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This article presents the first real-time implementation of a recently-developed
model-based control method on a pilot-scale, multivariable, liquid-level process that
exhibits inverse response and whose actuators can be saturated. Issues in real-time im-
plementation of the control method are discussed, as well as a controller tuning proce-
dure. Two model-based controllers are implemented: one is derived using the process
outputs; the other is derived using auxiliary outputs. Servo and regulatory responses
presented show the differences in the performance of the two controllers. In real time,
one of the model-based controllers eliminates inverse response in one controlled output
at the expense of yielding a larger inverse response in the other controlled output. This
inverse-response elimination is a real-time validation of the linear and nonlinear theo-
retical results reported in the systems literature.

Introduction

During the past 20 years, many advances have been made
in nonlinear model-based control, mainly in the frameworks
of model-predictive and differential-geometric control. In
model-predictive control, the controller action is the solution
to a constrained optimization problem that is solved on-line.
In contrast, differential-geometric control is a direct synthesis
approach in which the controller is derived by requesting a
desired closed-loop response in the absence of input con-
straints. While in model-predictive control, nonminimum-
phase behavior is handled simply by increasing prediction
horizons, in differential geometric control, special treatment
is needed.

Differential-geometric controllers were initially developed
for unconstrained, minimum-phase (MP) processes. During
the past two decades, these controllers were extended to un-
constrained, nonminimum-phase (NMP), nonlinear pro-
cesses. The resulting controllers include those developed by
Kravaris and Daoutidis (1990), Isidori and Byrnes (1990),
Isidori and Astolfi (1992), Wright and Kravaris (1992), van
der Schaft (1992), Isidori (1995), Chen and Paden (1996),
Devasia et al. (1996), Doyle III et al. (1996), McLain et al.
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(1996), Hunt and Meyer (1997), Niemiec and Kravaris (1998),
Kravaris et al. (1998), and Devasia (1999). Most of these con-
trollers are applicable only to single-input single-output, NMP
processes. Although controllers of Niemiec and Kravaris
(1998), Isidori and Byrnes (1990), Isidori and Astolfi (1992),
van der Schaft (1992), Chen and Paden (1996), Hunt and
Meyer (1997), Devasia et al. (1996), Devasia (1999), and
Isidori (1995) are applicable to multi-input, multi-output
(MIMO), NMP processes, either sets of partial differential
equations must be solved (Isidori and Byrnes, 1990; Isidori
and Astolfi, 1992; van der Schaft, 1992), or the controllers
are applicable to a very limited class of processes (Chen and
Paden, 1996; Hunt and Meyer, 1997; Devasia et al., 1996;
Devasia, 1999; Isidori, 1995). Recently, a differential-geomet-
ric control law was developed by Kanter et al. (2002) for sta-
ble, nonlinear processes with input constraints and dead-
times, whether the delay-free part of the process is nonmini-
mum- or minimum-phase. This control law minimizes the er-
ror between the delay-free controlled outputs and their refer-
ence trajectories. Implementation of the control law requires
solving a simple constrained-optimization problem on-line.
This article presents a real-time implementation of the
control law in Kanter et al. (2002) on a pilot-scale, multivari-
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able, liquid-level process in the Process Control Laboratory
at the Dept. of Chemical Engineering of the University of
Delaware (Gatzke et al., 1999). Issues in real-time implemen-
tation of the control method are discussed, and a controller
tuning procedure is presented. The process, which has four
tanks and two pumps, exhibits inverse response. Cross-feed-
ing to the tanks results in a movable process zero, which de-
pends on the fraction of the pump effluents sent to two of
the tanks (Johansson and Nunes, 1998). Two controllers are
developed and implemented, one derived using the process
outputs and the other derived using two auxiliary outputs.
Servo and regulatory responses are presented to compare the
performance of the two controllers.

Some preliminaries are given in the next section followed
by a description of the liquid-level process. Two nonlinear,
model-based controllers are synthesized and a controller tun-
ing procedure is presented, and the closed-loop performance
of the controllers and their computational loads are com-
pared.

