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Abstract 

This paper presents the design and analysis of nonlinear controllers aimed at enhancing the performance of a 
Permanent Magnet Synchronous Motor (PMSM). A 3-phase, 900kW, 50Hz, 6-pole, 380 V, 756RPM PMSM with 48 rotor 
slots was modelled using MATLAB/Simulink and ANSYS. The study evaluates the motor transient and steady-state 
behavior in terms of torque, speed and current under different load conditions, with and without controller integration. 
Simulation result demonstrates that introducing controllers, particularly the Sliding Mode Controller (SMC), effectively 
reduces electromagnetic torque and output power ripple while achieving a faster response to steady state compared to 
the Proportional Integral Derivative (PID) controller. The SMC further enhances speed performance by increasing the 
load angle during rated operation, thus shifting the pull-out torque to power angle greater than 900. Maximum speed, 
torque, and current were achieved under 4Nm and 9Nm load conditions. The significance of this performance 
enhancement is underscored in applications such as robotics and conveyor systems, where variable speed operation is 
essential. Since PMSM speed is directly related to supply frequency and inversely to the number of poles, speed 
regulation is constrained by the number of pole-changing methods. Frequency variation remains the most effective 
approach for wide range speed control. The result obtained indicates that nonlinear control strategies offer superior 
performance over conventional methods, contributing to a more robust and responsive PMSM speed control system for 
industrial applications.  

Keywords: Permanent Magnet Synchronous Machine (PMSM); Nonlinear Controllers; MATLAB/Simulink; Sliding 
Mode Controller; Proportional Integral Derivative Controllers (PID); Transient and Steady State Behavior 

1. Introduction

Permanent Magnet Synchronous Motors (PMSMs) have emerged as the leading choice for high performance electric 
drive applications due to their superior power density, high efficiency and low toque ripple especially under high-speed 
operating conditions [1]. Compared to traditional AC motors, PMSMs exhibit significant advantages such as compact 
size, absence of rotor copper losses, and high reliability stemming from their brushless construction and use of 
permanent magnets on the rotor. These attributes makes them particularly suitable for automotive applications, 
industrial automation, and precision control systems [1, 2], Electric drives are essential for converting electric energy 
into mechanical energy in a controlled manner, involving the integration of power electronic converters, electrical 
machines, sensors, control algorithms, and communication links [3]. With the rise in industrial demand for energy-
efficient and compact motor solutions, PMSMs have gained widespread adoption, particularly in applications requiring 
precise torque and speed control [4, 5]. To achieve a high-performance operation of PMSM drives, several control 
strategies have been developed [6]. Scalar control techniques such as the V/f method offer simplicity but lack dynamic 
response and precision required in advanced applications [1, 2, 3]. In contrast, vector control methods, including Field 
Oriented Control (FOC) and Direct Torque Control (DTC), enabled decoupled control of flux and torque, thereby 
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enhancing transient performance and stability [4, 7, 8]. Among these, DTC has gained attention for its fast torque 
response and reduced parameters sensitivity. In principle, any voltage vector within the selection region can be used to 
control stator flux and torque, but the voltage vector’s angle has a distinct effect on motor’s dynamic performance [9, 
10]. The use of voltage vector as a control variable enhances drive performance. However, the direct control of torque 
in PMSMs introduces complexities due to their inherent coupling between torque and flux components. This coupling 
necessitates advanced control algorithms for decoupling, which simplifies implementation and improves performance 
[11, 12]. Additionally, due to the cost and reliability constraints associated with mechanical sensors, sensor-less control 
schemes have gained prominence. Sensor-less DTC of PMSMs, while promising, demands robust estimation techniques 
to ensure a stable operation over a wide range of speeds and load conditions [13, 14]. This work investigates the 
performance of vector control PMSMs using both Proportional-Integral-Derivative (PID) and Sliding Mode Controllers 
(SMC). The goal is to enhance the speed regulation and dynamic performance of PMSM drives in various operating 
conditions, particularly under sensor-less scenarios, making them more suitable for industrial applications that demand 
precision, efficiency, and robustness [15, 16].  

