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ABSTRACT

The current work presents the thermal analysis of a 12/10 switched reluctance motor (SRM) with modified
fin arrangements with different materials for e-vehicle applications. Initially, the parameters for the 12/10
SRM were derived using an analytical expression. Electromagnetic analysis was then performed with MagNet
software to obtain motor performance metrics such as torque density, ripple, and losses to ensure that the
proposed design meets the requirement. Then, a thermal analysis of 12/10 SRM is carried out using Ansys
software. Various fin profiles such as conventional rectangular fins, pin fins, thin fins, tapered fins, and tapered
slot fins are employed and analyzed to investigate the effectiveness of heat dissipation in motors. The study
shows that the tapered slot fin performs better than the other four fin profiles. This is due to its lower mass of
0.53 kg and efficient thermal management (the maximum temperature of the stator outer cover is 31.6 °C).
In addition, different fin materials like aluminium (Al), aluminium with 1% graphene particles (GP), and
aluminium with 2% GP were analysed for tapered slot fins, and it was found that aluminium with 2% GP
provides a lower fin temperature of around 30.40 °C compared to other fin materials.

Keywords: Switched reluctance motor; Casing fins; Fin materials; Electromagnetic analysis; Thermal analysis.

1. INTRODUCTION

Electric vehicles (EVs) are gradually supplanting traditional gasoline-powered vehicles due to their potential
to reduce fossil fuel consumption, and climate change, and promote sustainable transportation [1, 2]. For EV’s
development traction motors play a crucial role. Switched reluctance motors (SRMs) have been adopted for
this application solely due to their simplicity, low fabrication cost, high fault tolerance, and ease of cooling
[3,4]. However, SRM has a high-power density, which may result in a high heat load due to small heat dissipation
regions, as well as losses such as mechanical, iron, stray, and copper, all of which can raise the temperature
of the motor, resulting in high thermal stress, decreased efficiency, and reduced mechanical strength [5-7].
Furthermore, heat from the flow of electric currents and attrition can induce insulation deterioration in the stator,
which brings about three to ten per cent of motor failures. Therefore, predicting the temperature rise of an SRM
is imperative to its performance. There are numerous methods for examining and calculating a motor’s elevated
temperature, including analysis with 2-dimensional (2-D) and 3-dimensional (3-D) finite elements. However,
calculating the thermal occurrences within an electrical motor is difficult due to a multitude of active thermal
exchanges that occur simultaneously. Conduction, radiation, and natural and forced convection, all exist, with
their weight per cent varying depending on the motor cooling system, including natural convection, fan, and
liquid cooling. Furthermore, multiple thermal sources are operating concurrently. As a result, it is difficult to
distinguish between causes and consequences in thermal exchange processes. Therefore, optimizing thermal
management and motor cooling systems is essential to increase motor longevity and operational reliability.
The literature recommended several cooling techniques and procedures to improve motor performance, such as
efficiency and life cycle, because calculating heat generation for cooling is crucial. Furthermore, rising motor
temperature significantly reduces performance in terms of output, weight, dimensions, and cost [§—11].

This paper focuses on analysing the electromagnetic and thermal properties of a 12/10 switched reluctance
motor for Electric vehicle applications. The electromagnetic study found that the proposed motor meets the
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Electric vehicle requirement, in addition, different losses were obtained which helped to aid the thermal analysis.
Using various fin types and materials thermal analysis was carried out to predict motor temperature, and identify
the suitable fins and materials which provide effective heat dissipation, minimal temperature, and less casing
weight for Electric-vehicle application.

The manuscript is structured in the following manner: Section 2 included the literature summary of
various cooling methods, Section 3 covered the electromagnetic aspects of 12/10 SRM, Section 4 focused on the
thermal analysis of 12/10 SRM, Section 5 highlighted the steady state analysis of different fin profiles, Section 6
discussed the findings and discussion, Section 7 provided the effect of different materials on tapered slot fins,
and the Section 8 concluded the current and prospective work.

