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Abstract – In this paper, a sampled-data observer-based decentralized fuzzy control technique is 
proposed for a class of nonlinear large-scale systems, which can be represented to a Takagi-Sugeno 
fuzzy system. The premise variable is assumed to be measurable for the design of the observer-based 
fuzzy controller, and the closed-loop system is obtained. Based on an exact discretized model of the 
closed-loop system, the stability condition is derived for the closed-loop system. Also, the stability 
condition is converted into the linear matrix inequality (LMI) format. Finally, an example is provided 
to verify the effectiveness of the proposed techniques. 
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1. Introduction 
 
Recently, as network-based systems are more increased 

in many engineering applications, such as wireless sensor 
networks, smart spaces and wide-area power systems, 
large-scale sampled-data systems, which well-represent 
characteristics of a network-based system, have attracted 
much attention [1, 2]. First, in the case of the large-scale 
system, due to the interconnection among subsystems, 
various problems are encountered, such as the high 
dimensionality and the structure constraint of the controller. 
To control a large-scale system, the decentralized control 
technique is more suitable than the traditional centralized 
control one. Thus, many decentralized control techniques 
have been proposed [3-7]; the decentralized fuzzy control 
technique [12-15] using a Takagi-Sugeno (T-S) fuzzy 
model has been recognized as one of the predominant 
decentralized control methods.  

Apart from the large-scale system issue, the sampled-
data control system has both a continuous-time plant and a 
discrete-time controller. In the case of linear systems, 
because the exact discretization of the continuous-time 
plant is possible, the sampled-data controller design is not 
difficult. However, in the case of nonlinear systems, the 
exact discretization is not possible, and so, to overcome this 
problem, various nonlinear sampled-data control techniques 
have been proposed, such as the Euler approximation [8, 
9] and the conversion to an input delay controller [10, 
11]. Sampled-data fuzzy control techniques, which are 
combination of the sampled-data control technique and the 

T-S fuzzy model, have also been proposed in many studies 
[16-27] and are categorized into the input delay conversion 
approach and the direct discrete-time design approach. 

First, the input delay conversion approach is to convert a 
sampled-data fuzzy controller into a continuous-time fuzzy 
one with the input time delay. This approach has been used 
in many studies [16-19], with such methods as H∞  control 
[18] and robust control [19]. However, there are few 
studies about observer-based control or decentralized 
control in the input delay conversion approach. The direct 
discrete-time design approach [20-27] is to guarantee 
stability using the discretized model of the continuous-time 
plant. In [20-22], various sampled-data fuzzy control 
techniques using the direct discrete-time design approach 
have been proposed, such as the observer-based output-
feedback scheme [20] and the robust control [21]. However, 
these studies did not address the problem of discretized 
errors. To conquer this problem, the analysis of the stability 
of the discrete-time model considering the discretized error 
and the limitation analysis of stability for the approxi-
mately discretized model have been studied in [23, 24]. In 
[25], by using the exact discretized model, a sampled-data 
fuzzy controller was designed for stabilization of the 
nonlinear system. The methodology of [25] was extended 
to the observer-based output-feedback scheme [26] and the 
guaranteed cost control technique [27], but the sampled-
data decentralized fuzzy control problem has not been 
studied yet. Thus, there still remain sampled-data fuzzy 
control issues for the decentralized and the observer-based 
output-feedback approaches. 

Motivated by the aforementioned analysis, this paper 
presents the sampled-data observer-based decentralized 
fuzzy control technique for a nonlinear large-scale system. 
Using the T-S fuzzy model, the nonlinear large-scale system 
is represented as a fuzzy large-scale system, and the 
observer-based controller is assumed to have the measurable 
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premise variable. Based on the exact discretized model 
and the discrete-time Lyapunov functional, the sufficient 
condition of the stabilization is investigated for closed-loop 
system. Also, the stability condition is converted into linear 
matrix inequality (LMI) formats [32-36]. Finally, by the 
example, the validity of the proposed ideas, techniques, 
and procedures is shown. 

Notation: The subscripts i  and j  denote the fuzzy 
rule indices and the subscripts k and l denote the 
subsystem indices. The notation ( )T

⋅ and ∗  are used for 
the transpose of the argument and the transposed element 
in symmetric positions, respectively. The notation q

l k≠∑  
means 1,

q
l l k= ≠∑ . 

 
 

2. Preliminaries 
 
Consider a T-S fuzzy large-scale system consisting of q  

subsystems. Then, the i th IF-THEN rule of the k th 
subsystem is represented by the following form: 

 

 

1 1: ,

( ) ( ) ( ) ( )

( ) ( ) ( )

p

k k k
i k i k ip

q
k k kl

k i k i k i l
l k

k
k k i k

R IF z is and and z is

x t A x t B u t A x tTHEN
y t y nT C x nT

≠

Γ … Γ

⎧
= + +⎪

⎨
⎪ = =⎩

∑�  (1) 

 
where mkz , pm∈I  is the premise variable; kn

kx ∈\  is 
the state variable; km

ku ∈\  is the control input variable; 
kl

ky ∈\  is the sampled-data output variable to be 
determined in the time interval [ , )t nT nT T∈ + , 0k ≥∈] ; 

k
imΓ , ( , , ) r p qi m k ∈ × ×I I I , is a fuzzy set for mkz ; k

iA , 
k
iB  and k

iC  denote nominal system matrices with 
appropriate dimensions for the i th rule of the k th 
subsystem; and kl

iA  is the interconnection matrix between 
the k th and the l th subsystems. 

By applying the center-average defuzzification, product 
inference, and singleton fuzzifier into the fuzzy IF-THEN 
rule (1), the k th subsystem of the nonlinear large-scale 
system can be inferred as follows: 

 

1

( ) ( ( )) ( ) ( ) ( )
qr

k k k kl
k i k i k i k i l

i l k

x t z t A x t B u t A x tμ
= ≠

⎛ ⎞
= + +⎜ ⎟

⎝ ⎠
∑ ∑�  

1

( ) ( ) ( ( )) ( )
r

k k
k k i k i k

i

y t y nT z nT C x nTμ
=

= =∑  (2) 

 
where 

 

 
1

( ( )) ( ( )) ( ( ))
r

k k k
i k i k i k

i

z t z t z tμ ω ω
=

= ∑ ,  

 
1

( ( )) ( ( ))
p

k k
i k im m

m

z t z tω
=

= Γ∏  

 
in which ( ( ))

m

k
im kz tΓ  is the fuzzy membership grade of 

mkz  in k
imΓ . 

