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ABSTRACT: To address the issue of significant torque ripple in traditional direct instantaneous torque control strategies for permanent
magnet assisted switched reluctance motors, which stems from the use of fixed hysteresis thresholds, this paper proposes a variable
hysteresis threshold pulse width modulation (PWM) method based on subdivided regions. First, based on the torque-current ratio curve
features, the two-phase exchange (TpE) region is subdivided into two-phase exchange I (TpE I) and two-phase exchange II (TpE II), using
the angle of equal torque-current ratio as the dividing point. PWM control was applied within these two intervals to ensure a smoother
transition of the total torque during commutation. Second, the hysteresis threshold is optimized by a BP neural network tuned via the
dung beetle optimizer (DBO) algorithm under different speeds and loads, thereby enhancing the system’s flexibility. Finally, simulations
and experiments were performed using a 6/20 three-phase permanent magnet-assisted switched reluctance motor. Experimental results
show that the torque ripple is reduced from 30.4% to 11% under 500 r/min and 5N ·m, and PWM with a variable hysteresis threshold
can effectively suppress torque ripple.

1. INTRODUCTION

Permanent magnet-assisted switched reluctance motor (PMa-
SRM) integrates the advantages of both a permanent mag-

net synchronous motor, owing to its high power density, and
a switched reluctance motor, with its simple structure and
wide speed range. It makes them particularly suitable for
applications in electric vehicles, high-end home appliances,
and precision servo systems [1–3]. However, owing to its
double-salient-pole structure, nonlinear magnetic circuit, and
the phase-split excitation characteristics, the motor still exhibits
significant torque ripple and acoustic noise during operation,
hindering its broader application [4].
Numerous control strategies have been developed to sup-

press torque ripple. Current control methods include Cur-
rent Chopper Control (CCC) and Model Predictive Control
(MPC) [5–8]; torque control techniques include Direct Instan-
taneous Torque Control (DITC), Direct Torque Control (DTC),
and Torque Sharing Function (TSF) [9–12].
Hysteresis control and interval division techniques are ex-

tensively employed in current and torque control systems. In
DITC, the switching of the motor windings is governed directly
by the fixed hysteresis controller, which processes the instan-
taneous torque error and rotor position. This approach reduces
the complexity of the control method [13–15]. However, it is
incapable of significantly mitigating torque ripple during com-
mutation transitions. To reduce torque ripple, [16] proposes
an adaptive hysteresis threshold strategy that automatically ad-
justs the threshold based on motor speed and back-EMF (elec-
tromagnetic field). However, the measurement of back-EMF
in the PMa-SRM presents difficulties. In [17], the author pro-
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poses an optimized strategy based on a fixed hysteresis current
controller, aiming to resolve the trade-off between torque rip-
ple and switching losses in traditional brushless direct current
(BLDC) motor control, achieving simultaneous minimization
of both. In [18, 19], the authors employ the Dung Beetle Opti-
mizer (DBO) algorithm to enhance traditional approaches. This
facilitates precise motor loss estimation and adaptive tuning of
control parameters, which collectively confirm the algorithm’s
efficacy. The method in [20] divides the commutation phase
into two regions according to the inductance profile and em-
ploys a distinct hysteresis control strategy in each. In [21], an
optimization algorithm is used to adjust the turn-on and turn-off
angles, thereby rapidly increasing the incoming phase current
and decreasing the outgoing phase current. The PWM tech-
nique with DITC proposed in [22, 23] reduces torque ripple and
current peak by implementing distinct control strategies in each
operational interval. An analytical segmented PWM duty cy-
cle method for switched reluctance motors is presented in [24].
By calculating the duty cycle independently for each inductance
zone, the method regulates the phase voltage to effectively sup-
press current peaks and torque ripple. In [25], a DITC approach
integrating hysteresis threshold control with PWM was intro-
duced. The aforementioned references adopt fixed hysteresis
or single-hysteresis control methods, in which the hysteresis
threshold and region division fail to achieve coordinated con-
trol and optimization. The control method proposed in this pa-
per combines the subdivision of operating regionswith adaptive
adjustment of the hysteresis threshold simultaneously, thereby
achieving superior comprehensive performance.
In response to the significant torque ripple issue in the tradi-

tional DITC with fixed hysteresis threshold strategy, this study
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FIGURE 1. Traditional control diagram of DITC.
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FIGURE 2. Asymmetric half-bridge and switching state.

