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ABSTRACT The Analytical Triangular Decoupling Internal Model Control (ATDIMC) technique for 2 x
2 systems is generalized to n x n systems (n > 2) with delays and right-half-plane (RHP) transmission zeros.
The formulation is done by first creating a triangular closed-loop transfer function matrix corresponding to
the achievement of the triangular decoupling objective of restraining inverse-response and control-loop-
interaction characteristics to a single plant output. Subsequently, the corresponding multivariable internal
model controller is calculated, with transfer-function approximations made using an optimization algorithm
that minimizes the Integral Time-Weighted Absolute Error (ITAE) of the difference between the step
responses of the original and reduced expressions. It is shown that n ATDIMC designs emerge that achieve
the shifting of inverse responses and interactions to a least-desired output, with delays retained for all outputs
and asymptotic tracking of setpoints achieved for all n outputs of each design. To mitigate the possible effect
of severe interaction on the least-desired output, a modification of this formulation is performed to spread
inverse-response behavior to a second output, while minimizing the interaction of that output with the initial
least-desired output. Simulation results for selected 3 x 3 and 4 x 4 systems show the effectiveness of these
propositions.

INDEX TERMS Triangular decoupling, multivariable systems, multi-input, multi-output systems, square
systems, open-loop-stable systems, nonminimum-phase systems, RHP transmission zeros, internal model
control, input delays, model simplification.

I. INTRODUCTION

Internal Model Control (IMC) explicitly includes the
mathematical model of an open-loop-stable plant in the con-
trol structure for the plant, hence the name. Originally for-
mulated for open-loop-stable, Single-Input, Single-Output
(SISO) dynamical systems, the IMC configuration com-
bines cascade, parallel and feedback connections in a single
configuration to achieve such desired characteristics as
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design simplicity, closed-loop stability guarantee, null
steady-state-offset guarantee and transparency of robust
design [1], [2], [3]. The IMC structure contains a parallel
combination of the plant and its model, with the con-
troller being the exact inverse (for minimum-phase systems)
or approximate inverse (for nonminimum-phase systems)
of the model of the controlled system. Extended formu-
lations of, or modifications of the SISO IMC concept
have been made and applied to several control situations,
including PID control [3], [4], control of unstable sys-
tems [3], [S], [6], control of nonlinear systems [7], [8], control
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of square multivariable systems [3], [9] and decentralized
control [3], [10].

In respect of the extension of SISO IMC to square
nonminimum-phase Multiple-Input, Multiple-Output (MIMO)
systems without delays, the model of the plant is first fac-
torized into the “good” factor without RHP transmission
zeros and ‘“‘bad” factor with RHP transmission zeros, with
the “good” factor subsequently inverted and augmented with
a filter matrix for properness. There are theoretically infinite
possibilities of factorization results for a nonminimum-phase
transfer function matrix, and this implies that a closed-
loop transfer function matrix must be directly or indirectly
specified for a particular factorization process before a cor-
responding factorization can be done. Different choices of
the closed-loop transfer function matrix have led to a variety
of outcomes in respect of degrees of allowed control-loop
interactions and inverse responses, leading to such outcomes
as dynamic decoupling, triangular decoupling and optimal
spread of inverse responses and control-loop interactions
(21, [31, [9].

The extension of SISO IMC to square MIMO systems
with delays has not been straightforward because the zero
polynomial of a square transfer function matrix with delays is
irrational, complicating the process of inversion of the matrix.
However, with the specification of a diagonal closed-loop
transfer function matrix and the determination of the internal
model controller that approximately yields such a matrix,
it has been shown that Internal Model Control that achieves
dynamic decoupling can be developed for square MIMO
systems with delays, hence the emergence of ‘“Decoupling
Internal Model Control”” (DIMC) [11], [12], [13], [14], [15].
For square MIMO systems with delays and without RHP
transmission zeros, the process of design of controllers
using DIMC involves approximate transfer function matrix
inversion, with appropriate elements of the resulting con-
troller matrix approximated to rational transfer functions
with delays [11], [12], [14]. Because of the intuitive appeal
of dynamic decoupling [16], many multivariable control
formulations have been developed over the years using
the dynamic decoupling concept, with IMC either used
directly or together with such concepts such as Simplified
Decoupling and Inverted Decoupling achieve control using
an IMC structure or a conventional feedback structure (
(151, [17], [18], [19], [201, [21], [22], [23], [24]).

For systems with delays and RHP transmission zeros,
transfer function matrix inversion leads to instability. To actu-
alize DIMC for such systems without introducing instability,
the desired diagonal closed-loop transfer function matrix is
utilized using a procedure similar to that of the aforemen-
tioned dynamic-decoupling-based MIMO IMC for delay-free
nonminimum-phase (NMP) systems [11], [14]. The all-pass
form of the elements of the diagonal of this matrix ensures
that the RHP poles of the approximately inverted matrix of
the plant can be removed, yielding a closed-loop stability
guarantee, but with the inevitable spread of inverse responses
to all outputs [11], [14], [25].
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While dynamic-decoupling-based IMC achieves setpoint-
tracking and disturbance-rejection objectives, it has been
shown in [25] and [26] that a triangular-decoupling-based
formulation offers the possibility of achieving a better overall
performance-index value than a dynamic-decoupling-based
formulation for a delay-free system with RHP transmission
zeros. It has also been shown in [25] and [26] that in compar-
ison to dynamic decoupling, better results can be produced
using triangular decoupling for nonminimum-phase systems
with strong control-loop interactions and in situations where
there are control objectives that prioritize the performance of
some outputs over others. The main motivation of this study
is therefore provided by the possibility of the extension of the
aforementioned advantages to MIMO IMC design for square
MIMO systems with delays and RHP transmission zeros.

Over the last five decades, several authors have pro-
vided solutions to different formulations of the triangular
decoupling problem using a variety of methods of analysis
and design. By using desired upper-triangular and lower-
triangular closed-loop transfer function matrices, the tri-
angular decoupling problem was solved in [25] and [26]
for delay-free multivariable systems with RHP transmis-
sion zeros such that inverse responses and interactions are
shifted to a single, least-desired output. In [27], a geomet-
ric formulation was used to achieve state-feedback-based
triangular decoupling for multivariable systems. By modi-
fying Silverman’s inversion algorithm and using it for the
triangular decoupling problem as formulated in state space,
it was shown in [28] that the existence of state feedback
laws for triangular decoupling was equivalent to conditions
for invertibility. In [29], an algebraic technique was used
to determine conditions for existence of solution to trian-
gular decoupling problem, with a proposed pole-placement-
based controller design method providing the solution to
the triangular decoupling problem. In [30], the regular con-
trollability distributions were used in achieving triangu-
lar decoupling in nonlinear multivariable systems. Robust
input-output triangular decouplers were developed in [31] for
linear multivariable systems with nonlinear uncertain struc-
tures. Realizable proportional state feedback was utilized
in [32] for triangular decoupling of multivariable systems
with delays. The argument was made in [33] of the equiv-
alence of the triangular-diagonal-dominance and coprime
factorization-based conditions for existence of solution to the
triangular decoupling problem. The canonical decomposition
technique of a right invertible system was used in [34] to
obtain solutions to the triangular decoupling problem, with
explicit solutions obtained using the pole assignment tech-
nique. In [35], static feedback was used to solve the triangular
decoupling problem by establishing necessary and sufficient
conditions for triangular decoupling numerically and then
using an algorithm to develop triangularly decouplable par-
titions. Necessary and sufficient conditions for solvability
of the so-called “Triangular-Decoupling-with-Disturbance-
Rejection (TDDR) problem” were derived in [36] for neutral
time-delay systems, with the problem subsequently solved
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using controllers without delays. The DIMC technique of [14]
was modified in [37] to achieve triangular decoupling for
2 x 2 systems with delays and single RHP zeros, leading to the
creation of the “Analytical Triangular Decoupling Internal
Model Control” (ATDIMC) strategy.

Of the above formulations, the techniques of [25] and [26]
were presented in the Laplace domain and therefore offer
the simplest and most direct procedure for using transfer
function matrices to extend the triangular decoupling IMC
concept to square MIMO systems with delays and RHP zeros,
while explicitly addressing the matter of shifting of both
inverse responses and control-loop interactions to a single
output. While the DIMC technique of [14] was modified
into ATDIMC to achieve triangular decoupling in [37] for
2 x 2 systems with delays and RHP zeros, it can be argued
that ATDIMC is also equivalently the result of a reformula-
tion of delay-free triangular-decoupling-based IMC in [25]
to achieve triangular decoupling for 2 x 2 systems with
delays and RHP zeros. The formulation of [37] stands as
the only one to date that tackles the triangular decoupling
problem for square multivariable systems with delays and
RHP zeros using the IMC structure. Since it was successfully
shown in [37] for 2 x 2 systems that the nominal and robust-
ness characteristics of at least one of the ATDIMC designs
for each considered system were better than those obtained
using DIMC, a motivation is provided for generalizing the
ATDIMC technique of [37] to n x n systems with delays
and RHP transmission zeros (n > 2). If the generalization is
successful, ATDIMC can be presented as a better technique
of achieving control objectives than the existing DIMC for
square multivariable systems with delays and RHP zeros.

In this study, the ATDIMC concept in [37] was extended
to n x n systems with delays and single RHP transmission
zeros. The closed-loop transfer function matrix correspond-
ing to the shifting of the inverse response and control-loop
interaction characteristics to the nth output is first developed,
and the corresponding internal model controller is computed,
with provisions made to ensure that closed-loop stability is
guaranteed. Subsequently, the closed-loop transfer function
matrix corresponding to the shift of the inverse responses and
control-loop interactions to the ith output (i < n) was also
developed, and the corresponding controller was developed.
Both formulations yield n ATDIMC designs for an n x n
system. Because of the possibility of severe interaction added
to the least-desired output, a modified ATDIMC formulation
was performed to remove the interaction effect of an output
yr on the least-desired output y,,, w # k, with an inverse
response placed on y;. Simulation results, including those
from designs on the model of a practical 3 x 3 Depropanizer
in [13], show the effectiveness of the propositions.

The remainder of this paper is organized as follows. Sec-
tion II-A provides the mathematical preliminaries that define
the closed-loop transfer function matrix of a continuous-time
square stable multivariable system within the IMC configura-
tion under the assumption of a perfect plant-model match and
in the absence of disturbances. Section II-B defines triangular
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FIGURE 1. Block diagram of internal model control for square MIMO
systems.

transfer function matrices, including those that are techni-
cally not triangular matrices but can emerge as triangular
matrices if the variables that are related by such matrices
are rearranged. Sections III-A and III-B develop the internal
model controller equations within the ATDIMC framework
that restrict inverse response and control-loop interaction
characteristics to the nth and ith outputs respectively (i < n).
Sections III-C and III-D develop internal model controller
equations within the modified ATDIMC framework that mod-
ify the designs of Sections III-A and III-B such that inverse
responses are restricted to two outputs, and interaction con-
tributions to the respective least-desired outputs are reduced
by one. Section IV provides the technique for minimization
of the Integral Time-Weighted Absolute Error (ITAE) of the
difference between the original and reduced transfer function
expressions as a technique for the reduction of the elements of
the internal model controllers developed in Section III. Sec-
tion V discusses the analysis of the designed controllers for
robust stability and performance using p-analysis. The simu-
lation results are presented and discussed in Section VI, and
conclusions are presented in Section VII. The Appendices
Section gives details of the proofs of Propositions 1 and 2
(of Sections III-A and III-C respectively) and the designed
controllers of Section VI, while the cited publications are
listed in the References Section.

Il. MATHEMATICAL PRELIMINARIES

A. THE MIMO IMC CONFIGURATION

Figure 1 shows a block diagram of IMC for an n x n
system. The sub-systems G, G,,, and C are n x n transfer
function matrices representing the plant, the model of the
plant and the controller respectively. The vectors R, U, D and
Y are the Laplace transforms of the n-sized vectors of the
command signal, plant input, output disturbance and plant
output respectively. The transform of the feedback signal is
equal to the disturbance transform D if there is a perfect plant-
model match.

Both R and D in Figure 1 are assumed to be transforms of
vectors of positive unit step and negative unit step functions
respectively. Mathematically, if w(¢) is a unit step function
such that

0, t<0
then R and D can be written as
32203
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Re)=[n(t—11) nl(—t2) wit—ta)]"
)

D(s)=[-p(t—ta1) —u(t —ta2) ... — (¢ —tn)]T
3)

where ¢, ;(i = 1,2,...,n) is a constant and is chosen to

allow the evaluation of the amount of interaction that the
setpoint tracking in the ith loop has with all other n — 1
loops, and #7;(j = 1,2,...,n) is also a constant and is
chosen to allow the evaluation of the amount of interaction
that the disturbance rejection in the jth loop has with all other
n — 1 loops.

Using multiple system reduction techniques for multivari-
able systems [16], the closed-loop transfer function matrix
can be written as

Y(5) =GC U +[G—-GnC)"'R
+{I —GuCYI +[GC—GnO)7'D. (@)

As stated in [37], without loss of generality, if a per-
fect plant-model match and the absence of disturbance are
assumed, Eq. (4) becomes

Y (s) = G(s)C($)R(s) &)

such that the closed-loop transfer function relating the plant
output transform Y (s) to the command signal transform R(s)
becomes

H(s) = G(s)C(s). (6)
By implication,
C(s) = G L (s)H(s). 7

If H(s) is formulated as a triangular matrix achieving
triangular decoupling, then, with the inverse of G(s) approx-
imately computed, the corresponding internal model con-
troller C(s) can be found using Eq. (7), with H(s) pre-set to
ensure that the RHP poles of G~1(s) can be removed, thereby
guaranteeing closed-loop stability. In addition, because the
foregoing has all the features of the IMC configuration, there
will be null steady-state offset and transparency of robust
design through the tuning and detuning steps that perform
trade-offs between performance and robustness.

B. TRIANGULAR TRANSFER FUNCTION MATRICES
Based on the definitions of upper and lower triangular matri-
ces in [38], if an n x n matrix is defined by

All A12 “ e All’l
Ay Axn ... Ay

A= . . . ) ®)
An Ao cee Aun

then A 1is upper-triangular if the diagonal elements
A 0 = 1,2,...,n) and at least one of the ele-
ments above the diagonal (A2, A13, ..., A1, A23, A4, ...,
Azn,A34, PR A3n, . ,Anfz’nfl ,Anfzyn and Anflgn) are

32204

non-zero while every other element of the matrix is zero.
On the other hand, A is lower-triangular if the diagonal
elements and at least one of the elements below the diag-
onal (A21,A31,A32,A41,A42,A43, ..., Ap—21,An—22, ...,
Ap2n-3,An, An2,...,Apn—2 and A, ,—1) are non-zero
while every other element of the matrix is zero.