Assumption 1: The state variable ( )kx t  is not 
measurable, but the premise variable ( )kz t  is measurable 
in the continuous-time sense and the output variable ( )ky t  
is measurable only at sampling instants.  

Depending on Assumption 1, we consider the following 
sampled-data observer-based decentralized fuzzy controller: 

 

( )
1

ˆ ˆ ˆ( ) ( ( )) ( ) ( ) ( ( ) ( ))

ˆ ˆ: ( ) ( ) ( ) ( ) ( )( ( ) ( ))

r
k k k k

k i k i k i k i k k
i

k k k
k k k k

x t z t A x t B u t L y t y t

A t x t B t u t L t y t y t

μ
=

= + + −

= + + −

∑�

1

ˆ ˆ ˆ ˆ( ) ( ) ( ( )) ( ) : ( ) ( )
r

k k k
k k i k i k k

i

y t y nT z nT C x nT C nT x nTμ
=

= = =∑

1

ˆ ˆ( ) ( ) ( ( )) ( ) : ( ) ( )
r

k k k
k k i k i k k

i

u t u nT z nT K x nT K nT x nTμ
=

= = =∑  

  (3) 
 

where ˆ ( )kx t  is the state variable by the fuzzy observer, 
respectively; ˆ ( )ky t  is the observer output; and k

iK  and 
k
iL  denote the control and observer gains. 
To represent the closed-loop system with the sampled-

data observer-based decentralized fuzzy controller, we 
suppose the estimation error ˆ( ) : ( ) ( )k k ke t x t x t= − . Then, 
substituting (3) into (2) and the time derivative of ( )ke t , 
the k th sub-closed-loop system can be established as 
follows: 

 

 ( ) ( ) ( ) ( ) ( ) ( ) ( )
q

k k kl
k k k l

l k

t t nT t t A t x tχ χ χ
≠

= Φ +Λ +∑ �� �  (4) 

 
where 

 
( )

( )
( )

k
k

k

x t
t

e t
χ

⎡ ⎤
= ⎢ ⎥
⎣ ⎦

, ( ) ( ) ( )k k kt t nTχ χ χ= −� , 

( ) ( ) ( ) ( ) ( )
( )

0 ( ) ( ) ( )

k k k k k
k

k k k

A t B t K nT B t K nT
t

A t L t C nT
⎡ ⎤+ −

Φ = ⎢ ⎥+⎣ ⎦
, 

( ) 0
( )

0 ( )

k
k

k

A t
t

A t
⎡ ⎤

Λ = ⎢ ⎥
⎣ ⎦

, 
( )

( )
( )

kl
kl

kl

A t
A t

A t
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

� . 

 
From the k th sub-closed-loop system (4), the observer-

based decentralized fuzzy control problem can be stated as 
follows: 

 
Problem 1: Find the fuzzy observer and control gain 

matrices k
iL  and k

iK  stabilizing the whole closed-loop 
large-scale system, which are respectively composed of 
sub-closed-loop systems with the sampled-data observer-
based decentralized fuzzy controller. 

 
 

3. Main Results 
 
Before proceeding to the main results, the following 

lemmas and propositions will be needed throughout the 
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proof: 
 
Lemma 1 [28]: Given any function vector x , matrix 

0TP P= ; , and 0 , ft t ∈\  with 0 ft t< , we have 
 

( ) ( )
0 0 0

0( ) ( ) ( ) ( ) ( )f f f
Tt t t T

ft t t
x d P x d t t x Px dτ τ τ τ τ τ τ≤ −∫ ∫ ∫ . 

 
Lemma 2 [27]: Suppose the nonlinear system such as 

( , )x f t x=� , where :[ , ) nf nT nT T+ ×\  is piecewise 
continuous in t  and locally Lipschitz in x  and the matrix 

0TP P= ; , then the following inequality is always 
satisfied 

 
2( ( ) ( )) ( ( ) ( )) ( ) ( )

nT T nT TT T

nT nT
x t x nT P x t x nT dt T x t Px t dt

+ +
− − ≤∫ ∫ � � . 

 
Lemma 3 [29]: Given any matrices Y  and 0TP P= ; , 

we have 
 

 1T TY P Y P Y Y−− ≤ − − . 
 
Proposition 1: In the closed-loop system (4), there exists 

some constant 0ρ >  such that 
 

 
1 1

( ) ( )
q q

k k
k k

x t nTρ χ
= =

≤∑ ∑  (5) 

 
for [ , )t nT nT T∈ + . 

Proof: From the closed-loop system (4), we have 
 

 ( ) ( ) ( ) ( ) ( ) ( )k k k
k k kx t A t x t B t K nT x nT= +�  

 ( ) ( ) ( ) ( ) ( )
q

k k kl
k l

l k

B t K nT e nT A t x t
≠

− +∑  (6) 

 
Integrating from nT to t, taking the norm and summing 

all subsystems on both sides of equation (6) yields 
 

1

( )
q

k
k

x t
=
∑  

(

)
1 1

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

q q t k k k
k k knT

k k

q
k k kl

k l
l k

x nT A x B K nT x nT

B K nT e nT A x d

τ τ τ

τ τ τ τ

= =

≠

≤ + +

− +

∑ ∑ ∫

∑

1 1

( ) ( ) ( )
q q t

k k knT
k k

x nT a x b x nTτ
= =

≤ + +∑ ∑∫  (7) 

( ) ( )
q

k l
l k

b e nT c x dτ τ
≠

+ + ∑   

 
where 
 

( , )
sup

q r

k
i

k i
a A

∈Ι ×Ι
= , 

( , , )
sup

q r r

k k
i j

k i j
b B K

∈Ι ×Ι ×Ι
= ,  

( , , )
sup

q w r

kl
i

k l i
c A

∈Ι ×Ι ×Ι
=  

 
and q w×I I  denotes all pairs ( , ) q qk i ∈ ×I I  such that 
k l≠ . 

By 
1 1

( ) ( 1) ( )q q q

l kk l k k
x t q x t

= ≠ =
= −∑ ∑ ∑ , inequality (7) can 

be further developed as follows: 
 

1

( )
q

k
k

x t
=
∑ ( )

1

(1 ) ( ) ( )
q

k k
k

Tb x nT Tb e nT
=

≤ + +∑   

1

( ( 1) ) ( )
qt

knT
k

a q c x dτ τ
=

+ + − ∑∫  

2 2

1

1

(1 ) ( ) ( )

( ( 1) ) ( )

q

k
k

qt

knT
k

Tb Tb nT

a q c x d

χ

τ τ

=

=

≤ + +

+ + −

∑

∑∫
. 

