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Abstract

This paper presents the application of direct model
reference adaptive control (DMRAC) on a nonlinear
model of coupled-tank liquid level control system
through simulation. The coupled-tank liquid level
control system is regarded as the relevant plant to
emulate the process control in petrol and chemical
industries. The processing plants in these industries
largely involve in controlling the liquid level and the
flow rate from one reservoir to another in the presence
of nonlinearity and disturbance. This requires the use
of adaptive techniques such as DMRAC in the process
control system. Coupled-tank which resembles the
model of the chemical or mixing process plant is used
to evaluate the performance of DMRAC under various
conditions. A simulation is carried out using
MATLAB® and Simulink® to control the modeled
nonlinear coupled-tank using the adaptive control
algorithm. It is also utilised to show that the controller
can produce the appropriate control signals to the
coupled-tank system to control the liquid level in the
presence of plant nonlinearity, disturbance and
measurement noise.

1. Introduction

Process in petrol and chemical industries largely
involves controlling the liquid level and the flow rate
from one reservoir to another in the presence of
nonlinearity and disturbance. This requires the use of
adaptive techniques such as DMRAC in the process
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control system as fixed controllers are often not
capable of controlling a process whose system
parameters are varying and disturbances acting upon
the system during the operation. The simulated
nonlinear plant model is based on the principle of mass
balance, i.e. the rate of change of liquid volume in
each tank equals to the net flow of liquid into the tank.
This nonlinear plant model is used instead of linearised
perturbation model of coupled tank as to evaluate the
controller performance in the presence of nonlinearity.

The DMRAC algorithm proposed by Sobel,
Kaufman, and Barkana [1] provides an attractive
adaptive control approach. Its control structure adopts
the use of linear combination of feedforward model
states, command inputs and the error feedback between
the plant outputs and the model reference outputs. One
of the properties that make the algorithm relatively
easy to be implemented is that it only requires the plant
and reference model outputs and reference model
states to be available for measurement. Other related
works such as Landau [2], termed the approach as an
adaptive model following control. Another attractive
characteristic of this algorithm that provides design
convenience is that the order of the reference model
can be made lower than that of the order of the plant to
be controlled. This complements its ability of not
needing the identification of process parameter.

The performance of PID controller is also presented
as to show a brief comparison. A series of tracking
performance test, disturbance rejection and plant
parameter variations are then introduced in the
simulation.
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2. Nonlinear model of coupled-tank

The mathematical model of the coupled-tank liquid
level control system in the simulation is formulated
based on a real laboratory-scale coupled-tank system,
developed by Augmented Innovation Ltd. The plant is
currently used as an experimental apparatus in the
Faculty of Electrical, UTM, Malaysia. The coupled-
tank consists of two tower-type tanks with an internal
baffle in between, as shown in Figure 1. The schematic
of the coupled-tank is similar to the attempt made by
Lian et al [4] in modeling the Kent Ridge Instrument’s
coupled-tank. The height of the baffle can be adjusted
to vary the leakage closure between the two tanks.
Both tanks are equipped with an outlet whose opening
can be varied by means of adjustable clamps. These
vary the discharge coefficient of the liquid flowing out
of the respective tank. The water level of the liquid in
each tank is measured by a capacitive probe sensor that
converts the capacitive measurement to an electrical
signal in voltage unit. The control objective is to
control the liquid level in Tank 2 by manipulating the
flow rate of the liquid into Tank 1 by means of pump
(Pump 1) voltage.

The simulated plant dynamics are based on the
principle of mass balance which states that the rate of
change of liquid volume in each tank equals the net of
liquid flows into the tank.

Capacitive Probe 2

Capacitive Probe 1

S

\\ Qi1
Pump 1 c

Hj

Tank 2

Pump 1

Qiz

H3

01 02

03

Outlet 1 Outlet2 |
Figure 1. A schematic of the coupled-tank
level-control system

The liquid used in the plant is assumed to be steady,
non-viscous, incompressible type of liquid which leads
to the use of Bernoulli’s equation to obtain a set of
nonlinear state equations [4]:

=Q; _al\/H—l_aM/ma

dH,
dt

A M

dH,
dt

A, :Qiz_azx/H_z"'aﬂ/Hl_Hz (2)

Where H, and H, are the height of fluid in Tank
1 and Tank 2 respectively. The volumetric flow rates

of Pump 1 and Pump 2 are represented by Qn and
Qi » respectively. Each outlet drain can be modeled as

a simple orifice. The parameters &, &, and &3 are
the proportionality constants of the corresponding

JH,4/H, and y/H, —H, terms which depends
on the coefficients of discharge, the cross sectional
area of each orifice (01,02 and O,) and the

gravitational constant.
Table 1 shows the parameters of the coupled-tank
system used in the plant modeling and simulation.

