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Abstract 
 

In this paper, the speed regulation problem of permanent synchronous motor (PMSM) systems under the vector control 
framework is studied. A model reference adaptive controller (MRAC) based on the Lyapunov stability theory is first designed. Since 
the standard MRAC method provides poor disturbance rejection performance in the case of strong disturbances, a composite control 
method which combines the MRAC method and the disturbance estimation method, called the MRAC+ESO method, is proposed. 
An extended state observer (ESO) is introduced to estimate the lumped disturbances. The obtained estimated value acts as a 
feedforward compensation term to the MRAC controller. A stability analysis of the composite control method is given. Simulation 
and experimental results are presented and compared to show the effectiveness of the proposed control method. 
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I. INTRODUCTION 
The permanent magnet synchronous motor (PMSM) has 

been widely used in motion control applications due to its 
excellent features such as a simple structure, high efficiency, 
high power density and user-friendly maintenance. Many of the 
industrial applications for servo systems require high 
performance such as fast response, low overshoot, and 
insensitivity to disturbances and parameter variations. However, 
the PMSM is nonlinear plant with states coupling. Although 
there are methods to make the states decoupled approximately 
such as setting the referenced direct axis current to zero, it is 
still difficult for the conventional linear control methods, 
including the proportional-integral (PI), to achieve a 
high-precision performance [1]. To enhance the control 
performance, more advanced control methods have been 
introduced to PMSM servo systems, e.g., adaptive control 
[2]-[6], [19], disturbance estimation based control [7], [8], 

sliding model control [9]-[11], finite-time control [17], 
predictive control [13], [14], fuzzy control [15], [18], [19], 
neural network control [1], [12], [15], [16], etc. These methods 
have improved the performance of PMSM servo systems from 
different aspects. 

Among these methods, the adaptive control method has been 
widely used in the situations where the system parameters are 
inaccurately known or the system is operated over a wide range 
of operating conditions. In such situations, the usual controller 
with fixed gains may not provide a satisfactory performance. 
One such concept is the direct adaptive control which identifies 
the parameters of unknown systems and uses the current 
parameter to synthesize suitable control gains. This approach is 
easy to understand and implement, but it needs to identify the 
system parameters online which may not be allowed in some 
situations. For example, in many application cases, the PMSM 
system may not be allowed to add a sufficiently exciting 
periodical input signal for the online inertia identification [3]. 

Another concept is the model reference adaptive control 
(MRAC) approach. It employs a reference model to generate a 
reference output. The adaptive laws, derived by means of the 
Lyapunov stability theory, modify the parameters of the 
controller without the necessity of a sufficiently exciting 
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system input signal [21]. There have been some promising 
research reports on the application of the MRAC method to 
motion control systems. In [22], the MRAC technique is 
employed for the velocity and currents loops of induction 
motor control systems. In [24], the MRAC method is applied to 
the outer speed loop of a permanent magnet brushless DC 
motor. In [23], a MRAC algorithm for the robust control of a 
PMSM is proposed and applied to the three control loops 
including a speed loop and two current loops. [25] and [27] 
combine the MRAC method and the fuzzy control method. The 
MRAC method and the variable structure control method in the 
speed loop improve the performance of the DC motor system 
and the induction motor system, respectively. 

In industrial situations, PMSM systems always encouter 
different disturbances, e.g., friction force, load disturbances and 
unmodeled dynamics [29]. The conventional control methods 
may not react directly and quickly to reject these disturbances, 
but these control methods can finally suppress them through 
feedback regulation [3]. Although the disturbances can usually 
not be measured, there is still one efficient way to quickly 
reject disturbances. This can be done by estimating the 
disturbances and feedforward compensating them based on 
their estimated. Disturbance estimation based control is one of 
the most useful methods and it has been well used in different 
applications such as, robotic systems [36], spacecraft systems 
[35], PMSM systems [28], general motion control systems [37], 
etc. The extended state observer (ESO) technique is one of the 
most useful observers in the disturbance observer field. Under 
this framework, many control methods based on the 
feedforward compensation techniques for disturbances have 
been developed for PMSM systems [28], [29]. 

