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Abstract

1

The drive system of a switched reluctance motor (SRM) is
a nonlinear one with coupling between the rotor position, inductance, and flux linkage. Moreover, the system parameters
change with the external environment such as temperature, hu-

The switched reluctance motor (SRM) is similar to the
reactive stepping motor and is a kind of doubly salient
pole variable reluctance motor. The salient poles of an
SRM’s stator and rotor are made of silicon steel sheets
with high permeability. The rotor has no winding or
permanent magnet. The stator pole is surrounded by
concentrated winding, whereas the 2q pole windings
of π/q space angle between the stator winding are
in series or in parallel and form phase winding. The
SRM follows the principle of minimum reluctance to
ensure that the flux is always closed along the path
with minimum reluctance. The characteristics of the
SRM include: rigid structure, high reliability and robustness, the lack of a permanent magnet, fast dynamic response and low manufacturing cost. Moreover, the speed control system of the SRM has the
advantages of a traditional alternating current and
a direct current (DC) speed control system. Therefore, the SRM shows strong market competitiveness
in traction transportation, electric vehicles, general industry, the aviation industry, household appliances,
high-speed motors and servo control systems, among
others.

midity, and pressure. At the same time, uncertain factors including friction, torque fluctuation, and external interference in
the system, reduce system stability and reliability. To effectively
improve the influence of uncertain factors on the performance
of an SRM system, this study proposes an auxiliary sliding position tracking method, under the condition of limited control
input. First, the mathematical model of the system was established according to the structure and characteristics of an SRM.
Second, an auxiliary sliding mode position tracking controller
was designed by constructing the auxiliary system and utilizing the sliding mode control theory. Finally, the effectiveness
and superiority of the proposed method were verified through
comparison with proportional integral differential (PID) control
and the traditional sliding mode control using simulation. Results demonstrate that under limited control input, the auxiliary
sliding position tracking control method still delivers rapid and
error-free tracking of the position and speed for the change of
model parameters. The recommended scheme has a response
time 2.9 times shorter than that of PID control. Furthermore,
the steady-state errors of the PID control position and speed
are 0.66 rad and 1.62 rad/s, respectively. The control input
of the traditional sliding mode control has greater chattering
than the proposed method. When the system has interference,
the designed method under the condition of limited control input can achieve the desired tracking command within 1.7 s.
The steady-state error is 0.0044 rad, and the steady-state accuracy of the developed scheme is 10.3 times higher than that
of PID control. Therefore, the proposed method enjoys both
high position tracking accuracy and strong robustness to external disturbances.
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Introduction

