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ABSTRACT 
 

This paper presents a hybrid control approach based on an integral output-based command shaper with a fuzzy logic 
controller (IOCSFLC) for vibration control of a single-link flexible manipulator system. A single-link flexible manipu-
lator is an industrial manipulator used for pick and place operations. It consumes less power, operates at high speeds 

and deliver fast responses. However, it is faced with the problem of tip deflection and hub vibration. The tip deflection 
makes it difficult for positioning accuracy while the hub vibration makes the load transportation unstable. In this re-
search work, a hybrid controller (IOCSFLC) is designed to reduce both tip deflections and hub vibrations. The integral 
output-based command shaper (IOCS) reduces the tip deflection and eliminates steady state error while the fuzzy logic 
controller (FLC) control the hub vibration and positioning. The combined control signal was fed to the flexible manip-
ulator system which successfully suppressed the vibration and achieved a reduced tip deflection. To show the perfor-
mance of the proposed hybrid controller, simulated results of the proposed controller (IOCSFLC) was compared against 
the results of the conventional fuzzy logic controller. It was shown that the IOCSFLC yielded an improvement in the 
reduction of the maximum tip deflection by 93.4% as compared to conventional FLC. 

Keywords:  vibration control; tip deflection; integral output-based command shaper; fuzzy logic controller; single 

link flexible manipulator. 

1. INTRODUCTION 
 

With the rapid increase in the number of modern industrial 

robot manipulators, it is very evident that one of the major 

parameters required to satisfy the industrial applications 

of these robot manipulators is the flexibility. A flexible 

manipulator system, being a modern industrial robot of-

fers numerous advantages over their fixed heavy counter-

parts. Some of these advantages are; i) more affordable (in 

terms of cost) as compared to fixed heavy robots, ii) the 

ratio of payload weight to that of the robot is high, iii) less 

power consumption iv) faster in operation. However, 

achieving this said robot flexibility comes with great chal-

lenges, a major one being in the control aspect to curb the 

excessive and high oscillation that is generated at the tip 

end (that is the end effector). 

Several control techniques have been implemented on the 

control of the hub vibration and tip deflection of a single-

link flexible manipulator. The results of the researches 

showed that most of the flexible structures have very lim-

ited accuracy and precision. Linear control approach is not 

a very promising in curtailing the problems of flexible ma-

nipulators due to their nonlinear dynamic structure. Non-

linear control approaches are therefore used to curb the 

shortcomings of these systems. Adaptive control tech-

nique (Li et. al., 2013), fuzzy logic control technique 

(FLC) (Ahmad et. al., 2010), and observer-based-fuzzy 

control are examples of nonlinear control approaches that 

have been employed in the control of flexible manipulator 

systems (Yen et. al., 2011). 

Three different FLCs were developed in (Ismail et. al., 

2011) to control the end point deflection and vibration of 

flexible manipulator. (Alam and Tokhi, 2008) presented a 

hybrid FLC enhanced with a genetic optimization for con-

trolling the vibration of a single-link flexible manipulator. 

In another related research, a PD-type FLC controller with 
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a non-collocated proportional integral derivative (PID) 

was developed to control the vibration of the flexible ma-

nipulator (Ahmad et. al., 2010). An upgrade to the work 

of (Ahmad et. al., 2010) is seen in (Ahmad et. al., 2012) 

where their system performs not only vibration control but 

also trajectory tracking of a flexible robotic arm. With the 

highlighted researches on FLC, the method however gen-

erates high control signals which usually amplifies the tip 

deflection. There is therefore the need to suppress this de-

flection; input shaping is mostly used in this regard. 

The works of many researchers which are targeted on the 

effective control of the residual vibration of flexible struc-

tures using input shaping method can be found in 

(Singhose, 2010). The principle of operation of this tech-

nique involves convolving the command input signal with 

a sequence of impulses that are designed and based upon 

natural frequencies and the damping ratios of the system. 

Recently, an output-based command shaper was imple-

mented in (Abdullahi et. al., 2017) for control of payload 

sway suffered by overhead cranes. (Zhu et. al., 2014) and 

(Han et. al., 2015) have also proposed an input-shaping 

scheme for the control of a rotary disc system. Their work 

was based on the system output signal as well. Other re-

cent developments in the modelling and control of single-

link manipulators have been investigated in (Hanim and 

Intan, 2018), (Chunyu et. al., 2018) and (Yang et. al., 

2018). 

