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Abstract— The issue of model reduction is considered for the binary distillation column linear framework. For a given stable distillation
column linear system framework, the goal is to discover the development of a decreased order model, which approximates the first framework
well in the strong presentation. The improvement of a proper low request dynamic procedure model of a distillation column is the most
significant essential for the plan of an effective control idea. Right now present a second order direct procedure model for a distillation column
that can be dealt with completely diagnostically. It gives a consistent state precise portrayal of the segment for any control design in the time
area and jams the physical centrality everything being equal. In light of the low computational exertion and the consistency of the displaying
data it is a powerful device for control structure investigation and controller plan. Two binary distillation column can be utilized for
demonstrating reduction, the Wood-Berry (WB) and Tyreus Stabilizer(TS),where until today are the most mainstream and significant partition
models in the oil enterprises for purging of conclusive items. The proposed methods reduces the dimension of the original system based on two
techniques are optimization and MATLAB toolbox options. The results show the effectiveness of these techniques.

Keywords— Distillation column, Decoupling methods, Model reduction Techniques, MATLAB toolbox.

. INTRODUCTION

Structure of multiple-input multi-output (MIMO) control
frameworks have gotten a lot of consideration in the control
literature. Despite the fact that the structure and tuning of
single loop PID controllers have been broadly investigated,
they can't be straightforwardly applied to configuration
decentralized control frameworks because of the presence of
collaborations among control loops [1,2]. Numerous strategies
had been proposed to stretch out SISO PID tuning rules to
decentralized control by remunerating the impacts of loop
collaborations. A typical path is to initially structure singular
controller for each control loop by overlooking all
cooperation’s, and afterward detune each loop by a detuning
factor [3]. Nonetheless, for high-dimensional procedures,
effective open-loop process (EOP) is complex, and the
controllers must be traditionalist for the inescapable
demonstrating mistakes experienced in formulation [4]. In the
controller configuration procedure of the two-input/two-output
framework, the decoupler matrix technique is utilized to
deteriorate a multi-loop control framework into a lot of
proportionate autonomous single loops. At that point, an
intricate proportional model is gotten, and its order ought to be
decreased for every individual loop, Maclaurin arrangement
strategy is utilized to diminish the order for the decoupling
model [5]. To beat the trouble of the (EOP) and streamlined to
initially arrange first order process delay transfer (FOPDT)
model, one of the model decrease strategies is coefficient
matching method is used [6]. The advancement of suitable low
order dynamic procedure models of a plant is the most
significant essential for the design of a successful control
concept. Further, the model decrease issue has gotten
impressive consideration in the ongoing years, and numerous
significant outcomes have been accounted for, which include
different techniques, for example, the Hankel norm
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approximation method [7] and balanced truncation method
[8]. Recently, the linear matrix inequalities (LMIs) strategy
has additionally been utilized to manage the model decrease
issue for various frameworks, for example, such as fuzzy
systems [9,10], uncertain stochastic systems [11], singular
systems [12], and port-controlled Hamiltonian frameworks
[13]. Numerous techniques can be utilized to decrease order,
for example, polynomial approximation [14], the Gaussian
frequency domain approach [15], and least squares algorithm
[16]. Model reduction can be described as searching a low-
order model with a small time delay to approximate the full
order model. In this paper, the model reduction problem is
studied for the distillation columns linear system. This paper
aims to find a reduced-order model such that the associated
model reduction error very small and meets an optimization
bound constraint and also using some MATLAB toolbox
functions. A practical examples (WB) and (TS) of the
distillation column linear system are given to demonstrate the
effectiveness of the proposed model reduction method.

The remaining part of this paper is organized as follows: in
Section 2, the distillation column system is introduced with
process transfer matrix parameters. In Section 3, the
decoupling control design for two models (WB) and (TS) are
considered. In section 4, the two model reduction methods for
distillation column systems by using the Particle Swarm
Optimization (PSO) algorithm approach and MATLAB
functions are presented. In Section 5, discussions, simulation
investigations and comparisons of the models (WB and TS)
reduction by the proposed methods are presented to illustrate
the superior robustness achieved by using these methods.
Finally, conclusions are drawn in Section 6.

Il. DISTILLATION COLUMN

Distillation is one of the most important unit operations in
chemical engineering. The aim of a distillation column is to
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separate a mixture of components into two or more products
of different compositions [17]. The physical principle of
separation in distillation is the difference in the volatility of
the components.

The separation takes place in a vertical column where heat
is added to a reboiler at the bottom and removed from
condenser at the top. A simple continuous binary tray
distillation column for separating a feed stream into two
fractions, an overhead distillate product and a bottoms product
is shown in Figure 1, where XD(s) and XB(s) are the overhead
and bottom compositions respectively, while R(s) is the reflux
flow rate and S(s) is the steam flow rate to the reboiler.

