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Abstract—This paper proposes loss & thermally optimised cop-
per and aluminium structures for automotive electrical machines.
A first batch of multiphysics optimisation is performed paramet-
rically for 6 different electrical conductor topologies. Then, a
multiphysics – thermal and electromagnetic – hybrid parametric
and topology optimisation coupled with Multi Objective Differ-
ential Evolution (MODE) and with an additional step of Local
Search (LS) is proposed. The introduced Topology Optimisation
(TO) algorithm is explained in detail and applied to optimise
electrical conductor geometries of pure Cu and AlSi10Mg. After
that, the manufacturing by Additive Manufacturing (AM) of the
most promising model is presented. The produced topology is
benchmarked against a well-known fully rectangular structure.
The proposed topology optimised geometry has been found
to improve conventionally manufactured electrical conductors
at intermediate frequencies, around 600-800 Hz, and improves
considerably at high frequencies, achieving a reduction in losses
of 58% at 2000 Hz comparing to a conventional rectangular
copper structure.

Index Terms—Electrical machines, optimization, Topology op-
timization, TO, Multiphysics optimization, Multiphysics TO,
Thermal optimization, Electromagnetic optimization, Additive
Manufacturing, AM, Copper AM, Aluminium AM, AlSi10Mg,
Electrical conductors, AC losses reduction.

I. INTRODUCTION

THE electrification of the automotive sector has grown
exponentially in recent years [1]. As a result of this in-

creased demand, various ways of improving the overall electric
vehicle have been studied. One of these methods is to increase
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the shaft speed of the electric motor to improve the power
density. However, the increase in shaft speed is accompanied
by an increase in losses due to the high-frequency magnetic
field, mainly in the stator lamination and the winding [2].

As for the high frequency losses in the electrical conductors,
there are several methods of reducing them. For example,
they can be mitigated by using a less electrically conductive
material, such as AlSi10Mg [3]–[5], which can also improve
the overall machine weight due to its reduced mass density.
Other effective way of reducing AC winding losses is to
control the position of the conductors within the slot [6],
[7]. Conductors transposition is also a common method of
reducing AC losses [8], [9]. Finally, a highly effective method
of reducing high frequency losses in conductors is the use of
Litz wire [10]–[12].

Despite the reduction in high frequency losses achieved by
these methods, they normally affect negatively the losses at
low frequency, for the lower copper slot fill factor or for the
lower electrical conductivity of the material used.

While the automotive sector requires variable speed motors,
it is necessary for said motors to have good performance at
both low and high supply frequencies. In order to avoid the
use of round conductors, which are known to have lower
fill factor than flat conductors, the latest trend is to search
for flat conductor geometries that are able to reduce AC
losses without significantly decreasing the fill factor. In this
context, a novel conductor shape is presented in [13] and
compared with a purely rectangular shape. A geometry that
follows the magnetic vector potential lines is presented in
[14]. Another example of a shape to reduce AC losses can
be found in [15]. The models presented in these 3 cases are
hardly manufacturable using traditional production methods,
but are easily fabricated using additive manufacturing (AM)
approaches [16]–[19]. AM of electrical conductors opens the
way to explore innovative topologies and new ways to reduce
losses.

Regarding the freedom in manufacturable geometries of-
fered by AM, Topology Optimisation (TO) has started to
become an alternative to traditional parametric optimisation,
due to the higher flexibility in exploring complex geometries
and the better achieved performance.

TO is a widely used weight reduction method in mechanical
design [20]–[22]. However, its application in the electro-
magnetics field is limited. Electromagnetic TO has mostly
been applied to soft magnetic material parts, such as, rotors
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of synchronous reluctance [23]–[26] or permanent magnet
motors [27]–[31]. The literature on TO of hard magnetic
materials is scarce [32]–[34] and TO is rarely applied to
electrical conductors. However, some examples of TO applied
to electrical conductors can be found in the related literature.
For example, in [35] TO is applied to conductors to achieve
higher uniformity in the magnetic field in the region of interest
for an electromagnet manipulator. Despite having applied the
TO to conductors, it can be seen that the algorithm is applied
for electromagnetic purposes only. Moreover, in [36] TO
is applied to optimize the shape of an inductor coil. The
objectives that are considered in this study are to achieve
the most uniform temperature between 900-1300 ºC on a
workpiece at a hardening depth of 1.2 mm and to maximize
the power factor. The article presents a multiphysics TO -
thermal and electromagnetic - but it focuses on an inductor
coil operating at a fixed electrical frequency.

