Ind. Eng. Chem. Res. 1998, 37, 1893—1909 1893

Output Feedback Control of Nonlinear Two-Time-Scale Processes

Panagiotis D. Christofides'

Department of Chemical Engineering, University of California at Los Angeles,

Los Angeles, California 90095-1592

This paper focuses on dynamic output feedback control of a broad class of nonlinear two-time-
scale processes modeled within the mathematical framework of singular perturbations. A
sequential procedure is employed to synthesize a nonlinear well-conditioned two-time-scale output
feedback controller, which guarantees stability and enforces output tracking in the closed-loop
system, provided that the separation of the slow and fast dynamics of the two-time-scale process
is sufficiently large. The proposed controller is successfully applied to two-time-scale chemical
processes, a series of two chemical reactors and a fluidized catalytic cracker, and is shown to
outperform output feedback controller design methods that do not account for the presence of

time-scale multiplicity.

1. Introduction

The majority of industrial processes are inherently
nonlinear and involve unmeasured state variables. The
presence of unmeasured state variables restricts sig-
nificantly the implementation of nonlinear model-based
control algorithms on industrial processes, and thus,
may limit the achievable control quality. This has
motivated extensive research activity on the design of
nonlinear-state observers (i.e., dynamical systems that
utilize on-line measurements of process outputs to
produce estimates of all state variables (e.g., Kantor,
1989; Ciccarella et al., 1993; Kazantzis and Kravaris,
1995; Soroush, 1997)). The combination of the nonlinear-
state observers and nonlinear-state feedback controllers,
in order to derive nonlinear output feedback controllers,
has also been studied extensively (see, for example,
Limqgueco and Kantor, 1990; Kravaris and Arkun, 1991;
Bequette, 1991; Quintero-Marmol et al., 1991; Kravaris
et al., 1994; Daoutidis and Christofides, 1995; Soroush,
1995; Kurtz and Henson, 1997 and the references
therein).

In addition to nonlinearities and unmeasured state
variables, many industrial processes involve physico-
chemical phenomena occurring in separate time scales.
Examples of two-time-scale processes include fluidized
catalytic crackers (the residence time in the reactor is
significantly smaller than the one in the regenerator
(Denn, 1986)), catalytic reactors (the thermal capaci-
tance of the catalytic phase is much larger than the one
of the gas phase (Denn, 1986)), and chemical vapor
deposition reactors (coupling of fast and slow reactions),
to name a few. It is well-established that a direct
application of standard control methods (including the
aforementioned ones) to two-time-scale processes, with-
out accounting for the presence of time-scale multiplic-
ity, may lead to controller ill-conditioning (i.e., the
controller generates very large control actions in the
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presence of small modeling/measurement errors) and
stiffness (i.e., the accurate numerical solution of the
state observer equations requires a very small step of
integration) and closed-loop instability due to slightly
nonminimum phase behavior of the process (i.e., the
zero dynamics of the process is a two-time-scale system
with unstable fast dynamics) (Kokotovic et al., 1986;
Christofides and Daoutidis, 1996).

In order to circumvent the above problems, the control
of two-time-scale processes is usually addressed within
the singular perturbation framework (Kokotovic et al.,
1986). Within this framework, a two-time-scale process
is initially modeled in the standard singularly perturbed
form, where the fast and slow variables are explicitly
separated due to the presence of a small parameter ¢
(called singular perturbation parameter) that multiplies
the time derivative of the fast-state vector. Then, the
singularly perturbed system is decomposed into sepa-
rate well-conditioned reduced-order systems that de-
scribe the fast and slow dynamics of the original system.
These reduced-order systems are used to synthesize
well-conditioned nonlinear controllers, and singular
perturbation techniques are employed to infer the
asymptotic (i.e., for € sufficiently small) properties of the
two-time-scale closed-loop system from the knowledge
of the behavior of the reduced-order closed-loop systems.
Following this approach, two-time-scale output feedback
controllers have been designed for linear singularly
perturbed systems (e.g., O'Reilly, 1980; Kokotovic et al.,
1986; Khalil, 1987; Calise et al., 1990; Wang et al.,
1993), while optimal- (Kokotovic et al., 1986), geometric-
(Christofides and Daoutidis, 1996), and Lyapunov-based
(Christofides et al., 1996) state feedback controllers have
been designed for nonlinear singularly perturbed sys-
tems. On the problem of state estimation of nonlinear
two-time-scale systems, a method was recently proposed
in Shouse and Taylor (1995) for the design of nonlinear
two-time-scale discrete-time state observers.

In this paper, we study the output feedback control
of a broad class of nonlinear two-time-scale processes,
modeled within the mathematical framework of singular
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perturbations. We initially employ a sequential proce-
dure to derive a nonlinear two-time-scale output feed-
back controller. The controller, which does not suffer
from ill-conditioning and stiffness, globally asymptoti-
cally stabilizes the fast subsystem and enforces global
asymptotic stability with asymptotic output tracking in
the closed-loop slow subsystem. It is established, using
a general stability theorem proved in Christofides and
Teel (1996), that the controller enforces boundedness
of the states and approximate asymptotic (i.e., for large
times) output tracking in the closed-loop two-time-scale
system for arbitrarily large initial conditions, provided
that the separation of the slow and fast dynamical
phenomena of the process is sufficiently large. Then,
an explicit easy-to-use realization of the controller is
derived that enforces local exponential stability and
approximate output tracking, for all times, in the closed-
loop two-time-scale system. Fundamental differences,
on output feedback control of linear and nonlinear two-
time-scale processes, are identified and discussed. Fi-
nally, the proposed controller is successfully applied to
two-time-scale chemical processes, a series of two
chemical reactors and a fluidized catalytic cracker, and
is shown to outperform output feedback controller
design methods that do not account for the presence of
time-scale multiplicity.

2. Preliminaries

We will focus on two-time-scale nonlinear processes,
modeled in singularly perturbed form, with the following
state-space description:

% = £,(x) + Q) + g, (u
€2 = ,(x) + Q,(x)Z + g,()u &)

y1 = hi(X), Yy, =pXx)z

where x € IR" denotes the vector of slow-state variables
and z € IRP denotes vector of fast-state variables, u €
IR denotes the manipulated input, y; € IR denotes the
controlled output which is also assumed to be measur-
able, y, € IR denotes the fast measured output, and ¢ is
a small positive parameter which quantifies the speed
ratio of the slow versus the fast dynamical phenomena
of the process. fi(X), f2(X), p(x), gi(x), and g.(x) are
sufficiently smooth vector functions, Q1(x) and Qz(x) are
sufficiently smooth matrices of appropriate dimensions,
and hi(x) is a sufficiently smooth scalar function.
Throughout the paper, the standard order of magnitude
notation, O(e), will be used (i.e., 6(€) = O(e) if there exist
positive constants k; and k» such that |0(¢)| < kile|, O
le] < ko).

Referring to the system of eq 1, several remarks are
in order: (a) the separation of slow and fast variables
is explicit, owing to the presence of the small parameter
€ that multiplies z, (b) the fast state variables z appear
linearly (this is consistent with the fact that the main
nonlinearities in chemical processes are usually associ-
ated with the slow dynamics), (c) the parameter ¢
appears only in the left-hand side (multiplying 2) (this
assumption is made in order to simplify the notation of
the paper (the results of the paper can be directly

applied to a more general class of singularly perturbed
systems which includes ¢ in the right-hand side; see
remark 10), and (d) there exists an additional measured
output, y», which depends on the fast variable z (this is
necessary in order to design a dynamic output feedback
controller to stabilize the fast dynamics of the process
(see subsection 3.2)).