Given the increasing demand for SRM applications,
the design, production, and application of SRM are
studied. As regards design, this study mainly aims
at addressing the non-linearity of the SRM’s internal
magnetic field and the difficulty of analyzing the phase
current waveform caused by the non-linear switching power supply. Furthermore, this work explores
the analysis and accurate calculation of the SRM
electromagnetic torque [1, 2]. The SRM is widely
used in precision manufacturing, blowers, compressors, turbochargers and flywheels for high-speed applications [3]. The study of SRM also focuses on electric
vehicles in low speed uses [4]. The SRM rotor consists only of low loss silicon steel and stator winding
without a permanent magnet, thereby reducing the
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manufacturing cost and maintaining good mechani- its application was limited.
cal and thermal stability [5]. Consequently, the said
motor is highly suitable for application in hybrid vehi- To make the PID control gain automatically adjust
cles.
with the changes of the system model parameters
and disturbances, He et al. [11] combined fuzzy theHowever, the dynamic model of the SRM drive sysory with PID control and applied it to SRM control,
tem is difficult to establish accurately. The model
thereby effectively reducing the large torque fluctuhas the characteristics of nonlinear, strong coupling,
ation and enhancing the anti-interference ability of
multivariable and multi parameters, thereby increasthe system. However, the number of fuzzy rules,
ing the difficulty of system control [6]. Second, the
which increased the complexity of the system, made
SRM stator winding is embedded in the cogging, and
calculations difficult. Adaptive control improved the
the cogging effect will cause torque fluctuation on the
influence of model parameter changes on system perrotor [7]. Moreover, with the complexity of the workformance by supplying online identification of system
ing environment, the factors of parameter uncertainty,
model parameters - and this method was still in accorload disturbance, thrust fluctuation, and friction furdance with the system model [12]. Online parameter
ther increase the difficulty of control system design
estimation increased the calculation of the system and
in SRM systems [8]. Actual control of the SRM sysconsequently reduced the dynamic response ability of
tem is always limited by certain conditions, includthe system. Adaptive control was often combined
ing the control input torque or current of the mowith sliding mode control and backstepping control.
tor speed loop design that cannot be greater than its
In theαβ static coordinate system, Tang et al. [13]
rated value. Therefore, controlling the SRM with mulestimated the stator current of linear motor online
tiple constraints under the condition of limited control
through the sliding mode observer and estimated the
input is more practical.
position and speed of the actuator by using the back
EMF model. This technique effectively avoided the
influence of external disturbance on the speed and
2 State of art
position estimation accuracy of the actuator, but exhibited strong dependence on stator resistance. To
The SRM involves many complex factors, such as improve the chattering phenomenon caused by the
strong coupling, nonlinearity, and multi-time varia- traditional sliding mode control, Nihad et al. [14]
tion. To effectively improve the influence of these designed a load disturbance observer to compensate
factors on system performance and deliver high- and effectively improved the dynamic performance of
performance dynamic control of the motor under the the motor system. This approach had high estimation
constraints of multiple factors, the SRM has become accuracy in high-speed operation but showed large era research hotspot. Proportional integral differential ror in low-speed operation, thereby limiting its ap(PID) control with fixed gain is widely used in indus- plication. Ali et al. [15] proposed a dynamic slidtry because of its simple structure. To ensure the ing mode control method based on an integral obconstant current of a rotating high temperature su- server for uncertain induction in motor drive systems.
perconductivity (HTS) flux pump excitation coil, Jeon The introduction of an integral observer improved the
et al. [9] controlled the magnetic field of the elec- chattering phenomenon, increased the complexity of
tromagnet by means of fixed gain PID. The authors controller design and reduced the reliability of the syssuccessfully compensated for the change of HTS coil tem to a certain extent. Abdelkader et al. [16] comcurrent under the condition of changing the speed and bined adaptive and backstep control to reverse design
direction and achieved constant current output. How- the system for an uncertain DC motor speed conever, the PID control parameters were fixed. More- trol scheme, but this system required multiple derivaover, performance of the system deteriorated signifi- tives, including a calculation explosion problem caused
cantly when the internal characteristics of the system by the derivation. Therefore, the proposed method
changed or external disturbance altered considerably, should be combined with other techniques. Tang et
indeed to such an extent that system instability and al. [17] produced an integrated design of speed, thrust
even collapse occurred. Accordingly, Angel et al. [10] and flux loops through adaptive backstepping control,
introduced a fractional order operator into PID con- but a computational explosion still ensued. Using the
trol. That operator increased the degree of freedom of port-controlled Hamiltonian model of a bearingless
design and was applied to the motor generator speed switched reluctance motor (BSRM) rotor mechanical
control system. The proposed fractional order PID subsystem, Chen et al. [18] designed a passive concontrol had strong robustness to parameter changes, troller of the BSRM rotor mechanical subsystem usbut the resulting method relying on the system model ing the interconnection and damping assignment paswas robust to small-scale disturbances. Consequently, sive control method and adding integral links, devel342 | 350
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oped a control performance evaluation function with
an energy function, and optimized the controller parameters by using a cuckoo search algorithm, so that
the system enjoyed high steady-state accuracy and
fast dynamic response ability. This method depended
heavily on the resistance, inductance, and other parameters of the motor. Mohamed et al. [19] applied
predictive control to an induction motor and proposed
a sensorless direct torque predictive control technique
which used the extended Kalman filter as the driver
to estimate the state of the motor model. The control method effectively reduced flux and torque ripple, but the prediction of the system state variables
required prior and model parameter data. Furthermore, the size of the predictive control sample data
had a significant impact on system accuracy. Masoudi
et al. [20] used applied fuzzy estimation to achieve
automatic gain adjustment of the sliding mode control. Their method involved the self-learning ability
of fuzzy control and the insensitivity of the sliding
mode control to time-varying parameters, and also
improved the chattering of the system. Nevertheless,
the chattering phenomenon persisted, thereby affecting the performance of the system. Xu et al. [21]
combined a single neuron with an adaptive method
to realize position tracking control of a linear SRM,
the on-line estimation of controller gain by neuron,
and on-line automatic adjustment of neuron weight
by using the Drosophila optimization algorithm. This
approach had strong robustness and anti-interference
ability, but its structure was complex and its application in engineering would be difficult. To reduce the
chattering phenomenon caused by the sliding mode
control, Tang et al. [22] improved the dynamic performance of the system, effectively by introducing a
nonlinear disturbance observer to monitor and compensate for the unmodeled dynamic and external disturbance of the system. The accuracy of the observer
still depended on the model parameters of the system,
so meeting the requirements of high accuracy occasions was challenging. Zhao et al. [23] proposed a
fuzzy backstepping position motor control method according to the observer. The reduced order observer
was applied to estimate rotor angular velocity. The
fuzzy logic system was employed to approach the unknown nonlinearity in the system model, while the
problem of calculation explosion in backstepping design was solved by dynamic surface control. This proposed method effectively improved the tracking accuracy and dynamic performance of the system and has
good start-up performance and reliability. However,
this approach was complex and difficult in practical
application.
For an actual motor system, whether for position,
speed or current control, the total amount of control

