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 
Abstract—The research on high-performance vector control of 

permanent magnet synchronous motor (PMSM) drive system 
plays an extremely important role in electrical drive system. To 
further improve the speed control performance of the system, a 
fast non-singular end sliding mode (FNTSM) surface function 
based on traditional NTSM control is developed. The theoretical 
analysis proves that the FNTSM surface function has a faster 
dynamic response and more finite-time convergence. In addition, 
for the self-vibration problem caused by high sliding mode 
switching gain, an FNTSM control method with anti-disturbance 
capability was designed based on the linear disturbance observer 
(DO), i.e. the FNTSMDO method was employed to devise the 
PMSM speed regulator. The comparative simulation and 
experiment results with traditional PI control and NTSM control 
methods indicate that the FNTSMDO method could improve the 
dynamic performance and anti-interference of the system.  
 

Index Terms—PMSM, Fast nonsingular terminal sliding-mode, 
Disturbance observer, PI control.  
 

I. INTRODUCTION 

N recent years, with the development of power electronics 
technology and the continuous progress of the computing 

power of control chips, it is possible to realize the seemingly 
complex but very effective control algorithm, as well as the 
continuous progress of permanent magnet material technology 
and new energy electric vehicles, permanent magnet 
synchronous motor (PMSM) has received extensive attention 
again [1]. Because of its high efficiency, simple and reliable 
structure, small size and low loss, it is widely used in national 
defense, military industry, daily life and other aspects. The  
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PMSM speed control system generally uses a 
proportional-integral (PI) controller, because it has many 
advantages, such as its simple structure, high reliability, and 
parameters are easy to correct. However, PMSM is a typical 
and very complex multivariable nonlinear system. The reason 
is that the windings have strong coupling, and the motor 
parameters change with the long-term operation of the motor. 
In the case of frequent changes in motor parameters and 
external load interference, the PI controller cannot meet 
high-performance requirements such as high control accuracy, 
fast dynamic response, and strong robustness [2]. 

In order to obtain better control performance, with the 
continuous development of control technology, more and more 
control algorithms are designed and applied to the motor speed 
loop to replace the traditional PI control, e.g. robust adaptive 
contro[3]-[4], adaptive control based on backstepping method 
[5], model predictive control [6]-[7], fuzzy neural network 
control and other intelligent control algorithms, and 
sliding-mode control (SMC), etc. Compared with the other 
control strategies, SMC is a special nonlinear control that has 
been extensively applied to motion control systems, due to the 
SMC is simple, reliable, and highly robustness. Nevertheless, 
its drawback is to suppress external disturbances and parameter 
variation by increasing the sliding-mode switching gain of sign 
function. On the one hand, the increase of gain can improve the 
robustness of SMC, but it will also bring the problem of system 
chattering problem. In order to improve the control 
performance of traditional SMC control and weaken the 
chattering problem of the system, many improved SMC 
methods are proposed [8]-[16]. 

Compared with the linear sliding-mode surface, a nonlinear 
sliding-mode surface is more and more used to improve the 
dynamic performance of SMC. Terminal sliding mode control 
is one of the earliest sliding mode control strategies using 
nonlinear sliding-mode surface, and has the advantage of 
converging to steady state in finite time[11]-[16]. However, the 
disadvantage of singular value limits its application. In order to 
solve this problem, nonsingular terminal sliding mode (NTSM) 
control using nonlinear sliding-mode surface is proposed, 
which retains the advantages of terminal sliding mode control 
and solves the singular value problem. To further improve the 
convergence speed and adjustment time of NTSM control, the 
fast nonsingular terminal sliding mode (FNTSM) control 
strategy came into being [17]. In [18], a constant rate variable 
slope time-varying SMC scheme was proposed to achieve a fast 
convergence rate of state variables in NTSM. In [19], a novel 
exponential time-varying sliding-mode surface is designed to 
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improve the NTSM control performance. However, these two 
methods make the sliding-mode surface design much more 
complicated and bring difficulties to practical application.  

In order to further improve the anti-disturbance ability of 
SMC, disturbance observer (DO) method with considering 
unknown model and external disturbance of PMSM speed 
control system was proposed in [20]–[22]. In [23], an adaptive 
NTSM with a DO was proposed to further improve the control 
performance. In [24], a new type of SMC including differential 
operator and DO is designed. However, all of the above DOs 
have their disadvantages, that is, the estimation results of 
interference completely depend on the prior knowledge of 
interference, so these shortcomings bring some difficulties to 
the practical application. Meanwhile, the influence of observer 
steady-state error on the whole system is not analyzed in detail. 