In the present work, two distillation column models are
taken for case study. The first example is Wood and Berry
(WB) column and second example is based on Tyreus
Stabilizer system.
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Fig. 1. Shows Distillation column

A- Wood and Berry (WB) system

The first 2 x 2 MIMO process is presented by Wood and
Berry [18,19,20]. The study was performed on a 9 inch
diameter, 8 tray column equipped with a total condenser and a
basket type reboiler. The required control action for the
manipulative variables in the composition loops, reflux and
steam flow, were cascaded to the set points of the appropriate
flow controllers.

The process transfer function matrix of the distillation
process is given by:-

12.857F —183.5 &%

_ | 187s+1 20 s+1
G(9) = | o eote  _ipais (1)

10.8s+1 14.45+1

B- Tyreus Stabilizer(TS) system

The stabilizer model was developed by Tyreus [4,21]. The
process transfer function matrix of the distillation process is
given by:-

~0.1153(10s +1)e°* 0.2429¢7*
_ (4s+1)° (335 +1)°
G(s)= 2
©) —0.0887¢ " 0.2429¢ %" @)
(43s+1)(22s+1) (44s+1)(20s +1)

This model contains second and third order with time
delay, which is more complex compared with wood and berry
model.
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I1l.  DECOPLING

Decoupling is used to reduce the control loop interactions.
The theory of decoupling control for MIMO processes has
been well-established. Several decoupling schemes were
developed during past 30 years for two-input two-output
(TITO) systems and have been well-summarized in many
literature and process control textbooks (22,23,24,25). The
design of decoupling controller matrix is very important.
There are many types of decoupling, for an MIMO system
controlled by a centralized controller should be decoupled
first. Generally there are three types of dynamic decoupling
algorithms which have been widely studied and applied in
industrial processes i.e., ideal decoupling, simplified
decoupling and inverted decoupling Each of these three
decouplers has its own properties and limitations [26].In this
work, and due to the advantages of simplified decoupling, so
that can be used .

A- Simplified Decoupling
This decoupling control design, called "simplified

decoupling™ by Luyben [23], is widely used in the literature. It
consists in selecting the decoupler as follows:

1 “ga1z
— Haa
D(S)= |—g.. (3)
== 1
| H22
The resulting transfer matrix T(s) is then:
Ga7 ':3:'51'_':3:'
9u(5)- 7 0
T(s)= \ (5)ds (5) (4)
0 - AR
I8 ==

This choice makes the realization of the decoupler easy,
but the diagonal transfer matrix T(s) obtained is complex since
its elements are the sum of transfer functions. Controller
tuning can therefore be difficult. It is then often suggested to
approximate each sum by a simpler transfer function to
facilitate controller tuning.

B- Decoupling of WB System

Taking WB column, equ(l), and using equ(3),the
decoupler is:-
1 1476 (1675417
_ 16.75+1
D(s)= 033(148.2s41)e ¥ ) ®)
10.895+1

Then, according to equation (4), the diagonal matrix of
WB column is given by
— . 128e7° £237(1438s+1)s” "
911 0= Torey - 228.695% +31.89s +1
— 5.745(16.7Ts +1)s ="
922 O 557 T meessieatesett ™

To simplify the equations in (6) and (7), pade
approximation is used to remove the nonlinear term in
equations by using the following equation [27]:-

1—53

e-es ~ z (8)

T1+3
z

(6)

-15.45 "%

where (@) is the delay term.
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The first term of equation (6) becomes:-
-12.82+35.6

9
16.7s% + 344+ 2 ©)
And the second term of equation (6) becomes:-

—E59.56 5" #19.35 & + 1.782

- - (10)
228.7 55+ 97.23 5% + 10,11 &5 + 0.2857
By the summing the equations (9) and (10) the result is:-
B -1432 5%+ 7368 ¢ + 1043 T+ 155254375
GllWB - c ] 7 (11)
3819 554 5491 5 + 39716° +547.05% 4 30.05 8 + 05714
Also the first term of equation (7) becomes:-

1%.4 5—12.53 12
14,45 +10.6 5+ LEGET (12)
And the second term of the equation (7)becomes:-

162.75% #26.42 3+ 1166
= - (13)
228755+ 82.71 5% +8.087 2+0.2222
By the summing the equations (12) and (13) the result is:-
2093 5* -2698 & -710.1 8 - 59.71 £-1.43
Gaowe = (14)

32835°+ 3615 2 +1146 5° +144.1 57 + 7747 s+ 01481

C- Decoupling of TS System

Taking TS column, equ(2),and using equ(3),the decoupler
is:-
210678 ™% (645" 44857 +12041)

108905° +1748" + Tes+1
1.3652(3685" $hge +1)g ™24

- 1
B0F +63541
Then, according to equation (4), the diagonal matrix of TS
column is given by:-
_ —0.1153 (10s+1)e ™™
gll (S)_ |:43+1}5
0.0887 (580s° +645 +1)s” “9%F

1

D(s)= (15)

1030159454 +133221=% +6325s7 + 131241 (16)
— . D2329e 0T
G2z (5)= (242 4+1)(205+1) *

0.1268 (2565% + 25857 +9657 +18s +1) s 714 )

