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ABSTRACT Permanent magnet synchronousmachines (PMSM) are an increasingly popular motor topology
for many industries such as automotive, aerospace, manufacturing, energy and premium consumer goods.
PMSM offer many advantages compared to other topologies such as induction machines due to their higher
power density, greater operational efficiency and high torque, whilst remaining robust and fault tolerant. One
specific area of interest is the stator windings.With increasing operational speed, the geometric configuration
of the winding becomes ever increasingly important in order to mitigate increasing AC losses. The windings
conductor lay in slot, position, shape and orientation become critical in combating loss mechanisms such as
skin effect, proximity effect and armature reaction. Additive manufacturing offers a novel geometric design
freedom that has previously been unattainable using traditional manufacturing methods and enables the
ability to create highly novel winding design methodologies that could potentially revolutionise winding
design and performance. This work investigates the losses observed from an algorithmically designed stator
winding, additively manufactured in AlSi10Mg using the laser powder bed fusion process. A motorette
sub-assembly was constructed and the DC and AC power losses were measured and compared against a
theoretical 3D FEA based simulation model. The outcome observed a 9.4% difference in losses comparing
theoretical and measured winding values utilising the RAC/RDC measured. Samples of the additively
manufactured conductor parts have been tested for resistivity and conductivity.

INDEX TERMS Additive manufacturing, aerospace industry, automotive industry, electric motors, genetic
algorithms, optimization, PMSM, stator windings.

I. INTRODUCTION
Permanent magnet synchronous machines (PMSM) are
becoming an ever increasingly utilised motor topology across
many different industries. Such industries include auto-
motive, aerospace, manufacturing, energy production and
premium consumer goods [1]. PMSM’s exhibit numerous
advantageous qualities compared to other motor topologies
which include, high power density, high efficiency across
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their range of operation, high starting torque and, high torque
to current ratio, wide speed range and constant power oper-
ation, high intermittent overload capabilities, reliability and
robustness and low acoustic noise and vibration [2]. Due to
their favourable qualities compared to other motor topolo-
gies, PMSM’s are being readily incorporated into numerous
different areas in order to help tackle the challenge of the
increasing electrification of the worlds many technological
sectors traditionally held by fossil fuels.

This is evident in the increasing demand for more electri-
fication in numerous industries such as transportation, hybrid
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and electric vehicle drive trains, aerospace, and even military
applications. This demand is fueled by the necessity to reduce
global emissions and dependency on fossil fuels [3]. The
increasing adoption of electric vehicles means that PMSM
based automotive drive trains with considerable power rat-
ings are being developed for their reduced weight, cost,
increased reliability and ability to exclude additional mechan-
ical devices such as gearboxes or harmonic drives. PMSM
topologies are well suited for space and weight limited
applications such as those in the automotive and aerospace
industries [4].

In terms of aviation, research and industrial projects are
currently being carried out to utilise the PMSM topology for
aerospace applications, especially civilian air transportation,
where emissions account for 12% of the global annual emis-
sions output. The number of passengers is set to double by
2035 to 7.2 billion worldwide [5]. Projects such as More
Electric Aircraft (MEA) and Hybrid Electric Aircraft (HEA)
are attempting to develop high power, high density, and high
efficiency alternative propulsion systems for the aviation
industry. Currently the target specific power of an electric
motor for aerospace propulsion applications is ≈ 40 kW/kg,
current state of the art motors achieve only 5 kW/kg [2].
However, a recent advancement in PMSM based electric
motors for aviation and other industries has been developed
by H3X in the United States. Their PMSM motor achieves a
continuous output of 12 kW/kg, weighing only 16 kg with an
output of 200 kW [6].

One other area of concern is the efficiency of electrical
machines and their contribution to the global consumption of
electrical energy. With climate change and an ever-increasing
global consumption and demand for electrical energy, it is
becoming ever imperative to continue to improve upon elec-
trical motor efficiency in a broader sense, both domestically
and industrially. As of 2009 and onwards, the European
Commission Regulation (EC) No 640/2009 has shown that
continuous incremental improvements to the efficiency of
electrical machines has contributed effectively and meaning-
fully to low carbon economy targets, such as those set by the
European Union.

The European eco-design requirements regulation has been
extended in scope and was updated on the 1st of July 2021,
with a broader scope to include single speed 50 Hz/60 Hz
induction machines. The regulation also includes variable
speed drives and requires all variable speed drives to reach
at least IE level 2 efficiency. Three phase motors with rated
power between 0.75 kW and 200 kWmust also meet IE level
4 by July 2023. The IE standard is defined by the ratios of the
mechanical output power to the electrical input power and
includes other machine characteristics in its definition. The
EU is the first place in the world to make IE level 4 mandatory
for some electrical motors.

IE is a measure of efficiency where, IE1 = standard effi-
ciency, IE2 = high efficiency, IE3 = premium efficiency
and IE4 = super premium efficiency. In global terms, it is
postulated that electrical motors contribute to around 50% of

the world’s total electrical energy consumption, making the
continued improvement of electrical machines a necessity in
combating one of this century’s greatest challenges. (Com-
mission Regulation (EU) 2021/341) [7].

II. BACKGROUND
The stator windings of a PM synchronous motor often
account for the largest proportion of the total machine losses
observed [8], [9], [10]. The losses that can be attributed to the
stator windings are defined by two components, DC and AC
power loss. The presence of bothDC andAC loss effects com-
plicates winding design. Whilst DC power loss components
and thermal dependence are well understood in the estimation
of machine performance, AC loss components are difficult
to compute accurately consuming much computational effort
and time. Sufficiently high AC fundamental operational fre-
quencies (> 1 kHz [11]) can have a significant impact on the
behaviour of the device due to the presence of eddy currents
developed [12].
Both AC and DC effects are a direct consequence of the

geometric configuration of the conductors in the winding.
The placement of conductors within the slot is of greater
importance for minimising AC loss effects as individual con-
ductor geometry, lay in slot and positioning directly affect
the AC loss behaviour [13]. Machine designers traditionally
would only consider DC losses in the design process due
the complex nature of investigating high frequency AC loss
mechanisms. Whilst fill factor has been universally seen as
an umbrella metric for low loss winding performance, high
device operational frequencies mean that AC effects scale
proportionally, complicating the winding design philosophy
as AC losses become ever more dominant and the need to pay
attention to the individual conductors profiles, positioning
and lay in stator slot become increasingly important in a
windings design [14].