2. LITERATURE SUMMARY

A cooling approach for a 30-KW switched reluctance motor has been developed [12], revealing that liquid water
cooling significantly reduces winding temperature by 42% compared to air cooling. The most effective thermal
control techniques for the motor’s elements have been identified, pinpointing liquid and passive cooling as the
finest thermal control techniques [13]. A hybrid cooling system combines air and liquid cooling, including fins
on the casing’s outside surface, to improve motor safety while preserving thermal insulation [14]. Several cool-
ing systems and calculating procedures for automotive traction motors have been analysed, including forced air,
liquid, and natural cooling [15, 16]. A multi-objective optimization technique for a 12/10 switched reluctance
motor has been proposed to achieve less temperature, improved torque, and reduced losses [17]. A thermally
conductive insert piece for indirect cooling in stator end-windings for a 6/4 switched reluctance motor has been
introduced, achieving 26.5 A/mm? current density [18]. A lightweight material, temperature-reducing tactics,
material changes, coolants, and numerical approaches for permanent magnet synchronous motors have been pre-
sented [19, 20]. Sophisticated cooling schemes for Permanent Magnet Synchronous Motor (PMSMs) have been
proposed, analysing topologies, thermal design challenges, materials, and performance to provide recommen-
dations for improved motor design and innovative cooling solutions [21]. Thermal modelling and analysis of a
10-KW double-stator SRM have been proposed, analysing temperature distribution, and using water as a coolant
via computational fluid dynamics [22].

The thermal and mechanical performance of a 72/48 switched reluctance motor in a low-speed direct-
drive mining system was investigated, highlighting that optimizing cooling jacket designs elevates natural
frequency while minimizing motor weight and temperature [23]. A magneto-thermal model has been proposed
for forecasting the temperature distribution of a switched reluctance motor (SRM) and diagnosing faults [24].
A thermomagnetic system of a 3-KW switched reluctance motor was investigated to improve cooling per-
formance using aluminium fins [25]. An analytical thermal model for winding temperature estimations in
symmetrical and asymmetrical currents was proposed, focusing on enhancing motor lifespan in DC charging
mode [26]. A sequential adaptive fluid-solid coupling approach was introduced for estimating loss and predict-
ing elevated temperatures in high-speed, high-power switching reluctance machines, which is faster and more
efficient than direct coupling methods [27]. A thermal circuit model for a 6/4 switched reluctance motor was also
proposed to predict the whole motor temperature during working conditions [28].

The literature addresses numerous cooling approaches, including air, natural, forced, water, and
adaptive ways, to promote motor efficiency, safety, and longevity. These strategies contribute to keeping motor
temperatures below safe ranges, preventing component deformation, and preventing installation failure, all of
which improve efficiency but research lacks of address for ideas of using various fins and different materials for
temperature reduction of the switched reluctance motor.

3. ELECTROMAGNETIC EVALUATION OF SIX PHASE SWITCHED RELUCTANCE MOTOR

This section looks at the attributes and electromagnetic response of a six-phase switched reluctance motor (SRM)
which is devised for an electric vehicle with a rating of 5-KW output power and torque of 10 Nm. Electromagnetic
analysis was performed with MagNet software to validate the model and its performance. The motor consists of
12 stator slots and 10 rotor poles as illustrated in Figure 1. Two coils are sequentially connected to form each
phase [29, 30]. The SRM employs the reluctance principle, in which the rotor strives to align excited stator poles,
so producing torque. The proposed 12/10 SRM design (12 poles in stator and 10 poles in rotor) offers a high
number of phase configurations when compared with the 12/8 SRM design (12 stator poles and 10 rotor poles).
The high number of poles in the proposed model provides better results in terms of higher torque and power
density and yields minimum torque ripple compared with conventional SRM models [31-33]. The specification
details of the 12/10 SRM proposed in the present work are acquired via an analytical equation which is elucidated
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in Tables 1 and 2. and its machine length and stator outer and shaft radius, are picked out as per the prescribed
power and torque output.

