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A Three-Interval PWM Duty Cycle Adaptive Method for Torque
Ripple Suppression of Switched Reluctance Motor
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Abstract—Aiming at the problem of excessive torque ripple of switched reluctance motor (SRM), a
three-interval PWM duty cycle adaptive control strategy is proposed in this paper. The method changes
the PWM duty cycle to adjust the voltage across the windings according to the torque error, divides the
interval according to the inductance linear model, and adapts to different PWM duty cycles in different
intervals, different speeds, and different torque errors. And the optimal PWM duty cycle group under
different rotation speeds is obtained by trial and error, and this duty cycle group is used as the control
method to adapt the PWM duty cycle group. Finally, through Matlab/Simulink simulation and motor
platform experiments, the three-interval fixed PWM duty cycle control strategy and the three-interval
PWM duty cycle adaptive control strategy in this paper are compared. The results show that the
three-interval PWM duty cycle adaptive control strategy proposed in this paper has a good torque
ripple suppression effect in a wide speed and wide load range.

1. INTRODUCTION

In advocating low-carbon and low pollution travel, new energy vehicles are undoubtedly a hot topic in
recent years. Due to the non-renewable nature of fossil energy, the development of new energy is the
main trend for the transformation, upgrading, and green development of the global automotive industry.
Switched reluctance motor (SRM) has the advantages of an extremely simple and sturdy structure, wide
speed regulation range, high efficiency, and can operate efficiently in a wide speed and wide torque range,
which makes it suitable for the reliability requirements of electric vehicles and has attracted extensive
attention of scholars and enterprises in various countries. However, due to its specific doubly salient
structure, the output torque and stator current have a nonlinear relationship with the rotor position,
resulting in large output torque ripple, which greatly affects the promotion and application of switched
reluctance motor in the field of electric vehicles.

In view of the large torque ripple of SRM, scholars have done a lot of research on the control
strategy of the motor. In [1], Xia et al. proposed a new torque sharing function to reduce torque
ripple. This method established a new current reference generation strategy to achieve lower current
error. In [2], Inderka et al. proposed an online instantaneous torque control technique for switched
reluctance motors which works without torque distribution functions and auxiliary phase commutation
strategies. At the same time, the static flux linkage characteristics of the motor were obtained through
finite element analysis and motor experiments in [3], and then the optimal current distribution was
determined to reduce torque ripple. In [4], the authors determined the most effective turn-on angle
according to the motor speed and current. In addition, the optimal turn-off angle is also defined, which
improves the output torque of the motor. In [5], the authors analyzed the mechanism of the inherent
radial vibration and torque ripple of the motor. In [6], the authors used genetic algorithm to determine
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the optimal turn-on and turn-off angles of phase current and designed a fuzzy logic control system as a
new TSF. In [7], the authors proposed an analytical method to derive the current and radial vibration,
and also analyzed the effects of different turn-on and turn-off angles on the current and radial vibration.
In [8], the authors defined two rotor position angles according to the torque current characteristics of
the motor and implemented a specific torque lag control scheme for different operating modes. In [9—
12], Zhang and other scholars took torque as the direct control object and controled the on-off of the
power switching device according to the difference between the reference torque and actual torque, so
that the output torque can track the reference torque in real time. In [13,14], Sun and other scholars
studied the voltage vector pulse width modulation of direct instantaneous torque control (DITC). This
method uses the difference between the reference torque and actual torque and the hysteresis size to
calculate the voltage control vector to reduce torque ripple under DITC control. However, the influence
of different speeds and different loads on the control effect is not considered. Meanwhile, an improved
DITC was proposed in [18], which also involves a simple online torque estimator and a torque error
compensator. The opening angle is analytically defined for wide speed operation and maximum torque
per ampere (MTPA) production. In [15], Wang et al. proposed a direct torque control (DTC) drive
based on vector space decomposition. In addition, a hybrid current control was proposed in which the
healthy and faulty windings used different current control strategies to track the optimized reference
current. In terms of the motor body, a small amount of permanent magnet material was added to the
motor in [16] to improve the motor performance. Advanced motor topologies were also described in [17].
In [19], Cheng proposed an improved DITC controller combining hysteresis and PWM. By improving
the algorithm, using PWM in DITC can reduce the torque error. An adaptive controller was proposed
in [20], and the current controller had approximately the same dynamic response and accuracy as the
hysteresis controller. However, the current controller must satisfy the excitation conditions; otherwise,
the parameters would not converge to the actual current value.

