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Abstract 

 

Switched reluctance motor (SRM) is suitable for electric vehicle (EV) applications with the advantages of simple structure, 
good overload capability, and inherent fault-tolerance performance. The SRM dynamic simulation model is built based on torque, 
voltage, and flux linkage equations. The EV model is built on the basis of the analysis of forces acting on a vehicle. The entire 
speed range of the SRM drive is then divided into constant torque and constant power areas. The command torque of the motor 
drive system is given according to the accelerator pedal coefficient and motor operation areas. A novel adaptive variable angle 
control is proposed to avoid the switching chattering between the current chopping control and angle position control modes in 
SRM drives for EV applications. Finally, simulation analysis and experimental results are conducted to verify the accuracy of the 
proposed simulation model and control strategy. 
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I. INTRODUCTION 

The development of the automobile industry aggravates 
environment pollution and energy crisis. Electric vehicles 
(EVs) have received increasing attention worldwide because 
of low noise, high efficiency, and less pollution emission 
[1]-[3]. Switched reluctance motor (SRM) has several 
advantages, such as a simple structure, four-quadrant 
operation, wide extended speed range, robustness, and the 
potential to operate at high rotational speeds. These features 
make SRM an attractive solution for the drivetrains of EV 
applications [4]-[7]. 

In [8], a comparison of the energy consumption of the 
interior permanent magnet synchronous motors (IPMSMs) 
and SRMs in four driving schedules was conducted. The 
results showed that SRM has higher efficiency than IPMSM 
in high speed range. Thus, the SRM has better performance in 
Highway Fuel Economy Driving Schedule and in New 

European Driving Cycle. In addition, SRMs exhibit 
superiority if EVs are equipped with high gear ratio. An SRM 
with a high number of rotor poles was comprehensively 
evaluated for traction application in EVs in [9]. These types 
of SRM have better self-starting and fault tolerance 
capabilities than the conventional SRM. An SRM with 
segmented rotor construction for direct drive application was 
proposed in [10]. The drive efficiency and power density of 
the SRM could be enhanced because of low iron weight and 
short flux paths. In [11], the design indicators and design 
procedure of SRM for EVs were proposed. Based on these 
indicators, multi-objective optimization method was adopted 
to obtain the stator winding turns, pole arc width, and air gap 
length. A detailed model of SRM drive and power converter, 
which covers motoring and generating modes of EV, was 
developed in [12]. A multi-objective power flow control 
method with repetitive controller was proposed to restrain 
battery current ripple based on the above model. In [13], a 
finite horizon linear quadratic regulator was proposed for the 
current control of an SRM. This method could cope with the 
measurement noise and uncertainties within the machine 
inductance profile. A novel phase current reconstruction 
method from the dc-link current employing double 
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high-frequency pulse injection was proposed in [14]; this 
method uses only one current sensor in the dc link and 
requires no additional circuits. An offline torque-sharing 
function (TSF) for torque ripple reduction in SRM drive was 
proposed in [15]. The maximum ripple-free torque speed of 
the selected offline TSF was seven times as high as the best 
case in conventional TSFs. In [16], a direct instantaneous 
torque control (DITC) with wide operating range for SRMs 
was presented. Compared with the conventional DITC, the 
proposed DITC could reduce the torque ripple without the 
additional optimization strategy for switching angles.  

Different control techniques have been proposed to 
improve the operation performance of SRM drives. However, 
few of them consider the systematic design and control in 
SRM drives for EV applications. In the present study, an 
optimal three-phase 12/8 pole SRM is adopted for EV drive 
motor [17]. The dynamic simulation model is built to analyze 
the motor mechanical characteristic, and the torque 
commands are given according to the accelerator pedal 
coefficient in the constant torque and constant power areas to 
exploit the torque output capability of the SRM. A novel 
adaptive variable angle control (AVAC) is proposed to 
implement a seamless transition between the current 
chopping control (CCC) and angle position control (APC) 
without considering load variations. The EV simulation 
model is built based on vehicle dynamic equations to 
demonstrate the proposed control strategy. Finally, 
experimental results are presented to validate the feasibility 
and accuracy of the proposed control method on a small EV 
prototype. 

