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Abstract: - To address the challenges of low estimation accuracy and strong chattering in traditional sliding mode observer (SMO) for 

permanent magnet synchronous motors (PMSM), a fuzzy integral terminal sliding mode observer (FITSMO) is proposed. First, based 

on the analysis of nonlinear sliding mode surface theory, an integral-type terminal sliding mode surface is constructed, which enables 

the current observation error to converge to zero within a finite time, effectively reducing chattering phenomena and enhancing the 

accuracy of the system’s observation. Then, the fuzzy logic controller (FLC) is introduced to combine the sliding mode gain and fuzzy 

control by designing the fuzzy rule base and the membership function, so that the sliding mode gain is dynamically adjusted according 

to the actual operating conditions. Both simulation and experimental results demonstrate that the proposed algorithm can enhance the 

speed and accuracy of position observation for the sliding mode observer. 
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I.  INTRODUCTION  

In recent years, PMSM have developed rapidly due to their advantages such as compact size, high power factor, 

low rotational inertia, and energy-efficient performance. These characteristics have led to their widespread 

application in aerospace, electric vehicles, intelligent robotics, industrial production, and other fields [1]-[6]. To 

achieve precise control of PMSM, accurate rotor position information is a prerequisite for vector control. 

Traditionally, rotor position is obtained by installing mechanical position sensors on the motor shaft. However, this 

approach increases the cost and complexity of the system, and also risks sensor performance degradation or failure 

in harsh environments. Therefore, research on sensorless control [7] systems for PMSM holds significant practical 

importance. 

Sensorless control technology uses electrical signals detected in the motor windings to estimate the rotor 

position, such as stator voltage and current, and uses control algorithms to estimate the rotor speed and position. In 

recent years, research on PMSM sensorless control systems has made substantial progress, with numerous scholars 

worldwide proposing various control methods. Currently, the primary approaches for PMSM sensorless control 

include: the model reference adaptive system method [8]; the high-frequency signal injection method [9]; neural 

network-based methods [10]; the extended Kalman filter algorithm [11]; and the sliding mode observer method 

[12], among others. 

The design of sliding mode observer is based on the mathematical model under the stationary coordinate system. 

By utilizing the two-phase stationary coordinate system current state equations of PMSM, a current sliding mode 

observer is designed. The sliding mode surface is designed using the current error value obtained by comparing the 

observed and measured values. By comparing the observer equations with the system state equations, estimates of 

the back electromotive force (EMF) can be obtained. The reconstructed back EMF inherently contains information 

about the rotor position and speed. While SMO methods offer advantages such as simple parameter design and 

strong robustness, traditional SMO suffer from high-frequency chattering, which degrades system estimation 

accuracy. Therefore, mitigating chattering in sliding mode systems has become a key focus in SMO research. Some 

researchers have attempted to design higher-order sliding modes to reduce chattering and improve convergence 

speed. For instance, literature [13] introduced an integral-type nonsingular terminal sliding mode surface to avoid 

phase lag in back EMF estimation caused by low pass filter (LPF). However, this approach involves complex 

parameter tuning and implementation challenges. Literature [14] employed a supertwisting SMO to enhance 

disturbance rejection, but its high computational burden limits practical engineering applications. Literature [15] 

and [16] combined the first-order norm and switching function with traditional reaching laws to propose an adaptive 

exponential reaching law. This method adaptively adjusts the system's convergence speed based on changes in the 

sliding surface and system states, thereby reducing high-frequency chattering in back EMF estimation. While, 

parameter tuning complexity persists in such adaptive exponential reaching laws. The discontinuous sign function 

used as the switching function is another major cause of high-frequency chattering in SMO. Literature [17] and 
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[18] improves upon the traditional SMO by using a saturation function instead of a sign function. This method 

effectively eliminates jitter vibration during high-speed motor operation to a certain extent and achieves accurate 

estimation of the rotor's position and speed. However, this approach degrades convergence performance and 

robustness. To expand the speed range applicable to SMO, literature [19] proposed adaptively modifying the sliding 

mode gain using a simple mathematical function. This method is only applicable for gain adjustment under fixed-

speed operating conditions. With the advancement of microprocessor computational capabilities, researchers have 

integrated advanced intelligent control algorithms, such as fuzzy logic and neural networks, into sliding mode 

control systems to optimize system performance [20]. Literature [21] describes the construction of a fuzzy 

controller for achieving a variable sliding mode gain design, using the speed error and the rate of change of the 

motor as the input variables.  However, this approach only detects speed changes and results in poor dynamic 

performance. 