10301940s5 +2362404* $156471% + 763527 + 1412+ 1

And also to simplify the equations in (16) and (17), pade
approximation is used to remove the nonlinear term in
equations by using the equation (8), so pade approximation for

first term of equation (16) is:-
1.153 5% —22.534—2.306

18
64 7 +1328 25 +972 25 + 241 s+20 (18)
And the second term of equation (16) is:-
78065 +5.142 7 40,6981 s+0.01229
(19)

103 310° 5° 4276 ¥10°* +2479%10° F +10085° +19.16 5401386
By the summing the equations (18) and (19) the result is:-

) ) Gur=
1183x10%8" 2,42 x10"5® -8.749 10" -1.217 w105 - 7989 10° 5 -2480 P~ 2043 - 007374 20
85931075 41386 0 107 P4 13890 10° 7 +5495 0 10°° 41028 w10° £ +125%1007 S+TEMAN10° 6 (20)
+149
%
10° 415542772
Also the first term of equation (17)is:-
—0.2425 s+ 2858 21)
220sF #1042 10* 22 +753.9 s+11.76
And the second term of the equation(17) is:-
-47.82 - 4120% 51 - 11.34% 5 - 0.51535° +0.2254 540.02577 22
103 % 10755 +3.783 % 10° &° +5.223 % 10° ¢ +347 % 10° ¥ +1154 % 52 420,45 5401375 (22)
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By the summing the equations (21) and (22) the result is:-

4w ) ¢ R S P LB 1 a0 s
Gaor = g § 4yt b d (23)
SOGEHEF 1106 10V 44760 107 g g X7 AT XD HLLNDS
BRI 551608

It is seen that, they obtained equations (11,14,20,23) are of
high order and these made complex and difficult to design and
analysis, so model reduction techniques is used to reduce the
order of these equations.

IV. MODEL REDUCTION TECHNIQUES

Model reduction is a technique widely used in part of
dynamic analysis and design of structures. Flexible structures
are described by partial differential equations, and a common
practice is to represent their equation of motion via linear
ordinary differential equations using the finite element
discretization technique [28]. Typically a model with a large
number of degrees of freedom causes numerical difficulties in
dynamic analysis. In structural controller design the
complexity and performance of model-based controller
depends on the order of the structural models. Thus a reduced-
order system overcomes the above problems if it acquires the
essential properties of the full-order model. Model order
reduction may be necessary when the model in question is the
model of a plant for which it is ilntended to perform a
controller design. The approaches to model reduction belong
to one of three main groups of methods [29]:-

The first group of methods

Attempts to retain the important eigenvalues of the system
and then obtaining the remaining parameters of the lower —
order model in such a way that its response to certain input is a
close approximation to that of the original system. The earliest
methods of model reduction, for example, the aggregation
method, as well as some of the latest methods, such as
balanced matrix method belongs to this category. The main
advantages of this group of methods is that the reduced — order
methods thus obtained can be used for ‘near optimal’ control
of the original system in a straight forward manner.

The second group of methods

is based on obtaining a model of specified order such that
its impulse — or step-response (or alternatively its frequency
response) matches that of the original system in an optimum
manner, with no restriction on the location of the eigenvalues.
The choice of the criterion for optimality can lead to various
interesting methods, which can also be computationally
intensive. These methods can also be related to various
approaches to system identification, where we obtain a model
of given order that will match the given response of the
original high-order system in an optimal manner.

The third group of methods

is based on matching some other properties of the
response of the system. These include time moments and
Markov parameters, and can be considered as special cases of
Pade approximation. An attractive feature of these methods is
that they require much less computation.

A number of techniques for deriving the reduced order
models, such as parameter — optimisation methods, eigenvalue
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truncation and Component Cost Analysis (CCA) methods are
available and have been described in the literature [30].

Recently, the ‘balanced matrix method’ has attracted a
great deal of attention [31,32,33]. In this method, the
controllability and observability grammians are utilised to
transform the system so that it is internally balanced. Then it is
possible to determine and delete the least controllable and
observable (and therefore the least significant) states for
obtaining the reduced-order model.

In this paper two techniques of model reduction are used,
the first is optimization technique, which (PSO) algorithm can
be selected and the second is by using matlab toolbox, which
is ‘Modred- mdc’ and ‘-del” options.

A- Optimization methods

An evolutionary algorithm (EA) is a generic population-
based meta-heuristic optimization algorithm. An EA uses
some mechanisms inspired by biological evolution:
reproduction, mutation, recombination, natural selection and
survival of the fittest. Candidate solutions to the optimization
problem play the role of individuals in a population, and the
cost function determines the environment within which the
solutions live[34].Genetic Algorithms and Particle Swarm
Optimization are two famous Evolutionary Algorithms.
Genetic Algorithms (GA) and Particle Swarm Optimization
(PSO) methods have proved to be excellent optimization tools
in the past few years[35]. The use of such search-based
optimization algorithms in Model Reduction ensures that all
the Model Reduction objectives are realized with minimal
computational effort.

