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ABSTRACT Permanent magnet (PM) electrical machines are an ever increasingly utilised motor topology
for numerous industries such as automotive, aerospace, manufacturing, energy and premium consumer
goods. PM electrical machines exhibit high power density, high operating efficiency and high torque
to current ratio, whilst remaining robust and fault tolerant. However, the stator windings account for
a significant proportion of the overall motor losses. There are many avenues for machine designers to
potentially reduce winding losses whilst increasing overall efficiency and performance. Such avenues
include, thermal management systems, novel winding materials and novel winding manufacturing methods.
Additive manufacturing is generally recognised as a transformative manufacturing technology, especially
in the design of electric machines. The ability to create a wide array of geometric shapes offers a level of
design freedom that was previously unattainable. Additive manufacturing is therefore utilised in this paper
to produce novel, optimised winding designs that have been configured to minimise total machine loss and
maximise machine efficiency. This paper investigates the use of an algorithmic optimisation process within
Ansys Optislang, and automated using python scripting. The optimisation process consists of sensitivity
analysis utilising an efficient hybrid 2D FEA-Analytical model, meta-modelling and genetic algorithm to
search the design space for optimal winding designs. The optimal designs are then validated against 2D
and 3D FEA high precision motor models within Ansys maxwell and MotorCad and compared against a
benchmark winding configuration. It was found that the most optimal winding design produced a motor
efficiency of 97%.

INDEX TERMS Additive manufacturing, aerospace industry, automotive industry, design optimization,
electric motors, Eddy current losses, genetic algorithms, machine windings, optimization, PMSM.

I. INTRODUCTION
Permanent magnet (PM) electrical motors are an ever
increasingly utilised motor topology for numerous industries
such as automotive, aerospace, manufacturing, energy and
premium consumer goods [1]. This is due to their superior
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characteristics over other topologies that include; high power
density, high efficiency across the range of operation, high
starting torque, high torque to current ratio, wide speed
range, constant power operation, high intermittent overload
capabilities, reliability and robustness, and low acoustic noise
and vibration [1], [2], [3].

Over the past few decades, there has been a shift towards
hybrid and fully electric drive trains for vehicles and
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transportation in order to reduce emissions and to create a
sustainable environment with reduced dependency on fossil
fuels [3].

Permanent Magnet Synchronous Motors (PMSM) are
being readily used for automotive traction systems with elec-
tric vehicle adoption increasing. In terms of aviation, research
and industrial projects are currently being undertaken to
utilise the topology for aerospace applications, especially
civilian air transportation, where emissions account for 12%
of the global annual emissions output with the number of
passengers set to double by 2035 [4]. The PMSM topology
is under consideration for starter generator applications and
for high power alternative propulsion systems as part of MEA
(More Electric Aircraft) and HEA (Hybrid Electric Aircraft)
concepts for high efficiency, power density and robustness.
This is part of the EU commission policy report ‘‘Flightpath
2050’’ which aims to reduce aviation CO2 emissions by 75%,
NOx by 90% and noise by 65% by 2050 [5].
Another area of concern regarding the efficiency of

electrical machines is global electrical energy consumption.
It is becoming increasingly important to continue to improve
upon motor efficiency in a broader domestic and industrial
sense. As of 2009 onwards, the European Commission
Regulation (EC) No 640/2009, has meant that continuous
incremental improvements in electrical machines has con-
tributed effectively to low carbon economy targets, set by the
European Union.

The eco-design requirements regulation by the EU was
subsequently updated on the 1st of July 2021, with a
broader scope to include single speed 50Hz/60Hz induction
motors. The regulation also includes variable speed drives
and requires all variable speed drives to reach at least IE level
2 efficiency and three phase motors with rated power between
0.75Kw and 200Kw must meet IE level 4 by July 2023.
The IE standard is the ratios of Mechanical Output power
to the electrical input power and includes other machine
characteristics in its standard.

The EU is the first place worldwide to make IE
level 4 Mandatory for some motors. It is postulated, that
50% of the worlds electrical energy consumption is con-
sumed by electrical motors. (Commission Regulation (EU)
2021/341) [6].

II. MOTIVATION FOR WINDING OPTIMISATION
The stator windings in PMSM’s often account for the largest
proportion of total machine losses [7]. Winding loss within
a PM motor can be defined by two basic components: DC
and AC power loss. The presence of both DC and AC loss
effects makes winding design complex, as a balance needs
to be struck between the DC and the AC loss mechanisms.
Both DC and AC behaviour are linked directly to the
geometric configuration of the conductors in the winding.
Whilst DC power loss components and thermal dependence is
well understood and used to estimate machine performance,
AC loss components are difficult to compute accurately

as they are a direct function of the winding’s individual
conductor geometry, layout and operating frequency [8].

Motor designers typically only take into account the DC
losses in the design process. This is because modelling
and simulating the AC loss components is computationally
heavy and time consuming. However, sufficiently high AC
frequency operation can have a significant effect on the
loss behaviour of the device, due to the presence of eddy
currents [9].

Fill factor has been traditionally used as an umbrella metric
for low loss winding performance. A winding design with
a high fill factor was commonly seen as ‘‘good’’, however
as stated, there are a plethora of other effects to take into
account. AC effects such as skin effects and proximity effects
also need to be accounted for. These additional effects scale
with operating frequency, further complicating the winding
design philosophy as conductor profiles, arrangement and lay
in the stator slots become ever increasingly important [10].

III. NOVEL WINDING MANUFACTURING METHODS
Novel manufacturing technologies and processes are
enabling the manufacture of unique winding designs that
may offer benefits in terms of performance and loss
mitigation. Some recent examples in literature include metal
casted windings developed by Fraunhofer, illustrating the
casting of aluminium and copper windings. Whilst electrical
conductivity is conserved when compared to their raw
material counterparts, the winding geometry appears limited
to flat, trapezoidal conductor shapes with low numbers of
turns. Minimal conductor heights of 0.7 mm can be achieved,
with achievable winding lengths of 200 mm demonstrated.
The process is limited to concentrated windings, with
conductor shaping hindering AC loss minimisation to effects
such as proximity and skin effects [11], [12].

Forming is a cost and energy effective solution, generating
little wastematerial and low equipment costs. Present types of
forming processes such as compression, rolling and pressing
have been demonstrated. The trapezoidal windings are a good
candidate for such a process, however there are drawbacks
due to high degrees of deformation, including insulation
application, reduction in achievable fill factors, surface
quality, limited conductor shaping and burr formation [13].
For milling, KITECH has been manufacturing high fill
factor trapezoidal windings using milling, accomplished with
CNC machines. Once milled, the windings are insulated
and compressed to fit into the slot. However, the processes
suitability for mass production is limited and therefore only
small batches and prototypes are created. Such a process
may be of interest for the aerospace industry, where cost
constraints are less of a limiting factor [12]. A novel
processing chain has been developed by Fraunhofer to
increase the slot fill factor and to enable unique geometry
by processing each section of wire sequentially to allow for
adaptive geometry on a per turn basis. The process consists
of a pressing tool, immersion elements, bending and pressing
jaws. However, the process does have some disadvantages,

VOLUME 12, 2024 187407



J. McKay et al.: Design and Optimization of Additively Manufactured Windings

including technical challenges involving wire guiding that
result in alternating displacement of the wire axis, increased
gapping between winding sections and burr formations [14].

Some previous examples in literature include, pre-cut
foil windings [15], forming bobbin shaped windings using
traditional round wires [16] and stacked printed circuit board-
based arrangements connected electrically at the windings or
by busbar [17].