Preliminaries

For the nonminimum-phase, multivariable, liquid-level
process, two model-based controllers are developed and im-
plemented. While the error-feedback control law presented
by Kanter et al. (2002) is used to design both controllers, the
second uses auxiliary outputs, constructed using the method
of Niemiec and Kravaris (1998). For completeness, the
method is reviewed here.

Requirements for equivalent outputs

Consider a nonminimum-phase process with a mathemati-
cal model in the form

dx
s =f(x)+g(x)u,
yl =hi(x)’ i=1’

x(0) = x, 1)

.., m

where xx =[x, - xn]T € X is the vector of state variables,
u=[u, - u,,]" €U is the vector of manipulated inputs, y =
[y, === y,]T is the vector of controlled outputs, f(.) and g(.)
are smooth vector fields on X, and 4,(), ---, h,,() are smooth
functions on X. Here X C ®" is a connected open set that
includes x;, and xo; U= {ulu, <u,<u;, i=1, -, m} C
®™ that includes ug; Uy, w00y Up, Up, 0, Uy, are real
scalars; and (x, u,,) denotes the nominal steady-state (equi-
librium) pair of the process; that is, f(x,)+ g(x,Ju,, = 0.

The relative order (degree) of a controlled output y;, is
denoted by r;, where r; is the smallest integer for which
[Ly L3~ 'h(x) - L, L3~ 'h(0)1#[0 -+ 0]; in practice, these
are finite. The characteristic (decoupling) matrix of the pro-
cess, ©(x), an m X m matrix with €; =L, L~ 'h,(x), is as-
sumed to be nonsingular for all x.

For a process that exhibits nonminimum-phase behavior,
auxiliary outputs are determined

YA,-:hA,-(X)’ i=1, -

€

,m

where 41,(), -+, h, () are smooth functions, which satisfy
the following conditions:
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(1) Each auxiliary output y, must have a relative order
(degree) equal to r;; that is, the relative order of the ith aux-
iliary output must equal that of the ith output.

(2) The characteristic (decoupling) matrix of the process,
expressed in terms of the auxiliary outputs, an m X m matrix
with €, =L L;"lhA (x), must be nonsingular for all x.

(3) The aux111ary outputs must be statlcally equivalent to
the process outputs: /1, (x,) =h(x;0), i=1, -+, m.

(4) The system

dx
—=f(0)+g(u, x(0)=x, (3)
Ya=ha(x), i=1, -, m

must be minimum-phase (has asymptotically-stable zero dy-
namics).

Finding auxiliary outputs

The auxiliary output maps /4 (x), -,

h, (x) are (Niemiec
and Kravaris, 1998) "

hAl(x) =hy(x)

ha, (¥) ="y, _1(X)

ha, (%) =h, (X)) +Zi27q,(x) (4
Here, the first m —1 auxiliary outputs are statically equiva-
lent to the first m —1 process outputs by construction. The
mth auxiliary output becomes statically equivalent to the mth
process output when ¢, ', ¢q,_,, vanish at the desired
steady state. The constant parameters, A;, -, A, _,, are ad-
justed such that the system of Eq. 3 is minimum-phase at the
desired steady state; that is, A;, -+, A,_,, are adjusted to
position the zeros of the linear approximation to Eq. 3 at
desired locations z¢, -+, z4_, in the left-half plane.

Assuming that the m X m matrix

[gl(x)]n—m+l [gm(x)]n—m+]

[6.(0)], L8, ()],

is nonsingular, the scalar functions g,(x),
constructed using

“, q,_n(x) are

C]j(x)=

[f(x)]n—m+1
[gm(x)]j}Q71 >
[f(0)].

n—m (5)

] ={[g1(0)];

j:1’ '.'5

where [g;(x)] ; and [f(0)] ; represent the jth rows of the vec-
tors [g;(x)] and f(x), respectively.
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Figure 1. Liquid-level process.