The model’s validation and performance assessment involve conducting electromagnetic analysis of
12/10 SRM via finite element-based software for assessing motor performance indicators including torque,
ripple, and efficiency, which were identified to establish if the proposed design matches the expectations of
an electric vehicle. The motor losses were also found, whereas losses within machine parts are a significant
contributor to increased thermal generation.

Figure 1 illustrates the 12/10 SRM is tailored for the specification given in Table 2. The dynamic torque
and flux plot of 12/10 SRM is illustrated in Figures 2 and 3. Figure 2 shows that 12/10 SRM generates the
above-described torque at a rated current of 110 amps and a speed of 4500 rpm, which can be determined by
averaging the torque curves.

Table 1: Mathematical expression for design parameters of switched reluctance motor.

VARIABLES EXPRESSION
Stator pole surface area (A ) D,,
As = T * ML * BS
Stator pole magnetic flux (¢) 9=B_*A
Stator yoke magnetic flux (o) B *A
— st S
o, = s
Yoke surface area (A,) A=A
Stator core thickness (C,) A
C,=—Y%
T
L
Stator pole length (S,,)) s - Dy, o D,,
PL 2 T 2
Rotor pole surface area (A) D
A = (—BO GQ]MLBr
Rotor core surface area (A, ) A
A ==
“ 1.6
Rotor pole length (R, ) D D A
RpL — Bo . So rCc
2 2 L

Table 2: Specification details of 12/10 SRM.

VARIABLES VALUES
Rated current 108 amps
Stator outer diameter, D, 154 mm
Inner diameter of stator, D, 84 mm
Machine length, M, 150 mm
Stator pole length, S, 23 mm
Stator pole span, S 12 degrees
Rotor pole length, R 18.5 mm
Rotor pole span, R 18 degrees
Shaft diameter, S 19 mm
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Figure 1: Structural layout of 12/10 switched reluctance motor.
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Figure 2: Dynamic torque vs rotor angle of 12/10 SRM.
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Figure 3: Flux line dispersal pattern of 12/10 SRM.
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Analysing the flux density plot has significance for motor design because it provides insights into the
distribution and interaction of magnetic flux within the stator and rotor core, which influences motor torque
and speed characteristics. The torque generated by the motor is proportional to the magnetic flux density in
the air gap between the stator and rotor and it is also beneficial to monitor leakage flux distribution to avoid
performance degradation due to increased losses [34].

Table 3: Performance metrics of 12/10 SRM.

VARIABLES OUTPUT
Torque 12.42 Nm
Torque ripple 0.08 p.u.
Efficiency 93.22%
RMS current density 6.5 A/mm?
Torque per unit rotor volume (TRV) 14.95 KNm/m?
Loss - Winding 0.21 KW
Total loss 0.423 KW
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Figure 4: Torque vs speed plot of 12/10 SRM.
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Figure 5: Efficiency plot of 12/10 SRM.
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The flux density map helps to assess whether the developed magnetic flux can generate the required
torque of the motor at the rated current. It also aids in design validation and optimization of the motor by
identifying saturation points in the motor magnetic core, and ensuring that the saturation level is within the
limit of magnetic material, to prevent thermal issues like overheating or insulation breakdown for implementing
better cooling strategies to maintain the optimal motor performance and its longevity.

Figure 3 reflects the flux pattern of 12/10 SRM, with maximum flux prevailing during the aligned state
of poles at the rated current of 110 amps. Here, the materials used for the analysis is M-19 silicon steel. The
results show that the design achieves a maximum flux of 1.78 T, which does not exceed the saturation threshold
of M-19 material.

The results in Table 3 show that 12/10 SRM designs are capable of yielding the necessary average
torque, torque per unit volume, as well as reduced torque ripple, improved efficiency, and rms current density
that remains within limits. The layout is further examined to determine this design complies with the standards
for electric vehicle specifications. The Figures 4 and 5 displays the torque speed and efficiency plot of 12/10
SRM.