2. MODEL DESCRIPTION  

 

The model used in this study is adopted from the work of 

(Tokhi et. al., 2001). The description of the system is 

given in Figure 1, and the dynamic model for the system 

is obtained using finite element (FE) methods. Finite ele-

ment methods is a process of decomposing a structure into 

a number of elements or pieces. These elements are as-

sumed to be connected at a point called the node. The 

equation describing the behavior of the system which is 

obtained by approximation technique depends on the 

number of elements. These elemental equations are com-

bined to give the system equation. Table 1 shows the pa-

rameters that were used in developing the model for the 

system.  

The outlined steps involved in the use of the FE method 

are; (1) Discretization of the structure into a number of 

elements; (2) Interpolating the result by an approximating 

function selection; (3) Formulation of equations for the in-

dividual elements; (4) Calculating resultant system equa-

tion by combining the elemental equations; (5) Boundary 

conditions selection; and (6) Solving system equation 

with the boundary conditions. In this way, the manipulator 

system is treated as an assembly of n elements. The algo-

rithm can be developed in three major ways:   i) FE anal-

ysis, ii) state-space representation and iii) obtaining and 

analyzing the system transfer function (Tokhi et. al., 2001). 

Figure 2 shows the experimental setup of the single-link 

flexible manipulator. 

 

 

Figure 1: Description of the flexible manipulator system. 
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Figure 2:  Experimental setup of the flexible manipulator system. 

 

 

 

 

 

 

Table 1: system parameters (Tokhi et. al., 2001) 

Parame-

ters  

Sym-

bols  

Values units 

Young modulus E 71 × 109 N/𝑚2 

Mass density  𝜌 2710 Kg/𝑚3 

Second moment of 

inertia 

I 5.1924 𝑚4 

Flexible link length L 0.9 m 

Hub inertia Ih 0.04 ×3 g/𝑚2 

 

The manipulator model is presented in state space form as; 

�̇� = 𝐴𝑣 + 𝐵𝑢         (1) 

y= Cv + Du         (2) 

Where                    

A=[
𝑂𝑚 𝐼𝑚

−𝑀𝑛
−1𝐾𝑛 −𝑀𝑛

−1𝐷
]     B= [

𝑂𝑚×1

𝑀𝑛
−1] 

C=[𝑂𝑚 𝐼𝑚]                                 

D=[𝑂2𝑚×1] 

Where the script n indicates the number of elements, 𝑂𝑚 

is an m x m null matrix, 𝐼𝑚 is an m x m identity matrix, 

𝑂𝑚×1 is an m x 1 null vector (Tokhi et. al., 2001), 

u=[𝜏 0…… .0]𝑇,      

v=[𝜃 𝑤1𝜃1 …𝑤𝑛 𝜃𝑛 �̇� �̇�1 �̇�1 …�̇�𝑛  �̇�𝑛]
𝑇

 

For n elements, the mass and stiffness matrices are ob-

tained as 

𝑀𝑛 =
𝜌𝐴𝑙

420

[
 
 
 
 
𝑚11 𝑚12 𝑚13

𝑚21 156 22𝑙
𝑚31

𝑚41

𝑚51

22𝑙
54

−13𝑙

4𝑙2

13𝑙
−3𝑙2

   

𝑚14 𝑚15

54
13𝑙
156

−13𝑙
−3𝑙2

−22𝑙
−22𝑙 4𝑙2 ]

 
 
 
 

 

𝐾𝑛 =
𝐸𝐼

𝑙3

[
 
 
 
 
0 0 0
0 12 6𝑙
0
0
0

6𝑙
−12
6𝑙

4𝑙2

−6𝑙
2𝑙2

   

0 0
−12
−6𝑙
12

6𝑙
2𝑙2

−6𝑙
−6𝑙 4𝑙2 ]

 
 
 
 

 

Where 

𝑚11 = 140𝑙2(3𝑛2 − 3𝑛 + 1) 

𝑚12 = 𝑚21 = 21𝑙(10𝑛 − 7) 

𝑚13 = 𝑚31 = 7𝑙2(5𝑛 − 3) 

𝑚14 = 𝑚41 = 21𝑙(10𝑛 − 3) 

