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Control Structure Selection and Performance Assessment for Disturbance
Rejection in MIMO Processes

Hsiao-Ping Huang,* Feng-Yi Lin, and Jyh-Cheng Jeng

Department of Chemical Engineering, National Taiwan &émsity, Taipei 106-17, Taiwan

A decoupling multivariable controller (DMVC) is generally considered more general than a multiloop controller
(MLC). This is because a DMVC can eliminate the interactions in an MIMO process and result in better
performance. Nevertheless, MLC may perform better than the DMVC while dealing with disturbance rejection.

If the control objective is aimed at disturbance rejection, selection between these two types of controllers for
better control is thus necessary. In this article, a method to assess the performances of these two types of
controllers for a given process is proposed. Given an MIMO transfer-function model, the achievable
performance is derived; indices for assessing these two systems are proposed. By making use of these indices,
a proper type of system (DMVC or MLC) can be selected in the precedence of designing the controller.

1. Introduction (@

The multiloop controllers (MLC) and decoupling multivari-
able controllers (DMVC) have been used in the control of
MIMO chemical plants. The MLC has a diagonal structure with >0 | geu(s)
PID controllers on the diagonal entries. On the other hand, the —T | |
DMVC has a full-matrix structure. Because of the structural
difference, it is usually considered that DMVC is superior to
the MLC in control. However, this is not quite true. In an article
by Niederlinskil an MLC was illustrated to have better load
rejection ability than a DMVC does. In general, the DMVC is IO | 2e,(5)
aimed to inverse the transfer-function matrix (TFM) of the +_T =
processGy, so that the loop transfer function (LTF) becomes
diagonal or diagonal dominant. In other words, most multivari-

n
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able controllers embed, implicitly or explicitly, the inverse of L

Gy in their designs. Because of this requirement3ginversion, —1 8uls)

DMVC may not perform better than MLC. In contrast, the MLC

may suffer from the interactions in a multi-inputnultioutput n v, ++ %
(MIMO) process, which may degrade the performance seriously. @(s)

+
|
0
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On many occasions, depending on the process TFM, the DMVC
has no absolute advantage over the MLC in performance,

especially in dealing with distl_erance rejection. Tq achieve L, £15(5)

better control performance, guidance for the selection of the

control structure prior to the design of the controller will be , ) + y

helpful. 0 C(s) = ay(s) | ;
For the selection of controller structure, theoretically achiev- ‘T

able performances of these two types of controllers in MIMO ) ] )

control systems are required. In fact, the issue of theoretically I\F/:Eg?sbfﬂ‘t‘g alent single-loop block diagrams of 22 process (a)
achievable performance has been extensively studied. Articles '
in the literature and in booRks® are available. In the past, the
minimum variance was benchmarked as the optimal achievable
performance index. Although theoretically best, this bench-
marked performance is not practical because the performanc
that a practical system can achieve is far off from that. In fact
control performance of an MIMO system is limited not only

feedback will be the scope to be considered. As we have
mentioned earlier, a DMVC system considered here aims to
have an LTF being diagonal or diagonally dominant. In contrast,
&he LTF matrix of an MLC system will be a full matrix. The

’ main focus of the performance will be on the capability of the

. systems in disturbance rejection. The achievable performance
by '_[he_method of control, but also by the modeling and for this purpose using each of the controllers will be explored.
realization of the controller. Indices as criteria to select the controller structure are proposed.

In this article, an attempt to provide guidance for control- /5jigation of the effectiveness of the presented indices is also
structure selection prior to controller design is motivated. The jjustrated with examples.

systems consisting of either MLC or DMVfC® and a unity

2. lllustrative Comparison of MLC and DMVC Systems

*To whom correspondence should be addressed. Tel.: 886-2-
23638999. Fax: 886-2-2362-3935. E-mail: huanghpc@ntu.edutw Here, the fact that DMVC does not always perform better
(H-P.H.). F90524013@ntu.edu.tw (F-Y.L.). jcieng@ntu.edu.tw (J-C.J.). than MLC in the control will be illustrated with three examples.
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Let an MIMO process be given as the following:

Y(s) = Gy()U(s) + GL(9)L(9) 1)

where Y € R'*1 is the output vectorU € R'*1 is the
manipulated inputl € Rt > is the load input, an@,(s) and
GL(s) are the transfer-function matrices (TFMs). To simplify
the indexing notations used in the following text, the notation
Gp(s) will simply be denoted a&(s), later on.