Aiming at the problem of large torque ripple in SRM, this paper proposes a control method
combining segmental PWM and torque control. Partition according to SRM winding inductance
characteristics and use appropriate PWM duty cycle according to torque error and speed. Compared
with the fixed PWM duty cycle control strategy at different speeds, it has a better effect on suppressing
torque ripple. It provides a new way to solve the torque ripple problem of switched reluctance motor
and has high practical value.

2. MATHEMATICAL MODEL OF SRM

For practical control considerations, the influence of flux saturation is ignored, that is, the winding
inductance is independent of current, and the linear model of the inductance is shown in Figure 1.

In Figure 1, 0, is the position where the salient axis of the stator is aligned with the concave axis of
the rotor, and 6; to 02 are the angle interval with the smallest inductance; 65 is the alignment position
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Figure 1. Inductance curve under linear model.
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between the rear edge of the stator and the front edge of the rotor, at which time the inductance begins
to increase. The functional analytical expression of the inductance linear model can be expressed as:

Lmin 91 < o < 92
_ K(0_92)+Lmin 92§9§93
L(Q) o Lmax 93 S 6 S 64 (1)

Lmax - I(((9 - 94) 64 S 9 S 65
In the formula, 6 is the electrical angle; K is the slope of the inductance change.

K — Lmax - Lmin (2)
03 — 0y
Without considering the effect of phase current on inductance, the one-phase circuit equation can
be written:

de .

In the formula, ¢ is the flux linkage; ¢ is the current. Since the voltage drop of the SRM winding
is very small, it can be ignored in the analysis.

dy di ~ dL

+Us=—=L—+i— 4
T T a @ )
In an ideal case, the electromagnetic torque of the SRM can be expressed as
1 ,0L(0)
T, = =i~ 5
SR (5)

In the formula, the electromagnetic torque of each phase of the SRM changes with the phase
current and rotor position. Under the condition of neglecting the mutual inductance between the phase
windings, the electromagnetic torque generated by the k-th phase is:

OW'(8, i)
T, = 22 0%
K o0

In the formula, W’ is the magnetic energy; m is the phase number; W’ = fg pdi = fg 1(0,4)idi, ¢
is the flux linkage; ¢ is the current; 6 is the rotor position angle.

The magnetic common energy is determined by the rotor position angle and phase current. Without
considering the flux saturation and mutual inductance, the electromagnetic torque generated by the k-th
phase is:

’i:const k= 1,2,...,m (6)

oL O (i, 0) 1 5 0Ly (ig,0)

Tl 0) =5 i =g =5 g @)

In the formula, ¢ (ix, 6) is the flux linkage of the k-th phase; Lg(ix, 6) is the inductance of the k-th
phase; i is the current of the k-th phase; 6 is the rotor position angle.

3. THREE-INTERVAL PWM DUTY CYCLE ADAPTIVE CONTROL STRAEGY

3.1. PWM Duty Cycle Control Principle

In the actual control strategy, when the torque error is less than the given lower limit, the power tube
of this phase is turned off at this time, so as to quickly reduce the phase voltage of this phase and
then reduce the phase current of this phase. Usually, a torque hysteresis algorithm like this enters “free
response” within the error and “acts” immediately outside the error. Secondly, the sampled values of
torque error may vary greatly, but the same switching state is carried out for the power tube. For
example, the torque error is 10% or 50% less than the given lower limit. At this time, the control
algorithm command obtained by the power tube is to turn off the power tube, which will cause large
torque ripple. As shown in Figure 2, PWM; and PWM, respectively represent the control signals of
the upper bridge arm and the lower bridge arm of the one-phase power tube, and T is the sampling
time.
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Figure 2. PWM signal of power tube under different control methods.

