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Abstract: - Because of its frequent use in diverse systems, the PMSM drive must be controlled. Field-oriented 
control (FOC) based PMSM drive is modeled in the present work to optimize the torque and speed performance 
of the PMSM. The FOC is based on a dissociated speed and flux control approach, which controls the speed 
and flux of the PMSM independently. The standard Proportional Integrator Derivative (PID) controller 
regulates the speed in FOC, which is noted for its increased resilience in linear systems, however in nonlinear 
ones, the PID controller responds poorly to changes in the system’s variables. In this case, the best solutions are 
frequently based on optimization techniques that produce the controller’s gains in every period. Optimizing the 
PID’s behavior in response to the system’s nonlinear behavior. The novel proposed strategy for enhancing the 
gains of the PID controller by employing a cost function such as Integral Time Absolute Error (ITAE) is based 
on PID speed regulation and is optimized using the Ant Colony Optimization algorithm (ACO) for FOC. To 
confirm the strategy’s aims, the suggested method is implemented on Matlab/Simulink. The simulation results 
demonstrated the efficiency of the intelligent ACO-FOC control, which delivers good performance in terms of 
stability, rapidity, and torque fluctuations.  
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1   Introduction 
Researchers have already been grappling with the 
regulation of variable-speed electrical machinery 
since the birth of industrialization. This is why 
electrical motors are becoming increasingly 
demanding in terms of efficiency, dependability, 
and cost reduction, [1], [2], [3]. This difficulty was 
rectified in the nineteenth century with DC motors; 
however, these drives cannot be utilized in corrosive 
environments or high-power levels and the 
commutator also requires repair, [4], [5]. As a result 
of these limits, research on the subject of variable 
speed has been oriented toward AC machines, 
particularly synchronous machines. 

Permanent Magnet Synchronous Motors 
(PMSM) provide several advantages, including a 
high-power factor, a high-power density, high 
efficiency, and low-maintenance operation, [6], [7]. 

Multiple methods are utilized in the field of 
controls, which have advantages but are limited by 

some drawbacks; among these popular controls that 
have been used on PMSM is the Field Oriented 
Control (FOC), whose operating principle is to 
restore the function of the PMSM to that of a DC 
machine, ensuring an uncoupling of flux and torque, 
[8], [9]. However, in the case of Sensored or Direct 
Field Oriented Control (DFOC), [9], this technique 
needs a sensor located in the air gap to precisely 
determine the flux, and the sensors are susceptible 
to physical and mechanical restrictions 
(temperature, vibration), [10]. Sensorless or indirect 
Field Oriented Control (IFOC) eliminates the flux 
sensor problem but has the disadvantage of being 
sensitive to machine parameter fluctuations, 
particularly the rotor and stator time constant. 
Furthermore, this technique necessitates the use of 
six traditional PID regulators, making the control 
complex and sensitive to parameter variations, [11]. 
For this reason DFOC how will used in this work. 
By far the most often utilized controller in virtually 
all industrial control applications is the proportional-
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integral-derivative (PID) controller. Over ninety 
percent of all control loops are PID, spanning 
applications ranging from process management to 
motor drives, transportation, and aviation control. 
Because of their linear form, these linear control 
techniques have the benefit of being simple to 
implement and simple to synthesize. Its applications 
will be unsuccessful, especially if the structures that 
have to be controlled have complex and nonlinear 
properties, [12], and because of the PID regulator’s 
renowned characteristics, which fail to be adaptable 
when the system is nonlinear and complex, and 
because its gains rely on machine settings that are 
variable due to physical constraints, [13]. As a 
result, various research efforts have been made to 
address the shortcomings of the PID controller in 
changeable parameter systems. For optimum 
performance of the PID controller, intelligent 
optimization techniques such as Particle Swarm 
Optimization (PSO) [14], autotuning [15], Fuzzy 
Logic [16], Genetic Algorithm (GA) [17], [18], 
[19], Evolutionary Programming (EP) [20] and 
Future Search Algorithm (FSA) [21], have been 
used. 