 
Then, an application of the Gronwall-Bellman inequality 

to 
1

( )q

kk
x t

=∑  results in 
 

1

( )
q

k
k

x t
=
∑  

2 2

1

(1 ) ( ) exp(( ( 1) ) ) ( )
q

k
k

Tb Tb a q c T nTχ
=

≤ + + + − ∑ . 

1

( )
q

k
k

nTρ χ
=

= ∑ .   ▄  

 
Remark 1: Proposition 1 shows the relation between 

1
( )q

kk
x t

=∑  and 
1

( )q

kk
x nT

=∑  for the closed-loop 
system (4). By Proposition 1, we know that each state 
variable ( )kx t  converges to the origin when the whole 

( )kx nT  converges to the origin. 
The sufficient condition for stability of the closed-loop 

system (4) is summarized as the following proposition: 
 
Proposition 2: If there exist some symmetric and 

positive definite matrices 1
kP , 2

kP , 3
kP  and some matrices 

k
iK , k

iL  such that the following inequality is satisfied, 
then the whole closed-loop system which is composed of 
sub-closed-loop systems (4) is asymptotically stable. 

 
1

1 3

3 2 3

3
1 1

1
2 2 1

2

00 0
( ) ( ) ( ) ( )
( ) ( ) ( ) 0 ( )

k k

k k k

k

k k kl k

k k kl k

T P P
P P P

P
t t A t T P
t t A t T P

ω

ω ω ω
ω ω ω

−

− −

− −

⎡ ⎤− + ∗ ∗ ∗ ∗
⎢ ⎥− + ∗ ∗ ∗⎢ ⎥

− ∗ ∗⎢ ⎥
⎢ ⎥Ψ Λ − ∗⎢ ⎥

Ψ Λ −⎢ ⎥⎣ ⎦

�
� �

≺
�
�

 ( , ) q wk l ∈ ×I I  (8) 
 

where, 3 3{ ,0}k kP diag P=� , 1( ) ( )k kt T I t−Ψ = +Φ , 1( 1)qω −= −  
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for [ , )t nT nT T∈ + . 
Proof: By integrating the closed-loop system (4) from 

nT  to nT T+ , we have the exact discretized model as 
follows: 

 
( )k nT Tχ +  

( ) ( ) ( ) ( ) ( ) ( ) ( )
qnT T k k kl

k k k lnT
l k

nT t nT t t A t x t dtχ χ χ
+

≠

⎛ ⎞
= + Φ +Λ +⎜ ⎟

⎝ ⎠
∑∫ ��  

   (9) 
 
Based on the discretized model (9), we consider the 

discrete-time Lyapunov function candidate as follows: 
 

 1
1 1

( ( )) ( ) ( )
q q

T k
k k k k

k k

V V nT nT P nTχ χ χ
= =

= =∑ ∑ . 

 
where 1 1( ) 0k k TP P= ; , then the first forward difference of 
V  can be defined by 
 

( )1 1
1

( ) ( ) ( ) ( )
q

T k T k
k k k k

k

V nT T P nT T nT P nTχ χ χ χ
=

Δ = + + −∑ .  

  (10) 
 
Substituting (9) into (10) yields 
 

VΔ ((
1

( ) ( ) ( ) ( ) ( )
q nT T k k

k k knT
k

nT t nT t tχ χ χ
+

=

= + Φ +Λ∑ ∫ �  

) 1( ) ( )
Tq

kl k
l

l k

A t x t dt P
≠

⎞
+ ⎟

⎠
∑ �

 

) 1
1

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

nT T k k
k k knT

q q
kl T k

l k k
l k k

nT t nT t t

A t x t dt nT P nT

χ χ χ

χ χ

+

≠ =

⎛ ⎛× + Φ + Λ⎜⎜
⎝⎝

⎞
+ −⎟

⎠

∫

∑ ∑

�

�
 

1

( ) ( ) ( ) ( ) ( ) ( )
T

q qnT T k k kl
k k lnT

k l k

t nT t t A t x t dtχ χ
+

= ≠

⎛ ⎞⎛ ⎞
= Ψ +Λ +⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
∑ ∑∫ ��

1 ( ) ( ) ( ) ( ) ( ) ( )
qnT Tk k k kl

k k lnT
l k

P t nT t t A t x t dtχ χ
+

≠

⎛ ⎞⎛ ⎞
× Ψ +Λ +⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
∑∫ ��  

1
1

( ) ( )
q

T k
k k

k

nT P nTχ χ
=

−∑ .   (11) 

 
By applying Lemma 1 and 2, equation (11) becomes 
 

1

( ) ( ) ( ) ( ) ( ) ( )
Tq qnT T k k kl

k k lnT
k l k

V t nT t t A t x tχ χ
+

= ≠

⎛ ⎞
Δ = Ψ +Λ +⎜ ⎟

⎝ ⎠
∑ ∑∫ ��  

1 ( ) ( ) ( ) ( ) ( ) ( )
q

k k k kl
k k l

l k

TP t nT t t A t x t dtχ χ
≠

⎛ ⎞
× Ψ +Λ +⎜ ⎟

⎝ ⎠
∑ ��  

1
1

( ) ( )
q

T k
k k

k

nT P nTχ χ
=

−∑  

1

( ) ( ) ( ) ( ) ( ) ( )
Tq q qnT T k k kl

k k lnT
k l k l k

t nT t t A t x tχ χ
+

= ≠ ≠

⎛ ⎞
+ Ψ +Λ +⎜ ⎟

⎝ ⎠
∑∑ ∑∫ ��  

2
2 ( ) ( ) ( ) ( ) ( ) ( )

q
k k k kl

k k l
l k

T P t nT t t A t x t dtχ χ
≠

⎛ ⎞
× Ψ +Λ +⎜ ⎟

⎝ ⎠
∑ ��

     2
1

( ) ( )
q q nT T T k

k knT
k l k

t P t dtχ χ
+

= ≠

−∑∑∫ � �   (12) 

 
where 2 2( ) 0k k TP P= ; . 