III. SOLUTIONS IN LITERATURE
A technology that is of particular interest is additive man-
ufacturing (AM). Additive manufacturing offers the ability
to create unconstrainted three-dimensional geometries which
would be unfeasible via traditional manufacturing processes.
AM offers the ability to print in a wide variety of materials
including, plastics, ceramics, metal alloys and even biological
material. AM’s ability to offer rapid prototyping and minimal
to no material waste makes the technology highly attractive.
As of 2018 the additive manufacturing industry (includ-
ing, hardware, software, materials, production and includes
industries such as aerospace, health care and automotive)
was worth approximately $9.3 billion. The AM industry is
expected to be worth $41.1 billion by 2027 [14].

There are many companies now incorporating additive
manufacturing into both rapid production and high-volume
production manufacturing pipelines for aerospace and auto-
motive, such companies include BMW and Airbus [14],
[15]. Additive manufacturing has been recognised as a key
enabling technology for many industries and coupled with
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high precision and high-fidelity electromagnetic simulation
models, the technology offers opportunities in many aspects
of motor topology design, including windings. Winding
designs that would be considered too challenging, costly or
simply not possible to produce using conventional manu-
facturing processes are now potentially feasible using the
technology [14], [16].

In this work a concentrated algorithmically generated
winding of a PMSM open slot machine has been manufac-
tured using the powder bed fusion process in AlSi10Mg,
taking full advantage of the design freedoms offered by the
additive manufacturing process. The algorithmically gener-
ated winding offers potential efficiency gains and weight
savings when compared to traditional wound copper wire
windings. The algorithmically generated winding will be
tested against a Motorette sub-assembly at a simulated opera-
tional temperature and the losses observed will be compared.
The manufactured active sections of the winding will then be
tested for material properties such as resistivity and electrical
conductivity.

IV. PROBLEM DEFINITION
The winding that was simulated and constructed in this work
was derived and generated via a combined sensitivity analy-
sis, meta-modelling and genetic algorithm based automated
optimisation process. Genetic algorithms have been utilised
significantly within literature to design motor parameters and
topologies and are stochastic based search methods that take
inspiration from biological processes, for example, evolution
and survival of the fittest [17]. Target objective functions
like maximum efficiency and minimum losses are common
metrics when assessing machine performance [18], and were
used here to identify superior winding arrangements. Para-
metric design and optimization are increasingly popular in
industry and academia due to improvements in computation
power [19]. Key winding attributes such as winding height,
length, endwinding length and pitch are performed [20], [21].

In this work innovative winding geometries optimised
on a per conductor level are considered. This is enabled
by additive manufacturing, allowing winding arrangements
not possible using traditional drawn copper manufacturing
capabilities [16], [22], [23]. The process yielded 46 winding
arrangements whose efficiency was superior compared to
a benchmark winding configuration. The winding arrange-
ments were identified by the simulation number that they
were assigned. Hence forth in this work, all windings will be
referred to as ‘‘#’’ followed by a number, for example, #7777.
Two of the most performant winding designs identified were
windings #9354 and #8032, which are shown in Figure1.

Both windings represent cross-sectional arrangements of
a concentrated winding design. They were simulated within
a permanent magnet machine topology. Designs were sim-
ulated firstly in two-dimensional Motor-CAD and Maxwell
simulations followed by a three-dimensional high preci-
sion Maxwell simulation with a coupled thermal analysis

FIGURE 1. Winding design #9354 (a) and winding design #8032 (b).

being utilized to confirm simulation precision and accu-
racy. An open stator slot topology was chosen because it
is favorable in the use of prefabricated and preprocessed
windings [24]. The PMSM topology and machine parameters
are shown in Figure 2 and Table 1.

FIGURE 2. The PMSM topology.

Both designs were rendered into high precision three
dimensional models utilised in the three-dimensional high
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TABLE 1. PMSM machine parameters.

precision simulations. Figure 3 shows the 3D model of wind-
ing design #9354.

FIGURE 3. Winding design #9354 3D model.

The optimisation process was a fully automated parametric
design process, enabled through the use of extensive and
numerous customwritten Python scripts and API’s to connect
Ansys Optislang, Ansys Motor-CAD and Ansys Maxwell to
form the complete process chain.

Ansys Optislang is a toolbox of algorithms and analytics
functionality that can be programmed visually, and that can
be automated to carry out a series of optimisation, algorithmic
and analytical steps. Whilst Optislang has native connectiv-
ity with simulation packages such as Ansys Motor-CAD to
a limited degree, a key feature is its ability to extend its
functionality via Python scripting. This capability was used
to communicate directly with a custom and novel hybrid
analytical-finite element analysis model constructed within
Ansys Maxwell, enabling the construction of highly complex
winding arrangements which are not possible within Ansys
Motor-CAD. The optimisation process constructed in Ansys
Optislang in shown in Figure 4.
The optimisation process consisted of four conductor

placement strategies, orderly placement, layered placement,
random placement and clustered placement. The orderly

FIGURE 4. The Optislang automated optimisation process workflow.

placement strategy arranged the conductors in an orderly
manner, where conductors were equidistant and uniformly
placed within the slot. Each conductor had defined and
pre-determined area for which they couldmove, scale, change
shape and orient themselves within. The layered placement
strategy built upon the orderly strategy, whereby, the slot
was divided into sub domains that could grow or shrink
in height. The randomised conductor placement strategy
utilised an adaptation of the fractal random algorithm by
the authors Shier and Bourke [25]. The unique algorithm
attempts to solve the random placement of conductors of
varying shape, size and orientationwithin the slot whilst guar-
anteeing a solvable solution is found. A purely randomised
placement is exceptionally time consuming, and solutions are
not guaranteed, which is unviable given the large number
of simulations needed for sensitivity analysis to take place.
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 (1)

The Hurwitz zeta function is an ever-decreasing exponen-
tial function, whose values of C and N were pre-computed.
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. To minimise experiment complex-
ity, solving time and reduce the number of variables being
utilised, the conductor shapes were minimised to four base
shapes, square, circle, triangle and hexagon. Each experimen-
tal placement strategy was run four times, with each starting
stage consisting of a seed shape according to the shapes being
utilised for conductor profiles. To minimise the number of
variables being altered, reduce complexity, provide a better
insight into optimisation process and explore the design space
thoroughly, experiment runs were separated into stages, with
each stage representing one of the degrees of freedom, such
as conductor position, size, shape or orientation. The end
product of the optimisation step was then used as a seed
for the next stage. Figure 5 shows an example of how the
winding design evolved per stage, for both concentrated and
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distributed windings. Figure 6 shows example winding out-
puts from the winding optimisation process.

