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Abstract—Modern day electric vehicles require compact high
torque/power density motors for electric propulsion. This necessitates
proper thermal management of the electric motors. The main focus of
this paper is to compare the steady state thermal analysis of a
conventional 20 kW 8/6 Switched Reluctance Motor (SRM) with that
of an Induction Motor and Inset Permanent Magnet (IPM) motor of
the same rating. The goal is to develop a proper thermal model of the
three types of models for Finite Element Thermal Analysis. IMAG
software is used for the development and simulation of the thermal
models. The results show that the induction motor is subjected to
more heating when used for electric vehicle application constantly,
compared to the SRM and [PM.
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I. INTRODUCTION

LECTRIC vehicles have gained profound attention in the

modern era. This is mainly due to the constraints of
pollution that has been caused by the existing internal
combustion engines. One of the major drawbacks associated
with an electric vehicle is the failure in analyzing the thermal
characteristics of the electric motoring unit. This leads to
reduced life of the motoring unit and causes unsurety in
identifying the stresses associated with the rise in temperature.
A proper thermal analysis of the motoring system hence helps
in reducing the thermal losses associated with the system
thereby increasing the efficiency of the motor. For an electric
vehicle, even a little improvement in efficiency can be a
handful.

Various motors like induction motors, permanent magnet
synchronous motors, SRMs, etc. have been tried and tested for
electric traction application. Induction motors are the simplest
and age-old motoring unit which is used extensively for
traction applications. But, the presence of windings on both
the stator and the rotor causes the system to heat heavily
during steady state operation which causes increased losses
and reduced efficiency of the system at steady state. Also,
there is rapid decrease in the life of the motor due to the rise in
heat in both the windings. The next candidate extensively used
in electric vehicle applications is PMSM. The motor has very
high efficiency due to limited losses in the system owing to
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the absence of rotor windings. The motor uses a permanent
magnet as the rotor. But, the properties of the magnet changes
due to the rise in temperature of the motor when the system is
run at steady state over a longer period. This in turn causes the
failure of permanent magnet, and the user has no other option
but change the permanent magnet. The motor that has been
researched upon but still limited to the electric vehicle
application is the SRM. The limitation has been mainly due to
the higher amount of torque ripple and acoustic noise
associated with the system. Several studies and researches are
going on in reducing the torque ripple and noise in the SRM
both at the design and control level. But, when the thermal
characteristic of the SRM is considered, the motor outdoes the
other available motors due to the absence of windings on the
rotor. Hence, the rise in temperature in the motor is limited
and this in turn gives higher efficiency at steady state for the
SRM. Over a long run, SRM gives the highest life compared
to the other motors used for electric vehicle application.

The automotive industry is in transition to electric vehicle
propulsion. This has made the thermal studies of the electric
motors all the more important. In literature, a lot of research
has been done in the proper management of the thermal
characteristics of the electric motor which is shown to achieve
the increased life and power density [1]. This has been the
case with various researchers focusing on temperature rise
problems associated with electric machines [2]-[4]. Likewise,
complex and bulky cooling systems have been introduced in
electric vehicles which take up a lot of space in the vehicle
[5]-[9]. In the latter half of the 20" century, SRMs were
identified as ideal candidates for electric vehicle propulsion
owing to its simplicity, robustness, and better thermal
characteristics [10]-[12]. Thermal analysis studies have been
carried out on SRMs recently [13]-[15]. One such study
compared the performance of a 10-hp induction motor with
that of a 10-hp SRM [16]. This study showed lower
temperature rise in SRMs compared to induction motors.
Some of the studies focused on the losses resulting in the
switched reluctance owing to temperature rise [17]. More
recently, Finite Element analysis of SRMs has eased the
thermal analysis of the motor [18].

