
Heliyon 9 (2023) e13885

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Research article

Sand cat swarm optimization-based feedback controller design for 

nonlinear systems

Vahid Tavakol Aghaei a, Amir SeyyedAbbasi b,∗, Jawad Rasheed c, 
Adnan M. Abu-Mahfouz d,e

a Istinye University, Faculty of Engineering and Natural Sciences, Electrical and Electronics Engineering, Istanbul, Turkiye
b Istinye University, Faculty of Engineering and Natural Sciences, Software Engineering, Istanbul, Turkiye
c Department of Software Engineering, Istanbul Nişantaşı University, 34398 Istanbul, Turkiye
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The control of the open loop unstable systems with nonlinear structure is challenging work. In 
this paper, for the first time, we present a sand cat swarm optimization (SCSO) algorithm-based 
state feedback controller design for open-loop unstable systems. The SCSO algorithm is a 
newly proposed metaheuristic algorithm with an easy-to-implement structure that can efficiently 
find the optimal solution for optimization problems. The proposed SCSO-based state feedback 
controller can successfully optimize the control parameters with efficient convergence curve 
speed. In order to show the performance of the proposed method, three different nonlinear 
control systems such as an Inverted pendulum, a Furuta pendulum, and an Acrobat robot arm 
are considered. The control and optimization performances of the proposed SCSO algorithm 
are compared with well-known metaheuristic algorithms. The simulation results show that the 
proposed control method can either outperform the compared metaheuristic-based algorithms or 
have competitive results.

1. Introduction

There has been extensive study of the open-loop unstable benchmarks such as inverted pendulums in modern control. Its nonlinear 
and underactuated yet simple structure makes it an interesting and challenging problem for the control engineers to handle. There 
are a number of robots, spacecraft, and marine vessels that can be represented by their models, and as a result, they can ignite the 
curiosity of the researchers and experts in the field of nonlinear control [29,45]. From the structural point of view, they can be 
categorized as pendulum carts which can move along the 𝑥-axis with a stick installed to the pivot point of the cart, a pendulum that 
can have motions on both 𝑥 and 𝑦 horizons like Furuta pendulum, and a spatial three-dimensional pendulum capable of moving in 
𝑥 − 𝑦 − 𝑧 directions [41]. To evaluate the control performance of the inverted pendulums there exist numerous linear and nonlinear 
control strategies such as proportional integral derivative (PID), state-feedback controller, fuzzy Q-learning, sliding mode controller, 
type-2 fuzzy controller, Lyapunov-based and model predictive path integral control [2,11,18,25,27,36,40]. Among these control 
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Fig. 1. Metaheuristic algorithms mechanism.

strategies, PID can be considered as the simplest one with three parameters to be tuned for optimal performance, but when it comes 
to controlling nonlinear complicated systems traditional PID controllers cannot perform well enough [17]. To conquer this, some 
other classical methods like linear quadratic regulator (LQR) and state feedback can be beneficial [3].

One of the main challenges for these intelligent and traditional control techniques is associated with the parameter tuning involved 
in their structure. Usually, based on the operator’s knowledge and experience, these parameters are tuned (empirical gain tuning). 
For various control features such as good and fast transient response, reduced overshoots, settling times, and steady-state errors an 
optimal solution is exceedingly challenging to obtain. It is possible to think of this parameter tuning issue as an optimization problem 
in which a variety of nature-inspired and evolutionary algorithms can play a vital role in solving them.

In the last decades, many metaheuristic algorithms have been presented. The real-world problem with different dimensions is 
being resolved by the metaheuristic algorithms. The metaheuristic algorithms have the ability to find the best or near optimum 
solution. Based on the No-Free-Lunch (NFL) [44] there is no algorithm capable of finding all possible optimization problems’ 
solutions. There exist many metaheuristic algorithms, however, they can be distinguished in terms of hindering them in trapping 
local optimum, convergence speed. Also, there are some other metrics to evaluate each metaheuristic algorithm’s performance. Most 
newly proposed metaheuristic algorithms try to find the near-optimum solution with new inspirational rules [43]. The main objective 
of these algorithms is the trade-off between two phases: exploration and exploitation.

Generally, the metaheuristic algorithms are divided into, evolution-based, physics-based, and swarm intelligence methods [32]. 
The evolution-based algorithms (EA) are inspired by the evolutionary rules in nature. The genetic algorithm (GA) [8], differential 
evolution (DE) [28], and Bio-geography-based optimizer (BBO) [21] are among the algorithms in the EA category. The physics-based 
algorithms originated from biological or physical phenomena. The gravitational search algorithm (GSA) [30], Big-Bang Big-Crunch 
(BBBC) [6], and black hole (BH) algorithms [9] are imitated by physical events. The swarm intelligence (SI) algorithms are inspired 
by the social behaviors of humans. Particle swarm optimization (PSO) [24], artificial bee colony (ABC) [15], ant colony optimization 
(ACO) [5], sand cat swarm optimization (SCSO) [33], grey wolf optimization (GWO) [23], and whale optimization algorithm (WOA) 
[22] belong to the SI category. The functionality of the metaheuristic algorithms is given in Fig. 1

