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ABSTRAK 

 

 

 

Sistem bandul songsang  ( inverted pendulum ) telah menjadi salah satu cabaran yang 

paling mencabar walaupun ia adalah sistem yang menarik dalam era ini. Sistem bandul 

songsang adalah sistem klasik yang termasuk dalam bidang kejuruteraan dengan ciri-ciri 

yang merupakan sistem yang tidak stabil, pembolehubah dan sistem bukan linear. 

Struktur sistem bandul songsang ini terdiri daripada bentuk rod menegak, lengan 

mendatar dan pengekod yang akan mendorong bandul untuk berputar . Projek ini 

bertujuan untuk mendapatkan pemodelan matematik sistem bandul songsang dan 

menggunakansesuatu kawalan untuk mengawal sistem ini. Model matematik boleh 

diperolehi dengan pengiraan model sistem bandul terbalik dengan menggunakan 

persamaan Euler’s untuk melaksanakan persamaan ruang keadaan. Oleh itu, pengawal 

penempatan kutub adalah dicadangkan dalam projek ini untuk mengawal selia sistem 

bandul songsang dalam kedudukan menegak. Terbitan matematik membuktikan bahawa 

pengawal direka diperlukan untuk menstabilkan sistem bandul terbalik . Kajian simulasi 

dijalankan untuk membuktikan keberkesanan pengawal yang direka dan hasilnya 

menunjukkan bahawa pengawal itu berupaya mengekalkan bandul dalam kedudukan 

terbalik yang stabil pada nilai yang dikehendaki. 
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ABSTRACT 

 

 

 

Rotary Inverted Pendulum System (RIPS) has become one of the most challenging task 

even it is an interesting system in this era. RIPS is a classical system that includes in this 

engineering system field with characteristics which is an unstable system, multi-

variables and non-linear system. The stucture of this inverted pendulum system is made 

up of a vertical pendulum rod, a horizontal arm and an encoder which will drives the 

pendulum to rotate. This project intends to obtain a mathematical modeling for the RIPS 

and to develop the controller for the system. The mathematical model can be obtained by 

deriving the model of inverted pendulum system by using Euler’s equation to perform 

state space equation. Therefore, the Pole Placement controller is proposed in this project 

to regulate the RIPS to drive it in upright position. The mathematical derivations proved 

that the designed controller is required to stabilize the inverted pendulum system. 

Simulation study is performed to prove the effectiveness of the designed controller and 

the result shows that the controller is capable to maintain the pendulum in the stable 

inverted position at the desired value of parameters.  
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In this Chapter 1, the background of  the project study, objectives of the project, 

the project scope and the problem statement will be discussed. 

1.1 Background  

Nowadays, there are many modern control systems that can be used in many 

applications. Some of the control systems, for example, non-linear control, optimal 

control, and adaptive control. However, all these controls are difficult to be 

implemented since there are many sequences that need to be used in designing the 

controller. A set up of input needs to be analyzed and also the output of the system to 

achieve a good feedback from the signals. 

An inverted pendulum system is one of the control systems that is the simplest 

problem but difficult to balance it upright vertical position since the pendulum would 

be naturally falling down from the vertical upright position. In solution, designing 

the Pole Placement controller where mathematical modelling is needed to achieve an 

accurate feedback is required. Thus, in this project, Matlab / Simulink is to be used in 

controlling the inverted pendulum by mathematical modelling of Pole Placement 

controller. 
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Figure 1.1 shows the rotary inverted pendulum which consists of a rigid rod 

(pendulum) that is rotate in vertical plane where have been attached to a pivot arm 

that is mounted on the shaft of the servo motor. The pivot arm itself will rotate in 

horizontal plane and the pendulum will always hanging downwards. This type of 

pendulum, which is rotary inverted pendulum is an unstable system and required a 

controller to be actively balanced in order to remain the pendulum in upright vertical 

position.  

 
Figure 1.1 : Rotary Inverted Pendulum 

1.2 Objectives 

There are 3 objectives to be achieved in this project : 

i. To derive the mathematical model of the rotary inverted pendulum system in 

state space equation 

ii. To design the Pole Placement for rotary inverted pendulum system 

iii. To simulate the mathematical model to perform simulation with and without 

Pole Placement controller in Matlab / Simulink 
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1.3 Project Scopes 

This project requires some scopes to be pursued to achieve the objectives. These are 

the scopes of the project which are to : 

i. Modelling the system to obtain the mathematical model for rotary inverted 

pendulum system 

ii. The Pole Placement controller need to be developed after the mathematical 

model have been derive 

iii. The pendulum angle will be shown by the output of the simulation which 

performed by Matlab / Simulink 

1.4 Problem Statement 

Inverted pendulum is one of the fundamental problem in this field control theory. But 

when it comes to rotating the pendulum to maintain in vertical upright position, it is 

quite difficult since it is naturally unstable and has an open loop configuration. Thus, 

a controller is needed to be designed and to be simulated successfully to drive the 

pendulum in order to swing up the pendulum. 