This work is targeted at the thermal analysis of a SRM and
its comparison with a PMSM of similar rating. The analysis is
done by Finite element method using the JMAG software.
Dominance of the thermal profile of SRM over PMSM is
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shown using the FEA simulation. Once the comparison has
been made, the thermal profile of SRM is analyzed. A cooling
system to improve the thermal profile of the SRM is
implemented.

This paper is arranged in five sections. Mathematical model
of the SRM with losses is given in Section II. Section III gives
the model structure for IM, SRM and PMSM. Thermal
analysis using JMAG and the performance comparison of the
motors is shown in Section IV followed by conclusion and
future scope in Section V.

II. MODELING OF SRM

SRM is a doubly salient machine and the model of SRM is
highly non-linear due to the influence of magnetic saturation.
Since the interaction of phase torques is minimal, there is
phase torque superposition. A conventional 8/6 SRM is shown
in Fig. 1. The principle of operation of a SRM is based on the
change in reluctance path when a stator phase is energized at a
time.

Fig. 1 A conventional 8/6 SRM

The phase equation for a 8/6 SRM is given by

_ . dla,b,c,d(erria,b,c,d)
Va,b,c,d - rsla,b,c,d + dt (1)

where a, b, ¢ and d are the phases of the SRM.
The mechanical motion equation is given by
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Fig. 2 Equivalent circuit of SRM with core losses

Fig. 2 gives the equivalent circuit of the SRM with loss
components. The main losses associated with a SRM are the
iron losses associated with the stator and rotor core and the
resistive losses associated with the windings in the stator. The
losses in a SRM cannot be calculated accurately due to the
highly nonlinear nature of the machine. Different types of
analysis can be used to obtain the thermal profile of the SRM.
Finite element analysis using JMAG is preferred here owing to
its higher accuracy in calculations.

Core loss in SRM is given by

W, = K.f*B* + Kn B ©

K., Ky, a, b are the constants.
Copper loss in SRM is given by

Py = qlzrmsRs @)
where ‘q’ is the number of phases in the stator
lms = 2 (®)
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I, is the peak current
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Fig. 3 Thermal analysis flowchart

III. THERMAL ANALYSIS OF IM, SRM AND IPM

A proper model of the motors for comparison has to be
developed for performing the thermal analysis. The 20-kW
models of the Induction motor, IPM and SRM are shown in
Figs. 4 (a), 5 (a), and 6 (a). The mesh models developed for
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the finite thermal analysis of the model are shown in Figs. 4 maximum heating of the motor in the rotor windings when the
(b), 5 (b) and 6 (b), respectively. temperature model system is run for 7000 s. The rotor core is
also heated to a very high value. Constant usage of induction
motor creates a possibility of excessive heat in the rotor and
development of the thermal spots leads to the failure of the
induction motor. The stator core is found to heat but with a
lesser temperature effect.

120 Induction Motor Thermal Curve
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Fig. 4 Induction motor; (a) Normal structure (b) Mesh structure for
thermal analysis
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Fig. 7 Thermal analysis curve for IM
B.IPM

The thermal curve of the IPM model is obtained after
running the temperature model for 7200 s. The temperature
model is arrived at from the loss model. The copper and iron
loss models are shown in Figs. 8 and 9. The IPM motor has
less loss pertaining to the absence of windings in the system.
The coil present in the stator is the part that gets heated fasted
and the maximum temperature is found to be 42 °C as seen in
Fig. 10. The rest of the major components like the stator, rotor
and the magnet are least affected by constant running of the
IPM. But, there is a higher probability of the magnetic
properties to be altered in case of constant running of the [PM.
This can cause the motor characteristics to behave in a

(b different way from the normal.
Fig. 5 SRM; (a) Normal structure (b) Mesh structure for thermal
analysis
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Fig. 8 Copper loss for the IPM
IV. RESULTS AND DISCUSSION

