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ABSTRACT

In this study, the two-wheeled mobile robot (TWMR) was controlled by taking the user's mass and center of gravity as a reference instead of the joystick control of the 
TWMR. A load-cell-based original TWMR system was proposed and realized. The behavior of the driving dynamics was discussed with a developed method di"erent 
from other studies. The mathematical model of a load cell-based TWMR system was created and then simulated in the Matlab Simulink environment. This feature 
allowed the system to be more controlled and stable. The designed TWMR systems were controlled with proportional, integral, and derivative (PID) and fuzzy-PID 
controllers in the simulation. PID parameters in the system vary according to the mass of the user. The change of PID parameters was provided according to the mass 
information obtained from the load cell with the fuzzy-PID controller. Thus, the ability of the system to stay in balance was increased. Additionally, the speed of the 
TWMR and the pitching angle were controlled using PID and fuzzy-PID methods. The current values drawn from the battery were determined according to the applied 
controllers on 0° and 3° slope roads. The speed control of the motors was carried out with a mean error of 2%. The results of the fuzzy-PID control were observed to be 
better than those of the traditional PID controller.
Index Terms—Control design, fuzzy & pid control, mobile robots, robot control, simulation
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I. INTRODUCTION

Developed societies prefer to use electric vehicles in the transportation and service sectors 
because petroleum products increase air pollution and have low mechanical efficiency. The two-
wheeled balance robot named Segway, which entered the literature for the first time in 2001, 
was used as a vehicle or mobile robot [1]. These vehicles are easy, practical, light, and easy to 
move even in small spaces, which provides a significant advantage in their usage. In addition, 
the absence of exhaust emissions increases interest in these vehicles daily. Due to these features, 
two-wheeled mobile robots (TWMR) have become preferred in various usage areas, such as air-
ports, security forces, entertainment sectors, and factories. The control of TWMRs works accord-
ing to the inverted pendulum principle. The balance of the system is realized with the help of 
control algorithms according to the data from the gyroscope sensor [2–4]. Different control tech-
niques could be used for TWMR systems. Proportional, integral, and derivative controller (PID), 
linear quadratic regulator (LQR), Fuzzy logic controller (FLC), and artificial neural network (ANN) 
based controller designs were used in the control of TWMRs [2–15].

Sen investigated the effectiveness of FLC and LQR algorithms on the control of a two-wheeled 
balance robot. In his study, the bee algorithm was used to determine the FLC parameters, and 
the performances of the FLC and LQR algorithms were compared in a Matlab/Simulink envi-
ronment. It is due to this comparison [16]. Pham et al. developed a ball-type TWMR. They pro-
vided the TWMR to move stably in the vertical position by using the hierarchical sliding mode 
control method in the simulation and application of the system [17]. Yoo et al. developed an 
FLC-based system for position and balance control of a TWMR-type mobile robot. They used a 
single-input FLC instead of the classical two-input FLC. It was observed that a single-input FLC 
offered similar control performance to conventional two-input FLC systems when the experi-
mental results were compared [18]. Mohammed and Abdulla reached the performance ratios 
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between genetic algorithm (GA) optimization and bacterial swarm 
(BS) optimization of LQR on the TWMR control. It was shown that 
BS more stably controls the system, responds faster, and balances 
more quickly [19]. Prabhakar et  al. modeled and carried out the 
TWMR system. PID, GA-based PID, and Model Predictive Control 
(MPC) methods were applied to the Arduino-based control sys-
tem. The MPC method was determined to be more successful than 
other control methods [20]. Ahmed compared the performance of 
TWMR using a classic-type PID and an ANN-based controller. His 
study aimed to control the pitching angle with the position of the 
joystick of the TWMR and make the system move more stable [13]. 
TWMRs provide many advantages in terms of usage area and func-
tions. However, they have some disadvantages. One of the most 
important disadvantages of TWMRs is the accidents that may occur 
during usage. These accidents can cause traumatic injuries to the 
user. 

