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TOPOLOGY

Abstract

This paper presents a thermal analysis of a switched reluctance machine (SRM)
with a 6/4 pole topology. Employing a two-dimensional thermal finite element
model in Maxwell 2D integrated into a lumped parameter thermal network in
MotorCAD, the research aims to realize critical temperature points within the
SRM, focusing on the windings and laminations to identify potential hotspots.
To ensure continuous operation without compromising structural integrity,
temperature constraints of 150 °C for the windings and 100 °C for the
laminations were enforced. The investigation extends to the cooling domain by
utilizing a housing cooling jacket and ethylene glycol and water ratio (EGW) of
60/40 as the cooling fluid. An exploration of various volume flow rates revealed
that 15 I/min was the optimal choice, resulting in the lowest temperatures
observed in both the winding and lamination regions. This study emphasizes the
shift of hotspot temperatures from the stator winding in the low-speed region to
the rotor in the high-speed range, impacting the overall continuous operating
time. This holistic examination significantly contributes to a broader
understanding of electric machine thermal management and offers invaluable
insights for practical applications in electric vehicles, manufacturing processes,
and various industrial settings.

1.0 INTRODUCTION

The evolution of electric machines and their practical
applications in various industries necessitate a
comprehensive understanding of their thermal
behavior for optimal performance and reliability [1].
In the last decade, the significance of thermal analysis
of electrical machines has increased substantially,
paralleled by the increasing popularity of specialized
software dedicated to this crucial function [2-4]. This
trend underscores the growing awareness of the role
of temperature considerations in optimizing the
performance, safety, and longevity of electric
machines.

The surge in electric vehicle development and the
advent of high-power motors have heightened the
importance of thermal analysis for understanding the
impact of heat generation during power transmission
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on motor performance and safety [5]. The temperature
rise within electric machines, if left unchecked, can
surpass the limits of insulation materials, resulting in
insulation failure or accelerated aging effects, thereby
adversely affecting the life expectancy of the machine
[4], [6-7]. In pursuit of enhanced overall economics, it
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has become evident that highly loaded electric motors
are often constrained by their operating temperature.
Consequently, a balance between heating and cooling
is a decisive factor in the design and operation of these
motors. For a homologous series of motors, the
progression of the temperature rise becomes a
fundamental element influencing the output, size,
weight, and cost [8].

Switched reluctance machines (SRMs) have garnered
attention because of their simplicity, high reliability,
and cost-effectiveness [9]. Precise examination of the
thermal field within the SRM is essential to ensure its
longevity and safety [10]. Driven by the reluctance
torque resulting from changes in the resistance of the
magnetic circuit, the SRMs have coils solely on the
stator, presenting a structurally simpler alternative to
induction and synchronous motors [11]. The ability of
the SRM to withstand high-speed rotations and high-
temperature operations, while exhibiting resilience to
impacts and vibrations, has led to its increasing
application in devices such as washing machines [12],
vacuum cleaners [13], electric bicycles [14], electric
[15-16] or hybrid vehicles [17] in response to
environmental concerns and energy challenges.

Given the diverse and demanding operational
scenarios encountered by SRMs, the development of
a comprehensive thermal map is imperative for the
effective design of thermal management systems. This
study is based on an in-depth investigation into the
thermal characteristics and profiling of a SRM with
6/4 pole topology, with the aim of contributing
valuable insights to the broader field of electric
machine thermal management. Through a two-
dimensional thermal finite element model and detailed
simulations, this study explored the intricate
interdependencies between motor design, cooling
strategies, and performance. This investigation
ultimately provides an understanding of the thermal
behavior of SRMs wunder diverse operational
conditions.

The remaining sections of this paper are structured as
follows: Section 2 outlines the methodology, focusing
on finite element analysis (FEA) and thermal analysis
of the SRM. This is followed by Section 3, which
delves into the results and discussion, offering a
comprehensive analysis of the findings. Finally,
Section 4 concludes the paper, summarizing key
insights and implications drawn from the study.

