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Abstract With the increasing use of novel semicon-
ductor technologies such as SiC and GaN in inverter-
fed electrical machines, the switching losses of the
power electronics can be reduced. However, this leads
to steeper voltage gradients, resulting in a strongly
nonlinear transient potential distribution along the
winding of the electrical machine. As a result, the
insulation system – especially the turn-to-turn insula-
tion – is subjected to additional voltage stress. To carry
out targeted dimensioning of the insulation system, it
is necessary to calculate the transient potential distri-
bution in advance. In the design of a hairpin wind-
ing, it is possible to influence the transient potential
differences by employing a method called “shifting”
within the winding scheme and thus to reduce the
maximum potential differences that occur. On this ba-
sis, a targeted design of winding plans with hairpins
can be achieved. Here, both the transient potential
differences between the conductors within a slot of
the stator core and the potential differences between
the conductors of different phases in the end winding
region of the machine are considered. Furthermore,
the voltage differences between the conductors and
the stator core are determined and compared for dif-
ferent variants. In this way, it is possible to reduce the
amount of material used in the insulation system. Fi-
nally, an advantageous winding layout plan based on
reduced potential differences is compared with a ref-
erence plan.

Keywords Hairpin winding · Winding design · End
winding · Transient voltage distribution

J. Dittmann (�) · M. England · B. Ponick
Institute for Drive Systems and Power Electronics, Leibniz
University Hannover, Welfengarten 1, 30167 Hannover,
Germany
jochen.dittmann@ial.uni-hannover.de

Entwurf von Haarnadelwicklungen unter
Berücksichtigung der transienten
Potenzialverteilung

Zusammenfassung Mit dem zunehmenden Einsatz
von neuen Halbleitertechnologien wie SiC und GaN
bei umrichtergespeisten elektrischen Maschinen kön-
nen die Schaltverluste der Leistungselektronik redu-
ziert werden. Dies führt jedoch zu größeren Span-
nungsgradienten, woraus sich eine stark nichtlineare
transiente Potenzialverteilung entlang der Wicklung
der elektrischen Maschine ergibt. Resultierend wird
das Isoliersystem – insbesondere die Windungsiso-
lierung – einer zusätzlichen Beanspruchung ausge-
setzt. Um eine gezielte Dimensionierung des Isolier-
systems vornehmen zu können, ist es demnach er-
forderlich, die transiente Potenzialverteilung voraus-
zuberechnen. Im Entwurfsprozess einer Haarnadel-
wicklung ist es möglich, durch so genanntes „Shifting“
innerhalb des Wicklungsplans die transienten Poten-
zialdifferenzen zu beeinflussen und somit die maxi-
mal auftretenden Potenzialdifferenzen zu reduzieren.
Auf dieser Basis kann ein gezieltes Design von Wick-
lungsplänen mit Hairpins erfolgen. Hierbei werden
sowohl die transienten Potenzialdifferenzen zwischen
den Leitern innerhalb einer Nut als auch zwischen
den Leitern verschiedener Stränge im Endbereich der
Maschine berücksichtigt. Außerdem wird das Potenzi-
al zwischen den Leitern und dem Blechpaket identifi-
ziert und für verschiedene Varianten verglichen. Auf
diese Weise ist es möglich, den Materialeinsatz für
das Isoliersystem zu reduzieren. In einem abschlie-
ßenden Vergleich wird ein vorteilhafter Nutbelegungs-
plan auf Basis reduzierter Potenzialdifferenzen einem
Referenzplan gegenübergestellt.

K Design of hairpin windings considering the transient potential distribution 271

https://doi.org/10.1007/s00502-023-01129-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s00502-023-01129-1&domain=pdf
http://orcid.org/0000-0003-2125-0941


Originalarbeit

Schlüsselwörter Haarnadel-Wicklung ·
Wicklungsdesign · Wicklungskopf · Transiente
Spannungsverteilung

1 Introduction

The transformation from vehicles propelled by tradi-
tional internal combustion engines to battery electric
vehicles requires a high degree of automation among
all the required components. This requirement also
applies to the manufacturing of the electrical ma-
chine. Therefore, in more and more applications,
rectangular shaped conductors (hairpins) are being
used for the stator winding. The degree of automation
and the copper filling factor of this winding type are
higher than with conventional random round wire
windings [1]. In the domain of frequency convert-
ers, wide band gap semiconductors such as silicon
carbide (SiC) and gallium nitride (GaN) are increas-
ingly being used. In comparison to conventional
silicon (Si) semiconductors, these can reduce switch-
ing losses through higher switching frequencies and
higher voltage gradients [2–4]. However, this also ex-
pands the output voltage noise spectra of the inverter
and leads to frequencies reaching f = 100MHz [2, 4].
The higher frequency (HF) components cause unde-
sirable side effects in the electrical machine such as
bearing currents and higher local voltage stresses.

