 %, wire diameter

dcy, = 0.88 mm and insulation wall thickness bjs, = 25 um; alternating
thermal load over 1735 cycles in the range (-35 ...165) °C with a
temperature change rate of 3.3 K/min and a 15-min holding time in the

final value).
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FIGURE 7. Experimental determination of the equivalent thermal
conductivity of the winding composite using the heat flow measurement
method. (Detail: (a) Buildup of stack: (1) Resistors, (2) copper plate, (3)
heat flow measuring plate with temperature sensor, (4) AIN-sample and
(not shown) heatsinks mounted with heat-conductive paste. (b) Insulation
of test setup and auxiliary fan. (c) Exemplary temperature curves at the
measuring points of the stack structure of the AIN-sample).

frame; 150 mm thick Styrofoam plates were used for ther-
mal insulation and cooling was provided by an auxiliary fan
[see Fig. 7(b)]. In the stationary thermal state [cf., Fig. 7(c)],
the mean values of the measured heat flow densities ¢, the
temperature difference over the test sample measured with
thermocouples AT = %3 — ¥4 and the sample thickness / re-
sulted in the calculation of the equivalent thermal conductivity
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FIGURE 8. Numerical analysis of the equivalent thermal conductivity of
the winding compound. [Enameled copper wire: Wire diameter

dcy = 0.85 mm, thermal conductivity of copper Ac, = 385 W/(m-K),
insulation wall thick-ness bis, = 25 pm and thermal conductivity of
insulation s, = 0.2 W/(m-K)].

of the winding compound based on the equation

1 (g1 +q)-1
A R a—y (1)

For the winding composite impregnated with the AIN-filled
material, an equivalent thermal conductivity of 1.57 W/(m-K)
was measured; for Al,O3-filling of the polymer matrix a value
of 1.38 W/(m-K) was determined. However, measurements
on homogeneous samples of the pure impregnation materials
show relative deviations of up to -30 % compared to the
hot disk method. Consequently, higher thermal conductivities
than the measured ones can also be expected for the composite
samples.

For comparison with the experimental values, the equiva-
lent thermal conductivity of the winding compound was also
calculated numerically. For an orthocyclic wire arrangement
shown in Fig. 8(a), the thermal conductivity of the impreg-
nation and the copper fill factor were varied with constant
parameters of the enameled copper wire (changing the geo-
metric model dimensions). With the heat flow Q calculated by
integration, the length of the heat conduction path /, the per-
meated area A, and the temperature difference AT = ¥ — ¥,
the equivalent thermal conductivity of the winding compound
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(a =

FIGURE 9. Production of electrical sheet composite samples. (Detail: (a)
Electrical sheet with AIN dip coating with a layer thickness of

biso = 0.1 mm. (b) Lamination stack with AIN brush coating of layer
thickness b5, = 0.16 mm).

can be calculated with
0-1

. 2
A- (P — 1) @

)Lequ.wt =

By increasing the thermal conductivity of the impregnation,
the equivalent thermal conductivity of the winding compound
can be significantly increased. For example, in analogy to the
constructed composite winding samples, impregnation with
polyesterimide results in an equivalent thermal conductivity
of Aequwepn = 0.71 W/(m-K), whereas with AIN filling of
the impregnating material AequwiaiN = 2.30 W/(m-K) can
be achieved, which corresponds to a relative increase in the
thermal conductivity of the winding compound of 224 %
[see Fig. 8(b)]. In comparison with the measured values from
the heat flow measurement method, there is a relative devi-
ation of the measurement of -31 %. Thus, the experimental
setup of the heat flow measurement method is to be analyzed
with regard to a systematic error at a later stage. Ongoing,
the calculation results of the numerical model are used to
describe the orthotropic thermal conductivity of the winding
composite in the thermal models.

