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Abstract

This paper is concerned with the synthesis of a nonlinear state feedback law for nonsquare multivariable nonlinear systems.
Previous approaches in the literature have solved this problem by (1) squaring the system by discarding some inputs or by adding new
outputs, or (2) by utilizing some inputs for input/output (I/O) linearization and the remaining inputs for minimizing cost. In this paper,
a nonlinear feedback law is synthesized which utilizes all the available inputs to I/O linearize the system and minimize the cost of the
control effort by solving a convex optimization problem on-line. This procedure is illustrated via simulation of a regulation problem
in a nonlinear continuous stirred tank reactor with three inputs and two outputs. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Processes having unequal number of inputs and out-
puts occur frequently in the chemical process industry.
Such systems are called nonsquare systems. However, for
controller design purposes, they are often “squared” by
adding or deleting the appropriate number of inputs or
outputs from the system matrix (Reeves & Arkun, 1989).
Once such systems are squared, then controller synthesis
procedures developed for square systems (where the
number of inputs and outputs is equal) are applied dir-
ectly. However, it has been shown that there can be
advantages in synthesizing a controller for the original
nonsquare system. For instance, Morari, Grimm,
Ogelsby, and Prosser (1985) compared square and non-
square structures of a reactor application study and
concluded that for their system the nonsquare structure
was less sensitive to modeling errors due to a smaller
condition number. Despite such evidence, the literature
on controller design is sparse. Most of the available
results in the literature of nonsquare systems are for
linear systems. For instance, Treiber (1984) demonstrated
the application of Rosenbrock’s direct nyquest array
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method to design a multivariable control scheme for
a ternary distillation column modeled with nonsquare
transfer functions. A precompensator analogous to
the inverse gain array for square systems was used to
square and decouple the system. Treiber and Hoffman
(1986) utilized a similar approach for the control of
a vacuum distillation column with five inputs and four
outputs. Lau, Alvarez, and Jensen (1985) utilized a singu-
lar value decomposition (SVD) framework to synthesize
a control strategy for nonsquare linear systems. Reeves
& Arkun (1989) derived a block relative gain array
measure for decentralized control structure design of
nonsquare linear systems. Chang and Yu (1990) extended
Bristol’s relative gain array (RGA) to nonsquare linear
systems and used this measure to assess performance
based on steady-state information.

However, these results are not applicable directly to
nonsquare nonlinear systems. Nonlinearities appear in
almost all process control systems and this provides the
motivation for the development of a nonlinear controller
synthesis framework for nonsquare nonlinear systems. In
the past two decades, differential geometric methods
have been used to develop a controller synthesis frame-
work for square nonlinear systems (Brockett, 1989;
Isidori, 1989). Some of the important results in the area
are the solutions of problems of reachability (Lobry,
1970), input/state linearization (Jakubcsyk & Respondek,
1982; Su, 1982; Hunt, Su, & Meyer, 1983) and
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input/output (I/O) linearization (Singh & Rugh, 1972;
Claude, Fliess, & Isidori, 1983; Isidori & Ruberti, 1984).

I/O linearization is a multi-loop configuration in
which an inner loop uses nonlinear state feedback laws so
that the input-output behavior is exactly linear and the
outer loop is used for stability and performance. Kravaris
and Soroush (1990) utilized the I/O linearization frame-
work for multi-input-multi-output (MIMO) systems in
conjunction with an external multivariable controller
with integral action to derive a globally linearizing con-
troller (GLC). Daoutidis and Kravaris (1991) studied
inversion and zero dynamics of multivariable systems in
the GLC framework.