 

II. DYNAMIC SIMULATION MODEL OF SRM 

An optimal three-phase 12/8 pole SRM is designed for EV 
drive motor [11]. Fig. 1(a) shows the cross-sectional profile 
of the SRM. Figs. 1(b), 1(c), and 1(d) show the 
torque/power–speed characteristics, flux linkage–current–
position characteristics, and torque–position–current 
characteristics, respectively. The SRM parameters are listed 
in Table I. 

Fig. 1(c) shows that the SRM usually works in saturation 
state. The flux linkage, inductance, and torque are highly 
coupled and nonlinear with the variation of rotor position and 
phase current. Hence, magnetization characteristics are 
difficult to decouple and model mathematically. The induced 
electromagnetic torque for a specified current can be obtained 
by differentiating the coenergy Wm' with respect to the rotor 
position θ, which can be expressed as 

consti
m

e

W
T 


 |

'


,                  (1) 

where Wm' stands for coenergy, Te represents electromagnetic 
torque, and i denotes phase current. 

The obtained coenergy is equal to the area enclosed by the 
λ–i curve over one excitation cycle and can be expressed as 

 
(a) Cross-sectional profile of SRM. 
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(b) Torque/power–speed characteristics.  

 
(c) Flux linkage–current–position characteristics. 

 
(d) Torque–position–current characteristics. 

Fig. 1. Optimal three-phase 12/8 pole SRM. 
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Fig. 2. SRM dynamic simulation model. 
 

 
(a) Force analysis of EV on the slope. 
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(b) EV simulation model. 

Fig. 3. EV model. 
 

diW
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where ψ denotes winding flux linkage. 
The phase voltage equation is 

  0)(  dtRiu ,             (3) 

where R represents winding resistance, and u denotes 
winding voltage.  

By combining the torque (1), coenergy (2), and flux 
linkage (3), the dynamic simulation model of the SRM drive 
is built based on the flux linkage–current position 
characteristics and torque–position–current characteristics, as 
shown in Fig. 2. The entire model consists of the rotor 
position and velocity calculation modules, and controller, 

power converter, and SRM modules. 
 

III. EV SIMULATION MODEL 

Fig. 3(a) shows the force analysis of the EV on a slope. 

The forces include traction force Ft, aerodynamic resistance 

FW, rolling resistance Fr, grading resistance Fg, and 

accelerating resistance Fa. 

The traction force Ft is derived from the electromagnetic 
torque generated by the SRM, transferred through 
transmission, and finally driven to the drive wheels of the EV, 
which is expressed as 

w

e
ot R

T
iF  ,                     (4) 
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TABLE I 
SRM PARAMETERS 

Parameters Symbol Value 

Stator/Rotor Ns/Nr 12/8 

Stator radius (mm) ds 90 

Rotor radius (mm) dr 49.5 

Stator yoke thickness (mm) ys 11.5 

Rotor yoke thickness (mm) yr 12.5 

Stator pole length (mm) hs 28.5 

Rotor pole length (mm) hr 17 

Stator pole arc (°) βs 15 

Rotor pole arc (°) βr 16 

Iron length (mm) L 150 

Turns per pole N 12 

Air gap length (mm) g 0.5 

 

TABLE II 
SIMULATION PARAMETERS OF EV 

Parameters Symbol Value 

Vehicle mass (kg) M 800 

Rolling resistance coefficient fr 0.01 

Aerodynamic drag coefficient CD 0.23 

Front area (m2) Af 2.0 

Gravity acceleration (m/s2) g 9.8 

Air mass density (kg/m3) ρ 1.205 

Wheel diameter (m) Dw 0.5 

Final ratio io 10 

Rotational inertia factor δ 1.05 
 

where Te is the motor electromagnetic torque, io is the gear 
ratio of the final drive, η is the efficiency of the driveline 
from the motor to the driven wheels, and Rw is the wheel 
radius. 