proposes a variable hysteresis threshold torque ripple suppres-
sion strategy based on the subdivided region of the torque-to-
current ratio. In addition, the DBO algorithm is integrated to
optimize the back propagation (BP) neural network (DBO-BP)
for predicting the hysteresis threshold. A motor model was
built and simulated, and prototype experiments were performed
using a three-phase 6/20 PMa-SRM to validate the proposed
method.

2. TRADITIOANAL DITC STRATEGY
As shown in Figure 1, the torque error was calculated by com-
paring the actual output torque with the reference torque gener-
ated by the power integral (PI) speed controller in the traditional
DITC strategy. Subsequently, the state of the power switch is
determined based on the magnitude of the torque error and the
threshold value of the hysteresis controller, which controls the
switching of each phase winding.
The reluctance torque expression for the permanent magnet-

assisted synchronous reluctancemotor can be formulated in (1).

Te =
1

2
i2k
∂Lk

∂θ
(1)

where Te, i, L, and θ represent torque, current, inductance, and
position angle, respectively.

The permanent magnet torque is defined by the following
Equation (2).

Tp = ik
dψk

dθ
(2)

The total torque of the PMa-SRM can be derived from Equa-
tions (1) and (2) as:

Ttotal =
1

2
i2k
∂Lk

∂θ
+ ik

dψk

dθ
(3)

where L is the inductance, and ψ denotes the flux linkage.
As shown in Equation (3), the PMa-SRM incorporates per-

manent magnet torque into the traditional reluctance torque,
thereby reducing the magnetic reluctance torque component
that is proportional to the square of the current. By modulat-
ing the current amplitude, the distribution between reluctance
torque and permanent magnet torque can be flexibly controlled
across various operating speeds and loads.
The three-phase power converter is built using an asymmet-

ric half-bridge structure, as shown in Figure 2. Each bridge arm
works independently and consists of two insulated-gate bipo-
lar transistors (IGBTs) and two freewheeling diodes for current
commutation. The excitation and de-excitation of each phase
winding are controlled by modulating the state of the IGBTs.
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The switching operation of each pair of IGBTs on the bridge
arm generates three distinct switching states. Taking the A
phase winding as an example, for path 1: both the upper tube
V1 and lower tube V2 are excited, and the positive voltage is
applied across the winding terminals; the state is “1”, and the
current increases rapidly. For path 2: the V1 is turned off and
V2 turned on, and the winding begins with the initial current at
the instant of turn-off and circulates through the V2-D2 loop;
the state is “0”, and the current decreases slowly. For path 3:
Both V1 and V2 are turned off, causing the current to decrease
fast through the motor winding,D1,D2, and the power supply,
forming a closed loop. The negative voltage is applied across
the terminals of the motor windings, resulting in reverse de-
magnetization and a rapid decrease of the current that is state
“−1”.
The value of the hysteresis threshold keeps constant in the

traditional DITC control strategy. The torque error is compared
with the upper and lower limits of the hysteresis threshold at
some special rotor position angle to control IGBTs, thereby reg-
ulating the energization of each phase winding. However, this
strategy lacks a mechanism for dynamically adjusting the hys-
teresis threshold and fails to account for the influence of the
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FIGURE 5. Distribution diagram of inductance and inductance rate.

motor’s torque-angle characteristics on the hysteresis thresh-
old. Consequently, a lag occurs during commutation, resulting
in significant torque ripple in the motor.

