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Abstract—High performance electric machines are critical for
heavy-duty electric vehicles (HDEV) to enable transportation
electrification, where there is a significant performance gap
between the traditional internal combustion engines and
electrical machine technology. Winding topologies are critical in
the design of electrical machines, the developments of which are
widely reported in other applications such as automotives, but
rarely studied for HDEV applications. This paper will provide a
detailed review to assess both widely used and novel winding
characteristics in HDEV. Using an 8000RPM, 370kW, interior,
V-shaped permanent magnet (PM) machine case study, various
winding designs are compared. An evaluation method has been
proposed to provide a comprehensive review of each winding
topologies’ effects on machine performance.
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I. INTRODUCTION

Well established environmental concerns have resulted in
a collective move towards clean transportation solutions. This
has resulted in heavy research interest in the electrification of
passenger electric vehicles (EVs) and appropriate
infrastructure to accommodate them. Research into the
technological requirements to deliver on these goals has
reached a level of confidence, with all combustion-based
vehicles to be phased out from 2025, globally [1].

Due to disproportionate amounts of CO,/km produced,
heavy-duty electric vehicles (HDEVS) have attracted more
attention, leading to interest in motor solutions capable of high
torque density and efficiency over a wide-speed range.
HDEVs are a research challenge as high-power density and
fault-tolerant requirements push thermal and mechanical
limits, such as rotor peripheral speed, meaning that multi-
perspective design is needed [2].

The current availability of these solutions is highly limited,
for example, the pre-production Tesla Semi is a class 8 electric
vehicle comprised of four passenger EV motors, and these are
not yet available [3]. Research surrounding HDEVs focuses
on Permanent magnet (PM) topologies where winding
topology choice is key to achieving high material utilisation,
for power density and quality. Progress with these design
aspects is a key contributor to achievement of HDEV motor
solutions [4].

This paper looks at winding topologies available in current
literature, followed by simulation comparisons on a 370kW
baseline machine. Section Il presents different topologies
compared on the baseline machine, followed by slot
considerations and evaluation in Section Ill, end winding
considerations in section IV and connection considerations in
section V. Finally, Section VI concludes the research.

I1. BASELINE MACHINE

The winding topologies to be considered in this paper are
shown in Fig.1, which illustrates the procedure used in
winding topology construction A baseline machine is used to
compare the aforementioned winding topologies.
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Fig. 1. Winding topology classification process

The baseline machine requirement is listed in Table I. It is
an 8000RPM, 370kW, permanent magnet (PM) machine with
an interior, V-shaped PM layout. In general, the machine
volume and electrical inputs parameters are fixed with power
as the comparative output parameter. The rotor pole number
varies (4 or 6) with constant PM mass

TABLE I. BASELINE MACHINE PARAMETERS
Power kw 370 Variable
Base Speed rpm 8000 Fixed
RMS current A 440 Fixed
Voltage \Y 328 Limited
Slot/pole 36/6 Variable
Stator outer diameter Mm 470 Fixed
Active length mm 220 Fixed

Dual-three phase systems are commonly used for EVs due
to increased fault tolerance [5] and are mainly considered for
HDEV. Compared to single-three phase machines, dual-three
phase systems can reduce the strain on power electronic
systems with the reduction on individual converter
requirements, i.e., two converters at 440A are easier to be
implemented than one at 880A.

A baseline machine radial review is shown in Fig. 2 and
the output data is shown in Table Il, including torque/power
density, torque per volt (TPV), efficiency, etc.. Housing water
jacket cooling is applied which provides 70 L/min of 50/50
Ethylene-Glycol and water with inlet temperature at 65°. The
drive characteristics will be used to design and optimise the
baseline machine to meet the Advanced Propulsion Centre
(APC) 2035 targets [6].



Fig. 2. Baseline machine radial diagram

TABLE II. BASELINE MACHINE OUTPUT DATA
Parameters Unit Baseline APC 2035
machine targets
Torque density Nm/kg 3.66 -
Power density kW/kg 5.36 10
Efficiency % 97.75 97
Average Winding °C 170.1 200
temperature
Torque ripple % 75.2 5

I1l. SLOT CONSIDERATIONS

In this section, various winding types will be compared
for the baseline machine in section Il, mainly on the slot
considerations.

