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ABSTRACT

In this study, the effectiveness of symbiotic organisms search (SOS) algorithm including Zwee Lee Gaing (ZLG) objective function in determining the fractional order
(FO) proportional integral and FO proportional derivative (FOPI-FOPD) controller parameters is investigated. To this aim, an FOPI-FOPD controller is designed to control
speed of a direct current motor. To calculate the controller parameters in an optimal manner, the SOS algorithm is used and the ZLG function is included within this
algorithm as a cost function. The performance of the SOS algorithm is compared with a number of different algorithms to substantiate the method's superiority,
including the atomic search optimization (ASO), opposition-based hybrid manta ray foraging optimization (OBL-MRFO), chaotic atom search optimization (ChASO),
equilibrium optimizer (EO), arithmetic optimization algorithm (AOA), and gorilla troops optimizer (GTO) algorithms. For performance evaluation, settling time, maximum
overshoot, and rise time of the motor speed are chosen as evaluation criteria. The results indicate that the minimum settling time (0.0118 s) and minimum rise time
(0.0071 s) are obtained with the SOS-based FO controller compared to the other optimization methods. Thus, the SOS algorithm provides superior system performance,
as evidenced by reduced overshoot, shorter settling time, and faster rise time. This highlights the effectiveness of the SOS-based controller in achieving optimal system
response. In addition, to verify the robustness of the proposed method, the impact of disturbance effects such as changes in the motor dynamics and load variations
are evaluated. The findings reveal that the proposed method surpasses previous technigues in terms of robustness, demonstrating its superior resilience to disturbances
in the motor system.

Index Terms— DC motor control, FOPI-FOPD controller, fractional order (FO), metaheuristic algorithms, symbiotic organisms search (SOS) algorithm
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Due to their simplicity of control, advantageous torque-speed characteristics, and affordable
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able to match the inherent flexibility and practicality of DC motors [3]. Due to their operational
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2023 resemblance to conventional DC motors and their exemption from requiring supplemental

components such as commutators and brushes, permanent magnet brushless DC motors have

Accepted: December 24, 2023 garnered considerable favor in contemporary engineering applications. The need for conven-
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efficiency in industrial settings, it is imperative that their speeds are controlled in a precise and

controlled manner. To do so, classical and advanced control techniques have been implemented
5 NG in the literature.
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B. Literature Review

The various speed control techniques for DC motors include classical
PID controllers, model-based controllers [5, 6], and artificial neural
network-based controllers [7, 8]. On the other hand, the fractional
order proportional integral (FOPI) and fractional order proportional
derivative (FOPD) controllers have gained more attention due to
their superior performance over classical proportional integral
derivative (PID) controllers, quick response, low cost, and simplicity
of implementation [9-12]. However, the optimal calculation of these
parameters is complicated by the fact that FOPI-FOPD has more
parameters than classical PID controllers. Metaheuristic algorithms
have recently started to be applied successfully to get around this
[13-20, 21-24].

Coronavirus optimization algorithm (CVOA), harmony search (HS)
optimization and genetic algorithm (GA) [15], particle swarm opti-
mization (PSO) [20], chaotic atom search optimization (ChASO) [25],
and opposition-based hybrid manta ray foraging optimization (OBL-
MRFO) [26] have found their place in the design of FOPID controllers
for DC motor speed control. In 2014, the symbiotic organisms search
(SOS) algorithm was proposed as an effective metaheuristic that
emulates the symbiotic relationships found among living beings,
including mutualism, commensalism, and parasitism, in order to
successfully adapt to and thrive within an ecosystem [27]. However,
this algorithm has not been thoroughly investigated in the literature
for the speed control of DC motors [28], particularly FOPI and FOPD
controllers.

C. Research Gap and Motivation

Optimal determination of parameters in FOPI-FOPD controllers con-
stitutes the most important stage of controller design. While design-
ing, internal disturbances such as model uncertainties and external
disturbances such as load variation should be taken into account.
The applied method must respond optimally to these parameters.
Studies conducted in recent years have proven that metaheuristic
algorithms are effective in the design of the controllers. Nowadays,
it is important that new algorithms constantly emerge, these algo-
rithms are tested on existing systems and their effectiveness is
validated. To do so, in this study, the SOS algorithm with ZLG func-
tion-based FOPI-FOPD is designed and the DC motor speed is con-
trolled for the first time.