An MLC system is conceptually considered to behave
dynamically as decentralized loops. For example xa2system
is decomposed into two equivalent single-loop systems as shown
in part (a) of Figure 1. The equivalent processgpés) andTy-
(s)in a 2x 2 MIMO control system, can be found elsewh@te.
The equivalent load TFM can be written as

slope = 0.44

OL1=91~ 91292 1gl_,zhz Figure 2. Assessment of the performance in the disturbance rejection for
case 1.
OL2=9 2~ 921911 lgL,lhl 2) ] ) o
(1) For MLC, the diagonal entries are limited to have a PID
with controller. A unit step ofL is then used to test for their
performances. Parameters of the controller in the MLC are
Oci%i . computed by directly searching for minimal ISE in a sequential
h = Ttog 12 (3)  and iterative loop closing manner until a total minimum of ISE
Cii is reached.

(2) For DMVC, the method of Huang and [8iis used. First,

andgc; is the controller ofith loop. G(9) is factorized into

In general, a higher dimensional system can be formulated
in the same way. To do so, the matrices are first permuted and

_ o Os,
partitioned into the following forms: G(s) =e TGy(9) (7)

where® = diag[6}; i = 1,2,...n] and 6; is the shortest dead
(4) time ofith row of G(s). A decoupler is given by post multiplying
the adjoint ofGy(s) by a diagonal matrixZ(s), which makes
the decoupler proper, that is
Then, the equivalent load and open-loop transfer functions )
of theith equivalent system are given as D(s) = Adj[G,(s)]Z(s) ®)

Oc; O _
0 G,

OLii

G — |9 it Gl — o
1
¢ GL,Z

) —
&l G G

8 —=a . — chre®r—1 — () =0) y=1y =) An additional purpose of the matri(s) is to speed up the
Oui =0 — GGl {1 — (14 GGy 16 () dynamics of the decoupled open-loop process, which is given
G=g,—GUGY I -1 +chel) el (6)
—Os
The controllers may then be synthesized by using either of Q(s) = G(9D(s) = IG(s)le () ©)
the following methods:

1. Detuning method$12

2. Sequential loop closing methddst®

3. lterative or trial-and-error methods8

4. Simultaneous equation solving or optimization methdts

5. Independent methotis2*

Providing controllers in all of the other loops, the transfer
functionsg; andg,; can be found and the performance of each
loop can be evaluated. Because these two transfer functions in _ss s k. e 5
eq 5 and eq 6 depend on all of the controllers in other loops, e —3e 1
the designs of controllers are usually coupled and are conductedg(g) = [ 105 1 205+ 11,45 (g = [305+ 1 (10)

A diagonalC(s) is then designed faQ(s) to achieve a minimal
ISE in responding to a unit-stdpinput.

By making use of the above-mentioned methods to design
the MLC and DMVC, the performances of the controllers will
be compared, using example processes in the following:

Case 1.Consider the following transfer-function matrices for
the process and load.

in an iterative manner. 4e7'® —pe'® kL,Ze_lOS
A DMVC, denoted a¥(s), consists of a decoupl&¥(s) and 10s+1 20s+1 30s+ 1
a filter matrix C(s). As in the design of Huang and Lt is
possible to find a decoupled proce3és), as shown in part (b) The performances of the systems have been tested for

of Figure 1 for a 2x 2 system. Methods in the literature may disturbance rejection along different directions in khe versus
lead to a differentQ(s), which leads to different single-loop  k_, plane. For each pair df_; andk_», the optimal perfor-

based regulation problems. After having this decou)s), a mances in terms of ISE values of MLC and DMVC can be found
diagonal matrixC(s) is designed by making use of methods for and compared. As shown in Figure 2, thg versusk,_ , plane
SISO systems. can be divided into four areas, where the dark areas mean that

For comparison purposes, the MLC and DMVC in the MLC has a smaller ISE than DMVC does. For example, when
following illustrations are designed according to the methods k_; = 5 andk_, = 4, the responses and ISE obtained from
as follows. these two control systems are given in Figure 3.



