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ABSTRACT 

An inverted pendulum is a pendulum that has its center of mass above its pivot point. It is often 

implemented with the pivot point mounted on a cart that can move horizontally and may be called 

a cart and pole. The ‘mobile inverted pendulum (MIP)’ is a special case of the fundamental 

inverted pendulum system where the cart is replaced with a two wheeled robotic system which can 

move two and forth in horizontal direction and can take U-turn about its axis. 

This work deals with the stabilization of mobile inverted pendulum using Proportional integral 

derivative (PID) controllers. A two loop controller scheme has been implemented to stabilize the 

MIP system. The tuning of the PID controllers has been done using three techniques: 

a) Trial and error: In this method PID parameters are tuned by hit and trial method. First 

tuning of controller1for angle control is done and then the second controller is tuned for 

position control. 

b) Pole placement technique:  In this technique the PID parameters are given by placing the 

dominant closed loop poles at desired locations which are obtained by the LQR design of 

the system 

c) Fuzzy PID:   In this method the PID parameters are auto tuned by fuzzy logic. For 

stabilizing the MIP two fuzzy based PID controllers are used. In one controller position 

error and its derivative is passed as inputs while in other controller angle error and its 

derivative is passed as inputs. The outputs in both the controllers are the PID gains 

proportional   , integral    and derivative   . 

The simulation results of all the techniques are compared and it is shown that the performance 

parameters obtained using Fuzzy PID  are better  than the pole placement and trial and error 

technique.  
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CHAPTER 1 

INTRODUCTION 

1.1 OVERVIEW: Mobile inverted pendulum (MIP) system is an under actuated system with 

two degrees of freedom. MIP system has become an important platform for researchers and 

students for the demonstration of control theory and practice. The system has gained 

popularity as it is a relatively simple system to design yet it is an unstable and nonlinear 

system. MIP system is a special case of the fundamental inverted pendulum system where 

the cart is replaced with a two wheeled robotic system which can move two and forth in 

horizontal direction and can take U-turn about its axis.  

MIP system has been chosen to implement the findings of this report because: 

 A progressive system model can be designed. It is a nonlinear system yet it can be 

linearized for small operating ranges. 

 The system relatively easy to design but still it is a nonlinear and unstable system 

Diagram of a MIP system is shown in figure 1.1. 

                    

                                                  Figure 1.1 Diagram of MIP [2] 
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Various applications related to mobile inverted pendulum are: 

 The development of automatic two wheeled wheel chairs for physically impaired persons 

[6]. 

 To build an automatic human transporter [1, 2]. 

 The development of humanoid robots which can navigate on two wheels and perform 

various tasks [3]. 

 To build automatic baggage navigation and transportation system in airports [8]. 

 Development of war tanks to stabilize the body of the tank and the gun to increase the 

precision of the shot. 

The most common and widely used controller for stabilization of the MIP system is the PID 

controller. A PID controller is a control loop feedback controller commonly implemented in 

control systems.  

1.2 OBJECTIVES AND SCOPE OF THIS DISSERTATION: 

1) Developing the state space model of MIP system. 

2) Control the mobile Inverted pendulum using PID controllers. 

3) Tune the PID controllers using three different techniques:  

a. Trial and error: In this method PID parameters are tuned by hit and trial method.  

b. Pole placement technique:  In this technique the PID parameters are given by placing the 

dominant closed loop poles at optimum places which are given by the LQR design of the 

system 

c. Fuzzy PID:   In this method the PID values are auto tuned by fuzzy logic controllers. For 

stabilizing the MIP two fuzzy based PID controllers are used. In one controller position 

error and its derivative is passed as inputs while in other controller angle error and its 

derivative is passed as inputs. The outputs in both the controllers are the PID gains   ,    

and   . 

4) Comparing the results obtained using different tuning methods in terms of various 

performance specifications.  
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1.3 ORGANISATION OF THIS DISSERTATION: 

After giving a brief introduction about the topic, the dissertation is arranged as follows: 

Chapter 2 provides a relevant literature survey regarding distinct control techniques for 

controlling MIP system. 

Chapter 3 gives the mathematical modeling and state space representation of MIP system. 

Chapter 4 gives the conventional control of MIP system. 

Chapter 5 gives the MIP control using Fuzzy PID technique 

Chapter 6 shows the simulation results and discussions 

Chapter 7 provides the conclusion of entire work done and proposes the future scope. 
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CHAPTER 2 

LITERATURE SURVEY 

A mobile inverted pendulum (MIP) robot has become an important platform for researchers and 

students for the demonstration of control theory and practice. Recently MIP robot has become 

important tool for city commuting and patrol transporter in the form of Segway transporter [1, 2].  

There are various other applications of MIP robots are that they can also be used as humanoid 

robots which can do various tasks such as boxing bots [2, 4, 5]. MIP system can also be used for 

baggage transportation and navigation at airports [6]. 

 Stabilizing a MIP means keeping the pendulum in vertical upward position by applying 

appropriate control signal. Various control methods have been proposed to stabilize the MIP 

system which includes both the conventional and intelligent controllers and some combination of 

both of them. The most basic conventional method is state feedback controller [7]. 

 LQR [8] and LQG [9] controllers are also widely used for controlling the MIP system which 

depends on the dynamic model of the system.  

Sliding mode control strategy has also been proposed in the literature for stabilizing the MIP [10, 

11, 12]. In sliding mode control the controller is developed by choosing the important sliding 

constraints by minimizing the quadratic index. 

 The most important and basic controller used for stabilizing the MIP system widely is the 

PID controller [13, 14].  

There are various methods by which tuning of PID controllers can be done these methods 

include the trial and error in which the PID constraints are acquired using trial and error method.  

