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Comparison of Aluminum and Copper Winding Materials for 
Switched Reluctance Machines with Finite Element Analysis

Comparación de materiales de bobinado de aluminio y cobre para 
máquinas de reluctancia conmutada con análisis de elementos finitos

Cihan Sahin 1

ABSTRACT
Today, with the decrease in fossil fuel reserves, interest in electric vehicles has grown. Undoubtedly, electric machines are one of 
the most important parts of electric vehicles. Studies on electrical machines directly affect vehicle performance. Since the electrical 
machine used is mounted on the vehicle, reducing the total weight without changing the output power will positively affect the 
overall performance of the vehicle. The windings used to create the magnetic field in electrical machines are made of copper. 
Electrical machinery manufacturers try to use completely different materials instead of copper or partially reduce its use. At this 
point, aluminum emerges as an attractive material for various manufacturers. This study analyzed the winding structure of a switched 
reluctance machine (SRM) proposed for an electric vehicle by using copper and aluminum at an equivalent resistance value, the 
results of which were compared. As a result of a 2D finite element analysis, it was observed that the machine’s output performance 
is largely kept when aluminum is used instead of copper for the winding. It was also observed that the aluminum total winding 
weight decreased by 43,40% compared to that of copper.
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RESUMEN
Hoy, con la disminución de las reservas de combustibles fósiles, ha aumentado el interés por los vehículos eléctricos. Sin duda, las 
máquinas eléctricas son una de las partes más importantes de los vehículos eléctricos. Los estudios sobre máquinas eléctricas afectan 
directamente el rendimiento del vehículo. Dado que la máquina eléctrica utilizada está montada en el vehículo, la reducción del 
peso total sin cambiar la potencia de salida afecta positivamente el rendimiento general del vehículo. Los devanados utilizados para 
crear el campo magnético en las máquinas eléctricas están hechos de cobre. Los fabricantes de maquinaria eléctrica intentan utilizar 
materiales completamente diferentes en lugar del cobre o reducir su uso parcialmente. En este punto, el aluminio emerge como 
un material atractivo para varios fabricantes. En este estudio se analizó la estructura de bobinado de una máquina de reluctancia 
conmutada (SRM) propuesta para un vehículo eléctrico, utilizando cobre y aluminio con un valor de resistencia equivalente, cuyos 
resultados se compararon. Como resultado de un análisis de elementos finitos 2D, se observó que el rendimiento de salida de la 
máquina se mantiene en gran medida cuando se utiliza aluminio para bobinado en lugar de cobre. Se observó que el peso total del 
devanado de aluminio disminuyó en un 43,40 % en comparación con el de cobre.
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Introduction

Developing technologies, increasing population, 
and growing industrialization have increased energy 
consumption and the amount of required energy (Ayaz et 
al., 2020). In addition, due to the gradual decrease in the use 
of fossil fuels and the damage they do to the environment, 
environmentally friendly practices have taken an important 
place in our lives. CO2 emissions are regarded as the source 
of the most serious damages caused by fossil fuels to the 
environment. According to the reference values of 1990 
under the Kyoto Protocol, the European Union (EU) aims to 
reduce its greenhouse gases (GHG) emissions by 80-95% as 
of 2050. Similarly, road, rail, sea, and air transport should 
contribute to this aim by reducing the 1990 emission levels 
by 60% as of 2050 (de Gennaro et al., 2019). In this context, 
electric vehicles (EV) are an effective solution to reduce CO2 
emissions (Cai and Zhao, 2021).
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EVs, which constitute the best alternative for an 
environmentally friendly transportation vehicle, are also 
an ideal solution to the problems experienced regarding 
urban air quality (Hooftman et al., 2016). Especially in 
recent years, the production and development of electric 
or hybrid vehicles has been increasing due to energy and 
environmental issues (Jang et al., 2015). By using electric 
vehicles (EVs) or hybrid electric vehicles (HEVs) instead 
of conventional fuel vehicles, substantial reductions in 
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carbon emissions will occur, and improvements in urban 
air quality will be achieved. This is also very important for 
reducing cases of respiratory diseases (de Gennaro et al., 
2019).

Today, EVs, which have significant positive effects on the 
quality of life, consist of various parts, namely the electric 
machine, the battery group, the on-board charger, and the 
electric power control unit. Research and development 
(R&D) studies continue for all these parts in parallel with 
developing technologies. EV-related technologies such as 
electric motor drive design and selection, power converter 
topologies and control algorithms, and power supply and 
system configuration are under extensive development 
(Cai and Zhao, 2021). One of the common target points of 
these studies is minimal energy consumption. Within this 
framework, electrical machines are of great importance for 
EVs. There are many different studies in the literature in the 
field of electrical machines for EVs.

Electrical machines are also widely used in industrial 
applications (Jang et al., 2015). The use of copper (Cu) 
in windings, which are an important part of electrical 
machines, is common since this element is a good 
conductor (Ayaz et al., 2020). Cu is widely used, especially 
in the windings of high-performance electrical machines. 
This is due to a high electrical conductivity, enabling high 
current density machine designs that minimize DC winding 
losses (Widmer et al., 2016). In addition, the high strength 
and increased electrical conductivity of Cu alloys are highly 
desirable for many wire and cable applications (Islamgaliev 
et al., 2014).

Sullivan, in his study in 2007, stated that the prices of 
Cu would be both high and variable in the future, and, 
therefore, products with a large amount of Cu, such as 
power electronics and transformers, should be reassessed 
in terms of cost. He also indicated that it is not a preferred 
method to reduce the efficiency of the machine in order 
to increase the amount of Cu, and Cu windings can be 
completely removed by using Al windings (Sullivan, 2007). 
In this context, in recent years, Al materials have been used 
as an alternative for copper windings in transformers and 
electrical machines.