In this paper, a conductor geometry, difficult to produce
using traditional methods and intended for an automotive
application is presented and optimized via topological and
parametric optimisation in terms of losses and machine tem-
perature. A multiphysics - thermal & electromagnetic - hybrid
parametric TO combined with Multi Objective Differential
Evolution (MODE) [37] and a Local Search (LS) algorithm, is
proposed, explained in detail and applied to an electrical con-
ductor model. Thermal TO, let alone thermal-electromagnetic
TO, has, to the authors’ knowledge, never been considered
in any study of TO of electrical machines. Moreover, the
TO algorithm is applied to electrical conductor models with
2 different electrically conductive materials, pure Cu and
AlSi10Mg. The most promising geometry obtained from the
multiphysics TO is manufactured in AlSi10Mg by AM and it
is benchmarked against a conventional copper and aluminium
rectangular electrical conductor with even shapes for all the
turns.

The presented article is arranged as follows. Firstly, the
problem to be studied is shown, different conductor transpo-
sition possibilities are parametrically optimized and the best
in terms of performance is selected in Section II. Afterwards,
in Section III, the proposed TO algorithm is described and
it is applied to one of the conductor transposition possibil-
ities of pure copper. The introduced TO algorithm is used
to optimise an electrical conductor geometry of AlSi10Mg
in Section IV and a comparison between a copper and an
aluminium rectangular electrical conductor and a topology
optimised electrical conductor manufactured in AlSi10Mg by
AM is shown in Section V. Finally, a brief summary and the
conclusions derived from the work conducted are presented in
Section VI.

II. PROBLEM DEFINITION

The case study analysed in this article emulates two slots
of a stator intended for an automotive application, having 8
hairpin conductors per slot and cooling via a casing water
jacket placed in the outer part of the stator yoke. The problem
is modelled in terms of 2D FEA in Altair FluxTM and the
simulation is defined as ”Steady-state AC magnetic coupled

with Transient Thermal 2D”. This simulation consist on a
coupled elecromagnetic-thermal simulation in which starting
from a reference temperature, 20 ºC, the electromagnetic losses
in the conductor are computed in steady-state AC and used to
run a thermal transient model (losses in the stator iron are not
considered in this study). The computed temperatures are used
for the next simulation step. This calculation is repeated until
the temperatures have stabilised.

A symmetry axis is defined in the FEA simulation in the
y-axis, so that only one slot is modelled. This simplification,
which has been proven equivalent to modelling a full two-
slot model without symmetries, is considered so as to reduce
computation time. The cooling is defined by a constant heat
transfer coefficient in the line that would correspond to the
outer diameter of the stator (see Fig. 1 (c)). The materials
considered in the simulation model are:

• M250-35A electrical steel: for the stator lamination.
Thermal conductivity of 47 W/m/K and heat capacity of
3900 kJ/m3/K.

• Copper: with temperature dependent conductivity (elec-
trical conductivity at 20 ºC, σ20C = 5.8 · 107 S · m).
Thermal conductivity of 394 W/m/K and heat capacity
of 3518 kJ/m3/K.

• Impregnation: assumed to occupy all the space left
inside the slot by the copper conductors. Thermal conduc-
tivity of 0.21 W/m/K and heat capacity of 396 kJ/m3/K.

The simulation is performed with an input current of 25
ARMS in the conductors, an initial temperature of 20 ºC, an
ambient temperature of 20 ºC, a heat transfer coefficient for the
cooling water jacket of 100 W/m2/K and a water temperature
of 20 ºC. Variable time-step is considered for the transient
calculation having more steps at the simulation start.

Taking advantage of the fact that the resulting geometry
is intended to be manufactured using AM methods, a similar
approach to that presented in [38]–[40] is explored in this
paper. The transposition of the conductors is done in the
connection side to have as short end-windings as possible
in the opposite side of the connection, as transposing the
conductors leads to larger end-windings than those of regular
coils.. In Fig. 1 a CAD model of the proposed method applied
to the 4 turns closer to the airgap is shown. The figure
illustrates how the 4th turn is divided in two when it steps
to the 5th turn, and in upper turns the position of each one is
transposed. Since the rotor field is not considered in the present
case study, an adjacent two slot geometry can be considered
equally representative of the behaviour of the magnetic fields
and conductor losses in the automotive hairpin model mock-
up.