B. DIP COATING OF ELECTRICAL SHEET COMPOSITE
SAMPLES

1) PRODUCTION OF ELECTRICAL SHEET COMPOSITE
SAMPLES

As explained earlier, conventional insulating sheet materials
for the main insulation of the lamination stack have specific
thermal conductivities of < 0.2 W/(m-K), which results in a
large temperature gradient between the electrical winding and
the lamination stack. With the aim of realizing a thin insu-
lation layer with good thermal conductivity and an improved
interface connection between the winding impregnation and
the main insulation, the ceramic-like composite system is
to be modified in such a way that it is suitable for the dip
coating of electrical laminated cores. To investigate the dielec-
tric strength and thermal cycling capacity, composite samples
were produced in the form of coated individual sheets of
type M400-50A and coated stacks of sheets (cf., Fig. 9). The
coating was applied to the individual sheets by dipping and
to the sheet stacks by brushing. The stacks were heated to
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120 °C. Additions of thixotropic agents such as Ultrasil VN3
in the range of (0.5 ...2) ma.-% allowed for adjusting the layer
thickness for a single dipping in a range of (0.05 ...0.5) mm.
At the same time, an attempt was made to coat lamination
stacks using the injection molding process, with the insulation
wall thickness being (0.5 ...2) mm. However, poor adhesion
of the insulation layer was found. The cause are antiadhesive
additives in the injection molding system, which form rigid
polymer structures during crosslinking. An adjustment of the
thermal expansion coefficient of the ceramic-like insulation
system would be necessary. Regarding the technologically
simpler dipping process, injection molding technology was
not pursued further for the time being.

2) EXAMINATION OF ELECTRICAL SHEET COMPOSITE
SAMPLES

For an initial characterization of the ceramic-like insulation
layer on the electrical sheet, the dielectric strength was deter-
mined and the thermal cycling capacity was investigated.

To measure the dielectric strength of the ceramic-like insu-
lating layer on the electrical sheet, the layer heights were first
analyzed with a micrometer gauge, with the test sheets having
an insulating wall thickness in the range of (0.06...0.1) mm.
To prevent creeping discharges on the surface of the insulat-
ing layer, the measurement was carried out in oil and with
cylindrical electrodes with a diameter of 6 mm. The electrode
was placed in the middle of the coated electrical sheet out-
side of the oil bath. Mechanical bracing of the electrode and
the grounded electrical sheet prevented an additional oil film
from forming between the sample and the electrode, which
would positively falsify the measurement result. During the
measurement, the voltage was increased at a rate of change
of 2.5 kV/s and the breakdown voltage was recorded. The
dielectric strength results from the quotient of the breakdown
voltage and the insulation wall thickness. Measured values
were around 30 kV/mm, which can be assessed as suffi-
cient for the insulation of an electrical machine with a rated
voltage <1 kV and a desired insulating layer thickness of
approximately (0.1 ...0.2) mm. With regard to voltage peaks
at inverter feeding, a sufficient insulating capacity is also to be
expected.

Parallel to the thermal cycle tests on the composite wind-
ing samples (cf., Fig. 6), the thermal cycling capacity of the
ceramic-like electrical sheet coating was examined under the
same load conditions. This resulted in more stable behavior
for the coating with the AIN-filled system compared to the
Al,Oz-filled system, with the electrical resistance of the AIN
coating being even greater than 50 M at the end of the inves-
tigation (cf., Fig. 10). In the future, the Al,O3-filled system
should also be further optimized, since it will probably be
5-10 times cheaper than the AIN system.
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FIGURE 10. Temperature cycle tests on electrical sheet composite samples
(electrical sheets with a ceramic-like dip coating with a layer thickness of
biso = 0.1 mm; thermal cycling over 1735 cycles in the range (-40...170) °C
/ 15 min holding time).