Therefore, in order to overcome this situation, a PWM control algorithm is introduced in this
paper, which uses PWM to “smooth” control the average voltage in different conduction intervals and
different torque error sampling values. References [19] and [21] also use similar methods to adjust the
average voltage across the winding and control the excitation demagnetization time. However, the PWM
duty cycle remains unchanged at different speeds, which cannot achieve the optimal effect. Therefore,
PW M{PW M/ in this paper is the control signal of the upper bridge arm and the lower bridge arm
of the one-phase switch tube, which can adapt the appropriate PWM duty cycle according to different
speeds to reduce torque ripple.

When T < Ty and the motor speed is 500 r/min, the duty cycle of the upper power tube is
D1(500), and the excitation time in the sampling time Ty is D;(500)7s. At this time, the average
excitation voltage in one sampling period is:

D1 (500)7,
1(T)US = D1(500)U, 0 < Dy(500) < 1 (8)
S

The average excitation voltage of the control method in this paper is less than the voltage at both
ends of the phase winding, that is, U < Us. The current rising rate is slow; the span is small; and the
output torque is not easy to exceed the hysteresis range. Similarly, when the actual torque T > Tiax
and the speed is 500 r/min, the control method in this paper controls the demagnetization voltage by
adapting the corresponding PWM duty cycle D3(500) to reduce the decline rate of the current, so that
the smooth transition will not produce large torque ripple. The control method described in this paper
quantifies the speed parameter of the PWM duty cycle on the basis of directly controlling the torque,
which makes up for the deficiency of the fixed PWM duty cycle control of the switched reluctance motor
at different speeds.

U =

3.2. The Principle of Segmented Control

Since the inductance of the SRM changes with the rotor position, and the change rate of current is
inversely proportional to the inductance, the same PWM duty cycle control in different conduction
intervals cannot achieve good results. Therefore, the torque control should fully consider the different
rotor positions.
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It can be seen from formula (4) that:

di dL
Us=L— j— 9
S= " T ae" ©)
In the formula, % is the inductance change rate. In this paper, the PWM duty cycle is used

to adjust the winding voltage Uy = DU, and the rate of change of the current can be obtained by
organizing the formula (9):

dL

ﬂ U, — z@w

do wlL

¢ U (10)
1

di Lo Opn, < 0 < 0y

@ K

d0 Ur = ik 0 < 0 < 0,5

w(Lmin + K(9 - 92))
PWM duty cycle control can be performed between partitions considering current and inductance.

In Figure 3, T* is the torque error; ¢ is the absolute value of the torque error threshold; Sy is the drive
signal of the asymmetric half-bridge.
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Figure 3. The principle of partition control under different torque errors.

In the interval 0,,, < 6 < 65, the phase inductance is a constant value, and the current rises rapidly
in this interval. Therefore, considering the current and torque hysteresis, four PWM duty cycles can be
used to adjust the winding voltage in this interval.

PWMi_1 0<T*<$

PWMi_9g T*>6 (11)
PWM_3 —=6<T*<0

PWMi_y T*< -6

PWM, =
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The specific analysis is as follows:

1) When 0 < T* < 4, it means that the actual torque is too small. Combined with this interval as the
current rising interval, a larger PWM_; (greater than 50%) can be added at this time. It can not
only slow down the current rising rate by adjusting the phase winding voltage, but also meets the
current demand.

2) When T* > ¢, the actual torque is smaller than that of 0 < 7™ < 0, and PWM_o (greater than
50%) is larger than PWM_1. It can not only adjust the winding voltage, but also increase the
current to adjust the torque output.

3) In the same way, when —§ < 7™ < 0, the actual torque is too large at this time. At this time, it is
necessary to appropriately reduce the current adjustment torque and add a PWM;_3 (<50%).

4) When T* < —§, the actual torque is larger than that of —§ < 7™ < 0. At this time, a PWM;_4
can be added, which is smaller than PWM;_3, and the winding voltage can be reduced to adjust
the actual torque.

In the interval 62 < 6 < 0,5, the phase inductance increases linearly with the rotor position, and
the current change rate decreases. Also considering the current and torque hysteresis, four PWM duty
cycles (smaller than 6,, < 6 < 63) can be used to adjust the winding voltage.