A. Overlapping/nonoverlapping

Fig. 3 shows the overlapping windings (OLPW) and non-
overlapping windings (NOLPW). For OLPW, the conductors
are wrapped around the stator poles such that the end windings
of different phases overlay each other [7]. This configuration
tends to suffer from large torque ripple magnitudes, long end
windings and higher winding temperatures [8].

For non-overlapping windings (NOLPW), conductors are
wound around each pole independently and energized in
different directions that do not overlay, which helps to
increase fault tolerance for HDEV applications with smaller
mutual inductance between phases, as these are physically and
thermally insulated [2]. This contributes to lower temperature
dependent losses such as current loss; however, magnetic
losses may increase due to higher Magnetomotive force
(MMF) harmonics in the airgap [9].

Fig. 3. Overlapping vs nonoverlapping diagram

The losses for the winding topologies are compared
with an air divider added to the NOLPW, shown in Table Il
for two rotational speeds, rated rotational speed and max
application speed to enter the field-weakening (FW) region.
It can be seen that iron loss is the dominant loss source for
both cases. However, the DC copper loss continues to
separate the configurations from each other, leading to the
differences in efficiency seen. The NOLPW has lower DC
losses (4.5%) with reduced eddy current circulating in the
slots due to the insulative effect that the air separator provides
with low permeability and conductivity. The reason for the

difference in efficiency is that the OLPW has higher
amplitudes of harmonic content, contributing to distortion of
the characteristics which cause increased copper loss.
NOLPW does not have this due to physical separation
between phases reducing distortion in voltage characteristics.
From a manufacturing perspective, the construction of
NOLPW is easier as the end windings do not overlap.

TABLE Il OVERLAPPING AND NONOVERLAPPING LOSSES
8kRPM 20kRPM
Parameter
OLPW NOLPW OLPW | NOLPW
Efficiency (%) 97.37 97.41 96.50 96.52
DC copper loss (kW) 3.34 3.15 4.51 4.13
AC copper loss (kW) 1.130 1.158 3.343 3.479
Iron loss (kW) 4.88 4.88 19.02 20.67

For OLPW, the distortion is higher for drive
characteristics and geometric properties, such as cogging
torque. This difference in cogging torque is an additional
contributor to the increase in torque ripple for OLPW. Other
key performance indicators such as torque density and power
density are compared in Table IV which shows that the
variation is insignificant (less than 1%) apart from
temperature differences. These trends are consistent for high-
speed operation including AC loss and the OLPW/NOLPW
appear to have minimal impact on potential for FW.

TABLE IV. OLPW AND NOLPW COMPARISON

T. dens P. dens TPV |Eff. (%)| Temp | T.rip

(Nm/kg) (KW/kg) (Nm/V) (°C) (%)

OLPW 3.66 5.36 229 | 97.75 | 170.1 | 75.2
NOLPW 3.66 5.35 2.28 | 97.78 | 160.85| 75.10
Change (%) | -0.193 -0.207 -0.244 | +0.036 | -4.993 | -0.138

B. Single/multi-layered

The number of winding layers is also investigated in this
paper. For a single layer winding (SLW), the coil number is
half the number of stator slots and can be shown as each slot
only having windings from a single phase. The number of
coils to number of slots are equal for a double layer winding
(DLW) and can be physically characterised by having two
phases present in each slot, with stranded wire configurations
typically being limited to two winding layers [10]. Shorter
end windings, lower back electromotive force (BEMF)
harmonics and reduced eddy current loss are shown for
multilayer windings [11].

As shown in Fig. 4, the high order harmonic amplitude is
larger for SLW because multilayer configurations utilize the
harmonic spectra to enhance higher order harmonic
suppression. The slots will typically contain two or more
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Fig. 4. Terminal voltage distortion for single and double layer windings

phases, each inducing BEMF that acts to increase or reduce
harmonics. This is also true for air gap flux density; both
BEMF harmonic suppression and air gap flux density
harmonic suppression contribute to lower torque ripple.



