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Abstract—This paper presents three criteria for evaluating the
motoring operations of switched reluctance motor (SRM) drives
for electric vehicles (EVs). They imply motoring torque, copper
loss, and torque ripple, respectively. The effects of the turn-off
and turn-on angles on these criteria are investigated under hys-
teresis current control. To fulfill the best motoring operation, con-
sequently, the multiobjective optimization function is developed
by using three weight factors and three groups of base values:
the correct balance between the maximum average torque, the
maximum average torque per root mean square current, and
the maximum torque smoothness factor. The study in this paper
shows that the turn-off and the turn-on angles can be optimized to
maximize the developed multiobjective function. In addition, the
control method for the best motoring operation of SRM drives
in EVs is proposed. In this method, two angular controllers are
proposed to automatically tune the turn-off and turn-on angles
to obtain high motoring torque, low copper loss, and low torque
ripple. Simulations and experimental results have demonstrated
the proposed optimal control method. Therefore, this paper offers
a valuable and feasible approach for implementing the best motor-
ing operation of SRM drives for EVs.

Index Terms—Control, electric vehicles (EVs), optimization,
switched reluctance motor (SRM) drives.

I. INTRODUCTION

DUE to simple and rugged motor construction, low weight,
potentially low production cost, undemanding cooling,

excellent torque–speed characteristics, high torque density, high
operating efficiency, and inherent fault tolerance, switched
reluctance motor (SRM) drives are emerging as an attractive
solution for electric vehicle (EV) applications [1]–[4]. Traction
performances of EVs depend on the performances of SRM
drives. Hence, the excellent motoring operation of SRMs is im-
portant for EVs with high performances. This paper is focused
on this challenging issue.
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Some studies relative to this issue have been reported.
Fahimi et al. [5] presented an adaptive control scheme to
maximize torque per ampere at low and high speeds, and the
turn-on and turn-off angles were self-tuned by using artifi-
cial neural networks. In [6], a generic algorithm was used
to optimize the turn-on and turn-off angles to maximize av-
erage torque. In current and voltage control strategies, the
turn-off angle was optimized to maximize energy conversion
per stroke. Furthermore, the formulas for the optimal turn-
off angles were developed in [7]. The turn-on and turn-off
angles were optimized to maximize the drive system efficiency
and the peak overload capability in [8]. To maximize SRM
efficiency, the turn-on angle was optimized, and the conduction
angle was maintained at a constant to maximize the ratio of
the average torque to root mean square (rms) current [9]. A
new method that determines the optimal turn-on and turn-off
angles online was proposed in [10] to accomplish an acceptable
balance between energy efficiency and torque ripple criteria.
Niazi et al. [11] proposed the control method to maximize
torque per ampere, which was applied to permanent-magnet-
assisted synchronous reluctance motors for traction application.
A control strategy to minimize the losses of an induction motor
propelling an EV was presented in [12]. For those reported
techniques, in summary, control objectives were selected to
maximize average torque, to maximize torque per rms current,
to maximize efficiency, to minimize loss, or to obtain the
balance between maximum efficiency and minimum torque
ripple.

The aim of this study is to find an optimal control method
to implement the best motoring operation of SRM drives in
EVs. The best motoring operation is regarded as high motor-
ing torque, high operating efficiency, and low torque ripple.
Different from previously reported optimization objectives,
the developed multiobjective function is the correct compro-
mise between maximum average torque, maximum average
torque per rms current (minimum copper loss), and maximum
torque smoothness factor (minimum torque ripple). Thus, the
proposed multiobjective function meets the requirement of
the best motoring operation of electric motor drives in EVs.
Consequently, the turn-off and turn-on angles are optimized
by using the proposed multiobjective function. Two angular
controllers are proposed to automatically adjust the turn-on and
turn-off angles to obtain higher motoring torque, lower copper
loss, and lower torque ripple. The simulation and experimen-
tal results will demonstrate that the proposed method can be
used to implement the best motoring operation of SRM drives
in EVs.

