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Two new theoretical results about interpolated controllers for the transition control and
simultaneous stabilization of single input-single output plants with variable operating
conditions are shown; recent results are generalized for interpolated controllers. On the
basis of these results, an application to the closed-loop transition control of a continuous
stirred-tank reactor, where a single exothermic reaction takes place, is presented. A
comparison with simple PI controllers is made. © 2005 American Institute of Chemical
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Introduction

During plant operation, variations in operating conditions
may occur frequently. For example, in polymerization plants,
grade transition operations are normally carried out when poly-
mer properties are modified to reflect the production of new
polymer materials.’:> Such grade transition operations consist
of predetermined setpoint changes. Batch operation, startup
and shutdown of continuous equipment, are also industrial
examples where processing conditions might vary widely.
Even if the plant is located within the nominal design region,
process upsets might hit the system so that excursions away
from the nominal operating region might be expected. The
existence of chemical processes with wide variations in oper-
ating conditions may impose some control problems since
closed-loop control systems are normally designed, based on
information about nominal design conditions. Therefore, con-
troller performance might degrade if process conditions are
radically different from the nominal ones.

Some approaches suggested to cope with the closed-loop tran-
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sition control of plants with wide variations in process dynamics
could be classified as control structures that use a control law and
an observer scheme. Under this category, adaptive control tech-
niques,? and model predictive controllers* are embedded. Such
control schemes are attractive, but they might be difficult to
design, implement and maintain due to complexities in the con-
troller and observer design. A more simple control technique
involves the use of the so-called gain-scheduling controllers. In
this technique a family of plants is derived (that is, around a
tracking reference signal), and a set of controllers is designed for
each plant within the set of family plants. A switching strategy is
used to decide which controller should be used. Using this ap-
proach simple PI controllers could be used to cope with the
closed-loop control of plants where wide variations in process
conditions and plant dynamics are expected.

It has been reported that up to 90-95% of the industrial
controllers are of PID type.> This is so because PID controllers
are easy to design and easy to tune by plant personnel. Indus-
trially, these controllers are often tuned by trial and error
procedures, based on heuristics and on plant experience; if
process conditions change drastically, such controllers may
need retuning. However, it is a well known fact that PID based
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control systems do not perform well for plants with process
gains that change sign among operating regions. Also, if con-
troller parameters are fixed, these types of feedback systems
may not be able to cope with wide variations in process
dynamics. There are some ways to improve simple PID control
if some kind of automatic tuning, gain scheduling or continu-
ous adaptation is incorporated into the design process.’

One the main objectives of the analysis tool described in this
paper is to provide analysis results, and make some comments
regarding the control law. In addition, when considering inter-
polated control standard techniques of gain-scheduling or in-
terpolated control might be used. Accordingly, the problem of
simultaneous robust stabilization of a structured multiparam-
eterized family of SISO linear plants is addressed. Two new
results about interpolated controllers for plants with variable
operating conditions are presented, these results generalize
recent results by °. For this purpose, a set of interpolating
controllers is designed. In this approach an “interpolated” con-
troller, is considered as a linear interpolation of coprime fac-
torizations of stabilizing controllers for the representative mod-
els as described in 7. In addition, the results provide sufficient
conditions for a controller to be an interpolated controller
which simultaneously stabilizes the family of plants. One of
these results is based in sums of Hurwitz polynomials, the other
result uses units in the set of SPRO (strictly positive real of
relative zero degree) functions. This approach is useful for the
synthesis of controllers that stabilize linear parameter-varying
systems in which the parameter is piecewise constant and does
not change often. There exist several examples of practical
systems, which can be modelled in this form.®3° Another
important feature of interpolated controllers refers to failure
tolerant characteristics, meaning that if one or several control-
lers break down the stabilization of the interpolated plant is
guaranteed as long as least one controller works properly.