FIGURE 5. The optimization process, per stage outcome examples.

In total there were 248 variables describing each wind-
ings layout, regardless of placement strategy. Variable data
describing each of the windings 48 conductors was passed
directly to the custom Python scripts, which generated a per
winding unique visual basic descriptor file, containing thou-
sands of command lines used to draw and place conductors,
parameterise and setup a per winding custom PMSM model
within a novel hybrid analytical-FEA electromagnetic model
used for the optimisation process. The hybrid analytical-FEA
model was developed with the CEFEA concept in mind.
Computationally Efficient Finite Element Analysis (CEFEA)
exploits existing electrical symmetry and magnetic periodic-
ity of PMSMmotors with sinusoidal excitation. By designing
with CEFEA in mind it is possible to reduce computational
time by up to two orders of magnitude [26]. CEFEA was
achieved by using model symmetry but by also using ana-
lytical assumptions for most of the windings except for one
fully composed high precision winding consisting of exacting
conductor geometry, placed autonomously by the visual basic
descriptor file.

The large, coloured squares represent the analytically
represented windings whose properties are computed via ana-
lytical assumptions, for example, 100% fill factor, constant
conductor height and shape etc, whilst the fully composed
winding uses FEA to compute the exact losses produced by
a particular design. This was possible as both the analytical
and FEA windings were excited via currents, therefore with
the windings having the exact same number of turns (48) for
both analytical and FEA windings, the EMF and MMF are
identical, leading to the machine producing known torque
and power values established with the benchmark winding
in illustrated Figure 8. The only property that differentiates
the analytical and fully composed windings is the loss data,
which, for final loss measurements, the loss data for the
FEA winding is superimposed across all windings within
the machine to give the final loss output. This approach
was validated against an identical benchmark winding that
was analysed both within Ansys Motor-CAD and replicated
exactingly within the Ansys Maxwell Hybrid model detailed
in Figure 7.

FIGURE 6. Orderly placement (a), random placement (b), layered
placement (c) and clustered placement (d).

The hybrid PMSM model was specifically developed to
reduce computation time, with the model completing simula-
tions within approximately ∼2 minutes. To further simplify
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FIGURE 7. The hybrid-analytical-FEA electromagnetic model.

FIGURE 8. The benchmark winding in Motor-CAD (a), and the benchmark
winding replicated in Ansys Maxwell (b).

the model, lumped parameter thermal networks (LPTN)
were used to define the model behaviour at set opera-
tional temperatures. Lumped parameter thermal networks are
widely used in the thermal analysis of electrical machines
and can be preferential due to their reduced computational
times [27]. LPTN’s are used to reduce model complexity
and use heat transfer theory to make estimations about the
thermal behaviour of the systems they represent [28], [29].
An example of an LPTN developed in Ansys Motor-CAD is
shown in Figure 9.

The LPTN’s were created within AnsysMotor-CAD utilis-
ing the benchmark winding layout in Figure 8. An individual

FIGURE 9. The LPTN’s created within Motor-CAD.

LPTN was created for both concentrated and distributed
winding types. The hybrid model is used specifically in the
sensitivity analysis stage in Figure 4 of the optimisation pro-
cess within Optislang. Sensitivity analysis is the study of how
the output of a model can be evaluated, either qualitatively
or quantitatively with regard to varying sources of input.
Sensitivity analysis is used to quantify the contribution of
an optimisation variable to the potential improvement of a
model’s response. It quantifies the contribution with respect
to defined variable ranges [30]. Typically, sensitivity analysis
requires large amounts of data, computation and simulation
effort, hence why the hybrid analytical-FEA PMSM winding
model had to be as computationally efficient as possible. The
next stage in the optimisation process is the building of the
surrogate model, or in this case the Meta-model of optimal
prognosis (MOP). The MOP is a mathematical surrogate
model of the various winding arrangements simulated with
the hybrid analytical-FEA PMSMmodel. TheMOPmaps the
complex relationships between the various input and output
variables and the relationships that comprise them. The MOP
is capable of representing complex models such as the hybrid
analytical-FEA PMSM winding model and improves the
optimisation execution time, especially with large parameter
sets and complex functional relationships. Whilst the com-
bination of 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
the MOP and a surrogate model increases as the number of
variables decreases [31]. The purpose of meta-modelling is
to allow for the rapid evaluation of design trade-offs and is a
common tactic used inmotor design [32]. Figure 10 shows the
accuracy comparison between the MOP and the FEA model
it represents.

Finally, the Multi Objective Genetic Algorithm (MOGA)
uses the surrogate model to iterate upon possible winding
designs based on the objective functions of minimal motor
losses and maximal motor efficiency. Genetic algorithms
are an example stochastic optimisation [33], [34], in which
random search of the optimisation space is used as opposed
to deterministic methods that are linear search methods.
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FIGURE 10. An example response data, comparing the accuracy of the
MOP against actual simulation values of the objective functions, verifying
the accuracy of the surrogate model.

Stochastic search methods offer advantages over determinis-
tic methods such as being more time and compute efficient
compared to stochastic methods but also are less likely to
get trapped in local optima, whilst handling large numbers
of variables and parameters. Stochastic methods are gradient
free and possess a continuously evolving population of poten-
tial solution candidates. Stochastic methods such as genetic
algorithms have been shown to be advantageous in engineer-
ing optimisation scenarios and have a distinct advantage with
multi-physics problems [1], [35], [36], [37].