1.1. Permanent Magnet Synchronous Motor (PMSM)   

Permanent Magnet Synchronous Motors (PMSMs) are brushless AC motors characterized by high efficiency, high power 
density, and superior reliability [17]. The use of permanent magnet in the rotor eliminates the needs for rotor windings 
and associated losses, enabling a higher torque to weight ratios and compact designs compared to AC Induction Motors 
(AICMs). PMSMs operates with rotor speed synchronized to the stator’s rotating magnetic field, maintaining constant 
speed regardless of load variations [18, 19]. It is ideal for precision and efficiency-critical applications such as electric 
and hybrid vehicles. Ac motor s is generally classified into asynchronous (induction) and synchronous types. Induction 
motors, or separately excited machines, rely solely on stator fed AC supply, with rotor excitation achieved through 
electromagnetic induction in contrast synchronous motors require AC excitation for the stator and typically a DC or 
permanent magnet excitation for the rotor [20]. The speed of a synchronous motor is fixed by the supply frequency and 
number of poles, unaffected by the load changes. Three phase PMSM are adopted in industrial drives due to their 
robustness, cost effectiveness and low maintenance requirements. While sometimes confused with synchronous 
machines, PMSMs are true synchronous machines, differing fundamentally in their operation principles and 
performance characteristics [4].  

Permanent magnet synchronous machine shares the fundamental operation principles and performance characteristics 
of conventional synchronous machines, with excitation provided by permanent magnets rather than a wound field 
winding. A typical PMSM comprises a laminated core whose teeth house double layer, or lap wound armature coils 
connected in series or parallel to realize star/delta, or two-phase configurations and a salient pole rotor carrying surface 
or interior mounted permanent magnets [21]. The stator yoke completes the magnetic circuit, and its lamination 
thickness is chosen to balance eddy current losses (frequency dependent) against manufacturing cost. End turn 
insulation of coils and phase groups must satisfy the dielectric requirements dictated by machine voltage ratings. The 
air-gap ln in a PMSM not only determine the no-load flux density established by the permanent magnets but also affects 
the windage losses.   

A permanent synchronous motor (PMSM) comprises two main components: a rotor which rotate and a stator which 
remain stationary. Typically, the rotor is enclosed within the stator [22]. The fundamental operating principle of a PMSM 
relies on the interaction between the stator’s rotating magnetic field and the rotors constant magnetic field. When a 
three-phase alternating current is supplied to the stator windings, it generates a magnetic field that rotates at a speed 
proportional to the supply frequency [23]. The rotor, embedded with permanent magnet, produces astatic magnet field. 
The interaction between the stator’s rotating field and the rotors static field generates torque, as described by Ampere’s 
law, thereby causing thereby causing the rotor to turn. If the rotor is initially in the direction of the stator’s magnetic 
field, opposite magnetic attract, resulting in synchronization between the rotor and stator’s rotating fields rotating field. 
However, due to the nature of its magnetic coupling, a PMSM is inherently incapable of self-starting when directly 
connected to a three-phase supply [24, 25]. The operation of a synchronous motor, including the PMSM, hinges on this 
same interaction between the stator’s rotating magnetic field and the rotor’s magnetic field. The rotating magnetic field 
in the stator I similar to that produced in a three-phase induction motor. As the stator’s AC field interacts with the 
constant magnetic field of the rotor, torque is produced according to Ampere’s law. The permanent magnets on the rotor 
maintain a constant field. Consequently, without an external starting mechanism, PMSMs cannot self-start when 
powered by a standard 50Hz three-phase grid [26, 27, 28]. 

Permanent magnet synchronous moor (PMSM) drives are increasingly utilized in industrial applications where 
precisions and high accuracy are critical. Due to their superior dynamic performance [29]. PMSM drives are emerging 
as the leading solution for the next generation electric motor systems. Effective control is essential to ensure optimal 
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operation, particularly because PMSMs are inherently variable speed machines. The control strategy typically depends 
on the controller and the algorithm implemented to regulate speed, torque, and rotor position with high accuracy [30, 
31]. The key control techniques include: Flux weakening control, Constant torque angle control, unity power factor 
control, Maximum torque per ampere (MTPA)control, Constant power loss control, Maximum efficiency control. These 
methods aimed to enhance performance by improving motor dynamic and steady state behaviour. Among the various 
approaches, vector control and direct torque control are the most prominent and widely adopted strategies for high 
performance PMSM operation [32, 33, 34]. 

2. PMSM Model 

The PMSM's equivalent circuit is depicted in Figure 1. Equations 1 through 12 illustrate the motor's voltage, current, 
and flux linkage in the model equations [35]. 