Six different models are studied in detail using parametric
optimisation. The models to be studied are the ones shown
in Fig. 2; being, P1 the case in which all 8 conductors
are solid, P2 the case in which 7 conductors are left solid
and the conductor closer to the air gap is separated into
2 subconductors for transposition, P3 the case in which 6
conductors are solid and 2 transposed, and successively up
to P6, in which just the bottom-most 3 conductors are left
solid. No more configurations are considered as the limitation
in conductor height and conductor separation does not permit
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(a) (b)

(c) (d)
Fig. 1. Proposed model geometry for 4 solid and 4 tranposed conductors, (a)
perspective view (b) front view - connection side (c) Altair FluxTM model (d)
front view - non connection side.

to consider configurations with more subconductors which fit
within the defined slot.

P1 P2 P3

P4 P5 P6
Fig. 2. Sketches of the models considered for the parametric optimization.

A parametric optimisation is performed on all the previously
defined models. The parameters to be optimised are the height

of each conductor, imposing a minimum height of 1 mm
and a fixed conductor separation of 0.5 mm. The parametric
optimisation is carried out using a Multi-Objective Differential
Evolution (MODE) algorithm [37] and the output variables
to be optimised are the maximum temperature at 1 Hz and
the maximum temperature at 1 kHz, both of which are to
be minimised. The results of the parametric optimisation are
shown in Fig. 3, in terms of Pareto fronts for the maximum
temperatures at nearly-DC and high frequency.
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Fig. 3. Pareto fronts comparison between different models.

Several conclusions can be drawn from the parametric
optimization results. The first one is that the most promising
configuration to achieve a good balance between the two
objectives is P5, the one with 4 solid turns and 4 divided
into two and transposed. Despite the fact that P5 is the one
that achieves the best results for the maximum temperature
at high frequency (1 kHz), it is also seen that P1 is the one
that has the best performance for maximum temperature at 1
Hz, as it was expected, since it leads to higher fill factor and,
hence, lower DC resistance. It can also be seen that the Pareto
front of P6 is narrow due to the limits imposed in terms of
conductor height and conductor spacing. This means that this
model cannot vary much from the original model in order to
fit into the defined slot.

Although the electrical conductor model with the best
performance is P5, TO is applied to P3 as it has more freedom
of geometry variation due to the larger conductors that can
fit into the slot with the defined geometric constraints.This
geometric freedom is crucial to allow the TO algorithm to be
able to remove any material from the conductor regions in
order to try to improve the performance of the system.

III. MULTYPHYSICAL TO
After having defined the problem and once the most ade-

quate model for TO, P3, has been selected, the proposed TO
algorithm is discussed and applied in this section. For this case,
the chosen TO approach is an on-off method, coupled with a
normalised Gaussian network [41] method to speed up the
simulation. The algorithm is considered a hybrid parametric-
topology optimisation, as not only the distribution of the
materials inside the defined region is optimised, but also the
height of each conductor and subconductor are parametri-
cally optmised along the simulation. A MODE [37] is used
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Fig. 4. Flowchart for the proposed TO algorithm.

as the underlying heuristic optimization algorithm and it is
combined with a greedy local search algorithm [28] to favour
the convergence of the method. This approach, ON-OFF +
evolutionary, is known to be more time consuming than other
TO methods, but as the problem to be analysed does not
require a large computation time for each individual, around
30 seconds, the convergence speed is not the most critical
aspect in this problem. Furthermore, this algorithm does not
depend on gradients, which makes it easier to adapt to different
objective functions. This is important in the case analysed,
since the aim of this work is to carry out a multiphysics
optimisation, taking into account electromagnetic and thermal
aspects. Finally, it is harder for the algorithm used to get stuck
in local optima, as is the case with other TO methods [42]. A
flowchart representing the proposed TO method used is shown
in Fig. 4.