Table 1. Plant’s parameters

Description Value
Cross sectional 32 cm?
area of each
tank
Proportionality a, a, a,
constant , &; (Cms/z /sec)
subscript | 14.30 14.30 20.00
denotes which
tank it refers.
«; corresponds
to the opening
between the
tanks.
Sensor gain 0.157 V/cm
Pump gain 13.571 cm’ /s/volt
Pump motor’s 1 sec
time constant
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3. Formulation of DMRAC algorithm

The linear time-invariant model reference adaptive
control problem is considered for the nonlinear plant

Xp(t) = A X, (1) + B u, (1)

2)
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where X, (t)is the state vector, U,(t)is the
control vector, Y (t)is the plant output vector, and

A, , B, are matrices with appropriate dimensions. The

range of plant parameters is assumed to be known and
bounded with

a; <a,(,j)<ay i j=l..,n
l—)ij = bp(i’ J) < Eij, 1=1..,n 3)
j:17 '9m

The objective is to find, without explicit knowledge
of A, and B, the control U (t) such that the plant

output vector Y, (t) follows the reference model

X,y (6) = Ay X (1) + By (1)
Yo () =C X, (1)

(4)

The model incorporates the desired behavior of the
plant. The order of the actual plant is allowed to be
higher than the order of the reference model which
simplifies the characterisation of the reference model.

The ideal control law u’;(t), generating perfect

output tracking and the ideal state trajectories X; (1)

is assumed to be a linear combination of the model
states and model input:

XT) St Sp || Xn (D)
L = (%)
up Sy Syl Un
where U, is presently set to a constant.
The Sij submatrices satisfy the following
conditions
SllAm = Apsll + BpSZI
S,B,=AS,+B,S,, (6)
C,=C,S,, 0=C,;S,
When  perfect  output  tracking  occurs,
X, (t) = X, (1), and the ideal control is given by
u:(t): SZIXm (t)"'szzum ()
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If when perfect output tracking does not occur,
Y, (1) # Y, (t), asymptotic tracking is achievable

provided stabilizing output feedback is included in the
control law

u p (t) = S21Xm (t) + SZZUm (t) + Ke(ym (t)
—Y, (1)
Therefore, the adaptive control law based on this

command generator tracker (CGT) approach is given
as [1]

U, (1) = K, Yo (1) = ¥, (0)]+ K, (D)X, (t) o
+K, (0, )

where K, (1), K, (t), and K, (t) are adaptive

gains and concatenated into matrix K(t) as follows

Kb =[K. (1) K@ K,@®] a0

| REFERENCE MODEL +

PLANT

Ku

ADAPTATION

MECHANISM

Figure 2. DMRAC structure

Figure 2 depicts the general structure of the
DMRAC control scheme in a form of block diagram.

Defining the vector r(t) as

Y (D) =Y, ()
X (1)
U, (t)

the control U (t) is written in a compact form as

ri) = (11)

follows

u, (0 =KM®r (12)
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The adaptive gains are obtained as combination of
an integral gain and a proportional gain as shown in

[1].
K(t) = K, (t)+K(t)
K,®O=[y,®-y,OIr ®OT,, T,20

K, (1) =Ly, (D -y, O OT, oK (1), T, >0

(13)

The sufficiency conditions for asymptotic tracking

are
1. There exists a solution to the CGT problem [1].
The plant is ASPR; that is there exists a

positive definite constant gain matrix Ke , not

needed for implementation, such that the closed
loop transfer function

G(e)=[1+G,(9OK,I'G,(s) (14
is strictly positive real (SPR) [3].
The term o in the expression of K, (t)in equation

(13) introduced by Ioannou and Kokotovic [7] helps to
avoid the divergence of the integral gains in the
K,(t) is the perfect
integrator and may reach unnecessarily large values
when the perfect following

(e,(t) =y, {t)—Yy,(t) =0) is not possible during

presence of disturbances.

steady increase. With the o-term, K, (t)obtained

from the first-order filtering of ey(t)rT (1T cannot
diverge. This aids to system stability.