 

Figure 1 Equivalent circuit of PMSM 

The axis voltage equations can be written as 

𝑣𝑞 = 𝑅𝑠𝑖𝑞 + 
𝑅𝑠 + 𝑅𝑐

𝑅𝑐
𝜌(𝛾𝑞) +

𝑅𝑠 + 𝑅𝑐

𝑅𝑐
𝜔𝑟𝛾𝑑            ……………..   (1) 

𝑣𝑑 = 𝑅𝑠𝑖𝑑 + 
𝑅𝑠 + 𝑅𝑐

𝑅𝑐
𝜌(𝛾𝑞) +

𝑅𝑠 + 𝑅𝑐

𝑅𝑐
𝜔𝑟𝛾𝑞                  ……………..     (2) 

Where the axis flux linkages in the rotor reference frame are given by 

𝜆𝑞 = 𝐿𝑞𝑖𝑞       ……………..    (3) 

𝜆𝑑 = 𝐿𝑑𝑖𝑑𝛾𝑚           ……………..    (4) 

Substituting equations (3) and (4) into equations (1) and (2), we have 

𝑣𝑞 = 𝑅𝑠𝑖𝑞 + 
(𝑅𝑠 + 𝑅𝑐)

𝑅𝑐
𝜌(𝐿𝑞𝑖𝑞) +

(𝑅𝑠 + 𝑅𝑐)

𝑅𝑐
𝜔𝑟(𝐿𝑑𝑖𝑑 + 𝛾𝑚)              ……………..   (5) 

𝑑𝑖𝑞

𝑑𝑡
= 

−𝑅𝑠𝑅𝑐

𝑅𝑞(𝑅𝑠+𝑅𝑐)
𝑖𝑞 − 

𝜔𝑟 𝑅𝑐

𝐿𝑑
(𝑖𝑞) +

𝑉𝑞𝑅𝑐

𝐿𝑞(𝑅𝑠+ 𝑅𝑐)
−

𝜔𝑟𝛾𝑚

𝐿𝑞
            …………….. (6) 

𝑣𝑑 = 𝑅𝑠𝑖𝑞 + 
(𝑅𝑠 + 𝑅𝑐)

𝑅𝑐
𝜌(𝐿𝑞𝑖𝑞 + 𝛾𝑚) −

(𝑅𝑠 + 𝑅𝑐)

𝑅𝑐
𝜔𝑟(𝐿𝑞𝑖𝑞)             ……………..    (7) 

𝑑𝑖𝑞

𝑑𝑡
=  

𝜔𝑟 𝐿𝑞

𝐿𝑑
(𝑖𝑞) − 

𝑅𝑠𝑅𝑐

𝐿𝑞(𝑅𝑠+𝑅𝑐)
𝑖𝑞 +

𝑉𝑑𝑅𝑐

𝐿𝑑(𝑅𝑠+ 𝑅𝑐)
     ……………..        (8) 

Where; 

ρ = Operator 
𝑑

𝑑𝑡
 

ρ(𝛾𝑚) = 0 
𝑉𝑞 𝑎𝑛𝑑 𝑉𝑑: 𝑞 − 𝑎𝑥𝑖𝑠 𝑎𝑛𝑑 𝑑 − 𝑎𝑥𝑖𝑠 𝑣𝑜𝑙𝑡𝑎𝑔𝑒𝑠 
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𝑖𝑞 𝑎𝑛𝑑 𝑖𝑑: 𝑞 − 𝑎𝑥𝑖𝑠 𝑎𝑛𝑑 𝑑 − 𝑎𝑥𝑖𝑠 𝑐𝑢𝑟𝑟𝑒𝑛𝑡   

𝐿𝑞 and 𝐿𝑞: q − axis and d − axis inductances   

𝛾𝑞 𝑎𝑛𝑑 𝛾𝑑: q − axis and d − axis flux linkages   

𝑅𝑠: Stator resistance  

𝑅𝑐: Core resistance  

𝜔𝑟: Electrical speed of the rotor  

𝛾𝑚: Rotor flux linkage  

The general mechanical equation for the motor is 

𝑇𝑒 = 𝑇𝑙 + 𝑇𝑑 + 𝐵𝜔𝑟𝑚
+ Jρ𝜔𝑟𝑚          ……………..  (9) 