The derivation of a singularly perturbed representa-
tion of a nonlinear two-time-scale process is, in general,
a highly nontrivial task. The natural approach to
address this problem involves defining the singular
perturbation parameter ¢, taking into account the
physicochemical characteristics of the process, so that
in the resulting singularly perturbed representation the
separation of the fast and slow variables is consistent
with the process dynamic behavior. This approach
works for the majority of two-time-scale processes (see,
for example, the applications considered in Kokotovic
et al. (1986), Christofides and Daoutidis (1996), and the
chemical process examples of section 4). Whenever this
approach does not work, alternative approaches that
utilize explicit coordinate changes (e.g., Marino and
Kokotovic, 1988; Dochain and Bouaziz, 1993; Breusegem
and Bastin, 1991; Kumar et al., 1998) or computational
techniques (e.g., Lam and Goussis, 1994; Duchene and
Rouchon, 1996) may be employed to derive a singularly
perturbed representation of a two-time-scale process.
We finally note that singular perturbation modeling of
linear two-time-scale processes can be performed by
using modal decomposition techniques (e.g., Kokotovic
et al., 1986; Denn, 1986; Monge and Georgakis, 1987).

The explicit separation of the slow and fast variables
in the system of eq 1 allows us to decompose it into
separate reduced-order systems evolving in separate
time scales. Specifically, setting ¢ = 0 in the system of
eq 1 and assuming that Q(X) is invertible uniformly in
X € IR" (this assumption will be removed later), the
following slow subsystem is obtained:

X = F(x) + G(x)u
y1=hi(x) )

where the superscript s in y; denotes that the output is
associated with the slow subsystem and

F(x) = ,(X) — Q,()[Q,(x)] F(X)
G(x) = g;,(x) — Q,(¥)[Q(X)] 'gx(x) 3)

The system of eq 2 describes the slow dynamics of the
two-time-scale system of eq 1.

Defining the fast time scale v = t/e, deriving the
representation of the system of eq 1 in the t time scale,
and setting ¢ = 0, the following fast subsystem is
obtained:

% = £,(X) + Q,(X)z + g,(xX)u

Y, = p(X)z (4)
where x can be considered equal to its initial value x(0).

The system of eq 2 captures the fast dynamics of the
two-time-scale system of eq 1.



In this work, we consider systems of the form of eq 1,
for which the corresponding fast subsystem of the form
of eq 4 is observable and stabilizables uniformly in x €
IR". This assumption will be exploited later (see section
3) in the design of a dynamic output feedback controller
which operates in the fast time scale to stabilize the fast
subsystem and is precisely formulated below.

Assumption 1. The pairs (Q2(x), g2(x)) and (p(x),
Q2(x)) are stabilizable and observable uniformly in x €
IR", respectively, in the sense that there exist suf-
ficiently smooth vectors k7(x) and I(x) such that the
matrices Qz(x) + g2(x)kT(x) and Qz(x) — I(X)p(x) are
Hurwitz uniformly in x € IR".

Remark 1. In practice, the design of the gains k'(x)
and I(x) can be performed by utilizing standard optimal
control methods (Kokotovic et al., 1986) to ensure that
the matrices Qz(x) + g2(X)kT(x) and Q2(x) — I(xX)p(x)
are Hurwitz uniformly in x € IR".

Finally, in order to point out differences on output
feedback control of linear and nonlinear two-time-scale
systems, we set fi(X) = A1x, fo(X) = Axx, Q1(X) = Q,
Q2(X) = Q2, 91(X) = g1, 92(X) = g2, h1(X) = cX, and p(x)
= p, where A1, Az, Q1, and Q, are matrices and g, gz,
p, and c are vectors of appropriate dimensions, to the
system of eq 1, and we derive the following linear two-
time-scale system:

X=AX+Q;z+gyu
ez2=AX+Q,z+ g,u (5)

Y1 =CX, Y, =pz

which will be used to synthesize a linear two-time-scale
output feedback controller (see subsection 3.4).

3. Output Feedback Control

3.1. Output Feedback Control Problem Formu-
lation. Referring to the system of eq 1, the output
feedback control problem is the one of synthesizing well-
conditioned two-time-scale dynamic output feedback
controllers of the following form:

et = F (0.1,Y1,Y,,V)
1 =G (on.,y;,v) (6)
u="P V) +P,mno

where o € IR" and 5 € IRP are the controller states,
G (w,m,y1,v) and F (o,m,y1,y2,v) are nonlinear vector
functions, P 1(n,v) is a nonlinear scalar function, Px(n)
is a nonlinear vector function, and v is the setpoint, that
enforce stability and output tracking in the closed-loop
system, provided that ¢ is sufficiently small.

To address the above problem, we will initially
characterize the properties enforced in the two-time-
scale closed-loop system by a nonlinear two-time-scale
output feedback controller that globally asymptotically
stabilizes the fast subsystem and enforces global
asymptotic stability (see Appendix for the definition of
asymptotic stability of an equilibrium point) with
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asymptotic output tracking in the slow subsystem. To
address this problem, we use a new stability theorem
for nonlinear two-time-scale systems proved in Christo-
fides and Teel (1996) and reviewed, for completeness,
in the Appendix of the present paper. Then, an explicit
easy-to-use realization of the controller will be derived
that enforces local exponential stability (see Appendix
for the definition of exponential stability of an equilib-
rium point) and approximate output tracking, for all
times, in the closed-loop two-time-scale system. Finally,
the counterpart of our result in the case of linear two-
time-scale systems of the form of eq 5 will be derived,
and differences in the nature of the solution of the
output feedback control problem between linear and
nonlinear two-time-scale systems will be pointed out.

3.2. A General Result. We initially assume that x
is known (this assumption will be removed below) and
consider dynamic output feedback laws of the following
form:

%_c; = £,(x) + Q,()® + g,(x)u + 1(X)(y, — P(X)o)

u=1i+k'xo (7)

where 0 is an auxiliary input, to stabilize the fast
dynamics. The linear dependence of the controller of
eq 7 in o is motivated from the linear appearance of
the fast variable, z, in the system of eq 1. Under a
control law of the form of eq 7, the system of eq 1 takes
the following form:

ed = f(x) + Q,(X)o + g,(X)u + I(X)(y, — p(X)w)
x = f,(x) + Q,(¥)z + g, (K (X)w + g,(x)T  (8)
€z =1,(X) + Q,(X)z + gz(x)kT(x)w + g,(x)0

The fast dynamics of the above system are described
by the following modified fast subsystem:

?T? = f,(x) + Q;()® + g,()K' (X + g,(x)T +
1)y, — p(X)o)

L — 1,00 + Q092 + G00K K + G090 (9)

Defining the error vector e, = o — z, the above system
can be written as

de,
5 = [Q:(x) — 169p(x)]e,

2 _ 1,00 + [Qux) + (K012 + G, (X)e, +

dr
g,(x)a (10)

From the cascaded structure of the above system and
assumption 1, we have that the modified fast subsystem
of eq 9 can be made globally asymptotically stable
uniformly in x € IR™ through appropriate selection of
the controller and observer gains I(x) and kT(x), respec-
tively.

Setting ¢ = 0 in the system of eq 8, the following
modified slow subsystem is obtained:
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x = F(x) + G(x)t
y1 = hy(x) (11)

where

F(x) = f,(x) = [Qy(¥) + g, (K ()I[Q,(X) +
90K ()] H,(X)

G(x) = g,(x) — [Q,(x) + g1 ()K" ()[Q(x) +
900K ()] 'gx(x) (12)

Referring to the system of eq 11, assumption 2 below
states that there exists a dynamic output feedback
controller that globally asymptotically stabilizes the
closed-loop slow subsystem. Even though the design of
such a dynamic output feedback controller is an unre-
solved, in general, task, this assumption will allow us
to provide a general solution (see theorem 1) to the
output feedback control problem for nonlinear two-time-
scale processes and point out fundamental differences
on the nature of the solution of the problem between
linear and nonlinear systems (see remark 12). We note
that the problem of synthesizing an easy-to-implement
nonlinear two-time-scale output feedback controller that
enforces local exponential stability and approximate
output tracking in the closed-loop system is addressed
in subsection 3.3.

