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Abstract: The demand of fossil fuel vehicles has decreased due to carbon emissions. Recently, electric vehicles (EV) with
electric motor propulsion have got attention due to their zero carbon emissions and high efficiency. In this study, an outer rotor
in-wheel switched reluctance motor (IWSRM) with 18 poles on the stator and 24 poles on the rotor, designed for the propulsion
of electric vehicles, is investigated in two-dimensional Finite Element Method (FEM). The magnetic field distributions of
IWSRM for different rotor positions at nominal current are obtained. Then, the torque and phase inductance are calculated. As
a result, the designed outer rotor IWSRM provided low torque ripple.
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Elektrikli Araclar icin Rotoru Dista Tekerlek ici bir Anahtarlamah Reliiktans Motorun Sonlu Elemanlar
Yénteminde incelenmesi

Oz: Karbon salmimlar1 nedeniyle fosil yakitli araglara ilgi azalmaktadir. Sifir karbon salmimlari ve yiiksek verimleri nedeniyle
son zamanlarda elektrik motoru tahrikli araclar giindeme gelmistir. Bu ¢alismada, elektrikli araglarin tahriki i¢in tasarlanmis,
statorunda 18 kutup ve rotorunda 24 kutup olan rotoru digta tekerlek i¢i bir anahtarlamali relitktans motor (TARM), iki boyutlu
Sonlu Elemanlar Yonteminde (SEY) incelenmistir. Nominal akimda farkli rotor konumlar1 i¢in TARM’1n alan dagilimlar1 elde
edilmis, irettigi nominal moment hesaplanmis ve endiiktans egrisi ¢ikarilmistir. SEY analiz sonucunda, incelenen TARM’de
diisiik moment dalgalanmasi elde edilmistir.

Anahtar kelimeler: Tekerlek I¢i Anahtarlamali Reliiktans Motor, Sonlu Elemanlar Yontemi, Elektrikli Arag.
1. Introduction

Recently, interest regarding electric vehicles has raised because of their higher efficiency, zero carbon
emission, noiseless operation and low cost compared to internal combustion engines [1-2]. In addition, electric
vehicles with in-wheel electric motors do not need gears and transmission parts, which gives these vehicles an
additional advantage.

In electric vehicles, permanent magnet synchronous motor (PMSM), induction motor (IM) and switched
reluctance motor (SRM) are used as propulsion motors [3-4]. These motors have some advantages and
disadvantages in terms of cost, losses, and efficiency. Although the PMSM is a highly efficient motor, it is the
most expensive electric motor due to the magnets used in its rotor. However, these magnets are not used in the IM
and SRM, so the cost of the IM and SRM are lower than PMSM. Compared to SRM, which does not have winding
on the rotor, the losses in IM are high due to the conductors in the rotor. Therefore, SRM is a motor with the lowest
cost with its simple and rugged motor structure, invulnerability to harsh operating conditions, robust rotor, low
maintenance cost and decreased losses. In addition, SRMs have salient pole structure in stator and rotor facilitating
the cooling of the heat generated due to losses [5-12].

To generate larger torque values, the SRM is operated at high magnetic saturation. Therefore, the nonlinear
magnetization curve of the iron sheet used in the stator and rotor should be considered when the magnetic field
distribution of the SRM is obtained. It is easier to assemble the outer rotor in-wheel switched reluctance motor
(IWSRM) to the wheel rim, and then the torque produced is greater than the conventional SRM [6]. For solving
these magnetic problems, FEM, a computer-aided numerical method, is a suitable method.

In the SRM for a continuous rotational motion, the current flows through the phases sequentially. In other
words, the torque produced by the SRM is equal to the sum of the torques sequentially produced by the phases.
The torque produced by a phase at constant current is a curve varying from zero to maximum depending on the
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position. This causes a ripple in the total torque produced. The torque ripple causes acoustic noises in SRM [13-
18].