The most important reason for this is that Al materials have 
good conductivity and are abundant and cheap around the 
world (Hergul et al., 2020). In addition, the cost of an Al 
conductor of the same resistance and length is significantly 
lower than the cost of a Cu conductor. Al has a cost 
approximately 30% of copper per unit mass, or 10% per 
unit volume (Sullivan, 2007; Widmer et al., 2014, 2016). 
Furthermore, recycling is very important nowadays: while 
Al can be recycled with steel, Cu is a major pollutant in the 
steel recycling process (Widmer et al., 2014, 2016). This is 
one of the disadvantages of using Cu.

The weight of electrical machines is of great importance 
according to their use areas. A low mass is particularly 

important in the design of ‘mobile’ electric motors used 
in applications ranging from electric vehicles to electric 
aircraft (Widmer et al., 2014). At this point, Al is one step 
ahead of copper. Al has a mass density of 30% that of 
Cu. Therefore, it is an attractive conductor in applications 
where low mass is important (Widmer et al., 2014, 2016). 
The most important feature to be considered at this point 
is that the cross-sectional area of an Al conductor is 56% 
larger than that of Cu for the same current carrying capacity 
(Pryor et al., 2008). Therefore, the material cross-section 
conditions must be taken into account when selecting the 
material. 

In this study, the winding structure of a SRM, which is one 
of the electrical machines that is preferred for EVs and will 
have an even more important place in the future, as it does 
not contain rare-earth magnets in its structure, was defined 
as Al and Cu, and transient analyses were carried out. As a 
result of the analysis, the performance of the machine and 
the weight of the winding were compared.

Switched reluctance machines (SRMs)

Conventional SRMs have one of the simplest structural 
configurations among electrical machines (Gupta et al., 
2021). SRMs that do not have windings or magnets in the 
rotor have only stator windings. Rotor rotation and energy 
conversion take place according to the principle of minimum 
reluctance (Sahin et al., 2012; Sun et al., 2021). In other 
words, SRMs convert electrical energy into mechanical 
energy with reluctance force (Omaç et al., 2018).

SRMs are strong candidates for EV and HEV applications due 
to their simple structure, low cost, flexible control, strong 
environmental sustainability, high fault tolerance capability, 
and high starting torque (Cai and Zhao, 2021; Haque et al., 
2021; Li et al., 2015; Wang and Li, 2020). In particular, their 
high fault tolerance capability enables SRMs to work reliably 
and efficiently in harsh environments, such as automotive 
and aviation applications (Haque et al., 2021). Compared 
to permanent magnet (PM) machines, SRMs are in a more 
advantageous position to be used in EVs due to these 
features (Li et al., 2015). PM machines are widely used for 
wind energy generation due to their high efficiency and high 
power density (Jiang et al., 2021).

Additionally, since SRMs use iron cores in magnetically fully 
saturated regions, they have a much higher power density 
when compared to other machines such as induction 
motors and brushless DC machines. Therefore, the machine 
size is much smaller than that of other machines (Yoon, 
2020). This feature constitutes an advantage for the aviation 
and automotive sectors. In addition to all these advantages 
regarding SRMs, these electric machines have the ability to 
work for a long time under high temperature and high speed 
conditions (Gan et al., 2021). Figure 1a presents the sample 
model of a 6/4-pole SRM, and Figure 1b shows the machine 
phase windings. 
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High-speed SRMs that face increasing power density 
requirements in diverse applications such as EV and HEV 
have a limited area to improve torque and power. The 
performance improvement of high speed SRMs is basically 
divided into two stages: the first is to increase the motor 
torque and the other is to improve the loss distribution. The 
most direct method of increasing the torque is to improve 
the winding structure and current density, given that, in high 
speed SRMs, only stator windings are energized. Therefore, 
windings are very important in SRMs.

Nowadays, flat copper wire, hairpin windings, and similar 
improved winding structures are used in various machine 
types (Chai et al., 2020). According to the winding structure 
to be applied to the machine, the selection of the material 
to be used is also important, as it directly affects machine 
losses. In addition, one of the important points to be 
considered in loss distributions is the control parameters of 
the machine. Control parameters directly affect the iron and 
Cu (winding) losses of the machine and therefore affect its 
efficiency (Yan et al., 2020).

Materials and method

The design of electrical machines is particularly challenging 
for electric or hybrid vehicle applications. In the design 
process, an optimization based on the evaluation of the 
different losses that occur in the machine is required for 
each operating point (Boumesbah et al., 2021). A high-
performance SRM design, on the other hand, is usually 
handled in a two-step process. In the first stage, preliminary 
design analyses are carried out. At this stage, various options, 
such as stator/rotor pole combinations, inner and outer rotor 
topologies, winding configurations, and different materials, 
among others, are examined via finite element analysis 
(FEA). Thus, the proposed design options are compared 
to obtain a start-up design. In the second and final stage, 
optimization techniques such as a heuristic approach or a 
genetic algorithm are used (Rocca et al., 2020). This study 
involves the first stage of machine design. The winding 
configurations of the proposed SRM model were evaluated 
(Cu and Al) at equivalent resistance values, and FEA analyses 
were performed. The results obtained were compared, and a 
start-up model was proposed for the phase winding material. 
Coils for electrical machines are traditionally handmade 

components and are a limiting factor for machine operation. 
Studies on issues such as the fabrication and modulation of 
the coils are also an important step in production (Silbernagel 
et al., 2019).

Comparison of Al and Cu winding materials
One of the important components of an electrical machine 
is its windings, which consist of coils. Coils consist of 
wires made of conductive material surrounded by resistive 
insulating material. A conductive core is desired to have a 
low electrical resistance and minimize the Joule losses. 
These materials are generally copper, silver, gold, and 
aluminum. Table 1 presents the electrical resistance and 
density of metals and alloys commonly used in electricity at 
room temperature (Silbernagel et al., 2018).