The other method is pole placement technique in which the method of dominant poles is used to 

determine the PID parameters [15, 16]. In pole placement the PID parameters are found placing 

the dominant poles in desired locations obtained by the LQR design of the system. 

In this dissertation a two loop PID control scheme has been implemented for stabilizing the MIP. 

PID controllers have been used one for position control while the other for angle control.   
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The tuning of the controller has been done using fuzzy logic [21]. For fine-tuning of PID 

controllers using fuzzy logic the inputs provided are the error e and derivative of error de/dt and 

the PID parameters are obtained as the output of the controller.  

The RBF network is used as a secondary controller to aid the main PID controllers to accomplish 

well [24, 25]. The back propagation technique has been designed for the RBF network. 

Waypoint tracking control of MIP system has been discussed in the literature [26]. A novel time-

invariant controller is designed to meet the position and angle control objectives. 

A low order two-channel controller has been proposed for controlling the MIMO linearized 

model of a MIP system [27]. 

Kaustubh et al. [28] proposed a two controller scheme is for controlling MIP system. First a two 

level speed controller for controlling the vehicle alignment while controlling the vehicle pitch. 

The other controller is used for controlling vehicle‟s position. 

Yun-Su et al. [29] proposed a Trajectory control of MIP system by dividing the control 

algorithm into three parts: velocity control, steering control and position control. The robot 

consists of gyro sensors to measure the inclination angle and rotary encoders for wheel rotation 

measurement. 

Song Hyok et al. [30] developed a dynamic surface controller which is based on a nonlinear 

disturbance observer used to control the MIP system. The controller designed can compensate 

the external turbulences to improve the system performance considerably. 

The trajectory control of MIP system is done using time state controller in the literature [31]. 

Two controllers are used one for angle control. The other controller is used for converging a 

trajectory dependent on the time state control form. 

An adaptive fuzzy position tracking controller for MIP system is proposed in the literature [32] 

which stabilized the system in occurrence of system changes and external turbulences. 

Fuzzy control is used in [33] to stabilize the MIP system. The fuzzy membership functions for 

the control of MIP system are achieved by 3 user weights using hit and trial method. 
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An adaptive motion controller using fuzzy wavelet neural networks (FWNN) for stabilizing MIP 

system is proposed in the literature [34]. Two FWNN motion controllers are designed to attain 

station keeping, position and angle control. 

Sayid marie et al. [35] proposed a fuzzy logic controller is for stabilizing a MIP system using tilt 

angle. Tilt angle sensing error is minimized by using a sensor combination technique. From the 

experimental results we can see that the system has the ability to stabilize itself during its 

movement. 

Ching-Chih et al. [36] developed an intelligent adaptive back stepping sliding-mode controller 

using fuzzy basis function networks (FBFN) technique for stabilizing a MIP system. A 

decoupling technique is designed to decouple the system‟s active model such that the position 

controller can be designed employing back stepping and sliding-mode control. 

 Bature et al. [37] proposed an experimental assessment between model based controllers and 

non-model based controllers in stabilizing the MIP system. A FLC which is a non-model based 

controller and a LQR which is a model-based controller, and the orthodox controller, 

Proportional Integral Derivative (PID) were applied on MIP system and results were compared. 

Ahmad et al. [38] designed a two wheeled wheel chair using fuzzy logic control algorithm. The 

intelligent design of the system impressionists a double inverted pendulum with three motors, 

one for each wheel, and one for chair position. A two-level FLC is designed. 

Kahani et al. [39] developed Fuzzy Linear Quadratic Regulator (FLQR) controller. The stability 

condition of whole system is shown by employing the Linear Matrix Inequality (LMI) approach. 

Zhijun Li et al. [40] proposed an adaptive fuzzy logic controller for MIP stabilization which is 

based on dynamic balance and motion of the MIP system. The controllers designed are based on 

the physical properties of the MIP system. 

An indirect adaptive fuzzy based controller is proposed for controlling the MIP system in the 

literature [41]. The controller proposed is based on error data based trajectory planner and 

generates the desired values for the MIP system. 

 An adaptive output recurrent cerebral model articulation controller (AORCMAC) is proposed in 

the literature [42] for stabilizing MIP system. The AORCMAC captures the system dynamics 

and hence it can control the system better and provides a good system dynamic response. 
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The fuzzy logic control application theory spread out in middle of 70‟s when Mamdani [43-45] 

in his research papers proposed a fuzzy logic in process control, in which fuzzy set theory are 

used for the processing by a computer, and the obtained information can be used in fuzzy control 

algorithm to control a process without having an explicit model of the process. 

The mathematical approximation to Fuzzy Logic was given by Kosko and Wang[46, 47] in their 

research paper in which they proved that the Fuzzy system are universal approximators and such 

system can be used for control analysis, in which approximation modeling is done. 

Schwatz and Piero [48, 49] provided a mathematical foundation in fuzzy logical system 

including approximation reasoning. This concept opened a new way in control application 

problems which revolutionized the market mainly in the field of consumer electronic and 

electrical product. 

By the advent of 1990 hybrid system architectures was considered in attention of the researchers 

which included fuzzy system and neural network system all together as a single system in which 

both system best features are employed. Most of the techniques were based on Takagi Sugeno 

[50] model which is a generalization of fuzzy logic. 
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CHAPTER 3 

STATE SPACE MODELLING OF MOBILE INVERTED PENDULUM 

SYSTEM 

3.1 INTRODUCTION: An inverted pendulum is a pendulum that has its center of mass 

above its pivot point. It is often implemented with the pivot point mounted on a cart that can 

move horizontally and may be called a cart and pole [21]. The „mobile inverted pendulum 

(MIP)’ is a special case of the fundamental inverted pendulum system where the cart is replaced 

with a two wheeled robotic system which can move two and forth in horizontal direction and can 

take U-turn about its axis. MIP is an under actuated system with two degrees of freedom. MIP is 

an unstable system and unlike conventional inverted pendulum system, it is more difficult to 

stabilize the pendulum on two wheels. 