Assumption 2. There exists a dynamic output
feedback controller of the following form:

7 = F(n) + G + s(n)(y, — hy())

= p(y) + am)v (13)

where s(y) is a sufficiently smooth vector function
(observer gain) p(p) and q(n) are sufficiently smooth
scalar functions, and v is the setpoint, such that the
closed-loop slow system

i = F@) + Gm)Ip@) + a@m)Vvl + s@)(y, — hy(m))
x = F(x) + G(X)[p@) + a(m)v] (14)
y1 = hy(x)
gs globally asymptotically stable and lime.(y; — v) =

Combining the fast output feedback controller of eq
7 with the slow output feedback controller of eq 14, the
following two-time-scale output feedback controller is
obtained:

%_‘; =)o + 1)(y, — PO)) + G(1)(P) +

q@)v + K'(m)o)

i = F@) + G)(P@) + atm)v) + s@)(y, — hy@)
(15)

u=p(m) +d@mVv + K'(n)e

which does not suffer from ill-conditioning and stiffness
problems because the static component, u = p(n) +
q(p)v + kT(;p)o, and the observer gains, I(y) and s(z),
are independent of ¢. Theorem 1 below establishes

stability and output tracking results for the closed-loop
system under the controller of eq 15, for arbitrarily large
initial conditions.

Theorem 1. Consider the nonlinear two-time-scale
system of eq 1, for which assumptions 1 and 2 hold,
under the dynamic output feedback controller of eq 15.
Then, for each pair of positive real numbers, 6 and d,
there exists an ¢* > 0 such that if (0) = x(0) + O(e),
max{ |x(0)|, |z(0)|, |@(0)|, |(0)|,v} < &, and € € (0,€*), the
states of the closed-loop system are bounded and the
output satisfies

limly,(t) — v| = d (16)

Remark 2. Theorem 1 establishes that the two-time-
scale output feedback controller of eq 15 guarantees
boundedness of the states and enforces asymptotic
output tracking, up to an arbitrarily small offset, in the
closed-loop system for arbitrarily large initial conditions,
provided that ¢ is sufficiently small. We note that
theorem 1 provides no local exponential stability result
of the origin. In order to derive such a result, we need
to assume (in addition to assumptions 1 and 2) that the
closed-loop fast subsystem of eq 9 and the closed-loop
slow subsystem of eq 14 are locally exponentially stable
(see Theorem 2 below for such a result).

Remark 3. Notice that if the matrix Q»(x) and the
vectors f2(X), g2(x), and p(x) in the system of eq 1 are
independent of x, then the initialization requirement
on the states of the slow observer, (0) = x(0) + O(e), is
not required, since k'(s) and I(n) can be chosen to be
independent of 7.

Remark 4. The main advantages of the use of
dynamic output feedback, over the use of static output
feedback (Pan and Basar, 1994), to stabilize the fast
dynamics, are (a) there is no need to assume the
restrictive requirement that the triple (Q2(x), g2(x),
p(x)) is uniformly stabilizable/detectable and (b) dy-
namic output feedback control is more robust to output
measurement noise than static output feedback control.

3.3. Controller Synthesis. The design of a non-
linear dynamic output feedback controller of the form
of eq 14 to globally asymptotically stabilize the closed-
loop slow subsystem is an unresolved, in general, task.
For example, at this stage, there exists no general
procedure for the design of the observer gain, s(i), that
yields a slow state observer with globally asymptotically
stable error (between the actual and the estimated
state) dynamics. Furthermore, even if it is possible to
design such an s(n) and also synthesize the component
p(n) + d(y)v to globally asymptotically stabilize the
closed-loop slow subsystem with state feedback, there
is no guarantee that the resulting output feedback
controller will globally asymptotically stabilize the
closed-loop slow subsystem. Motivated by this, theorem
2 that follows provides an explicit formula of a dynamic
output feedback controller of the form of eq 15 that
enforces local exponential stability and approximate
output tracking up to O(e), for all times, in the closed-
loop two-time-scale system.

Theorem 2. Consider the nonlinear two-time-scale
system of eq 1 for which assumption 1 holds, under a
dynamic output feedback controller of the following
form:



do T
o, = T+ [Qx0m) + gtk (e + 1)y, —
p(m)®) + 9 ([BrlsLE hy(m)] v — zoﬂkLEhl(n)})
K=

i = ) + G([BLeLe hum)] v -

ZﬁkLéhl(n)}) + S(y; — hym))
K=

u = [BLsLE "hym] v — ZﬁkLéhl(n)} + K (o
< (17)

where S is a column vector chosen so that the matrix
oF/am(ys) — S dhidog(ns) is Hurwitz and ps is the
operating steady state,  is the relative order of the
system of eq 11 (see definition 1 in the Appendix), and
Pk are parameters chosen so that the roots of the
polynomial By + B1s + +** + Bist = 0 have negative real
part. Suppose also that the zero dynamics of the system
of eq 11 is locally exponentially stable. Then, there exist
positive real numbers, d and €, such that if (0) = x(0)
+ O(e), max{[x(0)I, [z(0)I, |@(0)I, |7(0).v} =< 6, and € €
(0,€], the closed-loop system is exponentially stable and
its output satisfies

yi(t) = yi(t) +O(), t=0 (18)
where yj is the solution of

rod'yy
By Vv
K= dt

Remark 5. Regarding the practical application of the
result of theorem 2 to a two-time-scale process, one has
to initially obtain a representation of the original
process model in the standard singularly perturbed form
and then use this representation to verify that assump-
tion 1 holds and that the modified slow subsystem is
minimum phase. If these assumptions are satisfied,
then the synthesis formula of eq 17 can be directly used
to derive the explicit form of the controller (see section
4 for applications of this procedure to two chemical
process examples).

Remark 6. Regarding the controller of eq 17, we note
that (a) it does not suffer from ill-conditioning and
stiffness problems because the static component and the
observer gains are independent of ¢, (b) the static
component of the slow controller,

[BrLsLE thym] v — ZﬁkLéhl(n)}
K=

which enforces exponential stability and output tracking
in the closed-loop slow subsystem, was synthesized by
using geometric control methods, and (c) the use of a
constant gain, S, in the slow observer (n-subsystem) is
not necessary; one could also use nonlinear gains
(designed, for example, by using the procedure proposed
in Kazantzis and Kravaris (1995)) and prove the same
properties for the closed-loop system; such a choice,
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however, would probably lead to a more complex con-
troller design.

Remark 7. When the open-loop fast subsystem of
eq 1 is exponentially stable uniformly in x € IR", there
is no need to use fast dynamic output feedback to
stabilize the fast dynamics (this is motivated by the fact
that the fast dynamics of the process die out after a
short time interval), and the controller of eq 21 can be
simplified to

i = F(n) + G ([B,LcLE hy(m)] H{v -

ZﬂkLEhlw)}) + S(y, — hy(n))
K=

u = [B,LeLE "hy(m] H{v — EoﬂkLEhl(n)} (19)
K=

where r is the relative order of the system of eq 2. The
above controller can be directly synthesized by utilizing
information about the open-loop slow subsystem of eq
2. In this case, the result of theorem 2 establishes a
robustness property of the controller of eq 19, with
respect to uniformly exponentially stable unmodeled
dynamics (e.g., sensor and actuator dynamics which are
neglected in the controller synthesis), provided that they
are sufficiently fast.

Remark 8. For open-loop stable two-time-scale
processes, the gain of the slow observer, S, of the
controller of eq 19 can also be set equal to zero; this is
motivated by the fact that the open-loop stability of the
slow subsystem guarantees the convergence of the
estimated values of the slow states, 7, to the actual ones,
X, with transient behavior depending on the location of
the spectrum of the matrix

oF

=a—”$'ls)

L

and the controller of eq 19 (and thus, the controller of
eq 17) can be simplified to

1= F@) + G ([B,LsLr "hy(m)] v —

kzoﬁkLEhl(um

u=[BLeLr "hym] v - Eoﬁkl-ll(:hl(")} (20)
K=

In this case, the result of theorem 2 establishes a
robustness property of the controller of eq 20, with
respect to uniformly exponentially stable and fast
unmodeled dynamics.

