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 Abstract- A nonsingular terminal sliding mode controller 
(NTSMC) based on a direct torque control is presented for a 
switched reluctance motor (SRM) in this paper. To guarantee 
dynamic stability, the nonsingular terminal sliding mode based on 
an improved reaching law is employed to design the speed 
controller. The torque ripple of the system can be suppressed, and 
the disturbance caused by uncertainties like load disturbance and 
parameter perturbation can be suppressed by the proposed 
NTSMC. Moreover, the gray wolf optimization algorithm is 
applied to automatically adjust the parameters of the controllers 
and the value of given flux, thereby acquiring a satisfactory result. 
The NTSMC is validated by both simulation and experimental 
results with a six-phase 12/10 SRM. Compared with PI and 
conventional sliding mode control, NTSMC improves the 
convergence rate of state and exhibits better performance in 
torque ripple reduction and anti-disturbance ability. The 
robustness and dynamic performance of the system can be 
ensured. 
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I.  INTRODUCTION 
Switched reluctance motors (SRMs) offer a competitive 

alternative in electric vehicles and hybrid electric vehicles [1], 
[2]. Compared with other several electrical machines, such as 
hybrid excited motors, permanent magnet motors [3], induction 
motors [4], SRMs without any windings and permanent 
magnets in the rotor have prominent advantages including low 
cost, wide range of speed, simple structure, and high reliability 
[5], [6]. 

The major obstacles for SRMs applications are the noise, 
vibration, and torque ripple [7], [8]. During the past decades, 
not only novel structures have been considered, but also a 
variety of control strategies have been investigated. Compared 
with the current chopping control and angle position control 
(APC) in the previous work, torque sharing function (TSF), 
direct instantaneous torque control (DITC), and direct torque 
control (DTC) are chosen as alternative strategies in the SRM 
drive system. A novel DITC was proposed to achieve wide 
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operating range without an extra optimization strategy of the 
switching angle [9]. By contrast, the TSF optimization and the 
reference current calculation are not required. Based on a novel 
bus current sensor layout strategy under the soft-chopping 
mode, a DITC technique was studied in [10]. There are many 
unavoidable factors of conventional DTC due to inconstant 
switch frequency and torque ripple. Thus, the establishment of 
a novel voltage vector selection rule, increasing the number of 
levels in the power topology, and the introduction of pulse 
width modulation are effective ways to handle these problems 
[11-13]. 

In the control applications, the system is prone to be 
disturbed by the environment on the actual control aspect, 
resulting in the reduction of control accuracy. Therefore, sliding 
mode control (SMC) [14], model predictive control [15], 
adaptive control [16], robust control [17] and other control [18] 
technologies are employed to reduce the impact of interference. 
Among them, due to insensitivity to disturbance and parameter 
changes, SMC behaves better in robustness and anti-
disturbance compared with the PI control. As an alternative, 
several advanced SMC has been investigated, such as adaptive 
SMC [19] with an integral sliding mode surface independent of 
the number of fuzzy rules, second-order sliding-mode [20], 
terminal SMC (TSMC), SMC with advanced reaching laws 
[21]. Among them, TSMC itself has robustness and anti-
disturbance capability, which can converge in finite time. In 
addition, advanced reaching law such as the super-twisting 
algorithm can be employed in TSMC or other types of SMCs to 
improve the performance [22], [23]. 

As for TSMC, an equivalent-control-based fast TSMC law 
was designed in [24] by constructing a novel terminal sliding 
surface to solve the position tracking control problem for the 
permanent magnet linear motor. In [25], a novel nonsingular 
TSMC (NTSMC) with fast convergence speed and good 
tracking accuracy is designed. By compositing the NTSMC, a 
high-accuracy control strategy was presented to minimize the 
estimation error [26]. As reported in [27], a practical TSMC 
framework based on an adaptive disturbance observer was 
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applied in suspension systems. However, the application of the 
TSMC to the SRM is relatively rare. 

However, complex control parameters also raise some 
difficulty, which influences the performance. Recently, some 
optimization algorithms, such as genetic algorithm [28], 
particle swarm optimization [29], the grey wolf optimization 
algorithm (GWOA) [30] and the coyote optimization algorithm 
(COA) [31] have been employed to optimize the tuned 
parameters. Among them, the GWOA presents superiority in 
local search capability, solution accuracy, and convergence. 
Moreover, the GWOA has better operability and fast operation 
speed based on parallel computing of objective function.  