20 METHODOLOGY
2.1 Finite Element Analysis of Switched Reluct-
ance Motor

@ © 2024 by the author(s). Licensee NIJOTECH.

This article is open access under the CC BY-NC-ND license.
http://creativecommons.org/licenses/by-nc-nd/4.0/

The two-dimensional FEA approach is used in the
SRM model to solve the voltage equations as well as
the magnetic field in the air gap, windings, and iron
core. The magnetic field in the SRM is governed by
Maxwell’s equation [18]:

VxH=] 1)
VXE=-2= 2)
Where, H is the magnetic field strength, V is the del
operator, E is electric field strength, J is current
density, and B is magnetic flux density. Owing to the
low frequencies employed in electrical machines, it is
believed that the polarization and displacement
currents are insignificant. As these elements are not
encompassed within Equation (2), the analysis is
denoted as quasi-static. The material equation can be
derived by incorporating the reluctivity, v:

H =vB 3
While the magnetic flux density is defined by the
magnetic vector potential A in the following manner:
B=VxA (4)
By substituting equations (3) and (4) into equation (1),
the core expression for the formulation of vector
potential of the magnetic field is:

VX (WwVxA) =] (5)

As illustrated in Equations (6) and (7), the foundation
of the 2D model relies on the assumption that both the
current density and magnetic vector potential have
components solely along the z-axis, with their values
determined on the xy plane.

A= A(x,y)e, (6)
J =], y)e, (7)
Here, e, indicates a vector unit aligned with the
direction of the z-axis. Consequently, equation (5)
transforms into:

—-V-(wVA) =] (8)
The current density is defined as:
] =oE (9)

Here, the conductivity is represented by a. Solving (5)
and (9) yields:

a
VxE——anA (10)

This condition is fulfilled by defining the current

density as:

J=-02—0Vp (11)

Where @ and As represent the electric potential and
electric scalar potential, respectively.

The motion of the rotor over successive time intervals
is governed by solving the equations describing its
dynamics, except the assumption that speed is

constant [19].
dwm
J— =Te—T. (12)
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ao, Thickness of the stator yoke 12 mm
Wm = ¢ (13) Thickness of the rotor yoke 9 mm

Here, J, Te, wm, Om, and T, correspond to the moment
of inertia, electromagnetic torque, angular speed,
angular position of the rotor, and load torque,
respectively. At the commencement of each time
increment, the rotor's updated position is defined, and
a distinct mesh is created within the air gap. The
efficiency of the machine with respect to speed is

given as:

T(s)Xw(s
n(s) = ﬁ x 100% (14)
Where T(s) is the torque as a function of speed, w(s)
is the angular speed (in rad/s), which can be related to
the motor speed in RPM, V(s) is the input voltage as a
function of speed, and I(s) is the input current as a
function of speed.

The electromagnetic torque is determined through the
application of the virtual work principle.

T, =50 Iy (Jy B dH)do (15)
Where T, B, H, O6mn, and Q represent the
electromagnetic torque, magnetic flux density,
magnetic field, rotor position, and the domain,
respectively. The integration area was exclusively
focused on the air gap. The approach used in [20] was
implemented for the finite element analysis, in which
the virtual motion was governed by a mapping
function while the air-gap mesh is unchanged. The
studied machine is a 3-phase 1.5 kW switched
reluctance motor with 6/4 pole topology and is star-
connected. Figure 1 shows the meshing and magnetic
flux lines of the motor and its specifications are listed
in Table 1.

(a) (b)
Figure 1:  (a) Mesh map in Maxwell 2D (b) Flux

lines plot

Table 1: Specifications of the studied motor

Parameter Value
Power output 15kwW
Rated voltage 380V
Rated speed 1500 rpm
Pole number of stator/rotor 6/4
Outer diameter of the stator 120 mm
Inner diameter of the stator 75 mm
Inner diameter of the rotor 30mm
Pole embrace of stator 0.45
Pole embrace of rotor 0.3

© 2024 by the author(s). Licensee NIJOTECH.
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2.2 Thermal Study of the Motor

The approach outlined in this section is utilized to
assess the comprehensive performance of the motor
across the speed range. The finite element model was
exported to the MotorCAD environment in the <.mot>
format using the Maxwell interface. Nevertheless, an
extra constraint was imposed on the temperature of the
SRM, ensuring continuous operation without the risk
of overheating. A thermal study of the motor was
conducted using MotorCAD and a lumped parameter
thermal network. The cooling of the motor involved
the utilization of a cooling jacket within the housing,
with EGW 60/40 chosen as the cooling medium.
Figure 2 shows the 3D model of the motor with the
cooling jacket.