Based on the above control strategy, this paper proposes a novel integral terminal sliding mode control 

algorithm, which can effectively suppress chattering. Secondly, a fuzzy control method is adopted for the sliding 

mode switching gain of the sliding mode control, enabling it to change with the distance from the sliding mode 

surface. As verified by simulation and experimental results, the method used in this paper improves the accuracy 

of rotor position and speed observation. 

II. CONVENTIONAL SMO 

In the two-phase stationary αβ coordinate system, the voltage model of the motor is: 
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Where 
dL  and 

qL  is the stator inductance; 
e  is the electrical angular velocity; 

f  is the permanent magnet 

flux linkage; 
e  is the rotor position angle;   is the differential operator; 

T

u u 
    are the stator voltages; 

T

i i 
    are the stator current; 

T

E E 
    are the extended back electromotive force. 

For the surface-mounted three-phase PMSM, rewrite the voltage equation (1) in the form of an equation of state 

for current.: 
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To obtain an estimate of the extended back electromotive force, a conventional SMO is usually designed as 

follows: 
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Where: î  and î  are the observed values of the stator current; u  and u  are the control inputs of the 

observer. By subtracting equation (4) from equation (3), the error equation of the stator current can be obtained as 

follows: 
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Where: ˆi i i  = − and  ˆi i i  = − are the current observation errors. Design the sliding surface function S 

and the sliding mode control law v as follows: 
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Once the observer state variable has reached the slip mode surface, it will remain there. According to the 

equivalent control principle of sliding mode control, the control quantity at this time can be regarded as the 

equivalent control quantity, which can be obtained as follows: 
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As can be seen from equation (8), due to the presence of high-frequency switching signals in the extended back 

electromotive force, this will cause system chattering. To reduce the chattering, the low pass filter is usually 

introduced for filtering: 
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Where: 
c is the cutoff angular frequency; Ê  and Ê  are the observed value of back electromotive force. 

However, the presence of the low pass filter will introduce phase delay, so it is necessary to compensate for its 

phase angle. At this point, the expressions for the estimated motor speed and position angle are: 
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III. IMPROVED SMO 

To improve the observation accuracy and accurately estimate the rotor position and speed of the motor, and at 

the same time enable the system control state variables to rapidly converge to the sliding surface within a finite 

time, this paper proposes an integral terminal sliding mode observer (ITSMO), which can effectively reduce system 

chattering and estimation errors. 

A. The integral terminal sliding surface 

Taking i  as the state variable, the integral terminal sliding surface is designed as follows to achieve rapid 

convergence of the system state to the equilibrium state within a finite time: 

 
0
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When the state variable enters the sliding mode, we have 0s s= =  and 
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For any initial state with (0) 0i  , the state variables will eventually converge to the equilibrium state after a 

finite time st . By solving the differential equation (13), the convergence time of ( ) 0
st

i =  can be obtained as: 
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From equation (13), when the error states are at different distances from the equilibrium point, the linear term 

ai  and the nonlinear term sgn( )b i i


 play different roles. Therefore, the integral terminal sliding surface 

proposed in this paper can effectively achieve global and rapid convergence. Moreover, compared with the 

traditional terminal sliding surface, by introducing the integral term, there is no differential state, and the singularity 

phenomenon is also avoided. 
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B. Estimation of the back EMF 

To obtain the back electromotive force, we need to design the corresponding control law v, which typically 

consists of an equivalent control veq and a switching control vsw. The control law is designed as follows: 
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Analyzing equation (15), the equivalent control term veq can be derived from 0s =  without considering the 

back electromotive force. In this control system, the fast power reaching law is combined with the exponential 

reaching law to obtain the switching control term vsw for robust control against uncertainties and disturbances. The 

sliding mode control law function can be expressed as: 

 (a sgn( )) sgn( )sv R i L i b i i k s s s
 

= − + − −  (16) 

According to the Lyapunov theorem, if the system satisfies 0ss  , the system is asymptotically stable, 

meaning that the system state variables have the advantage of stabilizing in a short time. 