In this paper, TSMC applied in the speed controller and 
GWOA automatically tuning the parameters are combined to 
improve the dynamic performance and robustness. The anti-
disturbance capability is enhanced for the uncertainties caused 
by load disturbance and parameter perturbation without 
increasing the difficulty of modeling the control system. 
Section II presents the DTC system based on speed controller 
using the proposed NTSMC considering uncertain factors. An 
improved adaptive reaching law is introduced to suppress 
uncertainties and ensure fast convergence. In Section III, the 
GWOA is discussed in detail and applied to design tuning 
parameters of the controller and the value of given flux in the 
DTC system. Simulation and experimental validations of the 
control method with PI, SMC, and NTSMC respectively are 
given in Sections IV and V, followed by the conclusion in 
Section VI. 
 

II. DITC SYSTEM BASED ON SPEED CONTROLLER 
A. Structure and Mathematic Model of SRM 

Fig. 1 shows the structure of the studied 12/10 six-phase 
SRM [32], in which the excited poles of the stator are wound 
by six-phase windings. The mechanical motion equation of the 
SRM is 

 * 0e L
dT T D J
dt
ωω− − ⋅ − =   (1) 

where Te
* is the given reference torque, TL is the load torque, ω 

represents the angular speed, D and J represent the coefficient 
of friction and the rotational inertia, respectively. 

Considering the internal parameter perturbation and the 
external disturbances, (1) is given as 

 ( )*1
e

d T D r
dt J
ω ω= − ⋅ +   (2) 

where r represents the sum of disturbances.  
In (2), r can be specifically expressed as 

 *
e Lr a b T Tω= ∆ ⋅ + ∆ ⋅ + ∆   (3) 

where Δa and Δb represent uncertain factors caused by 
parameter variations, and ΔTL is load disturbance. 

Therefore, the state equation of torque is shown as 

 *1
e

D T r
J J

ω ω= − + +   (4) 

where /d dtω ω= .  
B. Direct Torque Control Strategy 

Fig. 2 shows the control block diagram of the DTC system, 
including the SRM model, power converter, speed controller, 
switch modular, interval judgment, and flux and torque 
calculation. The speed loop adopts the NTSMC based on the 
improved reaching law, and combines the GWOA to enhance 
the performance of the control system. 

 
Fig. 1.  A prototype of the SRM. 
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Fig. 2.  Control block diagram of the DTC system. 

C. An Improved Reaching Law 
To further suppress the chattering and increase convergence 

speed correspondingly, an improved RL is designed as  

 1
2( )

(1 ) s

kds sigmoid s k s s
dt e

β

αδ δ −
= − −

+ −
  (5) 

where sigmoid(s)=2/(1+e-cs)-1, c >0, k1 >0, k2 >0, 0 < δ < 1, α > 
1, 0 < β < 2. 

Compared with the conventional RL, the improved RL 
introduces the variable gain term and the power terminal of the 
system state variable. Obviously, the variable gain term 
k1/[δ+(1-δ)e-α|s|] converges to 1 when the system trajectory 
approaches the switching surface, which suppresses the 
chattering. The variable gain term converges to k1/δ when the 
state point is far away from the switching surface, which is 
larger than k1. Thus, the approaching speed of the system can 
be further improved. The sign(s) function in the improved RL 
can be replaced by the sigmoid(s) function with smooth 
continuous characteristics to consider the practical engineering 
application. Besides, the power term |s|β is added among the 
pure exponential approach term, and accelerates the 
convergence at the initial approaching stage. 

To validate the stability of the improved RL, the Lyapunov 
function V=s2/2 is selected. Then, the following equation can be 
obtained. 

