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In this paper, a new torque sharing function control strategy is proposed
to reduce the torque ripple. The traditional torque ripple methods, such as
exponential and linear torque allocation strategies, the torque generation
capacity of each phase and the power limitation of the power converter is not
taken into account, in this paper, the communication region is divided into
three intervals by establishing a new partitioning standard. According to the
re-established reference function of torque generation, the torque deviation
caused by phase current tracking error is compensated according to the
torque generation capacity. Both optimization of torque ripple suppression and
copper loss minimization are taken into consideration in this paper. To verify
the validity and performances of the proposed TSF methods, simulations and
experiments have been implemented in a 12/8 structure Switched Reluctance
Motor prototype. This method can be applied to other switched reluctance
motors with different topologies. Result shows lower current tracking error
and better performance of torque ripple minimization compared with the
conventional two-interval compensation method.

KEYWORDS

switched reluctance motor, torque sharing function, torque ripple minimization, torque
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1 Introduction

A Switched Reluctance Motor (SRM) is widely used in modern industry, electric vehicles
(EV), agricultural machinery equipment (Li et al., 2018; Sun et al., 2018; 2019; Cheng et al.,
20225 Caoetal, 2024), and in other fields, owing to its simple structure, strong fault
tolerance, wide speed range, and not requiring rare earth materials. However, the high
torque ripple and noise caused by the double salient pole structure and nonlinear mapping
characteristics of switched reluctance motors limit their application in high-end fields such
as servo control.

Recently, the torque ripple problem of a switched reluctance motor (Marcsa and
Kuczmann, 2017; Ma et al., 2018; Kuang et al., 2019; Qing et al., 2020) has been investigated
through several strategies, such as Direct Torque Control (DTC) (Kim and Kim, 2018;
Yan et al., 2019), Direct Instantaneous Torque Control (DITC) (Sun et al., 2020), artificial
neural network control (Dang etal.,, 2020), and torque distribution function control
(TSF) (Lietal, 2021). Among them, the torque distribution function poses an effective
solution in reducing the torque ripple of SR motors by reasonably distributing the
reference torque of each phase to preserve the synthetic instantaneous torque constant.
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For instance, (Dowlatshahi et al., 2013), introduces a multiphase-
compensate torque distribution function control strategy to
compensate the phase torque tracking error to the other phase
generated by each phase during commutation. This method
achieves constant synthetic torque, but the comprehensive operating
efficiency and the influence of other performance indicators have
not been considered. In (Xia et al., 2020), the authors optimize the
current reference curve to reduce torque ripple and copper loss and
use a multi-objective genetic algorithm to find the optimal turn-
on and turn-off angles. However, this method requires complex
iterative calculations. Furthermore, (Xi-Lian et al., 2015), develops
a comprehensive torque distribution control method that minimizes
torque ripple and copper loss of SR motors based on an exponential
function. Additionally, this method uses the weighting function
to balance torque ripple suppression and the operating efficiency.
Besides, (Liuetal., 2019), proposes a TSF control strategy based
on pulse width modulation (PWM), which adjusts the excitation
voltage of the phase winding by the duty cycle of PWM and divides
different control intervals through the inductance linear model
to achieve good current tracking performance. In (Chen etal,
2018), the authors suggest a TSF control scheme that does not
require a preset torque distribution function and compensates
for the excitation phase by feedbacking the deviation of the real-
time torque of the off phase. This strategy distributes the torque
of each phase more reasonably and reduces the torque ripple. A
TSF control method with a single weight factor is proposed in
(Lietal, 2018)to reduce the control complexity. The motor flux
characteristics are obtained to find the optimal current curve
from finite element analysis and experiments, which ensures low
copper loss while torque ripple is reduced. The work of (?) studies
and evaluates four conventional TSF methods, including linear,
sinusoidal, exponential, and cubic TSFs, and uses genetic algorithms
to optimize opening and overlapping angles, minimize copper loss
while minimizing torque ripple, and selects the best distribution
curve among the four methods. In (Sunetal, 2016), a control
method based on online correction of the torque distribution
function is developed to compensate its TSF positively during
the outgoing phase and negatively during the incoming phase
according to the torque error generated during commutation. This
method optimizes the TSF function and reduces the torque ripple
effectively. In [21], the authors divide the commutation interval
into two intervals according to the absolute value of the flux rate
of change. Besides, this work uses the proportional integration (PI)
controller to compensate for the torque error to suppress torque
ripple in different intervals.

