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AN EDUCATIONAL PLANT BASED ON THE
QUADRUPLE-TANK PROCESS

I. Alvarado ! D. Limon ! W. Garcia-Gahin2 T. Alamo ?
E.F. Camacho!

Abstract: This paper presents an experimental tank system developed at the University of
Seville for process control education. This plant is based on the well known quadruple-
tank process and some modifications have been done in order to obtain a wide range
of applications. The quadruple tank process is a multivariable laboratory plant of inter-
connected tanks that can be easily configured to exhibit the effect of multivariable zero
(minimum and non-minimum phase) on the system behavior, as well as the effect of non
linear dynamics, saturation, constraints, etc.

In the real plant implementation, the original structure of the process has been modified
to offer a wide variety of uses for both educational and research purposes.Thus, different
plants can be configured such as one single tank, two or three cascaded tanks, a mixture
process and hybrid dynamics. Moreover the dynamics parameters of each tank can be set
up by tuning the cross-section of the outlet hole of the tank. Furthermore, the real plant has
been implemented using industrial instrumentation and a PLC for the low level control.
Supervision and control of the plant is carried out in a computer by means of OPC (Ole
for Process Control) which allows one to connect the plant with a wide range of control
programs such as LabView, Matlab or industrial SCADA.
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1. INTRODUCTION vanced control courses as well as in research courses
(Johansson, 2000; Johanssenal., 1999; Rusliet
One of the difficulties encountered in control edu- a|., 2004; Longet al., 2005). The main property of
cation consists of providing a theoretical foundation this process is that it is appropriate to illustrate the
maintaining the practicality. To this aim, experimental importance of multivariable zeros since these can be
labs provide a powerful tool to fill this gap. An experi- |ocated at the right and the left half plane. Further-
mental lab should be designed to show interesting andmore, there exist other insteresting properties, such as

industrially relevant control problems which require the coupled nature of the plant, the measurable states,
not too skilled control solutions and real tools, such as the nonlinear behavior, for instance.

instrumentation, control programs, etc. o
To this aim, a laboratory plant based on the quadru-

The quadruple tank process has proved to be aple tank process has been designed and developed
very interesting system for control education in ad- at University of Seville. This plant is used for both
educational and research purposes. The objective of
the design has been to provide flexibility to the plant.
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an external device or from a computer by means of
an open and standard protocol OPC (OLE for Process
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1 | State Variables| Unit | Concept |
‘ H A cn? | Cross-section of tank i
{7(13 %4 a cm? | Cross-section of the outlet hole
hj m Water level of the Tank i
Ga; b m?/h | Flow over the pumps
[ — g m/¢ | The acceleration of gravity
hZ[ % % Im qi m?/h | Flow over the each tank
L _ Vi Parameters of the three-way valves

Linearizing the model in an operating point given by
h? and defining the variables= h; —h¢ andu; = q;j —
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Fig. 1. The Quadruple Tank Process scheme.
@

Control). Thus, any control software with OPC con-

nectivity (such as MATLAB, LAbView or commercial

0
whereT; = %1/% >0,i=1,---,4, are the time
SCADAS) can be used to control the plant.

constants of each tank.
The paper is organized as follows: first, the quadruple

tank process 'S presen_ted " section 2 a_”d the w_nple-The system is open loop stable with two multivariable
mented_ plant is _descnbed n ki foIonvmg sect|on_. zeros. The nature of these zeros is determined by the
In section 4 thellnstrumentatlon used in the plant is parameterss andys as follows

presented and in section 5 the control structure is
demonstrated. The paper draws to a close with some

conclusions.

e IfO <y +y < 1the system has Right Half Plane
transmission Zeros (RHPZ).

e If 1 < y1+ b < 2 has Left Half Plane transmis-
sion Zeros (LHPZ)

It is worth remarking that the sign of the real part of
2. THE QUADRUPLE TANK PROCESS the zeros does not depend on the operating point.