0018-9545/$26.00 © 2010 IEEE
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II. CHARACTERISTICS OF MOTORING OPERATION

OF SWITCHED RELUCTANCE MOTOR DRIVES

In general, motoring operation of SRM drives can be clas-
sified into two modes. One is the constant torque operation at
low and medium speeds, and the other is the constant power
one at high speed. The in-wheel SRM drive is used to directly
drive vehicle wheels in this study. Thus, the motoring operation
of the in-wheel SRM drive is regarded as the constant torque
operation in this paper. Furthermore, the current hysteresis
control is selected to implement the constant torque operation.
In this case, the controlled parameters in SRM drives can be
selected as the turn-on angle, the turn-off angle, and the current
reference.

A. Model of SRM Drives

For SRM drives, the phase flux linkage and phase current
must satisfy the following equation:

Vph =
dψ(θ, i)

dt
+ irph (1)

where Vph represents the voltage applied to a phase winding,
ψ represents the phase flux linkage, θ represents the rotor
position, i represents the phase current, t represents the time,
and rph represents the phase resistance.

For the specified SRM drives, the flux linkage and torque
characteristics can be obtained by using finite-element analysis
or the experiment, which are expressed as

ψ(θ, i) = fψ(θ, i) (2)

Tph(θ, i) = fT (θ, i) (3)

where Tph represents the torque produced by one phase.
Neglecting ON-state drop of power switches, the relation-

ships between the dc-link voltage, phase voltage, turn-on angle,
turn-off angle, rotor position, current reference, and phase
current can be given as

Vph =Vdc (i ≤ Iref − 0.5Ib)

Vph = 0 (i ≥ Iref + 0.5Ib) (θon ≤ θ < θoff) (4)

Vph = − Vdc (θoff ≤ θ ≤ θe) (5)

where Vdc denotes the dc-link voltage, Iref denotes the current
reference, Ib denotes the hysteresis band, θon denotes the turn-
on angle, θoff denotes the turn-off angle, and θe denotes the
extinguishing angle.

B. Criteria for Motoring Operation

From the requirement of EVs on motoring operation of
electric motors [4], the following three criteria are proposed:
1) the average torque; 2) the average torque per rms current; and
3) the torque smoothness factor. They imply the magnitudes of
motoring torque, the operating efficiency, and the torque ripple,
respectively.

The computation of the average torque in SRM drives is
given as

Tave =
1
θp

(θon+θp)∫
θon

Nph∑
k=1

Tphk(θ, i)dθ (6)

where θp denotes the period of the phase current, Nph denotes
the number of phases, and Tphk denotes the phase torque.

Consequently, the average torque per rms current is ex-
pressed as

TC =
Tave

Irms
(7)

where Irms denotes the rms value of the phase current.
In this paper, the torque smoothness factor is defined as

TSF = min
{

Tave

Tmax − Tave
,

Tave

Tave − Tmin

}
(8)

where Tmax represents the maximum value of instantaneous
torque, and Tmin represents the minimum value of instanta-
neous torque.

For SRM drives in EVs, the values of the three criteria
are desired to be as large as possible because large average
torque, large average torque per rms current, and large torque
smoothness factor imply high torque, low copper loss (high
operating efficiency), and low torque ripple, respectively.

Investigating the effects of the controlled parameters on the
criteria is quite helpful in the development of a novel control
method for the best motoring operation of SRM drives. In
this paper, the prototype of the four-phase, 5-kW, in-wheel
SRM drive is used to investigate the optimal control method
for motoring operation. The rotor position is defined as 0◦

when the stator pole is fully unaligned with the rotor pole,
and the rotor position is defined as 30◦ when the stator pole
is completely aligned with the rotor pole. The characteristics
of the flux linkage of the prototype are illustrated in Fig. 1 and
are computed by using the experiment. Hence, the above model
can be solved by using the given flux linkage characteristics
[13], [14], and consequently, three criteria can be computed.

C. Effects of Current Reference

Fig. 2(a) illustrates the effect of the current reference, and
the results in Fig. 2(a) are obtained when the turn-on angle is
equal to 0◦ and the turn-off angle is equal to 22◦. At various
motor speeds, the following can be observed: 1) The average
torque becomes large if the current reference increases; 2) the
average torque per rms current goes up if the current reference
increases; and 3) the torque smoothness factor increases with
an increment in the current reference.