Cooling

Figure2: 3D Model of the motor with stator

cooling

The process illustrated in Figure 3 is implemented in
the determination of the SRM temperature by
combining all the components of the heat path into a
single thermal circuit system.

Stéady state thermal network of the
model in MotorCAD

Flgure 3:

The housing and stator lamination interface gap
measures 0.01 mm. The chosen fluid had a thermal
conductivity of 0.3692 W/m/°C and a density of 1065
kg/m3, whereas the slot liner employed in the
investigation had a thermal conductivity of 0.21
W/m/°C. To maintain a constant inlet temperature of
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45 °C, three volume flow rates (5, 15, and 25 I/min)
were examined to determine the temperature limit of
the SRM. The selected flow rate, which ensured an
acceptable temperature limit, was used for the motor
final examination. Based on the results of this study,
temperature constraints of 150 °C for the windings
and 100 °C for the laminations were established, as
similarly conducted in [21].

Accurately calculating motor losses during operation
is crucial for determining the temperature field. The
entire loss function is computed as follows:
P=P,+Pp, +P, (16)
Where the total and additional loss are represented as
P and Ps, copper and iron loss as Pcy and Pee. In steady-
state motor operation, copper loss is [19, 22]:

Py = mIEmSRphase (17)
Here, phase number and resistance are m and Rphase
while Iims is the effective winding current.

Typically, determining additional loss is challenging
without a precise formula. In practical calculations, it
is estimated to be approximately 6% of the total loss,
as described in [23]:

P,=(P,—P,) %6 (18)
Here, the output and input powers are P, and P;1. The
iron loss is expressed as:

Pre =P, +P. +P, (19)
Where P, P¢, and Py denote the excess loss, eddy-
current loss, and hysteresis loss, respectively.

1
Ph:z:?:lkh'f'[Bgm'(l‘FC'ﬁ §V=1ABti)+

By (1+c 52l 48,)| (20)
P. =Y k.- (if)*- (B% + BZ) (21)
P =YY" ko G- (B +BE® (22)

Here, kn, ke, and ke represent coefficients for
hysteresis, eddy-current, and excess losses,
respectively. f is the fundamental frequency, i is the
harmonic order, and c is a constant (usually it is 0.65).
B:i and B denote the amplitude of tangential and
radial magnetic flux density at the i time, while By,
and Brm represent their respective maximum values
[25]. Table 2 shows the thermal properties of the
motor materials.

Table 2: Thermal properties of electrical materials

Materials Conductivity Density Heat capacity
(W/m/K) (kg/m®) (J/kg/K)

Aluminum 168 2790 833

Copper 401 8933 385

M19 24G 28 7800 460

Air 0.0242 1.225 1006.43

3.0 RESULTS AND DISCUSSION
In this section, the obtained simulated results are
discussed. For continuous operation, it becomes

@ © 2024 by the author(s). Licensee NIJOTECH.
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necessary to measure the motor temperature. This is
crucial for assessing the efficiency of the motor, as
illustrated in Figure 4, which depicts the efficiency
plot across the entire operating range.