Due to the slightly higher saliency ratio of the geometry (1.73
to 1.707) for the DLW, more cogging torque will be generated
as well as higher torque over a larger speed range, which
shows the enhanced FW potential. DLWs have higher
efficiency because the increase in loss and temperature is
larger for the SLW. To achieve comparable slot fill, the copper
area per phase in the SLW is increased. This means phase
resistance is lower for equivalent voltage, inducing higher
eddy current loss in the iron, giving a ~14% temperature
increase for the same electrical loading. As summarized in
Table V, the SLW can achieve high torque amplitudes, but
the DLW can deliver higher torque density over a larger speed
range with FW, indicating suitability for HDEV applications.

TABLE V. SINGLE TO MULTILAYER COMPARISON
T.dens | P.dens TPV |Eff. (%)| Temp | T.rip
(Nm/kg) | (kW/kg) | (Nm/V) (°C) (%)
SLW 3.63 5.23 2.23 97.37 | 196.60 | 74.64

DLW 3.66 5.36 2.29 97.75 | 170.10 | 75.20
Change(%) | +1.01 +2.50 +2.39 | +0.38 | -13.54 | +0.74

C. Integer/fractional slot

Windings can be characterized as integer or fractional
slot. An integer slot winding (ISW) has a whole number of
slots per pole phase (SPP) whereas the fractional slot winding
(FSW) has a non-integer number of SPP [12]. FSWs are
shown to have better field weakening potential and shorter
end windings [13] but also experiences larger harmonic
content which causes increased losses [14]. Considered here
for FSW are SPP = 0.5, 1.5, and 2.5

When augmenting from ISW to FSW, torque amplitude
decreases as the periodicity of the machine is reduced due to
the smaller Greatest Common Divisor (GCD) between slots
and poles. This means that the harmonic content is reduced,
and the maximum torque is therefore reduced [15].
Additionally, the end windings are shorter, decreasing the
mass but not sufficiently to match the torque decrease, so
FSW torque density is lower. Output distortion varies
between FSWs as shown in Fig. 5 which shows reduced
cogging torgue with higher SPP due to the reduced GCD, that
increases the cogging torque frequency and reduces
amplitude. Torque ripple shares the same tendency with SPP,
in that lower SPP corresponds to higher torque ripple, due to
increased cogging torque as well as large harmonic distortion.
This is reflected particularly by the 3 SPP case, which has
very low distortion due to the high slot number which reduces
distortion amplitude.
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Fig. 5. Distortion characteristics for various slots per pole phase

On the contrary, the highest terminal distortion is
observed for SPP2.5. SPPO0.5 has high efficiency with low DC
copper loss due to shorter end-windings, compared to
SPP>1.5. However, the increase in slot number for SPP>1.5
does not necessarily reduce end-windings as overall winding
mass is increasing. However, all FSWs showed improved
temperature performance due to the reduced overlap of
winding materials, which allows for improved cooling. The
0.5SPP winding has the highest saliency ratio, which is
reflected by the torque-speed relationship. For SPP>1, the
saliency ratio and potential FW region is reduced as the
phases are not separated. Illustrated in Table VI, generally
FSWs benefit from low temperatures and low distortion but
ISWs have high density and efficiency.

TABLE VI. ISW AND FSW COMPARISON

T.dens | P.dens TPV Eff. Temp T.rip

(Nm/kg) | (kWikg) | (Nmikg) | (%) Q) (%)
ISW 2.29 2.36 1.21 94.62 | 301.60 | 65.33
FSW 1.76 2.30 1.23 93.70 | 278.25 | 49.28

Change (%) | -29.95 -2.62 +1.92 -0.99 -9.50 | -32.57

D. Wire shapes

Wire type significantly affects the maximum slot fill
factor that can be achieved for the machine, which changes
the machine losses and thus machine efficiency. The
following are some common wire types using in existing
literature, with two types investigated on the baseline
machine.