The focus of this publication is the local voltage
stress within the winding of the electrical machine. In
order to predict these effects, it is necessary to create
a corresponding high-frequency model of the electri-
cal machine. The use of a hairpin winding enables
better modelling of HF effects due to the fact that the
positions of the conductors within the winding and
within the end winding area of the machine are de-
fined, which simplifies the calculation of the HF pa-
rameters. The exact conductor position is only sub-
ject to the respective production tolerances. In [5–9],
different methods for calculating the HF parameters
and for creating a machine model based on these pa-
rameters are presented. However, these publications
explain only how the transient voltage distributions
within a given winding can be calculated. The aim of
this paper is to show how the voltage distribution can
be considered at the time of the design of the winding
in order to minimize the local voltage stress.

Fig. 1 shows an overview of the methodological
approach to the winding design which considers the
voltage distribution. Using the method presented
in [10], it is possible to generate hairpin winding
plans with good symmetry properties. Based on this
method, a reference winding design is created. The
positions of the conductors in the winding plan are
modified with a novel shifting method. Using the pre-
sented filter criteria, the solution space for the shifting
method is limited and this results in a manageable
number of winding plans. For each of these plans,
a calculation of the potential differences is carried

Fig. 1 Calculation approach to the winding design based on
the potential distribution

out. Lastly, a comparison of the maximum potential
differences is performed to determine which winding
plan has the lowest potential differences.

2 Design Guidelines and Reference Machine

For hairpin windings, the rectangular conductors in
each slot are arranged in layers. To form a winding,
connections between the conductors are made, which
are defined by the winding algorithm. General de-
sign guidelines for hairpin winding with a multitude
of parallel branches per phase are described in [10].
To ensure that no circulating currents are excited, the
electrical impedances of all the parallel branches must
be equal and the electromotive forces (EMFs) must
also be the same. Therefore, two classifications can
be derived for hairpin windings affected by saturation
effects [11]:

Table 1 Parameters of the investigated stator sample
Parameter Symbol Value

No. of pole pairs p 3

Statorcore length lFe 197mm

Stator outer diameter Do1 220mm

Stator inner diameter D i1 140mm

No. of slots N 54

No. of layers nL 8

No. of slots per pole and
phase

q 3

Relative permeability of
magnetic sheet

μr 1000

Electric conductivity of
magnetic sheet

κ 1.68MSm−1
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Fig. 2 Excerpt from hairpin winding design WD1a3 with w1 = 24 and a = 3

Fig. 3 Excerpt from hairpin winding design WD2a2 with w1 = 36 and a = 2

1. Weak symmetry: All parallel branches of each phase
occupy all layers and independently all phase slots
using the same number of conductors;

2. Strong symmetry: All parallel branches of each
phase occupy all phase slots in each layer using
the same number of conductors.

Weak symmetric designs can lead to circulating cur-
rents between parallel branches, resulting in uneven
heat distribution due to differing ohmic losses in the
parallel branches [11, 12]. This effect is more pro-
nounced for short-pitch windings and in presence of
high saturation. For strong symmetric designs, the
symmetry is enhanced and no circulating currents are
excited.

The design rules for strong symmetry are inte-
grated into a hairpin winding design tool, which
considers all possible hairpin designs for given pa-
rameters [10]. Considering the parameters in Table 1,
winding designs are generated by the tool. Subse-
quently, favourable designs are chosen on the basis
of quality factors. For this research, two different
designs are examined. An excerpt from the winding
diagram of WD1a3 with an effective number of turns
per phase w1 = 24 is shown in Fig. 2. Therein, eight
layers and 15 of 54 slots are depicted. The first num-
ber represents the phase (1 for phase U). The second
number indicates the parallel branch, while the last
two numbers describe the interconnection according
to the sequential conductor number. As the first con-
ductor is connected to the supply, the last conductor
is connected to the star point. Additionally, the phases
are distinguished by color and the parallel branches
are distinguished by different color intensities. As can
be seen from the winding diagram, the winding starts
and ends in layer one.