This paper proposes a new torque distribution function control
strategy based on existing research methods, aiming to reduce the
torque ripple of switched reluctance motors effectively, generate
the best reference torque curve with low torque ripple, and
improve the motor’s performance. Based on the motor structural
parameters, the finite element analysis method is used to obtain
the electromagnetic data of the motor. Furthermore, the main
factors affecting the electromagnetic torque are analyzed, the basis
of partition of the motor’s commutation period is re-established, and
the phase with strong torque generation ability is optimally selected
online as the torque compensation phase in the preset partition
interval. Additionally, the torque distribution function is optimized
according to the real-time torque tracking error to improve the
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current controllability and optimize torque ripple suppression.
The torque ripple can be further reduced compared with the
two-interval compensation method in commutation. Finally, the
effectiveness of the proposed method is verified by simulation and
experiment.

2 SRM mathematical model
2.1 Voltage equation

According to Kirchhoff’s voltage law, the voltage balance
equation of the kth phase winding of a switched reluctance motor
can be expressed as:

dyy

dt
where U, is the voltage of the kth phase winding, R is the

1

Uk = Rkik +

resistance of the kth phase winding, i, is the current of the
kth phase winding, and y; is the flux linkage of the kth phase
winding.

2.2 Flux linkage equation

Considering that SRM mainly operates in the magnetic
saturation region and the highly nonlinear electromagnetic
characteristics in this region, it is challenging to establish an accurate
nonlinear model of an SR motor based on common electromagnetic
characteristics and mathematical formulas. Based on the nonlinear
model analyzed in (?), the flux linkage profile of SRM can be
expressed:

W (5,0) = [Lygi+ A (1) = L,i] £(6) + Ly )

where L—gq is the inductance of stator and rotor salient pole
misalignment (q axis), and L, is the saturation inductance for
stator and rotor salient pole alignment (d axis). A, B, f(0) are defined
as presented in 3, 4, and 5, respectively.

A= \Pm - Ldsatlm (3)
B= Ld B Ldsat (4)
\Pm - LdsatIm
f(e)—<2N3>e3 <3N3>93+1 )
A\ 7 713

where L, is the unsaturated inductance of the d axis, I,,, is the rated
current corresponding to flux linkage ¥, and N, is the number of
rotor poles.

2.3 Torque equation

The electromagnetic torque of the motor is equal to
the sum of the torque generated in each interval. Due to
the nonlinearity of the magnetization profile, the generated
torque is a nonlinear function of phase current and rotor
position. According to the principle of virtual displacement, the
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TABLE 1 Parameters of motor structure.

10.3389/fenrg.2024.1381950

Parameter Numerical value Parameter Numerical value
rated power (W) 1,500 rotor outer diameter(mm) 69
rated voltage(V) 72 rotor inner diameter(mm) 30
stator pole number 12 stator polar arc coefficient 0.5
rotor pole number 8 rotor polar arc coefficient 0.355
stator outer diameter(mm) 120 overlapping coefficient 0.95
stator inner diameter(mm) 69.8 silicon steel sheet model 50W270_2DSF0.950
core length(mm) 82.8

instantaneous electromagnetic torque at any operating point can be
expressed as:

oW’ (6,i)

T, (i,0) = 3

(6)

i=const

where W' is the magnetic common energy of the winding, its
expression is:

W' (6,1) = J;\y(e, i) di @)

Substituting Equation (1) into Equation (7), the expression of
torque T, is:

Ly —Ly) A(1-e?
T,(i,0) = f (0) (Lo~ L) +Ai- (=" ®)
2 B
where f'(0) can be expressed as:
v 6N\, (6N
f(9)—<ﬂ3>9 —<ﬂ2>9 )

2.4 Mechanical equation
According to the laws of mechanics, the rotor mechanical

motion equation of SRM under the action of electromagnetic torque
and load torque is expressed as follows:

+D— +T; (10)

where T, is electromagnetic torque, T; is load torque, J is the rotary
inertia, and D is the friction factor, among o

3 Torque modeling and analysis
The torque share function partition compensation strategy

depends on the torque generation capacity. However, the nonlinear
mapping relationship between torque, current, and inductance
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derivatives is acquired. Using the finite element analysis of Maxwell
software, the torque-current characteristic and its derivative profile,
inductance characteristic profile, and torque-inductance derivative
characteristic profile can be obtained, and the factors affecting the
torque generation capacity are analyzed.

This paper uses a 12/8 three-phase switched reluctance motor
as the prototype, with the specific structural parameters reported in
Tablel.

3.1 Static finite element analysis

The prototype model’s static finite element analysis uses ANSYS
software. Considering the A-phase winding as an example, to
analyze the torque generation capacity, the step is set as 0.5, the
angle value is set from 0 to 45, and the Maxwell software calculates
the torque and inductance values under the fixed phase current.
The characteristic profiles of the inductor-rotor position and torque-
inductor derivative are plotted using Matlab, as illustrated in
Figures 1A,B.

Under the linear model, the magnetic saturation characteristic
is ignored, and the phase current is fixed. Thus, the inductance
derivative is linearly related to the torque. In order to analyze the
influence of the inductance value on torque in practical applications,
the step of the phase current is set to 1A. Figures 1A,B highlight
that the coincidence degree of the inductance curves is high when
the phase current is 1 6A. When the current exceeds 6 A, the
motor is operated at the magnetic circuit saturation state, and the
inductance value in the central area gradually decreases, showing
a concave state. When the center lines of the stator’s and rotor’s
salient poles are completely aligned, the motor enters a saturation
state of the magnetic circuit. Then, the saturation effect increases
as the phase current increases, the inductance value decreases,
and the torque generation ability becomes weaker. When the
front edge of the salient poles of the stator and rotor approach,
the sensitivity of inductance increases, and the torque generation
strengthens. Therefore, when the phase current is constant, the
torque gradually increases as the inductance derivative increases and
the relation between the inductance derivative and torque tends to
be linear.

frontiersin.org
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FIGURE 1

SRM static characteristic 2-D profiles. (A): Characteristic profiles of inductance versus rotor position. (B): Characteristic profiles of inductance derivative
versus torque. (C): Characteristic profiles of current versus torque. (D): Characteristic profiles of current versus torque derivative.

In order to analyze the influence of phase current on the torque
generation capacity, the phase A winding is given a phase current
12A with a step of 1A, and the torque value varying with the phase
current at a fixed angle is acquired. The torque-current and torque
derivative-current characteristics profiles are plotted in Matlab, as
depicted in Figures 1C,D.

In order to analyze the influence of phase current on torque
in practical application, the step is set to 2.5, and the angle value
of 0 22.5 is selected. When the angle is 0-7.5, the trailing edge
of the stator pole is gradually approaching the leading edge of
the rotor pole. When the angle is 7.5-22.5, the salient poles of
the stator and rotor gradually coincide. Figures 1C,D highlight that
the A-phase winding of the motor is conducting when the rotor
position is 0-15, and the torque gradually increases as the current
increases. At this time, the torque generation ability is strong. When
the rotor position is 15-22.5, the A-phase winding of the motor is
operated at the turn-oft freewheeling state, the torque derivative-
current value decreases obviously as the phase current exceeds 6A,
and the torque generation ability weakens. Therefore, when the angle
is fixed, the torque value gradually increases with the increase of
phase current, and the relationship between current and torque
tends to be square.