Conductors with a round cross-sectional area tend to be
used in stranded configurations, these have inherently lower
fill factor as there is unused space between the wires in the
slot. Utilization when using round, stranded wires is limited
to around 0.5 [13].

Bar conductors use a square or rectangular cross-sectional
area. As the cross-sectional area is bigger, AC performance
needs to be assessed to ensure performance at high speeds
[16]. Material costs are higher, but manufacturing costs are
lower, and robustness is improved by material strength and
elimination of random gaps which cause vibrations [17]. It is
found that hybrid rectangular wire wave windings that use
both copper and aluminium can suppress eddy current loss
induced by increased resistance [18].

Hairpin conductors are rectangular conductors in which
the end windings are arranged such that they are not
overlapping [13] which has the advantage of a scalable
manufacturing process [19]. As with aforementioned
rectangular wires, the fill factor and efficiency are improved
with hairpin conductors, however large cross-sectional area
means that AC skin effects and thermal hotspot management
needs to be considered in design to minimize material
degradation and failure [20].

Litz wire winding is made up of multiple, individually
insulated strands connected in parallel and twisted together
[21] to minimize AC loss in particular for high frequency
operation. Design of these windings, however, can be
difficult as these wire types are highly affected by AC
proximity loss so high-quality loss evaluations are required
[22]

Only the circular/stranded and rectangular/hairpin are
considered at this stage in the paper. The inherently higher
slot fill capability of hairpin conductors provides low DC
losses for the hairpin winding, and thus gives higher machine
efficiency. However, the hairpin conductors are heavier,
showing a decrease in torque density in Table VII but
improved temperature performance. The hairpin winding also



has higher D-axis inductance (83.01pH to 8.112uH) due to
the influence of geometry such as cross-sectional area, length,
and separation between turns [23]. This leads to higher
saliency ratio, which contributes to larger FW region, as seen
in Fig. 6. The torque-speed graphs show the comparison of
the performance envelopes due to the application limited
voltage and current, this region would be reduced in practice
due to thermal and mechanical constraints.

A summary of these results moving from stranded to
hairpin is given by Table VI, showing that more specialized
wire shapes can have performance benefits but have costs in
terms of ripple and system mass.

Torque-speed characteristics
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Fig. 6. Torque-speed comparison for wire types

TABLE VII. STRANDED TO HAIRPIN WIRE COMPARISON

T.dens | P.dens TPV Eff. Temp | T.rip
(Nmrkg) | (kWrkg) | (Nm/V) | (%) | (°C) | (%)

Stranded 2.58 5.25 2.28 95.00 | 248.75 | 68.95
Hairpin 2.22 4.52 2.36 96.46 | 180.35 | 78.82
Change (%) | -16.08 -16.13 3.44 +1.51 | -35.21 | +12.52

IVV. END WINDING CONSIDERATIONS

A. Lap/concentric

The winding layout can be lap or concentric depending on
how the coils are wound. Concentric windings have stacked
coils whereas lap windings have overlapping coils for
maximum flux linkage [24]. Concentric winding
manufacturing processes are easier as automated winding
techniques can be used, while it is challenging for lap as coil
sides cannot be fitted to the slot until finishing coils are added
[18].

The simulation data showed that most differences
between the lap and concentric windings were small and
aligned with literature as shown in Table VIII, such as minor
BEMF amplitude differences [19].

TABLE VIII.  LAP TO CONCENTRIC WINDING COMPARISON

T.dens | P.dens TPV Eff. | Temp | T.rip

(Nm/kg) | (kWikg) | (Nm/V) (%) (°C) (%)
Lap 3.66 5.36 2.29 97.75 | 170.10 | 75.20
Con 3.66 5.36 2.29 97.75 | 170.10 | 75.20