In this paper, the speed regulation problem for PMSM 
systems is studied. The target here is to pursue a high closed 
loop performance with good adaptation ability for different 
working conditions as well as strong robustness against 
disturbances and uncertainties. First, a MRAC method is 
developed for the speed loop of the PMSM system. Second, to 
improve the disturbance rejection ability, a composite speed 
control method using the MRAC method and disturbance 
estimation based on the compensation technique is proposed 
for PMSM servo systems. The simulation and experimental 
comparison results of both methods are also presented. 

This paper is organized as follows. Section II introduces the 
PMSM model. The MRAC-based speed control scheme is 
proposed in Section III. Section IV shows the MRAC+ESO 
composite control strategy. Some conclusions are given in 
Section Ⅴ. 
 

II. THE MATHEMATICAL MODEL OF THE PMSM 
 

The model of the surface mounted permanent magnet 
synchronous motor is expressed as follows [30]: 

 
Fig. 1. The block diagram of the PMSM control system. 
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where sR  is the stator resistance. di  and qi  are the d  

and q  axes stator currents. du  and qu  are the d  and 

q  axes stator voltages. pn  is the pole pairs number. L  is 

the stator inductance. w  is the rotor angular velocity. fy is 

the flux linkage. tK  is the torque constant. J  is the rotor 

inertia. B  is the viscous friction coefficient, and LT  is the 

load torque. 
The design procedure is based on the framework of the 

vector control, where the structure of the cascade control loops, 
including a speed tracking loop and two current tracking loops, 
are employed. Here two PI controllers are adopted in the two 
current loops. As shown in Fig. 1, the rotor angular velocity 

can be obtained from the position sensor. The currents di  and 

qi  can be calculated from ia  and ib  by the Clarke and Park 

transformation. Usually, the reference current is set as 0di
* = . 

The reference current qi
*  is determined by the speed loop 

controller. This paper concentrates on the design of the speed 
loop controller. 

From (1), the torque equation of the PMSM system can be 
written as: 

( )

( )

( )

t L
q

t tL
q q q

t
q

q

K TBi
J J J
K KTBi i i
J J J J

KB i d t
J J

a bi d t

ww

w

w

w

* *

*

*

= - -

= - - - -

= - + +

= - + +

&

  (2) 

where Ba
J

=  and tKb
J

= . ( ) ( )tL
q q

KT i id t
J J

*= - - -  

can be considered as the lumped disturbances including the 
load torque disturbance and the tracking error of the q  axis  
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Fig. 2. The block diagram of the standard MRAC method for the 
PMSM system. 
 
current loop. Based on the model shown in (2), a speed loop 
controller is designed to improve the adaptation and 
disturbance rejection ability of the PMSM speed system. 
 

III. MRAC CONTROLLER DESIGN FOR THE PMSM 
A. Control Design 

The MRAC structure is shown in Fig. 2, where ( )mG s  is 

the reference model, and w*  is the reference speed. In Fig. 2, 
the “Generalized PMSM” represents the two current loops that 
include the PMSM and other components [3]. 

 
The reference model is chosen as: 

m m m ma bw w w*= - +&     (3) 

where 0ma >  and 0mb >  are parameters for this reference 

model.  
Suppose the control law is described as: 

( ) ( )qi h t k tw w* *= +     (4) 

where ( )k t  is the variable feedforward gain and ( )h t  is the 

variable feedback gain. 
Substituting (4) into (2), yields: 

( )( ) ( )a bh t bk tw w w*= - - +&       (5) 
Here, define the speed tracking error and the parameter 

error as follows: 

me w w= -          (6) 
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* =  and ma ah
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Then, differentiating (6) along system (3) and (5) yields: 
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Considering the Lyapunov function: 
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TABLE I 

THE PARAMETERS OF THE PMSM 

Type: EMJ08ADB11 

Rated power NP  750W  

Stator inductance L  0.004H  

Rated voltage NU  200V  

Number of Pole pairs pn  4  

Rated current NI  4.71A  

Stator resistance sR  1.74W  

Rated speed Nn  3000 / minr  

Rotor flux fy  0.402Wb  

PMSM inertia J  4 21.78 10 Kg m-´ ×  

Viscous coefficient B  57.4 10 /N m s rad-´ × ×  
 
where 1 0g >  and 2 0g > . 