IV. FUZZY LOGIC CONTROLLER 

To further reduce the chattering problem in sliding mode control, fuzzy logic controller is introduced into the 

sliding mode control. By using s  and s  as the inputs of the fuzzy controller, fuzzy rules and membership 

functions are designed to make the sliding mode gain adaptively change, improve the convergence speed under the 

condition of ensuring stability, and weaken the system chattering. The membership functions for the input and 

output of the FLC are illustrated in Fig. 1, respectively. And the relevant fuzzy sets are defined as table Ⅰ. 

 
                                       (a)                                                                              (b) 

Fig.1. Membership functions for FLC (a) input and (b) output 

 

TABLE Ⅰ. Fuzzy rules 

s|s  NL NM NS ZO PS PM PL 

NL NL NL NL NM NS NS ZO 

NM NL NM NM NM NS ZO ZO 

NS NM NM NS NS ZO ZO PS 

ZO NS NS ZO ZO ZO PS PS 

PS NS ZO ZO PS PS PM PM 

PM ZO ZO PS PM PM PM PL 

PL ZO PS PM PM PL PL PL 

Fuzzy rules are designed so that the switching gain of the ITSMO system varies with the distance between the 

state variables and the sliding surface. When the system state variables are far from the sliding surface, the sliding 

mode gain is large, and the convergence speed is fast; when the system state variables are close to the sliding 

surface, the sliding mode gain is small, and the convergence speed is slow, thereby weakening the chattering of the 

system. Then the principle of fuzzy integral terminal sliding mode observer is shown in Fig. 2. 
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Fig.2. Block diagram of FITSMO 

 

V. SIMULATION AND EXPERIMENTAL VERIFICATION 

To analyze the observation performance of the novel FITSMO proposed in this paper, a simulation model is 

built in Matlab/Simulink to verify its correctness through simulation. A vector control strategy with 0di =  is 

adopted to achieve sensorless control of the PMSM. The parameters of the PMSM used in this paper are shown in 

table Ⅱ. 

TABLE Ⅱ. Motor parameters 

Parameter Value 

Pole pair 4 

Rated speed 3000rpm  

Stator resistance 0.95  

Stator inductance 8.5mH  

Rotor inertia 
20.003 mkg   

Viscous coefcient 0.0008 

Fux linkage 0.182Wb  

 

 
Fig.3 Block diagram of FITSMO 

 

A. Simulation analysis 

Based on the block diagram of the PMSM sensorless control system shown in Fig.3, a corresponding simulation 

model is built in Simulink software. The motor starts with no load initially, and the set rotational speed is 800 rpm. 

When the motor has been running for 0.1 s, the system rotational speed suddenly changes to 1000 rpm. When the 

motor has been running for 0.2 s, a load disturbance of 5N·m load torque is applied. The simulation waveforms of 

the SMO, ITSMO and FITSMO systems are shown in Fig.4 to Fig.6. 
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                               (a)                                                        (b)                                                        (c)     

Fig.4. Simulation results of Rotor position. (a) SMO; (b) ITSMO; (c) FITSMO 

 

As Fig.4 shows, compared with the SMO control, the ITSMO control improves the accuracy of the system's 

rotor position estimation. As shown in Fig.4 (c), by introducing FLC into the ITSMO, the FITSMO provides a 

more accurate rotor position estimation than the ITSMO and exhibits better system control performance. 

                   
                         (a)                                                         (b)                                                        (c)      

Fig.5. Simulation results of Rotor speed. (a) SMO; (b) ITSMO; (c) FITSMO 

 

We can see from Fig.5, regardless of whether the controlled motor speed is at 800 rpm or 1000 rpm, the system 

can reach the given value with a relatively fast response speed, but there is still a certain overshoot. The traditional 

SMO control has a relatively large speed overshoot. Compared with the traditional SMO control, the ITSMO 

control has a smaller speed overshoot and provides a more accurate speed estimation. As shown in Fig.5 (c), by 

introducing FLC into the ITSMO, it can be seen that the FITSMO has an even smaller speed overshoot compared 

to the ITSMO system, weakens the system chattering, and achieves a more accurate speed estimation. 