𝑚15 = 𝑚51 = −7𝑙2(5𝑛 − 3) 

n is number of elements and l is the elemental length, in 

this paper 𝑛 = 10 

𝑀𝑛=[
𝑀𝜃𝜃 𝑀𝜃𝑤

𝑀𝜃𝑤 𝑀𝑤𝑤
] 

In which 𝑀𝑤𝑤 represents a matrix that relates to the elas-

tic degrees of freedom (residual motion), 𝑀𝜃𝑤 represents 

the coupling between the hub angle 𝜃 and elastic degrees 

of freedom and 𝑀𝜃𝜃 is the term which relates to the sys-

tem inertia about the motor axis. Similarly, the global stiff-

ness matrix is as follows; 

𝐾𝑛=[
0 0
0 𝐾𝑤𝑤

] 

Where 𝐾𝑤𝑤 is related to the elastic degrees of freedom 

(residual motion). The elastic degrees of freedom are not 

related to the hub angle via the stiffness matrix. The global 

damping matrix D is as follows; 

D=[
0 0
0 𝐷𝑤𝑤

] 

Where 𝐷𝑤𝑤  represents the sub-matrix associated with 

the material damping of the system. It obtained as; 

𝐷𝑤𝑤 = 𝛼𝑀𝑤𝑤 +𝛽𝐾𝑤𝑤       (3) 

Where; 
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𝛼 =
2𝑓1𝑓2(𝜖2𝑓2−𝜖1𝑓1)

𝑓2
2−𝑓1

2   ;  𝛽 =
2(𝜖2𝑓2−𝜖1𝑓1)

𝑓2
2−𝑓1

2  

Where𝜖1,𝜖2, f1 and f2 represents the damping ratios and 

natural frequencies of modes 1 and 2 respectively. The dy-

namic equations of the motion of the system is represented 

as; 

M�̈� (t) + D�̇� (t) + KQ (t) = F (t)    (4) 

Where F (t) = [𝜏 0…… .0]𝑇 represents the vector associ-

ated with the applied forces and torque.  

Q(t) =[𝜃 𝑤0𝜃0 …𝑤𝑛 𝜃𝑛 ]
𝑇  and D is the global damping 

matrix, usually obtained by experimentation (Tokhi et. al., 

2001).   

3. CONTROLLER DESIGN 

In this section a detailed design of the integral out-

put-based command shaper and fuzzy logic con-

troller is presented.  

3.1. Fuzzy Logic Controller Design 

This subsection presents the design of fuzzy logic control-

ler (FLC).  The FLC has two inputs and one output, the 

inputs are the hub angle error (e) and its derivatives (�̇�), 

the output is the fuzzy control signal generated based on 

decisions as design using rule base. The controller is de-

signed to control vibration due to rigid motion of the hub 

and integral output-based command shaper for the reduc-

tion of tip deflection due to elastic motion. Table 2 shows 

the appropriate fuzzy control signal for different hub angle 

error and derivative of the error, different number of mem-

bership functions have been tested and it was found that 

for this system, seven membership function which has 49 

possible control signals is more effective. 

Table 2: Rule Base Table 

 
 

The membership functions of the hub angle error (e), the 

derivative of the error (�̇�) and control output are imple-

mented with seven membership functions [NB NM NS ZE 

PS PM PB] and scale within the range 0f [-2 2], [-10 10] 

and [-60 60] respectively.  

3.2. Integral Output-Based Command Shaper 

Design 

The output-based command shaper was designed based 

upon a measured output of a reference model and an actual 

system. By using the reference model, the command 

shaper ensures that the actual system exactly followed the 

reference model by reducing the difference between their 

outputs to zero.   

3.2.1. Basic Idea (see (Han et. al., 2015) and (Hanim and 

Intan, 2018)) 

The transfer function of a second-order actual system, ref-

erence model and a filter are given as 

𝐺𝑎(𝑠), 𝐺𝑟(𝑠) and 𝐺𝑓 respectively. 