Pourmand et al. analyzed the accidents with TWMR between 1990 
and 2017 through academic studies published in PubMed. Their 
study emphasized that the TWMR was innovative, but the casual-
ties were dangerous and had high treatment costs [21]. Dhillon and 
colleagues studied electric scooter accidents in Southern California 
between January and November 2018, and 87 accidents occurred 
during this time. 17.2% of the patients had a surgical operation. In 
addition, one accident resulted in death [22]. Yun et al. designed and 
controlled the serial elastic actuator (SEA) mechanism to improve 
the stability of the TWMR while in motion. Using SEA, the inertial 
force acting on the driver could be balanced up to 110 kg·m/s2 in 
case of sudden acceleration or deceleration. The centrifugal force 
was compensated by more than 33.5% at the rotation moment [23]. 
Bang et al. developed an algorithm to precisely perform the TWMR’s 
turn operations using the SEA-based TWMR. The control structure 
was created by placing four SEAs under the footplate [24]. The mean 
angle error value in the TWMR system was approximately 7% using 
the developed algorithm. There are various studies with load cells 
[25,26]. However, these studies have differences with this study in 
terms of mechanics, usage area, and control method.

In this study, load cells control the TWMR movement and balance 
by taking the user’s center of mass and gravity information. Firstly, 
the mathematical model of a load cell-based TWMR system was cre-
ated and then simulated in the Matlab Simulink environment. The 
load cells were used for orientation control of the TWMR. The out-
put of the dynamic model of the system was updated according to 
the mass of the user. Thus, the maximum pitching angle is updated 
according to the user. It was thought that the possibility of users fall-
ing off the TWMR would be reduced with the update of the pitching 
angle. For this purpose, a load cell-based TWMR mechanical system 
design aimed at reducing accident rates was created and simulated 
successfully. TWMR motors were controlled with PID and fuzzy-PID 
controllers in the simulation. The simulated system’s simulation 
results and performance rates were compared according to different 
driving dynamics.

II. TWO-WHEELED MOBILE ROBOT SYSTEM DESIGN

Brushless direct current (BLDC) motors are usually preferred for their 
efficiency, high torque, and simple maintenance [27]. Due to its fea-
tures, the BLDC motor was selected as the actuator of TWMR in this 
study. This section explains the mathematical modeling of TWMR 
and the control of TWMR motors with PID and fuzzy-PID controller.

A. Mathematical Model of the Two-Wheeled Mobile Robot
The system was controlled with load cells placed on the TWMR [28]. 
The motors’ torque values should have been calculated according 
to the torque–force relationship. Rolling, slope, air, and acceleration 
resistance forces are influential in the movement of the TWMR. The 
mathematical formulas for rolling and slope resistance forces are 
given in equations (1) and (2), respectively. The rolling resistance 
coefficient was taken as 0.012. This study ignored the effect of air 
and acceleration resistance forces on the TWMR.

F f GR r= *  (1)

F GST ! * sin"  (2)

FR represents the rolling resistance, FST is the slope resistance, fr is the 
rolling resistance coefficient, G is the mass of the user, and α is the 
degree between the systems and the slope road. The FR value varies 
according to the mass of the user, while the FST value varies depend-
ing on both the mass and the angle of the slope.

The system starts to move when the sum of the forces created by the 
TWMR motors is greater than the frictional forces acting on the sys-
tem. The TWMR’s pitching angle (Ψ) and steering angle (ϕ) must be 
calculated after the system moves. The pitching angle (Ψ) represents 
the angle created by the user when the user moves with their posi-
tion perpendicular to the ground. It is shown in Fig. 1.

The mass of the user can be determined using the load cells. The 
user’s maximum pitch angle (Ψmax) is calculated according to the 
mass information. Thus, it is foreseen to prevent the user from fall-
ing over this angle. Ψmax differs for each user since Ψmax depends on 
the user mass. This difference is perceived by the load cells, and the 
TWMR can be controlled adaptively. The physical representation of 

Fig. 1. The pitching angle of two-wheeled mobile robot system.
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the Ψmax is given in Fig. 2, and its mathematical equation is given in 
Equation (3).

!max arctan
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The m represents the mass of the user, M is the mass of the TWMR, 
a is the acceleration, g is the gravitational acceleration, and Ψ is the 
pitch angle.

The motors’ forces must be equally distributed when the TWMR 
steering angle (ϕ) is zero. However, in cases where the steering angle 
is different from zero, the motors’ force–torque values should be 
produced, and the motors’ speeds change. This study subtracted 
the steering angle from the pressure applied to the load cells. Thus, 
no additional external equipment is needed to calculate the steer-
ing angle. The pressure on each load cell determines the calculation 
of the steering angle. The right (wright) and left (wleft) motor speeds 
of the TWMR are calculated after calculating the steering angle. The 
physical representation of the calculation for the right and left motor 
speeds is given in Fig. 3.