PWMy_1 0<T*< 0
PWMy_o9 T*>6
PWMy 3 —6<T*<0
PWMy gy T*<—=6

PW M, = (12)

The specific analysis is as follows:

1) When 0 < T* < §, the actual torque is small, and the current change rate decreases in this interval.
At this time, PWMs_ is smaller than PWM_1, but ensure that the duty cycle is greater than
50% to adjust the winding voltage and then adjust the output torque, that is, 50%< PWM,_1 <
PWMl_l;

2) When T* > 4, the actual torque is smaller than that of 0 < 7% < §. At this time, a PWMqy_o
(greater than 50%) can be added, which is larger than PWMs_; and smaller than PWM{_o;

3) When T* < —4, the actual torque is too large. At this time, a PWMo_3 (less than 50%) can be
added to appropriately reduce the current and then adjust the torque;

4) When T* < —§, the actual torque is larger than that of —§ < T* < 0. At this time, a PWMqy_4
smaller than PWM,_3 can be added to reduce the winding voltage to adjust the actual torque.

In the interval 6 > 0,5, the current rapidly decreases to zero. In order to prevent the increase of
torque ripple caused by the rapid decrease of the current, a PWM duty cycle (lower) can be performed
in this interval to control the phase voltage to make a smooth transition.

Figure 4 is a block diagram of the three-interval PWM duty cycle adaptive control in this paper.
The position sensor uses the rotor position information to judge the interval where the rotor is located.
Then, the appropriate PWM duty ratio is adaptively selected according to the torque error and the
given speed in different intervals, and then a corresponding PWM control signal is generated.

4. SIMULATION AND ANALYSIS

In order to verify the feasibility of the three-interval PWM duty cycle adaptive control strategy described
in this paper, a simulation model of a three-phase 6/20 switched reluctance motor control system is
built to verify the effectiveness of the proposed control strategy.

In the simulation experiment, the turn-on angle 0.5° and turn-off angle 8.5° are fixed; the rotational
speed is 500r/min, 1000r/min and 1500r/min, respectively; and the load is 2N-m and 4N-m.
Simulation experiments are carried out for the three-interval fixed PWM duty cycle control strategy and
the three-interval PWM duty cycle adaptive control strategy, respectively, and the current waveform
and torque waveform under the two control strategies are compared. The torque ripple rate is expressed
as follows:

Trnax - Tmin

K = —E X 100% (13)
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Figure 4. Block diagram of three-interval PWM duty cycle adaptive control.

In the formula, T1,.x is the maximum torque, 11, the minimum torque, and 7,, the average torque.

The adaptive PWM duty cycle of this paper is obtained through simulation experiments. Under
the same speed, the PWM duty cycle of three intervals is changed. By comparing the torque ripple of
the motor under different PWM duty cycle combinations, the optimal PWM duty cycle combination
at the speed is determined. Table 1 shows the optimal PWM duty cycle combinations under various
rotational speeds obtained through simulation experiments.

Table 1. Optimal PWM duty cycle in three intervals at different speeds.

Location PWM duty | Three-interval PWM duty cycle adaptive
interval cycle 500r/min | 1000r/min | 15001/min
PWM,_4 0.85 0.80 0.85
PWM_, 0.95 0.90 0.95
Oon <6 <6
RO B 277 VP 0.45 0.46 0.42
PWMq_4 0.35 0.42 0.38
PWMqy_4 0.75 0.70 0.76
PWMsy_o 0.85 0.75 0.84
fy <0<,
20 TPy, 0.40 0.40 0.42
PWMoy_4 0.35 0.35 0.38
0> 0,5 PWMs; 0.15 0.20 0.10

In this paper, the optimal PWM duty cycle is automatically obtained according to the rotation
speed in the simulation. The simulation verifies that the control strategy proposed in this paper has a
good effect in suppressing the torque ripple. The following simulation takes 500 r/min and 1500 r/min
as examples.

It can be seen from Figure 5 that when the speed is 500 r/min, and the load is 2N -m, the torque
ripple under the three-interval fixed PWM duty cycle control strategy and the three-interval PWM
duty cycle adaptive control strategy in this paper are 29% and 20%, respectively. In Figure 6, when the
speed is constant and the load increased to 4 N - m, the torque ripple under the two control strategies is
19% and 14%, respectively, and the effect of suppressing the torque ripple is more obvious.