3. INTERVAL CONTROL METHOD WITH VARIABLE
HYSTERESIS THRESHOLD
An appropriate selection of the hysteresis threshold is essential
for ensuring the stability of the control system. In this study,
the DBO algorithm was employed to optimize the BP neural
network, refining the hysteresis threshold. In addition, PWM
was integrated with the DITC to enhance the flexibility of the
control system. The block diagram illustrating the control prin-
ciple is shown in Figure 3.

3.1. Interval Division Based on Torque-Current Ratio

The torque output capability of each phase is influenced by the
rotor position, as shown in Figures 4 and 5. This paper presents
a torque ripple mitigation method for the PMa-SRM that uti-
lizes its nonlinear inductance characteristics to improve oper-
ational efficiency across a wide range of operating conditions.
Specifically, the torque-current ratio approach is employed to
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FIGURE 6. Region division based on torque-current ratio.

partition the rotor position into distinct regions within one cy-
cle.
According to the torque formula (1), the torque-current ratio

(TCR) equation can be formulated.

TCR =
Tk
ik

=
1

2
ik
dLk

dθ
(4)

It shows that the torque-current ratio is proportional to the
rate of inductance change, which reflects the torque output ca-
pability of each phase winding.
In Figure 6, during the first half of the commutation process,

the outgoing phase exhibits a higher torque-current ratio, result-
ing in a greater electromagnetic torque output than the incoming
phase. In the latter half of the commutation process, the torque-
current ratio of the incoming phase surpasses that of the out-
going phase, thereby contributing primarily to the torque out-
put. Consequently, the position angle θn, at which the torque-
current ratios of the incoming and outgoing phases are equal, is
selected as the boundary point, and the torque output character-
istics of both the incoming and outgoing phases can be clearly
delineated. Based on this, the two-phase exchange region of
the motor is divided into Two-Phase Exchange I (TpE I) and
Two-Phase Exchange II (TpE II).
Taking A phase as an example. The turn-on angle θAon that

is 0 degrees in this work of PMa-SRM is defined as the start-
ing point of TpE I. The angular position θAn , where the torque-
current ratios of the two phases are equal, serves as both the
endpoint of TpE I and the starting point of TpE II. Angle θAm
as the endpoint of TpE II corresponds to the starting point of
the single-phase conducting (SpC), which is the fixed angular
position, where the rotor leading edge coincides with the sta-
tor leading edge. As shown in Figure 6, when the A phase is
used as the incoming phase, its TpE I, II, and SpC regions are
denoted as I, II, and III, respectively. When it is used as the
outgoing phase, its TpE I and II regions are denoted as IV and
V, respectively.

3.2. PWM Control of Sub-Divided Region
To address the issue wherein the hysteresis controller retains
its state from the previous hysteresis interval within the hys-
teresis range but continuously modifies its output state out-
side this range in response to the torque error, the traditional
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FIGURE 7. PWM control. (a) I region; (b) II, III, IV regions; (c) V
region.

fixed hysteresis is replacedwith the variable hysteresis and inte-
grated with the PWM algorithm. Additionally, distinct torque-
error hysteresis thresholds were established for varying torque-
current ratio intervals. The corresponding PWM duty cycle is
determined based on the instantaneous torque error, and appro-
priate switching signals for each phase winding are generated.
The instantaneous torque error∆T is defined in (5).

∆T = Tref − T (5)

where Tref and T represent the reference torque and actual
torque, respectively.
As shown in Figure 6, region I is a small inductance zone

that requires rapid energization, whereas region V is the posi-
tion where the stator and rotor are about to align and require
rapid demagnetization to prevent negative torque generation.
A unipolar triangular carrier is compared with the torque error
∆T in regions I and V as shown in Figures 7(a) and (c), respec-
tively, which show that the torque error curve is relatively slow.
This can increase the duration of energization and demagneti-
zation. The rate of change of inductance gradually increases
and stabilizes in regions II, III, and IV, and the change in cur-
rent affects the torque output from Equation (1). The bipolar
triangular carrier was compared with the torque error∆T in re-
gions II, III, and IV as shown in Figure 7(b), which is capable
of switching between the positive and negative axes and pro-
vides a faster response to the torque error curve. It enables the
precise adjustment of the duty cycles for the “1, 0, −1” volt-
age levels to regulate current, thereby steadily maintaining the
torque output.
The PWM control method for region I is shown in Fig-

