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Multivariable Decoupling
Compensator for a Tank

Level Control

Maja Atanasijevic—Kunc, Rihard Karba, France BremSak

Faculty of Electrical and Computer Engineering, Ljubljana, Slovenia

As multivariable systems are usually quite complex some
possible simplifications of nonlinear model of three
coupled tanks are presented in the paper. Well known
decoupling method is combined with classical design and
finally improved with so called conditioned technique
which can always be realised if decoupling is possible.
The simplification is so dual. This approach enables the
use of design methods for univariable systems but can
also be very helpful when switching between automatic
and manual control is needed, especially when com-
bined with anti-windup method known as conditioned
technique. We believe that in process industry there are
many cases where this solution can be successfully used.
Some other possibilities still under development are also
indicated.

Introduction

Usual situation in multivariable control system
design is that classical analysis and design meth-
ods for single-input, single-output (SISO) sys-
tems which would fullfil all design goals are
not applicable due to the cross coupling be-
tween input and output variables. This goals
are expressed specially in process industry with
terms like stability, good reference tracking and
disturbance rejection, robustness to model un-
certainties, safe and probably bumpless transfer
between automatic and manual control, etc.

One possible approach of solving such situa-
tions is an attempt to reduce or eliminate cross
coupling in such a manner that use of classical
methods is then possible on resulting subsys-
tems. Ifsuchdiagonal dominance or decoupling
is achieved, one can control each output of the

system only with the corresponding input. But
in spite of this situation we have to point out,
that decoupling doesn’t mean, that control sig-
nals of the plant are independent. This is of
course a very important fact as this signals have
to operate inside of the prescribed limitations.
However their dynamics is usually also the mea-
sure of energy consumption and therefore it is
desired to keep their absolute and effective value
as small as possible.

Mentioned problems are illustrated through the
nonlinear multivariable model of three coupled
tanks, which often can be found as a subsystem
in process industry. Paper is organized as fol-
lows. First the plant is described in terms of
normal operating values. Then nonlinear math-
ematical model and linearized approximation
is derived. Good reference tracking and dis-
turbance rejection is achieved by the combina-
tion of decoupling compensators and univari-
able Pl-controllers in the following section in
such a manner that in addition classical transfer
from automatic to manual control can be used
on each decoupled subsystem separately. Fur-
ther improvements of the closed loop behaviour
are obtained through the use of so called con-
ditioned technique or anti-windup method for
which it is shown that in combination with de-
coupled system it is always possible to find out
a solution.

As numerical algorithms for multivariable sys-
tems are usually very complex, the need for
suitable computer aided support is also impor-
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tant. For solving the described problem we have
used program package MATLAB (with SIMU-
LINK and some toolboxes) where all additional
operations were realized in the form of so called
m-functions.

Some concluding remarks and ideas for further
work are given in the end of the paper.

Model description

Schematic representation of the plant under con-
sideration together with some important operat-
ing data are shown in Fig. 1.

S = 1.54m*
hi =0.4m, hy =0.3m
E_v, = O2m, hima‘x = 0.6m

Eﬁvh = 0-18”13/;1, D inax = 018m3/h

Fig. 1. Schematic representation of three coupled tanks.

The system consists of three cylindric coupled
tanks with cross area.S. We would like to control
the level of the liquid in the first (A;(¢)) and the
third (h3(¢)) tank through input flows @, (1)
and @, (t). There is a possibility to measure
the levels in all three tanks and normal flows (in
steady state) are chosen to be in the middle of
the operating area. The normal values of other
variables are given in Fig. 1 (overlined). The
height of each tank equals 0.6m. System op-
erating is from time to time disturbed with the
flow @,,(¢) but it is not greater then 0.18m> /h.
Mathematical model of the system can be de-
scribed with the following equations:
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where valve constants K; can be evaluated from
steady state operating point. In our case they
are found to be: K1 = 0.5692, K5 — 0.5692,
K3 = 0.8050. It is well known, that nonlin-
ear relations in (1) can be approximated by the
use of Taylor’s series, so that linear state space
model can be derived for the neighbourhood of
the steady state as follows:
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where in our case matrices A, B, C and E are
found to be:
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where A denotes deviation from steady state.
Simulated results proved good matching be-
tween nonlinear and linearized situation, so fur-
ther design can be made on the basis of linear
model.

Decoupling and classical closed-loop
design

The comparison of both models gave also the
following conclusions. The system contains
cross coupling, which means that each of inputs
affects all output variables and initial conditions
of each state disturbe both outputs. Long lasting
disturbance ®,,(f) = 0.18m>/h can cause de-
cantation in the first and the second tank, which
must of course be prevented by suitable cho-
sen control action. Some additional analyses
showed, that system properties enable the decu-
pling of the process on the basis of the following
control law (Falb and Wolovich, 1967, Gilbert,
1969)

E =

x 4

lie>
o

@ (3)

where F' and G are constant compensators of
appropriate size. We have also some freedom
in choosing the elements of I so, that desired
closed loop configuration can be achieved while
the free parameters of G were calculated to en-
sure the gain of each path to be 1. In our case
the decoupling pair is:

e

—0.8999 -0.899% 0
0 —0.8999 0 |~

1.7998 0
Q:{ 0 1.7998]

The results of this action proved to be very suc-
cessful as it is now possible to control the out-
puts of the system quite independently without
steady state error between new inputs @ and
outputs y.