Table 1. Metals and alloys commonly used in electrical applications

Source: Silbernagel et al. (2018)

Among the elements and alloys given in Table 1, Cu and Al are 
the two most commonly used materials for conductors and 
bus bars in electrical equipment. The Cu used in electrical 
equipment has a pure 98% conductivity, according to the 
International Annealed Copper Standard (IACS) (Pryor et al., 
2008). Pure Al, on the other hand, has good conductivity, but 
it is too soft to be processed for the manufacture of electrical 
wires (Pryor et al., 2008; Silbernagel et al., 2018). For this 
reason, 1350 Aluminum (1350 Al) alloy was developed 
for electrical purposes. The 1350 Al alloy is categorized 
as EC (Electrical Conductor) class aluminum, with 99,50% 
Al content. Although 1350 Al was developed for electrical 
purposes and has 61,2% the conductivity of Cu, it is still 
soft when compared to Cu in terms of mechanical properties 
(Pryor et al., 2008; Silbernagel et al., 2018).

In addition, in recent years, both automotive and 
electrotechnical applications require innovative materials 
that can be used to replace expensive and heavy Cu 
conductors. Therefore, there are transitions to complex, 
gradient, multiphase, and composite materials with tailored 
microstructures and properties for specific functionalities 
(Kunčická et al., 2022). 

Metallic clad composites (MCCs), which typically consist of 
two or more separate components with different physical or 
chemical properties, show superior behavior and properties 
than the components used, given the combination of the 
components used. In the literature, there are various MCCs 
(e.g., Al/Mg, Al/Ni, Al/Sn, Cu/Ni, Cu/Ti, Cu/Zr, Al/Cu/Mg, 

a) b)
Figure 1. a) Model of a 6/4 pole SRM; b) machine phase windings
Source: Authors

Main element Electrical resistivity 
(µΩ-cm) Density (g/cm3)

Pure copper (Cu) 1,7241 8,94
Pure aluminum (Al) 2,6548 2,688

Aluminum 1350 (1350 Al, 
electrical alloy) 2,82 2,705

Pure silver (Ag) 1,586 10,492

Pure gold (Au) 2,192 19,37
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Al/Cu/Sn, Al/Cu/Zn, Al/Cu/steel, Al/Ti/Mg, Al/Ti/Al, Cu/Al/
Cu, etc.). However, the Al/Cu system is among the most 
popular, as it is very promising for both automotive and 
electrotechnical applications (Kunčická et al., 2022).

Since the electrical conductivity of Al windings is lower 
compared to those of Cu, the resistance value per unit 
winding length is higher, as shown in Equation (1) (Widmer 
et al., 2014, 2016).

1,64
Cu Cu

Al Cu FF FF
R Al Al

cu Al FF FF

R S S
R S S

σ
σ

∂ = = =


where R  is the resistance, σ  is the electrical conductivity 
of the winding material, and FFS  is the slot fill factor. 
The electrical conductivities of Al and Cu at 20 °C are 

658,0 10  /Cu x S mσ =  and 635,4 10  /Al x S mσ =  (Widmer et 
al., 2014, 2016).

Cu losses in a fixed area are calculated using the Ohmic DC 
(direct current) resistance ( DCR ) and current (I), as given in 
Equation (2) (Schenk and de Doncker, 2013).

2*DC DCP R I=

In general, the total losses are calculated with the specific 
resistance ( ρ ) and the current density ( j ) as given in 
Equation (3) (Schenk and de Doncker, 2013).

2
ACP J dVρ= ∫∫∫

Additionally, Equation (3) can be rewritten as given in 
Equation (4) with an equivalent AC (alternating current) 
resistor ( ACR ) according to Equation (2) (Schenk and de 
Doncker, 2013).

2*AC ACP R I=

As seen in Table 1, the electrical resistances and densities of 
Cu and Al are different. In order for their resistances to be 
equal, the expression in Equation (5) must be fulfilled.

cu Al
Cu Al

cu Al

l l
S S

ρ ρ=

In Equation (5), ρ  is the specific resistance (Ωm), l  is the 
winding length (m), and S  is the winding cross-section (

2m ).

When the lengths, cross-section diameter, and specific 
weights of the conductors used in both winding models 
are substituted into Equation (6), the weight of the 
winding used for a pole is found. In Equation (6), d  is 
the density ( 3/kg dm ), m  is the weight ( kg ), and v  is the 
volume ( 3dm ).

md
v

=

In addition to all these, when compared to Au and Ag, 
Cu is widely used in electrical components, given its low 
electrical resistance and average price balance (Silbernagel 
et al., 2019). However, Al is less costly than cu. Thus, it 
can carry more current per kilogram or dollar. With this 
feature, it provides great advantages in automotive and 
aviation applications, among others where weight and cost 
are important (Silbernagel et al., 2018). When the prices per 
kg of Al and Cu are compared, it is observed that, while 
aluminum was $2,35/kg in 2021, Cu was $9,04/kg (London 
Metal Exchange, n.d.).

The thermal conductivities of Al and Cu are 1 1387,7  Wm K− −  
and 1 1230 Wm K− − , respectively. The ratio for their thermal 
conductivities is given in Equation (7) (Widmer et al., 
2016).

0,593Al
k

cu

λ
λ

∂ = =


They Al and Cu both oxide when exposed to the atmosphere. 
Al oxidizes easily when exposed to air, and a strongly bonded, 
hard outer layer of electrically insulating oxide quickly forms 
around the metal. Cu also oxidizes when exposed to air, but 
the oxide formed is relatively soft and conductive, although 
not as conductive as the base metal (R. F. Frank and Morton, 
2005, 2007).