This article outlines as follows. In the first section some
preliminary concepts to prove closed-loop stability of the in-
terpolated controller are given. In the second section, the sta-
bilization of a linear SISO interpolated plant with variable
operating conditions using an interpolated controller is consid-
ered. In the third section, the interpolated control approach is
applied to the transition control of a continuous well stirred
tank reactor. This section also contains the interpolated plant
and control representation, tuning of the interpolated controller
and discussion of the results obtained in this work. The fourth
section contains the conclusions of this article. The appendix
section contains the mathematical proofs of the two main
results of our work.

Preliminaries

In this section definitions and notation necessary for the
theoretical part of this work are presented.

Let RH” be the set of the proper, stable, and rational real
functions. U(RH™) is the set of the units in RH”, that is,
invertible elements in the set of units RH”. The following fact
is used in this article.

Fact 1. The following two statements are equivalent:

1. The convex combination of two Hurwitz polynomials p(s)
and q(s)
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Ap(s) + (1 = N)g(s) for A€]0, 1]

is a Hurwitz polynomial.
2. The convex cone of two Hurwitz polynomials p(s) and
q(s)
ap(s) + bq(s) for aand b positive reals

is a Hurwitz polynomial.
The earlier fact is consequence of the following substitution

b
and (1—A)=——

A= a+b

a
a+b
note that fact 1, can be generalized for the convex combination
of n Hurwitz polynomials. In the rest of the article we use the
notation a and b. It is important to observe that this equiva-
lence does not mean that the stability of two polynomials imply
the stability of the convex combination; it only establishes the
equivalence between the two statements. Recall that any real
polynomial p(s) can be represented as

p(s) = p(s?) + sp°(s?) (D

where p°(s?) is the even part of p(s) and p°(s?) is the odd part
of p(s). In order to discuss next results the following plant
families are defined.

The family given by

aN(s) + -+ aTNT(s)} 2

Fip= {g(s) cg(s) = aD\(s) + - + a;DAs)

_N[(S) .
pi(s)—m fori=1,...,T 3)

where N,(s) and D,(s) are real polynomials, deg[a,D(s) +

-+ aD(s)] = n, ¥V a,..., apf € R" — {0} or ¥
ay, ...,ar € R™ — {0} and deg N;(s) = deg D,(s) = m for
i=1,..., T

Stabilization by Interpolated Controllers

In this section, the stabilization of a linear time-invariant
single-input/single-output interpolated plant with variable op-
erating conditions using an interpolated controller, in a similar
way to °, is addressed. This section also contains the two main
theoretical results of this work. The interpolated controller
design task is also addressed in this section. The formulation of
the problem for the first result is as follows.

Let us take the closed-loop system of a plant g,,(s) and a
controller c,,(s)

gah(s)
1 + cxy(s)gab(s) (4)

Let g,(s) = [N,()I/[D(s)] and g,(s) = [N,(s)1/[Dy(s)] be
two representative transfer function models of g,,(s), which
are defined at two different operating points.

(a) For an operating point located somewhere between the
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representative ones, the transfer function of the plant g_,(s) is
described by a linear “interpolation” of the polynomials nu-
merator and denominator as g,,(s) = N(s)D'(s) with

N(S) = aNl(S) + sz(S) (5
D(s) = aD(s) + bD(s) (6)

where a, b € R are two parameters which represent the
change of plant dynamics such that a, b are not both simulta-
neously equal to zero.

(b) The operating conditions do not change so often such
that the parameters a, b can be identified from some informa-
tion about operating conditions.

A controller which can cope with plant dynamics variations
is now introduced. Let ¢,(s) = [N_,(s)]/[D.,(s)] and c,(s) =
[N.(s)]/[D_,(s)] be two stabilizing controllers for the repre-
sentative models g,(s) and g,(s), respectively. Consider an
interpolated controller ¢, (s) = N.(s)D, (s), where

NC(S) = 'XN(.‘I(S) + chz(S) (7)
D(s) = xD.(s) + yDo(s) (®)

x, y € R are two parameters which represent the change of
controller dynamics such that x, y are not both simultaneously
equal to zero.