In the context of classical control, there are gain-tuning methods for controllers based on various optimization algorithms. In the 
work done by [26], PID gains are calculated for an inductive system with a linear mathematical model in which the GA’s fitness 
function is formed based on the settling time, rise time, and overshoot of the time response of the system. A hybrid particle swarm 
optimization (PSO) and differential evolution (DE) algorithm has been applied to a linearized tank-liquid level model to obtain the 
optimal PID gains to control the system in [24]. In the domain of modern control, PSO is used to design a linear quadratic regulator 
(LQR) for a three-phase inverter [38]. Big-Bang Big-Crunch (BBBC) is employed to optimize the PID and sliding mode controller 
gains in controlling the nonlinear model of a spatial inverted pendulum [41,42]. Whale optimization algorithm (WOA) [34] is used 
to calculate the state feedback controller gains for a linear model of a thermal system. For the state feedback controller design, grey 
wolf optimization (GWO) is also applied to the control problem of a permanent magnet machine [35]. In the context of nonlinear 
2

systems [1] has used the Improved cuckoo optimization algorithm to solve the system of the nonlinear equations.
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In this study, to learn and optimize the gains of the state feedback controller for nonlinear unstable systems of inverted pendulum, 
Furuta pendulum, and Acrobat robot for the first time the sand cat swarm optimization (SCSO) is proposed. Most recently, the SCSO as 
a novel nature-based algorithm is developed in [33]. The SCSO algorithm has several advantages over other metaheuristic algorithms, 
such as the exploration versus exploitation trade-off, the efficient performance in the convergence curve, and ease of implementation 
on different problems. Therefore, the SCSO method has been preferred and employed in some engineering problems [12–14,20,31]. 
Regardless of its recent successful performances, its applicability in real-time control problems of complex nonlinear systems has 
not been investigated yet. To fill this gap and benefit from the above-mentioned advantages of the SCSO, we apply it to the control 
engineering domain.

In this paper the contributions motivated by the need for novel and efficient optimization algorithms for developing optimal 
controllers in engineering problems can be summarized as follows:

1. A lightweight yet powerful algorithm

A new state feedback controller design based on SCSO algorithm is proposed for the nonlinear unstable systems, reducing the 
tuning difficulties for optimal gains. The justification for hiring SCSO is its algorithmic simplicity owning to the fact that it has 
few parameters, making it easy to implement.

2. Applications in real-world problems

The proof of the convergence of the SCSO algorithm is shown via various simulations when applied to highly nonlinear complex 
systems, which confirms the effectiveness of this algorithm in real-world engineering problems.

3. Numerous comparisons

To verify the validity of the proposed SCSO-based control design, its performance has been compared with well-known 
optimization algorithms such as PSO, BBBC, WOA, and GWO in which it exhibited either better or close performance.

The rest of the paper is planned as follows. The proposed SCSO-based control algorithm and the physical model of the systems 
are presented in Section 2 as fundamentals. The simulation result and analysis are given in Section 3. Finally, the conclusions and 
future observations are written in Section 4.

2. Fundamentals

In the first part of this section, a general overview of the SCSO optimization algorithm will be provided. In the second part, we 
consider the equations of motions of three nonlinear systems and their control performance will be examined using some well-known 
metaheuristic algorithms. Finally, the proposed SCSO-based control algorithm will be explained.

2.1. The metaheuristic SCSO algorithm

The sand cat swarm optimization (SCSO) algorithm is inspired by the sand cat behaviors in nature [33]. The SCSO algorithm 
mimics the search and hunting mechanism of this animal. The sand cat has some specific characteristics in comparison to the domestic 
cats such as the ability to detect the low frequency noises, live in the harsh environment of deserts, and own specific methods for 
hunting. There are not any differences in the appearance of both cat types, but the sand cat has a high density of fur in the palms and 
soles. As mentioned earlier, the sand cat has a special method in the foraging and hunting mechanism. They predict the location of 
the prey according to their extraordinary ability in detecting low-frequency noises. The main characteristic of the sand cat is to hear 
noises with frequencies below 2 𝑘𝐻𝑧. The SCSO algorithm tries to find a solution close to the optimum. Based on the NFL theorem 
[44], one cannot find a metaheuristic algorithm capable of finding an optimum solution to each individual problem. Among the 
available metaheuristic algorithms, however, the SCSO algorithm has been shown to be effective with reliable performance in most 
of the optimization problems.

