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Abstract — In the last years the adoption of hairpin windings
is increasing, especially in the automotive sector, mainly due to
their inherently high fill factor and electric loading capability.

A critical aspect related to the reliability and lifetime of
every winding typology is the voltage stress due to the uneven
voltage distribution. This phenomenon has already been largely
analyzed in conventional stranded conductors, while a few
studies are available for hairpin windings. With the spreading
of wide bandgap devices, the investigation on voltage
distribution becomes an ever-timely topic due to their short rise
times. This paper presents an analysis of the uneven voltage
distribution triggered within hairpin windings by a low rise
time waveform, using a complete high-frequency winding
model. The different options to series-connect different paths
are investigated, providing simple but essential guidelines to
reduce the electrical stress within hairpin windings.

Index Terms— Voltage distribution, Insulation stress,
Hairpin Conductors, Hairpin connections, Wide-Band-Gap
devices, Electric drives

L. INTRODUCTION

A.  Background

Nowadays the importance and diffusion of Variable Speed
Drives (VSDs) is well known. With the expansion of
electrification, VSDs have reached an enormous variety of
applications, from household to industrial, aerospace,
automotive or renewable energy generation appliances.
VSDs normally require converters with switching
semiconductors. In order to increase the overall performance,
the research and adoption of Wide Bandgap (WBG) devices
is spreading [1]-[4]. In fact, thanks to their fast
commutations, higher switching frequencies and lower losses
can be achieved. On the other hand, the considerably low rise
times of WBG devices tend to increase electrical insulation
stress due to voltage wave reflection and uneven voltage
distribution within machine windings [4]. Overvoltage due to
wave reflection is less prominent where sufficiently short
connections between converter and machines are adopted,
while the uneven voltage distribution is always present when
short rise times occur. This phenomenon has already been
largely studied in stranded round conductors [5]-[9], while
few data are available for hairpin conductors, which are
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becoming quite automotive

applications.

popular, especially for

B.  Hairpin Conductors

Hairpin conductors are pre-formed wires which can
achieve a high fill factor, thus also a higher slot thermal
conductivity [10]-[15]. This aspect allows to increase the
electric loading, especially at low frequencies, making them
suitable for automotive applications requiring high torque
densities. Hairpin conductors are suitable also for large scale
productions and allow the realization of identical coils,
which is another important requirement to meet in the
automotive sector.

Beyond all these advantages, hairpin conductors present
also some challenges. They are quite sensitive to AC Joule
losses, which are not evenly distributed in the different
layers, i.e. they tend to increase from the slot bottom towards
the air gap. Hence, transpositions are necessary in order to
equalize the impedances of the different winding paths, such
that the internal recirculation of currents is avoided [11],[12].
This necessity results in a lower number of degrees of
freedom in terms of winding topologies compared to
designing windings with round, stranded conductors. Apart
from transposition, which is mandatory, some solutions have
been studied to decrease the impact of AC losses, such as the
adoption of hairpin conductors with variable cross sections
inside the slot [13], the increase of the number of layers [12],
pushing conductors towards the slot bottom or the adoption
of different materials [14].

While extensive attention is given to AC losses in the
available literature, little focus is given to the reliability
aspects related to hairpin windings and their insulation
system. In particular, few data and models are available on
hairpin windings’ voltage stress.

C. State of the art of hairpin windings voltage distribution

As stated in the previous section, hairpin conductors
allow the realization of identical coils.

In fact, the exact location of each conductor is known, thus
more reliable results in terms of voltage stress modeling can
be achieved and appropriate countermeasures can be taken,
such as the choice of a specific insulation or a proper
winding layout. Some studies have been done in order to
reach a better understanding of these phenomena in hairpin
windings [16]-[19]. The general approach is typically based
on the finite element (FE) extraction of the impedances, and
on the simulation of the voltage waveforms in the equivalent
high frequency (HF) circuit of the winding (or a portion of

1642

Authorized licensed use limited to: UNIVERSITA MODENA. Downloaded on February 24,2023 at 08:44:48 UTC from IEEE Xplore. Restrictions apply.



it). A particular focus has been given to the influence of the
voltage input parameters (amplitude, rise time or dv/dt),
through some sensitivity analyses [16], [17], and to some
possible special connections aimed at reducing the maximum
voltage amplitude between adjacent layers [16], [19].
However, more investigations are needed, such as:

1. the influence of winding geometric parameters;

2. the study of the phenomenon in short pitched

windings;
3. the study on how to reduce the voltage stress for
machines  featuring standard and  simpler

connections, which are more likely to be adopted in
a context of large scale and/or lower cost
production.
This paper is focused on the third point, whereas the first two
aspects will be investigated in future researches.