One manufacturing technology that is receiving significant
attention is the use of additive manufacturing (AM) in
winding design. The ability for additive manufacturing to
create unconstrained three-dimensional and novel geometries
which would not be possible via traditional manufacturing
methods is an exciting development. The potential to
print; a variety of materials including plastics, ceramics,
metal alloys and even biological material through, rapid
prototyping, combined with little to no materials waste,
makes additive manufacturing a highly attractive technology.
Recent research has focussed on the use of additive man-
ufacturing for electric motors and their components. There
are many different examples of AM such as selective laser
melting (SLM), electron beam melting (EBM), 3D screen
printing [18], 3D multi-material printing [19] and wire-cut
electrical discharge machining [20]. The use of 3D multi-
material printing is especially interesting with its ability
to print both conductive and ceramic insulation material
simultaneously [21].

As of 2018 the additive manufacturing industry as a whole
(referring to the inclusion of hardware, software, materials,
production and includes industries such as aerospace, health
care and automotive) was worth approximately $9.3 billion
dollars. This is expected to rise to $41.1 billion dollars
by 2027 [10]. Companies such as Airbus and BMW are
already utilising additive manufacturing in rapid production
prototyping and high-volume production for aerospace and
automotive [10], [22]. Additive manufacturing has been
recognised as a key enabling technology for many industries.
Coupled with advances in high precision and high-fidelity
electromagnetic computation, the technology offers opportu-
nities to design solutions that would otherwise be considered
too challenging, costly or impossible to produce using
conventional manufacturing techniques [2], [10], [23], [24].

IV. TRENDS IN WINDING OPTIMISATION
There is a trend in published literature towards the precise
placement and shape of each turn of a winding having a
distinct shape, produced by non-conventional manufacturing
technologies, for example additive manufacturing [25].
Various types of conductor shapes have been explored
previously such as trapezoidal or flat conductors, which
allow for high fill factor and high current density, however,
suffer significantly in AC high speed operation. Attempts
have been made to alleviate this challenge by shaping each
winding turn by aligning the conductors with the flux lines,
therefore avoiding high gradients ofmagnetic vector potential

produced by the magnetic material on the rotor, thus reducing
the conductor’s exposure to leakage flux [2]. Multi-material
3D printing has allowed for the simultaneous printing of flat
and circular conductors surrounded by ceramic insulation
material, however the fill factors achieved are low at 33.8%
and the number of turns achieved are also low at just
10 and 14 turns. Flat, trapezoidal and circular conductors
manufactured in this way also appear limited to concentrated
windings [21], [26].
The use of integrated heat pipes directly placed into

additively manufactured windings has also been utilised to
increase the integrity of the insulation by targeting winding
hot spots. The operational lifetime of an electric motor
depends largely on the insulation. High power machines use
direct liquid cooling, typically consisting of ethanol-glycol
to control temperature [27], [28]. Fan Wu et al. demonstrate
that cooling pipe placement should be a strategic decision
and not generic in nature. The upper most winding turns
exposed to the leakage flux produced by the armature field,
generate more joule losses. It was shown that by reducing
those conductors’ cross section and by introducing cooling
pipes for those conductors helped reduce losses at sufficiently
high operational frequencies.

The use of hybridised conductor windings containing
a mixture of solid and stranded conductors that make
up a winding. Solid conductors may exhibit higher AC
losses compared to stranded conductors at sufficiently high
operational frequencies. Conductors situated at the top of the
slot are especially affected by proximity effect from leakage
flux generated by the magnetic material on the rotor iron [2].
Simpson et al., demonstrates the use of replacing the solid
conductors near the top of the slot with stranded conductors
to reduce the proximity effect experienced by those turns
affected. However, not every strand is exposed to the same
magnitude of magnetic field, altering their independences
on a per strand basis. Transposition in the end windings
was introduced to avoid circulating currents between strands.
The limitation is that parallelised conductors must remain
relatively large in terms of size and the number of parallel
strands is limited to four per turn, due to the limitations of
the additive manufacturing process. These features limit the
stranded turn’s ability to run at high operational frequencies
due to AC loss mechanisms such as proximity and skin
effects, however, transposition is achieved in the end winding
sections. Smaller and more numerous parallel strands would
help with these challenges but were no doubt deemed
unfeasible to manufacture. The presence of the turns at the
top of the slot also makes those conductors susceptible to
leakage flux and thus joule losses incurred due to armature
reaction.

A clear trend in literature is that windings manufac-
tured using AM appear to be concentrated in nature as
manufacturing a distributed winding may be challenging to
realise practically. In order to improve the performance of a
PMSMmachine concentrating on winding loss performance,
novel ideas have been published that make use of solid
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conductors rather than traditional stranded circular wire
windings. The leveraging of more advanced manufacturing
technologies enables more sophisticated winding geometries
to be designed and optimised. Conventional windings use
round or square drawn copper wire windings for the stator
windings. The windings within this research paper cannot
be manufactured by traditional winding processes due to the
requirement of different conductor shape, size, orientation
and position. Each turn within the winding can be entirely
unique.

This research paper contributes to the literature by
presenting windings optimised via an automated algorithmic
optimisation process, utilising a unique structure that includes
sensitivity analysis and meta-modelling, followed by a multi-
objective genetic algorithm (MOGA) to search the design
space. It consists of Ansys Optislang connected directly via
numerous custom python scripting packages to a hybrid
2D custom finite element analysis with analytical elements
model of a PMSM motor for time and compute efficiency.
Thermal and mechanical modelling are pre-computed within
Ansys MotorCAD and Lumped Parameter Thermal Models
(LPTN’s) are utilised to dictate material behaviour at
simulated temperatures.

The resulting windings attempt to balance the Rac/Rdc,
a well-known engineering trade-off at a singular operating
point of 1500 RPM. The windings designed attempt to
maximise fill factor, whilst minimise DC and AC effects
such as proximity and skin effects. The design freedoms
afforded by additive manufacturing also allows the process to
place conductors meaningfully to attempt to avoid armature
field joule losses incurred by leakage flux. The research
offers unique winding arrangements not previously seen
in literature with unique conductor cross sections such as
triangles and hexagons to be placed meaningfully within
the slot to minimise losses whilst increasing efficiency.
It was observed that overall motor efficiency was increased
by around 6-7% when compared to a benchmark winding
design. Weight savings of up to 1.48 kg for concentrated
windings and 4.88 kg for distributed windings were observed,
reducing winding mass and increasing motor power density.
The maximal motor efficiency achieved was 97% using the
optimisation process developed.

V. OPTIMISATION OF ELECTRIC MOTORS
Electric motor designers have been utilising optimisation
of electrical machines for decades. Because of the many
parameters being optimised, it is viewed mostly as a multi-
objective scenario as there are many goals being optimised
for [29]. With the rise in demand for more efficient,
compact, lighter and cost-effective electric motor solutions,
multiphysics design optimisation strategies are becoming
increasingly attractive at the early stages of the motor design
process. The machine design industry has developed rapidly
in recent years due to the electrification of transportation.
This creates a challenge for designers within industries
such as automotive where they are incentivized to design

motors with high power and torque whilst retaining the
feasibility of mass production. Furthermore, the project
turnaround for machine design is becoming shorter and
so automated optimisation processes are becoming more
indispensable [30]. Engineering designs are generally broken
down into two distinct parts, modelling and optimisation.
Modelling techniques typically include analytical or lumped
parameter models, numerical methods and finite element
analysis. Optimisation algorithms are classified as either
deterministic or stochastic, which is the exploration of the
design space either systematically or randomly [31].