The torque profile is obtained by a two-dimensional static field
analysis, as illustrated in Figure 2. By analyzing the influence of
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FIGURE 2
Value of torque with the change of parameters 6 and current.

the current and inductance on the torque generation capacity, it
is demonstrated that the torque generation capacity is stronger at
points A and B.
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FIGURE 3

SRM control block diagram of DITC method.

4 Torque share function control
strategy

The SRM control block diagram of direct instantaneous torque
control based on a torque closed loop is shown in Figure 3,
which mainly includes the torque calculation unit, hysteresis
control unit, power converter, SRM, position detector, and current
sensor. As shown in Figure 3, the total reference torque T, is
divided into reference torques Ty s of each phase at different
positions according to the torque share function. The look-up
table module calculates the instantaneous output torque. The error
between the reference torque and the instantaneous output torque is
converted into the driving signal of the power converter by torque
hysteresis control, and the control scheme is based on the torque
share function.

4.1 Torque share module

To realize the control goal of the TSF method based on constant
synthetic instantaneous torque, the following equation must be
satisfied:

Tk (6) = Treffk (6) >

u (1
PRACESS
k=1

0< f(0)<1

where T;.(0) is the instantaneous torque of the kth phase winding,
T,y is the synthesized instantaneous reference torque, f(6) is the
torque share function of the kth phase winding, and m is the number
of phases of SRM.

The torque share function directly affects the torque ripple
and the reference peak current of each phase. Hence, the TSF
function can effectively improve the steady-state performance
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of SRM. The common TSF functions include linear, cosine,
cubic, and exponential. This paper analyzes the linear and cosine
types, with their profiles and current diagrams depicted in
Figure 4.

In a single rotor angular period, the reference torque of the kth
phase can be expressed as:

0, 0<0<0,,
Troffrisr Oon <0<0,,+0,,
Ti_ref(0) =4 T,p O+ Oy <0< Oz (12)
Tmfffal, Hgﬂ <6< 90ﬁ+ 0,,
0, O+ 0,y <0<,

where T, is the total reference torque, f,;, is the slope of the rising
phase of the input phase, and f is the slope of the falling phase
of the output phase. 0, 0,5, and 6, represent the turn-on, turn-off,
and overlapping angles, respectively, and 7, is the rotor angle period.
The relationship between f;,, and fi,;, is defined as:

ffall(e) = 1_frise(6_£) (13)
0,, should satisfy the following relational equation:
0, <=0
ov < E ~ Yoff (14)

4.2 Partition torque correction control
strategy

Generally, the tracking ability of the current is constrained

by the power converter, and the traditional torque share function
ignores the influence of current tracking characteristics. Therefore,
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the output torque of each phase cannot track the reference
torque, resulting in a large torque ripple. This paper considers
this limitation in the proposed torque distribution curve design.
Figure 5A illustrates the schematic diagram of the TSF control
strategy based on cosine, where the solid line presents the reference
torque distributed by the TSF function, and the dotted line is
the actual torque generated in the motor running process. The
diagram reveals that the torque at the position with a small
inductance cannot track the given torque in time, resulting in a
large torque error. Aiming to solve the torque ripple problem, this
paper proposes a method based on the partition correction of the
torque share function. According to Figure 5B, the commutation
period is divided into three sub-intervals (intervals I, II, and III)
with 6,,and 0, denoting the midpoints. The torque generation
capacity of each phase at a different rotor position is analyzed, and
the phase with a strong torque generation capacity is selected as
the torque compensation phase. The performance of the torque
share function is optimized according to the real-time torque
tracking error, and the control ability of the actual current is
improved. Thus, the optimization goal of torque ripple suppression
is achieved.

1
0,=0,,+=0 15
cl on+3 ov ( )
6.,=6, +26 (16)

on ov
3

The torque characteristic at different rotor positions is presented
in Figure 6, and the difference in torque generation capacity between
the adjacent phases during commutation is presented in Figure 7. By
analyzing the rate of change for the torque at the commutation, the
torque share function is constructed by partition optimization for
the torque ripple minimization.

