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1. INTRODUCTION

Permanent magnet synchronous motors (PMSM) are 

widely used in high performance applications for its 

advantages such as high power density, high efficiency, high 

torque to inertia ratio and robustness. In earlier control 

applications, direct current (DC) machines were used because 

of that flux and torque of DC machines could be controlled 

separately. But DC machines increase operation and 

maintenance cost due to the presence of commutator and 

brushes and they can not operate in explosive and hazard 

conditions due to sparking occurs at brushes. In last decades, 

applying vector control [1-2] and developments in power 

electronic devices allowed induction machines as an important 

alternative to the DC machines.  However in comparison with 

induction machine, PMSM, which is another alternative current 

(AC) machine, has some advantages such as high power factor, 

high efficiency and decreased rotor losses [3-4].  

In order to use PMSM with high efficiency, absolute 

position and speed information have to be obtained. For this 

purpose, position and speed sensors such as tachogenerator, 

resolver and encoder are generally used. Due to disadvantages 

of these sensors such as bigger motor size, higher cost and 

complexity, sensorless control method has recently attracted an 

important attention.  

In Fig. 1, sensorless field oriented control (FOC) is used to 

control the torque and magnetic flux of the motor separately. 

Flux and torque are controlled respectively by 𝑖𝑑 and 𝑖𝑞

currents. In this control, the error signal is obtained from the 

difference between the reference and estimated values and then 

the error is processed through a PI controller. 

Figure 1. Block diagram of sensorless FOC of PMSM 
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Sensorless control methods of PMSM can be divided into 

two main categories: 

 Model based sensorless methods 

 High frequency (HF) signal injection based methods 

Model based control methods require measurement of 

stator voltages and currents to estimate the back electromotive 

force (EMF) for position and speed information. Model based 

methods are generally used in medium and high speed 

operations. In these methods, position and speed information is 

contained by the back EMF and so in low speed operations, in 

which back EMF magnitude is not sufficiently large to 

measure, position and speed information can not measure 

accurately. Main techniques of the model based control 

methods are; sliding mode observer (SMO), model reference 

adaptive system (MRAS) and extended Kalman filter (EKF) 

[5-6]. 

HF signal injection methods use magnetic saliency 

(anisotropy) of the machine, which is a result of saturation and 

geometric construction, for position and speed information. In 

signal injection methods generally two techniques are used: 

high frequency signal injection method and pulse injection 

method. In surfaced mounted PMSM, rotor position does not 

change according to the stator inductances and so HF signal 

injection can not be used in these motors. HF signal injection 

methods are used in standstill and low speed operations; 

because in high speed operation they need very high frequency 

[7-9].    

In this paper SMO and MRAS based control methods are 

compared. In order to eliminate chattering effect caused by 

signum switching function in SMO based control method, 

without using a low pass filter, a sigmoid function is used to 

get accurate position and speed information. Owing to sigmoid 

function, it has also been observed a decrease in noise and 

ripple of the system. In MRAS based method, PMSM itself is 

chosen as reference model and current model as adjustable 

model. Adjustable model variables are adjusted through 

adaption mechanism to estimate accurate position and speed 

information. According to results, it is observed that a decrease 

in the noise and ripple of the torque and speed curves. 

 

2. MODELLING OF PMSM 
 

d-q axis equivalent circuit models are as in Fig. 2: 

 

         
 
                      (a)                                                       (b) 

 
Figure 2. Equivalent circuit models of PMSM in rotor reference frame (a) d-

axis and (b) q-axis 
 

       Flux equations in rotor reference frame (1), (2): 

                                                     𝜆𝑞=𝐿𝑞𝑖𝑞                                       (1) 

            𝜆𝑑=𝐿𝑑𝑖𝑑 + 𝜆𝑚                                           (2) 

    Voltage equations in (3), (4):  

            𝑢𝑑 = 𝑅𝑠𝑖𝑑 + 𝑝𝜆𝑑 − 𝜔𝑒𝜆𝑞               (3)                                

  𝑢𝑞=𝑅𝑠𝑖𝑞+𝑝𝜆𝑞+𝜔𝑒𝜆𝑑                                (4)                                                 

     In equation (3), (4); 𝑢𝑑 and 𝑢𝑞 are the d-q axis voltages, p is 

the derivative operator, 𝑖𝑑 and 𝑖𝑞  are the d-q axis currents,  𝜆𝑑 

and 𝜆𝑞 are the d-q axis fluxes and 𝜆𝑚  is the permanent magnet 

flux.  