1.5 Outline of thesis 

This thesis consists of 5 chapters. In first chapter, the discussion about the 

background of the rotary inverted pendulum system which included also the 

objectives of the project, scope of the project and problem statement in completing 

the project.  
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Chapter 2 will focused more on the literature review that have been done by referring 

and research on journal, thesis, internet based on the rotary inverted pendulum 

system.  

 

Chapter 3 discussed on the mathematical modelling of the rotary inverted pendulum 

system and methodology in completing this project.  

 

The result and discussion based on the output of the project will be discussed more in 

Chapter 4. The pole placement controller can be considered as the good controller in 

order to swing up the pendulum and can give stabilization to the pendulum 

 

In Chapter 5, the conclusion of this project will be explained as well as the 

suggestion and recommendation in order to improve this project for future work or 

development. 
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In this Chapter 2, a literature review will be discussed after research has been 

done. A literature review can be stated as a discussion on the information in 

many ways to complete the project. 

2.1       Inverted Pendulum System  

Pendulum can be described as a system in a control field theory. An inverted 

pendulum includes a pendulum rod in vertical, a horizontal pendulum arm, a motor 

and an encoder. This system was developed by Stephensen about 100  years ago that 

the controller is needed in order to achieve a stabilization for inverted pendulum in 

remain upright. The elasticity of the inverted pendulum was studied by Chao under 

the expectation of beam. This system is widely used in this control engineering that 

was also applied in many industries such as balancing a broom with only one hand, 

by launching the rocket from the ground and to stable the arm of robot. Thus, there 

were many studies on doing a research of the inverted pendulum system that are still 

in progress of carrying it all over the world. (Tang Jiali Ren Gexue, 2009) 
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2.1.1 Inverted Pendulum Configuration  

M. Amin Sharifi K. (2010) states, the arrangement of inverted pendulum consists 

many types of designation in this control field. There were two aspects in this 

arrangement of inverted pendulum which are the method of actuation and the number 

of degrees of freedom. There are two factors that can be considered are linear and 

rotary of inverted pendulum system for the method of actuation. The input of the 

system of linear inverted pendulum is force, F and for rotary inverted pendulum is 

torque, T. For the linear arrangement of inverted pendulum, the movement of the cart 

is in horizontal that can be controlled by motor where the pendulum is connected to 

the cart. The rotary inverted pendulum consists of horizontal arm that attached to the 

upper surface of motor and also at the end of encoder.  

The rotary inverted pendulum system is attached to the servo motor drives where the 

position of angular can be measure by the use of encoder which act as  sensor. There 

are two types of encoder been used where the pendulum is attached to it, thus it will 

measures the angle of pendulum. The simulation then will be done by using Matlab / 

Simulink based real time software. There were also two types of position of the 

pendulum, stable and unstable. The position of pendulum in vertical upright position 

shows that the pendulum is in unstable and when is vertically down, the position of 

the pendulum is in stable position. (Md. Akhtaruzzaman and A.A Shafie, 2010). 
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2.2 Controller Design  

The important factor of the inverted pendulum system was to develop the control 

techniques to make the pendulum in upright position and to maintain the stabilization 

of the system. There were two techniques in designing the controller which are by 

using Linear Quadratic Regulator (LQR) controller and Proportional, Integral and 

Derivative (PID) controller. The function of this controller is to develop linear model 

to stabilize the position of inverted pendulum in upright position. In this paper, the 

method to derive the LQR controller was by using the Algebraic Ricatti Equation and 

for PID controller, the Ziegler Nicholas Tuning method was used. (M. Amin Sharifi 

K, 2010). 

 

Meanwhile, there were 3 design of controllers technique which comprising in this 

journal, (Md Akhtaruzzaman and A.A Shafie, 2010). The state space equation is 

required by deriving the mathematical modelling of the rotary inverted pendulum 

where the inverted pendulum system is attached to a rotary servo plant motor and 

simulation by MATLAB. The α represents the pendulum angle and 𝜃 represents the 

pendulum arm. 
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Table 2.1 : 3 types of controller 

 
2 Degrees of Freedom PID 

controller 

 
Full-state-feedback 
controller based on 

Ackerman’s Formula 
 

 
LQR controller 

 

i. α depends on θ that 

can described by 

using transfer 

function.’ 

ii. Pendulum arm 

position, θ is 

activated by input 

voltage, V 

iii. There are two 

degrees of freedom 

used to make the 

speed constant and 

the value of θ is zero. 