9172 Ind. Eng. Chem. Res., Vol. 46, No. 26, 2007
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—— DMVC (3.22) ——DMVC (18.84)
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Figure 3. Responses and ISE values in case 1 with=5 andk > = 4.

1 .5 . .

. ——DMVC (3.22)

MLC (16.15)

100 150

0 50 100 150
Time
Figure 5. Responses and ISE values in case 2.

of G(s) for designing DMVC requires extra dead time to make
the inversion feasible. This causes the first output of the system
to be retarded.

From the above examples, a properly chosen controller type
is important to achieve better control performances.

3. Achievable Performance

In a single-loop case, the closed-loop responses for distur-
bance rejection can be derived as

1
0 ~\/\/\,—\,«—-—~ Y(8) = 9.1 — hIL(S) =YL 1() = Y209  (12)
N1 \ ;’ wheregy(s) is the disturbance transfer function an@) is the
i complementary sensitivity function. The result in eq 12 means
-2 v/ ——DMVC (12.84) that the disturbancg 1(s) is compensated by a reverse response
_____ MLC (41.88) yL,z('s), which is generated py the feedbgck'control loop. The
-3 : : achievable responses for disturbance rejection can be found by
0 50 100 150 designingy. »(S) to achieve the performance requirement. For

Time
Figure 4. Responses and ISE values in case 1 with= 5 andk > =
—4.

In contrast, reverse the sign kif,, that isk,_ » = —4, then,

example, Huang and L¥rfind h(s) andyy »(s) by minimizing

the integral of absolute error (IAE). To assess the performance
of disturbance rejection, the closed-loop transfer function from
L(s) to y(s) according to eq 12 can be represented as

the point k_1,k_2) lies in the gray area of Figure 2. As shown
by the simulated responses in Figure 4, the performances of
DMVC are better than those of the MLC, even though the open-
loop processes in the two cases are the same. From these results,
it is found that the DMVC is not always superior to the MLC
(e.g., the dark zone in Figure 2).

Case 2.Consider the following transfer-function matrices.

@ . 9.(9

e 1tguge SO~ hE! (13)

The process in an MVC system can be decoupfethe
resulting load transfer function is unchanged in the presence of
such a decoupler. So, a multivariable system can be regarded
as several independent single-loop systems, that respectively

% ® 0.8 '*® 5e include the processi(s) and disturbance i(s). Similarly, in
10s+1 20s+1 30s+1 ivari i
G(s) = s 1 andg (9 = B (11) MLC systerr_ls, a mul_tlvarlable system can be decomposed into
0.% 8e 3e several equivalent single-loop systems as shown in egs 5 and
10s+1 20s+ 1 30s+ 1 6. In theory, to formulatéy_i(s) requires the controllers in all

of the other loops. However, a method to circumvent this
With the same approaches of design, the control responsedifficulty was given by Huang et &P In other wordsg;(s) and
are obtained and compared in Figure 5. Notice that the inversiong, i(s) can be given as
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g ~g — GE)Z[G%]AGQ@ 810 (14) The opt.ir.nal_parameters of’,(s) in eq 19 with different
- ' ' Ms. specifications for standard SISO processes have been
G .~ . — G(I)[G(I)Z] 160, @ RO (15) computed on the basis of the IAE and the FOPDT disturbance
OLi ~ 0L 12152 L2 . e Lo
models and are given elsewhérm this article, for simplifica-
whereH® is a column vector consisting dffj(s), i=1..n tion and to relax the limitation of FOPDT disturbance models,
andi = j. Notice thath;(s) denotes an approximation of(s), W.,(s) in egs 19 and 20 are found by minimizing the two-norm

which is specified to achieve reasonable control performance.errors (e.g.]|yil|2 and||Vi||2), as discussed in the next section.