For the positive definite matrices 1
kP  and 3

kP , the 
followings are satisfied 

 

1
1

( ) ( ) ( ) ( )
Tq q q

kl k kl
l l

k l k l k

A t x t P A t x t
= ≠ ≠

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

∑ ∑ ∑� �   

( ) 1
1

( 1) ( ) ( ) ( ) ( )
q q T

kl k kl
l l

k l k

q A t x t P A t x t
= ≠

≤ − ∑∑ � � .  (13) 

3 3
1 1

( ) ( ) ( ) ( )
q q q qnT T nT TT k T l

k k l lnT nT
k l k k l k

x t P x t dt x t P x t dt
+ +

= ≠ = ≠

=∑∑ ∑∑∫ ∫  (14) 

 
By applying (13) and (14) to (12), we have 
 

( )
1

( ) ( ) ( ) ( ) ( ) ( )
q q TnT T k k kl

k k lnT
k l k

V t nT t t A t x tω χ ω χ
+

= ≠

Δ ≤ Ψ + Λ +∑∑∫ ��

( )1
1 ( ) ( ) ( ) ( ) ( ) ( )k k k kl

k k lT P t nT t t A t x t dtω ω χ ω χ−× Ψ + Λ + ��  

1
1

1

( ) ( )
q q nT T T k

k knT
k l k

T nT P nT dtωχ χ
+ −

= ≠

−∑∑∫  

( )
1

( ) ( ) ( ) ( ) ( ) ( )
q q TnT T k k kl

k k lnT
k l k

t nT t t A t x tω χ ω χ
+

= ≠

+ Ψ + Λ +∑∑∫ ��  

( )2 2
2 ( ) ( ) ( ) ( ) ( ) ( )k k k kl

k k lT P t nT t t A t x t dtω ω χ ω χ−× Ψ + Λ + ��  

2
1

( ) ( )
q q nT T T k

k knT
k l k

t P t dtχ χ
+

= ≠

−∑∑∫ � �  

( ) ( )3
1

( ) ( ) ( ) ( )
q q nT T T k

k k k knT
k l k

nT t P nT t dtχ χ χ χ
+

= ≠

+ + +∑∑∫ �� �  

3
1

( ) ( )
q q nT T T l

l lnT
k l k

x t P x t dt
+

= ≠

−∑∑∫  

1

( ) ( )
( ) ( )
( ) ( )

T

k kq q nT T kl
k knT

k l k
l l

nT nT
t t dt

x t x t

χ χ
χ χ

+

= ≠

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥= ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

∑∑∫ � �P  

1

( )
( ) ( ) ( ) ( )
( )

T

kq q TnT T k k kl
knT

k l k
l

nT
t t t A t

x t

χ
χ ω ω

+

= ≠

⎡ ⎤
⎢ ⎥ ⎡ ⎤+ Ψ Λ⎣ ⎦⎢ ⎥
⎢ ⎥⎣ ⎦

∑∑∫ ��  

1 2 2
1 2

( )
( ) ( ) ( ) ( ) ( )

( )

k
k k k k kl

k

l

nT
T P T P t t A t t dt

x t

χ
ω ω ω ω χ− −

⎡ ⎤
⎢ ⎥⎡ ⎤× + Ψ Λ⎣ ⎦⎢ ⎥
⎢ ⎥⎣ ⎦

� �  (15) 

 
where 
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1
1 3

3 2 3

30 0

k k

kl k k k

l

T P P
P P P

P

ω−⎡ ⎤− + ∗ ∗
⎢ ⎥

= − + ∗⎢ ⎥
⎢ ⎥−⎣ ⎦

�
� �P . 

 
Thus, from inequality (15), if the following inequality is 

satisfied 
 

( ) ( ) ( )
Tkl k k klt t A tω ω⎡ ⎤+ Ψ Λ⎣ ⎦

�P  

 1 2 2
1 2( ) ( ) ( ) ( ) 0k k k k klT P T P t t A tω ω ω ω− − ⎡ ⎤× + Ψ Λ⎣ ⎦

� ≺  (16) 
 

then the VΔ  is less than 0 . 
By using the Schur complement in (16), we can obtain 

inequality (8). Thus, if inequality (8) is satisfied, the 
equilibrium point ( ) 0kx nT =  of all discretized sub-
closed-loop systems (9) is asymptotically stable. Also, by 
Proposition 1, the equilibrium point ( ) 0kx t =  of all sub-
closed-loop systems (4) is also asymptotically stable.  ▄ 

 
By Proposition 2, we have the stabilization condition of 

the nonlinear large-scale system (2) with the sampled-data 
observer-based decentralized fuzzy controller. However, it 
is difficult to directly solve inequality (8) and obtain the 
gain matrices k

iK  and k
iL . Thus, to convert into LMI 

format, which is easily solved by a convex optimization 
toolbox, we respectively define the matrices 1

kP  and 2
kP  

without the loss of generality as follows: 
 

 1 11 12{ , }k k kP diag P P=  (17) 
 2 21 12{ , }k k k

kP diag P Pα= . (18) 
 

where 0kα >  is a given constant scalar. 
Based on the newly defined matrices 1

kP , 2
kP  and 

Proposition 2, we summarize the LMI condition satisfying 
inequality (8). 

 
Theorem 1: If there exist some symmetric and positive 

matrices 1
kQ , 2

kQ , 3
kQ , 12

kP , some symmetric matrices 1
kR , 

2
kR , 3

kR , and some matrices k
iM , k

iN , such that the 
following LMIs are satisfied, then inequality (8) is also 
satisfied and the whole closed-loop system (4) is 
asymptotically stable. 

 
0kl

ij ≺X  ( , , , ) q w r rk l i j ∈ × × ×I I I I   (19) 

2

0
k

ij
k k
i

Y
J J
⎡ ⎤∗
⎢ ⎥
⎣ ⎦

≺ ( , , ) q r rk i j ∈ × ×I I I   (20) 

