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Abstract: Speed control of a squirrel cage induction motor (SCIM) using a novel control algorithm with 

proportional integral derivative (PID), fuzzy logic (FL) controller, hybrid controller (FL-PID), and optimized 

hybrid controller (FL-PID-PSO) was designed, simulated, and analyzed in this paper. 2.5kW three-phase SCIM 

was considered, and decoupling of the flux and torque-producing components for separate control was done for 

the actual control of the SCIM drive. The motor drive was used to drive a constant load of 0% (0 Nm), 50% (7 

Nm), and 80% (12 Nm) of the rated torque with a variable speed of 0 rpm, 15 rpm, and 30 rpm. It was observed 

that FL-PID-PSO gave the best speed performance compared to other controllers. The steady-state error, rise 

time, settling time, overshot, and undershoot of the proposed model were 0.04 rpm, 0.01 sec, 0.02 sec, 0.06%, and 

0%, respectively, when driving 12 Nm at intermittent speed. The improved speed performance of the proposed 

FL-PID-PSO controller can be used in robotics where high precision speed performance is required. 
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I. INTRODUCTION  

Speed control of induction motors (IM) is of great practical concern in many modern industrial operations 

where variable speed applications are required. This is because IM has to satisfy strict speed characteristics 

requirements with respect to economic benefits, acceptable range, and smoothness of control [1–8]. Industrial 

applications such as conveyors and robotics require variable-speed motoring modes, where different speed 

operations are carried out within the same system [26, 27, 28 and 39]. IM is always used for these applications 

because of its inherent characteristics, including driving the systems that is energies from renewable energy 

sources [17 ,18, and 19]. Variable Refrigerant Flow (VRF) technology uses variable-speed drive applications to 

provide the needed comfort to occupants. It exhibits a 20–40% reduction in energy consumption if the speed of 

the IM driving devices is well managed and regulated. Modern chiller systems are driven by an IM-based variable 

speed drive for high efficiency, where the speed of the IM is regulated and controlled [9, 29, and 30]. 

Technologies have made it possible to achieve efficient speed control with vector control techniques 

along with artificial and hybrid controllers in variable applications [10–13]. Control of IM behavior has been 

developed over the years, tailored to a lot of modern industrial operations. For example, [4] revealed that adequate 

speed control is required for proper energy management and efficiency improvement in the central chiller system. 

In [11], dynamic response using a fuzzy logic controller (FLC) was compared with a proportional integral (PI) 

controller, which showed superior performance at low speed. [5] presented variable refrigerant flow (VRF) 

technology using variable speed drives. The results showed that the energy consumed by the VRF system was 

reduced by 40%. In [14], particle swarm optimization (PSO) was used to get an optimized value, while [15] 

proposed a novel hybrid control of IM based on the combination of direct torque control (DTC) and genetic 

algorithms. The control method showed good performance at only one operating speed. A novel search algorithm 

was proposed in [16] and [17] to improve the design of the FLC and FLC-PIC, respectively, for IM speed control. 

The proposed algorithm provides an easy approach for obtaining membership functions. The developed controller 
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American Journal of Engineering Research (AJER) 2024 
 

 

w w w . a j e r . o r g  Page 48 

provided the needed stability and good dynamic response under speed and mechanical load changes. [18] studied 

the different methodologies of IM drive control. The study showed that the speed, power, and efficiency of IM 

have been controlled by various techniques like frequency control, supply voltage control, and the multiple-stator 

winding method. Implementation of IFOC on an IM drive with PI control was presented in [2], and the results 

show a good dynamic response in intermittent loading operating conditions.  [1] used a finite element analysis 

approach to obtain the dynamic performance of IM under intermittent loading conditions without control. The 

simulation results showed the effect of different loads on the speed performance of the motor. The study [9] 

proposed a control technique that analyzed three different inverter modes (square wave, asynchronous, and. 

synchronous). 