 21
2( )

(1 ) s

k sV ss sigmoid s k s s
e

β

αδ δ −
= = − −

+ −
    (6) 

According to (6), due to s·sigmoid(s) ≥0, k1 >0, k2 >0, 0 < δ 
< 1, α > 0, 0 < β < 1, |s|>0, it is obvious that Lyapunov stability 
condition (7) can be satisfied. 
 0V ss= ≤    (7) 



As a result, RL designed in this paper can ensure that the 
trajectory of the system reaches the equilibrium point in a finite 
time. 
D. Design of Speed Controller 

Terminal sliding mode control is realized by constructing a 
nonlinear sliding mode surface equation, which achieves full 
tracing in the specified limited time under the premise of 
ensuring stability. As known, the boundary of the uncertainty 
range of the system is usually required to be known for 
conventional SMC, which is difficult to achieve in practical 
engineering [33-35]. Thus, adaptive SMC is preferred to solve 
the problem of uncertainty or time-varying parameter systems 
by combining SMC and adaptive control.  

According to the above analysis, the adaptive nonsingular 
terminal sliding mode is introduced into the speed controller for 
the better anti-disturbance ability of the system.  

The speed controller is to make the actual speed ω accurately 
track the reference speed ω* in real-time and be robust to 
disturbance brought by uncertain factors. The speed error e can 
be defined as 
 *e ω ω= −   (8) 

Then, based on the basic steps of controller design, the 
integral sliding mode surface s is given by 
 s e edtλ= + ∫   (9) 
where λ is the design constant. 

Substituting (8) and (9) into (2), we have 
 *

1 ( )eT J D e Dλ ω= − +   (10) 
where Te1 is the torque without uncertain factors r, and the 
derivative of the reference speed ω* is 0. 

Since both the parameter perturbation and load disturbance 
are not taken into account, Te1 does not affect suppressing 
strong disturbance. Let the uncertainty control quantity Te2= Te

* 
- Te1, then the derivative of e can be expressed as 

 *
1 2

1 ( ) ( )e e
De T T e r

J J
ω= − + + − − .  (11) 

Selecting the sliding-mode surface σ as 

 *
10

1 ( )
t

e
De T e dt

J J
σ ω = − − + − 

 ∫ .  (12) 

Combining (11) and (12), the following expression is 
obtained. 

 2
1

eT r
J

σ = − − .  (13) 

Next, it can be obtained that 

 2
1

eT r
J

σ = − −  .  (14) 

Furthermore, the following nonsingular terminal sliding 
mode surface z is written as 
 /p qz σ ησ= +    (15) 
where η>0, 0<p/q<1, and p and q represent positive odd 
numbers, respectively.  

Taking the time derivative of the nonsingular terminal 
sliding-mode surface yields 

 / 1p qpz
q

σ η σ σ−= +   .  (16) 

Simultaneously, substituting the improved RL (5) into (16) 
can get the following result. 

 1 / 1
2

( )
(1 )

p q
z

k sigmoid zq k z z
p e

β

α
σ σ σ

η δ δ
−

−
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= − − −  + − 

     (17) 

Combining (17) and (14), the uncertainty control quantity Te2 
can be calculated as 

 1 / 1
2 20

( )( )
(1 )

t p q
e z

k sigmoid zqT J k z z dt
p e

β

α
σ σ

η δ δ
−

−
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= + +  + − 

∫    

 (18) 
where the uncertain factors r is the slow time-varying with time, 
and the derivative of r is 0. As a result, combining (11) and (18), 
Te eventually can be calculated. 

The stability of the speed controller is analyzed below. Based 
on V=s2/2, the condition of sliding mode arrival is satisfied 
when the following formula is established. 
 0V zz= ≤    (19) 

Combining (14) and (17), we have 
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= − − ≤  + − 

   

  (20) 

According to the above analysis, the stability of the control 
system is ensured, and the system chattering can be suppressed 
by reasonable control parameters. Fig. 3 illustrates the structure 
diagram of the NTSMC under uncertainties. 

 
Fig. 3.  Schematic diagram of NTSMC. 

III.  APPLICATION OF GWOA FOR AUTOTUNING 
The proposal of GWOA was inspired by wolves’ hunting, 

which mimics the strict hierarchy behavior [36-38]. The gray 
wolves are divided into the wolf α, β, δ, and θ based on their 
fitness values, from high to low. The encircling models of the 
gray wolf are shown as follows: 
 12A a r a= ⋅ ⋅ −

      (21) 

 22C r= ⋅
    (22) 

 mD C X X= ⋅ −
  

  (23) 

 ( 1) mX t X A D+ = − ⋅
  

  (24) 

where the subscript m denotes α, β and δ, respectively, t is the 
current iteration number, 1r

  and 2r
  are random vectors in [0, 

1], a  is linearly decreased from 2 to 0 throughout iterations. 
D


 is the distance between the gray wolf and prey, C


 and A


 



are coefficient vectors, X


 and mX


 represent the position 
vector of the gray wolf and prey. 