Therefore, in order to achieve better control performance and 
and improve the anti-disturbance ability of PMSM speed 
control system, this paper proposes a new FNTSMDO control 
technology, which combines FNTSM control strategy with DO 
method. Under the condition of satisfying the non-singularity 
property of the NTSM method and fast convergence, a general 
FNTSM sliding-mode surface was designed to obtain that make 
the system state variable reach the steady state in a shortter time 
by through theoretical calculation and analysis, and display 
better robustness by comparing the simulation results of 
different SMC methods. Meanwhile, in order to solve the 
influence of motor parameters and load disturbance on the 
control performance of the FNTSM controller, a DO is 
designed, and the global stability of the system is analyzed 
theoretically. In this method, DO is adopted as feedforward 
compensation to overcome the influence of system parameters 
and external interference. To further weaken the influence of 
system chattering, Sigmoid function is used to remove the sign 
function of traditional SMC. Finally, it is verified by simulation 
and experiment results that FNTSMDO control algorithm has 
better control effect than NTSM and PI control. 

This paper is organized as following. Section II takes 
second-order nonlinear uncertain mismatched system as an 
example, the design process of the FNTSM control algorithm is 
given, and Lyapunov's qualitative stability theorem shows that 
the system is stable. Section III derives the employed 
FNTSMDO control strategy, a DO was designed as a 
feedforward compensation term of FNTSM control to avoid the 
effects of system parameters and external disturbances. Section 
IV verifies the control performance through simulation and 
experimental results, and Section V summarizes the 
conclusions. 

II. FNTSM CONTROL 

A. FNTSM Control Design 

In order to illustrate the general problems in controller design, 
it is usually necessary to consider the following 2nd nonlinear 
uncertain mismatch system 

1 2

2 ( ) ( ) ( )

x x

x x x u g t 
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


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                     (1) 

where 21[ , ]Tx x x is the state variable, u  represents the 

control input, and ( ) ( )( ) n x xx     , 

( ) ( ) ( )nx x x     , where ( )n x  and ( )n x are nominal 

variables while ( )x  and ( )x  are indeterminacy variables. 

 g t denotes the unknown perturbation variable.  

Therefore, the equivalent uncertain variable  t of the 

system could be expressed as 

       t x x u g t                       (2) 

Assuming that the uncertain term ( )t is bounded, we could 

obtain the inequation   gt l   where lg>0. The equation (1) 

could be expressed as 
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In system (3), the traditional NTSM control method 
proposed in [15] was adopted and the sliding mode surface 
function could be defined as 

1 2
1

0p qs e e


                              (4) 

where 1 1 de x x  represents the tracking error, 2 1 de x x    

where dx is the desired signal, 0  , and ,p q denote odd 

positive numbers with the meeting 1 2p q  , and the adjust 

time 1rt  satisfies 
 
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It can be known from equation (4) that since the SMC is 

realized by the nonlinear part 2

p qe , the tracking error of the 

sliding-mode surface will tend to zero in a limited time, but its 
establishment time is limited. To effectively reduce the 
chattering phenomenon and enhance the finite convergence, 
this paper designed an FNTSM surface function as follows 

1

1 /
1 2

1 1 q p
s e ee 
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where 0, 0   . 0s s  , i.e., The state variables of 

the system reach the sliding-mode surface from the initial state. 
The derivative of (5) could yield the following equation 
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where sgn( )s denotes sign function. 

Assuming the starting moment of any initial state (0) 0e   

( ) 0te   is rt , i.e. ( ) 0re t  . By integrating the two ends of (6), 

the following expression can be obtained 
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Thus, the following relationship expression could be obtained 
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                         (8) 

Therefore, the steady-state time rt  along with the FNTSM 

surface (5) is shorter than that required by the traditional NTSM 
control.  

Remark 1: The time required to reach the equilibrium point 
along the sliding-mode surface (5) from any initial state is 
shorter than that required by traditional NTSM. 