The multiphysics hybrid parametric TO algorithm depicted
in Fig. 4 works as follows. First, a geometry to be optimised
is defined in the FEA program to be used for the calculation,
Altair FluxTM in the presented case. The mesh is created in
the FEA program and it is exported as data to Matlab®. The
initial population is created and evaluated in the FEA program.
The initial population is created randomly and the size of
the first generation is of 800 individuals. After creating and
evaluating the initial population, the TO algorithm starts. First,
the next generation individuals, children, are created. Three
of the most promising individuals from previous generation,
parents, are combined by crossover and the defined number
of children are created, in the case presented 100 for each
generation. Additionally, randomly two of the parametric vari-
ables are changed. The children are evaluated and compared
with parents. The best 100 individuals among the children and
parents are selected to act as parents for the next generation.
If the generation “g”, is multiple of the defined number of
generations to apply the Local Search “NL”, this algorithm
is applied. The NL defined for this case is of 30 generations.
This procedure is repeated until an end condition is met, and
the algorithm saves the results as Pareto fronts.

Finally, the objective that has been defined for the TO have
been to minimise the maximum temperature at 1kHz and 1

Hz, as it has been defined for the parametric optimisations.
With the explained setup and calculating with 4 parallel

computations, the TO algorithm needed of 4 days and 9 hours
on a 12th Gen Intel® CoreTM i5-12500 3.00 GHz, 6-cores,
16 GB RAM and a total of 19860 simulations. The results
in terms of Pareto front are shown in Fig. 5. Also, the Altair
FluxTM models for some of the most representative points of
the Pareto front are represented in Fig. 5 and in Fig. 6.
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Fig. 5. Pareto front of the proposed TO algorithm.

TO 1 TO 2 TO 3 TO 4

Fig. 6. Most representative individuals of TO.

It is noticeable from Fig. 6 that the resultant cross sections
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of the TO are in need of post-processing to smooth the
sharp edges and to meet the requirements marked by the
manufacturing method. The main one is that the minimum
height manufacturable to ensure mechanical stability is 1
mm and that the distance between conductors must be larger
or equal to 0.5 mm to ensure their correct insulation by
employing 0.25 mm aramid paper tape. Although there are
algorithms to perform this process automatically [43], in the
present research work the smoothing has been done by hand.

Two different individuals, TO 1 and TO 2, have been
selected from the Pareto front of the TO while they have the
best performance at 1 kHz. The final geometric design for each
of the two models is shown in Fig. 7. Table I summarises the
main characteristics of each final model.

(a) (b)

(c) (d)
Fig. 7. TO 1 (a) perspective view, (b) front view and TO 2 (c) perspective
view, (d) front view.

TABLE I
MAIN COMPARISON DATA BETWEEN MODELS.

TO 1 TO 2
Temperature

@ 1 kHz [ºC] 39.8 ºC 40.6 ºC

Temperature
@ 1 Hz [ºC] 31.8 ºC 29.7 ºC

Losses
@ 1 kHz [W] 1.57 W 1.66 W

Losses
@ 1 Hz [W] 1.01 W 0.86 W

Weight [g] 175 g 159 g

Finally, as the differences found among models in Table I
are small, a comparison of the losses obtained for different
input frequencies at the two configurations with a purely
rectangular configuration in which all conductors are equal
(Fig. 8 (a)) and a Z-shape [44] (Fig. 8 (b)) is carried out in
Fig. 9.

From Fig. 9 it can be seen how TO and conductors with
non-conventional geometries can greatly improve the perfor-
mance of an electrical machine at high frequencies compared

(a) (b)
Fig. 8. (a) Z-shape proposed in [44] (b) Conventional rectangular electrical
conductors
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Fig. 9. Temperature comparison between models for different electrical
current frequency.

to conventional rectangular ones (∆T1kHz,rect = 45.8◦C,
∆T1kHz,Z−Shape = 29.6◦C, ∆T1kHz,TO1 = 19.8◦C).