 
where 

 
1

2

3 30

kl

kl kl k
ij ij

k k

G
X G
G Q

⎡ ⎤∗ ∗
⎢ ⎥= ∗⎢ ⎥
⎢ ⎥−⎣ ⎦

X , 

1
1 1 1 2 1 3{ , , , , }k k k k k l

kG diag T Q Q Q R Qω β−= − − − − − , 
1 2 2

2 1 2 2 3{ , , , }k k k k kG diag T Q R T Q Rω ω− −= − − − − , 

3 1 20 0 0k k kG Q Q⎡ ⎤= ⎣ ⎦ , 
1

1 2 3

1 3

2 3

1 3

( ) 0
0 0 0

0
0 0 0

k k k k k k kl l
ij i j i i

k k kl l
k i i
ij k k k k k kl l

ij i j i i
k k kl l
i i

T Q B M A Q A Q
A R A QX

B M A Q A Q
A R A Q

ω ω ω
ω

ω ω ω
ω

−⎡ ⎤+Ω −
⎢ ⎥
⎢ ⎥=
⎢ ⎥Ω −
⎢ ⎥
⎢ ⎥⎣ ⎦

, 

1
k k k k k
ij i i jA Q B MΩ = + , 

1
12

12
1 1

12 12 12
2 2

12 12

0
( ) 0

( ) 0 0

k

k
kk

k k k k k kij
i i j

k k k k k
i i j

T P
P

Y T P P A N C T P
P A N C T P

ω
α

ω ω
ω ω

−

− −

−

⎡ ⎤− ∗ ∗ ∗
⎢ ⎥− ∗ ∗⎢ ⎥=

+ − − ∗⎢ ⎥
⎢ ⎥− −⎣ ⎦

, 

2 1 12 2 12{ , , , }
k k

k k kJ diag I I P Pγ γ= , 
1

2 1 1 2 1 3 2{ , , 2 , 2 }
k k

k k k k k
kJ diag Q R R I R Iβ γ γ−= − − − −  

 
and 0kα > , 0kβ > , 1

0kγ >  and 2
0kγ >  are given 

constant scalars.  
Proof: By substituting (17) and (18) into inequality (8), 

we obtain 
 

 11

21 22

0
( )

kl

kl k

H
H t H
⎡ ⎤∗
⎢ ⎥
⎣ ⎦

≺   (21) 

 
where 

 
1

11 3
1

12

11 3 21 3

12

3

0
0

0 0 0
0 0 0 0

k k

k

kl k k k

k
k

l

T P P
T P

H P P P
P

P

ω
ω

α

−

−

⎡ ⎤− + ∗ ∗ ∗ ∗
⎢ ⎥− ∗ ∗ ∗⎢ ⎥

= − + ∗ ∗⎢ ⎥
⎢ ⎥− ∗
⎢ ⎥−⎣ ⎦

, 

21

1
1

1
2

1

2

( )

( ( )) ( ) ( ) ( ) 0 ( )
0 ( ( )) 0 ( ) ( )

( ) ( ) ( ) ( ) 0 ( )
0 ( ) 0 ( ) ( )

kl

k k k k kl

k k kl

k k k k kl

k k kl

H t

T I t B t K nT A t A t
T I t A t A t

t B t K nT A t A t
t A t A t

ω ω ω
ω ω

ω ω ω
ω ω

−

−

⎡ ⎤+ϒ −
⎢ ⎥+ϒ⎢ ⎥=

ϒ −⎢ ⎥
⎢ ⎥ϒ⎣ ⎦

, 

1 1 1 1
22 11 12

2 2 1 2 2 1
21 12

{ ( ) , ( ) ,

( ) , ( ) }

k k k

k k
k

H diag T P T P

T P T P ,

ω ω

ω α ω

− − − −

− − − −

= − −

− −
 

1 ( ) ( ) ( ) ( )k k k kt A t B t K nTϒ = + , 2 ( ) ( ) ( ) ( )k k k kt A t L t C nTϒ = − . 
 
If there exist symmetric matrices 1

1( )kR − , 2
kR  and 3

kR  
such that the following inequality is satisfied: 

 
1

12

12
1 1 1

2 12
2 2 1

2 12

0
( ( )) 0 ( )

( ) 0 0 ( )

k

k
k

k k

k k

T P
P

T I t T P
t T P

ω
α

ω ω
ω ω

−

− − −

− −

⎡ ⎤− ∗ ∗ ∗
⎢ ⎥− ∗ ∗⎢ ⎥

+ ϒ − ∗⎢ ⎥
⎢ ⎥ϒ −⎣ ⎦
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11
1

1

2

3

0 ( )
0 0
0 0 0

k
k

k

k

k

P
R

R
R

β
−

⎡ ⎤− ∗ ∗ ∗
⎢ ⎥− ∗ ∗⎢ ⎥

− ∗⎢ ⎥
⎢ ⎥−⎣ ⎦

≺   (22) 

 
Then, inequality (21) is majorized by 
 

 11

21 22

ˆ
0

ˆ ˆ( )

kl

kl k

H

H t H

⎡ ⎤∗
⎢ ⎥
⎢ ⎥⎣ ⎦

≺   (23) 

 
where 

 
1

11 3

11

11 3 21 3
1

1

3

0
ˆ 0

0 0 0 ( )
0 0 0 0

k k

k
k

kl k k k

k

l

T P P
P

H P P P
R

P

ω
β

−

−

⎡ ⎤− + ∗ ∗ ∗ ∗
⎢ ⎥− ∗ ∗ ∗⎢ ⎥

= − + ∗ ∗⎢ ⎥
⎢ ⎥− ∗⎢ ⎥

−⎢ ⎥⎣ ⎦

, 

21

1
1

1

ˆ ( )

( ( )) ( ) ( ) ( ) 0 ( )
0 0 0 ( ) ( )

( ) ( ) ( ) ( ) 0 ( )
0 0 0 ( ) ( )

kl

k k k k kl

k kl

k k k k kl

k kl

H t

T I t B t K nT A t A t
A t A t

t B t K nT A t A t
A t A t

ω ω ω
ω

ω ω ω
ω

−⎡ ⎤+ ϒ −
⎢ ⎥
⎢ ⎥=

ϒ −⎢ ⎥
⎢ ⎥
⎣ ⎦

, 

1 1 2 2 1
22 11 2 21 3

ˆ { ( ) , , ( ) , }k k k k kH diag T P R T P Rω ω− − − −= − − − − . 
 
By using the congruence transformation with {diag  

1 1 1 1 1
11 11 21 1 3( ) ,( ) ,( ) ,( ) ,( ) , , , , }k k k k kP P P R R I I I I− − − − − , applying the 

Schur complement and denoting 1
11 1( )k kP Q− = , 1

21 2( )k kP Q− = , 
1

3 3( )k kP Q− = , 1
11( )k k k

i iK P M− = , inequality (23) can be 
represented as 

 

 
1 1

( ( )) ( ( )) 0
r r

k k kl
i k j k ij

i j

z t z nTμ μ
= =
∑∑ ≺X . 

 
Also, by using the Schur complement, applying Lemma 

3 and denoting 12
k k k

i iP L N= , inequality (22) can be 
converted into LMI (20). Thus, if LMIs (19) and (20) are 
satisfied, inequality (8) of Proposition 2 is also satisfied, 
and the whole closed-loop system (4) is asymptotically 
stable.  ▄ 

 
Remark 2: In Theorems 1, we assume that the 

parameters kα , kβ , 1k
γ  and 2k

γ  are given in advance. 
However, when these parameters are unknown, the 
parameter value must first be determined. In this case, the 
iterative LMI (ILMI), which is minutely described in [12], 
has to be used. 