ure 7(a). The motor requires rapid energization in region I, and
the switching states are limited to “1” and “0”, so when ∆T >
δ, the actual torque is small; then, the switching state is “1”.
When ∆T < δ, the switching state is “1” if ∆T is greater than
the triangular carrier wave, and the switching state is “0” if∆T
is less than the triangular carrier.
The PWM control methods for regions II, III, and IV are

shown in Figure 7(b). In these three regions, the rate of in-
ductance change began to increase and gradually stabilized, un-
dertaking the main torque output of the motor. To maintain a
stable torque output, the switching states alternate among “1,
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0, −1”. When ∆T > δ, the actual torque is not sufficient,
and the switching state is “1” to increase torque output. When
−δ ≤ ∆T ≤ δ, the actual torque is close to the reference
torque, and the switching state is “1” if ∆T is greater than the
triangular carrier wave; the switching state is “0” if ∆T is less
than the triangular carrier wave. When ∆T < −δ, the actual
torque output is high, and the switching state is “−1” to reduce
torque output.
The PWM control method for region V is shown in Fig-

ure 7(c). The motor operates in the V region, which rapidly
demagnetizes to reduce the current to zero, and the switching
states are limited to “0” and “−1”. When ∆T > δ, the ac-
tual torque is small, but motor operates in the demagnetization
phase, with the switching state set to “0”. When ∆T < δ,
the switching state is “0” if∆T is greater the triangular carrier
wave, and the switching state is “−1” if ∆T is less than the
triangular carrier wave.

3.3. Hysteresis Threshold Optimization

In the hysteresis control strategy, when the load torque in-
creases, the phase current increases to maintain the torque out-
put, leading to an increased current change rate and a higher
peak current. This necessitates the maintenance of a low cur-
rent peak by increasing the hysteresis threshold. When the load
is small, the hysteresis threshold is reduced to improve current
tracking accuracy. At high-speed operation, the increased rotor
speed generates a substantial back-EMF. According to the mo-
tor voltage equation, this back-EMF opposes the applied volt-
age, significantly reducing the effective voltage available for
driving current changes. Consequently, the current rise and fall
rates are strongly inhibited, making it difficult for the actual
phase current to accurately track the reference current within
the required interval. The switching frequency of the hystere-
sis controller decreases sharply, exacerbating current distortion
and leading to increased torque ripple at high speeds, so the
hysteresis threshold must be increased. During low-speed op-
eration, the extremely fast current change rate requires a reduc-
tion in the hysteresis threshold to curb switching frequency rise,
thereby reducing switching losses and electromagnetic noise.
Therefore, dynamic adjustment of the hysteresis threshold is
crucial for optimizing system performance. The variation of
the hysteresis threshold with load and speed is shown in Fig-
ure 8.
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The torque variation trend within one cycle is shown in Fig-
ure 9, and the solid line, wavy line, and dashed line corre-
spond to the reference torque Tref , actual torque T , and hys-
teresis threshold δ, respectively. The magnitude of the hystere-
sis threshold is determined based on the deviation between the
reference torque and actual torque.
As shown in Figure 9, during the commutation stage, the

torque error varies with the rotor position, necessitating a corre-
sponding change in the threshold value. However, under con-
stant speed and load conditions, allowing the hysteresis thresh-
old to vary continuously with the angle would complicate the
control strategy excessively. Therefore, the hysteresis thresh-
old for the TpE I region in the outgoing phase and the TpE II
region in the incoming phase can be set to δ1. This smaller
threshold is tailored to the steep torque error gradient during
initial commutation, enabling precise current tracking and min-
imizing transient torque ripple. For the TpE I region in the in-
coming phase and the TpE II region in the outgoing phase, it
can be set to δ2, and this larger threshold (δ2 > δ1) reduces
unnecessary switching operations while still constraining the
torque error within acceptable bounds during the intermediate
commutation phase; in the SpC region, where the torque error is
relatively small, the threshold remains constant at δ3. This en-
sures stable, steady-state torque tracking and consistent switch-
ing frequency under constant speed and load conditions.
Compared with the traditional DITC strategy, which is not