The torque-to-speed plot of 12/10 SRM are shown in the charts above. As shown in this preceding figure,
it provides the appropriate torque up to the nominal speed of 4500 rpm then stabilizing once it’s exceeded its
top speed.

The motor’s performance is examined using an efficiency map. The diagram depicts efficiency at various
operating points. In this investigation, the motor speed is ranged from 0 to 6000 rpm, while the load is ranged
from 0 to 25 Nm.

The efficiency at every single operating point has been determined using the preceding given Figure 5.
The devised efficiency map displays that SRM performs better at its nominal speed with a torque of 10 Nm at
4500 rpm, and at top speed with a torque of 26 Nm at 6000 rpm, and it provides excellent efficiency of about
91%, as seen in the figure. The primary advantage of the proposed SRM is it delivers excellent efficiency in
flux-weakening zones.

4. TRANSIENT THERMAL ANALYSIS OF 12/10 SRM

A simplified 3-D geometrical model of the electric motor is created is shown in Figure 6, which represents the
conventional motor’s geometry and its meshing geometry is Figure 7.

The electric motor is dominant equipment in all engineering applications due to its compact and simple
construction. The motor consumes a larger ampere of current at the starting condition to attain the rated speed.
The initial torque is high and it is in a steady state. The electric motor’s parameters continuously vary up to the
rated speed. The heat energy induced inside the motor are also high due to this condition. For understand the heat
dissipation at the initial condition the transient analysis is done in the ANSY'S workbench.

Figure 8 shows the thermal contour of the motor in a transient state. The maximum temperature in the
stator is found to be 46.128 °C. The proper fin profile is required for the dissipation of induced thermal energy
to the surroundings for the minimal temperature inside the motor.

0.000 0.100 0.200 (m)

0.050 0.150

Figure 6: CAD model of 12/10 SRM.
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Figure 7: Meshing of 12/10 SRM.
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Figure 8: Distribution of temperature during transient analysis of 12/10 SRM.
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Figure 9: 12/10 SRM with conventional rectangular fin casing.

5. STEADY-STATE ANALYSIS OF DIFFERENT FIN PROFILE

The electric motor stator is generally made of silicon steel and the casing with fins is made of aluminium. The
aluminium material has higher thermal conductivity, low cost and workability. The effect of fins on inducted
heat dissipation can be understood from the steady state analysis.

Here, five types of fins namely conventional rectangular fin (Figure 9), pin fin (Figure 10), thin fin

(Figure 11), tapered fin (Figure 12) and tapered slot fin (Figure 13) are chosen for numerical simulation. The
results of different fin profiles are compared to opt out of the suitable fin profile for electric motors which is
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Figure 10: 12/10 SRM with pin fin casing.

0.000 0.100 0.200 (m)
)
0.050 0.150

Figure 11: 12/10 SRM with thin fin casing.
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]
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Figure 12: 12/10 SRM with tapered fin casing.

utilized in several engineering fields. All simulations are conducted using the steady-state thermal module in
ANSYS Workbench, with the steps detailed for each case.

5.1. Meshing of different fin profile

To ensure accurate numerical simulation, a high-quality mesh is required. After importing the CAD model, a
mesh is generated and thoroughly evaluated using a grid independence test before applying boundary conditions.
Table 4 presents the optimum number of elements; and node count of discretized geometry. These values
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Figure 13: 12/10 SRM with tapered slot fin casting.

Table 4: Optimum element and nodes count.

FIN GEOMETRY NO. OF ELEMENTS NO. OF NODES
1 147799 194820
2 190122 51048
3 564337 918490
4 746851 137837
5 1679057 440504
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Figure 14: Discretization study.

are obtained from the ANSYS software post-meshing, which serves as indicators of mesh quality. Figure 14
represents the discretization study of the CAD model. From discretization study, the optimum element count
can be obtained. The value of the temperature is not changing after the certain number of elements counts. That
grid can be used in the numerical analysis. Figures 15 to 19 depict the grids generated for all fin geometries.