 
 

4. An illustrative example 
 
In this section, an example is given to validate the 

proposed sampled-data observer-based decentralized fuzzy 
control method. Suppose the double Chua's circuit system 
[30, 31] connected by a resistor as follows: 

 

1 2 1 1 1 1 1

1

1 1 1( ) ( ( ) ( )) ( ( )) ( ( ) ( )) ( )k k k k k l k k
k k a

v t v t v t f v t v t v t u t
C R R

⎛ ⎞
= − − + − +⎜ ⎟

⎝ ⎠
�  

2 1 2 1 2

1

1 1( ) ( ( ) ( )) ( ) ( )k k k k k k
k k

v t v t v t i t u t
C R

σ
⎛ ⎞

= − − +⎜ ⎟
⎝ ⎠

�
 

( )2 2 3 1

1( ) ( ) ( ) , ( ) ( ) ( )k k k k k k k
k

i t v t u t y t y nT v nT
L

σ= − + = =� ,  

 
where 2{( , ) | }k l k l∈ ≠I ; 1

( )kv t , 2
( )kv t  and ( )ki t  are 

state variables of the k th Chua's circuit; kR  is a resistor 
with 1 100R m= Ω  and 2 125R m= Ω ; 1kC  and 2kC  are 
capacitors with 1

1kC F=  and 2
10kC F= ; kL  is an 

inductor with 1 70L mH=  and 2 75L mH= ; 1kσ  and 2kσ  
are input coefficients with 11

10σ = , 21 10σ = , 12σ  0.07=  
and 22 0.075σ = ; 3aR = Ω  is an interconnected resistor 
between circuits; and ( )

1 1
( ( )) ( )k k b k kf v t g R v t=  

( )( )1 1
( ) 2 | ( ) 1| | ( ) 1|a b k k kg g R v t v t+ − + − −  is a Chua's 

diode with 1.27ag = −  and 0.68bg = − . 
By choosing 

1 2
( ) [ ( ) ( ) ( )]T

k k k kx t v t v t i t=  and ( )ku t  
1 2 3

[ ( ) ( ) ( )]T
k k ku t u t u t= , the T-S fuzzy system of the k th 

subsystem can be constructed as follows: 
 

 
1

1

2 2

1

2

1

( ) ( ( )) ( ) ( ) ( )

( ) ( ) ( ( )) ( )

k k k kl
k i k i k i k i l

i l k

k k
k k i k i k

i

x t x t A x t B u t A x t

y t y nT x nT C x nT

μ

μ

= ≠

=

⎛ ⎞= + +⎜ ⎟
⎝ ⎠

= =

∑ ∑

∑

�
  

 
where 

 

1 3 1

2

1

( 1) 0
1 1 1
0 0

k k k
k

k

d
A

λ λ λ

λ

⎡ ⎤− −
⎢ ⎥

= −⎢ ⎥
⎢ ⎥−⎣ ⎦

,  

1 3 1

2

2

( 1) 0
1 1 1
0 0

k k k
k

k

d
A

λ λ λ

λ

⎡ ⎤− + −
⎢ ⎥

= −⎢ ⎥
⎢ ⎥−⎣ ⎦

, 

3
0 0

0 0 0
0 0 0

k
kl
iA

λ⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

, 
1 0 0
0 1 0
0 0 1

k
iB

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

,  

[ ]1 0 0k
iC = , 

( )1 1 1

1

1

1

1 1 ( ( ( )) ( )) , ( ) 0
( ( )) 2

( ) 0

k k k kk
k

a k

f x t dx t x t
x t

g x t
μ

⎧ − ≠⎪= ⎨
⎪ =⎩

 

1 12 1( ( )) 1 ( ( ))k k
k kx t x tμ μ= −  

 
with the parameters 11

10λ = , 21 14.2857λ = , 12 8λ = , 
22 13.3333λ = , 1 23 3 0.3333λ λ= =  and 1.8d =  for 
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2 2 2( , , )i k l ∈ × ×I I I  with k l≠ . In this simulation model, 
the premise variable 1

( )kx t  can be directly obtained by the 
output variable. 

 

1
1

10.9105 9.0469 0.0099
2.6431 12.9171 0.8660

1.5916 12.7990 18.1612
K

− −⎡ ⎤
⎢ ⎥= − − −
⎢ ⎥

−⎣ ⎦
, 

1
2

10.9105 9.0469 0.0099
2.6431 12.9171 0.8660

1.5916 12.7990 18.1612
K

− −⎡ ⎤
⎢ ⎥= − − −
⎢ ⎥

−⎣ ⎦
, 

2
1

15.6162 7.1073 0.0049
4.5550 13.1838 0.7869

3.2756 11.3915 26.1455
K

− −⎡ ⎤
⎢ ⎥= − − −
⎢ ⎥

−⎣ ⎦
, 

2
2

15.6162 7.1073 0.0049
4.5550 13.1838 0.7869

3.2756 11.3915 26.1455
K

− −⎡ ⎤
⎢ ⎥= − − −
⎢ ⎥

−⎣ ⎦
, 

1
1

67.5308
49.9071
2.7486

L
⎡ ⎤
⎢ ⎥=
⎢ ⎥
−⎣ ⎦

, 1
2

31.5308
49.9071
2.7486

L
⎡ ⎤
⎢ ⎥=
⎢ ⎥
−⎣ ⎦

, 

2
1

62.4354
35.6605

4.2859
L

⎡ ⎤
⎢ ⎥=
⎢ ⎥
−⎣ ⎦

, 2
2

32.0354
35.6605

4.2859
L

⎡ ⎤
⎢ ⎥=
⎢ ⎥
−⎣ ⎦

. 

