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Abstract—This paper presents a comparison between
hairpin and random distributed winding in electrical machines
for automotive applications. Indeed, the overall performance of
an electrical drive system is seriously affected by its winding
design. The considered electrical machine has a peak power of
115kW and a maximum operating speed of 12000 rpm. Both cost
and manufacturing aspects are here discussed in detail. Two
different machine topologies have been investigated and Finite
Element Analysis (FEA) results are presented and discussed.
Then, the comparison between hairpin and random winding
configuration in terms of AC copper losses are presented for the
selected geometry. The accurate AC losses estimation can be
done by modelling each single conductor. In order to
significantly reduce the simulation time, a domain model
reduction has been adopted. Based on two different driving
cycles, Urban Dynamometer Driving Schedule (UDDS) and
Highway Fuel Economy Test (HWFET), the AC losses have
been evaluated. The main outcome of this work is the
considerable reduction of AC losses by using a segmented
hairpin winding.

Index Term—AC losses, electrical machines, winding, high
frequency, automotive, hairpin, random, segmented hairpin,
manufacturing, mass production, UDDS, HWFET

I. LIST OF SYMBOLS

- No. of pole pairs

- No. of slot per pole per phase

- Electric Field

- Flux Density

- Time

Frequency

- Cooper conductivity

- Magnetic permeability in the vacuum
- DC resistance

- Mechanical speed
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II. INTRODUCTION

There is currently wide interest in the research and
development of power traction applications driven by
electrical machines. Ongoing efforts are fueled by the need
for the new generations of “green” products, such as hybrid
and electric vehicles. Governments and automotive industries
are pushing their research programs to realize hybrid and pure
electric powertrains for both automotive and aerospace, and
in general for all transport applications. Challenging targets
of 81g of CO2 emission per km (fuel consumption of around
4.1 and 3.6 L/km for petrol and diesel fuel, respectively [1])
will be compulsory for all new cars in Europe by 2025.
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Another important challenge in transportation industry is the
maximization of the power density, in terms of power to
volume (kW/L) or power to mass (kW/kg) ratios [2]. US
Department Of Energy (DOE) has recently announced
technical targets for light duty electric vehicles: in terms of
power density, a target of 33 kW/L for a 100-kW traction
drive system has to be reached by 2025 [3].

Nowadays, all power traction solutions for electric vehicles
(EVs) are of ac type. The most common machine topologies
for EVs are synchronous permanent magnet, synchronous
wound field, induction and synchronous reluctance
machines.

The electrical machine's performance are strongly dependent
on the power loss generated as well as the thermal behavior,
in particular the ability to dissipate as much as possible the
resultant heat. At designing stage of high-power density,
high-efficiency and high-speed electrical machines it is
crucial to estimate accurately power losses and understand
the thermal behavior of the machine. Copper loss in the
winding is a major source of loss within an electrical
machine. Copper loss can be subdivided into two basic
components: frequency independent dc ohmic loss and high
frequency ac effects. The dc ohmic power loss component is
well understood and is possible to evaluate this analytically.
In contrast, the ac winding power loss component is very
complex to estimate analytically with an acceptable error.
This is the reason why FEA is crucial in order to obtain a
more accurate value for this specific component.

It is necessary to intensify the efforts in designing high-speed
ac machines to increase power density. However, increasing
the excitation frequencies aggravates the losses in the
machine, such as the Iron and copper losses. In automotive
applications, a typical electric/hybrid-electric vehicle
propulsion motor can operate with fundamental frequency
higher than 1 kHz. Therefore, AC losses cannot be neglected.
Some preliminary considerations are needed to design the
stator winding and rotor structure to improve the electrical
machines performance [4],[5],[6].

An accurate ac power loss prediction has been acknowledged
as an important element in the design process. This together
with thermal analysis, allows the motor power output
capability to be accurately evaluated at the design stage. Two
principal themes emerge from a review of the literature
focused to the subject of ac winding effects. The first is
focused around developing and improving techniques for



predicting ac winding loss effects [7]-[14]. The second
utilizes the existing methods of deriving the ac winding loss
in analysis and design/optimization of electrical machines,
transformers and passive components [15]-[18].

