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Abstract 

The two-wheeled self-balanced robot (TWSBR) is an important type of mobile tobor for a wide range of tasks, in which 

stability represents a major research and technical challenge. The goal of this study is to propose an optimum control 

method for increasing the stability of TWSBR under perturbation effects. A proportional integral derivative (PID) 

controller is designed based on the particle swarm optimization (PSO) method to optimize the robot controller 

parameters. SimScape Multibody environment is used in this paper to examine the performance of the suggested 

controller without the need for the mathematical model of the considered TWSBR system. This simulation platform is 

used to model and visualize the robot's movements while utilizing the optimized controller. The accuracy and robustness 

of the designed controller are tested by changing the load placed on the mechanical structure layers during robot motion. 

The obtained results demonstrate the effectiveness of the suggested controller design for robot balancing during 

disturbance situations. 

 

Keywords: TWSBR, PID, PSO, Simscape Multibody modeling, robustness controller test. 

 

 

1. Introduction 

As is widely known, non-holonomic wheeled mobile robot 

stabilization has attracted significant interest because of its 

wide usage in a variety of applications. A great of research 

works has been carried out recently on the control system 

design for two-wheeled self-balanced robots (TWSBR) 

[1], [2]. 

TWSBR balancing issue is a hot topic for researchers. Due 

to its instability, nonlinearity, multi-variability, and strong 

coupling, it can be used a typical system for testing control 

methods. However, this platform is better suited for testing 

automobile, rocket, space, robot, and military transport 

control methods because of its complex control [3], [4]. 

The TWSBR is considered non-linear under-actuated 

system having a single control input versus two degrees of 

freedom (𝑖. 𝑒. robot angle and wheel position) with 

fundamental behavior similar to an inverted pendulum 

system. Thus, the TWSBR system cannot remain in the 

upright position without a controller [5], [6]. 

Currently, engineers and researchers are working hard to 

improve control unit methods in order to keep the system 

more stable and robust where different techniques are 

designed and applied on TWSBR applications. The 

traditional proportional integral derivative (PID) controller 

is widely used in many fields of the industry with only 

three gains to tune [7]. Linear Quadratic Regulator (LQR) 

is employed in [8], PID and LQR are integrated to 

improve the balancing in [9], optimized LQR 

controller design using the particle swarm optimization  

(PSO) algorithm [10], Neural Network control (NN) [11] 

and fuzzy logic controlling [12], and PSO based fuzzy and 

PID controller [13], [14].  

For an effective controller, an accurate model is needed. 

The dynamic equations must be manually derived and 

arranged into a block diagram form. So, it is hard to see 

how the robot system physical components are connected. 

The TWSBR model can be formulated mathematically 

using Euler-Lagrange [15], [16] or Simscape in Matlab 

[17]. 
This study uses the Simscape Multibody library to model 

and displays the movements of a TWSBR that used a 

proposed controller. For the balancing robot control 

system, the PID controller has been designed. To 

determine the PID controller's optimum variables, the 

particle swarm optimization (PSO) method is 

implemented. Moreover, The goal of using an intelligent 

algorithm (PSO) to tune PID controller gains in order to 

solve the problem of traditional trial and error methods of 

parameter selection. The efficacy and robustness of the 

developed controller are investigated by varying the 

carried weight of the TWSBR. The acquired simulation 

results demonstrate the validity of the suggested controller 

for TWSBR and overall performance has been enhanced. 

The remaining parts of this work are organized as detailed 

follows. The basics of Simscape modeling are presented in 

Section 2. Section 3 discusses how the control design is 

implemented using a PSO-based PID controller. The 

discussion and the results of the simulation are presented 

in Section 4. The conclusion of the paper is described in 

the final section of the paper. 
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2. TWSBR Simscape Multibody Modeling 

The TWSBR system simulation with a controller is very 

crucial in order to conduct studies on the control ability of 

the robot when it is being moved through the impacts of 

road disturbances. The researchers used several simulation 

programs to solve this problem.  In the majority of these 

studies, the authors used two programs to simulate the 

controlled system and visualize robot mobility in different 

environments [19], [18].  