The simulation results of the cited literature show that sensitive parameters like rise time, settling time, 

speed error, undershoots, overshoots, steady-state error, and load torque ripple of the IM drives are still high, 

which will not be accepted in many industrial applications. Also, low-speed control of IM was not given the 

needed attention. Hence, speed control of an IM still requires more research recognition, which will be considered 

in this paper. The present study will focus on driving a 2.5kW squirrel cage IM (SCIM) on an intermittent basis 

of 0 rpm, 15 rpm, and 30 rpm. The SCIM will be subjected to 0%, 50%, and 80% of its rated load torque using 

different controllers (PID, FL, hybrid FL-PID, and hybrid FL-PID-PSO). The performance of these controllers 

will be assessed and compared. The study is expected to produce a SCIM model with improved speed and 

performance characteristics compared to previous literature. Moreover, the proposed control algorithm will lead 

to improvements in variable applications like chillers, VRF technology, cranes, and robotics [40-45] 

II.  ANALYTICAL MODELLING OF SCIM   

SCIM is an AC machine whose speed at loading conditions is always less than the synchronous speed, and it 

operates on the principle of electromagnetic induction. [1] and [19] analyzed the performance of SCIM in steady-

state conditions [20] also outlined the design strategy for achieving the desired performance. A three-phase 2.5Kw 

SCIM is used in this study. The flux linkage equations of SCIM on the dq0 axis using the analytical method are 

given in equations (1)– (4): 

𝑑𝛹𝑞𝑠

𝑑𝑡
= 𝑤𝑏[𝑉𝑞𝑠 −

𝑤𝑒

𝑤𝑏
𝛹𝑑𝑠 +  

𝑅𝑠

𝑋𝐼𝑠
(𝛹𝑚𝑞 − 𝛹𝑞𝑠)]                       (1) 

𝑑𝛹𝑑𝑠

𝑑𝑡
= 𝑤𝑏[𝑉𝑑𝑠 +

𝑤𝑒

𝑤𝑏
𝛹𝑞𝑠 +  

𝑅𝑠

𝑋𝐼𝑠
(𝛹𝑚𝑑 − 𝛹𝑑𝑠)]                 (2) 

𝑑𝛹𝑞𝑟

𝑑𝑡
= 𝑤𝑏[𝑉𝑞𝑟 −

𝑤𝑒−𝑤𝑟

𝑤𝑏
𝛹𝑑𝑟 +  

𝑅𝑟

𝑋𝐼𝑟
(𝛹𝑚𝑞 − 𝛹𝑞𝑟)]             (3) 

𝑑𝛹𝑑𝑟

𝑑𝑡
= 𝑤𝑏[𝑉𝑑𝑟 +

𝑤𝑒−𝑤𝑟

𝑤𝑏
𝛹𝑞𝑟 +  

𝑅𝑟

𝑋𝐼𝑟
(𝛹𝑚𝑑 − 𝛹𝑑𝑟)]           (4) 

Where        

   𝛹𝑚𝑞 = 𝑋𝑚1 [
𝛹𝑞𝑠

𝑋𝐼𝑠
+

𝛹𝑞𝑟

𝑋𝐼𝑟
]           (5) 

 𝛹𝑚𝑑 = 𝑋𝑚1 [
𝛹𝑑𝑠

𝑋𝐼𝑠
+

𝛹𝑑𝑟

𝑋𝐼𝑟
]            (6) 

𝑋𝑚1 = 1
(

1

𝑋𝑚
+

1

𝑋𝐼𝑠
+

1

𝑋𝐼𝑟
)⁄             (7) 

By substituting the flux linkages, currents in d-axis and q-axis are given as: 

𝑖𝑞𝑠 =
1

𝑋𝐼𝑠
( 𝛹𝑞𝑠 − 𝛹𝑚𝑞)            (8) 

𝑖𝑑𝑠 =
1

𝑋𝐼𝑠
( 𝛹𝑑𝑠 − 𝛹𝑚𝑑)           (9) 
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𝑖𝑞𝑟 =
1

𝑋𝐼𝑟
( 𝛹𝑞𝑟 − 𝛹𝑚𝑞)          (10) 

𝑖𝑑𝑟 =
1

𝑋𝐼𝑟
( 𝛹𝑑𝑟 − 𝛹𝑚𝑑)          (11) 

Equation (12) and (13) represent the Electromagnetic torque and rotor speed respectively. 

