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Abstract

Industrial processes are mostly large-scale systems with high order. They use fully centralized control

strategy, the parameters of which are difficult to tune. In the design of large-scale systems, the decomposition ac-
cording to the interaction between input and output variables is the first step and the basis for the selection of con-
trol structure. In this paper, the decomposition principle of processes in large-scale systems is proposed for the de-
sign of control structure. A new variable pairing method is presented, considering the steady-state information and
dynamic response of large-scale system. By selecting threshold values, the related matrix can be transformed into
the adjoining matrixes, which directly measure the couple among different loops. The optimal number of controllers
can be obtained after decomposing the large-scale system. A practical example is used to demonstrate the validity
and feasibility of the proposed interaction decomposition principle in process large-scale systems.
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1 INTRODUCTION

In practical chemical processes, many alterna-
tives are usually available, ranging from a fully cen-
tralized system to a fully decentralized one. If the fully
centralized control method is adopted, the burden of
calculation will be aggravated because of the high
dimension of the process [1]. The internal interaction
in the system is ignored, and it is difficult to tune the
parameters [2, 3]. However, for the fully decentralized
control system, which includes many single variable
proportion-integral-derivative (PID) controllers, it is
difficult to achieve a reasonable control performance

because of the strong interactions among control loops.

To solve this problem, the block decentralized control
strategy, which lies between these two extreme control
structures, is required. Decomposition, considering the
interaction among the control loops, can provide the
criterion to control structure selection. Thus research
on the interaction analysis and interaction decomposi-
tion of large-scale systems is necessary.

The relative gain array (RGA) [4] based techniques
has many important advantages, such as simplicity of
calculation, as it only uses the steady-state gain matrix
of the process. However, using steady-state gain alone
may result in erroneous interaction measures and
loop-pairing decisions. To overcome the limitations of
RGA based on the loop-pairing criterion, several par-
ing methods have been proposed by considering both
steady-state and transient information of the process.
For the dynamic relative gain array (DRGA) method [5],
a proportional output optimal controller is designed
based on the state space approach, and the resulting
controller gain matrix is used to define the matrix us-
ing the available dynamic process model. However,
DRGA is often controller dependent, making it more
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difficult to calculate and to be understood by practical
control engineers. To combine the advantages of both
RGA and DRGA, an effective relative energy array
(ERGA\) [6] based loop-pairing criterion is defined by
employing the steady-state gain and bandwidth of the
process transfer function element in the frequency
domain. Although ERGA considers both steady-state
and transient information of the process, its calcula-
tion depends on the bandwidth selection of the process
without considering time delay. To address this disad-
vantage of ERGA, He et al. [7] introduced a relative
normalized gain array (RNGA) based loop-pairing
criterion by considering the steady-state gain and av-
erage residence time (AST) of the process in the time
domain. As RNGA considers both steady-state gain
and dynamic response, it provides a more comprehen-
sive description of loop interactions. However, AST
only focuses on the sum of the time constant and the
time delay and it never considers the influence of time
delay when the average residence time is constant.
Ren et al. [8] introduced the relative energy gain array
(REGA) method, which can balance the relationship
between time constant and time delay. REGA is con-
troller independent and is more superior to other ex-
isting loop-pairing methods. It will be introduced in
Section 3.

Some researchers have conducted studies on loop
decomposition-based interaction analysis. Zhu and
Jutan [9] presented a method to decompose a system
into several single-input single-output control loops
with relative interactions. Similarly, Cai et al. [10] de-
termined the gain and phase changes of a transfer
function with other loops closed by employing the
concept of integrated error. Based on the equivalent
transfer function, the parameters of a stable, proper,
and causal ideal diagonal decoupler can be easily
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determined by proper parameter assignments of the
decoupled transfer function matrix elements. Although
these two methods can be effectively used in a
two-dimensional system, they are difficult to apply in
high-dimension systems. To solve the problem of de-
composing high-dimension systems, some new inter-
action decomposition methods have been published.
Mario and Arthur [11] proposed a Gramian-based
measure of the interaction in multivariable plants,
which provides support for decentralized input-output
pairing and for a rich controller architecture selection
in continuous and discrete-time framework. Never-
theless, the decomposition result is not uniquely de-
termined. Shen et al. [12] analyzed RNGA [7] to obtain
an equivalent transfer function to decompose the mul-
tiple inputs and multiple outputs (MIMQO) process
control system and proposed a sparse control structure
to provide a compromise between system performance
and structural complexity. However, the sparse control
structure is very complex. By defining a relative con-
trol performance index, RGA can be transferred to a
relative gain array that can be decomposed [13]. A
C—H diagram is proposed to measure the interaction
of control loops and to facilitate the control structure
selection process. The RGA based loop-pairing crite-
rion ignores the transient information of process, and
it may lead to incorrect pairing results. Drawing the
C—H diagram of high-dimension systems is very
complicated, and the method can not achieve the
unique interaction decomposition.