input cannot be infinite. That system usually needed
to be designed under a rated state, such as rated
torque, voltage, or current. Conversely, the study of
the above control method rarely involved the consideration of a saturation limit. In fact, the existence of
control input saturation constraints inevitably affected
the dynamic performance of the system. Therefore,
examining the multi-factor constraints control method
of the SRM with control input saturation constraints
is more practical.
According to the above review, a position control
method of the SRM based on the auxiliary sliding
mode was proposed. Considering the constraints of
the control input, an auxiliary system was developed
to compensate for the changes of model parameters
and external disturbances. The suggested approach
improved the robustness and tracking ability of the
system and provided high-performance position tracking control of the SRM.
The remainder of this study is organized as follows.
Section 3 describes the structure of the SRM and
deals with the building of the dynamic SRM model
and design of the auxiliary sliding position controller
to analyze model stability. Section 4 verifies the effectiveness and superiority of the proposed method
through numerical simulation analysis and comparison of the auxiliary sliding control method. Section 5
summarizes the conclusions of this work.

3
3.1

Methodology
Structure and mathematical model
of the SRM

The structure of the linear SRM in this study is shown
in Figure 1. The motor is a three-phase 6/4 SRM with
six stator poles and four rotor poles.

Figure 1: Structure model of the SRM
343 | 350
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To simplify the analysis, the SRM meets the following
conditions:
(1) The DC bus voltage of main circuit is constant.

3.2

Control objectives

If x = θ and x2 = ẋ1 = θ̇, then Eq. (4) can be
expressed as follows:

(2) The power electronic switch device is an ideal
switch. Hence, the voltage is zero when the device
is turned on and the current is zero when it is turned
off. Moreover, no delay occurs in turning the device
on and off.



ẋ1 = x2
ẋ1 = f (x, t) + bu + dt

where b = 1/Jn , and f (x, t) = −Bn /Jn . dt =
(3) The close hysteresis and eddy current effect are −(J θ̈ +B θ̇ +TL +Tf +Tr )/Jn is the total uncertainty
overlooked: iron loss is disregarded.
of the system and Eq. (4) meetskdtk ≤ D. u is the
limited control quantity. The hypothesis suggests that
(4) The parameters of each phase are symmetrical,
the maximum control input value is umax > D, u =
two windings of each phase are connected in series,
u − ν and u = sat(ν). The control input saturation
and mutual inductance between the phases is ignored.
function can be expressed as follows:
(5) In a period of current pulsation, the speed is con
stant.
 umax , ν > umax
ν, kνk ≤ umax
sat (ν) =
Under the above assumptions, the mathematical

−umax , ν < −umax
model of SRM control can be expressed as follows.
Voltage equation is:

Uk = Rk ik +

Under the condition of limited input control, the goal
of the control is to design the control input u when
the system has parameter uncertainty and load disturbance, so that the system can achieve the expected
position tracking θd and the expected angular speed
tracking ωd = θ̇d of the motor rotor. That is, θ → θd
andω → ω d when t → ∞.

d
dt

Torque expression is:

Tm =

3
X
∂λk (x, i)
k=1

∂x

ik

The equation of motion is:

3.3

Design of the auxiliary sliding mode
controller

A stable auxiliary error system is defined to design
the sliding mode controller. The proposed controller
structure is shown in Figure 2.