The hunting model of the gray wolf can be expressed as 
follows: 
 m mD C X X= ⋅ −

  
  (25) 

 n m mX X A D= − ⋅
  

  (26) 

 1 2 3( 1)
3

X X X
X t

+ +
+ =

  


  (27) 

where n denotes 1, 2 and 3, respectively, and nX


 is the 
movement instructions given by α, β and γ, respectively. The 
GWOA has high convergence rate, strong local search 
capability and operability. 

From selection experience on the models, the control 
parameters α, β, and δ have little influence on the performance, 
thus k1, k2, p, q, and η are chosen as the primary optimization 
parameters. Take the optimization parameters k1 as an example, 
the upper bounds and lower bounds are selected as 1×10-3 and 
1×106 based on the stability condition to find the optimal 
solution within a large range of values at first. Then, we use the 
dichotomy method for parameter debugging to narrow the 
range of parameters to improve efficiency, which is a trial by 
experience. In addition, given flux linkage f is set as a tunable 
parameter for lower torque ripple. Therefore, before the 
optimization, the relevant values of the GWOA are selected in 
Table I. 

TABLE I 
PARAMETERS OF THE GWOA 

Parameter Value 
Number of wolves, n 30 

Coefficients, k1, k2 [10, 1000] 
Coefficients, η, [0,10] 

Coefficients, p/q, [0,1] 
Parameters, g [0.1, 0.2] 

The fitness function should be defined to select the 
parameters automatically. Based on the major control 
objectives including minimum speed error and torque ripple, 
the objective function is designed as 

 
0

1 [ ( ) ( ) ]
N

t
n

F e n nTs e n nTs
N ω

=

= ∆ + ∆∑   (28) 

where ( )e nω∆  and ( )te n∆  are the sampling speed error and the 
sampling torque error, respectively. 

The torque ripple of SRM is expressed as [12] 

 max min 100%
avg

T T
k

T
−

= ×   (29) 

where k is the torque ripple coefficient, Tmax and Tmin are the 
maximum torque and the minimum torque, and Tavg represents 
the average torque. 

The evolution of the fitness value of GWOA is shown in Fig. 
4. As shown, the value of F decreases rapidly in the iterations 
in the initial stage. The maximum number of iterations is 80, 
and the best fitness index after 40 iterations is F=4.2×106. 

VI. SIMULATION RESULTS 
To clearly show the strong robustness and anti-interference 

ability of the NTSMC, the results of the PI and SMC using 

conventional exponential RL are given for comparison. The 
block diagrams of the PI and SMC using the conventional 
exponential RL are presented in Fig. 5 and 6. 

The inertia J is 7.9×10-4 kg.m2 and D is 1×10-3 in the control 
system built in Matlab/Simulink. Due to the high switching 
frequency in the high-speed range and the principle of DTC, the 
reference speed of the SRM is set as 1000 rpm, which is more 
suitable for low and medium-speed operation. The turn-on and 
turn-off angles are -5°and 11°. As for the PI controller, the 
optimal proportional and integral parameters are 0.069 and 
11.3. To ensure the comparability of results between SMC and 
NTSMC, the switching gain and linear gain both keep the same. 
The optimal parameters of SMC and NTSMC using GWOA 
are: k1 = 130, k2 = 20, δ = 0.5, α = 2, β = 0.3, p = 5, q = 7, η = 
0.9. In addition, the given flux value g after optimization of 
three controllers is set as 0.15 Wb.  
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Fig. 4.  Evolution of fitness value of GWOA. 

 
Fig. 5.  Block diagram of PI control. 

 
Fig. 6.  Block diagram of SMC. 
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(c) 
Fig. 7.  Speed and torque when the speed changes under 8 Nm, (a) PI, (b) SMC, 
and (c) NTSMC. 

