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Abstract—Two-wheeled self-balancing robot is similar to a 

mobile inverted pendulum which also has a smaller footprint size. 

This allows it to move in narrow space area autonomously when 

compare to alternative robot base. Despite its smaller footprint, it 

is a highly unstable non-linear system, which required a good 

control system in controlling this robot before we can make use of 

its advantage. To let the robot run autonomously, path planning is 

one of the best alternatives to the line following method which is 

less affected by the ambient light and more flexible as changing the 

path of the robot does not require the change of the track that used 

to guide the robot. This paper focuses on implementing Linear 

Quadratic Regulator (LQR) to maintain the robot in an upright 

position and the robot is used to perform path planning. First, the 

mathematical model of the robot is derived; then the LQR 

controller gain is obtained using MATLAB; then the mechanism 

of the robot is built; finally, the robot is used to perform path 

planning using the equation s=rθ. In this project, the robot has 

shown a disturbance rejection up to 2N force. The robot also has a 

settling time of less and equal to 5s when the robot is tilted and 

released. At the same time, path planning has also been applied to 

this robot. The path planning done in this project included 

“square”, “S”, and “8”. The performances of these path planning 

are plotted.   

Keywords— two-wheeled self-balancing robot; mobile robot; 

linear quadratic regulator (LQR); path planning. 

I.  INTRODUCTION 

As the industry undergone revolution toward industry 4.0, 
machine to machine production and the manufacturing 
processes have become the focus of most of the company. The 
involvement of human workforce in the manufacturing process 
is reduced, have also resulted in the reduction of operational 
cost, and improved the product’s quality, quantity, efficiency, 
and revenues. 

Changi General Hospital in Singapore have been 
implementing service robot, Hospi to carry the medicine and 
medical specimens from a station to another station to reduce the 
burden of professionally trained nurses and have their focus in 
taking care of the patients. In factories, Automated Guided 
Vehicles (AGV) are widely implemented to transport product 
from one location to another. However, AGVs are less suitable 
to be deployed in the hospital due to the track-guided AGV 
would be interfered with the crowd in the hospital and have the 

potential to cause a deadly crash with the people in the hospital 
[1]. Next, the performance of track-guided AGVs that 
implemented line following method is subjected to the distance 
from sensors to the floor, the distance between the sensors 
(depend on the width of the line) and the brightness of ambient 
light (receiver also response to the ambient light) [2]. 

Similar to the inverted pendulum, two-wheeled self-
balancing robot is a highly unstable non-linear system, which 
has two coaxial wheels with one motor attached to each wheel 
[3]. It is also having a smaller footprint size compared to AGV 
with at least three wheels. Moreover, with smaller footprint size 
indicate that two-wheeled self-balancing robot can be more 
flexible and easily pass through crowded places. 

This project focuses on implementing two-wheeled self-
balancing robot to perform path planning. An optimal control 
system, linear quadratic regulator (LQR) is to implement in 
controlling and balancing the two-wheeled self-balancing robot. 
At the same time, simple path planning methods are used to 
allow the robot to run in a ‘Square’, an ‘S’ and an ‘8’ path. 

II. LITERATURE REVIEW 

The differential navigation system is usually implemented 
on two-wheeled self-balancing robot which gives it the 
advantage of the small footprint to move in narrow space area. 
Moreover, the robot is designed to be symmetrical that involved 
robot structure and the placement of circuit board to allow it to 
be controlled and stabilized easily. [4]. 

Next, a two-wheeled self-balancing robot is a highly 
unstable non-linear system, conventional control system PID is 
more suitable for the linear system. Control system intended for 
the non-linear system should be implemented to achieve desired 
performance. Linear Quadratic Regulator (LQR) control system 
is more suitable for controlling two-wheeled self-balancing 
robot as it uses state space that can integrate all output state 
variables such as position, velocity, tilted angle, and tilt angle 
velocity to calculate the control value with good noise 
disturbance rejection ability [5-6].   

Moreover, Linear Quadratic Regulator (LQR) controller 
shows better performance in controlling the two-wheeled self-
balancing robot when compared to the fuzzy logic controller and 
pole placement controller. Linear Quadratic Regulator (LQR) 
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controller has slightly higher overshoot, but it has faster settling 
time than pole placement method [7-8]. 

Next, noises and drifting issues usually exist in the 
gyroscope sensor which causes the feedback reading to be 
unstable. This can be overcome by implementing a filter, a 
complementary filter is recommended as it is simpler than the 
Kalman Filter and more suitable to be implemented in the 
embedded system [7]. 

Path planning is one of the methods that has long been 
implemented on an autonomous robot. The reference points are 
inserted manually into the robot before the robot can move is the 
simplest method in path planning. When the robot is moving, the 
data is then used to calculate the trajectory of the robot [9].  