Motor Efficiency

96.2% at 1500 rpm

94.2% at 3000 rpm

—92

| 89.4% at 7500 rpm

Efficiency (%
L

®
o
|

'm_ 85% at 10.000 rpm

»
s
|

81.5% at 15.000 rpm
L]

w
8}
|

80 T T T T T T T T
o 2000 4000 6000 8000 10000 12000 14000 16000

Speed (rpm)
Figure 4:  Efficiency variation at various operating
speeds of the motor

Figure 4 shows that when the motor speed increases,
the efficiency of the motor decreases because of the
increased rotor core loss in the high-speed region.
Hence, the best performance of the motor is
achievable in the low-speed region, with an efficiency
of 95.2% at 1500 rpm. The efficiency plot provides
insights into how the motor performs under different
speed conditions, aiding in optimizing its usage and
ensuring sustained effectiveness.

The respective charts of the winding and lamination
temperatures are shown in Figures 5 (a) and 5 (b),
respectively. The plots show the examination of three
volume flow rates aimed at observing the temperature
increase in the motor within low-speed (1,500 rpm)
and high-speed (15,000 rpm) regions.

The flow rates I, I, and 11l were 5, 15, and 25 I/min,
respectively. Figure 5 indicates that flow rate Il (15
I/min) yielded the lowest temperatures at both low-
speed (251.5°C in winding and 150.2°C in lamination)
and high-speed (158.3°C in winding and 198.1°C in
lamination) regions. Therefore, it was chosen for
further thermal analysis over a broad speed range. The
dynamics of the winding, rotor surface, stator surface,
and housing temperatures over time at the four speeds
are presented in Figures 6, 8, 10, and 12. In these
figures, "A" and "B" denote the winding and
lamination temperature limits, respectively, while "C"
indicates the maximum continuous operating time.

Figures 6 and 7 reveal that, in the low-speed range, the
determining factor for sustaining continuous operation
lies in the temperature limitation imposed on the
winding. Specifically, Figure 6 (b) highlights that, at
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this speed, the stator winding is the hotspot for
temperature.

Low-speed regicn
T | High-speed region,

7777) Low-speed region
E gh-speed region|

g

=3

g

Winding temperature ('C)

Lamination temperature (°C)

Rate Il
ate I1] Rate I Rate Il Rate I1I
Flow rate ('min) Flow rate (Vmin)

(@) )
Figure 5: Temperature at different operating
speeds (a) Winding temperature (b) Lamination
temperature

At 1500 rpm

2% = Winding Hotspot Temp

* = Winding Average Temp

= = Rotor Surface Temp

2004 = - = Stator Surface Temp
...... Housing Temp

Temperature C)

Time (5)
@ ®)
Figure 6: Thermal behavior at 1500 rpm (a)
Temperature with time (b) Steady-state temperature of
cross-section of the stator

Unit: °C

@)

Figure 7:  Temperature distribution for continuous
operation at speed of 1500 rpm at 143.6 s: (a) Radial
cross section, and (b) Axial cross section

The radial and axial temperatures of the rotor's cross-
section at 1500 rpm are illustrated in Figure 7. At this
speed, the winding hotspot reaches the 150°C
constraint at 143.6 seconds, as depicted in Figure 6 (a).
A similar trend is observed at 3000 rpm, as illustrated
in Figure 8. At 3000 rpm, Figure 8 indicates a
maximum continuous operating time of 163 seconds.
The radial and axial temperatures of the rotor cross-
section at this speed are presented in Figure 9.
Notably, the maximum continuous operating time

oG e © 2024 by the author(s). Licensee NIJOTECH.

This article is open access under the CC BY-NC-ND license.
http://creativecommons.org/licenses/by-nc-nd/4.0/

increases with the rise in speed within the low-speed
range.

At3000 rpm

250 == Winding Hotspot Temp
+ = Winding Average Temp
= = Rotor Surface Temp
200 =« =Stator Surface Temp
------ Housing Temp

Temperature ('C)

Time (s)

@ (b)
Figure 8: Thermal behavior at 3000 rpm (a)
Temperature with time (b) Steady-state temperature of
cross-section of the stator

Unit: C

@
Figure 9:
operation at speed of 3000 rpm at 163 s: (a) Radial
cross section, and (b) Axial cross section

Temperature distribution for continuous

175 At 10000 rpm

Temperature ("C)