Remark 9. The exponential stability of the closed-
loop system guarantees that in the presence of small
errors in process parameters, the states of the closed-
loop system will be bounded. Furthermore, since the
controller of eq 17 enforces an approximately linear
input/output dynamics between y; and v, it is possible
to implement a linear error feedback controller around
the (y1 — v) loop to ensure asymptotic offsetless output
tracking in the closed-loop system, in the presence of
constant unknown process parameters and unmeasured
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disturbance inputs. In this case, one can use calcula-
tions similar to the ones in Kravaris et al. (1994) and
Daoutidis and Christofides (1995) to derive the following
two-time-scale mixed-error and output feedback control-
ler, which possesses integral action, of the following
form:

do T
< = T + Q) + gkl + 1)y, -
P)®) + 9(m)([B:LsLE "hy()] e — ZﬂkLEhM)})
K=

i = () + Gon([B;LeLr "hy(m] e —

ZﬁkLEhl(n)}) + S(y; — hy(m))
K=

u = [BiLaLf hy(m)] e — ZﬁkLEhlm)} +K' (e
= (1)

that enforces exponential stability and asymptotic off-
setless output tracking in the closed-loop system in the
presence of constant modeling errors and disturbances.
We finally note that for open-loop stable two-time-scale
systems, the controller of eq 21 reduces to

i =F@) + G ([B,LcLr "hy(m)] e —

ZﬂkLEhl(n)})
K=

u = [B,LcLf "hy(m)] e — ZﬁkLthl(n)} (22)
K=

which is a model-state feedback controller synthesized
on the basis of the open-loop slow subsystem (Kravaris
et al., 1994) (see also Coulibaly et al. (1995) for the
synthesis of model-state feedback controllers for linear
systems). For the controller of eq 22, similar arguments
as in theorem 2 can be used to establish a robustness
property with respect to uniformly exponentially stable
and fast unmodeled dynamics.

Remark 10. The fundamental result of theorem 1
and the control algorithm of theorem 2 can be directly
applied to two-time-scale processes with e-dependent
right-hand side, with the following state-space descrip-
tion:

X =T,(X, €z, €) + Q,(X, €z, €)z + g,(X, €z, €)u

€z = R(X, 2)[f,(X, €z, €) + Qx(X, €z, €)z +
0,(X, €z, e)u] (23)

y1=hi(x, €), y,=p(X €)z

where R(X, z) is a diagonal matrix of dimension p x p,
which is positive definite for all x € IR" and z € IRP.
This is possible because the stabilizability and observ-
ability requirements of assumption 1 suffice to ensure
that the fast subsystem of the system of eq 23 can be
made exponentially stable via fast dynamic output
feedback of the form of eq 7, and the modified slow
subsystem obtained after the stabilization of the fast
subsystem is the same as the one of eq 11, which means

that there is no need to modify assumption 2 in order
to derive the result of theorem 1, and the control
algorithm of theorem 2 (eq 17) remains the same.

Remark 11. The two-time-scale output feedback
controller synthesis result of theorem 2 can be readily
generalized to multi-input multi-output nonlinear two-
time-scale systems with a state-space description of the
following form:

= f,(x) + Q,(x)z + G, (x)u
€z =T,(X) + Q,(X)z + G,(X)u (24)
yi=h;(x), i=1,...m,y,=PX)z

where u = [u-:uy]" € IR™ denotes the manipulated
input vector, yi; is the ith controlled output, ¥» denotes
the vector of fast measured outputs, Gi(x), G2(x), and
P(x) are matrices of appropriate dimensions, and hg;-
(X) are scalar functions. Even though the detailed
theoretical development and solution of the output
feedback controller synthesis problem for systems of eq
24 will not be presented here for brevity, in subsection
4.2, we design and implement a multivariable nonlinear
output feedback controller on a fluidized catalytic crack-
ing process which exhibits two-time-scale behavior.

3.4. Output Feedback Control of Linear Two-
Time-Scale Processes. Corollary 1 that follows pro-
vides the counterpart of the result of theorem 2 for
linear two-time-scale systems of the form of eq 5. The
proof of the corollary is similar to the proof of theorem
2, and thus will be omitted for brevity.

Corollary 1. Consider the linear two-time-scale
system of eq 5 and assume that the pairs (Q2, g2) and
(g2, p) are stabilizable and detectable, respectively,
under a dynamic output feedback controller of the
following form:

do -
Ez A +[Q, + gk Jo + Iy, — po) +

9,([B:cA Gl H{v - Eoﬁkc/l“u})
K=

i = Ay + G([B;cA"'G] H{v — iﬂkc/&“n}) +
K=

S(y; — cn) (25)

u=([B;cA"'G] v - iﬂkci\“n}) +Ko
K=

where A= A — [Ql + glkT][Qz + gsz]_lAz, é =01 —
[Q: + 9:K™][Q2 + g2KT]1gp, (S, KT, 1) are vectors chosen
so that the matrices A — Sc, Q, + g-kT, and Q, — Ip
are Hurwitz, respectively, T is the relative order of the
appropriate modified slow subsystem, and Sk are pa-
rameters chosen so that the roots of the polynomial So
+ Bis + ... + st = 0 have negative real part. Suppose
also that the zero dynamics of the modified slow
subsystem is exponentially stable. Then, there exists
a positive real number ¢, such that if € € (0, €), the
closed-loop system is exponentially stable and the
output satisfies

yi) =yi() +O(), t=0 (26)
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Figure 1. Two continuous-stirred tank reactors in series.

where yj is the solution of

Remark 12. A direct comparison between the results
of theorem 1 and corollary 1 reveals several fundamen-
tal differences in the nature of the solution of the output
feedback control problem between linear and nonlinear
two-time-scale processes. These differences are (a) the
initialization requirement on the states of the slow
observer, (0) = x(0) + O(e), required for the case of
nonlinear systems, is not needed for linear systems, (b)
global asymptotic stability, as expected, is shown for the
closed-loop system in the case of linear systems, while
semi-global (arbitrarily large initial conditions) bounded
stability is shown for the closed-loop system in the case
of nonlinear systems, and (c) for linear systems, the
upper bound on the singular perturbation parameter is
independent of the initial conditions of the two-time-
scale system, while for nonlinear systems, this bound
decreases as the bound on the initial conditions in-
creases (cf. theorem 1).

4. Simulation Studies

4.1. Application to Two Chemical Reactors in
Series. We consider two continuous stirred tank reac-
tors in series (Figure 1), where a reaction scheme of the

k k: k:

form: A+ B - 2B, B - C - D, takes place. A is a
reactant, B is the desired product (autocatalytic species),
and C and D are the undesired products. Assuming that
the species A is in excess in the two reactors, the inlet
streams consist of pure species B, the autocatalytic
reaction is first-order, and the side reactions are zero
order, a dynamic model of the process can be derived
from material and energy balances and is of the follow-
ing form:

dCg;

Vldt

=F(Cgo — Cgy) + klOe_EllRTchlvl -

—E,/RTy
k,oe V,

A+B — 2B

B—~C—D E T, Cg Cgy E Ty Gy
A+B— 2B
B—C—D RT, Cs Cor

dCCl —EJ/RT —E3/RT.
17 gt = —FCcy + Ky 77V — Kgee TV,

dT, F (—AH,)
d_t1 - V_i(TBO —T)+ e kloeiEl/RTlcsl +
Q| CAHD oy, CAH)
pmcpmvl pmcpm 20 mepm s
dCg,
dt

mvpm

—E4/RT;
0

V, = F1Cpg; + F,Cgo — (F; + Fp)Cpy +

—E1/RT,, _ —E2/RT
Kq0€ CgaVy — Kyt V,

dcC
v, c2

dat F1Cci — (F1 T F))Cpp + kzoeiEZ/RTzvl -

k3oe—E3/RT2V1
dT, F, F; F,+F,
FaAL V—ZTl—V—2 2t
(_AHrl)
——k

PmCopm

—AH —AH

(CAH,) CAHD, e, o
PmCpm 2 PmCom %0

—E4/RT, Q,
10 B2 0 Cp V2

e—EZ/RTg +

where V; and V; are the liquid holdups of the first and
second reactor, respectively, T1, Cgi, and Cc1 and To,
Cg2, and C¢;, denote temperature and concentrations of
species B and C in the first and second reactor,
respectively, Cgp and Tgo denote the inlet temperature
and concentration of the species B, Q; and Q. denote
the heat inputs to the reactors, kio, Koo, k3o, E1, E2, E3,
AHi, AH;, and AH3; denote the pre-exponential con-
stants, the activation energies, and the enthalpies of the
two reactions.