D. Challenges

Controller design is challenging because of disturbance effects
on the system that need to be managed. Thus, a comprehensive
analysis of the system dynamics is necessary to properly design the
parameters of the controllers. Robust optimization techniques are
necessary for systems that are especially vulnerable to both external
and internal disturbances. As a result, consideration of system dis-
turbances is crucial for the efficacy of the controller while assessing
algorithmic effectiveness during the system design.

E. Contribution

After an exhaustive review of relevant literature, this study stands
as the inaugural application of the SOS algorithm in the design of
a FOPI-FOPD controller for DC motor speed control. The primary
goal of this article is to implement the ZLG-based SOS algorithm to
design the controller for DC motor speed control application. The
most significant originality of this study lies in the utilization of the
SOS algorithm in conjunction with the mentioned controller, as well
as the initial application of the ZLG objective function in tandem
with the SOS algorithm. In order to demonstrate the effectiveness of

the proposed method, parameter variations such as torque constant
and armature resistance are considered, and comparative results are
presented. These results show the robustness of the system in the
face of such changes and its ability to yield a fast transition response.
To investigate the effectiveness of the SOS algorithm, the method
is compared with atomic search optimization (ASO)-PID [25], OBL-
MRFO-FOPID [26], ChASO-FOPID (fractional order proportional inte-
gral derivative) [25], equilibrium optimizer (EO)-FOPID, gorilla troops
optimizer (GTO)-FOPID, and arithmetic optimization algorithm
(AOA)- FOPID [29].

F. Paper Organization

The rest of the article is organized as follows: Section 2 explains the
DC motor model, FOPI-FOPD controller, and the SOS algorithm.
Results and discussion, including robustness analysis and transient
response, are given in Section 3. Finally, conclusions are given in
Section 4.

Il. MATERIALS AND METHODS

In this section, the detailed mathematical derivations of the DC
motor model, FO controller and the SOS algorithm are defined.

A. DC Motor Model

Fig. 1 shows the equivalent circuit model of a DC motor. In the circuit,
Ry L. i, V, and e, are the armature resistance and inductance, arma-
ture current, terminal voltage, and the back emf. J is the moment of
inertia, B is the motor friction constant, 6 is the rotor position, T is
the motor torque, and K, and K, are the motor torque constant and
motor back emf constant, respectively [30, 31].

To control the speed of the motor, the open loop transfer function
from input to output can be defined as in (1).

0(s) _ Kn 0
Va(s) - (Las+Rq )(Js+B)+KnKs

Fig. 1. DC motor equivalent circuit.
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B. FOPI-FOPD Controller Design

The controller is designed by adding two different fractional order
controllers (FOPland FOPD) one after the other. Fig. 2 shows the gen-
eral representation of the FOPI-FOPD controller.

The transfer function of the controller is defined as follows.

(Kn +Kis™) /(Ke +Kos*) @

Here, A and u are the fractional degrees of the integral term and
derivative term respectively. Ky, , K5, , K, and K, are the proportional,
integral, and derivative gains. These parameters will be determined
optimally using SOS algorithm. It is noted that the FOPI-FOPD con-
troller is a type of FOPID controller [22, 24].

To get the maximum performance from the proposed control sys-
tem, an objective function defined in (3) named Zwee Lee Gaing
(ZLG), which is proposed in [32], is used. This function minimizes
the settling and rise time, and overshoot. In order to minimize this
objective function, the optimal parameters are determined by the
SOS.

min(ZLG)=(1-e " )(M, +E,; ) +e ™ (t, —t, ) (3)

Here M, E, t, t, and B are the maximum overshoot, steady state

error, settling time, rise time, and weight factor, respectively. F
=[K,,.Kx,, K, Ko,Aul is the stabilizing gain vector.

C. Symbiotic Organisms Search (SOS) Algorithm

The symbiotic interactions that exist between two different types of
organisms in an ecosystem serve as the basis for the SOS technique
[27]. By creating a symbiotic relationship between two organisms,
this technique establishes which organism is most suited to mate
with a certain creature. Similar to other population-based algo-
rithms, SOS starts with a randomly generated baseline population
known as an ecosystem and uses potential solutions from the search
space iteratively to find the best overall solution. Each organism in
the ecosystem is a potential remedy, and its fitness value indicates
how well suited it is to the specified function.

The SOS algorithm generates unique solutions by exploiting the
symbiotic link between two ecosystem components. As a frame-
work, it mimics actual biological interactions and includes a flow-
chart with stages for mutualism, commensalism, and parasitism, as
depicted in Fig. 3. The algorithm takes into account E,, or the number
of creatures in the ecosystem, to minimize the objective function J.