However, all the above results have been derived for
“square” systems. Very few results are available for con-
troller design of nonsquare systems in the I/O frame-
work. Doyle, Allgower, Oliveria, Gilles, and Morari
(1992) and McClamroch and Schumacher (1993), investi-
gated the design of I/O linearizing controllers for non-
minimum-phase nonlinear systems with two inputs and
one output. The first input was used to achieve I/O
linearization while the second input was used to stabilize
the otherwise unstable zero dynamics. For nonsquare
systems with more inputs than outputs and equal relative
degree with respect to all inputs McLain, Kurtz, Henson,
and Doyle (1996) derived an analytical expression, where
some inputs were used for I/O linearization and the
remaining inputs were used to minimize input cost.
When the relative degrees are different, McLain et al.
(1996) suggested that the inputs be redefined via dy-
namic extension to make the relative degrees equal.
Another possible approach to handle nonsquare multi-
input/multi-output (MIMO) control problems is to
“square” the system by adding new inputs or discarding
some outputs, as proposed in the linear case (Reeves
& Arkun, 1989; Le & Safonov, 1992). However, in nonlin-
ear systems, there is no systematic procedure for introduc-
ing additional outputs or discarding existing inputs. By
discarding existing inputs one may be giving up flexibility
in controller design. Furthermore, the introduction of new
outputs might require additional control effort.

In this paper, we propose an alternative strategy, based
on I/O linearization that can be applied directly to non-
square MIMO systems without having to use a “squar-
ing” procedure. This procedure minimizes control effort,
by solving an optimization problem on-line.

The reminder of the paper is organized as follows. In
Section 2, the nonsquare MIMO problem is formulated.
In Section 3, a nonlinear controller design procedure for
handling nonsquare MIMO systems is presented. Con-
nections between this procedure and the calculation of
a Moore-Penrose pseudo-inverse are presented and zero
dynamics of nonsquare systems are defined. This proced-
ure is illustrated via simulation of a continuous stirred
tank reactor (CSTR) example in Section 4. Finally, Sec-
tion 5 contains a summary and conclusions.

2. Problem formulation

Consider the following state-space realization of
a MIMO nonlinear system with n states, m inputs and
p outputs, p < m < n.

j=1
(1)
Vi = i(x)a 1= 1: >Ds
where
231 Y1 X1
u= eR™ y=|: |eRF, x= eR"
Uy, Vp Xn

are the inputs, outputs and states, respectively. f(x) is
a smooth vector field on R", g;(x),...,d.(x) are smooth
vector fields on R™ and h;(x), ..., h,(x) are smooth scalar
fields. The cost associated with the inputs is represented
as follows:

J=wiui + wiuz + - + whuy = [|Wull3, )

where, w; is the cost of u;, W is a diagonal matrix with
w; as its elements and J represents the total cost of the
inputs.

In this formulation, it is assumed that the number of
inputs is greater than or equal to the number of outputs.
This is a fairly typical situation in the fine chemicals and
pharmaceutical industry where several inputs (such as
feedrate, pH, temperature) are available to control one
output (such as product concentration). The case where
there are more outputs than inputs typically leads to an
uncontrollable situation and is not considered here.

Most of the results available in the literature consider
square MIMO systems. In order to describe the regula-
tion problem precisely, we define the characteristic
matrix specifically for nonsquare MIMO systems. This
definition for nonsquare systems is analogous to the
definition for square systems in Isidori (1989). We first
review the definition of relative degree for nonsquare
systems.

Definition 1 (Isidori, 1989). A nonlinear MIMO system
of the form (1) is said to have a relative degree r; with
respect to an output y; if the vector

LgL'}hi(x)é [L,, L’}hi(x) ..L,, L’}hi(x)] =0,
k=01, .1 —2.

Ly LEh(x) 2 [L,, Lihi(x) ... L, Lsh(x)] £0,
k= r; — 1.

Essentially r; is the smallest integer k for which the vector
L,L% 'hi(x) has at least one nonzero component. This
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means that at least one of the inputs u; affects the output
y; after r; integrations.

Definition 2. If system (1) has a well-defined relative
degree r; for each output y; then the characteristic matrix
of the system is the following p x m matrix:

p(x) = L, L} 'h(x)
L, L7~ 'hy(x) L, L7 hy(x)
- z )
L, L7~ hy(x) L, Ly 'hyx) [ "
If a system represented by (1) has well-defined relative
degree r; for all outputs y; with r = Y 'r; (r < n) and the

characteristic matrix (4) has full row rank (p), then there
exists a diffeomorphism (,6) = T(x) given by

fi1 hi(x)
_ fiz thi(x)

éi - s i:17"'5p> (5)