The objective of this section is to present sufficient theoret-
ical conditions such that the interpolated controller ¢, (s) will
be able to stabilize the interpolated plant g,(s) for a, b. The
results obtained are Kharitonov-like stability for interpolated
controllers. In addition, the interpolated controller ¢, (s) (fam-
ily of controllers) simultaneously stabilizes each plant in F,.
We now present the first stability result about interpolated
controllers.

Proposition 1. The interpolated controller

B XNCI(S) + chz(S)
o) =D (5) + yDals)

stabilizes the family of plants F\, ¥ a, b, x,y € R* orV a,
b, x, y € R~ where the a, b, x, y parameters are not
simultaneously equal to zero. If the following 16 polynomials:
qf(sz) + sq;’(sz) are Hurwitz for i, j = 1, 2, 3, 4 with, and
deg g,(s) = m, that is, the order of the polynomials are
invariant fori = 1, 2, 3, 4, where

Ni(s)N(s) + Dy(s) Dy(s) = ¢5(s7) + 5q7(s°) = qu(s)
Ny(s)No(s) + Dy(s) Do(s) = qg(sz) + ng(sz) = q,(s)
Ny(s)No(s) + Dy(s)D(s) = qg(SZ) + ng(sz) = q;(s)

Ni(s)Ny(s) + Dy(s) Dols) = QZ(S2) + SQZ(SZ) = qu4(s)

(For the proof see the Appendix).
Using Fact 1, this result can be interpreted as if the interpo-
lated controller given by

AIChE Journal

aN,(s) + (1 — a) N(s)

)= aD(s) + (1 = a) Dsls) )
would be able to stabilize the interpolated plant
AN (s) + (1 — X)) Ny(s)

2s) = o T (10)
AD,(s) + (1 = X) Dy(s)

for all o, A € [0, 1], providing the conditions of proposition 1
are met. Therefore, proposition 1 is stronger than the results
stated in ©, because in this case it is possible that a # A, and
more important, each controller in the family c,,(s), simulta-
neously stabilizes all family of plants F,. For itself this
property can be understood as a fault tolerant control charac-
teristic, meaning that if some or several controllers break down,
but at least one of them works correctly, the stabilization of the
interpolated plant is guaranteed. But in our result, proper stable
coprime factorizations of the plants were not used. This fact
motivates us to present a result that uses proper stable coprime
factorizations, that will be stated in proposition 2.

Note that using a similar proof of proposition 1 (see the
Appendix), this result for the family F,, and the interpolated
controller

aiN(s) + -+ -+ aN(s)
aD.(s) + - - + aD(s)

c(s) = (11)

can be generalized. The formulation of the problem for the second
result is the same, but in this case the F, family will be given by

an,(s) + bn2(s)} (12)

F,= {gﬂb(s) D 8a(8) = adi(s) + bdy(s)

witha, b € RT ora, b € R~ where the a, b parameters are
not simultaneously equal to zero, with n,, n,, d,, d, € RH”;
n,, d, is a proper stable coprime factorization of g,(s) =
[n,(s)/d,(s)], while n,, d, is a proper stable coprime factor-
ization of g,(s) = [n,(s)]/[d,(s)], and deglad,(s) + bd,(s)]
= m. The interpolated controller is given by

_ un(s) + ongl(s)

Culs) = s o (13)
udcl(s) + 7Jch(S)

with u, v € R* oru, v € R, where the u, v parameters are

not simultaneously equal to zero with

ng =x,+nrd, d,=y —rmn

Np =Xy + 1ady, doy =y, = 1oy

Proposition 2. The interpolated controller c ,.(s) stabilizes
the family of plants F»; N a, b, u, v E R or¥ a, b, u, v €
R, where the a, b, u, v parameters are not simultaneously
equal to zero with

xny +yd, =1 (14)
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Xon, + yod, = 1 (15)

if the following condition is met:
(1) There exist ry, ry, € RH”, such that the following two
rational functions

nyxy + dyyy + ridn, — nd,y) (16)

nx, + dyy, + ro(dony — nyd,) (7

are strict positive real functions of zero relative degree (For
the proof see the Appendix).