FIGURE 11. Production of test samples with PIl and AIN impregnation and
investigation of the production technology (IE3 induction machine (shaft
height 63) with distributed winding (wire diameter dc, = 0.265 mm and
copper fill factor gy = 71.2 %). (a) Pll impregnation with styrene solvent.
(b) Solvent-free AIN impregnation (40 vol.-%). (c) AIN impregnation

(40 vol.-%) with solvent acetone (2 ma.-%). (d) Verification of the
saturation in a destructive test by sawing (dimensions: Slot height

hy, = 9.5 mm and slot width b, = 5.4 mm).

V. INVESTIGATION OF PROCESSING TECHNOLOGY
BASED ON TEST SAMPLES

A. IMPREGNATION OF WINDINGS

1) MANUFACTURING AND PROCESSING TECHNOLOGY

For the practical investigation of the production technology,
stators of an IE3 standard induction machine of shaft height 63
were impregnated with the Al,O3- and the AIN-filled compos-
ite material, with conventional insulating sheets initially being
used as the main insulation of the laminated core (cf., Fig. 11).
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The impregnation was carried out by slowly immersing the
preheated stators in an immersion bath heated to 120 °C, sub-
sequent venting at 100 mbar/2 h, removal from the immersion
bath and final crosslinking at 180 °C/8 h. In the first tests,
however, excess insulating material dripped off poorly at the
winding overhangs [cf., Fig. 11(b)] and air inclusions in the
slots were sometimes found in cutting samples. By adding up
to 2 % by mass of acetone as a highly effective thinner for the
impregnation, the impregnation, and ventilation time could be
reduced by half. Excess material runs off the winding heads
much better [cf., Fig. 11(c)] and for both the AIN and the
Al,O3- filled composite system, it was possible to demon-
strate complete soaking of the slots on the basis of cutting
samples [cf., Fig. 11(d)].

2) INVESTIGATION OF THE IMPREGNATION

In addition to the abovementioned destructive cutting tests, the
impregnation was assessed by means of partial discharge (PD)
measurements, with stators conventionally impregnated on a
PII basis also being examined for comparison purposes. With
the test setup shown in Fig. 12(a), the measurements were car-
ried out with sinusoidal supply in a high-voltage laboratory.
When measuring according to DIN EN 60270, the feeding
was carried out via a measuring transducer with a subsequent
standard measuring circuit and measured value acquisition
via a LDS-6 and a MPD 600 measurement system, respec-
tively. When measuring the single winding phases against the
grounded lamination stack, the polyesterimide-based standard
impregnation resulted in a minimum PD inception voltage of
0.94 kV and the minimum PD extinction voltage was 0.76 kV.
In comparison, the measurements of the AIN-filled system
resulted in a minimum PD inception voltage of 0.98 kV and a
minimum PD extinction voltage of 0.73 kV [cf., Fig. 12(¢c)].
As a result, no significant difference between the insulation
systems could be determined. During the PD measurement
of one winding phase against the two other winding phases
connected to ground, the PD extinction voltages of both in-
sulation system variants were approximately (300 ...600) V
higher than when measuring against the grounded lamination
stack. From the phase resolved partial discharge plot shown
in Fig. 12(b) and a similar amplitude can be determined for
both half-waves, which indicates cavity discharges between
the conductors. At the same time, PD measurements accord-
ing to DIN EN 60034-18-41 were carried out by the motor
manufacturer, whereby no significant differences could be
determined compared to the standard insulation; the impulse
voltage insulation class D (extreme stress) was verified with
the standard-compliant test and indicates a good behavior
under switched voltages from an inverter.

Initial heating tests were carried out on the impreg-
nated test stators with a defined loss generation and cooling
without forced convection. In comparison to the standard
polyesterimide-based insulation, the mean excess temperature
could be reduced by approximately 5 K based on an average
excess winding temperature of 105 K with the AIN-filled
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FIGURE 12. Partial discharge measurements on test samples. (Detail: (a)
Experimental setup in high-voltage laboratory, (b) phase resolved partial
discharge pattern, (c) Inception and extinction voltage with sinusoidal
power supply on test sample with AIN impregnation system.)

impregnation and by approximately 3.5 K with Al,O3 filling,
which already demonstrated a small advantage against the
state of the art. When installed in a demonstrator machine
and with a connection of the stator laminations to the heat-
dissipating housing, a significantly greater reduction in the
excess winding temperature can be expected (cf., Section VI).