A. Induction Motor

The temperature analysis model gives the thermal curve of
the induction motor as shown in Fig. 7. The curve shows
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Fig. 9 Iron loss for the IPM
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Fig. 10 Thermal analysis curve for IPM
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Fig. 12 Iron loss in SRM
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The SRM temperature model is realized from the loss
model of the SRM. The copper loss is very low because of the

absence of windings in the rotor as shown in Fig. 11. The
major loss is the iron loss as shown in Fig. 12. The thermal
analysis curve in Fig. 13 shows the maximum heating
happening in the stator where the coils are present. When
SRM is considered, another factor called the switching of the
motor has to be considered. The switching loss is high, and
this can lead to the reduced life of the switches as shown in
Fig. 13. But, the switches do not have an impact on the
thermal nature of the SRM.

SRM Thermal Curve
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Fig. 13 Thermal curve with respect to temperature

Table 1 gives the specifications of the Induction motor,
SRM and IPM motor used for the thermal study. The power
rating is set as 20 kW for the comparison. The speed reference
is also the same at 1500 rpm. The motors are having the same
outer diameter for comparison.

TABLE I
MOTOR SPECIFICATIONS
Machine Specifications Induction Motor SRM IPM Motor
Power 20kW 20kW 20kW
Speed 1500rpm 1500rpm 1500rpm
Voltage 400V 400V 400V
Torque 120Nm 150Nm 40.3Nm
Efficiency 81.23 88.74 95.1
Stack length 250mm 250mm 250mm
Air gap 0.23 0.23 0.23
Outer diameter 250mm 250mm 250mm

The losses occurring in each of the motors for a small
running duration are shown in Table II. It can be seen that the
temperature does not affect the system much in this scenario.
Here, the induction motor is seen to give the highest loss and
the IPM motor is seen to give the least. The higher loss in the
induction motor is due to the presence of windings in the
stator which leads to a higher copper loss. The IPM motor is
seen to have the lowest iron loss, whereas the SRM is found to
have the highest iron loss for a smaller duration of operation.
Because of the higher losses, the induction motor is seen to
have the lowest efficiency among the three motors.

The losses with temperature effect for the three motors are
shown in Table III. The machine is run for a time duration of
7000 s for this analysis. It is seen that the induction motor has
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the maximum heating effect when compared with the other
two motors. This is due to the presence of the windings on the
stator and rotor which accounts for a higher loss when the
stator and rotor resistance are changed with respect to the
temperature at each iteration in the simulation. The permanent
magnet motor is having the lowest losses owing to the lack of
any major windings in the motor. The SRM is seen to have a
higher iron loss and lesser copper loss due to the absence of
rotor windings. The IPM has the highest efficiency with the
temperature effect because of the reduced loss in the motor.

TABLE II
LOSSES WITHOUT TEMPERATURE EFFECT
Indu(c\t;](;rzti\;lotor SRM (Watts) IP(I\\/fVI;;It(;;or
Iron loss 1659 2200 144
Copper loss 1357 400 150
Total loss 3016 2600 294
Efficiency 81.23 88.74 95.1
TABLE III
LOSSES WITH TEMPERATURE EFFECT
Induction Motor (W) SRM (W) IPM Motor (W)
Iron loss 2254 2651 1457
Copper loss 1987 798 569
Total loss 4241 3449 2026
Efficiency 73.9 81.2 83.7

V.CONCLUSIONS AND FUTURE SCOPE

A 20 kW, 8/6 SRM, IM and IPM were modeled using
JMAG Designer. The major geometrical dimensions were
calculated based on the theoretical design. A mathematical
model of the SRM was developed for thermal analysis. The
IPM and IM thermal models were considered based on their
existing models. The machines were simulated using the
JMAG Finite Element Thermal Analysis. The results showed
the dominance of the SRM and IPM when compared to IM in
their excellent thermal characteristics. A laboratory model of
the prototype SRM, IM and IPM is under consideration for
experimental validation. Performance analysis due to the
deterioration of the magnetic nature of the IPM also can be
considered as a future scope.
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