Electromagnetic torque of the motor in terms of d-axis and q-axis flux linkages, rotor flux linkage, and d- axis and q-axis 
inductances is given as: 

𝑇𝑒 =
3

2
(
𝑃

2
)(𝛾𝑑𝑖𝑞 − 𝛾𝑞𝑖𝑑)                   ……………..       (10) 

Substituting Equations (3) and (4) into Equation 10 gives  

𝑇𝑒 =
3

2
 (

𝑃

2
)(𝛾𝑚𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞) 𝑖𝑞𝑖𝑑        ……………..      (11) 

Solving for the rotor mechanical speed from Equation (9), assuming the dry friction is equals zero gives 

𝑑𝜔𝑟𝑚

𝑑𝑡
=

−𝐵

𝐽
 𝜔𝑟𝑚  +  

1

𝑗
(𝑇𝑒  −  𝑇𝑖)                ……………..     (12) 

 also, 

𝑑𝜃𝑟

𝑑𝑡
= 𝜔𝑟                         ……………..        (13) 

 The Electromechanical power is given as 

𝑃𝑒𝑚 = 𝜔𝑟𝑚𝑇𝑒 =
3

2
𝜔𝑟(𝛾𝑑𝑖𝑞 − 𝛾𝑞𝑖𝑑)           ……………..     (14) 

𝜔𝑟 =
𝑃

2
𝜔𝑟𝑚……..(15) 

The mechanical speed N (that is synchronous speed) in terms of revolutions per minute (rpm) can be stated as    

𝑁 =
30

π
× 𝜔𝑟𝑚                    ……………..     (16) 

where: 

P: Number of poles 

• 𝜔𝑟𝑚: Mechanical velocity of the motor 
• B: Viscous frictions coefficient  
• J: Inertia of the shaft and the load system  
• 𝑇𝑑: Dry friction  
• 𝑇𝐿: Load torque  
• 𝑇𝑒: Electromagnetic torque  
• θ𝑟: Electrical Rotor angular position 
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• θ𝑚: Mechanical Rotor angular position  
• N: Synchronous speed.  

Combining Equations (6), (8), (12), and (13) in state variable form gives 

𝑑

𝑑𝑡
[

𝑖𝑞
𝑖𝑑

𝜔𝑟𝑚

𝜃𝑟

] =

[
 
 
 
 
 

−𝑅𝑠𝑅𝑐

𝐿𝑞(𝑅𝑠+𝑅𝑐)

−𝜔𝑟𝐿𝑑

𝐿𝑞
0 0

𝜔𝑟𝐿𝑑

𝐿𝑞

−𝑅𝑠𝑅𝑐

𝐿𝑞(𝑅𝑠+𝑅𝑐)
0 0

0 0
−𝐵

𝐽
0

0 0 0 0]
 
 
 
 
 

[

𝑖𝑞
𝑖𝑑

𝜔𝑟𝑚

𝜃𝑟

] +

[
 
 
 
 
 

1

𝐿𝑞
(

𝑉𝑞𝑅𝐶

𝑅𝑠−𝑅𝑐
− 𝜔𝑟𝜆𝑚)

𝑉𝑑𝑅𝑐

𝐿𝑞(𝑅𝑠+𝑅𝑐)

    
1

𝑗
(𝑇𝑒  −  𝑇𝑖)          

𝜔𝑟 ]
 
 
 
 
 

                                                    ..  (17) 

PMSM can be analyzed in both steady and transient state operations using the dynamic dq equations. This is 
accomplished by applying Park's transformation method to convert the three-phase voltages and currents to dq 

variables [36]. 
 
The reference frame voltages of PMSM under the condition of balance state can be estimated as: 

𝑉𝑎 − √2𝑉𝑐𝑜𝑠𝜔𝑏𝑡                           …………….. (18) 

𝑉𝑏 − √2𝑉𝑐𝑜𝑠(𝜔𝑏𝑡 −
2𝜋

3
)            …………….. (19) 

𝑉𝑏 − √2𝑉𝑐𝑜𝑠(𝜔𝑏𝑡 +
2𝜋

3
)                   ……………..   (20) 