Deterministic optimisation aims to find the best global
optima with certainty, utilising algorithms that provide
theoretical guarantees that the returned result is the best
solution. Stochastic methods use a random search of the opti-
misation space utilising algorithms such as evolutionary [32],
[33], genetic [34], [35] or particle swarm algorithms [36],
[37]. Deterministic optimisation however is computationally
intensive and time consuming, whilst stochastic modern
optimization methods offer advantages over deterministic
methods as They are less prone to getting trapped in local
optima and can handle large numbers of variables or param-
eters. This approach to engineering optimization scenarios
has a distinct advantage with multi-physics problems [29].
The trapping of deterministic optimisation is termed as the
‘step-size problem’, and is a well-known disadvantage to
deterministic optimisation strategies, where a finer stepping
to explore search areas of interest compound search time
and deplete computational resources. This contrasts with
stochastic methods which are gradient free and possess
a continuously evolving population of potential solution
candidates [31].
Optimisation algorithms are evaluated based on three

principles: accuracy, robustness and efficiency. The features
all oppose one another with an example being robustness
which is slow, forcing a trade-off between convergence,
storage, robustness and speed. Space reduction is used
with the aim of reducing the number of function evalua-
tions [38]. Two common methods for motor optimisation
is DOE, design of experiments and stochastic evolu-
tionary algorithms, especially for significant dimensional
parameters [39], [40].

For design optimisation tasks coupled with FEA, such as
the process presented in this paper, the most important feature
after accuracy is efficiency, therefore trading robustness for
computational time and function evaluations [38]. Computa-
tionally Efficient Finite Element Analysis (CEFEA) exploits
existing electrical symmetry and magnetic periodicity of
PMSM topologies with sinusoidal excitation. With CEFEA
it is possible to reduce computational time by up to two
orders of magnitude [38]. It was necessary to adopt a CEFEA
approach, due to the complex nature of winding interaction
that cannot be analysed analytically with the highly complex
structures presented within this paper.

Since the number of variables multiplies the number of
experiments and optimisation time, it is required to decrease
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the design space by reducing the number of variables.
Sensitivity analysis is a commonly used approach in motor
design. Sensitivity analysis represents the first step in the
optimisation process detailed in this paper, where the hybrid
analytical-FEA motor model is used and developed with
CEFEA in mind to evaluate how meaningful the input
variables, in this case, each of the individual conductors’
position, shape, size and rotation has on the output of the
PMSM motor model.

Space reduction in electric motor optimisation involves
decreasing the dimensionality of the search space to enhance
firstly computational efficiency and secondly, simplifying
the optimisation process. This includes selecting the most
relevant variables, reducing the number of constraints and
using a simplified model, often referred to as a ‘‘surrogate’’.
Techniques such as surrogate modelling are employed to
focus on the most influential parameters and approximate
complex behaviours with fewer computations. By targeting
a reduced set of key design variables and using efficient
search algorithms such as genetic algorithms, space reduction
enables quicker convergence to high-quality solutions, mak-
ing the optimisation processmore tractable whilemaintaining
performance standards. To assess the quality of a surrogate
model, the use of the coefficient of optimal prognosis was
used to determine the quality of the model before being
utilised by the genetic algorithm [30], [41].

In this case a meta-model (the Meta-Model of Optimal
Prognosis) surrogate model is used to represent a decreased
dimensionality model of the variables being altered. In this
paper, given the sheer number of variables representing a
windings configuration (approximately 240), it was neces-
sary to alter a minimal set of variables per optimisation
pass, termed in this paper as an optimisation ‘stage’, where
each of the 48 conductors would have their positions altered
firstly, then size, shape and orientation. By reducing the
number of variables being utilised per optimisation pass, the
quality of the meta-model increases, giving a higher quality
representation of the phenomena being represented. Each
successive result would seed the next optimisation stage.
Meta-modelling represents the second step in the overall
optimisation process.

Optimisation algorithms rely on an equivalent model,
or ‘surrogate model’ for obtaining fitness values, which
depends heavily on the accuracy of the modelling involved.
Using genetic algorithms, thousands of designs are evaluated,
per optimisation run in order to solve high-dimensional
design problems. Therefore, modelling speed is an important
criterion for design optimisation involving many differ-
ent design parameters [32]. Such as those seen in this
paper.

Multi-objective, constrained optimisation genetic algo-
rithms, referred to as MOGA [31], are designed for opti-
misation scenarios where there are conflicts with objectives
and constraints. These algorithms facilitate the evaluation
of solutions through various fitness functions to identify
a set of optimal solutions positioned upon a pareto front,

which represent a balance between multiple criteria of
interest. Unlike single- objective optimisation methods,
multi-objective constrained genetic algorithms are designed
to maintain a diverse candidate population throughout
the iteration process. This guarantees a comprehensive
exploration of the design space and effectively captures the
trade-offs between conflicting objectives. This results in the
identified solutions on the pareto front, ultimately adhere to
the specified constraints [32]. In this paper once the optimal
designs are found, they are validated against via a 2D FEA
simulation. Further validation of winding designs of interest
were compared against full 3D FEA simulations for greater
precision and accuracy.

There are many different examples in literature of the
use of optimisation algorithmic processes in electric motor
design. For example, motor topology optimisation [37],
geometry optimisation [29], [36], operating point opti-
misation [42], [43], winding optimisation [25], [35] and
materials [36] optimisation to name a few.

A general criticism of optimisation-based designs is that
it is easy to lose track of the actual optimisation process
itself, and therefore, useful engineering insights are often
lost from the design. This criticism was challenged in this
research by the splitting of the optimisation process into
unique stages allowing for deeper consideration of why
certain optimisations and therefore structures were being
developed by the process [32].

VI. PROBLEM DEFINITION
Consider an empty open slot within the stator of a PMSM
motor, as shown in Figure 1. An open slot topology was
chosen because it is favourable in the use of prefabricated,
pre-processed windings such as those manufactured by AM
[44].

FIGURE 1. An empty stator slot.

Most machine designers use DC performance when
designing a winding due to the complexities and computa-
tional effort in modelling AC effects [9]. As can be seen in
Dowels equation (1), many of the terms are fixed, and linear
assumptions are made about conductor cross-section, the
number of layers, diameter and thickness. Whilst analytical
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methods for modelling loss effects within a winding are
efficient at estimating losses within the conductors, a clear
disadvantage is the need for those analytical models to be
reformulated when a machine topology changes. For exam-
ple, they assume linear magnetically permeable materials,
fixed machine topologies, but more importantly, assume
conductor placements and layouts within the available stator
slot space that are repeatable in terms of shape, dimensions,
spacing and layering, and therefore, limit design freedom
[23].

K =
Rac
Rdc

= Re{α.h. cot h(α.h)}

+
m2

− 1
3

.Re
{
2.α.tanh

(
α.h
2

)}
(1)

Two time stepped electromagnetic models were developed.
A concentrated single layered winding and a distributed
dual layered winding. Both motor topologies and winding
layouts were developed firstly in MotorCAD and comprised
of a benchmark winding layout that was used to compare
performance against the algorithmically generated designs.
Both models contained identical parameters for motor
topology and winding layout within the slot. Figure 2 shows
the benchmark winding layout in Ansys MotorCAD on the
left and the replicated benchmark winding in the hybrid
Ansys Maxwell model on the right. The winding layout was
identical for both the concentrated and distributed benchmark
windings.

FIGURE 2. (L) The benchmark winding in MotorCAD, and (R) the
benchmark winding replicated in Ansys Maxwell.

TABLE 1. Benchmark design parameters at 20◦C operating temperatures.

In order to achieve a high level of conductor layout
customisation, the MotorCad models were then developed

and parameterised in the hybrid Ansys Maxwell model,
where automation could be utilised to place conductors of
varying shape, size, position and orientation within the pre-
determined slot space of phase A in the model. Both the
concentrated and distributed hybrid Ansys Maxwell models
were tested and validated by constructing the benchmark
winding layout structure in their respective hybrid Ansys
Maxwell models. The losses observed were then compared
against losses observed in their MotorCad equivalents. This
ensured a high level of accuracy, and that both the MotorCad
version of the models and their equivalent hybrid Ansys
Maxwell models were in agreement with measured values
of loss before the algorithmically generated winding models
were compared.

