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 

Abstract--In the perspective of ‘Control System’ , the 

proper designing of controller for any industrial 

instrument is essential ormandatory to get a desired 

output response. There are versatile types of controller are 

used in the industrial level to get the output response 

according to our wishes. A controller is able to improve 

only transient response or Steady state response or it can 

improve both the responses. A special case of MIMO 

(Multiple input Multiple output) system is called TITO 

(Two Input two output) system. Here in this work,a new 

idea to design a controller has been proposed which is 

consisting of a ‘De-coupler’ and a ‘Diagonal PID 

Controller’. This type of approach is also helpful to learn 

the exact designing of ‘De-coupler’ as well as‘Diagonal 

PID Controller’. 

 
Index Terms--De-coupler, Diagonal PID Controller, TITO 

System, Optimization, TuningProcess 

I.  INTRODUCTION 

f We are using the product coming out from the large 

industries as soon as we get up in the morning. For 

Example- sugar used to make tea/ coffee is refined in the 

‗Sugar Mill‘ or any newspaper we read is printed from the 

paper industries or the necessary electric for running the motor 

of the toaster. Basically we all are somehow dependent to a 

large extent on the automation. Development of ‗Control 

System‘ based modeling is one of the basic reasons for the fast 

growth or rapid development of the industrial automation. 

Some of them are complicated and some of them are very 

simple in nature.The PID controller has a fixed structure but 

still the concept old ‗PID Controller‘ has been modified day 

by day for the advancements of the technology. The concept 

of tuning had also been introduced by the researchers to 

improve the response of the controller. But a poor tuning 

structure always deteriorates the performances of the plant and 

decreases the economic benefits of an industry. Therefore the 
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automatic tuning process is always beneficial for the industrial 

application. It always includes the ‗Identification‘ and 

‗Optimized designing‘ of the system. Apart from this, the 

automated system requires the sophisticated algorithm. There 

are a lots of research work related to the tuning process for 

SISO System but tuning process for MIMO System is 

unexplored till today. In this research work an attempt is taken 

to implement the suitable controller using the combination of 

‗De-coupler‘ and ‗Diagonal concept PID Controller‘. The 

main intension of this research work is to develop an 

‗Algorithm based Tuned Controller‘ for Two-Input and Two-

Output system, incorporating the concept of ‗De-coupler‘ 

 

II.  A SHORT LITERATURE REVIEW  

There are several types of feedback control are found in the 

application based process industries. The most popular type of 

the ‗Feedback Controlis ‗PID Control‘. PID stands for 

Proportional – Integral – Derivative. So many researchers used 

different types of approach to design a feedback control. 

Åström,K.J. et.al.[1] talked about the application of the 

feedback PID Control in the industrial level. The relay-tuning 

method was proposed by the researchers. It is able to calculate 

the knowledge about a certain point on the ‗Nyquist Plot‘ of a 

system. Relay introduced a limit cycle when the loop of the 

system is closed. The modeling of a reactor for chemical 

operation had been illustrated by the researcher Aris,R. 

et.al.[2].  Åström,K.J. et.al. [3], developed a control algorithm 

for the TITO (Two input – Two Output) system. It consists of 

two parts that are connected in series. The proposed method 

described a centralization process for the feedback control 

system. Using this process the dynamic behavior gives the 

better response. Still this process has not yet been applied due 

to some complicated control circuit. The process of decoupling 

is also demonstrated by the researchers. Againcomputerbased 

control system was described by some researcher Åström,K.J 

et.al [4]. Mainly program based control of tuning methods has 

been delineated in detail. The simplicity of the model comes 

from the fact that entire model was described by the linear 

difference equation with the constant coefficient. Distribution 

of the feed-forward path along with the command signal was 

explained very clearly in this research article. Bialkowski,W.L. 

