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Abstract — This paper proposes the optimization of the PI gain used in the speed control of permanent magnet synchronous motor 
(PMSM). The optimization technique used in this project is Particle Swarm Optimization (PSO). In this project, field oriented 
control (FOC) is used to control the speed of the PMSM. The PSO is used to find the finest gain of the speed- PI so that the speed 
error will be minimized and it is designed to achieve the specific objective function. In this paper, the objective is to reduce the 
steady state error of the system drive. By randomly initialize, these particles fly through the search space dimension to evaluate and 
updating their positions and velocity. As updating the position and velocity, the personal and global best value also keep updating 
until it finds better fitness and achieve the optimal value. The simulation results proved that the proposed technique can reduce the 
speed error close to zero and get the better result compared to the heuristic method. 
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I. INTRODUCTION  

PMSM normally used when there is highly demand 
for its characteristic of speed stability and synchronous 
operation. Nowadays, due to advanced system, PMSM 
receives an attention and widely use due to its 
advantageous features such as high efficiency, low noise 
as well as high power density [1]. FOC due to its simple 
method of implementation, robustness and easy 
comprehension is the famous controlling method 
compared to the others. By controlling the stator currents, 
this control method based on the projections which 
transforms three phase time and speed dependent into two 
coordinates; d-q coordinates. This control method shows 
the fast response and little torque ripple output. 

In FOC method, PI Controller is employed for the 
speed controller loop. Without using the exact model, there 
is probability of difficulty to find the optimal gain. This 
will lead to the degradation quality of the PMSM system 
and reduce the dynamic performance of the motor. By 
using optimization technique, the system drives are more 
robust with faster dynamic response, higher accuracy and 
insensitive to load variations. 

II. PMSM MODEL  

The Permanent Magnet Synchronous Motor consists 
of two primary parts where the stator is a classic three 
phase stator as in Induction Motor (IM) and the rotor part 
which is located inside the stator. PMSM can be built in 
different structures which may have been constructed 
from two to fifty or more magnet poles. The sinusoidal 

excitation current waveforms are due to elimination of the 
torque ripple caused from the commutation. The use of 
permanent magnet is to generate a constant magnetic flux 
to design a motors with high level of efficiency. 

In this section, mathematical model of the PMSM was 
derived and the speed control by using FOC was briefly 
explained.  

A. Mathematical Model of PMSM  

The FOC scheme is controlling the stator current in the 
rotary frame. The stator current controlling is based on the 
projections that transform time and speed into two axes 
coordinates called d-q rotating coordinate that include the 
flux, voltage, mechanical motion and torque [2][3].  

 

 
Figure 1: PMSM Equivalent Circuit 
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Figure 1 above shows the equivalent circuit of a 
PMSM in the d-q directions. The following equations are 
involved to find the torque and flux variables as the 
following equations translate the iq and id into respective 
torque and flux. 

 
Flux Equation: 

     jdsdds iL                             (1) 

     qsqqs iL                           (2)   

 
Voltage Equation: 

    dsqsrdssd pirv                     (3) 

qsdsrqssq pirv                     (4) 

 
Electromagnetic Torque Equation [4]: 

     qsme iPT )2/)(2/3(                      (5) 

 

B. Operation of FOC 

 
Figure 2: FOC Block Diagram [6] 

The closed loop speed control of PMSM drive using 
the FOC principle is shown as in Fig. 2. Under this 
scheme, torque and flux are decoupled to produce the 
independent torque and flux control. Thus, the 
linearization can be achieved as well as the higher 
dynamic. The operation of FOC scheme is starting from 
when the stator phase current is measured and fed into 
Clarke Transformation block. The output called isα and isβ. 

The output then became the input for the Park 
Transformation that provided the current in d-q axis 
reference frame with ids and iqs. At this point, this stator 
current from the Park Transformation will be contrasted 
with reference value idsref (the flux reference) and iqsref (the 
torque reference). The control system consists of three 
loops; d-loop called as flux loop, q-loop called as torque 
loop and speed loop. Each loop are controlling each 
parameters which d-q loop controlling the ids and iqs with 
current regulator. However, due to the constant flux value, 
it gives such benefits that the stator current will decrease 
and the efficiency of the PMSM will increase as there is 
no necessity to generate the flux in the drive system since 
the magnet will fix the value of the rotor flux. Hence, the 
ids can keep to zero. This situation is the most widely used 

since ids = 0 is the simplest and easiest condition for the 
vector control in order to approximately eliminate the 
couplings between angular velocity and currents [2][5]. 