2.1.1. Were 

𝜔𝑏 = 2𝜋𝑓 is the rated source frequency in rad/s 

𝑉𝑎, 𝑉𝑏, and 𝑉𝑐: Stator phase a, b, c voltages  

V: Line voltage 

The three-phase voltages of the stator circuit are related to q- axis and d-axis reference frame as follows 

[
𝑉𝑞
𝑉𝑑

] =
2

3
[
cos 𝜃 cos( 𝜃 − 120°) cos( 𝜃 + 120°)
sin 𝜃 sin( 𝜃 − 120°) sin( 𝜃 + 120°)

] [

𝑉𝑎
𝑉𝑏

𝑉𝑐

]          ……………..  (21) 

[

𝑉𝑎
𝑉𝑏

𝑉𝑐

] = [

cos 𝜃 sin 𝜃
cos( 𝜃 − 120°) sin( 𝜃 − 120°)
cos( 𝜃 + 120°) sin( 𝜃 + 120°)

] [
𝑉𝑞
𝑉𝑑

]                ……………..      (22) 

Also, the three phase currents can be evaluated in the same way as 

[
𝐼𝑞
𝐼𝑑

] =
2

3
[
cos 𝜃 cos( 𝜃 − 120°) cos( 𝜃 + 120°)
sin 𝜃 sin( 𝜃 − 120°) sin( 𝜃 + 120°)

] [

𝐼𝑎
𝐼𝑏
𝐼𝑐

]          ………….   (23) 

[

𝐼𝑎
𝐼𝑏
𝐼𝑐

] = [

cos 𝜃 sin 𝜃
cos( 𝜃 − 120°) sin( 𝜃 − 120°)
cos( 𝜃 + 120°) sin( 𝜃 + 120°)

] [
𝐼𝑞
𝐼𝑑

]          ……………..        (24) 

Where 𝐼𝑎, 𝐼𝑏, and 𝐼𝑐 are the stator phase a, b, c currents while θ is the phase angle. The block diagram of FOC in PMSM is 
presented in Fig 2. 

3. Sliding mode Controller Design  

When a sliding mode controller is used, the system is managed so that the error in its states consistently approaches a 
sliding outside. The state's rate of change (e˙) and tracking error (e) are variables used to define the sliding surface. To 
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determine the control input (u) to the system, the error trajectory's distance from the sliding surface and its rate of 
convergence are used. When the sliding surface and the tracking error trajectory intersect, the control input's sign needs 
to change. This forces the error trajectory to always go in the direction of the sliding surface 

An equivalent description of the mechanical equation under full field-oriented control is as follows: 

𝑇𝑒 = 𝐾𝑇𝑖𝑞𝑠…………….. (25) 

𝐾𝑇 is constant torque  

𝐾𝑇 =
3𝑃𝐿𝑚

4𝐿𝑟
φ𝑑𝑟                                  ……………..     (26) 

The mechanical equation of induction motor is given as: 

𝑇𝑒 = Jωṁ + Bωṁ + 𝑇𝐿                                                     ……………..                            (27) 

From equation (25) and equation (27) we have:  

𝑏𝑖𝑞𝑠 = ωṁ + aωṁ + 𝑓                   ……………..   (28) 

𝑎 =
B

 J
, 𝑏 =

K

 T
,     𝑓 =

𝑇𝐿

 J
 

From equation (22) the ∆𝑎 , ∆𝑏 , ∆𝑓 are uncertainties  

ωṁ = −(a + ∆f)ω − (a + ∆f) + (b + ∆b)iqs          ……………..    (29) 

Tracking speed errors is defined as: 

𝑒(𝑡)  =  𝜔𝑚(𝑡)  − 𝜔𝑚  ∗  (𝑡)             ……………..    (30) 

Where 𝜔𝑚 ∗ is the reference speed, taking derivative of equation (30) 

𝑒(̇𝑡)  =  ωṁ (𝑡)  − ωṁ  ∗  (𝑡)                  ……………..  (31) 

Also  

𝑒(̇𝑡)  =  −𝑎𝑒(𝑡) +  𝑢(𝑡)  +  𝑑(𝑡) 

Where:  

𝑢(𝑡)  =  𝑏𝑖𝑞𝑠  −  𝑎𝜔𝑚  ∗  (𝑡)  −  𝑓(𝑡)  − 𝜔𝑚̇  ∗  (𝑡)        ………                                          (32) 

And the uncertainties become: 