TheMOGA input parameters were defined as the variables
that were of interest and their respective ranges. This varied
per experiment basis and many parameters were constrained
based on physical attributes such as conductor height, the
availability of slot space to move within, the capability to
be rotated etc. The objective functions were to maximise
overall motor efficiency and minimise overall motor losses,
constrained to just the winding geometry and placement
within the available slot space, no further topology changes
were made. End design ranking was done via pareto front.
For the genetic algorithm parameters, the parameters applied
were based on experimentation to assess both accuracy of
the results and the most optimal use of compute and time
resources. Due to the number of variables, 48 per experiment
stage, the population size was 150 with the number of gener-
ations being 200 to allow the algorithm to explore the search
space effectively. The crossover rate was 0.9 to promote high
exchange of genetic material parameters between solutions.
Mutation rate was 90% to introduce enough diversity to help
the algorithm overcome local optima solutions. Selection was
done via pareto front for optimal solutions with tournament
selection size of 4, to ensure that premature convergence
was avoided. Stopping criteria was 20 generations with a
minimum change in solution of 10%. This helps the algorithm
avoid further optimisation results that may yield diminishing
returns.

All windings were optimised for a singular operational
point of 1500 RPM and with an open slot topology which is

favourable to pre-fabricated and pre-processed windings such
as those manufactured by additive manufacturing [24]. The
single operational point meant that windings were relatively
efficient up until the operating speed of 1500 RPM, after
which, winding efficiency would decrease, and losses would
increase substantially. This is due to the dominant form of loss
being DC loss with proximity losses being the dominant form
of AC loss which scaled according to operational frequency.
This behaviour is illustrated in Figure 12. Windings would
also attempt to avoid armature reaction caused by leakage
flux being funneled into the slot by the open slot configura-
tion, this resulted in many different windings placing smaller
conductors at the top of the slot to avoid this situation in an
attempt to minimise losses due to proximity effects. Larger
conductors were placed at the bottom of the slot to help aid fill
factor and offset DC losses effects such as I2R but also help
in maximising surface area by minimising current densities
associated with the short circuiting of the magnetic circuit of
those conductors closest to the back iron. Square conductors
are prominent in a number of designs, due to their 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 [38]. Alternative examples of windings produced
by the optimisation process are seen in Figure 11, where
the top winding designs are concentrated windings and the
bottom winding designs are dual layered distributed winding
examples. An example of winding loss densities is shown in
Figure 13.
A more comprehensive and detailed description of

the hybrid model, optimisation strategy, the processes
involved, and the outcomes have been detailed in
McKay et al. [39].

However, challenges were encountered when attempting
to manufacture the winding configuration as constructed for
simulation, illustrated in Figure 3. The additive process cho-
sen to manufacture the part was the laser bed powder fusion
process (L-BPF), as it is the most prevalent and commonly
used, utilising a wide array of materials. The default material
chosen to render the winding was CuCp, a material closely
resembling the material properties of pure copper. Numer-
ous external manufacturers cited the complexity in removing
internal supports and the close proximity of conductor geom-
etry. This is a common challenge seen in literature and can
be considered a current key factor in limiting more complex
geometry and thus design freedom [40]. Another concern
when utilising additive processes such as L-BPF, is coppers
ability to readily absorb and reflect laser source energy, oxi-
dation and unstable melt pools [41], [42], [43], [44].

Besides the difficulties in conductor proximity and the
removal of support structures between conductors, another
challenging areawas the endwinding sections. As can be seen
in Figures 7, 12 and 13, the windings were mirrored. This
was a twofold approach, firstly to further simplify the opti-
misation process by only optimising one slot of conductors
instead of both. This helped scale back simulation complexity
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FIGURE 11. Winding #5347 (a), winding #8937 (b), winding #5347 (c) and
winding #6468 (d).

and saved on computation time. The second benefit to this
approach was to simplify end winding sections, illustrated in
Figure 14.

FIGURE 12. An example of the winding behaviour over the operational
speed of the PM synchronous motor, from 0 to 1750 Rpm.

FIGURE 13. An example of the winding loss densities in winding design
#9354 (a) and an example of the CEFEA concept (b).

As can be seen in Figure 15 all windings had a standard
winding topology, which minimises end winding lengths to
those simulated for within Ansys Motor-CAD and the Ansys
Maxwell Hybrid PMSMmodel and 3D high precision model.
End windings were highly compact, in an effort to minimise
DC losses and material usage. Short end windings are also
especially important for electric and hybrid vehicle appli-
cations where there are strict packaging requirements [45].
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However, this meant that end windings were complex on one
of the sides in an effort to form the winding turns and changes
from one conductor shape to another.

FIGURE 14. Concentrated winding topology.

FIGURE 15. An example of the opposing end windings, (a) is the standard
uniform end winding turns and (b) is the complex end winding turns.

Figures 15 and 16 shows the complex conductor end
winding pathways that were formed to facilitate the turns.
These end winding structures were a significant challenge
as their proximity to one another posed a similar concern
for removing support structures. The complex shapes and
small cross-sectional area’s from 1 mm2 to 3 mm2 posed
significant challenges due to overhanging sections, feature
reproducibility and sheer geometry complexity.Whilst it may
have potentially been possible to split the end winding sec-
tions from the active sections and attempt to manufacture
them separately, the sheer number of potential batches needed
and potential number of manufacturing attempts required,
would bloat the manufacturing time and cost significantly.
Whilst CuCp was the original conductor material, AlSi10Mg
was chosen as an alternative as it has been utilised in similar
additively manufactured winding scenarios [46], [47].

FIGURE 16. Different viewpoints (a, b, c) of the complex end winding
arrangement at the connection side.

In light of these concerns, two changes were made when
manufacturing the winding geometry:, i) the winding mate-
rial was changed from CuCp to AlSi10Mg, and ii) only
active section geometry was manufactured. AlSi10Mg was
selected due to its ability tomanufacture intricate fine features
compared to copper, it is also utilised in industries such
as aerospace and has been used previously to manufacture
winding geometry using L-PBF [18], [20], [48], [49], [50].
Both winding designs #9354 and #8032 active sections were
assessed for their fitness for manufacture before delegating
to an external manufacturer. The geometry to be printed was
simulated in Simufact Additive. It was found that the most
performant winding #8032 developed excessive deformation
during the simulation process leading to build failure, shown
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in Figure 17. Winding #9354 however, successfully com-
pleted the simulated build process with minimal geometric
deformations, as shown in Figure 18.

