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Abstract 
 

Permanent magnet synchronous motors are one of the most widely used motors in various industries. By using a closed-
loop control system, the speed control of these motors can be adjusted. The dynamics of this type of motor are nonlinear. 
In recent years, nonlinear controllers have been used to control permanent magnet synchronous motors. Although these 
methods do not require linearization around the operating point, they are not robust to uncertainty. The use of an observer-
based nonlinear controller is a solution for controlling uncertain nonlinear systems. In this method, the uncertainty 
estimation is provided to the controller using an extended observer. Another point in controlling a permanent magnet 
synchronous motor is the two-input two-output of the dynamic model of this system. Therefore, the use of multivariate 
control techniques to design the control input vector would be desirable. In this paper, an observer-based nonlinear vector 
method is used to control the MIMO model of the permanent magnet synchronous motor. For this purpose, we assume the 
load torque to be uncertain and estimate it using an extended observer. Then, the MIMO feedback linearization method is 
used to design the control input vector. Using the proposed method has advantages such as a nonlinear control system, 
robust to uncertainty, and vector controller scheme. These advantages are demonstrated by analytically and using computer 
simulations. 
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1. Introduction 
 
Industrial motors can be divided into two categories: direct 
current (DC) and alternating current (AC). Also, alternating 
current motors can be divided into two categories: 
synchronous and asynchronous. Permanent magnet 
synchronous motors (PMSM) are classified as alternating 
current and synchronous motors. Today, PMSMs have a very 
appropriate position in the industry due to their high 
efficiency, high power density and wide speed range, and they 
are used in industries such as automobile manufacturing, 
home appliances, aerospace and marine industries. These 
motors are a very suitable option for control applications due 
to their low inertia and good controllability. The simple 
structure of these motors frugality their repair and 
maintenance cost and time [38]. The first step in controlling 
PMSMs is to achieve a dynamic model. In recent years, 
modeling of this category of engines has been done in 
authentic references and can be cited. In many references, a 
common model in d-q coordinates has been used for these 
motors. For example, in reference [12], modeling of PMSMs 
is performed and dynamic equations are given in d-q 
coordinates. Also in the reference [1] by considering the three 
variables of id, iq currents and shaft angular speed, the 
nonlinear dynamics of this system is obtained. In references 
[29] and [2] similar to the reference [1] by defining the state 
variables in d-q coordinates, the nonlinear state equations of 
the PMSM are presented. Uncertainty and disturbance due to 
load torque changes are also modeled in these references. In 
the reference [22] a similar model has been obtained with the 