In terms of end winding behaviour, the hybrid Ansys
Maxwell models simulates the active winding sections only,
i.e. the parts of the winding encompassed within the stator
slot. The end windings could be modelled as external
circuits with known value of resistance and inductances,
however, with the large number of simulations taking
place (approximately 25,000) it would be impossible to
know all specific values of resistances and inductances for
every custom windings end winding behaviour. Therefore,
an assumption is made, that the behaviour of the end winding
is predominantly DC loss. This assumption is validated and
tested with a high precision 3D model of two concentrated
winding designs, #834 and #9354. For clarity, windings were
named by their simulation number and begin with a ‘#’
prefix. It can be posited that as long as the end windings
are no longer than 50% of the active winding sections,
then AC loss mechanisms such as Skin effects can therefore
be neglected [45]. In order to simulate as many winding
designs as possible it was necessary to have a highly time
efficient FEA model that allowed maximal winding layout
freedom whilst retaining high precision. It was decided that
the number of conductors composing the winding would be
fixed to 48 per slot.

A concentrated winding consumed 2 slots, whilst a
distributed winding consumed 4 half slots (at 2 windings per
slot), whilst still containing 48 conductors. To reduce the
number of variables being altered at any one time, a winding
would be designed in one slot space like in Figure 3 and then
mirrored to complete the winding in the adjacent slot. This
approach helped reduce computation time and end winding
model complexity. Distributed windings would have the top
parts of the winding be identical and the bottom parts of
the winding following the same pattern. This simplified the
design process and the generated FEAmodel, as a distributed
winding could be designed and represented in an identical
number of conductors to the concentrated winding. A total
of 48 conductors were chosen as it was easily divisible
by many integers, but also when drawing the geometry in
the two-dimensional hybrid Ansys Maxwell model, it kept
the complex geometry to a minimal of 96 high precision,
full geometry conductors. Through experimentation, it was
found that 96 conductors were computationally efficient as
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utilising more high precision full geometry conductors to
represent a winding, whilst possible, slowed computation
down from ∼2-3 minutes to 30-45 minutes, even on modern
high-performance computer hardware.

VII. HYBRID FEA-ANALYTICAL MOTOR MODEL
The hybridAnsysMaxwell model, is an FEA electromagnetic
model that uses a mixture of analytical winding representa-
tions, and one fully formed geometrically complex winding
associated with phase A of the electrical input. By utilising
the CEFEA concept, symmetry is also utilised to save on
computational time.

FIGURE 3. The hybrid model.

As can be seen in Figure 3, only one winding is represented
in full high precision geometry. The rest of the windings
comprise of analytically modelled windings represented by
colour coded squares associated to their respective phases.
For the analytical winding representations, the following
assumptions were made:

• Assumed 100% fill factor
• Current density is assumed to be uniform
• Conductors are repeatable, uniformly shaped, with
uniform spacing and uniform cross-sections

• Inductances and resistances are computed by the solver
• Analytically represented windings do not consider
complex loss mechanisms such as skin effects and
proximity effects

• End winding losses are not computed, only active model
sections.

The complex winding geometry allowed the study of both DC
loss and AC loss mechanisms such as skin, proximity effects
and armature reaction. The model was excited via 3-phase
current excitation parameterised globally within the project,
for example:

IPeak∗sin((pi∗MachineRPM/1rpm∗NumPoles/60
∗time + (360 − 0)/360∗2∗pi) + PhaseAdvance) (2)

By exciting the model via currents, the MMF and the flux
produced by both the analytical and complex geometry
windings will be the same for the given number of turns. This
was tested and validated bymeasuring the torque produced by
both a fully analytical model and the hybrid winding model.

FIGURE 4. (Top) The analytical model, (Bottom) the hybrid model.

FIGURE 5. (Top) The torque produced by the analytical model, (Bottom)
the torque produced by the hybrid model.

The only difference between both the fully analytical
model and the hybrid winding model is the higher quality
loss data enabled by representing the winding of interest as
full geometry and loss data obtained from the full geometry
winding was then superimposed upon all windings within
the model to represent total machine losses, adjusted for
symmetry within the model. Therefore, the performance of
a given motor for a given winding design is:

Total Losses(W )

= ((I2R+ Skin effect loss

+ proximity effect loss

+ Armature reaction loss)∗total number o windings)

+ Magnet material loss+ Stator Iron loss(Hysteresis

+ eddy current loss) + Rotor Iron loss. (3)
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Input Power (W)

=
√
3∗LineVoltage ∗ I (rms) ∗PowerFactor (4)

Alternatively,

Input Power (W ) = Output Power + Total Losses (5)

Output Power (W) = Torque develped by the rotor
∗rpm(in radians per second) (6)

Efficiency(%) =
Output Power
Input Power

(7)

Imposed model constraints will now be discussed in more
detail.

• All conductors in the electromagnetic models are solid
conductors. Bundled conductors were determined to be
unfeasible due to the time to compute large numbers
of conductors and increasing Finite element mesh
complexity. The close proximity of conductor geometry
would be impossible to render using metal additive
manufacturing due to the inability to remove support
structures between adjacent conductors.

• Conductor transposition was not included, as there is
no way to represent transposition geometrically within
a two-dimensional model. Whilst it would be possible
to assume ideal transposition of conductors to minimise
AC loss effects, there would be no way to render
such complex geometry using additive manufacturing of
metal, due to the inability to remove support structures
between conductors, small conductor cross sections and
geometry.

• Minimum and maximum conductor cross sections that
a conductor can inhabit within the slot was limited to
1 mm2 for the smallest cross section and 3 mm2 for the
largest. These values were ascertained by the largest slot
area a conductor could inhabit if all conductors were the
same cross-sectional area and the limitations of metal
additive manufacturing precision, typically 0.5 mm2.
However, for the random placement strategy, conductors
were allowed to surpass the 3 mm2 limit, due to the
nature of the strategy.

• Limiting the number of conductors comprising a
winding to 48, helps limit the number of possible
variables to be altered. With each conductor comprising
of five variables, x-position, y-position, shape, scale and
orientation, this amounts to 240 variables describing
a windings structure and layout. Variable numbers
rise sharply with increasing numbers of conductors.
Additional variables were used to describe custom
parameters within each of the layout strategies.

VIII. THERMAL MODELLING, UTILISING LUMPED
PARAMETER THERMAL NETWORKS
The thermal model used was a lumped parameter network
model produced in MotorCad. Both the concentrated and
distributed winding models had their own unique thermal
model setup. Lumped parameter thermal networks are widely

used in the thermal analysis of electrical machines and can be
preferential due to their reduced computational times [46].
The lumped parameter thermal networks were created within
Ansys motorCAD utilising the benchmark winding layout
illustrated in Figure 2. for both the concentrated and
distributed winding topologies. The motor topologies were
firstly simulated within the mechanical analysis tool within
MotorCAD to characterise the behaviour of the motor.
This data was then imported into the thermal analysis tool
where thermal analysis took place. The LPTN’s for both
the concentrated and distributed winding layouts were then
produced from the thermal behaviour. For complete analysis,
the thermal and mechanical data was then applied to the
electromagnetic simulation to ascertain a high precision
loss model for the benchmark winding within MotorCAD
for comparison against the hybrid Ansys Maxwell FEA
equivalent models.

Lumped parameter thermal networks are often used to
speed up the computation process of motor simulation by
simplifying the thermal model complexity and use heat
transfer theory to make estimations about the thermal
behaviour of the system they represent [47], [48].