𝑇𝑒 = 
3

2
(

𝑝

2
)

1

𝑤𝑏
(𝛹𝑑𝑠𝑖𝑞𝑠 − 𝛹𝑑𝑠𝑖𝑑𝑠)                                 (12) 

𝑤𝑟 = ∫
𝑝

2𝐽
(𝑇𝑒 − 𝑇𝐿)                            (13) 

Where p is the number of poles, J is the moment of inertia, is the flux linkage, is the reactance,  is the stator 

resistance, and  is the rotor resistance. 

Also, equations (14) through (16) represent the three-phase stator voltages of SCIM. 

𝑉𝑎 = √2𝑉𝑟𝑚𝑠 sin(𝑤𝑡)          (14) 

𝑉𝑏 = √2𝑉𝑟𝑚𝑠 sin (𝑤𝑡 −
2𝜋

3
)         (15) 

𝑉𝑏 = √2𝑉𝑟𝑚𝑠 sin (𝑤𝑡 +
2𝜋

3
)         (16) 

III. DESIGN OF CONTROL ALGORITHMS 

Decoupling an SCIM is always tedious due to the interaction between the torque and fluxes, whose 

orientations are dependent on the operating conditions of the motor. DC machine-similar performance can be 

obtained in SCIM by decoupling torque and flux. In this paper, PID controllers and FL controllers are designed 

and hybridized to form a single controller. and the hybridized gain parameters are optimized using PSO to control 

the speed of the IM [33 and 34]. The following are noted in the design of the vector control: The reference direct 

– axis stator current 𝑖𝑠𝑑
∗  depends on the reference flux  𝛹𝑟

∗ which is chosen as 0.96  as shown in equation (17), 𝐿𝑚 

is the mutual inductance and Quadratic – axis reference stator current reference   𝑖𝑠𝑞
∗  can be calculated  from 

equation (18), where 𝐿𝑟 is the rotor inductance, P is the number of poles. 

𝑖𝑠𝑑
∗ = 

𝛹𝑟
∗

𝐿𝑚
                                                            (17) 

 

Figure 1. Block diagram of IFOC of SCIM [34] 
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𝑖𝑠𝑞
∗ = 

𝑇𝑒
∗

𝐾𝑖𝛹𝑟
∗                                                         (18) 

 where 𝐾𝑖 = 
3𝑝𝐿𝑚

4𝐿𝑟
 

The electromagnetic torque (Te), rotor speed (𝜔𝑠𝑟), slip (𝜔𝑠𝑙), rotor flux angle (𝜃𝑒)are respectively given as: 

𝑇𝑒 =  
3

2
(

𝑃

2
)

𝐿𝑚

𝐿𝑟
𝜓𝑟𝑖𝑞𝑠          (19) 

 

𝜔𝑠𝑟 = 
𝐿𝑚

𝜓𝑟

𝑅𝑟

𝐿𝑟
𝑖𝑞𝑠          (20) 

𝜔𝑠𝑙 = 
𝐿𝑚𝑖𝑠𝑞

∗

𝑇𝑒𝛹𝑟
∗                                                      (21) 

𝜃𝑒 = ∫(𝜔𝑟 + 𝜔𝑠𝑙)𝑑𝑡          (22) 

Where 𝐿𝑚 is mutual induction, 𝜓 is flux linkage 

 

. Ccoordinate transformation is obtained from equation                    (23) 

(from figure 1), the obtained signal,𝜔𝑠𝑟 , is added with rotor speed signal,𝜔𝑟, to generate frequency signal,𝜔𝑒 ,  and 

rotor flux angle,𝜃𝑒 

𝜃𝑒 = 𝜃𝑟 + 𝜃𝑠𝑙                                      (24) 

  The block diagram of indirect field-oriented control of an induction motor is shown in figure 1. The outputs 
of the Clark block are and, and these signals serve as the inputs to the park transformation block. The position of 
the angular flux is required for computing the two component currents. The d-q currents are compared to the 
reference flux and torque. The flux command indicates the right rotor flux command forever speed reference within 
the nominal value. The inverse output of these transformations enters the inverter, which drives the motor at the 
required signal for the reference speed value and smooth speed control. The control algorithm provides inverter 
switching commands to achieve the desired speed at the motor shaft. The algorithm for indirect field oriented 
control can be summarized as follows: 

The phase currents 𝐼𝑎  , 𝐼𝑏  and  𝐼𝑐will be fed to clarke transformation module which, will give two phase current 

components  𝐼𝛼  and 𝐼𝛽 in stationary reference  

The stationary currents will be transformed into rotating reference frame components 𝐼𝑑  and  𝐼𝑞   using the park 

transformation. 