𝐺𝑎(𝑠) =
𝐾𝜔𝑛

2

𝑠2+2𝜁𝑛𝜔𝑛𝑠+𝜔𝑛
2           (5) 

𝐺𝑟(𝑠) =
𝐾𝑚𝜔𝑚

2

𝑠2+2𝜁𝑚𝜔𝑚𝑠+𝜔𝑚
2        (6) 

𝐺𝑓(𝑠) =
𝐾𝑚𝜔𝑚

2

𝐾𝜔𝑛
2 ×

𝑠2+2𝜁𝑛𝜔𝑛𝑠+𝜔𝑛
2

𝑠2+2𝜁𝑚𝜔𝑚𝑠+𝜔𝑚
2     (7) 

Where 𝜁𝑛 ,𝜔𝑛 and 𝐾 are the damping ratio, natural fre-

quency and static gain of the actual system and 

𝜁𝑚,𝜔𝑚 and 𝐾𝑚 are the damping ratio, natural frequency 

and static gain of the reference model. 

From equation (5)-(7) it can be seen that 𝐺𝑎𝐺𝑓 = 𝐺𝑟 . 

Once the 𝜁𝑚,𝜔𝑚 and 𝐾𝑚 of the reference model are cho-

sen, the filter can be designed as a function of new varia-

bles as given 
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𝐺𝐹(𝑠) =
𝑎2𝑠2+𝑎1𝑠+𝑎0

𝑠2+2𝜁𝑚𝜔𝑚𝑠+𝜔𝑚
2      (8) 

Where 𝑎2 , 𝑎1 and 𝑎0  are the variables to be designed. 

The aim is to obtained values of {𝑎2 , 𝑎1 , 𝑎0} such that 

𝐺𝑓(𝑠) = 𝐺𝐹(𝑠), which will ensures that 𝐺𝑎𝐺𝐹 = 𝐺𝑟. 

Let 𝑦(𝑡) and 𝑦𝑟(𝑡)  denote the unit step response of 

𝐺𝑎𝐺𝐹 and 𝐺𝑟 respectively. A cost function is defined to 

estimate the difference between the 𝑦(𝑡) and 𝑦𝑟(𝑡). 

𝐸 = ∫ (𝑦(𝑡) − 𝑦𝑟(𝑡))
2
𝑑𝑡 

𝑡

0
      (9) 

Equation (9) is the design problem, the values of 

{𝑎2 , 𝑎1 , 𝑎0} are to be obtained that will reduce the 

value 𝐸. 

For application to higher order systems, the reference 

model can be chosen as presented in [10, 11] as;  

𝐺𝑟(𝑠) = 𝐾𝑚 ∏
𝜔𝑚

2

𝑠2+2𝜁𝑚𝑗𝜔𝑚𝑗𝑠+𝜔𝑚𝑗
2

𝑙
𝑗=1     (10) 

Where; 𝑙 is the number of second-order under-damped 

systems of the actual system. Therefore, in this work a 

modified formula is used to provide solution to equation 

(10) given as 

𝐺𝑟(𝑠) = 𝐾𝑚 ∏
(𝑠+𝜔𝑚

2 )𝑧

𝑠2+2𝜁𝑚𝑗𝜔𝑚𝑗𝑠+𝜔𝑚𝑗
2

𝑙
𝑗=1    (11) 

Where; 𝑧 represents the order of the zeros in the actual 

system. The higher order systems can generally be repre-

sented as; 

𝐺(𝑠) =
𝑏𝑧𝑠

𝑧+𝑏𝑧−1𝑠𝑧−1+𝑏𝑧−2𝑠𝑧−2+⋯…+𝑏0

𝑎𝑛𝑠𝑛+𝑎𝑛−1𝑠𝑛−1+𝑎𝑛−2𝑠𝑛−2+⋯…+𝑎0
   (12) 

The reference model can also be represented as a func-

tion of a particular selected frequency as in (Han et. al., 

2015) by appropriate selection of the frequency a criti-

cally damped system will be obtained. 

𝐺𝑟(𝑠) =
𝑤𝑐

𝑄

(𝑠+𝑤𝑐)
𝑄        (13) 

The frequency 𝑤𝑐 is chosen to achieve two goals; (i) to 

produce a little vibration when a reference step input is 

applied and (ii) the response time of the reference model 

should be consistent with 𝑤𝑐. Equation (13) is modified 

for systems that have zeros as given  

𝐺𝑟(𝑠) =
(𝑠+𝑤𝑐

𝑄
)𝑧

(𝑠+𝑤𝑐)
𝑄       (14) 

Similarly, the filter can be represented as given; 

