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Abstract. Switched reluctance motors (SRMs) have salient torque ripple due to its
doubly salient poles and non-linear magnetic characteristic. Aiming at the large torque
ripple of SRM in conventional control method, a fuzzy variable angle control method is
presented based on torque sharing function (TSF) in this paper. Automatic adjustment
of the turn-on angle and turn-off angle is adopted and the torque ripple is reduced effec-
tively. The effectiveness of the proposed method is validated through the simulation and
experimental results.
Keywords: Switched reluctance motor, Torque sharing function, Fuzzy control, Torque
ripple minimization

1. Introduction. Switched reluctance motor (SRM) is a new type of motor. It has great
development potential for its simple and robust structure, wide speed range, flexible
control system and high reliability. However, it was not successful in its wide use due
to its serious instantaneous torque ripple. The torque ripple is caused by its doubly
salient structure and the characteristic of high nonlinearity of the magnetic properties.
Furthermore, the torque ripple is more severe than these of other traditional motors [1-3].
Hence, how to suppress the torque ripple of SRM is a hot spot of research.

The torque ripple of SRM is more serious during the phase winding current commuta-
tion [4,5]. The conventional control strategies, such as current chopper control (CCC) and
angular position control (APC), could not suppress torque ripple effectively because the
smooth transition of torque is not considered [6-8]. In recent years, some researchers have
applied the torque sharing function (TSF) to the torque control of SRM. An optimized
TSF was proposed based on the minimization of copper consumption and current rate
of change in [9,10]. Similarly, a new torque-sharing control strategy for minimizing the
torque tracking error was presented in [11]. In the meanwhile, the method of compen-
sating phase torque by increasing or decreasing other phases current based on TSF was
proposed in [12]. Although the control effect is obtained in the above schemes, the effect
of torque-sharing is not good due to the fixed turn-on angle and turn-off angle.

In this paper, a variable angle control strategy based on TSF is presented for minimizing
the torque ripple. In view of the high nonlinearity of SRM, we combine the control strategy
with fuzzy control in order to achieve the automatic adjustment of the turn-on angle and
turn-off angle. Therefore, the torque ripple is reduced effectively. An experiment platform
of a 3-phase, 12/8-pole SRM is set up. The proposed method is adopted in controlling
the SRM.
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The remaining part of the paper is organized as follows. The cosine TSF and the struc-
ture of the control system of SRM are introduced in Section 2. The effect of turn-on angle
and turn-off angle on the performance of SRM is described in Section 3. The design of the
fuzzy controller with variable turn-on angle and turn-off angle is introduced in Section
4. The simulation and experimental results are presented in Section 5. Conclusions are
drawn in Section 6.

2. The Control System of SRM Based on TSF.

2.1. The structure of control system. In SRM drive, the information about rotor
position is essential for the proper switching operation [13,14]. When the angle of the
rotor position matches the turn-on angle, the phase switches are turned on. Then phase
current starts to be built up. Similarly, phase switches are turned off when the angle of
the rotor position matches the turn-off angle. Hence, the power source will stop to input
energy.

Figure 1 shows the control system block diagram of TSF method. The fixed turn-on
angle and turn-off angle are adopted in conventional TSF. The reference torque (T ∗) is
divided into target torque for three-phase (T ∗

k ) by the block of TSF. Meanwhile, the target
torque of each phase is changed to target current signal (I∗

k) by the block of Torque-to-

Current. The block of Torque-to-Current is a static lookup table, and its inputs are rotor
position (θ) and phase torque (T ∗

k ). The lookup table is obtained from off-line inversion
operation, formed from static measured torque at different rotor positions and phase
currents. According to the current error, the switching rule generates an active switching
signal (Sk) to power inverter. Then the SRM is driven by the power inverter.
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Figure 1. The block diagram of the control system with TSF method

2.2. Torque sharing function. Target torque of each phase in different rotor positions
is assigned by TSF. Therefore, the output of synthetic torque will track the target torque
waveform with a small error. The cosine TSF is adopted in the control system and its
curve is shown as Figure 2. In the cosine TSF, the target torque of each phase is defined
as follows











T ∗

k = fk(θ)T
∗

3
∑

k=1

fk(θ) = 1
(1)

where fk(θ) is the TSF for phase k, T ∗

k is the target torque for phase k, T ∗ is the reference
torque, and θ is the angle of the rotor position. The mechanical angle of the total length
of one cycle is 45 degrees. In one cycle, the target torque of each phase can be expressed
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as follows

