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Abstract — This paper investigates the problem of  stabilization processes of networked control systems 
(NCSs) with delayed-transmission time. The investigation  deals with control problem of linear time invariant 
(LTI) of  NCSs when the plant and the controller belong to the same network. Long time delays due to the 
transmission element  may degrade and destroy  the stability of a networked control  system. To overcome this 
problem a new exact and novel approach is analytically obtained  and the delay elements in system variables 
have been augmented and moved to the systems parameters.  An output control feedback is introduced  for 
designing a controller based on  using the same conventional control technique in the literature. A design 
procedure for stabilizing the linearized model of NCSs involving a time delay based on the alternative 
generalized model is introduced. As a result, the effect of the delay factor is completely eliminated from the 
system’s variables and moved to the systems parameters. The design procedure of the controller that moves  
the finite eigenvalues of the system to arbitrary locations simultaneously is carried out in a manner similar to 
those obtained for non-delayed conventional state space systems. The coefficients of the feedback control law 
can be easily evaluated which makes it possible to update the  controller’s parameters on-line with the change 
of the operating point. It is shown that the non-delayed ordinary state space systems appear as special cases 
of the present work when the delay elements vanish. To support and illustrate the effectiveness and usefulness 
of the work presented  for  the proposed technique  an example based on the  transformed model derived in 
this work  is introduced.  

 
Index Terms  — networked control systems (NCSs), stability of a network, time delays, generalized model, 

controller’s parameters 
                             ———————————      —————————— 

1 INTRODUCTION 
ecently, many works have been focused on  
feedback control systems wherein the control 

loops are closed through a real-time network which 
are called networked control systems( NCSs) [2,4-8]. 
The control systems of NCSs are those systems that 
use the well known classical  closed loops in their 
communication networks where all information 
exchanged in the networks are subjected to have time 
delays induced by the shared medium ( plant – to -
controller delay and controller-to-plant delay).     
Many known examples of NCSs  can b e found  in 
several  articles, especially in  the  field  of  
automated manufacturing systems,  mechatronic, 
robot manufacturing systems,  mechatronic, robot 
systems, and teleoperation systems [2].  This kind of  
networks that  induce delay signals in their 
operations (plant-to-controller delay and controller- 
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to- plant delay) have been treated with various 
approaches  in the literature. Several other works  

have focused on stabilization  processes of   NCSs. 
The  author in [9] studied the effect of delays on the 
system modeling and then a new optimal controller 
was designed to control the plant using an 
approximate technique. Clock synchronization 
approach has been utilized to evaluate the delays 
online in [9] with the implementation of the 
controller caused some performance degradation. 
Another view to tackle the delays problem is 
presented in [10] by using a fuzzy logic controller to 
control the NCSs, which ended up with no use of the 
communication information in design of controller. 
Since networked control systems is an integrated 
research area, which is not only concerned about 
control, but also relevant to communication, we must 
combine the knowledge of control and  
communication together to improve the system 
performance. 

 
   It is known that in NCSs each components of the 
control system, such as sensors, controllers, 
actuators, etc. are connected via real-time network.  
Fig.1. shows information flow (reference input, plant 
output, control input, etc.) is exchanged through the  
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network. However, the insertion of the network in 
the feedback control loop makes the analysis and 
design of an NCS complex because the network 
imposes an undetermined communication delay. 
Therefore, conventional control theories with many 
ideal assumptions, such as synchronized control and 
non-delayed sensing and actuation, must be 
reevaluated before they can be applied to NCSs.  In 
recent literature , many authors have concluded that  
the enormous advantages of  NCSs are their lower 
cost  and their ability of  reducing weight and  power, 
simpler installation, easing of system diagnosis, 
increasing  system edibility, and  reducing  system 
wiring and maintenance with increasing system  
agility  [2]. On the other hand, the NCSs possesses  a 
drawback that exited from the augmented complexity 
of analysis and design  with respect to conventional  
feedback control systems [2]. However, the insertion 
of the network in the feedback control loop makes 
the analysis and design of an NCSs complex because 
the network imposes an undetermined 
communication delay element. Therefore, most 
conventional control theories can not  be applied 
without making some modifications and  
reevaluation  before they can be applied to NCSs. 
The essential issues need to be addressed in NCSs 
are the network-induced delays, which either 
constant or time varying, can degrade the 
performance of control systems and can even 
destabilize the system. For this reason,   there have  
been a lot of researches  on NCSs  focused on   
reducing  the performance degradation caused by the 
delays  factors. The presence of these delays 
elements  which could be either constant or time-
varying, can disturb  the  performance  of control 
systems designed when their effect are ignored or 
disregarded in the controller’s design which  could 
also lead to even destabilize the system [2].  Most 
authors handled out these delays phenomena  with 
some approximate techniques which give no exact 
information about the system behaviors.   
 