Although some of these proposed techniques
may satisfy control structure selection, no systematic
method is available for control structure selection.
Thus this paper intends to examine interaction analysis
and interaction decomposition in large-scale system to
design control systems. A new interaction analysis
method based on the transfer function matrix of open
loop, REGA, is introduced, which considers both the
steady-state gain and the transient information of the
process. REGA is then transferred into adjoining ma-
trixes by selecting different threshold values. As the
number of the threshold value increases, the number
of optimal controller, Ny, will be determined after
decomposing the large-scale system. Two examples
are presented to demonstrate that the proposed method
is simple, effective, and easy to be implemented.

2 PRELIMINARIES

Considering an nxn system with multivariable
feedback control structure as shown in Fig. 1, where
G(s)=[g; ()], is the transfer function matrix of
system; C s) is the transfer function matrix of multi-
variable controller to be selected from all types of
controllers ranging from full decentralized controllers
to centralized controllers including block diagonal
controllers; and r, u and y are vectors of references,
manipulated and controlled variables respectively.

The relative gain for the variable pairing y;-u; is
defined as the ratio of two gains representing the

—ET—% ) o 6as) 2>

Figure 1 Block diagram of general multivariable control
system

process gain in an isolated loop and the apparent
process gain in the same loop when all others loops

(1 ouy)
(o 1u;)

JJ y,,constant

is defined as,

u,, constant

are closed, 4; = =g;[6],

RGA, A(G) ,
AG)={4;1i,j=12,-n}=G®G ", where ® is

in  matrix form,

the Hadamard product and G~ is the transpose of the
inverse of G.

One of the main advantages of this pairing rule is
that the interaction evaluation depends on the steady-
state gains only. However, this pairing method may
result in wrong interaction measures and loop-pairing
decisions. To overcome the limitation of RGA based
loop pairing criterion, the loop pairing methods com-
bining with steady state information and transient
character are developed. The ERGA considers the
steady state gain and bandwidth of the process transfer
function element. However, since the calculation of
ERGA depends on the critical frequency point of indi-
vidual element, different section criteria for critical
frequency points will result in different ERGAs. To
improve the ERGA, the RNGA based loop-pairing
criterion can consider both steady-state and transient
information in the time domain. RNGA, @, in matrix

form, is defined as @ =[g,] =K, ®K,", where
Ky =[ky ;1 With ky =g, (j0)/ 7y, , Where z,

nxn

rij
is the average residence time which is the sum of the
time constant and time delay. It never considers the
effect of time delay for variable pairing when the aver-
age residence time is constant. The following example
is provided as an illustration.

Example 1 Consider a 2x2 process with the
transfer function matrix [8]:

7e® 7e>
s +3s+1
16e® ~16e”*
s2+3s+1 s?+8s+1
The steady-state RGA and RNGA are obtained as

G(S)= S2 +5s5+1

o 05 05 _[0.1589 0.8411 o

RGAT105 05| 7108411 0.1589 '
05 05

GRNGA= 05 05|
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The RGA and RNGA matrixes can not determine
the pairing result. RGA uses the steady-state gain
alone and can not consider the dynamic property of
the process. Although RNGA considers both the
steady-state and dynamic information of the process, it
never takes time delay into account. Thus a reasonable
variable pairing can be obtained only if the time con-
stant and time delay can be perfectly balanced.

3 INTERACTION ANALYSIS FOR LARGE-
SCALE SYSTEMS

Variable pairing is an important step in the design
of the process control system [14]. The time delay is
always present in practical systems, and its level plays
an important role in control performance and variable
pairing. This paper presents a variable pairing method,
REGA, which can balance the relationship between
the time delay and the time constant.

3.1 The index of energy consumption

Suppose that a system dynamic model is avail-
able and that the transfer function matrix of the con-
trolled system is in the following form [15],

211(s)  g12(5) 21,(5)
G(s) = gz1(5) gz'zfs) 22, (5) (1)
gnl(s) gnZ(S) gnn(s)

Without loss of generality, let each element of the
process transfer function matrix be represented by the
first order plus delay time (FOPDT) model and the
second order plus delay time (SOPDT) model, both of
which can describe most industrial processes.

