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ABSTRACT:This paper focuses on the end-point control of a single flexible link which rotates in the horizontal plane. 

The dynamic model is derived using a Lagrangian assumed modes method based on Euler–Bernoulli beam theory. 

Initially the system is modelled as a voltage-input model, and different controllers were applied to control the system. 

The position and trajectory control is performed by PID, LQR and ANFIS control methods for flexible link 

manipulator. The purpose of this study is to keep the rotate angle of the link at desired position and to eliminate the 

oscillation angle of end effectors. The position and trajectory control again is performed by advanced controllers like 

LQR control methods and ANFIS control methods for this system. The results were produced for mode 1 and mode 2 

operation. The results of the ANFIS method and LQR method were compared with PID Controller method. The control 

blocks for flexible link manipulator are performed and compared on MATLAB – SIMULINK with respect various 

control parameters and integral errors for all controllers. 
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I.INTRODUCTION 

An important advanced robotic system is the flexible-link robot arm. The desire to improve robot performance has led 

to the design of lighter flexible links. A light-flexible link robot arm has many advantages compared to conventional 

rigid link robots such as lower power consumption, higher payload-to-robot weight ratio, lower manufacturing cost, 

and easier transportation to name a few. Because of the elasticity of the flexible robot arm, the controller algorithms are 

different from that of the traditional rigid robot arm.  

 

A flexible link robot arm is a distributed parameter system of infinite order, Due to elastic properties of flexible 

manipulators, the development of a mathematical description and subsequent model-based control of the system is a 

complicated task. This is made difficult by the presence of a large (infinite) number of modes of vibration in the 

system. The modes become significant in two ways: firstly, because the oscillations themselves prolong the settling 

time and secondly, because attempts to actively control some modes result in instability of the other modes. This non-

linear behavior of the structure at high speeds, firstly, degrades end-point accuracy and secondly complicates controller 

development. Furthermore, the performance of such a control system depends mainly on the parameters during 

operation. These limitations of conventional model-based control for flexible manipulator systems have stimulated the 

development of intelligent control mechanisms incorporating adaptive control, neural networks (NNs) and fuzzy logic 

controllers. 

 

It is known that the flexible system is a highly nonlinear and heavily coupled system, and an accurate mathematical 

model [1] is difficult to obtain, thus making it difficult to control using conventional techniques. The improved control 

of a manipulator without a-prior knowledge of its dynamics, such as fuzzy logic or neural network control has attracted 

much attention in recent years.  

 

A neural network controller [2] invariably includes a neural network that has been trained to model in some way the 

inverse dynamics of the plant. Hub position and velocity measurements were used to stabilize the system and a neural 

controller was proposed to drive the flexible arm to track a desired trajectory. This work, however, is restricted only to 

linear models of the flexible-link manipulator. Another drawback is that the error between the desired and actual 

outputs is not involved in the network training, or during control. In the specialized learning scheme, errors between the 

desired and actual outputs of the plant have to be back propagated through the plant to adjust the weights of the 
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network, which is not a simple procedure to implement. The training therefore, may be slow, or may disrupt the 

operation of the plant. 

 

In order to overcome the above difficulty, Donne &Ozguner [3] proposed a neural controller assuming partial 

knowledge of the dynamics of the flexible-link. The unknown part of the dynamics is identified by a supervised 

learning algorithm. The controller is constructed in two stages, an optimal controller and an unsupervised neural 

network controller using model-based predictive control. The scheme is based on an identification stage that also 

requires feedback from the states of the system. 

 

Significant efforts have been made to develop neural networks to deal with the problems of identification and control of 

complex nonlinear systems by exploiting the nonlinear approaching abilities of the neural  network .In parallel with 

these investigations many researchers have similarly been involved in the design of robust controllers for robot 

manipulators. In [4] a modified version of the fuzzy neural network, is used to identify and control a nonlinear dynamic 

system. The RFNN is a recurrent multilayered connectionist network for realizing fuzzy inference and can be 

constructed from a set of fuzzy rules. 