Particle swarm optimization (PSO)

Particle Swarm Optimization (PSO) is a biologically
inspired algorithm and it is a population based stochastic
nature. Each individual is referred to a particle and can move
in the search space in all the directions in such a way that it
reaches optimal solution. Each particle in PSO has memory
and capable of storing the best position they visited. The
position corresponding to the best fitness is known as pbest
and the overall best out of all the particles in the population is
called gbest. The velocity and position of the particle are
dynamically varying according to its own and also depends on
the other particles. [36]

Algorithm for PSO [36]

Step 1: Initialize the parameters of PSO and termination
criterion (generations).

Step 2: Select the relevant parameters and initial seed values
of PSO as reduced numerator and denominator coefficients.
Step 3: Generate initial population with random positions and
velocities in the problem space.

Step 4: Evaluate the desired optimization fitness function for
each particle.

=X lv(t) — v (8] (24)
Step 5: Identify the particle that has the best fitness Value. The

value of its fitness function is identified as gbest.
Step 6: Update the particle position and velocity
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|:t+1:| _ ot . . t . . t

Vi TWEV O [prStj,g - xj,g) ¢y #ry* (ghest, —x;,) (25)
e+l ¢ {e+1)

%e T~ Fie T Vi (26)

j=1,2..nandg=1.2,.,m

n = number of particles in the swarm

m = number of components for the vectors vj and Xj
t = number of iterations (generations)

w = inertia weight factor

€y, C; = cognitive and social acceleration factors

I'y » 'y = random numbers distributed in the range (0, 1)

va:E: The g-th component of the velocity of particle j at
iteration t

ij:E: The g-th component of the position of particle j at

iteration t
pbest;= pbest of particle j

gbest = gbest of the group
Step 7: Repeat step 3 and step 4 until the termination criterion
is met.

. . o £ t
Step 8: After stopping criterion the x; ;and v';

g »are holding

the information of best found solution

A-  Model reduction by MATLAB toolbox

The matlab provide function to perform model reduction
techniques one of this function is ‘Modred- mdec’ and ‘-del’
options.

The MATLAB control system toolbox has a function
‘modred” (MODel orderREDuction), which can be used for
reducing models while retaining system overall dc gain. The
‘mdc’ or matched dc gain option for the function ‘modred’
reduces defined states by setting the derivatives of the states to
be eliminated to be zero, then solving for the remaining states.
The method essentially sets up the eliminated states to be
infinitely fast and is analogous to Guyan reduction in that low
frequency effects of the eliminated states are included in the
remaining states. The other option for ‘modred’ is ‘del’ option,
which simply eliminates the defined states, typically
associated with higher frequency modes. MATLAB provides
function ‘balreal’ for balanced reduction. To reduce the order,
first compute a balanced state-space realization. And Then
Eliminate last diagonal entries of the balanced gramians which
are relatively small. Eliminate these least-contributing states
with modred using both matched DC gain and direct deletion
methods.

V. RESULTS AND DISCUSSION

In this section, for wood and berry is applying (PSO)
technique for model reduction and for Tyreus Stabilizer
system is applying MATLAB toolbox options.

A- The PSO algorithm for wood and berry system

The steps algorithm of PSO are using and the program for
reducing model order of WB was enforced in MATLAB
software package. For this case study, generation count
limit=200, population size=50, proplem dimension=5,
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mutation  probability=0.06, number of elites=2, after
exploitation improvement program, the reduced transfer

function for applying PSO algorithm to equation (11)is :-
0.84598s +0.5051

z 27)
5 +0.998%9= +0.077
The step responses of the reduced order model and the original
system are compared with ref [5] in Fig.2.

Giyws =

Step Response

‘
proposed method
Qibing Jin

Amplitude

P
T
|

0 L L L L L L
0 10 20 30 40 50 50 70

Tlme_(secunds}
Fig. 2. shows step response comparison of original Giiwg and reduced order
system Giywe With Qibing Jin method [5]

For transient specifications, the original and reduced
systems are compared as shown in table I, with Qibing Jin
method [5].
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Fig. 3. shows step response comparison of original Gws and reduced order
system Gozwe With Qibing Jin method[5]

TABLE II. Transient specifications comparison

Characteristics Gaaws(original) Ga2rwa(proposed) Gzzrmﬁ;’ g I
ret.
Ts 40.7 37.2 28.8
Tr 21.5 20.2 13.8
Mp 0.65% 0% 0%
Ess -0.193 -0.193 -0.193
Step Responze
0.04 T T

TABLE |. Transient specifications comparison
Characteristics | Guwsriginay | Giirws(proposed) G“'WBi‘f;"”gJ‘”)
ref.
Ts 48.4 45.8 41.5
Tr 27.5 25.8 23.1
Mp 0.273% 0.272% 0.273%
Ess 6.43 6.43 6.43

And for equation (14) is :-
0.73245 — 1

Goawe =5 751127 11,0475 +0.1043 (28)

The step responses of the reduced order model and the
original system are compared with ref [5] in Fig.3.

For transient specifications, the original and reduced
systems are compared as shown in table 1I, with Qibing Jin
method [5].

As seen from figs(2,3) and tables(l,Il), the reduction
models by the proposed method of Wb are very close to the
original model specially in settling and rise time.