The notation® means the element-to-element product of the  Oncew{,(s) has been specified, the controllers to achieve

two vectors. the above optimal performance can be synthesized straightfor-
So, the performances of disturbance rejection for MLC and wardly as follows

DMVC systems are given by the following transfer functions:
For MLC systems:g.; =

@ _ 9.,i(s) _ we (1+6,92)
ForMLe SyStemS'L(S) T 149g(9a(9 9:(T :Lj )™ (1+6,,52)— wF’J (1-0,952) (22)
gL’i(S)[l _ Wi'MLC(S)] (16) 0,i\“f,i aj i,MLC aj
© g (9 For DMVC systems:g¢; =
Y, Li
For DMVC systems—— = ———————= w’ (14 6,,52)
PELS T 1+ 0900 Ve : (23)

9L — W e (17) Qo(T8+ D)™ (14 0,82) — Wy (1 — 0,;52)

In other words, each of the systems has its complementary
sensitivity functionw; .(s), that isw; mic(s) or wi mvc(S), defined
for the equivalent SISO loops. In practical design, usualy;

(s) needs to be confined to some simpler forms so that the | o . .
performance can be specified clearly; and, the resulting control- disturbance rejection as shown in eqs 16 and 17, the achievable

lers can be synthesized with reasonable costs. The Optimalperformance of an MLC system depends on the load transfer

performance achievable under these restrictions is considereJunCtIOn of eq 15 and the apparent dead times in the equivalent

: : . -loop transfer functiorgi(s). Similarly, the performance
as the practically achievable performance. For this reason, the®PEN ' .2 :
achievable performance depends on the structural constraints?g a DMVC styg,terg ;j_epen_dst(r)]n tge ong:r(%l(s) n elq 1 and
and the restrictions imposed on the design. € apparent dead imes in the decoupled Open-ioop process,

The two complementary sensitivity functions in egs 16 and qi(s).. These apparent.dead times in poth control systems are
17 can be expressed as the following: _requwed to a_SSIQWi,.(s) in eq 18, and their values are introduced
in the following remarks.
W (8 = WP (s)e’oa'*s (18) Remarks. (1) For MLC systems, the apparent dead time in
he Le ith loop, 04, is the time it takes fou; to start affectingy. In an
MLC system,u; can affecty; through different paths. S@,;
- S o equals the shortest dead time among all of the paths tidm
apparent dead time, which is denotedjasin g; or denoted as yi. Because the controllers generally contain no dead time, the

0,5 in g;. If we confine that botlt; andgi(s) are approximately o .
represented by FOPDT models and the diagonal controllers areanaIySIS is only based on the dead time3(d). The apparent

confined to have a PID fornw!,(s) can be considered to have dead timed,; in ann x n system is given as
the following forms: nzl 5

whererty is the filter time constant and has a default value of
0.0%9,; in MLC and 0.0%,; in DMVC. Furthermore,m is
selected to makegc; proper.

On the basis of the closed-loop transfer function of the

wherew,(s) is the delay-free part of.(s), and 0. is an

) 541 é,‘.:jwi.ryn; 6,,[6,+6,]-+.[0,++6,+6,].[0,+6,++6,+6,]
w9 =5 —— (19)
pz,isz +pyst1 "
or Oij.k...y.ze[1,2,.nfandi =j=..Zy=z (24)
For examplef,; in a 2 x 2 system is
9 S +z;s+1 0) i pleva, Y
WS = =mi 10, R ii i Zi
i p2’i52 Fps+1 0, mjln{t9”,[¢9IJ +6;1} Ui € [1,2] andi =
Notice thatw{(s) must contain all RHP zeros if(s) or gi(9). and 3x 3 system is

These RHP zeros can be estimated from the frequency respons R .

of Gi(s) or qi(s), and can be directly embedded intg,(s). In eﬁaj - nan {6105 + 031 [6x + O+ 61} Dijk

the meantime, the resulting SISO system should have a [1,2,3]andi ==k
reasonable maximum peak (i.8s.) ranging from 1.2 to 2.0

to ensure stability robustnessBy adjusting the parameters in
w,() to optimize the performance under the restrictions
above-mentioned, the practically achievable performance can
be computed. Notice thafls . is defined as

(2) For DMVC systems, if there is no dead time|®(s)|, the
apparent dead time in DMVC systems can be easily taken as
the dead times from®(s) in eq 7. However, factorization in eq

7 may causeGy(s)| to have extra dead time in addition &@-

(9). Notice that evern x n transfer-function matrix@(s), can

Ms, = max{|1 - V\/ﬁ-(jw)e—ieai,.wu; where Ms;, = always be factorized into the following form:

MS uic Or MS uve (21) G(9) = & 7Gy(9) = & " G(s)e (25)
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whereA = diag{41,"**,An} and4i is the dead time of the element
in Go(s). Notice that the determinant €f(s) (i.e., |G(S)|) contains

at least one term, which is free of dead time.
With the factorization in eq 25, the extra dead time is taken

as
Gext = Z ;Li
T

So, the apparent dead time in DMVC systems is given by

(26)

eaj = Gext+ 9;’{ (27)
and
9a,1
0,= =0+ 3 A 28
a 0., .Z i (28)
Thus,
Q(s) = |G(9)|-e = Z(s) (29)

(GRDG) for the same purpose was given by Chang and®Yu.
Although applicable to the DMVC systems, this GRDG
emphasizes differentiation if the interactions favor the change
of the controller output but not the performance.