 

The rotor flux will be computed using: 

𝛹𝑟  =
𝐿𝑚𝑖𝑑

1+ 𝜏𝑟
          (25) 

Where 𝜏𝑟  is the rotor time constant calculated from: 

𝜏𝑟  =
𝐿𝑟

𝑅𝑟
                         (26) 

 

The rotor angle  𝜃𝑒will be computed from (24) and used for coordinate transformation. The actual motor 

speed will be computed using the reference speed and the error produced will be fed to the speed controller. The 

controller output is electromagnetic torque,𝑇𝑒 . The quadratic stator current components reference  𝑖𝑞   and 𝑖𝑑will 

be computed from (17) and (18), respectively. 𝑖𝑞   and 𝑖𝑑 current reference will be converted into 𝑖𝛼  and 𝑖𝛽 current 

reference in a stationary reference frame using park transformation. Also, 𝑖𝛼  and 𝑖𝛽will be converted into phase 

current reference 𝑖𝑎 , 𝑖𝑏 and 𝑖𝑐  by using inverse clarke transformation that will be used in the motor drive. The 

Clarke transformation method transforms a three-phase system into a two-phase system (stationary reference 

frame). (27) and (28) are generated based on (14), (15), and (16). 

𝑉𝛼 = 
2

3
𝑉𝑎 +

1

3
𝑉𝑏 −

1

3
𝑉𝑐          (27) 

𝑉𝛽 =
1

√3
𝑉𝑏 −

1

√3
𝑉𝑐          (28) 

Clarke transformation in matric form and inverse clerke transformation are respectively given as:  

[
𝑉𝛼
𝑉𝛽

] =  
2

3
[
1 1

2⁄ −1
2⁄

0 √3
2

⁄ − √3
2

⁄
] [

𝑉𝑎
𝑉𝑏

𝑉𝑐

]          (29)   



American Journal of Engineering Research (AJER) 2024 
 

 

w w w . a j e r . o r g  Page 51 

[
𝑉𝑑

𝑉𝑞
] =  

[
 
 
 

−

1 0
1

2

−√3

2

1

2

−√3

2 ]
 
 
 

[
𝑉𝛼
𝑉𝛽

]                                                   (30). 

The transformation of the equations to rotating reference frame in direct and quadrature axis uses park 

transformation technique. This is expressed in equation (30) 

[
𝑉𝑑

𝑉𝑞
] = [

cos 𝜃 sin θ
−sin 𝜃 cos 𝜃

] [
𝑉𝛼
𝑉𝛽

]         (31) 

three-phase system of stator and rotor are calculated as in equations (32) and (33)  

[
𝑖𝛼
𝑖𝛽

] =  [
cos 𝜃 −sin 𝜃
sin 𝜃 cos 𝜃

] [
𝑖𝑑
𝑖𝑞

]         (32) 

[

𝑖𝑎
𝑖𝑏
𝑖𝑐

] =
2

3

[
 
 
 

1 0

−1
2⁄ −√3

2
⁄

−1
2⁄

√3
2

⁄ ]
 
 
 

[
𝑖𝑎
𝑖𝛽

]         (33) 

 
(33) represents the final value of the three-phase system that is emerging from the motor. This concept of 
transformation allows the speed control of SCIM to be possible. 
 