In this study, the Simscape Multibody environment is 

utilized to enhance the controller system for the TWSBR 

and to demonstrate the movements of the robot controller 

under a variety of loading disturbances. A Simscape 

Multibody tools has the ability to solve motion 

mathematical equations and evaluate the performance of 

control systems. The tools provides a broad range of 

libraries and Simulink blocks that can be used together to 

build any form of robot structure such as robotic 

manipulators, mobile robots, and walking robotic systems. 

[20]. Additionally, it offers simulation and control 

techniques that are designed to assist researchers in 

achieving the appropriate simulation results and accurately 

visualizing of the robot system movements [21]. 

Fig. 1 illustrates the TWSBR Simscape Multibody 

modeled structure while Fig. 2 demonstrates the visual 

representation of TWSBR in the Mechanics Explorer 

platform. The robot can move in a three-dimensional area 

in this workplace environment. Table 1 describes the 

functions of the Simulink blocks used in Fig 1. 

 

 
 

 

 

 
 

Table 1 describes the Simscape blocks shown within Fig 1 

 

Blocks Name Descriptions 

 

Solver 

Configuration 

 

Describes the 

simulation setup 

settings. 

 

World Frame 

Making a frame of 

reference for the 

mechanical model in 

the physical design.  

 

Mechanism 

Configuration 

 

Initialization of the 

simulation and 

mechanical parameters 

 

Revolute Joint  

The motion at angles 

between the robot 

body and the wheels is 

translated by this  joint 

 

Prismatic 

Joint  

It translates the 

displacement-based 

motion between the 

entire structure and the 

surface. 

 

Rigid 

Transform 

produce a three-

dimensional rigid 

transition between two 

different frames 

 

Solid Block 
 

Solid characteristics are 

found in these blocks. 

 

PS-Simulink 

Converter 

signal connector from 

Simulink to physical 

signals 

 

 

3. Controller Design of TWSBR 

In recent decades, various control systems have been used 

to stabilize the TWSBR system and the swing up angle. 

The robot wheels are rotated forward and reverse 

movements to keep the robot in the vertical position 

required for the stabilization. There are various methods 

for implementing a control strategy on a TWSBR system. 

Some approaches consider the system as a single input 

single output (SISO) system [22]. Thus, the approach 

assumes that there is only one controller for one output. 

Several control schemes are presented to the self-

balancing robot in order to fulfill control objectives. The 

present state that needs to be controlled is represented by 

the robot tilt angle. These are described further below. 

 

3.1 PID controller  

In a wide range of industrial and manufacturing settings, 

the PID controller is a common part. The proportional 

gain(𝐾𝑝), integral gain (𝐾𝑖) and derivative gain (𝐾𝑑) are 

the three parameters that compose the design of the PID 

controller. Both of these parameters can be tuned to 

achieve the best value based on the requirements of a 

Fig.1 Simscape model for the TWSBR system 

Fig.2 The 3D structure visualization of TWSBR 
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particular system [23]. The fundamental equation that 

controls the behavior of this controller is presented in the 

following illustration.  

 

𝑈(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫  
𝑡

0
𝑒(𝑡)𝑑𝑡 + 𝐾𝑑

𝑑𝑒

𝑑𝑡
                         (1) 

 
where 𝐾𝑝 is the proportional value, 𝐾𝑖 is the integral value, 

𝐾𝑑 is the derivative value and 𝑒(𝑡) is the error function. 

Moreover,  𝑒(𝑡) is the error signal that occurs between two 

signals such as the reference point value and the actual 

value. The actual value is the measured output response of 

the system while the reference value is a signal that is sent 

to the modeling system depending on what it needs as its 

input. The PID controller parameters adjusted are 

important in influencing the performance and time 

response of the system and they can have a significant 

impact on the functioning characteristics, whether 

favorably or unfavorably. The tuning of PID parameters to 

their optimum levels is required in order to obtain the best 

possible response. Furthermore, the DC motor is one of 

the most popular and commonly used actuators in control 

systems. The correction force required for a TWSBR 

stability issue. It is proportional to the torque produced by 

DC motors. It generates not only translational movement 

for the robot but also the rotational movement that is 

coupled to the wheels [24], [25]. The specifications of an 

actual DC motor obtained from [26] have been specified 

for this simulation. The PID controller design with the 

TWSBR is shown in Fig. 3. 