T ∗
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where θon is the turn-on angle, θoff is the turn-off angle, θov is the angle of overlapping
interval, and τ is the angle of the cycle.
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Figure 2. The curve of cosine TSF
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Figure 3. The current curves in different turn-on angle and turn-off angle

3. The Effect of Turn-on Angle and Turn-off Angle on the Performance of

SRM. The turn-on angle and turn-off angle are important parameters, which influence
the SRM torque ripple remarkably. Figure 3 shows the current curves in different turn-on
angles and turn-off angles. The dotted line is inductance value (L). In order to obtain
sufficient torque for SRM, the phase current should be established quickly. Therefore, the
motor needs to be driven at the minimum inductance value. Once the free-wheeling of
the phase winding flows into the inductance drop zone, brake torque would be generated
and the torque ripple would be increased. Thus, the motor needs to be shut off before
reaching the maximum inductance value.

While the turn-off angle is fixed, the curves of torque and current in different turn-on
angles are shown in Figure 4. According to the analysis of Figure 3, the phase current could
not be established quickly if the turn-on angle is larger. When the torque is insufficient,
the torque ripple is remarkable. The torque ripple could be effectively suppressed if the
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Figure 4. θoff is 15 degrees: (a) θon is −1 degree, (b) θon is 3 degrees.
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Figure 5. θon is −1 degree: (a) θoff is 12 degrees, (b) θoff is 13 degrees.

turn-on angle is reduced properly. However, the smaller turn-on angle could cause larger
impulse current and the torque ripple would be increased.

While the turn-on angle is fixed, the curves of torque and current in different turn-off
angles are shown in Figure 5. According to the analysis of Figure 3, the peak value of the
phase current does not change while the turn-off angle is changed. The torque ripple could
be effectively suppressed if the turn-off angle is increased in a certain range. However,
while the turn-off angle is larger, the brake torque is generated because the free-wheeling
of the phase winding flows into the braking area. Hence, the torque ripple would be
increased and the efficiency of SRM could be reduced as well.

From the above analysis, it could be seen that the change of the turn-on angle and
turn-off angle has great influence on the torque ripple. When the speed and load change,
the system could not obtain a better control effect with fixed turn-on angle and turn-off
angle. Therefore, the method which adopts the variable turn-on angle and turn-off angle
is proposed in this paper.
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4. The Design of the Fuzzy Controller with Variable Turn-on Angle and Turn-

off Angle. The rotor angle of SRM has stronger nonlinear relationship with the corre-
sponding torque and current. Thus, the accurate mathematical expression is hard to
establish.

Fuzzy control is a kind of nonlinear control with strong robustness and adaptability
[14-16]. In this paper, fuzzy logic is used to optimize the turn-on angle and turn-off angle.
The method realizes the automatic adjustment of the turn-on angle and turn-off angle in
the process of operation.

Figure 6 shows the control system block diagram based on the fuzzy controller with
variable turn-on angle and turn-off angle. The speed error (e) is changed to the reference
torque (T ∗) by the PI controller. The variable turn-on angle (θon) and turn-off angle (θoff )
are obtained by the fuzzy controller. The fuzzy controller input variables include speed
error (e) and speed error derivative (ec). The variable turn-on angle and turn-off angle
are adopted in the improved TSF.
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Figure 6. The block diagram of the control system based on the fuzzy controller

The input variables of the fuzzy controller are speed error (e) and speed error derivative
(ec), and the output variables are the variation of turn-on angle (∆θon) and turn-off angle
(∆θoff ). The basic domain of speed error and speed error derivative is [−1000, 1000]. The
fuzzy domain of input (e, ec) and output (∆θon , ∆θoff ) is {−3,−2,−1, 0, 1, 2, 3}.

The triangular membership function is adopted in this paper. The fuzzy subsets of
linguistic variable are negative big (NB), negative small (NS ), zero (ZO), positive small
(PS ), positive big (PB). According to practical experience, the fuzzy rule tables could be
established [17]. The fuzzy rule tables about ∆θon and ∆θoff are shown in the following.