     Electromagnetic torque produced by PMSM is (5): 

          𝑇𝑒 =
3𝑝

2
[𝜆𝑚𝑖𝑞 + (𝐿𝑑−𝐿𝑞)𝑖𝑑𝑖𝑞]                    (5)                   

                                

      First part of the Eq. 5 shows the torque produced by 

permanent magnets and second part of the Eq. 5 shows the 

reluctance torque. In surfaced mounted PMSM, reluctance 

torque is equal to zero because d and q axis inductance have the 

same value. Mechanical torque is as in Eq. 6; 

              𝑇𝑚 = 𝑗𝑝𝜔𝑚 + 𝐵𝜔𝑚+𝑇𝐿                            (6)                          

                                  

      In Eq. 6, 𝜔𝑚  is mechanical speed, j is moment of inertia 

and 𝑇𝐿  is load torque.   

 

3. SENSORLESS CONTROL METHODS OF PMSM 
 

3.1. Sliding mode observer  
      Sliding mode control is a control method that changes 

dynamics of nonlinear systems using HF switching functions 

[10-11]. For estimation of speed and position information of a 

PMSM, sliding mode control is used as an observer. SMO is 

one of the back EMF based estimation methods.   

       Fig. 3 shows the behaviour of the system states in SMO: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. The behaviour of the system states in SMO [13] 
 

      Fig. 3 shows that SMO forces state variables to the sliding 

surface and then controls the system to maintain position of the 

state variables on the sliding surface. The main purpose of this 

control is to make the sliding surface variable (σ(x)) zero. The 

first step for controller is to choose a sliding surface. Then a 

reaching phase and a sliding phase occur. Reaching phase 

begins with the initial state and continues to end of the 
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switching state. During the reaching phase, state variables are 

led to sliding phase. In sliding phase state variables are hold on 

sliding surface and led to equilibrium point [12]. 

      In SMO based control to reach the the sliding surface, an 

infinite switching frequency is needed. But it is not possible to 

use an infinite switching frequency. This situation is called as 

chattering effect and causes estimation errors. Chattering effect 

also causes noise and oscillation in the system. To eliminate 

this effect, a low pass filter is used but filters cause a phase 

delay [14]. To keep up phase delay at minimum level, filter 

designing has an important effect. Another solution to 

eliminate chattering effect is to use a sigmoid function instead 

of signum function.  

      Current equations (𝑎 − 𝛽 coordinates) in stationary 

reference frame in (7), (8):  

           
𝑑

𝑑𝑡
𝑖𝛼 =  −

𝑅𝑆

𝐿𝑆

𝑖𝛼 +
1

𝐿𝑆

𝑢𝛼 −
𝜆𝑚

𝐿𝑆

𝜔𝑟𝑠𝑖𝑛𝛳𝑟                     (7) 

          
𝑑

𝑑𝑡
𝑖𝛽 =  −

𝑅𝑆

𝐿𝑆

𝑖𝛽 +
1

𝐿𝑆

𝑢𝛽 −
𝜆𝑚

𝐿𝑆

𝜔𝑟𝑐𝑜𝑠𝛳𝑟                    (8) 

      Back EMF equations in (9), (10): 

                             𝑒𝛼 =  −𝜆𝑚𝜔𝑟𝑐𝑜𝑠𝛳𝑟                                    (9) 
 

                                𝑒𝛽 =  𝜆𝑚𝜔𝑟𝑠𝑖𝑛𝛳𝑟                                       (10)                                                                  

      Using stationary reference frame equations of PMSM, Eq. 