FIGURE 17. Winding design #8032, showing Simufact Additive build
failure due to excessive deformation.

FIGURE 18. A successful Simufact Additive simulation of winding design
#9354 build process, showing slight deformation.

The active sections were printed in the vertical orientation
as this allowed all the sections to be printed in one pass, ensur-
ing homogeneity and minimising space usage in the build
area, which allows for minimal support structures and has
been shown previously to improve the electrical properties
of the parts. This is due to the presence of aluminium rich
connected areas, where electrons can pass more freely, min-
imising their interaction with aluminium silicon boundaries
and silicon rich formations [51], [52]. Before issuing the build
to an external manufacturer, the build was first tested at an
internal facility ‘‘NMIS Boeing’’ to troubleshoot for potential
unforeseen build challenges. The sections were rendered in
Steel 316L using the Renishaw AM 500 shown in Figure 19.

Once confident the active sections could be printed reli-
ably, an external manufacturer capable of printing AlSi10Mg

FIGURE 19. Winding design #9354 active sections rendered in Steel 316L
using the Renishaw AM 500.

parts was assigned with the build. The active sections for
winding #9354 were rendered using the SLM 280 by SLM.
Table 2 shows the SLM machine parameters.

TABLE 2. The SLM 280 machine parameters.

The powder feedstock and AlSi10Mg specifications as
supplied by the manufacturer are shown in Table 3.

TABLE 3. The powder feedstock chemical composition.

Particle size as indicated by the supplier was 20-63 µm.
Winding active sections were manufactured as-is and sur-

faces were not polished or treated in any way to ensure
conductor geometry remained intact, as surface polishing
would remove conductor corners and details. The end wind-
ings were constructed from 14 AWG, multi-strand copper
wire with custom made, pure copper sheet-metal connectors
to minimise contact resistance. Every turn had a pre-defined
length to make calculation of theoretical winding resistance
easier. End winding contacts also allowed for the fine tuning
of conductor rotation and placement within the slot. End
windings are shown in Figure 20.

The contacts were insulated using Polyimide high tem-
perature resistant electrical tape. Polyimide is capable of
withstanding temperatures of up to 260◦C and has a high
dielectric strength of 7000 V [53]. In the original winding
design in Figure 3, the end windings were 2.5 cm in length
with the active sections being 21 cm long. The winding
constructed for the experiment comprises of 21 cm active
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FIGURE 20. The end windings.

sections with an additional 2 cm either side to allow con-
nection of end windings. Compared to the original winding
design, the constructed winding measured 37 cm in length in
total, with the copper end windings comprising the additional
6 cm of end winding length. The original simulated winding
is 25 cm in length. Active sections were insulated using
Polyimide electrical tape.

In terms of the stator material, the original stator mate-
rial was M350-50A, but due to challenges in acquiring
M350-50A, the stator laminations were therefore changed
from M350-50A to M270-50A. The number of stator lam-
inations were therefore increased from 410 laminations to
600 laminations. The stator was manufactured and con-
structed by Tannlin UK Ltd. Slot insulation material is
comprised of VonRoll. Figure 21 shows the completed exper-
imental Motorette sub-assembly.

FIGURE 21. The final constructed experimental winding #9354.

V. EXPERIMENT AND RESULTS
The experiment comprised of two parts. Firstly, a measure-
ment of RDC and RAC was taken and a value of RAC/RDC
was identified. Secondly, measurements were taken for resis-
tivity and conductivity for a selection of conductor lengths of
different shapes and compared against previously established
values. The measurement of RDC involved a DC winding
test, injecting a 10A DC current into the winding and measur-
ing the voltage and current drop across the winding. An RS

PRO RS-12T TRMS Auto-ranging Digital Multimeter was
used to measure both sets of values. The RAC measurement
similarly involved injecting an AC 350 Hz 0 phase angle
signal at 10A RMS into the winding and measuring the RMS
values of current and voltage dropped across the winding.

A single-phase 350 Hz inverter was constructed utilizing
the FX278379D signal processor to generate a sinusoidal
pulse width modulated signal driving four gate drivers.
The gate drivers provide the necessary gate voltage to
switch the IGBT bridge circuit. IGBTs used were the Infi-
neon AIGW40N65H5XKSA1. Three k-type thermocouples
and temperature measurement devices were attached to the
winding, stator and end windings to monitor temperature
fluctuations. The experiment was run at was room temper-
ature. The experimental setup is shown in Figure 22.

FIGURE 22. The practical experiment setup.

A new set of two dimensional and three-dimensional high
precision models were produced to account for change in
materials. It is these simulated loss models that the exper-
imental test data were compared against. The windings
room temperature resistance was taken via the BK Preci-
sion 2840 DC Resistance Meter, shown in Figure 23.

FIGURE 23. The BK Precision 2840 DC Resistance Meter.

The losses produced by the experimental winding are
substantial, which is due to the larger winding resistance com-
pared to the theoretical and simulated winding resistances
(Table 4). Compared to the theoretical hybrid winding, the
measured resistance is twice the size of the exact same wind-
ing with calculated resistance. The theoretical hybrid winding
assumes perfect connections between the active sections and
the copper end windings, whilst in reality these connections
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TABLE 4. The experimental and simulation results.

are imperfect, however the experiment windings resistance is
still considered within an acceptable range for a three-phase
winding of ≈ 0.3 to 2 � [54].

Using the theoretical hybrid windings resistance and simu-
lated RAC/RDC the total power loss is close to the simulated
value of power for the simulated AlSi10Mg winding. Util-
ising the measured RAC/RDC value for the experimental
winding with the simulated AlSi10Mg windings resistance,
a total power loss of 1691.48 W is achieved compared to the
simulated value of 1791.34 W. The values being compara-
tively close, illustrate a potential for the simulated winding
to match the expected total simulated loss if it could be
replicated precisely as per the design.

