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Abstract—The stator winding is known to be a key factor to
enhance the performance of electrical machines in terms of efficiency, lifetime, volume and consequently the costs. Therefore,
the selection of the suitable winding technology and a proper
design are mandatory to fulfill the challenging requirements
defined by transportation electrification. The paper deals with
the comparison of stator winding technologies to be used for
high speed electrical machines for propulsion applications. The
most commonly used winding configurations in automotive
applications such as stranded wire and hairpin are compared
with an innovative winding solution featuring formed litz wires.
The analysis is carried out by comparing the main figures of
merit such as the phase resistance, the AC loss factor and
the thermal behavior of the different winding configurations.
The reference machine explicitly designed for the analysis is a
24 krpm Permanent Magnet assisted Synchronous Reluctance
Machine featuring a peak power of 200 kW. The performance
assessment, supported by analytical and numerical electromagnetic and thermal simulations, highlights the main features of
each design solution.
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Fig. 1: Schematic view of one slot of the stator of the electric
motor with pull-in winding (a), with hairpin winding (b)
and with formed litz wire (c). Stator iron in red, conductor
material in yellow and insulation in green (image created
using Motor-CAD).

Index Terms—vehicular propulsion, motor drives, electric
motors, electric mobility, winding technology

I. I NTRODUCTION
Electric mobility is one of the major trends in the automotive industry aimed at reducing the greenhouse gas emissions
[1]. The global electric fleet, consisting of battery electric
vehicles (BEV) and plug in hybrid electric vehicles (PHEV),
exceeded 5.1 million cars in 2018 and the number of sales
has almost doubled with respect to 2017. One of the main
goals for the development of electric vehicles is the reduction
of cost and increase of mileage [2].
A key component of the electric vehicle is the drivetrain,
comprised of the power electronic inverter, the motor and the
gearbox [3]. Different motor topologies such as induction motors (IM), permanent magnet synchronous motors (PMSM),
externally excited machines (EEM) are most commonly used
in contemporary electric vehicles [4]. Increasing the power
density of the electric motor for a given output power is
one way to reduce the material cost of the electric motor. A
prominent method to boost the power density for the PMSM
is to increase the rotational speed of the machine for a given
power rating resulting in a high-speed design [5], [6]. Another
method is the enhancement of the cooling system, such as
rotor cooling, spray cooling of the winding heads or cooling
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the stator slots directly. An additional possibility is to switch
to winding technologies with an optimized fill-factor [7], such
as hairpin windings (HPW). The latter usually also results in
a reduction of manufacturing cost. However, combining the
trend of the high-speed motor and HPW can lead to troubles
due to the AC-losses, impacting the efficiency and the thermal
management [8]. Therefore, loss mechanisms in the winding
must be well understood if a high-speed design is developed.
This paper is focused on the PMSM since it provides
a good compromise of power density and cost, even tough
high-speed designs are also used for IMs and EEMs [9].
The most commonly used winding configurations in the
automotive industry such as pull-in winding (PIW) and HPW
are compared with an innovative winding solution featuring
formed litz wires (FLW). The comparison is carried out using
a reference, high-speed motor design.
The focus of the work presented in this paper is the
comparison of different winding technologies. The modeling
methods used by the authors are quoted from literature for the
sake of brevity. More details can be found in the references.
II. W INDING TECHNOLOGY
Distributed windings and slotted iron lamination stators
are normally used for motors in traction applications. A
schematic view showing the three different winding technologies discussed in this paper is shown in fig. 1. The winding
technologies are described in section II-A, II-B and II-C.