3.2 MATHEMATICAL MODELLING OF MIP: In order stabilize the MIP system the wheel 

dynamics and the dynamics of pendulum body must be understood. 

3.2.1 WHEEL DYNAMICS:  

             

 

                                      Figure 3.1 Free body diagram of wheel 
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The equations of the torque generated by the motors of MIP system are given below.  

The torque produced by motor is 

                                                                                                                         (3.1) 

 = current through motor coil 

  = motor torque constant 

  = motor torque 

The back EMF produced is given as 

                                                                 ̇                                                          (3.2) 

  = back EMF 

  = back EMF constant 

  

By Kirchhoff‟s law sum of voltages is zero. Hence, 

                                                            
  

  
                                                (3.3) 

  = applied voltage 

 = resistance of coil 

 = inductance of coil 

Neglecting the inductance in eq. 3.3  

                                                    
    ̇

 
 

  

 
                                                              (3.4) 

Based on newton‟s law of motion sum of torques is directly proportional to the acceleration of 

the shaft. 

                                                       ∑            ̇                                                      (3.5) 
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  = applied torque 

  = wheel inertia 

                                                                 
   

  
 

  

  
   ̇                                                            (3.6) 

Substituting eq. (3.4) in eq. (3.6) equation of torque can be given as 

                                             
    

 
(  ̇)  

  

 
                                                      (3.7) 

Let                                                          

Force on wheel in horizontal direction can be given as 

                                                                  ∑      ̈                                                              (3.8) 

  = force on wheel in horizontal direction 

  = mass of wheel 

  = linear displacement in horizontal direction 

                                                     ̈                                                                   (3.9) 

   = friction force 

  = horizontal reaction force    

Sum of forces around center of mass is given as                             

                                                  ∑       ̈                                                               (3.10) 

  = total moment of force 

                                                  ̈                                                                 (3.11) 

  = radius of wheel 

Substituting eq. (3.7) in eq. (3.11)  
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                                      ̈   
    

 
(  ̇)  

  

 
                                            (3.12) 

                                        
    

   
(  ̇)  

  

   
     

    ̈

  
                                      (3.13) 

Substituting eq. (3.13) in eq. (3.9)  

For left wheel, 

                                   ̈   
    

   
(  ̇)  

  

   
     

    ̈

  
                                 (3.14) 

For right wheel, 

                                  ̈   
    

   
(  ̇)  

  

   
     

    ̈

  
                                 (3.15)     

  

Transforming angle rotation to linear motion eq. (3.14) and eq. (3.15) can be rewritten as 

For left wheel, 

                                                ̈   
    

   
   ̇  

  

   
     

    ̈

  
                                (3.16) 

For right wheel, 

                                    ̈   
    

   
   ̇  

  

   
     

    ̈

  
                                 (3.17) 

Adding eq. (3.16) and eq. (3.17) 

                       [   
  

   
 ]  ̈   

     

   
   ̇  

   

   
                                (3.18) 

3.2.2 BODY DYNAMICS: 

Applying newton‟s law of motion in x direction in figure (1) 

                                                    ∑        ̈                                                         (3.19) 
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  = sum of forces in x direction 

  = mass of body 

∑  = horizontal reactive force +force leading to linear motion 

                      ∑                (         ̇     )     ̈                    (3.20) 

 = tilt angle of pendulum 

L= length of frame 

Considering forces in perpendicular direction 

∑F = horizontal reaction forces+ vertical reaction forces+ force due to linear acceleration 

         ∑                                  ̈                            (3.21) 

 = gravitational force 

  ,   = perpendicular reaction forces 

 Sum of moments is 

                                           ∑            ̈                                                           (3.22) 

   = moment of inertia of body 

                         ̈   {                       }                           (3.23) 

Torque due to each motor 

                                       
    

   
   ̇    ̇  

  

 
                                      (3.24) 

Putting eq. (3.24) in eq. (3.23) 

     ̈   {                       }  { 
    

   
   ̇    ̇  

  

 
       }        (3.25) 

Adding eq. (3.25) and eq. (3.21)  
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 (          ) ̈   
     

   
   ̇  

   

   
                      ̈              (3.26) 

Putting the value of       from eq. (3.20) in eq. (3.18) 

  [   
  

   
 ]  ̈   

     

   
   ̇  

   

   
         (         ̇     )     ̈   (3.27) 

Rearranging eq. (26) and eq. (27) gives nonlinear equations of motion 

              ̈  
     

    
  ̇  

   

    
                     ̈              (3.28) 

 [    
   

      ]  ̈  
     

    
  ̇      (  ̈       ̇     )  

   

   
            (3.29) 

Equation (3.28) and equation (3.29) contain nonlinear terms which can be linearized by 

assuming       where   represents a small angle in vertical direction. 

For small angle cos  =-1, sin  =-  and  ̇    . Applying these in eq. (3.28) & (3.29) we get the 

linearized equations as: 

             ̈  
     

    
  ̇  

   

    
               ̈                             (3.30) 

   

   
     [    

   

      ]  ̈  
     

    
  ̇      ̈                                          (3.31) 

Rearranging equation (3.30) & (3.31) the state equations of the MIP are obtained 

                                     ̈  
    ̈

            
 

     

                
  ̇   

                               
   

                
                                          (3.32) 

                                                                                                                                     

 ̈  
   

   [    
   
      ]

     
     

    [    
   
      ]

  ̇  

                                                                                           ̈ [    
   

      ]           (3.33)                                                                             
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By substituting equation (3.32) in eq. (3.30), and eq. (3.33) in eq. (3.31) state space equation of 

the system can be given as: 

[

 ̇
 ̈
 ̇

 ̈ 

]  