Note that by theorem 5.4.2 in 7 and since Eqgs. 16 and 17 are
units, both plants g,(s) = [n,(s)I/[d,(s)] and g,(s) =
[n,(s)]/[d,(s)] are simultaneously stabilized by each one of
the controllers c¢,;(s) = [n.(s)]/[d.,(s)] and c,(s) =
[1e2() 1/ [da(5)].

Using fact 1, the proposition 2 can be interpreted exactly as in
the results shown by ¢, furthermore each controller in the inter-
polated controller, simultaneously stabilizes all the family F,. The
same comment stated for proposition 1 regarding fault tolerant
control characteristics is valid for this proposition as well.

It is worth mentioning that both propositions 1 and 2 estab-
lish proofs of simultaneous stabilization of all family of plants
generated by the interpolated plants for each one of the con-
trollers obtained from the interpolated controllers. The main
difference between propositions 1 and 2 lies in the fact that,
while in proposition 1 the set of plants and controllers are
described in terms of a quotient of polynomials, in proposition
2 the same set of plants and controllers are represented in terms
of proper and stable rational functions in RH”, that is, in terms
of rational coprime factorizations in the sense of 7.

It is important to stress that one way of using our results is
the following one: If A # « then the controllers are able to
simultaneously stabilize the plants for frozen values of the
uncertain parameter. On the other hand, when A = « interpo-
lated controllers should be used. In the last case the parameters
of the controller might be adapted dynamically as a function of
the plant parameters. In this way this sort of control strategy
becomes general compared to control strategies.o!0:1!

We must stress that the implications from proposition 2 are
much stronger than those reported in °. In fact, using proposi-
tion 2 we might be able to stabilize any plant, generated by
interpolating plant description, with any controller obtained
from interpolating controller description. On the other hand,
the results obtained in © are more restrictive: a certain controller
can only stabilize the plant for which it was synthesized (that
is, such controller is unable to stabilize any plant generated by
plant description). This is the main theoretical contribution of
this work. The results from propositions 1 and 2 are relatively
easily extended to the case of n plants and controllers. Notice
that the number of polynomials to check is around n with
exponent 4, where n is the number of systems. For this reason,
this method is suitable for at most 4 systems.

SISO Control of an Exothermic Reactor

In this section the tracking closed-loop control of a contin-
uous stirred tank reactor (CSTR), where the single exothermic
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Table 1. Nominal Parameter Values

Volumetric feed flow rate q 100 1t/min
Feed concentration Car 1 mol/It
Feed temperature T, 350 °K

Inlet coolant temperature T, 350 °K
Volume Vv 100 It
Heat-transfer term hy 7.5 X 10° cal/(min-°K)
Preexponential factor k, 72 % 10" /min
Activation energy term E/R 1 % 10* °K

Heat of reaction AH, —2X10° cal/mol
Reaction mixture density p 1x10° ar/lt
Coolant density Pe 1 x10° ar/lt
Reaction mixture specific heat  C, 1 cal/(gr-°K)
Coolant specific heat Cpe 1 cal/(gr-°K)

reaction A — B takes place, is addressed. The dynamic model
of the CSTR is described by the following set of nonlinear
ordinary differential equations'’

dc
dTA = % (Cpy— C,) — ke PFT (18)
dr
i ‘q7 (T; = T) + k\Cae ™™ + kag (1 — %) (T, — T)
(19)
where
—AHk,
ky = ToC, (20)
P
PCe
ky = »C ’;/ 1)
P
hy
Y. (22)
™~ pe

where C, and T stand for product concentration and reactor
temperature, respectively. The parameter meaning and nominal
design values are shown in Table 1.

The control objective of the CSTR consists in the transition
control of the product composition (C,) using the coolant flow
rate (g.) as the manipulated variable. For this purpose the
nonlinear plant was linearized around three nominal steady-
states. The operating conditions and transfer function informa-
tion for each design point are shown in Table 2. Simple PI
controllers were designed for each operating point; controller
settings are also shown in Table 2.

Interpolated Plant and Controller

In this work an analysis method is presented and some hints
about the design of the controller are sketched. When the
vertex controllers do not satisfy the sufficient condition for
interpolation, this method is not suitable and other interpolation
method is necessary.