Change (%) | +0.002 | +0.002 | +0.002 | 0.000 | 0.000 |+0.003

B. Pitch

Windings can also be defined as full pitch (FPW) which
has a coil pitch equal to the pole pitch or as short pitch (SPW)
where the coil pitch is less than the pole span [12]. Related to
this are concentrated windings (CW), which have a coil
around each tooth, meaning that these are SPW with a coil
throw of one slot. Similarly, distributed windings (DW) have
coils that span multiple teeth, so can be FPW or SPW [25].
Fig. 7 illustrates the pole span and potential coil span; the
pitch length is described as slots spanned by the coil/slots in
pole span.
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Fig. 7. Pole span coil span radial diagram

When comparing CW to DW, higher torque density,
decreased power factor and lower efficiency are observed.
Moreover, distortion in the CW is higher, with high harmonic
content in the MMF leading to higher torque ripple and higher
iron losses, this holds true for SPW [26]. Conversely, FPW
has higher material costs due to the increase in copper mass
with reduced losses, particularly eddy current loss in the iron
[27].

Due to lower saliency ratio, lower reluctance torque
is produced for CWs, this is a result of lower D-axis
inductance for CWs. However, due to the shorter end
windings, the overall winding mass and machine mass is
smaller thus torque density is higher, as seen in Table IX.
CW’s dominant loss source is iron loss, particularly in the
rotor, the losses are not proportionate to the output power
hence the lower efficiency. Fig. 8 shows improved FW
capability for CWs.

Pitch length has a pronounced effect on terminal
distortion, which is lowest for 4/6 pitch. Further increase in
pitch length does not reduce torque ripple due to the reduced
cogging torque for low saliency i.e., long-pitched designs.
The reduced saliency as pitch length increases means that the
SPW 2/6 has largest FW region. Increasing pitch length
reduces speed and increases torque, however, increasing pitch
length also increases weight so the maximum torque density
solution occurs at SPW 4/6.

Efficiency improves as pitch length increases due to
reduction of parasitic effects of distortion, but phase
resistance increases with pitch length, increasing phase
voltage, DC copper loss and temperature dependent loss
resulting in maximum efficiency at SPW 2/6. Generally,
SPWs have improved power density and efficiency but FPWs
have improved distortion.

Torque-speed characteristics
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Fig. 8. Torque-speed characteristic comparison for concentrated and
distributed windings

TABLE IX. VARIATION OF PITCH LENGTH

T. dens P. dens TPV Eff. Temp | T.rip
(Nm/kg) | (kWikg) | (Nm/V) (%) (°C) (%)

Cw 1.70 3.97 1.38 93.57 |200.25 | 90.62
DW- SPW 3.83 2.72 1.15 95.23 |353.80 | 44.00
DW- FPW 3.92 117 0.69 93.64 | 575.05| 28.47




V. CONNECTION CONSIDERATIONS

A. Star/delta

Winding input connections can be star or delta based. In
star windings, coil ends are connected to a common neutral
whereas for delta windings coils are joined end-to-end
creating a closed loop. It is shown that star performance is
better under healthy conditions, but delta is suited to open-
phase faults due to the lower line resistance [28]. The
combined star-delta windings have large potential benefits
but are challenging to manufacture [24].

As seen in Table X, the differences between the winding
configurations are not significant to the parameters
considered for this application. Additionally, the usage of star
and delta winding connections including performance and
potential benefits is well reviewed in literature [29].
However, it is noteworthy that most expected benefits of
changes between these input connections relate to
manufacturing techniques and overall reliability, which are
not considered at this stage.

TABLE X. STAR TO DELTA WINDING INPUT COMPARISON

T.dens | P.dens TPV Eff. Temp | T.rip
(Nmrkg) | (kWikg) | (Nm/V) | (%) | (°C) | (%)
Star 3.66 3.07 2.29 97.75 | 170.10 | 75.20

Delta 3.66 3.07 2.29 97.75 | 170.10 | 75.20

B. Parallel paths

When coils are connected in series, current is not split
between the coils, so electrical loading is increased. This is
particularly problematic in anisotropic machines as the
changes in permeability with mechanical rotation increase
reluctance and cogging torque [30]. Connecting windings
with parallel branches reduces winding cross-sectional area,
reducing the loss and better adheres to voltage limits,
particularly when the operational frequency is high, as the
phase voltage is a function of frequency [31]. Usage of
parallel paths can reduce impacts of permeability changes and
unbalanced flux density [30], but complexity is increased so
manufacture can be difficult [32].