(s) Y g )
A T
kij =7,
gij(s): e’ 3)

2
g ;S° + ay ;S +1

where k is the proportionality coefficient, 7 is the de-
lay time, T is the time constant of FOPDT and ao, a; is
the first coefficient and second coefficient of FOPDT.

Let g;(s)=g;(j0)xg;(s), where g;(;0) and
g;(s) with g,(j0)=1 are the steady-state gain and
the normalized transfer function of g, (s), respec-
tively. Assuming that the process g (s) is open-loop
stable, the output of which y, =g, (s)u; initially rests

at zero, and applying a unit step disturbance at a proc-
ess input u; , we obtain

Ey = [ [57:() - 7.(0)] e @

which represents the value of energy consumption [8].
For the common FOPDT and SOPDT, the fol-
lowing equations can be derived from Egs. (2)—(4):

T.
_ ij
E?/ = Z-ij +7 (5)
2
a, . +ag
E;=1;+ Ty 00 (6)
l l 2“1,,;

3.2 The relative energy gain array

For a MIMO system, interaction analysis of the
control loops should consider steady-state gain and
transient information. The transient character of
REGA is measured by the value of energy consump-
tion. Apparently, a small energy consumption value
implies a fast dynamic response of the transfer func-
tion weak interaction from other loops, whereas a lar-
ger value indicates a slow dynamic response and se-
vere coupling with other control loops.

Energy gain kg is defined using the steady-state
gain and the energy consumption value in REGA.

(O
ke, = g;(j0)
where g;(j0) is the steady-state gain and Ej; is the en-
ergy consumption value.

Extending Eq. (7) to all elements of the transfer
function matrix G(s), the energy gain matrix Kg can be
obtained.

(")

Ke = [kE,z/ ]nxn =G(jO)OE 8)

where © indicates an element-by-element division,
E = [Elj ]nxn :

Similar to the definition of RGA, the steady-state
gain matrix is replaced by the energy gain matrix Kg

in Eq. (8), and the relative energy gain (REG) between
output variable y; and input variable u; is defined.

- ke ;

i ©)

E.ij
where kg ;; is the energy gain between output variable

vi and input variable x; when all other loops are closed.
Hence, REGA can be calculated by the following
equation

I'=K.®K;' (10)

where I" =[y, 1.,

Similar to RGA based pairing rules, the REGA
based loop pairing rules require that manipulated and
controlled variables in a process control system should
be paired.
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(1) Corresponding REGA elements are closed to
1.0.

(2) All paired REGA elements must be positive.

(3) Large REGA elements should be avoided.

Example 1 Continue

REGA can be obtained through Eqg. (10).

[0.6197 0.3803
REGA 71 0.3803 0.6197

Reference [8] demonstrates that the diagonal
pairing is the best one with the smallest interactions
between control loops. The RGA only considers the
steady state information so that it can not give a rea-
sonable variable pairing result. Although the ERGA
can consider steady-state and transient information,
the calculation of ERGA is related to the selection of
bandwidth without considering the time delay in fre-
guency domain. In time domain, RNGA can not give a
reasonable pairing criterion while time delay is very
large and AST is constant. However, when the time
delay is small and less than the time constant, the loop

pairing result from REGA is same to that from RNGA.

That is to say, the REGA can make up the deficiency
of the RNGA.

4 INTERACTION DECOMPOSITION PRIN-
CIPLE FOR LARGE-SCALE SYSTEMS

For an nxn process control system, the control
loop interaction can be classified into two extreme
situations. (1) When the interaction among control
loops is weak, the control system can be designed as n
single variable controllers. (2) When the interaction
among the control loops is strong, the centralized con-
trol scheme is applied to the control system (i.e., only
one PID controller). In practical process systems, the
controller number must be selected from 1 to n. Con-
sidering the interaction, the minimum number of the
overall controllers Nmin (Nmin=1) should be obtained
for large-scale systems with relatively strong interac-
tions. For others with relatively weak interactions, the
control system will contain the maximum controller
number Nmax (Nmax<n).

For a MIMO system, without interactions in
some controlled objects that can be controlled by the
conventional single-variable PID controller, it should
not be decomposed. However, interaction decomposi-
tion should be used for some controlled objects with a
strong couple among the control loops. After decom-
posing the MIMO system, some subsystems can still
be controlled by the single-variable PID controller,
such as REGA element close to 1, and then several
1x1 control subsystems can be determined. Some
other subsystems can be controlled by multivariable
PID controllers, such as REGA elements close to 0.5,
and then several multivariable control subsystems can
be obtained. The following example is used as a
demonstration.