FIGURE 6. The concentrated winding machine lumped parameter
network thermal model.

FIGURE 7. The distributed winding machine lumped parameter network
thermal model.

Given the complexities of automating the entire optimi-
sation process and attempting to keep simulation times as
minimal as possible, the thermal models were static and not
dynamic. The reasoning for the static thermal modelling was
simple: a dynamic model would require an unpredictable
number of simulations between the electromagnetic model
and the dynamic thermal model before both models con-
verged. This would ultimately bloat simulation time on a

VOLUME 12, 2024 187413



J. McKay et al.: Design and Optimization of Additively Manufactured Windings

per winding basis. The temperatures derived were from
the benchmark thermal models of the concentrated and
distributed windings. The temperatures for all materials
within those models were then superimposed on to the
materials of the equivalent models within hybrid Ansys
Maxwell FEA model. These temperatures then determined
material behaviour such as material resistivity for example.

TABLE 2. Thermal model parameters.

Table 2 Shows lumped parameter thermal network param-
eters for the distributed and concentrated electric machines.
These temperatures are for experimental purposes and may
not be appropriate for every design or use case of electrical
motors.

IX. THE NESTING PROBLEM
In order to best probe the design space, an automated
optimisation process utilising MOGA is proposed, inspired
by a mathematical problem called the ‘‘packing problem’’
or ‘‘nesting problem’’. These problems are defined as
and belong to a class of cutting and packing problems
which consist of allocating sets of regular and irregular
shapes into typically rectangular containers or any shaped
container whilst minimising waste space. The problem
combines the combinational difficulty of cutting and packing
whilst also being computationally challenging by enforcing
geometric constraints such as non-overlaps of geometry and
containment. This is exceptionally important if we wish to
generate valid geometric layouts that can be simulated in FEA
and translated to real-world geometry for manufacturing and
testing.

Nesting problems have been addressed both in research
and in real-world practical applications by heuristic, meta-
heuristic and mathematical models. The packing problem
arises in many different industrial and logistical appli-
cations and often involves or are involved directly in,
more complex optimisation challenges [49]. The algorithm
chosen to generate valid winding designs was the genetic
algorithm. Genetic algorithms are used significantly within
research to help optimise motor design parameters along
with numerous other algorithms. They are stochastic search
methods that take inspiration from biological processes such
as evolution, survival of the fittest and genetics. Originally,
genetic and evolutionary algorithms were developed to
handle optimisation scenarios where no gradient information
was available, such as binary, discrete search spaces and
continuous variables. They are also good at handling large
numbers of variables and failed states [50]. The overall
algorithmic process is a multi-staged automated workflow

and is shown in Figure 8, where it can be seen that there are
prior steps that are taken before passing variable data to the
multi-objective genetic algorithm. These are pre-processing
steps which include sensitivity analysis.

FIGURE 8. The algorithmic process.

X. SENSITIVITY ANALYSIS
Sensitivity analysis is the study of how the output of a
model can be evaluated, either qualitatively or quantitatively
with regards to varying sources of input [51]. Variance
methods are used to quantify the effects of a random input
variable on the output variance of the model. Variance based
sensitivity analysis is used as an optimisation pre-processing
tool. It represents continuous optimisation variables by uni-
form distributions, without variable interactions. Sensitivity
analysis is used to quantify the contribution of an optimi-
sation variable to the potential improvement of a model’s
response. It quantifies the contribution with respect to defined
variable ranges [52]. However, typically sensitivity analysis
requires large amounts of data, computation and simulation
effort.

XI. LATIN HYPERCUBE SAMPLING
Sampling methods are used as a basis for constructing the
surrogate model or in this case the meta-model of optimal
prognosis. Latin Hypercube sampling stratifies the variables
by randomly sampling from each of the stratified parameter
variables, with a sample taken from each interval. The
number of sampling points taken is equal to the number
of levels. Latin Hypercube sampling has benefits such
as sampling efficiency and reduced runtime iterations by
enabling more efficient space-filling [41], [53]. Figure 10
shows a comparison between latin hypercube sampling and
other sampling methods

XII. META-MODELLING – THE META-MODEL OF
OPTIMAL PROGNOSIS
The Meta-model of optimal prognosis (MOP) is used as
a mathematical surrogate model mapping the relationship
between the input and output variables and the various
relationships that comprise them. Common models used,
are polynomial regression, response surface methodology
(RSM), RBF/EBF Neural Network, support vector machines
(SVM) and kriging.

MOP is capable of fitting complex response relationships
with good robustness and strong practicability. With suffi-
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FIGURE 9. (Top) An example of a pareto front of possible designs and
(Bottom), the linear correlation matrix, visualising the relationship
between input parameters and output responses.

FIGURE 10. Latin hypercube sampling compared to other sampling
strategies.

cient accuracy, the MOP is capable of representing complex
models such as the hybrid finite element analysis PMSM
winding model presented in this paper. The MOP improves
the optimisation time especially with large parameter sets
and complex functional relationships. However, the response
surface is not guaranteed to pass through all sample points
and so a small error remains. It is necessary therefore to
analyse the fitting accuracy of the MOP compared to the
original model it represents, therefore the Coefficient of
Optimal Prognosis (COP) is used as a measure of meta-model
accuracy. The COP is a cross-validation, which is an objective
and quantitative evaluation of the predication quality of the
MOP. Figure 11 shows a comparison between the response
data and the FEA PMSM model values.

The higher the COP achieved the greater the quality
and accuracy of the meta-model compared to the model
it represents. A COP of >0.7 is considered good fitting,
however for the research presented in this paper and the
complex relationships that aremodelled, a COP of> 0.95was
considered.

Whilst meta-modelling and sensitivity analysis is still
computationally intensive, involving large data sets (in this
case ∼300-500 samples/simulations per experiment stage),
it allows the surrogate model to be improved by removing
unimportant variables and reducing variable ranges within
the model. This is important as the predictive quality of a
meta-model through sensitivity analysis rises as the number
of variables decreases [54].
Meta-modelling allows for the rapid evaluation of design

trade-offs and is a common tactic used in motor design [30].

FIGURE 11. The response data, illustrating the accuracy of the MOP
against the calculated model values for efficiency and losses.

XIII. AUTOMATION OF THE OPTIMIZATION PROCESS
Automation played a crucial role in getting the entire
simulation process to work. It was necessary as tens of
thousands of custom winding simulations with entirely new
winding geometries would need to be processed. Python was
utilised as it was incredibly flexible and has a wealth of
powerful API’s. Ansys Optislang where the automated opti-
misation process was constructed, is capable of interacting
with, and loading Python scripts. Variable values can be
inserted into a Python script directly from Optislang itself,
with prior appropriate setup. A large number of Python
language-based tools were scripted to handle geometric
construction and drawing of the windings derived from
the parameters set by Optislang. Windings were validated
and checked for boundary conditions and overlapping of
geometry. An automation file was then generated from
winding data. The automation file contained instructions in
the visual basic language which was processed and run by
the Windows operating system. The automation instructions
opened Ansys Maxwell, loaded the hybrid FEA model with
the appropriate empty slots, and then proceeded to draw the
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winding geometry and setup up all the appropriate parameters
to run the simulation.

Output data from the simulation was then placed into
a uniquely identified folder accompanied by data such as
screenshots, excel files containing winding and loss data,
torque values and a copy of the processed simulation data
for later use and reference. The python script would then
read the accompanying data in the appropriate folder and
present the values back to the optimisation process illustrated
in Figure 12.

FIGURE 12. An illustration of the entire automation process for
simulating winding designs generated by the algorithm.