&, L™ 'hi(x)
nm=o¢.+:x), i=1..,n—r (6)
where d¢, 1 1,d¢, 45, ...,d¢, are chosen such that
[d¢l, dés, ..., dé), ..., d&g, dEs, ..., der, ...,
Prots Prezsonsul
are linearly independent and ¢ = [, &2,...,E7], n =

[n1, 72, M-, ]- This transforms system (1) to the nor-

mal form:

i =q&n + Y, pi&nu, ()
j=1

i =8,

&-1=4, )]

éii = ai(éa”) + Z ﬂij(éan)uj, i= 1: -5 Ds
j=1

where o; = L}h;(x) and f;; is the (i, j)th entry in (4).
Egs. (8) give the structure of p subsystems, which form
the linearizable subsystem.
Once the system has been transformed to the above
normal form, feedback laws can be designed to cancel the
nonlinearities that appear in the equations

& = al&m) + B(Enu, ©
where

érll Ly hy(x)
o8] o)

& Lihy(x)

and f is the characteristic matrix (4) and u is the input
vector.

The underlying principle of input-output linearization
is to define new reference inputs and use a feedback law
that renders the sub-system linear in the I/O sense. Then,
a controller is designed for this linear sub-system using
standard linear control techniques and the actual inputs
are found from the values of the new reference inputs.

When the MIMO system under consideration is
square (m = p) and the cost (2) of the inputs is ignored,
1/O linearization can be achieved by defining a vector of
new inputs, v, and using the feedback law:

Uy Uy oy (Em)
oo =|" | = pataf ||| 2 (10
Uy, U O(m(iayl)

provided f is invertible. The problem addressed in this
paper is to find a similar feedback law for nonsquare
systems, which makes the input-output behavior of the
nonsquare system linear.

3. I/O linearization for nonsquare systems

For a nonsquare MIMO system represented by (1), 5 is
a p x m matrix; B~ ! is not defined. Thus, Eq. (10) cannot
be used to define new inputs required for I/O lineariz-
ation.

We propose to use all the available m inputs in the
original system. However, we define p new external refer-
ence inputs to linearize the system. This implies that we
use a feedback law such that the linear subsystem is
square and each new input v; (1 <i<p)is a blend of
available inputs, u; (1 <j < m). In most practical situ-
ations, there is a cost associated with each input. If there
is a choice in selecting inputs, one would try to minimize
the total cost of inputs. The presence of additional inputs
introduces a degree of flexibility. These factors can be
utilized to obtain the “best” choice of inputs. This struc-
ture allows for the use of all available inputs and also
conserve the control effort as the number of outputs is
not changed.

The construction of the I/O linearizing feedback law,
for nonsquare systems requires solution to the following
optimization problem. Consider the solution to a set of
algebraic equations in which the number unknowns is
greater than the number of equations, i.e. of the form

Ax =b. (11)

There are infinite solutions to the above set of equations.
The solution that minimizes a cost function defined by
J = ||Wx]|3, is unique and can be obtained by solving the



2106 S. Kolavennu et al. | Chemical Engineering Science 56 (2001) 2103-2110

following problem:

min  [|[Wx])3

12
st. Ax=0b. (12)

The solution to the above optimization problem can be
interpreted as finding a pseudo-inverse of A. In other
words, the solution that is obtained can be written as
x = A*b, where A” is the Moore-Penrose pseudo-in-
verse of A (Noble, 1976).

Remark 1. The existence of the pseudo-inverse of the
characteristic matrix is guaranteed by the assumption
that it has full row rank. This is analogous to the assump-
tion in the square MIMO systems that the characteristic
matrix is invertible.

Theorem 1. Consider a nonsquare MIMO system in the
normal form given by Egs. (7) and (8). In the presence of
input weights and constraints, the 1/O linearizing feedback
law for this system is

u=p*%uv—ow), (13)

where B* is a Moore-Penrose pseudo-inverse that accounts
Jor the costs (2) of the inputs and v is a vector of p external
reference inputs. This induces the linear behavior given by

Vi :éll :élZa
dy: _ 4 i
d[ 252 2537
(14)
diy, ..
dt‘zl é:‘, _U“ l_la" 9p

Proof. This theorem is proved by construction. Suppose
that we choose a control law

u = P(n.¢,v) (15)

such that the resulting structure is (14).