[
 
 
 
 
 
    

 
                      

     

      

 
 

    

 
              

     

    

 
 
]
 
 
 
 
 

[

 
 ̇
 

 ̇

]

 

[
 
 
 
 
 

 
                   

    
 

             

    ]
 
 
 
 
 

   

Where  ̇,  ̈,  ̇,  ̈ are the system states 

                    
   

                              
  

                                    (3.34) 

The value of various parameters used are shown in Table 3.1 

Table 3.1 

Parameter values of MIP [20] 

Mass of the body Mp 1 

Mass of the wheel Mw 0.03 

Length of the pendulum L 0.07 

Motor resistance R 3 

Radius of the wheel Rw 0.051 

Motor torque constant Km 0.0235 

Back EMF constant Ke 0.006087 
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The state space obtained after putting these values is  

[
 
 
 
 

 ̇
 ̈

( ̇) 

( ̈)  ]
 
 
 
 

 [

    
                
    
                

] [

 
 ̇
 

( ̇)  

]  [

 
      

 
      

]                                   (3.35) 

The state space equation obtained above is used in the linear representation of the non-linear 

MIP system. The system above is used in Matlab Simulink as a plant for implementation of 

controllers to control the system. 
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CHAPTER 4 

CONVENTIONAL PID CONTROL OF MOBILE INVERTED SYSTEM 

The stabilization of MIP system has been done using conventional PID controllers which is 

explained below. 

4.1 PID CONTROLLER: A PID controller is a control loopifeedback controller commonly 

used in control systems.  

The basic equation iof a PID controller is written below:  

                                        ∫     
 

 
     

     

  
                                         (4.1) 

Where e(t) is the erroribetween the reference and the feedback ofithe system.      is the input 

given to system.    is the proportional gain while    is the integral gain and    is the derivative 

gain of the PID controller. 

 

                              Figure 4.1 Basic block diagram of PID controller 
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4.2 TWO LOOP PID CONTROL SCHEME FOR MIP STABILIZATION: For stabilizing 

the MIP a two loop control scheme has been used for stabilizing the MIP as shown in figure 4. 

PID1 has been used for controlling the position x while PID2 for controlling angle  . 

P1= X(s)/U(s) and P2=           represents the two transfer functions. 

                                                

     

            Figure 4.2 Two loop PID controller for MIP system 

4.3 TUNING OF PID CONTROLLER: Tuningiof PID controller means modification of its 

control parameters (proportional gain, integral gain, derivative gain) to optimal values for the 

desired control response. 

To stabilize the MIP following tuning methods have been used. 

4.3.1 TRIAL AND ERROR METHOD: In this method the PID parameters are obtained by hit 

and trial. First PID1 is designed for controlling the position x and then the second controller 

PID2 is designed for controlling the angle  . The PID parameters obtained are given in Table 

4.1. 
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Table 4.1  

PID parameters obtained by trial and error 

Controller Kp Ki Kd 

PID1 335 20 27 

PID2 25 2 20 

 

     4.3.2 POLE PLACEMENT TECHNIQUE: In this technique the optimum closed loop poles 

are placed at preferred points which are attained from LQR technique [16]. 

The characteristic equation for the system shown in figure 3 is given as 

                                                                                                                       (4.2) 

Where    and    are given as 

                   
  

      
     

 

 
                                                 (4.3) 

                   
  

      
     

 

 
                                                 (4.4)         

Let the characteristic equation be 

                                                       (4.5) 

The dominant poles of the two loop PID controller are obtained using LQR design. 

LQR is state feedback controller designed to minimize a performance index which takes care of 

the design constraints [16]. 

The performance index is given as 

    
 

 
∫ {         }

 

 
                                                 (4.6)    
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Here Q is the state weighted matrix and R is the control weighted matrix the performance index j 

is minimized using Riccati equation given by 

                                                            (4.7) 

State feedback gain vector K [K1,K2,K3,K4] is obtained by     

                                                                                 (4.8) 

For simplicity the state weighted matrix is chosen as Q=diag {q1, q2, q3, q4} and the control 

weighted matrix is chosen as a scalar vector R=r. 

In this thesis Q vector is q1=500q, q2=q3=20q, q4=q and r= 10
n
. By trial and error It is found 

that for optimal results q=100 and n=4. 

The closed loop poles are obtained by the Eigen values of A-BK. The four poles obtained are -

13.152, -13.0388, -0.6042±0.5945i. The fifth pole is taken as six times the real part of the most 

dominant pole. By putting these poles in the characteristic equation (4.5) we can obtain the PID 

parameters. 

The PID parameters obtained using pole placement techniques are given in table 4.2. 

Table 4.2  

PID parameters using pole placement 

Controller Kp Ki Kd 

PID1 301.41 197.67 35 

PID2 15.19 7.065 13.17 

 

The Simulink model for pole placement technique is shown in Figure 4.3 
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                      Figure 4.3 Simulink diagram for pole placement technique 

In the above Simulink diagram PID1 is the controller for angle control and the reference given to 

PID1 is a zero constant. The controller PID2 is the controller used for position control and the 

reference given to PID2 is step input with amplitude of one. 

The state space in the diagram is same as given in equation 3.34.  

The PID parameters for PID1 and PID2 are obtained by pole placement technique as explained 

above. 
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CHAPTER 5 

FUZZY PID CONTROL OF MIP SYSTEM 

5.1 FUZZY LOGIC CONTROLLER: A fuzzyicontrol system is basedion fuzzy logic which is 

a mathematicalisystem that analysesiinput values in termsiof logical variables and take 

continuousivalues between 0 and 1 [22]. 

 In fuzzy logic the input values are mappediby sets of membershipifunctions called fuzzy 

sets. The process of converting crisp values to fuzzy sets is called fuzzification. 