𝑑(𝑡)  =  −∆𝑎𝜔𝑚(𝑡) − ∆𝑓(𝑡)  + ∆𝑏𝑖𝑞𝑠               …………   (33) 

Sliding mode surface is in equation (34)  

𝑠(𝑡)  =  𝑒(𝑡)  − ∫ (𝑘 −  𝑎)𝑒(𝜏)𝑑𝜏
𝑡

0
               ……………..  (34) 

Where 𝑘 is a constant gain, whether sliding mode occur on the sliding surface,  

then 𝑠(𝑡)  =  𝑠̇(𝑡)  =  0, which amount to equation (35)  

𝑒(̇𝑡)  =  (𝑘 −  𝑎)𝑒(𝑡)                              ……………..     (35) 
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In order to obtain the speed trajectory tracking, 𝑘 must be chosen so that the term (𝑘 − 𝑎) is strictly negative and hence 
𝑘 < 0, therefore the sliding surface is defined as: 

𝑠(𝑡) =  𝑒(𝑡) − ∫ (𝑘 −  𝑎)𝑒(𝜏)𝑑𝜏
𝑡

0
= 0            ……………..  (36) 

The variable structure controller is design as in equation (37) 

𝑢(𝑡)  =  𝑘𝑒(𝑡) −  𝛽𝑠𝑔𝑛(𝑆)                         ……………..      (37) 

Where β is a switching gain, S is the sliding variable and 𝑠𝑔𝑛(𝑆(𝑡)) is the sign function defined as: 

𝑠𝑔𝑛(𝑆(𝑡)) = {−1    𝑖𝑓 𝑠(𝑡)<0
1       𝑖𝑓 𝑠(𝑡)>0

               ……………..  (38) 

also, the gain 𝛽 must be chosen so that 𝛽 ≥ |𝑑(𝑡)|all the time 

When sliding mode occurs on the sliding surface, then 𝑆(𝑡) = 𝑆 (𝑡) = 0 and the tracking error converges to zero 
exponentially. From (32) and (37), the current command 𝑖𝑞𝑠 ∗ can be obtained as 

𝑖𝑞𝑠 ∗ (t) =
1

𝑏
[ke − βsgn(S) +  a𝜔𝑚  ∗  (t)  + 𝜔𝑚̇ ∗ (t)  + 𝑓]               ……………..         (39) 

And the value of the current sent to the motor from the controller is given in equation (39), for the command reference 
speed [37].                                                                                                                                                                                  

4. Reduction of Chattering  

To achieve satisfactory tacking performance with a sliding mode controller, the value of 𝛽 must be large in a system 
with higher modelling imperfection, parameter variations, and noise levels. Nevertheless, a higher value of 𝛽 causes the 
control variable and system states to chatter more. To lessen chattering, a boundary layer with a defined width is added 
on both sides of the switching line. As illustrates in flow chat of sliding mode controller in Fig. 2, the width of the 
boundary layer is on either side of the switching line. The control law in equation (37) is changed to: 

𝑢(𝑡)  =  𝑘𝑒(𝑡) −  𝛽𝑠𝑔𝑛
𝑠

∅
               ……………..      (40) 

Where: 

𝑠𝑎𝑡
𝑠

∅
= {

𝑠

∅
    𝑖𝑓   |𝑠| ≤ ∅

𝑠𝑔𝑛(𝑠) |𝑎| > ∅
                  ……………..         (41) 

The proposed flowchart for sliding mode controller is shown in Fig. 2.    

4.1. Design of PID Controller 

The MATLAB tool is utilized to effectively search for the system's ideal PID controller parameters. Better features of this 
method include less computational work and ease of implementation [38, 39]. The PID controller's block diagram is 
displayed in Fig 3. 
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Figure 2 Flow chat of sliding mode controller development 

As shown in Fig 3, the PID controller's output, u (t), is the sum of three signals: the signal produced by differentiating 
and multiplying the error signal by a constant derivative gain, 𝑘𝐷; the signal produced by integrative control response; 
and the signal produced by multiplying the error signal by a constant proportional gain, 𝑘𝑝. The final form of the PID 
algorithm is displayed in equation (42), where 𝑢(𝑡) is defined as the controller output. 