5.2. Numerical simulations

The numerical simulation solves governing equations, which can represent steady or unsteady. For this
numerical simulation, steady-state analysis is conducted. Electric motor contours of temperature distribution
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0.000 0.100 0.200 (m)
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Figure 15: Meshing of 12/10 SRM with conventional rectangular fin.

0.000 0.100 0.200 (m)
]
0.050 0.150

Figure 16: Meshing of 12/10 SRM with pin fin.

0.050 0.150

Figure 17: Meshing of 12/10 SRM thin fin.

are obtained by selecting the contour option in the post-processing window. Additionally, maximum, minimum,
and average temperature values are extracted from the contour details. The numerical values at each of the
contours are generated by selecting the required area and plotting it. After getting the numerical values from
the simulation, the graphs are drawn to compare the effect of different fin profiles for further discussion on the
obtained results.
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Figure 18: Meshing of 12/10 SRM with tapered fin.
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Figure 19: Meshing of 12/10 SRM with tapered slot fin.

6. RESULTS AND DISCUSSION

Several types of fins are proposed in this manuscript. The numerical analysis is done for all types of fins to
investigate the effectiveness of heat dissipation from the electric motor. The minimum temperature at the motor
surface is concluded as effective fin geometry. Since the proper heat dissipation from the electric motor surface
leads to the minimal temperature around it. The other factor which decides the choice of fin type is its mass. The
engineering applications required less-weight objects. After the numerical analysis, these two factors such as
minimal temperature at the motor surface and less weight are noted from the simulation results, the best type of
fin geometry will be concluded among all other types of fins.

6.1. 12/10 SRM with conventional rectangular fin

The conventional fin is well known for its simple design. Due to its simple design, these fins are highly flexible
for casting. Here 40 fins are distributed on the circumference of the motor and the fin thickness is 3 mm. The
thermal energy dissipation of the casing with conventional rectangular fin, obtained from the ANSYS solver
is shown in Figure 20. The fin geometry weight is 0.8368 kg. The temperature at the fin surface is 39.329 °C.

6.2. 12/10 SRM with pin fin

The familiar fin profile used in engineering applications is the pin fin is shown in Figure 21. The pin fins are
just extruded from the base surfaces to augment the heat transfer rate. This type of fin is designed by making
parallel slots across the rectangular fins to reduce its weight. Several types of pin fin are commercially available,
of these rectangular fins have good thermal performance and are reliable to manufacture. The maximum fin tip
temperature is 36.199 °C and the casing weight is 0.73148 kg.
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Figure 20: Temperature profile of 12/10 SRM with conventional rectangular fin casing.
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Figure 21: Temperature profile of 12/10 SRM with pin fin.

6.3. 12/10 SRM with thin fin

The convective heat transfer is proportional to the surface area of the fin profile. The thin fins have larger
surface area exposed to the surroundings. Several types of heat exchangers utilise this type of fin profile.
The number of fins is higher in this type of fin profile. Here 50 fins are distributed around the circumference
of the motor and its thickness is 1 mm. The temperature profile of the motor casing with thin fin is shown
in Figure 22. The maximum fin tip temperature is 35.565 °C and the casing weight is 0.72293 kg. The
maximum fin tip temperature of thin fin is very minimal, when compared to conventional fin because of its
larger surface area.

6.4. 12/10 SRM with tapered fin

The electric rotor continuously runs due to the repulsion between the two magnetic fields. Here the major
fraction of electrical energy is converted into mechanical energy and the remaining is dissipated as heat to
the surroundings. The generated heat must be released into the environment for the efficient performance of
the electric motor. In this type of fin, at the centre, the fin height is larger and gradually decreases towards
the side of the electric. Since the generated heat at the centre is released to the surroundings through the
stator sideways or through fin. The maximum fin height at the centre augments the heat losses through the
fin surfaces is given in Figure 23. The maximum fin tip temperature is 33.507 °C and the casing weight is
0.76938 kg.