 

In [5], two different schemes are proposed—one with an adaptive state feedback controller and one with an adaptive 

feed forward controller .In the adaptive feedback formulation, the actual state is used to compute basis functions of a 

function approximator for parameter update and cancellation of nonlinearities. On the other hand, in the adaptive feed 

forward formulation, the desired state is used instead of the actual state.  In [6], a neural network approach to on-line 

learning control and real time implementation is developed. The neural network learns control by updating feed 

forward dynamic based on feedback control input.   The manipulator tracking error is reduced by 85% compared to 

conventional PID control.  This approach possesses a high degree of generality and adaptability in various   

applications and will be a valuable method in learning control for robots working in unconstrained environments.  

 

In [7], simulation and experimental results on the performance of neural network-based controllers for tip position 

tracking of flexible-link manipulators are presented. The controllers are designed by utilizing the modified output re-

definition approach. The modified output re-definition approach requires only a priori knowledge about the linear 

model of the system and no a priori knowledge about the payload mass.In [8], a neural network controller is employed 

as a feedback controller to compute the torque needed by the manipulator system. The neural network is made up of 

two parts. A dynamic recurrent identification network is used to identify the output of the manipulator system, and a 

dynamic recurrent learning network is employed to automatically learn the weighting factor of the fuzzy logic 

controller and to compute a suitable value for correct operation of the fuzzy logic controller.In [9], it is shown that the 

velocity controlled actuator regulation and tracking performance is superior than torque controlled actuator of a flexible 

one-link robot. 

 

In this paper PID, LQR and ANFIS control of flexible manipulator is taken up. The ANFIS controller is a combination 

of PID controller and fuzzy neural network controller that is adapted based on the output of PID controller [10]. 

 

II.FLEXIBLE LINK MANIPULATOR 

The conventional approach to the design of an automatic control system often involves the construction of a 

mathematical model which best describes the dynamics behaviour of the plant to be controlled, and the application of 

analytical techniques to this plant model to derive an appropriate control law. Usually, such a mathematical model 

consist of a set linear or non-linear differential equations, most of them are derived using some form of approximation 

and simplification. The traditional model-based control techniques break down, when a representative model is difficult 

to obtain due to uncertainty or sheer complexity. It is known that robot system is highly non-linear and heavily coupled 

system, and accurate mathematical model is difficult to obtain, thus it making difficult to control using conventional 

techniques. This paper presents the mathematical modelling of a single link flexible manipulator. The system is 

modelled by the Lagrange formulation and model expansion method. 

 

A. MATHEMATICAL MODELLING OF FLEXIBLE LINK MANIPULATOR 

The manipulator is illustrated in fig. 1, and is modelled as a pinned-free flexible beam with payload at one end. The 

beam can bend freely in the horizontal   plane but is considered stiff with respect to vertical bending and torsion. The 

model is developed using the Lagrange formulation and model expansion method. The length of the manipulator is 

assumed to be constant, and deformation due to shear, rotary inertia and the effects of axial forces are neglected. The 

http://www.ijareeie.com/


ISSN (Print)  : 2320 – 3765                                                                              

ISSN (Online): 2278 – 8875 

 

 

  International Journal of Advanced Research in Electrical, Electronics and Instrumentation Engineering  

      Vol. 2, Issue 7, July 2013 

 

Copyright to IJAREEIE                 www.ijareeie.com  3454 

 

moment of inertia about the hub O is denoted by 𝒋𝑓  and is the linear mass density.  The arm has length l , and the 

payload mass is given by 𝑀𝑒 .  The control torque T is applied at the hub of the manipulator by way of the rotary 

actuator. The angular displacement of the manipulator, moving in the xOy plane, is denoted by  . The width of the arm 

is assumed to be much greater than it’s the thickness, thus allowing it to vibrate dominantly in the horizontal direction. 

The shear deformation and rotary inertia effects are ignored. 

 
Fig. 1 Schematic representation of the flexible manipulator system 

 

 

For an angular displacement   and an elastic deflection  y(x,t) the total displacement u(x,t) of a point, measured at a 

distance  x from the hub can be described as a function of the above, measured from the direction of Ox.  

    (x, t) = u(x, t) +θ (t) x                (1) 

 

The kinetic energy of the system can be written as 

𝑇 = 0.5 𝑗f𝜃 + 0.5  
𝜕𝑦

𝜕𝑡
+ 𝑥𝜃 

2

𝜌𝐴 𝑑𝑥
1

0
+ 0.5𝑀 

𝜕𝑦 2

𝜕𝑥 2 
2

  (2) 

In eqn. (2), the first term on the right hand side is due to the hub inertia, the second term is due to the rotation of the 

manipulator with respect to the origin, and the third term is due to the payload mass. 