D. Motivation and Aim

Considering the above, the main aims of this paper are to
present a voltage distribution analysis on a complete HF
model of a three-phase winding with standard connections,
and to investigate the best possible solutions to series
connect the different winding paths. The considered machine
connections are kept as uniform as possible in order to
simplify the realization of the winding, thus no jumps of
more than one layer are considered. The main motivation
under this assumption is that special connections are not
always feasible and they tend to increase the manufacturing
complexity, thus some simpler and lower cost alternatives
should be also investigated. The main results are then
adopted to draw some simple but important guidelines for the
realization of hairpin windings with a reduced voltage stress.

II. MODEL DESCRIPTION

A. Case Study

The considered machine is a dual three-phase PM-assisted
synchronous reluctance machine with six conductors per slot
and integer slot distributed winding ISDW. Each phase
consists of 4 paths whose terminals can be series or parallel
connected. The winding main data are summarized in TABLE
I. For the sake of the voltage distribution study, only one of
the two three-phase windings can be considered and the rotor
influence can be neglected.

B.  Finite Element Model

A 2D FE model is built for the extraction of all the
winding impedances, thus a proper mesh and characterization
of all the materials is needed. A picture of it can be observed
in Fig.. The adopted software is Simcenter ElecNet for the
capacitances determination and Simcenter MagNet for
resistances and inductances. The evaluation of the
parameters, which is briefly recalled below, is carried out as
illustrated in [16]-[19]:

e The capacitances are computed though electrostatic
simulations, since they are frequency independent.

e The resistances and inductances can be computed
through transient or time harmonic simulations. In

this paper, transient simulations are performed to
achieve a better accuracy. The saturation is
considered low, which should correspond to the
worst case scenario in terms of voltage stress. In
fact, the consequently higher inductance should
trigger voltage oscillations also at lower
frequencies.

e The frequency dependent parameters are evaluated at
a fixed frequency f., which is chosen according to
the input waveform rise time ¢, [9].

C. Circuital Model

The HF equivalent circuit consists of series and parallel
connections of multiple RLC impedances. Fig.2 provides an
example of the HF model of a 2-layer slot. R; and L; are
basically the HF resistances and inductances of the conductor
belonging to the i layer. C;> is the capacitance between the
two considered adjacent layers, while Cj are the conductor
to ground capacitances.

The slot walls are considered at the ground potential. The
single slot models are identical for a specific machine and
should then be connected, according to the number of slots,
paths and conductor transposition, in order to realize the HF
total impedance of each phase.

D. Winding Connections

Before running the simulations, it is necessary to connect
the slot winding models according to the winding diagram.
This section illustrates the adopted connections for the

TABLE I. WINDING PARAMETERS

Winding topology ISDW
Slots 96
Slots per pole per phase 2
Slot Conductors 6
Conductor dimensions [mm] 28x1.8
Phase Paths 4
Liner
Conductor
Enamel
Stator
(ground
reference)
Impregnation

Fig.1. 2D FE model of one slot. The main components are
highlighted.
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realization of each phase path. Fig. 3 shows the winding
diagram of one phase. There are four paths:

e Paths 1 (red) and 2 (green) start form the 1% layer of
slots 1 and 2 respectively, while they end in the 6™
layer of slots 86 and 85 respectively. They are
wounded clockwise.

e Paths 3 (yellow) and 4 (blue) start from the 6 layer
of slots 1 and 2 respectively, while they end in the
1% layer of slot 14 and 13 respectively. They are
wounded counterclockwise.

e FEach path has the same identical connection
topology. There are one short and one long
connection at each revolution in order to equally fill
all the slots per pole per phase. The connections
with the dotted lines, which refer to the welding
side, are such that the coil pitch is equal the pole
pitch. The solid lines are referred to the insertion
side and can have different lengths when it is
necessary to change slot per pole from even to
uneven indexes or vice versa. However, they are
kept as uniform as possible. Hence, only jumps of a
single layer have been adopted. Each connection is
characterized by a change of layer, and for each
revolution two layers are filled. The starting slots
have been chosen such that the terminals are kept
near to each other.