Additionally, a winding design WD3a2 with two pa-
rallel branches, as shown in Fig. 3, is chosen. Due to
its characteristic that q �= a, a different winding algo-
rithm must be used. Here the winding starts for all
phases in layer two and ends in layer one.

Based on these winding designs, the potential dif-
ferences between conductors are determined and an
optimization considering the transient voltage distri-
bution is carried out.

3 High Frequency Behaviour of Electrical
Machines

During supply of the electrical machine from an
inverter, a machine must withstand a sharp pulse-
shaped voltage. The switching frequency of the in-
verter as well as the frequency components show
high voltage gradients which lead to additional stress.
This may cause bearing currents and EMC interfer-
ence, for example. Furthermore, these additional
frequency components lead to a non-linear voltage
drop along the individual turns of a phase. This is
due to the geometric arrangement of the individual
winding within the electrical machine and the re-
sulting parasitic capacitances and inductances. To
predict this behaviour, a fundamental wave model of
the electrical machine is no longer sufficient. Instead,
it is necessary to model the high frequency behaviour
of each individual conductor and then combine this
high frequency model into a multi-conductor trans-
mission line model. In Fig. 5, the HF model of two
coupled conductors is shown. The conductor model
consists of a self-resistance Rii and a self-inductance
Lii . Furthermore, there is a capacitive coupling to the
ground Cwf,i and a capacitive coupling to the neigh-
bouring conductors Ck,i . The dielectric losses of these
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Fig. 4 Comparison of the measured input voltage Uin and
different conductor-to-conductor voltages Ucc of phase W at
the connection variant W-UV over the time

parasitic capacitances are modelled by with Rwf,i and
Rk,i . The impedance Zyoke represents the return path
through the stator core. The mutual resistance due
to an additional voltage drop in conductor i owing
a current in conductor j can be represented by Rij.
Additionally, the inductive coupling between a con-
ductor i and a conductor j is represented by a mutual
inductance Li j .

Based on the geometric dimensions of the conduc-
tors and the stator lamination, the parasitic capaci-
tances between the conductors and to the stator lam-
ination can be determined using FEM or an analytical
approach [13]. The fre-quency-dependent resistances
and inductances can also calculated using FEM and
the parameters of Table 1. The calculation method is
well presented in [14] and [15].

With reference to the winding plan as presented
in Fig. 2, it is possible to set up the multi-conductor
transmission line model as explained in [16], which
results in the linear equation system[

Y B
C Z

]
︸ ︷︷ ︸

A

[
U
I

]
︸︷︷︸

x

=
[
Iq
Uq

]
︸ ︷︷ ︸

b

. (1)

Y is the admittance matrix and B contains the nodal
equations in combination with x and b. The matrix
C represents additional relationships of the network
branches and the impedance matrix Z contains the
self-inductances and the mutual inductances. The
equation system can be solved by using the modified
nodal analysis

x=A−1b (2)

Fig. 5 High frequency model of coupled conductors [18]

in the frequency domain. As a result of the nodal
analysis, according to [17], U contains the complex
node potentials. With

H(x, f )= U (x, f )

Uq1( f )
, (3)

it is possible to determine the transfer function of
every node in the model, which describes the rela-
tionship between the input voltage signal and the re-
spective node voltage. Additionally, [17] presents an
approach used to calculate the potential distribution
caused by a given input voltage pulse. The method
involves a simple multiplication of the input voltage
and the transfer function of each node voltage in the
frequency domain. By using the inverse Fourier trans-
form it is possible to obtain the space- and time-de-
pendent voltage signal of each node in the multi-con-
ductor transmission line model. In Fig. 6, the geomet-
ric positions of the calculated potentials are shown. It
can be seen that the potential is always calculated at
a point after the conductor has passed through the
stator core. In the end winding region (welding side
and bending side), it is assumed that the potential is
constant.

