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ABSTRACT

DEVELOPMENT OF LABORATORY EXPERIMENTS FOR CONTROL AND
POWER SYSTEMS :THE WATER -TANK EXPERIMENT

ABAS.M.O.ANWAR
M.Sc., Department of Electronic and Communication Engineering

Supervisor: Assoc. Prof. Dr. Klaus Werner SCHMIDT

September 2012, 69 Pages

Control system design is needed in many application areas such as

manufacturing, automotive systems or power systems. Hence, a thorough education
including practical experience is very beneficial for engineering students. In view of
this, the thesis develops a water level control experiment for control laboratories. The
system is designed to allow system modeling, set-point linearization and the
application of various controller design algorithms both in continuous time and in
discrete time. The thesis consists of two main parts. In the practical part, guidelines
for the choice of system components such as pressure sensor, amplifiers, motor
driver and water pump for the water tank system are given and supported by
hardware experiment. In the theoretical part of the thesis, different variants of the
water level control system are studied, and control methods such as pole placement,
root locus, symmetrical optimum, Youlaparametrization and disturbance feedforward

are applied. All these experiments are validated by simulations in Matlab/Simulink.

Keywords: Water level control, laboratory experiment, control system design,

nonlinear modeling, linearization, control education
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KONTROL VE GUC SISTEMLERI ICIN LABORATVAR DENEYLERININ
GELISTIRILMESI: SU-TANK DENEYI ORNEGI

ABAS ANWAR
Yiiksek Lisans, Elektronik ve Haberlesme Miihendisligi Anabilim Dali

TezY oneticisi: Dog. Dr. Klaus Werner SCHMIDT

Eyliil 2012, 69 Sayfa

Kontrol sistem tasarimi sanayi, otomotiv ve gili¢ sistemlerigibi birgok alanda
uygulanmaktadir. Bunun i¢in pratik deneyim igeren eksiksiz egitim miihendislik
ogrencileri i¢in ¢ok faydalidir. Bu kapsamda, bu tez kontrol laboratuvarlar i¢in su
seviyesi kontrol deneyi gelistirmektedir. Bu sistemin tasarlanma nedeni, hem siirekli
zaman hem de ayrik zaman igerisindesistem modellestirmeye izin vermek, set-
noktas1 dogrusallagtirma ve farkli kontrol tasarim algoritmasi uygulamalarini

gerceklestirmektir.

Bu tez iki ana boliimden ulusmaktadir. Pratik boliimde, su tanki sistemi i¢in basing
algilayici,amplifikatorler, motor siiriicii ve su pompasi gibi sistem bilesenlerinin
secimi icin kurallar verilmekte ve donanim deneyi ile desteklenmektedir. Tezin
teorik boliimiinde, su seviye kontrol sistemin farkli tiirevleri arastirilmaktadir, ve
kutup yerlestirme, kok yer egrisi, simetrik optimum, Youla parametrizasyonu ve ileri
beslemeli karisiklik gibikontrol yontemleri uygulanmaktadir. Tiim bu deneyler

Matlab/Simulink simiilasyonlar1 ile dogrulanmaktadir.

Anahtar Kelimeler: Su seviyesi kontrol, laboratuvar deneyi, kontrol sistem tasarimi,

dogrusal olmayan modelleme, dogrusallagtirma, kontrol egitimi.
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INTRODUCTION

Control systems are employed in many branches of industrial systems such as
automation systems, production systems, power systems and power plants, auto-
mobiles, etc. [8, 19, 20]. Such control systems are designed most efficiently based
on an analytical model of the system to be controlled. If such model is available,
a large variety of methods .for this reason, control education is an important
subject in Electronic Engineering, Mechatronics Engineering and Mechanical En-
gineering disciplines. The education is usually given on a theoretical level, but
it is very important for students to apply their acquired knowledge in practical
laboratory setups. Although control methods for varios types of systems such as
production systems, power systems or automotive systems are studied, laboratory
setups for education must fulfill certain requirements such as operational safety,
reasonable cost, and applicability of many methods to the same system. for that
reason, one of the most suitable laboratory setup is the water-tank system, that
consists of different tanks that are connected with each other and fed by pumps.
In line with the previous discussion, the topic of this In the theoretical part of
the thesis, different versions of a three-tank system are modeled in the form of
nonlinear differential equations. In addition, set-point linearization is applied in
order to obtain linear time-invariant (LTI) models around the set-point. These
LTT models are then used to perform various control designs with different control
design methods that are relevant in practice. The methods employed in this thesis
include the root locus method [20], pole placement [8], Youla parametrization [8],
symmetric optimum [25] and disturbance feedforward [8]. All controller designs
are supported by simulations of the linearized control system as well as the actual
nonlinear control system using Matlab/Simulink. In addition, all controllers are
converted to discrete-time for a convenient implementation on digital computers.
It has to be noted that these techniques were applied to a water-tank system as

application example. However, the same techniques can be used for other system



types such as production systems, power systems or automotive systems.