6.5. 12/10 SRM with tapered slot fin

In this type of fin, the parallel slot cuts are made on the taper fin as illustrated in Figure 24. This enhances
the surface area of the fin exposed to the ambient air and reduces its weight. The casing weight is 0.5379 kg,
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Figure 22: Temperature profile of 12/10 SRM with thin fin.
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Figure 23: Temperature profile of 12/10 SRM with tapered fin.
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Figure 24: Temperature profile of 12/10 SRM with tapered slot fin.

which is very minimal compared to other types of fins. This type of fin shows better performance because of its
enhanced surface area. The fin tip maximum temperature is 31.639 °C, which is also less in comparison with the
remaining fin types. Table 5, elucidates the comparison of different fin profiles for 12/10 SRM and its associated
outcomes of temperature and mass.

From Figure 25, the tapered slot fin shows better results, when compared to the remaining four fin
profiles. Since the mass of the tapered slot fin is less as well as the stator maximum temperature is also
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Table 5: Comparison of different fin profiles.

DIFFERENT FIN PROFILE FIN TIP TEMPERATURE MASS
8 (kg)
12/10 SRM with conventional rectangular fin 39.329 0.8368
12/10 SRM with pin fin 36.199 0.73148
12/10 SRM with thin fin 35.565 0.72293
12/10 SRM with tapered fin 33.507 0.73938
12/10 SRM with tapered slot fin 31.639 0.5379

—u— Fin tip temperature, °C
—e— Weight x102, Kg

Casing with rectangular fin

Casing with

Casing with
tapered slot fin | pin fin
Casing with tapered fin Casing with thin fin

Figure 25: Comparison of maximum fin tip temperature and weight of different fin profiles.

Table 6: Thermal properties of fin materials.

MATERIALS THERMAL CONDUCTIVITY (K) | DENSITY (p)
w/m k kg/m?
Aluminium (Al) 220 2700
Al with 1% GP [35] 280 2695
Al with 2% GP [35] 3125 2675
M19 [36] 21.9 7450

found to be less. Here the aluminium is chosen for the numerical study. Further, the effect of different
aluminium metal matrix composite materials on heat energy dissipation is studied through numerical
analysis.

7. EFFECT OF DIFFERENT MATERIALS ON TAPERED SLOT FIN

Aluminium is a good thermal conductor and is more economical. Most applications utilized aluminium as
a thermal conductor. The thermal conductivity of aluminium is further improved by adding high thermal
conductivity materials as metal matrix. Here, graphene metal matrix is chosen for numerical simulation.
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Figure 26: Temperature profile of fin made of Al 2% GP.
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Figure 27: Comparison of fin tip temperature.

Two MMCs namely Al with 1% and 2% weight graphene particles (GP). The numerical study is made in
the ANSYS software and the results of Al with 2% GP fin are shown in Figure 26. Other simulation results are
compared in Figure 27. The surface temperature of fin is found to be 30.403 °C and the inside stator temperature
is 32.003 °C. The simulation results revealed that Al with 2% has better performance when compared with other
fin materials as cleared in Table 6 and Figures 26 and 27.

8. CONCLUSION

In this manuscript, the comprehensive thermal analysis of a 12/10 switched reluctance motor (SRM) which is
suitable for electric vehicle applications is presented. Initially, the design parameters were derived analytically,
and the model’s performance was validated through electromagnetic analysis using MagNet software. The key
motor performance metrics such as torque density, ripple, and losses were examined to ensure suitability across
various engineering applications. Further, the thermal analysis was conducted using ANSYS software. The
several types of fin profiles were analysed in ANSY'S to study their effectiveness. The numerical analysis results
indicate that the tapered slot fins exhibit superior performance compared to conventional rectangular, pin, thin,
and tapered fins, which had a lower mass of 0.53 kg and stator maximum temperature of 31.6 °C. The different
fin materials namely aluminium with 1% GP and aluminium with 2% GP were proposed for the tapered slot
fins. The numerical analysis of various fin materials showed that the aluminium with 2% GP had the lowest fin
temperature of 30.403 °C, surpassing other material options.
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