Among the distributed winding used in industrial application
there are different types of wires available in the market: Litz
wires, round random winding and hairpin. Litz wires are
normally used for very high frequency applications, and
present some manufacturing disadvantages, such as complex
shaping and impregnation, low fill factor achievable and high
manufacturing costs [19]. It normally presents the best ac/dc
ratio, compared with the conventional stranded wire.
However, because of the high purchasing cost, it is not an
optimum solution for mass production such as automotive
sector, where the cost minimization is one of the key drivers.
In low — voltage high - current applications with low number
of turns, random wires with many parallel paths are often
used [20], [21]. Consequently, high circulating currents are
expected, if a proper transposition is not adopted.
Transposition is a twisting in axial direction which allows to
achieve more uniform field distribution for all conductors
[14]. Hairpin winding allows to obtain an higher fill factor
compared with the other two types, which increases the
capability of carrying current, thus a higher peak output
torque is available. A perfect transposition is possible. One
of the cons is the lower degree of freedom in terms of turns
in series per phase, as only few configurations are feasible
and can be manufactured [20].

This paper aims to compare two different distributed winding
solutions for the stator of a Permanent Magnet assisted
Synchronous Reluctance (PMaSynRel) machine designed for
automotive application: the hairpin and the random
distributed wires. In section III the two driving cycles UDDS
and HWFET are introduced and the prototype for the case
study under analysis is described. While, in section IV the 2D
FE model is introduced to accurately determine the AC
losses, a model reduction is proposed in order to have the
lowest computational time without affecting the accuracy. In
section V, the results of the analysis are presented, comparing
in detail the losses calculated for different winding
configurations. The evaluations are performed for a number
of operating conditions for both driving cycles. Section VI
summarizes the main outcomes of this work.

III. MOTOR AND DRIVING CYCLES

The target e-machine data considered for this work have been
described below, in Table 1 .

Table 1

E-MACHINE DATA

e-machine base speed 6000 rpm

e-machine max speed 12000 rpm

Power at base speed 115 kW
Constant Power Speed Ratio 2

First of all, a preliminary trade-off study has been completed,
considering the following machine topologies: interior
Permanent Magnet (IPM), Surface Mounted Permanent

4 d-axis

Flux-barriers Stator

Figure 1: Permanent Magnet assisted SynRel motor sketch.

Magnet (SMPM), Synchronous Reluctance (SynRel) and
Permanent Magnet assisted Synchronous Reluctance
(PMaSynRel) machines.

After that, an optimization process has been carried out in
term of costs and performance with ModeFrontier [22]; the
PMaSynRel option with three barriers has been selected as
the best candidate among the others in terms of wide flux-
weakening capability, high torque density, efficiency and
compactness. A PMaSynRel motor with 4 poles is
considered in this paper, with two different slots per pole per
phase (q) configurations: 2 and 4. The machine geometry is
presented in Fig.1 and the main geometrical parameters are
reported in Table 2.

Table 2

GEOMETRICAL PARAMETERS

Name Description
Ip1 Flux barrier angle 1
Up2 Flux barrier angle 2
I3 Flux barrier angle 3
Wso Slot opening width
hg Slot height
Womi Permanent Magnet width
hpmi Permanent Magnet height

During the normal life of a vehicle, the motor will work on
several operating points. According to [23] the motor
performances are analysed on the basis of two driving cycles,
UDDS and HWFET. In Figure 2 UDDS and HWFET
operation points are presented over the motor
electromechanical characteristic. The first three most used
operation points in HWFET and UDDS have been considered
in this analysis.

To satisfy the mission profile electrical machines are
designed to cover the peak power and achieve maximum
speed. As it is later presented in Section V, if the cooling
system design is based only on maximal speed and base speed
operating points, an overestimation of the entire cooling
system will occur: this could lead to an oversized machine
and an more expensive stator winding arrangement. For these
reasons, it is crucial to consider the driving cycle of the motor
in order to have a better estimation of the losses to allow a
more accurate cooling system design.
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Figure 2: Driving cycle operating points.