A PID regulator tuned using an ACO technique 
is employed in this study to control the speed of the 
PMSM using DFOC. ACO has attracted widespread 
interest and use in addressing continuous non-linear 
optimization problems due to its ease of 
implementation, simple principle, and rapid 
convergence. 

Ant colony Optimization is a strategy for 
optimization inspired by the feeding behavior of 
genuine ant colonies. It was originally suggested in 
1992 by Marco Dorigo. ACO is used in [22], for 
Dynamic path optimization; it is a crucial part of 
intelligent transportation systems. Where the results 
are more accurate. The application of Ant Colony 
Optimization in [23], is in the field of Image 
Processing. Application/Improvements: ACO has 
been used successfully in a variety of applications 
that deal with images such as edge linking, edge 
detection, segmentation, image compression, and 
feature extraction. ACO is also widely used to 
modify and improve the gains of PID controllers. T. 
Sakthivel and Co. ACO was introduced in [24], [25] 
to identify optimal PID regulator gains for the 
Doubly Field Induction Motor (DFIM) and 
Induction Motor (IM), respectively. For a variety of 
reasons, including the ability to reply at a faster rate 
and with no static error in response speed, 
employing ACO to control the speed of the PMSM 
using DFOC is useful. The work in this paper 
focuses on the analytical analysis and design of 
FOC control applied to PMSM, and the parameters 

of the PID speed controller are optimized utilizing 
the ACO algorithm by ITAE cost functions. This 
study will be analyzed using a Matlab/Simulink 
environment. Figure 1 depicts the overall 
framework of the proposed control system. 

The following sections comprise this article:   
The second section is devoted to the development of 
the FOC strategy and the PMSM mathematical 
model. Section 3 is concerned with the development 
and design of the ACO algorithm. Section 4 is 
dedicated to the implementation of the ACO-FOC 
intelligent strategy on Matlab/Simulink, as well as 
the discussion of simulation results. Section 5 is for 
concluding the work. 

 
Fig. 1: ACO-FOC control structure 
 

 

2  Overview of FOC for PMSM Drive 
 
2.1  FOC Strategy 
First, FOC is an algorithm that controls the PMSM 
motor as if it were a DC motor. Whereas the 
mathematical model of PMSM generates nonlinear 
equations and has torque and flux equations 
dependent on each other, making PMSM 
management problematic. However, as a result of 
the FOC method, the torque and flux equations 
become independent. As a result, the control will be 
simpler than the first. 

The FOC algorithm is built around two essential 
concepts: The first fundamental principle is that of 
flux and torque producing currents, [26], and the 
second is that of reference frames. A reference 
frame is used to convert a sinusoidal quantity in one 
reference frame to a constant value in another 
reference frame that rotates at the same frequency. 
As a result, FOC control is accomplished through 
these procedures; After measuring the three phase 
currents Ia, Ib, and Ic, the park transformation is 
used to transition from a sinusoidal current and a 
stationary frame to a constant current (Iq, Id) and a 
rotating frame.   The Park transformation converts a 
sinusoidal quantity in a stationary reference frame 
from a three-phase reference to a two-phase 
reference. The matrix below is utilized to do this 
transformation. 

WSEAS TRANSACTIONS on POWER SYSTEMS 
DOI: 10.37394/232016.2024.19.3 Meriem Megrini, Ahmed Gaga, Youness Mehdaoui

E-ISSN: 2224-350X 19 Volume 19, 2024



 𝑃(𝜃𝑠) = √23
(

 
 
𝑐𝑜𝑠( 𝜃) 𝑐𝑜𝑠(𝜃 −

2𝜋

3
) 𝑐𝑜𝑠(𝜃 −

4𝜋

3
)

−𝑠𝑖𝑛(𝜃) −𝑠𝑖𝑛 (𝜃 −
2𝜋

3
) − 𝑠𝑖𝑛 𝜃 −

4𝜋

3
)

1

√2

1

√2

1

√2 )

 
 

 (1) 

 
Park inverse transformation is from the dq frame 

into a, b, and c frames. To do it, the matrix below is 
used. 
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2.2  Modelling of PMSM drive   
A Permanent Magnet Synchronous Motor (PMSM) 
is an electric motor that generates a magnetic field 
using permanent magnets integrated into the rotor.   
It is a synchronous motor, which implies that the 
rotor’s rotational speed is synchronized with the 
frequency of the applied electrical current. PMSM 
motors are commonly built to run on three-phase 
alternating current (AC). To generate a rotating 
magnetic field, the stator windings are typically 
organized in three stages, each displaced by 120 
degrees (Figure 2), Table 2 (Appendix) shows the 
PMSM motor parameters used in this work. 