 

The potential energy is related to the bending of manipulator. Since the width of the manipulator under consideration is 

assumed to be significantly larger than its thickness, the effects of the shear displacement can be neglected. In this way, 

the potential energy of the manipulator can be written as 

𝑉 = 0.5 𝐸𝐼   
𝜕𝑦 2

𝜕𝑥 2 
2

𝑡

0
    (3) 

where 

E is the modulus of the elasticity for the beam material, and  

I denote the second moment of area of the beam cross-section 

 

The non-conservative work for the input torque T can be written as 

   W= 𝑇𝜃     (4) 

 

The Lagrangian for the system is formulated as 

   L=T-V     (5) 

 

To obtain the equation of the motion of the manipulator, Hamilton extended principle is used as described in eqn. (6) 

  𝜕𝐿 + 𝜕𝑊 𝑑𝑡
𝑡2

𝑡1
= 0     (6) 

where 

t1 and t2 are two arbitrary times and  

w represents virtual work.   

 

Manipulating Eqn. (1) - (6) yields the equation of motion of the manipulator as   

𝐸𝐼
𝜕4𝑦(𝑥 ,𝑡)

𝜕𝑥 4 + 𝜌𝐴  𝑥𝜃 +
𝜕2𝑦(𝑥 ,𝑡)

𝜕𝑡2  = 0   (7) 

 

The dynamic equation of the manipulator is described as 
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𝐽𝑠𝜃 + 𝑀𝑒𝐿
𝜕2𝑦(𝑥 ,𝑡)

𝜕𝑡2 + 𝜌𝐴  
𝜕2𝑦(𝑥 ,𝑡)

𝜕𝑡2 𝑑𝑥
𝑙

0
= 𝑇   (8) 

 Where  

𝐽𝑠 = 𝐽𝑓𝑀𝑠𝐿
2 +

1

3
ρA𝐿3 

 

The corresponding boundary and initial conditions are given by 

𝑦(𝑥, 𝑡)𝑎𝑡𝑥 =0 = 0;       
𝑑𝑦(𝑥, 𝑡)

𝑑𝑡 𝑎𝑡𝑥 =0
= 0 

𝐸𝐼
𝜕2𝑦(𝑥, 𝑡)

𝜕𝑥2
𝑎𝑡  𝑥=0

= 0 

 

EI
∂3y(x,t)

∂x3 = Me
∂3y(x,t)

∂x3
at  x=1

;  y x, 0 = 0;  
dy (x,0)

dx
= 0   (9) 

 

Using the assumed mode method, the solution of the dynamic equation of motion of the manipulator can be obtained as 

linear combination of the product of the admissible function i (x) and the time-dependent generalized coordinates iq

(t), as follows, where 

𝑦 𝑥, 𝑡 =  𝜙𝑖 𝑥 𝑞𝑖(𝑡)𝑛
𝑖=0    (10) 

 

The admissible function i (x) also called the mode shape, is purely a function of the displacement along the length of 

the manipulator and iq (t) is purely a function of the time and includes an arbitrary, multiplicative constant. The 

parameter values for flexible manipulator are given in Table I. 

TABLE I 

PARAMETRIC VALUES FOR FLEXIBLE MANIPULATOR  

Physical parameter Symbol Value 

Length  L 0.61 m 

Section area  A 310-5 m2 

Density  Ρ 7.8103 kg/m3 

Young modulus  E 200109 N/m2 

Second moment of area  I 2.510-12 m4 

Payload  M 31.710-3 kg 

Moment of inertia of hub  J 4.310-3 kg-m2 

 

Substitution of eqn. (10) into eqn. (7) by apply boundary and initial conditions of eqn. (9), the following ordinary 

differential equations can be derived  

𝐽𝑠𝜃 +  𝑎𝑖
𝑑2𝑞

𝑑𝑡 2
𝑛
𝑖=0 = 𝑇   (11) 

𝑑2𝑞𝑖

𝑑𝑡 2 + 𝑤𝑖𝑞𝑖 + 𝑏𝑖𝜃 = 0   (12) 

