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ABSTRACT: The conventional DITC strategy for switched reluctance motor relies on current for control, while the use of current sensors
increases the complexity of the system, and the torque ripple in the two-phase exchange region of the conventional DITC strategy is too
large. To solve the above problems, a current sensorless interval torque control (CSITC) method is proposed. Initially, the equivalence
between torque and acceleration control is established, replacing the torque loop with an acceleration loop. This forms a dual closed-
loop system with the speed control loop, enhancing system stability. Subsequently, the variation of the output torque capacity of phase
winding of the motor in each conduction region is analyzed, and combined with the inductive characteristics of the motor windings,
the two-phase exchange region is divided into two subregions. Different acceleration hysteresis loop control strategies are adopted for
the phase windings in each region, so as to realize the stable output of the motor torque. Finally, a three-phase 6/20 permanent magnet
assisted-switched reluctance motor (PMa-SRM) is used for simulation and physical verification. The results show that the method can
still achieve the steady state of the motor when only the position sensor is used and effectively reduces the torque ripple in the exchange

region.

1. INTRODUCTION

PMa-SRM has been widely recognized by scholars for its ad-
vantages of high power density, simple structure, and good
speed regulation compared to the conventional SRM [1-5].
PMa-SRM increases the motor power density to improve the
torque output capability by embedding permanent magnets in
the stator slot to improve the motor performance. PMa-SRM
increases the motor power density by embedding permanent
magnets in the stator slot to increase the torque output capabil-
ity and improve the motor performance, as shown in Figure 1.
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FIGURE 1. PMa-SRM structure diagram.
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However, the unique double-convex pole structure of PMa-
SRM and the unique way of pulse power supply lead to large
torque ripple and noise during operation, which limits its pro-
motion and application in the industrial field. Therefore, how
to effectively reduce the torque ripple of PMa-SRM is the focus
of research.

To address this challenge, scholars mainly research from two
aspects: first, optimizing the motor structure [6-8], but this is
not conducive to the motors that have been produced or applied.
The second is to optimize the control strategy, which not only
is easy to implement, but also has a lower cost. Currently, the
main control strategies for suppressing PMa-SRM torque rip-
ple is pulse width modulation (PWM) [9], torque sharing func-
tion control (TSF) [10], and direct instantaneous torque control
(DITC) [11]. The above control strategies are effective in sup-
pressing the torque ripple, but all of them require current as a
feedback quantity to control the motor torque, which requires
high accuracy of the motor model parameters.

Usually, the current sensor of SRM is installed at the end of
the phase winding to facilitate the collection of current signals.
The use of current sensors has the following drawbacks: (I) It
increases the cost and size of the system; (II) The installation
requires additional wiring, which brings about circuit interfer-
ence and reduces the system reliability; (II) It is subject to envi-
ronmental constraints, and it may be inaccurate or fail in harsh
environments [12, 13]. In order to reduce the number of cur-
rent sensors to improve system reliability and save costs, many
scholars have conducted related research. Ref. [14] proposed
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to use only one current sensor to reconstruct the phase currents
of a PWM inverter in a DC-link, which effectively reduces the
voltage harmonics and minimizes the audible noise. Ref. [15]
reconfigured both the power converter and current sensor to re-
duce the number of current sensors used to one. For the two op-
erating phases in the exchange region, the method obtains cur-
rent values by switching the measurements. Ref. [16] proposed
a six-phase current reconfiguration scheme for a dual traction
inverter using a single DC-link current sensor, which reduces
the number of current sensors used and lowers the cost, but pro-
duces unwanted interference to the PWM signals. Ref. [17]
proposed a current reconstruction technique that used only one
current sensor to measure the current in a three-phase inverter.
Ref. [18] proposed two novel power converter reconfiguration
techniques to reconfigure the phase currents, which reduced
the size of the system and improved the performance. Many
scholars have also sampled the winding currents by designing
observers. Refs. [19-21] used Luenberger state observers and
sliding mode observers to estimate the phase currents in order
to reduce the use of current sensors; however, these methods
rely on accurate mathematical modeling of the motor.
Therefore, in order to take into account the cost as well as
the reliability of the system, this paper proposes a current sen-
sorless interval torque control method. Firstly, the equivalence
between torque control and acceleration control is verified, and
the torque loop in the conventional torque control is replaced
by an acceleration loop, which constitutes a double closed-loop
system with the speed loop, and the feasibility is analyzed.
Secondly, to solve the problem of large torque ripple in the
two-phase exchange region of PMa-SRM, we analyze the in-
ductance characteristics of the motor, divide the two-phase ex-
change region into two subregions, and adopt different accel-
eration hysteresis loop control strategies for each region, so as
to control the conduction and shutting off the switching tubes
and to realize the stabilized output of the motor torque. Finally,
Matlab/Simulink simulation software is used to conduct simu-
lation experiments and build an experimental platform for test-
ing to verify the effectiveness of the proposed control strategy.