The differentiation of (9) along the trajectory of (8) yields: 
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Then it can be obtained that: 
22 2 0T

m mV a e b a e bf f f= - - = - - £&  (12) 

Therefore, according to the Lyapunov stability theorem, it 
can be concluded that the closed loop system is 
asymptotically stable. 

 

B. Simulation and Experimental Results 
To demonstrate the efficiency of the MRAC method, some 

simulation and experiments on a PMSM servo system have 
been carried out. Both the MRAC and the PI methods are 
tested on the PMSM system. 

The tested motor in the simulation and experiments is a 
750W PMSM designed for servo applications. The PMSM 
parameters are listed in Table I: stator resistance 1.74sR = W , 

stator inductances 0.004d qL L L H= = = , number of pole 

pairs 4pn = , moment of inertia 4 21.78 10J Kg m-= ´ × , 

viscous coefficient 57.4 10 /B N m s rad-= ´ × × , rotor flux   
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Fig. 3. Simulation response curves under the MRAC and the PI controllers: (a) speed. (b) qi

* . (c) speed response curves in the presence 

of a load torque disturbance. (d) qi
*  response curves in the presence of a load torque disturbance. 

 
0.402f Wby = . The PI parameters of both current loops are: 

42pK =  and 2600iK = . The saturation limit of the 

q -axis reference current is 9.42A± . 
Simulation Results: The parameters for the PI speed controller 
are: 0.2pK =  and 40iK = . For the MRAC speed 

controller they are: 100m ma b= =  and 1 2 0.015g g= = . 

Fig. 3(a) and (b) show the response curves of the MRAC-based 
controller and the PI controller in the case of a 1000 rpm 
reference speed. In the simulation, a load torque 2LT N m= ×  

is applied at 0.6t s= . The speed and qi
*  response curves 

are also given in Fig. 3 (c) and (d). 
Experimental Results: To evaluate the performance of the 
MRAC method, an experimental setup system for the speed 
control of a PMSM has been built. The configuration of the 
experimental setup and the experimental test setup itself are 
shown in Fig. 4 and Fig. 5. All of the speed control 
algorithms including the SVPWM are implemented by a 
TMS320F2808 DSP with a clock frequency of 100MHz. The 
control algorithm is implemented using C-program. The 
speed-loop and current-loop sampling periods are 250 sm   

 

 
Fig. 4. The configuration of the experimental system. 

 
and 60 sm , respectively. The PMSM is driven by a 
three-phase pulse width modulation (PWM) inverter with an 
intelligent power module (IPM) with a switching frequency 
of 10kHz. The phase currents are measured by Hall-effect 
devices and are converted through two 12-bit analog to 
digital converters. An incremental position encoder of 2500 
lines is used to measure the rotor speed and the absolute rotor 
position. 

The parameters of the speed-loop controller are selected as: 
100m ma b= =  and 1 2 1g g= = . Some experimental results 

are shown in Figs. 6, 7 and 8 when the reference speed is  
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Fig. 5. The experimental test setup. 
 

 
Fig. 6. Experimental response curves when the reference speed is 
500 rpm: (a) speed and (b) qi

*  
 

given as 500 rpm, 1000 rpm and 2000 rpm, respectively. 
When compared with the PI controller, it seems that the 
MRAC-based controller does not have much of an advantage. 
Then the rotor inertia J  is increased to 11J . Experimental 
tests have also been carried out to evaluate the performance 
of the two control methods working in this situation. The 
results are shown in Figs. 9, 10 and 11. From these results, it 
can be seen that the performance of the controller with fixed 
gains (PI) becomes worse when the inertia of the system is 
changed. However, the MRAC controller with variable gains 
can adapt to the situation and get a high performance. 