For example, the matrices A; and A> in Egs. (9) and (10)
are upper and lower 3 x 3 triangular transfer function matrices
respectively, i.e.,

-2 3 0
s+5 25+ 1
4 4
A = 0 9
1) S+5  s+7 ©)
6
0 _
s+ 1
7
— 0 0
s+4
A= o ° (10)
2= 25+9
5 8 1
L s+6 055+1 O+l
Let a third matrix A3 be defined as in Eq. (11).
-5
- 0 0
242
2 4 9
A = . 11
W= 5571 537 Tt an
8
0
3s+2

The matrix A3(s) has a non-zero element above the diagonal
(element A»3) and a non-zero element below the diagonal
(element Ajy). It is therefore evident that A3(s) of Eq. (11) is
technically not an upper or lower triangular matrix. However,
if the two 3-sized vectors a(s) and B(s) that gave rise to A3(s)
are defined as

a@=[ar(s) @) ] (12)
Bs)=[B1s) B B®] (13)

such that
o (s) = A3 (s) B (s) (14)

then, we can re-arrange the elements of the vectors of Egs.
(12) and (13) to lead, respectively, to new vectors ®reqrr(s)
and B,,4-+(s) such that

a5
). e

Urearr(s) = [al () a3(s)

Brearr (8) = [,Bl () B3

With the rearranged vectors of Egs. (15) and (16), Eq. (14)
becomes

Crearr (5) = A32(S) Brearr () a7
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where
-5
- 0 0
242
8
A = 0 0 . 18
3,2(5) P (18)
2 9 4
9s + 1 11s+1 s+7

Because signals within a system can be rearranged as
shown in Eqgs. (15), (16) and (17) without the loss of any of the
features of the system, closed-loop transfer function matrices
of the form of the RHS of Eq. (11) are regarded as triangular
in this study.

Ill. GENERALIZED ATDIMC FOR SQUARE
MULTIVARIABLE SYSTEMS WITH DELAYS

A. ATDIMC SHIFTING INVERSE RESPONSES AND
CONTROL-LOOP INTERACTIONS TO nTH OUTPUT FOR

n x n SYSTEMS WITH DELAYS AND RHP TRANSMISSION
ZEROS

Let the plant and controller transfer function matrices of
rational elements plus delays be respectively given by

[ G11 (s) Gin (5)
G(s) = : : (19)
| G (s) Gnn (5)
[ Cri(s) Ciu(s)
C(s) = : : (20)
| Cai(s) Cun(s)
where
Gij (5) = Gijpp(s).e %0, i=1,2,....m j=1,2,...,m
fgj > 0 (21)
Cij () = Cypp(s).e 0% i=1,2,...,m j=1,2,....m;
6 > 0. (22)

In Egs. (21) and (22), Gy (s) and Cj;;(s) are rational open-
loop-stable transfer functions, and 6; and 6,;; are the delays
associated with G; (s) and Cj; (s) respectively.

For plant inputs being uy, ua, ..., u, and plant outputs
being yi, y2, ..., ¥, triangular decoupling can be achieved
such that interactions and inverse responses are shifted to
yn, With outputs yi,y2,...,y,—1 being completely non-
interacting (or very mildly interacting) and without inverse
responses (or with very mild inverse responses). With ref-
erence to [25], for this to occur, the closed-loop transfer
function matrix Hy,xn,(s), assuming the existence of an RHP
transmission zero at s = z (z € R™) for the system, can be
written as

Hyonn (5) = [Hdiagl,n O(n—l)xl] (23)

rowl,n Hnn

v Hy1n
’ 24
e Hn,nl]] ] @4)

where

Haiagi n = diag {H\1, Haa,
Hrowl,n = [Hnl Hn2
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and O¢,—1)x1 is an (n — 1) x 1 zero matrix.
In Eq. (23) and (24),

670"5
Hye = ik=1,...,n—1
s + 1
—6,s
sapp e
=" ip=1,....n—=1¢, (25
KT SR R
g Stz e 0ns
TStz ‘s 41

with ay, ;, being a constant whose value is to be calculated such
that the controller in Eq. (7) is stable.
Let the adjoint of G(s) be given by

g1 () g g1, (5)
. 81 () &) 8o ()
adiG) = | . . (26)
gnl (S) gnZ (S) gnn (S)
The inverse of G(s) can be written as
g1 g6 gin ()
. P@s) | &1() &0 (s) &on (8)
G ()= ——. . . .
Z(s) : : :
gnl (S) gnZ (S) grm (S)
27

where P(s) and Z(s) are the pole and approximate zero poly-
nomials of G(s) respectively. Based on the existence of an
RHP transmission zero in G(s),

Z(s) = (=s+ 2)M(s) (28)

where M (s) has roots with negative real parts.

By substituting Eqgs. (23) and (27) into Eq. (7), the initial
controller matrix expression Cyxu,n,inir1(s) can be computed
by simple matrix multiplication. Further adjustments can then
be made to the controller to first reduce irrational transfer
function expressions using model reduction techniques and
then remove RHP poles with RHP zeros.

Proposition 1: With reference to the adjoint matrix of Eq.
(26), let the vectors v, and &, be n-sized vectors defined
respectively by

Vig Vg .- vnq]T (29)

g =81 B - Bm] (30)

—

Vg =

where
Vg = By () + 8y (5) 222,
vd ye (s+2)
With a closed-loop transfer function matrix Hyx, » given by
Eq. (23) and the plant inverse G (s given by Eq. (27),
the internal model controller Cy,xp,pinir1 (5) can be computed
according to Eq. (32), i.e.

Cnxn,n,initl(s) = Gil(s)ann,n (32)

=1,....,n. (31

to yield
Cnxn,n,initl (s)
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_ P(s)
C (=s+2M(s)
X [VlFl vaF; Vn—1Fn—1 gnan] (33)
where
F = 1 1 34
q—m, qg=1...,n— (34)
_ —0Ous
Fm, = 1% ¢ " (35)
s+z T+ 1

Proof: The proof is given in Appendix Al.

Remark 1: With appropriate steps taken to remove the
right-half-plane poles with right-half-plane zeros in the con-
troller matrix arising from the utilization of Proposition 1,
the controller that emerges guarantees closed-loop stability
as well as null steady-state offset for all outputs.

Remark 2: Eq. (33) will only be stable if each of v, (s)
has the expression (—s + z) as one of its factors. Theorem 1
will help us ensure that this condition is satisfied.

Theorem 1: For an open-loop-stable, n x n system with
delays and a single RHP transmission zero at s = gz, the

expression
v,,q(s)—qu—}—g,,n y=1,...,m

g=1,....n—1 (36)

( + )
has the expression —s + z as one of its factors if and only if
lng = _Zqu(Z)/éyn(z)? y=1,....n (37)

Proof: For (—s + z) to be a factor of v, 4(s), v}, 4(z) must

be O:
Z.Qpn.q (2)

qu(z) = qu(z) + gyn(Z)m =0
gyn(z)ﬂn,q (2) = —2§yq(z)
an,q (2) = —2qu(z)/gyn(z); y=1,....n (38

Remark 3: Based on Eq. (38), because each of a, 4 (z) is
unique for a particular value of 7 and ¢, then

glq(Z)/gln(Z) = gzq(Z)/gbt(Z) == gnq(Z)/gnn(Z)' (39)
Eq. (39) holds for every square matrix with an RHP transmis-
sion zero at s = z and an adjoint matrix of Eq. (26).

Remark 4: As shown in Theorem 2 (Section III-B), a pro-
cedure similar to that of the proof of Theorem 1 can be used
to develop conditions to actualize a triangular decoupling
IMC design that moves inverse responses and control-loop
interactions to the ith output (i < n).

With M, ,,, defined as

A A S.Qn,q (s)
My, g = (qu(5)+gy,1( )- G+2) )/( s+z) (40

substitution of Eq. (40) into Eq. (33), with the RHP zero
and pole terms removed, leads to the final internal model
controller achieving shifting of inverse responses and control-
loop interactions to the nth output as

= [C]_F] gnctn]

(41)

Cnxn,nzfin(s) c2l> cn—1Fu1
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where F is as given in Eq. (34), 8, is as given in Eq. (30),
and

T

cqz[clq g - c,,q] ;gq=1,...,n—1
c _P—(S)M,,,yq(s)' =1 n,qg=1 n—1
yq = M(s) sy ==L....n5q9g=1,...,
P(s)(s)e”"

(s + M (s)(Tps + 1)

n =

(42)

B. ATDIMC SHIFTING INVERSE RESPONSES AND
CONTROL-LOOP INTERACTIONS TO iTH OUTPUT FOR n x n
SYSTEMS WITH DELAYS AND RHP TRANSMISSION ZEROS
Using Egs. (19)-(22), for triangular decoupling to be achieved
such that interactions and inverse responses are shifted to y;
(i < n), the closed-loop transfer function matrix Hjx,;(s) can
be written in block matrix form as,

Higg,i Oi—1x1  OG—1yx@m—i
ann,i (s) = Hrowl,i H;; Hr0w2,i
Om—iyxi-1)  Om—iyx1 Hiago,i
(43)
where
Hiiag1,i = diag {H\1, Hy, ..., Hi—1,i—1}
Hpwii=[Hi  Hp Hii1] (44)
Hpwi = [Hiiv1  Hiit2 Hin |

Haiaga,i = diag {Hiy1,i+1, Hiz2,i42, - - .. Hun}
and OG—1)x1, OG—1)xm—i)» Owm—ixi—1) and Og—jx1 are,
respectively, ( — 1) x 1, — ) x (n—i),(n—i) x (i — 1)
and (n — i) x 1 zero matrices. In Eq. (44),

—bs
Hy, = k=1, i—1,i+1,...,n
ki s+ 1’
—0,s
= —tr € r=1,....i—li+1,....n
(s+2)° trs—i—l
—s4z e
H; = .
s+z Ts+1

(45)

with ag; , being a constant whose value is to be determined.
The procedure for determining a; , is discussed in Theorem 2
and is similar to that of a,, 4 in Theorem 1.

As indicated in Section II-B, the matrix in Eq. (43) is not
technically triangular but becomes triangular by rearranging
the vectors that are related by the matrix. Thus, if

Yuxni () = Hyxni (8) Ruxni (5) (46)
where
Yuxni (s) = [Y1(s)  Ya(s) ] @n
Ruxni(®) = [Ri(s) Ro(s) ... Ru®] 48

then, by rearranging the elements of the vectors in Eqs. (47)
and (48) such that

Ynxn,i,2 (s)
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=[Y1(®) ... Yic1(®) Yig1(s) ... Ya(s) Yi(S)]T (49)
Ryscni2 (5)
=[Ri(s) ... Ri—1(s) Riy1(s) ... Ru(s) Ri(S)]T (50)
Eq. (46) becomes
Ynxn,i,2 (s) = ann,i,2 (s) Rnxn,i,2 (s) (51)

where Hy xp,i 2 (5) is given by

Hyjge i Oi—nx1  Oi—1)x(m—i
Hpxn,i2 (5) = | O—iyx(i—1)  Haiag2,i Om—iyx1
Hrowl,i Hrow2,i Hi'
(52)

and the sub-matrices of H,x, ;2 (s) are the same as in Eq.
(44).

It is easy to see that H, xn ;2 (s) can easily be derived from
Hyxn,i (5). Itis also easy to see that Hyx i 2 (s) is of the same
triangular form as Hy,xn,, (s) of Eq. (23). The matrix of Eq.
(45) can therefore be recast into the form of Eq. (52) and used
to design a triangular decoupling internal model controller
that shifts inverse responses and interactions to the ith output
(i < n) using a procedure similar to that in Section III-A.

Proposition 2: With reference to the adjoint matrix of Eq.
(26), let the vectors v, and g; be n-sized vectors defined
respectively by

Vr = [Vlr V2r ce Var ]T (53)
A o o A~ 1T
g=[&; & 8ui | (54
where
R R s.a;,q (S)
Vir = Er () + 8, (5). (S’ j 5

w=12,....,n; r=1,...,i—1,i+1,...,n (55

With a closed-loop transfer function matrix Hyx,,; given by
Eq. (43) and the plant inverse G~!(s) given by Eq. (27),
the internal model controller C,,xp.i.inir1 (s) can be computed
according to

Cnxn,i,initl(s) = Gil(s)Han,i (56)
to yield
Cuxn,i,init1 (8)
_ P (s)
(=St M(s)
x[viF1 ... viciFio1 vigaFigr -+ vaFy gFm; |
(57
where
e—ﬂqs
F, = ; =1,...,i—1,i+1,..., 58
a s+ 1 4 ! it n (58)
_ —0;s
Fmj= 1% ¢ (59)
s+z Ts+1

Proof: The proof is given in Appendix A2.
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Remark 5: With appropriate steps taken to remove the
right-half-plane poles with right-half-plane zeros in the con-
troller matrix arising from the utilization of Proposition 2,
the controller that emerges guarantees closed-loop stability
as well as null steady-state offset for all outputs.

Remark 6: Eq. (57) will be stable only if v,,-(s) in Eq. (55)
has the expression (—s + z) as one of its factors. Theorem 2
will help us ensure that this condition is satisfied.

Theorem 2: For an open-loop-stable, n x n system with
delays and a single RHP transmission zero at s = gz, the
expression

~ A s.ajr (s)
Vipr(8) = gwr(s) + gwi(s)- s -

r=1....i—1,i+1,....n (60)

w=1,2,...,nm

has the expression —s + z as one of its factors if and only if
aj, = —2gwr(z)/gwi(z); w=1,...,n. (61)
Proof: For (—s + z) to be a factor of v, (s), v,-(z) must
be 0, i.e.,

A N z.air (2)
vwr(2) = &,,,(2) + gwi(z).—(Z el
g,i(2.air () = —28,,)

air(z) = —Q,gwr(z)/gwi(z); w=1,...,n. (62)

Remark 7: Based on Eq. (62), since each of a;, (z) is
unique for a particular value of i and r, then

glr(Z)/gli(Z) = ng(Z)/gzi(Z) =...= gm‘(z)/gni(z). (63)

As in Eq. (39), Eq. (63) holds for every square matrix with an
RHP transmission zero at s = z and an adjoint of Eq. (26).
With M; - defined as

M = (g (5) F Zi(s). =2 (S)) / (=s+2) (64)
) wr wi (s + Z)
the appropriate substitutions and the removal of the RHP pole
and zero terms lead to the final internal model controller
achieving shifting of inverse responses and control-loop inter-
actions to the ith output as

Cn><n,i,ﬁn ()
= [ClFl - cnFy giCti]

(65)

. ci—1Fi1 cir1Fin

where F is as given in Eq. (58), g, as given in Eq. (54), and
¢y, ¢y and ct; are as given in Eq. (66).