3.1 Design of PID Controller 

Figure 2 shows the block diagram of the PID controller. From Figure 3, the output of the PID controller, 

u (t), constitutes the sum of three signals: the signal obtained by multiplying the error signal by a constant 

proportional gain, kp; the signal obtained by differentiating and multiplying the error signal by a constant 

derivative gain, kD; and the signal obtained by integrative control response. This approach has superior features 

like easy implementation and less computational effort [21,30, 31, and 36]. Defining  𝑢(𝑡) as the controller output, 

the final form of the PID algorithm is from equation (34). 

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

𝑑𝑡
       (34) 

The tuning mechanism is designed using MATLAB software tools for deriving the transfer function of the 

complex SCIM and varying the PID parameters to control the speed of the motor. After a successful tuning of the 

controller using trial and error method, a fixed PID gains of  𝑘𝑖 = 1.3, 𝑘𝑝 = 87.1 and 𝑘𝐷 =  0.004 were realized 

to arrive at best dynamic performance. 

 

 

 

 

 

 

3.2 Design of Fuzzy Logic Controller 

In the speed control of SCIM, which is the focus of this paper, a fuzzy logic controller (FLC) is used 

because of the nonlinear characteristics of SCIM [22, 23]. A rule that consists of ‘If-Then’ is created to define the 

behaviors of the system. These rules are likened to the human thought process, hence providing artificial 

intelligence to the system. Figure 4 shows the three-dimensional view of the control surface, where the range of 

error and change in error are [-50, 50] and [-30, 30], respectively. The proposed fuzzy logic design has seven 

 

Figure 2. Block diagram of  PID controller [31] 

 



American Journal of Engineering Research (AJER) 2024 
 

 

w w w . a j e r . o r g  Page 52 

triangular membership functions for error, E, change in error, CE, and nine triangular membership functions for 

the output, U. The proposed fuzzy linguistic sets for membership functions of the input and output are Z = zero, 

PS = positive small, NB = negative big, PM = positive medium, and NM = negative. The choice of membership 

functions affects the design of a FLC. Membership functions are a curve that determines the value of the input 

signal to the fuzzy controllers medium, NVB = negative very big, PVB = positive very big, NS = negative small, 

PB = positive big.  

 

 

The membership functions used to fuzzify the FLC's two inputs and the plot are displayed in Figure 4 and 

Figure 4. The membership functions' points that need to be adjusted are c1 and c2 for output, du; a1 and a2 for 

error, e; and b1 and b2 for change in error, ce. The output's n1, n2, and n3 normalization parameters for the two 

inputs are as follows: As a result, nine parameters (n1, n2, n3, a1, a2, b1, b2, c1, c2) must be optimized for the 

design of FLC. Link between knowledge and inference mechanisms  the relationship between the output and input. 

The fuzzy logic controller has two inputs and one output, with seven membership functions each. The combination 

of the two inputs will lead to forty-nine combinations, or forty-nine rules.  The rules are presented in Table 1 

 

 

 

 

 

 

3.3 Design of Hybrid Speed Controller 

The hybrid controller in this paper is the hybridization of PID and FLC, and it is used as a single controller to 

control the speed of the SCIM using the vector control technique. The hybrid model is shown in Figure 3, and 

its Simulink model is shown in Figure 5. 

Table 1: The Rule base of fuzzy logic controller 

 e  

NB NM NS Z PS PM PB 

 
 

 

ce 

NB NVB NVB NVB NB NM NS Z 

NM NVB NVB NB NM NS Z PS 

NS NVB NB NM NS Z PS PM 

Z NB NM NS Z PS PM PB 

PS NM NS Z PS PM PB PVB 

PM NS Z PS PM PB PVB PVB 

PB Z PS PM PB PVB PVB PVB du 

 

 

Figure 4. Three-dimensional plot of control surface 

 

 

Figure 3. Membership functions of fuzzy logic controller 
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The inputs of the FLC are the error, E, and the change in error, CE, and the output of the FLC serves as an input 

(error signal) to the PID error signal. Due to the combination of the strengths of the two controllers, the hybrid 

controller offers a high level of system stability against load variations [17 , 32]. 

3.4 Design of Particle Swarmp Optimizer 

Particle swarm optimization (PSO) optimizes an objective function by undertaking a population-based search. 