B. DIP COATING OF LAMINATION STACKS

The suitability of the insulating materials for applying the
main insulation in a dipping process was also examined on
the lamination stack of the test sample (induction machine,
shaft height 63). The thixotropic AIN-filled composite system
was heated to 120 °C, the laminated core was immersed and
slowly lifted out of the coating mass [cf., Fig. 13(a)]. The
subsequent crosslinking of the insulating layer took place at
180 °C/8 h. The result was an uneven layer formation in the
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FIGURE 13. Production of test samples with AIN dip coating as the main
insulation of the laminated core and investigation of the production
technology. (Detail: (a) Setup for dip coating. (b) Lamination stack IE3
induction machine (shaft height 63, outer diameter da = 96 mm, slot
height hn = 9.5 mm, and slot width bn = 5.4 mm). (c) Uneven coating of
the slot edges on the face of the laminated core.)

slots, which could not be improved even by prior cleaning
of the slot surfaces so far. Likewise, layer interruptions at
the edges were determined [cf., Fig. 13(b) and (c)]. A de-
pendency on the slot dimensions and the previous laminated
core production process was found; for example larger slot
surfaces and baked laminated cores allow for a better coating.
Additional edge protection in the form of an insulating plate is
currently required on the end faces of the laminated core. The
ceramic-like coating material and technology are to be further
optimized in future research work. For example, a multistage
coating process is conceivable to improve edge protection.
In the first stage, a very thin, flexible, and firmly adhering
layer is to be applied to the slot surface using a particularly
low-viscosity composite system, and in the second stage, the
mechanical edge protection is realized with a more thixotropic
coating material.

VI. INVESTIGATION OF POTENTIAL FOR ENERGY
EFFICIENCY AND POWER DENSITY INCREASE

A. MANUFACTURING OF DEMONSTRATOR MACHINES
Based on the results of experimental investigations on demon-
strator machines, the potential for increasing the energy
efficiency or the power density of electrical machines when
using the new materials and processes for the winding insula-
tion should be shown. On the one hand, an industrial induction
machine, which underlies the energy efficiency classification,
was built using the test stator with ceramic-like impregnated
winding [cf., Fig. 14(a)]. On the other hand, a prototype of
an outer rotor traction machine (modified for the test bench)
was designed based on a concept study of a wheel hub drive
for an electric motorcycle [see Fig. 14(b)]. The lamination
stack of the traction motor is coated with a ceramic-like main
insulation applied in a dipping process and the tooth coil
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FIGURE 14. Demonstrator machines for investigating the energy efficiency
and power density increase. [Detail: (a) IE3 induction machine (shaft
height 63), (b) traction machine prototype, and (c) internal structure of
permanent magnet excited outer rotor machine for traction applications
with ceramic-like AIN-based winding insulation and internal cooling of the
stator tube (main dimensions: inner stator diameter d;; = 45 mm, outer
stator diameter d;, = 104.4 mm, active length /e = 43 mm, no. of stator
slots N5 = 15 and number of poles 2p = 10)]

water cooling

winding was impregnated with the AIN-filled composite sys-
tem [cf., Fig. 14(c)]. For improved edge insulation, a 0.5 mm
thick glass fiber plate is currently applied to the end faces
of the laminated core. This results in an increase in phase
resistance of 5.7 % compared to the conventionally insulated
design due to the increase in the length of the end winding. For
better comparability, both demonstrator machines were also
set up with a standard insulation system (i.e., main insulation
from polyester insulating sheet, impregnation polyesterimide
based).