B- Model reduction by MTLAB toolbox for Tyreus system
The result of applying matlab toolbox option to equation

(20) is:-

0.0346s* —0.03167s —.00022
s +0.2268s +0.004183

The step responses of the reduced order model and the
original system are compared in Fig.4

(29)

10T =
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Fig. 4. shows step response comparison of original Gy;1 and reduced order
system Gyt

For transient specifications, the original and reduced
systems are compared as shown in table 111

TABLE Ill. Transient specifications comparison

G22T -

Characteristics Gt (original) G117 (proposed)
Ts 198 205
Tr 2.46 2.43
Mp 144 139
Ess -0.0541 -0.054

The result of applying matlab option to equation (23) is:-

_ 000112855 +0.00013 64

2 $0.033 32 4+0.0003175

(30)
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The step responses of the reduced order model and the
original system are compared in Fig. 5.

Step Response

Am plitude

Fig. 5. shows step response comparison of original Gz, and reduced order
system Gt

For transient specifications, the original and reduced
systems are compared as shown in table V.

TABLE V. Transient specifications comparison

Characteristics Gaor (original) Gaart (proposed)
Ts 276 276
Tr 167 169
Mp 0.025% 0.025%
Ess 0.43 0.43

As seen from figs (4,5) and tables (111,V), the reduction
models by the proposed method of Ts are very close to the
original model in all parameters, especially for Gt (original).

VI. CONCLUSSIONS

Distillation columns provide a very challenging example
within the field of process dynamics and process control. In
this paper, first, a linearzed dynamic model of a binary
distillation column formulation are described and developed
the modeling and simulation of different model reduction
methods of a distillation column. The necessary condition to
reduce the model of a distillation column while keeping the
important control characteristics is achieved.

Reducing by PSO algorithm strategy appeared the best
reduction strategy for the column, when compared with
MATLAB toolbox functions; especially for fifth order full
model (WB).While this method gives unstable reduced system
for TS model.

The main Conclusion is that, the MATLB toolbox
functions is a better reduction method, specially for ninth full
order of TS, because we have more data patterns available
than the method PSO,but needs firstly pade approximation to
remove the exponential nonlinear term in TS model.

http://ijses.com/
All rights reserved

International Journal of Scientific Engineering and Science

ISSN (Online): 2456-7361

ACKNOWLEDGMENT

The authors would like to thank Mustansiriyah University
(Www.Uomustansiriyah.Edu.lq) Baghdad - Iraq for its
support in the present work.

REFERENCES

[1] Qing-Guo Wang, K.J. Astrém,Karl.H. Gohansson,” Design of decoupled
PID controllers for MIMO systems”,IEEE, Proceedings of the American
Control Conference 3, vol.3,pp. 2015 — 2020,2001.

[2] Francisco Vazquez,Fernando Morilla,” Tuning decentralized PID
controllers for MIMO systems with decouplers”, IFAC Proceedings
,Volume 35, Issue 1, pp. 349-354,2002.

[3] Wing-Guo Wang« Zhen Ye:«Wen-Jian Cai,”
Multivariable Processes”, vol.373, springer,2008.

[4] Mao-Jun He, Wen-Jian Cai, and Bing-Fang Wu,” Design of
Decentralized IMC-PID Controller Based on dRI Analysis”, AIChE
Journal, Vol. 52, No. 11,pp 3852-3863,2006.

[5] Qibing Jin, QiWang and Liye Liu,” Design of decentralized
proportional-integral-derivative controller based on decoupler matrix
for two-input/two output process with active disturbance rejection
structure “,Advances in Mechanical Engineering, Vol. 8, No. 6, pp 1-
18,2016.

[6] Janani R, Chandrasekharendra Saraswathi, 1. Thirunavukkarasu,” Design
of IMC Based Independent Multi-Loop Pl Controller for Interacting
Pilot Plant Distillation Column”, Journal of Advanced Research in
Dynamical & Control Systems, Vol. 10, No. 04, pp.1053-1060 , 2018.

[7] Huijun Gao , James Lam , Changhong Wang, Qing Wang ,” Hankel
norm approximation of linear systems with time-varying delay:
continuous and discrete cases”, International Journal of Control, VOL.
77, NO. 17, pp. 15031520, 2004.

[8] Arvind Kumar Prajapati & Rajendra Prasad,” Model Order Reduction by
Using the Balanced Truncation and Factor Division Methods”, IETE
Journal of Research,vol.65 , No. 6,pp. 827-842 ,2019.

[9] Yoshio Ebihara and Tomomichi Hagiwara,” On H-infinity ~Model
Reduction Using LMIs”, IEEE Transactions On Automatic Control, Vol.
49, No. 7,pp. 1187 — 1191, 2004.

[10] Abderrahim EI-Amrani,Ahmed Elhajjaji,Abdelaziz Hammed,” Ho
model reduction for T-S fuzzy systems over finite frequency
ranges”,vol.39,n0.4,2018.