In addition to this remarkable property, the plant pos-
This process is a laboratory plant proposed in (Johanss¥#Sses another interesting features that make the plant
2000) aimed to show the effect of non-minimum zeros a@pPpropriate to be used for both educational and re-
of a multivariable system. The original plant consists S€arch purposes. These are the following:
of four interconnected tanks as shownin Fig 1. The in- (1) The linearized model of the quadruple-tank pro-
puts are the voltages of the two pumps and the outputs  ~ cess has a multivariable zero, which can be lo-
are the water levels in the lower two tanks. cated in either the left or the right half-plane by
The model of the system (Johansson, 2000) is derived simply changing a couple of valves.
from first principles as follows (2) All the states are measurable.
(3) The outputs are strongly coupled.
(4) The system is nonlinear.
(5) The states and inputs of the plant are constrained.
(6) The plant is easyly harmlessly handled.

dhy _ 7&1 % ﬁ
at = A 29hl+A1 29hs+Alqa 1)

dhz_7612 R 3
at - A 29hz+A2 29h4+A2qb
dhe 2 (1-v)

T Agx/Zghw s b

dhy & (1-w)
ot A4\/29m+ ™ Oa

Thus this plant can be used to show very interesting
control problems. Among these problems, the follow-
ing ones can be highlighted:

e Control of multivariable systems

e Control of systems with RHPZ and limits of
performance.

e Robust control.

where the parameters of the plant are: e State estimation.



e Tracking of constant references.
e Control under saturating actions.
e Controlof systems subject to constraints.

The design and implementation of the plant has been
carried out in such a way that the potential educational
interest is maximized. This is detailed in the following
section.

3. IMPLEMENTATION OF THE LABORATORY
PLANT

One of the main objectives in the implementation
of the quadruple tank process has been to provide
flexibility to the plant in the following aspects:

e Capability to setup different processes in the
same plant.

e Capability to tune some parameters which allows
us to configure the plant dynamics.

e Wide range of operating points.

Thus, the plant layout has been designed to meet

these specifications (see figure 8). The designed planfig. 2. The implemented laboratopjant.
differs from the quadruple tank process proposed in

(Johansson, 2000) in the following items: 3.1 Setting up the plant

e The three-way valve has been replaced by two
control valves controlling the flow of the pipes.
This allows us to fix a desired flow ratio between
the two pipes (that is, the paramejgrand hence
obtain anideal three-way valve.

Moreover, given that all the flows of the inlet
pipes of the tanks are controlled, different pro-
cesses can be configured.

e Extra pipes, manipulable valves and tank inter-
connections have been added to setup the differ-The most immediate processes that can be configured
ent processes. These will be shown in the follow- are two, three and four cascaded tanks; it is also possi-
ing section. ble to configure a mixture process, where the reservoir

e A manipulated valve with a position display has is split in two parts, containing the two products to
been placed in the outlets of the tanks in order to mix; these are mixed in one of the upper tanks and
manipulate the cross-section of the outlet Fple  the mixture is stored in the bottom tanks, connected
This allows us to configure the dynamics of each to enlarge the capacity. Another interesting process
tank of the process. is a simple hybrid system. This can be obtained by

e The tanks are transparent, with a rectangular connecting the two lower tanks at a certain height.
cross section and can be easily removed. ThisThus, the dynamic changes when some of the two
allows one to put in somad hocelement to  levels are above this height.
change the cross section, and hence change th
dynamics of the tank.

One ofthe main pros of the designed plant is the capa-
bility to configure different processes and dynamics.
In the appendix some of the possible configurations
are shown (see figure 9). These can be achieved by
opening and closing some of the manipulable valves.
See that the location of control valves in the tank
inlets allows us to obtain a larger number of possible
configurations.