𝑢𝑡 = 𝑘𝑝. 𝑒(𝑡) + 𝑘𝑖 ∫ 𝑒(𝑡)𝑑𝑡 + 𝑘𝑑
𝑑𝑒(𝑡)

𝑑𝑡
       ……………..       (42) 

4.1.1. Were 

• 𝑘𝑝: Proportional gain, a tuning parameter 

• 𝑘𝑖: Integral gain, a tuning parameter 
• 𝑘𝑑: Derivative gain, a tuning parameter 
• e: Error  
• t: Time or instantaneous time (the present) 
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Figure 3 Block diagram of PID controller 

• A MATLAB tool is used to design the tuning mechanism, which can change the PID parameters to regulate the 
motor's speed and determine the transfer function of the intricate SCIM.  

• The optimal dynamic performance was achieved by achieving a fixed PID gain of 1.3, 87.1, and 0.004 following 
a successful trial-and-error method of controller tuning.                     

 

Figure 4 Speed response of PMSM at no-load 

5. Simulation results and discussions 

The Simulation results   and discussions includes the steady state and dynamic state results of PMSM without and with 
controllers, Dynamic state results with proportional integral differential (PID) and sliding mode controller (SMC). This 
result has been achieved at different operating conditions such as with and without load (constant and non-linear load) 
variable reference speed and variable reference load torque. The PMSM data parameters are presented in table 1. 
MATAB/Simulink was used for both the design and the simulation. The controllers were made specifically to control 
speed variations with a constant load and intermittent loads with a constant.  

Every controller's speed, torque, and current responses were examined, evaluated, and contrasted in terms of 
overshoot, undershoot, rise time, settling time, and steady state error. In the following sections, the simulation are 
broken down. 
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Table 1 Three phase PMSM data parameters 

S/N        Parameter                                                                     Specification 

1 Power rating 900 W 

2 Rated speed 1700 RPM 

3 Rated Voltage 380 

4 Frequency 50 

5 Number of poles 6 

6 Current rating 16.7 A 

7 Number of Rotor slot 48 

8 External diameter of stator  210 

9 Internal diameter of stator  148 

10  Rotor Length 250 

11 Internal diameter of Rotor 48 

12 Stack Length 0.95 

15 Mode of connection Star 

5.1. Dynamic Analysis of PMSM Model Without Controller 

This is the Simulink dynamic analysis of the permanent magnet synchronous motor and the Simulink model was build 
using the parameters of PMSM generated from ANSYS RMxpt software. The behavior of the PMS motor on different 
conditions were generated from the Simulink model of PMSM. The speed response of the motor at no load is shown in 
Fig 4.  while the response of the speed with 9Nm is shown in Fig 5.  

 

Figure 5 Speed response of PMSM at 9Nm load 

5.2. Results under Variable speed and Constant load torque using PID controller 

The dynamic performance of the PMSM when a constant load is applied with intermittent speed is presented in this 
section. In this operating condition 4Nm is driven by varying speed of 0 rad/s and 500rad/s using different controllers. 
These loads are driven by the motor with 500rpm speeds, and its performance using these controllers (PID, and SMC, 
are analyzed and compared in term of steady state error, overshoot, undershoot, settling time and rise time. This section 
presents a dynamic behavior of the motor on variable speed and constant load torque. PMSM with varying speed and 
Constant load torque using PID controller. 
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The speed performance of the PMSM drive with PID controller driving 4Nm with a varying speed of 0-500rpm, at 0sec, 
0.5 sec and I sec respectively is presented in Fig 6. The corresponding electromagnetic torque and current response are 
shown in Fig. 7 and 8 respectively.  

 

Figure 6 Variable Speed response of PMSM with PID controller 

  

Figure 7 Torque on variable speed respond of of PMSM 
with PID controller 

Figure 8 Current on variable speed respond of PMSM 
with PID controller 

5.3. Results under Variable speed and Constant load torque using SM controller 

The speed performance of the PMSM drive with SMC driving 4Nm, with a varying speed of 0rad/s, 15rad/s and 30rad/s 
at 0sec, 0.5 sec and I sec respectively is presented in Fig. 9. The corresponding electromagnetic torque and current 
response are shown in Fig. 10 and 11 respectively. The summary of the PMSM dynamic performance using SMC with 
variable speed and constant load torque are presented in Table 2, with variable speed response of PMSM with PID and 
SM controllers shown in Fig. 12. 
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Figure 9 Variable speed respond of  PMSM with SM 
controller  