The mathematical formula of the right (wright) and left (wleft) motor 
speeds according to the steering angle are given in equations 
(4–7):

x L! * sin( )"  (4) tan( )
( )

d x
R Lc v

!
"

 (5)

R L
d

Lc v! "
#$

%
&'
(* sin( )

tan( )
)  (6)

w
R L

w
R

w
R L

ref

c v

right

c

left

c v!
" "

!2*
 (7)

Where r is the radius of the wheel (in Fig. 3), Ψ is the distance in the 
z-axis made by the user to the pitch attitude, L is the reach of the 
user’s center of gravity to the TWMR, x: The distance on the Z axis 
when the TWMR tilts at a certain pitch angle, Lv is half of the TWMR 
floor length, and Rc is the size of the steering angle to the TWMR.

Fig. 2. The physical representation of the maximum pitching angle.

Fig. 3. Determination of right (wright) and left (wleft) engine speeds 
according to the steering angle [28].

Fig. 4. Flowchart of the proposed two-wheeled mobile robot 
control algorithm.
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B. Two-Wheeled Mobile Robot Algorithm
The load cells are used in this proposed algorithm. The system is 
updated according to this weight by reaching the user’s weight 
thanks to the load cells. Thus, a user-specific driving mode is cre-
ated, allowing the user to drive better and more efficiently. First, 
the user is requested to put pressure on the load cells in the pro-
posed algorithm. The motors are not allowed to be triggered 
without stressing all load cells. The purpose here is to prevent the 
user from falling by activating the motors while the user is get-
ting on the TWMR. The mathematical calculations required for that 
mass are performed in the background, preventing the user from 
exceeding the maximum pitch attitude after the user’s mass infor-
mation is extracted. The system’s control is realized by measuring 
the pressure distributions on the load cells. The ratio of the sys-
tem’s front and rear load cells determines the forward and back-
ward movement of the TWMR, and the percentage of the load cells 
on the right and left facing each other determines the right and 
left orientation. The flow diagram of the proposed system is given 
in Fig. 4.

III. SIMULATION STUDY AND DISCUSSION

This section explained the simulation application of the load cell-
based TWMR. A BLDC motor model with 320 rpm and 350 W motor 
power was used in the simulation of the TWMR, as used in the previ-
ous study [28]. The detailed BLDC motor specifications are given in 
[27]. The electrical block diagram of the designed system is shown 
in Fig. 5.

Phase triggers were made according to the data from the hall-
effect sensor for the motor to work correctly. The Hall-effect sen-
sor determines which of the windings in the BLDC is triggered. 
Current flows through two-phase windings in the motor using 
the data from three sensors. The other phase winding remains 
idle, and the motor continues to run. The microcontroller uses 
the information from the hall-effect sensors to determine which 
windings to trigger in the next step. Depending on the result of 
this process, control signals from the microcontroller trigger the 
switching components that allow current to flow through the 
relevant windings in the motor driver. Changes can be observed 
instantaneously in the simulation using various slide bars, as 
shown in Fig. 6.

The designed simulation application determined the PID coefficients 
with a fuzzy logic controller. Thus, PID parameters can adaptively 
update themselves according to the system. This feature gives the 
controlled system more successful results [29]. TWMR’s motors were 
held according to the determined PID coefficients. The left motor of 
the TWMR was controlled with fuzzy-PID, and the right motor was 
controlled with PID in the simulation to see the difference between 
PID and fuzzy-PID controllers. The general block view of the TWMR 
simulation is given in Fig. 7.
The PID parameters of the right motor were determined by the trial-
and-error method according to the pressures applied by the user to 
the load cells. The speed graphs of the motors were examined by 
randomly assigning the KP, KI, and KD coefficients. The coefficient val-
ues that reach the desired speed fastest and make the most negli-
gible overshoot and fluctuation are determined as PID parameters 
(Table I) when these graphs are examined. It is stated that other 
control methods are more complicated, complex, and challenging 
to implement than PID controller methods [30, 31].
The fuzzy-PID controller was used to control the left motor of the 
TWMR. There are two inputs for the fuzzy Logic controller: error 
(e) and instantaneous change of error (∆e). Seven membership 

Fig. 5. Electrical block diagram of the designed system.