The resulting interpolated plant and controller are now de-
rived. For the case of three plants the following characteristic
polynomial must be Hurwitz

AIChE Journal



Table 2. Operating Regions Design Values, Transfer Functions, and PI Controller Settings

Operating Region C, mol/lt T °K q. lt/min C,(5)/q.(s) (mol-min)/It? Poles Location k. mol/lt-°K T, min
.0386 .
1 0.08 441.27 99.93 5 —2.43 = 2.8844i 119.43 0.6
57+ 4.8458s + 14.1904
2 0.1 438.54 103.41 - 0411 —1.3367 = 3.03i 65.18 0.2439
s7 + 2.6735s + 10.9675
.0389 .
3 0.12 434.63 108.1 —0.5484 = 2.7761i 27.93 0.3

s 4 1.0969s + 8.0074

P, (s) = (aN, + bN, + ¢N;)(xN,, + yN., + zN,) q4(s) = N,N,, + DD, = s° + 2.67355>
+ (aD, + bD, + ¢D,)(xD,., + yD, + zD ) (23) + (0.0411k,; + 10.968)s + 0.0411k,, (31)
where the plants are given by qs(s) = NNy + DyDs = 57 + 267355
© + (0.0411ky + 10.968)s + 0.0411k,, (32)
N,(s
8= 5% D (5) = NNy + DaDy = 5 + 2.67355
Nas) + (0.0411k5; + 10.968)s + 0.0411ks, (33)
S
s) = 25
g:(s) Dy(s) (@) g:(s) = N;N,, + D;D,, = s* + 1.0969s>
Ny(s) + (0.0389k,, + 8.0074)s + 0.0389k,, (34)
3
gs(s) = (26)
’ Dy(s) gs(s) = NoNo, + DDy, = s° + 1.09695s>
for the above set of plants simple PI controllers + (0.0389%;, + 8.0074)s + 0.0389%»  (35)
NA(s) ks + ko ) | qo(s) = N3N;. + D3D5. = s° + 1.0969s
cds) = D) s 1+ Py B 1,2,3 (27 + (0.0389k;, + 8.0074)s + 0.0389%%4, (36)

A sufficient condition for all polynomials to be Hurwitz, is that

were tuned. Hence, using the plant transfer function descrip- . .-
the following inequalities are met

tions and the controller settings shown in Table 1, the follow-

ing polynomials, and the 81 polynomials resultants of the

combinations of their even and odd parts, must be Hurwitz 1.0969(0.0389%, + 8.0074) > 0.0411k, and ki, ky

>0 fori=1,2,3

i) = Nl # DDy = 37 48458 In th £ yk 1.0969(0.0389k,, + 8.0074) and
thi Lif W(k,y) = 1. . .+ 8.

+ (0.0386k,, + 14.19)s + 0.0386k,, (28) o this case. if yik;p) ( ! ) an

&(k;,) = 0.0411k;,, then

q:(s) = N\Ny, + DD, = s° + 4.8458s” Plk,,) = 13.879 > ¢(k;,) = 8.1809
+ (0.0386k,, + 14.19)s + 0.0386k,, (29) Plky) = 11.565 > d(ky) = 10.9834

q3(s) — N|N3C + D]D_% — s3 + 4845852 l,l/(k-;l) =9.9751 > (r’)(k32) = 3.8264
+ (0.0386k;, + 14.19)s + 0.0386k;, (30) Therefore, the interpolated controller

~ x(119.435 +199.05) + y(65.18s + 267.24) + z(27.93s + 93.1)

Cxls) = (x+y+2)s 37

simultaneously stabilizes the plants given by
_ 0.0386a + 0.04116 + 0.0389c¢ i~
8al8) = 7T 484585 + 14.1904) + b(s* T 2.67355 + 10.9675) + c(s> + 1.0969s + 8.0074) (38)
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Table 3. Initial and Final Transition Points and PI Controller Settings for Transition Control Between the Operating Regions

