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Switched Reluctance Motor (SRM) implement is constrained by high torque ripple. An effective torque ripple
compensation method is proposed based on sliding mode current compensation (SMCC). According to the
relationship between torque and current of the SRM, a current compensation with a sliding mode controller is
designed. The input of the sliding mode controller is the difference between the reference torque and instant
torque, and the compensation current is obtained as the output through the calculation of the sliding mode
surface. The total current is the sum of linear conversion current and compensation current. The Lyapunov
stability criterion proves the stability of the sliding mode compensation. In MATLAB simulation environment
and low-speed operation of the motor, the effectiveness of the proposed method is proved. Compared with
PD current compensation method, the efficiency of this method in current compensation is improved, and the
torque ripple can be effectively reduced.
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1. Introduction

In the field of new energy vehicles, Switched Reluctance
Motor (SRM) with excellent performance such as high reli-
ability, extensive speed range, and no need for rare metal
manufacturing have attracted increased attention. How-
ever, due to its unique doubly salient structure and mag-
netic saturation operation characteristics, large torque rip-
ple will occur during the middle and low-speed operation
[1, 2]. Therefore, researchers have conducted lots of re-
search on torque ripple [3].

Methods for suppressing torque ripple include: direct
torque control (DTC), model predictive control (MPC) and
current control [4]. The DTC method evolved from asyn-
chronous motors, and its control method requires both
estimated torque and estimated flux, which requires a large
amount of computation. The MPC method estimates the
control quantity based on the model, which requires high

accuracy of the model [5]. Thanks to the current control in
SRM, the electromagnetic torque is relatively stable during
low-speed operation. Traditional current control methods
include the torque sharing function (TSF) method, har-
monic current injection method, and current profile control
method [6]. The torque distribution method generates the
reference torque and then assigns the reference torque to
the phase current according to the formula i(T, θ). Since
torque is a strong nonlinear function of current and po-
sition, the TSF used significantly impacts torque control
performance. To improve the implementation of SRM, the
distribution function of TSF needs to improve [7–10]. The
turn-on angle and overlap angle in SRM significantly im-
pact their performance. Therefore, a genetic algorithm is
used to optimize the turn-on angle and overlap angles
under different expected torque requirements [7]. As the
current hysteresis impacts the torque ripple of SRM, the
current shaping control designed according to the rotor
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angle reduce the torque ripple [11]. As the current is af-
fected by the TSF method, the torque ripple performance of
SRM can be improved by adjusting the weight parameter
used to calculate the current percentage of the output phase
[12]. Furthermore, considering the difference between in-
stant and estimated torque, a new TSF method is proposed,
which uses predictive model control to effectively com-
pensate for the insufficient capacity of the incoming phase
in TSF [13]. By obtaining the range of phase torque and
applying it to online correction of reference phase torque,
torque ripple can also be reduced [14]. In general, the TSF
method can reduce the torque ripple of SRM, but rely on
the precise TSF formula. The harmonic current injection
method fully considers the periodicity of the current and
inductance distribution in the steady state [15]. The av-
erage torque is mainly contributed by DC, primary and
secondary harmonics, while the fourth and fifth harmonics
significantly affect torque ripple. The torque performance
can be improved by actively and selectively injecting cur-
rent harmonics [16]. By superposing the first five current
harmonics of the opti- mum amplitude and phase on the
rectangular current reference, it is possible to significantly
improve the torque control performance in the low-speed
region [17]. The optimum current harmonics can be found
online using the simplex approach, and this method can be
further expanded to the high-speed range [18]. The current
reference based on half sine wave can also suppress torque
ripple [19]. The torque and radial force ripple can be re-
duced simultaneously by determining appropriate current
harmonic optimization through numerical calculation[20,
21].

The current profile control method is another practical
indirect method for determining the reference current di-
rectly. Generally, the current control starts with a simple
reference current and then fine tune as needed to obtain the
final reference current with suitable torque control perfor-
mance. As the bus current influences torque, the negative
part of the bus current and commutation shift technology
can be used to form a standard rectangular reference cur-
rent[22]. The feed-forward plus torque compensation can
reduce the dynamic response time and improve the steady-
state accuracy of electromagnetic torque [23].