2. FEASIBILITY OF CURRENT SENSORLESS
2.1. Direct Instantaneous Torque Control

A three-phase 6/20 PMa-SRM is taken as the object of study,
and the main circuit adopts a three-phase asymmetric half-
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FIGURE 2. Three-phase asymmetrical half-bridge power converter.
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bridge converter (AHBC), as shown in Figure 2. The AHBC
can make full use of the power supply voltage and change the
number of winding phases at will. Each phase of the AHBC can
be operated independently in different modes, and it is com-
monly used to drive SRM [22].

The DITC strategy consists primarily of three modules: PID
module, instantaneous torque estimation module, and hystere-
sis loop controller. The instantaneous torque estimation module
calculates the motor’s actual torque in real-time based on cur-
rent and position signals obtained from corresponding sensors.
It then compares this estimated torque with the reference torque
output from the PID module. The disparity between these two
values is fed into the hysteresis loop controller. This controller
operates according to a predefined hysteresis control strategy,
determining the power converter’s conduction signals. These
signals effectively regulate the motor’s operation, as illustrated
in Figure 3.
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FIGURE 3. DITC block diagram.
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As shown in Figure 4, the region from the phase B turn-on
angle 02 to the phase A fully aligned position 67 is the two-
phase exchange region (TpE), and the region from the A-phase
fully aligned position 8 to the phase C turn-on angle 6 is the
single phase conduction region (SpC).
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FIGURE 4. Schematic diagram of conventional DITC partitioning.

The switching mode of each phase of the PMa-SRM is jointly
determined by the torque error and the rotor position in the
DITC strategy. The torque error is defined as:

AT =Tyr — T (M

where AT, T, ¢, and T, are the torque error, reference torque,
and instantaneous torque, respectively.
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FIGURE 5. Conventional DITC hysteresis loop strategy. (a) Excitation phase in TpE region. (b) Demagnetization phase in TpE region. (¢) SpC

region.

The hysteresis loop strategies of the conventional DITC in
the excitation and demagnetization phases in the TpE and SpC
are shown in Figures 5(a), (b), and (c), respectively.

2.2. Equivalence of Acceleration Control and Torque Control

In any of the control methods for switched reluctance motors,
the rotor position and speed need to be accurately obtained.
Typically, the rotor position can be acquired directly from the
position sensor, and the velocity as well as the acceleration can
be obtained by taking the first and second order derivatives with
respect to time, while the third and higher orders are not physi-
cally meaningful and therefore not solved for. When the system
relies on a single position sensor, only the acceleration can pro-
vide information for feedback in addition to the speed feedback.
According to the laws of mechanics, the mechanical equation
of motion of the motor is given by:
dw(t)

T.(t) =

+ Dw(t) + T 2)
where T, (t) is the electromagnetic torque; 77, is the load torque;
J is the moment of inertia; D is the friction coefficient.

As the motor speed converges to a given speed, the difference
between the two is a very small value §, which can be expressed

as:

| wiet(t) —w(t) | <6 (€)
where § = wyer(t), then Equation (2) can be expressed as:
T.(t)=J dwd—it) + Dwret(t) + D6 + T, “4)
Eq. (5) can be obtained by neglecting D¢ in Eq. (4):
Te(t) ~ Jd%it) + Duwrer(t) + T = Jd%it) +C1 ()

where C is the sum of Dwyer(t) and T, and is a constant. Its
value changes only when the reference speed and load torque
change.

From Equation (5), it can be obtained that there is an ap-
proximate linear relationship between acceleration and electro-
magnetic torque. In order to verify the conclusion, the simula-
tion model is built in Matlab/Simulink, and the electromagnetic
torque and acceleration waveforms are simulated and com-
pared. The results are shown in Figure 6. Under the working
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FIGURE 6. Schematic diagram of torque and acceleration at speed
1000 rpm. (a) Torque waveform schematic. (b) Acceleration wave-
form schematic.

condition of 1000 rpm rotational speed and 10 N-m load, the
amplitude of electromagnetic torque and acceleration approxi-
mately shows a linear relationship. From the above, it can be
seen that in order to suppress the torque ripple of the motor,
only the acceleration ripple of the motor needs to be effectively
suppressed.