Aluminum and copper windings for SRMs

A SRM is a rotating electrical machine with nonlinear 
materials (Boumesbah et al., 2021). It also has a non-
linear electromagnetic structure that is highly dependent 
on changes in phase current and rotor positions (Alharkan 
et al., 2021). Because of these features, when creating a 
SRM model, it must include the non-linear behavior of 
the machine and the rotation features, as this affects its 
behavior. Within this context, the use of the Finite Element 
Method (FEM) provides a high precision (Boumesbah et 
al., 2021). In addition, when the results obtained from 
numerical methods are compared to those from analytical 
methods, they can be seen to have a higher accuracy. 
Therefore, numerical methods are preferred by users, 
among which finite element analysis is one of the most 
widely used (Alipour-Sarabi et al., 2020). Due to all these 
advantages, the proposed SRM model was analyzed using 
2D modeling. To this effect, the Cu winding was first 
assigned, and then the Al winding. Afterwards, transient 
analyses were carried out using the FEA. The general 
parameters and geometric dimensions of the proposed 
SRM model are given in Table 2.

(1)

(2)

(3)

(4)

(5)

(6)

(7)



Ingeniería e Investigación vol. 43 No. 2, August - 2023

Sahin, C.

5 of 9

The differential form of Maxwell’s equations, which can 
be written in differential and integral forms, is given in 
Equations (8)-(11), as Faraday’s law of induction, Gauss’s 
law for magnetism, Ampere’s law, and Gauss’s law for 
electricity, respectively (Ansoft, n.d.).

BE
t

∂
∇× = −

∂

• 0B∇ =

DH J
t

∂
∇× = +

∂

• D ρ∇ =

In Equations (8)-(11), E  is the electric field intensity (V/m), 
B  is the magnetic flux density (Tesla or Wb/m2), H  is the 
magnetic field strength (A/m), D  is electric flux density (C/
m2), t is time (s), ρ  represents the electrical charge density 
(C/m3), and J  represents the current density (A/m2). 

For SRMs, the magnetic potential vector equations in each 
direction are used to calculate electromagnetic issues, as 
shown in Equation (12) (Son-In and Amornsawatwattana, 
2022; Torkaman and Afjei, 2009).

0A A A J
x x y y z z

γ γ γ
 ∂ ∂ ∂ ∂ ∂ ∂   + + + =    ∂ ∂ ∂ ∂ ∂ ∂    

where A  represents the magnetic vector potential (Wb/m) 
and γ  represents magnetic reluctivity. The relationship 
between magnetic reluctivity γ  and magnetic permeabilitiy 
µ  (H/m) is expressed in Equation (13). In addition, 

0 rxµ µ µ=  (Son-In and Amornsawatwattana, 2022).

1γ
µ

=

Considering appropriate boundary conditions, Equation 
(12) is solved to obtain the magnetic vector potential A . 
Moreover, the magnetic flux density B can be expressed in 
terms of A, as given in Equation (14) (Torkaman and Afjei, 
2009).

B A= ∇×

The relationship between the magnetic field strength H  and 
the magnetic flux density B  can be expressed as shown in 
Equation (15) (Kim and Doh, 2016).

.H Bγ=

Results and discussion

All other analysis conditions were kept the same, except for 
the winding material type of both models, whose transient 

Table 2. General parameters and geometric dimensions of the proposed 
SRM

 

Source: Authors

Finite element analysis
Finite element analysis (FEA) is a computer simulation 
technique used for analysis in engineering. In this technique, 
a numerical strategy called the Finite Element Method 
(FEM) is used (Kumar and Isha, 2008). By using the FEM, 
approximate solutions of partial differential equations (PDE) 
such as electrical, magnetic, or temperature distribution 
equations are found (Son-In and Amornsawatwattana, 2022). 
FEA is generally divided into three stages. The first one is 
pre-processing, in which the FEM and the environmental 
factors to be applied to it are defined. The second is the 
analysis solver stage, where the solution of the finite element 
model is carried out, and the last stage is the post-processing 
of results, where visualization tools are used (Kumar and 
Isha, 2008).

FEM analysis is essential because of the double salient 
structure of SRMs and the intense saturation effects that 
occur at partially aligned stator-rotor poles (Kumar and 
Isha, 2008). In this study, 2D FEM analysis was performed 
via the Ansys/Maxwell software. For the analysis, the 
modeling and assignment of material properties, the 
determination of boundaries, the definition of excitations, 
the creation of the mesh structure, and the assignment 
of setup properties are first performed. At this point, 
one of the important issues to be considered is the 
mesh structure. The quality of the FEM analysis results 
depends on the density within the global mesh structure. 
In high-precision studies, a denser mesh structure can 
be used at the points where high reliability is desired 
(ManâaBarhoumi et al., 2015). In the analysis of this study, 
the Backward Euler method was selected among the time 
integration methods. The basic governing equations used 
for simulation were Maxwell’s equations. In FEA, profiles 
such as torque, magnetizing, self-inductance, and mutual 
inductance, required in the analysis and modeling of 
SRMs, are obtained depending on the change of phase 
current and rotor position via Maxwell’s equations. They 
can be calculated from the flux density B  (Tesla or Wb/
m2) and the field intensity H  (Nguyen and Ta, 2011). 

General dimensions 
of stator

General dimensions 
of rotor

General electrical 
parameters

Outer 
diameter 100 mm Outer 

diameter 40 mm Rated speed 1 750 rpm

Inner 
diameter 41 mm Inner 

diameter 14 mm Rated 
voltage 50 V

Number of 
the poles 6 Number of 

the poles 4 Rated output 
power 1 000 W

Yoke 
thickness 10,6 mm Yoke 

thickness 5 mm Operating 
temperature 75 cel

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)
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analysis was performed using FEA. Here, the effects of 
many factors such as air gap width, pole head, and yoke 
properties on motor output performance can be examined. 
However, since the main point of the study was the effect 
of the winding material on the output performance, all other 
geometric and material properties were kept the same. The 
induced voltage, torque, flux, and loss graphs obtained from 
the analyses are given in Figures 2-5. 