Next, research shows that bicycle path planning has higher 
path tracking accuracy than the pure pursuit method in the 
application of Omni-Directional robot navigation system. At the 
same time, gyrodemetry method allows the robot to track the 
path better than conventional odometry method [10]. 

Bezier curve is an alternative to the cubic spline method in 
autonomous robot path planning method. Bezier curve also 
gives a promising and efficient method for calculating the 
optimized path for the robot [11]. 

III. METHODOLOGY 

A. Mathematical Modelling of the Robot 

To design a Linear Quadratic Regulator controller for 
controlling the robot, a mathematical model of the robot must be 
obtained. The following is the derived mathematical model of 
the two-wheeled self-balancing robot: 

Mp  = mass of the robot’s chassis, 

Ip  = moment of inertia of the robot’s chassis, 

l = distance of the center of gravity from the wheel, 

Mw = mass of robot’s wheel,  

km = motor’s torque constant, 

ke = back EMF constant, 

R = terminal resistance, 

r = wheel radius. 

From the mathematical model, we can obtain the state space 
model for two-wheeled self-balancing robot that used in this 
project as follows: 
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B. Linear Quadratic Regulator(LQR) 

The Linear Quadratic Regulator (LQR) is a modern control 
method, which can utilize the state space model that previously 
derived to design the optimal controller for regulating the two-
wheeled self-balancing robot. State feedback equation is used in 
this control method. 

Va = -Kx, K = R-1BTP 

The algebraic Ricatti equation is used to solve the value of 
P, which will be used to solve for the value of K. 

𝑃𝐴 + 𝐴′𝑃 − 𝑃𝐵𝑅−1𝐵′𝑃 + 𝑄 = 0 

By choosing the Q = diag ([100 1 110000 8500]) and R = 1, 
the value for P is found. Thus, the gain K for LQR controller is 
obtained as follows: 

K = [-10.0 -30.6 -481.4 -162.2] 

C. Hardware Design 

The microcontroller module being used in this project is 
Arduino UNO. This module is used to process the data feedback 
from Inertial Measurement Unit (IMU) sensor, MPU 9250 and 
internal encoders. The IMU is a combination of MPU 6500 (3-
axis accelerometer, 3-axis gyroscope) and AK8963 (3-axis 
magnetometer) which feedback the state of the robot such as 
angular velocity, tilted angle, position, and velocity. The internal 
incremental rotary encoder feedback 245 pulses per rotation 
which is used to determine the position and velocity of the robot. 
The motor used is IG32E–35K with rated torque and rated speed 
of 0.27Nm and 170 rpm respectively. 

Two-wheeled self-balancing robot consists of only two 
wheels which are coaxial, and each wheel is attached to a motor. 
The placement of circuit boards is prioritized to have a layout of 
the robot in symmetrical order for better controlling and easier 
in balancing the robot.  

D. Path Planning Method 

The two-wheeled self-balancing robot in this project is 
programmed to be running in three different paths, such as 
“square”, “S”, and “8”. For the path “square”, the control points 
and distance of the side of the square is pre-programmed in the 
robot, before the robot can run the path. This path only required 
the robot to move in straight line and rotate 90o at each the 
corners of the square. 

For the “S” path, robot required to run in a curve which can 
be done by manipulating the velocity of the wheels. To realize 
this path, the equation s = rθ is used to generate path as the robot 
move. Before the robot starts to move, the starting position and 
radius of the circle is known. As the robot move, the total 
distance moved by the robot will start to accumulate and feed 
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into the equation as ‘s’. Hence, the expected robot’s heading can 
be calculated and be used to control the heading of the robot by 
manipulating the speed of each wheel. Two semi-circles are used 
to construct an “S” path, each semi-circle represents the first half 
and second half of the path respectively. 

The “8” path is constructed using two full circles. The path 
is also being generated along the movement of the robot. The 
expected path is calculated using the equation and method 
mentioned above. Hence, the calculated heading angle is used as 
a reference to control the heading of the robot and perform curve 
path planning by manipulating the speed of each wheel. 

IV. RESULT AND ANALYSIS 

A. Disturbance Rejection Result 

This experiment is conducted with the intention to determine 
the level of ability of two-wheeled self-balancing robot 
controlled with Linear Quadratic Regulator (LQR) controller in 
rejection of the disturbance applied to the robot. The 
disturbances applied to the robot in this experiment are the 
forces that generated by the pneumatic cylinder to push the 
robot. By manipulating the air pressure flow into the pneumatic 
cylinder, different amount of forces can be applied to the robot. 
At the same time, also able to simulate the relationship of 
different intensity of forces applied to the robot and the 
responses of robot accordingly.  