The other methods widely used in SRM include fuzzy
control and neural network control. The torque ripple
can be suppressed by designing appropriate fuzzy logic to
optimize the segmented harmonic current online and by
segmenting the harmonic current [24]. The fuzzy control
depends on the establishment of its fuzzy rules, which is
time-consuming. Neural network control has disadvan-
tages such as large amount of calculation, lack of strict

mathematical proof of control stability, its use requires of-
fline training in advance in most cases [25, 26].

Sliding mode control (SMC) and its improved method
have been used in SRM speed regulation control. However,
at present, there is no literature that applies sliding mode
control to current compensation. The sliding mode surface
according to the mechanical equation of the motor, and the
sliding mode surface needs to be stable so that the system
has strong robustness to uncertain parameters and external
disturbances. None literature applies sliding mode control
to current compensation control at present. The difficulty
lies in designing the sliding mode surface of compensation
current according to the relationship equation between
torque and current and the design need to be stability. The
advantages of sliding mode control include fast dynamic
response, low computational complexity, and good stability
assurance.

The innovation of this paper is the design of a sliding
mode current compensation (SMCC) based on torque error.
The sliding mode surface is designed based on the relation-
ship between torque error and compensation current, and
together with the feed-forward current conversion, it gen-
erates a total current with low computational complexity
and fast response speed. Finally, the stability of the sliding
mode controller is proven. The algorithm can effectively
reduce torque ripple and has low computation. It can meet
the demand for an onboard controller for the SRM drive.

The remainder of this manuscript is organized as fol-
lows. Section 2 presents the principle of indirect torque
control. The proposed SMCC is descripted in Section 3. To
verify the effectiveness of SMCC, simulation results and
analysis are provided in Section 4, followed by the conclu-
sion in Section 5.

2. Indirect torque control

According to the mechanical equation of SRM, the rela-
tionship between magnetic co-energy and phase current
is

Wm(i, θ) = W∗
m(i, θ) =

1
2

iψ =
1
2

Li2 (1)

where Wm is the magnetic co-energy, ψ is the flux link-
age, i is the phase current, and L is the inductance.

Thus, the electromagnetic torque equation becomes

Te(i, θ) =
1
2

i2
∂L
∂θ

(2)

It can be further obtained that the current calculation
formula is

i =
√

2Te

∂L/∂θ
(3)
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Fig. 1. Indirect torque control

Therefore, the reference torque is obtained. Treating the
inductance deflection as linearized, the total reference cur-
rent can be calculated according to Eq. (3), and the structure
of the control system formed is shown in Fig. 1. The system
is a double closed-loop control structure. The inner loop is
a current loop, and the outer loop is a speed loop.

Torque estimation is obtained by looking up the torque
table, which is established using the locked rotor method.
This involves fixing the rotor at different rotor angles,
applying different current values, measuring the output
torque every time, and recording the data. Repeat the pro-
cess to obtain a set of torque data and store it in the torque
table. During SRM operation, the rotor angle and cur-
rent are queried in real-time to obtain the electromagnetic
torque, which is the estimated torque.

The torque estimation and the reference torque are used
to calculate the total current. As the total current is ob-
tained, the total current is distributed according to the rotor
angle. The current hysteresis comprises the reference cur-
rent and the feedback current. The hysteresis calculation
results are used to drive the circuit on and off. The current
distribution is based on the total reference current and the
rotor angle. The expected current of each phase winding
at any rotor angle is calculated in real-time. According to
the distribution algorithm, each phase’s current value is
obtained. At the same time, the sum of the given current
of each phase is constant, controlling the current and sup-
pressing torque ripple. At any time during the operation of
the motor, one or two phases are turned on, which satisfy
Eq. (4). ik(θ) = iall fk(θ) k = 1, 2, 3, . . . , m

∑m
k=1 fk(θ) = 1 0 ≤ fk(θ) ≤ 1

(4)

Where iall is the total reference current, ik is the ref-
erence k-phase current, and fk is the current distribution
function.