The rolling resistance Fr caused by the friction of tires with 
the ground can be defined as 

cosMgfF rr  ,               (5) 

where fr is the friction coefficient of rolling. 
The aerodynamic resistance FW is the wind resistive force 

opposing the EV movement, which is described as 

2

2

1
VCAF DfW  ,               (6) 

where ρ is the air density, Af is the frontal area of EV, and CD 
is the aerodynamic drag coefficient. 

The grading resistance Fg is the weight component of the 
EV that is always directed in the downward direction and can 
be expressed as 

sinMgFg  .                 (7) 

The accelerating resistance Fa, which accelerates the EV 
can be described as 

dt

dV
MFa  ,                 (8) 

where δ is the mass factor that equivalently converts the 

rotational inertias of rotating components into translational 
mass. 

According to Newton’s second law, 

agWrt FFFFF  .            (9) 

The vehicle model can be built based on vehicle dynamics 
((4)–(9)). By combining the SRM model built in Part II, the 
entire EV simulation model is built in Matlab/Simulink, as 
shown in Fig. 3(b). It is composed of modules of drive cycle, 
SRM model, final drive, and vehicle model. The EV 
parameters are listed in Table II. 

 

IV. CONTROL STRATEGIES OF SRM DRIVE 
FOR EV 

To implement the smooth and dynamic acceleration 
process of the EV, the accelerator pedal coefficient γ(k) is 
defined as  
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where v(k) is the sampling value of the accelerator pedal; and 
vmin and vmax are the minimum and maximum sampling 
threshold values of the accelerator pedal. 

As shown in Fig. 1(b), the base speed nb divides the entire 
SRM speed range into constant torque and constant power 
areas. To exploit the torque output capability of the SRM, the 
relationships of motor command torque Tref with accelerator 
pedal coefficient γ(k) and motor speed n are set as follows: 
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where Tmax is the maximum torque in the constant torque area, 
and Pmax is the maximum output power in the constant power 
area. 

The SRM control structural diagram is proposed, as shown 
in Fig. 4. It is composed of torque controller, current 
controller, adaptive angle controller, logic synthesis unit, and 
torque estimator. The logic synthesis unit synthesizes the 
outputs of the current and adaptive angle controllers and 
inputs them into the asymmetrical half-bridge power 
converter. The accelerator pedal sampling signal v(k) is 
converted into accelerator pedal coefficient γ(k) according to 
(10). γ(k) is then converted into motor reference torque Tref 
according to (11). The reference torque Tref and estimated 
torque Te are inputted into the torque controller, which 
converts the torque error into three-phase current command 
iref. iref and the actual phase current i sensed by the Hall effect 
sensor are inputted into the hysteresis current controller. The 
chopping gating signals of insulated gate bipolar transistors 
(IGBTs) in an asymmetric half-bridge power inverter are 
generated by the logic synthesis unit. The average torque can  
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Fig. 4. SRM control structural diagram. 
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(b) Control flowchart and control rules. 

 

 
(c) Fuzzy angle regulator. 

 

Fig. 5. Structural diagram of adaptive variable angel control. 

 
be estimated by the torque estimator based on (1), (2), and (3) 
[18]. 

Current controller is one of the most important parts of the 
SRM drive. Some current controllers have been investigated 
in [19]-[21], including gain-scheduling PI controller, 
predictive current controller, and sliding mode current 

controller. Hysteresis current controller is one of the most 
well-known current controllers because of its simple structure, 
strong robustness, and fast dynamic response. The soft 
chopping mode is implemented in this study by using a 
digital controller to further reduce control complexity and 
switching frequency [22]. 

 

For SRM drives, CCC is usually adopted at low speed to 

limit the current amplitude, and APC is used to enhance the 

power output capability at high speed. If the load is constant, 

the speed, θon and θoff, at the switching instants of the two 

modes can be determined by trial and error. However, for 

vehicle applications, the load changes with the road 

conditions and passenger numbers, and determining θon and 

θoff is difficult at the instance of transition between CCC and 

APC. Improper switching angles will cause switching 

chattering and result in an unstable drive system. AVAC is 

proposed in this study to solve the aforementioned problems. 
 