2.3. Stability of Closed-Loop Control of Acceleration

Since the current sensor is removed from the motor system,
there is no current feedback signal. In the case where only the
position sensor is used, a velocity, acceleration double closed
loop is taken to control the motor. The feasibility of this con-
trol method is analyzed below. Since acceleration is a real-time
variable, it is approximated:

(6)

where w(t) is the rotational speed; ¢ is the time; dw(t)/dt is
the real time acceleration; [dw(t)/dt],. is the reference accel-
eration. Since the reference acceleration is output via the PI
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controller, there is:

dwTit) - ((h}jiff))ref

~ o {0+ )~ )] )

(7

where K, is the proportionality constant of the PI regulator;
wres(t) is the given rotational speed; 77 is the integration con-
stant.

From Equation (7), the transfer function of the system is
Laplace transformed from time domain to frequency domain:

KPS+%]P

p— 8
52+Kps+%" ®

w(s)

wref(s)

where s is the complex frequency. The poles of this transfer
function can be obtained from Equation (8):

—K, £ /K2—4%2

2

)

T2 =

From the stability criterion in the complex frequency domain,
the closed-loop system is stable when the poles of the transfer
function of the closed-loop system are all in the left half plane
of the S-plane. As shown in Equation (4), since K, and T in
the power integrity (PI) regulator are positive, the poles x; 2 are
in the left half plane of the S-plane. Therefore, this closed-loop
system is stable.

3. INTERVAL ACCELERATION HYSTERESIS CON-
TROL STRATEGY

Based on the equivalence analysis of torque control and accel-
eration control, acceleration hysteresis loop method is used in
this paper to track the instantaneous acceleration to stabilize the
motor electromagnetic torque output. The conventional DITC
strategy uses only a single hysteresis loop control strategy in
TpE, and the demagnetized phase may still be excited in the
later part of TpE, generating large torque ripples. To solve this
problem, this paper proposes a partitioned interval current sen-
sorless torque ripple suppression strategy. By analyzing the
changes of the output torque capacity of the phase windings
of the motor in each conduction region, combined with the in-
ductive characteristics of the motor windings, a rotor cycle is
divided into three regions of TpE I, TpE II, and SpC, combined
with the equivalence of acceleration and torque control. The
corresponding acceleration hysteresis loop control strategy is
designed for different regions, and the control block diagram is
shown in Figure 7.

3.1. PMa-SRM Partitioning Based on Rate Change of Induc-
tance

As depicted in Figure 8, the inductance characteristics of the
PMa-SRM exhibit saturation effects that vary with different
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FIGURE 8. PMa-SRM inductance curve clusters.

current magnitudes, displaying a declining trend as current in-
creases. However, upon examining the cluster of inductance
curves, it becomes evident that the rate of change in inductance
is nearly negligible from the fully non-aligned position to 6,,.
Beyond 6,,,, there is a pronounced increase in the rate of induc-
tance change. Here, 6,,, denotes the inductance boundary point,
a fixed value.

From the above, it can be seen that the two-phase exchange
region is divided into TpE I and TpE II by the inductance
boundary point 6,,,, as shown in Figure 9. To analyze the phase
A demagnetization phase and phase B excitation phase, the
starting point of TpE I is the opening angle 62, and the induc-
tance and inductance change rate of the phase B in this area
are small, and the electromagnetic torque generated is much
smaller than the torque required for the motor operation, so the
torque required for the motor operation in this area is almost all
provided by phase A, and at this time, three-phase synthesized
torque ripple is also mainly generated by phase A.

When the rotor continues to move and enters TpE 11, the in-
ductance of phase B rises significantly. The starting point of
TpE 11 is 2. At this time, the inductance change rate of phase
A decreases rapidly. The ability to provide torque is weak-
ened, and vice versa, the ability to provide torque of phase B
is strengthened. The position of the demagnetized phase where
the stator and rotor are fully aligned is defined as 6, which is a
fixed value. When the rotor enters the SpC region (62 ~ 65)),
the inductance change rate of phase A is less than zero, gener-
ating a negative torque, and at this time, phase A should always
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FIGURE 10. Operating states of the power converter. (a) Excitation state. (b) Continuation state I. (c) Continuing current state II. (d) Demagnetization

state.

be turned off, while the inductance change rate of the phase B
has reached its maximum value, and the output torque of the
motor in the region is supplied solely by phase B.