Where 

𝑤𝑖
2 =

𝛽𝑖
4𝐸𝐼

𝜌𝐴
 

𝑎𝑖 =
2𝜌𝐴

𝛽𝑖
2  

𝑏𝑖 = 𝑎𝑖

 𝑠𝑖𝑛𝛽𝑖𝐿 + 𝑠𝑖𝑛ℎ𝛽𝑖𝐿   𝑠𝑖𝑛𝛽𝑖𝐿 + 𝑠𝑖𝑛ℎ𝛽𝑖𝐿 − 𝛽𝑖𝐿 1 + 𝑐𝑜𝑠𝛽𝑖𝐿. 𝑐𝑜𝑠ℎ𝛽𝑖𝐿  

𝜌𝐴 𝑠𝑖𝑛𝛽𝑖𝐿 + 𝑠𝑖𝑛ℎ𝛽𝑖𝐿 
2 − 3𝑀𝑒 𝑐𝑜𝑠𝛽𝑖𝐿. 𝑠𝑖𝑛𝛽𝑖𝐿 − 𝑠𝑖𝑛ℎ𝛽𝑖𝐿. 𝑐𝑜𝑠ℎ𝛽𝑖𝐿 

2
 

 

𝛽𝑖denotes the frequency of vibration, which can be determined from the above using the boundary conditions. The 

frequencies for the first and second modes of vibration and the corresponding terms 𝛽𝑖 , 𝑎𝑖 , 𝑏𝑖  are shown in Table II. 
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TABLE III 

MODE DEPENDENT PARAMETERS  

Mode 𝜷𝒊 𝝎𝒊
𝟐 ai bi 

1 2.6178 1.0035102 6.829210-2 4.496110-1 

2 6.9626 5.0215103 9.653910-3 2.224810-1 

 

If X is assumed as state space variables, 𝑋𝑇 =  θ, θ, q1 , q1 ,…… . . qn , qn   

and Y is assumed as the output, 𝑌𝑇 =  θ, q1 ,…… . . qn , eqn. (11)  and eqn .(12) can be written as 

 
 
 
 
 
𝑋1
 

𝑋2

𝑋3
 

𝑋4
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0   1          0         0

0   0   
𝑎𝑤𝑖
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 0

0   0          0         0

0   0   
−𝑗𝑠𝑤𝑖

2

𝑗𝑠−𝑎𝑖𝑏𝑖
 0  
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𝑥3

𝑥4

 +

 
 
 
 
 

0
1

𝑗𝑠−𝑎𝑖𝑏𝑖

0
−𝑏𝑖

𝑗𝑠−𝑎𝑖𝑏𝑖 
 
 
 
 

𝑇    (13) 

and 

𝑌 =  1   0   1   0  

𝑥1

𝑥2

𝑥3

𝑥4

       (14)    

thus a fourth order model is considered as a system. 

 

III.ADVANCED CONTROLLER 

The following PID, LQR and ANFIS different types of advanced controllers are discussed below.  

A. PROPORTIONAL-INTEGRAL-DIFFERENTIAL (PID) CONTROLLER 

A PID controller is a generic loop feedback (controller) widely used in industrial control systems. A PID controller 

attempts to correct the error between a measured process variable and a desired set point by calculating and then 

instigating a corrective action that can adjust the process accordingly and rapidly, to keep the error minimal. 

 

Fig. 2 Block diagram of PID Controller 

 

If the PID controller parameters are chosen incorrectly, the controlled process input can be unstable, i.e. its output 

diverges, with or without oscillation and is limited only by saturation or mechanical breakage.  Tuning a control loop is 

adjustment of its control parameters to the optimum values for the desired control response. 

 

There are several methods for tuning a PID loop. The most effective methods are generally involve the development of 

some form of process model, then choosing P, I and D based on the dynamic model parameters. Manual tuning 

methods can be relatively inefficient. The choice of the method will depend largely on whether or not the loop can be 

taken offline for tuning, and the response time of the system. If the system can be taken offline, the best tuning method 

often involve subjecting the system to a step change in input, measuring the output as a function of time, and using this 

response to determine the control parameters. 

 

The PID controller calculation involves three separate parameters; the proportional, the integral and derivative values. 

The proportional value determines the reaction to the current error, the integral value determines the reaction based on 

the sum of recent errors, and the derivative value determines the reaction based on the rate at which the error has been 
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changing. The weighted sum of these three actions is used to adjust the process via a control element such as the 

position of a control valve or the power supply of a heating element. 