Transition Initial Final U, t t, K., T koo T K., T
1 0.08 0.1 0.083 20 100 119.43 0.191 65.9 0.18 27.93 0.2987
2 0.1 0.12 0.11 10 100 119.43 0.3302 200 0.05 100 0.7
3 0.12 0.1 0.1 40 100 119.43 0.3344 100 0.25 27.93 0.3
4 0.12 0.08 0.08 1 100 119.43 0.3344 65.91 0.2439 27.93 0.3
for all pair (a, b, c) € R? such that a, b, ¢ = 0, and if a = Min(Max{y,,.})
Othenb # Oorc # 0,if b = Othena # 0 or ¢ # 0, and Ker,i1,Ke2, 72, Ke3,713
if c =0thena # 0 orb # 0. )
s.t.

It remains as a task to specify the way both plant and
controller interpolation is done; notice that this is the aim of the
x,y, z and a, b, c coefficients in Eqs. 37 and 38, respectively.

For the problem at hand a more general approach for setting
both the interpolated plant and controller consists in forming
the global dynamic model [G(y)] by the combination of the
three local linear plants

YiNGi(s) + YaNegas) + y3Ngs(s)
'Ychl(S) + ¥2D () + v3Dgs(s)

G(y) = (39)

similarly the global control behavior will be given by the
interpolated response from the three local linear controllers

YilNii(s) + 'YzNKz(S) + 'Y3N1<3(S)
’YIDKl(S) + ’Yle(z(s) + ’Y3DK3(S)

K(y) = (40)

This approach is more practical when testing different PI
controller settings since the algebraic procedure leading to Egs.
37 and 38 could be tedious and prone to errors.

Switching Policy and Tuning

When a plant operates somewhere between two operating
regions, plant behavior is dictated by a combination of two
adjacent transfer functions; the computation of the global plant
and control behavior is the aim of the so-called interpolating
functions. Such functions are used to specify the way transi-
tions among plant and controller descriptions are done. The
desired transitions should be enough smooth so that hard dis-
continuities and strong control actions are avoided. In this
work, the interpolating functions (7y;) description were taken as
those proposed in !!

B e—(CA—OAOB)ZIOAOO&2 \4 CA = [008, 01]
Y= 0 v c,e[0.1,0.12] ©D
0 Y C,E€1[0.08,0.1]
V=1 - e @omns y ¢ oe0.1,0.12] ¢
C[l—y V¥ C,E[0.08,0.1]
Y211-y, V C,€0.1,0.12] (43)

notice that in Eqs. 37 and 38 x = a = vy,,y = b = vy,, and
7 = ¢ = 13, respectively.

In order to compute the best tuning parameters for transition
control of the set of 3 PI controllers, the following minimax
problem was solved
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Yout = Ul V [th tu] (44)

where y,,, stands for plant response in deviation form. Using
this optimization tuning approach the maximum value of the
plant response is minimized for any time. However, minimiz-
ing the maximum plant response might lead to closed-loop
responses far from the desired setpoint. To keep the plant
response close enough to the setpoint a constraint is added that
specifies that y,,, should be greater than a minimum bound
(U,) for all the times between lower and upper bounds denoted
by ¢, and ¢, respectively. In consequence, the Min Max opti-
mization problem may result in a local optimal solution. Table
3 contains a summary of all the results of the tuning compu-
tations done by using the Matlab optimization toolbox,'? and
the Matlab/Simulink connection facility for dynamic simula-
tion. The potential stability problem due to additional unmea-
sured disturbances can be approached using standard observer
techniques for parameters estimation. This problem will be
addressed in a future work.

Results

In this section, closed-loop results on the transition control
around the defined nominal operating regions are shown; in
order to obtain more realistic results small amounts of noise
were added to the output measured control signals. In all the
following closed-loop response figures “Interpolating Control”
means results obtained using our interpolated control approach,
while “Local Control” means simple PI control applied only to
the plant associated to the initial transition point. Initial and
ending transition points are shown in Table 3.