Values of A, -+, A,_,, that assign the zeros of the linear
approximation to Eq. 3 at the desired steady state to z_,‘-” us-
ing the mapping in Eq. 4, are determined from

sI-A -—B
c 0
det :
Cruot 0
Ca, 0
-A -8B
¢ 0 -
. n m Ky
= det : 11 (1——d) (6)
¢,y 0 |/71 %
c 0

where A= df/ox|. +XJ lugl; dg;/oxl. , B=g(xy), ¢;=
Iy f0x] x5 ey €=y fOX\x s g =Ny fOXI .

Pilot-Scale Liquid-Level Process

Figure 1 shows the four-tank system (Johansson and Nunes,
1998; Gatzke et al., 1999). Two centrifugal pumps P-1 and
P-2 pump water from a basin into four overhead tanks, T-1,
T-2, T-3, and T-4. Tanks T-3 and T-4 drain freely into
tanks T—1 and T-2, which drain freely into the basin. The
liquid levels in tanks T—1 and T-2 are measured with pres-
sure transducers and, in each pump, the percentage of its
maximum speed is manipulated. Below 32%, insufficient head
is developed to induce flow into tanks T-3 and T—4. The
piping is configured so that pumps P—1 and P-2 affect the
levels in tanks T—1 and T-2, with a portion of the flow from
P-1 (P-2) directly into tank T—1 (T-2). The remaining por-
tion flows into T—4 (T—-3), which drains into T-2 (T—-1). The
distributions of flow are set using the bypass valves. To intro-
duce a disturbance, an artificial leak from tank T-3 to the
basin is created using a submersible, on-off pump with a ca-
pacity of 32.21 cm?/s. More details about the process can be
found in Gatzke et al. (1999).

The computer is a PC with a 350 MHz processor, a 512 kB
integrated cache, and 256 MB RAM. MATLAB and the Dy-
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namic Data Exchange (DDE) software are installed on the
computer. Once a control action is calculated by MATLAB
using the control algorithms described next, with a sampling
interval of 1 s, it is sent to a Bailey Freelance Distributed
Control System (DCS) for implementation. The level signals
are sampled and delivered to MATLAB using DDE soft-
ware. When control is transferred from the DCS to MAT-
LAB, the control algorithm is activated; that is, MATLAB
simulates the closed-loop block diagram in SIMULINK. As
the simulation proceeds, the calculated control action is im-
plemented, with new output measurements sent to the con-
troller. This is accomplished using the DDE commands.

Process model

A first-principles model of the process is used for con-
troller synthesis (Johansson and Nunes, 1998; Gatzke et al.,
1999). Under standard assumptions, mass balances on water
in the four tanks yield

dL, 4 a3 Y1k,
—=——1/2gL, + —/28L; + ——
dt A, 8Ly A, 8Ls A, Uy
dL, a, ay Y2k,
——=——/2gL, + —+/2gL, + ——
d A, 8o A, 8Ly A, )

7
dL; as (I=72)k; )
T T L, Uy
dt Aj As
dL, Ay (I=v)k
T T L, Uy
dt Ay Ay

Here, L,, L,, L5 and L, are the liquid levels in tanks T-1
through T—4. v, and v, are the percentages of the maximum
speed in pumps 1 and 2. They can vary between 32 and 100.
Ay, A,, A; and A, are the cross-sectional areas of tanks
T-1 through T-4. a,, a,, a; and a, are the cross-sectional
areas of the outlet pipes from tanks T-1 to T-4. g is the
acceleration due to gravity. vy, is the fraction of the flow from
pump P-1 that enters tank T-1, and vy, is the fraction of the
flow from pump P-2 that enters tanks T-2. k; and k, are
proportionality constants that relate the percentage of the
maximum speed to the volumetric flow rates in pumps P-1
and P-2, respectively. The process parameter values are given
in Table 1.

The steady-state pair (x,, u,) corresponding to y,,=
[14.10 11.201" is (L, =14.10, L, =11.20 Ly =718, L, =
4.66, v, =[59.76 59.90]"), which is hyperbolically stable
(Jacobian of Eq. 7 has eigenvalues at s =—0.017, —0.021,
—0.026 and —0.032, all in the left-half plane).