A. Pull-In Winding
Pull-In Winding, also known as Stranded Winding or
Random Winding, is shown in fig. 1a. It consists of round
wires inserted into the slot. Each wire is insulated and
multiple wires are connected in parallel. The position of each
wire is not strictly defined but random since the windings
are usually manufactured using flyer winding techniques
for distributed windings. The winding head is manufactured
using the winding material itself. Fill factors in the range
of 40 % to 45 % are achieved for automotive applications.
Usually, trapezoidal slots are used to maximize the winding
area, c.f. section III-B.
The frequency dependent losses in PIW originate from
three sources: skin-effect, proximity-effect and circulating
currents. The first two effects can be controlled by selecting
the appropriate strand diameter for the dominant electric
frequencies while the latter is caused by the imbalance of
induced voltage between parallel strands. Circulating currents
have been found to be a major source of AC losses [10],
[11]. To model each of these frequency dependent effects,
the model described in [12] will be used in this study.
B. Hairpin Winding
Hairpin Winding, also known as Bar Winding is shown in
fig. 1b. It consists of solid copper bars which are separately
insulated. HPW is manufactured by inserting prefabricated,
U-shaped bars into the slots of the machine. The open
ends of the bars are then bent and connected by means
of soldering or welding. The bending process defines the
minimum dimensions of the bars which limits the amounts
of bars per slot and, thus, the degrees of freedom of the
winding design. The connection process is also the cause
of asymmetric winding head dimensions of HPW machines.
Fill factors exceeding 50 % are possible with HPW. The fill
factor is reduced by the fact that the corners of the bars used
for HPW are round due to the manufacturing of the bars.
Additionally, a minimum clearance must be ensured between
the bars for the assembly. These effects reduce the fill factor
and are mainly significant for small bar dimensions.
The frequency dependent copper losses in HPW originate
from skin and proximity effects. Proper connections of the
bars within the machine avoid circulating currents between
parallel turns. This constraint on the connections reduces the
flexibility in the number of parallel and series turns [8]. The
skin and proximity effect reduction for HPW is limited by the
minimum bar dimensions defined by manufacturing process
as mentioned above. The frequency dependent effects will be
modelled in this study by using the method described in [13],
modified to account for lateral insulation of the slot.
C. Formed Litz Winding
Formed Litz Winding, as shown in fig. 1c, consists of bars
made by compressing twisted bundles of parallel connected
strands. The technology is similar to Roebel bars. The individually insulated strands are continuously transposed along

(a)

Fig. 2: Schematic view of one pole of a Permanent Magnet
Synchronous Machine consisting of a rotor with buried
permanent magnets and a stator (i.e. a permanent magnet
assisted synchronous reluctance machine).

the axial direction of the motor [14]. The strand position is
not random as in PIW but predefined. The axial transposition
ensures a balanced thermal behavior of the FLW bar. A thin
strand insulation is sufficient, since the voltage difference
between parallel strands is small. The insulation to the stator
or other phases is realized for the whole bar. The connection
of the litz wire bars to form the winding pattern is realized
using a proprietary technology by BRUSA which can not be
disclosed. Two FLW conductors per slot are shown in fig. 1c.
The fill factor achievable with FLW is comparable to HPW.
The frequency dependent losses in FLW originate from
skin and proximity effects. The impact of these effects is reduced by selecting litz wire strands with small cross sections.
Circulating currents within the bar should be minimal since
the bar is electrically symmetrical due to its twisted nature.
Even if small, the AC effects still exist and are modelled in
this study using the model described in [15].
III. R EFERENCE M OTOR
A. Main Machine specifications
A six pole Permanent Magnet assisted Reluctance Machine (PMaRel, also known as Internal Permanent Magnet
Machine or IPM) is used to compare the three winding
technologies in a fair and consistent way. A high-speed design
is used for reasons stated in section I. A schematic view
of one pole is shown in fig. 2a. The peak power is of
the machine is 200 kW. Constant torque is available from
stand-still to 10 000 rpm. For higher speeds the machine is
operated in field weakening mode. The maximum speed is
24 000 rpm which corresponds to an electric frequency of
1200 Hz. The machine is water-cooled using a conventional
cooling jacket in the stator housing and an encapsulation of
the end-windings. The main specifications of the machine

TABLE I: Main specifications of the reference machine used
for the comparison of the winding technologies.
Parameter
Active length
External stator diameter
Number of pole pairs
Number of phases
Maximum speed
Maximum supply frequency
Peak power

Value
179 mm
176 mm
3
3
24 000 rpm
1200 Hz
200 kW

Fig. 3: Peak torque achievable with each design variant of
the reference motor using PIW, HPW and FLW. The time at
peak torque operation is limited due to thermal constraints.