The main task of the practical part of this thesis is the choice of low-cost equip-
ment for a one-tank system in order to perform the developed control system
designs using a real experimental setup. The chosen components include a DC
water pump [22], a pressure sensor [17], a PIC microcontroller [18], a high-current
motor driver [23] and several amplifiers [16]. The output of the thesis is the setup
of a simple one-tank system that allows initial tests of control algorithms on the

PIC microcontroller.

The organization of the thesis is as follows. In Chapter 1, the basic properties of
the water-tank system are described. In addition, this chapter provides details
of the hardware setup used in this thesis. Chapter 2 presents the nonlinear
modeling of the water-tank system and Chapter 3 performs set-point linearization
for different variants of the water-tank system. A large variety of controller design
methods to be used for the water-tank system we explained in Chapter 4. These
methods are then applied to the water-tank system in Chapter 5 and supported by

simulations in Matlab/Simulink.In the last we will take summary for this thesis.



CHAPTER I

WATER-TANK SYSTEM DESCRIPTION

1.1 THE WATER-TANK SYSTEM AS CONTROL EXPERIMENT

The three tank system that is shown in Figure 1.1 represents an example of
a nonlinear control system, whose operation principle is used in real life. The
system is composed of three tanks, each of which has a given height, and there is
a reservoir for supplying these tanks with water. It is assumed that all of these
tanks have the same square area. In addition, the three tank system has three
pumps that are driven by DC motors in order to both supply water from the
reservoir (pump 1 and pump 3) are transport water between the tanks (pump 2).
The tanks 1-2 and 2-3 are connected by pipes, whereby the connection can be
manually opened or closed by valves that are attached to the pipes. Each tank
has one more pipe for discharging water to the reservoir. Again, a valve allows
to open or close this connection. Also, each tank has a pressure sensor that is
located at its base. Here, it is intended to measure the water pressure in order to
determine the water level in each tank. The described water-tank system is an
interesting control system for educational purposes, since it offers a large variety
of control problems, and allows to study and apply a large number of controller
design techniques. In the following, we give a list of such control design problems.

One-tank System with Tank 1

e Keep the water level in the tank constant, assuming there is outflow into

the reservoir



e Control the pump such that the tank is filled to a certain level as fast as

possible
e Keep the water level in the tank constant, assuming that pump 2 removes
water from tank 1
Two-tank System with Tank 1 and Tank 2
e Keep the water level in tank 2 constant, only using pump 1 and with possible
discharge of water to the reservoir from tank 1 and/or tank 2
e Control pump 1 such that tank 2 is filled to a certain level as fast as possible

e Control pump 1 and 2 such that both tanks stay at a certain level

Three-tank System

e Control pump 1 and 3 such that tank 1 and tank 3 stay at a certain level
e Control pump 1 and 3 such that tank 2 stays at a certain level

e Control pump 1, 2, 3 such that all tanks stay at a certain level

In order to solve the described control design problems, there are various methods
that can be applied, and that are taught in basic control courses. First, the
systems allows to perform step response measurements for system identification.
That is, it is possible to determine the parameters of a mathematical model based
on measurements from the real system. Second, considering that the tank system
is nonlinear, it is possible to use the technique of set-point linearization. As a
result, a linear time-invariant state space model or transfer function model is
obtained, that is suitable for linear control system design methods. Third, a

large variety of linear controller design methods can be applied such as

e Root locus
e Symmetrical optimum

e Youla parametrization
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Figure 1.1: Three tank fluid system

e Pole placement

e Disturbance feedforward

e State feedback control

Fourth, it is possible to implement the designed algorithms on a digital controller
(for example a PIC microcontroller). In that case, the technique of controller
discretization with different integral approximations such as the Euler, Euler
backward or trapezoidal method can be applied. Such realization also allows to
study the effect of different sampling times in the control loop. Finally, since
the system is nonlinear, it also enables the usage of more advanced nonlinear
controller design methods. In addition, also intelligent control methods such as
fuzzy control or neural network can be applied. Such study is for example done
n [13]. In this thesis we do not consider intelligent control but focus on control

method that are based on analytic model.