To summarize, all the paths start from slots 1 and 2. The
clockwise paths start from the 1% layer, while the
counterclockwise paths from the 6%. Depending on how the

L1 R1
T3 $ To the
L 1 Following
ayer
= C, =/ Cy Slot
Layer 2 i
= G
_,j Ground
T (Stator Core)

Fig.2. HF slot model of a 2-layer winding.

starting (SP;) and ending (EP;) terminals are connected,
different phase layouts can be achieved. It has to be
considered that the connection topology of each path and the
terminal connection must be identical for every phase. This
results in the winding diagram of the other phases being
equal to that of Fig. 3, with the exception of a different slot
index, which can be obtained shifting the actual slot index
with the correct phase shift.

III. VOLTAGE DISTRIBUTION ANALYSIS

A.  Preliminary considerations

As stated in section I. D. the main aim is to investigate
the different series connections which can be obtained from
the connection of the paths’ terminals. To achieve that, path
1 is kept fixed as the starting one, while the connection order
of all the other paths is varied. The simulated transition
considers a SV-PWM inverter going from a zero state to an
active state, thus the HF total impedance will consist in the
series connection of one phase with the parallel of the
remaining two (all the phases are modelled). The single
phase will be the most stressed, since it will experience a
total voltage drop of ~2/3V4 (if no considerable overshoot
occurs), where V. is the DC bus voltage. This analysis will
consider the aforementioned transition when the phase
shown in Fig. 3 (Al) is the series connected one, as
schematized in Fig. 4. The simulations are run with a square
wave voltage input of 500V and a rise time of =33ns,
corresponding to a frequency of ~10MHz used for the
estimation of the HF impedances in the FE-based software.

B.  Simulations

EP4 — >
I 513 s25 s37 s49 s61 s73 s85
_ [ .
[~ -« .
S5 ¥ - |
e A ¥~ - ~ e ]
[ /’/ —
EP2
s14 S26 s38 S50 S62 s74 586 ¢
- - ) . \ u - ¥
™| — ate T~ =
- ~ - /" Y - - v :
~ o e — = T~ -~
Wi ~ i v L ~ i - o .‘_\_ -
sPa | ] _p Y
/1
T ] -

Fig.3. Winding diagram of one phase, including all the paths. The even index slots are on the top, while the others on the
bottom. Slots belonging to the same pole are on the same column.
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Fig.4. Simulated transition. A1 is the analyzed phase
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Fig.5. Example of voltage waveform between the first
two layers of a slot.
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Fig.6. Slot 1 maximum voltage stress as a function of layer.

The most representative slots to analyze are those where
the start and end terminals of the four paths are located.
These slots are the 1, 27 13t 14% 85% and 86™. Once a
simulation is run, it is possible to extrapolate the voltage
waveforms between adjacent layers belonging to each slots.
Fig. 5 provides an example of the voltage between two
layers. The most relevant value during each transition is the
peak voltage which corresponds to the maximum voltage
stress between the adjacent layers. Therefore, this value is
selected for plotting Figures 6-11. This will provide an
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Fig.7. Slot 2 maximum voltage stress as a function of layer.
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Fig.8. Slot 13 maximum voltage stress as a function of layer.
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Fig.9. Slot 14 maximum voltage stress as a function of layer.

indication of the best connection paths’ configurations
Clxxx, where the indexes “1xxx” represent the path series
connection order. Each figure from Fig. 6 to Fig. 11
illustrates the layer-to-layer peak voltage, during a
switching transient, for each adjacent layers in a
representative slot (S;), and for all the analyzed Cixx
configurations. Fig. 12 shows a summary of the highest
values of the maximum voltage stress occurring in each slot
for each configuration, regardless of the layer where it
occurs. This figure can provide a compact indication of the
best configurations. From Fig. 12 it can be observed that
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Fig.10. Slot 85 maximum voltage stress as a function of layer.
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Fig.12. Maximum value of slot peak voltage stress for all the
configurations.