XIV. EXPERIMENTAL CONDUCTOR PLACEMENT
STRATEGIES
Four placement strategies were devised for both the concen-
trated winding and distributed winding layout: orderly con-
ductor placement, layered conductor placement, randomised
conductor placement and clustered conductor placement. The
orderly conductor placement strategy arranged the conduc-
tors in an orderly fashion, where conductors were equidistant
and uniformly placed within the slot. Each conductor had a
defined and pre-determined area for which they could move,
scale, change shape and orient themselveswithin. The layered
placement strategy built upon the orderly strategy. The slot
was divided into sub domains that could grow or shrink in
height. The randomised conductor placement strategy utilised
an adaption of the fractal random algorithm by authors Shier
and Bourke [55]. The unique placement algorithm attempts to
solve the packing problemwith the random placement, shape,
size and orientation of conductors within the slot. A purely
randomised placement is exceptionally time consuming and
is not guaranteed to solve. Therefore, a fractal randomness is

utilised, where every nth conductor is slightly smaller than the
last. The difference in the conductor scales between every nth

conductor is dictated by values of C and N.

S(c,N ) =

∞∑
i=0

1/(i+ N )c (8)

The Hurwitz zeta function is an ever-decreasing exponential
function, whose values of C and N were pre-computed
using the algorithmic process detailed previously in Figure 8.
Lastly, the clustered conductor placement strategy, placed
conductors within a volume that could be moved around the
available slot space. This arrangement was loosely inspired
by bundled conductors. Each of the experiments were ran four
times, with each starting stage consisting of a seed shape,
either square, circle, triangle or hexagon. The experiments
were separated into stages, each stage representing one of
the degrees of freedom such as conductor position or shape.
The end product of each stage generated by the optimisation
process was then used to seed the next stage illustrated in
Figure 13. This was done for several reasons, which included,
a reduction in complexity, a reduction in the number of
variables being altered, improved insight into the process, and
a thorough exploration of the design space. Example winding
outputs are illustrated in Figure 14.

FIGURE 13. The optimisation process example stages.

XV. RESULTS AND DISCUSSION
In total 46 winding designs were generated, with 24 con-
centrated single layered designs and 22 distributed dual
layered designs. Winding designs were assigned a number,
which identifies that design. The number represented the
current simulation iteration that the design was simulated.
Henceforth, winding designs will be referred to as #7777 for
example, in this paper.

To verify the two-dimensional model results and the end
winding losses, two high precision three-dimensional models
were created from windings #9354 and #2043 in table 3 for
comparison. Both winding models were modelled on a per
conductor basis and included the end winding sections. The
assumptionwas that the endwinding behaviour was primarily
DC loss and as such, the end windings were modelled to be
as short as possible. If the machine was sufficiently high in

187416 VOLUME 12, 2024



J. McKay et al.: Design and Optimization of Additively Manufactured Windings

FIGURE 14. Top left, orderly placement, top right, random placement,
bottom left, layered placement and bottom right, clustered placement.

operating speed, for example 12,000 RPM, or operational
frequency greater than 1000 Hz, then AC effects such as
proximity effects from the windings interacting with stator
lamination ends would occur, requiring the end windings to
be extended in length to avoid this interaction at the expense
of additional DC loss [8].

FIGURE 15. The 3D high precision simulation.

It was found that the losses observed in the high
precision simulations agreed with the two-dimensional
assumptions for end winding behaviour. The high precision
simulation included an additional ∼28% more DC losses
when compared to the two-dimensional model’s loss values
for #2043 and #9354. This coincides with the additional
28% winding mass making up the end windings, con-
firming that the end winding loss behaviour is primarily
DC losses.

The simulation results will be validated experimentally
in a future paper via a motorette sub-assembly. One of
the most performant winding designs, #9354, was chosen

FIGURE 16. The 3D model of the concentrated winding.

TABLE 3. 3D simulation results.

TABLE 4. Concentrated winding data.

for manufacture based on its suitability for additive man-
ufacturing, determined by a Simufact additive simulation.
A concentrated winding was chosen due to the ease of
manufacturing the winding layout compared to a distributed
winding, which consists of two layers and larger, more
complex end winding structures. The stator piece could
also be significantly smaller compared to the stator piece
required to house a distributed winding, thereby saving on
manufacturing cost and complexity.

The most performant winding designs were 6 to 7 percent
more efficient when compared to the original benchmark
winding layout produced in MotorCad. Winding designs
#8032 and #9354 were the most performant. Whilst there are
additional fill factor gains of around 30%, it was observed
that fill factor increases are variable on a per winding
basis as seen in Figure 17. All of the most performant
winding designs conform to the layered placement strategy
(6 layers), holding true for both concentrated and distributed
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TABLE 5. Distributed winding data.

winding configurations. Similarly, to the concentrated wind-
ing designs, the fill factors for the distributed windings
are also variable per design. It was observed that winding
#6468 utilises less fill factor (56.44% compared to 66.16%)
than winding #5347 whilst remaining narrowly more
efficient.

In terms of the worst performing designs for both concen-
trated and distributed winding layouts, almost unanimously
belong to the random placement strategy for both sets of
data in tables 4 and 5. Interestingly, even with additional fill
factor of around 26.32% gained by winding design #3952
over the default windings design of 30% fill factor, #3952 is
unable to match the benchmark windings efficiency of 90%,
with winding #3952 only able to achieve an efficiency of
87.67%. This behaviour is mirrored in the distributedwinding
designs, where winding design #2334, a random placement
winding with an additional fill factor of 16.4% over the
default winding, is unable to match the distributed default
winding efficiency.

The effect that randomness has on the performance of
a winding design continues to be validated with the clus-
tered placement strategy. The clustered layouts containing
6 clusters had random conductor positions chosen within
their bounding volumes. The most performant six-clustered
concentrated winding design is #11811 which has a fill factor
of 34.88% and is only able to attain an efficiency of 92.75%.
The worst performing six clustered concentrated winding
design is #12500 which has an efficiency of 88.15% at a fill
factor 27.75%, just 2% less fill factor that the benchmark
winding. The result is mirrored in the six clustered distributed
winding designs in table 5 where winding #9115 is only
able to obtain an efficiency of 83.73% with a fill factor of
32.76%. The worst six clustered winding design is #9722
whose efficiency is the second poorest of the entire dataset at
80.20% with a fill factor just 2.5% less than the benchmark
distributed winding design. Therefore, it can be noted that
any kind of randomness within a winding design has a

meaningful and sometimes detrimental impact on a winding’s
performance. A similar observation was seen by Stoyanov
and Selema, where it shown that the random allocation of
conductors in the slot can lead to excessive losses and poor
fill factor [56], [57]. Fill factor and its utilisation is also
a complex relationship when it comes to winding design.
Typically fill factor is seen as a ‘‘good’’ metric for low loss
winding performance. However, this ignores AC effects such
as skin and proximity effects, along with armature reaction.
In modern motor design, the conductor profile, arrangement
and lay in stator have become an ever-increasingly important
consideration [10]. Figure 17 illustrates the relationship of fill
factor versus efficiency for both concentrated and distributed
winding designs.

FIGURE 17. (Top) Fill factor versus efficiency for concentrated winding
designs, (Bottom) Fill factor versus efficiency for distributed winding
designs.

Whilst there is a broad trend in both graphs in Figure 17
that increasing fill factor corelates with increasing motor
efficiency, the trend is not completely linear. It can be seen
that certain winding designs are able to minimise copper
winding mass usage whilst simultaneously achieving higher
performance than some of the previous winding designs.
For example, Table 4 shows that winding #9354 with an
efficiency of 96.54% utilises 60.32% fill factor and has a
winding mass of around 1.402 kg. Consequently, the prior
best performing winding #8937, has an efficiency of 96.10%
and a fill factor of 65.63%, with a winding mass of 1.525 kg.
When calculating the differences in mass savings between
both windings, it can be seen that, with 12 windings situated
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in the stator, winding #9354 saves around 1.48 kg of copper,
compared to winding #8937.