Tests also have been carried out to evaluate the 
performance in the presence of sudden load torque 
disturbances. When the PMSM system is running at a steady 
speed, a load torque LT  is added suddenly and removed after  

 
Fig. 7. Experimental response curves when the reference speed is 
1000 rpm: (a) speed and (b) qi

*  

 
Fig. 8. Experimental response curves when the reference speed is 
2000 rpm: (a) speed and (b) qi

*  

 
some duration. The experimental results are given in Figs. 12, 
13 and 14. It can be seen that the MRAC method shows a  
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Fig. 9. Experimental response curves when J  is increased to 

11J  and the reference speed is 500 rpm: (a) speed and (b) qi
*  

 
Fig. 10. Experimental response curves when J  is increased to 

11J  and the reference speed is 1000 rpm: (a) speed and (b) qi
*  

 

poor disturbance rejection ability which may limit its 
application. In the following section, a composite method will 
be proposed to improve the disturbance rejection ability of  

 
Fig. 11. Experimental response curves when J  is increased to 

11J  and the reference speed is 2000 rpm: (a) speed and (b) qi
*  

 
the closed loop system using the disturbance estimation 
theory. 

 

IV. MRAC+ESO COMPOSITE CONTROLLER DESIGN 
FOR THE PMSM 

A. Control Design 
In the design procedure presented above, the influence of 

the disturbance ( )d t  is ignored. In fact, the load torque 

disturbances and un-modeled dynamics are unavoidable in 
real industrial situations. These disturbances may degrade the 
performance of the system. For the speed loop of the PMSM 
system, the lumped disturbances here include the load torque 
disturbances and the tracking error of the q  axis current 
loop. 

If the lumped disturbances are estimated and feed-forward 
based on the observed value, the influence caused by the 
disturbance ( )d t  will be restrained. In this paper, an ESO 

is added to the MRAC controller. It regards the disturbances 

( )d t  as a new state of the system and estimates both the 

states and the disturbances. The detail principle of the ESO 
can be found in [31]-[32]. 

According to (2), define 1x w=  and ( )2x d t= , then (2) 

can be written as: 
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Fig. 12. Experimental response curves in the presence of a sudden load torque disturbance in the case of 500 rpm: (a) speed (PI). (b) 

qi
*  (PI). (c) speed (MRAC). (d) qi

*  (MRAC). 

 

 
 
Fig. 13. Experimental response curves in the presence of a sudden load torque disturbance in the case of 1000 rpm: (a) speed (PI). (b) 

qi
*  (PI). (c) speed (MRAC). (d) qi

*  (MRAC). 
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Fig. 14. Experimental response curves in the presence of a sudden load torque disturbance in the case of 2000 rpm: (a) speed (PI). (b) 

qi
*  (PI). (c) speed (MRAC). (d) qi

*  (MRAC). 

 

 
Fig. 15. The block diagram of MRAC+ESO method for PMSM 
system. 
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where ( )c t  is the derivative of ( )d t . 

Then, a second-order linear ESO for system (13) is 
designed as follows: 
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where 1z  is the estimation of speed 1x , 2z  is the 

estimation of 2x , and p-  is the desired pole of the ESO 

with 0p > . 
The block diagram of the composite control method based 

on a MRAC and an ESO is shown in Fig. 15. It can be 
observed that a MRAC controller and an extended state 
observer are employed to construct the composite 

MRAC+ESO structure. Under this control method, the 
composite control form is: 

( )ˆ
qu i d t*= -   (15) 

 

B. Stability Analysis 
Assumption 1. The disturbance ( )d t  is bounded, and it 

satisfies ( )=0d t& . 