[11] Yanhui Li,James Lam,Xiong-Lin Luo,” Hankel norm model reduction of
uncertain neutral stochastic time-delay systems”, International journal of
innovative computing, information & control: JICIC, vol. 5, no. 9, pp.
2819-2828, 2009.

[12] W. Q. Liu &V. Sreeram,” Model reduction of singular systems”,
International Journal of Systems Science, vol.32, no.10,pp. 1205-1215,
2001.

[13] DongbingTong,WunengZhou,YanGao,”H-infinity model reduction for
port-controlled ~ Hamiltonian  systems”,  Applied Mathematical
Modelling,Volume 37, Issue 5, pp. 2727-2736,2013.

[14] Gawthrop PJ and Nihtila MT.,” Identification of timedelays using a
polynomial identification method”, Syst Control Lett ,vol. 5, issue. 4,pp.
267-271, 1985.

[15] Pintelon R and Biesen LV.,” Identification of transfer functions with
time delay and its application to cable faultlocation”, IEEE T Instrum
Meas ,vol. 39,no. 3, pp. 479-484,1990.

[16] Strejc V., Least squares parameter estimation”, Automatica ,vol. 16, no.
5,pp. 535-550,1980.

[17] Akemi G’alvez and Andr'es Iglesias,” Binary Distillation Column
Design Using Mathematica”, Computational Science — ICCS, vol.
2657,pp.848-857, 2003

[18] Wood RK and Berry MW. “Terminal composition control of binary
distillation column”. Chem Eng Sci,vol. 28,no. 9, pp. 1707-1717, 1973.

[19] Mohamed Hamdy, Abdalhady Ramadan, and Belal Abozalam,”
Comparative Study of Different Decoupling Schemes for TITO Binary
Distillation Column via Pl Controller”, IEEE/CAA Journal Of
Automatica Sinica, Vol. 5, No. 4, 2018.

[20] Jiann-Shiou Yang,” Optimization-Based PI/PID Control for a Binary
Distillation Column”, 2005 American Control Conference June , 2005.

[21] Willlam L. Luyben,” Simpte Method for Tuning SISO Controllers in
Multivariable Systems”, Ind. Eng. Chem. Process Des. Dev., Vol. 25,
No. 3, 1986