Figure 2 presents the induced voltage graphics of the Cu- and 
Al-wound SRM model, Figure 3 presents the torque curves 
of the two models, Figure 4 shows their magnetic flux lines, 
and Figure 5 presents their loss curves.

 
a)

b)
Figure 2. Induced voltage curve: a) Cu winding; b) Al winding
Source: Authors

 
 
a)

b)
Figure 3. Torque curve: a) Cu winding; b) Al winding 
Source: Authors

 
 
a)

b)
Figure 4. Flux lines: a) Cu winding; b) Al winding 
Source: Authors

a)

b)
Figure 5. Loss curve: a) Cu winding; b) Al winding
Source: Authors

As can be seen in Figures 2-4, both models were induced 
with the same voltage, and similar flux distributions and 
similar torque plots were obtained. However, the important 
point to be considered here is the losses in the windings. 
As it can be seen in Table 1, since the electrical resistivity 
values of Cu and Al used in the windings are different, the 
losses in the windings are accordingly different. The loss 
curves of both models are shown in Figure 5. The losses in 
both models are similar in characteristics but different due 
to the winding resistance. When the average losses in the 
Cu and Al winding models were calculated by taking the 
average of the graphs given in Figure 5, they were obtained 
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as 167,2 loss copP W− =  and 255,1 . loss aluP W− =  In order to 
calculate the output power of both models, the power-
torque relationship given in Equation (16) was used.

2
60

r
r

T nP T πω= =

where P is the motor power, T is the torque, ωr is the angular 
velocity, and nr is the rotor rotation speed in rpm. In both 
models, 21 00 rn rpm=  was analyzed. The average output 
torque of both models was obtained as 4,6 Nm by taking the 
average of the graph given in Figure 3. By writing the average 
torque and rotational speed into Equation (16), the average 
output power of both models was obtained (1 011,08 Watts). 
However, since the losses are different in both models, the 
input power is also different. Therefore, their efficiency is 
accordingly different. The efficiency of both models can be 
calculated via the expression given in Equation (17).

( )
out

in out loss

P
P P P

η =
+

where ɳ represents the efficiency, outP  represents the output 
power, and Pin represents the input power ( out lossP P+ ). 
When Cu winding was used in both models with the same 
output power, Pin = 1 178,28 W was obtained, and it was 
obtained as Pin = 1 266,71W when Al winding was used. 
Therefore, the efficiency was obtained as 85,81%copη =  for 
the Cu winding model, and as 79,86%aluη =  for the Al winding 
model. However, the important point to be noted here is that 
the improvement or protection of the motor performance 
is essential in the studies carried out in electric motors. In 
addition, both models must have the same efficiency, and 
therefore the same losses, in order for them to be compared. 
The absolute condition for this is that the winding losses 
in both structures must be the same. In other words, the 
winding resistance of both proposed models should be the 
same.

As seen in Equations (2)-(4), the main element in the 
losses occurring in the machine windings is the winding 
resistance. Therefore, in order for the windings made of 
different materials (such as Cu and Al) not to have a negative 
or different effect on the machine output performance, the 
resistance values must be equal. 

When Cu winding was used for the proposed SRM model in 
this study, Cu wire with a length of approximately 26 m and a 
wire diameter of 0,5 mm was used for one pole. In this case, 
the resistance of one pole copper winding was calculated as 
2,36 Ω. In this case, the pole winding resistance of the second 
proposed model with Al winding should be 2,36 Ω. To this 
effect, considering the motor depth and the winding filling 
factor, the length of the Al conductor was kept constant, and 
the cross-sectional area was increased. When the necessary 
expressions in Equation (5) are replaced, the diameter of the 
Al conductor wire to be used is approximately 0,63 mm. 

By replacing the necessary expressions in Equation (6), it can 
be stated that 45,87 g of Cu should be used for a pole in the 
Cu-wound SRM, while 21,96 g of Al should be used for a pole in 
the Al-wound SRM. In this case, a 43,40% reduction in winding 
weight occurs, with the same performance. Although there 
are changes in the geometrical properties of the SRM, such 
as diameter and depth, among others, when the Al winding is 
used, there is a significant decrease in the weight of the winding. 
Therefore, the Al-wound machine will be lighter than the Cu-
wound one. This will provide a significant advantage in mobile 
robots used in EVs, and especially in the aviation industry.

Conclusions

In this study, copper and aluminum materials were compared 
in terms of the winding structure of SRMs, which are 
widely used in electric land and air vehicles. One of the 
most important parameters of electrical machines is their 
windings. In recent years, fluctuations in Cu prices have 
adversely affected electrical machinery manufacturers, as well 
as end users. Therefore, Al has been widely used due to its 
features and price-benefit balance. In this study, the winding 
structures of the proposed SRM model were examined with 
both Cu and Al, and transient analyses were carried out. It 
was seen that the obtained torque and flux results were quite 
close. In order for the results obtained in the comparison to 
be realized in practice, the losses in the winding, and thus the 
winding resistances, must be equal. Considering the winding 
filling factor, the sections were changed while keeping the 
same winding length. Winding weights were calculated after 
obtaining the winding cross-section and length with equal 
resistance. When Cu winding is used, 45,87 g of copper should 
be used for one pole, while, in the case of Al, the pole winding 
weight should be 21,96 g. As a result, it has been calculated 
that Al implies 43,40% lighter windings with equal resistance. 
Thus, it is concluded that aluminum is a conductor that could 
be easily preferred as a winding material in applications where 
the total mass of the machine is important.

As a continuation of this study, the thermal behavior of the Al 
and Cu winding structures of the SRM applied in this study 
could be examined. In addition, the aging of the windings could 
be evaluated by observing the effects of the phase currents on 
the winding when the power switches used in the driver circuit 
operate at different frequencies (such as 5, 10, and 15 Khz).

CRediT author statement

All authors contributed equally to the research.