1.2 SETUP AND PARAMETERS

In this section, we describe the parameters of our three tank system laboratory
experiment. The height of each tank is 100 cm and the (square) cross-section area

2

of each tank is denoted as Ar = 225 cm®. The connection pipes P12 and P23

between the tanks have the same (circular) cross-section area of Ap = 67 cm?.
In addition, the pipes P1, P2 and P3 for discharging water to the reservoir have a
cross-section area of Ap = 16 cm?. All pumps used in the system are identical.
They are supplied by a DC voltage of up to 12V and supply a maximum water
flow of 201/min. The valves that are used in the system are operated manually.
Generally, they are used either in the open position or in the closed position. For
the valves V12 and V23, we write (py12 = 1) (pyog = 1) if the valve position is

open and (py12 = 0) (pyaez = 0) otherwise. Similarly, we use the valve position

parameters py1, pye, pys for the valves V1, V2 and V3.

1.3 OUTLINE OF THE EXPERIMENTAL WATER-TANK SYSTEM

From the practical perspective, the water-tank system requires several hardware
components. One important part of this thesis is the choice of these components
and the test of their suitability. Main criteria for the component choice are
component specifications according to the experiment requirements (as discussed
below) and the availability in Turkey at low cost. The main components to be

discussed are listed as follows.

e Pressure sensor: this component is needed to determine the water level in

a tank.

e Pump: this component is used to supply water to a tank from the reservoir

or from another tank.

e Microcontroller: this component is used to implement control algorithms.
It receives measurement input from the pressure sensor and provides control

input to the pump.



We now describe the different components chosen in this thesis together with ad-
ditional required electronic components and measurements from the experimental

setup.

1.3.1 Pressure Sensor

We choose the pressure sensor MPX7050 [17] for the water level measurement.
This measurement is very important for the later control task, since it gives
the actual feedback information about the state of the water-tank system. The
relation between the water level and the pressure in the tank can be derived using

basic physics and the following notation.

p: is the pressure in a tank with the unit Pa (Pascal)

g: is the gravitational acceleration with the value 9.81m/sec? or equiva-

lently 981 cm/sec?

p: is the density of water with the value 1kg/l or equivalently 1072 kg/cm?

h: is the water level in the tank with the unit cm

A;: is the area of the tank with the unit cm?

Using these variables and parameters, the computation is as follows.

mg A;hpg P

We choose the sensor MPX7050 because of various reasons. First,our tank exper-
iment is designed for water levels up to h,e, = 100 cm. According to (1.1), this
corresponds to a pressure of p,,q, = 1 m-1000 % -9.81 kﬁg = 10000 % = 10kPa.
Since the MPX7050 can measure a pressure up to 50kPa, it is suitable for the
maximum pressure required in the water-tank system. In addition, it is impor-
tant that the MPX7050 is a differential pressure sensor. That is, the sensor
possesses two sides — a low-pressure side and a high-pressure side — and measures

the pressure difference between both sides. In our experiment, the low-pressure

side measures the atmospheric pressure, whereas the high-pressure side measures

7



the water pressure in the tank (including the atmospheric pressure). As a result,
changes in the atmospheric pressure will not influence the water level measure-
ment. A picture of the MPX7050 with a special packaging (ending dp) is shown

in Figure 1.2. This sensor is available in Turkey at a price of about 5.

pressure

S
3
2
Vout+
sensor |
L.
out-

o e

Figure 1.2: Pressure sensor MPX7050dp: high pressure side (left), low
pressure side (middle) and pin usage

One further advantage of the MPX7050 is its linearity of the pressure measure-
ment. The output voltage provided sensor increases linearly in the measured
differential pressure. The following picture from the MPX7050 datasheet illus-
trates this fact. From this figure, it can be seen that the output voltage (denoted

ol 1|
Vs =10 Vdc =
_ B—Ta=25%C = =
3 30|—P1>P2 —1 TYP —
E 25 |
= i SPAN
&z 20 X RANGE
3 15 > (TYP)
10 MIN
5
0
_5 } orrser
kPa 0 125 25 375 50 VP
PSI 183 363 544 73 (RYE}

Figure 1.3: Output voltage of the MPX7050 versus differential pressure.

as vypy) is computed with the following formula.