Regarding transition 1 (see Figure 1) notice that when using
the interpolated controller, a slightly oscillatory response is
observed damped as the final setpoint is approached. The
control effort is not so demanding partially due to the small
setpoint change. Note that the required control actions are
different depending whether an interpolated plant description
or the corresponding nominal one is used; this behavior is
perfectly valid because different plant representations are used
by each controller. Using an interpolated plant and control
descriptions transition 2 shows a more pronounced oscillatory
response. In comparison, using the corresponding plant repre-
sentation a smoother transition is observed. However, the be-
havior obtained using the interpolated controller must be closer
to the real expected situation simply because it uses more
information about the system to be controlled. Again, different
final control actions are observed for each controller. This
situation can be explained on the same ground as transition 1

AIChE Journal



e S A B S E N

(mol/It)
[=1

C

1

....... "+ | — Interpolating

0.09 ; N ................... ..... ..
: : ; : : - ~ Local Control

008 AU et AR

A S T S S N S S N
6o 2 4 6 & 10 12 4 16 18 2

10

R {(min)
= =
=3 o

K

o
0 2 4 6 8 10 12 14 16 18 20
Time (min)

Figure 1. Closed-loop tracking behavior for all the tran-
sitions, numbers refer to product transitions
as defined in Table 3.

was. Using an interpolated plant and controller description
transition 3 is not so difficult to carry out as observed in Figure
1. In fact, it is faster compared to the case of a single plant. This
is partially due to the interpolated nature of the control system
but also due to the intrinsic dynamic plant behavior as ex-
plained later on. With respect to transition 4 if an interpolated
controller is used it turns out that this transition is the simplest
one to carry out. Note that, contrary to transitions 1 and 2, the
local control shows oscillatory behavior as it also did in tran-
sition 3. Again, the difference in the final value of the control
action can be explained as we did in transition 1.

As noted from the earlier results, using interpolated plant
and controller descriptions transitions 1 and 2 were more
difficult to carry out in comparison to transitions 3 and 4. This
behavior is easy to explain if we recall, from Table 2, the poles
location for each nominal operating regions. In fact, we ob-
serve that the imaginary part of the poles is almost the same
independently of the operating region; however, the poles
location differ mostly in their real parts. Operating region 1 has
a faster constant time compared to operating region 3. There-
fore, due to the magnitude of the real and imaginary parts of the
poles location, region 3 must show stronger oscillatory behav-
ior. Finally, the reason why the manipulated variables take
different values when doing a closed-loop transition computa-
tion is due to the fact that the closed-loop simulations were
done using transfer functions representation of the plant dy-
namics. Because we use a single plant transfer function for
“traditional” SISO PI controllers, and three plant transfer func-
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tions (depending upon the operating range) for interpolating
controllers, the final values of the manipulated variables in
those cases will not match exactly. Had we used the nonlinear
model representation of plant dynamics, the final value of the
manipulated variables should be the same.

Conclusions

We give two results about interpolated controllers for plants
with variable operating conditions, these results generalize
recent results for interpolated controllers and families of con-
trollers, where each one simultaneously stabilizes a certain
family of plants. On the basis of this result an application to the
closed-loop tracking control of a CSTR, where a single exo-
thermic reaction takes place, was presented. Using the inter-
polated controller approach better control was obtained for
more difficult to operate regions.
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Appendix

In this appendix we give some necessary results to prove the
results in the previous sections.

Definition 1.  The Bezoutian, Bez| p(x), q(y)], of two poly-
nomials p(s) and q(s)'3-'* is the symmetric matrix B; ; where

p(x) = gy S B,y 45)

X7y N iy

Lemma Al. Let p(s) = p,,s" + -+ + .po be polynomi-
als with p,, > O0fori =1, ..., T, such that p¢(s*) + spj”(sz)
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are Hurwitz polynomials for i, j = 1, ..., T, where p,(s) =
pe(s?) + sp?(s?) are the decompositions in even and odd part
of pi(s). Then XT_, a,;p.(s) is a Hurwitz polynomial for a; €
R such that either a; > 0 or a; < 0.