For various turn-off angles, the effect of the current reference
is shown in Fig. 2(b) when the SRM is running at a turn-on
angle of 0◦ and a motor speed of 500 r/min. The following can
be observed: 1) The large current reference results in the large
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Fig. 1. Given flux linkage characteristics of the prototype.

average torque; 2) the average torque per rms current changes
with the current reference; and 3) the torque smoothness factor
goes up with increase in the current reference.

For a group of given turn-on angles, Fig. 2(c) depicts the
effect of the current reference at a turn-off angle of 24◦ and
a motor speed of 500 r/min. It can be observed that the average
torque, the average torque per rms current, and the torque
smoothness factor are augmented with an increase in the current
reference.

Therefore, Fig. 2 indicates that the large current reference
is beneficial for the implementation of the desired motoring
operation of SRM drives in EVs.

D. Effects of the Turn-Off Angle

When the SRM is operating at a turn-on angle of 0◦ and a
current reference of 15 A, the changes of the average torque,
the average torque per rms current, and the torque smoothness
factor with the turn-off angle are depicted in Fig. 3(a). The
following can be observed: 1) There are optimal turn-off angles
at various motor speeds such that the average torque leads to the
maximum values; 2) there are optimal turn-off angles and the
maximum average torque per rms current for different motor
speeds; and 3) the optimal turn-off angles can be found at var-
ious motor speeds to obtain the maximum torque smoothness
factors.

Fig. 3(b) shows the effect of the turn-off angle at various
current references when the SRM is running at a motor speed
of 500 r/min and a turn-on angle of 0◦. The following can be
observed: 1) The optimal turn-off angles can be determined
at various current references to maximize the average torque;
2) the optimal turn-off angles at different current references
can be found to achieve the maximum values of the average
torque per rms current; and 3) there are optimal turn-off angles
at various current references to obtain the maximum torque
smoothness factors.

The effect of the turn-off angle at various turn-on angles is
illustrated in Fig. 3(c) when the SRM is working at a motor
speed of 500 r/min and a current reference of 15 A. The
following can be observed: 1) There are optimal turn-off angles

Fig. 2. Effects of the current reference. (a) Various motor speeds. (b) Various
turn-off angles. (c) Various turn-on angles.

to maximize the average torque; 2) the maximum values of
the average torque per rms current can be obtained when the
turn-off angles are equal to the optimal values, and 3) there are
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Fig. 3. Effects of the turn-off angle. (a) Various motor speeds. (b) Various
current references. (c) Various turn-on angles.

always optimal turn-off angles such that the torque smoothness
factor reaches the maximum values.

As a result, the turn-off angle has significant effects on
the motoring operation of SRM drives. The turn-off angle

can be optimized to obtain the maximum average torque, the
maximum average torque per rms current, or the maximum
torque smoothness factor.

E. Effects of the Turn-On Angle

Fig. 4(a) illustrates the effect of the turn-on angle at various
motor speeds when the SRM is running at a turn-off angle of
24◦ and a current reference of 15 A. The following can be
observed: 1) The average torque has similar values if the turn-
on angle is smaller than 6◦, and the average torque goes down
with an increase in the turn-on angle if the turn-on angle is
larger than 6◦; 2) there are optimal turn-on angles such that the
average torque per rms current reaches the maximum values;
and 3) the optimal turn-on angles can be found to obtain the
maximum torque smoothness factors.

The effect of the turn-on angle at various current references is
depicted in Fig. 4(b) when the SRM is working at a motor speed
of 500 r/min and a turn-off angle of 24◦. The following can
clearly be observed: 1) The average torque has similar values
if the turn-on angle is smaller than 6◦, and the average torque
becomes small with an increase in the turn-on angle if the turn-
on angle is larger than 6◦; 2) the average torque per rms current
leads to the maximum value if the turn-on angle is the optimal
value; and 3) the optimal turn-on angles can be determined to
have the maximum torque smoothness factors.

At various turn-off angles, the effect of the turn-on angle
is illustrated in Fig. 4(c) when the SRM is operating at a
motor speed of 500 r/min and a current reference of 15 A. The
following can be observed: 1) The average torque has similar
values if the turn-on angle is smaller than 6◦, and the average
torque becomes small with an increase in the turn-on angle if
the turn-on angle is larger than 6◦; 2) there are optimal turn-on
angles to obtain the maximum values of the average torque per
rms current; and 3) the optimal turn-on angles can be found to
maximize the torque smoothness factor.