The current sharing method (CSM) is employed to en-
sure the sum of the total current maintaining a constant
value according to the rotor angle, therefore, it is necessary
to reasonably design the current distribution function. In
the control system based on torque distribution function,
typical torque distribution methods include linear, sinu-

soidal, and cubic torque distribution methods. Among
them, the effect of the transition section in the cubic torque
distribution method is stable. Regarding these method,
the cubic current distribution method is chosen, and its
distribution function is shown in Eq. (5).

fk(θ) =

0 0 ≤ θ < θon

3
(

θ−θon
θor

)2
− 2

(
θ−θon

θor

)3
θon ≤ θ < θon + θor

1 θon + θor ≤ θ < θoff

1 − 3
(

θ−θoff
θor

)2
+ 2

(
θ−θof

θor

)3
θorf ≤ θ ≤ θoff + θor

0 θoff + θor ≤ θ ≤ τt
(5)

where θon is the turn on angle, θoff is the turn off angle,
θor the overlap angle, and τt is the period.

The hysteresis current compares the phase current with
the reference phase current to obtain the state of the driving
signal. If the state is "-1", the output is turned off, if the
state is " 0”, the driving circuit is half on for continuous
current, and if the state is " 1 ", the power supply is turned
on. The calculation formula for current hysteresis loop is

sig =


−1, i > Imax

0, Imin < i < Imax

1, i < Imin

(6)

where sig is the drive signal, i is the phase current, imax

is the maximum chop current, and imin is the minimum
chop current.

3. Current profiling in srm

The smooth commutation of SRM is the critical factor for its
stable operation. During commutation, the power supply
of the outgoing phase is turned off, the phase current grad-
ually decreases, and the electromagnetic torque decreases.
At the same time, the incoming phase is turned on, the
phase current gradually increases, and the electromagnetic
torque increases. The total electromagnetic torque is the
sum of the electromagnetic torque of the previous phase
and the latter phases’ electromagnetic torque. The goal
of designing the current distribution function is to make
the torque increase by the incoming phase just offset the
decrease caused by the outgoing phase. Therefore, the total
electromagnetic torque remains constant.

The indirect torque control method achieves the stable
operation of the SRM and constant electromagnetic torque
by controlling the current. According to the torque current
conversion relationship, the inductance derivative can be
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Fig. 2. PD current compensation

linearized and the resulting errors can be handled by the
proportion differential (PD) algorithm. A typical control
structure based on PD current compensation is shown in
Fig. 2.

The feed-forward controller generates a current based
on the linearized reference torque. With the set speed
unchanged, the reference torque value is maintained con-
stant through the PI speed controller. Therefore, the gener-
ated linear current is a constant value, which cannot meet
the current requirements at different rotor angles, caus-
ing torque ripple. When the reference torque increases or
decreases, the linear current output of the feed-forward con-
troller will correspondingly increase or decrease. The PD
current compensation is used to calculate the compensation
current according to the difference between the reference
torque and the instant torque, that is, the torque error. If the
torque error is negative, the instant torque is too large. And
the PD calculation generate negative compensation current
and reduces the output current to reduce the electromag-
netic torque. On the contrary, if the torque error is positive,
the instant torque is too small. Then, the PD calculation gen-
erate positive compensation current, increases the output
current to increase the electromagnetic torque and finally
achieves the goal of stable electromagnetic torque. The
advantages of PD compensation method include simple
control principle, easy implementation, simple parameter
selection, and convenient parameter adjustment.

Unlike the proportion integral differential (PID) struc-
ture used for stability control under normal circumstances,
the current controller needs the controller to respond to
the change of torque error in real-time and output com-
pensation current according to torque error.Therefore, the
controller removes integral coefficient, thus forming the PD
controller. The PD controller is discrete, and the calculation
formula is

Fig. 3. SMCC control

ic = Kp ∗ ∆T(k) + Kd ∗ [∆T(k)− ∆T(k − 1)] (7)

Where ic is the compensation current, ∆T(k) and
∆T(k − 1) are the torque errors at time k and k − 1, re-
spectively, kp and kd are proportional and differential coef-
ficients.

The feed-forward controller, which converts the refer-
ence torque into the reference current according to Eq. (3).
The feed-forward controller and PD current compensator
work together to calculate the total current for the SRM
drive system. PD controller is a model-free control method.
Therefore, the system can achieve an acceptable control
effect by adjusting its parameters to appropriate values.
However, parameter adjustment often consumes too much
time and is more sensitive to external interference. Exten-
sive interference in the control process often causes insta-
bility in the system.