Figure 6. represents the general flow of PSO. The population consists of potential solutions, named particles, 

which are metaphors of birds in flocks. These particles are randomly initialized and freely fly across the multi-

dimensional search space [13, 24, 25, and 26]. During flight, each particle updates its own velocity and position 

based on its best experience and the entire population. At each iteration, each of these particles modifies its 

velocity and position according to its own experience of flying and the experience of its neighbors through a 

communication network between the swarm members to find the best solution. The velocity and the position of 

each particle are respectively represented in the number, n, of iterations, as 

 

𝑉𝑖(𝑘) = [𝑉𝑖1(𝑘), 𝑉𝑖2(𝑘) − − − − − 𝑉𝑖𝑛(𝑘)]𝑇          (35) 

𝑋𝑖(𝑘) = [𝑋𝑖1(𝑘), 𝑋𝑖2(𝑘) − − − − − 𝑋𝑖𝑛(𝑘)]𝑇        (36) 

At each iteration, the particle rushes to get the best local position based on its own memory. This is what 

distinguishes the PSO algorithm from the other algorithms and can be presented at each iteration. The local or 

personal best position of the particle up to time, k, is represented in equation 37. 

𝑃𝑏𝑒𝑠𝑡(𝑘) = [𝑃𝑏𝑒𝑠𝑡𝑖1(𝑘), 𝑃𝑏𝑒𝑠𝑡𝑖2(𝑘) − − 𝑃𝑏𝑒𝑠𝑡𝑖𝑛(𝑘)]                                 (37) 

While the  global best, which is the best solution of all the particles in the whole group is represented in equation 

(38) 

𝐺𝑏𝑒𝑠𝑡(𝑘) = [𝐺𝑏𝑒𝑠𝑡𝑖1(𝑘). 𝐺𝑏𝑒𝑠𝑡𝑖2(𝑘). 𝐺𝑏𝑒𝑠𝑡𝑖𝑛(𝑘)]                    (38) 

After finding the best 𝐺𝑏𝑒𝑠𝑡  and  𝑃𝑏𝑒𝑠𝑡, the particles modify their positions and velocity at time (k+1) according 

to: 

𝑉𝑖
𝑘+1 = 𝑤𝑉𝑖

𝑘 + 𝑐1𝑟1(𝑃𝑏𝑒𝑠𝑡𝑗 − 𝑆𝑖
𝑘) + 𝑐2𝑟2(𝑔𝑏𝑒𝑠𝑡𝑗 − 𝑆𝑖

𝑘)                               (39) 

𝑤 =  𝑤𝑚𝑎𝑥 − 
𝑤𝑚𝑎𝑥−𝑤𝑚𝑖𝑛

𝑖𝑡𝑒𝑟𝑚𝑎𝑥
× 𝑖𝑡𝑒𝑟                    (40) 

Where 𝑉𝑖
𝑘 is the current velocity of agent I at iteration k,  𝑉𝑖

𝑘+1 is the updated velocity of agent I, 𝑟1 and 𝑟2 are 

random numbers uniformly distributed in [0,1], 𝑆𝑖
𝑘 is the current position of agent I at iteration K, pbest is pbest 

of agent i, gbest is gbest of agent i, w is weight function for velocity of agent i, 𝑐1 and𝑐2  are positive constants, 

called cognitive and social parameters respectively, 𝑤𝑚𝑎𝑥  is maximum weight, 𝑤𝑚𝑖𝑛 is minimum weight, itermax 

 

Figure 5. Simulink model of FLC- PID controller 
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is maximum iteration number, iter is the current iteration number. Based on equation (40), an updated velocity 

can be calculated. 

 

 

 

The current position can be modified as: 

The general flow chart of PSO is shown in Figure 6. It can be described as follows: 

Step 1: generation of the initial condition of each agent randomly within the allowable range, that is, the initial 

searching point and velocities of each agent. Pbest is the current searching point for each agent, and the best of 

Pbest is set to global best (gbest). 

Step 2: Searching point of each agent evaluation. In this step, the objective function is calculated for each agent, 

and when the value is realized, the pbest is obtained, and the agent number with the best value is stored. (37) and 

(38) are used for the modification of the search point. 

Step 3: If the desired value is reached, exit or go back to step 2. 

