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Abstract – In order to solve the problem that some parameters and inductance of the motor are 
easily affected by the external environment and its own losses during the actual operation, a new 
model-free sliding mode control method is presented in this research. By taking the embedded 
permanent magnet synchronous motor as the research object, the hyperlocal model of the speed 
ring of the embedded permanent magnet synchronous motor, the new model-free sliding mode 
control strategy of the speed ring of the embedded permanent magnet synchronous motor, and the 
controller are designed. Simulation and semi-physical simulation experiments are carried out for 
the model-free sliding mode control system of PMSM. The results show that as compared to the 
proportional integral (PI), the control method proposed in this research has a smaller ripple on the 
motor torque and d-q axis current, indicating that the control is more stable. Moreover, semi-
physical simulation shows that the model-free sliding mode control method proposed in this 
research is superior. The research has important theoretical significance for realizing stable 
operation of permanent magnet synchronous motor. 
 
Keywords: Permanent Magnet Synchronous Motor, Model-Free Sliding Mode Control, Matlab 
Simulation, The Controller, The Observer.  

1. Introduction 
 
With the rapid development of the world economy, 
driven by energy conservation and environmental 
protection, low-carbon economy has penetrated the 
field of transportation. However, as an important 
power source in the field of transportation, the 
motor and its driving system have higher and higher 
requirements. Transportation must meet the 
requirements of low energy consumption and low 
pollution under the premises of safe and reliable 
operation [1,2]. With the evolution of research on 
traction motor in rail transit electric locomotive, it 
has developed from DC motor to current AC 
asynchronous motor, which has good application 
effect, mature technology, and sound control effect. 
Moreover, the development of permanent magnet 
materials, permanent magnet synchronous motor 
has also achieved rapid development, and scholars 
continue to innovate and improve its control 
technology [3]. 

Permanent Magnet Synchronous Motor (PMSM) 
has the advantages of small size, high power, low 
noise, better overload capacity, higher reliability, 
and easy to achieve high-performance control. As a 
result, PMSM has been widely applied, such as robot 
industry, aerospace field, and electric locomotive 

field [4-5]. At present, most PMSM control systems 
adopt PI control system with a simple algorithm and 
easy implementation. However, the PI control 
system can't meet the changes of system parameters, 
environmental disturbance, and nonlinear, multi-
coupling PMSM control system. A permanent magnet 
motor control method with stronger robustness and 
better control performance is needed [6]. With the 
progress of science and technology, many scholars 
have proposed more and more advanced control 
methods, such as adaptive control, predictive 
control, and sliding mode variable structure control.  

Among these control methods, due to the 
stronger robustness and faster response speed of 
sliding mode variable structure control in the case of 
system parameter perturbation and external 
disturbance, motor control has attracted much 
attention [7-8]. However, in the case of complex 
operating environment and changeable operating 
conditions, the internal parameters of PMSM traction 
motor, such as inductance and resistance, are easily 
affected by external changes. Modern control 
theories such as sliding mode variable structure 
control are mostly based on specific system models 
for controller design. Once the motor parameters are 
perturbed, the controller performance of the motor 
will be affected to some extent [9-10].  
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Therefore, it is urgent to find a reliable and 

straightforward control method to control PMSM. 
To sum up, in order to ensure the regular 

operation of PMSM under complex and changeable 

environment, the Interior Permanent Magnet 

Synchronous Motor (IPMSM) is taken as the research 

object and a model-free sliding mode control 

strategy is proposed. By combining model-free 

control theory with sliding mode structure control, 

the model-free control method is constructed to 

reduce the controller's dependence on the motor 

model. Then, the controller is designed. At last, the 

speed of PMSM is simulated by Matlab and semi-

physical simulation. It is expected that the research 

can provide a good idea for model-free control of 

PMSM. 