(E)ynamics of the plant can be set up by adjusting
the cross-section of the outlets of the tanks. See that
Another relevant aspect of the plant is that it has beenthis parameter determines the constant time of the
implemented using industrial measurement devicestanks and also the water level at a given operating
and industrial control valves, which provides a realis- point. Thus these parameters can be fixed with two
tic framework to test controllers. These, together with objectives: change the time response of the system
the low-level control system, will be shown later on. or change the range of variation of the level. The
A photograph of the implemented plant can be seen indynamics can also be tuned by changing the cross
figure 2. As it can be seen, this plant is larger that the section of the tank, putting an element to change the
typical scaled lab plants (Rugt al., 2004; Johansson variation of the volume with the level. This allows us
etal., 1999) (the total height is 3.5 m and the tanks areto enlarge the degree of nonlinearity of the plant or
1.3 m tall). even obtain an hybrid system.



In the following section, some details of the instru-

Pressure Sensor Control Board

mentation are presented. o T
4. INSTRUMENTATION OF THE PLANT. 24’:&[5&5 CREANED
EM 231
The designed plant requires at least some devices to e o R o TR e

measure the water level in the tanks and control valves
at each inlet of the tank. Moreover, in order to ensure Fig. 4. Wiring of the pressure sensor.
the flow of water in each inlet, a flow sensor has been
added. The layout of the instruments in the plant and 5. THE CONTROL STRUCTURE OF THE PLANT.
their wiring diagram is shown in figure 3.

. . The control objective of the plant depends on the cho-
A.“ the mstru_ments used in Fhe plant are standard de'sen configuration although this is basically to regulate
vices gsed in the process industry. The level of the the levels of the tank. The plant is designed in such a
tanks is measured by pressure sensor and the ﬂow%vay that allows one to choose different control struc-

of thellnlelts by_ rr}nagngtm fIO\r/]v-mgters. 'ﬁ pneumatic e 1o carry out the control task. This control task is
control valve with positioner has been chosen to ma- typically carried out in two structures:

nipulate the flows of the inlets. The main reason why

industrial instrumentation has been used is to provide Cascaded Control: the control is divided in two lev-

a realistic benchmark to test controllers and teach the €ls (or loops): a lower level (inner loop) aimed to

students to use, configure and work with such devices. control the flow of each inlet and a higher level
(outer loop) where the the levels are controlled.

Flow meter Direct Control: the levels are controlled manipulat-

O pressure sensor ing directly the apertures of the valves.

Float " Float n
Switc % ?Swuc 4

Valve 3 Valve 4

G renscvie Op the other hand, the control law can be implemented
< in the PLC or by means of an external device given
Pump that all the signals (measurements and control actions)
are accessible in the control board. The external con-
trol is interesting from an educational and practical

Float Switch

Box 1

val vavez | |
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sesss O ooz = k=5 , erest _
foar | Foa point of view since this allows us to control the plant
Flowmeters [ frovmeters 1S9 by means of standard low level controllers, such as
Flow-meter 1 Flow-mater 2 | [ industrial PIDs, or using different PLCs or data acqui-
— sition systems.
ket Blis (O e Y
Power supply The PLC located in the control board can be used to

2V implement (simple) control laws, such as the low level
controllers or to be connected to a computer, allowing
us to control the plant by means of an application
running on the laptop. In figure 5 it is shown the
diagram of the cascaded control structure where the
The measurement provided by the sensors as wellow level PIDs are implemented in the PLC and the

as the aperture of the valves are electrical signalshigh level controller is implemented in the computer.
(4-20 mA current loop). The wiring of this signals

allows one to connect them to a Programmable Logic
Controller (PLC) located in the control board or to
connect them to an external device by means of plugs
located in the panel of the control board (see for
instance the wiring of the pressure sensor in the figure
4, where this is illustrated).