PID Control for

30


https://www.researchgate.net/scientific-contributions/38106019_Qing-Guo_Wang?_sg%5B0%5D=WPTISH1Ff_LfGYZeJiOyo7MVGTLpTcdnmWfc-zzAyHm_MyHlxfsLOkO2RZ6gViIza3hauWU.y3OfI3OJfLBDQsoFvkkTdK8LLk1bMdPg0vUFRB0n-MHJQNv6VL_SpfmmZwpFrsffXhRsebsoXJZMn_AKw-Zgzg&_sg%5B1%5D=wcVej7Fn_NRI2wWUIkym2HxXmMplnYMU1-bzAj5S5-jGK9UUnSdWZGnzgHoVwT5yUSVa7SQ.u7ukpL834qs5IJHJ14cRDE7ke_24lsm_5edzNHvF1u7MY1jow78BbhBCJEwdRMiRVRrmc5K-xfhel2fjjh-gjQ
https://www.researchgate.net/profile/Kj_Astroem?_sg%5B0%5D=WPTISH1Ff_LfGYZeJiOyo7MVGTLpTcdnmWfc-zzAyHm_MyHlxfsLOkO2RZ6gViIza3hauWU.y3OfI3OJfLBDQsoFvkkTdK8LLk1bMdPg0vUFRB0n-MHJQNv6VL_SpfmmZwpFrsffXhRsebsoXJZMn_AKw-Zgzg&_sg%5B1%5D=wcVej7Fn_NRI2wWUIkym2HxXmMplnYMU1-bzAj5S5-jGK9UUnSdWZGnzgHoVwT5yUSVa7SQ.u7ukpL834qs5IJHJ14cRDE7ke_24lsm_5edzNHvF1u7MY1jow78BbhBCJEwdRMiRVRrmc5K-xfhel2fjjh-gjQ
https://www.researchgate.net/profile/Francisco_Vazquez21?_sg%5B0%5D=7LZ6Fbw0lmuQpmoW-nCeC0gRK2K6-MT0YIcuRDmkvmY89YDpfR4bLkTgVCxnhQUQiTsvWtc.CFxLW0qTWMmgpRLcl4Uh0pxCpuq7zXb7pqRK9sf83b2ji58qhfCfliW7Uk_NstjUHWzdJ7DVv_Oya1MkyOF0fA&_sg%5B1%5D=TlA8MwkG2ncWG2KejPezFOO0d5hJYDTyz4NOUMoLGo8vzo9s25tkz4cXNBkDnIy2Hmfu7Eo.gpZxu0HVYfxbjH7xD8T_8OZuiOSKSs5HQgj8G6hbe3AUv76xkzIlwXG4mXBTu8oxhMbxK3Q6maRPE2Xbn8vHqg
https://www.researchgate.net/scientific-contributions/34013356_Fernando_Morilla?_sg%5B0%5D=7LZ6Fbw0lmuQpmoW-nCeC0gRK2K6-MT0YIcuRDmkvmY89YDpfR4bLkTgVCxnhQUQiTsvWtc.CFxLW0qTWMmgpRLcl4Uh0pxCpuq7zXb7pqRK9sf83b2ji58qhfCfliW7Uk_NstjUHWzdJ7DVv_Oya1MkyOF0fA&_sg%5B1%5D=TlA8MwkG2ncWG2KejPezFOO0d5hJYDTyz4NOUMoLGo8vzo9s25tkz4cXNBkDnIy2Hmfu7Eo.gpZxu0HVYfxbjH7xD8T_8OZuiOSKSs5HQgj8G6hbe3AUv76xkzIlwXG4mXBTu8oxhMbxK3Q6maRPE2Xbn8vHqg
https://www.sciencedirect.com/science/journal/14746670
https://www.sciencedirect.com/science/journal/14746670
https://www.sciencedirect.com/science/journal/14746670/35/1
https://www.researchgate.net/profile/Abderrahim_El-Amrani?_sg%5B0%5D=ndSieYIzJ2T2ZYYWV4PKpgFyoDk_1KzLkxbU-2pxyEywLjLn-pAREJo5qOyeAF72CKoTIDc.VxORKTsinTmEUwybFZ6i6-uweWvmRnmL83qV-icvWBwi4SmGKqRNYtCKKP8BwOzhb5nmA1jFETiAI0tJbzv0oA&_sg%5B1%5D=5ntMpMBpiM7hmyWHkalChP51zNW72d2t5KGRRvLEy88DOrTKCs7K5UpHMstfFIljEynzTQc.pDlyoEDEfJVoJ0tzE2hGi2NSoeGiM8svD88FrsDxpQ6FjG6lxkucZPgZ_FbkCyEOh_k08t_G6CTw2fc5mtoCSg
https://www.researchgate.net/profile/Ahmed_El_hajjaji2?_sg%5B0%5D=ndSieYIzJ2T2ZYYWV4PKpgFyoDk_1KzLkxbU-2pxyEywLjLn-pAREJo5qOyeAF72CKoTIDc.VxORKTsinTmEUwybFZ6i6-uweWvmRnmL83qV-icvWBwi4SmGKqRNYtCKKP8BwOzhb5nmA1jFETiAI0tJbzv0oA&_sg%5B1%5D=5ntMpMBpiM7hmyWHkalChP51zNW72d2t5KGRRvLEy88DOrTKCs7K5UpHMstfFIljEynzTQc.pDlyoEDEfJVoJ0tzE2hGi2NSoeGiM8svD88FrsDxpQ6FjG6lxkucZPgZ_FbkCyEOh_k08t_G6CTw2fc5mtoCSg
https://www.researchgate.net/scientific-contributions/2034408695_Yanhui_Li?_sg%5B0%5D=JskZBKKQ6pIoeRu-9HyCQlLazbehR8LCqtoDh2d3_Ljv9qBoOw0AreXnmCS7QmXu1K0-0qo.JgJKJFVRPA6Br2sNmBtzEr0r6taMfqCppe734pZuU4uB8t_cSB0r24gkrgF3YawlRn8tLwX3ijTSIxDrlGj8NA&_sg%5B1%5D=o0sXaMTZowXaaICtgDPvEIqhcVekw14lqwrsGLY7Xg8WT7WytosWGKaIhTBxeFxOIHNQzYY.THIAp_5CdSb20OK1sglCrwa47f-u8V_tIIS0cPDAKSx_olcu0lBeo2DlX2I9wmtqdV_V24C3qjSZOMd24q5E0w
https://www.researchgate.net/scientific-contributions/39049106_James_Lam?_sg%5B0%5D=JskZBKKQ6pIoeRu-9HyCQlLazbehR8LCqtoDh2d3_Ljv9qBoOw0AreXnmCS7QmXu1K0-0qo.JgJKJFVRPA6Br2sNmBtzEr0r6taMfqCppe734pZuU4uB8t_cSB0r24gkrgF3YawlRn8tLwX3ijTSIxDrlGj8NA&_sg%5B1%5D=o0sXaMTZowXaaICtgDPvEIqhcVekw14lqwrsGLY7Xg8WT7WytosWGKaIhTBxeFxOIHNQzYY.THIAp_5CdSb20OK1sglCrwa47f-u8V_tIIS0cPDAKSx_olcu0lBeo2DlX2I9wmtqdV_V24C3qjSZOMd24q5E0w
https://www.tandfonline.com/author/Liu%2C+W+Q
https://www.tandfonline.com/author/Sreeram%2C+V
https://www.tandfonline.com/toc/tsys20/current
https://www.sciencedirect.com/science/article/pii/S0307904X12003873#!
https://www.sciencedirect.com/science/article/pii/S0307904X12003873#!
https://www.sciencedirect.com/science/article/pii/S0307904X12003873#!
https://www.sciencedirect.com/science/journal/0307904X
https://www.sciencedirect.com/science/journal/0307904X
https://www.sciencedirect.com/science/journal/0307904X/37/5

Volume 4, Issue 3, pp. 25-31, 2020.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Lu Liu, Siyuan Tian, Dingyu Xue, et al.” A Review of Industrial MIMO
Decoupling Control”, International Journal of Control, Automation and
Systems vol.17, pp 1-9, 2019.