Figure 10 Torque respond on variable speed of PMSM 
with SM controller 

 

  

Figure 11 Current respond on variable speed of  PID 
SM controller 

Figure 12 Variable speed respond of PMSM PMSM with 
SM controller  

Table 2 Performance Compares of controllers on variable speed using PID and SM controllers 

Controller Load Steady State Error (%) Overshoot (%) Settling Time (sec) Rise Time  

(sec) 

Undershoot 

[%] 

SMC 4Nm 2.3528 0.23551 0.0023038 0.0011284 0 

PID 4Nm 8.00 12.00 0.22 0.05 0 

5.4. Results under step load with constant speed using PID controller 

The speed performance of the PMSM drive with PID controller driving 9Nm at 0.5 second with a constant speed of 
500rpm is presented in Fig. 13. The corresponding electromagnetic torque and current response are shown in Fig 14, 
and 15 respectively.  
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Figure 13 Intermittent speed using PID controller  Figure 14 intermittent load torque using PID 
controller 

 

 

Figure 15 Intermittent current using PID controller 

5.5. Results under step load with constant speed using SM controller 

The speed performance of the PMSM drive with SMC driving 9Nm at 0.5 second with a constant speed of 500rad/s is 
presented in Fig 16. The corresponding electromagnetic torque, current response and speed of SM and PID controller 
are shown in Fig 17, 18, and 19 respectively. The summary of the PMSM dynamic performances using SMC controller 
with constant speed and variable load torque are presented in table 3. 

  

Figure 16 Intermittent current using SM controller Figure 17 Intermittent load torque using SM 
controller 
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Figure 18 Intermittent current using SM controller                                                      Figure 19 Intermittent speed using PID and SM 
controller 

 

Table 3 Performance Compares of SMC and PID constant speed and step load torque 

Controller Load Steady State Error (%) Overshoot (%) Settling Time (sec) Rise Time  

(sec) 

Undershoot 

[%] 

SMC 9Nm 0.84916 0.170 0.0032 0.0021 0 

PID 9Nm 4.00 2.0 0.2 0.02 4.00 

6. Conclusion 

PMSM are mostly used in industrial plants due to their high efficiency, reliability, low maintenance requirements, e.t.c 
Also, PMSM has delivered same performance as a direct current machine drive in the application that requires speed 
control since the development of vector control method. In this research, controllers were developed and designed for 
advance vector speed control technique for PMSM and the dynamic behaviors of the PMSM under the vector control 
technique these controllers are analyzed. The three phase PMSM was modeled in ANSYS Maxwell. Using the RMexpt 
platform the steady state behaviors of the motor was studied and the current with the speed, Torque with speed and 
speed efficiency relationship of the motor were clearly seen. The model designed in RMexpt was transferred to the 
Maxwell 2D platform for actual dynamic analysis, where the current, electromagnetic torque, and speed wave form were 
studied for different loading conditions. The data of the motor model in Ansys RMexpt was use to conveniently model 
the PMSM in MATLAB/Simulink for the actual speed control. The dynamic behavior of the PMSM was analyzed at 
different load conditions. PID, and SMC were designed in MATLAB/Simulink and used for vector control technique for 
speed control at different operating conditions. 

The operating conditions considered were constant speed on constant load, constant speed on step load, and varying 
speed on constant load. Non-linear load was also tested on the PMSM the performance of the motor with these 
controllers were compared in term of steady state error, rise time, settling time, overshoot and undershoot with the 
operating conditions. When SM controllers was used on a constant speed of 25rad/s and constant load of 4Nm, the 
steady state, overshoot, settling time, rise time and undershoot were 0.1%, 0.1%, 0.01%sec, 0.01%sec and 
0%respectively, speed of 500rad/s and load of 9Nm gives the steady state, overshoot, settling time, rise time and 
undershoot were, 0.1%, 2%, 0.01sec, 0.01sec and 0% respectively, variable speed of 0rad/s, 10rad/s and 500rad/s and 
a constant load of 4Nm, the steady state, overshoot, settling time, rise time and undershoot were 0.1%, 4%, 0.05sec, 
0.01sec and 32% respectively. From the results, it is established that SM controller has produced the best speed 
performance on the operating conditions considered, and the error realized with SMC are very negligible that it can be 
comfortably used in the most sensitive applications.  
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