mentioned references, but in this reference, the size of the 
inductors in the d and q directions has been equalized and 
simplification has been done. In most of these references, the 
voltage in the d and q directions is assumed to be two control 
inputs. In the reference [30] in the d-q coordinates, a different 
model is presented by considering the flux instead of the 
current as a state variable. The reference [30] is similar to the 
previous references and in each equation, the state of changes 
of electrical and mechanical parameters and load torque is 
assumed to be uncertain. Finally, the linearization of 
equations has been used to control it.  In the reference [22] a 
fractional-order model for nonlinear dynamics of a PMSM is 
considered. In [30] modeling has been done with the aim of 
integrated position and speed control for a PMSM, and the 
variables of current state, position and speed of the motor 
shaft have been considered.  
 Methods of control of PMSMs are divided into two 
groups: vector and scalar method. Using vector control 
method, the high performance of three-phase PMSM can be 
achieved. In this method, the current vectors id and iq are 
controlled. The field control achieved by zeroing the id current 
causes the magnet to adjust the magnet on the d axis and 
creates a linear relationship between current and torque [10]. 
In controlling the vector magnetism of PMSMs, it has been 
tried that the rotor flux is always on the d axis and the stator 
current flux generation component 𝑖"#should be zero so that 
the torque does not decrease. With the stator current being 
zero in the vector control method, the torque is adjusted by 
the other component of the current. A speed sensor connected 
to the rotor shaft must be used to control the speed [23]. The 
most common method of controlling industrial systems is the 
proportional controller of the integral derivative. This 
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controller has been used to control the speed of a PMSM [16]. 
The dynamics of these motors are nonlinear and PID linear 
controllers cannot have good control in all operating 
conditions of the motor, so it cannot be a good option for 
accurate control of the speed of PMSMs. Using a PID 
controller with constant coefficients has been a good option 
for applying control commands. Based on this, the reference 
[28] provides a self-adjusting PID controller for the PMSM. 
In reference [5] using the optimal particle aggregation smart 
method, the PID controller parameters are adjusted to control 
the PMSM. In [25] using a fuzzy controller, the parameters of 
the PID controller are set based on the change of engine speed 
and online. Reference [8] using neural networks, an algorithm 
is proposed to control and adjust the parameters of the PID 
controller, which can detect parametric changes and increase 
the robustness of the system. Create and measure a good 
controller for synchronous motor speeds of three-phase 
permanent magnet in the presence of noise and environmental 
disturbances. In references [13] and [24] using the adaptive 
control method, the control of the PMSM has been done. In 
reference [14] the model predictive control has been used to 
control the speed of the three-phase PMSM. In [29], adaptive 
sliding mode control is used to minimize torque ripple in the 
PMSM. In this method, chattering is the main problem of 
sliding mode in the control signal prevents implementation. 
In [22], a fuzzy first order sliding mode hybrid controller is 
used to control the system, and in [30] integrated position and 
speed control for a PMSM using sliding mode control 
optimized with smart algorithms done.  One solution to 
reduce undesirable fluctuations in sliding mode control is to 
use a disturbance observer. The design principles of 
disturbance observer are presented in [11], [21], [6] and [17]. 
In [1], a terminal-order non-singular sliding mode controller 
based on the observer is used to control the PMSM. In this 
reference, the observer is used to estimate the position and 
speed of the motor shaft, and control input equation includes 
the sign function. Therefore, the saturation function has been 
used to prevent chattering from occurring, but it still reduces 
accuracy. In [2] a second-order sliding mode controller is 
used for the nonlinear and uncertain system of the PMSM in 
d-q coordinates, which emits a smooth control signal. This 
controller requires an uncertain exact estimate. 
 In [22] sliding mode controller based on an extended 
observer is used to control the speed of the PMSM. In this 
reference, the slider variable is defined based on the terminal 
sliding mode method, which guarantees the time-limited 
convergence of state variables. The problem with this method 
is the use of the discontinuous function of the signal in the 
control input relation, which is solved using the continuous 
approximation method and the saturation function replaces 
the signal function. In [29] the sliding mode-predictor hybrid 
controller is used along with an extended observer to estimate 
the disturbance, and there is also the problem of chattering 
due to the signal function. Reference [27] uses the ultimate 
sliding mode control to design the controller and the nonlinear 
viewer to estimate the uncertainties. The only problem with 
this reference, according to the principles of first-order sliding 
mode, is the use of the discontinuous function of the signal 
and the creation of chattering in the control signal. Nonlinear 
systems can be linearized without linearization and 
approximation using the linearizer feedback method. Then, 
for the linearized system, the controller can be designed from 
any linear method. In reference [9], the design principles are 
presented by the linear feedback method. The design of 
nonlinear controllers for multi-input multi-output systems is 
also examined in references [31] and [32]. In the linear 

feedback method for single-input single-output systems and 
multi-input multi-output systems, first, the system is 
converted to a linear form by removing nonlinear sentences, 
and then for the linearized system, the controller can be used 
with any designed a linear method. A combination of control 
theories and multivariate techniques has also been proposed 
by researchers for PMSMs. In [33, 35] fuzzy-multivariate 
hybrid controller in [34] optimal-multivariate hybrid control 
and in [36] predictive-multivariate linear control is designed 
for PMSM. By studying the results of references, in many 
references, controllers of the non-linear type such as sliding 
mode and nonlinear 𝐻%  are designed for this system. In 
recent years, extended observer nonlinear controllers have 
been introduced for uncertain nonlinear systems and have 
many advantages over robust nonlinear control methods such 
as slip mode and nonlinear𝐻∞. These motors have two input-
two output equations, so to increase the efficiency of the 
control system, it is better to use multivariate control theories 
for it. Summarizing the contents mentioned as an innovation 
of this paper, the design of a nonlinear controller based on the 
observer in vector state for a two-input two-output system of 
a PMSM is proposed, which will be a hybrid method. 
 In this section, the research topic is described. Also, 
researches on the control of PMSMs were reviewed. In the 
second part, the concepts related to PMSMs and its modeling 
will be explained. In the third section, the proposed control 
theory is described and this method will be used in the fourth 
section to control the PMSM. In the fifth section, the 
simulation results are presented and finally in the last section, 
we summarize and conclude. 
 