Table 1. Model Parameters

A,, Ay, Ay, A, = 730 cm?
a, a,, az, a, = 2.3 cm?
g = 98lcm-s?2
k, = 551cm3-s7!
ky = 6.58 cm3-s7!
vy, = 0333
¥y, = 0307
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The zero dynamics are

m _A_3 2gm
(I=v2)k, A4, | a, ay
4+ — /2 —/2
A Y2k Az‘/ Bsps A, &
. a 2
== A4 4Up)
(1 ')’1)k A,

(Al V gyspl j \/28711 )

whose Jacobian evaluated at n, =[L; L, I"=[7.18 4.66]"
has eigenvalues at s=0.033 and —0.091." Since the first
eigenvalue is in the right-half plane, the process is nonmini-
mum-phase at this steady state. As a result, inverse responses
to step changes in the manipulated inputs are present, as
shown in Figure 2. Initially, L, decreases due to less flow
into tank T—1 from pump P—1. Then, the increased flow from
pump P-2 drains from tank T-3 into tank T—1, causing a net
increase in the level of tank T—1. L, responds in a similar
fashion (shows inverse response).

Ay Yiky

Controller Design
The process model Eq. 7 is in the form of Eq. 1 with

4
- —/2 + 2
A & Al &3
a, a,
- A_Vngz + A_V2gx4
2 2
f(x)= as ’
——/2
A, 853
a4
——/2
A, 84
[ v1k, 0 1
4
0 Y2k,
4,
x)= 8
8(x) 0 (I=v2)ky ®)
A3
=7k 0
A,
hy(x)=x,
hy(x) = x,
where x =[L, L, Ly L,]", u=[v, v,]", y=[L, L,]", m=2,

ri=ry=1,u, =u, =32, and u, =u, =100.

Controller 1

Using the error-feedback control law presented by Kanter
et al. (2002), a model-based controller is developed on the
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basis of the process outputs. With p,= 2, the error-

feedback controller has the form

P2=

dx, a; as Yiky
T T Vet Ve ——u, x(0)=xy,

1 1 1

a, ay Y2k,
_A_Vzgxz +A_V2§C4 + 1 4 x,(0) = x

2 2 2
dx as (1=v2)k,
oA, 2, T, U x3(0) = x5,
dx4 ay (I=y)k,
e A_4 2gx, 4, Uy, x4(0) = x4,

u=5F[x, e+ h(x)] €)

where u = F[x, {]is the solution to the optimization prob-
lem

m G—h(x)—2€hl(x,u
min Y. w; () 5 Cx, ) —h?(x,u,0)| (10)
“oi=1 €
subject to the input constraints
u, <u;<uy, i=1, -, m

Here
hy(x) = x,

a; as 02L
/’l}(X, u)=—A—‘/2gx1 +A—‘/2gx3 +_A U
1 1 1

a, as
h? 0)=—- 2gx, +—4/2
(x,,0) Z\F[ Ve
N 71k1u + 03 ‘/—
A, 2\/_
1— k
+( 72) zuz}
Aj
hy(x) = x,

s
hy(x,u)=— A—\/2gx2 +
2

Y2k

ay
— 2 + —_
sz 8Xq A, U

m2(x,u,0 e ,/2
o - 2\/—[
ay Y2k, ay 1
+—2gx, + +—2
A VIE T TR | T VR
ay, (1—-vy)k
P, 2 +—_
[ A4V &y A, 1

and €, and €, are positive adjustable controller parameters
that inversely affect the speed of the y, and y, responses,
respectively.
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Figure 2. Real-time open-loop responses to step
changes in the pump speeds.