 In general there are three stages in a fuzzy logic controller input stage, processing stage 

and the output stage. The input stage takes inputs from sensors or other inputs like switches etc. 

The processing stage processes the inputs according to the fuzzy rule base and gives the output to 

output stage. Finally the output stage converts back the results from processing stage to the 

control value.       

     

    

                                          Figure 5.1 Block diagram of fuzzy controller 

5.2 TUNING OF PID CONTROLLERS USING FUZZY LOGIC: 

For tuning the PID controllers using fuzzy logic controllers the closed loop feedback error e(t) 

and the derivative of error de(t)/dt are given as inputs to the fuzzy logic controller and the 

outputs are taken as the PID parameters   ,    and   . 
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The structure of fuzzy PID controller is given in figure 5.2. 

              

                                                                                      

                          Figure 5.2 Block diagram for fuzzy PID controller [19]  

The structure of fuzzy controller used for tuning of PID controller is given in figure 5.3 

which shows the inputs and outputs of the fuzzy controller. 

                  

                                                            Figure 5.3 Structure of fuzzy controller [19] 

 For stabilizing the MIP two fuzzy based PID controllers are used. In one controller position 

error and its derivative is passed as inputs while in other controller angle error and its derivative 

is passed as inputs. The outputs in both the controllers are the PID gains   ‟,  ‟ and   ‟. 

The output gains are scaled down as follows: 
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                                                                   (5.1) 

                                   
  

        

           
                                                                    (5.2)   

                                   
  

        

           
                                                                   (5.3)                 

The membership functions for both error e and de/dt are taken as NB (negative big), NS 

(negative small), Z (zero), PS (positive small), and PB (positive big). 

 

 

                              Figure 5.4 Membership function structure of error e 

     

                                                Figure 5.5 Membership function structure of error de/dt                                    
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                                          Figure 5.6 Membership function for output sets Kp‟,Ki‟,Kd‟ 

The fuzzy rule base implemented for this fuzzy controller can be given as 

Table 5.1  

Fuzzy rule base for fuzzy controller 

                

The rule base is defined as follows:  

IF error e is NB and derivative of error de/dt is also NB then output variable i.e.   ‟,   ‟,   ‟ 

will be NB and if e is Z and derivative of error de/dt is NS then output will NS and so on.  

The Simulink diagram of the implementation of fuzzy PID control algorithm is shown in Figure 

5.7. 
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                                  Figure 5.7 Simulink diagram for Fuzzy PID controller 

In the above Simulink diagram two fuzzy logic controllers have been used to tune the PID 

controllers used control angle and position of the MIP system. 

The inputs to fuzzy controllers are error and derivative of error and the output of fuzzy controller 

are PID parameters   ,    and   . 

The reference for the angle controller is taken as zero constant. The reference for the position 

controller is a step input with amplitude 1. 
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CHAPTER 6 

RESULTS AND DISCUSSION 

In this work PID controllers are used for stabilizing the MIP system. The PID controllers have 

been tuned with different techniques and there simulation results are compared and discussed in 

this section. 

6.1 TRIAL AND ERROR METHOD: In this method the PID controllers are tuned by hit and 

trial method. 

The simulation results are shown in Figure 6.1 and Figure 6.2 

    

                                                    Figure 6.1 Position vs. Time curve 

                                                             

 

                                                Figure 6.2 Angle vs. Time curve 
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6.2 POLE PLACEMENT TECHNIQUE: In this technique the dominant closed loop poles are 

placed at desired locations which are obtained from LQR technique. The poles are obtained by 

the Eigen values of the matrix A-BK. Where K is the gain matrix obtained by the LQR design. 

The simulation results of this technique are shown in Figure 6.3 and Figure 6.4 

 

                                                    Figure 6.3 Position vs. Time curve 

 

 

                                                       Figure 6.4 Angle vs. Time curve 
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6.3 FUZZY PID CONTROL: In this method the PID parameters are auto tuned by fuzzy logic 

controllers. For stabilizing the MIP two fuzzy based PID controllers are used. In one controller 

position error and its derivative is passed as inputs while in other controller angle error and its 

derivative is passed as inputs. The outputs in both the controllers are the PID gains   ‟,   ‟ and 

  ‟. 

The simulation results of fuzzy PID technique are shown in Figure 6.5 and Figure 6.6 

 

                                               Figure 6.5 Position vs. Time curve 

 

                                                     Figure 6.6 Angle vs. Time curve 
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The comparison of the results of different tuning methods is shown in Figure 6.7 and Figure 6.8 

  

                                                       Figure 6.7 Position vs. Time curve 

      

 

                                                         Figure 6.8 Angle vs. Time curve 
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A comparative analysis of different tuning methods is given in table 6.1 and table 6.2 for position 

and angle control  

Table 6.1 

 Performance parameters for position curve 

Parameters Trial and error Pole placement Fuzzy PID 

Rise time tr (sec) 0.35 0.45 1.5 

Settling time ts (sec) 2.8 5.4 7.1 

Max overshoot (Mp %) 58.38 37.644 17.919 

Max undershoot (Mu %) 21.46 12.308 3.8422 

Steady state error (ess) 0 0 0 

 

Table 6.2 

Performance parameters for angle curve 

Parameters Trial and error Pole placement Fuzzy PID 

Rise time tr (sec) 0.27 0.15 0.1 

Settling time ts (sec) 2.7 4.8 2.5 

Max overshoot (Mp %) 49.62 42.74 27.77 

Max undershoot (Mu %) 24.22 10.019 6.09 

Steady state error (ess) 0 0 0 

 

From Table 6.1 and Table 6.2 it can be seen that the performance of fuzzy PID is much better 

than trial and error and pole placement technique in terms of max. Overshoot and undershoot in 

case of both position and angle control.                                                          
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CONCLUSION AND FUTURE SCOPE 

In this dissertation the MIP system has been stabilized using a two loop PID controller scheme. 