well-suited for varying speeds and loads, this study employs the
DBO algorithm to optimize the BP neural network for predict-
ing hysteresis thresholds under different operating conditions.
The output of each layer of neurons can be expressed as Equa-
tion (6).



ui = xi input layer

uj = f

(
m∑
i=1

ωijxi + θj

)
hidden layer

uk = f

(
p∑

j=1

ωjkf

(
m∑
i=1

ωijxi + θj

)
+ θk

)
output layer

(6)
where ω, xi, θj , θk, and f(x) are the weight, input, hidden
layer threshold, output layer threshold, and activation function,
respectively.
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By optimizing the weight and threshold parameters of the
BP neural network, the DBO algorithm effectively addresses
the inherent issue of local minima in the traditional BP train-
ing process, thereby enhancing the prediction accuracy of the
model. This algorithm primarily determines the globally op-
timal weights and thresholds by simulating and analyzing the
position changes of the dung beetle.
In the DBO-BP prediction model, the input layer receives ro-

tational speed and load as its inputs, while the output layer pro-
duces thresholds δ1 and δ2 as its outputs. Through the DBO-
BP algorithm iterative optimization, the optimal combination
of δ1 and δ2 is obtained for subsequent hysteresis control or
modulation stages. The sampling range for rotational speed is
[300 r/min, 1200 r/min] with an interval of 100 r/min, and the
sampling range for load is [1N ·m, 10N ·m] with an interval
of 1N ·m. A total of 100 samples were collected and subse-
quently divided into 75 training samples and 25 testing sam-
ples. The expression of the fitness function is given by Equa-
tion (7). The fitness function takes torque ripple minimization
as the optimization objective, directly using torque ripple as the
core evaluation metric. The optimization process of the algo-
rithm is essentially the continuous reduction of torque ripple.

ffitness = argmin(α ·mes(TrainDateError)
+(1− α)mes(TestDateError)) (7)

where ffitness is the fitness function, and TrainDateError and
TestDateError represent the errors of the training set and test
set. The parameterα is dynamically adjusted based on the num-
ber of iterations, with an initial emphasis on minimizing the
training error while gradually increasing the weight of the test
error as the iterative process advances.
The weights and thresholds of the BP neural network were

optimized by employing the DBO algorithm. The optimal hys-
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FIGURE 11. δ1, δ2 threshold prediction and error. (a) Threshold δ1, δ2
prediction; (b) Threshold δ1, δ2 error.

teresis threshold data under different speeds and loads were ob-
tained through offline optimization as training samples, and the
optimal hysteresis thresholds δ1 and δ2 were calculated using
the DBO-BP algorithm based on the fitness function under the
minimized torque ripple. The flowchart of the DBO-BP algo-
rithm is shown in Figure 10.
As can be seen from Figure 11(a), the prediction results of

the DBO-BP model closely matched the actual values, and it
showed excellent performance. A comparison is conducted be-
tween the DBO-BP and BP neural network models to validate
the effectiveness of the algorithm. The DBO-BP model exhib-
ited a smaller prediction error than the BP model, as shown in
Figure 11(b).

4. SIMULATION AND EXPERIMENTATION

4.1. Simulation Analysis
The 6/20 PMa-SRM was taken as the research subject in this
study, and its parameters are presented in Table 1. A simula-
tion model used the MATLAB/Simulink software to validate
the effectiveness of the subdivided variable hysteresis thresh-
old strategy.