Now standard linear multivariable control techniques
(Skogestad & Postlethwaite, 1996) can be used to design
a controller for this linear subsystem. Once the controller
is designed, i.e., v; are known as functions of fj-, we can
find the linearizing feedback law u = &(n,&, v).

We are seeking u = [u; u, ...u,,]" thatis a solution to
the system of equations

ai(éa”) + ﬂi(éarl)u =i, i= 15 Ry 2 (16)

where f5;(£,n) is the ith row of the characteristic matrix.
Since u is a vector of dimension m and v is a vector of
dimension p, the number of unknowns (m) is greater that
the number of equations (p). A unique solution is found
by considering the following optimization problem, at

each point, which minimizes the cost of inputs:
min ||Wull3

17
st.  a+pu=u, (17)

where, W is a diagonal matrix of input weights which
reflect their cost. This convex optimization problem can
be solved numerically, using standard optimization tech-
niques such as sequential quadratic programming (SQP)
(Edgar & Himmelblau, 1989).

The solution of the optimization problem posed by Eq.
(17) can be interpreted as calculating pseudo-inverse ”.
Hence, the 1/O linearizing feedback law for nonsquare
systems is given by Eq. (13). O

Remark 2. Note that the squaring down procedure will
remove m — p inputs from the set of Egs. (16) and the
squaring up procedure adds m — p outputs (so, m — p
new reference inputs v). Thus, both these procedures lead
to a loss in design flexibility. Furthermore, as shown in
the illustrative example, the squaring down procedure
may lead to increased cost. For this reason, it preferable
to utilize all the available inputs u,, u,, ..., u,, to control
the outputs y;,ys,...,¥,.

Remark 3. The resulting linear subsystem is decoupled
with respect to the new inputs v, i.e., the ith output is
affected only by the ith new input, which is a blend of the
original inputs.

Remark 4. In the case of the nonsquare MIMO systems
with equal relative degrees and no input costs, the solu-
tion to the optimization problem (17) is equivalent to the
solution provided by McLain et al. (1996). When the
system is square with no input costs, the feedback law
given by Eq. (13) coincides with the feedback law given
by Kravaris and Soroush (1990) for square MIMO sys-
tems since the Moore-Penrose pseudo-inverse for
a square system is the same as the inverse of the system.

3.1. Procedure for I/O linearizing control of nonsquare
systems

The procedure to solve the nonsquare MIMO prob-
lem is as follows.

(1) Calculate the relative degree r; for each of the p out-
puts.

(2) Transform the original system to the normal form (7)
and (8), using the difftomorphism (5) and (6).

(3) Introduce p new reference inputs to cancel the non-
linearities in subsystem (8).

(4) Use linear multivariable control techniques to design
a controller for the resulting linear-subsystem (14) in
terms of the external reference inputs v;.

(5) At each time step, solve the optimization problem
(17) numerically.
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(6) Use the optimal input solution in the linearizing
inner-loop controller.

Note that in this procedure, the external linear loop is
designed first and the I/O linearizing inner loop is de-
signed later. The optimization problem in Step 5 for
calculating the pseudo-inverse is solved on-line. This
on-line problem requires the minimization of a quadratic
objective function subject to linear equality constraints of
the form of Eq. (12). This is a standard convex optimiza-
tion problem that can be solved numerically using a
standard optimization technique such as SQP (Edgar
& Himmelblau, 1989).

3.2. Internal stability under I/O linearizing state feedback

The diffeomorphism (5) decomposes the dynamics of the
nonlinear system (1) into an external input/output part
represented by a set of chain of integrators of the form of
Eq. (8) and an internal unobservable part represented by
Eq. (7). The application of the state feedback (13) to the
nonlinear system (1) results in a set of p linear subsystems.
The I/O stability of the v — y system is affected by these
p linear subsystems which can be designed for stability and
performance using standard results from linear multivari-

Proof. The proof is shown in the appendix. [

For internal stability of the I/O linearized system, the
zero dynamics (18) should be stable. A nonlinear stability
analysis of the zero dynamics is necessary to determine
the region in state-space that correspond to asymp-
totically stable zero dynamics. Local results can be easily
obtained by checking the eigenvalues of the linear
approximation of the zero dynamics around the
equilibrium.