The structural diagram of AVAC is shown in Fig. 5(a), 
which is composed of CCC controller, chopping counter, 
comparator, selector, fuzzy angle regulator, upper-limit 
constant Upc, and lower-limit constant Downc. The control 
flowchart and control rules are shown in Fig. 5(b). Chopping 
counter counts the chopping number nc during one electric 
period. The comparator compares nc with Downc or Upc 
(Downc < Upc. Downc is used for acceleration process. Downc 
and Upc are used for deceleration process). 

During the acceleration process, if nc > Downc, the selector 
sets the selection signal sg to a high level. The CCC controller 
will increase the reference current iref to change the speed n. 
The fuzzy angle regulator is not used, and θon and θoff remain 
unchanged. nc decreases with the increase in speed. When nc 
< Downc, the switching angles should be moved forward. If 
θon > −8°, the selector assigns sg to a low level, the fuzzy 
angle regulator will regulate θon and θoff, and the CCC 
controller is not used. After θon and θoff are moved forward, nc 
will increase and be greater than Downc, and the CCC 
controller is re-employed. During the acceleration process, 
the CCC controller and fuzzy angle regulator adjust the motor 
speed or torque in turn until θon and θoff are set to −8° and 10°, 
respectively. 

 

During the deceleration process, if nc < Downc, sg is set to a 
low level. The fuzzy angle regulator regulates θon and θoff to 
decrease speed. The CCC controller is not adopted, and iref 
remains unchanged. As the speed decreases when Downc < nc 
< Upc, sg is set to a high level. The CCC controller decreases 
iref, which further increases nc. When nc > Upc and θon < 0°, 
the selector sets sg to a low level, and the switching angles 
should be shifted backward to prevent the conduction angle 
from being turned on too early. The fuzzy angle regulator 
then moves θon and θoff backward. Subsequently, nc will be 
smaller than Upc, and the CCC controller is re-employed. 
During the deceleration process, the CCC controller and 
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fuzzy angle regulator are used in turns to adjust the motor 
speed or torque until θon and θoff are set to 0° and 18°, 
respectively. When θon = 0°, the CCC controller will always 
be adopted to regulate the motor speed. 

 

During the acceleration process, Downc is used for 
selecting the appropriate controller. During the deceleration 
process, Downc and Upc are used for selecting the appropriate 
controller. 

 

Given that the SRM drive is a nonlinear coupling system, 
fuzzy control algorithm is adopted to regulate the switching 
angles. The fixed dwell angle control is adopted, and θon and 
θoff are controlled by the same fuzzy angle regulator. Fig. 5(c) 
shows the structural diagram of the fuzzy angle regulator. 
The error e and change of error ∆e are used as the input 
variables, which are defined as 

)()()( kTkTke eref  ,             (12) 

)()1()1()()( kTkTkekeke ee  ,   (13) 

)1()(  kTkT refref ,              (14) 

where Tref and Te are the reference torque command and the 
motor output torque, respectively. Indices k and k−1 are the 
current and previous states of the motor, respectively. 

eGe eN  ,                  (15) 

eGe eN   ,                 (16) 

NG    ,                 (17) 

where Ge, G∆e, and G∆θ are the input scaling and output 
scaling factors. 

)()1()( kkk onon              (18) 

)()()( kkk offoff               (19) 

The rule forms used for the fuzzy angle regulator can be 
expressed as follows: 

if    and  , 

then   

   i = 1, 2, …, m,       j = 1, 2, …, n,           (20) 

where  is the fuzzy set of the deviation of the motor torque, 

 is the fuzzy set of the variation from the deviation of the 

motor torque, and  is the fuzzy set of the increment of θon 
and θoff. 