According to the physical relations between mechanical and
electrical speed as shown in (1), the fundamental frequency
can be calculated as

Qp

f=—17o
60

Machine volts-ampere rating VA depends on DC-link voltage

V4. and current rating Iy of the inverter power module as
shown in (2)

6]

va= Ve )
=AM

Once the machine is designed and fully characterized through
flux maps, the Ampere-turns and phase current angles,
necessary to satisfy the torque demand, MTPA, FW and
MTPYV constrains can be determined, as reported in Table 3.
The preliminary machine analysis has been performed with
one turn per slot per pole per phase. The number of turns is
then adjusted depending on the available DC-link voltage
Vpe-

Table 3

Driving Cycle Operating points

Operating Point T[‘f\;g?]e ?r[;;(]i
@ 1 28 5000
é 2 30 6000
3 40 7500
5 4 50 9500
; > 55 11250
- 6 50 12000

1V. 2D FE MODEL

A flexible tool has been developed in order to create the
geometry and the winding topology at the strand level and
finally to run a FEA using MagNet from Mentor Graphics.
The environment in which the script operates is MATLAB.
A mesh sensitivity analysis has been done. With a distributed
winding, it is possible to adopt a model reduction to one pole.
Rotor and stator yoke are made by SiFe M270-35A. The PMs
that have been selected are NdFeB 28/23 type and the

material used for windings is Copper with conductivity
5.77 x 107 Siemens/meter.

To achieve a better estimation of losses it is mandatory to take
into account skin and proximity effect and circulating
currents. For this purpose, a strand level FE model has been
generated [24], as the one shown in Figure 4.

For this specific application, the DC-link voltage is set to 520
V, generally this is in the range from 360 V to 700 V for this
kind of application [20]. When operating at high currents and
high frequency, the winding design requires the adoption of
parallel paths, to form different bundles connected in series
and/or in parallel.

To minimize the losses, it is necessary to displace the bundles
into tangential direction to reduce the flux linked to the turns
[25]. this is showed in Fig.5 where each bundle is associated
with a different color. The sequence to make the coil is
yellow, green, red, blue and so on. Since the phenomena are
very sensitive to the frequency, two different solvers have
been chosen: transient, which estimate all frequencies
generated in the machine and then time harmonic, which
consider only the fundamental frequency of the source.

a)

c)

Figure 4: Stranded models options: a) Random, b) Hairpin,
¢) Segmented Hairpin
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Figure 6: Simulation models: a) Modell, b) Model2,
¢) Model3



Figure 5: Random Winding Model.

A minimization FE model is done to reduce computational
time without affecting significantly the result accuracy. As
shown in Figure 2, three different models have been
considered: Modell presents all slots modelled at strand
level, Model2 has only one slot modelled at the strand level
and the other slots modelled as ideal stranded coil (losses
estimated in one slot and multiplied by the number of slots)
and Model3 in which the same stator of Model2 is analyzed
without the rotor.

The same conditions in term of input (current source at the
highest frequency) are set. Transient with motion simulation
(T. w. M. ), transient and time harmonic (T. Harm.)
simulations have been done for all models, as shown in
Table 4, with T. Harm (Model3) simulations the
computational time has been reduced by two orders of
magnitude compared with T. w. M (Modell) and accuracy is
very good. The PC used to run the simulations has a Quad
Intel Xeon 3.5 GHz CPU and 32 GB RAM. Based on the
foregoing considerations time harmonic Model3 is choose for
subsequent analysis.
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Figure 7: Comparison between random hairpin; a) =2, b) q=4.

Table 4

MODEL AND COMPUTATIONAL TIME REDUCTION

Elapsed time Losses

No. of Elements

[sec] W]
T. w. M. (Modell) 14874 338.65 521446
T. w. M. (Model2) 1967 33224 119692
Transient (Model3) 898 3159 75862
T. Harm. (Model3) 119 326.4 75862
The total AC losses are given by:
PAC = PDC + Pskin + Pprox + Pcirc (3)

The first element on the right-hand side of (3) represents the
DC losses and its relative resistance is analytically described
as

RDC — Nturns >;lpcu * lstk (4)
cu

The DC losses can be reduced increasing the slot fill factor.
The end winding length is estimated as

2.5 D
low = T 5)

where the inner stator diameter is

Dy = 2% (Hpi+ g+ Rine + 1) (6)

Without significant loss in accuracy, Py, and P,;.o, can be

neglected in the end winding [26]. It is common to express
the other elements of (3) with a dimensionless AC loss factor
Kac

Pyc = Kyc(m) * Ppc )
K, is function of the bore diameter D of the conductor

(diameter for random and width and height for hairpin)
normalized to the skin depth 6.