Theoretically, errors caused by the disturbances can only be
eliminated after a dead-time period. During this period, the error
magnitude in the output is proportional to the load gain of the
system. Consequently, similar to the above-mentioned RDG, a
relative load gain (RLG) is thus defined as follows.

al Jall loops excepi closed

¢i = ( ayl

(33)

ol )all loops open
From this definition, RLG can be computed as
b= 9.,(0) _ &
' 9.i(0) Kei

wherek_; andk_; are the gains dfi_i(s) andgy i(s), respectively.
For example, in a 2x 2 system, the RLG is obtained by

(34)

With this estimated apparent dead time, a practically achiev- computing the following:

able performance for the DMVC system can be computed by

using eq 17.
For example, consider the TFM in eq 11, whe®€s) can be
written as

. 9 0.8
_|e>0 10s+1 20s+1
Gl = ’0 eSsl 0.

10
9 8 0 6755 (30)

10s+1 20s+1

The |é(s)| in the above factorization is free of dead time, but,
|Go(9)| is not. From eq 26, extra dead time is found in this case
and is given as

0.,=5 (31)

ext

Then, by eq 28, the apparent dead times in case 2 are given as

10 0
0, = [o 10] (32)

As shown in Figure 5, this extra dead time leads the system

to a worse result in the first output of the DMVC system.

4. Control Structure Assessment

¢, = Kia— klzkzzilkL,z -1 KiKi

kL,l kzsz,l

kL 2 k21k11_lkL 1 I(21k1_ 1
= = =] 35
%2 s ok, )

Notice that the above; equalsgi/li, whered andf are the
RGA and RDG, respectively. According to the definitiofis,

< 1 oralargerl > 1 implies that interactions are in favor of
control. The expression in eq 35 shows how these quantities
are related to the performance in a steady-state sense. We
defined the absolute value of RLG as an index

S il

e(K) = ———

5o

ande(K) = |y (36)

where ¢(K) designates a lumped index for assessing MLC
against DMVC based on steady-state gaéf() designates the
similar index on an individual-loop basis. Whe(K) < 1, it
means that an MLC system may have an overall performance

In the previous sections, estimations of practically achievable better than that of a DMVC system. On the other hand, for any
performances have been presented. On the basis of thesdéoop that has;(K) < 1, the loop interaction favors that output
performances, the two types of controllers can be assessed orso that a SISO controller may be sufficient for that particular
the basis of the available information (e.g., steady-state gainloop. By making use of eq 36 in case 1, one can see that the

matrix or TFM) about the process.
Assess by Steady-State Gainés a measure of the change
of manipulation responding to a load input, Stanley et®al.

point (k_1, k. 2) lies in the dark and gray areas in Figure 6,
which implies €3(K) < 1 and ex(K) > 1, respectively. For
example, wherk_; = 5 andk_ 2 = 4, €1(K) = 0.6 ande,(K) =

proposed a relative disturbance gain (RDG) as an interaction0.29; and wherk,; = 5 andk_ », = —4, «1(K) = 1.4 and

measure. The RDG is formulated on the basis of steady-statee,(K) = 1.71. These results with their implications agree well
gains of process and load and is formulated on an MLC basis. with simulation results, as have been observed previously in
Skogestad and Morafiintroduced the disturbance condition Section 2.

number (DCN) to quantify the effect of the disturbance direction  Although the presented index in terms of RLG is useful, itis

on closed-loop performance. In their method, the controller in not consistent in a dynamic simulation. This is because it is
the system needs to be given in detail. As a result, the DCN based on steady-state gains and does not take the dynamic effects
could not be obtained because the controller is not available.into account. More-consistent results can be obtained, if this
The extension of this RDG to a generalized disturbance gainindex can take the process dynamics into account. In the
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favor or don’t favor the control of individual outpy. As a
result, the assessment can be concluded as

€(K)>1or¢(G)>1; Interactions in MLC system do not favor output y,
g (K)<lorg(G)<1; Interactions in MLC system facvor output y,

In the case wherg > 1 for some ande; < 1 for the others,
it implies that interactions favor some outputs in an MLC
system. Thus, a full decoupling will not benefit the whole
system. As a result, a partial decoupling controller may have
to be considered to achieve better performance.