   In [8] the  sensor is separated from  the controller  
and  the approach ended with two scheduling 
methods, including try once discard (TOD) and a 
statically.  scheduled for providing the system 
stability is guaranteed .  In [2] an analytical 
technique is introduced for simple cases while a 
simulation processes is used in the case of  having 
complex situations. another author [11]  focused on 
the design of network controllers based on how 
controlled communication systems  address the 
expected delays . The tracking control with time 
delay compensation  for NCSs  has been introduced 
by Claudio et al  in [2]. Their approach is mainly  
based on  putting some sever restrictions on the 
system parameters such as the zeros of the plant 
transfer  function and the eigenvalues of the 

exosystem dynamic matrix do not have values in  
common  as well as  the input to the system  must 
satisfy   u(t) = 0, for all  t < 0.  These restrictions 
make  their method  so special  and can  be applied  
only on some especial cases that satisfy  the assumed 
restrictions introduced  in their work.  
    
   In the rest of the paper is organized as follows. In 
Section II, a continuous model for a class of 
networked control systems (NCSs) with delayed-
transmission time is derived and system description 
is given. In Section III, A Unique and Exact 
Alternative Model of NCSs  with delayed-trans-
mission time system is obtained and derived 
conventional generalized state space systems and a 
design of a controller to stabilize NCSs are 
investigated. Section V numerical example is 
presented to support the robustness of our work and 
to illustrate that our proposed methods are less 
conservative and more effective. Finally, the 
conclusions are given in Section IV.  

 
2  PROBLEM STATEMENT 
 
   Let us consider a plant ( P ) connected to a  network 
(N)  and a  controller (W) as shown in  Fig.1 are 
linear time invariant (LTI) systems representing two  
 

Fig.1. Networked Control Systems with   Delayed-
Transmission Time 
 
nodes of the same network with time delays  in the 
forward transmission to the controller is τ1 and with 
time delays  in the feedback  transmission from 
network to the  plant is τ2 as shown Fig.1. These time 
delays, precisely are assumed to be known and 
constant, but not necessarily equal. The dynamical 
description for the plant P  takes the form 
 
ẋ (t) = A x(t) + B u(t) ,                                         (1-a) 
y(t)= C x(t) ,                                                   (1-b)                                
 
where x Є Rn, u, y Є Rn and A’s,B,C are real matrices 
of  appropriate dimensions. It is well known that due 
to the presence of the network, the plant output y(t) 
signal  reaches the  controller side  as input with 
delayed-transmission time as shown in  (Fig.1), is 
given by 
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uw(t)=C x(t-τ1)                                                      (2) 
 
   It is an easy task to see that the feedback controller 
signal reaches the plant with an output feedback 
control  law such that the eigenvalues of the closed-
loop system   have negative real part and the plant 
state variables x(t) reach their stable states 
asymptotical, which is possibly generated by 
   
u(t)=k C w(t-τ2)                                                     (3) 
                                                                          
where k is the controller’s gain. 
 
Substituting (2) and (3) in (1), yields  
 
ẋ(t)=Ax(t)+ AT x(t-τ),                                             (4)                                                                   
 
Where τ = τ1 + τ2  and     AT = B k C  
 
 
3  A Unique and Exact Alternative    Model   of   

System (4) 
 
   This section outline the technique  introduced by 
Saidahmed [12]  used in converting systems of the 
form (4) into a unique and exact alternative 
conventional finite dimensional model whose 
dynamical description has no delays in the states nor 
in the control. As will be seen shortly, this model 
contains system (1) as a special case when the delay 
parameter goes to zero. The next theorem shows the 
idea behind our approach of  finding  a   criteria for 
moving the delay the parameter  from the state 
variables to be augmented into the system 
parameters. 
  