4 Potential Differences of Hairpin Windings

4.1 General

By using an inverter-fed electrical machine, differ-
ent connections of the stator winding occur due to

274 Design of hairpin windings considering the transient potential distribution K



Originalarbeit

Fig. 6 Geometric positions of the calculated potentials

the switching behaviour of the semiconductors. Be-
sides the common-mode connection, these also in-
clude the three different differential-mode (DM) con-
nections. Due to the fact that perfect symmetry be-
tween the different phases is not possible, the three
connection variants U-VW, V-UW and W-UV have to
be investigated separately. Fig. 7 shows the asym-
metric behaviour of the three different DM connec-
tions at the same point in time. This asymmetry does
not refer to the method presented in [11] which is
used to reduce circulating currents within the wind-
ing. Each position within the slots in the machine has
different parasitic HF characteristics. This is due to
the capacitive and inductive couplings of the stator
core and to the immediately surrounding conductors.
A perfectly symmetrical potential distribution would
therefore require that the same couplings always oc-
cur for the different phases and parallel branches in
the spatial distribution. However, this cannot be re-
alised within a coherent winding. The asymmetrical
behaviour shown here has no influence on the fun-
damental operational behaviour of the electrical ma-
chine.

The differences shown in Fig. 7 result from the spa-
tially different distribution of the conductors along
the winding within the stator core. In this winding
plan, the different step widths of the individual paral-
lel branches on the bending side lead to an asymmet-
rical potential distribution between the three phases.
Even a short-pitched winding can lead to stronger
asymmetrical behaviour and thereby to greater dif-
ferences between the potential distributions of the
individual phases and parallel branches. Therefore,
it is necessary to simulate all four connection vari-
ants when investigating the maximum potential dif-
ferences which can occur in a winding plan.

4.2 Stator Core

Based on the existing winding diagram shown in Fig. 2
and Fig. 3, it is possible to determine the potential
differences within a slot after calculating the four dif-

Fig. 7 Comparison of the spatial potential distributions of dif-
ferent DM connections at the same point in time

ferent connection variants. For this purpose, the po-
tential differences of directly adjacent conductors are
calculated and the potential of all conductors relative
to the laminated core is determined.

4.3 End Winding Region

For the calculation of the potential differences within
the two end winding regions of the electrical machine,
it is necessary to identify all spots where the conduc-
tors of two different layers cross each other. Fig. 8
shows a simplified bending side of the winding with
only two layers and six conductors. It can be seen that
the conductor C1 crosses the conductors C4, C5 and
C6 by passing the end winding region until it reaches
the bending point. At this point, the conductor is not
only bent to re-enter the stator core, but a change of
layer also takes place, so that a conductor that exits
the stator core from layer two re-enters the stator core
in the layer above or below layer two. This results in
conductor C1 crossing conductors C2 and C4 between
the bending point and its re-entry into the stator core.

By expanding the simple example shown in Fig. 8 to
add more layers per slot, additional conductors are in-
troduced above and below the conductors C1, C2 and
C3. Even these conductors change layer in the end
winding region, which leads to further crossings and
thus to new potential differences. Based on these con-
ductor paths, a pattern can be prepared which iden-
tifies the conductors for which crossings occur within
the end winding region. Fig. 9 shows this pattern for
the conductor 1213. The conductor exits the stator
core from slot 1, layer 4 and reenters the stator core
in slot 10, layer 3. These positions are marked in blue.
The layer change of a conductor always takes place
at the geometric centre between the entry and exit
points in the stator core. In this example, it is between
slot 5 and slot 6. The cells marked in yellow contain
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Fig. 8 Excerpt from a hairpin end winding region

the conductors crossed by conductor 1213 and there-
fore all potential differences which need to be calcu-
lated. This pattern can now be used to determine all
potential differences within the end winding region.
For the top and bottom layers, an adapted pattern is
defined.

5 Shifting

To influence the potential differences without chang-
ing the winding layout itself, a shifting method is em-
ployed. To explain conductor shifting, an excerpt from
an unshifted reference winding of phase U is shown
in Fig. 10. The parallel branches a1 and a2 start in
slot 1 and slot 2 of layer 1, respectively. The winding
pattern connects the individual conductors of each
winding zone as shown. If a shift is applied, the con-
ductor positions remain the same, but the numbering
changes. For example, a shift by one position nshift = 1
means that the conductor connected to the supply
line is moved by two winding zones, so that the wind-
ing for parallel path a1 starts in slot 13. This is shown
for an even shift for a1 and a2 in Fig. 11. If a shift by
two positions nshift = 2 is executed, the winding shown
in Fig. 12 results.