2. Methodology 
2.1 An introduction to model-free control 
methods 
 

In the early 20th century, a model-free control 
method based on super-local model was proposed. 
And this method developed rapidly after it was 
proposed, and has been applied to various industries 
such as motor control and rail transit. The main idea 
is to construct the local model for the input and 
output of the control system, and then design the 
model-free controller. Because the local model is 
used, this method can reduce the dependence of the 
control on the system model and further increase the 
robustness of the controller to various external 
disturbances [11-13]. 

For a single output single input system, it can be 
represented by the following n - order fractions.  

    

𝑎0𝑦
 𝑛 + 𝑎1𝑦

 𝑛−1 + ⋯+ 𝑎𝑛−1𝑦 + 𝑎𝑛𝑦 = 𝑏0𝑢
 𝑚 + 𝑏1𝑢

 𝑚−1 + ⋯+ 𝑏𝑚−1𝑢
 𝑛 + 𝑏𝑚𝑢          (1) 

 

In Eq. 1, ( 1,2, , )ja j m L  and ( 1,2, , )jb j m L  

are system correlation coefficients; j represents the 
order of the system; u represents the input variable 
of the system; y is the output variable of the system. 
According to the control idea of model-free control 
method, Eq. 1 can be changed into Eq. 2. 

( )ny au F                                                              (2) 

In Eq. 2, a  is a scaling factor input to the system; 

F  is the value estimated by the algorithm for the 
system control input u and system output y. There is 
a special note that F will not identify and distinguish 
the unmodeled part of the system from the uncertain 

factors. n is the order of the system, 1n  . 
In some nonlinear complex systems, the input 

and output of the system can be replaced by a simple 
super-local model. In this way, the expressions of the 
single-output and single-input first-order local 
model of the system are as follows. 

dy
U F

dt
                                                              (3) 

In Eq. 3,   represents non-physical constants; y 
is the output variable; u represents the input 
variable; F represents the known and other 
undetermined parts of the system. 

F in Eq. 3 is a real variable of the super-local 
model in the dynamic system, then Eq. 4 can be 
obtained. 

F y u                                                                  (4) 

Therefore, the control input of the modeless 
controller can be expressed as follows. 

cF y u
u



  


                                                       (5) 

In Eq. 5, y  represents the expected output 

value of the local system; cu  represents the feedback 

in the modeless controller control input. 
The Eq. 5 is substituted into Eq. 3 to obtain Eq. 6 

and Eq. 7. 

*
( ) *c

c

F y udy
F y u

dt




  
   

                      (6) 

* 0cy y u  
                                                            (7) 

In Eq. 6 and Eq. 7, e represents tracking error; the 

feedback controller cu  can not only select the 

proportional integral controller, but also adopt the 
proportional integral differential controller 

For the proportional integral model-free 
controller based on the super-local model, the 
control input of the system is as follows: 

𝑢 =
−𝐹 + 𝑦 ∗ + 𝐾𝑝𝑒 + 𝐾𝑒  𝑒

𝛼
 

                           (8) 

In Eq. 8,  𝐹  is the estimated value of F; pK  

represents the proportional coefficient; iK  denotes 

the integral coefficient; *e y y   is the system 

tracking error. Supposing 0iK  , a proportional 

model-free controller is obtained. 

For the permanent magnet synchronous motor, it 
is a relatively complex and changeable control 
object. In some cases, the system model is nonlinear. 
If something happens to the magnet, such as loss of 
magnetism, resistance, inductance parameters, and 
so on [14-16], the current state equation of the 
permanent magnet motor in the d-q axis can be 
written as follows. 
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qo q rqd d so s
d e q e

do d do d do d do d

L Ldi u R R
i i

dt L L L L L L L L
 

 
   

       
                                (9) 

q q so s do d ro rd
q e d e

qo q qo q qo q qo q

di u R R L L
i i

dt L L L L L L L L
 

   
   

   
                                (10) 