The control objective is the regulation of Cg, by
manipulating the inlet concentration Cgo. The process
exhibits two-time-scale behavior because the liquid
holdup of the first reactor is smaller than the liquid
holdup of the second reactor. Defining the parameter
€ = V1/V, = 0.2 and setting u = Cgp — Cgos, X1 = T1, X2
= Cg2, X3 = T2, Xa = Ccp2, 21 = Cg1, Z2 = Cc1, Y1 = X2, and
y2 = z3, the original set of equations can be put in the
form of eq 1 with
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(~AH,)

F,
Vs,

F F,+F
T+ oXy —

X, + Kqg€

f,(x) = E
2

pmcpm
_EllRX3X2 _

Q,

k,oe

(~AH,)

Oe—Elexl +

—Eo/Rx3

(~AH,) '
—k3

—E3/Rx;
0

pmcpm

(~AH,) (~AH,)
k2 —k3

—E1/Rx3 —E,/Rx3 —E3/Rx3
o€ X5 + NG + 0

V2 V_Z V2

mepmVZ

F,+F,

X, + Kyoe

—E,/Rx3

_ —E3/Rx3
kso€

pmcpm

m¥pm pmcpm

V,

—E1/Rxq

]
(—AH,)
—rlkloe 0
pmcpm
F
! 0

0
F,V,

Qi(x) = , gi(X) =

oo | me
NN

v,
0
0

|
F

—E1/R><1
ke Vv,
\/_ “~BOs

\Z
k3Oe_E3/RX1Vl '
\Z

F,

\Z

_ 2
fZ(X) - kzoe_EZIRX1Vl

V2
kloe_EllRX1V1

Qu(x) = Va

F

9,(X) = [V, |,
0

h,(x) =[x, px)=1[1 0]

The values of the process parameters and the corre-
sponding steady-state values of the process variables
are given in Table 1. One can easily see that for these
operating conditions the process exhibits slightly non-
minimum phase behavior (i.e., possesses two-time-scale
zero dynamics with unstable fast dynamics; see also
Christofides and Daoutidis (1996) for a general treat-
ment of this issue). Furthermore, the fast dynamics of
the process are unstable and assumption 1 is satisfied.
This suggested the use of a fast-dynamic output feed-
back controller of the following form:

do

dr ) T [Qx(m) + gk (] + 1)y, —

p(n)w) + g,(1)d

u=0+k'®o (28)
with I(n) = [7.5 (—Fit+kie ®/Rnv;) 0]T and k() =
—3.0/F1[—F1+kioe E/Rmv,; 0] to stabilize the fast dy-
namics. The nonlinear gains I(5) and k() were chosen
so that assumption 1 is satisfied for the process in
guestion.

Setting ¢ = 0, the representation of the modified
closed-loop slow subsystem was obtained (the explicit
form of this system is omitted here for brevity). For this
system, it was verified that it is exponentially unstable
and minimum-phase (i.e., its corresponding zero dy-
namics are locally exponentially stable), while its rela-
tive order is ¥ = 1. Therefore, the assumptions of

Table 1. Process Parameters and Steady-State Values
(Two Chemical Reactors in Series)

Vi = 0.2m3
Vo =1.0m?3
R = 1.987 kcal kmol~1 K1
Cgos = 2.0 kmol m—3
Tgo =305.0K
Cpm = 0.231 kcal kg™t K1
pm = 900.0 kg m~3
Qi =1.1 x 10° kcal min—*
= 2.2 x 10* kcal min—1
AH;, = 5.4 x 103 kcal kg mol~*
AH, = 10.67 x 108 kcal kg mol~*
AH;, = 10.0 x 108 kcal kg mol~1
k1o =2.012 x 106 kmol m~—3 min—1
kzo =2.25 x 10" min—?
k3o = 3.60 x 108 min—1!
E; = 9.0 x 103 kcal kmol~1
E> = 8.0 x 103 kcal kmol—1
E3 =9.0 x 10% kcal kmol~!
F1=0.2m3min™!
F,=2.0 m3min—!
Cg1s = 2.5 kmol m—3
Cc1s = 6.0 kmol m—3
T1s =300.0 K
Cg2s = 3.125 kmol m—3
Cc2s = 3.273 kmol m—3
Ty =300.0 K

theorem 2 hold and the controller of eq 21, that is,

€O — tym) + [Qun) + G (m)]ew + 1)y,

pP)®) + g,(m)([B1Lsh ()] —1{v — Boh,(17) —
BiLeh,(m)})

i =F@) + G('I)([ﬂll—éhl(ﬂ)]il{v = Boha(m) —
BiLehi(m)}) + Sy, — hy())

u= [51|—Gh(’7)]71{v = Bohy(m) — BiLeh ()} + kT(’])w
(29)

with I(p) =[7.5 (—Fi1+ke ERnv;) 017, kKT(n) = — 3.0/
Fl[—F1+k1097E1R'71V1 0], S =110 10 10 10]T, Bo = 1.0,
and $; = 15.0, was employed in the simulations. The
linear gain, S, was chosen so that the nonlinear observer
used to produce estimates of the slow states of the
process (i.e., y-subsystem of the system of eq 29) is a
stable system in the region of operation considered in
the subsequent simulations, thereby ensuring stability
of the closed-loop slow subsystem.

Several simulation runs were performed to test the
controller and compare its performance with controller
designs that do not account for the presence of time-
scale multiplicity. The process was initially assumed
to be at steady state. In the first simulation run, the
output tracking capability of the controller was tested
for a 0.3 mol/L decrease on the value of the setpoint (v
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Figure 2. Closed-loop profile for set-point tracking in the case of
using a two-time-scale output feedback controller (two chemical
reactors in series).
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Figure 3. Manipulated input profile for set-point tracking in the

case of using a two-time-scale output feedback controller (two
chemical reactors in series).

= 2.825). Figure 2 shows the profile of the controlled
output of the process, while the manipulated input is
shown in Figure 3. One can immediately observe that
the controller drives the output of the system close to
the new value of the setpoint (i.e., the requirement
lim|y — v| = O(0.2) is satisfied), while stabilizing the
fast dynamics of the process.

For the sake of comparison, we implemented on the
process the same controller without the fast observer
and with kT(y) = 0 (this is equivalent to synthesizing a
dynamic output feedback controller on the basis of the
slow subsystem of eq 2). A 0.3 mol/L decrease on the
value of the setpoint (v = 2.825) was considered. The
profile of the fast state, z;, is given in Figure 4. It is
clear that this controller leads to closed-loop instability,
because it does not stabilize the unstable fast dynamics
of the process. We also implemented on the process an
input/output linearizing dynamic output feedback con-
troller (Daoutidis and Christofides, 1995) synthesized
on the basis of the two-time-scale process model, without
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Figure 4. Closed-loop profile of fast state, z;, in the case of using
an output feedback controller synthesized on the basis of the slow
subsystem (two chemical reactors in series).
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Figure 5. Closed-loop profile of fast state, z3, in the case of using
an output feedback controller synthesized on the basis of the two-
time-scale system (two chemical reactors in series).

accounting for the presence of time-scale multiplicity.
This controller, as expected, leads to an unstable closed-
loop system (see the profile of the fast state, z;, in Figure
5), because the process with y = Cg; and u = Cpgg
exhibits slightly nonminimum phase behavior (i.e.,
possesses two-time-scale zero dynamics with unstable
fast dynamics). Finally, we implemented a proportional
integral (PI) controller with K, = 1.0 and 7; = 2.0. The
closed-loop output profile is shown in Figure 6. The PI
controller cannot stabilize the closed-loop system (the
process output stabilizes at a different value than the
new setpoint, v = 2.825). The reason is that the PI
controller only uses feedback of the controlled output,
Cg2, Which is a slow variable, and thus, it cannot
stabilize the unstable fast dynamics of the open-loop
process, leading to closed-loop instability.