et.al [5] described the shortcomings of the process control 

system in detail. The concept of ‗Loop performance monitoring 

system‘ has been introduced in this research article. The 

researchers also highlighted different direction of the 

monitoring system.Bakosova,M et.al [6] represents a 

simulation based experiments of a tank reactor which is based 

on control analogy. In the steady state analysis it is observed 

that, the system attains so many steady states. As uncertainty is 
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present within the system, the concept of robust output 

feedback logic had been implemented. Simulation process was 

used to test the stabilization process of the reactor. In the year 

of 1990, the researcher Bansode,P. et. al. [7] published a 

research article where the process of dynamic de-coupling 

strategies had been focused for the CSTR (continuous Stirred 

Tank Reactor) system. A critical look into the modeling and 

identification towards the nonlinear model using predictive 

control was elaborated by Bequette,B[8]. The strength and 

weakness of the fundamental modeling had also been described 

in this research article. A fantastic approach towards dynamical 

system and random walker was given by Desoer,C et.al. [9]. 

All possible control strategies for the complex dynamical 

system were discussed in this research article. Some typical 

types of non-trivial solutions are also highlighted in this paper. 

Enqvist,M. et.al. [10], shows how can we approximate non-

linear modelinto a linear model. We have used this type of 

approximation in our research article.Hammer,J. et. al. [15] 

describes some useful technique to design a ‗State-Feedback‘ 

controller for the nonlinear equipments. These nonlinear 

systems are continuous time in nature. The state space 

approach of the controllers has also been examined. It is found 

that, the controllers are stable in nature means asymptotic 

stable. The concept of autonomous controller was described 

with all necessary mathematical calculation.  Hägglund,T et. al. 

[16] shows all possible difficulties and advantages of tuning 

rule given by the famous scientist Ziglar and Nicols in the era 

of 1940. For the multivariable control system, how nonlinear 

observer based control analogy works was delineated in the 

reference [17].  Kumar,N. et.al. [19] talked about the very 

popular ‗MIT rule‘ to design a ‗CSTR system‘. Not only that, 

the simulation based analysis had also been depicted in the 

research article. Luyben,W. et.al.[20] illustrated the procedure 

of tuning of a ‗SISO Controller‘. The authors also describe the 

method to apply a SISO controller for the multivariable system. 

In the year of 2012, a novel method of de-coupling for the 

multivariable system including all types of external 

disturbances was invented by some researchers Liu,R et.al.[23]. 

The beauty of the design is that, all the parameters of the 

controller are independent to each other. A very typical type of 

example is illustrated in this paper that uses the novel method 

and also shows the better response with respect to the older 

design.  For a TITO system, how the specification like ‗Gain-

Margin‘or ‗Phase-Margin‘ is assigned for the ‗Decentralized 

type of PID Controller‘ was presented in reference [24]. The 

researcher Marinescu,B [25] described the concept of pole 

placement for the linear time invariant system where output is 

feedback to the input without disturbing the transient response 

of the system. Maciejowski,J. [26] works on the topological 

based design on the multivariable system where all kind of 

difficulties arises in the time of implementation are discussed 

with the help of suitable example. The process of connecting 

feedback is slightly different from the SISO system. The 

researcher Olatunji,O,M.[27] applied the concept of topologies 

in the simulation of CSTR model. Panagopoulos,H. [28] works 

on the optimization which is the final step of any type of 

control system to get desired output. Not only optimization, a 

comparative study between different types of optimization has 

also been depicted in this research article. Pottman,M et. al. 

[29] analyzed the multi-quadratic function with the help of 

identification process The abrupt behavior of the CSTR system 

was studied by the researcher Russo,L et.al. [30]. 