The PID controllers are tuned using conventional as well fuzzy logic method. The performance 

of Fuzzy PID controller is better than the conventional PID controllers which are tuned by pole 

placement technique and trial and error method. The simulation results show that the max. 

Overshoot (Mp) and max. Undershoot (Mu) in case of fuzzy PID are better than trial and error 

and pole placement technique for position curve. For angle curve rise time (tr), settling time (ts), 

max. Overshoot (Mp), max undershoot (Mu) parameters of Fuzzy PID are better than other 

tuning techniques.  

For position curve the percentage improvement in Mp for fuzzy PID is 52.3 % with respect to 

pole placement and 69.3% with respect to trial and error technique. Moreover the percentage 

improvement for Mu for fuzzy PID is 68.7% with respect to pole placement and 82.09% with 

respect to trial and error. 

For angle curve the percentage improvement in tr for fuzzy PID is 33.3% with respect to pole 

placement and 62.9% with respect to trial and error. The percentage improvement in ts for fuzzy 

PID is 47.9% with respect to pole placement and 7.4% with respect to trial and error. Also the 

percentage improvement in Mp for fuzzy PID is 31.3% with respect to pole placement and 

44.03% with respect to trial and error. Finally the percentage improvement in Mu for fuzzy PID 

is 39.2% with respect to pole placement and 74.8% with respect to trial and error.  

FUTURE SCOPE: 

1. AI control techniques can be improved so that a robust controller is designed which gives 

better response. The limitations of Fuzzy PID technique can be eliminated by using 

combination of two or more AI techniques like combination of neural network and fuzzy 

logic. 

2. The modeling of MIP system under the effect of uncertainties such as friction can be 

done and the performance of these controllers can be tested on such system. 

3. Real time control hardware model of the system can be developed using the controllers 

designed.    



32 
 

REFERENCES 

 
[1] D. Voth Segway to the future [autonomous mobile robot] IEEE Intelligent Systems,   

2005, Volume: 20, Issue: 3 PP:5-8. 

 [2] Lerrel Joseph Pinto; Dong-Hyung Kim; Ji Yeong Lee; Chang-Soo Han Development of 

a Segway robot for an intelligent transport system System Integration (SII) IEEE/SICE 

International Symposium,  2012 PP: 710 – 715. 

[3] Wu Weiguo; Wang Yu; Pan Yunzhong; Liang Feng Research on the Walking Modes 

Shifting Based on the Variable ZMP and 3-D.O.F Inverted Pendulum Model for a Humanoid and 

Gorilla Robot  IEEE/RSJ International Conference on Intelligent Robots and Systems, 2006 

PP: 1978 – 1983. 

[4] M. Kakio, T. Miyashita, N. Mitsunaga, H. Ishiguro, and N. Hagita Natural Reflexive 

Behavior for Wheeled Inverted Pendulum Type Humanoid Robots The 15th IEEE International 

Symposium on Robot and Human Interactive Communication (RO-MAN06), Hatfield, UK, 

September 6-8, 2006. 

[5] G. H. Lee, H. J. Lee, H. J. Choi, H. J. Jeon, and S. Jung Application of Mobile Inverted 

Pendulum Systems to Boxing bots for a Boxing Game  IEEE/ASME International Conference on 

Advanced Intelligent Mechatronics Suntec Convention and Exhibition Center Singapore, July 

14-17, 2009. 

 [6] Jian Huang; Feng Ding; Toshio Fukuda; Takayuki Matsuno Modeling and Velocity Control 

for a Novel Narrow Vehicle Based on Mobile Wheeled Inverted Pendulum IEEE Transactions 

on Control Systems Technology, 2013, Volume: 21, Issue: 5 PP: 1607 – 1617. 

[7] T. Takei, R. Imamura, S. Yuta, Baggage transportation and navigation by a wheeled inverted 

pendulum mobile robot, IEEE Trans. Ind. Electron. 56 (10), (2009) PP: 3985–3994. 

[8] Felix Grasser, Aldo D‟Arrigo, Silvio Colombi JOE: A Mobile, Inverted Pendulum IEEE 

Transactions on Industrial Electronics, Vol. 49, No. 1, February 2002. 

[9] Changkai Xu; Ming Li; Fangyu Pan The system design and LQR control of a two-wheels 

self-balancing mobile robot PP: 2786 – 2789. 

[10] Luis F Lupian; Rodrigo Avila Stabilization of a Wheeled Inverted Pendulum by a 

Continuous-Time Infinite-Horizon LQG Optimal Controller Robotic Symposium, 2008. LARS '. 

IEEE Latin American  PP: 65 – 70. 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.D.%20Voth.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=1439472&queryText=segway&refinements=4291944246
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=9670
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=31001
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Lerrel%20Joseph%20Pinto.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Dong-Hyung%20Kim.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Ji%20Yeong%20Lee.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Chang-Soo%20Han.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6427308&queryText=segway&refinements=4291944246&refinements=4291944822
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6427308&queryText=segway&refinements=4291944246&refinements=4291944822
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6416132
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6416132
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Wu%20Weiguo.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Wang%20Yu.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Pan%20Yunzhong.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Liang%20Feng.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4058671&queryText=Humanoid%20Robots%20based%20on%20mobile%20inverted%20pendulum&refinements=4291944822
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4058671&queryText=Humanoid%20Robots%20based%20on%20mobile%20inverted%20pendulum&refinements=4291944822
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4058671&queryText=Humanoid%20Robots%20based%20on%20mobile%20inverted%20pendulum&refinements=4291944822
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4058334
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Jian%20Huang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Feng%20Ding.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Toshio%20Fukuda.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Takayuki%20Matsuno.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6324409&queryText=automated%20wheel%20chair%20based%20on%20mobile%20inverted%20pendulum&refinements=4291944246
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6324409&queryText=automated%20wheel%20chair%20based%20on%20mobile%20inverted%20pendulum&refinements=4291944246
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=87
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=87
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=6578094
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Changkai%20Xu.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Ming%20Li.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Fangyu%20Pan.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6057680&queryText=LQR%20control%20of%20mobile%20inverted%20pendulum&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6057680&queryText=LQR%20control%20of%20mobile%20inverted%20pendulum&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Luis%20F%20Lupian.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Rodrigo%20Avila.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4812628&queryText=LQG%20control%20of%20mobile%20inverted%20pendulum&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4812628&queryText=LQG%20control%20of%20mobile%20inverted%20pendulum&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4812608
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4812608