are summarized in tab. I and the winding specifications are
shown in tab. II.
B. Design variants
Three design variants are derived from the reference
design to compare the three different winding technologies,
PIW, HPW and FLW. The design variants exhibit similar
magnetic behavior, c.f. fig. 3.
1) Pull-In Winding: Trapezoidal slots can be used for
PIW, as discussed in section II-A. This allows for a wider slot
area and, therefore, a larger copper area in the slot. However,
there is a trade-off between slot area and width of the iron
teeth. The trapezoidal slots are designed to have the same
torque capabilities for a given current as the rectangular slots
of the HPW and FLW design to ensure fairness of the study.
The winding is composed of six bundles of parallel
strands per slot. The strands have a copper diameter of
0.6 mm. The achieved fill factor is 42.2 % and the total
copper area is 22.9 mm2 . As explained above, the distribution
of the strands within the slot is stochastic. Therefore, three
case of strand placement have been considered:
• Best-case: parallel strands are spread along the width of
the slot (tangential to the rotor surface).
• Worst-case: parallel strands are spread along the length
of the slot (normal to the rotor surface).
• Intermediate case: the bundles of parallel strands are
assumed to have the same shape factor as the slot.

TABLE II: Winding specifications of the design variations of
the reference motor used for the comparison.
Slot Area
Copper area
Fill factor
Strand size
End winding
length

PIW
54.3 mm2
22.9 mm2
42.2 %
0.6 mm

HPW
44.4 mm2
23.9 mm2
52 %
2.1×2.1 mm

FLW
44.4 mm2
24.2 mm2
52.7 %
1.29 mm

80 mm

70.1 mm

48 mm

2) Hairpin Winding: The design variant using HPW uses
rectangular slots. The winding is a six-layer topology. Each
bar has a cross section of 4 mm2 . The achieved fill factor is
52 %. The fill factor is impacted by the following effects:
• the narrow width of the slot and the small cross section
of the conductor bars make the width of the insulation
significant;
• the rounded edges of the bars due to manufacturing have
a relevant impact.
3) Formed-Litz Winding: The third design variant uses
FLW. Two FLW bars are stacked in per slot. Each bar is made
of individual conductor strands with a diameter of 1.29 mm
(AWG 16). The strands are twisted along the active length of
the bar. This results in a magnetically and thermally balanced
bar. The strands are insulated from each other and the whole
bar is insulated, similar to the bars used for HPW.
C. Comparison of the three variants
PIW has a lower fill factor than HPW and FLW but the
larger slot area reduces the difference of actual copper area
per slot. The copper area of PIW is only 4.2 % and 5.4 %
smaller than the HPW and FLW copper area, respectively.
The axial length of the end winding is also considered.
In this regard, FLW presents a clear advantage over the
other technologies. This results in a more compact motor
design. Furthermore, the winding head length has an impact
on the resistance since longer axial length implies longer
conductors. A schematic view of the machines showing the
different winding head lengths is shown in fig. 4.
The phase resistances of the three windings are calculated
for a temperature of 150 ◦C over the electric frequency range
exhibited during operation. The computation is performed
using the models quoted in section II, implemented in MATLAB. The selected temperature is the maximum allowable
for continuous operation. The results of the phase resistance
calculation are shown in fig. 5. The resistance at selected
operation points is presented in tab. III.
Several observations can be made regarding the results of
the phase resistance calculation. The higher DC resistance of
the PIW is a result of the longer end windings. The significant
rise of the phase resistance at high frequency exhibited by the
PIW, even for the best-case geometric arrangement, is due
to circulating currents, c.f. section II-B. The DC resistance
of the HPW and the FLW is essentially the same due to
the similar copper area. The main difference arises at high
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Fig. 5: Phase resistance of the PIW, HPW and FLW design over electric frequency for an operation temperature of
150 ◦C. All values are normalized with respect to the DC
resistance of FLW.

electric frequencies where the magnetic balancing and the
small cross section of the litz wires results in significantly
lower AC resistance for FLW. The difference between the
AC resistance of HPW and FLW is quadratic with respect
to the electric frequency and is moderate at low speed. FLW
and HPW have a phase resistance of 1.01 pu and 1.17 pu at
500 Hz, respectively. At high-speeds the difference is much
more prominent with a phase resistance of 1.07 pu (FLW)
and 2.04 pu (HPW) at 1500 Hz.
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IV. P ERFORMANCE ASSESSMENT
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Fig. 4: Lateral view of the three design variants: PIW (a),
HPW (b) and FLW (c).