IV. TO APPLIED TO ALSI10MG CONDUCTORS

AlSi10Mg, an aluminium-silicon-magnesium alloy, has
great potential for electrical machine windings. This alloy
offers a unique combination of properties that make it highly
desirable for this application. Its low mass density enables
the production of lightweight windings, contributing to the
overall weight reduction of electrical machines. In addition,
AlSi10Mg has excellent thermal conductivity, allowing effi-
cient heat dissipation in high power applications. The electrical
conductivity of AlSi10Mg can be significantly enhanced by
appropriate post-treatments such as T6 heat treatment [44],
[45]. The mechanical strength of this alloy can also be
improved by stress relieving. Overall, AlSi10Mg offers a
promising solution for electrical machine windings, providing
a balance of favourable properties including reduced weight,
efficient thermal management and improved electrical per-
formance. Taking into account the presented advantages of
AlSi10Mg in this section the previously explained algorithm is
applied to the P3 model, but in this case defining the physical
properties of AlSi10Mg instead of the pure Cu one.

In order to have a fair comparison between TO of pure Cu
and AlSi10Mg electrical conductors, the optimisation objec-
tives are modified to minimise the maximum temperature at
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2.174 Hz and 2.174 kHz for the TO of AlSi10Mg conductors.
This modification has been done in order the AlSi10Mg
model to have the same skin depth as pure Cu at 1 Hz
and 1 kHz. While skin depth is equal to 1/

√
πfµσ, being

“f” the electrical frequency, “µ” the magnetic permeability
of the material and “σ” the electrical conductivity. Due to
the different electrical conductivities of both materials to be
analysed, AlSi10Mg (around 46 %IACS) and pure Cu (100
%IACS), the optimisation frequencies are changed to maintain
the previously defined skin depth similar for both materials.

After applying the presented TO approach to AlSi10Mg
electrical conductors, the candidate that achieves the best
performance at high frequencies, AL 1, shown in Fig. 10
and Fig. 11, is selected from the Pareto front. Furthermore,
a comparison between the TO candidates that minimises the
temperature at high frequencies, TO 1 (best candidate for pure
copper TO) and AL 1 (best candidate for AlSi10Mg TO), for
different electrical frequencies is shown in Fig. 12.
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Fig. 10. Pareto front of the AlSi10Mg model.

Fig. 11. AL 1 Altair FluxTM electrical conductor model.

It can be extracted from Fig. 12 that as expected, AlSi10Mg
geometry achieves higher maximum temperatures at low fre-
quencies than pure Cu geometry, due to its lower electrical
conductivity. However, for high frequency ranges, above 1900
Hz, the performance of AL 1 is better than TO 1 as AL 1
achieves lower maximum temperatures.
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Fig. 12. Temperature comparison between AL 1 and TO 1 for different input
electrical frequency.

V. ELECTRICAL CONDUCTOR MANUFACTURING &
TESTING

This section presents the fabrication of the AL 1 geometry
by AM of AlSi10Mg and a comparison with a traditional
copper electrical conductor. The decision of producing AL 1
geometry in AlSi10Mg has been motivated by the low mass
density of the material and its adequate electrical properties.
In addition, the high cost of copper AM and the low electrical
conductivity achieved in the manufacture of smaller testers has
also been one of the reasons why copper has been discarded
for the manufacture of the topology optimised geometry.

The aluminium prototype is printed by L-PBF in AlSi10Mg
aluminium alloy. While the as-built mechanical and electrical
properties are not good enough, a T6-heat treatment protocol
[44], [45] is applied to the additively manufactured prototype.

In addition, the optimised geometry is compared to 2
conventional geometries with rectangular conductors of equal
cross section in all turns, made of copper and aluminium. The
main characteristics of the three models are summarised in
Table II. The aluminium and copper geometries are shown
in Fig. 13. This figure illustrates the produced prototypes
assembled with the e-core where they have been tested to
evaluate the AC losses. Due to the complexity of accurately
measuring the maximum temperature, which is a very local
phenomena, and while there is a strong relationship between
losses and maximum temperature in this case, which can be
deduced from Table I, the three geometries are compared in
terms of losses for different input frequencies.

TABLE II
MEASURED PROPERTIES AND CHARACTERISTICS OF TESTED PROTOTYPES.