Theorem1: For the feedback linear time-invariant 
system with delay elements  in the states described 
by (4) , there always exit a linear transformation that 
moves the delays element from the state variables to 
the system parameters of the form  
 
푥̇ (t) = A x(t)             for   0 ≤  t ≤ τ                      (5-a)    
 
 And 
 
T(τ)푥̇ (t)  =  퐴 x(t)   for    t ≥  τ                            (5-b) 
 
Where (5-b) is a unique and exact alternative model 
in the form of  generalized state space system, 
 
T(τ) = I + AT A(τ), 퐴 = A + AT  
 
and  

A(τ) = ∫ 푒 푑휃 	
	 	

 

 
Proof: We prove this theorem by introducing the 
linear transformation introduced by saidahmed [12] 
of the form  
푤(휏, 푠) = 	 푒 푥(푠)	   with initial value	푤(0, 푠) is 
		푤(0, 푠) = 푥(푠)                                                      (6) 
By taking Laplace transform of (4) and applying   the  
linear  transformation  given   in (6), results in   

( , ) = 퐴	푤(휏, 푠) + 푒 푥 + 퐴 푥	(푠)                   (7) 
Solving (7) with respect to 푤(휏, 푠), yields 

푤(휏, 푠) = 푒 푥(푠) + 	 푒 ( )푑휃 	
	 	

퐴 푥(푠) 

          + 		 ∫ 푒 ( )푒 푑휃 	
	 	

	푥                          (8)  

 
It is an easy task that the most right hand term of (8) can 
be rearranged to have the form 
 
∫ 푒 ( )푒 푑휃 	

	 	
		푥 			= (	푠퐼		 − 	퐴)   * 

																											 	푒 	퐼 − 	푒 ( ) 	
	 	

	푥 								             (9) 

          
Substituting (9)  into (8) and, converting the result 
into the time domain, we obtain 

푥(푡) = 	 푒 + 푒 ( )퐴 	푑휃 	
	 	

∗ 

																									푥(푡 − 휏)푢 (푡 − 휏) 

+	푒 푥 	 		푢 (푡)− 푢 (푡 − 휏) 	
	 	

                        (10) 

where		푢 (	. )	stands for a unit  step function. 
It is clear  from examining  (10) that for  0 ≤  t < τ, 
we get 

푥(푡) = 푒 푥 	 		푢 (푡)− 푢 (푡 − 휏) 	
	 	

 

and  for  t ≥,  we  have 

푥(푡) = 푒 푥(푡 − 휏) + ∫ 푒 ( )푑휃 	
	 	

 * 

																																			퐴 	푥(푡 − 휏)                            (11) 
 
Multiplying both sides of (11) by 푒  and 
substituting the result  into (4) and collecting  similar 
terms, results  in 
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∫ 푒 푑휃 	

	 	
푥̇(푡) = 푥(푡) − 푥(푡 − 휏)              (12)  

 
Premultiplying (12) by AT, using (4) and collecting  
similar terms, we  end up with  
 
T(τ)푥̇ (t)  =  퐴 x(t)      for    t ≥  τ                         (13)  
             
Equation  (13) is in the form of  linear  tine-invariant 
singular   which  contains  the  non-delay  system as 
special case see [15] for more information about 
stabilizing (13). To  see  this, let     =0    in   (13) , 
yields    
푥̇(푡) = (퐴 + 퐴 )푥(푡)						                                      (14) 
 
which  shows direct  verification  of  present  
approach. It should  be mentioned that (13) is  also a 
unique alternative  representation of  (4) in the  sense  
that  the behavior    of the system is uniquely 
determined  by (13). On the  other  hand, the 
dynamical  behavior of the  system for  0 ≤ 푡 < 휏	 
with   >0, can be obtained also  from  (11) as  
 
푥̇(푡) = 퐴 푥(푡) + 퐵푢(푡),	 0 ≤ 푡 < 휏                     (15) 
 
as expected. Indeed, we could have been  obtained 
(15) by inspection  from (4) by knowing that  
퐴 푥(푡 − 휏)푢 (푡 − 휏) = 0  for 0 ≤ 	푡	 < 휏.  This 
strengths theorem (1) and  supports the idea that (15) 
describes  completely  the behavior  of  the  system 
for 	0 ≤ t < 휏 .  This  completes the proof. 
 
   It is important  to note  that  in most practical cases   
the  matrix T() in  (13)  is invertible  and this 
reduces the difficulty which usually encountered 
when dealing with states-delay  systems. It should  
also be  mentioned that (15) reveals that system (4) is 
completely  controlled  during the  period 	0 ≤ t < 휏, 
with  > 0,  by the dynamical equation (15) and this 
is in complete agreement  with Walsh approximation  
method  [9] and the  time- partition  method [l0]. 
Since  system (13)  possesses neither  delay  in   the  
states  nor in  the  control,  then it will be  considered 
in  this paper as a non-delayed generalized state 
space system. Using the approach given in [12-14],  
a reduced  order controller  for  systems  of  the  
form  (13) can be designed.  However, From   the  

generalized theory  of  singular systems,  it is well  
known [12] that  (13) is solvable iff (A + ζT(	))	  
exits for  some  scalar ζϵR. where R is a field  of  real 
numbers [15].  
 