Controller 11

Alternatively, using the error-feedback control law pre-
sented in Kanter et al. (2002), a model-based controller is

developed on the basis of auxiliary outputs obtained accord-

ing to the procedure described earlier. The choices z{ =

—0.033 and z¢ = —0.091 lead to the auxiliary outputs

hAl(x) =hy(x)

hy(x)=hy(x)—37.35q,(x)+37.34¢,(x)
! as V144
=—— 28 +—2g; + ———/2
q:(x) Al\/ gt V28x3 Al(l—vl)‘/ &4

VI R s e
(11)

gx(x)=—

To derive the error-feedback control law, because the pro-
cess with these auxiliary outputs is minimum-phase, it is suffi-
cient to choose p,= p,=r;=r,=1. The corresponding er-
ror-feedback control law has the form

dx, a, 71

?=—A—l + "/ 3 +——uy, x](0)=x

dx
—2_ ‘/ + ‘/ + uz, x,(0) =

dx; as (1=17v,)k,

o A_3 &5+ A—3u2’ x3(0) = x3,

dxy ay (1=v)k

E - A_ 2gx, A, Uy, x4(0) = X4,
u=5%,[x,e+h(x)] (12)
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where u = F,[x, {]is the solution to the optimization prob-
lem

m —h 2
min Y w, G ha(x) — Rl (%, u) (13)

o= €

subject to the input constraints

U, <u;<uy,, i=1,-,m
Here
hy(x)=x,
Pla (%, ”):_%\/ﬁ+%\/ﬁ+ y;l—klul
1 1 ’

hy(x)=hy(x)—37.35q,(x)+37.34g,(x)

Ry (x,u)=Lsh, (x)+ Ly hg(x)u;+ Lo hy (x)u,

and €, and e, are positive adjustable controller parameters
that inversely affect the speed of the y, and y, responses,
respectively.

Controller tuning procedure

The following procedure is proposed for tuning the con-
trollers:

e Using the conditions in Kanter et al. (2002) on the basis
of the process model, choose the smallest values of the pa-
rameters p, and p,, and the values of the parameters €; and
€, (closed-loop “time constants” of the process output re-
sponses) that ensure closed-loop stability.

e In the presence of input constraints, using closed-loop
simulation studies, the values of the parameters w, and w,
are set to obtain satisfactory process output responses.

e In the presence of input constraints and in real-time, the
parameters €; and e, are fine-tuned to obtain satisfactory
process output responses.

This procedure led to the values: €, = €, =39.37s, w;, =w,
=10° and p,=p,=2at y,,=[14.1 11.2]" for Controller I,
and €, =¢€,=50s and w, =w, =1 for Controller II. Since
Controller II has fewer tunable parameters than Controller I,
it is easier to tune.

Controller Performance

With the process at the steady state corresponding to y,,

=[11 1977, the set point is adjusted to Ysp =[14.1 11.2]". The
closed-loop responses under the two controllers are depicted
in Figure 3, and the corresponding Integral of Squared Er-
rors (ISEs) are given in Table 2. Under Controller I, the L,
response has a significantly lower ISE, while the L, response
has a slightly larger ISE. In terms of the sum of the ISEs
(ISE1+1SE2), Controller I performs better. Inverse response
occurs in both controlled outputs under Controller I, but only
L, experiences inverse response under Controller II. This is
because (i) the first auxiliary output is identical to L, under
Controller II’s design and (ii) Controller I forces a first-order
response to the first auxiliary output when the manipulated
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Figure 3. Real-time servo responses under Controllers
I and II.

inputs are no longer saturated. The price of the “inverse-free”
response in L, is paid by L, which experiences a very large
inverse response. Also, compared to the response under Con-
troller II, the L, and L, responses under Controller I are
more oscillatory. An attempt was made to increase the speed
of the L, response by decreasing €; in Controller I. How-
ever, sustained oscillations in the process outputs occurred
before any significant increase in the speed of the L, re-
sponse was observed. As expected, integral action of the con-
trollers ensures offset-free responses in both controlled out-
puts. The real-time responses confirm the existing theoretical
results (Holt and Morari, 1985; Niemiec and Kravaris, 1998);
that is, inverse response in multivariable processes:

e Cannot be eliminated in all controlled outputs.

e Can be eliminated in real time in some controlled out-
puts at the expense of having larger inverse responses in other
controlled outputs.