In the literature, different IWSRM models designed for electric vehicles have been emphasized. In [2], a
IWSRM model with double teeth per pole on a 6/16 pole stator is examined. In [5], the design of an 18/12 pole
IWSRM is best done using a Pareto-based multi-objective differential evolution algorithm. In [7], a new 18/12
pole IWSRM for electric vehicle is designed, FEM analysis and control are performed. In [9], an 8/6 pole IWSRM
is designed using multi-objective optimization.

In this study, the magnetic field distribution, torque, and inductance variations of outer rotor IWSRM are
calculated from two-dimensional FEM for electric vehicles.

2. Outer Rotor in Wheel Switched Reluctance Motor

Unlike the conventional SRM motor structure, the rotor is outside, and the stator is inside in an outer rotor in
wheel SRM. The cross-sectional view of the 18/24-pole IWSRM is shown in Figure 1. In addition, stator and rotor
outer diameters and other pole length dimensions are shown in Figure 2. Furthermore, all other motor dimensions
are given in Table 1.

Figure 1. The cross-sectional view of outer rotor IWSRM.

For constant current, the torque produced in one phase of the SRM can be calculated from the equation (1) [12].

W,

T, = 20 €Y)

Where, T,, W,, and 6 denote electromagnetic torque, co-energy, and rotor position, respectively. The total torque
produced in SRM is equal to the sum of the torques produced by the individual phases. The total torque for a three-
phase SRM can be written as in equation (2).

T, = Ta(e' ia) + Ty (91 ib) + Tc(e' ic) (2)

Here, T; the total torque, T,, T}, and T, represent the torque produced in phases a, b, and c, respectively.
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Figure 2. The representation of some dimensions of IWSRM on a quarter view.

Table 1. Parameters of outer rotor in-wheel switched reluctance motor.

Parameter Value
Number of stator poles (Ns) 18
Number of rotor poles (N;) 24
Rotor outer diameter (mm) 350
Stator outer diameter (mm) 273.8
Package length (mm) 55
Air gap (mm) 0.5
Shaft diameter (mm) 60
Stator pole arc (degree) 8
Rotor pole arc (degree) 7
Stator pole width (mm) 19.03
Rotor pole width (mm) 16
Stator pole height (mm) 56.64
Rotor pole height (mm) 18.63

3. Finite Element Method Analysis of Outer Rotor IWSRM and Results

In the Finite Element Method, the geometry of outer rotor IWSRM, stator, rotor and air gap are divided into
small triangular elements, as shown in Figure 3 [17]. To minimize the amount of error and to calculate accurate
results, the air gap region between the stator and the rotor, where there is a large change in magnetic parameters,
is divided into smaller triangular elements in as four layers as shown in Figure 4. The air region outside the IWSRM
is meshed with larger triangular elements. A zero-vector potential is defined at the boundary of the region of
solution. A current density of J=21161876 A/m? is applied to the windings on six poles forming a phase for a
nominal current of 75 A. Steel 1008 sheet is chosen for the stator and rotor iron sheets.

The rotor position is rotated one degree from the aligned to the unaligned position, and the magnetic field
distribution for the IWSRM is obtained for each rotor position, and the produced torque and phase inductance are
calculated for a single phase. The air gap magnetic field distribution is given in Figure 5 for the rotor position
0=>5°. The magnetic field distributions obtained from the two-dimensional FEM are shown in Figure 6 (a) and (b)
for rotor positions 6=0° and 6=5°, respectively. The graph of the torque produced in one phase depending on the
rotor position at the nominal current is shown in Figure 7 and the graph of inductance is shown in Figure 8.
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Figure 4. The meshed of air gap between stator and rotor in outer rotor IWSRM.

Figure 5. The magnetic field distribution in air gap region for 6=5° rotor position.
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Figure 6. Magnetic field distributions for different rotor positions (a) 6=0°, (b) 6=5°.
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Figure 7. The graph of the torque generated by a phase at the nominal current depending on the rotor position.
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Figure 9. The graph of phase torques and total torque with respect to the rotor position at the nominal current.
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Figure 10. The graph of torque ripple with respect to the rotor position at the nominal current.

