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Abstract: This paper purpose a summary of the development process of our two-wheeled self-balancing
robot (TWSBR). We explore the fundamentals of locomotion, emphasizing the robot's inspiration from the
principles of an inverted pendulum. Dynamic modeling enables us to understand the robot's behavior and
stability, leading to the implementation of robust linear controllers for balance maintenancewe explore the
Linear Quadratic Regulator (LQR), a state-of-the-art linear control strategy highly acclaimed for its
effectiveness in managing linear systems. The LQR provides a robust and optimal control approach that
harnesses the principles of state-space representation and optimal control theory to achieve the desired
behavior of a system. Our exploration focuses on unraveling the underlying principles of the LQR and its
practical application in the context of a two-wheel self-balancing robot (TWSBR). Furthermore, we showcase
the practical implementation of both the LQR and PID control strategies within the control architecture of the
TWSBR, discussing the calibration process and the challenges encountered along the way, including the
impact of motor encoder issues. Through this comprehensive exploration, we aim to equip readers with
valuable insights into developing robust control systems for self-balancing robots, contributing to the

advancement of control methodologies and inspiring further innovation in the field of robotics.
Keywords: Linear Quadratic Regulator (LQR), PID controller, microcontroller

1. INTRODUCTION

Robotics is a dynamic and multidisciplinary
field that encompasses the design,
construction, operation, and application of
robots. It combines various branches of
engineering, such as mechanical, electrical,
and computer engineering, with principles
from computer science and artificial
intelligence. The goal of robotics is to develop
intelligent machines that can perform tasks
autonomously or with human guidance,
revolutionizing industries and enhancing our
daily lives [1]. The integration of sensors,
actuators, and sophisticated control systems
empowers robots to perceive and interact with
their surroundings. Sensors provide robots
with the ability to gather data about the
environment, enabling them to make informed
decisions. Actuators, such as motors and
manipulators, allow robots to execute physical
actions with precision and dexterity. The
simplest method of control system is by using
a PID controller [2].

Artificial intelligence plays a crucial role in
robotics, enabling robots to learn, adapt, and
make decisions based on the available data.
Machine learning algorithms equip robots with
the ability to recognize patterns, acquire new
skills, and continuously improve their
performance [3].

The application of robotics is not limited to
industrial and scientific domains. Robots are
increasingly being used in everyday life, from
household chores to entertainment and
personal assistance. The development of
social robots capable of understanding and
interacting with humans opens up new
possibilities for human-robot collaboration and
companionship. As robotics technology
continues to advance, it is essential to explore
its potential implications and address
challenges related to safety, ethics, and social
impact. Research in robotics focuses on
improving the intelligence, autonomy, and
interaction capabilities of robots, as well as
enhancing their efficiency and reliability [4].
When modeling a self-balancing robot, the
focus is on understanding the dynamics and
mechanics of the robot's body, Dynamics
plays a crucial role in self-balancing robots as
it deals with deriving the equations of motion
based on the forces and moments acting on
the robot. Accurate knowledge of the robot’s
mass and inertia is essential, as well as
considering physical phenomena like friction,
elasticity, backlash, and hysteresis, which can
affect the balancing performance.

The control problem for a self-balancing robot
with two wheels can be complex due to the
inherent instability of the system. However, by
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integrating accurate modeling, trajectory
planning, and suitable control strategies, the
robot can achieve the desired self-balancing
behavior. These approaches enable the robot
to maintain stability and adjust its movements
in real-time, ensuring effective balancing and
reliable performance. This paper aims to
explore the design, development, and control
of a two-wheeled self-balancing robot. By
focusing on stability control, precise
maneuverability, and adaptability to different
terrains and environments, the objective

is to create a prototype that demonstrates
reliable performance.

In this work we will demontrate step by step
on the mathematical of the modeling the
wheels self balancing robot. Then, we will
discuss different control methods in dettails in
cluding linrear control and non linear control
and finally we have seen on the process of
design of the mechanical structure and the
electronics as well as the assembly of the
robot planning with its subsequent simulation
on Matlab Simulink.

2. MATHEMATICAL MODELING
Mathematical model is required to design the
control law. Therefore, Newton law-based
model of the IP has been derived. The IP
consists of a moveable cart rail system and a
swing-able pole connected to the cart. A two-
wheeled self-balancing robot shown in Figure
1 is a special type of wheeled mobile robot
that combines a wheeled mobile robot and an
inverted pendulum system. Cart position is
controlled with DC motor.