33 
 

[11] Hongwei Wang; Takayuki Matsuno; Toshio Fukuda; Kousuke Sekiyama Robust 

velocity sliding mode control of mobile wheeled inverted pendulum systems PP: 2983 – 2988. 

[12] Jian Huang; Zhi-Hong Guan; Takayuki Matsuno; Toshio Fukuda; Kosuke Sekiyama 

Sliding-Mode Velocity Control of Mobile-Wheeled Inverted-Pendulum Systems IEEE 

Transactions on Robotics, 2010, Volume: 26, Issue: 4 PP: 750 – 758. 

[13] Ming Tao Kang; Hoang Duy Vo; Hak Kyeong Kim; Sang Bong Kim Control System 

Design for a Mobile Inverted Pendulum via Sliding Mode Technique 2007 IEEE International 

Conference on Mechatronics  PP: 1 – 6. 

[14] Seul Jung Jae Kook Ahn Remote Control of an Inverted Pendulum System for Intelligent 

Control Education Systemics, Cybernetics and Informatics Volume 9 - Number 4, 2011 PP: 

1690-4524. 

 [15] Howon Lee, Jangmyung Lee Driving Control of Mobile Inverted Pendulum 9th 

International Conference on Ubiquitous Robots and Ambient Intelligent (URAI) Nov. 26-28, 

2012 PP: 449-452. 

[16] A. Ghosh T.R. Krishnan B. Subudhi Robust proportional–integral–derivative compensation 

of an inverted cart–pendulum system: an experimental study IET Control Theory and 

Applications 2012, Vol. 6, Issue. 8, PP: 1145–1152 

[17] S. W. Nawawi, M. N. Ahmad and J. H. S. Osman Development of a Two-Wheeled Inverted 

Pendulum Mobile Robot the 5th Student Conference on Research and Development -SCOReD 

2007 11-12, Malaysia. 

 [18] Edimar J. Oliveira, Leonardo M. Honorio, Alexandre H. Anzai, Tamara X. Soares Linear 

Programming for Optimum PID Controller Tuning Applied Mathematics, 2014, 5, PP: 886-897. 

[19] Fares Alariqi, Adel Abdulrahman Optimum Tuning of the PID Controller for Stable and 

Unstable Systems Using Nonlinear Optimization Technique Proceedings of the International 

Multi Conference of Engineers and Computer Scientists Vol. I, IMECS 2014, Hong Kong. 

[20] R.M. Brisilla, V. Sankaranarayanan Nonlinear control of mobile inverted pendulum 

Robotics and Autonomous Systems 70 (2015) PP: 145–155. 

[21] Vikram Chopra, Sunil K. Singla, Lillie Dewan Comparative Analysis of Tuning a PID 

Controller using Intelligent Methods  Acta Polytechnica Hungarica Vol. 11, No. 8, 2014. 

[22] T. J. Ross, Fuzzy Logic with Engineering Applications, Wiley India Edition 2009. 

 [23] I.J.Nagrath, M.Gopal control systems engineering, new age international publishers, 2007. 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Hongwei%20Wang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Takayuki%20Matsuno.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Toshio%20Fukuda.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Kousuke%20Sekiyama.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=5152418&queryText=sliding%20mode%20control%20of%20mobile%20inverted%20pendulum&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=5152418&queryText=sliding%20mode%20control%20of%20mobile%20inverted%20pendulum&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Jian%20Huang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Zhi-Hong%20Guan.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Takayuki%20Matsuno.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Toshio%20Fukuda.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Kosuke%20Sekiyama.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=5512655&queryText=sliding%20mode%20control%20of%20mobile%20inverted%20pendulum&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8860
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8860
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=5540533
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Ming%20Tao%20Kang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Hoang%20Duy%20Vo.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Hak%20Kyeong%20Kim.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Sang%20Bong%20Kim.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4280053&queryText=sliding%20mode%20control%20of%20mobile%20inverted%20pendulum&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4280053&queryText=sliding%20mode%20control%20of%20mobile%20inverted%20pendulum&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4279972
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4279972


34 
 

 [24] Jin Seok Noh; Geun Hyeong Lee; Ho Jin Choi; Seul Jung Robust control of a mobile 

inverted pendulum robot using a RBF neural network controller Robotics and Biomimetics, 

2008. IEEE International Conference PP: 1932 – 1937. 

 [25] Seul Jung; Sung Su Kim Control Experiment of a Wheel-Driven Mobile Inverted Pendulum 

Using Neural Network IEEE Transactions on Control Systems Technology 2008, Volume: 16, 

Issue: 2 PP: 297 – 303. 

[26] Vijay Muralidharan; Arun D. Mahindrakar Position Stabilization and Waypoint Tracking 

Control of Mobile Inverted Pendulum Robot IEEE Transactions on Control Systems Technology  

2014, Volume: 22, Issue: 6 PP: 2360 – 2367. 

[27] C. R. Magers; A. N. Gundes Low order decentralized stabilizing controller design for a 

mobile inverted pendulum robot 2009 American Control Conference PP: 4233 – 4234. 