III.  PROBLEM  FORMULATION 

An Automation industry uses a thousand of methods for 

designing of controller.Each of them is usinga standard 

reference levelto make the system as an independently tuned 

system. But when a number of controllers are acting at a time, 

a chance of cross coupling may occur within the system that 

degrades the performance level of the entire system[11]. The 

only way to solve this type of typical problem is to use a 

‗Multivariable Controller‘. The concept of ‗De-coupler‘ is very 

important with respect to the designing of controller. Anyway, 

in case of TITO system, the problem related to the cross 

coupling also comes into play. Application of lots of TITO 

system is found in the process control industries which are 

having some additional properties also. Before going to the 

problem formulation, some typical types of assumption need to 

be maintained. The characteristics of the TITO system are very 

close to the linearly square nonsingular system means we are 

considering the system having equal numbers of input and 

output which are linear and stable in nature[12].Second 

assumption is this, if it is found that the system under 

experiment, is not linear must be linearized.  In process 

industries, generally twoPIDcontrollers are used at a time with 

no special features. He basic block diagram is given in the 

following figure. 

\  

Fig.1: Functional diagram of TITO System used in the process 

industries 

 

In the above figure 1, there is no special part is contributed 

for the cross coupling rather each of the given input signal is 

paired with the corresponding output signal. This type of 

structure is not satisfactory or is not able to produces output 

according to our wishes as this type of structure causes 

oscillation within the system. 

 
 

Fig.2 : ‗TITO System‘ with ‗De-coupler‘ for Process control  

Industries. 
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Keeping PID controller in the structure is always 

advantageous as PID controller improves the transient section 

as well as the steady state part of the entire system[13] [14]. 

Figure 2 given below is close to our proposed design towards 

the MIMO system which is incorporating the concept of 

‗Decoupling‘. But using of ‗De-coupler‘ is not a new idea. 

The above figure 2 is including the concept of decoupling, 

but it is not a successful design as it is hard to operate or hard 

to automate. Apart from these, there are some special types of 

requirements that have to be fulfilled appropriately which is 

very difficult in case of implementation. Hence in this 

research article a new method of designing of a de-coupler 

used for the controller is explained in detail in the later 

section which is nothing but our main aim of this article. 

IV.  SPECIFICATION OF THE DESIGNPART 

The basic requirement of the designing of any types of 

controller is the correct specification of the system. There 

may a deviation from the specification but small deviation is 

always preferred with respect to the design. It is sometime 

observed that to minimize the cost of the entire design, the 

design parameters are to be flexible. There is no such hard 

and fast rule, but tradeoff is needed between cost and 

robustness. Some common types of disturbances are always 

found in the system and considerations of those disturbances 

are mandatory on account of specification[31]. The primary 

constraints in the perspective of specification are the external 

disturbance, all time domain or frequency domain 

parameters, robustness of the design and cost of the design. 

Avery common type of closed loop system considering all 

sorts of external disturbances are displayed in the figure 3 

given below. 

 

 
Fig. 3 :Appearance of the external disturbances with in a feedback 

control system. 
 

In the above figure 3, all types of expected external 

disturbances are being included where output disturbances 

are represented by    and measurement disturbances are 

denoted by    . But it is assumed that, all are low frequency 

disturbances high frequency disturbances are not desired in 

the domain of nonlinear control system. Actually if high 

frequency noise signal is getting amplified then it may 

permanently destroy the actuator system or there is a chance 

of huge energy consumption within the system.Anyway, the 

transfer function considering the external disturbances    to 

the input control signal    is represented by the following 

equation and the transfer function considering the external 

disturbances    to the input control signal    is represented 

by equation number (1). 

{
               

               ……. 1  

 
Due to the pole–zero similarity between two transfer 

function, they can be treated as single and having low 

frequency gain. Similarly the transfer functionsfrom    and 

    into     and     is given by equation number (2).  

{

            1

               1

              1

…..(2) 

All the disturbances regarding the output signal of the 

system    should be minimized or small and must be bounded 

in nature.Stability is another aspect of designing any types of 

linear/nonlinear system. But without robustness stability 

analysis does not make any sense as controllers are always 

analyzed with respect to the robustness. Margin of stability is 

also calculated in case of process control system. Apart from 

these, there some special demands for automatic systems. 