For implementing the SCSO algorithm, the first step is the initialization of the parameter search space. This step is similar to all 
population-based metaheuristic algorithms. The search space is populated randomly between the lower and upper boundaries of the 
parameters according to the limitations of the given optimization problem. The assigned parameter ranges determine the borders 
of the search space. In each iteration of the algorithm, the SCSO algorithm controls the boundaries of each parameter in the search 
space. The number of rows in the search space is equal to the number of the search agents and the number of columns representing 
the number of the dimensions of the problem. The randomly populated search space includes a list of candidate solutions that the 
metaheuristic algorithm should update and finally find a solution near the optimum value from the search space. For this and to 
evaluate the candidate solutions, a well-defined fitness function (cost) is required for each specific optimization problem. Based on 
the problem’s goal, which could be either a maximization or minimization one, the metaheuristic algorithm tries to guide the search 
mechanism towards the optimum solution. In the next step, the search agents perform a continuous exploration within the search 
space to update their positions and move towards the regions where the optimal solution is placed, (reaching near to the prey’s 
location). Here, the search and hunting mechanism of each metaheuristic algorithm is different.

In the SCSO algorithm, the searching for prey is empowered by each sand cat’s ability in the low-frequency noise emission. The 
sensitivity range (𝑅) of each search agent is predefined between 2 to 0. The ⃖⃖⃖⃗𝑟𝐺 parameter indicates the general sensitivity range 
which decreases from 2 to 0 according to Equations. (1), (2), (3). In the equation (1) the 𝑆𝑀 , which is associated with the sand-cat’s 
3

ability to catch low-frequencies below 2 KHz, is assumed to be 2, 𝑖𝑡𝑒𝑟𝑐 is the current iteration number, and 𝑖𝑡𝑒𝑟𝑚𝑎𝑥 is the iterations 



Heliyon 9 (2023) e13885V. Tavakol Aghaei, A. SeyyedAbbasi, J. Rasheed et al.

maximum value. ⃖⃖⃖⃖⃗𝑋𝑐 indicates the current position, ⃖⃖⃖⃖⃗𝑋𝑏 indicates the best position, and ⃖⃖⃖⃖⃖⃖⃖⃗𝑋𝑟𝑛𝑑 is the random position according to 
Equations (4), (5a), (5b).

In the SCSO algorithm, each search agent moves in a circular manner, in this way to move in different directions to search for 
possible global solutions, the random angle 𝛼 between 0 to 360 is considered as a cos(𝛼) function. The main structural equations of 
the SCSO algorithm are given in Equation (6).

⃖⃖⃖⃗𝑟𝐺 = 𝑠𝑀 −
(
𝑠𝑀 × 𝑖𝑡𝑒𝑟𝑐

𝑖𝑡𝑒𝑟𝑚𝑎𝑥

)
(1)

𝑅 = 2 × ⃖⃖⃖⃗𝑟𝐺 × 𝑟𝑎𝑛𝑑(0,1) − ⃖⃖⃖⃗𝑟𝐺 (2)

�⃗� = ⃖⃖⃖⃗𝑟𝐺 × 𝑟𝑎𝑛𝑑(0,1) (3)

⃖⃖⃗𝑋(𝑡+ 1) = �⃗� ⋅
(
⃖⃖⃖⃖⃗𝑋𝑏(𝑡) − 𝑟𝑎𝑛𝑑(0,1) ⋅ ⃖⃖⃖⃖⃗𝑋𝑐(𝑡)

)
(4)

⃖⃖⃖⃖⃖⃖⃖⃗𝑋𝑟𝑛𝑑 = |||𝑟𝑎𝑛𝑑(0,1) ⋅ ⃖⃖⃖⃖⃗𝑋𝑏(𝑡) − ⃖⃖⃖⃖⃗𝑋𝑐(𝑡)
||| (5a)

⃖⃖⃗𝑋(𝑡+ 1) = ⃖⃖⃖⃖⃗𝑋𝑏(𝑡) − �⃗� ⋅ ⃖⃖⃖⃖⃖⃖⃖⃗𝑋𝑟𝑛𝑑 ⋅ cos(𝛼) (5b)

⃖⃖⃗𝑋(𝑡+ 1) =
⎧⎪⎨⎪⎩
�⃗� ⋅

(
⃖⃖⃖⃖⃗𝑋𝑏(𝑡) − 𝑟𝑎𝑛𝑑(0,1) ⋅ ⃖⃖⃖⃖⃖⃖⃖⃖⃗𝑋𝑐(𝑡)

) |𝑅| > 1
⃖⃖⃖⃖⃗𝑋𝑏(𝑡) − �⃗� ⋅ ⃖⃖⃖⃖⃖⃖⃖⃗𝑋𝑟𝑛𝑑 ⋅ cos(𝛼) |𝑅| ≤ 1

(6)

2.2. Physical systems model

To show the performance of the optimization algorithms we apply them to three different nonlinear systems; Inverted pendulum, 
Furuta pendulum, and Acrobat Robot. In the following, the mathematical formulations of the systems along with their parameters 
and states will be given.