69 www.jpier.org



Zhu, Xu, Chen

)
A(t

nerr
u

C

 esa
h

P

)
m·

N( e
u

qr
o

T
)

m·
N(e

u
qr

o
T

Time(s)

Ia Ib Ic

5.51

4.73

TpE SpC

T=0.78

4.87

I II 5.09

T=0.22

Ia Ib Ic

Time(s)

)
A (t

n err
u

C

 esa
h

P

)
m·

N( e
u

qr
o

T
)

m·
N (e

u
qr

o
T

(a)

(b)
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FIGURE 13. Current and torque waveforms with speed 500 r/min and
load of 8N ·m. (a) Traditional DITC strategy; (b) subdivided variable
hysteresis threshold control strategy.

TABLE 1. Motor parameters.

Parameters value Parameters value
Stator poles 6 DC voltage/V 540
Rotor poles 20 Max current/A 30
Windings turns 55 Rated speed/rpm 1500
Stator diameter/mm 100 Resistance/Ω 0.6

The torque ripple expression is defined in (8) to analyze the
torque ripple of the motor under the two control strategies.

Tr =
Tmax − Tmin

Tavg
(8)

where Tmax and Tmin represent the maximum and minimum val-
ues of the three phases synthesized torque, and Tavg denotes the
average value of the torque.

The simulation waveforms for the two control strategies at a
speed of 500 r/min and a load torque of 5N ·m are presented in
Figure 12. The torque range of the traditional DITC is 4.73–
5.51N ·m, with a torque ripple of 15.6%. The torque range
for the proposed strategy is 4.87–5.09N ·m, accompanied by a
torque ripple of only 4%. The conventional DITC fixed hys-
teresis control strategy exhibits significant torque ripple at the
boundary between the TpE and SpC regions due to the transfor-
mation of the hysteresis method. The proposed strategy intro-
duces an additional TpE II region and employs PWM control
in different regions, which reduces the torque ripple.
When the load is increased to 8N ·m, the torque ripple of

the proposed strategy is 3%, and the traditional DITC strat-
egy is 17.4%, as shown in Figures 13(a) and (b). In the tra-
ditional DITC strategy, to ensure sufficient torque during the
initial state, the incoming phase of the TpE region remains the
excitation state, leading to excessive current peak, and the hys-
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FIGURE 14. Current and torque waveforms with speed 1000 r/min and
load of 5N ·m. (a) Traditional DITC strategy; (b) subdivided variable
hysteresis threshold control strategy.
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FIGURE 15. Current and torque waveforms with speed 1000 r/min and
load of 8N ·m. (a) Traditional DITC strategy; (b) subdivided variable
hysteresis threshold control strategy.

teresis threshold is fixed, which results in significant torque rip-
ple. The proposed strategy achieves stable current variations
across different intervals and smooth commutation transitions
through precise interval division and an optimized hysteresis
threshold, thereby effectively suppressing torque ripple.
To further validate the effectiveness of the subdivided vari-

able hysteresis threshold strategy in suppressing torque ripple,
simulation analyses were performed under operating conditions
with a rotational speed of 1000 r/min and load torques of 5N ·m
and 8N ·m. The torque and current waveforms for the tradi-
tional DITC strategy and subdivided variable hysteresis thresh-
old strategy are presented in Figures 14 and 15, respectively. A
comparison of the motor simulation results for the two control
strategies is presented in Table 2.

TABLE 2. Comparison of simulation results with speed 1000 r/min,
load of 5N ·m and 8N ·m.

Speed-Load Control strategy Total
torque/N ·m

Torque
ripple/%

1000 r/min
5N ·m

Traditional DITC 4.70–5.56 17.2
Proposed control

strategy
4.90–5.08 3.6

1000 r/min
8N ·m

Traditional DITC 7.70–8.65 11.9
Proposed control

strategy
7.91-8.10 2.4

As shown in Figure 15, when the motor operates at a speed
of 1000 r/min and under a load torque of 8N ·m, the traditional
DITC hysteresis control strategy generates a significant nega-
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FIGURE 17. Current and torque waveforms with speed 500 r/min and
load of 5N ·m. (a) Traditional DITC strategy; (b) subdivided variable
hysteresis threshold control strategy.

tive torque because of the inability of the previous phase cur-
rent to promptly decay to zero, thereby disrupting the balance
of the total torque. The subdivided hysteresis threshold strat-
egy enables the motor to select an optimal hysteresis thresh-
old during the outgoing phase in the TpE region, facilitating a
faster current decay to zero and effectively mitigating the neg-
ative torque. The optimal thresholds corresponding to different
speeds and load conditions are listed in Table 3.