T
er=[cirer..cn]
r=12,...,i—1,i+1,....n

P()M; 1y (5) )
Cpr=—"——Zw=1,...,m
M(s) . (66)
r=1,2,...,i—1,i+1,....n

B P(s)e™ %
S (DM@ (Ts+ 1)

i
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C. MODIFIED ATDIMC FOR MITIGATION OF SEVERE
INTERACTION EFFECTS ON LEAST-DESIRED OUTPUT yp
For some systems with strong couplings between control
loops, at least one of the n ATDIMC designs has its least-
desired output experiencing severe interaction effect from
another output strongly coupled to it originally, potentially
causing the overall error-index value to increase significantly
in comparison with that of the dynamic decoupling IMC
design.

To mitigate the effect of this strong interaction, a modified
ATDIMC scheme is proposed which replaces the interaction
expression in the closed-loop transfer function matrix with an
all-pass expression in the diagonal element corresponding to
the output strongly coupled to the least-desired output. This
essentially nullifies the strong interaction effect from y, and
replaces it with an inverse response in the other output y;(j <
n) that was strongly coupled to y, in the first place.

Mathematically, let the expression “imperfect y;&y,”
describe an ATDIMC design that modifies the ATDIMC
design of Section III-A such that the effect of the interaction
between outputs y; and y, is removed from imperfect output
¥n, With an inverse response then introduced to y;. This modi-
fication yields 2 least-desired outputs y; and y,, with y; having
only an inverse response and y, having a combination of an
inverse response and n — 2 control-loop-interaction features
as a result of couplings between y, and other outputs aside y;,
L€ Y1, Y2, oy Yjmds Vit o oo s Y1

The emerging closed-loop transfer function Hpxn,yy,
becomes a modified version of Eq. (23), i.e.

ann,yjyn ()

Haiaglyyy — 0-Dx1 0G-1x@m—j-1) OG-1)x1
01x-1) Hj; 01x(n—j-1) 0
Om—j—1)x(—1) Om—j—1)x1  Hdiag2,yjy,  On—j—1)x1
Hrowl Yivn 0 Hrow2,yjyn Hnn
(67)
where

Hiagl.y,y, = diag {Hu.Hy, ... ,Hji_1 -1}

HdiagZ,yjyn = diag {Hj+1,j+1, cen ,anl‘nfl} (68)

Hrowl,yiy,, = [Hnl Hp Hn,j—l]

Hruw2,yjyn = [Hn,j+1 Hn,j+2 Hn,n—l]

As evident, Eq. (23) for the “imperfect y,” ATDIMC
design has been modified to Eq. (67) for the ‘“imperfect
vj&y,” ATDIMC design. It is noteworthy that both Hj; and
H,,, are lone non-zero elements of the jth and nth columns of
ann,yjyn (s) respectively.
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For Eq. (68),
e—QkS
Hy = ck=1,...,j—1,j+1,...,n—1;
kk s + 1 J J n
__S+Z e—ng
T s+z s+l
S.ap,p(s) e s
np = . 5
(5+2) Ts+1
p=1...,j—-1j+1,...,n—1;H,; =0
—s+z e
Hpyp = ——.
s+z Ts+1

" (69)

As with previous designs, the initial controller Cy,xp ju, inir1(s)
can be described by modified versions in Egs. (33) to (35),
leading to

Cnxn,jn,init 105)

_P@
C (=s+M(s)
x[v1Fi vi—1Fjo1 gFm; v 1Fj
Vp—1Fp—1 gnle’l]a (70)
where
T
ve=[vig v Vg | s
g=1,....j—1,j+1,...,n—1
e—Hqs
= igq=1,...,j—1,j+1,....,n—1
[ L ST E e (71)
N N N ~ 1T .
ga = [gla 250 gna] w=jn
—s+z et
Fm, = ——ia=j,n
s+z Tes+1
and vy, is as given in Eq. (31) for y = 1,...,n;q =

L....j—Lj+1,....,n—1.

Using the procedure in Section III-A for developing the
controller transfer function matrix, the internal model con-
troller that achieves “imperfect y; and y,”” such that the effect
of the interaction between outputs y; and y, is removed from
imperfect output y,, with an inverse response then introduced
to yj, is given by

Cnxn,jn,ﬁn (s)
= [ClFl ¢i—1Fj1 gict; Cit1Fj
n—1Fn-1 8nCta] (72)

where F; is as given in the 2" sub-equation of Eq. (71), g,
is as given in the 3" sub-equation of Eq. (71), and

T
Cqg = [Clq C2q qu] 5
g=1,....j—1,j+1,...,n—1 73
P(s)etes | )
CC( :]sn

GTOME) s + 1)
D. MODIFIED ATDIMC FOR MITIGATION OF SEVERE
INTERACTION EFFECTS ON LEAST-DESIRED OUTPUT y;
Similar to Section III-C above, let the expression “‘imper-
fect yj&y;” describe an ATDIMC design that modifies the
ATDIMC design of Section III-B such that the effect of
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the interaction between outputs y; and y; is removed from
imperfect output y;, with an inverse response then intro-
duced to y;. This modification yields 2 least-desired out-
puts y; and y;, with y; having only an inverse response
and y; having a combination of an inverse response
and n — 2 control-loop-interaction features as a result
of couplings between y; and other outputs aside yj;, i.e.
Y1, Y25 -5 Yi=15 Vit 15 Yjit2 -« + 5 Yi—15 Vit 15 Yit2s - =5 Y-

The emerging closed-loop transfer function Hyxn,y,y;
becomes a modified version of Eq. (43), i.e., (74), as shown
at the bottom of the page, where

Hiag1 yjy, = diag {H11, Hx, ..., Hj1j-1}
Hiaga yjy, = diag {Hjs1j41, - - - Hi-1,i-1}
Huiags.y;y, = diag {Hix1,i+1, - ... Hun}

75
Hrowl,yjyn = [Hnl Hp Hn,j—l] (75)
Hrow2,yjy,, = [Hn,j+l Hn,j+2 Hn,ifl ]
Hrow3,yjyn = [Hn,i—H Hn,i+2 Hnn]
and
e—9ks
B s+ 17
k=1,....j—Lj+1,....i—1,i+1,....n
—s+z e
jj:—s—i-z.l'js-l—l 6
5.4 r(5) e s '

T s+ s+l
r=1,....j—Lj+1,...,i—1,i+1,...,n
—s4+z e O

H; = .
s+z Ts+1

It is noteworthy that both Hj; and H;; in Eq. (58) are the lone
non-zero elements of the jth and ith columns of Hyxn,y;y,(S)
respectively.

The initial controller Cy,x ji,inir1(s) that emerged using Eq.
(5) can be described by modified versions in Egs. (53)-(59),
ie.

Cnxn‘ji‘initl ()

where
T
Vr = [Vlr V2r .- Vnr]
—0,s
e
=
o msEL e a8)
gaz[gla 250 gna] o =],1
—s+z e .
Fmy, = — o=,
S+z Tes+1

For the 1%t and 2" sub-equations of Eq. (78), r takes values
L2,....j—1j+1,...,i—1i+1,...,n

Using the procedure in Section III-B to develop the con-
troller yields the internal model controller achieving imper-
fect y; and y; as

Coxcnji fin (8)
= [01F1
ci—1Fio1 gct

¢j—1Fj-1 gctj €jr1Fj+

ci+1Fi ann] (79)

where F; is as given in the 27 sub-equation of Eq. (78), g
is as given in the 3™ sub-equation of Eq. (78), and

T
Cr = [Clr Cor cnr]
N P(s)M; v (s) | -1
er_—M(S) cw=1,...,n . (80)
P(s)e %S .
Cly o =],1

T (s DM () (s + 1)
Remark 8: Ttis technically possible to eliminate more than
one interaction effect if there are multiple severe interaction
effects on the least-desired outputs of Sections III-A and
III-B, since the closed-loop transfer function matrix remains
triangular. However, the advantage of using the ATDIMC
may be lost if multiple interaction effects are replaced
by inverse responses on the outputs coupled to the least-
important output; hence, the decision to limit the removed
interaction effect to just one. In fact, the limiting situation
that results from replacing all interactions with the corre-
sponding inverse responses on the outputs coupled to the
least-important output is equivalent to dynamic decoupling.

IV. MODEL SIMPLIFICATION FOR ELEMENTS OF THE
CONTROLLER TRANSFER FUNCTION MATRIX

As previously shown, for the designs of Sections III-A
and III-B, the expressions M, ,,(s) and M;,, (s) are
developed according to Eqs. (40) and (64) respectively,

= & with the same expressions then used respectively in
(=s+2)M(s) R Sections III-C and III-D for the modified ATDIMC designs.
x[v1Fy vi—1Fj-1 giFmj vip1Fii According to Eqgs. (40) and (64), both M, ;4 (s) and M, (s)
vi—1Fio1 &Fmi vip1Fig v,,Fn] 77 are developed using the appropriate elements of the adjoint
Haiag1,yjy; Oj—nx1  Og—ix@—j=1)  Og—nx1 O0G—1)x(m—i)
O1xg—1) Hj; O1x(i—j—1) 0 01 x(n—i)
Hpsenyye = | O=j—DxG-1)  O—j—Dx1 Hiag2,yjy; Oi—j—yx1  OG—j—Dyx(n—i) (74)
Hrowl,yjy,l 0 Hrow2,yjy,, Hj; Hr0w3,yjyn
Om—iyx(i—1) Om—iyx1 Om-iyxi—j-1)  Om—i)x1 Hiag3,yyi
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of the transfer function matrix of the plant. Because adjoints
of the transfer function matrices of systems with delays have
irrational elements for n > 2, M, ,,(s) and M, (s) are
irrational. Because both M, ,, (s) and M;,, (s) are used
to develop the transfer function matrices of the controllers
for all designs, some model simplification is necessary to
reduce M, ,, (s) and M, wr (8) to rational-transfer-function-
plus-delay expressions Mn va (s) and M, wr (8) such that

Mn va 8) = Mgt n,yq (s) €™ nyas (81)
M; yr (5) = Myar iwr () e diowrs (82)

where Il;lm,, n,yq and M rat.i,wr are rational and proper transfer
functions, and dj, , 4 and dy,, 4 are real and positive numbers.
Similarly, the adjoint elements g, (s) and §,,, (5), directly
used in the controller matrix development in Sections III-A
and I1I-C (2" sub-equation of Eqgs. (42) and 3" sub-equation
of Eq. (71)), and III-B and III-D (Egs. (55) and the 34 sub-
equation of Eq. (78)), are irrational for n x n systems (n > 2)
and require some model simplification to rational-transfer-
function-plus-delay expressions gyn and g, such that

En (8) = &gy (5) €~ (83)
gwr (S) = gmt‘wr (S) e—dwrS (84)

where g:gm,,yn and ém,,wr are rational and proper transfer
functions, and d,,,, and d,,, are real and positive numbers.
The recursive least squares techniques of [39] were used
in [11], [12], and [20] for appropriate reductions of con-
troller terms, whereas moment matching was used in [14].
In this study, the method of model simplification used was the
method of minimization of the Integral Time-Weighted Abso-
lute Error (ITAE) of the difference between the step responses
of the actual and reduced expressions. This provides a good
opportunity for responses of original and reduced functions to
be observed. The basic graphical knowledge of step responses
to transfer functions of different orders is used to dictate
transfer-function structures and constraints for the reductions.
Mathematically, for the irrational transfer function expres-
sion @(s), if the symbol w1 “represents the Inverse Laplace
Transform, then the unit step response can be written as

- (s)
Ostep,actual (1) = £ [(pTl (85)
while for the reduced expression ¢ (s), given by
. NG g
P(s) = DGs)°

aps” +ap_1sP7 4.

+ a2s2 +oas+1 g
e
Bys 4 Bg—1571 + ...

+ Bos? + Bis+1

(86)
the unit step response can be written as

@(S)]
e

Pstep,reduced 1) = L! [ 87)

The error e between the responses of the actual and reduced
expressions is given by
e(t) = Pstep,actual ) — Pstep,reduced (®) (88)
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and the ITAE is given by
tfinal
ITAE = / tle(t)|dt. (89)
Linit

The minimization of the ITAE can be performed using a host
of optimization schemes provided in MATLAB/SIMULINK,
with the common choices being Pattern Search and Genetic
Algorithms.

It is noteworthy that for each of the regular ATDIMC
designs for a system, a reduction must take place for each
element of the transfer function matrix of the controller.
This means that n> reductions are performed to get each of
the n regular ATDIMC controllers. For one of the n regular
ATDIMC designs, the computational complexity is compa-
rable to that of simplified decoupling of [20] that performs
reduction of all elements of an nxn decoupler and an apparent
process. Also, just as techniques like simplified decoupling of
[20] and inverted decoupling of [19] provide multiple options
and configurations from which one makes the best choice, the
n ATDIMC designs are possibilities from which the best can
be selected based on control objectives.

V. ROBUSTNESS ANALYSIS OF ATDIMC DESIGNS

As pointed out in [16], for a square multivariable control
system in the IMC configuration, if G(s) is the plant being
controlled, C(s) is the controller in the IMC configuration,
K(s) is the conventional-feedback-controller equivalent to
C(s), S(s) is the sensitivity function and T;(s) is the com-
plementary sensitivity function, then if p-analysis is per-
formed on the designed control system, then robust stability
and robust performance are both assured if both structured
singular values pgs and pugp of robust stability and robust
performance respectively are less than unity, i.e.,

urs = p[=Wi()Ti(s)] < 1 (90
_ —Wi($)Ti(s) —Wi () K (s)S (s)
HrP = I [WP (5)S (5) G(s) Wp(s)S(s) ] =1
o1

where Wy and Wp are both n x n diagonal matrices rep-
resenting weights for multiplicative input uncertainty and
performance at the output respectively, and are given by

Wi = diag{w; w; ... w;} (92)
W, =diag{w, wp, ... wp}. 93)
In Eq. (92), the uncertainty weight w; is expressed as
TS+ 1o

wi(s) = W

where rg is the relative uncertainty at steady-state, % is
the approximate frequency at which the relative uncertainty
reaches 100%, and r is the magnitude of the weight at high
frequency.