[28] Kaustubh Pathak, JaumeFranch, and Sunil K. Agrawal Velocity and Position Control of a 

Wheeled Inverted Pendulum by Partial Feedback Linearization IEEE Transactions On Robotics, 

Vol. 21, No. 3, June 2005. 

[29] Yun-Su Ha, Shin'ichi Yuta Trajectory tracking control for navigation of the inverse 

pendulum type self-contained mobile robot Robotics and Autonomous Systems 17 (1996) PP: 

65-80. 

[30] Song Hyok Ri, Jian Huang Yongji Wang Chunjing Tao JiYong Kim KyongChol Pak 

Dynamic Surface Control of Mobile Wheeled Inverted Pendulum Systems with Nonlinear 

Disturbance Observer Proceedings of the 19th World Congress The International Federation of 

Automatic Control Cape Town, South Africa. August 24-29, 2014. 

[31] Satoko Yamakawa Tracking Control of Wheeled Inverted Pendulum Based on the Time-

State Control Form Proceedings of the 18th World Congress The International Federation of 

Automatic Control Milano (Italy) August 28 - September 2, 2011. 

 [32] Amirkhosro Vosughi; Alireza Mohammad Shahri Adaptive control of wheeled inverted 

pendulum mobile robot using fuzzy disturbance observer 2013 21st Iranian Conference on 

Electrical Engineering (ICEE) PP: 1 – 6. 

 [33] Gun-oo Jeong; Jang-myung Lee Design of a fuzzy control system for two wheeled inverted 

Ubiquitous Robots and Ambient Intelligence (URAI), 2012 9th International Conference on PP: 

458 – 461. 



35 
 

[34] Ching-Chih Tsai; Ching-Chih Tsai Direct Adaptive Fuzzy-Wavelet-Neural-Network 

Control for Electric Two-Wheeled Robotic Vehicles 2013 IEEE International Conference on 

Systems, Man, and Cybernetics PP: 2534 – 2539. 

[35] O. K. Sayidmarie; M. O. Tokhi; A. M. Almeshal; S. A. Agouri Design and real-time 

implementation of a fuzzy logic control system for a two-wheeled robot Methods and Models in 

Automation and Robotics (MMAR), 2012 17th International Conference PP: 569 – 572. 

[36] Ching-Chih Tsai; Zi-Zhu Wang Intelligent adaptive trajectory tracking using fuzzy basis 

function networks for self-balancing two-wheeled mobile robots Proceedings 2011 International 

Conference on System Science and Engineering PP: 143 – 148. 

[37] Amir A. Bature, Salinda Buyamin, Mohamed. N. Ahmad, Mustapha Muhammad A 

Comparison of Controllers for Balancing Two Wheeled Inverted Pendulum Robot International 

Journal of Mechanical & Mechatronics Engineering IJMME-IJENS Vol:14 No:03 2014. 

 [38] Salmiah Ahmad · Nazmul H. Siddique · M. Osman Tokhi A Modular Fuzzy Control 

Approach for Two-Wheeled Wheelchair J Intell Robot Syst (2011) PP: 401–426.  

[39] Rasool Kahani Bijan Moaveni Control of Two-Wheels Inverted Pendulum Using Parallel 

Distributed Compensation and Fuzzy Linear Quadratic Regulator 2011 3rd International 

Conference on Computer Modeling and Simulation. 

[40] Zhijun Li,, ChunquanXu Adaptive fuzzy logic control of dynamic balance and motion for 

wheeled inverted pendulums Fuzzy Sets and Systems 160 (2009) PP: 1787–1803. 

[41] MingYuea, CongAna, YuDua, JianzhongSun Indirect adaptive fuzzy control for a 

nonholonomic/underactuated wheeled inverted pendulum vehicle based on a data-driven 

trajectory planner Fuzzy Sets and Systems (2015). 

[42] Chih-Hui Chiu, You-Wei Lin, Chun-Hsien Lin Real-time control of a wheeled inverted 

pendulum based on an intelligent model free controller Mechatronics 21 (2011) PP: 523–533. 

[43] P J King and E H Mamdani “The Application of Fuzzy Control System to Industrial 

Process”, Automatica Vol. 13, 1977 PP: 235-242.  

 [44] E H Mamdani “Application of Fuzzy algorithms for control of simple dynamic plant”, in 

Proceeding of IEEE Vol. 121, 1977 PP: 1585-1588.  

 [45] T. J. Procyk and E. H. Mamdani “A linguistic self-organizing process controller”, 

Automatica, Vol. 15,  1979 PP: 15–30.  

 



36 
 

[46] Bart Kosko, “Fuzzy systems as universal approximators”, in Proceedings of IEEE 

International Conference Fuzzy Systems, Mar. 1992 PP: 1143–1162.  

 [47] L. X.Wang, “Fuzzy systems are universal approximators”, in Proc. IEEE International 

Conference Fuzzy Systems, Mar. 1992, PP: 1163–1170.  

[48] Daniel G. Schwatz and George J. Klir “Application of Fuzzy Sets and Approximate 

Reasoning”, in Proceeding of IEEE, Vol. 82, No. 4,  April 1994 PP: 1143–1162.  

[49] Piero P. Bonssone, Vivek Badami, Kennith H. Chiang, Pratap S. Khedkar, Kennith W. 

Marcelle, and Michel J. Schutten, “Industrial Applications of Fuzzy Logic at General Electric,” 

in Proceeding of IEEE, Vol. 83, No. 3, March 1995.  

[50] T. Takagi and M. Sugeno, “Fuzzy identification of systems and its applications to modeling 

and control”, IEEE Transaction on System, Man, Cybernetics, Vol. SMC-15, no. 1, Jan. 1985 

PP: 1143–1162. 