Examples. Example 1.Consider the Wood and Berry
proces? In the nominal situation, the process and load transfer-

Figure 6. Assessment for case 1 based on steady-state RLG indices, (a)fun(:tIOn matrices are given as follows

the first loop and (b) the second loop.

following, a criterion that considers dynamics of the process
will be proposed.
Assessment by Dynamic TFMIn the previous section, the

12.868°5 —18.9®
16.5+1 21s+1

6.66 ° —19.4%®
10.55+1 14.4+1

G(s) = (40)

indices for assessing the two control structures are based on an
assumption that only steady-state gains are available. A moregnq

reliable index is to use information not only from the steady
state gain but also from its dynamics.

For MLC Systems. To estimate the control performance for
MLC systems, eq 16 is used. The approximate equivalent
disturbance transfer function is given in eq 15, where each
element in the matrixd® is given by egs 19 or 20, whose
parameters have been optimized with resped;i(s) andg ;-

(9). The estimation of the optimal performance in MLC systems
is to minimize the following two-norm error by adjusting the
parameters imw; yic.

Vill, = \/% f_(zf 19,1 (G0)[1 = Wiy c(i0)L(w) | de
(37)

Here,ws is the frequency bandwidth of concern. The value

of wt has to be selected large enough beyond the bandwidth of * 5 5422 1+ 1 358+ 1

transfer functiong. In this work, w; is taken as 10 times the
bandwidth or greater.
For DMVC Systems.The responses of disturbance rejection

in DMVC systems can be treated as the responses in single-

loop systems as given in eq 17, whewgyyc(s) is the
complementary sensitivity function for each decoupled system.
The two-norm error for practical disturbance rejection of DMVC
systems can be obtained by minimizing the following with
Wi mve-

0= A f o S 10,60 — W GoLG) o (38)

145+ 1
4.9 3%
13.5+1

G.(9= (41)

First, steady-state gains are used to compute the assessing
indices for the nominal case. From eq 34, the RLGs calculated
are: ¢; = —0.26 andg, = 0.6. From eq 36, it gives;(K) =
0.26 andey(K) = 0.6.

To take into account the dynamics, the indices will be
computed undeMs; = Ms, = 1.6. First, in MLC systemsh
used in eq 15 are found as follows:

~ 115+ 2118+ 1

andh, =

7.73% + 4.46%+ 1 s
14.45° + 323+ 1

(42)

So, the equivalent disturbances can be found by eq 15.
According to eq 24, the apparent dead times can be determined
as 6,1 = 1 and 6., = 3. Then, the two-norm errors for
disturbance input are found by minimizing eq 37. Second, in
DMVC systems, the apparent dead times in both loops are
determined by eq 28 as 1 and 3, respectively. Similarly, the
two-norm error for disturbance input in DMVC systems are
found by minimizing eq 38. Finally, the assessing indices in eq
39 can be obtained ag(G) = 0.557 and:,(G) = 1.08 for the

Then, on the basis of dynamics, an index to assess thenominal case. Notice that the indices based on steady-state gains

performance of MLC against DMVC is defined as

S aligilllyilz
€(G) = -
> %

When the index¢(G) is less than one, it means the overall
performance of MLC is better than that of DMVC. Similarly,
€i(G) < 1 means the interaction favors the performance of the
ith loop.

Remark. As mentioned, the individual criteria(K) ande;-
(G) provide implications that if interactions in an MIMO system

1¥ill2
Yill2

ande(G) = (39)

are not consistent with those based on dynamics.