 
Through the transformation of Eq. 10, under the 
condition of perturbation and loss of magnetism of 

some parameters, the current state equation of the 
motor in d-q coordinate is written as follows. 

qo q rqd d so s
d e q e

do do d do d do d

L Ldi u R R
i i

dt L L L L L L L
 

 
   

     
                                                    (11) 

q q so s do d ro rd
q e d e

qo q qo q qo q qo q

di u R R L L
i i

dt L L L L L L L L
 

   
   

   
                                (12) 

qo qo( )

d

q

L

L L L





                                                                                                 (13) 

When the permanent magnet loses its 
magnetism, the resistance and inductance are 
perturbed, then the local model expression of the 
electromagnet can be written as follows: 

𝑇𝐿 +
𝐽

𝑛𝑝

𝑑𝜛

𝑑𝑡
+ 𝐵𝜛𝑚 =

3

2
𝑛𝑝Ψ𝑒𝑛𝑑 𝑖𝑞 + Δ𝑇𝑒  

             (14) 

𝑑𝜛𝑒

𝑑𝑡
=

𝐽

𝑛𝑝

(−
3

2
𝑛𝑝Ψ𝑒𝑛𝑑 𝑖𝑞 + Δ𝑇 − 𝐵𝜛𝑚 − 𝑇𝐿) 

      (15) 

According to the model-free control idea of the 

super-local model and the changes of Eq. 14 and Eq. 

15, the super-local model expressions of the speed 

loop and current loop of the control system 

constructed based on the input and output of the 

control system of the permanent magnet 

synchronous motor are as follows: 

 
 
 

 
 
𝑑𝑖𝑑
𝑑𝑡

= 𝛼𝑑𝑢𝑑 + 𝐹𝑑

𝑑𝑖𝑞

𝑑𝑡
= 𝛼𝑞𝑢𝑞 + 𝐹𝑞

𝑑𝜛𝑒

𝑑𝑡
= 𝛼𝜛 𝑖𝑞 + 𝐹𝜛

 

                                         (16) 

In Eq. 16, d  is the voltage coefficient of stator d-

axis of permanent magnet synchronous motor; q  is 

the voltage coefficient of stator q axis of permanent 

magnet synchronous motor;   is the current 

coefficient of permanent magnet synchronous motor 

stator q axis; dF  represents the suppression 

distribution of the system model; qF  shows the 

parameter perturbation of the system model; F  

denotes the failure part of the system model, and all 
are bounded. 
 
 

2.2 IPMSM speed loop super-local model 
 
In the case of uncertainty of motor parameters, the 
expression of the speed equation of the permanent 
magnet synchronous motor is as follows: 

𝑑𝜛𝑒

𝑑𝑡
= −

3

2

𝑛𝑝
2

𝐽
Ψ𝑒𝑥𝑡 𝑖𝑞 −

𝐵

𝐽
𝜛𝑒 +

𝑛𝑝

𝐽
(Δ𝑇𝑒 − 𝑇𝐿) 

 (17) 

Similarly, according to the model-free control 
theory of the super-local model, the input and output 
controlled by the speed ring of the synchronous 
motor can be used. 

𝜛 = 𝐹 + 𝛼𝑖𝑞                                                   (18) 

In Eq. 18,   is the stator q-axis current 
coefficient of permanent magnet synchronous motor 
designed in this research; F is the uncertain part and 
the known part of the PMSM system parameters. 
 
2.3 A new model-free sliding mode control 
strategy for IPMSM speed loop and the design of 
controller 
 

The design idea of the new modeless controller of 

IPMSM speed loop is considered in this research is to 

manipulate the feedback controller Uc in the 

modeless control strategy as the sliding mode 

controller, and use the sliding mode observer to 

estimate the unknown quantity F. 
In this research, the model-free controller of the 

speed loop is designed using the model-free control 
idea of the super-local model. 