Example 2 Consider a 4x4 process with the

following transfer function matrix:

10e™ 3.5¢° e e

2s+1 5s+1 16s+1 16s+1

2¢  1le® 08¢ 0.9

G(s) = 2s+1 2s+1 16s+1 16s+1
1.8¢F  2¢7° 10e™* 20e”*

2s+1 2s+1 2s+1 6s+1

4e>  2eF 2e 24¢°

L6s+1 10s+1 2s+1 2s+1 |

REGA can be calculated using Eq. (10):

1.0404 -0.0375 -0.0059 0.0029
-0.0372 1.0397 -0.0024 -0.0001
7| -0.0032 -0.0024 05539 04517 |°
—0.0001 0.0002 0.4544 0.5455

In matrix I', the REGA elements indicate that the con-
trol loops y;-u; and y,-u, have weak interaction with
other loops, which can be designed into 1x1 subsys-
tems controlled by a single-variable PID controller.
Control loops ys-uz and ys-us present severe couple
with other loops, which should not be decomposed,
and they form a multivariable control system con-
trolled by a multivariable PID controller. For a
large-scale system, the number of controllers is di-
rectly related to the design cost and reliability of the
control system.

Through the interaction decomposition principle
presented in this paper, the upper limit Ny« and the
lower limit Ny, of the controller number can be ob-
tained after analyzing the interaction among the loops
and selecting the same threshold value. The controller
number is derived from the adjoining matrix, which
can be calculated using REGA. According to the sec-
ond paragraph in this section, the following two defi-
nitions of the adjoining matrix can be defined.

Definition 1  The elements in the adjoining ma-
trix R = [y;].x,, Which can determine the lower limit
Npin of the controller number, should be calculated
according to the following criterion

~ O,|7;/-|<5
Ty = 1,|7/,}|>gori=j

where y; represents the elements after adjusting the
corresponding variables-pairing elements in REGA to
the diagonal, and ¢ is the threshold value.

If |7,;-|<g, the element value y;; is near 0, and

i,j=12,---,n (11)

the effect of input variable »; on output variable y, is

so small that it can be ignored. Thus the element of the
corresponding place in R equals 0. If |7;|=¢, the

element value y;; is not close to 0, and the effect of

input variable u; on output variable y, should be
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considered. Hence, the element of the corresponding
place in R equals 1.

Definition 2 The elements in the adjoining ma-
trix Q= [q;l.x», Which can determine the upper limit
Nmax Of the controller number, should be calculated
according to the following criterion

0,7;|-05|>¢
= i,j=12,---,n (12)
‘ 1,”7,}|—0.5‘ <gori=j

where y;; represents the elements after adjusting the
corresponding variables pairing-elements in REGA to
the diagonal.

IfJ|}/,} —0.5/> ¢, the element value 7,;. is not
near 0.5, and the effect of input variable u; on output
variable y, is so small that it can be ignored. Thus the
element of the corresponding place in @ equals 0. If
|7/,}|—0.5 < e, the element value } is close to 0.5
and the effect of input variable u; on output variable
v, is significant so that it must be considered. Hence,
the element of the corresponding place in @ equals 1.

According to Definition 1, if all the elements y;;
are more than the threshold value, the elements in ma-
trix R will be 1. Then, the controller number can be
decided to be 1 and it is the minimum number of the
controller, Npin. As the selected threshold value in-
creases, the elements in matrix R, 1, will decrease.
Thus the lower limit Npyin Will increase. As we know,
when the elements in REGA are closed to 0.5, the
couple among loops is the strongest. According to
Definition 2, if 7,-} —0.5| is more than the threshold
value, the off-diagonal elements in matrix Q@ will be 0.
Then, the controller number can be decided to be ».
The upper limit Nnax can be obtained. As the selected
value is large, the value of Nnax Will decrease. As the
selected threshold value increases, the values of Npin
and Nmax Will be equal. Then, the optimal controller
number is derived.

Remark 1 The range of the threshold value ¢
should be selected from 0 to 0.25. If the threshold
value is larger than 0.25, 1s in R will decrease and 1s
in @ will increase, resulting in Nmin>Nmax. Similarly,
the range of seeking Nmin and Nmax Will overlap as the

threshold value increases. Fig. 2 shows that the range
of /. is selected as the threshold increases. When the
threshold value ¢ is greater than 0.25, the interaction
decomposition is the same as that when the threshold
value ¢ is selected from 0 to 0.25. In other words, the
value of the upper limit Ny will be smaller than the
lower limit Nyin. Then, the value of the upper limit
Nmax Will be the value of the minimum controller
number. The largest threshold value is 0.25.