there are two optimal configurations, i.e. C1342 (purple) and
C1432 (light blue). They both always achieve a slot
maximum voltage stress around 450V in two of the
considered slots, i.e. S85 for C1342 and S1 for C1432. When
the objective was to reduce only the highest value of the peak
voltage stress, the path 1-3-4-2 would be the best one, as it
can achieve a slightly lower value than the path 1-4-3-2.
However, this second configuration can also provide a
considerably lower average value of the peak voltage stress

(in addition to a comparable maximum value), which is
obtained in only two slots. In fact, C1432 has voltage stress
values always below 300V for S14, S85 and S86, and a
maximum value around 300V for S13, which make it the
most interesting choice. On the other hand, C1342 features
values always above 300V, for every layer of all of the slots.

A common characteristic of both configurations is that
they have path 2 at the end of the series connection. It has to
be noticed that the ending path has the same starting layer
and wiring direction of the starting path, with which there are
no slots in common. The other two paths, wounded in the
opposite direction (counterclockwise), occupy the middle
positions of the series connection. Therefore, some simple
general rules can be derived as follow.

e Starting and ending paths should not share the same
slots. In fact, paths which are far in the series
connection exhibit a higher voltage difference, but
the electrical stress between them cannot occur
when there are no common slots.

e When the aim is also to contain the average peak
voltage stress, the second path (in the connection
order) should be the one which shares the highest
number of slots with the starting path. Paths with
many slots in common should always be kept as
near as possible in the series connection, in order to
reduce the voltage difference between them.

e When the winding is an ISDW with the same
connection rules illustrated in section II.D, the
series connections which satisfy the previous two
points belong to one of these two categories: CW-
CCW-CCW-CW or CCW-CW-CW-CCW, where
CW stands for clockwise and CCW stands for
counterclockwise. In order to minimize also the
average peak voltage stress, the consecutive paths
should start in different slots (this second rule is not
satisfied by C1342).

Failing to meet these simple rules could result in voltage
stresses, potentially exceeding the DC bus voltage amplitude.

IV. CONCLUSION

In this work the uneven voltage distribution and the
ensuing voltage stress, triggered by a low rise time waveform
feeding hairpin windings, was investigated. The winding
diagram of the adopted ISDW model was first described, and
several ways to series connect the various paths of one
machine phase were then illustrated. The winding
connections were kept as uniform as possible since it is not
always possible to adopt a consistent number of special
connections. The voltage stresses between the winding layers
were analyzed through the equivalent HF circuital model for
all the possible configurations. Some basic rules to reduce
both the maximum and the average of the peak voltage
stresses between the layers were underlined. The main
conclusion relates to a simple guideline consisting of keeping
distant the paths with no slots in common, while paths with
several slots in common should be kept as near as possible in
the series connection.

1646

Authorized licensed use limited to: UNIVERSITA MODENA. Downloaded on February 24,2023 at 08:44:48 UTC from IEEE Xplore. Restrictions apply.



V. ACKNOWLEDGMENT

This project has received funding from the Clean Sky 2
Joint Undertaking under the European Union’s Horizon 2020
research and innovation program under project AUTO-MEA
grant agreement No. 865354.

VI. REFERENCES

[1] S. Chen, W. Yu and D. Meyer, "Design and Implementation of Forced
Air-cooled, 140kHz, 20kW SiC MOSFET based Vienna PFC," 2019
IEEE Applied Power Electronics Conference and Exposition (APEC),
Anaheim, CA, USA, 2019, pp. 1196-1203.

[2] F. Savi et al., "High-Speed Electric Drives: A Step Towards System
Design," in IEEE Open Journal of the Industrial Electronics Society,
vol. 1, pp. 10-21, 2020, doi: 10.1109/0OJIES.2020.2973883.

[3] D. Barater, G. Buticchi, C. Gerada and J. Arellano-Padilla, "Diagnosis
of incipient faults in PMSMs with coaxially insulated windings,"
IECON 2013 - 39th Annual Conference of the IEEE Industrial
Electronics Society, 2013, pp- 2756-2761, doi:
10.1109/IECON.2013.6699567.