Increasing parallel paths reduces the phase voltage by
reducing series turns per coil and electrical loading. As
electrical loading is reduced, temperatures in the three-path
winding are smaller, which leads to improved efficiency with
lower losses. Increasing parallel paths also decreases torque
amplitude but increases speed disproportionately so the
output power and power density is increased while the torque
density is decreased. The two-path winding has higher torque
amplitude with lower cogging torque as the three-path design
has higher saliency, contributing higher cogging torque and
larger FW region, illustrated in Fig. 9.
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V1. COMPARISON OF WINDING TOPOLOGIES

A scoring system will be proposed in this section to
assess the winding types to provide a comprehensive view to
design machines for the context of HDEV applications. From

previous discussions, there is negligible difference between,
(i) OLPW and NOLPW, (ii) star and delta, and (iii) lap and
concentric. Therefore, these are not considered in the
evaluation system for this section.

The output parameters considered are torque
density, power density, torque per volt, efficiency, peak
temperature, and torque ripple, in descending order of
importance. These are given weighting factors, based on the
most important to least important order, but also based on the
magnitude of the difference i.e., efficiency is important, but
the range of values is low, so the weighting factor is large,
power density is important, and the range is large, so the
weighting factor is reduced. Table XI shows the weights
assigned for each characteristic.

TABLE XI. CHARACTERISTIC WEIGHTING FACTORS

T.dens |P.dens| TPV Eff. (%) [Temp (°C)| T. rip (%)
(Nm/kg) |(KWikg)| (Nm/V)

Importance | High High | Medium | Medium | Medium Low

Range Medium | High High Low High | Medium

Weight 2 15 15 2 0.5 0.5

This weighting factor is then multiplied by the
percentage difference between the compared topologies,
which produces the scores in Table XII for the remaining
topologies, with the largest total having the greatest measured
impact. Table XII indicates that the most significant changes
were seen when altering pitch length and number of layers
and the least significant changes that are worth investigation
was direct changing of the wire shape without further
modification.

VII. CONCLUSION

Winding topologies are critical in the design of
electrical machines but rarely studied for HDEV. This paper
provides a comprehensive view of the optimised machine
topology within the context of HDEV using a baseline
machine, including electromagnetic, thermal, and
manufacturing performance.

A quantity comparison criterion was established to

evaluate the discussed winding topologies for the HDEV
application, and the results show that layer number is the most
critical factor that should be considered during the machine
design stage, as well as the pitch. Table XII indicates
summarises the score and shows that slot parameters had the
most significant impacts on the machine performance, as well
as input connection parameters such as parallel path, of the
parameters considered and for the HDEV automotive
application. The evaluation system also provides a general
guideline for factors to be scored during the machine stage in
other applications, such as automotives. Using the process
from Error! Reference source not found. and the
information in Table XII, a similar process can be used to
incorporate the mechanical and manufacture factors.
The evaluation system can be used to support future work
considering to combine various winding characteristics to
assess combinational topologies. Future work will consider
the impact of combinations of various winding
characteristics, to see if trends hold and to develop an
optimized winding design for the HDEV context.

TABLE XII.  WEIGHTED CHARACTERISTIC SCORES

Top. T.dens |P.dens| TPV | Eff. | Temp | T.rip | Total
(Nm/kg) |(KW/kg)| (Nm/V) | (%) | (°C) | (%)
Lay. 30.47 | 52.49 | 24.60 |0.29 | 24.23 | 18.86 [198.70
Pitch 2.55 59.91 | 39.95 | 1.67 | 63.94 | 18.65 |199.53
SPP 29.95 2.62 1.92 10.99 | 950 | 32.57 |89.72
Wiretype| 16.08 | 16.13 | 3.44 |1.51 | 35.21 | 12.52 | 88.40
Paths 29.82 | 20.85 | 19.55 | 0.84 | 60.24 | 29.97 |167.03
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