Tm = Jn θ̈ + Bn θ̇ + TL + Tf + Tr
where Uk , ik , ψk and Rk indicate the phase voltage,
phase current, phase flux, and phase resistance, respectively. Jn is the mass of the rotor. θ suggests the
position of the rotor. θ̇ = ω represents the angular
speed of the rotor. Tm signifies the electromagnetic
torque. Bn is the linear friction coefficient. Tr , TL
and Tf denote the torque fluctuation, load disturbance and nonlinear friction torque of the system, re- Figure 2: Auxiliary sliding mode controller of the SRM
spectively.
Considering the change of parameters in the system,
The stable auxiliary system is expressed as
Eq. (3) can be expressed as follows:

Tm = Jn θ̈ + Bn θ̇ + J θ̈ + B θ̇ + TL +Tf + T r

λ̇1 = −c1 λ1 + λ2
λ̇2 = −c1 λ2 + bλ

where J represents the uncertainty term of the kine- To guarantee that t → ∞,λ1 → 0 and λ2 → 0,
matical massJn . B is the uncertainty term of the onlyc1 > 0 and c2 > 0. Furthermore, to prevent the
instability of Eq. (7) caused by too substantial u, the
linear friction coefficient Bn .
344 | 350

Journal of Power Technologies 100 (4) (2020) 341–350
condition thatc1 and c2 are large enough should be
assured.
The defined position error is

is employed instead of the switching function. Then,
the control input of the system can be expressed as
follows:
1
−  x¨d
−
 − b [f (x,pt)
p q −1
αẋd
+
c1 α + β q e
− c1 λ1
+




p
p
c1 + c2 − α − β pq e q −1 λ2 + α + β pq e q −1 x2 −

η tanh εs ]

ν
e = x1 −xd − λ1
Then, ė = ẋ1 −ẋd − λ̇1 = x2 −ẋd − λ̇2 + c1 λ1 .

=

The designedp sliding surface is represented by s =
ė + αε + βe q , in whicha > 0, β > 0 ,and q > p > 0,
where ε > 0, and its size determines the steepness
q and p are odd.
of the hyperbolic tangent function. The expression of


p p
−1
q
the hyperbolic tangent function is
ṡ = ë + a + β q e
e = ẍ1 − ẍd − λ̈1 +


p
α + β pq e q −1 (x2 − ẋd − λ2 + c1 λ1 )
ex/ε − e−x/ε


tanh(x/ε)
=
= f (x, t) + bu + dt − ẍd − −c1 λ̈1 + λ̇2 +
ex/ε + e−x/ε


p
α + β pq e q −1 (x2 − ẋd − λ2 + c1 λ1 ) = f (x, t) +
bu + dt − ẍd +

 c1 (−c1 λ1 + λ2 ) − (−c2 λ2 + bu∆ ) +
p p
−1
α + β qeq
(x2 − ẋd − λ2 + c1 λ1 )

4

Results analysis and discussion

−
ẍd − To verify its effectiveness, the proposed method is

compared with PID and the traditional sliding mode
− c1 λ1
αẋd
+
c1 α + β pq e
+ control.




p
p
c1 + c2 − α − β pq e q −1 λ2 + α + β pq e q −1 x2
The nominal parameters of the SRM model entails a
rotor moment of inertia of Jn = 8 × 10−3 kg · m2 ,
friction coefficient of Bn = 0.2N · m/s, total system
The controller can be designed as follows:
disturbance of dt = 10sint, f (x, t) = −ax2 , a =
1
ν
=
−
[f
(x,
t)
−
x
¨
−
d
Bn /Jn = 25, and a = 1/Jn = 125. Then, the system
b


p
+ model can be expressed as:
αẋd
+
c1 α + β pq e q −1 − c1 λ1




p
p
c1 + c2 − α − β pq e q −1 λ2 + α + β pq e q −1 x2 −

ẋ1 = x2
ηsgn (s)]
ẋ1 = −25x2 + 125u + dt
=

f (x, t)

+ bv

+

dt

p
q −1

Eq. (10) is substituted into the sliding surface and ṡ =
The sampling period of the system is Ts = 1ms.
dt − ησγν(s) can be obtained.
The command signal of the rotor position is x1 =
The Lyapunov function is defined. That is, V =
xd = sint and the simulation study is divided into
0.5s2 . Consequently, V = sṡ = s (dt − ησγν (s)) =
three working conditions.
dt · s − η |s| ≤ 0.
The above analysis indicates that the effectiveness of
the designed control method depends on whether or
not the state of the auxiliary systemλ1 → 0 and λ2 →
0 are valid, i.e. the boundedness of u. Under the initial condition, the boundedness of V = 0.5s20 guarantees the boundedness of u. At other times, selecting
the auxiliary system parameters c1 and c2 can guarantee the auxiliary system state λ1 → 0 and λ2 → 0
according to Eq. (7), so that e → 0 andė → 0 can
achieve t → 0. V is bounded, i.e., u is bounded.
Therefore, the tracking of the motor rotor position
and angular velocity can be realized.