 
Fig. 2: PMSM representation’s stator and rotor 
 

The dynamic model of the PMSM is determined 
utilizing the 2-phase motor direct and quadrature 
axes. The PMSM dq-model is generated from the 
synchronous machine’s winding and field current 
dynamics. The PMSM dynamic model is developed 
using only a few assumptions. Stator winding has an 
identical amount of turns when the three-phase 
supply voltage is balanced. The induced EMF has 
sinusoidal characteristics, and hysteresis losses, 
ripples, and saturation are not taken into account. 
The PARK transformation notion simplifies the 
derivation of electrical equations even further. The 
mathematical representation of the PMSM motor 
will be written as follows and Table 1 (Appendix) 
presents the list of the symbols used: 

 The equations in the three-phase frame are 
as follows: 

-The stator’s voltage is expressed as: 

{
 
 

 
 [𝑉𝑎] = [𝑅][𝐼𝑎] +

𝑑[∅𝑎]

𝑑𝑡

[𝑉𝑏] = [𝑅][𝐼𝑏] +
𝑑[∅𝑏]

𝑑𝑡

[𝑉𝑐] = [𝑅][𝐼𝑐] +
𝑑[∅𝑐]

𝑑𝑡

   (3) 

 
-The stator’s flux expressed as: 

{

[∅𝑎] = [𝐿𝑠][𝐼𝑎] + [𝑀][𝐼𝑓]

[∅𝑏] = [𝐿𝑠][𝐼𝑏] + [𝑀][𝐼𝑓]

[∅𝑐] = [𝐿𝑠][𝐼𝑐] + [𝑀][𝐼𝑓]

   (4) 

 
-The dynamic equation is as follows: 
𝐽
𝑑Ω

𝑑𝑡
= 𝑇𝑒𝑚 − 𝑇𝑟 − 𝑇𝑓     (5) 

 
 The stator equation on the dq coordinate can 

be given as: 
-The stator’s voltage is as follows: 

[
𝑉𝑑𝑠
𝑉𝑞𝑠
] = 𝑃(𝜃𝑠). [

𝑉𝑎
𝑉𝑏
𝑉𝑐

]    (6) 

{
𝑉𝑑𝑠 = 𝑅𝑠. 𝑖𝑑𝑠 +

𝑑∅𝑑𝑠

𝑑𝑡
− 𝜔𝑟∅𝑞𝑠

𝑉𝑞𝑠 = 𝑅𝑠. 𝑖𝑞𝑠 +
𝑑∅𝑞𝑠

𝑑𝑡
+ 𝜔𝑟∅𝑑𝑠

  (7) 

 
-The stator’s flux expressed as: 

[
∅𝑑𝑠
∅𝑞𝑠

] = 𝑃(𝜃𝑠). [

∅𝑎
∅𝑏
∅𝑐

]    (8) 

{
∅𝑑𝑠 = 𝐿𝑑𝑠. 𝑖𝑑𝑠 +𝑀. 𝑖𝑑𝑟
∅𝑞𝑠 = 𝐿𝑞𝑠. 𝑖𝑞𝑠 +𝑀. 𝑖𝑞𝑟

   (9) 

 
-The electromagnetic torque generated by the 
PMSM is presented below as a function of stator 
quadrature current and flux. 
𝑇em = p. [∅ds. iqs − ∅qs. ids]         (10) 
 
-The electromagnetic torque is simplified using the 
stator field-oriented control strategy (id = 0) and 
becomes as follows: 
𝑇em = p. ∅ds. iqs         (11) 
 