   Using (13) which is considered as a non-delayed 
state space generalized system. It is an easy task to 
design an output feedback control law using the 
approach introduced by saidahmed in [12] such that 
all  the eigenvalues of the closed-loop system can be 
adjusted to have negative and those with zero real 
part must be simle for an arbitrary values of  k. As a 
special case of (13) when the matrix T(τ) is 
invertible for all values of 	τ Є Rn, where R is a field  
of  real numbers,  then  all eigenvalues of  the closed 
loop system  shown in Fig.1 can be displaced to  
arbitrary locations. It important to note that using 
(13) gives an exact alternative form of (1) with 
neither  delay  in   the  states  nor in  the  control and 
the delay element has been absolutely  moved to the 
system parameters which means no kind of any 
approximation has been utilized and all needed paper  
as a non-delayed generalized state space system. 
Using the approach given in  [12], a reduced order  
controller for  systems  of  the  form  (13) can be 
designed.  However, From the  generalized theory  of  
singular systems [15],  it is well   known that  (13) is 
solvable iff (A + ζT(	))	  exits for  some  scalar 
ζϵR, where R is a field  of  real numbers. Using (13) 
which is considered as a non- delayed state space 
generalized system.  it is an easy task to design an 
output feedback control law using the   approach  
introduced by saidahmed in [15] such that all  the 
eigenvalues of the closed-loop system can be 
adjusted to have negative and those with real part 
must be simple for an arbitrary values of  k. As a 
special case of (13) when the matrix T(τ) is 
invertible for all values  of 	τ Є Rn, where R is a 
field  of  real numbers,  then  all eigenvalues of  the 
closed loop system  shown in Fig.1 can be displaced 
to  arbitrary locations.   It important to note that using 
(13) gives an exact alternative form of (1) with 
neither  delay  in   the  states  nor in  the  control and 
the delay element has been absolutely  moved to the 
system parameters  which means no kind of any 
approximation has been utilized and all needed 
behaviors of the system have been completely treated 
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by saidahmed in [12]-[15]. From the  generalized 
theory  of  singular systems [15].  
 
Example 1: Let a linear  time-invariant state-delay 
system shown in Fig.1 be described by  

 
	x	̇ (t) = 1/4	x(t) + 	u(t),x(0) = 2.0               (16-a) 
	y(t) = x(t)                                                      (16-b)  
With transmission delay  = 1 , and   k = - 1. 
 
   It is desired  to analyze  (16)   using  theorem  (1) 
and using  (5-a) with  the given initial  conditions 
x(0) = 2.0	 for 	0 ≤ t < 1,    we have  
x(t)  = x(0) = 2.0                              for   	0 ≤ t < 1   
from (11),  the initial value at	 = 1	 can be obtained 
as   
   

x(1) = e . − ∫ e . ( )	dθ 	
	 	

   = - 0.148 

and from (5-a) for t ≥ 1,	a unique and exact 
alternative form  of   (5-b)  can be obtained as 
 
	x	̇ (t) = −6.5x(t), x(1) = −	0.148   for t ≥ 1   (17)       
 
   It is clear from (17) that the unstable  networked 
control systems with  delayed-transmission with a 
controller based on the output feedback has been  
stabilized by the proper choice of the feedback gain  
k based on the same technique used with the 
conventional state space design approach for  
controlling the LTI systems. This results support the 
effectiveness of our approach introduced in this 
paper.  
 
 
 
 
 
 
4  CONCLUSION 
       
   In this paper, One of the most practical application 
of the generalized model developed in this paper is 
the stabilization process of the  networked control 
systems (NCSs) involving a delay in the transmission 
media, a new linear transformation is  obtained that 
transforms the networked control LTI systems with  
delayed  elements due to transmission networks into 

a conventional generalized state space system with 
no delays in the state nor in the control. It was shown 
that the delays elements in the networked control 
systems (NCSs) which has been transformed to a 
finite dimensional linear time - invariant generalized 
state space system are moved to the system 
structures  with no delays either  in the states nor in 
the control. This new technique guarantees closed-
loop asymptotic stability. The stability result also 
implies that stable feedback of networked control 
LTI systems with delayed elements are robust and 
the control law was treated similar to those given in 
the conventional control systems. An example based 
on transformed model was also provided.  
 