4.1

Determination of the system model

When the system model is determined (i.e., no model
parameter change and disturbance occurs), the simulation results are as shown from Figure 3 to Figure 8.

Figures 3 to 8 indicate that when the system does
not experience model parameter change and disturbance, the following conclusions can be drawn: (1)
PID control can deliver fast dynamic tracking of speed
and position by adjusting the proportion, integral, and
differential gain. When no control input saturation
To improve the chattering phenomenon caused by the limit exists, the desired speed and position can be
switching function of the conventional sliding mode achieved in 0.3s. When the control input saturacontrol, the continuous hyperbolic tangent function tion limit is ±0.5nm, the speed and position tracking
345 | 350
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Figure 3: Response curves of the PID control angle
and speed tracking

Figure 4: Response curves of the SMC control angle
and speed tracking

Figure 6: Response curve of the PID control input

Figure 7: Response curve of the SMC control input

Figure 8: Response curve of the ASMC control input
Figure 5: Response curves of the ASMC control angle
and speed tracking
need1.4s for the corresponding time. (2) The sliding
mode control has the same dynamic performance as
346 | 350
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the proposed method and PID control. However, the
input of the sliding mode control still has large chattering in the saturation limit stage. The input control
of the proposed method remains smooth at this stage.
This outcome arises from the effective improvement
of the performance of the auxiliary system and the
finite time sliding mode function.

4.2

Model parameter changes in the
system

The simulation results for when the system has model Figure 11: Response curves of the PID tracking error
parameter changes are shown in Figures 9 to 14.

Figure 9: Response curves of the PID tracking

Figure 12: Response curves of the ASMC tracking
error

Figure 10: Response curves of the ASMC tracking

Figure 13: Response curves of the PID control input

Figures 9 to 14 show that the system model has parameter changes, and the following conclusions can
be drawn: (1) For PID control, the rotor position and
speed of the motor can achieve the desired command
tracking when the model parameters are reduced.
Furthermore, the response time changes from 1.4s
to 1s before the parameter changes when the dynamic
response ability is enhanced. However, a constant
steady-state error of 0.03rad is present and the motor friction coefficient is constant. The moment of
inertia doubles and the dynamic response time of PID

control changes to 4.1s. The position and speed of
the motor have large steady-state errors of 0.66rad
and0.62rad/s, respectively. (2) When the model parameters are reduced by half, the dynamic response
ability of the proposed method is also significantly enhanced and the response time falls from 3.6s to 0.72s.
When the rotating inertia is doubled, the dynamic response ability remains unchanged. When the moment
of inertia and the coefficient of viscous friction are
doubled, the dynamic response time of the system
changes from 1.4s to 1.8s, thereby showing that the
method has strong robust suppression ability for the
347 | 350
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Figure 14: Response curves of the ASMC control input
Figure 16: Response curves of the position tracking
error
parameter changes. (3) When the control input saturation is limited, the system starts with maximum
torque (i.e., the saturation value of the control input)
and the control input saturation limit will reduce the
dynamic response ability of the system.

4.3

External disturbance in the system

The simulation of the system with an external disturbance is presented from Figures 15 to 17.

Figure 17: Response curves of the control input

Figure 15: Response curves of the position tracking

a steady-state error of 4.4 × 10−3 rad . The steadystate precision increased by 10.3 times. (2) Figure
5(c) shows that the auxiliary sliding mode control
possesses a compensation quantity in the saturation
stage. This feature explains the higher dynamic response ability of the proposed technique than that of
PID control. However, since the suggested approach
still has large chattering when the system has a large
disturbance, the disturbance observer for real-time observation and compensation should be combined to
improve the performance of the system.

Figures 15 to 17 show that when the system has external disturbance, the following conclusions can be
drawn. (1) PID exhibits unsatisfactory starting per- 5
Conclusion
formance, and 1.9s is needed to reach the steady
state. Furthermore, a steady-state error of 0.045rad To effectively improve the influence of uncertain facoccurs. The proposed auxiliary sliding mode method tors such as time-varying parameters and external disachieves the expected tracking command in 1.7s, with turbances on the control system accuracy of the SRM,
348 | 350
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this study started with a mathematical SRM model
and combined sliding mode control theory and the
auxiliary system design method. Thus, a new SRM
position control strategy was developed by combining
theoretical derivation and numerical simulation. The
following conclusions can be drawn:
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