 

3.2 Particle Swarm Optimization based on PID  

controller 

In comparison to other optimization techniques, PSO is 

one of the most powerful approaches and also has a high 

level of effectiveness [27]. In this work, the PSO 

algorithm is used to identify the optimal PID controller 

parameters. PSO is a concept that requires the velocity of 

each particle to be altered at each time step in order to 

move it closer to both its global best and its local best 

positions. Moreover, the next velocity can be computed 

using existing velocity, present position, optimum past 

location and current position distance [28]. The 

fundamental motion equations are used to guide the 

operation of the particles: 

 

𝑣𝑖
𝑘+1 = 𝑤 × 𝑣𝑖

𝑘 + 𝑐1 × 𝑟𝑎𝑛𝑑 × (𝑥𝑖
𝑏 − 𝑥𝑖

𝑘) + 𝑐2

× 𝑟𝑎𝑛𝑑 × (𝑥𝑖
g

− 𝑥𝑖
𝑘) 

 

(2) 

 

𝑥𝑖
𝑘+1 = 𝑥𝑖

𝑘 + 𝑣𝑖
𝑘+1 (3) 

 

Which 𝑣𝑖
𝑘  is the speed of the particle, 𝑥𝑖

𝑘 is the position of  

present particle, w is the weight vector, 𝑥𝑖
𝑏 is the best 

value, 𝑥𝑖
g
 is the global best value, and rand is a 

randomized variable between 0 and 1. Also, the 𝑐1 and 𝑐2 

are learning factors. PSO algorithm takes minimal lines of 

code. It's a basic, easy-to-implement and efficient 

algorithm [29] 

The following equation is the formula of the performance 

index function for limited time duration:  

 

𝐹 =  𝐼𝑆𝐸 𝑒² (𝑡)𝑑𝑡 (4) 

 
 In this research, we need to determine the PID controller 

parameters for stabilizing TWSBR using the PSO method. 

Three PSO variables are considered for 𝐾𝑖 , 𝐾𝑝  𝑎𝑛𝑑 𝐾𝑑 . 

Each of the three variables varied in terms of the number 

of the first population, first position and speed. The PSO 

algorithm specified the condition of the three variables to 

apply it for the physical simulation models. Fig. 4 depicts 

a block schematic of a PSO based PID controller for the 

TWSBR system. 

The convergence of the approach is shown in Fig. 5 which 

provides the analysis of the error minimization that occurs 

during the iterations to reach the ISE final value. The 

input data for the PSO algorithm is shown in Table 

2 which shows the number of iterations, populations, 

learning coefficients and variables details. Through the 

PSO online tuning process, the optimum PID controller 

parameters have been found as shown in Table 3. 

 

 
 

 
 

 
 

 

 
 

 

 

 

 

Fig.4 The block design of a PSO-based PID on a TWSBR. 

Fig.3 PID controller for TWSBR Simscape Model 

Fig.5 PSO Error minimization convergence curve 
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initialization Parameters PSO 

Number of iterations 30 

Size of populations 30 

Inertia weight 1 

Personal Learning Factor 1.5 

Global Learning Factor 1.5 

Number of variables 3 

Lower Bound of Variables 0 

Upper Bound of Variables 25 

 

 

 

PID  Parameter Value 

𝐾𝑝 25 

𝐾𝑖 12.501 

𝐾𝑑 0.556 

 

 

4. Simulation and Results   
The results of the simulation are performed to evaluate 

the effectiveness of the constructed controller and confirm 

its capacity to maintain a robot's stability under the 

influence of movement road disturbances. There are two 

different case studies that are taken into consideration: the 

first PSO based on PID Controller design. Second, the 

robustness effectiveness responsiveness of the controller is 

examined by loading different masses onto the robot body 

structure. The simulated scenarios investigated are as 

follows: 

 

4.1 PSO Algorithm Based on PID Tuning  

It was found that a more efficient controller is required to 

stabilize the movement of the TWSBR without falling 

down. In response to such a situation, we are developing a 

PID controller. To obtain the best outcomes, the PID 

controller's settings are fine-tuned using a PSO approach. 