4. Example

Consider a CSTR in which elementary isothermal
liquid phase, series reactions are being carried out. The
chemical reaction system is

A+ B—-C,
A+ D-—E.

The objective is to keep the concentrations of C and E at
a desired set point by manipulating the inlet feed concen-
trations of A, B and D. The system can be written in
deviation form as

able control theory (Skogestad & Postlethwaite, 1996). In X =f(x) + g1()u; + g2(X)uy + gs(x)us, (19)
addition, it is necessary to study the issue of internal .
stability, i.e., asymptotic stability of the states with respect y = |: 3} (20)
to perturbations in initial conditions under no external Xs
input. This issue can be resolved by studying the problem where

-fl [~ ky(x1x; + X1cps + XaCas) — ka(X1Xs + X1 Cps + XaCas) — ¥X;

fa — ki (X1 X5 + X1 Cps + X2C45) — ¥X2

f=f]= ki(x1%; 4+ X1 Cps 4+ X2Cas) — ¥X3 (21)

Ja — ky(X1 X4 + X1Cps + XaCys) — pXa4

51 L ky(X1X4 + X1Cps + XaCus) — PXs ]
of zeroing the output. The solution to this problem results and

in a dynamical system which describes the “internal” be-
havior of the system when the inputs and initial conditions
are chosen in such a way so as to constrain the output
vector to remain identically zero (Isidori, 1989). These
dynamics are called zero dynamics of the system and their
stability determine the internal stability of the closed-
loop system under state feedback. Isidori (1989) de-
veloped a constructive procedure for representing the L .
zero dynamics for square systems. We extend this pro-

g=10191 92 931 = (22)

S O O O <M=
S O O < O
S S O O O

cedure for nonsquare systems in Theorem 2.

Theorem 2. The zero dynamics of nonsquare system are
represented by

i1 = q(0,) — pO.nLAO.)]" %(0n), (18)
where [B(0,n)]7 is the pseudo-inverse of B(0,n).

The system parameters are ky =1, k, =2, F=V =3.
The desired operating steady state is [0.89 0.53 0.47
0.36 0.64]". The steady-state input values are [2 1 1]".
The procedure developed in the previous section is
utilized to design the I/O linearizing controller. It is
shown that it leads to economical control when com-
pared to the a standard “squaring down” approach.
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(1) The system has relative degree 2 with respect to both

Input Profiles

—ul
-—-u2
-=--u3

—Cc
- - Ce

the outputs, x3 and xs. _
(2) The system (19) under the transformation, £
- - E
Xy 5 ————— e ——— —————]
[0}
hy(x) .g sf
T(x) = | Lyhy(x) (23) °
-10 : : - -
0 05 1 15 2
hZ (X) Time(sec.)
Lf hz (x) 08 Output Profiles
gives £é 7 A
= I
. F ) Soal
& =fils=1 + U (zero dynamics), (24) g o4r
g 0.2
f 2 = 5 35 ° o N . . .
. 0 05 1 15 2
63 = |:L}x3 + Lgfosu:”x:Tﬂ(é)’ (25) Time(sec.)
. Fig. 1. Input and output profiles (using u; and u,).
f 4 = f 5
55 = [L}xs + Lgfosu:”x:T’l(é)a (26) InputP‘rofiIes

(3) The feedback law given by Eq. (13) with

B1k1(x2 + Cps) + foki(x1 + Cyus) — £f3:|

o= 27)
1ka(xg + Cps) + faka(x1 + Cas) — ifs

and

=

S
-

Control effort (mol/lit.)
=3 N
~

|
N

0 0.5 1 1.5 2

—ul
- - u2
‘=-u3

—Cc
-— Ce

vki(xy + Cps)  vki(xy + Cus) 0 Time(sec.)
ﬁ = F F Output Profiles
vka (x4 + Cps) vka(x1 + Cyus) o8 . . . .
(28) % oof, TTTTTTTTmmmoooomooos
is used to linearize the system. %0-41'
(4) In the outer loop, v; and v, are designed such that :5;0'2
the poles of the linear subsystem are placed at — 4.5. o s .
(5) The optimization problem (17) is solved numerically ' " Time(sec.)