4. Adaptation Mechanism

The
adaptation, K ) (t) and integral adaptation, K, 1)

adaptation weight for the proportional

(see equation 13) are determined using the method
outlined by Howard [1]. It is to base the initial weight
selection on the CGT solution for the nominal process

parameters (A;,B;,C ). A linearized perturbation

model of the second order SISO plant is used to obtain
the initial adaptive weight.

4.1. Adaptation weights for nominal response

Table 2 shows the adaptation weights for nominal
response system.

Table 2. Adaptation weights

Reference Model | Adaptation weights
state variables a.md (T for K p(t),T for Ki (t))
model following
output errors
K,® | K,®),T=T/z
2 0.06
ml
X, 2 0.06
U, 2 0.06
e 20 0.06
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T = settling time of the reference model response

5. Reference model

Different types of reference model can be
formulated with each governs different response
specifications. The transient response of reference
models depends on the plant to be controlled which is
in this case, a coupled-tank. Therefore, the selection of
reference model is usually preceded by a careful study
on the plant’s boundary and physical limits of which it
can operate.

In this simulation, a reference model is formulated
according to the nominal operation of the coupled-tank
equipment as outlined in the equipment’s manual.
From the nominal reference model, slow and fast
response can be also gauged and formulated within the
limits. In this study, the order of the formulated
reference model is of second order.

Some considerations are made when setting up a
reference model in the adaptation mechanism. For each
component of output vector, the initial position state of
the model transfer function would be set to the initial
value of the output itself. If a second order model is
used, the velocity state component should be set to
zero. The second consideration is that all initial plant
and model states would be set to zero if the plant starts
from rest. The initial conditions of the reference model
would have to be set such that the initial plant
reference model output vectors have the same value.
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5.1. Nominal response reference model

The reference model with nominal specification is

formulated to have the following performance
specification:

Rise Time, T, : 10 seconds

Peak Time, Tp : 23 seconds
Settling Time, T : 30 seconds
Percentage Overshoot, OS%: 5%

After the setting up of reference model, the state
space representation of the reference model with
nominal specification is decomposed as follows

" ol
h| 10]"

(15)

: 1 0

h, {—0.2667 —0.0363}
h2

y=[0 0.0361]“:1}

2

The parameter (], refers to the volumetric flow rate
of the water pumped into the first tank.The state space
of the reference model as shown in (13) need to be
modified to accommodate for the controlled variable
regulation defined as such

y=H2+05I-i2 (16)

This method is regarded as the regulation of an
output by means of weighted combination of H, (the
controlled variable) and its derivative.

5.2. Slow response reference model

As it has been mentioned before, the system to be
controlled by DMRAC can be tested under different
dynamic characteristic by defining the governed
reference model. Slow or fast response can be simply
gauged from the nominal reference model, paying
careful attention given to the physical limit of the
plant.

A simple notion to formulate the slower response
reference model is that it will have a longer settling
time of 50 seconds and rise time of 27 seconds. The
percentage of overshoot will be at 0.5%. The following
is the state space representation for such response
specification
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hl

h | [-0.16 —0.0087
N | 0 h,

+Hq
1
h, 0

|: 1}
2

5.3. Fast response reference model

The faster response reference model exposes the
system response to a slightly demanding response
specification. The settling time is set to 15 seconds
whilst the rise time is set to 7 seconds with an
allowable overshoot of 1%.

The corresponding state space representation for the
fast response specification is as follow

h | [-0.533 1Th] 1
= + q,
0.1042 0fh | |0

h, (18)

hl
y=[0 0.1042]
h2

6. Simulation Results

Responses of the system with nominal, slow and
fast reference model are observed.

As depicted in Figure 3, DMRAC with nominal
reference model achieves consistent performance and
maintains the desired transient response characteristic
throughout all operating points.

Response of the system for difflerent operating level for nominal response

T

sl & | commanded setpaint
= reference model response
—— plant response

water level in tank 2 (cm)
o
1

F TR = R T
time(sec)
Figure 3. Response of the system with
nominal reference model
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This result also applies to the case with the slow
response reference model as shown in Figure 4.

Figure 5 illustrates controller’s difficulty in achieving
the set point (15 cm of water level) with desired fast
transient response. However, the controller still
achieves good tracking performance for all water
levels lower than 15 cm.