2.2.1. Inverted pendulum

The inverted pendulum system in modern control is a good example of a benchmark experiment for an open-loop unstable 
system which is being considered for different linear and nonlinear control applications. Its working principle generally is based on 
a moving cart over a rail with a stick (pendulum) attached to it. The control objective here is to stabilize the pendulum in a vertical 
position by applying desired control signals to the cart, considering the limitations on the position of the cart as well as the angle of 
the pendulum with respect to the vertical position. The continuous state space of the inverted pendulum is composed of four state 
variables as  =

[
𝜙 �̇� 𝑝 �̇�

]
which stand for pendulum’s angle and its angular velocity, cart position and cart velocity, respectively. The 

control objective is to design a suitable feedback controller for this system capable of stabilizing the pendulum’s angle in the vertical 
position as well as bringing the cart position to the origin. The dynamical equations of the system are given in Equations (7a), (7b)

as shown by [4]

�̈� = −3𝑚𝑙�̇�2 sin𝜙 cos𝜙+ 6(𝑀 +𝑚)𝑔 sin𝜙− 6(𝑢− 𝑏�̇�) cos𝜙
4𝑙(𝑀 +𝑚) − 3𝑚𝑙 cos𝜙

(7a)

�̈� = −2𝑚𝑙�̇�2 sin𝜙+ 3𝑚𝑔 sin𝜙 cos𝜙+ 4𝑢− 4𝑏�̇�
4(𝑀 +𝑚) − 3𝑚 cos𝜙

(7b)

where the model parameters of the system are summarized in Table 1. For each state, a stabilizing feedback gain is learned by the 
optimization algorithms. To have a fair comparison between the metaheuristic algorithms, the same quadratic cost function is used 
which encompasses the information regarding the state variables and the generated control signal. This quadratic function is defined 
as:

𝐽 ( , 𝑢) = 𝑇 +𝑇 𝑢 (8)

with a positive definite weight matrix 4×4 defined as diag
(
[10 10 10 10]

)
and a positive penalty value  = 0.1 for the control signal 

𝑢. For this cost function to have a global minimum, the matrices  and  have to be positive definite. A matrix is positive definite 
if it is symmetric and all its eigenvalues are positive. If these matrices are positive definite, then the function 𝐽 is a strictly convex 
function. A strictly convex function has a unique global minimum, which can be found by taking the derivative of the function and 
setting it to zero. This ensures that the optimization algorithm can converge to the optimal solution. It is also important to check that 
the domain of  and 𝑢 is closed and bounded.

2.2.2. Furuta pendulum

The Furuta pendulum is an underactuated nonlinear system whose structure is composed of a rotating arm with a pendulum 
attached to it. For this system also, we consider four continuous states consisting of the arm angle, arm angular velocity, pendulum 
angle, and its angular velocity represented as  =

[
𝜃𝑎 �̇�𝑎 𝜃𝑝 �̇�𝑝

]
. The governing equations of the Furuta pendulum with respect to the 
4

arm and pendulum angles are represented in [7] and given as follows:
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Table 1

Inverted pendulum’s model parameters.

𝑀 Cart mass (kg) 0.5

𝑚 Stick mass (kg) 0.5

𝑙 Stick length (𝑚) 0.6

𝑏 Friction constant (𝑁∕𝑚 × 𝑠) 0.1

𝑔 Gravity (𝑚∕𝑠2) 9.81

Table 2

Furuta pendulum’s model parameters.

𝑚1 pendulum mass (kg) 5.38 × 10−2

𝐿0 Arm length (m) 0.215
𝑔 Gravity (m∕s2) 9.81
𝑙1 Distance to pendulum’s center of gravity 0.113
𝐽1 pendulum Inertia 1.98 × 10−4

𝐼0 Arm Inertia 1.75 × 10−2

Fig. 2. Mechanism of the acrobat robot.

�̈�𝑎 =
1


[
(𝐽1 +𝑚1𝑙

2
1)𝜏 − (𝐽1 +𝑚1𝑙

2
1)𝑚1𝑙

2
1 sin(2𝜃𝑝)�̇�𝑎�̇�𝑝−

0.5𝑚2
1𝑙

3
1𝐿0 cos𝜃𝑝 sin (2𝜃𝑝)�̇�2𝑎 + (𝐽1 +𝑚1𝑙

2
1)𝑚1𝑙1𝐿0 sin𝜃𝑝�̇�2𝑝−

𝑚1𝑙
2
1𝐿0𝑔 cos𝜃𝑝 sin𝜃𝑝

]

�̈�𝑝 =
1


[
− (𝑚1𝑙1𝐿0 cos𝜃𝑝)𝜏 −𝑚2

1𝑙
2
1𝐿

2
0 sin𝜃𝑝 cos𝜃𝑝�̇�

2
𝑝+

𝑚1𝑙
2
1 sin (2𝜃𝑝)�̇�𝑎

(
𝑚1𝑙1𝐿0 cos𝜃𝑝�̇�𝑝 + 0.5(𝐼0 +𝑚1𝐿

2
0 + 𝑙21 sin

2 𝜃𝑝)�̇�𝑎
)

+ (𝐼0 +𝑚1𝐿
2
0 + 𝑙21 sin

2 𝜃𝑝)𝑚1𝑙1𝑔 sin𝜃𝑝
]

(9)

where  is obtained by Equation (10)

 = (𝐼0 +𝑚1𝑙
2
1 sin

2 𝜃𝑝)(𝐽1 +𝑚1𝑙
2
1) + 𝐽1𝑚1𝐿

2
0 +𝑚2

1𝑙
2
1𝐿

2
0 sin

2 𝜃𝑝 (10)

The parameters of the Furuta pendulum model in Equation (9) are defined according to Table 2.