Fig. 7 shows the speed and torque curves when the speed 
changes from 850 to 1000 rpm at 0.3 s and from 1000 to 900 
rpm at 0.45 s under 8 Nm. As shown, the startup time of using 
NTSMC is 0.08 s, which is smaller than those of using PI (0.13 
s) and SMC (0.1 s). The dynamic response time has no 
significant difference between the three methods. It can be seen 
that the NTSMC exhibits the fastest acceleration and the lowest 
torque ripples. 

Fig. 8 shows the speed and torque responses of PI, SMC, and 
NTSMC in the DTC control of an SRM under 8 Nm at 1000 
rpm. As shown, the startup time of using NTSMC is 0.07 s, 
which is smaller than those of using PI (0.16 s) and SMC (0.11 
s). Thus, the control system with NTSMC approaches the 
fastest. The maximum and minimum torque values of NTSMC 
are 10.8 and 6.25 Nm, respectively, while those of PI are 11.3 
and 5.7 Nm, and those of SMC are 11 and 5.9 Nm, respectively. 
Thus, the torque ripples of PI, SMC, and NTSMC are 65.9 %, 
60.3%, and 53.4%, respectively. NTSMC can reduce the torque 
ripple by 12.5% and 6.9%, respectively, compared with PI and 
SMC. 

Fig. 9 shows the speed and torque responses of PI, SMC, and 
NTSMC when a step load torque (from 8 to 12 Nm) is applied 
at 0.3 s. As shown, all controllers can restore the SRM to the 
stable speed under the load disturbance. PI, SMC, and NTSMC 
take about 0.13, 0.11, and 0.09 s to return to the reference speed, 
respectively. Besides, the over-speed shootings under them are 
135, 99, and 83 rpm, respectively. In the steady state, the 
maximum and minimum torque values are 15 and 11 Nm for 
the NTSMC, 15.8 and 10.1 Nm for the PI, and 15.2 and 10.4 
Nm for the SMC. Therefore, the torque ripple of SRM under 
NTSMC has been reduced from 53.4% to 31%. This is better 
than the torque ripple reductions of PI (from 65.9% to 44%) and 
SMC (from 60.3% to 37.5%). 
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(c) 

Fig. 8.  Speed and torque under 8 Nm, (a) PI, (b) SMC, and (c) NTSMC. 
Fig. 10 shows the simulation results when the parameter 

perturbations Δa = 0.003, ΔbTe
* = 4 N are applied at 0.3 s. As 

shown, the SRM with PI, SMC, and NTSMC methods spend 
about 0.14, 0.11, and 0.08 s to return to the reference speed, 

respectively. The speed overshooting is 63 rpm, which is 
decreased by 42.7% and 23.2%, respectively, compared with 
those with PI (110 rpm) and SMC (82 rpm). When the torque 
reaches the steady state, the maximum and minimum torque 
values of PI, SMC, and NTSMC are 7.3 and 1.4 Nm, 7.1 and 
1.7 Nm, 6.8 and 2.2 Nm, respectively. The phase current 
waveforms under 8 Nm and 12 Nm are presented in Figs. 11 
and 12. As shown, the current waveforms of different 
controllers under the same control strategy are similar. Besides, 
the amplitude of the current waveform under 12 Nm is larger 
than that under 8 Nm. Table II lists the main performance 
results of the simulation. 
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(c) 

Fig. 9.  Speed and torque when the load torque changes, (a) PI, (b) SMC, and 
(c) NTSMC. 
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Fig. 10.  Speed and torque when parameters change, (a) PI, (b) SMC, and (c) 
NTSMC. 
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Fig. 11.  Phase current using PI and SMC, (a) under 8 Nm, (b) under 12 Nm. 



Although all three controllers can return to a steady state 
when the disturbance caused by load disturbance and parameter 
perturbation occurs, the NTSMC is more effective. NTSMC has 
the superiority of shorter speed response time, larger torque 
ripple reduction, and better anti-disturbance ability. Compared 
with the PI and traditional SMC, NTSMC has stronger 
robustness against uncertainties like the load torque disturbance 
and parameter perturbation. 
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Fig. 12.  Phase current using NTSMC, (a) under 8 Nm, (b) under 12 Nm. 
TABLE II 

