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ABSTRACT 

 

 

 

 

This project is about controlling of an inverted pendulum system using linear 

quadratic regulator (LQR).  Inverted pendulum system is a highly nonlinear and unstable 

system.  Basically, an inverted pendulum system consists of a cart which can move 

horizontally along its track, a dc motor to drive the cart and also an inverted pendulum, 

mounted on the cart with a constant rotating pivot.  This system demonstrates some 

basic concepts in control being nonlinear, non-minimum phase and multivariable 

behaviors.  Due to these behaviors, the system requires a continuous correction 

mechanism for the pendulum to stay at upright position.  The objective of this project is 

to design LQR controller to control the unstable system for both cart’s position and 

pendulum’s angle.  LQR is developed as an optimal and effective controller that will be 

used to place the cart at desired position, at the same time to keep the pendulum straight 

upwards.  This project also includes the interfacing procedures using real-time windows 

target application in Simulink.  Both the system model and LQR controller are 

implemented in real time, connected to the real mechanism.  A single data acquisition 

(DAQ) card is used as a medium to convert the digital signal from Simulink into analog 

signal.    

 

 

 

 

 

 

 

 

 

 



 

 

 

ABSTRAK 

 

 

 

 

Projek ini mengisarkan tentang kawalan sebuah sistem bandul songsang dengan 

menggunakan Linear Quadratic Regulator.  Sistem bandul songsang ini merupakan 

sebuah sistem yang tidak linear dan tidak stabil.  Pada dasarnya, sebuah sistem bandul 

songsang terdiri daripada sebuah kereta sorong yang boleh bergerak secara mendatar di 

atas landasannya, sebuah motor dc yang digunakan untuk menggerakkan kereta sorong 

tersebut dan juga sebuah bandul terbalik yang diletakkan pada kereta sorong dengan satu 

paksi putaran yang tetap.  Sistem ini menunjukkan konsep asas tentang sifat-sifat tidak 

linear, fasa tidak minimum dan kepelbagaian perubahan.  Disebabkan oleh sifat-sifat ini, 

sistem bandul songsang ini memerlukan satu mekanisme pembetulan yang berterusan 

untuk bandul tersebut terus berada pada posisi ke atas.  Objektif projek ini adalah untuk 

membina LQR untuk mengawal sistem yang tidak stabil untuk kedua-dua sudut bandul 

dan posisi kereta sorong.  LQR telah dikenali sebagai sebuah pengawal yang optimum 

dan berkesan, akan digunakan untuk meletakkan kereta sorong pada kedudukan yang 

dikehendaki, dan pada masa sama untuk mengekalkan bandul ke atas.  Projek ini turut 

melibatkan proses menghubungkaitkan di antara software (Simulink) dan hardware 

(bandul songsang) dengan menggunakan aplikasi real-time windows target pada 

Simulink.  Satu kad data perolehan (DAQ) akan digunakan sebagai medium perantaraan 

untuk menukarkan isyarat digital kepada isyarat analog.   
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CHAPTER I 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Overview 

 

A physical pendulum has two equilibrium positions if the pivot point is held at a 

constant position. The vertically down position is a stable equilibrium while the 

vertically up or inverted equilibrium is clearly unstable. If the pendulum is released from 

any position other than precisely straight up, then the pendulum will fall and oscillate 

about the vertically down position with decreasing amplitude until it comes to rest. 

 

This project deals with the nonlinear system of an inverted pendulum system.  

An inverted pendulum system is a system that demonstrates some basic concepts in 

control being nonlinear, multivariable and non-minimum phase.  Basically, the inverted 

pendulum system consists of three main components.  Firstly is a cart, which can move 

horizontally along its track, a motor that is used to move the cart and also an inverted 

pendulum mounted on the cart with a constant rotating pivot.  The control objectives are 

to maintain the pendulum straight upwards and at the same time to place the cart at 

desired position.   

 



 

Figure 1.1 Inverted Pendulum System 

 

In this project, a linear-quadratic regulator (LQR) is introduced as an optimal and 

effective controller that will be used to control the unstable inverted pendulum system.  

The main objective of optimal control is to determine control signals that will cause a 

process to satisfy some physical constraints and at the same time maximize or minimize 

a chosen performance criterion.  In this project, the formulation of optimal control needs 

a mathematical description of the process to be controlled and a specification of the 

performance index.   

 

 

Figure 1.2 Block Diagram of the Overall System  

 

Figure 1.2 shows the block diagrams which represent the inverted pendulum 

system.  The block diagrams can be divided into two components, the software and 

hardware components.  Software component consists of a plant of the system.  In this 

case the system has two inputs – the force applied to the cart and the possible 

disturbance force from the surrounding environment, and two outputs – the cart’s 

position and the pendulum’s angle.  The outputs are fed to a controller.  During 

simulation, the controller will compare the actual value with the desired value, do 

correction if necessary and feed back the correct value to the system. 



In the right hand side, the hardware component consists of the mechanical 

system of inverted pendulum, together with DAQ card and I/O port for interfacing 

purpose.  The hardware responses through the signal received from the software.  At the 

same time, it connects to the controller for corrective task. 