Therefore, the turn-on angle has considerable effects on the
motoring operation of SRM drives. Optimal turn-on angles can
be found to maximize the average torque, the average torque
per rms current, or the torque smoothness factor.

III. OPTIMIZATION OF THE SINGLE-OBJECTIVE FUNCTION

A. Optimization Function With a Single Objective

The discussion in Section II shows that the reference cur-
rent, the turn-on angle, and the turn-off angle can be used to
control the torque, torque per ampere, and torque ripple of
the motor. To achieve the proposed optimization objective, a
direct solution is to optimize the current reference, the turn-
on angle, and the turn-off angle at various motor speeds. How-
ever, such an optimization with three variables will result in
complicated computations. Considering flexible control modes
of SRM drives, an alternative solution is developed in this
paper to simplify the optimization computation. The proposed
solution is that the turn-on and turn-off angles are optimized at
various current references and motor speeds to achieve the same
optimization objective. In actual application, consequently, the
optimal turn-on and turn-off angles can be determined from the
actual current reference and motor speed.
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Fig. 4. Effects of the turn-on angle. (a) Various motor speeds. (b) Various
current references. (c) Various turn-off angles.

The total losses in the motor should be considered for the
optimization. The total losses mainly include the copper and
iron losses. For a specified motor, the iron loss depends on
the flux density and the flux frequency. In this paper, the
optimization is carried out at a specified current reference and at

a specified motor speed. Hence, the dc-link voltage, the current
reference, and the motor speed are all constant when optimizing
the turn-on and turn-off angles. Consequently, the iron loss
during the optimization changes a little. It can be seen that
variation in the total losses is mainly dependent on the one in the
copper loss during the optimization. In this paper, therefore, the
copper loss is only taken into account during the optimization.

From the discussion in Section II, it can be concluded that at
any current reference and motor speed, the optimal turn-on and
turn-off angles can be found to maximize the average torque,
the average torque per rms current, or the torque smoothness
factor. Apparently, the optimization function will include only
one objective. In this section, hence, the turn-on and turn-
off angles will be optimized for three different optimization
functions, which are the average torque, the average torque per
rms current, and the torque smoothness factor.

These three optimization objective functions can be defined,
respectively, as follows:

Ft

(
θopt
on , θopt

off

)
= max{Tave} (9)

Ftc

(
θopt
on , θopt

off

)
= max{TC} (10)

Ftsf

(
θopt
on , θopt

off

)
= max{TSF} (11)

where Ft denotes the optimization function of the average
torque, Ftc denotes the optimization function of the average
torque per rms current, Ftsf denotes the optimization function
of the torque smoothness factor, θopt

on denotes the optimal turn-
on angle, and θopt

off denotes the optimal turn-off angle.
The developed 2-D search algorithm is used to optimize the

turn-on and turn-off angles. For the prototype of the four-phase
SRM drive, the turn-on angle changes in the range from −5◦ to
10◦, the turn-off angle varies in the range from 14◦ to 28◦, and
the conduction angle must not be larger than 30◦. The step size
to search for the optimal turn-on and turn-off angles is selected
as 0.5◦.

B. Optimization Results to Maximize the Average Torque

Fig. 5 illustrates the optimization results for maximization
of the average torque. Fig. 5(a) shows the distribution of the
optimal turn-on angles. The optimal turn-on angle changes in
the range from 0◦ to 4.5◦. The average value of the optimal
turn-on angles is calculated as 1.875◦. Fig. 5(b) illustrates the
distribution of the optimal turn-off angles. It can be observed
that the optimal turn-off angle changes in the range from 24.5◦

to 28◦. The average value of the optimal turn-off angles is equal
to 27.094◦. In addition, the maximum values of the average
torque are depicted in Fig. 5(c).