(11) and (12) is obtained: 

     
𝑑

𝑑𝑡
𝑖�̂� =  −

𝑅𝑆

𝐿𝑆

𝑖�̂� +
1

𝐿𝑆

𝑢𝛼 − 𝐾𝑠𝑤

1

𝐿𝑆

𝐻(𝑖�̂� − 𝑖𝑎)             (11) 

    
𝑑

𝑑𝑡
𝑖�̂� =  −

𝑅𝑆

𝐿𝑆

𝑖�̂� +
1

𝐿𝑆

𝑢𝛽 − 𝐾𝑠𝑤

1

𝐿𝑆

𝐻(𝑖�̂� − 𝑖𝛽)            (12) 

       The error between reference and estimated values is    

𝑖�̃� = 𝑖�̂� − 𝑖𝑠  

                       𝐻(𝑖�̃�) = (
2

1 + exp(−𝑎𝑖�̃�)
) − 1                     (13) 

                      𝐻(𝑖�̃�) = (
2

1 + exp(−𝑎𝑖�̃�)
) − 1                    (14) 

      Lyupanov function is used for stability of the observer. 

                                  𝑉 =
1

2
(𝑖�̃�

2 + 𝑖�̃�
2)                               (15) 

       
𝑑

𝑑𝑡
𝑉 = −

𝑅𝑆

𝐿𝑆

(𝑖�̃�
2 + 𝑖�̃�

2) +
1

𝐿𝑆

(𝑒𝛼𝑖�̃� + 𝑒𝛽𝑖�̃�

−
𝐾𝑠𝑤

𝐿𝑆

(|𝑖�̃�| + |𝑖�̃�|)                                    (16) 

      When observer reached the sliding surface, estimated 

current values turn into reference frame. Then current 

equations are 𝑖�̃� = 0 𝑎𝑛𝑑 𝑖�̃� = 0 . 

   𝑒�̂� =  𝐾𝑠𝑤𝐻(𝑖�̃�)                                    (17)                                
                                                                               
  𝑒�̂� = 𝐾𝑠𝑤𝐻(𝑖�̃�)           (18)

                                                                      

      Fig. 4 shows block diagram of SMO with sigmoid function: 

 
 
Figure 4. Block diagram of SMO with sigmoid function 

      In Eq. (19) rotor position: 

                                  �̂� = − tan−1(
𝑒�̂�

𝑒�̂�

)                                   (19) 

      In Eq. (20) rotor speed: 

                                         𝜔�̂� =
𝑑�̂�

𝑑𝑡
                                            (20) 

Fig. 5 shows Matlab/Simulink model of SMO. 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Matlab/Simulink model of SMO 
 

3.2. Model reference adaptive system 

       MRAS is a closed loop control method to estimate position 

and speed of PMSM. MRAS has three main models: reference 

model, adjustable model and adaption mechanism. Reference 

model is independently of the variable and it does not contain 

unknown parameters. Adjustable model is dependent on 

variable being estimated.  The adaption mechanism uses the 

difference between the two models to tune the estimated 
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variable and feed it back to the adjustable model [14]. Adaption 

mechanism controls adjustable model through a PI controller 

[15-17]. In this paper PMSM itself is chosen as reference model 

and current model of PMSM is chosen as adjustable model. 

Fig. 6 shows structure of MRAS. 

 

 

 

 

 

 

 
Figure 6. Structure of MRAS 
 

      According to the mathematical model of PMSM in the d-q 

coordinate system, the current model of the stator can be 

described as [17]:   

𝑑

𝑑𝑡
[
𝑖𝑑 +  

𝜆𝑚

𝐿

𝑖𝑞

] =  [
−

𝑅𝑠

𝐿
𝜔𝑒

−𝜔𝑒 −
𝑅𝑠

𝐿

] [
𝑖𝑑 +  

𝜆𝑚

𝐿

𝑖𝑞

] +
1

𝐿
 [

𝑢𝑑 +  
𝑅𝑠𝜆𝑚

𝐿
𝑢𝑞

]     (21)              

                                 𝑖𝑑
∗ = 𝑖𝑑 +

𝜆𝑚

𝐿
,     𝑖𝑞

∗ = 𝑖𝑞                          (22) 