(1) Interval I: At the initial stage of commutation, the torque
generation capacity of the K phase is lower than the K-1 phase.
The torque of the K-1 phase is used as compensation instead of
the K phase. For correcting TSE, the control block diagram of
interval I is presented in Figure 8A, suggesting that the torque
generation capacity of the k-1 phase is greater than that of
the K phase in interval I. At this time, the K phase is at the
stage of establishing an excitation current. Thus, the current
value is small, and the change rate of winding inductance is
low. Therefore, the actual torque generated cannot track the
reference torque. At this time, the torque generation capacity
of the k-1 phase is strong, and the k-1 phase can compensate
for the torque error generated by the k phase.

The torque error of the K phase equation is
ATy =Ty o= Ty 17)

In the overlapping area, the total electromagnetic torque equals
the sum of the electromagnetic torques of the input and output
phases. The updated total reference torque can be expressed
as:

Tref = TZiY + Tk
= Tfef fuzlll” + Treff rise (k)
= ref(ffall (k_ 1) +Af1) + Treffrise (k) (18)
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FIGURE 4

Profiles and current diagrams of linear and cosine TSF functions. (A):
Profiles of linear TSF. (B): Profiles of cosine TSF. (C): Diagram of phase
current and rotor position.

The relationship between f;,, and fi,;, is defined as

ffall(e) =1 _frise(9+60n_90ﬁ) (19)

(2) Interval II: In the middle of commutation, the torque
generation capacity of the k-1 phase is similar to that of the K
phase. The K phase is in the current conduction interval, with
strong control ability. The K phase compensates for the torque
error caused by commutation.

The control block diagram of interval II correction TSF is
depicted in Figure 8B, highlighting that the torque-generating
capacity of the k-1 phase is similar to that of the K phase. At
this time, the k-1 phase is at the turn-off freewheeling state, the
current gradually decreases, the torque is in a state with a fixed
profile decline, and the current control ability is weak. The k-
phase current in this interval is rising, and the controllability is
strong. Therefore, the k-phase is selected for torque compensation
in interval IL.

The torque error generated in this interval is:

ATy =Ty ror = Ty (20)
The compensation function Afj; can be expressed as:

06-6,,
Afp= “H( 0

bU
) +ay ATy (21)

ov
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FIGURE 5
Schematic diagram of conventional and proposed TSF control strategy. (A): Cosine TSF control strategy. (B): Correction TSF strategy.
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20l Diagram of torque generation capacity of different phases during
E commutation period.
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the k-1 phase winding inductance is small. Thus, the phase
FIGURE 6 i i
Simulation profiles of the torque characteristic at different torque 1s large’ which causes the actual torque to exceed the
rotor position. reference torque, resulting in torque ripples. Additionally, the

torque generation capability of the k-phase is relatively strong,
so the k-phase compensates for the torque error generated
by k-1.

(3) Interval III: In the later stage of commutation, the torque

The t f the k-1 ph b d as:
generation capability of the k-1 phase is lower than that of € TORQUie erfor Of Te -0 PHase Cafl be expressec as

he k-phase. The block di f the i 1 111 i

the k-phase . elb oc dlag.ram 'o the 1{1terva ! correction ATyr=Tiy = Tit ey (22)
TSF control is illustrated in Figure 8C, revealing that the

torque-generating capability of the k-phase is greater than The modified torque share function expression with adding the

that of the k-1 phase. At this time, the rate of change of  compensation function in sections is presented below:
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FIGURE 8
Control block diagram of correction TSF of three sub-intervals. (A): Control block diagram of correction TSF of interval I. (B): Control block diagram of
correction TSF of interval Il. (C): Control block diagram of correction TSF of interval Ill.
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f(e) = < l, eon + GOV < 9 < Goﬁ (23)
1
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Sya Byt 3000 < 0 O+ 0,
S O+ %% <0<0,5+0,,
0, 9017 <0< T,

4.3 Evaluation criteria of torque share
function control strategy

In order to ensure the stable operation of the motor in speed
and torque output, this paper comprehensively considers the torque
share function control strategy indicators.