_ + 40mV B 40 8mV
UVpmMpPx = Uoffset 50kPa D = VUoffset . <Pa p.

8



In this formula, vyffser is the so-called offset voltage that is provided by the
MPX7050 at 0 differential pressure. The equation shows for example that an
increase of the water level by 10 cm leads to a pressure increase of Ap = 1kPa,

which leads to an output voltage increase of Avypx = O’SII{H—P}; -1kPa =0.8mV.

It can be seen from the previous computation that the voltage values are very
small. Since they will be processed by the Analog to Digital converter of a PIC
microcontroller, it is required to amplify vypx. Considering that the maximum
differential pressure in the experiment is given by 10kPa, the maximum output
voltage provided by the MPX7050 is less than 10mV (see Figure 1.3). The
reason for this is that the pressure for a water level of 100 ¢m is 10 kpa, and the
corresponding voltage is computed as 8 mV. In order to achieve a voltage range
between 0V and 5V, we need an amplifier gain G px of about G px = 500. The
most suitable amplifier Integrated circuit for this purpose is the instrumentational
amplifier INA [11]. However, since this component is not available in Turkey, we
use a different amplifier design based on the LM324 IC as is proposed in [9]. The
schematic of the circuit is shown in Figure 1.4.

4
R1 R2
+

RF OUTPUT
t
RG =

2
_‘_'_ R1 R2
| 1

YYY

Figure 1.4: Amplifier circuit for the pressure measurement.

In our design, we choose the following resistance values.

e R1 =1k

e R2 = 320k
e RF =1"MQ
e RG =1"MQ



and from these values we we find the amplifier gain with the following formula

Vo
Gurx =G1Gy = Vin’ (1.3)
where
RF R2

As a result, we obtain an amplifier gain of Gy px = 960.

Combining the results in (1.1) and (1.2) from before, it is now possible to deter-
mine the actual water level from the voltage measurement at the output of the

amplifier vaprpr:

_ UMPX — Voffset _ VaMPL/GMPX — Voffset o vamprL/Gupx — Vof fset

mV mV mV
OSkPa OSkPa OSkPapg

(1.5)

We test the combination of the pressure sensor and the amplifier circuit by two
simple experiments. In the first experiment, we fill a water container with pre-
defined water levels and measure the resulting voltage at the output of the ampli-
fier. The result is shown in Table 1.1. From this measurement, the offset voltage
of the pressure sensor (obtained for a water level of 0cm) can be evaluated to
Uoffset = 0.8V/960 = 0.83mV. In addition, we can use (1.5) to compute the

water level from the voltage measurement. The values are also given in the table.

Table 1.1: Comparison of water level and pressure sensor measurement.

water level | output voltage | estimated water level

0 cm 0.8 v 0 cm

5 cm 1.2 v 5.25 cm
10 cm 1.6 v 10.45 cm
15 cm 2v 15.6 cm
20cm 24 v 20.12 cm
25 cm 2.8 v 26.08 cm
30 cm 3.2v 31.3 cm

Together, we can conclude that the values from the measurement fit the actual
water level values precisely. Second, we perform an experiment with a constant
inflow into a water container. In that case, it is expected that the water level —
and equivalently the voltage output of the amplifier — increases linearly with time.

The voltage measurement from an oscilloscope as shown in Figure 1.5 confirms

10



the correct operation of the pressure sensor in combination with the amplifier

circuit.

Tek gl [] Scan SANWE/REC

fetion

Save
TEKOD1S.BMP
CH1 SO0rm M G.00s CH1 7 000y

G-pug-12 1433 <10Hz

Figure 1.5: Water level increase in the tank by using constant inflow.

1.3.2 DC Pump

We use the DC pump that we see in Figure 1.6 to transport water from the

reservoir to the water-tanks. It is operated by a DC motor, whose rotational

Figure 1.6: DC water pump ( Rich Multi Pump crom type)

11



speed increases linearly with the provided input voltage v,,00-- According to the
specification, the maximum input voltage of the motor is 12 Volt, leading to a
maximum water flow of 171/min at a maximum power of about 40 Watt. In our
experiment, we use pulse-width modulation (PWM) in order to change the input
voltage of the motor. That is, if we write upw s (in %) for the duty cycle of the

PWM signal, we get

Umotor = UPWM * 12V (16)

for the input voltage of the DC motor. In our experiment, the PWM signal is
supplied by a PIC microcontroller. Since the PWM signal cannot be used to
supply power for the DC motor, a further driver circuit is needed to power the
DC motor depending on the PWM signal. We choose the driver circuit L298 [23]

as shown in Figure 1.7.