Fig. 3. Instrumentation and wiring of the plant
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In order to avoid overflows of the tanks, a float is
installed at the top of each tank and the on/off signal is 3 P T o8 e v
wired to the control board where an emergency stop of o

the plant is carried out closing the valves and stopping
the pumps. Fig. 5. The computer-based cascaded control structure

The PLC used as data acquisition device allows one toAll the process variables are periodically sampled and
use different control structures, which are presented instored in the PLC RAM in a real time data base. These
the following section. variables can be accessed from the computer thanks
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Fig. 6. Computer controlled system by means of OPC

to the existing connection with the computer. This ™ = # =5 sa =0
connection is an standard serial RS-232 under an oper

and simple character-based protocol fast enough to *
control the plant and that can be easily implemented. *

Thus, the most simple way to program an application
to control the plant is to code the protocol and sam- *
pling the state by reading the values from the data base
in the PLC and manipulating the plant by writing the
control actions in this data base. We have used this
approach to develop a LabView based application to
monitorize and control the plant.

o 1000 2000 3000 4000 5000 6000
time

In order to enhance the connectivity of the process Fig. 7. Evolution of the levels of the non-minimum
we have chosen an open and free protocol that can phase plant controlled by a GPC
be easily found in control packets and SCADASs: the

is its flexibility. Thus, the plant fi t
OPC (OLE for Process Control). Thus, an OPC serve s its flexibility. Thus, the plant can be configured to

r . . .
. . obtain cascaded tanks, a mixture process or a hybrid
developed byKepware Inc.has been installed. This eplant. Moreover the control structure is also flexible

Iiclm_f;[:war((aj rt;ea.\%s the vallrtl.ablej ftrortr; the'da::]a tlf‘ge_ﬁ: th allowing one to control in a cascade or in a direct

ar'aZITe cuz;n Sbi reaeémeeaz aan37:rln r'ti b : Otﬁsrestructure by means of the PLC, by using an external
variables used (1 wri .) y device or by means of a computer. In this case, OPC
applications by means of the OPC protocol in a server-

lient architect f 6. Control soft hprotocol has been chosen to provide connectivity to
clientarc |e(c®ure (see %Jre >- LONMIOT SOTware SUch o applications. In addition, it is interesting to

as MATLAB ©, LabView'™ or idustrial SCADAS 8 it that the plant has been built with industrial

SIMATICit ® implement an OPC client, and hence

can be connected to the plant. Based on the Opcmstrumentatlon.

protocol, connectivity of the plant from the World-

Wide-Web is also possible (Reyesal., 2005) Finally it is worth to remark that this plant has been
successfully used for practical works of students in

Th nnectivi f the plant resul very in- .
€ connectivity of the plant results to be very basic control courses as well as our research group.

teresting for the objectives of the plant: education
and research. For instance for basic control courses,
Simulink or LabView based controllers can be easily
implemented and applied to the plant by means of
the OPC connection. For more advance courses, anJohansson, Karl Henrik (2000). The quadruple-tank
SCADA can be used to design standard controllers or process|EEE Trans. Automatic Control.
commercial packages such as DMC, for instance. ForJohansson, K.H., A. Horch, O. Wilik and A. Hansson
research, the facilities of the plant allows one to test (1999). Teaching multivariable control using the
the controllers easily on the real plant. For instance, in quadruple tank process. Im proceedings of the
figure 7 it is shown the evolution of the lower levels of IEEE Conference on Decision and Control.
the plant in the quadruple tank configuration. The non- Long, C. E., C. E. Holland, and E. P. Gatzke (2005).
minimum phase setting of the plant has been chosen Experimental air pressure tank systems for pro-
and the plant has been controlled using a multivarible cess control educationChemical Engineering
GPC implemented in MATLAB with OPC connec- Education.
tion. Reyes, C., a. Cepeda, B.Pontes, I. Alvarado and E.F.
Camacho (2005). Control de la planta de los
cuatro tanques mediante la realiZatide una
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APPENDIX: PLANT CONFIGURATIONS PLANS
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Fig. 8. Laboratory plant layout.

]

L
il

{
=

(a) Two cascaded tanks

ISR
N2 gz

(d) Four coupled tanks.
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(b) Two cascaded tanks, two inlets. (c) Three cascaded tanks
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(e) Mixture process.

Fig. 9. Some configurations of the plant.
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(f) Hybrid process.
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