The above Lemma can also be proved using the results in '3
or in 10,

Proof of Lemma Al1. Note that

> apis) = X, api(s?) + SI > api(s?)

i=1 i=1 i=1

Computing the Bezoutian and using lemma A2 from this ap-
pendix

T T

Bez[ > api(s), >, a,p,‘-’(s)] = > > aaBer pi(s), pi(s)].

i=1j=1

By hypothesis p,(s) = p{(s®) + sp{(s*) and p{(s®) + sp(s”)
are Hurwitz polynomials for i, j = 1, ..., T and sgn(a,) =
- = sgn(ay). Then by lemma A3 from this appendix

Bez[ p(s), pi(s)] >0

fori,j =1, ..., T.Inconsequence /_, a,;p;(s) is a Hurwitz
polynomial for either a; > 0 or a; < 0, because

T T
Bezlz api(s), 2 ajpj‘-’(s)] >0
i=1 j=1
A

Lemma A2.'3  Let a(s), b(s) be polynomials with max[deg
a(s), deg b(s)] = n. Then:

(a) The Bezoutian Bez[a(s), b(s)] is a symmetric matrix.

(b) The Bezoutian Bezla(s), b(s)] is linear in a(s) and
b(s).

(¢c) Bezl[a(s), b(s)] = —Bez[b(s), a(s)].

Note that Bez[b(s), b(s)] = O for any polynomial b(s), by
(c) in Lemma A2.

Lemma A3.'* (The Liénard-Chipart criterion). Let a(s) =
a,s" + a,_,;s"" '+ + a, be a real polynomial and let
a(s) = a®(s?) + sa’(s?) be its decomposition in even part and
odd part. Then a(s) is Hurwitz if and only if the coefficients of
a‘(s) have the same sign as a,,, and the Bezoutian Bez[a‘(s),
a’(s)] > 0 is positive definite.

Proof of Proposition 1. The family F, is simultaneously
stabilized by the controller c,,(s) if the following polyno-
mial is Hurwitz V a, b, x, y € R* — {0} or V a, b, x,
y € R — {0}

Po(s) = [aNy(s) + bN(s)][xNi(s) + yN(s)]
+ [aD(s) + bDy(s)][xD(s) + yD (s)].

the above polynomial can be rewritten as

ax[Ny(s) Nui(s) + Dy(s) D(s)] + ay[Ni(s) Neo(s)
+ D(s) DL'Z(S)] + bx[Nz(s) N(-l(s) + Ds(s) D(:l(s)]
+ b)’[Nz(S) ch(s) + Ds(s) D(:Z(s)]

since the polynomials ¢¢(s%) + sq°(s*) are Hurwitz fori = 1,
2, 3, 4. Then by Lemma A1, the polynomial P, (s) is Hurwitz
Va, b,x,y ERT —{0}orVa, b, x,y ER — {0}. A

Proof of Proposition 2.

(1) the case V a, b, u, v € R™ — {0} is proven. The F,
family is simultaneously stabilized by each controller in the
family of controllers c,,(s) if the following rational function is
a strict positive real function of zero relative degree [that is,
SPRO function, notice that a SPRO function is a unit in
U(RH™)].

P = (any + bny)[u(x, + rid,) + v(x, + rxd,)]

+ (ad, + bd)[u(y, — riny) + v(y, = rony)]
Ya,b,u,vER" —{0orV a,b,u,vE R — {0}. This
polynomial can be rewritten as:

Py = au(nyx, + diy,) + avlnx, + diy, + ry(nid, — dny)]

+ bulnyx, + dyy, + ri(n.d, — dony)] + bu(n.x, + dyys)

combining the above equation with Eqgs. 14 and 15
Py = au + avlnx, + dy, + r(nyd, — diny)]

+ bulnyx, + dyy, + ri(n.d, — don)] + bv.

now because Eqs. 16 and 17 in the Proposition 2 are SPRO
functions, positive constants are SPRO functions and linear
combination of this SPRO function,'® imply that P, is an
SPRO function, and a unit, too V a, b, u, v € R™ — {0}.
(2) the case ¥V a, b, u, v €E R~ — {0} is similar, however,
the set of SPRO functions must be multiplied by (—1). A
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