 

V. SIMULATION ANALYSES 

Fig. 6 shows the simulation waveforms at the startup stage 
of EV with γ(k) = 0.5 and γ(k) = 1. Figs. 6(a) and 6(c) 
illustrate the reference current iref, actual phase current i, and 
speed n. The chopping number nc is greater than Downc; thus, 
θon and θoff are not changed, and CCC controller is adopted in 
the constant torque area. The time accelerating SRM from 0 
r/min to 1200 r/min with γ(k) = 1 is only about half of that 
with γ(k) = 0.5. i tracks iref well by the hysteresis current  
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0

2000

4000

6000

8000

0 0.2 0.4 0.6 0.8 1 1.2
0

20

40

60

80

 
(d) P and Te with γ(k) = 1. 

i C
/A

i B
/A

i A
/A

Time/s  
(e) Enlarged view of the three-phase currents. 

Fig. 6. Simulation in the constant torque area. 
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Fig. 7. Simulation in the constant power area. 

controller. Figs. 6(b) and 6(d) illustrate the motor output 
power P and electromagnetic torque Te with γ(k) = 0.5 and γ(k) 
= 1. At the startup stage, Te rapidly increases to 30 Nm and 
60 Nm with γ(k) = 0.5 and γ(k) = 1, respectively, and then 
remains unchanged in the constant torque area. P increases 
continuously and reaches 3250 W and 7500 W with γ(k) = 0.5 
and γ(k) = 1, respectively. Fig. 6 (e) shows the enlarged view 
of the three-phase currents in the constant torque area. 

Fig. 7 illustrates the simulation waveforms in the constant 
power area with γ(k) = 0.5 and γ(k) = 1. Figs. 7(a) and 7(c) 
illustrate the speed n, reference current iref, θon, and the 
selection signal sg. If nc > Downc, sg = 1; otherwise sg = 0. 
When sg is high, CCC is adopted and iref increases with n. 
When sg is low, θon and θoff are adjusted by the fuzzy control 
algorithm. sg changes between 1 and 0, which indicates that 
the CCC controller and fuzzy angle regulator are adopted in 
turns. Figs. 7(b) and 7(c) show that Te decreases gradually 
with the increase of n, and the output power P remains stable 
around 3250 W and 7500 W with γ(k) = 0.5 and γ(k) = 1, 
respectively. Fig. 7(e) shows the enlarged view of the 
three-phase currents in the constant power area. 

VI. EXPERIMENTAL RESULTS

Fig. 8(a) shows the pictures of the test EV equipped with 
the designed SRM. The EV is a front-wheel drive, and the 
SRM drives the front wheels through gear reducer and 
differential. The parameters of the EV are listed in Table II. 
The small EV is operated on the flat ground. The weight of 
the small EV is 860 kg, including the driver. Fig. 8(b) shows 
the picture of the EV control system. MCU dsPIC30f6010A 
and CPLD EPM570T are used as the main and auxiliary 
controllers, respectively. The asymmetrical half-bridge power 
inverter is used for power conversion, and M57962AL is used 
as the driver chip. 

Fig. 9 illustrates the experimental waveforms in the 
constant torque area. CH1 is the phase current waveform, and 
CH3 is the motor speed waveform in Fig. 9(a). The motor 
speed reaches 1200 r/min in approximately 1.2 s, which is the 
same as the simulation result shown in Fig. 6(c). In Fig. 9(b), 
CH1, CH2, and CH3 denote the three-phase current 
waveforms. CH4 represents the reference current iref. θon and 
θoff of the SRM are set to 0° and 18°, and the sampling 
frequency and hysteresis bandwidth are 20 kHz and 8 A, 
respectively. The three-phase currents are limited within the 
hysteresis bandwidth and track the iref well using the digital 
hysteresis current controller. 

Fig. 10 shows the experimental waveforms in the constant 
power area. CH1 is the speed n, CH2 is the reference current 
iref, CH3 is θon, and CH4 is the selection signal sg in Figs. 10(a) 
and 10(b). During the acceleration process, CH1 and CH2 
indicates that iref increases with n (Fig. 10(a)). θon and θoff are 
unchanged in the initial stage, and nc decreases. When nc <  
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(a) EV. 