To obtain the controller u  in (3), using the arrival condition 
of SMC, it must be met, i.e., 0ss   

sgn( )s k s                                       (9) 

where k > 0. Substituting the derivative of (5) into (9), the 
following expression can be obtained 
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Substituting (3) into (10), the controller u could be obtained 
as 

2
2 1

( )

1
( (1 )

( )sgn( ) )

1
( ) p q

n

g d

nu
x

q
e e

p

l k s x

x 







  


  

   
    (11) 

B. Proof of System Stability 

The Lyapunov stability theorem is used to verify the stability 
of the FNTSM controller designed in this paper, define the 
Lyapunov function as 

2

1 0.5V s                                 (12) 

Combining (5) and (3), the derivation of (12) could be 
obtained as follows 

 

1
1 2 1 2 2 2

1
2 1 2 2

1 1
( )

1 1
{ ( ) ( ) ( ) ( ) }

p q

p q
n n

p
V s s s x e x x x

q

p
s x e x x x x u t t

q






 

   
 






     


    

  
(13) 

Assuming that 1
2

1 p qp
W x

q
 , and substituting (11) to 

(13), the following equations are obtained 
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Assume   gt l  and then (14) meet the following 

conditions 

1
V W k s                              (15) 

where p, q are the odd positive numbers that satisfy 

1 2p q   and 0  . When x2 meets 2 0x  , 1

2 0p qx   , 

i.e. 0W  , then 
1

0V  is established. Therefore, under the 

guidance of Lyapunov stability theory, the designed FNTSM 
controller gradually tends to be stable. 

C. Simulation analysis of FNTSM controller 

In this section, to verify that the employed FNTSM method 
has superior regulation performance than the traditional NTSM, 
the following system was established. 

1 2
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                      (16) 

To conduct the comparative simulation between FNTSM and 
traditional NTSM, Matlab/Simulink simulation software was 

used for system modeling, the system desired signal dx was set 

as xd=0, and the initial value of state variables x(0) was set as [x1, 
x2] = [0.1, 0]. 

It can be seen from Fig. 1 that the simulation results of 
FNTSM and traditional NTSM control algorithms have 
obvious difference. Notably, under the action of traditional 
NTSM control, the adjustment time of the state variables x1 and 
x2 are about 1.3s and the adjustment time of FNTSM is about 
0.92s, hence the proposed FNTSM control strategy obtains a 
shorter dynamic response time. 

III. SLIDING MODE SPEED CONTROL USING FNTSM 

A. Sliding Mode Speed Control 

The mechanical motion and torque dynamics model of 
PMSM could be employed as [25], [26]. 

m
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where TL is load torque, ωm is the mechanical angular speed, 
B is viscosity coefficient, Te is electromagnetic torque, J is the 
moment of inertia, iq is q-axis current, pn is the number of poles 

pairs, and
f

  is a permanent magnet flux linkage. 

In the design of the speed controller, the state parameters of 
the system are defined as 
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where 
ref

 is the speed reference value. Supposing that there 

is a second-order derivative, 
m

 is the speed actual value. 

Taking the derivative of (18) and combining it with (17), it 
can be obtained as  
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(b) System state x2 
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(c) Sliding mode surface s 

Fig. 1. Performance comparison among FNTSM and traditional NTSM. 

Considering the influence of changes in the internal 
parameters of the motor, formula (18) can be expressed as 
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where Δa, Δb, and Δc are the uncertain terms. 
Assuming that the equivalent uncertain variable is g(t), it 

could be expressed as 
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The motor variables are bounded, hence the disturbance is 
assumed to be slowly varying load torque disturbance whose 
differentiation is bounded [27]. The system lumped uncertainty 

satisfies ( )
g

g t l , where 0
g

l  . 

Combined with (19), the general mathematical expression of 
PMSM with uncertain parameters is 
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
    .To enhance the dynamic 

capacity of the speed drive system, the FNTSM control 
algorithm (11) proposed in Section A was applied to design the 
FNTSM speed regulation. The controller u  was designed as 
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To obtain better control performance, the improved function 

( ) 12 (1 )a ssig s e    was applied to replace the sign 

function, where a denotes the positive constant, which has a 
better performance compared with the sign function applied to 
sliding mode control [28]. 
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Integrating equation (23), the q-axis current *
qi  is expressed 

as 
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Therefore, the control block diagram of the FNTSM speed 
controller is shown in Fig. 2. 
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Fig. 2.  Block diagram of the FNTSM. 
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B. Disturbance Observer Design 

It can be seen from (25) that lg is the gain of the reaching law 
in SMC, which directly determines the severity of chattering 
problem and is affected by the g(t). To Improve the anti- 
disturbance ability of the control system, a DO is employed to 
estimate g(t) online, and iq* is used to perform feedforward 
compensation on the estimated g(t). 