 

C. Advantages of FOC Permanent Magnet Synchronous 
Motor 

The advantage of using motor instead of generator is 
that motor can be easily controlled compared to 
generators that employ mechanical system. For 
controlling AC motor, there are two methods to control 
the AC motor. PMSM falls in the Synchronous Control 
system. For the PMSM system, vector control is chosen as 
controlling method. For this motor drive system, FOC 
Control is chosen instead of Direct Torque Control (DTC) 
even though DTC has achieved great success in 
controlling AC motor. FOC is employed as this vector 
control presents such a good advantage of providing 
smooth starting and acceleration as well as obtaining an 
effective dynamic response with reduced torque ripples 
[7]. 

III. PSO 

Inevitable, the optimization is the priority. Thus, 
Evolutionary Algorithm (EA)  is the solution.  PSO under 
EA  has became popular due to its advantages. PSO 
developed by Dr. Eberhart and Dr. Kennedy that inspired 
by social behaviour of schooling of fish and flocking 
birds. PSO has been used as an optimization technique to 
make the drive robust, dynamics, as well as to avoid the 
time consuming manual tuning [8]. 
 

A. Topology of PSO 

 In PSO, in an nth-dimensional search area, the birds 
are defined as particles that adjust its flying behaviour 
according to the experience of other particles [9]. The 
particles have its own fitness value that evaluated by the 
fitness function which is defined as a function that use to 
differentiate a better solution from previous solutions. 
Based on Fig. 2, the position of particles represented by 
the X-Y axis while the velocities denoted as Vx and Vy. 
Each particle knows its own position and personal best 
position (pbest) also each particle knows the globals best 
value among groups [4]. 

   

      
Figure 3 : PSO Searching Point Concept [4] 
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In the dimensional search area, for the best position, 
(pbest) that ith particle has been searched so far denoted as 
in the following equation [2]. 

     ),.....,,( 321 iDiiibest ppppp    

where i = 1,2,3…n 

(6)   

 
For the global best position searched by the whole 

swarm particle called as global best solution (gbest), and 
represented as below [2]. 

 
     ),.....,,( 321 gDgggbest ppppg    (7)   

 
Where D is the dimensional search area and n is for the 

number of particles. The velocities of the particle is 
bounded by the formula as to ensure the particles maintain 
their searches within the searching area. There are three 
types of the velocity updates formula which is constriction 
factor, inertia and basic equation [10]. 

 
Constriction Factor Velocity Control: 

)))(())(()(()1( 2211 kxprckxprckvxkv igbestiibestiii 
 

 (8) 

 
Inertia Velocity Control: 

))(())(()()1( 2211 kxprckxprckvkv igbestiibestiii  
 

 (9) 

 
Basic Equation Velocity Control: 

))(())(()()1( 2211 kxprckxprckvkv igbestiibestiii   (10) 

 
The position of the particle is influenced by the 

velocity. However, as the velocities converge as to find 
the global best value, the position for the particles does 
not change [10].  

 
     )1()()1(  kvkxkx iii  (11) 

 
 
 The optimization basic process is summarized as in 

Figure 4. 

 
 

Figure 4: Basic PSO Process 
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IV. SIMULATION RESULT  

 
A model setup by using PMSM Matlab Simulink 

model. The speed response results presented the 
comparison of steady state error, overshoot, rise time and 
settling time between the manually tuned and by using the 
PSO technique. The system is tested under a few 
conditions of the case study. The PMSM and PSO 
parameter are presented as in Error! Reference source 
not found. and Error! Reference source not found..  

 
TABLE I.      PMSM MODEL PARAMETER 

Parameters Physical Meaning Values 

Id d-axis current 0.0085A 

Iq q-axis current 0.0085A 

Rs Armature Resistance 2.875 Ω 

J Moment of Inertia 0.0008kg.m2 

P Number of Poles 4 

F Frequency 50Hz 

 
TABLE II.      PSO PARAMETERS 

Parameters Values 

Number of iteration 10 

Cognitive constant,c1 
Social influence constant,c2 

2.05 
         

2.05 

Swarm Size 15 

 

A. From Rest to 1000 rpm Reference Speed 

For the first case study, the system is tested with 1000 
rpm reference speed with 0 Nm and 2 Nm torque. At 

torque = 0 Nm, the optimal value for Kp= 10.1048 and 
value for Ki=0.6146. While for torque = 2 Nm, the 
optimal value for Kp is 13.097 and value for Ki is 0.4303.  

 
In this analysis, the speed was set to 1000 rpm from 

starting (0sec) of the simulation until the end of the 
simulation which is set for 1sec. Fig. 5 shows the fitness 
value graph for both torque value while Fig. 6 shows the 
speed response using PSO technique.  

 
As in Fig.5(a), the fitness graph shows that the results 

converging to zero as it fitness values is to reduce the 
steady state error. This Fig.5(a) graph starts to converge at 
the second iterations and keeps on converging until the 
end of the 10th iteration. Same goes to Fig.5(b) that clearly 
shows the converging rate of the fitness value of the 
system. At electromagnetic torque of 2Nm, the system 
starts to converge at second iteration and keeps 
converging as to find the global best value of Kp and Ki 
parameters which is used to reduced the steady state error 
of the system. This also proved that the PSO technique 
able to find the smallest steady state errors. 