2.2.3. Acrobat robot

A simple structure of the 2-link robot known also as the Acrobat robot is given in Fig. 2, where it is used to obtain the dynamical 
equations of the robot, assuming that the mass of the links is 𝑚1 and 𝑚2 to be equal to 1 𝑘𝑔, their lengths are 𝑎1 and 𝑎2 equal to 
1 𝑚, joint angles of the links as 𝑞1 and 𝑞2. These links are controlled by two motors with torques 𝜏1 and 𝜏2. Using the Lagrangian

formulation, the general form of the acrobat robot’s dynamics can be written as given in Equation (11)

𝑀(𝑞)𝑞 + 𝑉 (𝑞, �̇�) +𝐺(𝑞) = 𝜏 (11)

where 𝑀 , 𝑉 , and 𝐺 stand for inertia matrix, Coriolis, and gravity vectors, respectively. One can extract the dynamics of the acrobat 
5

robot as shown in Equation (12), which are elaborately covered in [19].
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Fig. 3. Block diagram representation of the PD-CT with the online optimization algorithms.

[
(𝑚1 +𝑚2)𝑎21 +𝑚2𝑎

2
2 + 2𝑚2𝑎1𝑎2 cos 𝑞2 𝑚2𝑎

2
2 +𝑚2𝑎1𝑎2 cos 𝑞2

𝑚2𝑎
2
2 +𝑚2𝑎1𝑎2 cos 𝑞2 𝑚2𝑎

2
2

][
𝑞1
𝑞2

]

+
[
−𝑚2𝑎1𝑎2(2�̇�1�̇�2 + �̇�22) sin 𝑞2

𝑚2𝑎1𝑎2�̇�
2
1 sin 𝑞2

]
+
[
(𝑚1 +𝑚2)𝑔𝑎1 cos𝑞1 +𝑚2𝑔𝑎2 cos (𝑞1 + 𝑞2)

𝑚2𝑔𝑎2 cos (𝑞1 + 𝑞2)

][
𝜏1
𝜏2

] (12)

To control the acrobat robot, Proportional-Derivative Computed Torque (PD-CT) is used and its working principle is based on the 
feedback linearization [37]. For this, first, an error trajectory is defined as Equation (13):

𝑒(𝑡) = 𝑞𝑑 (𝑡) − 𝑞(𝑡) (13)

The nonlinear controller which ensures tracking the desired motion trajectory 𝑞𝑑 (𝑡) can be written as Equation (14):

𝜏 =𝑀(𝑞)(𝑞 − 𝑢) +𝑁(𝑞, �̇�) (14)

where 𝑁(𝑞, �̇�) is composed of nonlinear terms defined by Equation (15):

𝑁(𝑞, �̇�) ≡ 𝑉 (𝑞, �̇�)�̇� + 𝐹 (�̇�) +𝐺(𝑞) (15)

with friction components represented by 𝐹 (�̇�). Taking the control signal as a PD controller will yield the PD-CT controller as provided 
in Equation (16):

𝜏 =𝑀(𝑞)(𝑞 + 𝑘𝑝𝑒+ 𝑘𝑑 �̇�) +𝑁(𝑞, �̇�) (16)

The structure of the resulting PD-CT control loop is given in Fig. 3, where the optimization algorithms are responsible for learning 
the controller gains. It is built with a multiloop structure, consisting of an inner nonlinear feedback linearization loop and an exterior 
unity-gain tracking loop. It is important to keep in mind that for each joint there is an outer loop. In this closed-loop control system, 
we have

𝐪𝐝 = [𝑞𝑑 �̇�𝑑 ] 𝐪 = [𝑞 �̇�]

The desired trajectory is also assumed to be a sinusoidal one with a period of 2 and amplitude of 0.1 according to Equation (17):

𝐪𝐝 = [0.1 sin(𝜋𝑡) 0.1cos(𝜋𝑡)] (17)

We defined the cost function of the applied optimization algorithms considering the error trajectory as:

𝐽 = 𝑒2𝑄 (18)

where 𝑄 is a diagonal matrix as 𝑄 = diag([10 10]);

2.3. SCSO-based controller design

The fundamental principle of operation of the SCSO method is to find the possible optimal solutions from a random search space 
(seeking for prey and attacking them). The objective of the algorithm based on the problem at hand can be either minimization or 
maximization of an appropriate cost function. Fig. 4 demonstrates SCSO’s flowchart. According to this flowchart and based on the 
following steps, the optimal control parameters for the nonlinear unstable systems can be determined.