We also evaluated the output tracking capability of
the controller in the presence of initialization errors in
the states of the observer and noise in the measure-
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Figure 6. Closed-loop output profile for set-point tracking under
proportional integral control (two chemical reactors in series).
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Figure 7. Closed-loop output profile for set-point tracking in the
case of using a two-time-scale output feedback controller—effect
of initialization errors (two chemical reactors in series).

ments of Cg1 and Cgy, for a 0.3 mol/L decrease on the
value of the setpoint (v = 2.825). Initially, a 10%
initialization error in the states w1 and 71 was consid-
ered. Figure 7 shows the profile of the controlled output
of the process. Clearly, the controller possesses a
robustness property with respect to significant initial-
ization errors, driving the output of the process close to
the new setpoint value (i.e., the requirement limq.|y
—v| = 0(0.2) is satisfied), while stabilizing the unstable
fast dynamics of the process. Finally, a 0.1 mol/L
amplitude white noise was considered in the measure-
ments of Cg; and Cg,. Figure 8 shows the profile of the
controlled output of the process. It is clear that the
controller is robust with respect to significant measure-
ment noise, driving the output of the process close to
the new setpoint value.

4.2. Application to a Fluidized Catalytic Cracker.
In this section, we implement the developed control
method on a fluidized catalytic cracker (FCC) unit.
Previous works on control of the FCC process include

32 T T T T T T T T

Cpa (mol/lt

5 10 15 20 25 30 35 40 45 50
Time (min)

Figure 8. Closed-loop output profile for set-point tracking in the
case of using a two-time-scale output feedback controller—effect
of measurement noise (two chemical reactors in series).
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Figure 9. A fluidized catalytic cracker.

the application of linear (e.g., Monge and Georgakis,
1987; Hug et al., 1995) and nonlinear (e.g., Christofides
and Daoutidis, 1997) control methods. However, in
these works, feedback control has been implemented
under the assumption that measurements of the process-
state variables are available. In the present study, this
assumption is eliminated. The FCC unit considered
here is shown in Figure 9 and consists of a cracking
reactor where the cracking reactions take place and a
regenerator where the carbon removal reactions take
place (the reader may refer to Denn (1986) and McFar-



Table 2. Process Parameters and Steady-State Values
(Fluidized Catalytic Cracker)

Ec = 18 000.0 Btu Ib~* mol—?
Eer = 27 000.0 Btu Ib~1 mol—1
Eqc = 63 000.0 But Ib~t mol~?*
Kee = 8.59 MIb h=1 psia=t t~1 (wt %) 106
ker = 11 600 Mbbl day 1 psia=® t=1 (wt %)~ 115
Kor = 3.5 x 101 MIb h~! psia~1 t1
Vi = 200.0 t
Via=60.0t
Trps = 744.0 °F
Tai=175.0 °F
Prg = 25.0 psia
Pra = 40.0 psia
AHy = 60.0 Btu Ib~1
AH¢ =77.3 Btu Ib™?!
AH, =10 561.0 Btu Ib*
Sa=0.3Btulb1°F1
. =0.3Btulb 1 °F1
S, =0.7Btu lb1 °F1
Frc=40.0t min~?!
R = 100.0 Mbbl/day
D¢ =7.0lbgal?
Rai = 400.0 MIb min~—1t
Ceat = 0.8723 wt %
Csc = 1.5698 wt %
Cre = 0.6975 wt %
Tra=930.6255 °F
Trg = 1155.9605 °F

lane et al. (1993) for details on process description).
Under standard modeling assumptions (see Denn (1986)
for details), a dynamic model for the process can be
developed and is of the form (Denn, 1986; Christofides
and Daoutidis, 1997):

dCey
Vra dt - _60Frcccat + 50Rcf
Via TSC = +60Frc(Crc - Csc) + 50R
Tra St
Vra — GOFrC(TI’g - Tra) + 0'875_thRtf(Tfp -
dt Se
—AH;, (—AH,)
Tra) +0.875——DyRy + 0.5——R, (30)
c c
Vrg WVC = 60F((Cs. — C) — 50Rg,

dT,, S,
Vg~ = 60F((Ty, — Tg) + 0.55°Ry(To — Ty) —
dt S.
AH
0.5(— Tcrg)Rcb

where Cca, Csc, and C,; denote the concentrations of
catalytic carbon on spent catalyst, the total carbon on
spent catalyst, and carbon on regenerated catalyst, T,
and Ty denote the temperatures in the reactor and the
regenerator, Dy is the density of the total feed, V, and
Vg denote the holdup of the reactor and the regenerator,
AHg and AHc, are heat of reactions, AHy, is the heat of
feed vaporization, F,. denotes the flow rate of the
catalyst from reactor to regenerator, S, S, and Sy
denote specific heats, Tr, and T, denote the inlet
temperatures of the feed in the reactor and the air in
the regenerator, and R, Roc, and R, denote reaction
rates. The analytic expressions for the reaction rates
Rer, Roe, and Rg, can be found in Denn (1986) and
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Christofides and Daoutidis (1997) and are omitted here
for brevity. The values of the process parameters and
the corresponding steady-state values are given in Table
2. The FCC unit exhibits a two-time-scale behavior
because the residence time in the reactor is smaller than
the one in the regenerator. This implies that the
regenerator is the process that essentially determines
the dynamic response of the entire FCC unit, and
therefore, the control problem must focus on the regen-
erator. To this end, the control objective is the regula-
tion of the temperature in the regenerator, T4, and the
concentration of the carbon on the regenerated catalyst,
Crc, by manipulating the inlet temperatures, Tg, and Ta;.
Defining the singular perturbation parameter ¢ =
Via/Vig and setting X = [x1 Xo]T = [Cre Trl", z =
[z1 22 ZS]T = [Ceat Csc Tra]T, u = [u UZ]T =
[To Tal,y=1I[yun yi2]" =[Crc Tr", the system of
eq 30 can be put into the standard singularly perturbed
form:

dx,
ar f12(X1, Xo) + Qpi2,

adx,
T f1o(X4s X)) + Q25 + gg5U,

dz,
ST Qu(21, 25, 23, Xy)

dz,
T f2o(X1) + Quo(24, 25, 23, Xy)

dz
€ d_t3 = fo5(X2) + Qua(21, 25, 23, X)) + GoaUy

Y11 =X Y2 =% (31)

where f11, Q11, f12, Q12, 912, Q21, T2, Q22, f23, Q23, and g3
are functions whose specific form is omitted for brevity.
It was verified that the system of eq 31 possesses an
exponentially stable equilibrium manifold for the fast
dynamics, which implies that it is not needed to utilize
a preliminary feedback law to stabilize the fast dynam-
ics. Setting ¢ = 0, the equilibrium manifold of the fast
dynamics can be calculated analytically and is of the
form zs = g(x1, X2, U1), where g is a smooth vector
function (note that the input u; enters this algebraic
equation in a nonlinear fashion, due to the nonlinear
appearance of the fast state z in the system of eq 31).
The reduced system can then be found to be of the
following form:

dx,
rTi F1(X1, Xp) + Gy1(Xq, %o, Uy)
dx,
gt = Fola Xo) + Gay(Xy, X Uy) + Gty (32)

with Fi, Gi1, F2, G21, and Gy, appropriately defined
(their exact expressions are omitted for brevity). For
the system of eq 32 the conditionr; +r, =1+ 1=2
(where r; is the relative order of the ouput yi; with
respect to the manipulated input vector u) holds, which
implies that this system does not possess zero dynamics.
It was verified that the system of eq 32 is a stable one,
and thus, the necessary controller consists of a multi-
variable input—output linearizing controller designed
on the basis of the system of eq 32 coupled with an open-
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Figure 10. Closed-loop output profiles for set-point tracking
(fluidized catalytic cracker).