Figure 4 compares simulated servo responses under Con-
trollers I and II and the completely-decentralized internal
model controller

y (s)— s2+ a s+ By . (s)
! y (X252 +2)s) 2
2+ ays+ B,
uy(s) = y(A%s2 +2)s) ei(s)

with «a; = 0.05317, B; = 0.000674, «, = 0.04462, B, =
0.0004839, y =0.0001627, and A =30. The preceding com-

Table 2. ISEs of the Responses

Servo Responses
ISEs (cm?+s) Controller I Controller IT Controller I Controller 1T

Regulatory Responses

ISE1 (ISE of L;) 0.07e4 0.06e4 5.21e2 0.68e2
ISE2 ISE of L,) 0.31e4 1.36e4 0.53e2 5.23e2
ISE1 +ISE2 0.38e4 1.42¢4 5.74e2 5.91e2
2252
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Figure 4. Simulated servo responses under the com-
pletely-decentralized linear controller and
Controllers | and II.

pletely-decentralized internal model controller consists of two
single-input single-output (SISO), proportional-integral-de-
rivative (PID) controllers with first-order low-pass filters. The
controllers were designed and tuned using the standard inter-
nal model control guidelines. The details are as follows. Lin-
ear approximation of the process model around y,, =14.1
and y,, =11.2 leads to the process transfer function

G(s)

0.002513 0.0001627
_ s+0.01858 52 +0.04462s +0.0004839
- 0.0001627 0.002767
52 +0.05317s +0.000674 s +0.02085

This matrix transfer function has a relative gain array of

—0.2840
1.2840

1.2840
—0.2840

which suggests pairing (i) y, and u,, and (ii) y, and u,. The
completely-decentralized internal model controller (two SISO
PID controllers) are then designed using the process matrix
transfer function. Although the process is mildly nonlinear,
as Figure 4 shows clearly, Controllers I and II outperform the
completely-decentralized linear control system in terms of
servo performance. The response under the linear controller
has the highest individual and sum of the ISEs.

Figure 5 shows the simulated output responses of the pro-
cess to step and ramp changes in the set points [(a) step
change and (b) ramp change]. The y, response under Con-
troller I has a lower ISE in cases (a) and (b). However, y,
response under Controller IT has a lower ISE in cases (a) and
(b). In terms of ISE, these responses are similar to those
shown in Figures 3 and 4.

With the process at the steady state corresponding to y,,
=[14.1 11.2]7, a step change is made in the leak from tank

AIChE Journal
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Figure 5. Simulated servo responses under Controllers

I and II, with (a) step- and (b) ramp-changes

in the set points.

T-3 (an unmeasured disturbance) from 0 to 32.21 cm’/s at
t =10 s. The closed-loop responses under the two controllers
are depicted in Figure 6, and the corresponding ISEs are given
Table 2. As in the servo responses shown in Figure 3, under
Controller I, the L, response has a lower ISE, while the L,
response has a larger ISE. The price of the response with
lower ISE in L, under Controller II is paid by the higher ISE
of the L, response. In terms of the sum of the ISEs (ISE1+
ISE2), the performances of the two controllers are compara-
ble. The integral actions of the controllers reject the effects
of the constant unmeasurable disturbance and possible model
errors.

Conclusions

Real-time implementation of a recently-developed method
of model-based controller design was presented. In particu-

.| — Cont. |
<<<<< Cont. Il

L
50 100 150 200 250 300 350 400 450 500
13 T T T T T T T

Sl . - Cont. Il

P el . ) X X I ; ; ;
0 50 100 150 200 250 300 350 400 450 500
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32 L L | . L . . \ .
0 50 100 150 200 250 300 350 400 450 500
100 T T T T IS ST O v =
> 80+ g
70 A 1 1 1 1 1 1 Il 1 1
0 50 100 150 200 250 300 350 400 450 500

time (sec)

Figure 6. Real-time regulatory responses under Con-
trollers | and II.
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lar, the performance of two controllers were studied. Con-
troller I was designed on the basis of the actual process out-
puts, while Controller II was designed on the basis of two
auxiliary outputs. Controllers I and II showed similar perfor-
mance in terms of the sum of the ISEs. Among the advan-
tages of using auxiliary outputs instead of the actual process
outputs for the controller design were that: (i) all of the in-
verse response was moved to one output, resulting in better
servo performance in the remaining output; (ii) slightly less
computation time was required to compute u; and (iii) the
controller tuning was easier.