The non-linear mathematical model of the IP
is derived using the Newton law approach.
Vertical force does not affect the cart position
and the horizontal movement is controlled by
the forces applied through DC motors [5].

Fig. 1 Two-wheeled Self-balancing robot TWSBR.

The classic bench-marking system [10]
known as an inverted pendulum on a cart, as
shown in Figure 2, has been developed into a
self-balancing two-wheeled robot.
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Fig.2 An Inverted Pendulum on a Cart.
(my + my)¥% + myrécosd = m,r2sing + u (1)
(I + m,r?)6 + m,ricosd = mrgsind )

The obtained non-linear mathematical model
of system is given by equations (1) and (2).
The system state and parameters are
explained in table (1) and system
specifications are provided in table (2).

Table 1 The system states and parameters

Table 1 The system states and parameters

Symbol Description
my mass of cart
m, mass of pendulum
l length of pendulum
g gravity
0,00 angular position, angular

velocity and angular
acceleration of the
pendulum rod from the
vertical line cart

X, x, X position, velocity and
u acceleration respectively

control force applied to the
cart
i moment of inertia of the rod
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Table 2 Parameter measurement values for the

system
Symbol Meaning Value Unit
my mass of cart 0.037 Kg
m, mass of 1.023 kg Kg
pendulum
L 0.12m m
length of cart
l 0.17 m
length of )
I pendulum 0.00361 kg/m
g inertia 98 m/s?
gravity
— ___ma(my+my)gl _ myl u
- (mq+my)I+(mymy12) (mq+my)I+(mym,12)
@)
= — m2gl? I+mq 12 U
T (mytmy)I+(mymyl2) (my+my)I+(mymy12)
(4)

The system equations can be reduced as
follow.

6=t,0+tu (5)
6=t,0+t,u (6)
— mq(mq+my)gl —
where & = ey’ 2
myl b= — m2gl?
(my+m)I+(mymayi2)’ 3 7 (my+my)I+(mymyl2)
and t, = I+mq1?
=

(mq+my)I1+(mym,12)

let define as x; = x,x, = %,x; = 0 and x, = 0.
Therfore,

1
Xy = tyx3 + tyu

Xy =2xy (7
X4 = tyx3 + 3y

Converting equation (7) to the equivalent state
space form given as,

X = Ax +Bu (8)
xl X1
X, X,
Where * = %], x = [x3],
X, X4
0 1 0 0
_ |0 —26.0555 258139 O
4= 1o 0 0 1| and
0 —123.3587 2384496 O
0
3.3872
B = 0
16.036

3. NON LINEAR CONTROL TECHNIQUE
Nonlinear control techniques refer to a set of
methodologies and strategies used to design
control systems for nonlinear dynamical
systems. Unlike linear control techniques that
assume linearity in system behavior,
nonlinear control techniques are specifically
tailored to address the complexities and
nonlinearity exhibited by many realworld
systems. Nonlinear control technigues involve
the application of advanced mathematical and
control theory concepts to effectively model,
analyze, and control nonlinear systems.
These techniques take into account the
nonlinear relationships, time-varying
dynamics, and interactions among system
variables, allowing for more accurate and
robust control solutions.

4. LINEAR QUADRATIC REGULAR
(LQR) CONTROL

Within  the realm of optimal control
formulation, a  time-honored  solution
emerges—the Linear Quadratic Regulator
(LQR). Renowned for its efficacy, LQR theory
is studied in the context of both continuous
and discrete problems. presenting a thorough
exploration of its principles and applications.
In this part, we delve into the theoretical
foundations of LQR, shedding light on its
status as a traditional solution in optimal
control. Our emphasis lies in the continuous
domain, where LQR’s power to optimize
control actions unfolds. By concentrating on
this version, we unlock a deeper
understanding of its potential and its
relevance in real-world scenarios. To further
enrich our exploration, we turn our attention to
remarkable extensions of LQR techniques
applied specifically to inverted pendulum
systems. Noteworthy works by Yamamoto
(2009), Fang (2014), Prasad, Tyagi, Gupta
(2014), and da Silva Sup (2017) provide
invaluable insights into the utilization of LQR
in the context of these dynamic systems.
Their contributions serve as beacons of
inspiration, propelling us forward in our
pursuit of enhanced control strategies.