loop observer and is of the following form:

di, _
at F1(71, 12) + G11(71, 172, Uy)

dn,
at Fo(n1, m2) + Gpi(m4, M2, Up) + Gyou,

= 1
u, = G11(7hv UPL ﬂ_:Ll(Vl = ny) — Fy(n4, ’72))

11
u, = —(V, — — F , +
2 G., ﬂZl( 2~ 1) [ 2011, m2)

Gzl(’hv UPY é11(7717 UPL ﬁin(\/l = 11) — Fa(71, ’72)))]}
(33)

In the above controller, the formula for u; was computed
by considering the algebraic equation Gi1(11, 72, U1) =

450 T T T T T r T T T

T (F)

2 4 6 8 10 12 14 16 18 20
Time (hr)
745 T T T = T T T T T
740
7351 b
__ 730+
&
&
& 7250
720} 1
715F
710 e il 1 A L 1 1 1 Il
0 2 4 6 8 10 12 14 16 18 20
Time (hr)

Figure 11. Manipulated input profiles for set-point tracking
(fluidized catalytic cracker).

o and deriving its solution in terms of uy (i.e., uy =
Gi11(n1, 12, o) (this was done due to the nonlinear
appearance of the input u; in the system of eq 32)).
Furthermore, referring to the controller of eq 33, we note
that (a) it is e-independent, (b) it does not use measure-
ments of the states of the process since it employs an
open-loop observer, and (c) its order is significantly
lower than the one of the process model (which is
expected, because it was synthesized on the basis of the
two-dimensional slow system instead of the five-
dimensional process model).

Two representative simulation runs of the closed-loop
system under the controller of eq 33 with ;3 = 0.1 and
P21 = 0.02 are reported. In both runs, the process was
initially (t = 0.0 h) assumed to be at steady state. In
the first simulation run, we tested the set-point tracking
capabilities of the controller. A 20.0 °F increase in the
value of the output yi» was imposed at time t = 0.0 h.
The output profiles are depicted in Figure 10 and the
profiles of the corresponding manipulated inputs are
given in Figure 11. Itis clear that the controller drives
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Figure 12. Closed-loop output profiles for set-point tracking—effect
of initialization errors (fluidized catalytic cracker).

the output y1» to its new reference input value. It can
also be observed that the output y;; stays at its set-point
value. In the second simulation run, we tested the set-
point tracking capabilities of the controller in the
presence of initialization error in the observer states.
A 5% error in the state 77; and a 15 °F error in the state
12 was considered. Figure 12 shows the closed-loop
output profiles. Clearly, the controller regulates, yi»,
at its new set-point value.

5. Conclusions

In this work, we studied the output feedback control
problem for a broad class of nonlinear two-time-scale
processes modeled within the singular perturbation
framework. A sequential procedure was initially used
to derive a nonlinear two-time-scale output feedback
controller. The controller, which does not suffer from
ill-conditioning and stiffness, globally asymptotically
stabilizes the fast subsystem and enforces global
asymptotic stability with asymptotic output tracking in
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the closed-loop slow subsystem. It was established that
the controller enforces boundedness of the states and
approximate asymptotic output tracking in the closed-
loop two-time-scale system for arbitrarily large initial
conditions, provided that the separation of the slow- and
fast-dynamical phenomena of the process is sufficiently
large. An explicit easy-to-implement realization of the
controller that enforces local exponential stability and
approximate output tracking, for all times, in the closed-
loop two-time-scale system, was also derived. Differ-
ences in the nature of the solution of the output feedback
control problem between linear and nonlinear two-time-
scale systems were pointed out. Finally, the proposed
controller was successfully applied to a series of two
chemical reactors and a fluidized catalytic cracking unit.

Acknowledgment

Financial support from UCLA through the SEAS
Dean’s Fund is gratefully acknowledged.

Notation

Roman Letters

Cgo = inlet concentration of the autocatalytic species

Cg1 = concentration of the autocatalytic species in the first
reactor

Cc1 = concentration of the side produce in the first reactor

Cg2 = concentration of the autocatalytic species in the
second reactor

Cc2 = concentration of the side product in the second
reactor

Ccat = concentration of catalytic carbon on spent catalyst

Csc = concentration of total carbon on spent catalyst

Ci. = concentration of carbon on regenerated catalyst

Cpm = heat capacity of the reacting mixture

Dy = density of total feed

E,, E,, Ez = activation energies

E.., Ecr, Eor = activation energies

F, F, f,, f, = vector fields

F., F> = flow rates

G, G, g1, g> = vector fields associated with the input

h;(x) = output scalar field

KT(x) = nonlinear vector field

k1o, k2o, k3p = pre-exponential constants

p(xX) = nonlinear vector field

Q1(x) = matrix of dimension n x p associated with the slow-
state vector x

Q2(x) = matrix of dimension p x p associated with the fast-
state vector z

Q1, Q2 = heat inputs to the reactors

R4 = air rate

R, Ref, Roc = reaction rates

Ry = total feed rate

r, ¥ = relative orders in the slow subsystems

Sa, Sc, St = specific heats

Tgo = inlet temperature of the autocatalytic species

Tg1 = temperature in the first reactor

Tg2 = temperature in the second reactor

Trp, Tai = temperatures of the feed in the reactor and the
air in the regenerator

Tra, Trg = temperatures in reactor and regenerator

t =time

u = input

0 = auxiliary input

V1, Vo = volumes of the liquid holdup in the reactors

v = external input
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X = vector of the slow-state variables
y1 = controlled output
y» = measured output
z = vector of the fast-state variables

Greek Letters

Pk = adjustable parameters

Pik = adjustable parameters

AH,,, AH,, AH,, = enthalpy of the reactions
AHyy, AH = heat of the reactions

AHg, = heat of feed vaporization

€ = singular perturbation parameter

5 = vector of the state observer

pm = density of the reacting mixture

o = vector of the state observer

Math Symbols

L¢h = Lie derivative of a scalar field h with respect to the
vector field f

L¥h = kth order Lie derivative

LoLE*h = mixed Lie derivative

IR = real line

IR = i-dimensional Euclidean space

€ = belongs to

T = transpose

|| = standard Euclidean norm

Appendix

Notation—Definitions. (1) A function y: IR.o —
IR=o is said to be of class K if it is continuous and
increasing and is zero at zero. It is of class K., if in
addition it is proper.

(2) A function 8: IR=o x IR>p — IR is said to be of
class KL if, for each fixed t, the function §(-,t) is of class
K and, for each fixed s, the function j(s, -) is non-
increasing and tends to zero at infinity.

(3) A matrix A(x) of dimension n x n is said to be
Hurwitz uniformly in X € IR" if there exists a positive
real number c such that Re[4i(A(X))] < —c,i=1, .., n
for all x € IR", where 4; denotes the ith eigenvalue of
the matrix.

Definition 1. Referring to the nonlinear system of
eq 2, the relative order of yj with respect to u is defined
as the smallest integer r for which

LoLr hy(x) (34)

or r = o if such an integer does not exist.
Definition 2 (Khalil, 1992). The equilibrium x =0
of the system

X = ¢(X) (35)

where x € IR" is asymptotically stable if for each xg €
IR, its solution with x(0) = Xq exists for each t > 0 and
satisfies

X1 = B(IxO)1.1) (36)

The equilibrium x = 0 is globally exponentially stable
if the bound of eq 36 holds with (|x(0)],t) = K|x(0)|e 2t
where K > 1 and a > 0.