The shifting method can be performed equally for
all parallel branches as depicted here, or individually
for each parallel branch. Also, each phase can be
shifted by a different step, so that the start and the
end conductors of each phase are located in differ-
ent slots and layers. Thereby, this method influences
the potential differences between the conductors and
the potential differences between the conductors and
ground. Fig. 13 shows the influence of nshift = 1 and
nshift = 2 shifted winding plans of the WD1a3 wind-
ing design on the spatial potential distribution. It
can be seen that the spatial potential distribution de-
pends on the spatial conductor distribution in the sta-
tor core. By using the shifting method, the spatial
conductor distribution changes and therefore the po-
tential distribution is also affected. Furthermore, it
can be seen that some local minima occur in the spa-
tial potential distribution. At the locations of the local
minima, a special hairpin connects layers 1-2 to lay-
ers 3-4. By using the shifting method, the conductor
number which gets assigned with this special hairpin

Fig. 9 Resulting pattern for the calculation of the potential
differences on the bending and on the welding sides of the
end winding region

also changes. This leads to a shift of these local min-
ima due to the change in the conductor position, and
thereby to changes in both, the capacitive coupling
and the inductive coupling, caused by the spatial po-
tential distribution. At conductor 48, the star point is
located. Above the star point, the parallel connection
of the phases 2 and 3 can be found. Therefore, there is
no displacement of the spatial potential distribution
above the conductor 48, since only the first phase was
shifted. When considering the spatial potential dis-
tribution over time, it can be seen that an oscillation
occurs between the special hairpins.

Beside the described minima and the oscillation,
the spatial potential distribution of the nshift = 2 shifted
winding plan reaches higher peak values of the poten-
tial difference. Moreover, at the conductor 24 of the
reference winding plan, there is a nearly linear course
of the potential distribution. At this conductor, the last
layer in the stator slot is reached. Now, the winding
algorithm changes the direction to fill the slots from
the last layer to the first layer. Thereby, a change in the
spatial potential distribution also occurs. This direc-
tion change is performed twice per phase and leads
to another oscillation of the potential distribution be-
tween these positions over time. In summary, each
change in the conductor position within the winding
plan leads to a change in the spatial potential distri-
bution. Therefore, the shifting method can be used to
optimise the winding plan to achieve a lower voltage
stress.

6 Filtering Process

By using the shifting method, it is possible to shift
each phase and also each parallel branch separately.
This leads to large degree of freedom and thereby to
a high number of possible winding plans. A calcula-
tion of the potential distribution for each winding plan
would demand high computational resources. There-
fore, it is necessary to filter the list of possible winding
plans. For the optimisation of the winding plan, the
following filter criteria are introduced, which must be
fulfilled by the shifted winding plans.

1. Phase input slot: The input conductor of each pa-
rallel branch of each phase must be in the range of
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Fig. 10 Excerpt of phase U of an unshifted winding design with Q = 48, p = 4, q = 4, nL = 4, a = 4; different parallel branches
are differentiated by color

Fig. 11 Excerpt of phase U of an nshift = 1 shifted winding design with Q = 48, p = 4, q = 4, nL = 4, a = 4; different parallel
branches are differentiated by colour

Fig. 12 Excerpt of phase U of an nshift = 2 shifted winding design with Q = 48, p = 4, q = 4, nL = 4, a = 4; different parallel
branches are differentiated by color

Ndiff = 2q −1 slots. Fig. 14 shows this range with the
parameter Ndiff. This criterion is required to ensure
the shortest and most symmetrical connection ca-
bles to the inverter.

2. Phase output layer: The output conductor of each
parallel branch of each phase must be in the range
one layer deeper or higher, i.e., ± 1 layer. This filter
criterion enables a short and simple star point con-
nection.

By using these two filter criteria, the number of pos-
sible winding plans can be reduced. This results in
368 different shifted plans for WD1a3 and 272 differ-
ent shifted plans for WD2a2. For each of these plans,
a calculation of the potential distribution and the po-
tential differences is performed.

7 Comparison of Shifted and Unshifted Designs

After the shifting and filtering processes have been
completed, calculations of the three DM connections
and the CM connection are performed for each wind-
ing plan. To compare the different winding plans
after this, it is necessary to define a comparable value.
This must be composed of the maximum conductor-
to-conductor voltage Umax,cc and the maximum con-

ductor-to-ground voltageUmax,cGND occurring in each
winding plan. Therefore, the comparison voltage