 
2. Dynamic model of PMSM  
 
In reference [3], the equations of state space are in the form 
of equation (1). 
 

⎩
⎪
⎨

⎪
⎧𝚤"̇ = −./

0
𝑖" + 𝑃3𝜔𝑖5 +

67
0
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./
0
𝑖5 −

89:;
0
𝜔 + 6<

0

𝜔̇ = 89:;
=
𝑖5 −

>
=
𝜔 − ?@

=

      (1) 

 
where Id and Iq are the currents of the d-q axes, 𝜓B is the 
leakage flux between the rotor and the stator, ud and uq are the 
voltages applied to the motor at reference d-q and w the rotor 
speed, Ld and Lq are the inductances of the d-q axes, Rs is the 
stator resistance, Pn is the number of pairs of motor poles and 
TL is the load torque that is assumed to be uncertain. In this 
reference, Ld and Lq are equal. 
 
 
3. Proposed control theory 
 
3.1 MIMO feedback linearization 
Feedback linearization is one of the nonlinear control theories 
for controlling dynamic systems. First, the nonlinear system 
is transformed into a new dynamic system using a nonlinear 
feedback, then linear control methods can be used to control 
this linear system. This feedback can be designed in two 
ways: input-state and input-output. To stabilize a nonlinear 
system, the state-input linear feedback is used to stabilize a 
nonlinear system and input-output linear feedback theory is 
used for tracking. For the input-state linear feedback theory, 
consider the following nonlinear system: 
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𝑥̇ = 𝐴𝑥 + 𝐵𝑤(𝑥)[𝑢 − 𝜙(𝑥)]    (2) 
 
𝑥 ∈ 𝑋 ⊂ ℝ3are state vectors, 𝑢 ∈ ℝare control inputs, 𝐴 ∈
ℝ3×3 , 𝐵 ∈ ℝ3×R are coefficient matrices, and 
𝜙(𝑥), 𝑤(𝑥): 𝐷 ⊂ ℝ3 → ℝare nonlinear functions.𝑤(𝑥) ≠ 0 
and (𝐴, 𝐵) are assumed to be controllable. In the input-state 
linear feedback method, the control input is designed as 
follows: 
 

𝑢 = 𝜙(𝑥) + 𝑤YR(𝑥)𝑣     (3) 
 
 The closed loop system will be in the following form: 
 
𝑥̇ = 𝐴𝑥 + 𝐵𝑣      (4) 
 
 The secondary control 𝑣  can be designed using linear 
control methods to control the system (4). Figure (1) shows 
the structure of a control loop in a nonlinear system using 
linear feedback as a block diagram: 

 
Fig. 1- Nonlinear control loop using linear feedback law 
 
 
 In the linear feedback method, first of all, the nonlinear 
part of the system is removed by using feedback and the 
secondary control is designed to control the linearized system. 
If the system is not in form (2), first, it must find a way to 
convert the system to form (2) using normalization 
techniques, and then design the controller. To track the 
desired output, the input-output feedback linearization theory 
is used. Consider the following nonlinear system: 
 

[𝑥̇ = 𝑓(𝑥) + 𝑔(𝑥)𝑢
𝑦 = ℎ(𝑥)      (5) 

 
𝑥 ∈ 𝑋 ⊂ ℝ3 is state vector, 𝑢 ∈ ℝ is control input, 𝑦 ∈ ℝ is 
system output, 𝑓(𝑥), 𝑔(𝑥): 𝐷 ⊂ ℝ3 → ℝ3 and ℎ(𝑥): 𝐷 ⊂
ℝ3 → ℝ  are nonlinear functions. The issue is to find the 
control law b that causes the desired output g to be tracked by 
the system output. For this purpose, first the input-output 
relevancy will be obtained by deriving from the output of the 
system. The first output derivative will be as follows: 
 
𝑦̇ = _ℎ

_`
𝑥̇ = _ℎ

_`
𝑓(𝑥) + _ℎ

_`
𝑔(𝑥)𝑢    (6) 

 
Definition 3-1 Consider the function  and 
the vector space . _a

_`
𝑓(𝑥) is a derivative of 

Lie ℎ relative to 𝑓and denoted by 𝐿Bℎ(𝑥). Suppose the input 
appears in the nth derivative of the output as follows: 
 
𝑦(d) = 𝐿Bdℎ(𝑥) + 𝐿e𝐿B(dYR)ℎ(𝑥)𝑢    (7) 
 
 According to equation (10), the nonlinear functions 𝑓(𝑥), 
𝑔(𝑥) and ℎ(𝑥) must be smooth and their Lie derivatives can 
be defined. 𝐿e𝐿B(dYR)ℎ(𝑥)  must be the opposite of zero. 
Therefore, using the input-output linear feedback theory, the 
control input is designed as follows: 
𝑢 = R

0f0;(ghi)ℎ(`)
j−𝐿Bdℎ(𝑥) + 𝑣k    (8) 

 

Using the controller (8) in the system (7), the output 
differential equation will be converted to a linear form (9). 
 