 
3  ACO Controlling Mechanism for 

PMSM Drive Solution 
The ACO method based on how ants behave while 
looking for food. The ants start by moving 
randomly. After seeking food, they back to the 
colony, signaling their path using pheromones, [27].  
When more ants encounter this path, they are more 
inclined to halt their chaotic motions and follow the 
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prescribed path, so strengthening the trail on their 
way back if the designated road leads to food. 
Simultaneously, the shorter way will be used with 
greater frequency, strengthening and tempting it, 
[24]. A network scenario can be used to depict the 
challenge of developing the PID controller utilizing 
the ACO algorithm (Figure 3). Three separate 
vectors were used to organize all of the information 
for each gain (P, I, D). The vectors in question can 
be thought of as roads connecting nests to form a 
graphical representation of the scenario. During the 
journey, each ant must navigate three colonies by 
selecting the best route between the start and end 
nodes. The purpose of the ACO is to discover the 
best route with the lowest cost function around the 
three colonies. These ants deposit their pheromones 
at the beginning of each trail. 

 
Fig. 3:  ACO structure as a neural network problem 

 
Important steps in the implementation of the 

ACO include choosing the cost functions that will 
be used to assess each node’s appropriateness. The 
three cost functions used frequently are integral 
square error (ISE), integral absolute error (IAE), and 
integral time absolute error (ITAE). Where the 
ITAE will be employed for this work. Equation 12 
expresses it. 
𝐼𝑇𝐴𝐸(𝑒) = ∑ 𝑖|𝑒𝑖|

𝑛
𝑖=1               (12) 

 
The optimization of the PID controller utilizing 

the ACO block structure is shown in Figure 4. 

 
Fig. 4: PID Controller Optimization Using ACO 
 

Figure 5 depicts the sequence of operations 
required to build the given ACO algorithm and 
Table 3 (Appendix) shows The ACO parameters 
utilized in the current study. 

 
Fig. 5: ACO Sequence for PID Controller 
optimization 
 

 

4   Simulation and Discussion 
The proposed speed and torque control using the 
FOC-ACO block scheme is shown in Figure 6, 
where, the inverter with the machine and the 
control, is built on SIMULINK and the algorithmic 
part is done on Matlab. That is, the gains values of 
the ACO-optimized speed PID regulator are all 
produced using MATLAB, and the control takes 
place in SIMULINK. Where the PMSM is 
configured using the parameters listed in Table 2 
(Appendix). 
 

 
Fig. 6: ACO-FOC control structure of the PMSM 
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During simulation, two scenarios are studied for 
the examination of field-oriented control: variable 
load with variable reference speed and dynamic 
speed with no load. The simulation results are 
depicted in the following figures. 
 
4.1  Under No Load 
As shown in Figure 7-a, the PMSM is in 
acceleration mode. Where there is no load, the speed 
increased from 80 rad/s to 110 rad/s at t=3 s. The 
torque response of the system is shown in Figure 7-
b, and the load torque follows the electromagnetic 
torque, which has a value of 0 Nm. The quadrature 
current generated by the ACO method speed 
regulation is represented in Figure 7-c wish is equal 
to zero. Figure 7-d shows the direct current, which 
is 0 due to the proximity of FOC. 
 

 
Fig. 7: Response under no load: a- Speed response, 
b- Torque response, c- Quadrature current, d- Direct 
current 
 

The settling time is 0.06 s with no overshoot 
and no peak time of the speed as shown in Figure 8-
a. The torque, as seen in Figure 8-b, follows the 
quadrature current path (Figure 8-c), thanks to the 
ACO-FOC method, which allows for torque control 
by adjusting the proportionate quadrature currents 
and as presented in their responses there is small 
ripple that render this control well performed. 
Figure 8-d shows that the flux has been oriented, 
causing the direct current to equal zero. 