Different controller has different mechanism for optimizing the 

relevant criteria. If a particular designed method is used as a 

decoupling circuit, it must be stable and simple as much as 

possible [18]. In this research article, a new method of 

automatic decoupling and tuning of PID Controller is proposed 

which is explained later. Optimization is another criterion with 

respect to the design specification means whether the proposed 

designed system is optimized or not? If the optimized is not 

carefully chosen for a system, the controller my not work 

proper properly. 

V.  CONCEPT OF PROPOSED METHOD FOR DE-COUPLING 

The basic concept of De-coupler for linearly stable and non-

singular system (LSNSS)with proper explanation is given here 

in detail. Any types of MIMO system or a special type of 

MIMO system called TITO system is belonging to class of 

LSNSS system. To understand the basic theory of de-coupler, 

we draw a closed loop system in which     represent  a matrix 

related to the ‗LSNSS‘ ,    represents ‗Diagonal Transfer 

Matrix‘ and    represents the ‗Linearly Stable Matrix‘ for the 

de-coupler circuit. Figure 4 given below is delineating the basic 

structure of closed loop decouple circuit. 

 

 
 

Fig. 4 :Decoupled closed loop system 
Before going to the analysis of de-coupler, it is very 

important to know that why do we use a de-coupler 

system[32]. The main objective of any kind of de-coupler 

system is to decentralize the entire system in such a way that 

the system minimizes the amount of dynamics required for it. 

Not only that, it also reduces the delay of the system. Using 

de-coupler, an automatic control system will be benefitted 

more with respect to the other normal system. In this context 
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it is better to mention that, we always choose a function    so 

that the multiplication of            is always a ‗Diagonal 

Transfer Matrix‘ or ‗DTM‘. The de-coupler is used together 

with the controller. Thus the overall system is working as a 

low pass system that is able to eliminate the noise of high 

frequencies. Actually a PID system is itself a low pass 

system; therefore it makes the overall system low-pass in 

nature.  But in this research work, the PID controller is used 

to control the de-coupling system and hence extra dynamical 

logic can be added. Furthermore tuning circuit is provided to 

make the system as an automatic control design.  

VI.  PROCESS OF  DE-COUPLING 

The basic structure of the closed loop control system with de-

coupling circuit has already been explained in the previous 

section. Two important thing related to the de-coupler is that, 

the     matrix is always a diagonaland the de-coupler must 

not be a high pass system. The exact design procedure is 

demonstrated in this section. Before going to the design, 

some basic theory of matrix must be very clear to all of us. 

For example, the ad-joint of the matrix   is denoted by the 

term        , and then the following property must be 

maintained. 

  .              .         .  …..(3) 

The initial step to design a de-coupler is to find the 

expression of the entire system. The proposition given 

below is badly needed to design a de-coupler. 

         .   ….(4) 

Initially consider that,   , Then we may write from 

the equation(3), 

           …..(5) 

 

Now the next target is to remove the biggest delay 

time of each de-coupler by multiplying the elementsof 

the column of de-couplermatrixby the factor     which 

is diagonally spaced.Finally, poles and zeros which are 

common for the de-coupler have to be removed in a 

tricky way such that it behaves like a low pass 

filter[33][34]. We are taking an example to understand 

the entire process. Let the process is expressed by  

   (

   

     .    
 .    . .       

    .   
 .    . . 

       

     .    
 .    . .       

     .    
 .    . . 

)…..(6a) 

Similarly the de-coupler matrix is expressed by the 

following matrix. 

   (

    

     .    
 .    .        

    .   
 .    . . 

      

    .    
 .    . .       

     .    
 .    . . 

)…..(6b) 

 

Thus the parameter     is modified to the following 

expression. 

 

   ( 
 .   
   .  )…..(7) 

Now the de-coupler matrix can be represented by the following 

expression. 

 

 

   (

    

     .    
 .  

      

    .   
 .    . . 

      

    .    
 .

      

     .    
 .

).....(8) 

 

The above matrix implies the improvement of the de-coupler 

matrix with less time delay. We are taking another example 

where      is modified to the following expression. 

   (

     

      
  .   

 
     

     
  .  