In general, a controller designed on the basis of the auxil-
iary outputs requires less computation time than one de-
signed on the basis of actual process outputs. When auxiliary
outputs are used, the objective function of the controller is
more likely to be convex, and, hence, simpler algorithms, such
as the one described in Soroush and Valluri (1999), are ade-
quate. In the case of a nonconvex controller performance in-
dex, a global optimization algorithm is necessary, greatly in-
creasing the computation time. Because of its low computa-
tional load, an auxiliary-output-based controller is more suit-
able for fast processes, such as mechanical and electrical pro-
cesses. For the four-tank process, Controllers I and II both
have convex objective functions. As a result, their computa-
tional speeds do not differ significantly.

Nonminimum-phase behavior can be due to the presence
of an unstable mode in the zero dynamics of the process (finite
right-half-plane zero in the linear case) and/or a time delay
(infinite right-half-plane zero in the linear case). The real-
time results “validated” the existing theoretical proofs that
inverse response (caused by unstable zero dynamics) in a
multivariable process:

e Cannot be eliminated in all controlled outputs.

e Can be eliminated in some controlled outputs at the ex-
pense of having larger inverse responses in other controlled
outputs.

Thus, as already shown theoretically in the literature (Holt
and Morari, 1985; Niemiec and Kravaris, 1998), a model-
based controller: (i) can eliminate nonminimum-phase behav-
ior in a controlled output if the behavior is caused by unsta-
ble zero dynamics (finite right-half-plane zero in the linear
case); (ii) cannot eliminate the behavior, if it is caused by a
time delay (infinite right-half-plane zero in the linear case).
Nonminimum-phase response caused by a time delay cannot
be eliminated by control, because the elimination requires a
noncausal controller.
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Notation
a,, a,, a;, a, =outlet cross-sectional area of tanks T—1 to
T4, cm?
Ay, A,, A;, A,=cross-sectional area of tanks T-1 to T-4,
2
cm
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A =Jacobian matrix of Eq. 3
B =B-matrix of linear approximation of Eq. 3
e =error in measured output vector, y, — y
g =acceleration due to gravity, cm-s~>
h,(.) =ith output map
h 4 () =ith auxiliary output map
" I =identity matrix
k,, k, =pump constants, cm>-s~
Ly, L,, L, L,=level in tanks 1 to 4, m
m =number of inputs and outputs
n =process order
p; =orders of the requested response for y;
P-1, P-2 =pumps 1 and 2
q(x), -+, g,_(x)=functions that vanish at steady state; see
Eq. 5
Q =last m rows of g(.)
r; =relative order of y;
t =time, s
T-1, T-2, T-3, T-4 =tanks 1, 2, 3 and 4
u = process input vector
u;, =lower bound on ith process input
u;, =upper bound on ith process input
v, v, =percent of maximum speed in pumps 1 and
2

1

w; =ith weight in the controller performance in-
dex
x =vector of state variables
y =controlled output vector
y4 =auxiliary output vector
y =measured output vector
Ysp =set point vector
= desired locations of the zeros of linear ap-
proximation of process with equivalent out-
puts

d

z{, e zn

Greek letters

v, (y,) =fraction of flow leaving pump P-1 (pump
P-2) that enters tank T-1 (tank T-2)
¢; =ith tunable parameter of controller

Li=e;+hi(x)
m =states of zero dynamics, n; = L3, m, =L,
Ay, o5 A, _,, = parameters in s, that place zeros of Eq. 3
at z¢, -, z4_
Subscripts
A = auxiliary

ss =steady state
sp =set-point
0 =initial value
[.]; =ith row of matrix
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