 

Some applications may require using only one or two modes to provide the appropriate system control. This is achieved 

by setting the gain of undesired control outputs to zero. A PID controller will be called a PI, PD, P or I controller in the 

absence of the respective control actions. PI controllers are particularly common, since derivative action is very 

sensitive to measurement noise, and the absence of an integral value may prevent the system from reaching its target 

value due to the control action. 

B. LINEAR QUADRATIC REGULATOR CONTROLLER 

The theory of optimal control is concerned with operating a dynamic system at minimum cost. The case where the 

system dynamics are described by a set of linear differential equations and the cost is described by a 

quadraticfunctionalis called the LQ problem. The optimal control problem for   a linear multivariable system with the 

quadratic criterion function is one of the most common problems in linear system theory. it Is defined below: 

Given the completely controllable plant 

BuAXX 
    (15) 

where 

X is the n 1  state vector,  

uis the p 1 input vector.  

A and B are, respectively nn  and pn real constant matrices, and the null state x=0 is the desired steady-state. 

 

The control law                      

U = -K x(t)       (16) 

where 

K is np real constant unconstrained gain matrix, that minimizes the following performance index subject to the 

initial conditions
0)0( XX   

dtuRuQXXJ TT )(
2

1

0




     (17) 

where 

Q is nn positive definite, real, symmetric, constant matrix and  

R is pp  positive definite, real, symmetric, constant matrix 

 

There are several ways to solve this optimal control problem. we use the Laypunov function approach. Substituting 

(16) into (15), we obtain 

XBKABKXAXX )(      (18) 

Since the (A,B) pair is completely controllable, there exists a feedback matrix K such that (A-BK) is a stable matrix. 

The controllability of the given plant thus ensures the existence of a K that minimizes J. The Lyapunov function 

PXX
2

1
)X(V T       (19) 

 

The time derivative of the Lyapunov function is 

X)RKKQ(X
2

1
)x(V TT 

   

(20) 

where 

P is a positive definite, real, symmetric, constant matrix, and 

0QRK
T

K)BKA(PP
T

)BKA(     (21) 

 

The performance index 

)0(PX)0(X
2

1
J T      (22) 

Since feedback matrix K is unconstrained, the optimum value of J is independent of initial conditions. The optimal k
'

ij
  

are obtained from the equations 
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0




IJK

P for all IJ               (23) 

Since R Has been assumed to be positive definite matrix, we can write   

R=  T
 

where 

 is a nonsingular matrix. Then eqn. (18) can be written as 

0K
TT

KQ)BKA(PP)
T

B
T

K
T

A( 
   

(24) 

 

 

The condition eqn. (23) for unconstrained minimization of J leads to the following equation: 

0)]
1

)(()
1

)([( 









P

T
B

T
K

T
P

T
B

T
K

ijk


 

  (25) 

Since the matrix within the brackets is non-negative definite, the minimum occurs when it is zero, or when 

PBK TT 1)(        (26) 

hence 

PBRK T1)(      (27) 

 

Eqn. (25) gives the optimal gain matrix K. thus the optimal control law is given by        

  U (t) =-Kx (t) = )()( 1 tPXBR T
    (28) 

 

The matrix P in eqn. (26) must satisfy eqn. (24), or the following reduced equation: 

01   QPBPBRPAPA TT      (29) 

Eqn. (29) is called the riccatti equation. 

 

We have assumed Q to be a positive definite matrix. For this choice of Q, )(xV in eqn. (19) is always negative 

definite; therefore the optimal feedback system is asymptotically stable. Controllability of the (A, B) pair and positive 

definiteness of Q are sufficient conditions for the existence of asymptotically stable optimal solution to the control 

problem. 

 

The design steps may be stated as follows: 

 Solving the matrix riccatti eqn. (29) for the positive definite matrix P. 

 Substitute the matrix P into eqn. (28) and the   resulting equation gives optimal control law. 

This is a basic and well-known theory of optimal control. Once Q and R has been specified, the solution of eqn. (29) 

specifies the optimal control law eqn. (18). This yields the optimal closed-loop system. 