)…..(9) 

 

Considering this value of     ,    is modified to the following 

expression. 

   (

 

    
 .  

 

   
 .    . . 

 

   
 .

 

    
 .

).....(10) 

 

The required dynamics to implement this structure is obviously 

less than previous one. Now we have also investigated the 

expression of the loop-coupler combination. The expression is 

given below. 

 .    (
     

     
), where the expression of  

              is given below. 

 

{
      

     

              .     
   .    

     

             .    
   .  

      
       

             .    
   .    

 

      .    
   .  

 

…….(11) 

 

Due to the complicated nature of the diagonal element, Normal 

PID Controller designing method is not suitable in this case. 

Hence an attempt is taken to design a new approach of design 

of a PID controller. Before going to design a PID controller, we 

have designed the ‗Approximated designing De-coupler‘ 

[21].FOPDT model is selected as an example for the designing 

procedure as it is very famous for the process industries. The 

approximated model can be represented as  

 

     (

   

   .   
       

   

   .   
       

   

   .   
       

   

   .   
       

)…..(12) 

 

The ‗Adjoin of    can be expressed as follows. 
 

            (

   

   .   
         

   

   .   
       

  
   

   .   
       

   

   .   
       

)…..(13) 

 

The method is called approximated as common poles are 

removed. Not only that, the number of common poles can be 

increased also. In the above expression,   is representing the 

time constant. The smallest time constant is given by    and 

the largest one is given by     . The large time constant can be 

approximated by the following expression. 

 
 

  .   
   

 

   .            .   
……(14) 
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Now the pole given by 
 

   .    
can be deleted from the above 

equation. So the approximation method can be summarized 

as follows. 

i)  Initiate a FOPDT model. 

ii) Initiate the process with                        

iii) Biggest delay timemust be eliminated. 

iv)Final approximation is given below. 
 

1

  .   1
   

1

   .   1         .   1
 

 

v) Common poles must be removed. 

 

Now we are taking an example to illustrate the procedure to 

approximation. Let us take the transfer function  

   (

 

    
     .  

 

    
 .    . 

 

    
    .

 

    
     .

) ……..(15) 

Now 

again                                                      [2
2].Therefore,    can be written by the following expression. 

   (

 

    
     .  

 

    
 .    . 

 

    
    .

 

    
     .

)......(16) 

Finally    can be modified to be    ( 
   
    ). Using this 

approximation, the de-coupler can be design as follows. 

   (

 

    
 .  

  

    
 .

  

    
 .

 

    
 .
).....(17) 

 

The above matrix clearly shows the improvement as it 

contains less time delay. We can do further approximation 

which is given below. 

   (

 

            
 .  

  

    
 .

  

    
 .

 

            
    .

).....(18) 

 

Now     has again been modified which is given by the 

following expression. 

   (
    1     

     1    )…..(19) 

 

Using this value of   , the de-coupler can be reframed and 

given below. 

   (

 

    
 .     .

 1 .
 

    
   .

).......(20) 

 

But there is a disadvantage of approximated model designing 

of the de-coupler. If we use approximated model of the de-

coupler, exact decoupling is not possible which may causes 

an unstable design of the system taken into consideration. 

VII.  THE OPTIMIZATION CRITERIA 

The integral absolute error can be defined by the following 

parameter called ‗IAE‘ where as the simple integral error is 

defined by the term ‗IE‘. In the perspective of decoupling, 

both IE and IAE are very close to each other means we are 

able to approximate IAE with the IE. The IE can be realized 

by the following expression.  

    ∫ |    |  
 

 
……(21) 

Where      is defined as a control error when step input is 

applied to the system. The other constraints related to the error 

are the sensitivity and complementary sensitivity function. They 

must be bounded within a certain time period. The sensitivity 

function can be realized in the complex plane by selecting two 

different radius circles. Again it is well known to us that the error 

IE is directly proportional to the inverse of the integral gain of 

the controller. It indicates that the direct minimization of IAE is 

possible. The upper boundary of any sensitivity function is the 

prerequisite for any type of‗de-coupler design‘. Let us suppose 

     is the time constant for the derivative controller and      is 

the time constant for the integral controller. If the controller has 

one pole at origin along with two filter poles, two filter zeros, 

then the zero is placed at a position in such a way that the 

following condition must be maintained. 