TO 1 Conv. Cu Conv. Al
Material AlSi10Mg Cu Al

Weight [g] 48.7 g 171.2 g 55.2 g
DC resistance

[mΩ] 10.3 mΩ 3.9 mΩ 8.6 mΩ

Electrical
conductivity

[%IACS]
46 %IACS 100 %IACS 63 %IACS

To measure the losses at different input frequencies, the test
bench in Fig. 14 has been employed. The main components
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(a) (b)

(c)
Fig. 13. Tested prototypes (a) AL 1 AM (b) AL 1 geometry assembled with
the e-core and (c) copper (Conv. Cu) and aluminium (Conv. Al) conventional
conductors assembled with the e-core.

of this test platform are an AC voltage and current source
(Spitzenberger), voltage and current probes placed in the coil
geometry, a data acquisition system (dSpace MicroLabBox)
and a PA4000 (Tektronix) power analyser, used to measure
AC and DC losses.

Fig. 14. Used test bench configuration to measure losses against frequency.

To have the most accurate results, temperature is controlled
with a water jacket attached to the e-core maintaining a
temperature of 25 ºC and the samples are measured with
an input current of 40 ARMS for only 2 seconds, to avoid
overheating the coil geometry. The results obtained for the
three electrical conductor prototypes with an input current of
40 ARMS and frequencies varying from 0 to 2000 Hz are shown
in Fig. 15.

Several conclusions can be drawn from Table II and Fig.
15. First conclusion that can be extracted is that TO achieves
a geometry that is able improve the performance of a con-
ventional geometry from 600 Hz for aluminium and 800 Hz
for copper. Additionally, a major improvement is seen at high
frequencies, 2000 Hz, where AL 1 achieves a loss reduction of
58% with respect to copper conventional model and of 47%
comparing to conventional aluminium model. On the other
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Fig. 15. Measured versus simulated losses for the tested geometries with an
input current of 40 ARMS .

hand, due to the lower conductivity of AlSi10Mg and the
lower slot fill factor of Al 1 the DC losses of this proto-
type are 2.6 times higher than the conventional rectangular
copper geometry. Finally, taking into account that electrical
conductors are one of the electrical machine components that
contribute most to the total weight of the machine, Table
II shows that the weight of the optimised geometry is only
28.4% of the conventional rectangular prototype. Regarding
the comparison between tests and simulations, similar results
have been obtained at low frequencies. However, for high
frequencies, some discrepancies are observed. This could be
due to inaccuracies when measuring the electrical conductivity
of the test samples and local heating effects, both of which
will affect the effective conductivity and the conductor losses.
In any case, the trends between materials and geometries
match and confirm the validity of the proposed optimization
methodology.

VI. CONCLUSION

In this article a case study is presented involving a coil
model manufactured by AM for automotive application. For
maximizing the advantages of AM; mostly the freedom in
manufacturable geometries, different models are presented
and they are multiphysically optimized, electromagnetically
and thermally, via parametric optimization. Additionally, the
most promising conductor model is multiphysically topology
optimised, considering two different materials, AlSi10Mg and
pure Cu, with a proposed hybrid parametric TO algorithm,
which can not be found in previous literature. The most
promising geometry is additively manufactured in AlSi10Mg,
tested and benchmarked against traditional rectangular copper
and aluminium coil prototypes, showing a better performance
at higher frequencies.

The importance of applying TO to refine the geometry and
maximise the overall electrical machine performance has been
highlighted in the work presented. This fact is clearly shown
in Fig. 9, where a reduction in losses of 58% and 47% is
achieved at 2000 Hz compared to conventional copper and
aluminium prototypes, respectively.

As shortcomings of the present work, the main limitations
are the following. To simplify the problem, the magnetic field
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of the rotor and iron losses on the stator have been neglected
in this work. Both of these, will significantly impact the
performance of any electrical machine and will likely affect the
results obtained in terms of optimal conductor geometries. As
future work, the addition of these two effects is contemplated.
Additionally, it would be of great interest to analyse the effect
of the cooling configuration in the TO results; that is the
effect that having the heat sink closer to the heat source,
as when dealing with hollow conductors or a slot-through
configuration, has on the optimal geometries.

Finally, this study has developed a multiphysics topology
optimisation method that is easily adaptable to different case
studies and capable of significantly improving the thermal
and loss performance of the conductors; always bearing in
mind that TO approaches almost necessarily require AM
techniques to produce the resulting complex shapes. This, in
turn, owing to the high monetary costs of employing additive
production methods, implies that the implementation of the
proposed method should focus on high-end applications such
as in automotive traction, high-frequency components and the
aeronautical sector.
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