3.2. Principle of Acceleration Hysteresis Control

Currently, the SRM control model generally involves an elec-
trical flow rate and is therefore not applicable under conditions
without a current sensor. Due to the equivalence of torque con-
trol and acceleration control, there exists an upper acceleration
hysteresis loop limit A Ay, and a lower limit A Apy,. In this
paper, A Ay is 15rad/s?, and A A, is 7.5 rad/s2. The accel-
eration error is set to A A, and there is:

AA = dwer(t) /dt — dwe(t)/dt (10)
= Aref - Ae
where A, is the reference acceleration, output by the PI con-
troller; A, is the instantaneous acceleration.

3.2.1. Relationship between Power Changer State and Acceleration

There are four operating states of AHBC when the PMa-SRM
operates, which are illustrated in phase A as an example, as
shown in Figure 10. As shown in Figure 10(a), when J; and
@2 conduct at the same time, the phase windings are excited,
at which time the current increases resulting in a rise in torque.
According to Equation (5), the torque and acceleration are ap-
proximately linearly related, so the acceleration also shows a
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rising trend. As shown in Figure 10(b), when ()7 is on and
Q- off, the phase winding voltage is zero, and in the continu-
ation current state I, the acceleration decreases slowly. Simi-
larly, when @2 conducts, and @1 turns off, the phase voltage
is zero for the continuation state II, as shown in Figure 10(c).
Finally, when both ()1 and @5 are turned off, the phase wind-
ing is subjected to negative voltage for demagnetization, and
the acceleration decreases rapidly, as shown in Figure 10(d).

3.2.2. Acceleration Hysteresis Loop Control

Taking phases A and B as an example, where B represents the
excitation phase and A the demagnetization phase, in TpE I,
immediately after the stator and rotor depart from the fully un-
aligned position, phase B exhibits a minor rate of inductance
change, resulting in lower torque capacity. To swiftly enhance
torque in phase B, a higher frequency of “1” states should be
implemented. To avoid excessive current, if AA falls below
—A Apax, the hysteresis loop switches to the “0” state for cur-
rent continuity, ensuring a smooth decrease in A, as illustrated
in Figure 11(a). Conversely, phase A experiences a substantial
rate of inductance change during this phase, serving as the pri-
mary contributor to motor torque. Figure 11(b) illustrates the
acceleration hysteresis loop strategy, which guarantees consis-
tent output torque.

As the rotor enters TpE II, the stator and rotor of the demag-
netized phase A approach full alignment, causing the rate of
inductance change to gradually decrease towards zero. To min-
imize the negative torque resulting from residual current, the
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demagnetized phase is configured with more “—1” state in this
zone to rapidly reduce current. The hysteresis loop remains at
0 to resume current only when A A exceeds A Ajx, ensuring
a smooth decrease in A., as depicted in Figure 12(b). Con-
versely, during the rapid increase in A, and torque capacity of
excitation phase B in this phase, if A A progressively exceeds
A Apin, the hysteresis loop shifts to “1” to boost A, swiftly.
Conversely, if AA gradually decreases below —A A, the
hysteresis loop remains at “0” to smooth the decline in A..
Should A A continue to decrease to —A Ay, the hysteresis
state shifts to “—1” to prevent excessive winding current and
mitigate torque ripple, as illustrated in Figure 12(a).

When the rotor enters SpC, the inductance change rate of de-
magnetized phase A becomes negative. Continuing to excite
phase A under these conditions would generate significant neg-
ative torque, thereby reducing motor efficiency. To mitigate
this, phase A remains consistently in the “—1” state throughout
this phase, facilitating rapid current decay, as illustrated in Fig-
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ure 13(b). Meanwhile, the inductance change rate of excitation
phase B remains relatively constant. To maintain constant out-
put torque, the hysteresis loop state transitions to “1” and “—1”
only when A A exceeds A A, or is less than -A A i, promot-
ing swift winding excitation and demagnetization, as depicted
in Figures 13(a) and 12(b).