GF(s) =
ansn+an−1sn−1+⋯…+a0

(s+wc)
Q      (15) 

In this work the transfer function of the actual system 

used, is obtained as 

𝐺ℎ =
1014𝑠4+4553𝑠3+4.2 ×107𝑠2+2.8 ×107𝑠+1.7 ×1010

𝑠6+33.3𝑠5+9.7×104𝑠4+1.1×106𝑠3+7.2×108𝑠2  

          (16) 

The system is sixth order however a fourth order com-

mand shaper will be designed to control it. The reference 

model is chosen by making 𝑤𝑐 = 2. With 𝑄 = 4 the ref-

erence model will be of the form 

𝐺𝑟(𝑠) =
(𝑠+24)1

(𝑠+2)4
    …   (17) 

𝐺𝑟(𝑠) =
𝑠+16

𝑠4+8𝑠3+24𝑠2+32𝑠+16
   …   (18) 

Similarly, the OIS filter can be obtained as given 

𝐺𝐹(𝑠) =
𝑎𝑛𝑠𝑛+𝑎𝑛−1𝑠𝑛−1+⋯…+𝑎0

(𝑠+2)4
 …   (19) 

𝐺𝐹(𝑠) =
𝑎4𝑠4+𝑎3𝑠3+⋯…+𝑎0

𝑠4+8𝑠3+24𝑠2+32𝑠+16
  …   (20) 

Where; {𝑎4 ,𝑎3 , 𝑎2, 𝑎1, 𝑎0}  are the design variables. 

Since, the design target is that the zeros of 𝐺𝐹(𝑠) is to 

cancel the poles of 𝐺ℎ , then 𝑎0 is zero as in the actual 

system transfer function. Figure 3 shows the decomposi-

tion of the output-based filter design. The shaper variables 

can be obtained using the output signals as given in equa-

tions in (Hanim and Intan, 2018). 

 

 

Figure 3: Output-based input shaper decomposition 
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𝐸 = ∫ (∑ 𝑎𝑖𝑦𝑖(𝑡)
𝑛
𝑖=0 − 𝑦𝑟(𝑡))

2
𝑑𝑡 

𝑡

0
 …  (21) 

Where    

𝑦(𝑡) = ∑ 𝑎𝑖𝑦𝑖(𝑡)
𝑛
𝑖=0     …  (22) 

The minimum value of 𝐸 can be obtained using the least-

square method as 

𝜕𝐸

𝜕𝑎𝑗
= 0, 𝑗 = 0,1,2…… . . 𝑛   …  (23) 

Substituting (21) in (23) the equation is obtained as 

𝐸 = ∫ 𝑦𝑗(𝑡) ∑ 𝑎𝑖𝑦𝑖(𝑡)
𝑛
𝑖=0 − 𝑦𝑟(𝑡)𝑑𝑡,

𝑡

0
  𝑗 = 0,1,2. . 𝑛 

        …  (24) 

𝑆𝑗,𝑖 = ∫ (𝑦𝑗(𝑡). 𝑦𝑖(𝑡))
𝑡

0
𝑑𝑡, 𝑗 = 0,1,2…𝑛, 𝑖 = 0,1,2…𝑛

        …  (25) 

𝑆𝑗,𝑟 = ∫ (𝑦𝑗(𝑡). 𝑦𝑟(𝑡))
𝑡

0
𝑑𝑡, 𝑗 = 0,1,2…𝑛 … (26) 

Combining equations (24)-(26) it can be represented as 

∑ 𝑎𝑗𝑠𝑗,𝑖 − 𝑠𝑗,𝑟 = 0𝑁
𝑖=0 , 𝑗 = 0,1,2… .𝑁  … (27) 

𝑁 = 4 in this design, therefore the design equations are 

given as; 

 

𝑎4𝑠4,4 + 𝑎3𝑠3,4 + 𝑎2𝑠2,4 + 𝑎1𝑠1,4 + 𝑎0𝑠0,4 − 𝑠4,𝑟 = 0

        …  (28) 

𝑎3𝑠3,3 + 𝑎4𝑠4,3 + 𝑎2𝑠2,3 + 𝑎1𝑠1,3 + 𝑎0𝑠0,3 − 𝑠3,𝑟 = 0

        …  (29) 