B. DESIGN OF THE WHEEL HUB TRACTION MACHINE

To determine the main dimensions and the winding design of
the machine, an electromagnetic design case study was per
formed at IAV applying JIMAG-Designer. The electromag-
netic optimization as well as the design of the internal stator
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TABLE 3. Performance Data and Separation of Losses in Operating Points

Continuous | Max. power

Property power point poli)nt
operation mode S1 S2-20s
mechanical power P> (kW) 9.47 23.06
average torque 7' (Nm) 12.5 30.4
mechanical speed 7 (r/min) 7244 7244
core loss stator tooth (W) 397.4 513.1
core loss stator back (W) 63.7 82.6
core loss rotor yoke (W) 0.5 0.5
loss magnets (W) 87.6 353.4
stranded loss slot (W) 133.6 950.0
stranded loss end winding (W) 64.4 457.5
mechanical loss (W) 150.6 150.6
total loss Ploss (kW) 0.90 2.51
efficiency 7 (%) 91.3 90.2
utilization C (kVA-min/m?) 3.16 8.00
thermal load 4-J (kA/m-A/mm?) 374 2661

tube cooling system were carried out at the university using
the software packages ANSYS Maxwell and ANSYS CFX.
Optimization calculations were accomplished regarding pole
geometry/pole segmentation and air gap width with the aim
of reducing eddy current loss in the magnets (further ex-
planations on the electromagnetic and thermal design of the
traction machine cf., [29]). The performance data and losses
summarized in Table 3 result from the calculations for the
operating points at continuous power and at maximum power
and are independent of the choice of insulation system.

Based on the loss distribution and assuming constant
boundary conditions, which were determined by means of
additional equivalent models and a heat source network, the
stator heating at the continuous power point was calculated for
the different thermal conductivities of the insulating materials.
With the conventional implementation of the winding insu-
lation, the calculated maximum winding temperature 9y, max
is 166.5 °C [cf., Fig. 15(a)], the reference temperature being
Gref = 40 °C. For the implementation of the winding insu-
lation in thermal class H, there is a reserve for the maximum
permissible winding temperature of 13.5 K. With the ceramic-
like insulation system assumed in Fig. 15(b), the maximum
winding temperature can be reduced by approximately 30 K,
which corresponds to a relative change in the winding excess
temperature A3y ave Of -23,7 %. With the models presented, it
was estimated in further calculations that the electromagnetic
utilization at the continuous power point can be increased by
approximately 15 %.

C. EXPERIMENTAL INVESTIGATION OF DEMONSTRATOR
MACHINES

The experimental investigation of the demonstrator machines
was carried out in the form of machine tests with a defined
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FIGURE 15. Calculation of the temperature distribution in the stator
depending on the thermal conductivity of the insulation system. (Detail:
(a) Standard insulation system and (b) ceramic-like insulation system;
lamination stack: Afet = 24.8 W/(m-K) and Afen = 0.9 W/(m-K); stator
winding: Acy = 385 W/(m-K), ¢cuiso = 59 %, dcy = 0.71 mm,

Xiso = 0.2 W/(m-K), biso = 52 pm — )vequ.wl.Pll =0.78 W/(m-K),

LequwtaiNn = 2.38 W/(m-K) and Xequwn = 230 W/(m-K); insulating sheets:
Xiso = 0.11 W/(m-K) and bjs, = 0.4 mm; air gap heat transfer:

a; = 60.3 W/(m?2.K) and A% ; = 84.2 K; end winding heat transfer:

aw = 76.2 W/(m2.K) and A%, = 97.6 K; cooling system heat transfer:
equc = 16-10° W/(m?-K), 3. = 30 °C and joint gap §iso = 25 um).

load and cooling for the thermal steady state at selected op-
erating points. Both for the IE3 induction machine (shaft
height 63) and for the outer rotor traction machine, two
versions with a conventional insulation system (insulating
sheets as the main insulation of the lamination stack and
polyesterimide-based impregnation of the stator winding) and
a ceramic-like AlN-based insulation system according to
Fig. 14 were examined in comparison.