Luyben, W.L.,” Distillation decoupling”., AIChE Journal,vol.16,no.
2,pp. 198-203,1970.

Wang, Q. G., Huang, B., and Guo, X. ,”Auto-tuning of TITO decoupling
controllers from step tests”, ISA Trans. 2000, vol.39,no0.4, pp.407—
418,2000.

G.Liu, Z.Wang, C.Mei and Y.Ding “ A review of decoupling control
based on multiple models, ” producing of 24™ Chinese control and
decision conference, 2013.

E. Gagnon, A. Pomerleau, and A. Desbiens, “Simplified, ideal or
inverted decoupling?” ISA Transactions, vol. 37,no. 4, pp. 265-276,
1998.

G.J. Silva, A. Datta, S.P. Bhattacharyya, “Controller design via Pade
approximation can lead to instability”, Proceedings of the 40th IEEE
Conference on Decision and Control ,IEEE, 2002.

B.Besselink, A.Lutowska, N.van, D.J.Rixen, “A comparison of model
reduction techniques from structural dynamics, numerical mathematics
and systems and control”, Vol.332, Issue 19, , pp.44034422,2013.

Sinha, N.K., ‘Reduced order models for linear systems’, IEEE
International Conference on Systems, Man and Cybernetics, Vol. 1,
pp.537-542, 1992.

Matthew B. Wagner, Amir Younan, Paul Allaire,Randy Cogill,” Model
Reduction Methods for Rotor Dynamic Analysis: A Survey and

http://ijses.com/
All rights reserved

[31]

[32]

[33]

[34]

[35]

[36]

International Journal of Scientific Engineering and Science

ISSN (Online): 2456-7361

Review”, International Journal of Rotating Machinery, Hindawi
Publishing Corporation,vol2010,pp 1-17,2010.

Liam, J. and Anderson, B.D.O. ‘L1 impulse response error bound for
balanced truncation’, Systems and Control Letters, Vol. 18, no. 2,
pp.129-37, 1992.

Moore, B.C. ‘Principal component analysis in linear systems:
controllability, observability and model reduction’, IEEE Transactions
on Automatic Control, vol. AC-26,no. 1,pp.17-32,1981.

Pernebo, L. and Silverman, L.M. ‘Model reduction via balanced state
space representations’, |IEEE Transactions on Automatic Control, vol.
AC-27,no. 2, pp.382-387,1982.

Prachi Chaudhary, Manoj Duhan,” Soft Computing Techniques for the
Optimization of SAW Filters: A State-of-the-art Review”, International
Journal of Applied Information Systems (1JAIS), Vol. 9, No.4, 2015.
Russell C. Eberhart, Yuhui Shi,” Comparison between Genetic
Algorithms and Particle Swarm Optimization”, Conference:
Evolutionary Programming VII, 7th International Conference, EP98,
San Diego, CA, pp. 611-616,1989

S. Panda, J. S. Yadav, N. P. Patidar and C. Ardil,” Evolutionary
Techniques for Model Order Reduction of Large Scale Linear Systems”,
International Journal of Applied Science, Engineering and Technology,
vol. 5,n0.1,pp 1105-1111 ,2009.

31


https://ieeexplore.ieee.org/author/37325485700
https://ieeexplore.ieee.org/author/37289590100
https://ieeexplore.ieee.org/author/37334678300
https://ieeexplore.ieee.org/xpl/conhome/7709/proceeding
https://ieeexplore.ieee.org/xpl/conhome/7709/proceeding
https://www.sciencedirect.com/science/article/abs/pii/S0022460X1300285X#!
https://www.sciencedirect.com/science/article/abs/pii/S0022460X1300285X#!
https://www.sciencedirect.com/science/article/abs/pii/S0022460X1300285X#!
https://www.sciencedirect.com/science/article/abs/pii/S0022460X1300285X#!
https://www.sciencedirect.com/science/journal/0022460X/332/19
https://www.hindawi.com/journals/ijrm/
https://www.researchgate.net/scientific-contributions/7727799_Russell_C_Eberhart?_sg%5B0%5D=Ba94aYJtGBBbYaF8xUIK0M8XAUGKQbCZEJQoO_EHv9VERMCPgGle-q53wfusTY5-ksZ8mJo.KY11k1j9ZNYuZd0DhyZMCS4AKk9Fvf0b33hEYmQgq7s7Zl0gtzZCh6Ql8p5t9PKifYuQyJIK4CuOcbhx9Hpbig&_sg%5B1%5D=0V0qymhqNr7YgFLGiLLvIsJzRI5NhGgUAR3bgJgV2uhLwnrvNJtXQDPfvPG3PPZP9guO_3o.hbgmjw0cwT2gssmTycAyjh5QmJO7zDFlIBADeq5X24oAvoXORDLyNupURQzNNliXnlh8wsSFrOtFNfXtH-EIQQ