𝑎2𝑠2,2 + 𝑎4𝑠4,2 + 𝑎3𝑠3,2 + 𝑎1𝑠1,2 + 𝑎0𝑠0,2 − 𝑠2,𝑟 = 0

        …  (30) 

𝑎1𝑠1,1 + 𝑎4𝑠4,1 + 𝑎3𝑠3,1 + 𝑎2𝑠2,1 + 𝑎0𝑠0,1 − 𝑠1,𝑟 = 0

         … (31) 

With;      

𝑠1,2 = 𝑠2,1, 𝑠1,3 = 𝑠3,1, 𝑠1,4 = 𝑠4,1, 𝑠2,3 = 𝑠3,2, 

𝑠2,4 = 𝑠4,2 and 𝑠3,4 = 𝑠4,3 

If the values of 𝑠𝑗,𝑖  and 𝑠𝑗,𝑟 are found, the values of 

{𝑎4 ,𝑎3 , 𝑎2, 𝑎1} can be obtain as given 

[

𝑎1

𝑎2
𝑎3

𝑎4

] = [

𝑠1,1 𝑠1,2

𝑠2,1 𝑠2,2

𝑠1,3 𝑠1,4

𝑠2,3 𝑠2,4
𝑠3,1 𝑠3,2

𝑠4,1 𝑠4,2

𝑠3,3 𝑠3,4

𝑠4,3 𝑠4,4

]

−1

[

𝑠1,𝑟

𝑠2,𝑟
𝑠3,𝑟

𝑠4,𝑟

]   … (32) 

Using the output data generated from the system and 

Equations (21)-(32) the values of the output-based com-

mand shaper were obtained as;  

𝑎1 = 736.191 𝑎2 = 62.622  𝑎3 = 1.872  𝑎4 = 0.1027.  

Hence, the output-based command shaper from Equation 

(20) is given below as 

𝐺𝐹(𝑠) =
0.1027𝑠4+1.872𝑠3+62.622𝑠2+736.191𝑠

𝑠4+8𝑠3+24𝑠2+32𝑠+16
 … (33) 

The output-based command shaper in Equation (33) was 

used in the simulation for the reduction of tip deflection 

of the single-link flexible manipulator arm.

 4. RESULTS AND DISCUSSION 

 

This section presents the results of the proposed controller 

as compared against a Fuzzy logic controller. The Sim-

ulink block for the proposed controller is shown in Figure 

4.   

 

Figure 4: Proposed Controller Simulink Block 

4.1. Open Loop Responses 
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This section shows the open loop responses of the single 

link flexible manipulator. It can be observed from Figure 

5 that the hub angle goes to infinity when a step input is 

applied to the system. Similarly, Figure 6 shows the tip 

deflection of the single link manipulator without control-

ler applied to it. The responses indicated high deflection 

of about 0.0528 m which could make it difficult for posi-

tioning accuracy when placing the load. Therefore, a 

closed loop control is required to reduce tip deflection and 

position the hub of the flexible arm. 

 
Figure 5: Hub Angle open loop response 

 

Figure 6: Tip deflection open loop response 

 

4.2. Closed Loop Response with Controller 

This section shows the responses of the proposed hybrid 

control of fuzzy logic and integral output-based command 

shaper compared against conventional fuzzy logic con-

troller. Figure 7 shows the hub angle position control of 

the flexible manipulator system. It is observed from the 

Figure that IOCS reached the maximum set position faster 

at 3.82 s as compared to FLC which reached at 4.48 s. 

However, the FLC has faster rise time as compared to 

IOCS. Similarly, Figure 8 shows the tip deflection re-

sponses with proposed IOCS and FLC. From the figure it 

is observed that the maximum tip deflection measured 

with FLC is 0.05 m while 0.0033 m was measured with 

the proposed IOCS, this indicated an improvement of 93.4% 

in the reduction of tip deflection as compared to the FLC 

controller. 

 

Figure 7: Hub Angle with controllers 

 

Figure 8: Tip deflection with controllers 
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5. CONCLUSIONS 

A hybrid controller IOCS was designed and implemented 

on a single-link flexible manipulator for tip deflection re-

duction and hub angle positioning. Based on the results 

analysis and the comparison with FLC, it was found that 

the proposed method is effective for the control of single-

link flexible manipulator arm. The results showed about 

93.4% tip deflection reduction with the proposed IOCS as 

compared to FLC controller. 
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