At the rated point of the induction machine, the average
winding excess temperature AJy, ave measured using the resis-
tance measurement method is only 29.2 K for the version with
standard insulation, whereby a winding excess temperature
of 105 K would be permissible for the version with thermal
class F. This clearly shows that in the case of machines of
small size, a significant reduction in electromagnetic utiliza-
tion is necessary to achieve the required energy efficiency,
which results in a deterioration in resource efficiency (approx-
imately (5...10) % increase in active mass per percentage
point increase in efficiency). At the same load, the improve-
ment in heat dissipation from the winding with the ceramic
impregnation results in a temperature reduction of 5.3 K,
which corresponds to a relative change of -18.2 %. As a result
of the reduction in winding resistance and the resulting reduc-
tion in Joule losses, there is an increase in efficiency of 1.3 %
(cf., Table 4). In addition, operating points in the overload
range up to 2.3 times the rated power were examined, which
resulted in a maximum relative change in the average winding
temperature of up to -37 % with an associated increase in
efficiency of 6.8 % for the standard induction machine with
ceramic-like insulation.

Especially for drives in mobile applications, a high power
density is desired with the aim of reducing mass, which is
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TABLE 4. Comparison of Results of Experimental Investigation of Standard
Industrial Induction Machine in Selected Operating Points

Insulation Ui) b cosp P m TPl Adwae

M A (W) [rpm)(Nm)| (W) | (%) | (K)

standard | 400 10.370.74 | 189 [ 1395]|0.82| 120 | 63.6 | 29.2

(PID) 48010.60|0.86| 428 | 1264 |1.81| 240 | 56.0 | 84.9

ceramic- | 400 | 0.36|0.75 | 185 [13990.82| 120 | 64.9 | 23.9
like

(filler AIN)| 480 0.580.85| 405 | 1294 |1.77| 240 | 59.3 | 64.1

Red stands for the warmer starting system and Green shows the improved
system.

TABLE 5. Comparison of Results of Experimental Investigation of Traction
Drive in Selected Operating Points

msulation| U | 1T | Pl m | T | Pl n ASvmuAduae
V) | A) [kKW)|(rpm)|(Nm)|(kW)| (%) | (K) | (K)

standard | 92.4|21.4]2.19/1500{12.6 | 1.98(90.1 | 82.4 | 69.7
(PII)  {153.521.94.25|3000 | 12.6 | 3.95[93.0 | 87.6 | 74.9
94.9(20.8(2.19(1500{12.7]1.99|90.8 | 36.3 | 29.6

ceramic- | 96 91302 13.28|1500 | 18.1]2.85[87.0| 81.2 | 65.2
(ﬁ“l'rkim)wsj 21.5]4.27(2999]12.7(3.99]93.5| 44.2 | 37.3
160.2/30.5|6.14 | 3000 | 17.9 |5.6491.8 | 88.1 | 72.4

Red stands for the warmer starting system and Green shows the improved
system.