   
 

   
  √

 

 .  
  

 

  .  
……(22) 

If       is less than      , then the zeros are situated in the 

complex conjugate with the real part      
 

 .  
. 

VIII.  PROPOSED ALGORITHM FOR THE OPTIMIZATION OF DE 

COUPLER 

The optimization is executed by means of exhaustive search. 
The big disadvantage of this search is that the complexity of 
the optimized algorithm is too high and hence the algorithm 
takes too much time for optimization. Let a parameter is 
defined by      . For every pair of            , there is a value 

of     for which it provides the maximum value. For a stable 
process the value of the     puts theNyquist curve on the edge 

and it encircles the point  1   .   . The algorithm for doing 
this process is stated below. 

Step 1 :Do some one time operation like ―Load the process 
Model‖. 

Step 2 :Define a parameter      called frequency function 
vector point. 

Step 3 :In the inner loop,           are gridded by the 

parameter    . This must be repeated at least for two times by 
the outer loop.For the first time, the loop is sparse the grid to 
find the intersection and for the second time it narrows the grid. 
A new parameter is      is introduced to represent the number 
of loops running for the outer loop. The complexity depends on 
the loop running for the entire program. 

Step 4 : The      depends on the logarithmic fashion 

on      
    

⁄  and  
    

    
⁄   
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Step 5 : The complexity is given by the following function  

        
              (

    
    

⁄ )       (
    

    
⁄ )  

   
 

  
...(23) 

In the above equation    represents the constant. 

IX.  SIMULATION RESULT 

Now we are taking some examples to justify our proposed 
algorithm. Using the simulation results, we are going to 
establish our proposed work towards the decoupling 
technique. Let us take an open loop transfer function       
     .   

     .   
. The Nyquist plot is given in the figure below. 

 

Fig. 5 :Nyquist Plot of the selected transfer function. 

 

The grid used for the design is given by the following 

parameters. 
 

   
is divided into 15 grid point between .001 to 

8000. From the above ‗Nyquist plot‘, it has been observed 
that, the controller tries to find a way to bend the ‗Nyquist 
plot‘ to the edge of the ‗M Circle‘. Let us take another 
complex dynamical system where   1.      .       
1. .Using a low pass filter, the controller is filtered and then 

observe the position of pole      .  .   

 

Figure 6 :Nyquist Plot of the selected complex 

dynamical system. 
 

The above figure is the Nyquist plot of the complex 
dynamical system. The value of the   1.     1.       
1.1  has been calculated from the above figure. Using the 
low pass filter, two poles are placed in the left half of the s 
plane. Hence the design is asymptotically stable. 

 

Figure 7 :Step response of de-coupled  system. 

 
In the above figure 7, the step response of the decoupled 
system is given from which it can be concluded that the 
system having passing through the decoupling process is 
stable under any types of external disturbances.  

 

Table 1 : Response parameters of the system 

 
In the above table 1, all the response parameters are enlisted. 
Gain margin and phase margin both are positive at a time. 
Hence the system is stable. 

X.  CONCLUSION  

T  The proposed method for the decoupling process along with the 
algorithm has been explained in this research article. From the 
simulation, it is clearly observed that the proposed method 
works for the simple system as well as for the complex 
dynamical system. The proposed algorithm is used to 
determine the parameters of the controller even for two parallel 
coupled processes having different dead zone. The problem 
related to the decoupling is analyzed in a generalized way 
while the designing of proposed ‗diagonal PID Controller‘ is 
based on exhaustive search which is nothing but analgorithm. 
Both the designing are verified through proper simulation and 
all necessary simulations are provided here has also been 
explained step by step which will be very much helpful for the 
future research work. 
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