C. Optimization Results to Maximize the
Average Torque per RMS Current

The optimization results for maximization of the average
torque per rms current are shown in Fig. 6. The optimal turn-
on angles for maximizing average torque per rms current can
be observed in Fig. 6(a). The maximum value of the optimal
turn-on angles is 6.5◦, and the minimum value is 5.5◦. The
average value of the optimal turn-on angles is equal to 6.313◦.
The distribution of the optimal turn-off angles for maximizing
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Fig. 5. Maximization of average torque. (a) Optimal turn-on angle.
(b) Optimal turn-off angle. (c) Maximum average torque.

average torque per rms current is shown in Fig. 6(b). The
optimal turn-off angle varies in the range from 22.5◦ to 27.0◦

and the average value of the optimal turn-off angles for the
maximum average torque per rms current is 25.25◦. Further-
more, Fig. 6(c) illustrates the maximum values of the average
torque per rms current.

Fig. 6. Maximization of the average torque per rms current. (a) Optimal turn-
on angle. (b) Optimal turn-off angle. (c) Maximum value of average torque per
rms current.

D. Optimization Results to Maximize the Torque
Smoothness Factor

Fig. 7 shows the optimization results for maximizing the
torque smoothness factor. The optimal turn-on angles for maxi-
mizing the torque smoothness factor are illustrated in Fig. 7(a).



XUE et al.: OPTIMAL CONTROL METHOD OF MOTORING OPERATION FOR SRM DRIVES IN EVs 1197

They vary in the range from 0.5◦ to 10◦. The average value
of the optimal turn-on angles is 7.125◦. Fig. 7(b) depicts the
optimal turn-off angles for maximization of the torque smooth-
ness factor. The maximum value of the optimal turn-off angles
is 26.5◦, and the minimum value is 21◦. The average value of
the optimal turn-off angles is computed as 22.5◦. Moreover,
Fig. 7(c) shows the maximum torque smoothness factors.

IV. OPTIMIZATION OF THE MULTIOBJECTIVE FUNCTION

A. Optimization Function With Multiple Objectives

The best motoring operation of SRM drives in EVs is to
accomplish high torque, low copper loss, and low torque ripple.
However, it can be observed from Section III that the turn-on
and turn-off angles have different optimal values, respectively,
to maximize the average torque, the average torque per rms
current, or the torque smoothness factor. In other words, it is
impossible to simultaneously maximize those three objectives.
It can be seen that maximization of the first objective indicates
the maximum motoring torque, maximization of the second one
implies the minimum copper loss, and maximization of the third
one means the minimum torque ripple. In this paper, thus, the
multiobjective function is proposed, and it is defined as the
correct compromise between the average torque, the average
torque per rms current, and the torque smoothness factor by
using three weight factors and three groups of base values. Such
a multiobjective function can be expressed as

Fobj = wT
Tave

Tb
+ wTC

TC

TCb
+ wTSF

TSF

TSFb
(12)

wT + wTC + wTSF = 1 (13)

Tb = max{Tave} (14)

TCb = max{TC} (15)

TSFb = max{TSF} (16)

where Fobj denotes the developed multiobjective function, wT

denotes the weight factor of the average torque, wTC denotes
the weight factor of the average torque per rms current, wTSF

is the weight factor of the torque smoothness factor, Tb denotes
the base value of the average torque, TCb denotes the base value
of the average torque per rms current, and TSFb denotes the
base value of the torque smoothness factor. Those base values
have been determined in Section III.

It is clear that the developed multiobjective function includes
three criteria for the best motoring operation of SRM drives
in EVs. wT , wTC , and wTSF indicate the expected shares of
the average torque, the average torque per rms current, and the
torque smoothness factor, respectively. Thus, the optimization
function with multiple objectives can be given as

Fopt

(
θopt
on , θopt

off

)

= max
{

wT
Tave

Tb
+ wTC

TC

TCb
+ wTSF

TSF

TSFb

}
. (17)

In this paper, the in-wheel SRM drive is applied to EVs, and
hence, the importance of the torque or efficiency is stronger

Fig. 7. Maximization of torque smoothness factor. (a) Optimal turn-on angle.
(b) Optimal turn-off angle. (c) Maximum torque smoothness factor.

than that of the torque smoothness factor. Consequently, it is
suggested that the weight factor of the average torque is 0.4,
the weight factor of the average torque per rms current is equal
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to 0.4, and the weight factor of the torque smoothness factor is
equal to 0.2.