Response of the system for different aperating level for slow response
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Figure 4. Response of the system with slow
response reference model
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Response of the system for fast response reference model at water level of 15 cm
18

T T T
reference model response
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water level in tank 2 (cm)
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time(sec)

Figure 5. Response of the system with fast
response reference model at water level of
15cm

6.1. Set point tracking

The set point tracking test consists of changing the
set point consecutively during the operation. Figure 6
shows the performance of DMRAC and PID in the set
point tracking test. The set point change is done at
every 100 seconds by a magnitude of 1 cm height in
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water level for the first two changes and 2 cm height
for the last two changes.

From Figure 6, it can be seen that DMRAC tracks
the set point changes in water level accurately as
compared to the fixed controller, PID. Besides from
the excellent tracking, the DMRAC sustains the
characteristic of transient response specified by the
nominal reference model for every set point changes.
In contrast, the PID controller exhibits inconsistent
transient response performance throughout the set
point changes. The PID controller requires its
parameters to be tuned for every operating range
because the plant characteristic is nonlinear whereas
DMRAC performance can be determined once by the
formulation of reference model.

6.2. Disturbance rejection

The disturbance rejection test is performed in the
simulation by introducing a load disturbance. In the
real plant, the load disturbance is in a form of water
inflow into Tank 2. In the simulation, the volumetric
flow rate of the water inflow is set to 40 CM” /sec. In
Figure 7, the DMRAC is able to recover to the set point

much quicker than that of PID upon the introduction of
load disturbance.

Performance of DMRAC and PID cenfroller in terms of setpoint racking profile(+1 +1 42 +2)

ut PID__

water level in tank 2 {em)

: Commanded Setpoint

L L L L L L L L
1] ) =) . # ] =]
time{sec)

Figure 6. Set point tracking performance
between DMRAC and PID
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Figure 7. Disturbance rejection performance

Table 3. Performance index comparison in
ITAE for set point tracking in the presence of

noise
Controller Performance Index,
ITAE
DMRAC 43570
PID 89480
6.3. Robustness in the presence of

measurement noise

The measurement noise is modeled as band-limited
white noise and it is installed at the controlled variable
feedback for both controllers in the simulation. The
result of the simulation of tracking performance in the
presence of measurement noise is shown in Figure 8.
Although the effect of measurement noise to the
DMRAC is relatively significant, the tracking
performance is still satisfactory. This can be proven by
computing Integral Time Absolute Error (ITAE) over a
time range of 9 minutes like shown in Table 3.
DMRAC gives a much lower ITAE as compared to
PID controller.

6.4. Plant parameter variation

The plant parameter is changed by closing the outlet
at Tank 1 during the steady state operation. Figure 9
shows that DMRAC is very robust to the plant
parameter variation as compared to PID. This verifies
the fact that the DMRAC algorithm does not require
explicit identification of the plant model.
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Performance of DMRAC and PID contraller in terms of setpaoint tracking in the presence of noize
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Figure 8. Tracking in the presence of modeled
measurement noise
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Figure 9. Response with plant parameter
varied

7. Conclusion

It has been shown that DMRAC can cope with the
coupled-tank nonlinear characteristic at all operating
points (water level or height in Tank 2). There exists a
design convenience of defining different sets of
reference model to represent the desired transient
response with reference model order much lower than
the plant’s order. This complements the algorithm’s
special characteristic of not requiring explicit
identification of the process or plant parameters. The
DMRAC controller is able to sustain the desired
transient response throughout the set point changes
both with and without the measurement noise
conditions. The DMRAC is also robust to the load
disturbance and sudden changes in the plant
characteristic.
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Conversely, PID controller exhibits inconsistent
transient performance at each set point change. This
shows that fixed controllers are not able to sustain the
predefined transient performance at all operating
points in the presence of plant nonlinearities. Although
PID controller’s parameters can be tuned by Ziegler-
Nichols on-line tuning method, the tuning is required
for each operating point which is inconvenient.
However, according to Rosbi [6], although Ziegler-
Nichols correlation is the best among of other tuning
method, set point responses are very oscillatory which
may lead to instability. This problem can be solved if
auto-tuning PID controller is used in the future.

The DMRAC’s susceptibility to measurement noise
can be solved by prefiltering at the controlled variable
feedback. In the real plant, this can be accomplished
by means of adequate filtering of the noise originated
from the capacitive probe.

The future improvement to the DMRAC algorithm
can be made by having feedforward compensator
design [3] and can be further extended to
accommodate MIMO type of settings in the coupled-
tank plant.
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