From (35), the speed of each particle has three components, which are: momentum, a component towards the 

bird's self-best, and a component towards the global swarm's best. Also, adaptability and stability are the essential 

characteristics of the PSO method. The normalization parameters, de-normalization parameters, and parameters 

of the membership functions are improved by optimizing properly defined objectives or fitness functions [10]. 

The two inputs of the FLC, error (e) and change in error (ce), are represented in equations (41), (42) and (43) 

𝑒(𝑡) = 𝜔𝑟
∗ −  𝜔𝑟        (41) 

𝑐𝑒(𝑡) = 𝑒(𝑡) −   𝑒(𝑡 + 1)                                          (42) 

𝑓𝑒 = ∫ (𝜔𝑟
∗ −  𝜔𝑟)

𝑡

0
𝑑𝑡                                            (43) 

The purpose of the optimization is to minimize the objective function of (43). 

IV. DESIGN RESULTS AND DISCUSSION 

This section will present the performance results of the SCIM using the different controllers (PID, FL, 

hybrid FL-PID, and hybrid FL-PID-PSO). The parameters of the tested motor are listed in Table 2. The design 

and simulation were carried out using the Simulink toolbox in MATLAB. The controllers were separately 

designed (as displayed in Figure 5) for the varying speed control of the motor on an intermittent basis of 0 rpm 

 

Figure 6. General flow chat of PSO [13, 38] 

 

Table 2. SCIM parameter 

Motor parameters specification 

voltage 460 

Power 2.5kW 

Frequency 50Hz 

Rotor Resistance 0.228Ω 

Stator Resistance 0.087Ω 

Rotor Inductance 0.8× 10−3 

Stator Inductance 0.8× 10−3 

Mutual Inductance 0.0347H 

Pole 4 

Initial 1.662Kg𝑚2 

speed 1440RPM 
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(from 0-0.5 sec), the speed increases to 15 rpm (from 0.5–1 sec), and the speed further increases to 30 rpm (from 

1-2 sec) for different percentages of its rated load (0Nm (0%), 7Nm (50%), and 12Nm (80%).  The speed, torque, 

and current responses of each controller were studied, analyzed, and compared in terms of steady-state error, rise 

time, settling time, overshoot, and undershoot. The simulation results are subdivided into the subsequent sections. 

4.1 Results under variable speed and constant load torque using PID controller  

The speed performance of the SCIM drive with PID controller is presented in Figure 7. Simulation shows 

the good performance of IFOC using PID under variable speed and constant load operating conditions. Figure 7 

shows that speed tracking is smooth and fast, this is quite recommended for this operating condition where there 

is a fast change in reference speed. This highlights a good transient response from the models. The speed response 

of the motor has an overshoot of 13.13% and an undershoot of 0% at no load. Also, the settling time, rise time, 

and steady state error are 0.2 sec, 0.0.4 s, and 1.03 rad/s, respectively. The corresponding electromagnetic torque 

and current response are shown in Figures. 8 and 9, respectively. In Figure. 9, each overshoot at every speed 

increase and settles after 0.2 s, while in Figure. 9, the overshoot at every increase in speed settles immediately 

after 0.05 sec. The overall performance parameter of this model is recorded in Table 3. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.Speed response with PID controller 

 

 

Figure 8.Torque response with PID controller 

 

 

Figure 9.Current response with PID controller 
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4.2 Results under variable speed and constant load torque using Fuzzy logic controller 

Figure 10 shows the speed performance of the SCIM with FLC at various load torques. As shown in Figure 10, it 
shows better speed performance when compared with the result of the PID controller. The speed tracking ability of 
this model is faster, and it displays better transient response ability. It has been shown according to Table 3 that a 
lesser value of steady state error, settling time, rise time, and overshoot in speed response. The motor speed response 
has an overshoot of 10.362% and an undershoot of 0% when driving at no load. Also, the settling time, rise time, 
and steady state error are 0.18 sec, 0.03 sec, and 0.5 rad/s, respectively. The corresponding electromagnetic torque 
and current response are shown in Figures 11 and 12, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Each torque response overshoots at every speed increase and settles after 0.3 sec, as seen in Figure 12. Also, there 

is an overshoot at every increase in speed value in Figure 13, which settles immediately after 0.03 sec.. 