There are several reasons for a mismatch between the mea-
sured RAC/RDC and the calculated RAC/RDC. For example,
themeasuredDC resistance is relatively high due to imperfect
end winding connections and larger end windings in general.
The experiment winding layout was also most likely not
perfectly replicated in line with #9354’s design leading to
additional AC losses. Most importantly, the Motorette model
was unable to replicate the armature reaction field generated
by the permanent magnet material on the rotor, which would
lead to additional proximity effect losses in the open slot
configuration of the stator. The difference in simulated losses
to those achieved using the measured RAC/RDC of the addi-
tively manufactured winding was 9.4%.

Whilst the winding could not be replicated exactly 1:1
with the three dimensional simulated design using the L-BPF
manufacturing method, another method such as binder jetting
may offer the ability to produce such a structure, due to the
ability to produce parts without support structures [55]. At the
time of doing the research and manufacturing for this work,
binder jetting was currently unavailable commercially but
may be available at a future date. Therefore, further research
in investigating the ability for binder jetting to produce highly
complex winding geometries such as those presented in this
work, would be recommended.

The second experiment comprised of testing 3 samples
of conductor active sections rendered in AlSi10Mg of dif-
fering cross-sectional shape and area. A large hexagon,
small hexagon and small triangle were tested as these were
the cross-sections utilized in winding #9354’s layout. The
resistance was measured at room temperature using the
BK 2840 Precision DCResistanceMeter. Values of resistance
are shown in Table 5. Resistance was measured at room
temperature using the BK 2840 Precession DC Resistance

Meter. Figure 24 shows the measured resistivity, conductivity
and IACS%.

TABLE 5. Conductor sample values.

FIGURE 24. The measured resistivity (a), conductivity (b) and the
IACS% (c).

The resistivity of all three samples aligned with previously
stated ranges for AlSi10Mg within literature [41]. Conse-
quently, the conductivity follows the same trend. The samples
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achieved≈ 41% IACS on average compared to copper (100%
IACS) and aluminium which is ≈ 65% IACS. The electrical
resistance of a conductive material is due to the variation
and disruption of the lattice structure of the material at
the atomic scale [51]. Interestingly, the smaller shapes with
smaller cross-sectional areas produce slightly lower resistiv-
ity and higher conductivity than the larger hexagon shaped
conductor. This could be due to a slightly higher density in
those parts [40], which will be experimentally verified in
future work. This may be due to a more favourable laser
cross-hatching pattern being utilised to render those shapes
compared to the larger hexagonal conductor, producing a
higher density part.

VI. SUSTAINABILITY AND THE SUITABILITY OF ADDITIVE
MANUFACTURING
Sustainability has become a major concern for all organ-
isations within the digital and circular economy [56].
Businesses and governments have made commitments to
long-term goals such in reducing their environmental impact
and resource conservation [57], and a rapidly changing
business environment due to sustainability has meant that
sustainable manufacturing has become an ever-growing
research area [58]. One of the most important questions
in terms of sustainability is how to ensure environmen-
tal and social protection without compromising economic
growth [57].
One such solution is the introduction of the concept

of Industry 4.0. Industry 4.0 inspires large organisational
changes using the benefits of new technologies which focus
on the collaboration between systems such as machine to
machine and human to machine interactions. The concept
promotes agility, decision making, efficiency, cost reduction
and flexibility. Industry 4.0 aims to develop processes and
services using technology to help control industrial processes
and operate and react in real time [59], [60], [61]. The fourth
industrial revolution is the result of the digital revolution
where new software, robotics and technologies help to inte-
grate physical and digital systems resulting in fast product
development and manufacture. Industry 4.0 offers to increase
production turnover and achieve better results [62] and is
a change in the manufacturing business model that helps
production efficiency, flexibility and productivity through
the inclusion of advanced technology and communication
channels. It consists of both physical and digital technolo-
gies. Digital technologies include computer systems, cloud
computing, blockchain, simulation systems, artificial intelli-
gence, digital twins, horizontal and vertical integration and
augmented reality. Physical technologies include sensory sys-
tems, drones, robotics, global positioning systems, mobile
technology, nanotechnology, and novel manufacturing tech-
nologies such as additive manufacturing [59], [63]. With
greater climate concerns and more stringent environmental
regulations, industries need to develop and implement man-
ufacturing solutions that produce less harmful emissions and

by-products compared to existing traditional manufacturing
processes [64].
Additive manufacturing promotes sustainable manufactur-

ing [65], [66] and helps with the elimination or significant
reduction inwastematerial, achieving sustainability [67]. The
implementation of AM is often cited as the future of manu-
facturing offering numerous benefits to society, as it offers
the versatility of reduced machine cost and increased design
freedoms for complex geometries garnering interest both aca-
demically and industrially [68]. In comparison to traditional
subtractive manufacturing processes, AM is claimed to be
a green technology with the promise of improved resource
efficiency, using less energy, material resources and reducing
emissions [69], [70]. Sustainable AM provides more sus-
tainable production opportunities leading to more sustainable
business opportunities in reducing energy consumption, CO2
emissions and production costs, whilst positively impacting
waste management and operational safety [71].

AM is economically viable for small to medium batch
production scenarios [72], [73] and is best suited for low
production manufacturing, where high customisability is
preferred, with short lead-times and complex geometric capa-
bility [74]. It offers the ability for manufacturers to create
optimal part designs where lean production is key [74]. How-
ever, comparing AM processes to traditional processes is
complex and not straightforward.

Production level machines can range from $5,000 to
$1,000,000. Additional costs associated with AM include
material costs such as polymers, elastomers, metallic pow-
ders, resins, wire and sheets. Additional costs include running
costs such as electrical energy and inert gas etc [74]. The
often-assumed environmental advantages that AM boasts
including reduced material waste and better material utili-
sation are somewhat displaced by their energy consumption
which was shown to be 10 - 100 times higher than con-
ventional manufacturing techniques such as casting and
machining [75].