Step 1 The first step is to assign the initial parameters for the SCSO-based control algorithm as well as define the lower and 
upper bounds for the unknown parameters in the search space; For the inverted pendulum and Furuta pendulum, the parameters 
to be obtained are the gains of the state feedback controller, which for these systems we have in total 4 controller gains. For the 
acrobat robot, the PD gains will be obtained. Moreover, the number of search agents, and the maximum number of iterations should 
be specified. Then, the initialization of the random parameter space according to the boundary conditions can be done based on 
6

Equation (19):
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Fig. 4. Flowchart for the SCSO algorithm.

𝑥0 = 𝑟𝑎𝑛𝑑(𝑑𝑖𝑚,1) × (𝑢𝑏𝜃𝑖 − 𝑙𝑏𝜃𝑖 ) + 𝑙𝑏𝜃𝑖 (19)

where 𝑢𝑏 and 𝑙𝑏 are the upper and lower boundaries for each 𝜃𝑖 parameter to be learned and 𝑑𝑖𝑚 is the dimension of each parameter.

Step 2 In step two, each search agent calculates the fitness value of the appropriate possible solution based on the available problem. 
For the inverted pendulum and Furuta pendulum, the relevant fitness function is given in Equation (8) and for the acrobat robot it is 
given in Equation (18).

Step 3 SCSO is initiated here in order to determine the optimum solution. On the basis of the fitness function, the best score and the 
best position of the optimum solution are determined. Accordingly, the SCSO algorithm updates the search agent positions based on 
Equation (1). It is worthwhile mentioning that selecting an appropriate performance index for the metaheuristic algorithm is crucial.

Step 4 As part of the SCSO algorithm, a predefined stopping criterion is assigned. In our case, the stopping criteria are met when 
the iteration maximum value is reached.

3. Simulation and result analysis

A metaheuristic algorithm typically produces different results depending on the values of its control parameters, and it is often 
found that different control parameters produce dissimilar results depending on their values. In this section first, the initialization of 
the compared metaheuristic algorithms such as GWO, WOA, PSO, and BBBC with the SCSO is presented. Then, they are applied to 
the nonlinear models of the inverted pendulum, Furuta pendulum, and the acrobat robot to learn a suitable state-feedback controller 
7

gain vector to stabilize and control them. Their control behavior is then illustrated as time response plots and the stabilizing gains 
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Table 3

Initialization of the algorithms.

Algorithm Parameter Value

SCSO Sensitivity Range (𝑟𝐺) [0 2]
Phase Control Range (R) [−2𝑟𝐺 2𝑟𝐺]

GWO a linearly decreasing vector (𝑎) [0 2]
𝐴 coefficient vector [0 2]
𝐶 coefficient vector 2 × 𝑟𝑎𝑛𝑑(0,1)

WOA 𝑎 decreases linearly from 2 to 0 [0 2]
𝐴 coefficient vector [0 2]

PSO Weight 𝑤 [0.4 0.9]
Acceleration constants 𝑐1 , 𝑐2 2

BBBC Iteration parameter 𝑁𝑔 30

Space limiting parameter 𝛽 0.15

Acceleration constant 𝑐1 [1 15]
Acceleration constant 𝑐2 [2 20]

and resulted cost values are provided in relevant tables. Finally, the section will be concluded with some discussions regarding the 
extracted observations from the results.

3.1. Parameter initialization

For all the considered meta-heuristic algorithms including the proposed SCSO algorithm, it is assumed that each one is run with a 
population size of 30 and a number of iterations of 500. The simulation configuration composed of the different initial parameters and 
specific parameter ranges for each meta-heuristic algorithm, is given in Table 3 To have a fair evaluative comparison, the environment 
in which all the experiments are conducted, is considered under the same conditions. All the simulations are implemented using a 
Core 𝑖7 − 5500𝑈 2.4 processor, 8 GB of RAM in the MATLAB 2020 environment.

3.2. Result analysis

To show the effectiveness of the proposed SCSO parameter optimization for the controller design of physical systems, a comparison 
based on different metaheuristic algorithms such as PSO, BBBC, WOA, and GWO in three complex nonlinear systems as represented 
in Section 2.2, has been made. To control the Inverted pendulum and Furuta pendulum, we design two different full-state feedback 
controllers according to the number of states involved for each system. A state feedback controller is represented according to 
Equation (20):

𝑢 = −𝑘𝑥 (20)

where 𝑘 stands for a gain vector of the controller, which is responsible for stabilizing the pendulum angles, and 𝑢 is the resulting 
control signal. Specifically for the Inverted pendulum, another control objective is to steer the system’s cart position towards the 
origin from any given initial cart position, as well. The time response variations of the inverted pendulum for the obtained state vector 
by metaheuristic algorithms are given in Fig. 5, where the simulation time is chosen to be 10 sec with a sampling time of 𝜏𝑠 = 0.01 sec. 
It should be emphasized that for a more accurate portrayal of the plots, we showed only 3 seconds of the simulation in this figure. To 
obtain the time response plots of the system, an initial state is assigned as 0 =