In Eq. (93), the performance weight wp is expressed as

(94)

S k
ut@p

wp(s) = 95)

VOLUME 11, 2023



K. S. Ogunba et al.: Extended Approach to ATDIMC of Square Stable Multivariable Systems

IEEE Access

FIGURE 2. Block diagram for robust performance with multiplicative
input uncertainty within conventional feedback configuration.

where M is the peak sensitivity (whose inverse is w), at high
frequencies), A is a parameter (whose inverse is w, at low
frequencies) and w}; is the system bandwidth. Figure 2 shows
a block diagram of the multiplicative input uncertainty and
the performance uncertainty measured at the output.

In this study, p-analysis was performed on each of the
designed controllers to test for robust stability and robust per-
formance. As will be seen, at least one ATDIMC design yields
better robustness results than the dynamic decoupling coun-
terpart, with the designs with severe interactions in the least-
desired outputs expectedly yielding poor robust performance
results. It will also be seen that the modified ATDIMC designs
improve on the robustness results of the original ATDIMC
designs being modified. The details of the chosen uncertainty
and performance weights are provided in Section VI.

VI. SIMULATION RESULTS

A. THE 3 x 3 DEPROPANIZER

The Depropanizer, presented in literature as a control system
that separates propane from the feed that comes from a deeth-
anizer column in distillation control [6], has the following
transfer function matrix:

G(s)
—0.2697 55, 1978 55 0.07724
97.55 + 1 118.55 + 1 965 + 1
04881 170 =526 _,s, 0.19996 s
= —_— o ————e .
565 + 1 58.5s + 1 515+ 1
0.6 e—lG.Ss 5.5 —15.5s —0.5 e—l7s
0.55 + 1 19.55 4 1 185+ 1

(96)

This system has a dominant RHP transmission zero at s =
0.0120061. It also has strong couplings between the control
loops, with the first channel interacting very strongly with the
controls in the second and third channels.

Noting that n is 3 for this system, ATDIMC designs were
made for the Depropanizer plant for “imperfect y;” (Sec-
tion III-B, i = 1,n = 3), “imperfect y,” (Section III-B,
i = 2,n = 3), “imperfect y3” (Section IlI-A, n = 3),
“imperfect y; &y>”” (Section III-D, j = 1, i = 2), “imperfect
y1&y3” (Section III-C, j = 1,i = 3) and “imperfect yp&y3”’
(Section III-C, j = 2, i = 3). The details of these designs are
contained in Appendices B1 to B6 of this paper respectively.

For comparison, a dynamic decoupling IMC design was
made using the method of [11], with implementations
performed using the IMC structure and model reductions
performed using the minimization of ITAE of step
responses. In addition, the multivariable PID controllers in
[20], achieved using simplified dynamic decoupling, were
implemented and compared with the ATDIMC, modified
ATDIMC, and dynamic decoupling IMC controllers in [18].
The details of the controllers in [18] and [20] are contained
in Appendices B7 and B8 respectively.

With reference to Egs. (94) and (95), the uncertainty
and performance weights used in [20] were selected for
the robustness analysis of the designed controllers. These
weights are as presented in Egs. (97) and (98).

) 0.009s + 0.15 ©7)
wi §) = ——--—
i.deprop 0.00455 + 1
2= +0.00075
WP,deprop(S) = (98)

The input uncertainty weight corresponds to approximately
15% uncertainty at low frequency and 200% uncertainty at
high frequency, whereas the performance weight corresponds
to integral action (for null steady-state error) and a maximum
sensitivity peak of M = 2.75.

The best of the designed ATDIMC controllers (design for
“imperfect y;”’) is tuned to attain a slightly better robust
performance than the MV-PID design in [20]. The resulting
tuning parameters were 1y = 7, = 13 = 105. These
tuning parameters were then used for all other ATDIMC
and dynamic DIMC designs to compare both the robust-
ness characteristics and nominal quantitative plant output and
plant input characteristics for the same specified speeds of
responses. The graphs of all these designs were also plot-
ted for a visual comparison of plant input and plant output
responses. Figure 3 shows the plant output and input plots
while Table 1 shows the computed integral-absolute-error
(IAE), total-variation (TV), urs and ugp values for the plant
outputs and plant inputs, respectively, for all the designs.

r 26—69.1463s 3.56_18'1317S 3.756_27‘4206S 1.256_20‘277% 7
1.5s+1 S5s+1 55s+1 4s + 1
7.2256_32‘8696S _106—25.1989s 66—10.04815 4e—10.0223s
_ 3.235s+1 Ts+1 2s 4+ 1 2225+ 1
G (S) - 8.46_37'2156‘9 3.86_13'8045S 46—10.01475 96—33.418s (99)
3145+ 1 9.35s + 1 635+ 1 4.24s + 1
_3.45¢—30.9474s 4. e—46:24435 7 502448165 5.00—45.02225
L 125+ 1 15s+1 23s+1 89s+1
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FIGURE 3. Plant output & input responses of ATDIMC, modified ATDIMC, dynamic DIMC and simplified decoupling
schemes on 3 x 3 depropanizer, for tuning parameters 7; = 7, = r3 = 105 and reference signals as unit step
functions applied at 0s, 2000s and 4000s respectively.

TABLE 1. Comparison of performance indices of the ATDIMC and modified ATDIMC methods with dynamic DIMC methods for implementations on

depropanizer, for tuning parameters as 7y = 7, = 73 = 105.

Controller IAE1 IAE2 IAE3 IAE TVI TV2 TV3 TV Hrs Hrp
TOTAL TOTAL
ATDIMC (iy]) 4768 201.1 _ 203.9 881.8 3464 08561 113 15.6201 _ 0.1612  0.9968
ATDIMC (iy2) 187.6 7924 1369 1117 2911  0.2494 4757 79174  0.5374  1.8864
ATDIMC (iy3) 193.3  220.7 1824 2238 4.079 04416 9251 13.7716 02150 2.5568
iyly2 378.7 4542 139.1 972 1.889 0323 5.297  7.509 0.5374  1.8863
iyly3 371 1912 829.5 1392 2246 03829 6.199 8.8279  0.2570  1.5064
iy2y3 191.9 4043 1369 1965 4.681 04171 9.288 14.3861  0.2299  2.4540
DDIMC (Liu) 370 3756 370 1116 2.049 03213 5376 7.7463 _ 0.1519  1.0978
MVPID (Garrido)  409.1  439.2  329.7 1178 2.955 04646 12.92  16.6 0.17 1.0000

TABLE 2. Comparison of performance indices of the ATDIMC and modified ATDIMC methods with dynamic DIMC methods for implementations on 4 x 4

F4d2 system, with tuning parameters as 7; = 1, = 73 = 74 = 106.

Controller IAE1 TAE2 IAE3 IAE4 IAE TV1 TV2 TV3 TV4 TV HRs Ugrp
TOTAL TOT.

ATDIMC (iyl) 2137 169.1 1593 1654 707.5 0.1146  0.09392 0.1506  0.1919 0.55102 0.1610 0.6858
ATDIMC (iy2) 1484 4933 1265 173.4 941.5 0.1106  0.133 0.1604  0.1724 0.5764  0.1539  0.9903
ATDIMC (iy3) 151.6 146.7 3335 1622 7939 0.08935 0.08335 0.1783  0.1903 0.5413  0.1519 0.7555
ATDIMC (iy4) 149.6 1789 154.7 387.8 871 0.1715  0.1112  0.146 0.2143 0.643 0.1537 0.8312
iyly2 176.3 338.1 1209 151.6 786.9 0.1084  0.1519  0.1575 0.174 05918  0.1719 0.8026
iy3y2 1464 4075 184.1 1732 911.2 0.1154  0.0904  0.1329  0.1558 0.4945  0.1587 0.9438
iy4y3 147.8 4257 124 230.5 928.1 0.1091 0.1175  0.1748  0.1713  0.5727  0.1581 0.9446
DDIMC (Liu) 221 234.6 2223 2562 934.1 0.1588  0.1445  0.2038  0.2297 0.7368  0.1520 0.7695

B. THE 4 x 4 F4d2 SYSTEM OF [40]

The 4 x 4 F4d2 System of [40], with a dominant RHP zero
at s = 0.0432123, has the transfer function matrix given as
(99), shown at the bottom of the previous page.

This system has strong control-loop couplings, with the
first channel interacting most strongly with the controls in the
second, third and fourth channels.

Noting that n is 4 for this system, ATDIMC designs
were made for the 4 x 4 F4d2 plant for “imperfect y;”
(Section III-B, i = 1, n = 4), “imperfect y,” (Section III-B,
i =2,n=4), “imperfect y3”” (Section IlI-B,i = 3, n = 4),
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“imperfect y4”’ (Section III-A, n = 4), “imperfect y;&y,”
(SectionII-D,j = 1, i = 2), “imperfect y3&y,”” (Section III-
D,j = 3,i = 2) and “imperfect ys&y,” (Section III-D,
j = 4,i = 2). The details of these designs are contained
in Appendices C1 to C7 of this paper respectively. Several
other modified ATDIMC designs could have been made but
those made above were chosen because of the effect of the
interaction component of the design for “imperfect y,”.

For comparison, a dynamic decoupling IMC design was
done using the method in [18], with implementations per-
formed using the IMC structure and model reductions
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FIGURE 4. Plant output & input responses of ATDIMC, modified ATDIMC and dynamic DIMC schemes on 4 x 4 F4d2
system for 1} = 1) = 13 = 74 = 106, with reference signals as unit step functions applied at 0s, 1000s, 2000s and

3000s respectively.

performed using the minimization of the ITAE of step
responses. This design was compared with the ATDIMC and
modified ATDIMC designs. Details of the dynamic decou-
pling IMC design are provided in Appendix C8.

With reference to Egs. (94) and (95), the uncertainty and
performance weights chosen for the robustness analysis of the
designed controllers are:

(5) = 00095 + 0.15 (100
w; §) = ———
LF4d2 0.00455 + 1
55 +0.00075
e paaa(s) = 207 (101)

The input uncertainty weight corresponds to approximately
15% uncertainty at low frequency and 200% uncertainty at
high frequency, whereas the performance weight corresponds
to integral action (for null steady-state error) and a maximum
sensitivity peak of M = 3.

The tuning parameters chosen for the designs are 71 =
%) 3 T4 106. These tuning parameters ensured
a good trade-off between performance and robustness for
the designed controllers. As in the case of the designs for
the Depropanizer, robustness characteristics and nominal
quantitative plant output and plant input characteristics were
compared for the same specified speeds of responses. The
graphs of all these designs are also plotted graphically for a
visual comparison of plant input and plant output responses.
Figure 4 shows the plant output and input response plots while
Table 2 shows the computed IAE, TV, ugs and ugrp values
for the plant outputs and plant inputs respectively, for all the
designs.
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C. DISCUSSION OF RESULTS

From the plots and tables, it is seen that in each ATDIMC
case for a single least-desired output, inverse responses and
interactions are successfully transferred to the ‘““imperfect
output”. For both systems, one ATDIMC design is guaran-
teed to have a lower overall output IAE value and higher
robustness than the DIMC counterpart for the same tuning
parameters, with at least one other ATDIMC design having a
higher output IAE value and lower robustness than that of
DIMC. Beyond IMC-based designs, it is fair to say based
on the results of the designs on the 2 systems that the best
ATDIMC design gives better nominal and robust results than
the best dynamic decoupling design for a square stable mul-
tivariable system with delays and RHP transmission zeros,
IMC-based or otherwise.

It is also possible that other ATDIMC and modified
ATDIMC designs yield better nominal IAE values than those
of dynamic decoupling IMC (as is the case for the F4d2 sys-
tem that has three of the four ATDIMC designs and all three
modified ATDIMC designs having lower IAE values than that
of dynamic DIMC) and better robustness results (as is the case
for the F4d2 system that has the design for “imperfect y3”’
yielding marginally better robust stability and robust perfor-
mance indices). However, superior nominal and robustness
characteristics are guaranteed for a single ATDIMC design
(the designs for “imperfect y;”’ in both examples). This is
consistent with the results obtained in [37] for the two-input,
two-output case. If error indices and robustness are the prin-
cipal considerations, the task is to determine which ATDIMC
design yields the best nominal and robustness characteristics,
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with the assurance that such a design will outperform existing
frequency-domain-based dynamic decoupling designs with
similar nominal and/or robustness specifications.

As shown in the plots and tables, in situations where the
single least-desired output suffers from the effect of a severe
interaction (as is the case for the “imperfect y,”” and ““imper-
fect y3” designs for the Depropanizer, on one hand, and the
“imperfect y,” design for the F4d2 system, on the other
hand), the modified ATDIMC designs reduce the overall
IAE values and improve the robust performance indices of
the original ATDIMC designs being modified. In situations
where an ATDIMC design with a severe interaction effect on
the least-desired output has an overall IAE value close to that
of the dynamic decoupling IMC design (as is the case for the
“imperfect y,” design for the Depropanizer, on one hand, and
the “imperfect y,” design for the F4d2 system, on the other),
the modified ATDIMC design can reduce the IAE value
below that of the dynamic decoupling IMC design (as is the
case with the “imperfect y; &y, design for the Depropanizer
that improves on the overall IAE value for the ‘“imperfect
¥2”” design, on the one hand, and all the modified ATDIMC
designs for the F4d2 System that improve on the overall
IAE value for the ‘““imperfect y,” design”, on the other).
As seen in the robustness values, however, while the modified
ATDIMC designs lower the structured singular values for
robust performance for the ATDIMC designs being modified,
there is no guarantee that the resulting structured singular
values will be better than those of dynamic decoupling IMC.
In any case, as shown in Table 2, all designs satisfy the
robustness requirements, even if some are more robust than
others.

From the foregoing, it can be stated that for a stable n x n
system with delays and RHP transmission zeros represented
by an n x n transfer function matrix with rational-transfer-
function-with-delay elements, the proposed triangular decou-
pling internal model control produces n different regular
ATDIMC designs, on one hand, and n — 1 modified ATDIMC
designs per output whose ‘‘imperfection” is being modified,
on the other. It is also clear that at least one of the regu-
lar ATDIMC designs outperforms the corresponding DIMC
design for the same choice of tuning parameters as far as
nominal and robustness characteristics are concerned. Indeed,
the best ATDIMC design also outperforms the best of other
dynamic-decoupling-based control techniques, as shown in
the comparison of the technique with the MV-PID technique
of [20].