The torque ripple of the motor T, is defined as:

Tmax

~_T..
xR % 100%

av

T =

r

(24)
where T, is the maximum torque, T, is the minimum torque,
and T, is the average torque.

Copper loss is one of the important factors affecting the
operating efficiency of the motor, which can be expressed by the
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Simulation results of cosine TSF control strategy.
RMS value I, during the conduction period:
1 eolf 2 0‘717 2
Iy = \je_ <J o [ i do 25)
p [ [

The copper loss of SRM is proportional to the square of the phase
current, and the copper loss generated by the motor operation can
be reduced by reducing the motor’s phase current.
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Simulation results of proposed TSF control strategy.
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Experimental results of cosine TSF control strategy. (A): Current
waveform. (B): Torque waveform.

A v v v
I
§8id VM‘ VAVA’ A i/ V\v/\, AT
SE[ NIRRT
Time (Sms/div)

B g —
P VR AR W S O
Z 4
s

3k ) ) ) ) ) ) J
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time(s)

FIGURE 11

Experimental results of cosine TSF control strategy. (A): Current

waveform. (B): Torque waveform.

The flux linkage change rate of the motor is expressed as:

av,  U—Rii-Lg o6

do ®
where the voltage drop R, of the winding resistance is usually
small compared to the dc-link voltage, and thus, the term
R, I, can be ignored in qualitative analysis. The above formula
highlights that the flux linkage change rate is only affected by
the DC-link voltage, the current change rate, and rotational

speed.
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5 Simulation analysis

The effectiveness of the proposed control strategy is verified
using a three-phase 12/8 switched reluctance motor, where the flux
linkage and torque characteristics of the switched reluctance motor
are obtained using the Maxwell software. Figure 9, Figure 10, and
Figure 11 illustrate the results of the traditional linear TSE cosine
TSE, and improved cosine TSF in the simulation test. For this trial,
the parameters are configured as follows: dc-link voltage 72 V, given
rotating speed 500r/min, turn-on angle, and turn-off angle are 0° and
22.5°.

According to the simulation results, the torque ripple of
traditional linear TSF and cosine TSF is 25% and 23%, respectively.
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Compared with the traditional TSF method, the torque ripple is
reduced when using the proposed TSE, and the tracking ability of
the torque is improved. The torque ripple is reduced from 23%
to 18.6%. The simulation shows the motor has stronger torque
ripple suppression ability using the modified torque share function
partition control strategy.

6 Experimental analysis

An experimental platform for SR motor control is set up to verify
the feasibility of the proposed torque ripple suppression control
strategy. The experimental platform employs an STM32F103C8T6
chip as the control core and a 12/8 three-phase switched reluctance
motor as the research object. The power converter adopts a
three-phase asymmetric half-bridge circuit, and its rated speed
is 2000r/min.

The experiment considers fixed turn-on and turn-off angles,
and the reference speed is 500r/min. The results of the traditional
cosine TSF and the improved cosine TSF are compared, and the
experimental results are shown in Figures 12A,B, and Figure 13. The
results infer that the improved cosine TSF adopted in this paper can
improve the torque ripple during commutation and that the control
index is better in a wide speed range.

7 Conclusion

In order to reduce the torque ripple effectively, a torque
ripple suppression control strategy of switched reluctance motor
based on partitioned TSF is proposed in this paper. In this
control strategy, the torque share function is modified partitionally
by using the difference of two-phase torque generation capacity
during commutation. This method fully considers the problem of
torque generation ability, which reduces the dependence of power
converter, and achieves low torque ripple index, it also can be
widely applied to other switched reluctance motors with different
topologies. The simulation and experimental results show that
the proposed control strategy can significantly reduce the torque
ripple during commutation in a wide speed range and improve the
reliability of motor operation.
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