   The major feature of this new model is its ability to 
serve as a major tool in developing new qualitative 
properties of linear state-delay systems. It is shown 
that the transient response of such system can be 
controlled by using only one easily implemented  in 
a  manner analogous to  those given to the standard 
state space linear control systems, using the non-
delay state variables. The results obtained are much 
more direct and the presence of time delay in 
transmission media does not possess any problem in 
designing the controller compared with those given 
by the tracking control with time delay 
compensation, finite spectrum assignment method 
[2], and the edge theorem  [4], mainly because the  
present design procedure allows possible updating of 
the controller's parameters on-line with the change of 
the operating point. It should be also  emphasized 
that the generalized alternative model (5) 
investigated in this paper is expected to have a wide 
range of practical applications, especially in the field 
of peer to peer protocols systems.  
 
 
 
 
 5  REFERENCES 
 
 
[1] Linh Vu, et al , “Stability of Time-Delay 

Feedback Switched Linear Systems ,” IEEE 
Transactions on Automatic ControL, VOL. 55, 
NO. 10, OCT. , 2010.  

[2] Claudio A.et al, “Tracking control with time 
delay compensation for linear time invariant 



International Journal of Scientific & Engineering Research Volume 4, Issue 2, February-2013                                             6 
ISSN 2229-5518   
 

IJSER © 2013 
http://www.ijser.org  

networked control systems, ” 16th 
Mediterranean Conference on Control and 
Automation Congress Centre, Ajaccio, France, 
June 25-27, 2008.  

[3]  X. Sun, J. Zhao, and D. J. Hill, “Stability and L2 
-gain analysis for switched delay systems: A 
delay-dependent method,” Automatica, vol. 42, 
pp. 1769–1774, 2006.  

 [4]  N. J. Ploplys, et al, “Closed-loop control over 
wireless networks,” IEEE Control Systems 
Magazine, vol. 24, pp. 58–71, June 2004. 

[5] Mei Yu, et al, “ Stabilization of Networked 
Control Systems with Transmission Delays” 
IEEE International Conference on Systems, 
Man and Cybernetics, 2004. 

[6] S. Mu, T. Chu, F. Hao, and L. Wang,“Output 
feedback control of networked control systems,” 
Proceedings of the IEEE International 
Conference on Systems, Man & Cybernetics, 
Hyatt Regency, Washington, D.C., USA, pp. 21 
1-216, 2003. 

[7] P. F. Al-Hokayem, “Stability analysis of 
networked control systems,” Master’s thesis, 
The University of New Mexico, ECE Dept., 
2003. 

[8] G. Walsh, H. Ye, et al, “Stability analysis of 
networked control systems,” IEEE Trans. Contr. 
Syst. Technol., vol. 10, pp. 438–446, May 2002.  

[9] F.-L. Lian, J. R. Moyne, and D. M. Tilbury, 
“Performance evaluation of control networks,” 
IEEE Control Systems Magazine,vol. 21, pp. 
66–83, Feb. 2001.  

[10] T. Skeie, S. Johannessen, and C. Brunner, 
“Ethernet in substation automation,” IEEE 
Control Systems Magazine, vol. 22, pp. 43–51, 
June 2002. 

 
[11] O. Beldiman, G. Walsh, and L. Bushnell, 

“Predictors for networked control systems,” in 
Proc. American Control Conference, (Chicago, 
IL), pp. 2347–2351, June 2000. 

[12] M.T.F. Saidahmed,“A New Approach for 
Designing a feedback Controller for a Wind 
Tunnel Model Involving a Delay”, Proc. of the 
35th Midwest Symposium, IEEE Cir. & Sys. 
Soc., August 9-12, 1992, USA. 

[13] M. T. F. Saidahmed, “ A New Reduced 
Controller For Linear Systems with Delayed 

Controls” Engineering Research Bulletin, 
Faculty of Engineering & Technology, Vol XV, 
Part II, 1992, Menofia Univ., Egypt. 

[14]  Saidahmed, M.T.F.,” A new design approach of 
observers for linear systems with delayed states 
and unknown inputs”; Faculty of Eng. Mag., 
Menoufia Univ., Shebin-El-Kom,June 1992.  

[15] Saidahmed, M.T.F.,” A New Approach for 
Designing a  Reduced-Order Controller of 
Linear Singular System IEEE Trans. Contr. 
Syst. Technol., pp. 492–495, VOL. 35, NO. 4, 
April 1990.  

[16]  S. Mu, T. Chu, F. Hao, and L. Wang, “Output 
feedback control of networked control 
systems,” Proc, IEEE Inter. Conf. on Syst, Man 
&Cybernetics, Hyatt Regency, pp. 21 1-216, 
2003.  Washington, D.C., USA.  

 