 

 

Fig. 8: Zoom response under load: a- Speed 
response, b- Torque response, c- Quadrature current, 
d- Direct current 
 
 
4.2  Under Load 
PMSM is in acceleration mode, as seen in Figure 9-
a. At t=3 s, the speed rose from 80 rad/s to 110 rad/s 
under a variable load. The system’s torque response 
is depicted in Figure 9-b, and the load torque 
follows the electromagnetic torque, which has 
10Nm in the first 3s and -10Nm after that. The 
quadrature current generated from the speed 
regulation using the ACO algorithm is depicted in 
Figure 9-c. Figure 9-d depicts the direct current, 
which is equal to zero. 
 

 
Fig. 9: Response under load: a- Speed response, b- 
Torque response, c- Quadrature current, d- Direct 
current 
 

The settling time is 0.15 s with no overshoot 
and no peak time of the speed is shown in Figure 
10-a. The torque, as seen in Figure 10-b, follows the 
quadrature current path (Figure 10-c), thanks to the 
FOC method, which allows for torque control by 
adjusting the proportionate quadrature currents. 
Figure 10-d shows that the flux has been oriented, 
causing the direct current to equal zero. 
 

 
Fig. 10: Zoom response under load: a- Speed 
response, b- Torque response, c- Quadrature current, 
d- Direct current 
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Figure 11-a displays the acceleration and 

deceleration speed performance of the PMSM using 
the ACO-FOC algorithm to optimize the PID gains, 
which results in good performance (Figure 11-a), as 
well as the reliability of ACO-FOC in torque control 
utilizing current control (Figure 11-b). Where the 
motor accelerates to 100 rad/s, and decelerates to -
100 rad/s after 3 seconds (Figure 11-a) with the 
same performance discussed previously. 
Furthermore, Figure 11-b depicts the performance 
of the ACO-FOC control under varying loads, 
implying that a variable quadrature current (Figure 
11-c) follows the same electromagnetic torque path. 
As illustrated in the Figure 11-b and Figure 11-c, 
there are little ripples and good control of current 
and torque. Furthermore, Figure 11-d shows that 
this control is reliable where the quadrature current 
is still zero. 

 

 
Fig. 11: Response under load: a- Acceleration and 
deceleration of speed response, b- Torque response, 
c- Quadrature current, d- Direct current 
 
 
5   Conclusion 
In this paper, an optimization technique known in 
terms of ACO implemented in PMSM using the 
FOC strategy is used to optimize the PID gains that 
are used to regulate the PMSM speed. The 
simulation results of ACO-PID for speed control 
confirm that this algorithm is well performed due to 
the response that has less settling time, no 
overshoot, no peak time, and reduced the steady 
state error.  

What’s more the response of torque has fewer 
ripples owing to the FOC strategy. In addition, due 
to this strategy, both currents; quadrature and direct 
are well regulated. 

Though successful in the Matlab/Simulink 
environment, the proposed FOC approach and ACO 
algorithm have not yet been put into practice in real 

time using embedded systems and PMSM motors. 
Numerous applications, such as robotics and 
ventilation, but particularly electric automobiles, 
call for the usage of this system. 
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APPENDIX 
 

Table 1. List of symbols 
Parameters Description 

Va, Vb, Vc Stator three phases 
voltage 

R Stator resistance 
Ls Stator inductance 

∅𝒅𝒔, ∅𝒒𝒔 Quadrature and direct 
flux 

𝝎𝒓, 𝜽 Rotor angular Speed, 
position 

M Mutual inductance 
J Inertia 

𝑽𝒅𝒔, 𝑽𝒒𝒔 Stator two phases 
voltage 

𝑻𝒔, 𝑻𝒆𝒎, 𝑻𝒓, 𝑻𝒇 

 

Electromagnetic torque, 
Resistant torque, Viscous 

friction coefficient 
P, I, D PID gains 
𝑽𝒅𝑪 DC voltage 

e Speed error 
 
 
 

Table 2. PMSM motor parameters 
Parameters Value 

Flux linkage 0.175 
R 0.2 
Ls 8.5 e-3 
P 4 
J 0.0027 

Tf 0 
VDC 400 

 
 
 

Table 3. ACO parameters 
Parameters Value 

n_iter 5 
NA 30 

Evaporation 0.7 
Alpha 1 
beta 0.85 

n_node 1000 
n_param 3 
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