4. Smcc

4.1. Sliding mode compensator

The SMC controller is designed according to the mechan-
ical equation of the motor and the relationship between
torque and current. The reference torque, instant torque,
and their difference are inputs of the sliding mode current
compensator. The SMC control structure thus formed as
shown in Fig. 3.

SMC is responsible for calculating the compensation
current based on the magnitude of torque error. The sum
of the compensation current and the linear transformation
current forms the current profile. When the given speed
remains constant, the reference torque value remains rela-
tively constant. Then, SMC compensates the current pro-
file based on the difference between the feedback torque
and the reference torque. A positive torque error indicates
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that the total current is insufficient and SMC increases the
compensation current. Conversely, a negative torque error
indicates that the total current is too large and SMC reduces
the compensation current.

According to the torque generation Eq. (2), linearize the
inductance partial conductance to 1, and we get

T =
1
2

i2 (8)

Setting the output of the sliding mode controller as ic,
calculate the derivative of ic, then we have{

T = 1
2 i2c

T′ = ic
(9)

The second derivative of torque is

T̈ = i̇c = 1 (10)

At the same time, the torque error is

e = ∆T = Tref − Test (11)

where ∆T, Tref and Test are the torque difference, refer-
ence torque and the instant torque respectively.

In the slide mode control, the design of sliding mode
surfaces is the core of sliding mode control algorithms. The
designed sliding mode surfaces need to enable the system
to converge from any initial state to the sliding mode sur-
face, and ultimately the system slides on the sliding mode
surface to reach the system equilibrium point. The design
sliding surface is

s = ce + ė

= c (Tref − Test ) +
(
Ṫref − Ṫest

)
= c (Tref − Test )− ic

(12)

calculate the derivative of s , then we can get

ṡ = c
(
Ṫref − Ṫest

)
− i̇c

= −c ∗ Ṫest − 1

= −c ∗ ic − 1

(13)

where c is the scale factor and ic is the compensation
current. The sliding mode approach law is selected as

ṡ = −ε ∗ sign(s)− k ∗ s (14)

where ε and k are positive real number, sign is a sym-
bolic function, and its expression is

sign(s) =


−1, s < 0

0, s = 0

1, s > 0

(15)

combining Eqs. (13) and (14), then

−c ∗ ic − 1 = −ε ∗ sign(s)− k ∗ s (16)

Then the output of the sliding mode controller is

ic =
1
c
(ε ∗ sign(s) + k ∗ s − 1) (17)

Among them, the scale factor c is used to adjust the
proportion of compensation current, the constant velocity
approach factor is used to adjust the approach time when s
is close to zero, and the exponential approach factor is used
to reduce the time of reaching the switching surface.

4.2. Stability analysis

Based on Lyapunov stability principle, the designed sliding
mode stability criterion is

s ∗ ṡ = s ∗ (−ε ∗ sign(s)− k ∗ s) (18)

The analysis under different conditions is as follows
when s < 0, then −ε ∗ sign(s) − k ∗ s > 0, therefore,

s ∗ ṡ < 0, when s > 0, then −ε ∗ sign(s)− k ∗ s < 0, there-
fore, s ∗ ṡ < 0, when s = 0, then −ε ∗ sign(s)− k ∗ s = 0,
therefore, s ∗ ṡ = 0.

Therefore, The formula s ∗ ṡ ≤ 0 is always valid. Accord-
ing to the Lyapunov stability principle, the sliding mode
control is in a stable state in any case, and the calculated
sliding mode compensation current will make the system
enter a stable state.

5. Simulation verification and analysis

To verify the feasibility of the SMCC, the simulation envi-
ronment is established in the MATLAB environment. The
SRM model is selected as three-phase 12/8 type. The results
are compared with the PD current compensation method.
The torque ripple coefficient used to evaluate torque ripple
is defined as

Trip =
Tmax − Tmin

Tave
× 100% (19)

where Trip is torque ripple, Tmax is maximum torque
during the measuring circle, Tmin is minimum torque dur-
ing the measuring circle, Tave is average torque during the
measuring circle.