Assuming that  e2 and g(t) are the state variables of (22). The 
FNTSM speed control with DO could be expressed as 
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The DO could be expressed as 

2 2 1 2

2 2

ˆ ˆ ( )

ˆ ( )

e Ae g t Bu k e

g t k e

    







 

 
                (27) 

where k1, k2 denote the observer gain. 
The stability of the designed controller is verified by using 

Lyapunov function. 
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Combining (26), the derivation of (28) could be obtained as  
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The switching frequency of the controller is usually high, 
hence the disturbance is constant within one controller cycle, 

i.e. 0g  . Substituting (26) into (28), now the (29) becomes 
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 (30) 

1
0, 0, 0W k g   , hence the equation (30) is expressed as 

2

2

1( ) 0g eV W l k s k                     (31) 

where the coefficient k1 and lg+k are positive constant gain, 
which ensure that the designed DO is stable, and the tracking 
errors converges to zero. 

So, the block diagram of the FNTSMDO is presented in Fig. 
3. 

IV. SIMULATION AND EXPERIMENT RESULTS ANALYSIS 

A. Simulation Analysis 

To demonstrate that the applied FNTSMDO speed regulator 
has better control performance than the traditional PI and 
NTSM speed control, the vector control strategy with id = 0 in 
Fig. 4 was employed, and the parameters of the PMSM are 
shown in Table I.  

TABLE I  
PARAMETERS OF PMSM 

Parameter and unit Value 

Rate power Pn 0.2kW 
Rate voltage Vn 48V 

Number of poles pairs 2 
Inductance Ld=Lq 1.378mH 

Permanent magnet flux linkage
f

  0.0221Wb 

Stator phase resistance R 0.3Ω 
Moment of inertia 0.17510-4 J/kg.m2 

Viscosity coefficient B/ 0.04410-5 N.m.s/rad 
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Fig. 3.  Block diagram of FNTSMDO. 
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Fig. 4. Block diagram of PMSM speed-regulation system.

To present the comparison and analysis results, the 
simulation conditions of the three different control algorithms 
were set as the same. The paramates of speed-loop PI control 
were set as kpv=0.16,kiv=2, and d- and q-axis currents-loop PI 
control were set as kpdq=43.5,kidq=3500. The paramates of 
speed-loop FNTSMDO control were set as p=3,q=5,β=0.02, 
α=0.2. Meanwhile, to verify the start-up performance and 
anti-disturbance capability of the motor, the reference value of 
the motor speed was set as 1000r/min, the motor is started 
under no-load state, the load torque was suddenly used at t=0.1 
s, and the simulation time was set to 0.2 s. The simulation 
results under PI control, traditional NTSM control, and the 
proposed FNTSMDO control are presented in Fig. 5. Fig.5(a), 
(b), and (c), which show the speed waveform, electromagnetic 
torque waveform, and three-phase current waveform 
respectively. 

Fig. 5(a) shows the motor speed curve under three different 
control methods. Notably, when motor start-up under PI control 
is large, the overshoot of motor speed is about 25.2% and the 
adjustment time is about 0.04s. When the load torque increases 
suddenly, the speed of the motor will fluctuate greatly; when 
the motor returns to the steady-state, the adjustment time is 
about 0.035s. Moreover, when the traditional NTSM control is 
adopted, the overshoot of the motor is only about 0.15%, and 
the adjustment time at start-up and sudden load increase is 
about 0.025s and 0.02s respectively. Conversely, the motor 
could run no overshoot under the FNTSMDO's action and the 
motor speed fluctuation is very small when the load torque 
suddenly increases. The adjustment time at startup and sudden 
load increase is about 0.012s and 0.01s respectively. Therefore, 
FNTSMDO control algorithm has faster adjustment time and 
better anti-disturbance performance. 

Fig. 5(b) ,Fig.5(c) and Fig.5 (d) present the simulation curves 
of d- and q-axis currents current, electromagnetic torque and 
three-phase current respectively. In the simulation, the saturator 
of speed loop regulation was set as ± 5.9A to prevent excessive 

starting current of the motor, hence the maximum current was 
5.9A and the maximum torque was about 1N.m during the 
motor start-up. 