The other one will be 

activated by 

following the 

feedback of α. 

 

i. x as feedback, K 

is the gain of the 

system. 

ii. Output, θ will 

maintain the 

pendulum to 

remain stable in 

inverted position 

where will be 

controlled by 

input voltage, V 

and α is constant. 

 

i. The value 

of gain, K 

can be 

calculated 

by 

lowering a 

quadratic 

cost 

function 

with the 

used of 

Matlab 

function. 

  

Furthermore, the rotary inverted pendulum system can also be controlled by a control 

technique which is state-feedback control. The pendulum requires to be balanced to 

upright position with no zero initial and the signal from the input has to be 

recompensed. In this journal states that the linear state feedback controller was 

chosen as it can control the certain degrees of freedom at one time. To get more 

balance, there were two appended problem while driving the pendulum upright 

position which are by using a swing-up controller and a switching mechanism. This 
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will results the pendulum to be intercepts to achieve stabilization. (Slavska Jadlovska 

and Jan Sarnovsky, 2012). 

Baili Zhang (2011), three methods used to design the controller of the inverted 

pendulum, where for PID controller, it depends on the parameter of the Proportion, 

P, Integral, I and Derivative, D. For this method, it used transfer function that can be 

achieved by the state space equation and developed by using double closed loop 

control. For the state feedback controller, there were used of state space equation for 

the plant model and it will directly feedback to the input signal where the value of 

gain proportion link, K can be obtained. Lastly, the Linear Quadratic Regulator, 

LQR, the linear state that is to be formed can be used in state space equation. The 

used of matrix equation shows that weighting matrix, R and Q are for balancing state 

variable and also input variable, and the value of P can be obtained by using Riccati 

equation. Therefore, value of K can be formed using this formula : K = (𝑅−1)(𝐵𝑇) 

(P). 

In this paper, there were two methods of control method to control the inverted 

pendulum system which is non-linear system. The first control method is PID control 

that considered the PID controller for the pendulum and also the cart used. The 

controller has been designed for these two loops of the control system. The equations 

of this controller consists of : 

 𝑢(𝑝)1 = 1 + 𝐾𝑝𝑝e0(𝑡) + Kip  ∫   eo + 𝐾𝑑𝑝 𝑑𝑒𝜃(𝑡)
𝑑𝑡

                    

 𝑢(𝑐)1 = 𝐾𝑝𝑐  𝑒𝑥  (𝑡) + Kic ∫  𝑒𝑜 +𝐾𝑑𝑐   
𝑑𝑒𝑥(𝑡)
𝑑𝑡

                 

9 
 



where, 𝑒0(𝑡) and 𝑒𝑥(𝑡) are angle error and cart position error.  

Even the parameters of the controller can be changed, it will also affects both angle 

of pendulum and cart position which make the tuning tedious. Thus, there were trial 

and error has been done in order to tune the parameters and the performance can be 

shown in the Matlab / Simulink model to be the optimal. The other controller that has 

been used was optimal control using Linear Quadratic Regulator (LQR) which can 

result to the better performance with respect to some criteria. This controller is to 

find the control signals that will activate the process that required to the some of 

requirements and also can maximize or minimize the criteria of performance. (Lal 

Bahadur Prasad, 2011). 

2.2.1 Inverted Pendulum on a Cart 

One type of inverted pendulum is the inverted pendulum that is connected on a cart. 

From the base apparatus itself, it consists of horizontal plane where there is a 

particular sled that has been constrained to one axis. There is no weight of the rod 

which can be assumed as weightless. By using M, it shows the mass of the cart and 

m as the point mass at the end of the rod which has l as a length. From it pivot point, 

this inverted pendulum consists of its centre of mass. This system is usually found in 

this control system field of study as it is very popular and student can easily get 

information about this system. So as rotary inverted pendulum, this inverted 

pendulum on a cart is non-linear and unstable system that includes one input signal 

and many output signals. In balancing the pendulum that is vertically on a driven 

motor cart, the control design is important and can be used such as PID controller, 

LQR controller, Fuzzy Logic Controller and genetic algorithms. (Andrew Hovingh 

and Matt Roon, 2005) 
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