Table 1. Fuzzy rule table of ∆θon

H
H

H
H

H
H

e

ec NB NS ZO PS PB

NB PB PS PS PS ZO

NS PS PS ZO ZO NS

ZO PS PS ZO NS NS

PS PS ZO NS NS NB

PB ZO NS NS NB NB

Table 2. Fuzzy rule table of ∆θoff

H
H

H
H

H
H

e

ec NB NS ZO PS PB

NB NB NB NS NS ZO

NS NB NS NS ZO PS

ZO NS NS ZO PS PS

PS NS ZO PS PS PB

PB ZO PS PS PB PB

In order to realize the dynamic definition of the turn-on angle and turn-off angle, the
weighted average method is adopted to achieve defuzzification. The dynamic parameters
(θon , θoff ) are taken to the following expression

θon = θon1 + ∆θon (3)
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θoff = θoff 1 + ∆θoff (4)

where θon1 is the turn-on angle reference, and θoff 1 is the turn-off angle reference.

5. Simulations and Experimental Results.

5.1. Simulations. According to the above control strategy, the model of the control
system for SRM is built in Matlab/Simulink. The main parameters of the experimental
motor are as follows: number of stators and rotor poles are 12 and 8, rated power is 11
kW, resistance of stator winding is 0.05 Ω, and rotor inertia is 0.05 kg·m2.

The reference speed is 500 r/min, and the load is 5 N·m. Figure 7 shows the curves of
torque and current in steady-state process. Compared with Figure 4 and Figure 5, the
torque ripple is suppressed effectively by using the improved TSF with fuzzy logic.
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Figure 7. The curves of torque and current
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Figure 8. The curves of the turn-on angle and turn-off angle

When the reference speed is changed to 1000 r/min at 0.7 s, the turn-on angle should
be smaller and the turn-off angle should be larger in order to obtain enough power. Figure
8 shows the curves of the turn-on angle and turn-off angle. With the increasing of the
rotor speed, the turn-on angle increases so that the impulse current could be reduced
effectively. Meanwhile, the turn-off angle decreases so that the free-wheeling of the phase
winding which flows into the braking area could be reduced. Therefore, the torque ripple
is suppressed significantly.

Figure 9 shows the contrast curves of torque in the steady-state process between the
conventional TSF and the improved TSF. Compared with the conventional TSF with the
fixed turn-on angle and turn-off angle, the torque ripple of the improved TSF with the
fuzzy variable angle is reduced by about 3.4%.

5.2. Experimental results. In order to verify the effectiveness of the proposed method,
the experiment platform of a 3-phase, 12/8-pole SRM is set up. The experiment devices
are shown in Figure 10. It includes SRM, dynamometer and hardware circuits of a digital
control system based on TMS320F2812.

Figure 11 shows the measured waveform of current for phase A. It coincides with the
simulation result. Figure 12 shows the contrast curves of the measured torque. The torque
ripple is suppressed effectively by the improved TSF with fuzzy logic. From Figure 11
and Figure 12, we can conclude that the proposed method is reasonable and effective.



ICIC EXPRESS LETTERS, VOL.11, NO.1, 2017 167

0.76 0.78 0.8
3

4

5

6

7

t/s

T
e
/(

N
.m

)

TSF with the fixed angle

TSFwith the fuzzy variable angle

Figure 9. The contrast curves
of torque

SRM Drive

Oscilloscope

Dynamometer

Controller

Dynamometer
SRM

Figure 10. The experimental
devices

t

I 
(

Figure 11. The measured wave-
form of current for phase A

5.0N.m

4.5N.m

5.5N.m

5.0N.m

5.5N.m

6.0N.m

4.5N.m

t

TSF with the fixed angle

TSF with the fuzzy variable angle

Figure 12. The contrast curves
of the measured torque

6. Conclusions. In this paper, a variable angle control strategy based on TSF is pre-
sented for minimizing the torque ripple. In view of the high nonlinearity of SRM, fuzzy
logic is used to optimize the turn-on angle and turn-off angle. It realizes the automatic
adjustment of the turn-on angle and turn-off angle in the process of operation. Compared
with the conventional TSF with the fixed turn-on angle and turn-off angle, the inhibition
effect of torque ripple with the improved TSF is more significant. The simulation and
experimental results show that the proposed method is reasonable and effective.

The fuzzy rule tables adopted in this paper are established based on practical ex-
perience. For the better control performances, the fuzzy rule tables should be further
optimized. This would be the focus of our future research.
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