References 

Alharkan, H., Saadatmand, S., Ferdowsi, M., and Shamsi, P. 
(2021). Optimal tracking current control of switched reluc-
tance motor drives using reinforcement Q-learning sche-
duling. IEEE Access, 9, 9926-9936. https://doi.org/10.1109/
ACCESS.2021.3050167

(16)

(17)

https://doi.org/10.1109/ACCESS.2021.3050167
https://doi.org/10.1109/ACCESS.2021.3050167


Ingeniería e Investigación vol. 43 No. 2, August - 20238 of 9

Comparison of Aluminum and Copper Winding Materials for Switched Reluctance Machines with Finite Element Analysis

Alipour-Sarabi, R., Nasiri-Gheidari, Z., and Oraee, H. (2020). 
Development of a three-dimensional magnetic equivalent 
circuit model for axial flux machines. IEEE Transactions 
on Industrial Electronics, 67(7), 5758-5767. https://doi.
org/10.1109/TIE.2019.2934065

Ansoft (n.d.). Maxwell 2D v12. User’s Guide, http://an-
soft-maxwell.narod.ru/english.html

Ayaz, M., Tasdemirci, E., Yuce, M., Mese, E., and Hergul, A. S. 
(2020). Comparative study on winding materials for wind 
turbine alternators. Emerging Materials Research, 9(2), 360-
365. https://doi.org/10.1680/jemmr.19.00029

Boumesbah, A. E., Martin, F., Krebs, G., Belahcen, A., and Mar-
chand, C. (2021). Comparison of model order reduction 
methods for a switched reluctance machine characteriza-
tion. IEEE Transactions on Magnetics, 57(4), 1-6. https://doi.
org/10.1109/TMAG.2021.3059969

Cai, J., and Zhao, X. (2021). An on-board charger integrated 
power converter for EV switched reluctance motor drives. 
IEEE Transactions on Industrial Electronics, 68(5), 3683-
3692. https://doi.org/10.1109/TIE.2020.2982112

Chai, F., Li, Z., Ou, J., and Yu, Y. (2020). Torque analysis of hi-
gh-speed switched reluctance motor with amorphous alloy 
core [Conference presentation]. 2020 International Confe-
rence on Electrical Machines (ICEM), Gothenburg, Sweden. 
https://doi.org/10.1109/ICEM49940.2020.9270715

De Gennaro, M., Jürgens, J., Zanon, A., Gragger, J., Schlemmer, 
E., Fricassè, A., Marengo, L., Ponick, B., Trancho-Olabarri, 
E., Kinder, J., Cavallini, A., Mancinelli, P., Hernández, M., 
and Messagie, M. (2019). Designing, prototyping and tes-
ting of a ferrite orrosión magnet assisted synchronous reluc-
tance machine for hybrid and electric vehicles applications. 
Sustainable Energy Technologies and Assessments, 31, 86-
101. https://doi.org/10.1016/j.seta.2018.12.002

Frank, R., and Morton, C. (2005). Comparative corrosion and 
current burst testing of copper and aluminum electrical 
power connectors [Conference presentation]. 14th IAS 
Annual Meeting, Conference Record of the 2005 Industry 
Applications Conference, Hong Kong, China.  https://doi.
org/10.1109/IAS.2005.1518345

Frank, R. F., and Morton, C. P. (2007). Comparative corrosion 
and current burst testing of copper and aluminum electrical 
power connectors. IEEE Transactions on Industry Applications, 
43(2), 462-468. https://doi.org/10.1109/TIA.2006.889973

Gan, C., Chen, Y., Sun, Q., Si, J., Wu, J., and Hu, Y. (2021). 
A Position sensorless torque control strategy for switched 
reluctance machines with fewer current sensors. IEEE/ASME 
Transactions on Mechatronics, 26(2), 1118-1128.  https://
doi.org/10.1109/TMECH.2020.3017864

Gupta, T. D., Chaudhary, K., Elavarasan, R. M., Saket, R., Khan, 
I., and Hossain, E. (2021). Design modification in sin-
gle-tooth winding double-stator switched reluctance motor 
for torque ripple mitigation. IEEE Access, 9, 19078-19096. 
https://doi.org/10.1109/ACCESS.2021.3052828

Haque, M. E., Chowdhury, A., Chowdhury, S. M., Harasis, S., 
Das, S., Sozer, Y., Gundogmus, O., Vadamodala, L., Vene-
gas, F., Colavincenzo, D., Geither, J. (2021). DC-Link current 
ripple reduction in switched reluctance machine drives. IEEE 
Transactions on Industry Applications, 57(2), 1429-1439. ht-
tps://doi.org/10.1109/TIA.2021.3053222

Hergul, A. S., Yuce, M., Ayaz, M., and Mese, E. (2020). Inves-
tigation on aluminum alloys as winding materials for alter-
nators in wind turbines. Emerging Materials Research, 9(3), 
789-795. https://doi.org/10.1680/jemmr.20.00096

Hooftman, N., Oliveira, L., Messagie, M., Coosemans, T., 
and Van Mierlo, J. (2016). Environmental analysis of pe-
trol, diesel and electric passenger cars in a Belgian ur-
ban setting. Energies, 9(2), 84. https://doi.org/10.3390/
en9020084

Islamgaliev, R., Nesterov, K., Champion, Y., and Valiev, R. 
(2014). Enhanced strength and electrical conductivi-
ty in ultrafine-grained Cu-Cr alloy processed by seve-
re plastic deformation. IOP Conference Series: Mate-
rials Science and Engineering, 63, 012118.  https://doi.
org/10.1088/1757-899X/63/1/012118

Jang, J.-H., Chiu, H.-C., Yan, W.-M., Tsai, M., and Wang, P.-
Y. (2015). Numerical study on electromagnetics and ther-
mal cooling of a switched reluctance motor. Case Studies 
in Thermal Engineering, 6, 16-27. https://doi.org/10.1016/j.
csite.2015.05.001 

Jiang, J., Zhang, X., Zhao, X., and Niu, S. (2021). A novel winding 
switching control strategy for AC/DC hybrid-excited wind 
power generator. IEEE Transactions on Magnetics, 57(6), 1-4. 
https://doi.org/10.1109/TMAG.2021.3074926