essentially achieved by increasing the linear current density
or the speed. Based on comparative measurements of the
outer rotor traction machine, the potential for increasing the
power density by increasing the linear current density, which
is made possible by the improved heat dissipation when us-
ing ceramic-like insulating materials, should be demonstrated.
The machines have Pt100 temperature sensors to determine
the winding temperatures in the hot spots of the end windings,
the mean winding temperature was determined using the re-
sistance measurement method. Initially, two operating points
were examined at continuous torque and the two speeds of
1500 rpm and 3000 rpm due to speed limitations of the test
bench (cf., Table 5). For the machine with conventional insula-
tion, there is a maximum winding excess temperature Ay, max
of 87.6 K at the end winding on the connection side and the
mean winding excess temperature Ady ave is 74.9 K. Based on
the permissible temperatures of the winding design in thermal
class H, there is an excess temperature reserve of approxi-
mately 50 K. In the operating range of the base speed up to
7244 rpm, no impermissible heating of the machine is to be
expected, despite increasing core loss and additional loss. At
the operating points examined, the maximum winding excess
temperature can be reduced by approximately 45 K and the av-
erage winding excess temperature by approximately 40 K by
means of the innovative, ceramic-like insulation system (rel-
ative excess temperature changes in the range (49 ...58) %).
With the lower resistance of the stator winding at steady-
state and the resulting lower Joule loss, there is an increase
in efficiency of up to 0.75 %. At the investigated operating
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points, a relative increase in power density of up to 44% was
experimentally proven with comparable maximum winding
heating for the machine with ceramic-like winding insula-
tion. Simultaneously, the higher electromagnetic utilization
and higher power density result in an increased share of the
Joule loss in the total loss and, thus, a reduction in efficiency
by up to 3 % in comparison to the standard insulation system.
The predicted power density increase of 15 % estimated for
the continuous power point (base speed) using the numerical
calculation model in Fig. 15 appears to be feasible easily on
the basis of the results obtained so far. As part of further work,
the investigation of the operating parameters in the entire
speed-torque range is planned.

VII. CONCLUSION

The electromagnetic utilization of electrical machines is lim-
ited with regard to the maximum permissible temperature
rating of conventionally used winding insulation materials.
Furthermore, these materials only have low specific thermal
conductivities of approximately 0.2 W/(m-K). As an alter-
native, the development and fundamental characterization of
ceramic-like composite systems based on filled polysiloxanes
were presented in the article and the suitability for isolating
electrical windings was demonstrated in principle.

Due to the ceramic fillers, the specific thermal conductivity
of the composite can be increased to a value of approxi-
mately 1 W/(m-K), whereby the simultaneously low viscosity
still allows the impregnation of round and flat wire windings
even with a high copper fill factor. By adding small amounts of
acetone as a highly effective impregnation thinner, the impreg-
nation and ventilation time could be reduced to approximately
1 h. The crosslinking time is currently 8 h at 180 °C, this shall
be further reduced to around 2 h by optimizing the crosslink-
ing catalyst. As a result, the equivalent thermal conductivity
for the winding composite, consisting of enameled copper
wire and ceramic-like impregnation, is two to three times
higher than the state of the art.

Parallel to the development of impregnating materials, at-
tempts were made to modify the ceramic-like composite sys-
tem by adding thixotropic agents in such a way that it is suit-
able for dip-coating electrical laminations in order to achieve
a thinnest possible and most heat-conducting main insulation.
Dielectric strength of up to approximately 30 kV/mm, with
adjustable layer thicknesses in the range of (0.05...0.5) mm,
could be demonstrated on single steel sheets. With regard to
the dip coating of complete lamination stacks, an uneven layer
height can still be determined, particularly with small slot
dimensions, and the edge coating at the front sides must be
assessed as critical. Additional edge protection is currently
required. In further work, development approaches such as
multiple coating with variation of the degree of thixotropy of
the composite are to be examined.

Based on the experimental comparative study of a highly
utilized permanent magnet excited synchronous machine for
use in electric mobility, it has already been demonstrated that
the ceramic-like insulation system can reduce the winding
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temperature by up to 58 % compared to conventional insu-
lation, and thus, the power density can be increased by up to
44 %. With regard to the application of ceramic-like insulating
materials for the insulation of electrical machines, further
R&D work will be necessary. It should focus on the detailed
investigation of the thermal, electrical, ambient, and mechan-
ical stressability of the ceramic-like insulating system as well
as the improvement of process reliability in the production
of ceramic-like insulated lamination stacks. With regard to a
broad applicability on the market, the further development of
the composite system with Al,O3 filling should be focused
from an economic point of view, since the AIN filler, which
is up to ten times more expensive, will rather be suitable for
high-performance applications. At present, the use of enam-
eled copper wire still limits the thermal conductivity of the
winding composite and its ability to withstand thermal stress.
This results in a need for the development of ceramic-like
conductor insulation.
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