[
0.66 (𝑟𝑎𝑑) 0.3 (𝑟𝑎𝑑∕𝑠) 1.5 (𝑚) 0.3 (𝑚∕𝑠)

]
. Although 

according to Fig. 5, the performance of the applied meta-heuristic algorithms for stabilizing the states of the Inverted pendulum is 
very close to each other, we can discuss the performance of each algorithm according to the desired specifications of the system. 
Specifically, when considering Fig. 5a, in terms of the undershoots and overshoots of the angle deviations, BBBC demonstrates better 
performance. Among the algorithms, GWO decreased the rise time of the system’s response, whereas WOA resulted in a greater rise 
time. Although PSO and SCSO exhibited similar performances, PSO seems to result in a less undershoot for the angle response. For 
the pendulum’s cart position shown in Fig. 5c, the performance of GWO can be distinguished from the other algorithms, where it 
shows a reduced rise-time, settling-time, and overshoot. The behavior of the control signal for the Inverted pendulum, is also shown 
in Fig. 6. As observed from this figure, less initial control effort devoted to controlling the inverted pendulum belongs to WOA, SCSO, 
PSO, BBBC, and GWO, respectively (the less control effort, the better the controller design). Moreover, one can observe the velocity 
behavior of the pendulum’s angle and the cart in Figs. 5b, 5d.

The simulation results of the Furuta pendulum are shown in Fig. 7. To have a clear and reliable comparison, specifically for 
Fig. 7a, assuming the starting time for the comparison is around 150, in terms of the overshoots, the PSO owns the first place by 
having the minimum value, SCSO and GWO are in the second place, and BBBC has the maximum value of the overshoot. In Fig. 7b, 
SCSO owns the second-best performance after GWO, in having a better settling time.

For hardware setup implementations, the behavior of the output control signals of the systems is crucial. When considering 
8

Fig. 7c, the control signal variations for GWO, WOA, and PSO are relatively large, and in real-world physical experiments depending 
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Fig. 5. Time responses for the Inverted pendulum.

on the limitations of the available actuators, they could not be realistic. Whereas, these variations for BBBC and SCSO are small, 
which could give better results in real-world experiments.

For the Acrobat robot, the resulted trajectory error plots, for the given sinusoidal inputs are given in Fig. 8. As can be seen, while 
PSO outperforms the other algorithms, SCSO, WOA, GWO, and BBBC show a similar trend in tracking the inputs. In terms of the 
algorithmic analysis we can discuss the convergence of the applied metaheuristic optimization methods according to Fig. 9 and the 
given Tables 4, 5, 6, where for each system the obtained state feedback parameters and the resulting cost values, are given. According 
to our results, there are similar functional behaviors in all of these nonlinear system models as they are in the uni-modal fixed function 
models; the best or optimal solution for these types of functions can only have one global solution. One of the objectives of our study 
is to examine the metaheuristic algorithms’ capacity for exploration and exploitation by the knowledge that finding a global optimum 
solution requires a good level of exploitation. The optimized gains for the pendulum’s angle, angular velocity, the cart’s position, and 
its linear velocity are given in Table 4 and represented by 𝑘𝑖 where 𝑖 = 1, … , 4. The functionality of the implemented metaheuristic 
optimization algorithms is based on an appropriate cost function. The converged value of the cost function for each algorithm is also 
given in Table 4 which is calculated according to Equation (8). As it is obvious from this table, the cost value of the SCSO algorithm 
is better than the others.

The obtained results of the Furuta pendulum, which is designed to rotate an arm attached to a pendulum, are also shown in 
Table 5. Similar to Table 4, there are gain parameters to be optimized, which should control the arm angle, its angular velocity, the 
pendulum angle, and its angular velocity. According to Table 5, the SCSO algorithm also provides better results in comparison to 
9

other algorithms for finding optimized parameters. For this system, the cost function values are obtained using Equation (8).
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Fig. 6. Control signals for the Inverted pendulum.

Table 4

Optimized parameters and the converged cost function for the Inverted pendulum.

Algorithm 𝑘1 𝑘2 𝑘3 𝑘4 Cost

SCSO −106.5173 −15.3428 −24.3197 −16.5111 𝟔.𝟎𝟔𝒆− 𝟑𝟕
GWO −199.7924 −28.3381 −54.4326 −34.7815 1.78𝑒− 36
WOA −90.1191 −13.1692 −19.5456 −13.3067 1.42𝑒− 34
PSO −126.4230 −18.1780 −29.7044 −20.1036 1.38𝑒− 35
BBBC −195.7704 −28.2128 −47.3587 −32.1615 4.65𝑒− 32

Table 5

Optimized parameters and the converged cost function for the Furuta.