—esy;Seforry  05-ey;<0.5+¢ forg;

LT T NGO T TN N,
050 -025 0 025 050 075

Figure 2 The range representations of value z;;

5 ALGORITHM OF INTERACTION DECOM-
POSITION

Based on the reasonable variable-pairing deter-
mined by REGA, two adjoining matrixes are deter-
mined by selecting the same threshold value ¢. Then,
Nmin @and Nmax €an be determined. Finally, the optimal
controller number Ny is obtained.

The algorithm for the interaction decomposition
of large-scale systems is as follows.

Step 1 Calculate REGA by Eg. (9) and all the
paired REGA elements must be positive and closest to
1.0 to obtain the best variable pairing.

Step 2 Exchange the places of the rows or ranks
where the selected paired elements locate, such that
the elements for the pairing of input and output are
along the diagonal.

Step 3 Select the threshold value ¢ (0<<£<<0.25)
and determine the adjoining matrixes R and Q by Eqgs.
(10) and (11).

Step 4 Determine Nyin and Npax from the adjoin-
ing matrix obtained in Step 3. If Ny, is not equal to
Nmax, increase ¢ and go to Step 3.

Step 5 Obtain the optimal controller number Nyp.

The following example demonstrates the algo-
rithm of interaction decomposition.

Example 3 Consider a 4x4 process [16] with
the following transfer function matrix:

[ 0815  0374¢77" 2368 7% —11.3¢3™ ]
11.36s +1 22225 +1 33.3s+1 (21.74S+1)2
5.984¢ %% -1.986¢ %" 0422 5247
14.29s +1 66.67s +1 (250s +1)2 400s +1
G6)= 2.38¢7%%%  0.0204¢%*  0.513¢7" ~0.33¢708%
(L43s+1)°  (7.14s +1) s+1 (2.38s +1)°
-11.3¢°™  -0.176¢ %% 1554¢ 4.48¢70%%
(21.745+1)° (695 +1)° s+1 11115+1 |
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Calculating REGA and re-arranging the places
for the pairing of input and output along the diagonal,
the following matrixes are obtained:

[ 0.3094 -0.0639 -0.0072 0.7618 |

re -0.0294 1.0456 0.0000 -0.0163
0.7116  0.0139 0.0636 0.2109

| 0.0084 0.0044 0.9436 0.0436 |

[ 0.7618 -0.0639 0.3094 -0.0072]
e —0.0163 1.0456 -0.0294 0.0000
0.2109 0.0139 0.7116  0.0636

| 0.0436 0.0044 0.0084 0.9436 |

Selecting the threshold values ¢=0.05, 0.1, 0.15
and 0.2, the following adjoining matrixes are obtained,
respectively,

111 0] 1000
|0 100 Q201oo_
l1 01 1] *loo0o 10/
0 0 0 1 0001
1 0 1 0] 1 0 0 O]
0100 Q_0100_
211010 = ]loo01o0|
10 0 0 1 10 0 0 1
10 1 0] 1 0 0 0]
-0 100 Q_01oo_
11 01 0] = loo0o1o0/
0 0 0 1] 0 0 0 1]
(1 0 1 0] (1 0 1 0]
R4=0100’Q4=0100_

1010 0010
0 0 0 1) 0 0 0 1

A series of controller numbers from the above
matrixes can be determined. Fig. 3 shows the tendency
of the controller number as the threshold value increases.

0 005 010 0.15 020 0.25
€

Figure 3 The tendency of controller numbers

Figure 3 shows three kinds of decomposition re-
sults for Example 3: only one controller (centralized
control structure), four controllers (decentralized con-
trol structure) and three controllers (block decentralized
control structure). The decentralized control structure
is the pairing {(v1-ua), (v2-u2), (vs-u1), (va-us)}, and the
block decentralized control structure is {(y1, y3)-(u4, u1),
(vo-u2), (v4-u3)}. Applying with the RGA and ERGA
and decomposing the control system, we can get the
control structure that is {(y1-us), (v2-12), (V3-u11), (Va-u3)}.
Thus the number of optimal controller derived by RGA
and ERGA is 4. The result of decomposing the control
system through the RNGA is the same to REGA. To
compare the control performance of these three con-
trol structures, PID controllers are designed based on
the internal model control (IMC) controller tuning
rules [17, 18]. Fig. 4 compares the simulation results.

The control structure of the three PID controllers
is optimal from the results of the simulation. The con-
trol structure of only one controller ignores the inner
interaction of the system, and it is very difficult to
tune its controller parameters. The control structure of
the four subsystems controlled by four PID controllers
does not consider the strong interaction among the
control loops. We can say that the RGA and ERGA
can not give a reasonable loop pairing criterion and
the correct decomposing result. Hence, the use of the
loop pairing method REGA and the interaction de-
composition principle of large-scale system to achieve
perfect control performance are significant. Example 3
demonstrates the effectiveness and necessity of the
interaction analysis and interaction decomposition.