4. SIMULATION VERIFICATION

To validate the viability of CSITC strategy, we utilized a three-
phase 6/20 PMa-SRM as an experimental prototype and de-
veloped a corresponding control simulation model in the Mat-
lab/Simulink environment. Detailed motor parameters are pre-
sented in Table 1.

The conventional DITC method and proposed control
method are compared and analyzed under conditions of low
speed and light load, as well as high speed and heavy load,
respectively. To quantitatively assess the effectiveness of these
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TABLE 1. PMa-SRM parameters.

Parameters Values Parameters Values
Stator poles 6 Rotor tooth height/mm 6
Rotor poles 20 Stator tooth height/mm 6
Windings turns 55 Phase number 3
Stack length/mm 100 Rated voltage/V 540
Rotor diameter/mm 172 Rated current/A 30
Stator diameter/mm 142 Gap length/mm 0.6

methods in reducing motor torque ripple, we use the torque
ripple coefficient K7, defined as:

Tmax - Tmin
———— x 100%
Tavg

Kt 11

where Thax and T, are the maximum and minimum values
of the threephase synthesized torque of the motor under steady
state operation, respectively, and T, is the average value of
the torque.

In the simulation experiment, the setting and completely un-
aligned position of the rotor (the coincidence position of the
salient pole center of the stator and the center of the rotor
groove) is 0°, and the turn-on and turn-off angles are 0° and
6°, respectively. At the speed of 500 rpm and under 5N-m
load, the waveforms of current, phase torque, and total torque
for both control strategies are depicted in Figures 14(a) and (b).
Under conditions of low speed and light load, the difference in
torque ripple between the two control strategies is not signifi-
cant. However, the motor torque exhibits greater stability under
the proposed strategy, yielding torque ripple coefficient K7 of
15.6% and 9.6%, respectively. The conventional DITC strat-
egy overlooks the nuances of excitation and demagnetization
phases. At the transition between TpE and SpC phases, the de-
magnetization phase A enters a “—1” state, causing torque de-
crease rapidly. Consequently, the actual torque A, exceeds the
reference torque A,.r. The SpC hysteresis strategy sets phase
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B to “—1” to mitigate A., leading to a sharp decline in total
torque and resulting in significant torque ripple in phase ex-
change region. In contrast, the method proposed in this paper
confines the excitation phase B to “0” and “1” states in TpE I to
swiftly enhance current. In TpE II, the excitation phase is gov-
erned by an accelerated internal hysteresis loop, switching to
“—1” only when A A is less than —A A« for demagnetization
purposes. In TpE II, the demagnetization phase employs mul-
tiple “—1” states to rapidly reduce current. The hysteresis loop
shifts to “0” only when A A exceeds A A, to renew current,
facilitating rapid current increase. This approach ensures that
A, decreases smoothly by maintaining the hysteresis loop state
as “0” for current continuation when A A surpasses A Aax, ef-
fectively reducing negative torque and torque ripple.

As shown in Figures 15(a) and (b), when the load is increased
to 10 N-m, K of the two control strategies are 16% and 6.5%,
respectively. In comparison to the 5 N-m load, the proposed
control strategy further minimizes torque ripple K. This en-
hancement is achieved because phase B is energized within the
hysteresis loop set to “1” during TpE I, swiftly boosting instan-
taneous acceleration under heavy load conditions. During the
initial half of TpE II, the rate of inductance change in phase
B increases rapidly, managed by an internal hysteresis loop.
Here, the hysteresis loop state shifts to “—1” for demagnetiza-
tion only when A A is less than —A Ay, effectively reducing
A, and thereby lowering 7. In the latter half of TpE II, the hys-
teresis loop of phase A switches to “0” to maintain current flow
when total torque is inadequate, ensuring a smooth decrease in
current. Concurrently, remaining moments are maintained at
“—1” for demagnetization, minimizing negative torque as much
as possible.

At 1000 rpm rotational speed and under a 5 N-m load, Fig-
ures 16(a) and (b) depict waveforms illustrating two distinct
control strategies, with K values of 27% and 9.4%, respec-
tively. These strategies demonstrate effective suppression of
K7 in SpC. However, in TpE, conventional DITC prioritizes
exciting the active phase to boost torque and demagnetizing
the inactive phase to reduce it. To ensure timely tracking of
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the torque reference, phase B maintains a hysteresis loop state
of “1” in the initial TpE phase for rapid current amplifica-
tion, while phase A utilizes external hysteresis loop control for
primary torque output. Later in TpE, rapid demagnetization
of phase A decreases the total torque, resulting in significant
torque ripple. In contrast, the proposed strategy leverages mo-
tor inductance and torque characteristics to regulate accelera-
tion deviation using phases with superior torque output capa-
bility. Different acceleration hysteresis loop control strategies
are employed in TpE I and TpE II, stabilizing and optimizing
torque output.