The cost function of the quadratic is defined
by:

J= fooo[xTQx + uT Ruldt 9

where the matrix Q is positive semi-definite,
and the matrix R is positive definite applied to
discipline states and applied to control
objective, respectively; moreover, x is an n-
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state variable vector u is an m-control
variable vector [13][14].

The control defined above leads to the linear
optimal feedback control given by:

u=—kx (10)
K =R-'BTP (11)

where the matrix K provides optimal feedback
gains to the system, and the matrix P is the
solution of the algebraic matrix Riccati
equation:

PA+AT +Q — PBR™BTP =0 (12)

The control law for the linear system is given
as,

x = (A - Bk)x (13)
Performance

PID Controller: PID controllers are versatile
and can be tuned to achieve good
performance in a wide range of systems.
However, they may struggle with highly
nonlinear or complex systems.

LQR Controller: LQR controllers are designed
based on a model of the system and
optimization criteria. They can handle
complex dynamics and provide excellent
performance if the model accurately
represents the system.

The state is simply multiplied by a control gain
matrix KLQR and the result is fed back into
the plant. As a block diagram for full state
feedback control system is shown in figure 3.

R=0
soly | x=4r+pu | X

+ i

K =R1B'P =

Fig. 3 Structure of the linear quadratic regulator

(LQR).

5. SIMULATION RESULTS
we employ the Linear Quadratic Regulator
(LQR) control technique to stabilize and
balance the two-wheeled self-balancing robot
(TWSBR) model. The main goal is to

overcome the inherent instability of the robot
in its upright position and ensure it remains
balanced. By using the LQR approach, we
design a feedback controller that specifically
addresses the dynamics of the TWSBR. This
allows us to achieve optimal control
performance and stability by carefully tuning
the control gains derived from the LQR
algorithm. The LQR control strategy
effectively stabilizes the TWSBR, preventing it
from tipping over and maintaining its balance
in the desired reference position. This
approach takes advantage of the benefits
offered by optimal control techniques to
enhance stability and control performance for
the TWSBR. In conclusion, the
implementation of the Linear Quadratic
Regulator (LQR) control technique provides
us with a feedback control system for the two-
wheeled self-balancing robot (TWSBR)
model. The primary objective of this control
system is to ensure balance and stability,
counteracting the inherent instability of the
TWSBR in its upright position. By formulating
the control problem as an optimization task,
the LQR algorithm computes control gains
that minimize a specified cost function,
resulting in effective stabilization and
balancing of the robot.

To simulate the self-balancing robot, we
consider four important states of the system.
These states include the robot®s angular
position (tilt), angular velocity, wheel angle,
and wheel angular velocity. By analyzing the
simulation results for these states, we can
gain insights into the behavior of the system
under different conditions. By applying the
LQR controller to the self-balancing robot, we
can observe how it effectively stabilizes the
system in the desired state. The LQR
controller calculates the optimal control inputs
based on a cost function that minimizes

the error between the system s state and
the desired state. This allows the controller to
make precise adjustments to the control
inputs, such as the motor torques, to maintain
balance as its shown in Figure 4.

6. STABILITY AND ROBUSTNESS

Stability

PID Controller: PID controllers can provide
stable control if properly tuned. However,
tuning PID controllers

can be challenging, and inappropriate tuning
may lead to instability or oscillatory behavior.

LQR Controller: LQR controllers are
designed to optimize stability and
performance. With proper tuning and accurate
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system modeling, LQR controllers can ensure
stability and robustness.

> Robustness

PID Controller: PID controllers are less robust
to parameter variations or changes in system
dynamics. They

may require re-tuning or adaptive techniques
to maintain performance in such cases.

LQR Controller: LQR controllers are more
robust due to their use of a model-based
approach and optimization criteria.

They can handle system parameter variations
and changes in dynamics more effectively.

Figure 6 shows that the increase of weighting
for state x results in a high gain which
reduces the settling time of the robot's
position. the motors will be able to match the
desired response because the required
torque is less than the maximum torque of
the motor.

By using larger value of Q, the system will try
to stabilize with the least possible changes in
the states. Alternatively, using the smaller
value of Q will imply less influence about the
changes in the states. The choosing for the
best values of Q and R is a challenging part
in LQR algorithm.
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Fig. 5 Variables state response using LQR controller.
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Fig. 6 Response of the system with a high R
weighting.

In Figure 7, we can see the proportional
component of the PID controller contributes
to the response based on the current error
between the desired angle (O degree) and
the actual angle of the robot. A higher
proportional gain amplifies the corrective
action, causing the robot to react more
strongly to deviations from the desired angle.
The integral component of the PID controller
integrates the past errors over time. It helps
to gradually reduce any steady-state error
that may be present in the system.