[4] B. Narayanasamy, A. S. Sathyanarayanan, A. Deshpande and F. Luo,
"Analysis and mitigation of reflected wave voltages and currents in
WBG devices based motor drives," 2016 IEEE 4th Workshop on Wide
Bandgap Power Devices and Applications (WiPDA), 2016, pp. 297-
301, doi: 10.1109/WiPDA.2016.7799956.

[5] Y. Xie, J. Zhang, F. Leonardi, A. R. Munoz, M. W. Degner and F.
Liang, "Voltage Stress Modeling and Measurement for Random-
Wound Machine Windings Driven by Inverters," in /EEE Transactions
on Industry Applications, vol. 56, no. 4, pp. 3536-3548, July-Aug.
2020, doi: 10.1109/TIA.2020.2986184

[6] P. Wang, A. Cavallini and G. C. Montanari, "The effect of impulsive
voltage rise time on insulation endurance of inverter-fed motors", 2015
IEEE 11th International Conference on the Properties and
Applications of Dielectric Materials (ICPADM), pp. 84-87, 2015.

[7] A. Rumi, J. G. Marinelli, M. Pastura, D. Barater and A. Cavallini,
"Insights into the Definition of Converter Surge Rise Time and its
Influence on Turn/Turn Electrical Stress," 2021 IEEE Workshop on
Electrical Machines Design, Control and Diagnosis (WEMDCD),
2021, pp. 272-276, doi: 10.1109/WEMDCD51469.2021.9425648.

[8] M. Pastura, S. Nuzzo, G. Franceschini, G. Sala and D. Barater,
"Sensitivity Analysis on the Voltage Distribution within Windings of
Electrical Machines fed by Wide Band Gap Converters," 2020
International Conference on Electrical Machines (ICEM), 2020, pp.
1594-1600, doi: 10.1109/ICEM49940.2020.9270958.

[91 M. Pastura et al., "Partial Discharges in Electrical Machines for the
More Electric Aircraft—Part I: A Comprehensive Modeling Tool for
the Characterization of Electric Drives Based on Fast Switching
Semiconductors," in IEEE Access, vol. 9, pp. 27109-27121, 2021, doi:
10.1109/ACCESS.2021.3058083.

[10] F. Zhang et al., "A Thermal Modeling Approach and Experimental
Validation for an Oil Spray-Cooled Hairpin Winding Machine,"
in [EEE Transactions on Transportation Electrification, vol. 7, no. 4,
pp. 2914-2926, Dec. 2021, doi: 10.1109/TTE.2021.3067601.

[11] M. England, B. Dotz and B. Ponick, "Evaluation of Winding
Symmetry and Circulating Currents of Hairpin Windings," 2021 IEEE
International Electric Machines & Drives Conference (IEMDC), 2021,
pp. 1-8, doi: 10.1109/IEMDC47953.2021.9449604.

[12] G. Berardi and N. Bianchi, "Design Guideline of an AC Hairpin
Winding," 2018 XIII International Conference on Electrical Machines
(ICEM), 2018, pp. 2444-2450, doi:
10.1109/ICELMACH.2018.8506785.

[13] M. S. Islam, L. Husain, A. Ahmed and A. Sathyan, "Asymmetric Bar
Winding for High-Speed Traction Electric Machines," in /EEE
Transactions on Transportation Electrification, vol. 6, no. 1, pp. 3-15,
March 2020, doi: 10.1109/TTE.2019.2962329.

[14] M. Pastura, D. Barater, S. Nuzzo and G. Franceschini, "Investigation
of Resistivity Impact on AC Losses in Hairpin Conductors," IJECON
2021 — 47th Annual Conference of the IEEE Industrial Electronics
Society, 2021, pp. 1-6, doi: 10.1109/IECON48115.2021.9589047.

[15] S. Nuzzo, D. Barater, C. Gerada and P. Vai, "Hairpin Windings: An
Opportunity for Next-Generation E-Motors in Transportation," in

IEEE Industrial
10.1109/MIE.2021.3106571.