𝑖𝑞 =
−𝐹 + 𝜛 𝑒

∗ + 𝑢𝑐

𝛼
 

                                       (19) 

Eq. 20 and Eq. 21 are obtained according to Eq. 
18 and Eq. 19. 
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𝜛 𝑒 = 𝜛 𝑒
∗ + 𝑢𝑐                                                     (20) 

 (𝜛 𝑒
∗ − 𝜛 𝑒 + 𝑢𝑐)                                                  (21) 

In order to combine the model-free control 
method with the sliding mode variable structure 
control method, the feedback controller in the 
model-free control strategy is designed as a sliding 
mode controller. IPMSM speed error is selected as 
the state variable. 

 

𝑥1 = 𝜛𝑒
∗ − 𝜛𝑒

𝑥2 =  𝑥1 =  𝜛𝑒
∗ − 𝜛𝑒

 

                                  (22) 

The derivatives of 1x
, 2x

 in Eq. 22 and Eq. 23 are 
taken. 

 
𝑥 1 = −𝑢𝑐

𝑥 2 = 𝑥1 = 𝜛𝑒
∗ − 𝜛𝑒

 
                                           (23) 

In order to reduce steady-state error, integral sliding 
surface should be selected. 

1 1 2s x cx 
                                                             (24) 

In Eq. 24, c>0, c represents the constant number 
of band designs. 

The derivative of Eq. 24 is taken and Eq. 23 is 
substituted into Eq. 24 to obtain Eq. 25. 

𝑠1 = 𝑐𝑥1 + 𝑥 1 = 𝑐𝑥1 − 𝑢𝑐                            (25) 

In this research, exponential approach law is 
selected to design the controller to improve the 
dynamic quality of the system. 

𝑠 1 = −𝜀𝑠𝑔𝑛 𝑠1 − 𝜆𝑠1                                         (26) 
Eq. 27 can be obtained according to the 

combination of Eq. 24, Eq. 25, and Eq. 26. 

𝑢𝑐 = 𝑐𝑥1 + 𝜀𝑠𝑔𝑛 𝑠1 + 𝜆𝑠1 = 𝑐 𝜛𝑒
∗ − 𝜔𝑒 + 𝜀𝑠𝑔𝑛 𝑠1 + 𝜆𝑠1                                               (27) 

In Eq. 27,   and   represent the normal 
numbers to be designed. 

When 𝑠1𝑠 1 < 0 , then the sliding mode control can 
meet the temperature controlled by the sliding 
mode. When choosing the exponential approach law, 
Eq. 28 is obtained. 

 

𝑠1𝑠 1 = 𝑠1 −𝜀𝑠𝑔𝑛 𝑠1 − 𝜆𝑠1 < 0 
                      (28) 

By substituting Eq. 28 into Eq. 19, the model-free 
sliding mode control law of IPMSM vector control 
system designed in this research can be obtained as 
follows. 

𝑖𝑞 =
−𝐹 + 𝜛 𝑒

∗ + 𝑐 𝜛𝑒
∗ − 𝜛𝑒 + 𝜀𝑠𝑔𝑛 𝑠1 + 𝜆𝑠1

𝛼
 
                                                                 (29) 

For the sliding-mode device, there is an unknown 
term F in Eq. 29. An aggregate slide-out is performed 
to estimate the estimated value. 

𝜛  𝑒 = 𝛼𝑖𝑞 + 𝑘𝑠𝑔𝑛(𝜛𝑒 − 𝜛 𝑒)                              (30) 

𝑒 = 𝜛𝑒 − 𝜛 𝑒 i is defined as the observer dynamic 
error. According to Eq. 18 and Eq. 30, the error of the 
observer can be expressed as follows: 

𝑒 = 𝐹 − 𝑘sgn(𝑒)                                                  (31) 
In this research, the error variable e is taken as 

the sliding mode surface to select the k value. 

Therefore, it can be concluded that the observer 
equation will converge to zero asymptotically. 