6 CASE STUDY: TENNESSEE EASTMAN
PROCESS

The Tennessee Eastman (TE) plant-wide control
system, developed by Downs and Vogel [19], has served
as a useful vehicle for testing control strategies devel-
oped by different investigators. The authors have put
multivariable control, on-line optimization, predictive
control, identification and process diagnostics as po-
tential applications. The TE process consists of five
major unit operations: reactor, product condenser, vapor-
liquid separator, recycle compressor and product strip-
per. The details of the process can be found in Ref. [19].

The TE process involves 41 measurements and
12 manipulated variables. From the design experience,
eight flow and two temperature cascade loops can be
closed [20]. The flow loops include four feed streams:
purge stream, stripper bottoms, separator bottoms and
stripper steam flow. The two temperature cascades
include the condenser and reactor cooling streams, as
analyzers are typically less reliable than the more
common temperature, pressure, flow, and level sen-
sors. Analyzer loops are also typically slower. Thus 19
analyzer measurements are eliminated, then there are
41-10-19=12 potential variable to be controlled.
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= 0.6
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* one controller
o four controllers
A three controllers
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time/min

1.2
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04r% % one controller
o four controllers
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time/min
1.2
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* one controller
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: A three controllers
1 1
0 50 100 150

time/min

Figure 4 The results of simulation comparison for Example 3

Table 1 Manipulated variables and controlled variables

Manipulated variables Variable numbers

Controlled variables Variable numbers

D feed flow Uy

E feed flow up

A feed flow u3

C feed flow m
compressor recycle valve us
purge valve Up
separator pot liquid flow uz
stripper liquid product flow ug
stripper steam valve ug
reactor cooling water flow 10
condenser cooling water flow u1
agitator speed 12

recycle flow N
reactor feed rate Y2
reactor pressure V3

reactor level Va

reactor temperature Vs
product separator temperature Ve
product separator level V7
product separator pressure Vs
stripper pressure Yo
stripper underflow Y10
stripper temperature yu
compressor work Y12

Those controlled and manipulated variables are listed
in Table 1. Since the dynamic model of the TE process
is available, the transfer function matrixes of the
process are identified using the Matlab identification
toolbox [21, 22]. The identification results are listed in
Appendix Table Al.

In practical chemical processes, the derivation of
subsystems is judged by the physical location. The TE
process can be decomposed into three subsystems, reac-
tion system, separation system and stripper system [23].
The decomposition result is in accord with engineers’

experience. Fig. 5 shows the three subsystems for the
TE process.

Although some proposed techniques may satisfy
control structure selection, no systematic and theoretic
method is applicable to the control structure selection.
The interaction analysis and interaction decomposition
proposed in this paper can make up the shortage in the
control structure selection. Calculating REGA and
re-arranging the places for the pairing of input and
output along the diagonal, the following matrixes are
obtained:
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separator
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Figure 5 The result of decomposition for TE process

1, A—feed A; 2, D—feed D; 3, E—feed E; 4, C—feed C; 5—stripper overhead; 6—reactor feed; 7—reactor product; 8—recycle; 9
—purge;10—separation liquid; 11—product; CWS—cooling water supply; CWR—cooling water recycle; vap—vapour; lig—liquid;
Stm—stream; Cond—condensate water; XA-XH-—composition of A-H; FI—flow rate indicator; Tl—temperature indicator; LI—
level indicator; Pl—pressure indicator; SC—safty controller

[ 0.4867 -0.3961 0.4544 -0.2035 0.119 -0.3713 -0.1297 0.0149 0.0049 0.1418 0.1273 1.5223 |
0.0477 0.6899 -0.5162 0.0412 0.0366 0.0585 —-0.2000 0.0585 0.0022 0.3441 -0.0542 -0.0083
0.3669 0.0068 2.1296 —-0.0466 0.0786 -1.4689 0.0937 -0.0233 -0.0415 0.1591 0.2009 -0.1152
11598 -0.0484 -0.0027 -0.0070 0.1306 -0.0008 -0.5038 0.0198 0.0012 0.0213 0.2166 0.3834
-0.0061 0.2241 0.0247 0.0595 0.0011 -0.0229 0.0071 -0.0625 -0.004 0.2804 —-0.0098 0.3566
0.0063 -0.1976 -0.1244 0.1323 0.0172 0.2774 -0.0266 0.0264 -0.0034 0.1140 1.1322 -0.0240
-0.1867 0.0085 0.0001 0.0024 0.0023 -0.0011 1.6893 -0.0254 -0.0453 0.0043 -0.0075 -0.1409
—0.0434 -0.0112 -0.1294 -0.8065 -0.1084 2.7777 -0.2002 0.0814 0.0249 -0.2268 -0.0001 0.0120