110 Huang et al.

——PhA|
Ph.B|

6 . A A ’ e
\M

]
2 /
4
L 1 1 y N— ll 1 L 1 1 J

0
0.467 0.468 0.469 047 0.471 0472 0473 0474 0475 0.476
Time(S)

(a) Current waveform of three-interval fixed PWM duty cycle control

Q-

—PhA
Ph.B
6 y ®Ph.C
/ \
¥
¥
! \

0 I} AL 1 L — \
0.467 0.468 0.469 047 0.471 0472 0473 0474 0475 0476
Time(S)

(b) Current waveform of three-interval PWM duty cycle adaptive control

1(A)
H

[ 5]

24

2.2

Torque(N-m)

2

18 . . . . . . . . .
0.467 0.468 0.469 0.47 0.471 0.472 0473 0.474 0475 0476
Time(S)

(c) Torque waveform of three-interval fixed PWM duty cycle control

g
i

8]
(S}

Torque(N-m)
[

1.8 . . . . . . . . .
0.467 0.468 0.469 047 0.471 0472 0473 0474 0475 0.476
Time(S)

(d) Torque waveform of three-interval PWM duty cycle adaptive control

Figure 5. Current and torque waveforms with a load of 2N -m at a speed of 500 r/min.

It can be seen from Figure 7 that when the speed is 1500 r/min, and the load is 2N - m, the torque
ripple under the three-interval fixed PWM duty cycle control strategy and the three-interval PWM duty
cycle adaptive control strategy are 60% and 30%, respectively. In Figure 8, when the load is increased
to 4N -m with a constant speed, the current waveform of the three-interval PWM duty cycle adaptive
control under the two control strategies is more stable and smooth, and the torque ripple can be quickly
and effectively suppressed. From the final simulation results, the control strategy proposed in this paper
has a better torque ripple suppression effect.

From the final simulation results, the control strategy proposed in this paper has a better torque
ripple suppression effect. Table 2 is a comparison of torque ripple under two control strategies, which
is the torque ripple of the three-zone fixed PWM duty cycle control strategy, and is the torque ripple
of the three-zone PWM duty cycle adaptive control strategy. Figures 9 and 10 show the torque ripple
of two control strategies under 2N load and the torque ripple of two control strategies under 4N load,
respectively.

Simulation experiments verify the feasibility of the three-interval PWM duty cycle adaptive control
strategy proposed in this paper. Under the same load, the higher the speed is, the more obvious the
torque ripple suppression effect is. Under the load of 2N -m and 4N -m, the torque ripple suppression
effect of large load is more significant. Therefore, the control strategy in this paper has a more prominent
torque ripple suppression effect under a wide speed and wide load range.



Progress In Electromagnetics Research M, Vol. 111, 2022 111

1n

1(A)

o N & o >

// [N

I [ i— T .1} Xy i Ly " Y
0.467 0468 0469 047 0.471 0472 0473 0474 0475 0476
rime(s)

(a) Current waveform of three-interval fixed PWM duty cycle control

10

— A
] W i
6 \ / I/;I‘ \ 3
! / A
/ [\

—_
=
- 4}

2\ / / \

\ / \
ol 4 % PR W P Y (SN T |
0467 0468 0469 047 0471 0472 0473 0474 0475 0476
Time(S)

(b) Current waveform of three-interval PWM duty cycle adaptive control

=
in

=
e

b

Torque(N-m)

)

3. L o " . il i i L i
0467 0468 0.469 047 0.471 0.472 0473 0.474 0.475 0.476
Time(S)

(c) Torque waveform of three-interval fixed PWM duty cycle control

Torque(N-m)
5 B

W
o

17 . . . . . . . . A
0467 0468 0469 047 0471 0472 0473 0474 0475 0476
Time(S)

(d) Torque waveform of three-interval PWM duty cycle adaptive control

Figure 6. Current and torque waveforms with a load of 4N -m at a speed of 500 /min.

Table 2. Torque ripple comparison under two control strategies.