TABLE III: Phase resistances of the PIW, HPW and FLW
designs for selected operation points (150 ◦C). All values are
normalized with respect to the DC resistance of FLW.
Phase resistance (pu)
PIW, intermediate
PIW, best-case
PIW, worst-case
HPW
FLW

0 Hz
1.20
1.20
1.20
1.06
1

Electric frequency
500 Hz
1500 Hz
1.57
4.27
1.37
2.67
2.01
6.33
1.17
2.04
1.01
1.07

A fair comparison of the winding technologies is only
possible if the motor performance is analyzed. Comparing
the performance allows to also cover thermal aspects of the
windings. The design variants presented in section III-B have
been analyzed in two ways:
• The efficiency and the losses are compared for a reference torque-speed profile.
• The maximum possible torque over speed is compared
in isothermal operation, i.e. by finding the torque for
each speed which results in a constant temperature of
150 ◦C at the winding hot spot.
The latter comparison results in the maximum continuous
power for each speed. Below the two methods are described
in detail.
A. Method
1) Reference profile: A reference torque-speed profile,
displayed in fig. 6a, is considered to compare the three
designs. The reference profile consists of two parts. For
speeds from 0 rpm to 10 000 rpm the torque is at approximately 95.5 Nm. The mechanical power at the motor shaft
is rising from 0 kW to 100 kW. The mechanical power is kept
constant at 100 kW for speeds over 10 000 rpm. The losses
and the motor efficiency were calculated using a combination
of finite element (FEM) methods and analytical calculations
for a motor temperature of 150 ◦C.

2) Isothermal operation: The maximum torque, and subsequent losses, are calculated over the speed range such that:
• the voltage and current constraints are obeyed;
◦
• the temperature in the winding does not exceed 150 C
in steady state operation.
The procedure to establish the isothermal torque-speed profile
for each design variant is:
1) A three-dimensional grid of operation points is defined.
The dimensions of the grid are: the current amplitude,
the load-angle and the motor speed.
2) The iron losses and the copper losses are calculated
using FEM (ANSYS Maxwell) and analytical modelling, respectively. The losses are calculated for a
machine temperature of 150 ◦C. The iron losses are
very sensitive with respect to current angle variations.
3) The steady state temperature is calculated for each
operation point in the grid. The iron and copper losses
are used as an input for the temperature calculation.
Thermal networks in Motor-CAD are used for the
temperature calculation.
4) The mechanical torque and power is calculated for each
point in the grid.
The losses, the temperatures and the torque are now defined
for each point in the three-dimensional grid. In a next step,
the operation points are found which satisfy the isothermal
condition:
5) A two-dimensional isosurface is extracted from the
grid. The isosurface describes machine operation conditions in which the winding temperature is 150 ◦C.
6) For each speed the operation point with the maximum
torque is found on the isosurface.
This calculation method does not use any iterative loops
since the temperature of the machine is defined a-priori, so
it must be noted that the loss calculation is only correct on
the isosurface.
B. Results
1) Reference profile: The results of the analysis using
a reference torque-speed profile are displayed in fig. 6.
Figure 6b shows the copper losses for the three design
variants. The copper losses rise for speeds from 0 rpm to the
edge speed of 10 000 rpm. The reduction in copper losses
above the edge speed is due to the reduction of the torque
in the field weakening range. This falling trend is more than
compensated by the additional AC resistance of the PIW and
the HPW winding. The copper losses of PIW and HPW are
roughly three times and 62 % higher than the copper losses of
FLW at 24 000 rpm. The iron losses, c.f. fig. 6c, are similar
for the three machines since the torque is equal. These two
effects result in reduced efficiencies for the PIW and the
HPW design variant when compared to the FLW design as
shown in fig. 6d. This shows the advantages of using FLW in
high-speed machines since the efficiency has a direct impact
on the required battery capacity for a given range requirement
of the vehicle.
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Fig. 6: Analysis of the three design variations of the reference
machine showing the reference torque-speed profile and the
mechanical power (a), the copper losses (b), the iron losses
(c) and the efficiency (d).