B. Optimization Results Under the Best Motoring Operation

Fig. 8 illustrates the optimization results by using the devel-
oped multiobjective optimization function. Fig. 8(a) depicts the
optimal turn-on angles, which change in the range from 5.5◦

to 6.5◦. The average value of the optimal turn-on angles is cal-
culated as 5.5◦. Fig. 8(b) shows the distribution of the optimal
turn-off angles, which change in the range from 21.5◦ to 28◦.
The average value of the optimal turn-off angles is equal to
25.875◦. The maximum values of the developed multiobjective
function are given in Fig. 8(c).

V. CONTROL METHOD OF THE BEST MOTORING

OPERATION FOR SWITCHED RELUCTANCE

MOTOR DRIVES IN ELECTRIC VEHICLES

A. Optimal Control Method

From the above investigations, the optimal control method to
accomplish best motoring operation of the SRM drive for EVs
can be proposed as follows.

1) Using the proposed single-objective functions, which are
the average torque, the average torque per rms current,
and the torque smoothness factor, the turn-off and turn-
on angles are optimized at given motor speeds and current
references.

2) Based on the developed multiobjective optimization func-
tion, which is defined as the correct balance between the
average torque, the average torque per rms current, and
the torque smoothness factor, the turn-off and turn-on
angles are optimized at given motor speeds and current
references.

3) The controller models of the turn-off and turn-on angles
are defined as the 2-D functions of the motor speed and
current reference, respectively.

4) The optimal turn-off and turn-on angles are calculated au-
tomatically according to the motor speed and current ref-
erence by using the turn-on and turn-off angle controllers.

5) The magnitude of the average motoring torque is adjusted
by controlling the current reference.

Fig. 9(a) depicts the flowchart for solving the optimization
problem, Fig. 9(b) illustrates the block diagram to optimize
the turn-off and turn-on angles for the best motoring operation
of SRM drives, and Fig. 9(c) shows the control scheme to
implement the proposed optimal control method.

The realization of the proposed control method can be
summarized as follows. Referring to Fig. 9(c), first, the
proportional–integral speed controller gives the current refer-
ence according to the specified speed reference. Based on the
current reference and the estimated motor speed, the turn-on
and turn-off angle controllers generate the optimal turn-on and
turn-off angles, respectively; at the same time, the hysteresis
current controller outputs the pulsewidth modulation (PWM)
control signals from the current reference, the measured actual
current, and the measured rotor position. Finally, the PWM
control signals are used to drive the SRM converter circuit.

Fig. 8. Maximization of the multiobjective function for best motoring opera-
tion. (a) Optimal turn-on angle. (b) Optimal turn-off angle. (c) Multiobjective
optimization function.

B. Controllers of Optimal Turn-Off and Turn-On Angles

It can be seen from the discussions in Section IV that the
optimal turn-off and turn-on angles depend on the current
and motor speed. It should be pointed out that the optimal
turn-on angle varies in a small range. Thus, the optimal turn-
on angle for the best motoring operation can be determined
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Fig. 9. Schematic diagrams of the proposed optimal control method. (a) Flowchart for solving the optimization problem. (b) Block diagram of the proposed
optimization. (c) Schematic diagram of the proposed optimal control.

as the constant value that is equal to 5.5◦ in this study. As
for the optimal turn-off angles, the controller model can be
defined by using the 2-D interpolation [14] or the 2-D analytical
expressions [15], [16]. In this paper, the controller model of the
optimal turn-off angles is expressed as [16]

θopt
off (Iref , ωr)=

3∑
k=0

3∑
j=0

ckj(Iref−Iave)k(ωr−ωave)j (18)

Iave =
M−1∑
k=0

Ik/M

ωave =
N−1∑
k=0

ωk/N (19)

where θopt
off represents the optimal turn-off angle, Iref represents

the current reference, ωr represents the motor speed, Ik repre-
sents the given current reference, M is the number of the given
current references, ωk represents the given motor speed, N is
the number of the given motor speeds, and ckj is the least square
coefficients that are described in Table I.

Fig. 10 illustrates the comparisons between the computed
optimal turn-off angles and the given optimal turn-off angles.
From the top to bottom graphs in Fig. 10(a), the current
reference is 5, 10, 15, and 20 A, respectively. From the top to
bottom graphs in Fig. 10(b), the motor speed is 250, 500, 750,

TABLE I
COEFFICIENTS IN THE CONTROLLER MODEL

OF THE OPTIMAL TURN-OFF ANGLE

and 1000 r/min, respectively. It can be seen that the developed
controller model of the optimal turn-off angle can be used to
accurately compute the optimal turn-off angle at real time.