𝑦(d) = 𝑣       (9) 
 
𝑣 can be designed using any linear control method to track the 
desired output. The stability of internal dynamics after output 
stabilization should be examined separately from appropriate 
methods [9]. Suppose that in equation (6) the system multi-
input multi-output is nonlinear and is the vector of nonlinear 
functions of state variables, 𝑔(𝑥) is the matrix of nonlinear 
functions of state variables, 𝑦 = ℎ(𝑥) is the output vector of 
system and u is the input vector. Now, we derive all the 
outputs for the input to appear. 
 

 

⎣
⎢
⎢
⎢
⎡𝑦R

(di)

𝑦o
(dp)

⋮
𝑦r
(ds)⎦

⎥
⎥
⎥
⎤
=

⎣
⎢
⎢
⎢
⎡𝐿B
diℎR(𝑥)
𝐿B
dpℎo(𝑥)
⋮
𝐿B
dsℎr(𝑥)⎦

⎥
⎥
⎥
⎤
+

⎣
⎢
⎢
⎢
⎡∑ 𝐿ex

r
yzR 𝐿B

diYRℎR(𝑥)𝑢y
∑ 𝐿ex
r
yzR 𝐿B

dpYRℎo(𝑥)𝑢y
⋮
∑ 𝐿ex
r
yzR 𝐿B

dsYRℎr(𝑥)𝑢y⎦
⎥
⎥
⎥
⎤

	

= 𝐿(𝑥) + 𝐽(𝑥)𝑢      (10) 
 
 The control input vector is designed as follows: 
 
𝑢 = 𝐽(𝑥)YR[−𝐿(𝑥) + 𝑣]     (11) 
 
 The output vector is converted as follows: 
 

⎣
⎢
⎢
⎢
⎡𝑦R

(di)

𝑦o
(dp)

⋮
𝑦r
(ds)⎦

⎥
⎥
⎥
⎤
= }

𝑣R
𝑣o
⋮
𝑣r

~     (12) 

 
 From any linear method, the input vector v can be 
determined to stabilize or track the outputs. All v-vector 
components can be designed separately for output 
stabilization [31, 32]. 
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3.2. Extended State Observer  
We use the observer to estimate the unmeasurable 
information of the system. Now, the controller can be 
executed by estimated variables and uncertain functions. 
Using an extended observer, it is possible to estimates of 
unmeasurable and uncertain parts. In this section, an extended 
observer that has been presented in the references in recent 
years is introduced. Consider the nonlinear system in the 
following form: 
 
𝑥̇R = 𝑥o	
𝑥̇o = 𝑓(𝑥) + 𝑔(𝑥)𝑢 + 𝑑   (13)	
𝑦 = 𝑥R 
 
𝑥and 𝑦are the state variables, 𝑑(𝑡) is the uncertain part and 
𝑢is the control input. In this system, only the state variable 𝑥 
can be measured. The state observer is defined as follows in 
reference [37]: 
 

⎩
⎪
⎨

⎪
⎧𝑥�̇R = 𝑥�o + 𝛽R𝑒
𝑥�̇o = 𝑓(𝑥) + 𝑔(𝑥)𝑢 + 𝑑� + 𝛽o𝑓𝑎𝑙(𝑒, 𝛼R, 𝛿)
𝑑�̇ = 𝛽�𝑓𝑎𝑙(𝑒, 𝛼o, 𝛿)
𝑦� = 𝑥�

   (14) 

 
𝑒 = 𝑦 − 𝑦� = 𝑥R − 𝑥�R  is estimation error, 𝛽R  , 𝛽o  , 𝛽� and 
observer adjustment parameters and 𝑥�R , 𝑥�o , 𝑑� are estimates 
of variables 𝑥R, 𝑥o, 𝑑, respectively. The 𝑓𝑎𝑙(𝑒, 𝛼, 𝛿) function 
is defined as follows: 
 