Lemma 1 [34]. Let V: [0, ) nR R¥ ´ ®  be a continuously 
differentiable function such that: 

( ) ( ) ( )1 2,x V t x xa a£ £P P P P  

3( , , ) ( )V V f t x u W x
t x

¶ ¶
+ £ -

¶ ¶
, ( ) 0x ur" ³ >P P P P  

( , , ) [0, ) n mt x u R R" Î ¥ ´ ´ , where 1a  and 2a  are class 

K¥  functions, r  is a class K  function, and ( )3W x  is a 

continuous positive definite function of nR . Then, the system 

( , , ), ,n mx f t x u x R u R= Î Î&  is input-to-state stable with 
1

1 2g a a r-= o o . 
Lemma 2 [34]. If the following system: 

( ), ,x f t x u=&   (16) 

satisfies the following conditions so that: 1. system (16) is  
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Fig. 16. Simulation response curves under MRAC+ESO and MRAC controllers: (a) speed. (b) qi

* . (c) speed response curves in the 

presence of load torque disturbance. (d) qi
*  response curves in the presence of load torque disturbance. 

 
globally input-state stable; and 2. lim 0

t
u

®¥
= , then the states of 

system (16) are asymptotically convergent to zero. 
By substituting (15) into (2) and combining with (3), the 

speed tracking error is given by: 
( ) ( )
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For system (17), choose the Lyapunov function as: 
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where 1 0g > , 2 0g > . 

The differentiation of (18) along the trajectory of (17) yields: 

( ) ( )2 2ˆ
mV a e be d t d t b fé ù= - - - -ë û

& P P  (19) 

1) If mb a³ , then (19) can be written as: 

( ) ( )

2 2 2 2

1
2 2 2 2

(| | ) (| | )
2 2

ˆ( ) (| | ) | |

m m

m

a aV e e

b a b e d t d t

f f

f f

£ - + - +

- - + + -

& P P P P

P P P P  (20) 

Supposing that: 

( ) ( )
1

2 2 2 2 2 ˆ(| | ) (| | ) | | 0
2
ma e b e d t d tf f- + + + - £P P P P

 (21) 
That is to say: 

( ) ( ) ( )1
2 2 2

ˆ2 | |
| |

m

b d t d t
e

a
f

-
+ ³P P   (22) 

In this case, it can be seen that: 
2 2 2

2 2

(| | ) ( )
2

| | ( ) 0
2 2

m
m

m m

aV e b a

a ae b

f f

f

£ - + - -

= - - - £

& P P P P

P P

 (23) 

2) If mb a< , then (19) can also be written as: 
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That is to say: 
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Fig. 17. Experimental response curves when the reference speed 
is 500 rpm: (a) speed and (b) qi

* . 

 
 

 
Fig. 18. Experimental response curves when the reference speed 
is 1000 rpm: (a) speed and (b) qi

* . 

 

 
Fig. 19. Experimental response curves when the reference speed 
is 2000 rpm: (a) speed and (b) qi

* . 
 
 

 
Fig. 20. Experimental response curves when J  is increased to 

11J  and reference speed is 500 rpm: (a) speed and (b) qi
* . 
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Then it can be seen that: 
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From the above analysis for both cases, by Lemma 1 it can 
be seen that system (17) is input-state stable. 

Consider the situations where the lumped disturbances 

( )d t  satisfy Assumption 1. According to the analysis in [33], 

the ESO states ( ) ( )1 1z t x t®  and ( ) ( )2 2z t x t® . Then 

the estimation of the disturbance ( ) ( )2d̂ t z t=  satisfies: 

( ) ( )ˆlim 0
t

d t d t
®¥

é ù- =ë û
  (28) 

Treat ( ) ( )ˆd t d t-  as the system input and together with 

(28) and Lemma 2, it can be concluded that the closed loop 
system is asymptotically stable. 