1) Mutualism

Mutualism is a symbiotic relationship in which two different species
benefit from one another. P, is the ith organism in the ecosystem. P, is
another organism chosen at random from the ecosystem to interact

with P. These two organisms interact to mutually increase their
chances of survival in the ecosystem. Equations (4) and (5), which are
based on the mutualism relationship between these two organisms,
are used to calculate new candidate solutions for P, and P,.

P =P, +rand(0,1)(Poest — MVXE,;) @

PI :Xj +rand (0,1)(Pbest _MVXEUZ) (5)

my PP ©
2

The utility factors E,, and E, are used to determine the extent of util-
ity acquired by organisms in mutualistic relationships.

2) Commensalism

At this stage, modeling is done in accordance with commensalism,
which is a symbiotic relationship in which one of two species living
together benefits from the other without harming the other. Only
P, benefits from the combination of these two organisms, with P, in
the mutualism stage being a randomly chosen organism from the
ecosystem that will interact with P.. Accordingly, new candidate solu-
tions for P, are calculated using (7) modeled according to the com-
mensalism relationship.

P =p +rand(—1,1)x (Pbest —P/) v

3) Parasitism

The parasitism stage is a form of symbiotic relationship in which one
of the two species benefits by harming the other. The organism P, is
used to generate a parasite vector, a type of artificial parasite. While
creating the parasite vector, P, is first amplified and then modified
randomly within the boundaries of the search space. The P, organ-
ism, on the other hand, is randomly selected from the ecosystem
as in the previous stages and used as the host of the parasite. P, is
replaced in the ecosystem by the parasite vector. By comparing the
fitness values of both organisms, if the parasite vector has a better
fitness value, it replaces P, in the ecosystem. If P, has a better fitness
value, it becomes immune to this parasite, and the parasite vector is
no longer able to survive in the ecosystem.

11l. PERFORMANCE ANALYSES

In order to verify the proposed SOS-FOPI-FOPD controller, various
simulation studies have been carried out in the MATLAB environ-
ment by comparing it with ASO-PID [25], and ChaSO-FOPID [25],
OBL-MRFO-FOPID [26], EO-FOPID [29], GTO-FOPID [29], and AOA-
FOPID [29]. The nominal parameters of the permanent magnet DC
motor, taken from the R730T-042EL7 model motor produced by
Sanyo Denki and given in Table |, are used in the simulation studies.

Kpq

i

Ky

b—}sﬂ

Fig. 2. Block diagram of the FOPI-FOPD controller.
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initialization
generate initial population (P;),
number of organisms (Ejs),
identification of the best organism (Pjest)

v
mutualism

choose a random organism such that, P;,

If]s([Pi_new’ Pj_new]) <]s([Pir P]]):

replace P; ey and P e, solutions with P; and P;

4
commensalism
choose a random organism such that, P;,
P; new =commensalism(P;, P;, Ppest),

If]s(Pi_new) <]s(Pi),
replace P; ey solution with P;

v

parasitism
choose a random organism such that, P;

Pparasite = parasitism(Py),

Iff(Pparasite) <ﬂPj)9
Replace Ppgrasite Solution with P

v

END

Keep the most suitable individual in the ecosystem Pp ¢

Fig. 3. General flow chart of the SOS algorithm.

When the nominal values are replaced in the transfer function, (1)
becomes as follows.

Q(s) _ 15
Vo(s) 1.085%+6.15+1.63

® TABLE I. NOMINAL SYSTEM PARAMETERS

Parameters Values
Fig. 4 shows the general block diagram of the SOS-based FOPI-
FOPD control system. The output of the system is the measured Ra 04Q
speed Om, the input of the system is the reference speed Qr. The L 27 H
error between the reference and measured speed is the input of -
the controller. The optimum values of F = [K;,,K,,,K,K,A,u] are deter- J 0.0004 kgm?
mined by the SOS algorithm as o‘ffline: To find the optimal control- P 00022 Nms/rad
ler parameters, the search space is defined for each parameter. The
search space given in Table Il is determined based on the papers Ko 0.015 Nm/A
[25, 26, 29] for a fair comparison. The SOS algorithm works on this K, 005 Ve/rad

space depending on the objective function. The population size
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Start :

v

*Maximum fitness evaluation (100)
*Solving objective function (ZLG(F)):

SOS (Fig.3)

End

Optimal values
F = [Kp1,Kp2, K1, Kp, A, 1]

Q, 15 Q
FOlHEROAD "1 1.08s2 + 6.1s + 1.63

v

TABLE I1l. OPTIMAL VALUES BASED ON THE SOS ALGORITHM

Fig. 4. Block diagram of SOS based FOPI-FOPD controller system.

specifies the number of solution candidates in the algorithm. It
is chosen as 30 in the SOS. Fitness evaluation specifies how many
times the objective function (3) is used within the algorithm loop.
In this study, the fitness evaluation value is chosen as 100. Based on
these parameters, the optimal values obtained in the optimization
process are given in Table lll.