𝑓𝑎𝑙(𝑒, 𝛼, 𝛿) = �
�

�ih�
,		|𝑒| ≤ 𝛿

|𝑒|�𝑠𝑖𝑔𝑛(𝑒),		|𝑒| > 𝛿
   (15) 

 
0 < 𝛼 < 1and 𝛿 is a small number. Using Equations (15) and 
(14) in the system (13) the dynamics of the observer error is 
obtained as follows: 
 
𝑒`i = 𝑦� − 𝑦	
𝑒̇`i = 𝑒`p − 𝛽R𝑒`i	
𝑒̇`p = 𝑒" − 𝛽o𝑓𝑎𝑙(𝑒`i, 𝛼R, 𝛿)  (16)	
𝑒̇" = −𝑑̇(𝑡) − 𝛽�𝑓𝑎𝑙(𝑒`i, 𝛼o, 𝛿) 
 
 In reference [37], convergence of error and proof of the 
stability of this observer has been done. 
 
3.3. Observer based MIMO feedback linearization  
Here, by combining the contents of the previous sections, the 
observer based MIMO feedback linearization method for 
uncertain multi-input multi-output nonlinear systems is 
described. So consider the following system which is MIMO 
and nonlinear: 
 

[𝑥̇ = 𝑓(𝑥) + 𝑔(𝑥)𝑢 + 𝑤(𝑡)
𝑦 = ℎ(𝑥)     (17) 

 
 Where f(x) is a vector of nonlinear functions of state 
variables, g(x) is a matrix of nonlinear functions of state 
variables, y=h(x) is a system output vector, 𝑤(𝑡)  is an 
uncertain vector, and u is an input vector. Now we derive from 
each output to display the input: 
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+
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yzR 𝐿B

diYRℎR(𝑥)𝑢y
∑ 𝐿ex
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yzR 𝐿B

dpYRℎo(𝑥)𝑢y
⋮
∑ 𝐿ex
r
yzR 𝐿B

dsYRℎr(𝑥)𝑢y⎦
⎥
⎥
⎥
⎤

+

}

𝑑R(𝑡)
𝑑o(𝑡)
⋮
𝑑r(𝑡)

~      (18) 

 
𝑦(d) = 𝐿(𝑥) + 𝐽(𝑥)𝑢 + 𝐷(𝑡)    (19) 
 
 For this nonlinear and uncertain system, the control input 
vector is designed as follows: 
 
𝑢 = 𝐽(𝑥)YR�−𝐿(𝑥) − 𝐷�(𝑡) + 𝑉�,			 
       (20) 

	𝑉 = }

𝑣R
𝑣o
⋮
𝑣r

~ ,					𝐷�(𝑡) =

⎣
⎢
⎢
⎢
⎡𝑑
�R(𝑡)
𝑑�o(𝑡)
⋮
𝑑�r(𝑡)⎦

⎥
⎥
⎥
⎤
  

 
 Assuming that the uncertain vector is accurately 
estimated, the output vector is as follows: 
 

⎣
⎢
⎢
⎢
⎡𝑦R

(di)

𝑦o
(dp)

⋮
𝑦r
(ds)⎦

⎥
⎥
⎥
⎤
= }

𝑣R
𝑣o
⋮
𝑣r

~      (21) 

 
 We can determine the input vector v from any linear 
method to stabilize or track the outputs. The auxiliary input 
vector Using state feedback technique will be as follows: 
 

}

𝑣R
𝑣o
⋮
𝑣r

~ =

⎣
⎢
⎢
⎢
⎡−𝑘RR𝑒R − 𝑘Ro𝑒̇R−. . . −𝑘Rdi𝑒R

(diYR) + 𝑦R7
(di)

−𝑘oR𝑒o − 𝑘oo𝑒̇o−. . . −𝑘odp𝑒o
(dpYR) + 𝑦o7

(dp)

⋮
−𝑘rR𝑒r − 𝑘ro𝑒̇r−. . . −𝑘rds𝑒

(dsYR) + 𝑦r7
(ds)⎦

⎥
⎥
⎥
⎤

(22) 

 
 According to the uncertain observer design section, each 
of the uncertainty estimation vector are as follows: 
 