 

C. Simulation and Experimental Results 
To evaluate the performance of the proposed composite 

method, simulations and experiments on the PMSM system 
also have been performed. 
Simulation Results: The parameters for the MRAC+ESO 
speed controller are: 100m ma b= = , 1 2 0.015g g= =  and 

450p = . The speed response curves under the MRAC+ESO 
are shown in Fig. 16. From the curves, it can be seen that the 
MRAC and MRAC+ESO methods have almost the same speed 
response without a load torque disturbance. However, when a 
sudden load torque disturbance 2LT N m= ×  applied at 

0.6t s= , it can be seen that the system using the 
MRAC+ESO controller provides less speed fluctuation against 
disturbance. 
Experimental Results: In the experiments, the MRAC+ESO 
parameters of the speed-loop are selected as: 100m ma b= = , 

1 2 1g g= =  and 250p = . The speed responses under the 

MRAC+ESO method are shown in Figs. 17, 18 and 19 when 
the reference speed is given as 500 rpm, 1000 rpm and 2000 
rpm, respectively. From the response curves, the MRAC and 
MRAC+ESO methods have almost the same speed response 
which corresponds to the simulation. 

Then the inertia J  of the PMSM system is increased 
to11J . Experiments are then performed to test the adaptability 
of the MRAC+ESO method. The results are shown in Figs. 20, 
21 and 22. 

Tests have also been done to evaluate the disturbance 
rejection ability of the MRAC+ESO method in the presence of 
sudden load torque disturbances. The results are shown in Figs. 
23, 24 and 25. When compared with the MRAC method, the 
proposed MRAC+ESO method has a smaller speed decrease  

 
Fig. 21. Experimental response curves when J  is increased to 
11J  and reference speed is 1000 rpm: (a) speed and (b) qi

* . 

 

 
Fig. 22. Experimental response curves when J  is increased to 

11J  and reference speed is 2000 rpm: (a) speed and (b) qi
* .
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Fig. 23. Experimental response curves in the presence of sudden load torque disturbance in the case of 500 rpm: (a) speed (MRAC). (b) 

qi
*  (MRAC). (c) speed (MRAC+ESO). (d) qi

*  (MRAC+ESO). 

 

 
 
Fig. 24. Experimental response curves in the presence of sudden load torque disturbance in the case of 1000 rpm: (a) speed (MRAC). (b) 

qi
*  (MRAC). (c) speed (MRAC+ESO). (d) qi

*  (MRAC+ESO). 
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Fig. 25. Experimental response curves in the presence of sudden load torque disturbance in the case of 2000 rpm: (a) speed (MRAC). (b) 

qi
*  (MRAC). (c) speed (MRAC+ESO). (d) qi

*  (MRAC+ESO). 

TABLE II 
PERFORMANCE INDEXES 

Reference speed 
(rpm) 

Control  
algorithm 

Overshoot 
(%) 

Settling time 
(ms) 

Steady speed ripple 
(rpm) 

Standard deviation of steady speed 
(rpm) 

500 
MRAC+ESO 6.6500 3 4.0000 1.4325 

MRAC 7.4740 3 3.2500 1.1640 
PI 5.0000 2 5.6250 2.2756 

1000 
MRAC+ESO 2.1100 4 3.7500 1.4708 

MRAC 2.9700 4 3.3750 1.1531 
PI 8.2500 20 4.7500 2.0406 

2000 
MRAC+ESO 0.1125 7 5.1250 1.9418 

MRAC 0.6000 7 4.5000 1.6018 
PI 16.6125 28 4.2500 1.6781 

 
and a shorter recovery time while maintaining a good dynamic 
performance. 

From all of the experimental results above, it can be seen 
that although the MRAC+ESO method degrades the adaptation 
ability, it can obtain a better tracking performance and 
disturbance rejection when compared to the PI and MRAC 
methods. 

The performance indexes of each control method under 
different conditions are shown in Table II. 

 

V. CONCLUSIONS 
In this paper, the design of a speed controller based on the 

MRAC for the PMSM has been investigated. This method has 
shown a better adaptation ability when compared with the PI 

method. In order to improve the disturbance rejection ability of 
the controller, a composite controller which combines the 
MRAC method with an ESO has been proposed. Simulation 
and experimental results validate that the composite method 
can obtain a satisfying performance with a faster transient 
response and a better disturbance rejection capability. 
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