2 Winding Average Temp
Rotor Surface Temp

. '
' =« =Stator Surface Temp
g Housing Tep
0 500 1000 1500 2000 2500 3000 3500
Time (s)

@) ®)
Figure 10: Thermal behavior at 10,000 rpm (a)
Temperature with time (b) Steady-state temperature of
cross-section of the rotor

Figure 10 illustrates the steady-state temperature
distribution of the stator when the motor operates at
3000 rpm, highlighting the hotspot temperature on the
stator winding in the low-speed region. At 10,000
rpm, the continuous operating time extends to 1205
seconds, as demonstrated in Figure 10. The steady-
state temperature distributions of the rotor when the
motor is operating at 10000 rpm and 10,000 rpm are
shown in Figure 10 (b).
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Figure 11 displays the radial and axial temperatures of
the rotor cross-section at 10,000 rpm. Similar trends
are evident for the motor operating at 15,000 rpm,
illustrated in Figure 12, where the continuous
operating time is recorded at 755 seconds. This
suggests that as the motor speed rises in the high-
speed region, the overall continuous time decreases.
The steady-state temperature distributions of the rotor
at 15,000 rpm are presented in Figure 12 (b).

Unit:C

@
Figure 11: Temperature distribution for continuous
operation at speed of 10,000 rpm at 1205s: (a) Radial
cross section, and (b) Axial cross section

200 At 15000 rpm

0 500 1000 1500 2000 2500 3000 3500

Time (s)

@ ) ®)
Figure 12: Thermal behavior at 15,000 rpm (a)
Temperature with time (b) Steady-state temperature of
cross-section of the stator

Unit: C

‘a9 g 0 5w
89 | 715 54 M 307

@

Figure 13: Temperature distribution for continuous
operation at speed of 15,000 rpm at 775 s: (a) Radial
cross section, and (b) Axial cross section

Figure 13 illustrates the radial and axial temperatures
of the rotor cross-section at a speed of 15,000 rpm.
The steady-state temperature distributions of the rotor
when the motor operates at 15,000 rpm are presented

r T 2
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in Figure 12 (b). These depictions reveal that the
hotspot temperature is situated on the rotor in the high-
speed region.

The temperature analyses in Figures 6, 8, 10, and 12
offer crucial insights into SRM's continuous operation
under varying speeds. Notably, the hotspot
temperatures observed play a significant role in
determining maximum continuous operating time,
which shifts from stator winding in the low-speed
region to the rotor in the high-speed range. This
information is vital for managing temperatures in
practical SRM applications, ensuring the motor
performance, reliability, and suitability across diverse
industrial settings, including electric vehicles and
manufacturing processes.

40 CONCLUSION

In this study, we analyzed the temperature fields in a
Switched Reluctance Motor (SRM) using ANSYS
Maxwell and MotorCAD, focusing on the effects of
speed on temperature distribution and efficiency. The
key findings are summarized as follows:

1. The motor efficiency declines with increasing
speed, primarily owing to the heightened rotor core
loss in the high-speed region. The optimal motor
performance, with an efficiency of 95.2%, was
achieved in the low-speed region at 1500 rpm,

2. The study identified 15 I/min as the optimal
cooling rate that minimized the temperature levels
in the winding and lamination regions. This rate
was chosen for an additional thermal analysis
across a wide speed range, underscoring the
practical importance of an effective cooling
strategy,

3. The continuous operation of the motor is
constrained by the winding temperature in the low-
speed region, whereas the rotor surface hotspot
acts as a limiting factor in the high-speed region.
These insights are crucial for establishing
operational boundaries and ensuring the longevity
of SRM,

4. The continuous overall time decreased with
increasing motor speed in the high-speed region,
and exhibited an opposite trend in the low-speed
region. These findings provide valuable guidance
for understanding the temporal dynamics of SRM
operations, and

5. This study presents the radial and axial
temperature distributions of the rotor cross section
at five operating speeds, offering a comprehensive
visual representation of the SRM's thermal
behavior across diverse operational scenarios.
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This study enhances the understanding of SRM
thermal behavior and informs future research and
design for efficient electric machines.
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