Also the disturbance rejection is quite good,
but some steady state error could be in this
case unavoidable, so in addition two univari-
able Pl-controllers were added in each loop
(Kp: = 1,Kp = 0.2).

Here we can mention, that some other classi-
cal control structures can be also acceptable.
But since the used decoupling compensator has
changed the closed-loop poles to be faster than
those from original system, the main control
action of additional SISO controllers have to
mantain the steady state error to zero.

Fig. 2 to 8 illustrate some characteristic be-
haviour of obtained closed-loop structure. In
Fig. 2 and 4 the responses 1in all three tanks to
step changes on the first (Fig. 2) and second
(Fig. 4) reference signal are shown , while in
Fig. 6 the responses to the disturbance (shown
in Fig. 8) are illustrated. Fig. 3, 5 and 7 present
corresponding (unlimited) control signals. We
can see, that good behaviour is obtained in al-
most all cases.

The exception is of course the situation, rep-
resented in Fig. 5, where we can see, that the
magnitude of the second reference signal after
t = 60[h] demands the second control signal to
exceed the prescribed operating area. As actua-
tor would not be able to realize such an action it
saturates at upper limit and the result of such sit-
uation is shown in Fig. 9. Due to the so called
wind-up effect this leads to very long settling
time of the process. Such undesired behaviour
can be (inside real possibilities) corrected by
the use of so called conditioning technique as
proposed by Hanus (1980, 1987).

Anti-windup compensation of
decoupled system

In Fig. 10 the complete closed-loop structure of
realized multivariable system is shown. Anti-
windup (AW) methods, originally proposed by
Astrom and Wittenmark (1984), use states of
controller to reduce the wind-up effect. Sim-
ple illustration of the problem in the case of
univariable Pl-contoller is shown in Fig. 11.

Hanus (1980, 1987) has reformulated the prob-
lem in terms of ’realizable’ reference signal. He
has shown that in the case when K, is chosen to
be Kp, the states of the controller are updated
in such a mannner that when the difference be-
tween the desired control variable and the actual
control variable disapears, the closed-loop sys-
tem reaches steady state with the same dynamics
as the unconstrained closed-loop system. The
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theory can be extended to multivariable case
(Hanus, 1987).

To use the idea in our configuration again the
combination of univariable and multivariable
case can be addopted. Comparing the situations
in univariable case in Fig. 11 and multivariable
configuration in Fig. 10 it can be seen that the
first part of compensation can be the same as
in univariable case (it means KLP( for each direct

path), but as the constrains are not posed on
but on u which is the control signal of the sys-
tem, the difference between u and u; must be
first multiplied by the G~'. The inverse of de-
coupling matrix G always exists if decoupling
is possible. The effect of such compensation
is illustrated in Fig. 12 for the case from Fig.
9, while in Fig. 13 the corresponding control
signals are presented.

From Fig. 12 and 13 we can conclude that such
conditioned technique presents quite an im-
provement of system behaviour. It can’t make
of course the second output to reach the desired
value between t = 60 to 120 [h], as control sig-
nal is not capable of such an action. The only
solution for such a case would be an extension
of operating possibilities of control action.

Conclusions

In the paper a combination of uni and multivari-
able design methods on nonlinear three coupled
tanks is illustrated.
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Fig. 8. Disturbance

First the system was decoupled with constant
state feedback while final steady state behaviour
was realized through two univariable PI-control-
lers. This structure enables very simple transter
from automatic to manual control as manual
control can be successfully realized with de-
coupling compensators in the loop. Operator
doesn’t feel the multivariable nature of the sys-
tem any more and can use each output from
univariable controller independently.

Bumpless transfer from manual to automatic
control is assured through suitable conditioned
technique which can always be realized if de-
coupling is possible. Even in the case when sys-
tem has weak inherent coupling, only additional
dynamical precompensator is needed (Gilbert,
1968, Cremer, 1971), and the inverse matrix
of compensated system has to be realized. For
nontrivial systems such solution always exists.

With other multivariable structures which do not
possess diagonal dominant or decoupled prop-
erties, opening of only one loop could be im-
possible due to stability problem which is in fact
very similar to the integrity problem.

The solution of such a situation can be some-
times problematic if system states can not be
measured directly. In such situations usually ad-
ditional dynamics have to be incorporated into
decoupling compensators. In the cases where
diagonal dominance is sufficient we belive these
complexity can be overriden so that complete
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decoupling structure is approximated on the ba-
sis of known control signals (Atanasijevicet al).
This area is still under development together
with possible AW compensator realization.
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