C. ADAPTIVE NEURO-FUZZY INFERENCE SYSTEM (ANFIS) CONTROLLER 

The fuzzy logic is closer in spirit to human thinking and natural language than conventional logical systems. This 

provides a means of converting a linguistic control strategy based on expert knowledge into an automatic control 

strategy. The ability of fuzzy logic to handle imprecise and inconsistent real-world data made it suitable for a wide 

variety of applications. In particular, the methodology of the fuzzy logic controller (FLC) appears very useful when the 

processes are too complex for analysis by conventional quantitative techniques or when the available sources of 

information are interpreted qualitatively, inexactly, or with uncertainty. Thus fuzzy logic control may be viewed as a 

step toward a rapprochement between conventional precise mathematical control and human – like decision making. 

 

One of the major problems in the not so widespread use of the fuzzy logic control is the difficulty of choice and design 

of membership functions to suit a given problem. A systematic procedure for choosing the type of membership function 

and the ranges of variables in the universe of discourse is still not available. Tuning of the fuzzy controller by trial and 

error is often necessary to get a satisfactory performance. However, the neural networks have the capability of 

identification of a system by which the characteristic features of a system can be extracted from the input output data. 

This learning capability of the neural network can be combined with the control capabilities of a fuzzy logic system 

resulting in a neuro- fuzzy inference system. Recently an adaptive neuro- fuzzy inference system (ANFIS) has been 

proposed [7] which has been shown to have very good data prediction capabilities. 
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Adaptive network based fuzzy inference system serves as a basis for constructing a set of fuzzy if-then rules with 

appropriate membership functions to generate the stipulated input-output pairs. A Hybrid controller is a combination of 

ANFIS and PID controller of the system. The architecture is referred to as ANFIS, which stands for Adaptive Neuro-

Fuzzy Inference System. 

 

The ANFIS from topology point of view, an implementation of a representative fuzzy inference system using a BP 

neural network-like structure shown in fig. 3. It consists of five layers. Let  𝑂𝑖
1 denotes the output of the node i in layer 

l, and xi  is the i th  input of the ANFIS ,i=1,2,3,...p. in layer1,there is a node function M  associated with every node 

𝑂𝑖
1 = 𝑀𝑖 𝑥𝑖     (30) 

 
Fig. 3 ANFIS Architecture 

 

The role of the node function M1, M2....Mq here is equal to that of the membership function µ(x) used in the regular 

fuzzy systems and q is the number of nodes for each input. Gaussian shape functions are the typical choices. The 

adjustable parameters that determine the positions and shapes of these node functions are referred to as his premise 

parameters. The output of very node in layer2 is the product of all the incoming signals. 

𝑂𝑖
2 = 𝑀𝑖 𝑥𝑖 𝐴𝑁𝐷𝑀𝑗 𝑥𝑗       (31) 

 

Each node output represents the firing strength of the reasoning rules. In layer 3, each of these firing strengths of the 

rules is compared with the sum of all the firing strengths. Therefore, the normalized firing strengths are computed in 

this layer as           

𝑂𝑖
3 =

𝑂𝑖
2

 𝑂𝑖
2      (32) 

 

Layer 4 implements the sugeno-type inference system, i.e a linear  combination of the input variables of the 

ANFIS,x1,x2,...xp  plus a constant term c1,c2,c3...cp from the output of the each IF-THEN rule. The output of the node 

is a weighted sum of these intermediate outputs 

𝑂𝑖
4 = 𝑂𝑖

3  𝑃𝑗𝑥𝑗 + 𝑐𝑗
𝑝
𝑗=1      (33) 

where parameters P1, P2,...., Pp and c1 , c2 ......cp in this layer are referred to as the consequent parameters. The node in 

layer 5 produces the sum of its inputs i.edefuzzification process of the fuzzy system using weighted average method.  

𝑂𝑖
5 =  𝑂𝑖

4
𝑗      (34) 

 

Two of the difficulties with the design of any fuzzy control systems are the shape of the membership functions and 

choice of the fuzzy rules. In fact, the decision-making logic is the way in which the controller output is generated. It 

uses the input fuzzy sets, and the decision is taken according to the values of the inputs. Moreover, the knowledge base 

comprises knowledge of application domain and the attendant control goals. It consists of a database and a fuzzy 

control rule base.  
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A control system is said to be an adaptive fuzzy control system if either a set of fuzzy rules are used to modify 

membership functions and/or rules. The fuzzification uses membership functions to determine the degree of inputs. The 

aim of control action is to minimize the rotation error. The higher the error, the higher the control input. However, the 

rate of change of error also affects the value of the control input. 