Fig. 6. Display the values that must be calculated instantly according to the user mass and load cell ratios.
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functions were used for each input. These membership functions 
were named NB (Negative Big), NM (Negative Medium), NS (Negative 
Small), Z (Zero), PS (Positive Small), PM (Positive Medium), and PB 
(Positive Big). The triangle membership function type was used. A 
7 × 7 rule table was created to determine the parameter values of 
the fuzzy-PID controller. The rule table for KP, KI, and KD parameters 
is given in Table II.

Fuzzy-PID and PID controllers were compared as a result of the sim-
ulation. The time to reach the desired speed, the controllers’ over-
shoot value and fluctuation values, and the motors’ currents were 
obtained when the same reference speed values were given to users 

with different masses. In Fig. 8, the speeds are plotted so that users 
with masses of 30 kg (A) and 90 kg (B) reach the requested reference 
speed values. The TWMR was also tested on a straight road (0°) and 
a sloping road (3°).

When the test processes were examined, the speed of the motors 
reached approximately 250 rpm. It has been observed that the 
fuzzy-PID controller responds faster than the PID controller and gets 
the reference speed in a shorter time. It is determined that there is 
approximately a 3–5 rpm error rate when reaching the desired refer-
ence speeds. The error in the speed of the motor is related to the 
proportional coefficient of the fuzzy-PID controller. The coefficient of 
the proportional controller is high because it aims to reach the speed 
value at the desired reference speed in a short time. The mean speed 
error rate was calculated according to the error value of 5 rpm and 
was found to be 1.96%.

The change of graph in pitching angles obtained from the driving of 
30 and 90 kg users according to different reference speeds is given 
in Fig. 9. Simulation tests were carried out at 4 different reference 
speeds: 250, 128, 169, and 45 rpm. Initially, the test was performed 
based on a reference speed of 250 rpm in the 0–2 second range. The 
pitching angle of the user with a mass of 30 kg is 6.3839, and the 

Fig. 7. The general view of the two-wheeled mobile robot simulation with fuzzy-PID and PID controller [28]. PID, Proportional, integral, and 
derivative.

TABLE I. PROPORTIONAL INTEGRAL DERIVATIVE PARAMETERS SET FOR USE 
IN THE CONTROL OF THE RIGHT MOTOR OF THE TWO-WHEELED MOBILE 
ROBOT

Propo rtion al–In tegra l–Der ivati ve Parameters Value

KP 10

KI 1e−5

KD 2.4e−2

TABLE II. PROPO RTION AL–IN TEGRA L–DER IVATI VE PARAMETERS SET FOR USE IN THE CONTROL OF THE RIGHT MOTOR OF THE TWO-WHEELED MOBILE ROBOT

KP-KI-KD NB NM NS Z PS PM PB

NB NB-NB-PS NM-NB-NS NS-NB-NB NB-NB-NB NS-NB-NB NM-NB-NM NB-NB-PS

NM NM-PM-PS NM-PM-NS NS-PB-NB NS-PB-NM NS-PB-NM NM-PM-NS NM-PM-Z

NS NS-PM-Z NS-PB-NS NS-PB-NB Z-PB-NM NS-PB-NS NS-PB-Z NS-PM-Z

Z NM-PB-NS NM-PB-NS Z-PM-NS Z-Z-NS Z-PM-NS PM-PB-Z PM-PB-Z

PS PM-PM-Z PS-PB-Z PS-PB-Z Z-PB-Z PS-PB-Z PS-PB-PB PM-PM-NS

PM PM-PM-PS PM-PM-PS PS-PB-PS PS-PB-PS PS-PB-PB PM-PM-PB PM-PM-PM

PB PB-NB-PM PB-NB-PM PB-NB-PS PB-NB-PS PB-NB-PB PB-NB-Z PB-NB-NS

NB, Negative Big; NM, Negative Medium; NS, Negative Small; PB, Positive Big; PM, Positive Medium; PS, Positive Small; Z, Zero.
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pitching angle of the user with a mass of 90 kg is 5.2920. It was deter-
mined that the pitching angle of the user with a mass of 30 kg was 