Kim, J., and Doh, W. (2016). Electromagnetic torque calcula-
tion of 12/10 outer rotor type switched reluctance motor 
using finite element method [Conference presentation]. 
2016 3rd International Conference on Systems and Infor-
matics (ICSAI), Shanghai, China. https://doi.org/10.1109/
ICSAI.2016.7810946 

Kumar, P. N., and Isha, T. (2008). Inductance calculation of 8/6 
switched reluctance motor [Conference presentation]. 2008 
Joint International Conference on Power System Technology 
and IEEE Power India Conference, New Delhi, India. https://
doi.org/10.1109/ICPST.2008.4745325

Kunčická, L., Kocich, R., and Jambor, M. (2022). Shear strain 
induced recrystallization/recovery phenomena within ro-
tary swaged Al/Cu composite conductors. Materials Cha-
racterization, 194, 112399. https://doi.org/10.1016/j.mat-
char.2022.112399

London Metal Exchange (n.d.) LME. https://www.lme.com/ 
Li, L., Li, S., Li, G., Li, D., and Lu, Z. (2015). Design and perfor-

mance prediction of switched reluctance motor with amor-
phous cores. Materials Research Innovations, 19(3), 28-32. 
https://doi.org/10.1179/1432891715Z.0000000001421

ManâaBarhoumi, E., Wurtz, F., Chillet, C., and Salah, B. B. 
(2015). Reluctance network model for linear switched re-
luctance motor [Conference presentation]. 2015 IEEE 
12th International Multi-Conference on Systems, Sig-
nals & Devices (SSD15), Mahdia, Tunisia. https://doi.
org/10.1109/SSD.2015.7348156https://doi.org/10.1109/
SSD.2015.7348156

Nguyen, B.-H., and Ta, C.-M. (2011). Finite element analy-
sis, modeling and torque distribution control for switched 
reluctance motors with high non-linear inductance cha-
racteristics [Conference presentation]. 2011 IEEE Interna-
tional Electric Machines & Drives Conference (IEMDC), 
Niagara Falls, ON, Canada. https://doi.org/10.1109/IEM-
DC.2011.5994895 

https://doi.org/10.1109/TIE.2019.2934065
https://doi.org/10.1109/TIE.2019.2934065
http://ansoft-maxwell.narod.ru/english.html
http://ansoft-maxwell.narod.ru/english.html
https://doi.org/10.1680/jemmr.19.00029
https://doi.org/10.1109/TMAG.2021.3059969
https://doi.org/10.1109/TMAG.2021.3059969
https://doi.org/10.1109/TIE.2020.2982112
https://doi.org/10.1109/ICEM49940.2020.9270715
https://doi.org/10.1016/j.seta.2018.12.002
https://doi.org/10.1109/IAS.2005.1518345.
https://doi.org/10.1109/IAS.2005.1518345.
https://doi.org/10.1109/TIA.2006.889973
https://doi.org/10.1109/TMECH.2020.3017864
https://doi.org/10.1109/TMECH.2020.3017864
https://doi.org/10.1109/ACCESS.2021.3052828
https://doi.org/10.1109/TIA.2021.3053222
https://doi.org/10.1109/TIA.2021.3053222
https://doi.org/10.1680/jemmr.20.00096
https://doi.org/10.3390/en9020084
https://doi.org/10.3390/en9020084
https://doi.org/10.1088/1757-899X/63/1/012118
https://doi.org/10.1088/1757-899X/63/1/012118
https://doi.org/10.1016/j.csite.2015.05.001
https://doi.org/10.1016/j.csite.2015.05.001
https://doi.org/10.1109/TMAG.2021.3074926
https://doi.org/10.1109/ICSAI.2016.7810946
https://doi.org/10.1109/ICSAI.2016.7810946
https://doi.org/10.1109/ICPST.2008.4745325
https://doi.org/10.1109/ICPST.2008.4745325
https://doi.org/10.1016/j.matchar.2022.112399
https://doi.org/10.1016/j.matchar.2022.112399
https://www.lme.com/
https://doi.org/10.1179/1432891715Z.0000000001421
https://doi.org/10.1109/SSD.2015.7348156
https://doi.org/10.1109/SSD.2015.7348156
https://doi.org/10.1109/IEMDC.2011.5994895
https://doi.org/10.1109/IEMDC.2011.5994895


Ingeniería e Investigación vol. 43 No. 2, August - 2023

Sahin, C.

9 of 9

Omaç, Z., Polat, M., Öksüztepe, E., Yıldırım, M., Yakut, O., 
Eren, H., kaya, M., and Kürüm, H. (2018). Design, analysis, 
and control of in-wheel switched reluctance motor for elec-
tric vehicles. Electrical Engineering, 100(2), 865-876. https://
doi.org/10.1007/s00202-017-0541-3

Pryor, L., Schlobohm, R., and Brownell, B. (2008). A compari-
son of aluminum vs. copper as used in electrical equipment. 
https://library.industrialsolutions.abb.com/publibrary/chec-
kout/Alum-Copper?TNR=White%20Papers%7CAlum-Co-
pper%7Cgeneric#:~:text=The%20copper%20used%20
in%20electrical,thus%20alloyed%20with%20other%20ma-
terials. 

Rocca, R., Capponi, F. G., De Donato, G., Papadopoulos, S., 
Caricchi, F., Rashed, M., and Galea, M. (2020). Actual de-
sign space methodology for preliminary design analysis of 
switched reluctance machines. IEEE Transactions on Indus-
try Applications, 57(1), 397-408. https://doi.org/10.1109/
TIA.2020.3038352

Sahin, C., Amac, A. E., Karacor, M., and Emadi, A. (2012). Redu-
cing torque ripple of switched reluctance machines by relo-
cation of rotor moulding clinches. IET Electric Power Applica-
tions, 6(9), 753. https://doi.org/10.1049/iet-epa.2011.0397 

Schenk, M., and de Doncker, R. W. (2013). Automated copper 
loss calculation for switched reluctance machines [Conferen-
ce presentation]. 2013 15th European Conference on Power 
Electronics and Applications (EPE), Lille, Farnce. https://doi.
org/10.1109/EPE.2013.6631886

Silbernagel, C., Ashcroft, I., Dickens, P., and Galea, M. (2018). 
Electrical resistivity of additively manufactured AlSi10Mg for 
use in electric motors. Additive Manufacturing, 21, 395-403. 
https://doi.org/10.1016/j.addma.2018.03.027.