TABLE IV: Key Performance indicators for the three design
variants of the reference motor.
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Fig. 7: Analysis of the three design variations of the reference design in isothermal operation at 150 ◦C showing the
achievable torque (a), the mechanical power (b), the copper
losses (c) and the iron losses (d).

PIW
HPW
Box volume (housing included)
8.8
8.5
Motor speed: 0 rpm
Continuous torque
124
130
Continuous torque density
14.1
15.3
Motor speed: 10 000 rpm
Continuous power
91
108
Continuous power density
10.3
12.7
Efficiency at 100 kW
96.1
96.6
Motor speed: 24 000 rpm
Continuous power
60
73
Continuous power density
6.8
8.6
Efficiency at 100 kW
92
93.5

FLW
7.8

unit
L

150
19.2

Nm
N m L−1

125
16.0
96.8

kW
kW L−1
%

89
11.4
93.9

kW
kW L−1
%

2) Isothermal operation: The results of the isothermal
operation are shown in fig. 7. The advantage of FLW with
respect to the torque and power generation, fig. 7a and fig. 7b,
are evident at all speeds. The maximum power at maximum
speed is 89 kW for FLW, while it is only of 60 kW for PIW
and 73 kW for HPW. Figure 7c shows that the copper losses
of the three technologies are similar at maximum speed.
This indicates that the smaller resistance of FLW allows for
higher winding currents resulting in higher iron losses, c.f.
fig. 7d. The improvement in torque and power is also due
to the compactness of the end-windings since more compact
winding heads result in a better copper to potting material
ratio and, therefore, a better thermal behavior.
The improved thermal linking of the winding and the
cooling jacket also results in increased performance at low
speeds. The standstill torque reaches almost 150 N m for
FLW but only 130 N m for HPW and 123 N m for PIW. The
DC phase resistance is very similar for the three technologies,
especially for HPW and FLW, therefore, the difference in
torque can only be explained by the thermal behavior of the
three technologies.
V. D ISCUSSION AND O UTLOOK
Key performance indicators are calculated at 0 rpm,
10 000 rpm and 24 000 rpm in order to compare the three
design variants of the reference motor, c.f. tab. IV.
The first outcome of this study is the disadvantage of
PIW for high-speed machines considering both continuous
power density and efficiency. The technology exhibits higher
copper losses and lower efficiency due to the higher phase
resistance over the whole speed range. The losses are not
only a drawback in terms of efficiency but also in form of the
additional heat that must be removed in continuous operation.
The thermal behavior of PIW further adds to the challenge
to adequately cool the windings.
The DC phase resistance of HPW is improved with
respect to PIW, but at high-speeds, the AC effects become
significant, leading to high copper losses. Nevertheless, the
good thermal properties of HPW reduces the impact of copper
losses with respect to the total losses in the motor. This allows
for a higher continuous power and a higher efficiency.

The study shows that FLW is well suited for high-speed
applications with thin slots. The high fill factor, comparable
to HPW, and the compact end windings are the cause of the
low DC resistance. The continuous transposition of the wires
enables a balancing of the magnetic flux over all the strands,
unlike pull-in winding which then faces circulating currents
amongst the strands. The twisting of the strands and the
compact end windings also improves the thermal behavior.
FLW allows for the highest continuous power densities and
efficiencies.
The study shows that FLW is the technology with the
highest KPIs among the chosen winding configurations. The
performance of both HPW and FLW exceeds the performance
of PIW.
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VI. C ONCLUSION
The two state of the art technologies for winding of
electric motors for transportation applications have been compared with FLW to assess the advantages of each technology
in terms of winding resistance, losses and efficiency over a
reference profile and isothermal operation torque and power.
Considering the aspects analyzed in this study, PIW
should be disregarded for high-speed motors, FLW is the
highest performing technology for high-speed traction motors
and HPW is a valuable alternative for machines operating at
lower electric frequencies.
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