The control efforts for the suggested PID controller are 

provided to demonstrate its effectiveness.  

However, the simulation result demonstrates the controller 

capability to reject the disturbance signal at the period 

shown in Fig. 6 when the initial external disturbance 

signal of 10 degrees is applied at the robot structure.  

Further, the control efforts can reject several disturbance 

signals in different locations of the same movement 

simulation. This verified the robustness of the controller in 

relation to the behavior performance response system. 

Fig. 7 depicts the results of the TWSBR simulation when 

subjected to the road disturbances influence of 10 °, -10 ° 

and 10 ° degrees on the straight direction.  

Therefore, the controller is capable of effectively 

balancing the robot in the upright position and recovers its 

state in around 0.2 seconds. 

 

 

 

 

 

  

  

 

 

 

 

 
 

 

 
 

 

 

 

4.2 Robustness Test of PSO Based on PID Controller 

 Loading additional weight on the TWSBR's body is a way 

of testing the efficiency and robustness of the proposed 

controllers. Two perturbation conditions are applied to the 

controlled system to evaluate the resilience and 

functioning of the developed controller. In the first case, 

one kilogram of additional weight is subjected to the 

Table 2 PSO algorithms parameters  

  

Table 3 PID controller parameters using a PSO tuning 

Fig.6 Robot motion under disturbance influences: (a) 

initial disturbance signal applied to robot; (b) 

TWSBR angle response 

(a) 

(b) 

(a) 

(b) 
Fig.7 Robot motion under disturbance influences: (a) 

three disturbance signals applied to robot; (b) 

TWSBR angle response 
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robot's body as shown in Fig. 8. In the second case, two 

kilogram is loaded into the TWSBR structure to evaluate 

the capability of the developed controller as illustrated in 

Fig. 9. Therefore, Fig. 10 exhibits the PID control attempts 

of the TWSBR movement under the effect of a disturbance 

when 1 kg is added to the robot body. The TWSBR 

motion PID control effort under the influence of a 

disturbance when 2 kg is added is shown in Fig. 11. 

Furthermore, the transient responses comparison of the 

simulation results (self-balance time and overshot) for 

each condition are shown in Table 4, including the 

suggested extra weights loaded to robot layer. 

 

 
 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

 
 

 

 

 

 

 

Load (kg) Self-balance time 

(sec) 

Overshoot (deg) 

Without load  0.2 11.5 

1Kg 0.4 13.6 

2Kg 0.8 15 

 

Conclusion 

The PID controller is designed in this work to stabilize the 

TWSBR and the optimum values of the PID controller are 

optimized using the PSO algorithm. The modeling and 

simulation in 3D are displayed by analyzing the TWSBR 

model in a Simscape Multibody library environment 

without depending on mathematical equation analysis to 

solve the equilibrium problem. The simulation findings 

indicate that the proposed controllers efficiently 

maintained the robot's stability during the motion 

disturbance effect. The proposed controller robustness has 

been verified by putting additional weights on the robot 

body. The two loads are added as 1 kg and 2 kg, 

respectively. In the both situations, the controlled system 

maintained stability and provided the desired motion while 

rejecting disturbances. Therefore, the whole suggested 

system demonstrates both its application in real-life 

settings and its efficiency in controlling the TWSBR. 

 

 

 

 

 

 

 

 

Fig.10 Robot inclination responses with 1Kg of extra 

weight 

Fig.8 TWSBR Visualized in Mechanics Explorer with 1 

Kg. 

Fig.9 TWSBR Visualized in Mechanics Explorer with 2 

Kg. 

Fig.11 Robot inclination responses with 2Kg of extra 

weight 

Table 4 The main values of simulation results comparison. 
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