According to Lyapunov stability criterion and 
sliding mode accessibility conditions, error e will 
gradually converge to zero, thereby, Eq. 32 can be 
obtained from the sliding mode equivalence 
principle. 

𝐹 = 𝑘𝑠𝑔𝑛(𝑒) 
                                                          (32) 

The observation value 𝐹  is substituted into the 
IPMSM model-free sliding mode control law of the 
speed loop of the vector control system, then Eq. 33 
is obtained. 

𝑖𝑞 =
−𝐹 + 𝜛 𝑒

∗ + 𝑐 𝜛𝑒
∗ − 𝜛𝑒 + 𝜀𝑠𝑔𝑛 𝑠1 + 𝜆𝑠1

𝛼
 
                                               (33) 

In order to reduce the chattering caused by the 
traditional switch function, Sigmoid function H(e) is 
needed to replace the symbol function, which can be 
expressed as follows. 

𝐻 𝑒 =
2

1 + 𝑒−𝑎(𝑒)
− 1 

                                    (34) 
 
In Eq. 34, a  0, the slope of the Sigmioid function 

can be adjusted by a. 
 

In order to verify the feasibility and effectiveness 

of the model-free sliding mode controller designed in 

this research, the maximum torque current ratio 

control strategy is adopted.  

The simulation experiment of speed control of 

permanent magnet synchronous motor is carried out 

using Matlab software. The parameters used in the 

simulation experiment are shown in Table 1. 
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Table 1. Parameters of permanent magnet synchronous motor 
Motor parameters Values  

Number of pole-pairs np/pair 3 

The rotor flux linkage Ψr/Wb 0.896 

Rotational inertia J/Kg·m2 150 

Damping coefficient Nm·s/rad 0.001 

Stator winding phase resistance Rs/Ω 0.02 

Inductance of q-axis of stator winding Lq/H 0.003579 

Stator winding d axis inductance Ld/H 0.001600 

 

3. Results and Discussion 
3.1 Analysis of simulation results 
 

In this research, the initial speed of the 
simulation experiment is set to 50rad/s, and the 
speed is increased to 200rad/s within 0.5s. The 
initial torque value after starting the motor is set to 
300Nm, and the torque is abruptly increased to 
1000Nm within 2s. The remaining parameters of the 
motor are nominal values. 

Figure. 1 is a comparison diagram of the change 
of PI control method and model-free sliding mode 
control method when the motor parameters remain 
unchanged. The model-free sliding mode control 
method proposed in this research has a relatively 
short response time in the case of sudden changes in 
speed and torque. When the torque of PI control 
method changes, the speed will decrease by 
0.21rad/s, which can't be recovered immediately in 
a short time. In this research, the speed of model-
free slide-mode void violation is reduced by 
0.04rad/s, and it can be recovered to the stable value 
within 0.02s. Therefore, it can be concluded that the 
model-free sliding mode control method proposed in 
this research has a good control effect and is 
relatively stable when compared with PI control 
with a small fluctuation. Under the PI control 
method, the time needed to click to reach the stable 
state for the change of 1s torque is 0.04s.  

However, the model-free sliding mode control 
method proposed in this research only needs 0.006s. 
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Figure 1: Motor speed response with constant motor 

parameters. 
 
Figure 2 shows the change curve of current 

response time of d-q axis when inductance and 
resistance change under different control methods. 
Figure. 3 shows the torque response curves when 
inductance and resistance change under different 
control methods. When the inductance and 
resistance change, the model-free sliding mode 
control method proposed in this research has a 
smaller ripple on the motor torque and d-q axis 
current than the PI control method, which also 
indicates that the control is more stable. 
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(a) IPMSM control                                                                   (b)PI control 

Figure 2: The current response curve of d-q axis when inductance and resistance change under different control 
methods. 
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Figure 3: Torque response curves of inductance and resistance under different control methods. 