C. Simulation Verification

Fig. 11 illustrates the simulation results only when maximiz-
ing the average torque, which means that the SRM drive runs
under the maximum torque control. Hence, Tave/Tb is equal
to unity. At the same time, TC/TCb varies in the range from
0.873 to 0.964, and TSF/TSFb changes in the range from
0.246 to 0.563. It is clear that the optimal turn-on and turn-
off angles for the maximum average torque can accomplish
the motoring operation with the maximum average torque.
However, the operating efficiency is not high, while the torque
ripple is considerably high.
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Fig. 10. Computed and given optimal turn-off angles. (a) Optimal turn-off
angle versus motor speed. (b) Optimal turn-off angle versus current reference.

If the optimization objective function is only composed of
maximization of the average torque per rms current, the perfor-
mances of the motoring operation are depicted in Fig. 12. It can
be observed that TC/TCb is always equal to unity, Tave/Tb

changes in the range from 0.941 to 0.965, and TSF/TSFb

changes in the range from 0.263 to 0.522. Obviously, the
torque ripple is high, although the operating efficiency is consi-
derably high.

In Fig. 13, maximization of the torque smoothness factor
is only selected as the optimization objective function. It can
be seen that TSF/TSFb is always equal to unity; however,
Tave/Tb is larger than 0.679 and is smaller than 0.770, and
TC/TCb varies in the range from 0.765 to 0.911. It is obvi-
ous that the torque ripple is low, but the average torque and
operating efficiency are not high.

The above results testify to the fact that the optimization
of the single objective gives rise to the maximization of the
corresponding individual objective, and other objectives do not
have the expected values.

Fig. 11. Motoring operation with maximum average torque.

Fig. 12. Motoring operation with maximum average torque per rms current.

Fig. 13. Motoring operation with maximum torque smoothness factor.

The performances of the best motoring operation are il-
lustrated in Fig. 14, where the compromise between three
objectives is selected as the optimization objective function
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Fig. 14. Best motoring operation.

TABLE II
COMPARISONS BETWEEN FOUR MOTORING OPERATIONS

(wt = wtc = 0.4, and wtsf = 0.2). It can be observed that
Tave/Tb is larger than 0.822 and smaller than 0.998, TC/TCb

changes in the range from 0.945 to 0.986, and TSF/TSFb

changes in the range from 0.284 to 0.883.
Table II shows the comparisons of the average values of

three objectives. Operation I maximizes the average torque,
operation II maximizes the average torque per rms current,
operation III maximizes the torque smoothness factor, and
operation IV maximizes the multiple objectives. It can be seen
that the optimal turn-off and turn-on angles under the best
motoring operation result in the large Tave/Tb, TC/TCb, and
TSF/TSFb, which indicate high average torque, low copper
loss, and low torque ripple, respectively. Clearly, the proposed
optimal control method meets the requirements of the best
motoring operation of SRM drives for EVs.

D. Experimental Verification

The experimental setup of the prototype is depicted in
Fig. 15. Fig. 16 shows the simulated and experimental current
waveforms when the in-wheel SRM drive runs at a speed of
752 r/min. The measured output torque is 7 N · m, and the
predicted average output torque is 7.368 N · m. The predicted
torque smoothness factor is equal to 1.831. The agreements be-
tween the simulated and measured current waveforms indicate
that the simulation model and simulation results are accurate.

Figs. 17 and 18 illustrate the experimental comparisons
between the proposed optimal motoring control and the tra-
ditional motoring control with the constant turn-on and turn-
off angles. For the same output torque, it can be observed that
the phase rms current under the proposed optimal motoring

Fig. 15. Experimental setup of the prototype.

Fig. 16. Current waveforms. (a) Measured current waveforms (horizontal
unit: 5 ms/div; vertical unit: 5 A/div). (b) Simulated current waveforms.

control is smaller than the one under the traditional motoring
control and that the average torque per rms current (TC)
under the proposed optimal motoring control is larger than the
one under the traditional motoring control. It shows that the
proposed optimal motoring control results in smaller copper
loss and larger output torque than the traditional motoring
control.
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Fig. 17. Experimental results at a motor speed of 200 r/min.