n=%i0= [ ®)

a+f*Ho

Considering the skin depth at maximum speed, a round
conductor with diameter 0.8 mm, has been identified as
reasonable solution in term of costs and losses reduction.
Hairpin bars have 3mm height with 6.0mm width for q=2 and
2.5mm height with 3.8 mm width for q=4. It is possible to
reduce the circulating currents through transposition. This
can be expensive from a manufacturing point of view for
random winding. On the other hand, for hairpin winding,



transposition is needed otherwise very high circulating
current will occur. According to [20], it is shown that a
perfect transposition is possible. Most of the hairpin
manufacturers are able to fit a maximum of 10 layers per slot.
This configuration will be considered for the hairpin model.
In Table 5 details about both types of windings are presented.

Table 5
WINDING DETAILS
Random winding Hairpin winding
q=2/q=4 q=2/q=4

strand per slot 416 /208 8/8
fill factor 45%145.5% 69% / 69%

number of turns 16/8 8/8

Strands in hand 26/26 1/1

V. RESULTS

In this section AC losses evaluation for different machine
topologies with Hairpin and Random winding is done. A per
unit system is used, as a basis to compare the losses.

As mentioned before, assuming results given during
maximum or base speed as key values for design, it could
translate to wrong cooling system design. In Table 6 there are
losses for these operative points for winding configurations
considered, it is possible to do a prompt comparison with
graphs below.

Table 6
TOTAL LOSSES AT MAXIMUM AND BASE SPEED

Winding type Base speed [pu]  Maximum speed[pu]
Random =2 38.4 18.29
Random q=4 47.11 23.05
Hairpin gq=2 25.06 3.98
Hairpin q=4 24.30 7.68

Hairpin seg. q=4 41.92 10.58

Figure shows the copper losses for the machine with q=2
and q=4, where both, random and hairpin winding are
compared. Hairpin windings having higher fill factor present
lower DC losses according to (4). Overall with q=2, the AC
losses with hairpin are higher than random winding, with a
difference of two times in HWFET. The contribution of the
skin and proximity effects are very significant in this kind of
configuration, nevertheless there is no circulating current, the
K, is almost double compared to the random winding.

Different trends were observed with q=4. For hairpin
winding the AC losses are lower because of the smaller cross
section that causes a reduction in skin and proximity effect,
leading to a reduction of 10% and 25% respectively in UDDS
and in HWFET, compared to the random winding.

Conductors that are close to the slot opening, cause higher
losses because affected by a bigger flux variation. For random
winding is possible to avoid this effect by staying away from
this area as much as possible. For hairpin winding, then,

another option is possible: adopting a segmented layer for the
last conductors in each parallel path, a reduction that spans
from 12% up to 20% can be obtained as shown in Figure 9:
Comparison between hairpin segmented and random.. In Figure 8:
Comparison between hairpin and segmented hairpin. a comparison
between the best configurations for the two winding
topologies is presented, concluding that the best option to
limit AC losses it is hairpin winding with the last layers
segmented, since the total copper losses are lower for all
operating points.

The final choice of the winding topology also depends from
some manufacturing considerations. In Table 7 pros and cons
of both topologies have been summarized.

Table 7
WINDING SUMMARY
Random Hairpin seg.

Total copper losses X \Y
Compactness X \%
Flexibility v X
Repeatability X v
Automation X v

VI. CONCLUSIONS

In this paper AC losses evaluation for different winding
solutions have been performed through a FEA. For the sake
of the accuracy a strand level FE model has been made. Two
different vehicle driving cycles (UDDS and HWFET) have
been considered. The three most used points have been used
for the AC loss estimation. A domain reduction and three
different simulation models have been compared; it has been
demonstrated that without affecting significantly the
accuracy the simulation time can by reduced drastically, if an
appropriate simulation model is selected. Two different
machines have been studied, with number of slots per pole
per phase equal to 2 and 4. Different trends have been
achieved for random distributed winding and hairpin
winding: using random winding topology, AC losses increase
as q increase. In opposition, using hairpin winding topology,
AC losses decrease as q increase. Finally, the segmented
hairpin solution has been identified as a further improvement
compared to the standard hairpin topology in terms of AC
losses reduction: an additional reduction up to 20% in
HWFET can be achieved for this case study. Taking into
account the AC losses reduction and a favorable
manufacturing process, segmented hairpin winding has
marked advantages for the automotive applications in hand.
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