 

To sum up, when the motor parameters change, 

the model-free sliding mode control method 

proposed in this research is better than the PI 

control method for the stability control of the motor. 

The model-free sliding mode control method 

proposed in this research has stronger robustness, 

better control accuracy, and faster corresponding 

time. 

 
3.2 Analysis of semi-physical simulation 
results 
 

In order to further verify the feasibility and 
effectiveness of the IPMSM method proposed in this 
research, RT-Lab simulation platform is used for 
experiments. RT-Lab simulation platform is a 
powerful real - time semi-physical simulation 
platform. The simulation platform is composed of 
PO5600  simulator,  DSP controller, multi - motor  

 

system model of related connection line and 
software part, and monitoring surface of upper 
computer. 

In this research, the initial speed of simulation 

experiment is set to 50rad/s, and speed is increased 

to 200rad/s within 0.5s. The initial torque value 

after starting the motor is set to 300Nm, and the 

torque is abruptly increased to 1000Nm within 2s. 

The remaining parameters of the motor are nominal 

values. The experimental results of the semi-physical 

simulation system are shown in Figure 4 and Figure 

5. 

Figure 4 shows the torque and speed waveforms 

under PI control when the motor parameters remain 

unchanged. Figure 5 shows the torque and speed 

waveforms under IPMSM control when the motor 

parameters remain unchanged. It is basically 

consistent with the simulation results of Matlab. 
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Figure 4: Torque and speed waveforms under PI control when motor parameters remain unchanged. 
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Figure 5: Waveform of torque and speed under IPMSM control when motor parameters remain unchanged. 

 
Figure 6 shows the current experimental 

waveform of d-q axis under PI control when the 

motor parameters remain unchanged. Figure. 7 

shows the current experimental waveform of d-q 

axis under IPMSM control when the motor 

parameters remain unchanged.  

It is also basically consistent with the simulation 

results of Matlab. 
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Figure 6: The current experimental waveform of d-q axis under PI control when the motor parameters remain 

unchanged. 
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Figure 7: d-q axis current experiment waveform under IPMSM control when motor parameters remain unchanged. 

 
Through the semi-physical simulation 

experiment, it is concluded that when the motor 
parameters have whatever changes, compared with 
the PI control method, the model-free sliding mode 
control method proposed in this research shows that 
the waveform pulsation obtained by the 

experimental motor is smaller and the running state 
of the motor is more stable. Therefore, the 
experimental results are almost consistent with the 
simulation results. Furthermore, the model-free 
sliding mode control method proposed in this 
research is proved to be superior. 
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4. Conclusions 
 
In order to improve the stability of the permanent 
magnet synchronous motor and reduce the 
dependence of the controller on the motor model, 
the embedded permanent magnet synchronous 
motor is taken as the research object and a model-
free sliding mode control method is proposed. 
Firstly, the model-free control method is introduced 
in this research. Then the hyperlocal model of 
IPMSM speed ring, the new model-free sliding mode 
control strategy of IPMSM speed ring, and the 
controller are designed. Finally, the model-free 
sliding mode control method proposed in this 
research is simulated and semi-in-kind simulated.  

The simulation results show that when the motor 
parameters change, the control method proposed in 
this research is better than the PI control method for 
the stability control of the motor. The model-free 
sliding mode control method proposed has stronger 
robustness, better control accuracy, and faster 
corresponding time. The semi-in-kind simulation 
experiment obtains the same results as the 
simulation experiment, which further verifies that 
the model-free sliding mode control proposed in this 
research shows excellent control performance in the 
motor operation control process. 

The research has made a certain contribution to 
improving the stability of PMSM, but it still has 
certain limitations.  

In this research, only the parameter changes of 
resistance, flux, and inductance are considered in the 
simulation experiment and the semi-physical 
simulation experiment. The influence of some 
unknown disturbance parameters on the control 
performance should be added in the subsequent 
research to expand the research depth. 
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