Raw material production for AM also requires additional
processing steps such as powderisation and atomisation,
or wire drawing, dependent on the AM process feedstock
material required [76]. Another concern is the quality of
AM parts. Poor surface quality and the presence of residual
stresses, particularly in metallic parts, may require post-
processing, such as finishingmachining to achieve the desired
surface finish and dimensional accuracy, along with heat
treatment to relieve said residual stresses. Lack of product
quality leads to consumer dissatisfaction, loss of company
reputation, economic losses and wasted resources. Therefore,
post-processing cannot be overlooked [77]. Post processing
and quality control also incur additional environmental and
economic costs associated with them. This construes the
advantages such as material savings and can be misleading
from a sustainability perspective [76]. The rough surface
quality and the residual stresses present within AM parts
are a major concern. To achieve the required surface qual-
ity, AM parts are subjected to different machine finishing
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operations. To relieve residual stresses AM parts are sub-
jected to post manufacturing heat treatment processes. Addi-
tional requirements include the removal of support structures
and removal of unsintered powder in metal AM processes.
These additional processing steps consume additional elec-
tricity and generate material waste, reducing resource effi-
ciency and increasing the cost of AM [78], [79].

Metal powders are the most common feedstock material
used in many different AM processes such as powder bed
fusion (PBF), binder jetting (BJ) and directed energy depo-
sition (DED). They are produced using powder atomisation
processes, where a material ingot is melted with the material
being disintegrated into fine droplets using a high-pressure
stream of gas or water. The embodied energy for the pro-
duction of AlSi10Mg, the material used in the production
of the windings for this work was cited in literature to
be 189 MJ/kg [78].

The specific energy for SLM (selective laser melting,
terminology often interchangeable with laser bed powder
fusion, the AM process used in this work) varies between
55 and 569 MJ/kg. The material waste produced via this pro-
cess is unsintered powder and supporting structures removed
during post-processing. Material wastage can vary depending
on the product geometry and orientation. Priarone et al. [78],
showed that the additional material required for support struc-
tures varied between 30 to 45% of the final part, in 3 different
orientations of the same part manufactured using SLM. For
the SLM process of AlSi10Mg, the finish machining (post
processing) energy consumed was quoted in literature to be
around 6.6 MJ/kg [80].

Whilst there appears to be no current information regarding
the specific energy for the SLM 280 (the machine used to
manufacture the parts in this work) depositing AlSi10Mg as
a raw material, the specific energy used for the deposition
of AlSi10Mg with the SLM 250, a similarly compara-
tive machine from the same manufacturer is quoted as
being 566 MJ/kg for AlSi10Mg [78]. However, for stainless
steel, the SLM 280 used a specific energy of 383.13 MJ/kg,
with a deposition rate 9.9 cm3/h in literature [81].
The support structures utilised for the SLM 280 range

between 4.3% to 34% for stainless steel. For the comparative
machine, the SLM 250, the support structures for AlSi10Mg
documented in literature are around 30 to 45% of which
make up the total material used in comparison to the mate-
rial comprising final part. 10% was also consumed to post
processing machining [78]. Commenting on the structures
manufactured for this work using the laser bed powder fusion
process, manufactured on the SLM 280 machine, the energy
consumed in manufacturing the parts was unknown,. The
material waste was kept minimal as the active lengths were
manufactured in an upright position. With waste generated
from support structures estimated to be less than 5% of the
actual material that made up the final parts. However, the
amount of powder feedstock material consumed or recycled
by the manufacturer is unknown.

LBPF process data on feedstock and the machine being
used were ascertained and are displayed in Table 2 and
Table 3 respectively. No weight reduction strategies were
deployed as the conductors making the winding had to be
fully filled and solid for maximal electrical conducting capa-
bilities. A minimisation of conductor volume would lead to
an increase in the RDC, since the resistivity and therefore the
resistance of a conductor is a function of the area and the
length of the conductor.

R =
ρl

Alength
(�) (2)

where, ρ is the resistivity of the material, l is the length and
A is the cross-sectional area.

If the part was used in a a critical application requiring good
surface roughness or appropriate level of tensile strength, post
processing such as surface finish or heat treatment would be
required to prepare the part for that purpose. In this work
no post processing was used to avoid erasure of part surface
details, for example, dulling of corners or misshaping the
cross sections as to retain as much detail as possible and
replicate the winding layout as closely to simulation as pos-
sible. This helps aid RDC by retaining cross sectional area,
but also helps replicate the complex RAC phenomena and
interactions such as skin effect and proximity effect as closely
to simulation as possible. Ultimately since no post processing
was involved so no additional energy was consumed in.

A common metric for how sustainable an AM process is,
is the percentile comparison of waste material to the overall
material used to create the part. In the case of the parts
produced for the active sections that comprise the winding,
small support structures of 1 cm helped to separate the rods
from the base plate were used. This aided in cutting the rod
like conductor sections from the base plate whilst maintain-
ing their required lengths. It was calculated that the support
structures made up just 1.13% of the total volume of the final
parts making the orientation and the build strategy deployed
highly efficient, however as stated it was unknown howmuch
unsintered material feedstock was consumed and recycled by
the manufacturer.

Comparing additive manufacturing to more traditional
manufacturing techniques, there have been studies compar-
ing CNC machining against FDM and SLM against casting.
Faludi et al. carried out a comparative analysis between FDM
(fused deposition modelling) and CNC machining. It was
concluded that AM cannot be considered more environmen-
tally friendly than CNC, however, this was dependent upon
the manufacturing situation [82].

Vevers et al. [83] compared casting against SLM con-
cluding that whilst the mechanical properties of the parts,
such as hardness and tensile strength produced were supe-
rior to their casted counterparts, prohibiting factors such as
cost and production speed, especially when the parts to be
produced numbered into the thousands, was a significant
factor in the choice ofmanufacturingmethod. Production vol-
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ume, part complexity and feature requirements are important
considerations. For mass production scenarios casting was
considered to be more advantageous, even though the initial
costs were significantly higher than that of AM, at around
=C4000 initially.

Both CNC machining and casting have been explored in
literature, to create winding geometry for electric machines.
Metal cast windings have been developed by Fraunhofer,
illustrating the casting of aluminium and copper wind-
ings. However, winding geometry appears to be limited
to flat, trapezoidal conductor shapes with low numbers
of turns forming the winding. Minimal conductor heights
achieved were 0.7 mm with achievable winding lengths of
200 mm demonstrated. Only concentrated windings were
created [84], [85].