 
Based on the above control and observer gains, we 

obtain the closed-loop large-scale systems and present the 

-2.5 -2 -1.5 -1 -0.5 0 0.5
-1

0

1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

x2(t)

x1(t)

x 3(
t)

 
Fig. 1. The time response of large-scale system: subsystem

1 (solid) and subsystem 2 (dash-dotted). 
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Fig. 2. The time response of subsystem 1 for 0.02T = s:

11
( )x t (solid), 

21 ( )x t  (dotted) and 
31 ( )x t  (dashed).
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Fig. 3. The time response of subsystem 2 for 0.02T = s:

12 ( )x t (solid), 
22 ( )x t  (dotted) and 

32 ( )x t (dashed).
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Fig. 4. The estimated error of subsystem 1 for 0.02T = s:

11
( )e t  (solid), 

21 ( )e t  (dotted) and 
31 ( )e t  (dashed).
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Fig. 5. The estimated error of subsystem 2 for 0.02T = s:

12 ( )e t (solid), 
22 ( )e t  (dotted) and 

32 ( )e t (dashed).
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time responses of the state variables and estimated errors 
for each subsystem. The time responses are shown in Figs. 
1, 2, 3, 4 and 5. As shown in the figures, all state variables 
and errors are converted to 0, and it means that the 
obtained gains are suitable to stabilize the double Chua’s 
circuit system. Thus, we know that the proposed sampled-
data observer-based decentralized fuzzy control technique 
is suitable for a nonlinear large-scale system.  

 
 

5. Conclusions 
 
This paper has established a sampled-data observer-

based decentralized fuzzy controller for nonlinear large-
scale systems. Based on the T-S fuzzy system, the closed-
loop systems have been represented. The sufficient 
condition has been derived for the stability of the closed-
loop system by using the exact discretized model and the 
discrete-time Lyapunov functional and was formulated in 
the LMI formats. Finally, the numerical example was 
provided to demonstrate the effectiveness of the proposed 
techniques. 

 
 

Acknowledgements 
 
This work was supported by the National Research 

Foundation of Korea (NRF) grant funded by the Korea 
government (MEST) (NRF-2015R1A2A2A05001610) 

 
 

References 
 

[1] M. Jamshidi, Large-Scale System: Modeling and 
Control: Elesevier, 1983. 

[2] T. Chen and B. A. Francis, Optimal Sampled-Data 
Control Systems: Springer, 1995. 

[3]  L. Bakule, “Decentralized control: an overview,” 
Annual Reviews in Control, vol. 32, pp. 87-98, 2008. 

[4]  S. S. Stanković, D. M. Stipanović, and D. D. Šiljak, 
“Decentralized dynamic output feedback for robust 
stabilization of a class of nonlinear interconnected 
systems,” Automatica, vol. 43, pp. 861-867, 2007. 

[5]  S. S. Stanković and D. D. Šiljak, “Robust stabilization 
of nonlinear interconnected systems by decentralized 
dynamic output feedback,” Syst. Control Lett., vol. 
58, pp. 271-275, 2009. 

[6]  S. Tong, C. Liu, and Y. Li, “Fuzzy-adaptive de-
centralized output-feedback control for large-scale 
nonlinear systems with dynamical uncertainties,” IEEE 
Trans. Fuzzy Syst., vol. 18, no. 5, pp. 845-861, 2010. 

[7]  S. Ganapathy and S. Velusami, “Decentralized load-
frequency control of interconnected power systems 
with SMES units and governor dead band using 
multi-objective evolutionary algorithm,” J. Electr. 
Eng. & Technol. vol. 4, no. 4, pp. 443-450, 2009. 

[8]  D. Nešić and A. R. Teel, “Stabilization of sampled-
data nonlinear systems via backstepping on their Euler 
approximate model,” Automatica, vol. 42, pp. 1801-
1808, 2006. 

[9]  Z. Mao, B. Jiang, and P. Shi, “Fault-tolerant control 
for a class of nonlinear sampled-data systems via a 
Euler approximate observer,” Automatica, vol. 46, pp. 
1852-1859, 2010. 

[10] E. Fridman, U. Shaked, and V. Suplin, “Input/output 
delay approach to robust sampled-data H∞  control,” 
Syst. Control Lett., vol.54, pp.271-282, 2005. 

[11] E. Fridman, “A refined input delay approach to 
sampled-data control,” Automatica, vol.46, pp.421-
427, 2010. 

[12] C.-S. Tseng, “A novel approach to H∞  de-cen-
tralized fuzzy-observer-based fuzzy control design for 
non-linear interconnected systems,” IEEE Trans. 
Fuzzy Syst., vol. 16, no. 5, pp. 1337-1350, 2008. 

[13] F.-H. Hsiao, J.-D. Hwang, C.-W. Chen, and Z.-R. Tsai, 
“Robust stabilization of nonlinear multiple time-
delay large-scale systems via decentralized fuzzy 
control,” IEEE Trans. Fuzzy Syst., vol. 13, no. 1, pp. 
152-163, 2005. 

[14] C. Hua and S. X. Ding, “Decentralized networked 
control system design using T-S fuzzy approach,” 
IEEE Trans. Fuzzy Syst., vol. 20, no. 1, pp. 9-21, 2012. 

[15] G. B. Koo, J. B. Park, and Y. H. Joo, “Decentralized 
fuzzy observer-based output-feedback control for non-
linear large-scale systems: an LMI approach,” IEEE 
Trans. Fuzzy Syst., vol. 22, no. 2, pp. 406-419, 2014. 

[16] H. K. Lam and H. F. Leung, “Sampled-data fuzzy 
controller for time-delay nonlinear systems: fuzzy-
model-based LMI approach,” IEEE Trans. Syst, Man, 
Cybern. B, Cybern., vol.37, no.3, pp.617-629, 2007. 

[17] H. K. Lam and L. D. Seneviratne, “Chaotic synchro-
nization using sampled-data fuzzy controller based on 
fuzzy-model-based approach,” IEEE Trans. Fuzzy 
Syst., vol. 55, no. 3, pp. 883-892, 2008. 

[18] D. H. Lee, J. B. Park, Y. H. Joo, and S. K. Kim, 
“Local H∞ Controller Design for Continuous-time T-
S Fuzzy Systems”, Int. J. Control, Autom. Syst., Vol. 
13, No. 6, pp. 1499-1507, 2015, 12. 

[19] J. Yoneyama, “Robust sampled-data stabilization of 
uncertain fuzzy systems via input delay approach,” 
Inform. Sciences, vol. 198, pp. 169-176, 2012. 

[20] H. J. Lee, J. B. Park, and Y. H. Joo, “Digitalizing a 
fuzzy observer-based output-feedback control: intelli-
gent digital redesign approach,” IEEE Trans. Fuzzy 
Syst., vol. 13, no. 5, pp. 701-716, 2005. 

[21] H.C. Sung, D.W. Kim, J.B. Park, and Y.H. Joo, “Robust 
digital control of fuzzy systems with parametric 
uncertainties: LMI-based digital redesign approach,” 
Fuzzy Sets Syst., vol. 161, pp. 919-933, 2010. 