SIMULATION RESULTS  
 PI SMC NTSMC 

Speed startup time 0.16 s 0.11 s 0.07 s 
Torque ripple  65.9% 60.3% 53.4% 

Speed oscillation when the 
load torque changes 135 rpm 99 rpm 83 rpm 

Speed oscillation when 
parameters change 110 rpm 82 rpm 63 rpm 

 
As shown in Fig. 14, the speed and torque of three methods 

can perform well when speed changes. The speed startup time 
of PI, SMC and NTSMC are 0.15 s, 0.12 s and 0.1 s, 
respectively. Fig. 15 shows the experimental speed and torque 
results under 8 Nm at 1000 rpm. The rise-up time using 
NTSMC is about 0.11 s while those of PI and SMC are 0.2 s 
and 0.18 s, respectively. Thus, NTSMC has faster acceleration. 
Besides, the NTSMC behaves well in torque ripple reduction 
compared with that of PI and SMC. To be specific, the torque 
ripples under PI, SMC and NTSMC are 87.5 %, 71.2 %, and 
60 %, respectively. The experimental results when the 
disturbances are caused by uncertainties are shown in Figs. 16 
and 17, respectively. As shown, the over shootings of the speed 
waveform pulsation under PI, SMC and NTSMC are 169 rpm, 
131 rpm, and 106 rpm, respectively, when the load torque 
changes (from 8 to 12 Nm). When parameters are perturbed, the 
speed overshooting under NTSMC is 67 rpm, which is 
decreased by 40.2% and 30.9%, respectively, compared with 
that of PI (112 rpm) and SMC (97 rpm). It can be seen that the 
anti-disturbance capability of NTSMC is more prominent when 
the same load disturbance and parameter perturbation apply. 
Fig. 18 shows the phase current waveforms under 8 Nm and 12 
Nm. As shown, the peak current of NTSMC is slightly smaller 
than other two methods and the phase current waveform is 
similar. Besides, it is obviously found that the current amplitude 
is positively correlated with the load torque. 

Table III tabulates the comparison of experimental results in 
terms of three control systems, which verifies the effectiveness 
of NTSMC. As shown in the experimental results in four 
operation conditions, the proposed NTSMC exhibits better 
performance in response speed, torque ripple reduction, 
robustness, and anti-disturbance ability. Moreover, the peak 
current and the current rate of change are also maintained 
without increasing the copper loss. In summary, the 

comprehensive performance of NTSMMC is superior to PI and 
SMC based on the simulation and experimental results. 

 
Fig. 13.  The experimental test platform. 
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Fig. 14.  Speed and torque when the speed changes under 8 Nm, (a) PI, (b) 
SMC, and (c) NTSMC. 
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Fig. 15.  Speed and torque under 8 Nm, (a) PI, (b) SMC, and (c) NTSMC. 
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Fig. 16.  Speed and torque when the load torque changes, (a) PI, (b) SMC, and 
(c) NTSMC. 
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Fig. 17.  Speed and torque when parameters change, (a) PI, (b) SMC, and (c) 
NTSMC. 
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Fig. 18.  Phase current under 8 Nm and 12 Nm, (a) using PI and SMC, (b) using 
NTSMC. 

TABLE III 
EXPERIMENTAL RESULTS  

 PI SMC NTSMC 
Speed startup time 0.2 s 0.18 s 0.11 s 

Torque ripple  87.5% 71.2% 60% 
Speed oscillation when the load 

torque changes 169 rpm 131 rpm 106 rpm 

Speed oscillation when 
parameters change 112 rpm 97 rpm 67 rpm 

VI. CONCLUSION 
This paper proposed an improved DTC system to effectively 

reduce torque ripples and enhance the robustness, response 
speed and anti-disturbance ability of an SRM drive system. In 
the study, the superiority of the NTSMC based on an improved 
RL on torque ripple reduction and the convergence rate of the 
state is obvious. Meanwhile, the disturbance caused by 
uncertainties like load disturbance and parameter perturbation 
was further suppressed. Moreover, the GWOA is introduced to 
automatically tune the parameters including speed controller 

and given flux for accurate tracking of speed and minimizing 
torque ripple. The combination of the NTSMC and GWOA 
improves the robustness and dynamic performance of the 
system. Compared with PI and SMC, the advantages of 
improved NTSMC applied in the DTC system have been 
verified by simulations and experiments with a 12/10 SRM. 
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