Fig. 18. Experimental results at a motor speed of 500 r/min.

TABLE III
PERFORMANCES IMPROVED BY THE PROPOSED OPTIMAL METHOD

In comparison with the results under the traditional control,
Table III describes the decreasing percent of the square of the
rms current and the increasing percentage of the average torque
per rms current under the proposed optimal motoring control.

Clearly, the average torque per rms current (TC) is the
capacity that the current produces the torque, and the square
of the rms current implies the copper loss. Thus, the proposed
optimal control method can result in a larger average torque

Fig. 19. EV prototype with two in-wheel SRM drives.

that is increased by over 10% at 200 r/min, in comparison with
the traditional control method. Furthermore, the copper loss can
be reduced by over 15%. In other words, the proposed optimal
control method can improve the dynamic and steady-state per-
formances of EVs and extend the service life of the battery in
EVs. In summary, the experimental results demonstrate that the
proposed optimal control method can achieve the best motoring
operation of SRM drives for EVs.

The proposed control method for the best motoring operation
of SRM drives has been applied to an EV prototype, in which
two in-wheel SRMs are integrated with two rear rims and,
hence, drive two rear wheels directly, respectively, as shown
in Fig. 19. The EV prototype has run successfully.

E. Comparisons With Reported Optimization Methods

For SRM drives in EVs, the typical optimization methods
published include the maximization of torque and the maxi-
mization of torque per ampere. Figs. 20 and 21 show the com-
parisons between the proposed method and published methods
at a current reference of 10 A.

Fig. 20 illustrates the comparisons between the proposed
method and the reported method to maximize torque. It can
be seen that the torque and torque smoothness factor from
the proposed method are approximately consistent with the
torque and torque smoothness factor from the reported method,
respectively. However, the torque per rms current from the
proposed method is much larger than the one from the reported
method. Therefore, the proposed method is better than the
reported method to maximize torque.

The comparisons between the proposed method and the
method to maximize torque per ampere are shown in Fig. 21.
It can be observed that the torque per rms current from the
proposed method and the one from the reported method are
much the same. However, the torque and the torque smoothness
factor from the proposed method are larger than the torque
and the torque smoothness factor from the reported method,
respectively. This indicates that the proposed method is better
than the reported method to maximize torque per ampere.
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Fig. 20. Comparisons between the proposed method and the reported method
for maximizing torque.

Fig. 21. Comparisons between the proposed method and the reported method
for maximizing torque per ampere.

Therefore, the above discussion shows that the proposed
method is better than reported methods due to roundly consid-
ering requirements of EVs on SRM drives.

VI. CONCLUSION

In this paper, three criteria have been proposed to evalu-
ate the motoring operation of SRM drives in EVs. They are
the average torque, the average torque per rms current, and
the torque smoothness factor. These three criteria imply the
motoring torque, copper loss, and torque ripple, respectively.
The investigation on the motoring operation of the in-wheel
SRM drive has shown that the turn-on and turn-off angles have
considerable effects on the three criteria and that the turn-
on and turn-off angles can be optimized to obtain maximum
average torque, maximum average torque per rms current, or
maximum torque smoothness factor.

By using three weight factors and three groups of base
values, the optimization function with multiple objectives has

been developed. It is defined as the compromise between the
average torque, the average torque per rms current, and the
torque smoothness factor. The optimized variables are selected
as the turn-on and turn-off angles. The proposed multiobjective
optimization function matches the best motoring operation of
SRM drives for EVs. Best motoring operation means high
motoring torque, high operating efficiency, and low torque
ripple in this paper.

The optimal control method for the best motoring operation
of SRM drives in EVs has been proposed. It is based on the
developed multiobjective optimization model. This method can
accomplish high torque, high operating efficiency, and low
torque ripple. The simulation and experimental results have
demonstrated that the proposed optimal control method can be
used to improve the dynamic and steady-state performances and
operating efficiency and, hence, to extend the service life of the
battery in EVs. Therefore, this paper provides a feasible and
valuable control method to improve performances of in-wheel
SRM drives for EVs.
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