[16] G. Berardi, S. Nategh and N. Bianchi, "Inter-turn Voltage in Hairpin
Winding of Traction Motors Fed by High-Switching Frequency
Inverters," 2020 International Conference on Electrical Machines
(ICEM), 2020, pp. 909-915, doi: 10.1109/ICEM49940.2020.9270727.

[17] E. Preciet al., "Modelling of Voltage Distribution within Hairpin
Windings," I[ECON 2021 — 47th Annual Conference of the IEEE
Industrial ~ Electronics  Society, — 2021,  pp. 1-6,  doi:
10.1109/IECON48115.2021.9589507.

[18] B. Kelly, J. Zhang and L. Chen, "Bar-Wound Machine Voltage Stress:
a Method for 2D FE Modeling and Testing," 202/ [EEE Applied
Power Electronics Conference and Exposition (APEC), 2021, pp.
1688-1693, doi: 10.1109/APEC42165.2021.9487103.

[19] X. Juet al., "Voltage Stress Calculation and Measurement for Hairpin
Winding of EV Traction Machines Driven by SiC MOSFET," in /[EEE
Transactions on Industrial Electronics, doi:
10.1109/TIE.2021.3116577.

Electronics Magazine, doi:

VII. BIOGRAPHIES

Marco Pastura received the M.Sc. degree in Electrical Engineering
from the University of Pavia, Pavia, Italy in 2018. He is currently a Ph.D.
student in “Automotive Engineering for Intelligent Mobility” at the
Department of Engineering “Enzo Ferrari” at University of Modena and
Reggio Emilia, Modena, Italy. His research interests are the electrical drives
for automotive and aerospace applications with focus on high reliability
electrical machines.

Stefano Nuzzo Stefano Nuzzo (S°17-M’18) received the B.Sc. and
M.Sc. degrees in Electrical Engineering from the University of Pisa, Pisa,
Italy, in 2011 and 2014, respectively. He received his Ph.D. degree in
Electrical and Electronics Engineering in 2018 from the University of
Nottingham, Nottingham, U.K, where he also worked as a Research Fellow
within the Power Electronics, Machines and Control (PEMC) Group. Since
January 2019, he works within the Department of Engineering "Enzo
Ferrari" at University of Modena and Reggio, Modena, Italy, where he is a
Lecturer in Electrical Machines and Drives. His research interests are the
analysis, modelling and optimizations of electrical machines intended for
power generations, industrial and transport applications. He is involved in a
number of projects related to the more electric aircraft initiative and
associated fields. Dr. Nuzzo is a Member of the IEEE Industrial Electronics
Society (IES) and the IEEE Industry Applications Society (IAS). He serves
as Associate Editor for the IEEE Transactions on Transportation
Electrification.

Giovanni Franceschini received the M.Sc. degree in Electronic
Engineering from the University of Bologna, Bologna, Italy. He is currently
the Full Professor of Electric Drives with the Department of Engineering
“Enzo Ferrari”, University of Modena and Reggio Emilia, Modena, Italy. He
was the Coordinator of the European Project ALEA, to achieve complete
and accurate lifetime models for electrical drives in aerospace applications.
He is the author or co-author of more than 150 international papers. His
research interests include power electronics for e-mobility and motor drives
control and diagnostic.

Davide Barater (S’11-M’14) received the M.Sc. degree in Electronic
Engineering in 2009 and the Ph.D. degree in Information Technology in
2014 from the University of Parma Italy. He was an honorary scholar at the
University of Nottingham, U.K., during 2012, and a visiting researcher at
the University of Kiel, DE in 2015. He is currently Associate Professor at
Department of Engineering “Enzo Ferrari”, University of Modena and
Reggio Emilia, Italy. His research area is focused on power electronics for e-
mobility and motor drives. He is a Coordinator of the European Project
AUTO-MEA that aims to develop electrical motors and drives for next
generation of electrical mobility. He is Associate Editor of IEEE
Transactions on Industry Applications and author or co-author of more than
60 international papers.

1647

Authorized licensed use limited to: UNIVERSITA MODENA. Downloaded on February 24,2023 at 08:44:48 UTC from IEEE Xplore. Restrictions apply.