A more dramatic example is windings #9723 and #1560.
Winding #9723 has superior efficiency at 95.25% compared
to winding #1560 at 94.95% efficiency. The copper savings
however are around 4.983 kg. Similar savings can be seen
in the distributed winding graph in Figure 17 and Table 5
where winding #6468, the highest performing distributed
design, utilises 56.44% fill factor, outperforming winding
#5347 in efficiency, whilst using around 9.72% less fill factor.
This equates theoretically to a saving of roughly 4.88 kg of
winding copper mass. These results illustrate some potential
opportunities afforded by additive manufacturing to decrease
stator copper winding mass whilst maintaining or possibly
gaining performance. This could help save material cost,
increase motor power densities and make the device smaller
and more compact.

Windings designed for additive manufacturing could
potentially offer benefits in aerospace, automotive, automo-
tive sports such as formula-E and other applications. All
winding mass approximations include the end winding mass.
The winding designs that were the most performant were
created with the layered strategy. These designs shared a
common trend in terms of conductor placement, even though
each final design was evolved separately.

Note, spaces in the winding seen in Figure 18, denote the
top and bottom sections respectively. This spacing does not
occur within the slot.

The predominant features that make up the designs are
typically larger conductors situated at the bottom of the
slot, with medium to smaller conductors placed centrally.
Another prominent feature is the use of smaller conductors
placed at the top of the slot, resulting in a tier like
layered structure. Large conductors with more fill factor
are used to combat DC losses. Square conductors are
prominent in a few of the designs, especially #8032 and
#6468. This is due to square conductor’s large copper
surface area, compact winding structure and space saving
capabilities. Square conductors have also been shown to
have superior electrical and thermal performance at lower
frequencies [57].

Another feature is the use of different shape utilisation
and position. Different shapes have differing cross-sectional
areas when compared to square conductors. The use of com-
binations of circles, hexagons and triangles may be deployed
in order to mitigate AC losses such as proximity effects
encountered by the winding design. Changing conductor size,
shape, orientation and position within the slot may aid in
increasing the distance between conductor facets, therefore
decreasing the volume of a conductor exposed to an external
field [58].

In 1924 Butterworth [59], showed that the proximity
effect decreases with increasing distance. This is due to the
magnetic field B, decreasing in magnitude with increasing
distance. The increased distance between conductor cen-
troids means the induced eddy currents experienced by the

FIGURE 18. Distributed winding designs, from the top, #6468, #5347 and
#5735.

surrounding conductors also decreases. The decreased eddy
currents therefore give way to a more uniform current density
within the affected volume of the conductor. Since the power
loss observed is equal to the square of the current density (9),
a more uniform current density results in less power loss
being observed in the affected conductor. The interplay
between conductor shape, size, orientation and position
help to balance the DC and the AC losses being incurred
by the winding design. Proximity effects are assumed to
be the dominant AC loss effect, as the skin depth calculated
for the machine operating at 1500 RPM was around 3.5mm.
Thus, only conductors larger than 3.5mm in height would
encounter skin effect losses.

PAC =
1
σ

∫
Volume

J2.dV (9)

A layer of small conductors at the top of the winding have
been placed in many of the designs. This structure has been
placed strategically by the algorithm, to avoid potential losses
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FIGURE 19. Concentrated winding designs, from the top, #8032, #9354
and #8937.

produced by the interaction of the winding with the armature
field. A similar strategy was shown with a winding consisting
of hollow additively manufactured conductors, where solid
smaller conductors were placed at the top of the winding.
It was found that solid small conductors at the top of the
slot were better at mitigating armature field losses compared
to hollow conductors [24]. The inclusion of tooth tips also
helps aid in minimising flux leakage from the armature
field. The tooth tips provide more optimal tangential routes
for flux to travel to the stator teeth. This results in better
utilisation of permanent magnet material and higher air gap
flux [60].

Figures 21 and 22 show that low speed losses are
minimised and as speed increases, the losses increase sharply
for the concentrated windings and more steadily for the dis-
tributedwindings. Comparing the random placement winding
designs in Figure 21 and Figure 22 the low speed losses
are substantial, whereas the loss increase with increasing
speed is more linear. This may be due to the differing ways
that windings have been structured. The random winding

FIGURE 20. (Top) The loss density exhibited by the conductors comprising
winding design #9354 and (Bottom) The CEFEA concept illustrating the
symmetry used within the PMSM Maxwell model.

placement contains many small conductors with large spaces
between them disregarding armature field loss mitigation.
The random placement strategies differing conductor cross
sectional areas lead to increased DC loss and ohmic losses,
especially at lower speeds. Whereas the most performant
layered windings are efficient at lower speeds. The predomi-
nant losses are DC loss with armature reaction and proximity
losses making the AC losses which scale with motor speed.
The windings are heavily biased towards DC losses and the
optimisation point of 1500 RPM. Note that there are small
differences in the peak performance in Figures 21 and 22
between the windings suggesting the layouts of the windings
do have an impact on the AC losses incurred at those motor
speeds.

Comparing the data sets by placement strategy, it can
be observed that the mean efficiency was achieved by the
6 layered conductor placement strategy for both concen-
trated and distributed winding designs, which agrees with
the fact that both the most performant winding designs
#8032 and #9354 both belonged to that design strategy
for conductor placement. The lowest mean efficiency was
observed in the random placement strategy, which con-
sequently results in the largest mean losses. This shows
that conductor placement is pivotal to reducing losses
and increasing overall motor efficiency, when it comes
to winding design. This is reflected in the median data
set graphs.
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FIGURE 21. (Top) Distributed layered winding loss versus motor speed
graph and (Bottom) Distributed random winding loss versus motor speed
graph.

The standard deviation is high for both efficiency and
losses graphs for the clustered strategy using 6 clusters. This
may be due to the use of random placement of conductors
within each cluster, but also the movement of clusters within
the slot and the lack of fill factor. The lowest standard
deviation for both efficiency and losses was observed for the
layered strategy using 6 layers indicating consistencywith the
mean values for that respective strategy.

The distributed windings appear to show more deviations
in the data set for efficiency, possibly due to the fact that there
was a dual winding placement per slot affecting the ability
for the algorithm to place conductors more strategically. The
variance also shows that the clustered placement strategy
with more clusters varies significantly for both concentrated
and distributed windings, due to the random placement of
the conductors within the cluster and the limited fill factor
utilisation thereby increasing losses and varying the results
more dramatically compared to mean values. The graphs
for the mean, median, standard deviation and variance by
objective function can be seen in Figure 23.

XVI. FUTURE POSSIBILITIES AND USE CASES
These results show that there may be a way to tailor a
windings loss profile based on the ratios of small, medium
and large conductors and their configuration within the
slot. Utilising the same process detailed in this paper
on a predesigned winding, a ratio of small, medium and
large conductors could be chosen to tailor windings for a

FIGURE 22. (Top) Concentrated layered winding loss versus motor speed
graph and (Bottom) Concentrated random winding loss versus motor
speed graph.

specific application. With further innovation in the additive
manufacturing of metal, it may be possible to render small,
bundled conductors, with paralleled conductors or idealised
trans positioning to offset proximity and skin-effects, whilst
retaining as much fill factor as possible. Such features have
been demonstrated in larger, flat rectangular windings by
Acquaviva et al. [27].
A feature that could be integrated is the inclusion of hollow

windings in specific conductors. Larger cross-sectional
conductors could be strategically chosen within a winding
design to include a coolant pathway. Typically, hollow
conductors are difficult to bend with small radii, however
additive manufacturing could alleviate such manufacturing
difficulties. It was found by Wu et al. [24] that the inclusion
of selected hollow conductors within a winding allowed for
maintaining fill factor whilst minimising AC loss through
the use of a thermal management system. It was shown that
a ratio of (50:50) of solid and hollow windings was the
most optimal for heat extraction from the winding whilst
remaining comparatively performant to an all-solid winding.
The inclusion of a fully dynamic thermal model could
potentially allow the optimisation process described in this
paper to selectively choose the most optimal conductors to
use as hollow conductors for heat extraction directly from the
winding. Such a winding geometry would only be possible
through additive manufacturing.