(b) Control system. 

Fig. 8. Pictures of the EV and controller. 

(a) Current and speed. 

(b) iref and phase current. 
Fig. 9. Experiment in the constant torque area. 

(a) Acceleration process. 

(b) Deceleration process. 

(c) iref and phase current. 
 

Fig. 10. Experiment in the constant power area. 

Downc, θon is moved forward by the fuzzy angle regulator, as 
shown in CH3, and nc increases. When nc > Downc, the CCC 
controller regulates iref, as shown in CH2. CH4 indicates that 
sg changes between 1 and 0; thus, the CCC controller and 
fuzzy angle regulator are employed in turns to regulate iref 
and the switching angles. 

During the initial stage of deceleration process, given nc < 
Downc, θon is moved backward by the fuzzy angle regulator, 
as shown in CH3 (Fig. 10(b)). iref is unchanged, as shown in 
CH2, and nc increases. When Downc < nc < Upc, the CCC 
controller is adopted to decrease iref, and nc further increases. 
When nc > Upc, the fuzzy angle regulator moves θon and θoff 
backward. CH4 indicates that sg changes between 1 and 0; 
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(a) Conventional control method with improper switching angles. 

 

 
(b) Conventional control method with proper switching angles. 

 

 
(c) Proposed control method. 

 

Fig. 11. Comparison between the conventional control method and 
the proposed control method. 

 
thus, the CCC controller and fuzzy angle regulator are 
employed in turns. When θon = 0°, the CCC controller will 
always be used, as shown in CH4. Thus, θon and θoff are 
adjusted by the proposed adaptive angle controller. In Fig. 
10(c), CH1, CH2, and CH3 show the enlarged views of the 
three-phase current waveforms in the constant power area, 
and CH4 shows iref. 

Fig. 11 shows the comparison between the conventional 
and the proposed control methods. CH1, CH2, and CH3 
denotes the speed n, phase current i, and selection signal s, 
respectively. Fig. 11(a) shows that the phase current changes 
suddenly at the instance of CCC switching to APC if the 
turn-on and turn-off angles are improper, and the EV gives a 
sudden shake because of the motor torque variation. However, 

the abrupt speed change cannot occur because of the system 
inertia moment when the EV runs on the ground. The driving 
wheels of the EV are lifted to eliminate the effect of the 
system inertia moment and reflect the evident change in 
motor speed using the conventional control method, as shown 
in Fig. 11(a). As shown in Fig. 11(b), the switching angles 
are selected appropriately by trial and error, and the speed 
will be smooth at the instance of CCC switching to APC. 
However, for EV applications, the loads are changed 
randomly according to traffic conditions. Thus, determining 
the proper turn-on and turn-off angles for all the loads is 
extremely difficult. The proposed method can adaptively 
regulate the switching angles at the instance of switching 
between the two modes, as shown in Fig. 11(c). The speed 
adjustment process of the EV is smooth, and the seamless 
transition between the two control modes is implemented. 
Thus, the method is remarkably suitable for EV applications. 

 

VII. CONCLUSIONS 

An EV model is developed in this study by combining the 
dynamic simulation model of SRM with the vehicle dynamic 
equations. The command torque of the motor drive system is 
given based on the accelerator pedal coefficient and motor 
operation areas. The AVAC control strategy is presented to 
improve the smoothness and comfort for EV applications, 
thereby avoiding the switching chattering between CCC and 
APC in the SRM drive. The flowchart and control rules of the 
control technique are also proposed. The main idea is to 
regulate θon and θoff adaptively by the fuzzy angle regulator 
according to the chopping number during one electrical 
period. The CCC controller and fuzzy angle regulator are 
adopted in turns by comparing nc with two constants, Downc 
or Upc, during the speed regulation process. The proposed 
method does not need to determine θon and θoff at the 
instances of switching between the two modes when the loads 
are usually changed. Thus, the proposed method is 
remarkably suitable for EV applications. An EV prototype is 
developed to experimentally verify the feasibility and 
effectiveness of the proposed control strategies. 
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