The parameters selected during the experiment are as
follows. The number of stator poles is 12 , the number of
rotor poles is 8 , the DC bus voltage is 60 V, the moment of
inertia is 0.0082 kg ·m2, the friction coefficient is 0.01 N ·m ·
s, and the set simulation time is 0.2 s. In the PD controller
used for comparison, the parameter selection is Kp = 6
and Kd = 0.6 respectively, and the parameter selection of
sliding mode controller is c = 1, ε = 5 and k = 0.5.
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Fig. 4. Comparison of experimental results of load 1Nm
and speed 300r/min

As the current hysteresis control method is more effec-
tive when the SRM operates at low speeds, the motor speed
during simulation is set to low speed. The load torque is
set as 1Nm, and the speed is 300r/min in the experiment.
Observe the phase current and torque ripple with the two
methods. Fig. 4 shows the waveform of phase current and
electromagnetic torque of different current compensation
methods when the speed is 300r/min, and the load torque
is 1Nm. The torque ripple mainly occurs in the commu-
tation process. In the commutation process, restraining
torque ripple can be achieved by changing the waveform
of phase current through adequate current compensation.
At the same time, it can be seen from the current curve that
the SMCC method reduces the current peak value of the
turn-off phase at the beginning of the commutation and
changes the current rise curvature of the incoming phase,
which can more effectively reduce the torque ripple. As
a result, the torque ripple of PD current compensation is
14.1%, while the torque ripple of SMCC is 9.3%,

To better verify the proposed method’s reliability at
low speeds, set the load torque to 3Nm and the speed to
700r/min, and obtain the phase current and torque wave
forms under the PD current compensation control struc-
ture, as shown in Fig. 5. Due to the limited compensation

Fig. 5. Comparison of experimental results of load 3Nm
and speed 700r/min

ability of the PD control algorithm for current, the current
cannot be quickly adjusted to the output current required
for stable torque, and a large torque ripple still appears
during commutation. Calculating by Eq. (19), it is found
that the torque ripple of PD current compensation is 12.3%.
However, the SMCC method, based on the sliding mode
control method designed by torque error, can quickly ad-
just the compensation current, thereby changing the phase
current and effectively reducing torque ripple. As a result,
the torque ripple is reduced to 3.6%.

To comprehensively compare the torque ripple suppres-
sion ability of the proposed SMC current compensation
method with the PD current compensation methods, the
speed was set from 200r/min to 800r/min with an interval
of 100r/min, and the load torques were set as 1Nm, 3Nm,
and 5Nm, respectively. As a result, the torque ripple curves
obtained by testing the SRM are shown as Figs. 6 to 8. It can
be observed that as the torque increases, the torque ripple
of both methods decreases. For example, at 700r/min, the
torque ripple rates with the PD compensation are 14.5%
and 12.3% at 1Nm and 3NM, respectively, while the torque
ripple rates with the SMC compensation are 7.5% and 3.6%
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Fig. 6. Comparison of experimental results with different
speed under load 1Nm

at 1Nm and 3NM, respectively. The torque ripple with
the SMC compensation decreases more. Due to the reason
that the increase of electromagnetic torque result in the
increases of current. With the action of the current hystere-
sis controller, the upper and lower limits of torque ripple
can be controlled to a certain range. According to Eq. (19),
when the average torque increases, the torque ripple will
decrease.

The comparison under different speeds and load condi-
tions shows that the SMCC method can effectively reduce
torque ripple in middle and low-speed situations. How-
ever, with the load increase, the sliding mode compensation
control method has more evident advantages at suppress-
ing torque ripple.

6. Conclusion

This paper proposes a torque ripple suppression method
of SMCC under indirect torque control strategy. Compared
with the PD current compensation method, the proposed
method effectively reduces the torque ripple under differ-
ent torque load and speeds. The main improvement points
are as follows:

1. To obtain a stable electromagnetic torque, a quickly
current compensate is essential. A control structure
is designed by combining the linear feed-forward cur-
rent with the nonlinear SMCC, with fully consider-
ing the nonlinear relationship of the electromagnetic
torque and current.

2. According to the conversion equation of torque to
current, the sliding mode current compensator is de-

Fig. 7. Comparison of experimental results with different
speed under load 3Nm

signed, and sliding mode surface and reaching law
can ensure the system stable. The Lyapunov stabil-
ity criterion can prove the stability of the designed
compensator.

3. With the minimum torque ripple as the control objec-
tive, different load torques and speeds are tested at
low speeds and compared with the conventional PD
current compensation method to verify the effective-
ness of the proposed SMCC method.
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