It is also clear that in situations where the controlled
systems have strong control-loop couplings, the strong cou-
plings introduce pronounced disturbance-like effects on the
least-desired output, making the overall IAE to grow signifi-
cantly despite a successful shift of all inverse responses and
interactions to that output. This is noticed in the design for
“imperfect y3”* for the Depropanizer, on one hand, and the
design for “imperfect y,”* for the F4d2 system, on the other.
This is a shortcoming of the regular ATDIMC approach and
the modified ATDIMC formulation was developed to reduce
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the severeness of the disturbance-like interaction effects.
Admittedly, the modified ATDIMC does not guarantee that
the overall IAE value will be lower than that of DIMC.
A reformulation of the triangular decoupling problem using
optimization techniques is likely to yield improved results for
cases of severe interaction effects on the least-desired output.
Also, a synthesis procedure that constrains the interaction
effects on the least desired output is likely to yield better
results for such situations.

The application of this technique to the model of the
Depropanizer significantly shows that the formulation is
applicable to a practical system. As shown, the best design
using this technique is practically applicable to square
multivariable systems with delays and RHP zeros. In all
nonminimum-phase situations where DIMC is applicable, the
ATDIMC is also applicable and has the potential of giving
better results than DIMC.

VIl. CONCLUSION

The proposed extended ATDIMC and modified ATDIMC
concepts have been shown to achieve the set objectives of
restricting the inverse response and interaction features to one
and two outputs, respectively. It has also been shown that the
overall error-index value of at least one ATDIMC design (the
best design) is lower than that of the dynamic decoupling IMC
technique for the same choice of tuning parameters least-
desired output. These results are consistent with those in [37].

It can also be concluded that strong disturbance-like inter-
action effects can be noticed in the least-desired output in sit-
uations where control systems have strong control-loop cou-
plings. The modified ATDIMC helps to reduce these effects
but does not guarantee superiority to DIMC or dynamic-
decoupling-based non-IMC designs. This is a shortcoming
of the ATDIMC technique. However, based on the promise
shown by the best ATDIMC design, optimization-based tech-
niques and robust synthesis techniques can be used to perform
a reformulation of the triangular decoupling problem so that
the interaction effects on the least-desired output can be
constrained to an acceptable level.

As pointed out in Section IV, it can also be concluded that
each of the elements of the transfer function matrix of each
designed controller must be reduced to a rational-transfer-
function-plus-delay. This means that an n x n system requires
n? reductions. This is like the situation with simplified decou-
pling that requires reduction of the elements of the decoupler
matrix and the ‘“‘apparent process”, as in [20]. However,
as shown with the simulation examples, the best ATDIMC
design for a system with delays and RHP transmission zeros
outperforms the best of simplified decoupling and other
dynamic-decoupling-based techniques. As the dimensions
increase, the advantages of using dynamic-decoupling-based
and triangular-decoupling-based techniques will significantly
reduce compared with the computational effort. In situations
of high dimensions, a decentralized/multiloop approach will
be preferable for simplicity, even if the overall IAE value will
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be higher than a technique based on dynamic decoupling or
triangular decoupling.

Ultimately, as noted in [3], the best MIMO IMC perfor-
mance will always be achieved based on a technique of factor-
ization such as inner-outer factorization. Extensions of IMC
to linear and nonlinear nonminimum-phase systems with
or without delays ultimately must consider equivalents of
inner-outer factorization for optimum performance. However,
as seen in the designs for delay-free nonminimum-phase sys-
tems, the design process for inner-outer-factorization-based
IMC is computationally intensive and leads to more complex

controllers than those obtained using dynamic-decoupling-
based or triangular-decoupling-based techniques. In addi-
tion, the development of an analytical technique for per-
forming inner-outer factorization for multivariable systems
with delays is a difficult task, meaning that the only tech-
niques in existence for extending the celebrated characteris-
tics of IMC to square stable multivariable systems with delays
and RHP transmission zeros are based on either dynamic
decoupling (as seen in [11], [12], [14], and [15]) or trian-
gular decoupling, as has been shown in both [37] and this
study.
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* (38.0625s + 1)(43s + 1)(102s + 1)(124.998s + 1)(t2s + 1)
Conis = 0.00717992(86.8672s 4+ 1)(95.875s + 1)(386s + 1)e > _ B5.10)
' (s +0.0120061) (42.6858s + 1)(46.8048s + 1)(136.629s + 1) (35 + 1)
2.01714(—249s + 1)(86.8672s + 1)(95.875s + 1)e—0-3281s
Ciz = (B6-2)
(52.002s + 1) (87s + 1) (107.55 + 1) (t;s + 1)
Crazs = 0.0223818(0.778s + 1)(86.8672s + 1)(95.875s + 1)e~ 27 B63)
' (s +0.0120061)(17.5129s + 1)(112.17s + 1)(tas + 1)
Cragy = Q0126915 (4.9874s + 1) (86.86725 + 1)(95.875s + 1)~ 238 (B6-4)
' (s4+0.0120061) (54.0078s + 1) (108.282s + 1) (135 + 1)
0.479895(—30s + 1)(86.8672s + 1)(95.875s 4+ 1)e*+6%
Co103 = (B6-5)
(82s + 1)(91.25s + 1)(95.25s + 1)(t1s + 1)
0.001401(—2.6612s + 1)(86.8672s + 1)(95.875s + 1)
Cp23 = (B6-6)
(s + 0.0120061)(6.5784s + 1)(78.2277s + 1)(t2s + 1)
Crags — 0.0014507(7.5s + 1)(86.8672s + 1)(95.875s + 1) B6T)
' (s +0.0120061)(20.71s 4+ 1)(23.15s + 1)(80.22s + 1)(81.33s + 1) (135 + 1)
Catgs = 7.70073(—25.4688s + 1)(86.8672s + 1)(95.875s + 1)(225.25s + 1) B6.8)
* (33.25s + 1)(43.255 + 1)(95.55 4+ 1)(134.375s + 1)(t1s + 1)
Cpgs = 0.0422628(14.1653s + 1)(86.8672s + 1)(95.875s + 1)e~2>* (B6-9)
- (s +0.0120061) (60.6375s + 1) (94.8681s + 1) (25 + 1)
Casas = 0.00717992(86.8672s + 1)(95.875s + 1)(386s + 1)e~>* (B6-10)
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Rewriting Egs. (A1-3) to (A1-5) in block matrix form yields (Hip 0 ... 0 0 0 0 0
0 Ho... 0O 0 0 0 0
Cnxn,n,mizll()s) S : : ; 0 0
___ P& 0 0 ...Hi_1i1 0 0 0 0
(=s+2)M(s) R =|Hn Hp ... Hii—1 Hi Hiip Hin-1 Hin
X [VlFl vaF> Vn—1Fn-1 gnan] (A1-6) 0o 0 ... 0 0 Hiy1,i41 --- 0 0
where R : : : : :
, 0 0... 0 0 0 0 Hy1pq O
vg=[vig vy Vag | (A1-7) [0 0 ... 0 0 0 0 0 Hy,
A~ N N A T
gn=[8&, & Eun | (A1-8) (A2-2)
—0,8
e here
F, = : og=1,....,n—1 A1-9 W
q g5 + 1 q ( ) o
_ 0,5 Hy = k=1,...,i—1,i+1,...,n
Fm, = 2 £ (AL-10) wt
s+z Ts+1 s.ajy e ot | i
= ——. cr=1,...,i—1,1 R /)
T 542 s+ 1
—s42z7 0
APPENDIX A2: PROOF OF PROPOSITION 2 H;; = .
s+z Ts+1
Crxcn,isinit1 (8) = G ()Hpxeni (A2-3)
Csen i init1 () = P(s) Combining the 2 matrices in Eq. (A2-1) yields
o (—s+2) M (s)
R R N Wi - Wi
g ) g €in (s) P (s)
&1 80 () &, (9) Coxnisinint () = T— == | (a2
n a(s) (=s+2)M (s)
: : : ’ Wai -+ Wy
gn] (S) gnZ (S) gnn (S) where
(A2-1) s
Wir (5) = Vwr(s)
where TS +1
() + Ba(e). i ) €7
= S A5).
o (s) Ewr Ewi (s+2) 7,8 +1
o 0.024218(4.2488s + 1)(86.8672s + 1)(95.875s + 1) 72
Hedd = (70.0120061)(14.9671s + 1)(64.657s + 1)(t1s + 1)
c ~0.02238185(0.778s 4 1)(86.8672s + 1)(95.875s + 1)’ B7-3)
12.dd = =(10.0120061)(112.1701s + 1)(17.5129s + 1)(z25 + 1)
c _0.0126915(4.9874s + 1)(86.8672s + 1)(95.875s + 1)e™ 2> BT
Bdd = (70.0120061)(54.0078s + 1)(108.2825 + 1) (z35 + 1) )
o 0.00576166(20s + 1)(86.8672s + 1)(95.875s + 1)e=57 B7-5)
2hdd = (70.0120061)(11.9855 + 1)(19.755 + 1)(24.724s + 1)(54.485 + (715 + 1) )
0.001401(—2.6612s + 1)(86.8672s + 1)(95.875s + 1)
Codd = (B7-6)
(s + 0.0120061)(6.5784s + 1)(78.2277s + 1)(t25 + 1)
o 0.0014507(7.55 + 1)(86.8672s + 1)(95.875s + 1) 77
2dd = ($70.0120061)(20.71s + 1)(23.155 + 1)(80.225 + 1)(81.33s + 1) (35 + 1)
o 0.0924557 (85 + 1) (86.8672s + 1) (95.875s + 1) e~ B7-5)
3dd = (170.0120061) (23.37s + 1)(24.29s + 1)(40.18s + 1)(44.61s + D)(z1s + 1) )
c _0.04226275(14.1653s + 1)(86.8672s + 1)(95.875s + 1)e™ 2 B79)
32dd = T (0.0120061)(94-8681s + 1)(60.6375s + 1)(tas + 1) )
0.00717992(86.8672s + 1)(95.875s + 1)(386s + 1)e >
C33.dd = ( X X ) (B7-10)
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w=1,2,...,n;, r=1,...,i—1,i+1,....n where
(A2-5)
—b;s _ T
Wi(s) = &,,1(5). ;:;.:H =i (A2-6) v = [:l_rgrs var e v (A2-8)
Rewriting Eqs. (A1-4) to (A1-6) in block matrix form yields r= m; r=L..i-lLit+l....n (A29)
Cnxn,i,ini; (5) Gi=[8y & - 8ul" (A2-10)
— $ 54z e i
(—s+2) M (s) Fm; = . ) (A2-11)
x [v1Fi . vie1iFioy vigiFipr oo vaFy gFmy] stz ms+l
(A2-7)
Cipy = 0.00611518(s + 1)>(16.9688s + 1)(17.375s + 1)e>-2% ©12)
T (0.1133s 4+ 1)(0.255 4+ 1)(s + 0.0432123)(5.25s + 1)(10.255 + 1) (115 + 1)
Cipy — 0.0154741(0.2817s + 1)(0.375s + 1)(16.9688s + 1)(17.375s + 1) C13)
' (0.1133s + 1)(0.25s + 1)(10s + 1)(100s + 1) (125 + 1)
0.0310904(—0.7969s + 1)(—0.6406s + 1)(16.9688s + 1)(69s + 1)e~8-875
1= (0.1133s + 1)(0.25s + 1)(11.6255 + 1)(16.998s + 1) (35 + 1) (€1
Ciay = —0.0997113(0.7656s + 1)(0.9922s 4 1)(16.9688s + 1)(17.375s + 1) (CL5)
’ (0.1133s + 1)(0.25s + 1)(22.9766s + 1)(23.99225s + 1) (145 + 1)
ot 1 = 0.004593(—4.8125s + 1)(4.7548s + 1)(16.9688s + 1)(17.375s + 1)~ 125 (€1-6)
’ (0.1133s + 1)(0.25s 4+ 1)(s + 0.0432123)(6s + 1)(6.2539s + 1) (115 + 1)
Copy = —0.0616478(0.2625s + 1)(16.9688s + 1)(17.375s + 1)e 1489 €L
’ (0.1133s + 1)(0.25s + 1)(313.93852 + 24.498s + 1) (25 + 1)
st = 0.021459(3.3255s 4+ 1)(16.9688s 4 1)(17.375s + 1)(104s + 1)e— 2888 €1-8)
’ (0.11335 + 1)(0.25s5 + 1)(14s + 1)(18.9375s + 1) (135 + 1)
ot = —0.0152609(—86.69s + 1)(1.57s + 1)(16.969s + 1)(17.375s + 1)e=28-25 €19
’ (0.1133s + 1)(0.25s + 1)(17.4844s + 1)(18.625s + 1) (145 + 1)
oy = 0.00765788(s + 1)(16.9688s + 1)(17.375s + 1)e~12-301s ©L-10)
" (0.1133s 4+ 1)(0.255 4 1)(s + 0.0432123)(136.852 + 18.84s + 1) (115 + 1)
Cap1 = 0.0533(—0.725s + 1)(—0.592s + 1)(—0.525s 4+ 1)(16.97s + 1)(17.38s + 1)e 25365 ©L1D
’ (0.1133s + 1)(0.25s + 1)(16.09935 + 1)(16.3358s + 1)(16.81495 + 1) (125 + 1)
sy = —0.0715523(—13.19s 4 1)(—0.656s + 1)(—0.602s + 1)(16.97s + 1)(17.375s + 1)e—33-38 ©CL12)
' (0.1133s + 1)(0.25s + 1)(12s + 1)(12.75s 4 1)(12.875s + 1) (135 + 1)
Caar = 0.0402176(—1.125s + 1)(—0.55 + 1)(16.9688s + 1)(17.375s + 1)(62.2499s + 1)e—23-38s CL13)
’ (0.1133s + 1)(0.25s + 1)(15.255 + 1)(16.625s5 + 1)(18.55 + 1) (145 + 1)
Corr — —0.0110499(0.2501s + 1)(16.9688s + 1)(17.375s + 1) ©L14)
"7 (0.1133s 4 1)(s + 0.0432123)(7.55 4+ 1)(9.3124s + 1) (115 + 1)
[ —0.0121119(—5.7046s 4+ 1)(—2.25s 4+ 1)(—2.0714s + 1)(—1.4392s + 1)}
(—1.4151s + 1)(16.9688s + 1)(17.375s + 1)
Ca2,1 (C1-15)
(0.1133s + 1)(0.25s 4+ 1)(4.5767s + 1)(5.0133s + 1)
[ (6.9103s + 1)(7.9433s + 1)(23.4457s + 1) } (ms+1D)
[(0.104841(—5.81255 + 1)(—3.8125s5 + 1)(—3.4375s + 1)(—1.9688s + 1)]
(—1.8672s + 1)(16.9688s + 1)(17.375s + 1)
Cy31 = (C1-16)
(0.1133s + 1)(0.255 + 1)(6.5313s + 1)
[ (7s + 1)%(8.4453s + 1)(18.55 + 1) ] (ms+1)
(0.0816345(—11.125s5 4+ 1)(—1.9824s + 1)(—0.75s + 1)(16.9688s + 1)(17.375s + 1)e 10
Cyq1 = (C1-17)
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APPENDIX B

CONTROLLER MATRIX DETAILS FOR DESIGNS FOR THE

3 x 3 DEPROPANIZER

APPENDIX B1: CONTROLLER MATRIX FOR ATDIMC
DESIGN ACHIEVING “IMPERFECTy;” FOR 3 x 3
DEPROPANIZER

Using the procedure in Section III-B (i = 1), the ATDIMC
controller achieving “imperfect y;” for 3 x 3 Depropanizer
was computed as

Ci1,1(s)  Cizi(s)  Ci3,1(5)
C3x3.1(8) = | Ca1,1(5)  C1(8)  Co3,1(8) (B1-1)
C31,1(8)  C32,1(5)  C33,1(5)

where as B1-2-B1-10, shown at the bottom of page 15.