 
For speed response of torque at 0 Nm, it clearly seen 

that the steady state error was reduced and being 
minimized below than 0 rpm. The actual speed achieved 
the targeted referenced speed at time 0.46 sec. By varying 
the value of torque, the steady state error also reduced and 
being minimized below than 0 rpm compared to the 
manually tuned steady state error. The actual speed 
achieved the targeted referenced speed at time 0.15 sec. 
As for overshoot value, the results nearly able to 
diminished completely the overshoot of the speed 
response.  

 

                     
                                                                   (a)                                                                                                                (b)   

             Figure 5 : 1000 rpm Fitness Value at (a) 0 Nm (b) 2 Nm 
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                                                                            (a)                                                                                                           (b) 

Figure 6 : 1000 rpm PSO Speed Response at (a) 0 Nm (b) 2 Nm 

 
TABLE III.      COMPARISON BETWEEN DIFFERENT CONTROLLERS AT 1000 RPM. 

Speed Response 
Torque = 0 Nm Torque = 2 Nm 

manually PSO manually PSO 

Steady State Error (rpm) 2.3752 0.0089 3.2403 0.0142 

Overshoot (%) 0.3167 0.0009 0.5149 0.0014 

Rise Time (sec) 0.0725 0.0708 0.1454 0.1379 

 
 

TABLE IV.      COMPARISON BETWEEN DIFFERENT CONTROLLERS AT 1500 RPM 

 
                     
          
 
 
 
 
 
 
 

           
                                                                   (a)                                                                                                          (b) 

               Figure 7 : 1500 rpm Fitness Value at (a) 0 Nm (b) 2 Nm 

 

Speed Response 
Torque = 0Nm Torque = 2Nm 

manually PSO manually PSO 

Steady State Error (rpm) 1.6718 4.8 x 10-5 2.3818 1.1 x 10-4 

Overshoot (%) 1.3566 7.5510 1.8737 4.6019 

Rise Time (sec) 0.1158 0.1195 0.2171 0.2186 
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                                                         (a)                                                                                                          (b) 

Figure 8 : 1500rpm PSO Speed Response at (a) 0Nm (b) 2Nm 

 

B. From Rest to 1500 rpm Reference Speed 

The second case study is tested with different load 
speed reference, 1500 rpm with the same torque 
conditions. At 0 Nm, the optimal value for Kp and Ki  are 
50 and 72.1934 respectively. For 2 Nm load torque, the 
optimal result for Kp is 60.8975 and value for Ki is 
81.1808.  

 
In this analysis, the speed was set to 1000 rpm from 

starting (0 sec) of the simulation until the end of the 
simulation which is set for 5 sec. Fig. 7 shows the fitness 
value graph for both torque value while Fig. 8 shows the 
speed response using PSO technique.  

 
As in Fig.7(a), the fitness graph shows that the results 

converging to zero as it fitness values is to reduces the 
steady state error. This Fig.5(a) graph starts to converge at 
the second iterations and keeps on converging and finally 
stops to converge at the 5th iteration. Same goes to 
Fig.7(b) that clearly shows the converging rate of the 
fitness value of the system. At electromagnetic torque of 2 
Nm, the system starts converges at second iteration and 
keeps converging as to find the global best value of Kp 
and Ki parameters which is used to reduced the steady 
state error of the system. The graph shows that the 
technique stop to converge at 6th iteration which is means 
that the system already finds the global best value of PI 
parameters. 

 
 For speed response of torque at 0 Nm, it clearly seen 

that the steady state error was reduced and being 
minimized below than 0 rpm. By varying the value of 
torque, the steady state error also reduced and being 
minimized below than 0 rpm compared to the manually 
tuned steady state error. The actual speed achieved the 
targeted referenced speed for both torque value was at 
time 2 sec. However, for overshoot value, the results was 
very high and uncontrollable since this PSO technique 
was set for single objective which is only focused to 

reduced the steady state error of the respective speed 
responses.  

V. CONCLUSION 

The optimal PI speed controller of a permanent magnet 
has been designed using the PSO techique as to optimize 
PI parameters instead of using the hueristic technique 
which is more time consuming compared using the PSO 
technique. The result was based on the case study which 
is the condition of reference speed and the 
electromagnetic torque value. After a few iterations, it 
clearly showed that the PSO able to find the optimal value 
of the PI parameters and demonstrated a better 
perforrmance in steady state error of the system drive. 
Therefore, it is verify that the PSO technique can be 
implemented in the PMSM sytem to reduce the steady 
state error and hence improve the system performance. 
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