Ucomp =
√
U2
max,cGND+U2

max,cc (4)

is introduced. It is the geometric sum of the two
calculated maximum voltages for each winding plan.
Fig. 15 shows the values of voltageUcomp for the wind-
ing designs WD1a3 and WD2a2. It can be seen that
there is a global minimum for the WD1a3 winding
design at the winding plan number 122 with Ucomp =
1392V. Furthermore, a maximum can be identified
for the winding plan 161 at Ucomp = 1859V. This re-
sults in a voltage difference between the maximum
and the minimum of Ushift,diff = 467V. In Table 2, fur-
ther voltage differences between the unshifted refer-
ence winding and the shifted winding are listed. It
can be seen that the shifting method can reduce the
maximum voltage stress that occurs both between the
conductors and between the conductors and the sta-
tor core. Furthermore, it can be seen that the maxi-
mum voltage between the conductors can always be
found in the end winding region. The voltage differ-
ences within the stator core are relatively low. This
is due to the fact that voltage differences between the
different phases are only determined in the end wind-
ing region. Within a slot, however, there is always
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Fig. 13 Comparison of the spatial potential distributions of
the reference nshift = 1 and an nshift = 2 shifted phase 1 of the
WD1a3 winding design at the same point in time

Fig. 14 Visualisation of the filter parameter Ndiff

just a single phase, which would only change by us-
ing a short-pitch winding and thus a change in the
winding design. By optimizing the winding design
WD2a2, it is possible to reduce the voltage between
adjacent conductors Umax,cc by 7.4% and the voltage
between the conductors and the stator coreUmax,cGND
by 16,6%.

For the winding design WD1a3, the conductor-to-
conductor voltageUmax,cc can be reduced by 7.7% and
the conductor-to-ground voltage Umax,cGND by 45% if
shifting is employed. In order to analyse the high dif-
ference in Umax,cGND between the reference plan and
the shifted plan in detail, the two transfer functions
H(x = 15) of the conductor 15 of phase W and the pa-
rallel branch 2 in the frequency domain are shown in
Fig. 16. This chosen conductor represents the position
where the highest voltage stress occurs. In addition,
the spectrum of the input voltage |Uin| is shown, which
excites the system. It can be seen that the transfer
function of the reference plan has a sharply formed
resonance at a frequency of f = 2.7MHz. This reso-

Fig. 15 Values of the comparison voltage Ucomp of the
WD1a3 and the WD2a2 winding plan at the same point in
time

Fig. 16 Comparison of the transfer function |H(x = 15)| from
the reference and the shifted winding plans based on the wind-
ing design WD1a3 together with a plot of the input voltage
spectrum Uin

nance is moved to the lower frequency range in the
shifted plan and has a reduced amplitude. The spec-
trum of the input voltage shows large amplitudes in
the range between f = 2MHz and f = 3MHz which, in
combination with the resonance of the reference plan,
leads to the voltage spike in the time domain.

8 Conclusion

This paper shows a method for the design of a hair-
pin winding which considers the transient voltage dis-
tribution. Starting from different reference winding
designs, it explains how the shifting method can ad-
just winding plans without changing the underlying
design. In order to limit the solution space of the
possible winding plans, filter criteria were introduced

278 Design of hairpin windings considering the transient potential distribution K



Originalarbeit

Table 2 Comparison of the maximum voltage differences occurring in the shifted and the unshifted winding designs
Winding design Umax,cc Umax,cc,slot Umax,cc,ew Umax,cGND

WD1a3 reference 1241V 963V 1241V 1355V

WD1a3 var.122 1145V 740V 1145V 731V

WD2a2 reference 1288V 911V 1289V 849V

WD2a2 var.108 1193V 828V 1193V 725V

which make an investigation of the transient voltage
distribution feasible. Based on the winding diagrams,
multi-conductor transmission-line models are created
and solved with the help of the modified nodal analy-
sis in the frequency domain. Subsequently, the poten-
tial distributions of the different connections were de-
termined by applying a measured input voltage pulse
to the system. Moreover, two methods to calculate the
voltage differences within the stator core and within
the end winding region are presented. A comparison
of the maximum voltage differences between the un-
shifted and the shifted winding plans shows a sub-
stantial variation and thus good potential for opti-
mization. Furthermore, the origin of the higher volt-
ages can be explained by the interaction between the
transfer functions and the voltage spectrum of the
input voltage. Considering the calculated maximum
voltages, a design for the insulation system of the elec-
trical machine can be prepared. Nevertheless, it is
necessary to consider the interactions between the in-
verter, the cable and the electrical machine to avoid
matches between the excitation voltage and resonant
frequencies of the winding, which would lead to high
local voltage stresses.
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