KITECH, illustrated the manufacturing of high fill factor
trapezoidal windings using CNC machining. Once milled the
windings were insulated and compressed to fit into the stator
slot. However, the processes suitability for mass production
is limited and therefore only small batches and prototyping
is considered. One such area of deployment could be the
aerospace industry where cost and time constrains are less
of a limiting factor [85].

To conclude AM, is situation and scenario specific in
its deployment, where consideration should be given to
how a particular product uses more or less electrical and
material resources compared to conventional manufacturing
processes. AM is best suited to low production, high value
scenarios, small batches, high customisability, short lead
times and rapid prototyping [74].

VII. CONCLUSION AND FUTURE WORK
Among the limitations of the work was the experiment set
up where the experiment was not carried out with the orig-
inal 2D and 3D simulations and materials. Difficulty in the
manufacturing process and obtaining the original materials
resulted in alternative materials being sourced. Therefore,
a direct comparison could not be achieved. This challenge
was mitigated by producing a new set of 2D and 3D simula-
tions with the new materials, however in future work it would
be advantageous to produce a model that perfectly replicated
the materials used. Another challenge was the L-BPF process
inability to produce the exact winding geometry, however,
as stated the binder jetting process may enable the ability
to print the entire winding as designed without the need for
support structures.

The Motorette sub-assembly could not completely repli-
cate neither the entire range of loss mechanisms, such as
armature reaction, nor the original temperature and RMS
current values that the PMSMsimulatedmodel was computed
for. The simulated original machine energised the windings
with 62 A RMS per winding with windings running at tem-
peratures of 190◦C. Such current and temperature valueswere
deemed too dangerous to be run in a laboratory setting and so

DC and AC testing was run at room temperature with 10 A
DC and 10 A RMS respectively.

The end winding connections were imperfect and had
ramifications for the RDC values obtained for the Motorette
winding. The round copper connections connecting the
additively manufactured parts to the 14 AWG copper end
windings minimised the contact surface area between the
active sections and the end windings due to the hexagonal
and triangular cross sections being fitted into the cylindri-
cal connections, thereby increasing the resistance. However,
it did have the advantage that the position and rotation of the
conductors could be finely placed and adjusted within the slot
area, which was advantageous while attempting to replicate
winding design #9354’s layout.

Whilst the Motorette sub-assembly was useful in gaug-
ing the viability of the winding, future work would benefit
from replicating the entire winding, but also by having an
entire PM synchronous motor fitted with additive windings
for experimental comparison would be the desired outcome.
Having an experiment with two identical PM synchronous
motors, one fitted with wound copper windings and the other
fitted with all additively manufactured windings would be
the definitive experimental setup to identify how additively
manufactured windings compare against traditional wound
copper windings, in terms of power density, temperature
behaviour and loss behaviour. A Motorette sub-assembly
cannot replicate the minutia of various loss mechanisms
incurred within an actual machine, which is recognised in
this work. Another avenue for potential future work would
be to study the degradation over time of an additively manu-
factured winding through temperature cycling and energising
and de-energising of the component, especially at thematerial
level.

Optimised winding structures such as those presented
within this work could help bring benefits to many different
industries and applications. For example, optimised wind-
ing structures could help achieve better and optimal drive
cycles for traction motors within the automotive industry,
especially within battery electric vehicles BEV’s and hybrid
vehicles where space, weight and cost are defining design
features. Drive cycles such asWLTP-3, C-WTVC and NEDC
could benefit from windings optimised for a vehicle’s spe-
cific characteristics, optimising the windings and therefore
the electric motors performance over that drive cycle. Oper-
ational areas of a motor are dependent on environmental
factors such as urban, rural and highway driving. For auto-
motive applications, electric motors are typically designed
for the minimisation of material and manufacturing costs,
weight, volume and operational loss. [86].

As stated, space and volume are of prime concern with
BEV and hybrid electric vehicles, thus optimising winding
structure, reducing material usage and minimising winding
geometry, especially end-windings and volume, would be
key to improving the overall performance of an electrified
vehicle [45].
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Another area that could benefit greatly from the optimi-
sation of the windings is the aerospace industry where the
electrification of aerospace is especially challenging, due
to the strict motor parameters outlined by the ASCEND
project [86]. The ASCEND projects projected performance
metrics are incredibly demanding and stated that the specific
power of 20 kW/kg (motor active SP) should be attained,
with the motor being able to run high efficiency at continuous
operation of 5000 RPM for one minute (take off). This is
challenging as there are two unique operational points to be
considered, base speed and peak power. This is dichotomous
since the RAC/RDC is uniquely different for each operating
point, with both AC and DC losses at each operating point
being in stark contrast to the other. Complex winding designs
such as those explored in this work could help best fit the
operational demands for efficiency and power density by
helping to minimise design trade-offs for RAC/RDC, which
is a well-known engineering challenge.

A more specific example within aerospace is starter
motors for traditional and hybridised aircraft, where Fan
Wu et al. [46] developed a 250 kW, 20.10 kW/kg permanent
magnet synchronous motor achieving efficiency of 96.18%.
It was found that a mixture of hollow and solid conduc-
tors was the optimal solution to negate armature reaction
losses exhibited by the conductors near the top of the slot.
The windings were rendered in AlSi10Mg similarly to the
windings produced in this work. Whilst the windings were
printed and tested via Motorette sub-assembly, the windings
were rectangular in shape and not optimal for dealing with
more complex loss mechanisms such as skin and proximity
effects. Optimisation processes such as those deployed and
tested in this work could help further refine and shape the
winding to achieve higher efficiency, coolant fluid flow and
weight reduction, thereby achieving higher efficiency and
power densities for motors required by the electrification of
aerospace.

In this work a Motorette sub assembly with a wind-
ing in which the active sections were manufactured in
AlSi10Mg using the L-BPF method was tested. Samples of
the manufactured active sections were measured for resis-
tivity, conductivity and the IACS% compared. It was found
that designing a winding to take advantage of the free-
doms afforded by additive manufacturing does produce a
winding that can closely match the simulated loss profile
of an idealized winding geometry. A 9.4% difference in
losses utilizing the measured RAC/RDC of the constructed
experimental winding was observed, which can be explained
through imperfect end winding connections, increased end
winding length, non-idealized conductor positioning and the
absence of the armature field produced by the permanent
magnet material.
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