Proofs of Theorems 1 and 2. In what follows, we
provide the proofs of theorems 1 and 2. To this end,
we initially recall a theorem proved in Christofides and

Teel (1996) which will be used in the proof of theorem
1.

Consider the singularly perturbed system:

x = f(X, z)
ez =g(x, z) (37)

where x € IR" and z € IRP. The functions f and g are
locally Lipschitz on IR" x IRP x IRY and the algebraic
equation g(X, zs) = 0 possesses a unique root, zs = h(x),
with the properties that h(x) and dh/ax are locally
Lipschitz and h(0) = 0.

Consider also the corresponding slow and fast sub-
systems:

x = f(x, h(x)) (38)

Y gx, hx) + ) (39)

wherey =z — h(x). The assumptions that follow state
our stability requirements on the slow and fast sub-
systems.

Assumption Al. The reduced system in eq 38 is
asymptotically stable with the class KL function fS.

Assumption A2. The equilibrium y = 0 of the
boundary layer system in eq 39 is globally asymptoti-
cally stable, uniformly in x € IR".

The main result is as follows.

Theorem Al. Consider the singularly perturbed
system in eq 37 and let assumptions Al and A2 hold.
Then, there exists a function gy of class KL such that,
for each set of positive real numbers (9, d), there is an
€* > 0 such that if € € (0, €*) and max{|x(0), |y(0)} =
d, then

X = £.(Ix(0)[, 1) +d (40)
ly(@I = B,(ly(0)], 7) +d (41)

where fx is the function defined in assumption Al.

We note that theorem Al has been generalized to two-
time-scale systems with uncertain variables and e-de-
pendence in the right-hand side (see Christofides and
Teel (1996) for details).

Proof of Theorem 1. Under the controller of eq 15,
the closed-loop system takes the following form:

e> = T,(n) + [Qum) + oK' (m)]e + 1) (P(X)Z —
P@®) + 9x(m)(P(r) + a@)v)

i = F(@) + Gm)(P@m) + aimv) + s@)(h;(x) — hy@)

x = f,(x) + Q(¥)z + g, (K (e + g,(x)(P() +
a(n)v)

ez = f,(x) + Q(X)Z + g,(})K (e + g(x)(P(y) +
a(m)v) (42)

Obtaining the representation of the above system in the
fast time scale, 7, and setting ¢ = 0, the following fast



subsystem is obtained:

%ll_(: = f,() + [Qz(m) + g,k ()] + 1) (P(x)Z —

p(mo) + g,()(P(r) + a(@)v)

?:I_i = f,(x) + Q;(X)z + g,(x)K" (M + g,(x)(P(y) +

a(m)v) (43)

From the assumption that 7(0) = x(0) + O(e), it follows
that when € = 0, then 5(7) = X(7), T = 0, in the fast time
scale, 7, and thus, the above system can be equivalently
written as

(21—(: = fZ(X) + [Qz(x) + gz(X)kT(X)]W + I(X)(p(X)Z _

P(X)®) + g,(x)(P(X) + q(X)v)

% = f,(X) + Q,(X)z + g,()k' (X)® + g,(X)(p(X) +

axjv) (44)

Defining the error vector e, = o — z, the above system
can be written as

de,
ar = [Q(%) — Ix)p(x)]e,

dz_ (%) + [Qx(X) + G,k (X)]z + g,()K (¥)e, +

dr
9,(X)(P(x) + q(x)v) (45)

From the cascaded structure of the above system and
assumption 1, we have that if the controller and
observer gains, kT(x) and I(x), are chosen as in assump-
tion 1, then the closed-loop fast subsystem of eq 44 is
globally asymptotically stable uniformly in x € IR".

Setting ¢ = 0 in the system of eq 8, the following
closed-loop slow subsystem is obtained:

i =Fm) + G@)pm) + a@m)Vv]l + s@)(y; — hy())
x = F(x) + G(x)[p@r) + q(n)v] (46)
y1 = hy(x)

From assumption 2, it directly follows that the
above system is globally asymptotically stable and
lime—w(y] — V) = 0.

Since the fast and slow closed-loop subsystems are
asymptotically stable, a direct application of the result
of theorem Al yields that for each pair of positive real
numbers 6 and d, there exists are ¢* > 0 such that if
7(0) = x(0) + O(¢), max{ [x(0)1, 1z(0)I, |@(0)I, I7(0), v} =
0, and ¢ € (0, €*], the states of the two-time-scale closed-
loop system are bounded and its output satisfies

ItLr2|y1(t) —v(t) =d (47)

The proof of theorem 1 is complete.
Proof of Theorem 2. Under the controller of eq 15,
the closed-loop system takes the following form:
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e = f,() + [Qx(1m) + gk (] + 1) (P(X)Z —

P)®) + 9 [BrLaLE hy(m)] v — ZﬁkLEm(n)}
K=

i = F) + GBrLeli "hym)] v —

ZﬂkLEhl(n)} + S(hy(x) — hy@))
K=

x =f,(x) + Qu(x)z + g,()K () +

9 (Bl LE thym] YV — ZoﬁkL'éhl(rl)}
K=

2 =1)(x) + Qu(x)Z + g,()K (e *

9Bl thym] v — ZﬁkLEhlw)} (48)
K=

Performing a two-time-scale decomposition in the above
system, the fast subsystem takes the following form:

do T
P () + [Qo(m) + 9-(mk” ()] + (1) (P(X)Z —

P@m)®) + ) BrleLE thym)] v — ZﬁkLEm(n)}
K=

dz T
5 = P00+ Q02 + gk me +
9()[B:LsLE hy )] v — ZjﬁkLEhl(u)} (49)
K=

Since 77(0) = x(0) + O(e), it follows that 5(7) = X(7), T =
0, and thus, the above system can be equivalently
written as

do -
5 = 200 + 1,09 + 600K 091 + 169 (P()z —
P(X)) + g(X)[BrlsLE Ty ()] v — goﬁkLEm(x)}
K=
dz T
o= 00 + Q0z + g0k 0w +
9 ()[B:LsLE ()] v — EoﬁkLEhl(x)} (50)
K=

In terms of the error vector e, = o — z, the above system
takes the following form:

de,
= [Q:(3) — 109p()]e,
dZ T T
— = 00 [0 + g,09KC0Jz + G,(0K (e, +
9()[B:LsLE ()] v — ZﬁkLEm(x)} (51)
K=

which can be made globally asymptotically stable uni-
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formly in x € IR" through appropriate selection of the
controller and observer gains I(x) and k'(x), respec-
tively.

Setting ¢ = 0 in the system of eq 48, the following
closed-loop slow subsystem is obtained:

0= F) + GmBrlole "hum)] v —

ZﬂkLéhl(m} + S(y, — hy())
K=

%= F0) + GOILLeLE ] v = 3 AdlEn(m)
< (52)

y: = hy(x)

Since for ¢ = 0, (0) = x(0), the above system is
equivalent to:

x = F(x) + GX)[B:LsLE *hy ()] v — EoﬂkLEhl(x)}
K=

yi = hy(x) (53)

On the basis of the above system, one can easily show
that y] is the solution of the linear differential equa-
tion

rod'yy
B Vv
k=0 dt

Furthermore, one can show, using the assumption of
minimum-phase behavior of the modified closed-loop
slow subsystem of eq 13 that the system of eq 53 is
locally exponentially stable, which in turn implies that
the system of eq 52 is locally exponentially stable.
Since the closed-loop fast and slow subsystems are
exponentially stable, a direct application of the result
of theorem 8.4 in Khalil (1992) yields that there exist
positive real numbers 6 and €, such that if (0) = x(0)
+ O(e), max{|x(0)], [z(0)I, |w(0)], [(0)I, v} = o and € €
(O, €], the closed-loop two-time-scale system of eq 48 is
exponentially stable and its output, yi;, satisfies the
relation of eq 18. The proof of theorem 2 is complete.
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