⎩
⎪
⎨

⎪
⎧
𝑧̇�R = 𝑧�o + 𝛽�R𝑒�

𝑧̇�o = 𝑑�� + 𝐿B
d�ℎ�(𝑥) +�𝐿ex

r

yzR

𝐿B
diYRℎR(𝑥)𝑢y + 𝛽�o𝑓𝑎𝑙(𝑒�, 𝛼�R, 𝛿�)

𝑑�̇� = 𝛽��𝑓𝑎𝑙(𝑒�, 𝛼�o, 𝛿�)
𝑧�R = 𝑦��

,	 

			𝑖 = 1. . . . . 𝑚     (23) 
 
 
𝑒� = 𝑦� − 𝑦��,				i=1...m     (24) 
 
where 𝛽�R , 𝛽�o , 𝛽�� are observer adjustment parameters and 
𝑧�R  , 𝑧�o  , 𝑑�� are estimates of variables 𝑦�(d�YR) , 𝑦�(d�) , 𝑑� , 
respectively. The 𝑓𝑎𝑙(𝑒, 𝛼, 𝛿) function is defined as follows: 

𝑓𝑎𝑙(𝑒, 𝛼, 𝛿) = �
�

�ih�
,		|𝑒| ≤ 𝛿

|𝑒|�𝑠𝑖𝑔𝑛(𝑒),		|𝑒| > 𝛿
  (25) 

0 < 𝛼 < 1 and 𝛿 is a small number. 
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4. Control system design 
In this section, the observer based MIMO feedback 
linearization method, is used for the nonlinear two-input two-
output PMSM system. Consider the dynamic equations of the 
system: 
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      (26) 
 
state variables as: 
 
𝑋 = [𝑥R 𝑥o 𝑥�] = [𝑖" 𝑖5 𝜔]    (27) 
 
 Control input vector as: 
 
𝑈 = [𝑢R 𝑢o] = [𝑢" 𝑢5]     (28) 
 
 Output vector as: 
 
𝑌 = [𝑦R 𝑦o] = [𝑖" 𝜔]     (29) 
 
 The state space form of this system: 
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¥
𝑦R
𝑦o¦ = ¥

𝑥R
𝑥�¦ 

 
𝑤(𝑡) = 𝑇0  is considered as disturbance. In Equation (30) 
dynamics of a two-input two-output PMSM is nonlinear and 
uncertain. For this system, we have: 
 
𝑦(d) = 𝐿(𝑥) + 𝐽(𝑥)𝑢 + 𝐷(𝑡)	

¬𝑦̇R𝑦̈o
® = ¬𝐿R(𝑥)𝐿o(𝑥)

® + ¬𝐽RR 𝐽Ro
𝐽oR 𝐽oo

® ¥
𝑢R
𝑢o¦ + ¬

𝑑R(𝑡)
𝑑o(𝑡)

®  (31)	

𝐿R(𝑥) = −
𝑅#
𝐿 𝑥R + 𝑃3𝑥o𝑥�	

𝐿o(𝑥) =
𝑃3𝜓B
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𝐵
𝐽 𝜔)	

𝐽RR =
1
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𝑑R(𝑡) = 0	

𝑑o(𝑡) =
𝐵
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𝑇̇0
𝐽  

 
 The control input vector is designed as follows: 

𝑢 = 𝐽(𝑥)YR�−𝐿(𝑥) − 𝐷�(𝑡) + 𝑉�,				𝑉 = ¬𝑣R𝑣o
® ,					𝐷�(𝑡) =

¬
0
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 Assuming that the uncertain vector is accurately 
estimated, the output vector is as follows: 
 

¬𝑦̇R𝑦̈o
® = ¬𝑣R𝑣o

®      (33) 

  
 Now the input vector v can be determined from any linear 
method to stabilize or track the outputs. For this purpose, the 
auxiliary input vector using state feedback technique will be 
as follows: 
 

¬𝑣R𝑣o
® = ±

−𝑘R𝑒R + 𝑦̇R7
−𝑘oR𝑒o − 𝑘oo𝑒̇o + 𝑦̈o7

²  (34)	

𝑒R = 𝑦R − 𝑦R7	
𝑦R = 𝑖"	
𝑦R7z³	
𝑒o = 𝑦o − 𝑦o7	
𝑦o = 𝜔	
𝑦o7z´gµ; 
 
 Uncertain variables estimation is obtained as follows: 
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𝑓𝑎𝑙(𝑒, 𝛼, 𝛿) = �
�

�ih�
,		|𝑒| ≤ 𝛿

|𝑒|�𝑠𝑖𝑔𝑛(𝑒),		|𝑒| > 𝛿
  (36) 

0 < 𝛼 < 1 and 𝛿 are small numbers. 
 