Next, to validate the assessment, controllers are designed and
their performances are examined by simulation. Assume that
the robust specifications are to haMe; = Ms, = 1.6. In MLC,
the sequential method is applied for designing the PID control-
lers. The controller parameters are found iteratively by minimiz-
ing the two-norm errors. So, the resulting controllers are given
as

_ 0.313°+0.686+ 0.171
9c1™= 50.05% + 1)
—0.223° — 0.089% — 0.0319
5(0.15+ 1)

andgc,=

(43)
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(a) (a)
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Figure 7. (a) Responses and (b) control signals of MLC and DMVC for 0.27 — Partial Decoupling ||
the Wood and Berry process. weemeees MILC
In DMVC control, the decoupler is designed by the method '0'40 5I0 160 150
of Huang and Lif so thatg; and g, are obtained as Time
Figure 8. (a) Responses and (b) control signals of MLC, DMVC, and partial
_ —1235&° anda. = —123.58 = (44) decoupling for example 2.
“T1a13+1 8% T 21z

Then, the optimal PID controllers are designed for each mance in the second loop. This agrees with the result from the
decoupled loop to minimize the two-norm errors to obtain ~ cOMPputed indices.

Example 2.In this example, a partially decoupled system is
C. = —0.0216" — 0.0435 — 0.0121 (45) used to illustrate the effectiveness of the results implied;by
1

(0.0 + 1) Consider a system that contains the following transfer-function
matrices:
and
. — —0.0316 — 0.021% — 0.00384 (46) 76 46
2 5(0.15+ 1) _|10s+1 20s+1
G(s) = 4e 105 _paits (47)
The simulated responses, their individual ISE values, and 10s+1 20s+ 1

control signals to a unit-step disturbance input are shown in
Figure 7. From the results, in the nominal case, MLC shows
better performance in the first loop but slightly worse perfor- and



5e >
G = 322—1_031 (48)
30s+1
First, G(s) is factorized into

G= 0 e—lOs] 4 ”6 (49)

10s+1 20s+1

From eq 34, RLGs are computed in the following:

¢, = 1.53 andp, = 0.29 (50)

Assume that the control system is required to hishge = Ms;
= 1.6. The proposed indices gi¥g(K) = 1.53,¢2(K) = 0.29,
€1(G) = 1.24, andey(G) = 0.25. These indices imply that
DMVC is better to control the first output, but MLC is better
for the second output.

Similarly, validation with simulations is performed in the
following. For this purpose, optimal PID controllers for MLC
controls are designed and given as

_ 0.435% + 0.1896 + 0.02469
50.25% + 1)

c1 (51)

and

_ —1.29%" — 0.1774— 0.01087

0.5+ 1) (52)

Oc,2

Then, the DMVC controller is also designed by the method
of Huang and Lirf The resulting open-loop processes and
optimal PID controllers are determined as

_ _5&—53
“T 10+ 1 (53)
B —5ge10s
%= 20511 (54)
c - —0.043% — 0.02335 — 0.003296 (55)
(0.25+ 1)
c,— —0.12167 — 0.02433 — 0.002052 (56)

0.5+ 1)

A partial decoupler is also designed for this MIMO system,
that is

—4(106s+ 1)
D= 20s+1 (57)
0 7
and
_7e_53
10s+ 1
Q= 41 _pga10s (58)

10s+1 20s+1

Optimal PID controllers are also obtained in the following:
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_ 0.36% +0.1945+ 0.02725

C 59

! 5(0.25%+ 1) (59)

c = —0.1158&" — 0.0235% — 0.001588 (60)
2 s(0.55+ 1)

The output responses and control signals in three controls
together with their individual ISE values in responding to a unit-
step disturbance input are all shown in Figure 8. Comparing
the results with those mentioned above, the proposed indices
indeed suggest a correct control structure.

6. Conclusion

Multiloop and decoupling multivariable controllers are com-
monly used in the control of the MIMO processes. Prior to the
design of the controller, selecting a proper type of controller is
an important issue. For these purposes, methods to assess the
performance between two types of systems are proposed. These
methods are derived from the practically achievable perfor-
mances of the two systems, without resorting to their controllers
in details. The first method makes use of the RLG to compute
both the overall and the individual indices based on the steady-
state gain matrix of the process only. Similar to the case of
RGA, this method does not always give consistent results in
all cases. This is because the indices are lacking effects from
the dynamics of the process. The second method uses two norms
of achievable dynamic responses to derive either overall or
individual indices. lllustrations of the use of the proposed
method to select between MLC and DMVC are also given. The
results show that the proposed indices are effective and useful.
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