at each time step in the inner loop.
Suppose that the inputs are weighted as follows:

5.0 0
w=[0 10 0 (29)
0 0 2

This means that the cost of the first input, species 4, is
two-and-half times as costly as species D and the cost of
species B is five times as costly. The control law can be
found by solving the optimization problem (17) using
SQP with linear constraints. This controller is compared
with the case where only two inputs are considered
(squaring down procedure). The input and output pro-
files are shown in Figs. 1-4. It is observed that the
outputs are driven to their steady-state values in all cases.
It can be seen that in the case where all three inputs are
utilized, u; and u, (the more expensive inputs) are used in
lesser amounts than us. The objective values for the four
different cases are given in Table 1.

=d

Fig. 2. Input and output profiles (using u, and u3).
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Fig. 3. Input and output profiles (using u; and u3).
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Fig. 4. Input and output profiles (using u;, u, and u3).

Table 1
Total cost for different input combinations

Control inputs Input cost
u; and u, 17,125
u, and uj 4405
uy and u3 4221
uy, U, and u; 3447

It is observed that the cost of utilizing all three inputs is
less than the cost of using only two inputs (“squaring
down” procedure).

5. Conclusions

In this paper, a nonlinear feedback law is synthesized
which utilizes all the available inputs to linearize the
system in an I/O sense and minimize the cost of the
control effort. These objectives are achieved by solving
a convex optimization problem on-line. The utilization of
all the inputs provides the design flexibility to find the
optimal choice of inputs. When the cost of all the inputs
is the same, this procedure is equivalent to calculating the
Moore-Penrose pseudo-inverse. When the number of
inputs and outputs are equal, this procedure reduces to
the results available in the literature for I/O linearization
of square multivariable systems.

Notation

X1 e Xy system states

Vi Vp outputs

r; relative degree with respect to output y;

Uy ... Uy, original inputs

external reference inputs
bounds on the inputs

Ul ...Up

Umin> Umax

Wi oo Wy, Costs of the inputs

w matrix of costs

At inverse of the nonsingular matrix 4
A? Moore-Penrose pseudo-inverse of A
A* Moore-Penrose-like pseudo-inverse of A
ki,k, reaction rate constants

C,...Cg concentrations of the species
Cus...Cgs steady-state concentrations

F flow rate into the reactor

Vv volume of the reactor

L;h Lie derivative of h along f

-1l 2-Norm of a vector

Greek letters

o repeated lie derivative defined in Eq. (9)
p characteristic matrix defined by Eq. (4)
& states of the linear subsystem

ni states of the zero dynamics

Appendix A. Proof of Theorem 2

The zero dynamics for nonsquare systems can be ob-
tained by solving the problem of Zeroing the output, i.e., to
find initial conditions and inputs consistent with the
constraint that the outputs y; are identically zero for all
time. This approach is along the lines of Isidori (1989),
where the zero dynamics are obtained for square systems.

If y;(t) = 0 for all ¢ then,

hi(x) = Lyhy(x) = - =L} 'hi(x) =0, i=1,...p,

e, &(t) =0 for all t.

The r;th derivatives of y; should also be zero,
d"y;
de"

= o(0,n) + p(O,7)u = 0. (30)

The above equation can be solved for u, by solving the
optimization problem (17). Thus, the solution to the
above equation is

u= —[POm]*(0n). (1)

If the output y(¢) has to be 0 for all ¢, then the initial state
of the system must be such that £(0) = 0 and #(0) = 1,
where 1, can be arbitrarily chosen. According to the
values of 7,, the input is represented by Eq. (31), where
n is the solution to the system of differential equations of
the form

i1 = q(0,) — pO.m[AO.m)]7 «(0.1) (32)

with initial conditions #(0) = #,. The dynamics (32) char-
acterize the zero dynamics of the system. [



2110 S. Kolavennu et al. | Chemical Engineering Science 56 (2001) 2103-2110

References

Brockett, R. W. (1989). System theory on group manifolds and coset
spaces. SIAM Journal Control, 10, 265.