A potential example of using the process described in
this paper could be in the application of motorsport such
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FIGURE 23. Statistical analysis graphs for the objective functions of efficiency and losses. The graphs for mean, median, standard deviation
and variance by objective function are shown.
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as formula-E, where a vehicles performance on a specific
track could influence the design of the windings being
utilised in the traction system. By taking into consideration
the ratio of DC and AC losses incurred on a particular
circuit, the varying high speed and low speed sections could
influence the winding structure. The data collected along
with an optimisation study could potentially inform the best
winding layout by inferring the ratios of large, medium
and small conductors, their position, shape and orientation.
This information would help inform the best winding layout
along with desired loss characteristics over a specific speed
range for a desired parameter set. Such customised high-
performance windings would only be possible, utilising the
design freedoms afforded by additive manufacturing and an
algorithmic optimisation process such as the one detailed in
this paper.

The optimisation of windings could help achieve better
drive cycles for traction motors within the automotive space
for example WLTP-3, C-WTVC and NEDC for example.
Operational areas of a motor are highly dependent on
the environment, such as urban, rural or highway driving
scenarios. For automotive applications electric motors are
typically optimised for material cost minimisation, which
affects weight, volume and operational losses (efficiency).
They also require knowledge of loss energy within an
automotive drive cycle [43].

Another area that can benefit greatly from the optimisation
of windings is the aerospace industry where the electrification
of aerospace is a specifically challenging area, involving
strict motor parameters set by the ASCEND project [43].
The ASCEND project performance characteristics are highly
demanding of the motors required, for example, a maximum
specific power of 20 kW/kg (motor active SP) should be
attained, and the motor should run with high efficiency at
a continuous operation of 5000 RPM for one minute (take
off). The challenge, however, is that there are two unique
operational points to be considered, base speed and peak
power. This is a dichotomy since the Rac/Rdc is uniquely
different for each operating point, with both AC and DC loss
mechanisms being in stark contrast to one another. However,
with optimisation processes discussed in this paper, a number
of winding designs could be collated that are derived at
each operating point, and then further optimisation could be
done, using the same process to ascertain a final winding
design that could best fit the operating scenarios whilst
minimising the trade-offs as much as possible. Therefore,
complex winding designs such as those detailed in this paper
could help achieve windings that have less mass, as illustrated
in the findings but also help achieve less losses making the
winding more efficient and the motor topology more able to
meet the demanding requirements of aerospace projects like
ASCEND.

The most performant winding designs achieved with the
optimisation process described within this paper were con-
centrated windings #8032 and #9354, efficiencies achieved
being 97.168% and 96.546% respectively. These efficiencies

were achieved at a single operating point of 1500 RPM
whilst manipulating only the winding structure and no other
part of the motor topology, for example magnetic mate-
rial utilisation, stator topology, rotor topology or material
properties.

Many papers discuss the optimisation of electrical motors
from many different perspectives, not limiting their optimi-
sation pathways solely to winding structures. For example,
in [42] by Wei et al., discusses the optimisation of energy
distribution and topology parameters of a PMSM motor
over the C-WTVC drive cycle consisting of 10 operational
points. The resultant was an efficiency increase of 97.01% to
97.40%.

In Mirhaki et al. [61], a wound field synchronous motor
winding was optimised as an alternative to PMSM for electric
vehicle applications. The process described is similar in
its utilisation of GA, MotorCAD, and Maxwell models to
optimise the rotor windings and number of poles over a
10 point operating cycle. The achieved efficiency was 95%.
Al-Quarni and EL-Refaie [62], describe the optimisation
of concentrated additively manufactured AlSi10Mg hybrid
hollow-stranded windings for use in electric aircraft, con-
strained by the ASCEND project requirements for specific
power of 20 kW/kg. It consists of two operating point
optimisation with peak power efficiency achieved being
92.9% and continuous power efficiency of 94.2%. The solid
stranded windings placed at the top of the slot help alleviate
armature reaction losses.

Tripathy et al. [36] use particle swarm optimisation and
genetic algorithms to increase the efficiency of a squirrel cage
induction machine by manipulating numerous geometric and
material factors in a global manipulation of motor topology.
The authors were able to raise the motors efficiency from
84.147% to 94.02%, however neglected winding optimisa-
tion. Celik et al. optimise the use of magnetic material in
a PMSM motor designed for airborne wind energy concept
systems. The optimisation process utilises an analytical motor
model with thermal and mechanical constraints. The motor
topology was optimised along with the minimisation of
cobalt-iron was optimised to minimise cost and weight due
to the fact that the machine would be airborne. The authors
achieved a power density of 1.8 kW/kg with an efficiency of
96%. Simpson et al. [2] utilises the additive manufacturing
of AlSi10Mg to produce concentrated windings containing a
hybrid strand topology to minimise AC loss by parallelising
turns near the top of the slot with sub-conductors. The result
was a reduction in losses by 40% compared to a baseline
design.

Whilst there are numerous pathways to optimise electric
motors, winding optimisation may yield the greatest results
as the windings are an active component and are the site of
substantial losses within the machine. It is also noted that
substantial weight savings can be gained by optimising the
winding structure thereby reducing material cost and increas-
ing power density, whilst potentially making the device
smaller and more compact. Materials and manufacturing
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costs are substantial factors in mass production scenarios.
Whilst other research details sweeping topology wide and
material changes to achieve optimisation goals, this paper
details the effect of concentrating heavily on winding
structure optimisation and conductor placement in achieving
motor optimisation goals.

XVII. CONCLUSION
This paper presents an algorithmic approach to electric
motor winding design in order to find the most optimal
conductor placement to minimise losses associated with low
fill factor, armature reaction and AC losses. The windings
designed were optimised for a specific operating point
of 1500 RPM at elevated temperatures. The resulting winding
designs have been created based on 240 design variables
describing the winding, tens of thousands of FEA simulation
data and hundreds of thousands of algorithmic iterations.
In this case study, it was found that the process yielded
winding designs that were approximately 6-7%more efficient
at operating temperature when compared to a benchmark
winding layout. It was also found that weight savings
could be made on a per design basis. This could enable
a motor to potentially be more efficient and power dense
by utilising an optimised additively manufactured winding
that saves on material whilst maximising overall motor
efficiency.

Further algorithmic optimisation processes were suggested
to include the use of hollow windings for thermal manage-
ment systems integration and shaping the ratios of small and
large conductors comprising the winding tomake the winding
more efficient over a greater range of operating frequencies.
The research presented focusses on solid windings that
will be manufactured using Direct Metal Laser Sintering.
Windings have been manufactured in AL10mgSi and Steel
316L and will be tested and validated against experimentally
with a motorette sub-assembly. Additively manufactured
windings whose geometries are optimised using algorithmic
processes presents potential opportunities in improvement
of electrical machines output performance. This paper
presents and details the foundations for winding design and
optimisation processes that have been developed for PMSM
machines but are not solely limited to such topologies. The
design tools and winding layouts presented here offer the
ability to take advantage of the geometric freedom offered
by present and potential future innovations in metal additive
manufacturing technology.
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