APPENDIX B2: CONTROLLER MATRIX FOR ATDIMC
DESIGN ACHIEVING “IMPERFECT y,” FOR 3 x

3 DEPROPANIZER

Using the procedure in Section III-B (i = 2), the ATDIMC
controller achieving ‘““imperfect y,”” was computed as

Ci12(8)  Crapa(s)  Cizals)
C3x32(8) = | Co12(5)  Cop(s)  C232(8) (B2-1)
C31208)  C32(8)  C33.2(5)
where as B2-2-B2-10, shown at the bottom of
page 15.

0.141506(—13.25s + 1)(2.6565s + 1)(16.9688s + 1)(17.375s 4+ 1)(63s + 1)e 2210685

Ciip= (C2-2)
(0.1133s + 1)(0.25s5 + 1)(19s + 1)(19.875s + 1)(20.3125s + 1) (115 + 1)
Crag = 0.000668673(—0.5002s + 1)(16.9688s + 1)(17.375s + 1)98s + 1)e 294155 ©2:3)
=7 (0.11335 4+ 1)(0.255 + 1)(s + 0.432123)(14.1249s + 1)(14.7812s + 1) (125 + 1)
0.0310904(1.95315s + 1)(16.9688s + 1)(17.375s + 1)(54.0088s + 1)
327 T0.11335 + 1)(0.255 + 1)(11.71885 + 1)(14.3755 + 1) (135 + 1) €24
Cran = —0.0997113(—6.8125s + 1)(—3.2969s + 1)(—2.3906s + 1)(17.375s + 1)(43.496s + 1) (©25)
’ (0.1133s + 1)(0.25s + 1)(11.9844s + 1)(12.9688s + 1)(185s + 1) (t45 + 1)
ot = 0.106285(5.945s + 1)(16.9688s + 1)(17.375s + 1)(137.47s + 1)e—32.9666s €2:6)
’ (0.1133s + 1)(0.25s + 1)(16.7344s + 1)(19.55 + 1) (115 + 1)
Crpy = —0.00266395(—9.6875s 4+ 1)(0.5s + 1)(16.9688s + 1)(17.375s 4 1)e~21875 €27
’ (0.1133s + 1)(0.255 + 1)(s + 0.0432123)(8.55 + 1)(8.75s + 1) (125 + 1)
sz = 0.021459(—183.608s + 1)(—0.1011s + 1)(4s + 1)(16.969s + 1)(17.375s + 1)e~33-8682s ©2:8)
’ (0.1133s + 1)(0.25s5 + 1)(10s + 1)(17.0938s + 1)(17.3438s + 1) (135 + 1)
Cop = —0-0152609(0.74955 + 1(16.9688s + 1)(17.3755 + 1)(45.1255 + 1)(3155 + 1)e— 29828 (€29
’ (0.1133s + 1)(0.25s + D(28s + 12325 + 1) (tas + 1)
Co 0.177215(—17.9999s + 1)(0.5s + 1)(16.9688s + 1)(17.375s + 1)e~-4668s .10
2= (0.1133s + 1)(0.25s + 1)(265 + 1)(30.255 + 1) (t15 + 1) (€2-10)
Cupg = 0.00230408(—5.75s + 1)(7.25s + 1)(16.9688s + 1)(17.375s + 1) €21
=7 (0.11335 4 1)(0.255 4+ 1)(s + 0.0432123)(19.55 + 1)(22.75s + 1) (125 + 1)
Cng = —0.0715523(—33.5039s + 1)(3.002s + 1)(16.9688s + 1)(17.375s + 1)e~ 12375 (C2-12)
> (0.1133s + 1)(0.25s 4+ 1)(25.7499s 4+ 1)(27s + 1) (135 + 1)
Caag = 0.0402176(16.9688s + 1)(17.375s + 1)(103.398s + 1)e—18-1868s ©2-13)
=7 (0.1133s + 1)(0.255 + 1)(30.5002s + 1)(32.49855 + 1) (145 + 1)
Cors = —0.255712(—0.9941s + 1)(—0.953s + 1)(—0.875s + 1)(16.97s + 1)(17.375s + 1)(45.89s + 1) €214
’ (0.1133s + 1)(0.25s + 1)(11.5625s + 1)(12.125s5 + 1)(12.633s 4+ 1)(14.094s + 1) (115 + 1)
Cang = —0.000523385(s + 1)(16.9688s + 1)(17.375s + 1)(129.875s + 1)e—*126s ©2.15)
=7 (0.11335 4+ 1)(0.255 + 1)(s + 0.0432123)(11.875s 4+ 1)(12.1875s + 1) (125 + 1)
0.104841(—1.6875s 4 1)(—1.60165 + 1)(—1.3789s + 1)(16.9688s + 1) ] _5 91565
[ (17.375s + 1)(44.75s + 1) } ¢
Cy3p = (C2-16)
(0.1133s + 1)(0.255 + 1)(12.0898s + 1)(12.4373s + 1)(13.0938s + 1)(14s + 1) (135 + 1)
0.0816345(—1.4531s + 1)(—1.22635 4 1)(—0.8513s + 1)(16.96885 + 1) | _15 g755
[ (17.375s + 1)(48.01565 + 1) ] ¢
Casg = (C2-17)
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(0.1133s + 1)(0.25s + 1)(11.485 + 1)(12.06255 + 1)(13.0938s + 1)(13.375s + 1) (zas + 1)
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APPENDIX B3: CONTROLLER MATRIX FOR ATDIMC
DESIGN ACHIEVING “IMPERFECT y3” FOR 3 x

3 DEPROPANIZER

Using the procedure in Section I1I-A, the ATDIMC controller
achieving “‘imperfect y3” for 3 x 3 Depropanizer was com-
puted as

Ci1,3(8) Cr23(s) Ciz3(s)
C3x33(8) = | Co1,3(5)  Co3(s)  Ca33(s) (B3-1)
C313(8)  C33(8)  C333(8)

where as B3-2-B3-10, shown at the bottom of page 16.

APPENDIX B4: CONTROLLER MATRIX FOR ATDIMC

Depropanizer was computed as

Ci,12(8)  Ciz12(8)  Ci3,12(5)
C3x3.12(8) = | Cor12(s)  Co2.12(8)  C23,12(5)
GCs1,12(8)  Caz12(8)  C33,12(5)

(B4-1)
where as B4-2-B4-10, shown at the bottom of page 16.

APPENDIX B5: CONTROLLER MATRIX FOR ATDIMC
DESIGN ACHIEVING “IMPERFECT y;&y3” FOR 3 x

3 DEPROPANIZER

Using the procedure in Section III-C (j = 1, n = 3), modified
ATDIMC controllers achieving “imperfect y; & y3” for 3 x 3
Depropanizer was computed as

DESIGN ACHIEVING “IMPERFECT y;&y,” FOR 3 x Cir13(s)  Ciz13(s)  Ci3,13(5)
3 DEPROPANIZER Cix3.13(8) = | Cor,13(8)  C213(s)  C23,13(5)
Using the procedure in Section III-D (j = 1,i = 2), the GC31,13(8)  C32,13(5)  C33,13(5)
ATDIMC controller achieving ‘“‘imperfect y;&y,” for 3 x 3 Bs5-1)
Ciis = 0.141506(—0.75s + 1)(0.5s + 1)(16.9688s + 1)(17.375s + 1)(67s + 1)e~7-4374s (©32)
’ (0.1133s + 1)(0.25s 4+ 1)(16s + 1)(16.0005s + 1)(16.5s + 1) (15 + 1)
Cras = 0.0154719(3.75s 4 1)(16.9688s + 1)(17.375s 4+ 1)(153s + 1) (©34)
77 (0.1133s 4+ 1)(0.255 + 1)(18.9688s + 1)(21.875s + 1) (125 + 1)
Cuas = 0.00134349(—20s + 1)(16.9688s + 1)(17.375s + 1)(29.0078s + 1)e 374932 ©32)
7 (0.1133s 4+ 1)(0.255 4+ 1)(s 4+ 0.0432123)(19.9961s + 1)(23.7324s + 1) (t3s + 1)
Cras = —0.0997113(7.1875s + 1)(16.9688s + 1)(17.375s + 1)(50s + 1)e—30 ©3.5)
* (0.1133s + 1)(0.25s 4+ 1)(18.255 + 1)(24s + 1) (145 + 1)
s = 0.106285(4.5541s 4 1)(16.9688s + 1)(17.375s + 1)(70.2298s + 1)e—31-7871s (©3-6)
* (0.1133s + 1)(0.25s + 1)(7.9828s + 1)(45.2332s + 1) (115 + 1)
s = —0.0616478(—1.17s + 1)(—1.09s + 1)(—0.965 4 1)(—0.55 4 1)(16.97s + 1)(17.3755 + 1)~ 7623 €37
’ (0.1133s 4+ 1)(0.255 4+ 1)(7.1255 4+ 1)(7.75s + 1)(8s 4+ 1)? (125 + 1)
Cprs = 0.0009273(—7.5418s 4+ 1)(16.9688s + 1)(17.375s + 1)(60.1769s + 1)e—43-6871s ©3.8)
* (0.1133s + 1)(0.25s + 1)(s 4+ 0.0432123)(7.0857s + 1)(59.912s + 1) (135 + 1)
Cous = —0.0152609(—2.31255 + 1)>(—1.6719s + 1)(16.9688s + 1)(17.375s + 1)(82s + 1)e~ 13 (€3.9)
’ (0.1133s + 1)(0.25s5 + 1)(8s + 1)(9s 4+ 1)(10s + 1)(12s + 1) (45 + 1)
Caps = 0.177215(—1.8789s + 1)(—0.55 + 1)(16.9688s + 1)(17.375s + 1)e~7-124% (©3-10)
’ (0.1133s + 1)(0.25s + 1)(28.5938s + 1)(30s + 1) (115 + 1)
0.05332(8.2129s + 1)(16.9688s + 1)(17.375s + 1)e~14-034s
Cyz = (C3-11)
’ (0.1133s + 1)(0.255 + 1)(42.2791s + 1) (125 + 1)
Crzs = —0.00309194(0.55 + 1)(s + 1)(16.9688s + 1)(17.375s + 1)e~ 2175 (©3-12)
77 (0.1133s 4 1)(0.255 4+ 1)(s + 0.0432123)(21s + 1)(21.9927s + 1) (135 + 1)
Crus = 0.0402176(—5.2383s + 1)(—0.8916s + 1)(16.9688s + 1)(17.375s + 1)(77.55 + 1)e~ 7125 (C3-13)
’ (0.1133s + 1)(0.25s + 1)(23.7188s + 1)(23.9999s + 1)(24.2188s + 1) (145 + 1)
Cats = —0.255607(—1.0625s + 1)(—s + 1)(5.125s + 1)(16.9688s + 1)(17.375s + 1) ©3.14)
’ (0.1133s + 1)(0.25s5 + 1)(18s + 1)(19.75s + 1)(20s + 1) (r15 + 1)
Cans = —0.0121119(—13.255 + 1)(—=9.75s + 1)(—0.55 + 1)(16.9688s + 1)(17.375s + 1)e—29-0855 (©3.15)
’ (0.1133s + 1)(0.25s + 1)(4.3828s + 1)(10.5s 4+ 1)(22.01565 + 1) (125 + 1)
Cass = 0.00452948(1.0039s + 1)(1.9373s + 1)(16.9688s + 1)(17.375s + 1) (©3.16)
77 (0.1133s 4 1)(0.255 4+ 1)(s + 0.0432123)(15.499s + 1)(16.0156s + 1) (t35 + 1)
g = 0.0816345(—1.375s + 1)(—0.625s + 1)(—0.25s5 + 1)(16.9688s + 1)(17.375s + 1)‘ €317

VOLUME 11, 2023
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where as B5-2-B5-10, shown at the bottom of

page 17.

APPENDIX B6: CONTROLLER MATRIX FOR ATDIMC
DESIGN ACHIEVING “IMPERFECT y,&y3” FOR 3 x

3 DEPROPANIZER

Using the procedure in Section III-C (j = 2, n = 3), modified
ATDIMC controllers achieving “imperfect y» & y3”” for 3 x 3
Depropanizer was computed as

Cr23(s)  Ciz23(s)  C13,23(5)
C3x3.23 (5) = | Ca1,23(s)  Co223(s)  C23,23(s)
C31,23(5)  C3223(s)  C33,23(5)

(B6-1)

where as B6-2-B6-10, shown at the bottom of page 17.

APPENDIX B7: CONTROLLER MATRIX FOR DYNAMIC
DIMC DESIGN USING PROCEDURE IN [18] FOR 3 x

3 DEPROPANIZER

Using the procedure in [18], with the structure adopted being
the IMC structure and the model simplification technique
used being as described in Section IV of this paper, the
dynamic decoupling internal model controller developed for
comparison purposes is

Ci,di(s)  Ci2,da(s)  Ci3,4a(s)
C3x3,0d ) = | Cor,aa(8)  C22,4a(s)  C23,4a(s)
C31,0a(8)  C32,40(s)  C33,4a4(s)

(B7-1)

where as B7-2-B7-10, shown at the bottom of page 18.