 

Figure 10.Speed response with FL controller 

 

 

Figure 11.Torque response with FL controller 

 

 

Figure 12.Current response with FL controller 
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4.3  Results under variable speed and constant load torque using FL-PID controller  

 Using the FL-PID controller, the speed response of SCIM is presented in Figure 13. There is a combined 

strength in this model, where the weaknesses of PID and FL controllers are eliminated. This results in better 

dynamic speed performance compared to what is available for FL and PID controllers. Speed characteristics in 

Figure 13 have overshoots of 9.87% and undershoots of 0% at no load. Also, the settling time, rise time, and 

steady state error are 0.17 sec, 0.026 sec, and 0.2 rad/s, respectively. There is an improvement in performance 

when compared to the dynamic performance of the motor with PID and FL controllers under this operating 

condition. The corresponding electromagnetic torque and current response are shown in Figures 14 and 15, 

respectively. 

Each torque response overshoots at every increase in speed and settles after 0.1 sec in Figure 14, while Figure 15 

shows that there is an overshoot of the current response at every increase in speed, which settles immediately after 

0.02 sec. 

 

4.4 Results under variable speed and constant load torque using FL-PID-PSO controller  

The performance of the SCIM drive with a hybrid FLC-PID-PSO controller is presented in Figures 16 -18. The 

membership function of the fuzzy logic controller in the hybrid controller is optimized by the PSO technique, as 

 

Figure 13.Speed response with FL-PID controller 

 

 

Figure 14.Torque response with FL-PID controller 

 

 

Figure 15.Torque response with FL-PID controller 
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are the input gain parameters of the PID controller. The optimization has given an improved model, which has 

given an excellent result, as shown in figures 16 through 18. The model has  a fast and smooth dynamic response, 

and the time given to switch from one reference speed to another at the desired time range is very minimal. The 

simulation response has shown that if the model is implemented, it will improve the efficiency of the system in 

terms of energy usage because there will be a massive reduction in energy loss. The speed response of Figure 16 

has an overshoot of 0.5% and an undershoot of 0%, driving 0 Nm load torque. Also, the settling time, rise time,  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Current response with FL-PID-PSO 

controller 

 

 

Figure 17. Current response with FL-PID-PSO 

controller 

 

 

Figure 18 .Current response with FL-PID-PSO controller 
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and steady state error are 0.02 sec, 0.01 sec, and 0.02 rad/s, respectively. There is an improvement in performance 

when compared to the dynamic performance of the motor with FLC, PID, and FLC-PID controllers under this 

operating condition. The corresponding electromagnetic torque and current response are shown in Figures 16 and 

18, respectively. Each torque response in Figure 18 overshoots at every speed increase and settles after 0.02 s. 

Figure 18 shows that there is overshoot at every increase in speed and settles immediately after 0.01 s. There is a 

massive reduction in stator current as compared to other SCIM drive models with PID, FL, and FL-PID 

controllers. The comparative summary of the dynamic performance of the SCIM using the different controllers 

under variable speed and constant load torque is presented in Table  3. 

V. CONCLUSION 

This paper presents the speed control of SCIM using vector control techniques with PID, FL, FL-PID, 

and FL-PID-PSO controllers. In this algorithm, the flux and torque components were controlled separately on the 

d-axis and q-axis through the decoupling method. The simulation results of the SCIM drive model include the 

stator current, rotor speed, and electromagnetic torque under constant load torque using variable speed 

intermittently. The speed characterization of each controller is presented using their steady state error, rise time, 

settling time, percentage overshoot, and undershoot. The values of these performance parameters are recorded in 

Table 3. From the simulation results, it is evident that the optimized hybrid controller (FL-PID-PSO) gave the 

best improved speed response. The model has much better speed-enhanced performance when compared to the 

results from [1], [13], and [27]. Also, the work has given the needed attention to SCIM low-speed analysis. The 

proposed model will be useful in mechatronics and robotics, where high precision and smooth speed control are 

paramount. 
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