0.681 -0.0092 -0.1023 1.785  0.0233 -0.3298 0.2137 -0.1174 0.0102 -0.0198 -0.0081 -0.2536

0.3823 0.0009 -0.0001 -0.0036 -0.0647 0.0027 -0.7099 1.2016 0.0093 -0.0007 -0.0109 0.1931

0.0009 -0.0098 -0.0004 0.0078 0.0002 -0.0123 -0.0206 -0.0051 1.0626  0.0155 -0.0386 —0.0002
| 0.0527 0.2371 0.0279 0.0391 0.8714 0.0909 0.7871 -0.1688 -0.0210 0.1666 -0.5478 -0.1952 ]
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Selecting the threshold values ¢=0.002, 0.05, 0.1,
0.15, 0.2 and 0.23, the following adjoining matrixes
are determined, respectively,
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The number of controllers for the TE process can
be determined by calculating these matrixes. Fig. 6
shows the tendency of the controller number as the
threshold value increases.
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Figure 6 The tendency of controller numbers for the TE

process
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With the interaction decomposition principle ap-
plied to the TE process, adjoining matrixes Rs and Qg
indicate that the optimal controller number is 3, when
Nmax = Nmin, indicating that the TE plant can be de-
composed into three subsystems, namely, (1, y2, 3, Va,

Vs)-(u12, uz, us, us, uso), Ve, ¥7, ¥8, ¥12)-(u1, uz, e, us)
and (ve, ¥10, y11)-(ua, us, ug). Result of the decomposi-
tion shows that the sites of the three subsystems are
consistent with the physical place of the TE plant, ac-
cording to the decomposition of the practical control
system design. Result of the interaction decomposition
for the TE plant demonstrates that the interaction de-
composition proposed in the present paper is useful in
practice and it can server as a guideline for practical
control structure design. Fig. 5 shows the results of the
interaction decomposition and the practical decompo-
sition for the TE process.

7 CONCLUSIONS

The paper aims to determine the optimal control-
ler number by decomposing large-scale systems. From
the perspective of control system design, a new vari-
able pairing is introduced to consider both steady-state
and transient information, and the interaction decom-
position principle for the large-scale systems is pro-
posed. By selecting the threshold value, REGA is
transferred into two adjoining matrixes, which can
measure the interaction relationship between the input
variables and output variables, and determine the up-
per limit Nyax and the lower limit Nyin. As the thresh-
old value increases, the value Nyax Will equal Nyin. At
this point, the optimal controller number Ny is deter-
mined. By analyzing the TE plant, the validity and
feasibility of interaction decomposition are illustrated.
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Table A1  Some transfer function matrixes of the TE process

Item U U Uus Uy Us Ug
y —0.0028¢754 0.5¢75%% ~11.2025¢7%% 1.65¢7%% —0.0187¢748% —7.0837¢75°7
! 43.07s+1 23595 +1 38.39s +1 23.06s +1 21.055+1 44945 +1
—0. e 18e ™ —8. e . e —0. e —T. e
0.003¢7*° 0.78¢7%% 8.2062¢757¢ 3.2054¢ 7% 0.036¢ 4% 7.682¢78%%
2 34.84s +1 25595 +1 41.77s +1 355 +1 25.4s +1 38.32s +1
) —0.2796¢ 71143 0.4991¢ 1144 —3103.25¢ 71544 287.05¢7104% 7.78¢77%% —965.7¢7114%
: 55.65 +1 58.48s5 +1 54.425 +1 99.825 +1 42,935 +1 73915 +1
1.28¢758% 1.5451¢ 88 2.53¢ 71007 1.63¢7°84 3.36¢ 746 —0.302¢ 794
s 39.53s +1 85.535 +1 63.65s5 +1 49.04s +1 27.49s +1 45.65+1
y 0.0022¢74% 2.24¢77% 6.843¢7"7 1.662¢ 7546 0.0141¢7348% 0.8968¢ 5%
® 75.355 +1 65.95 +1 83.25+1 41595 +1 81.365+1 37545 +1
0.0109¢ 1278 1.52¢7%6 67.8248¢ 1358 —7.4203¢7 137 —0.1954¢ 72714 21.0053¢73%7¢
e 48.034s +1 24595 +1 30.87s +1 56.3s +1 42215 +1 26.185 +1
y 0.8674.6s 0.9364.& 2.046—8.25x 0.82(374.6,; 2.26e78.25s 1.25676'“
! 12.94s5+1 15.64s +1 40.8s+1 22515 +1 215s5+1 14.09s5 +1
—0.2744¢717¢ 0.485¢°% —3053.87¢ 24 281.139¢ %% 8.54¢71797 —948.7¢71775
e 46.07s +1 33.295+1 53.135 +1 60.545 +1 48.74s +1 58.73s +1
y —0.308¢ 714 0.56.56¢ %% —3377.3005¢72588 319.99¢710% 3.5¢7108 ~1059.65¢ %24
’ 37.02s+1 26445 +1 98.29s5 +1 4287s+1 56.83s +1 79.72s +1
0.366712.113- 0'422—12; 0.916—7.76; 0.372—12‘113 67775& 0.586—12.783
e 33.095 +1 38535 +1 13915 +1 2315511 15.465+1 23.665+1
y 0.00956—12.2% 1.2146712.06,7 2.636—11.6% _6‘425%—12_2% _0.038e717.6.c 20.112(3716.%
. 69.48s +1 88.68s +1 55125 +1 37475 +1 40.185+1 45295 +1
—0.0159¢ 1965 6.35¢0°18% 13.75¢ 3% 55501233 12,9735 07430712375
e 38795 +1 61635 +1 57.085 +1 68.225 +1 37455 +1 48535 +1
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Table Al (Continued)