Chang, J. W, & Yu, C. C. (1990). The relative gain for non-
square multivariable systems. Chemical Engineering Science, 45(5),
1309.

Claude, D., Fliess, M., & Isidori, A. (1983). Immersion direct et par
bouclage, d’un systeme non lineaire dans un lineaire. Comptes Ren-
dus Academie Sciences de Paris, 296, 237.

Daoutidis, P., & Kravaris, C. (1991). Inversion and zero dynamics in
nonlinear multivariable control. A.1.Ch.E. Journal, 37, 527.

Doyle, F. J., Allgower, F., Oliveria, S., Gilles, E., & Morari, M. (1992).
On nonlinear systems with poorly behaved zero dynamics. Proceed-
ings of the American Control Conference, vol. 2571.

Edgar, T. F., & Himmelblau, D. M. (1989). Optimization of chemical
processes. New York: McGraw-Hill.

Hunt, L. R, Su, R, & Meyer, G. (1983). Global transformations
of nonlinear systems. [EEE Transactions on Automatic Control,
AC-28, 24.

Isidori, A. (1989). Nonlinear control systems. New York: Springer.

Isidori, A., & Ruberti, A. (1984). On the synthesis of linear input-output
responses for nonlinear systems. Systems and Control Letters, 4,
17.

Jakubcesyk, B., & Respondek, W. (1982). On linearization of control
systems. Bulletin de I'Academie Polonaise des Sciences, Serie des
Sciences Mathematiques, 28, 60.

Kravaris, C., & Soroush, M. (1990). Synthesis of multivariable nonlin-
ear controllers by input/output linearization. 4.1.Ch.E. Journal, 36,
249.

Lau, H., Alvarez, J., & Jensen, K. F. (1985). Synthesis of control
structures by singular value analysis: Dynamic measures of sensitiv-
ity and interaction. 4.1.Ch.E. Journal, 31(3), 427.

Le, V. X., & Safonov, M. G. (1992). Rational matrix GCD’s and the
design of squaring-down compensators — a state-space theory.
IEEE Transactions on Automatic Control, 37, 384.

Lobry, C. (1970). Controllabilities des systemes nonlinearis. SIAM Jour-
nal on Control, 8, 573.

McLain, R. B., Kurtz, M. J., Henson, M. A., & Doyle 111, F. J. (1996).
Habituating control for non-square nonlinear processes. Industrial
and Engineering Chemistry Research, 35, 4067.

McClamroch, N. H., & Schumacher, D. (1993). An asymptotic output
tracking problem for a nonlinear control system with fewer outputs
than inputs. Proc. IEEE Conference on Decision and Control, vol. 3562.

Morari, M., Grimm, W., Ogelsby, M. J., & Prosser, I. D. (1985). Design
of resilient processing plants. VIII: Design of energy measurement
systems for unstable plants — new insights. Chemical Engineering
Science, 40, 187.

Noble, B. (1976). Methods for computing the Moore-Penrose general-
ized inverse, and related matters. In M. Z. Nashed (Ed.). Generalized
Inverses and Applications. New York: Academic Press.

Reeves, D. E., & Arkun, Y. (1989). Interaction measures for nonsquare
decentralized control structures. A.L.Ch.E. Journal, 35(4), 603.

Singh, S. N., & Rugh, W. J. (1972). Decoupling in a class of nonlinear
systems by state variable feedback. ASME Transactions on Journal on
Dynamics and Measurement Control, 94, 323.

Skogestad, S., & Postlethwaite, 1. (1996). Multivariable feedback control.
New York: Wiley.

Su, R. (1982). On the linear equivalents of nonlinear systems. Systems
and Control Letters, 2, 48.

Treiber, S. (1984). Multivariable control of non-square systems. Indus-
trial and Engineering Chemistry Process Design and Development, 23,
854.

Treiber, S., & Hoffman, D. W. (1986). Multivariable constraint control
using a frequency domain design approach. Chemical Process Con-
trol-CPC III Proceedings, vol. 185.