Algorithm 𝑘1 𝑘2 𝑘3 𝑘4 Cost

SCSO −30.9614 −8.6242 −60.8159 −7.3316 𝟑.𝟏𝟒𝒆− 𝟔𝟗
GWO −102.1752 −27.9689 −192.2926 −23.1986 1.39𝑒− 66
WOA −98.7970 −23.3394 −161.9467 −19.3776 1.04𝑒− 63
PSO −101.0838 −27.7087 −191.1006 −23.0322 6.70𝑒− 70
BBBC −38.5966 −12.1674 −60.6569 −10.6516 1.73𝑒− 28

Table 6 shows the result that was obtained for the acrobat robot system model during the simulation process. In this system 
model, there are two gain parameters that control the angles shown in Fig. 2. According to the obtained results, the cost values are 
competitive. For this system, we have used the cost function given in Equation (18). It is worth noting that, except for BBBC, the 
other algorithms have crossed their parameter boundaries. Based on Fig. 9a, 9b, and 9c convergence curves of the metaheuristic 
algorithms are presented. As can be seen from this figure, the SCSO algorithm’s convergence rate, in terms of keeping the trade-off 
between the exploration and exploitation phases, is satisfactory.

3.3. Discussions

Although in Section 3.2 we provide the time-response and convergence properties of the proposed SCSO control algorithm and 
showed its effectiveness when compared to some optimization algorithms, there still exist some inquiries that should be explored.

• In our simulations, we did not incorporate the effect of the disturbances, parameter uncertainties, and noises involved, and ideal 
conditions are taken. Actually, to design robust control and optimization algorithms that can be better integrated with real-world 
10

system models, the role of the disturbances and the uncertainties are indispensable.
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Fig. 7. Time responses for the Furuta pendulum.

Table 6

Optimized parameters and the converged cost function for the acrobat 
robot.

Algorithm 𝑘𝑝 𝑘𝑑 Cost

SCSO 117.3465 200 3.5629𝑒− 08
GWO 117.84117 200 3.5636𝑒− 08
WOA 117.5706 200 3.5634𝑒− 08
PSO 200 107.1564 6.3848𝑒− 08
BBBC 117.5924 −12.1674 3.5636𝑒− 08

• As the control algorithms for our systems, the classical state-feedback, and PD-CT are hired. Other sophisticated traditional and 
intelligent controllers could also have been used like a hybrid-neural network-based sliding mode control (SMC) [16], nonlinear 
SMC [39], and Fuzzy control [10].

• The obtained result for the robotic arm falls into the boundaries of the initial parameters except for the BBBC algorithm. This is 
because of the exploration-exploitation behavior of the metaheuristic algorithms. This can be overcome by modifying the range 
of the parameters defined. Assigning the bounds for the parameter spaces can be tricky and problem-specific, therefore it is 
11

crucial to have a firm grasp of the issue at hand before you start making assumptions.
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Fig. 8. Trajectory error and the desired trajectory for the acrobat.

• Based on the obtained result for each nonlinear system model, the metaheuristic algorithms get the optimum value as a cost 
function. However, the obtained optimum cost for the acrobat robot for all the algorithms is in a competitive manner, which 
shows the sensitivity and accuracy of the algorithms.

4. Conclusions and future observations

In this paper, for the first time, the SCSO-based state feedback controller is proposed and successfully applied to three nonlinear 
physical systems. In this direction, first, we explore the stabilization performance of the applied optimization-based control strategy 
in the Inverted pendulum and Furuta pendulum. Then the trajectory tracking control of an Acrobat robot is investigated. To put 
our methodology in context and demonstrate its efficiency, a thorough comparison has been made with some famous optimization 
algorithms such as BBBC, PSO, WOA, and GWO in terms of both control performance and convergence. The main tasks of the current 
paper can be pointed out in the following:

• The proposed SCSO-state feedback controller is implemented in the controller design for the nonlinear, unstable, and 
underactuated models of the Inverted pendulum and Furuta pendulum, where their control is challenging work. The resulting 
control can successfully stabilize the Inverted pendulum’s angle and cart position. Similarly, the Furuta pendulum managed to 
stabilize both the pendulum and arm angles based on the designed controller.

• To guarantee the tracking error for given sinusoidal reference inputs to the Acrobat robot, an SCSO-based PD-CT controller is 
designed.

• The results of the simulations for both the convergence and control performance reveal the competitiveness of the proposed 
SCSO-based control design with some famous optimization algorithms. In relation to the time response features of the systems, 
we can infer that the SCSO-based control can even perform better than the tested optimization algorithms, or its performance is 
sufficient to match those of the competitors and achieve the intended control objectives.

• From the algorithmic point of view, SCSO inherits a simple structure and is easy to implement, which entitles it as a suitable 
candidate for real-world control and engineering problems. Moreover, it can ensure an accurate convergence by retaining a 
balance between exploration and exploitation.

As a future research path, we first intend to extend the optimization idea from the classical to the advanced intelligent control 
algorithms and apply the SCSO algorithm to learn the model of the fuzzy controllers which may demand a high-dimensional 
parameter optimization space. The next step is to investigate the robustness of the proposed SCSO algorithm in terms of disturbances, 
12

parameter uncertainties, and noises applied to the system model.
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Fig. 9. Convergence plots for the system models.
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