 

The fuzzification uses membership functions to determine the degree of inputs. The aim of control action is to 

minimize the rotation error. The higher the error, the higher the control input. However, the rate of change of error also 

affects the value of the control input. In the fuzzy logic controller, error is used in control rules as linguistic variables 

This is defined as: 

  (35) 

 

In adaptive network based fuzzy inference system (ANFIS), number and type of membership functions are created by 

user. Then fuzzy inference system rule base is obtained automatically by ANFIS. Gauss type membership functions are 

used for fuzzy inputs in fuzzification process of the system. Sugeno type fuzzy inference system is adopted so these 

outputs by given training and checking data sets.  

 

IV.SIMULATION RESULTS AND DISCUSSION 

In this paper simulation is done for two modes of operation of single flexible-link manipulator. The reason for choosing 

two these modes is to show the controller conformance with different state of the single flexible-link manipulator. The 

two mode of performance is observed by using the PID, LQR and ANFIS controllers design. To eliminate the link 

vibrations at end point a controller which is combination of ANFIS and PID controller has been applied. The training of 

the ANFIS has been carried out by using adaptive learning algorithm. 

 

The simulation performance of the single flexible link manipulator with mode 1 and mode 2 step response operations 

are shown in the following fig. 4 and fig. 5 respectively. 

 

 

Fig. 4 Step response of the system with different Controllers for mode 1 
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Fig. 5 Step response of the system with different controllers for mode 2 

The Single Flexible Link Manipulator performance observed the steady state error, maximum over shoot in amperes 

and settling time in seconds with the different controllers with different mode operations and is shown in Table III. It 

has been observed that the stead state error and maximum over shoot eliminated with the advanced controllers LQR 

and ANFIS for the both the mode of operation whereas the minimum settling time achieved with the help of the ANFIS 

controller which has been built on the fuzzy and PID controllers. The Table IV shows the integral of Time Absolute 

Error (ITAE), Integrated Absolute Error (IAE) and Integrated Time Error (ITE) of the each controller and as well as the 

each mode of operation. It has been observe red from the Table IV, all the integral errors are very less when the 

controller is ANFIS in both mode of operation of step response of the single flexible link manipulator. 

 

TABLE IIIII 

COMPARISON OF PERFORMANCE OF THE FLEXIBLE LINK MANIPULATOR FOR DIFFERENT CONTROLLERS WITH DIFFERENT 

MODE OPERATION  

Mode of 

Frequency 
Controller 

Steady 

State 

Error 

Maximum 

Over 

Shoot  

(Amps) 

Settling 

time in 

sec 

Mode 1 

PID Yes 1.4 15.2 

LQR No 0 5.3 

ANFIS No 0 1.5  

Mode 2 

PID Yes 1.58 19.5  

LQR No 0 5.6 

ANFIS No 0 2.7 

 

TABLE IVV 

COMPARISON OF PERFORMANCE OF THE FLEXIBLE LINK MANIPULATOR FOR DIFFERENT INTEGRAL ERRORS WITH 

DIFFERENT MODE OPERATION 

Mode Controller ITAE IAE ITE 

Mode 1 

PID 14.71 2.388 0.8839 

LQR 0.09281 0.0780 0.02435 

ANFIS 0.001957 0.004343 0.00303 

Mode 2 

PID 29.61 3.526 1.2850 

LQR 5.784 1.354 0.6963 

ANFIS 0.004338 0.01177 0.006777 
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V.CONCLUSION 

In this paper, it has been observed that the PID controller doesn’t create a suitable step response for the system. Intense 

transient oscillation and high over shoot are the shortcoming of such controller. Moreover the parameters of this 

controller are constant, no adaption with system dynamical changes.   In LQR controller, even though there is no over 

shoot settling time is somewhat higher. With ANFIS control, the amplitude of oscillation around zero for mode 1 is 

about .001 and damp out after sometime, the amplitude of oscillation around zero for mode 2 is about 0.0025. Since the 

amplitude of oscillation persists and in order improves the transient response of the system, an ANFIS controller has 

been designed and simulated along with the system. It is clear that with ANFIS control the vibration of the single link 

flexible manipulator has been reduced. 
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