3.2416, while the pitching angle of the user with a 90 kg mass was 
2.7589 based on the 128 rpm reference speed in the range of 2–4 
seconds. In the 4–6 second interval, the pitching angle of the 30 kg 
user was 4.2561, and the 90 kg user’s pitching angle was 3.5153 at 
169 rpm. Finally, it has been determined that the pitching angle of 
the user with a mass of 30 kg is 1.1026 at a speed of 45 rpm, while 
the pitching angle of the user with a mass of 90 kg is 0.9843. It is seen 
that the pitching angle value changes depending on the reference 
speed in the use of the TWMR. The difference in pitching angle values 
between users with 30 and 90 kg of mass increases as the reference 
speed increases. It is seen that the pitching angle of the user with a 
mass of 30 kg is higher than that of the user with a mass of 90 kg.

The force applied to the front and rear load cells changed the pitch-
ing angle. The relation between user mass and pitching angle is 

Fig. 8. Speed graph of two-wheeled mobile robot on 0° and 3° 
slopes for 30 kg (a) and 90 kg (b) masses users.

Fig. 9. Variation of pitching angle obtained for di"erent reference 
speeds with 30 and 90 kg users.

Fig. 10. Change of pitching angle according to variable load 
distribution in front and rear load cells.

Fig. 11. Currents of fuzzy propo rtion al–in tegra l–der ivati ve and 
propo rtion al–in tegra l–der ivati ve controller for the 30 kg mass user.



Electrica 2024; 24(1): 247-255
Kelek et al. Load Cell-Based TWMR Control with PID & Fuzzy-PID Methods

253

shown in Fig. 10 with 2 different user masses. The user can achieve 
the same speed with less pitching angle value to perform the for-
ward movement when the mass of the user increases. The pitching 
angle required for high-mass users to reach the specified speed 
value is lower than for low-mass users. So, it is understood that the 
risk of falling off the TWMR for high-mass users is reduced.

The current information was obtained from the user’s driving on 0° 
and 3° sloping roads. Fuzzy-PID controls TWMR, and the PID control-
ler during the TWMR driver mass is 30 kg. The current graph of the 
motors is given in Fig. 11 with a 0° slope road. Average drawn current 
values according to different user masses and slopes are presented 
in Table III.

The proportions between the flow and the mass information are 
given in Table III. As a result of the examination, the correlation 
value between the user mass on the 0° sloping road and the current 
values drawn by the PID-controlled TWMR was R2 = 0.9836. The cor-
relation coefficient between the user mass and the current drawn 
by the TWMR motors controlled by fuzzy-PID on the 0° sloping road 
was R2 = 0.9861. As can be seen, the similarity ratio between the 
user mass and the current drawn from the motor controlled by the 
fuzzy-PID controller increased even more on the 0° sloping road. 
The current values of the motor controlled by fuzzy-PID are higher 
than those of the PID control method. It is understood from Fig. 
11 and Table III that the fuzzy-PID control method responds faster 
to sudden changes in the system and accordingly draws a higher 
current.

This study created a mechanical system using load cells, and the 
system’s control was carried out in a simulation environment. The 
mean speed error rate was calculated at 1.96%. Hence, the system’s 
ability to balance was increased, and the risk of a TWMR accident 
was reduced. In addition, the speed of the TWMR, the current values 
drawn from the motors, and the pitching angle were controlled using 
PID and fuzzy-PID control methods. The current values drawn from 
the battery were determined according to the controllers applied on 
0° and 3° sloping roads. Fuzzy-PID controls the motors with a mean 

error of 2%. It was observed that the fuzzy-PID controller type was 
better than the traditional PID controller, according to the obtained 
simulation results.

IV. CONCLUSION

In this study, the load cell-based TWMR was controlled in a simula-
tion environment with fuzzy-PID and PID control algorithms. The 
fuzzy-PID controller, which could change the parameters according 
to the PID control method, was observed to give better results. The 
settling time of the TWMR motor controlled by the fuzzy-PID control 
algorithm was faster than PID control. There were 3–5 rpm fluctua-
tions in speed due to this quick response time. Motor currents were 
measured on TWMR’s straight (0°) and sloping (3°) roads with dif-
ferent user masses. It was seen that a more stable system could be 
obtained with the application of the proposed control method. Thus, 
it was foreseen that the accidents that may occur with the TWMR 
could be reduced to a minimum.
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