 

 

1.2 Objectives 

 

The objectives of this research are as follows: 

i. To synthesis the mathematical model of the inverted pendulum system. 

ii. To design linear-quadratic regulator (LQR) controller using Matlab/Simulink. 

iii. To interface between the software (Simulink) and hardware (Inverted 

Pendulum). 

 

 

1.3 Problem Statements 

 

i. An inverted pendulum system is a challenging system from the engineering point 

of view.  This is because of the nonlinearities, non minimum phase and 

multivariable behaviors.   

ii. Due to these behaviors, the system requires a continuous correction mechanism 

for the pendulum to stay at upright position.   

iii. The problems that include in this project are to control the unstable system of 

inverted pendulum for both the cart’s position and the pendulum’s angle. 

 

 

 

 

 

 

 



1.4 Scope of Works 

 

The scopes of work for this project are: 

i. Design the LQR controller using Simulink to control the system. 

ii. Interfacing between Simulink (LQR) and hardware (inverted pendulum) using 

real-time windows target application to control the position’s cart and 

pendulum’s angle. 

 

 

1.5 Project Significant 

 

Inverted pendulum is a classic example of an unstable system, which is often 

used to illustrate various types of control strategies.  Since it demonstrates some basic 

concepts in control system, this system is significantly suitable in providing a platform 

for teaching and hands-on practice in Control Engineering course.  Control concepts 

such as the stability and the controllability of a control system, can all be shown visually 

through the inverted pendulum system. 

 

Besides, the success of this project can be applied on laboratory usage in UTeM 

and subsequently enhanced the understanding of MATLAB/Simulink application among 

students.  This can be helpful to both parties, lecturers and students. 

 

With the success of this project, thus the same method can be applied to control 

the other complex system that having the same problem with inverted pendulum system.  

Moreover, this project can be as the starting stage in designing other controllers such as 

proportional-integral-derivative (PID), fuzzy logic, etc. 

 

 

 

 

 



1.6 Research Methodology 

 

Generally, first task involved to accomplish this project is to do a literature 

review regarding the inverted pendulum system.  Next task is to analyze the 

mathematical model of the system.  From the analysis, a nonlinear final state space 

equation is obtained.  However, the LQR controller design is based on a linear state 

equation.  Therefore, the nonlinear equation is linearized about the origin. 

 

Based on the linear state equation, the controller is designed using Simulink.  

The design is simulated through Matlab.  In the design, gain K plays important role 

because it is an exact value that will bring the system from unstable system to stable 

system.  Consequently, if the simulation result does not meet the design requirements, a 

new value of gain K is reset and the simulation process is done again until a satisfaction 

result is obtained.  

 

Figure 1.3 below shows the flow chart which represents the methodology for the 

whole project.  In the flow chart also shows the option that the system will go through 

for each action taken.  

 

 

 

 

 

 



 
 

Figure 1.3 Flow Chart for the Whole Project  
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CHAPTER II 

 

 

 

 

BACKGROUND RESEARCH 

 

 

 

 

2.1 Introduction 

 

The literature review undertaken as a part of the inverted pendulum project was 

focused on understanding the background and application of inverted pendulum systems, 

mathematical modeling, control, and other successful projects of a similar nature. 

 

 

2.2 Background 

 

The inverted pendulum is a classic example of a non-linear control topic and one 

studied frequently with reference to design, implementation and development of control 

for nonlinear systems. It appears in undergraduate control text books such as K.Ogata 

(1978) where it is used as an example of how to mathematically describe physical 

systems. 

 

 

 

 



2.3 Present Applications 

 

Inverted pendulum is currently used as teaching aids and research experiments. 

Quanser (2004), a supplier of educational and research based equipment produce 

modular systems which can be configured as single or double inverted pendulum. Their 

range offers both a rotary and a linear version. Many researchers have also built their 

own inverted pendulum systems (Astrom and Furuta, 1996) to suit their investigations. 

 

 

2.4 System Modeling Methodology 

 

Chinichian (1990) design and analyze a controller for balancing one pendulum 

with two degrees of freedom, “spatial inverted pendulum”. The pendulum, with two 

degrees of freedom, has a three dimensional motion, and it will be more analogous to the 

design of a controller for attitude control during launching a rocket. A full state-variable 

feedback controller design for a state-space linear model of a three dimensional inverted 

cart/pendulum system is presented. This design was based on pole-placement technique.  

Alternative solutions to the simple pole-placement technique were also proposed to 

exploit non-uniqueness of the feed-back gains for a certain closed-loop pole locations 

and the closed-loop system response was simulated on a digital computer.   

 

The rapid increase of the aged population in countries like Japan has prompted 

researchers to develop robotic wheelchairs to assist the infirm to move around 

(Takahashi, 2000). The control system for an inverted pendulum is applied when the 

wheelchair maneuvers a small step or road curbs.   

 

Rich Chi Oii (2003) discusses the processes developed and considerations 

involved in balancing a two-wheeled autonomous robot based on the inverted pendulum 

model. The experimental examines the suitability and evaluates the performance of a 

Linear Quadratic Regulator (LQR) and a Pole-placement controller in balancing the 

system. The LQR controller uses several weighting matrix to obtain the appropriate 