Silbernagel, C., Gargalis, L., Ashcroft, I., Hague, R., Galea, M., 
and Dickens, P. (2019). Electrical resistivity of pure copper 
processed by medium-powered laser powder bed fusion 
additive manufacturing for use in electromagnetic applica-
tions. Additive Manufacturing, 29, 100831. https://doi.or-
g/10.1016/j.addma.2019.100831

Son-In, S., and Amornsawatwattana, I. (2022). 3-D finite ele-
ment method based analyzing of torque ripple in 6/4 and 
8/6 switched reluctance motor [Conference presentation. 
2022 International Electrical Engineering Congress (IEE-
CON), Khon Kaen, Thailand. https://doi.org/10.1109/iEE-
CON53204.2022.9741653 

Sullivan, C. R. (2007). Aluminum windings and other strate-
gies for high-frequency magnetics design in an era of high 
copper and energy costs [Conference presentation]. 22nd 
Annual IEEE Applied Power Electronics Conference and 
Exposition, Anaheim, CA, USA. https://doi.org/10.1109/
APEX.2007.357498

Sun, C., Li, J., Ding, H., Yang, H., Han, S., and Han, N. (2021). 
Characteristic Analysis of a New Double Stator Bearingless 
Switched Reluctance Motor. IEEE Access, 9, 38626-38635. 
https://doi.org/10.1109/ACCESS.2021.3064017

Torkaman, H., and Afjei, E. (2009). Comprehensive magnetic 
field-based study on effects of static rotor eccentricity in 
switched reluctance motor parameters utilizing three-di-
mensional finite element. Electromagnetics, 29(5), 421-433. 
https://doi.org/10.1080/02726340902953354

Wang, H., and Li, F. (2020). Design consideration and charac-
teristic investigation of modular permanent magnet bearin-
gless switched reluctance motor. IEEE Transactions on Indus-
trial Electronics, 67(6), 4326-4337. https://doi.org/10.1109/
TIE.2019.2931218

Widmer, J. D., Martin, R., and Mecrow, B. C. (2016). Precom-
pressed and stranded aluminum motor windings for traction 
motors. IEEE Transactions on Industry Applications, 52(3), 
2215-2223. https://doi.org/10.1109/TIA.2016.2528226

Widmer, J. D., Spargo, C. M., Atkinson, G. J., and Mecrow, B. 
C. (2014). Solar plane propulsion motors with precompres-
sed aluminum stator windings. IEEE Transactions on Ener-
gy Conversion, 29(3), 681-688. https://doi.org/10.1109/
TEC.2014.2313642

Yan, W., Chen, H., Liu, Y., and Chan, C. (2020). Iron loss and 
temperature analysis of switched reluctance motor for elec-
tric vehicles. IET Electric Power Applications, 14(11), 2119-
2127. https://doi.org/10.1049/iet-epa.2020.0166 

Yoon, Y.-H. (2020). Performance of proposed resonant c-dump 
converter in switched reluctance motor drive. Journal of 
Electrical Engineering & Technology, 15(4), 1911-1919. ht-
tps://doi.org/10.1007/s42835-020-00467-w

https://doi.org/10.1007/s00202-017-0541-3
https://doi.org/10.1007/s00202-017-0541-3
https://library.industrialsolutions.abb.com/publibrary/checkout/Alum-Copper?TNR=White Papers%7CAlum-Copper%7Cgeneric#:~:text=The copper used in electrical,thus alloyed with other materials
https://library.industrialsolutions.abb.com/publibrary/checkout/Alum-Copper?TNR=White Papers%7CAlum-Copper%7Cgeneric#:~:text=The copper used in electrical,thus alloyed with other materials
https://library.industrialsolutions.abb.com/publibrary/checkout/Alum-Copper?TNR=White Papers%7CAlum-Copper%7Cgeneric#:~:text=The copper used in electrical,thus alloyed with other materials
https://library.industrialsolutions.abb.com/publibrary/checkout/Alum-Copper?TNR=White Papers%7CAlum-Copper%7Cgeneric#:~:text=The copper used in electrical,thus alloyed with other materials
https://library.industrialsolutions.abb.com/publibrary/checkout/Alum-Copper?TNR=White Papers%7CAlum-Copper%7Cgeneric#:~:text=The copper used in electrical,thus alloyed with other materials
https://doi.org/10.1109/TIA.2020.3038352
https://doi.org/10.1109/TIA.2020.3038352
https://doi.org/10.1049/iet-epa.2011.0397
https://doi.org/10.1109/EPE.2013.6631886
https://doi.org/10.1109/EPE.2013.6631886
https://doi.org/10.1016/j.addma.2018.03.027
https://doi.org/10.1016/j.addma.2019.100831
https://doi.org/10.1016/j.addma.2019.100831
https://doi.org/10.1109/iEECON53204.2022.9741653
https://doi.org/10.1109/iEECON53204.2022.9741653
https://doi.org/10.1109/APEX.2007.357498
https://doi.org/10.1109/APEX.2007.357498
https://doi.org/10.1109/ACCESS.2021.3064017
https://doi.org/10.1080/02726340902953354
https://doi.org/10.1109/TIE.2019.2931218
https://doi.org/10.1109/TIE.2019.2931218
https://doi.org/10.1109/TIA.2016.2528226
https://doi.org/10.1109/TEC.2014.2313642
https://doi.org/10.1109/TEC.2014.2313642
https://doi.org/10.1049/iet-epa.2020.0166
https://doi.org/10.1007/s42835-020-00467-w
https://doi.org/10.1007/s42835-020-00467-w