                            𝑢𝑑
∗ = 𝑢𝑑 +

𝑅𝑠𝜆𝑚

𝐿
 ,      𝑢𝑞

∗ = 𝑢𝑞                   (23) 

      MRAS reference model can be described: 

 

             
𝑑

𝑑𝑡
 [

𝑖𝑑
∗

𝑖𝑞
∗ ] =  [

−
𝑅𝑠

𝐿
𝜔𝑒

−𝜔𝑒 −
𝑅𝑠

𝐿

] [
𝑖𝑑

∗

𝑖𝑞
∗ ] +

1

𝐿
 [

𝑢𝑑
∗

𝑢𝑞
∗ ]                (24) 

      MRAS adjustable model can be described as: 

 

                
𝑑

𝑑𝑡
 [

𝑖𝑑
^

𝑖𝑞
^] =  [

−
𝑅𝑠

𝐿
𝜔𝑒

−𝜔𝑒 −
𝑅𝑠

𝐿

] [
𝑖𝑑

^

𝑖𝑞
^] +

1

𝐿
 [

𝑢𝑑
∗

𝑢𝑞
∗ ]              (25)                                                                                                               

      The error between the reference model and adjustable 

model can be written as: e = i*-i^  

   𝑝𝑒 = 𝐴𝑒 − 𝑊𝐼                      (26)                           

        𝑣 = 𝐷𝑒      (27)

      𝐷 = 𝐼    and then      𝑣 = 𝑒     (28)             

        According to Popov Super Stability Theory:  

(1) Transfer matrix H(s)= D(sI-A)-1 must be positive real 

matrix, 

(2) Ƞ (0, 𝑡0)=∫ 𝑣𝑇𝑊𝑑𝑡 ≥ −
𝑡0

0
𝛾0

2 ,     ⩝ 𝑡0 ≥ 0,     𝛾0
2 > 0 

is any finite positive number.  

       Then, lim
𝑡→∞

𝑒(𝑡) = 0 , the MRAS is asymptotically stable. 

       �̂�  can be obtained as: 

�̂� =∫ 𝑘1(𝑖𝑑
∗ 𝑖𝑞

^ − 𝑖𝑞
∗ 𝑖𝑑

^)𝑑𝜏 + 𝑘2(𝑖𝑑
∗ 𝑖𝑞

^ − 𝑖𝑞
∗ 𝑖𝑑

^)
𝑡0

0
+ �̂� (0)      (29)        

       

      When 𝑘1 𝑎𝑛𝑑 𝑘2 ≥ 0: 

 �̂�=𝑘1
^ ∫ [𝑖𝑑

∗ 𝑖𝑞
^ − 𝑖𝑞

∗𝑖𝑑
^ −

𝜆𝑓

𝐿
(𝑖𝑞

∗ − 𝑖𝑞
^)]𝑑𝜏

𝑡0

0
+ 𝑘2

^[𝑖𝑑
∗ 𝑖𝑞

^ − 𝑖𝑞
∗𝑖𝑑

^ −

𝜆𝑓

𝐿
(𝑖𝑞

∗ − 𝑖𝑞
^)] + �̂�(0)                                       (30)             

      Rotor position is defined as integral of speed (Eq. 31):  

       𝛳𝑒 = ∫ �̂�𝑑𝑡
𝑡0

0
                                    (31) 

      Fig. 7 shows Simulink model of adjustable model: 

 

 

 

 

 

 

 

     Figure 7. Adjustable Model 

      Fig. 8 shows Simulink model of adaption mechanism: 

 

 

 

 

 

 

 

 

 
   Figure 8. Adaption Mechanism     
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4. SIMULATION RESULTS 

 
Table 1 shows simulation parameters of the PMSM model: 
 

     

            TABLE I   

            PARAMETERS of PMSM 

 
        

       In Fig. 9, reference speed is 1000 rpm and load torque is 5 

Nm for 0-0,5 s and it is shown that speed, torque, phase currents 

and position error simulation results of SMO and MRAS based 

models and their comparison. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
             (a)                                                                              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              (b)                                                                              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                        (c)                                                                              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                (d)                                                                             
Figure 9. Speed, torque, phase currents and position error graphics of PMSM 

for 1000 rpm and 5 Nm 

      In Fig. 9.a, MRAS based control method speed response 

has 5% overshoot and 0.03 s settling time while SMO based 

control method has 2% overshoot and 0.09 s settling time. In 

Fig 9.d, position error in MRAS based control is 0.039 rad 

while in SMO based is 0.035 rad. 