In outer rotor IWSRM, the torques separately produced by phases a, b and ¢ depending on the rotor position

at the nominal current, and the total torque produced are displayed in Figure 9. In addition, the percentage ripple
in the total torque is given in figure 10.
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In designing of outer rotor IWSRM models, the low torque ripple is desired for smooth speed response. For
example, in the SRM model with 18 poles on the stator and 12 poles on the rotor, designed for hybrid electric
vehicles in a study [10], the torque ripple varies between +36% for square wave current. In this study, the
investigated the outer rotor IWSRM model with the 18/24 poles, the torque ripple is £25% for square wave current.
Therefore, the investigated the outer rotor IWSRM model has +11% lower torque ripple than the 18/12 pole SRM
model in [10]. Radial forces cause acoustic noises in the outer rotor IWSRM. Another source of acoustic noise is
torque ripple. When torque ripple is reduced, the acoustic noise will be lower at the same rate due to the torque

ripple.

4. Mathematical Model of Outer Rotor IWSRM and Simulation Results

If the mutual inductance between phases is neglected, the voltage can be written for a phase of the outer rotor
IWSRM in equation (3) [12-13].

d(6,1)

v=1IR +
! dt

(3)

Where v is the phase voltage, R is the phase resistance, i is the phase current, ¥ is the magnetic flux and € is
the rotor position. If the relation i = iL is used for the magnetic flux, the voltage of a phase becomes as equation

(4).

di dL(6,i)
d

U=iR+L(9,i) t+ime (4)

Where w,, is the rotor angular velocity and L is the phase inductance. The torque induced in the rotor can be
calculated from equation (5).

1 _dL(6D)
— 32
Te =548

(5)

Where T, is the torque induced in the rotor. The mechanical motion equation of the outer rotor IWSRM is given
in equation (6).

dw,,
Te=1W+me+ TL (6)

Where, J is the moment of inertia, B is the friction coefficient and T}, is the load torque.
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Figure 11. Matlab/Simulink model of the outer rotor IWSRM.
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The dynamic model of the outer rotor IWSRM prepared in Matlab Simulink software is shown in Figure 11.
The simulation model parameters and values of the outer rotor IWSRM are given in Table 2. The simulation results
of the outer rotor IWSRM are given in Figure 12 for speed, torque, and phase currents under T =80 Nm load
torque at n=200 rpm reference speed. Proportional integral (PI) controller is used for speed and current control of
the outer rotor IWSRM. When the speed graph is examined, the outer rotor IWSRM rotor speed reaches the
reference speed in a short time and catches the steady state with a small oscillation. When the outer rotor IWSRM
is started, the phase currents take large values. After the outer rotor IWSRM is started, phase currents decrease to
normal values. Likewise, the torque ripple produced in the rotor during starting is high. When the rotor speed
reaches the reference speed, the torque graph becomes smooth.
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Figure 12. Simulation results for ne=200 rpm reference speed, and T, =80 Nm load torque (a) Rotor speed, (b)
Torque, (c) Phase currents.
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Table 2. Simulation parameters of the outer rotor IWSRM.

Parameter Value

DC bus voltage 300 V

A phase resistance (R) 05Q

Friction factor (B) 0.0055 Nm/(rad/s)
Inertia of rotor (J) 0.0593 Kg.m?
Proportional coefficient (Kp) 30

Integral coefficient (Kj) 0.5

Load torque (T.) 80 Nm

5. Conclusion

In this study, outer rotor in wheel switched reluctance motor with 18 poles in its stator and 24 poles in its

rotor designed for electric vehicles is investigated using FEM under nonlinear magnetic conditions. In outer rotor
IWSRM, a phase is formed by simultaneously exciting the windings on six opposite poles in the stator. Thus, the
outer rotor IWSRM converter is simpler and produces larger torques by using fewer solid-state switches. At the
nominal current, the magnetic field distribution of the outer rotor IWSRM is obtained by rotating the rotor at an
angle of each one degree. In addition, a phase inductance, torque, and total torque are calculated at the nominal
current. As a result, low torque ripple is obtained in the investigated model of outer rotor IWSRM.
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