[22] G. B. Koo, J. B. Park, and Y. H. Joo, “Intelligent 
digital redesign for nonlinear interconnected systems 
using decentralized fuzzy control,” J. Electr. Eng. & 



Sampled-Data Observer-Based Decentralized Fuzzy Control for Nonlinear Large-Scale Systems 

 732 │ J Electr Eng Technol.2016; 11(3): 724-732 

Technol., vol. 7, no. 3, pp. 420-428, 2012. 
[23] D. W. Kim, J. B. Park, and Y. H. Joo, “Theoretical 

justification of approximate norm minimization 
method for intelligent digital redesign,” Automatica, 
vol. 44, pp. 851-856, 2008. 

[24] H. J. Lee and D. W. Kim, “Intelligent digital revisited: 
approximate discretization and stability limitation,” 
Fuzzy Sets Syst., vol.159, pp.3221-3231, 2008. 

[25] D. W. Kim, H. J. Lee, and M. Tomizuka, “Fuzzy 
stabilization of nonlinear systems under sampled-data 
feedback: an exact discrete-time model approach,” 
IEEE Trans. Fuzzy Syst., vol. 18, no. 2, pp. 251-
260, 2010. 

[26] D. W. Kim and H. J. Lee, “Sampled-data observer-
based output-feedback fuzzy stabilization of non-
linear systems: exact discrete-time design approach,” 
Fuzzy Sets Syst., vol. 201, pp. 20-39, 2012. 

[27]  G. B. Koo, J. B. Park, and Y. H. Joo, “Guaranteed cost 
sampled-data fuzzy control for non-linear systems: a 
continuous-time Lyapunov approach,” IET Control 
Theory Appl., vol. 13, no. 7, pp. 1745-1752, 2013. 

[28] K. Gu, “An integral in the stability problem of time-
delay systems,” in Proceedings of 39th IEEE Con-
ference on Decision and Control, Sydney, Australia, 
December 2000. 

[29] J. V. D. Oliveira, J. Bernussou, and J. C. Geromel, “A 
new discrete-time robust stability condition,” Syst. 
Control Lett., vol. 37, pp. 261-265, 1999. 

[30] Y. Zheng and G. Chen, “Fuzzy impulsive control of 
chaotic based on TS fuzzy model,” Chaos, Solitons 
Fractals, vol. 39, pp. 2002-2011, 2009. 

[31] W.-S. Yu and T.-S. Wu, “Fuzzy adaptive observer-
based control for Chua’s circuit with output time 
delay,” IET Control Theory Appl., vol. 5, no. 4, pp. 
303-320, 2011. 

[32] H. C. Sung, J. B. Park, “Observe-based sampled-data 
control for uncertain nonlinear systems: intelligent 
digital redesign approach,” Int. J. Control, Autom. 
Syst., vol. 12, No. 3, pp. 486-496, 2014, 6. 

[33] D. H. Lee, Y. H. Joo, and S. K. Kim, “H∞ Digital 
Redesign for LTI Systems”, Int. J. Control, Autom. 
Syst., Vol. 13, No. 3. pp. 603-610, 2015, 6. 

[34] D. H. Lee, Y. H. Joo, and M. H. Tak, “LMI 
Conditions for Local Stability and Stabilization of 
Continuous-Time T-S Fuzzy Systems”, Int. J. Control, 
Autom. Syst., Vol. 13, No. 4, pp. 986-994, 2015, 8. 

[35] D. H. Lee and Y. H. Joo, “LMI-based Robust 
Sampled-data Stabilization of Polytopic LTI Systems: 
A Truncated Power Series Expansion Approach”, Int. 
J. Control, Autom. Syst., vol., 3, no. 2, pp. 284-291, 
2015, 4. 

[36] D. H. Lee, Y. H. Joo, and S. K. Kim, “FIR-type 
Robust H2 and H∞ Control of Discrete Linear Time-
invariant Polytopic Systems via Memory State-
feedback Control Laws”, Int. J. Control, Autom. Syst., 
Vol. 13, No. 5, pp. 1047-1056, 2015, 10.  

Geun Bum Koo He received the B.S. 
and Ph.D. degrees in Electrical and 
Electronic Engineering from Yonsei 
University Seoul, Korea in 2007 and 
2015, respectively. His current research 
interests include fuzzy systems, de-
centralized control, and intelligent 
digital redesign. 

 
 

Jin Bae Park He received the B.S. 
degree in Electrical Engineering from 
Yonsei University, Seoul, Korea, and 
the M.S. and Ph.D. degrees in Elec-
trical Engineering from Kansas State 
University, Manhattan, KS, USA in 
1977, 1985, and 1990, respectively. 
Since 1992, he has been with the 

Department of Electrical and Electronic Engineering, 
Yonsei University, Seoul, Korea, where he is currently a 
professor. His major research interests include robust 
control and filtering, nonlinear control, intelligent mobile 
robot, drone, fuzzy logic control, neural networks, adaptive 
dynamic programming, chaos theory, and genetic algorithms. 
He served as the Editor-in-Chief for the International Journal 
of Control, Automation, and Systems (IJCAS) (2006-2010) 
and the President for the Institute of Control, Robot, and 
Systems Engineers (ICROS) (2013). He is currently 
serving as the Senior Vice-President for Yonsei University. 
 
 

Young Hoon Joo received the B.S., 
M.S., and Ph.D. degrees in Electrical 
Engineering from Yonsei University, 
Seoul, Korea, in 1982, 1984, and 1995, 
respectively. He worked with Samsung 
Electronics Company, Seoul, Korea, 
from 1986 to 1995, as a project 
manager. He was with the University 

of Houston, Houston, TX, from 1998 to 1999, as a visiting 
professor in the Department of Electrical and Computer 
Engineering. He is currently a professor in the Department 
of Control and Robotics Engineering, Kunsan National 
University, Korea. His major interest is mainly in the field 
of intelligent robot, intelligent control, robot vision, 
human-robot interaction, wind farm control, and intelligent 
surveillance systems. He severed as President for Korea 
Institute of Intelligent Systems (KIIS) (2008-2009) and as 
the Vice-President for the Korean Institute of Electrical 
Engineers (KIEE) (2013-2014) and is serving as Editor-in-
Chief for the Intelligent Journal of Control, Automation, 
and Systems (IJCAS) (2014-present). 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX3:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [545.000 394.000]
>> setpagedevice