0.141506(—42.2836s + 1)(16.9688s + 1)(17.375s 4 1)e~10-3814s

Ciig= (C4-2)
(0.1133s + 1)(0.25s + 1)(18.3872s + 1)(18.6942s + 1) (115 + 1)
0.0154741(—25.9887s 4 1)(—10.26565 + 1)(—1.94125 + 1)(—1.4979s + 1) | _ 1} 63725
[ (16.9688s + 1)(17.375s + 1) ] ¢
€124 = (071335 + 10255 + 101042215 + 1)(11.62295 + 1)(12.67755 + 1)(20.85635 + 1) (z25 + 1) (C4-3)
Cras = 0.0310904(5.873s + 1)(16.9688s + 1)(17.375s 4+ 1)(119.55 + 1)e~17-7% ()
’ (0.1133s + 1)(0.25s5 + 1)(14.55 + D(22s + 1) (135 + 1)
Croa— —0.0997113(—s + 0.0432123)(1.6032s + 1)(16.9688s + 1)(17.375s + 1) (CA45)
7 (0.11335 4+ 1)(0.255 + 1)(s 4 0.0432123)(14.3083s + 1)(14.9843s + 1) (145 + 1)
Cops = 0.106285(—2.3971s 4+ 1)(—2.2659s + 1)(—0.0625s + 1)(16.97s + 1)(17.375s + 1)e~2+7031s (C46)
’ (0.1133s + 1)(0.25s + 1)(6s + D)(7s + 1)Bs + 1) (r1s + 1)
s = —0.0616478(—2.2031s + 1)(—1.6563s + 1)(—0.1094s + 1)(16.97s + 1)(17.375s + 1)e=26-2% ©47)
’ (0.1133s + 1)(0.255 + 1)(8.55 4+ 1)(9s + 1)(9.75s + 1) (125 + 1)
Crpe = 0.021459(—1.1875s 4+ 1)(—1.1563s + 1)(—1.1255 + 1)(16.97s + 1)(17.375s + 1)(525 4+ 1)e= 48
' (0.1133s + 1)(0.255 + 1)(6s + 1)(8s 4+ 1)(10s + 1) (135 + 1)
Cous = —0.0152609(—s + 0.0432123)(—0.5s + 1)3(16.9688s + 1)(17.375s + 1)(18.0635s + 1)e 324428 (©49)
’ (0.1133s 4+ 1)(0.25s 4 1)(s + 0.0432123)(5.25s + 1)(5.55 + 1)(6.002s + 1)(6.55 + 1) (t45 + 1)
0.177215(—3.55 + 1)*(16.9688s + 1)(17.375s + 1)(68.906s + 1)
G314 = 3 (C4-10)
(0.1133s + 1)(0.25s5 + 1)(20s + 1)*(22s + 1) (115 + 1)
0.05332(0.5s + 1)(16.9688s + 1)(17.375s + 1)(50.2656s + 1)e—31:9583s
3247 7011335 + 1)(0.255 + 1)(28.31255 + 1)(29.1255 + 1) (tas + 1) (41D
Cova— —0.0715523(—0.6406s + 1)(—0.0293s + 1)(16.9688s + 1)(17.375s + 1)(45s + 1) 412
: (0.1133s + 1)(0.255 + 1)(9.75s + 1)(10s + 1)(20s + 1) (135 + 1)
g = LO402176(s + 0.0432123)(1.25s + 1)(16.9688s + 1)(17.3755 + 1)¢—39-2665 (Ca13)
: (0.1133s + 1)(0.255 + 1)(s + 0.0432123)(8.06255 + 1)(10s + 1) (145 + 1)
Capq = 0:255607(=3.5059s + 1)(1.55 + 1)(16.9688s + 1)(17.375s + 1)e~ 144373 (Ca-14)
: (0.1133s + 1)(0.25s5 + 1)(14.0078s + 1)(19.498s + 1) (15 + 1)
. —0.0121119(—4.9401s + 1)(—4.908s + 1)(—4.8946s + 1)(—4.725s + 1)(16.9688s + 1)(17.375s + 1) (C415)
’ (0.1133s + 1)(0.25s + 1)(15.0116s + 1)(15.0298s + 1)(15.0422s + 1)(24.9239s + 1) (125 + 1)
Cine = 0.104841(—1.625s + 1)(—1.375s + 1)(—1.1152s + 1)(—s + 1)(16.9688s + 1)(17.375s5 + 1)e~ 8 (C4-16)
’ (0.1133s + 1)(0.25s + 1)(5s + 1)(6.55s + 1)(11.75s + 1)(13.125s + 1) (r35 + 1)
0.00352762(—0.9609s + 1)(16.9688s + 1)(17.375s + 1)(60.0938s + 1)e=337
Caas = (C4-17)

32222

(0.1133s + 1)(0.25s + 1)(s + 0.0432123)(8.8745s + 1)(59.99985 + 1) (zas + 1)
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APPENDIX B8: CONTROLLER MATRIX FOR Ki2,myp = 0.0584 + 0005 __ 3.68s (B8-3)
MULTIVARIABLE PID DESIGN BY SIMPLIFIED DYNAMIC 13.895 4 1
DECOUPLING USING PROCEDURE IN [20] FOR 3 x Kizmp =0.1113 4 0.0039 (BS-4)
3 DEPROPANIZER s
Using the procedure for multivariable PID Design by Simpli- Ko myp = 0.0301 + 0.0013 — 4.456s (B8-5)
fied Decoupling in [20], the authors presented the following 0 Oi) 03 44.35s + 1
controller for the 3 x 3 Depropanizer: K22 myp = 0.0245 + = p (B8-6)
Kitmp(®)  Kizmp(s)  Kizmup(s) 44 x1074
C3x3,mp (8) = KZI,mvi(s) K22,mv;(s) K23,mv§(s) K23, myp = 0.0032 + (B8&-7)
K31, mp(8)  K32,mup(s) K33,mvp(~338-1) Kstmp = 1.0293 + 0.0214 _ 83';65::_ 1 (BS-8)
where K3p.mp = 0.2106 + 0'0395 + O.Sézli 1 (B8-9)
0.0022 12.28s
Kitmp = 0.5072 4 222 B82) Ky =064+ 4 5 (B8-10)
Cir iy 0.00611518(s + 1)%(16.9688s + 1)(17.375s + 1)e—>-2502s (©5.2)
' (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(5.25s + 1)(10.25s + 1) (115 + 1)
Crn 1y = 0.000668673(—0.5002s + 1)(16.9688s + 1)(17.375s + 1)(98s + 1)e29415s (©5.3)
' (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(14.1249s + 1)(14.7812s + 1) (125 + 1)
Crarp = 0.0310904(1.9531s + 1)(16.9688s + 1)(17.375s + 1)(54.0088s + 1) (C5.4)
’ (0.1133s + 1)(0.25s + 1)(11.7188s + 1)(14.375s + 1) (35 + 1)
Crary — —0.0997113(—6.8125s 4+ 1)(—3.2969s + 1)(—2.3906s + 1)(17.375s + 1)(43.4965 + 1) (€5.5)
' (0.1133s + 1)(0.25s + 1)(11.9844s + 1)(12.9688s + 1)(18s + 1) (t4s + 1)
Cot1s = 0.00459281(—4.8125s + 1)(4.7548s 4+ 1)(16.9688s + 1)(17.375s + 1)e~1231s (©5-6)
' (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(6s + 1)(6.2539s + 1) (115 + 1)
1y = —0.00266395(—9.6875s + 1)(0.55 + 1)(16.9688s + 1)(17.375s + 1)~ 21875 ©5.7)
' (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(8.55 + 1)(8.75s + 1) (125 + 1)
1y 0.021459(—183.608s + 1)(—0.1011s + 1)(4s + 1)(16.9688s + 1)(17.375s + 1)e—33-87 (©5.8)
' (0.1133s + 1)(0.25s 4+ 1)(10s + 1)(17.0938s + 1)(17.3438s + 1) (35 + 1)
o1y = —0.0152609(0.7495s + 1)(16.9688s + 1)(17.375s + 1)(45.1255 + 1)(315s + 1)e 29825 (©5.9)
’ (0.11335 + 1)(0.255 + 1)(28s + 1)>(32s + 1) (145 + 1)
Car 1y = 0.00765788(s + 1)(16.9688s + 1)(17.375s + 1)e12-5007s (C5-10)
' (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(136.813s2 + 18.8438s + 1) (t15 + 1)
g1y = 0.00230408(—5.75s + 1)(7.25s + 1)(16.9688s + 1)(17.375s + 1) ©5.11)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(19.55 + 1)(22.75s + 1) (25 + 1)
Cs1r = —0.0715523(—33.5039s + 1)(3s + 1)(16.9688s + 1)(17.375s + 1)e~ 12375 (©5-12)
’ (0.1133s + 1)(0.25s + 1)(25.7499s + 1)(27s + 1) (135 + 1)
a1y 0.0402176(16.9688s + 1)(17.375s + 1)(103.398s + 1)e—18-1868s (©5-13)
’ (0.1133s + 1)(0.25s + 1)(30.5002s + 1)(32.4985s + 1) (145 + 1)
—0.0110499(0.25015s + 1)(16.9688s + 1)(17.375s + 1)
Ci12 = (C5-14)
(0.1133s + 1)(0.25s + 1)(7.55 + 1)(9.3124s + 1) (115 + 1)
Con 1y — —0.000523385(s + 1)(16.9688s + 1)(17.375s + 1)(129.875s + 1)e~*126s (©5.15)
' (0.1133s + 1)(0.25s 4+ 1)(s + 0.0432123)(11.875s + 1)(12.1875s + 1) (125 + 1)
0.104841(—1.6875s + 1)(—1.60165 4 1)(—1.3789s + 1)(16.9688s + 1) | _5 01565
[ (17.375s 4+ 1)(44.75s + 1) ] ¢
Ca312 = (C5-16)
(0.1133s + 1)(0.25s + 1)(12.0898s + 1)(12.4373s + 1)(13.0938s + 1)(14s + 1) (r3s + 1)
[0.0816345(—1.4531s + 1)(—1.2263s + 1)(—0.8513s + 1)(16.9688s + 1)} - 138755
(17.375s + 1)(48.0156s + 1)
Cas 12 = (C5-17)
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(0.1133s + 1)(0.25s + 1)(11.4766s + 1)(12.0625s + 1)(13.0938s + 1)(13.375s + 1) (zas + 1)
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APPENDIX C

CONTROLLER MATRIX DETAILS FOR DESIGNS FOR THE 4
X 4 Fad2 SYSTEM OF [40]

APPENDIX C1: CONTROLLER MATRIX FOR ATDIMC
DESIGN ACHIEVING “IMPERFECT y;” FOR 4 x 4 F4d2
SYSTEM OF [40]

Using the procedure in Section III-B (i = 1), the ATDIMC
controller achieving ““imperfect y;”” for 4 x 4 F4d2 System
was computed as

where as C1-2-C1-17, shown at the bottom of

page 19.

APPENDIX C2: CONTROLLER MATRIX FOR ATDIMC
DESIGN ACHIEVING “IMPERFECT y,” FOR 4 x 4 F4d2
SYSTEM OF [40]

Using the procedure in Section III-B (i = 2), the ATDIMC
controller achieving “‘imperfect y,”” for 4 x 4 F4d2 System
was computed as

Ci,1(8)  Ci21(9)  Ciza(s)  Cuia1(s) Ci12(5)  Cr22(s)  Cizals)  Cra(s)
Cirar (5) = Co1(8)  Coo1(s)  Coz1(s)  Cog1(5) Ciran (5) = Co12(5)  Co(s)  Cazols)  Craa(s)
' Cs1,108)  C32,1(8)  C33,1(8)  C34,1(5) ' C312(8)  C322(5)  C332(8)  C3.2(5)
Ca1,1(8)  Ca2,1(5)  Ca3,1(5)  Cas,1(5) Ca12(8)  Ca22(5)  Ca32(5)  Cas2(5)
(C1-1) (C2-1)
Criy = 0.141506(—13.25s5 4+ 1)(2.6565s + 1)(16.9688s + 1)(17.375s + 1)(63s + 1)e—2-2168s (C62)
' (0.1133s + 1)(0.25s 4+ 1)(19s + 1)(19.875s + 1)(20.3125s + 1) (t15 + 1)
Crrny = 0.000668673(—0.5002s + 1)(16.9688s + 1)(17.375s + 1)(98s + 1)e29415s (C6.3)
' (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(14.1249s + 1)(14.7812s + 1) (125 + 1)
Cray = 0.00134349(—20s + 1)(16.9688s + 1)(17.375s + 1)(29.0078s + 1)e—374932s (©64)
’ (0.1133s + 1)(0.25s 4+ 1)(s + 0.0432123)(19.9961s + 1)(23.7324s + 1) (135 + 1)
Cran = —0.0997113(—6.8125s 4+ 1)(—3.2969s + 1)(—2.3906s + 1)(17.375s + 1)(43.4965s + 1) (C65)
’ (0.11335 + 1)(0.25s + 1)(11.9844s + 1)(12.9688s + 1)(18s + 1) (t45 + 1)
Corp = 0.106285(5.9453s 4+ 1)(16.9688s + 1)(17.375s + 1)(137.477s + 1)e 3296665 (C6:6)
’ (0.1133s + 1)(0.25s + 1)(16.7344s + 1)(19.55 + 1) (115 + 1)
Crpp = —0.00266395(—9.6875s + 1)(0.5s5 + 1)(16.9688s + 1)(17.375s + 1)e— 21875 ©67)
’ (0.1133s + 1)(0.255 + 1)(s + 0.0432123)(8.5s + 1)(8.75s + 1) (125 + 1)
Crszz 0.000927295(—7.5418s + 1)(16.9688s + 1)(17.375s 4 1)(60.1769s + 1)e~43-6871s (C6-8)
’ (0.1133s + 1)(0.25s + 1)(s 4+ 0.0432123)(7.0857s + 1)(59.912s + 1) (135 + 1)
oty = —0.0152609(0.7495s + 1)(16.9688s + 1)(17.375s + 1)(45.1255 4+ 1)(315s 4 1)e 2828 (©69)
’ (0.1133s + 1)(0.255 + 1)(28s + 1)?>(32s + 1) (zas + 1)
Cars = 0.177215(—17.9999s + 1)(0.5s + 1)(16.9688s + 1)(17.375s + 1)e—>-4068s (C6-10)
’ (0.1133s + 1)(0.25s + 1)(26s + 1)(30.25s5 4 1) (r15 + 1)
Capy = 0.00230408(—5.75s + 1)(7.25s + 1)(16.9688s + 1)(17.375s + 1) (C6-1D)
’ (0.1133s + 1)(0.25s 4+ 1)(s + 0.0432123)(19.55 + 1)(22.75s + 1) (125 + 1)
sy —0.00309194(0.55 + 1)(s + 1)(16.9688s + 1)(17.375s + 1)e=21:7> (C6-12)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(21s + 1)(21.993s + 1) (135 + 1)
Crany = 0.0402176(16.9688s + 1)(17.375s + 1)(103.398s + 1)e~18-1868s (©6-13)
’ (0.1133s + 1)(0.25s + 1)(30.5002s + 1)(32.4985s + 1) (145 + 1)
[ —0.255712(—0.9941s + 1)(—0.9531s + 1)(—0.875s + 1)(16.9688s + 1)}
(17.375s + 1)(45.8906s + 1)
4132 = (011335 + 1)(0.255 + 1)(11.56255 + 1)(12.1255 + 1)(12.63285 + D(14.0938s + 1) (r1s & 1) (C6-14)
Cinny = —0.000523385(s + 1)(16.9688s + 1)(17.375s + 1)(129.8755 + 1)e~*126s (C6-15)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(11.875s + 1)(12.1875s + 1) (tas + 1)
Corng = 0.00452948(1.0039s + 1)(1.9373s 4 1)(16.9688s + 1)(17.375s + 1) (€6-16)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(15.499s + 1)(16.0156s + 1) (135 + 1)
[0.0816345(—1.4531s + 1)(—1.2263s + 1)(—0.8513s + 1)(16.9688s + 1)} 138755
(17.375s + 1)(48.0156s + 1)
Cau3 = (C6-17)

32224

(0.1133s + 1)(0.25s + 1)(11.47665 + 1)(12.0625s + 1)(13.09385 + 1)(13.375s + 1) (zas + 1)
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where as C2-2-C2-17, shown at the bottom of

page 20.