                    
                          (a)                                                         (b)                                                        (c) 

Fig.6. Simulation results of Rotor speed error. (a) SMO; (b) ITSMO; (c) FITSMO 

 

There is a certain error between the predicted speed and the actual speed of the motor. As can be seen from 

Fig.6 (a)-(b), the estimation of the rotor speed by the SMO has relatively large fluctuations, with the speed error 

ranging from -10 to 10 rpm. In contrast, the speed estimation error of the ITSMO is between -0.2 and 0.5 rpm. 

According to Fig.6 (c), the difference between the estimated value of the rotor speed by the FITSMO and the actual 

speed is within the range of -0.05 to 0.1 rpm. The FITSMO control system has smaller speed fluctuations, stronger 

anti-interference ability, and higher estimation accuracy. In comparison with the obvious chattering in the speed 

error of the SMO, the FITSMO designed in this paper significantly suppresses chattering, and the entire control 

system demonstrates strong robustness. 
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B. Experimental verification 

To verify the feasibility and effectiveness of the control strategy designed in this paper, a PMSM speed 

regulation system experimental platform shown in Fig.7 is built. The control core of the experimental platform 

adopts an STM32F407 chip. The PMSM used is DMKE-60BM-01330C5-C, with a rated speed of 3000 rpm and 

a rated power of 0.4 kW. The PC host computer is used to burn the program into the controller, the hysteresis brake 

is used to apply load to the motor, the adjustable power supply is used to adjust the load magnitude applied by the 

hysteresis brake, and the relevant experimental data are transmitted to the PC host computer through the serial port. 

 
Fig.7. Motor experimental platform 

 

The experimental waveforms of the control speed for SMO, ITSMO, and FITSMO are shown in Fig.8. Table 

Ⅲ shows the comparison of the experimental results of the three control methods. From Fig.8 (a), when the system 

given speed is 1000 rpm, the SMO control has large chattering, which affects the operating performance of the 

system. 

   
(a)                                                                                  (b) 

 
                                                    (c) 

Fig.8. Experimental results of Rotor speed. (a) SMO; (b) ITSMO; (c) FITSMO 

 

TABLE Ⅲ. Experimental results 

 SMO ITSMO FITSMO 

Speed error 18rpm 1.4rpm 0.3rpm 

As can be seen from Fig.8, compared with the SMO control, the ITSMO significantly weakens the system 

chattering and improves system stability. The FITSMO control exhibits even smaller chattering and stronger 

system stability than the ITSMO control. When sudden load addition or removal occurs, the system has the 

advantage of shorter stabilization time. 

The back EMF waveforms of the SMO, ITSMO, and FITSMO control systems are shown in Fig.9. As can be 

seen from Fig.9 (a)-(b), compared with the SMO control, the back EMF waveform of the ITSMO control is 
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smoother, which improves the system control accuracy. As shown in Fig.9 (c), by introducing the FLC into the 

ITSMO control, the FITSMO has higher control accuracy and better system stability compared with the ITSMO. 

 

   
                                              (a)                                                                                   (b) 

 
                                              (c) 

Fig.9. Experimental results of Back EMF. (a) SMO; (b) ITSMO; (c) FITSMO 

The FITSMO control proposed in this paper effectively weakens the system chattering, reduces speed 

fluctuations, improves the accuracy of rotor position estimation, enables the system to stabilize in a shorter time, 

and enhances system stability compared with the SMO control. 

VI. CONCLUSION 

This paper proposes a FITSMO control scheme, which introduces FLC into ITSMO control. The fuzzy rules 

are set with the distance of system dynamic variables approaching the dynamic surface and the dynamic change of 

the driving speed as rule elements, so as to dynamically and intelligently adjust the driving speed of state variables. 

This makes the approaching speed of state variables change dynamically with the distance from the sliding surface, 

improving the stability advantage of the system. 

Simulations and experiments show that the FITSMO control significantly improves the system stability. 

According to the simulation data, the rotor position estimation error of the FITSMO system is approximately 
45 10−  rad, and the speed estimation error is within the range of -0.05 to 0.1 rpm. Compared with the SMO control, 

it has better advantages in chattering control, and the accuracy of the obtained rotor position data and system 

stability are more prominently demonstrated. 
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