Figures 17(a) and (b) illustrate the waveforms under two con-
trol strategies when the speed remains at 1000 rpm, and the
load increases to 10 N-m. Figure 17(a) demonstrates that un-
der the conventional DITC strategy, the motor fails to operate
normally under high speed and heavy load conditions. In this
scenario, the excitation phase B current in TpE has a short rise
time, resulting in inadequate torque generation and an unbal-
anced three-phase synthesized torque. Subsequently, the rotor
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enters SpC, where the actual rotational speed w, still does not
match the reference speed w;.¢. This discrepancy is input into
the PI controller, causing a larger output reference acceleration
Aqrcy. Despite this, the actual acceleration fails to track the ref-
erence, further amplifying the control error K. In contrast, the
proposed control strategy demonstrates stable operation under
these conditions. In TpE I, when A A exceeds 0, the excitation
phase’s hysteresis loop is set to “1” rapidly increasing wind-
ing current and augmenting A.. If AA surpasses A Ay, the
demagnetization phase’s hysteresis loop is set to “1” to excite
the winding, ensuring timely tracking of A,.y. This approach
enables stable motor torque output, as depicted in Figure 17(b).

In order to see the superiority of the proposed control strategy
more clearly, the simulation results of the above two control
strategies are summarized in Table 2.

5. EXPERIMENTAL VERIFICATION

To further validate the proposed control strategy, experi-
mentation was conducted using a three-phase 6/20 PMa-
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SRM platform.  The employed control core was TI’s
TMS320DSPF28335 microcontroller.  Driving the system
was an Asymmetric Half-Bridge Power Converter (AHBC).
The torque measurement utilized a dedicated torque sensor,
while the motor’s actual speed was monitored using a high-
resolution 15 bit Britt absolute encoder. Data exchange among
components was facilitated through a CAN bus, illustrated in
Figure 18.

Due to the experimental test precision and test environment,
the simulation experiment results have errors with the results
of physical verification, but it does not affect the verification
of the results. The conventional DITC strategy and the control
strategy proposed in this paper are used to compare and verify
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the motor, given a speed of 500 rpm and a load of 5 N-m, and
the experimental results are shown in Figure 19 and 20. Ko
is 22.1% under the conventional DITC control. Under the pro-
posed control strategy in this paper, the hysteresis loop control
strategy is designed for each of the two commutated subregions,
which makes the torque transition in the TpE smoother, and the
K is 14%.

To further verify the reliability of the proposed strategy, the
load is raised to 10 N-m, and the rotational speed is maintained
at 500 rpm. The waveforms are shown in Figures 21 and 22.
Compared with the load of 5 N-m, the K1 of the proposed con-
trol strategy is further suppressed, and the K under the two
control strategies are 25.1% and 11.39%, respectively.
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TABLE 2. Torque ripple comparison under two strategies.

Motor speed (rpm) | Load(N-m) Torque ripple
Kr1 | Kre
500 5 15.6% | 9.6%
500 10 16% | 6.5%
1000 5 27% | 9.4%
1000 10 x 7.5%

6. CONCLUSION

In this paper, we propose a current sensorless method to sup-
press interval torque ripple, thereby enhancing system reliabil-
ity and reducing costs by eliminating the need for a current
sensor. Leveraging motor position data, we derive motor ac-
celeration through the second-order derivative of position with
respect to time. This acceleration serves as feedback to demon-
strate the equivalence between torque and acceleration control.
It replaces the traditional torque loop and integrates into a dual
closed-loop system with the speed loop for motor control. We
thoroughly analyze the method’s feasibility. Additionally, to
mitigate torque ripple in the TpE region of the PMa-SRM, we
analyze motor inductance characteristics and segment the TpE
region into two subregions. We then develop an acceleration
hysteresis loop control strategy for these regions to timely track
reference acceleration. This approach facilitates the activation
and deactivation of AHBC, reducing torque ripple during motor
operation and ensuring stable torque output.
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