In addition, when the load torque suddenly increases at t = 
0.1s, the electromagnetic torque suddenly increases to 
overcome the change of external load disturbance, as presented 
in Fig. 5(b). When the electromagnetic torque equals the load 
torque, i.e. 0.72N.m, the motor regained energy balance and 
returned its speed to a steady state of 1000r/min. The 
three-phase current and the three-phase electromagnetic torque 
are positively correlated, so the three-phase current and 
electromagnetic torque change are the same. Therefore, it is 
verified that the FNTSMDO outperforms PI and traditional 
NTSM in terms of control performance. 
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(a) Speed waveform 
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(b) d- and q-axis currents waveform 

 
(c) Electromagnetic torque waveform 
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(d) Three-phase current waveform 

Fig. 5. Simulation results under three control method  

B.  Experiment Results Analysis 

To further prove the control quality of the FNTSMDO 

algorithm, an experimental platform as shown in Fig. 6 was 
built, and an experimental platform of the PMSM  system based 
on DSP (TMS320F28335) was established. The RAM chip was 
applied to record the experimental data like speed and current. 
After the platform shut down, the upper computer was applied 
to collect and process the data and Matlab was employed to 
draw the experimental waveform. 

In this section, the comprehensive experimental results of the 
motor start-up process and load increase under the action of the 
three methods (FNTSMDO, NTSM, and PI) are compared and 
analyzed in detail to prove that the FNTSMDO algorithm has 
better startup performance and anti-disturbance capability. 

Computer

PMSM DC Source
DSP 

TMS32028335
DriverEmulator

 
Fig. 6.  Experimental platform. 

TABLE II  
PARAMETERS OF THE START-UP PROCESS 

Control Scheme OS (%) Adjustment time (s) 

FNTSMDO 0 0.02 

NTSM 1.3% 0.04 

PI 17.5% 0.055 

 
TABLE III  

PARAMETERS OF LOAD INCREASE PROCESS 

Control Scheme 
Speed Fluctuation 

(r/min) 
Adjustment time (s) 

FNTSMDO 65r/min 0.015 

NTSM 85r/min 0.04 

PI 243r/min 0.05 

To illustrate the control performance with motor start-up, the 
experimental PMSM speed reference value was set as 
1000r/min, and the startup transient process is shown in Fig.7. 
As indicated in Fig.7(a), the motor start-up under the PI 
controller has 17.5% overshoot while the traditional NTSM has 
1.3% overshoot. As presented in Fig. 7(b) and (c), the proposed 
FNTSMDO control strategy shows no overshoot. Moreover, 
the settling time of the speed under PI, traditional NTSM, and 
FNTSMDO are about 0.055s, 0.04s, and 0.02s respectively. 
The detailed experimental results at other speeds are presented 
in Table II. Compared with PI and traditional NTSM methods, 
the dynamic characteristics of FNTSMDO control strategy are 
better. 

Given the above, the control characteristics of the motor 
start-up process has been analyzed. In the following section, the 
anti-disturbance capability of the three different control 
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algorithms of the PMSM speed system will be analyzed in 
detail. Figure 9 shows the test results of PMSM under the stable 
working condition of 1000r/min, when the load torque is 
suddenly increased. 

As indicated in Fig. 8(a), When the load torque is suddenly 
increased, the speed of the motor fluctuates significantly; when 
the motor returns to be stable, the adjustment time operation is 
about 0.05s. 

In contrast, as presented in Fig. 8(b) and (c), under the 
traditional NTSM and the FNTSMDO control method, when 
the load torque is suddenly added, The speed fluctuation is 

 
(a) PI control 

 
(b) Traditional NTSM control 

 
(c) FNTSMDO control 

Fig.7.  Experimental results during the motor start-up. 
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Fig.8.  Experimental results when motor load increases. 

smaller and the dynamic stabilization time is shorter, about 
0.04s and 0.015s, respectively. The detailed experimental 
comparison results are shown  in Table III. Thus, the 
FNTSMDO has better control quality compared with PI and 
traditional NTSM. 

V. CONCLUSION 

In order to further improve the control performance of 
PMSM speed control system, a new FNTSM control strategy is 
proposed based on the traditional NTSM control. This method 
not only includes the finite time convergence and nonsingular 
characteristics of NTSM, but also improves the convergence 
time of the system, it is proved that the FNTSM control 
algorithm can optimize the convergence characteristics and 
shorten the convergence time. Meanwhile, the FNTSM 
algorithm was applied to the PMSM speed system and an 
FNTSMDO speed control algorithm that combined the FNTSM 
control with the DO method was employed. The DO was 
designed as the feedforward compensation item of the q-axis 
current controller. Finally, the comparison of simulation and 
experimental results of three control methods shows that the 
FNTSMDO control algorithm is better in terms of start-up and 
anti-interference, and significantly improves the control quality 
of the PMSM drive system. 
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