Item

uz Ug Ug Ui Uit Uz
y 0.264¢ 5% 0.58¢ 787 0.004¢7% —0.651¢ 8% 1.28¢71%% 0.1256¢ 2%
! 86.56s +1 70.6s5+1 69s +1 79.36s +1 43.58s +1 34.7s+1
y 0.2346¢ 1197 0.91¢7%% 0.0009¢ 199 —0.6652¢>% 2.314¢7%% 0.1291¢7%65
2 47.56s+1 79.4s +1 585 +1 35.4s+1 45745 +1 46.2s +1
11.968¢ 114 58.022¢71% 0.048¢7104 —31.4794¢70% —52.91¢712% 6.1135¢ 710
73 83.995 +1 64.325+1 29.48s +1 63.9s +1 63.15+1 48.3s +1
1.97¢785 1.6¢7%% 0.0003¢ 7% 0.368¢7%4% 4.8603¢ 7557 0.023¢71%%
s 67.3s+1 80.72s+1 33.965+1 24.295s +1 36.45+1 4755 +1
y 0.0281¢ 7177 2.55¢ %85 0.0005¢ 1343 1.1106¢72% 0.098¢ 71307 —0.2149¢7204
® 84.95 +1 32.965+1 48.7s+1 14.295+1 33.055+1 56.4s +1
y 0.285¢ %% 1.72¢75%¢ —0.002¢ 75 2.2502¢714% 4.47¢735 —0.4359¢ 7160
® 29.57s+1 22.665 +1 20.7s +1 47.09s +1 18.6s +1 45.79s +1
y 221.31e7%% 1.07¢74% 0.0563¢ %67 1.2122¢72686 2.7634¢7137 1.0019¢ 773
! 20.5s +1 20.455 +1 41.99s5+1 22.83s+1 26.8s+1 28.61s +1
y 11.8¢78% 58.531¢ %% 0.0465¢ -30.8414¢ 710 —0.009¢ 2% 6.0093¢ 4%
. 2loe ™ 6.05le 9.0465¢
48.17s+1 49.025 +1 39.7s+1 61.06s +1 48.1s +1 33.18s+1
y 12.89¢ 7154 66.08¢ 7% 0.0561¢ 1202 —34.4602¢ % 21.93¢7%% 6.7¢0%
° 45.055 +1 55.25 +1 48.4s+1 81.2s+1 37.9s+1 62.78s+1
3.08¢7127% 10.49¢72%% 0.048¢ 720 0.0617¢ 72131 1.2301¢712% 0.4655¢ 7104
o 44,965 +1 21.64s+1 33.4s+1 72.965+1 31.6s+1 37.6s+1
0.413¢ 71564 147207 0.0368¢ -8 1.87¢ 7184 —4.12¢7%% —0.3615¢ 84
u 46.455 +1 41.925+1 20.7s+1 4455 +1 62.7s+1 56.355 +1
y 2.5¢71% 7.37e71% 0.009¢7%% —4.51¢718% 19.096¢ 7% 0.8732¢719%
? 4395 +1 58.995 +1 625 +1 35.135+1 4855 +1 56.65+1