Fig. 9 The robot in 3D model simulation results.

The PID controller continuously adjusts the
motor speeds based on the error signal to
achieve a balance between stability,
responsiveness, and precision. The response
of the self-balancing robot to the PID control
will involve a combination of corrective
actions, adjustments, and stabilizing effects
to maintain balance. As you can see in the
Figure 8 after using the PID controller the 3D
model so the real Robot are now stabilized.
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Fig. 7 SBR with PID feedback control.
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Fig. 8 Simulink model of the robot and simulation
results.

7. EXPERIMENTAL ANALYSIS
a powerful tool to implement and analyze
advanced control algorithms. Specifically, we
utilized MATLAB to develop and test both
PID (Proportional-Integral-Derivative) and
LQR (Linear Quadratic Regulator) controllers.
These controllers play a crucial role in
achieving precise balance and control of the
TWSBR. The PID controller provides a
feedback-based control mechanism,
adjusting the motor commands based on
sensor measurements to maintain stability.
On the other hand, the LQR controller
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leverages optimal control techniques to
design a controlstrategy that minimizes a
cost function related to the system’s
performance. The use of MATLAB allowed us
to model the TWSBR dynamics, simulate the
control  algorithms, and fine-tune the
controller parameters for optimal
performance. More detailed information
regarding the implementation and results of
the PID and LQR controllers can be found in
Chapter 3 of the thesis, providing
comprehensive insights into the stability
control strategies employed for the TWSBR.
In conclusion, both the Arduino IDE and
MATLAB played pivotal roles in enhancing
the stability of the Two- Wheel Self-Balancing
Robot (TWSBR). The Arduino IDE provided a
user-friendly and flexible platform for testing
and implementing the PID controller, allowing
for rapid prototyping and iterative refinement.
It facilitated the integration of various
hardware components, such as the motor
driver and sensors, enabling us to develop a
robust control system. The Arduino IDE’s
ease of use and compatibility with the
Arduino board made it an ideal choice for
real-time control and experimentation.

On the other hand, MATLAB offered
advanced analysis and simulation capabilities
for designing and evaluating control
strategies. By utilizing MATLAB, we could
model the TWSBR dynamics, simulate
different control algorithms, and analyze the
system'’s stability and performance. The use
of MATLAB enabled us to implement
sophisticated control algorithms, such as the
LQR controller, and optimize controller
parameters to achieve superiorstability and
ba'lance.\

Fig. 10 The robot results using PID.

8. THE IMPACT OF KALMAN FILTER
The implementation of the Kalman filter in the

MPU 6050 has several advantages that it can
be seen in Figure 11 the before and Figure
12 the after using the kalman filter. First, it
effectively reduces noise and errors in the
sensor measurements, leading to enhanced
accuracy of the data acquired from the MPU

6050. By combining the noisy sensor
measurements with the predicted state, it
provides a more precise estimation of the
true state.
Additionally, the Kalman filter plays a vital
role in filtering out noise and outliers,
resulting in a smoother output signal from the
MPU 6050. This feature is particularly
advantageous in applications such as self-
balancing robots, where a stable and
continuous measurement is crucial for
maintaining balance and stability.
Furthermore, over time, the MPU 6050
sensor may encounter drift, leading to
inaccuracies in its measurements.
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Fig. 11 MPU 6050 Data Reading before using
Kalman filter.
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Fig. 12 MPU 6050 Data Reading after using
Kalman filter.

9. CONCLUSION
In conclusion, our project on designing and
implementing a Two-Wheel Self-Balancing
Robot (TWSBR) has been a resounding
success. Throughout the entire process, from
conceptualization to assembly and testing,
we have made significant strides in
understanding and developing the intricate
dynamics and control mechanisms of the
robot. A comparative study between the PID
and LQR controllers was conducted,
considering factors such as performance,
complexity, and robustness. The choice
between these controllers depends on the
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specific requirements of the control system.
PID controllers offer simplicity and
robustness, while LQR controllers provide
optimal control solutions based on a specified
cost function. The decision should consider
trade-offs between these factors.

Therefor, we focussed also on the The
implementation of the Kalman filter in the
MPU 6050 has several advantages such as
effectively reduces noise and errors in the
sensor measurements, leading to enhanced
accuracy of the data acquired from the MPU
6050.
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