Motor speed Torque ripple
N(r/min) load (N m) K K,
500 2 29% | 20%
1000 2 35.5% | 25%
1500 2 60% | 30%
500 4 19% | 14%
1000 4 27.5% | 20%
1500 4 95% | 50%

5. MOTOR EXPERIMENT

For the three-interval PWM duty cycle adaptive control strategy proposed in this paper, the experiment
was carried out on a three-phase 6/20 prototype experimental platform. The characteristics of the
experimental motor are consistent with the simulation data. Figure 11 shows the structure and assembly
of the 6/20 switched reluctance motor in this experiment. Table 3 shows the specific parameters of the
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Figure 7. Current and torque waveforms with a load of 2N -m at a speed of 1500 r/min

Table 3. Motor parameter.

Parameter Value

Phase number 3 length of air gap (mm) 0.6
Stator and rotor poles 6/20 Winding turns 55
Rotor outer diameter (mm

) | 172 | Minimum inductance (mH) | 5.8
Rotor inner diameter (mm) | 143.2 | Maximum inductance (mH) | 13.6
Stator outer diameter (mm) | 142 Rated voltage (V) 540
Stator inner diameter (mm) | 60 Rated current (A) 30
Stack length (mm) 100

experimental motor in this paper.

In this paper, the control strategy is implemented in a controller with TMS320F28335DSP, and
the drive board is an asymmetric semi-bridge power converter. In the experiment, a 15-bit absolute
encoder is used to provide the position signal, and the magnetic powder brake is used to provide the load
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Figure 8. Current and torque waveforms with a load of 4N-m at a speed of 1500 /min.

Table 4. Experimental equipment list.

Serial number Equipment name Model The main parameters
1 Torque sensor HCNJ-101 0-100N -m
2 Magnetic powder brake TZ100A-1 24V, 0-100N -m
3 Oscilloscope MS04024 Four channels
4 current probe RP1001C 100 A, 300 KHz
5 current sensor JCE50-ES +50 A, 50 KHz
6 absolute encoder BRT38-COM32768D1

32768 (15 bit)

113

Table 4 is a list of experimental equipment and its important parameters. Figure 12 is an experimental

platform and a partial measurement equipment.

In the experiment, the turn-on angle and turn-off angle of the motor are fixed, and the PWM duty
cycle is obtained from the optimal PWM duty cycle in Table 1. For the three-interval fixed PWM duty
cycle control and the three-interval PWM duty cycle adaptive control method described in this paper
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Figure 11. SRM structure and assembly drawing.

Figure 12. SRM experiment platform.

we make an experimental comparison.

The load is set at 4N -m and the speed of 500 rpm set in the experiment. The experimental results
are shown in Figure 13. The torque ripple under the two control strategies is 21.25% and 13.5%,
respectively. Obviously, the torque ripple is smaller under the three-interval PWM duty cycle adaptive
control strategy in this paper.

In order to verify that the experimental method in this paper is also applicable in a wide speed
range, the speed is set to 1500 rpm for comparative experiments. The experimental results are shown
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in Figure 14. The current is relatively unstable under the three-interval fixed PWM duty cycle control
method, and the control method in this paper has smooth current. Moreover, in terms of torque ripple,
it can be seen from the experimental results that the torque ripple under the two control strategies is
92.5% and 35.5%, respectively. The control strategy in this paper has a better torque ripple suppression

effect.
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6. CONCLUSION

Aiming at the large torque ripple of SRM, this paper proposes a three-interval PWM duty cycle adaptive
control strategy. The control system model of 6/20 switched reluctance motor is constructed based on
MATLAB/Simulink. The optimal PWM duty cycle combination at each speed is obtained by trial and
error method. The three-interval fixed PWM duty cycle control strategy and the three-interval PWM
duty cycle adaptive control strategy in this paper are simulated and verified. Comparing the current
waveform and torque waveform under the two control strategies shows that the method described in
this paper has a good torque ripple suppression effect in a wide speed and wide load range. In addition,
the motor experiments are carried out on the SRM experimental platform, and the results show that
the three-interval PWM duty cycle adaptive control strategy described in this paper has a better torque
ripple suppression effect.
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