The response of robot when 0.5N disturbance force is 
applied to the robot, the settling time is 6.84s and the responses 
of position (red), speed (green), tilt angle (marine blue) and tilt 
angle rate (light blue) is shown in Figure1.  

 

Fig. 1. The response of robot with 0.5N disturbance force. 
 
 From the experiment, disturbance forces of 1N, 1.5N have 

the settling time of 8.92s and 14.2s respectively. The maximum 
force that can be applied before the robot becomes 
uncontrollable is 2N, the response of position (red), speed 
(green), tilt angle (marine blue) and tilt angle rate (light blue) are 
shown in Figure 2. 

 

Fig. 2. The response of robot with 2N disturbance force. 

B. Response Time of The Robot 

Measuring response time is a way of evaluating the 
performance of the Linear Quadratic Regulator (LQR) in 
controlling the two-wheeled self-balancing robot. In this 
experiment, the two-wheeled self-balancing robot is tilted at a 
certain angle. After that, the robot is released to allow it to 
balance itself and the settling time for the robot to return to the 
upright position is recorded. The robot is tilted at various angles, 
in the range of -35° to 20°, with the increment interval of 5°. 

When the robot is tilted forward, where the tilted angles are 
in the range of positive angles shows an inversely proportional 
relationship of tilted angles and settling time. When the angle 
tilted more, the settling time is faster. The robot is tilted 5°, the 
settling time is 4.48s and the responses of position (red), speed 
(green), tilt angle (marine blue) and tilt angle rate (light blue) as 
shown in Figure 3.  

 

Fig. 3. The response of robot with tilted angles of 5°.  

 
On the other hand, when the robot is tilted backward, which 

result in negative tilted angles show a more consistent settling 
time of about 5s.  When the robot is tilted with the angle of -5°, 
the settling time is 4.56s and responses of position (red), speed 
(green), tilt angle (marine blue) and tilt angle rate (light blue) as 
shown in Figure 4. 

 

Fig. 4. The response of robot with tilted angles of -5°.  

 
Table I shows the settling time of the robot with different 

tilted angles. The different of settling time when the robot is 
tilted forward and tilted backward might be due to the weight 
distribution and the direction of the motor moving. The motor 
moves faster in the forward direction and slower in the backward 
direction. 
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Table I: The tilted angle and the settling time of robot. 

NO Tilted Angle (°) Settling Time (s) 

1 -35 5.00 

2 -30 5.54 

3 -25 4.86 

4 -20 4.42 

5 -15 4.16 

6 -10 4.18 

7 -5 4.56 

8 0 0.00 

9 5 4.48 

10 10 3.04 

11 15 2.96 

12 20 2.66 

C. Path Planning Result 

There are three paths in the path planning, which are 
“square”, “S”, and “8”. For the “square” path, the graph plotted 
in Figure 5 shows that the robot unable to follow the path as the 
yaw reading in IMU sensors will be drifted when the robot is 
tilted. As the state feedback equation without integral is used in 
the control system there will always be a steady-state error in the 
output. The robot unable to stop at exact position and have about 
20cm of position error when stopped at the corner before 
rotating 90°.  

Referred to the Figure 6, the plotted “S” path shows the robot 
able to run in the “S” path (red) which coincides the path at the 
middle and at the end of the expected path (blue) but with some 
minor error. 

As shown in Figure 7, the robot’s path is considered 
satisfying as the overall performances of the path (red) is similar 

to the expected path (blue). The robot able to meet the starting 
point at the end of the path. 

From these paths that the robot performs, it is clearly shown 
that the robot needed another controller to control the robot 
wheels speed and heading. Additionally, might also have applied 
path planning method with dead reckoning algorithm to allow 
the robot to follow the path when it is miss tracked from the 
desired path.  

V. CONCLUSION 

A two-wheeled self-balancing robot is built based on the 
symmetrical design. The robot is controlled with Linear 
Quadratic Regulator (LQR) and path planning is implemented.  

The robot is showing a promising response which able to 
reject the disturbance up to 2N forces. Next, the robot has a 
maximum of settling time of 5s at the angle of -35° and able to 
achieve 2.96s at 15°. The difference in settling time of robot at 
a positive tilted angle and negative tilted angle might be due to 
the weight distribution and the direction of rotation of the motor.  

For the path planning of robot, the results show that the robot 
performs better running in the curve than running in straight line. 
This is due to the robot has produced a greater steady-state error 
when moving in straight line. In addition, the robot unable to 
exactly move according to the path, another controller to control 
the robot heading and speed in suggested, and the path planning 
method with dead reckoning algorithm should also be applied to 
ensure the robot follow the path. 
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Fig. 6. “S” path planning. 

 
Fig. 7. “8” path planning. 
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