Considering the values in Table llI, the transfer function of the FOPI-
FOPD controller (2) can be written as follows.

14.14645 878 1+ 0.00173755 *4347 508018 0 0054576
50.8018 (9)

Following the determination of the system parameters in an optimal
manner, firstly, to verify the open loop performance of the control sys-
tem, a unit step function is applied as a reference speed to the input
without a controller. It has been observed that the system output
does not reach its reference value in a steady state as seen in Fig. 5.

It can be seen from Fig. 5 that the performance criteria do not sat-
isfy the system requirements. These criteria are settling time (t,), rise
time (t), peak time (t), and steady state error (E,) which are given in
Table IV.

A.Transient Response Analyses
The transient response of the proposed SOS-based FOPI-FOPD
method is evaluated using performance criteria such as maximum

Parameters Optimal Values
Kn, 8.1418
K», 54576
Kl 0.0010
KD 1.7375
A 0.8018
u 1.0000
P B s e e e s B S— —— -
=
5
b — — —Reference
2, 0.5 ——Measured (uncontrolled)
w2
0 ;
0 1 2 3 4 5 6 7 8 9 10
Time (sec)
Fig. 5. Uncontrolled DC motor speed response.

overshoot (M,), settling time (t)), and rise time (t). The method is
compared with ASO-PID [25], ChaSO-FOPID [25], OBL-MRFO-FOPID
[26], EO-FOPID [29], GTO-FOPID [29], and AOA-FOPID [29] control-
lers. The comparative results given in Table V show that the proposed
method yields better rise (0.0071 s) and settling (0.0118 s) times
compared to other methods.

To see the transient response of the algorithms given in Table V, a
step function is applied to the DC motor system as a reference speed
in p.u. Fig. 6 shows that the proposed SOS-FOPI-FOPD method yields
a faster transient response. It is noted that the performances of the
last three methods in Table V are not included in the figure since they
are not satisfactory at the desired level.

TABLE IV. SPEED RESPONSE ANALYSES WITHOUT CONTROLLER

Reference t, t, t, E.
1 p.u. 1.6085 0.7280 1.1530 0.0980

TABLE V. COMPARATIVE RESULTS FOR TRANSIENT RESPONSES

TABLE II. INTERVAL OF THE SELECTED VALUES Max. Over  SettlingTime  Rise Time (s)
Controllers shoot (%) (s) (£%?5) (0.1X0.9)
Parameters Intervals
SOS-FOPIFOPD 0 00118 00071
K 000120
e ASO-PID 0 01535 00692
Kp, 0001-20 ChASO-FOPID 0 0.0405 00253
Ki 0.001-20 OBL-MRF-FOPID 0 0.0339 00214
KD 0.001-20 EO-FOPID 0.190 00354 0.0206
A 0.1-1 AOA-FOPID 0.005 0.039% 00207
u 0.1-1 GTO-FOPID 0.150 00356 00206
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e — = .
1 Y — T
r ; — — —SO0S-FOPI-FOPD
g — — — - ASO-PID
— 0.8 | OBL-MRFO-FOPID |
= | ChASO-FOPID
3 |
o6
- ) ~
51
D
jo8 L
& 0.4
0.2
0 0.2 0.4 0.6
Time (sc)
Fig. 6. Transient response comparison.

B. Robustness Analysis

During the operation of the DC motor applications, some external
factors such as load change, heat, etc. may cause the motor param-
eters torque constant (K) and armature resistance (R, to change.
In such cases, it is not desirable to deteriorate the stability of the
control system. To verify the effectiveness of the proposed method
in the presence of parameter change, K,, and R, are changed at the
rates of —50%, —25%, 25%, and 50% from the nominal values. For
these different rates of change, Table VI shows the performance cri-
teria (rise time, settling time, and maximum overshoot). The param-
eter change does not significantly affect the performance of the
controller despite the —50%, —25%, 25%, and 50% deteriorations of
R, and K .. The highest rise time is 0.0190 s (=50% K), the highest
maximum overshoot is 7.6214% (+50% K,) and the highest settling
time is 0.1046 s (-50% K ). Based on the data given in Table VI, it can
be said that the proposed method yields better robustness in the
presence of parameter change.