      In Fig. 10 shows the speed of PMSM as the reference is 

changed 500-1000-1500 rpm at 0-0.15-0.35 s and load torque 

is 5 Nm at 0-0,5 s. In Fig. 10, it is shown that speed, torque, 

phase currents and position error simulation results of SMO 

and MRAS based models and their comparison. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                    (a)                                                                              

PARAMETERS VALUES 

Stator resistance (𝑅𝑠) 2.8175 Ω 

Pole Pairs (p) 2 

d-axis inductance (𝐿𝑑) 0.0085 H 

q-axis inductance (𝐿𝑞) 0.0085 H 

Rotor flux linkage (𝜆𝑚) 0.175 Wb 

Moment of inertia (J) 0.0008 𝑘𝑔𝑚2 
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                                         (b)                                                                              
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                          (c)                                                                              
 

 

 

 

 

 

 

 

 

 

 

 

 

 

             
     (d)                                                                              
 

Figure 10. Speed, torque, phase currents and position error graphics of PMSM 

for 500-1000-1500 rpm   and 5 Nm 

 
      In Fig. 10.a, when speed is increased from 500 rpm to 1000 

rpm at 0.15 s, MRAS based control method speed response has 

5% overshoot and SMO based control method has 3% 

overshoot. In Fig. 10.a and b, it is shown that in speed and 

torque curves SMO based model has more ripple than MRAS 

based model. As can be seen in Fig. 10.c, initial phase currents’ 

values of MRAS is smaller than SMO. In Fig 10.d, position 

error in MRAS based control is 0.045 rad while in SMO based 

is 0.035 rad. SMO based model achieves fast response to load 

and speed variations but its settling time is more than MRAS 

model. 

      In Fig. 11, reference speed is 1000 rpm and load torque is 

increased from 5 to10 Nm at 0.3 s. In Fig. 11, it is shown that 

speed, torque, phase currents and position error simulation 

results of SMO and MRAS based models and their comparison. 

 

    
 
               (a)                                                                              
 

       
 
                 (b)   

          

                                                                    

         

 

 

 

 

 

 

 

 

 

 

 

 

 
           

 
 

     (c)                                                                              
  

 

 

 

 

58



 

 

  

EUROPEAN JOURNAL OF TECHNIQUE, Vol.11, No.1, 2021 
 

Copyright © European Journal of Technique (EJT)                  ISSN 2536-5010 | e-ISSN 2536-5134                                    https://dergipark.org.tr/en/pub/ejt 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

           (d)                                                                              

Figure 11. Speed, torque, phase currents and position error graphics of PMSM 

for 1000 rpm and 5-10 Nm 

      In Fig. 11.a, MRAS based control method speed response 

has 5% overshoot and 0.03 s settling time while SMO based 

control method has 3% overshoot and 0.09 s settling time. In 

Fig 11.d, position error in MRAS based control is 0.025 rad 

while in SMO based is 0.02 rad.  

 

5. CONCLUSION 

        This paper presents a comparison between sensorless FOC 

of PMSM based on MRAS and SMO methods. Both of the 

models are able to track the reference values in different speed 

and load torque operations. But results show that MRAS based 

method has better dynamic response and higher performance.      

According to the simulation results in Fig 9.b, 9.c, 10.b, 10.c,     

11.b and 11.c, it is observed that initial torque and current 

values in MRAS based model less than SMO based model. In 

Fig 9.a, 9.b, 10.a, 10.b, 11.a and 11.b, simulation results also 

proved that MRAS based model has better performance in 

terms of settling time and noise than that of SMO based model. 

As a result, the system is more stable and has less oscillation 

with the MRAS based method. 
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