 
5. Simulation results 
In this section, we simulate the performance of the observer-
based MIMO feedback linearization controller in controlling 
the current and angular speed of a model of a PMSM in the 
MATLAB. In the next section, the destructive effect of load 
torque, which is assumed to be uncertain, is first shown. Then, 
an improvement in the performance of the control system 
using the disturbance observer is shown. The dynamic model 
of the PMSM in this section is taken from the reference [3]. 
The values of the parameters used are listed in Table (1): 
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Table 1. Parameter values 
unit Value Parameter 
Ohm 2.875 Rs 

H 0.085 L 
Pair 4 P 
Wb 0.0175 𝜓 
Nm 1 B 

Kg*m2 0.01 J 

 
Figure (2) shows the load torque. 

 
Fig. 2 Load torque 
 

 
Fig. 3. system outputs by applying the MIMO feedback linearization 
controller without using load torque estimation 
 
 
5.1. Simulation results of control system without using 
load torque estimation 
In this section, the simulation results of a control system based 
on MIMO feedback linearization without the use of load 
torque estimation are shown. In Figure (3), by applying this 
controller to the motor model, changes in system outputs such 
as current along the d axis and angular speed of the shaft are 
shown. In the initial moments when the load torque value is 
zero, the system outputs are controlled. But by increasing the 
amount of load torque and its presence, the outputs have 
moved away from the desired values. Figure (4) shows the 
values of the output tracking error. Changes in the control 
signals issued by the controller in this case are also seen in 
Figure (5). The control signals are saturated at 250 volts, 
which is intended to prevent motor damage due to electrical 
limitations and closer simulations to reality. 
 
5.2. Simulation results of Load Torque Observer 
In this section, the performance of the observer is 
investigated. Figure (6) shows the curves of the angular speed 
of the shaft, the load torque and the uncertain function d2 
estimations. It can be seen that these variables are estimated 
with high accuracy by the observer. Also, the changes in the 
estimation error of these variables in the initial moments are 
shown in Figure (7). We see that the estimation has been done 
in a short time. 

 
5.3. simulation Results of the control system using load 
torque estimation 
This section presents the simulation results of the observer 
based MIMO feedback linearization controller. By applying 
this controller shown in Figure (8), the outputs such as current 
along the d-axis and angular speed are displayed. In the initial 
moments when the load torque value is zero, the outputs are 
controlled. From the first second, with the presence of load 
and increasing the amount of load torque, a slight change 
appears in the outputs but the controller is robust against this 
disturbance. In Figure (9) the output tracking errors indicate 
the accuracy and speed of the proposed control system in the 
presence of disturbance due to load torque. Figure (10) shows 
the changes in the control signals generated by the controller. 
The control signals are in the permissible range and the 
system control is performed without saturating the control 
inputs. 
 
6. Conclusion 
In this paper, an observer based multi-input multi-output 
(MIMO) feedback linearization controller was designed for a 
PMSM. For this purpose, the load torque is estimated as 
uncertainty using an extended observer and provided to the 
controller. The controller is designed as a vector. By 
simulating the MIMO feedback linearization controller that 
does not use load torque estimation, it is not able to control 
the system outputs and the control input signal produced by 
this control system is saturated. The observer was able to 
estimate the variables of motor and load torque well and with 
high accuracy. In the end, it was shown that if the controller 
uses this estimated information in the feedback, it is able to 
control the system outputs in the presence of load torque 
changes. 
 

 
Fig. 4. System outputs tracking error by applying the MIMO feedback 
linearization controller without using load torque estimation 
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Fig. 5. The input signals by applying the MIMO feedback linearization 
controller without using load torque estimation 
 

 
Fig. 6. the angular speed, load torque and uncertain function d2 and 
estimation of these variables  

 
Fig. 7. Estimation error of shaft angular speed, load torque and uncertain 
function d2 variables  

 

 
Fig. 8. System output developed by applying the observer based MIMO 
feedback linearization controller 

 
Fig. 9. output tracking error by applying the observer based MIMO 
feedback linearization controller 
 
 

 
Fig. 10. input signals developed by applying the observer based MIMO 
feedback linearization controller 
 
 
This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License. 
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