Secondly, the robustness analysis is carried out based on the load
change which acts as an external disturbance to evaluate the effec-
tiveness of the proposed method. A load step (T,,,,) is applied to the

DC motor model at time intervals of 1-1.5 s as a disturbance load.
Fig. 7 shows the comparative results of the transient response of

TABLE VI. ROBUSTNESS ANALYSIS

Rate of Rise Time (s) Max.Over Settling Time

P. Change (%) (0.1X0.9) shoot (%) (s) (£%5)

K, =50 0.0190 0 0.1046
-25 0.0107 0 0.0235
+25 0.0054 3.395 0.0137
+50 0.0044 7.621 0.0133

R, =50 0.0071 0 00118
-25 0.0071 0 00118
+25 0.0071 0 0.0118
+50 0.0071 0 0.0118

147
1.2+
ERY
& b
< 08 ———S0S-FOPI-FOPD
= 0.6 | —— ASO-PID 1
’ OBL-MRFO-FOPID
0.4 —— ChASO-FOPID
0.2 ! I I ; H .
0 0.5 1 1.5 2 2.5 3
Time (sec)
Fig. 7. Robustness analysis under load change.

ASO-PID, OBL-MRFO-FOPID, ChASO-FOPID, and SOS-FOPI-FOPD
controllers. It is clear that the proposed method is more robust since
the maximum overshoot is smaller compared to other methods dur-
ing the load change.

TABLE VII. FREQUENCY RESPONSES OF DIFFERENT ALGORITHMS

Gain Phase Margin
Controllers Margin (dB) (deg.) Bandwidth
SOS-FOPI-FOPD 20.2 69.2 0.2646
ASO-PID [25] Infinite 180 329113
ChASO-FOPID [26] Infinite 1793515 84.7989
OBL-MRFO-FOPID [29] Infinite 179.5836 99.4956
Bode Diagram
0 T —
~ -20
Q
=2
)
T 40
=
c
g
2 60
-80
0 =
S 90
2
)
(%)
T80
o
N\
\.
-270
102 10° 102 10*
Frequency (rad/s)
Fig. 8. Bode analyses of SOS-based controller.
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C. Frequency Response Analysis

The system’s distance from instability is indicated by the phase
and gain margins. The bandwidth of the system, which is relevant
and inversely connected with the rise time, is essential for a quick
response. The stability analysis of the proposed method, based on
the SOS algorithm, is conducted by evaluating the phase and gain
margins. A comparative analysis with existing studies [25, 26] is pre-
sented in Table VII. Furthermore, the Bode diagram illustrating the
characteristics of the proposed method is depicted in Fig. 8. The fre-
quency domain analysis is not carried out in [29]. Table VIl encapsu-
lates the Bode analysis outcomes of both extant literature studies
and the proposed method. In particular, the controller devised in this
study manifests comparatively lower results in the gain margin when
evaluated with alternative controllers. Nevertheless, the bandwidth
value achieved by the proposed controller stands notably favorable
in contrast to its counterparts. The phase margin of the proposed
controller closely aligns with those attained in antecedent studies.
Consequently, the discernible attributes of the proposed control-
ler include a low rise time, indicative of prompt responsiveness to
dynamic changes, and an overall stable structural configuration.

IV. CONCLUSION

This article presents an SOS algorithm-based FOPI-FOPD controller
to control the speed of a DC motor. The proposed method is com-
pared with other metaheuristic algorithms [25, 26, 29] considering
model uncertainties and disturbance load effect to verify the effec-
tiveness of the control system. The results show that the proposed
SOS-FOPI-FOPD controller performed better than 89% of ASO-PID,
67% better than the OBL-MRFO-FOPID, and 72% better than the
ChASO-FOPID in terms of rise time. Moreover, the proposed method
performed 92%, 65%, and 71% better than the other controllers in
terms of seating time. In addition, the method is more robust since
the maximum overshoot is smaller compared to other methods dur-
ing the disturbance load change.

This study represents a pioneering endeavor in the realm of DC
motor speed control, introducing the design of a FOPI-FOPD con-
troller through the utilization of the SOS algorithm. Moreover, the
incorporation of the ZLG function with SOS is introduced for the first
time, demonstrating its application in tandem. Through a compre-
hensive analysis of the results, it is discerned that the ZLG-based SOS
methodology facilitates the optimal identification of the controller
parameters, thereby establishing a foundation for their effective uti-
lization in motor speed control applications.
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