APPENDIX C3: CONTROLLER MATRIX FOR ATDIMC
DESIGN ACHIEVING “IMPERFECT y3” FOR 4 x 4 F4d2
SYSTEM OF [40]

Using the procedure in Section III-B (i = 3), the ATDIMC
controller achieving ‘““imperfect y3”” for 4 x 4 F4d2 System
was computed as

where as C3-2—-C3-17, shown at the bottom of

page 21.

APPENDIX C4: CONTROLLER MATRIX FOR ATDIMC
DESIGN ACHIEVING “IMPERFECT y,” FOR 4 x 4 F4d2
SYSTEM OF [40]

Using the procedure in Section III-A (n = 4), the ATDIMC
controller achieving ‘“‘imperfect y4”” for 4 x 4 F4d2 System
was computed as

Ci1,3(5)  Cr23()  Cizz(s)  Cia3(s) Ci1,4(s)  Ci24(s) Ci34(s) Cia4(s)
Caras(s) = Cr13(8)  Co3(s)  Co33(s)  Cra3(s) Caraa(s) = Co1,4(s)  Co4(s)  Co34(s)  Cog4(s)
' C313(8)  C33(s)  C333(5)  C343(5) ' C31,4(s)  C32,4(s)  C334(5)  C34.4(5)
Cy1,3(5)  Can3(s)  Ca33(s)  Caa3(s) Ca1,4(8)  Caa(s) Cazal(s)  Cag4(s)
(C3-1) (C4-1)
Crtay = 0.141506(—13.25s + 1)(2.6565s + 1)(16.9688s + 1)(17.375s 4+ 1)(63s + 1)e~ 221685 ©72)
’ (0.1133s + 1)(0.25s5 + 1)(19s + 1)(19.875s + 1)(20.3125s5 + 1) (115 + 1)
Croay = 0.000668673(—0.5002s + 1)(16.9688s + 1)(17.375s + 1)(98s + 1)e2-9415s ©73)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(14.1249s + 1)(14.7812s + 1) (tas + 1)
Craeg = 0.0310904(1.9531s + 1)(16.9688s + 1)(17.375s + 1)(54.0088s + 1) (CT4)
> (0.1133s + 1)(0.25s + 1)(11.7188s + 1)(14.375s + 1) (t35 + 1)
Cray = —0.0997113(—s + 0.0432123)(1.6032s + 1)(16.9688s + 1)(17.375s + 1) (C15)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(14.3083s + 1)(14.9843s + 1) (t4s + 1)
Cotay = 0.106285(5.9453s + 1)(16.9688s + 1)(17.375s + 1)(137.477s + 1)e—32-9666s ©76)
’ (0.1133s + 1)(0.25s + 1)(16.7344s + 1)(19.55 + 1) (t;s + 1)
Copay — —0.00266395(—9.6875s + 1)(0.55 + 1)(16.9688s + 1)(17.375s + 1)e—21-875s €17
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(8.55 + 1)(8.75s + 1) (tas + 1)
Criag = 0.021459(—183.608s + 1)(—0.1011s + 1)(4s + 1)(16.9688s + 1)(17.375s + 1)e=33-87s ©78)
’ (0.1133s + 1)(0.25s5 + 1)(10s + 1)(17.0938s + 1)(17.3438s + 1) (135 + 1)
Coaty = —0.0152609(—s + 0.0432123)(—0.5s + 1)3(16.9688s + 1)(17.375s + 1)(18.0635s + 1)e—32:443s (€79
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(5.25s + 1)(5.55 + 1)(6s + 1)(6.5s + 1) (t4s + 1)
Capay = 0.177215(—17.9999s + 1)(0.5s + 1)(16.9688s + 1)(17.375s + 1)e 46685 (C7-10)
’ (0.1133s + 1)(0.25s + 1)(26s + 1)(30.25s + 1) (115 + 1)
Cpar = 0.00230408(—5.75s + 1)(7.25s + 1)(16.9688s + 1)(17.375s + 1) ©7-1D)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(19.5s + 1)(22.75s + 1) (125 + 1)
Crnar = —0.0715523(—33.5039s + 1)(3s + 1)(16.9688s + 1)(17.375s + 1)e~12-375 ©1-12)
’ (0.1133s + 1)(0.25s + 1)(25.7499s + 1)(27s + 1) (135 + 1)
c _0.0402176(—s + 0.0432123)(1.255 + 1)(16.9688s + 1)(17.375s + 1)e 93665 o713
A2 011335 + 1)(0.255 + 1)(s + 0.0432123)(8.06255 + 1)(10s + 1) (tas + 1) (€7-13)
[ —0.255712(—0.99415 + 1)(—0.9531s + 1)(—0.875s + 1)(16.9688s + 1)]
(17.375s + 1)(45.8906s + 1)
Ca1,40 = (C7-14)
(0.1133s + 1)(0.25s + 1)(11.5625s + 1)(12.125s + 1)(12.6328s + 1)(14.0938s + 1) (115 + 1)
Coray = —0.000523385(s + 1)(16.9688s + 1)(17.375s + 1)(129.875s + 1)e—*+126s ©1-15)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)(11.875s + 1)(12.1875s + 1) (125 + 1)
0.104841(—1.6875s 4 1)(—1.60165 + 1)(—1.3789s + 1)(16.9688s + 1) | 5 o1565
[ (17.3755 + 1)(44.755 + 1) } ¢
Cy3.40 = (C7-16)
(0.1133s + 1)(0.25s + 1)(12.0898s + 1)(12.4373s + 1)(13.0938s + 1)(14s + 1) (135 + 1)
0.00352762(—0.9609s + 1)(16.9688s + 1)(17.375s + 1)(60.094s + 1)e=33-57
Caasr = (C7-17)
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where as C4-2-C4-17, shown at the bottom of

page 22.

APPENDIX C5: CONTROLLER MATRIX FOR ATDIMC
DESIGN ACHIEVING “IMPERFECT y,&y,” FOR 4 x 4 F4d2
SYSTEM OF [40]

Using the procedure in Section III-D (j = 1,i = 2), the
ATDIMC controller achieving ““imperfect y;&y,” for 4 x 4
F4d2 System was computed as

Ci1,12(8) Ci12,12(5) C13,12(5) Ci4,12(5)
Co1,12(8) C2,12(5) C23,12(5) Co4,12(5)

where as C5-2—-C5-17, shown at the bottom of

page 23.

APPENDIX C6: CONTROLLER MATRIX FOR ATDIMC
DESIGN ACHIEVING “IMPERFECT y3&y,” FOR 4 x 4 F4d2
SYSTEM OF [40]

Using the procedure in Section III-D (j = 3,i = 2), the
ATDIMC controller achieving ““imperfect y1&y,” for 4 x 4
F4d2 System was computed as

Ci11,32(5) Ci2,32(5) Ci3,32(5) Cia4,32(5)
C21,32(8) C22,32(8) C23,32(5) Co4,32(5)

Caxaz (9) = C31,12(8) C32,12(5) C33,12(5) C34,12(5) Caxazz (9) = C31,32(8) C32,32(8) C33,32(5) C34,32(5)
Cy1,12(5) Ca2,12(5) Cy3,12(5) Caa,12(5) C41,32(8) Ca2,32(5) Cu3,32(5) Cya,32(5)
(C5-1) (Co-1)

it = 0.00611518(—s + 0.0432123)(s + 1)>(16.9688s + 1)(17.375s + 1)e—>-2302s ©82)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)%(5.255 4+ 1)(10.255 + 1) (115 + 1)

Cira = 0.000668673(—0.5002s + 1)(—s + 0.0432123)(16.97s + 1)(17.375s 4+ 1)(98s + 1)~ 294155 (©83)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)%(14.1249s + 1)(14.7812s + 1) (125 + 1)

Crrag = 0.00134349(—20s + 1)(—s + 0.0432123)(16.9688s + 1)(17.375s + 1)(29.0078s + 1) (C8-4)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)%(19.9961s + 1)(23.7324s + 1) (135 + 1)

Crags = —0.0997113(—s + 0.0432123)%(1.6032s + 1)(16.9688s + 1)(17.375s + 1) (©8:5)
’ (0.1133s + 1)(0.255 + 1)(s + 0.0432123)%(14.31s + 1)(14.9843s + 1) (45 + 1)

ot = 0.00459281(—4.8125s + 1)(—s + 0.0432123)(4.7548s + 1)(16.9688s + 1)(17.375s + 1)e—1251s (©8:6)
’ (0.1133s + 1)(0.255 + 1)(s + 0.0432123)%(65 + 1)(6.2539s + 1) (115 + 1)

Copag = —0.00266395(—9.6875s + 1)(—s + 0.0432123)(0.5s + 1)(16.9688s + 1)(17.375s + 1)e 218735 ©87)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)%(8.55 + 1)(8.75s + 1) (125 + 1)

s = 0.000927295(—7.5418s + 1)(—s + 0.0432123)(16.9688s + 1)(17.375s + 1)e—43-6871s (©8:8)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)%(7.0857s + 1)(59.912s + 1) (135 + 1)

Conag = —0.015261(—s + 0.0432123)%(—0.55 + 1)3(16.9688s + 1)(17.375s + 1)(18.0635s + 1)e 32443 (©8.9)
’ (0.1133s + 1)(0.255 + 1)(s + 0.0432123)%(5.255 4+ 1)(5.55 + 1)(6.002s + 1)(6.55 + 1) (145 + 1)

Carag = 0.00765788(—s + 0.0432123)(s + 1)(16.9688s + 1)(17.375s + 1)e—12-5007s (©8-10)
’ (0.1133s + 1)(0.255 + 1)(s + 0.0432123)%(136.813s2 + 18.8438s + 1) (115 + 1)

Corat 0.00230408(—5.75s + 1)(—s + 0.0432123)(7.25s + 1)(16.9688s + 1)(17.375s + 1) €811
’ (0.1133s + 1)(0.255 + 1)(s + 0.0432123)%(19.55 4+ 1)(22.75s + 1) (125 + 1)

Cona = —0.00309194(—s + 0.0432123)(0.55 + 1)(s + 1)(16.9688s + 1)(17.375s + 1)e 2175 (C8-12)
’ (0.1133s + 1)(0.25s5 + 1)(s + 0.0432123)*(21s 4+ 1)(21.9927s + 1) (135 + 1)

Cruas = 0.0402176(—s + 0.0432123)%(1.25s + 1)(16.9688s + 1)(17.375s + 1)e—9-57s (C8-13)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)%(8.0625s + 1)(10s + 1) (t4s + 1)

Catas = —0.0110499(—s + 0.0432123)(0.2501s + 1)(16.9688s + 1)(17.375s + 1) ©8-14)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)%(7.5s + 1)(9.3124s + 1) (115 + 1)

Cp s = —0.00052339(—s 4 0.0432123)(s + 1)(16.97s 4+ 1)(17.375s + 1)(129.8755 + 1)e—* 13 (©8.15)
’ (0.1133s + 1)(0.25s + 1)(s + 0.0432123)%(11.875s + 1)(12.1875s + 1) (125 + 1)

Coras = 0.00452948(—s + 0.0432123)(1.0039s + 1)(1.9373s + 1)(16.9688s + 1)(17.375s + 1) (©8-16)
’ (0.1133s + 1)(0.25s + 1)(s 4+ 0.0432123)%(15.499s + 1)(16.0156s + 1) (35 + 1)

0.00352762(—s + 0.0432123)(—0.96s + 1)(16.9688s + 1)(17.375s + 1)(60.094s + 1)e=33-57
Casad = ) (C8-17)
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where as C6-2—-C6-17, shown at the bottom of

page 24.

APPENDIX C7: CONTROLLER MATRIX FOR ATDIMC
DESIGN ACHIEVING “IMPERFECT y,&y,” FOR 4 x 4 F4d2
SYSTEM OF [40]

Using the procedure in Section III-D (j = 4,i = 2), the
ATDIMC controller achieving “‘imperfect y; &y, for 4 x 4
F4d2 System was computed as

Ci1,42(5) C12,42(5) C13,42(5) Cia,42(5)
Co1,42(5) Cao,42(5) C23,42(5) C24,42(5)
C31,42(8) C32,42(5) C33,42(5) C34,42(5)
Cy1,42(8) Ca2,42(5) Cy3,42(5) Caa,42(5)
(C7-1)

Caxa42 (5) =

where as C7-2—C7-17, shown at the bottom of page 25.

APPENDIX C8: CONTROLLER MATRIX FOR DYNAMIC
DIMC DESIGN USING PROCEDURE IN [18] FOR 4 x 4 F4d2
System Of [40]

Using the procedure in [18], with the structure adopted being
the IMC structure and the model simplification technique
used being as described in Section IV of this paper, the
dynamic decoupling internal model controller developed for
the 4 x 4 F4d2 System of [40] is:

Ci1,da(8) C12,dd(s) C13,da(s) Ci4,4a(s)
Co1,dd () C22,dd(s) C23,4a(s) C24,44(s)
C31,dd () C32,dd(8) C33,4a(s) C34,4a(s)
C41,dd(5) Ca2,da(8) Ca3,4a(s) Ca4,44(s)
(C8-1)

Caxd,da (8) =

where as C8-2—-C8-17, shown at the bottom of page 26.
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