TABLE 3. The optimal thresholds under different working conditions.

Speed-Load Threshold δ1 Threshold δ2
500 r/min, 5N ·m 0.07 0.083
500 r/min, 8N ·m 0.076 0.095
1000 r/min, 5N ·m 0.08 0.09
1000 r/min, 8N ·m 0.095 0.15

4.2. Experimental Analysis

As shown in Figure 16, the PMa-SRM experimental platform
was established. An asymmetric half-bridge power converter
is employed to drive the motor. The digital signal processing
(DSP) controller utilized the TMS320F28335 chip. The chip’s
maximum operating frequency is 150MHz; the PWM carrier
frequency is 10 kHz; and the sampling frequency is 80 ns. The
P parameter in the PI controller is 5, and the I parameter is
0.1. The DYN-200PRO torque sensor was adopted for measur-
ing the total torque. The BRT38COM32768 absolute position
encoder from BRITER Company provided real-time positional
feedback of the motor, and the accuracy of this encoder can
reach 0.01◦. The current detection circuit monitored the mo-
tor’s real-time current and fed it back to the control circuit for
regulation.
As shown in Figure 17, under the operating conditions of

500 r/min rotational speed and a load torque of 5N ·m, the
traditional DITC strategy exhibits a peak current of approxi-
mately 14.5A, with a torque fluctuation ranging from 4.24 to
5.76N ·m and a torque ripple of 30.4%. In contrast, the subdi-
vided variable hysteresis threshold control strategy reduces the
peak current to 12A, narrows the torque fluctuation to 4.74–
5.29N ·m, and decreases the torque ripple to 11%.
As evidenced by the experimental results presented in Fig-

ures 17 and 18, the excitation current and demagnetization cur-
rent of the traditional DITC strategy exhibit significant fluctua-
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FIGURE 18. Current and torque waveforms with speed 1000 r/min and
load of 8N ·m. (a) Traditional DITC strategy; (b) subdivided variable
hysteresis threshold control strategy.

tions in the TpE region, leading to a substantial torque ripple. In
contrast, the subdivided variable hysteresis threshold strategy
introduced in this study effectively mitigates these fluctuations.
As shown in Figure 17, the current fluctuation range decreases
from 5A to 3A, indicating a more stable current variation and
a marked reduction in torque ripple.
The discrepancies between experimental and simulated re-

sults are primarily attributed to non-ideal factors in the practical
system. In actual experiments, the system is affected by various
non-ideal conditions, such as current sampling noise, magnetic
circuit saturation, and mechanical friction. These factors tend
to increase the actual torque ripple, leading to a certain gap be-
tween simulated and experimental outcomes.

5. CONCLUSION
To address the issue of significant torque ripple in the TpE re-
gion of the PMa-SRMmotors, this study proposes a subdivided
variable hysteresis threshold torque suppression strategy. The
main features of this paper are as follows.

(1) This control strategy partitions the torque current into dis-
tinct regions and employs different PWM algorithms to
generate switching signals for each working region. Con-
sequently, the total torque during commutation becomes
more stable, and the transition between the TpE and SpC
regions is smoothed.

(2) The hysteresis threshold is optimized using the DBO-BP
algorithm, enabling themotor to adapt to various operating
conditions while reducing torque ripple during operation.

(3) Simulation experiments confirm that compared with the
traditional DITC strategy, the proposed control strategy
effectively mitigates torque ripple during the transition be-
tween the TpE and SpC regions, demonstrating good ap-
plication potential.
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