o I. T — CURRENT SENSING B
1 > outPuT4

'@' L) e— OUTPUT3
12 3 INPUT4

LN m— ENABLE B
L m— T

s —> LOGIC SUPPLY VOLTAGE Vgg
Multiwatt15
> ow
— INPUT 2

8

7

6 > ENABLEA

Cl e—] INPUT 1

4 > SUPPLY VOLTAGE Vg
s——> OUTPUT 2

2 /2 outputt

\ I‘ L E— CURRENT SENSING A
I W

Figure 1.7: L298n motor driver: packaging (left) and pin layout (right).

It is suitable for our application, since it works for voltages up to 46 V and can
supply current up to 4 A. In our application, we need currents up to 40 W/12V
= 3.33A. The driver can actually supply power for two DC motors. In our
experiment, we will only use the pins 1 to 9, which are enough to drive a single
DC motor (our pump). It also has to be mentioned that this device has a low

cost of about 17 Dollar.

We now illustrate the operation of the pump for different duty cycles of the PWM
signal upy . Since, we do not have a flow sensor, we supply water from the pump
to a water-tank as can be seen in Figure 1.8. We measure the water level in the
tank by using the pressure sensor as described in Section 1.3.1. As can be seen

from the measurements in Figure 1.5, the water level increases linearly when a

12



pump_1

hlI tank (1)

Figure 1.8: One tank system with reservoir and DC pump.

constant PWM value (PWM=170) is used.

1.3.3 Microcontroller (PIC16F877A)

In our current experimental setup, we use the PIC 16F877A in order to realize
feedback control algorithms for the water level control. We have chose this PIC,
since it can provide PWM output signals and also comes with ADC converters
that are suitable for our pressure signal measurement. Furthermore, it provides
the capability of transmitting data to a connected PC via the RS232 protocol or
display data on an LCD screen, which will be important for data evaluation. The

pin layout of the PIC 16F877A is shown in Figure 1.9.

In our experiment, we use pin 4 to digitalize the analog pressure sensor signal.
Moreover, we use pin 16 to provide the PWM signal for the motor driver L298.
The main control task is then to determine the control algorithm that changes
the PWM duty cycle depending on the pressure sensor reading, which is the
main task of the theoretical part of this thesis. These control algorithms are then
implemented on the PIC16F877A in the form of a C-program using the sotware
tool MicroC [5]. We use the flash-programmer (pickit 2) to write the machine
code on the PIC.

13
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Figure 1.9: Pic16f877a microcontroller chip Pin layout

1.3.4 Pulse Width Modulation

The PWM is a technique used to control analog values by converting them to

digital values in the form of a square wave as can be seen in Figure 1.10.

The PWM contains there relevant times periods (Ton, Lo, Ttotar=TLon + Toss))-
By choosing these values, it is possible to achieve an analog voltage according to
the following equation:

Vout = D x Vin, (1.7)

where D is called duty cycle and is equal to

Ton

D =
7?ﬁotal

(1.8)

PWM signals can be generated by many devices. In our experiment, we use
the microcontroller PIC16F877A to generate the PWM. This PIC has two pins
(cepl,cep2) for PWM output with voltage levels of 0 and 5V. The duty cycle of
the PWM signal can be set from our MicroC programming environment between
values of 0 (T, = 0) and 255 (T,;; = 0). In the latter case, the PIC outputs a

constant voltage of 5V.
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Figure 1.10: The PWM signal from the Microcontroller

1.3.5 Overall Experimental Setup

A schematic of the overall experimental setup is shown in Figure 1.11. In prin-
ciple, we take the (low amplitude) voltage signal from the pressure sensor (pin
2 and 4) and amplify this signal by using our differential amplifier circuit. The
output of the amplifier circuit is filtered by a RC (low-pass) filter in order to
reduce high-frequency noise and then read by the ADC input of the PIC. The
digitalized sensor reading is then processed by the PIC in order to determine an
appropriate value of the PWM duty cycle. The PWM signal in turn regulates the
output voltage of the motor driver so as to adjust the speed of the water pump.
Note that the PWM signal is not directly fed to the motor driver, but the lower
power PWM signal is separated from the higher power motor driver component

by an additional amplifier that is only used as a buffer circuit.
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Figure 1.11: Schematic Diagram of the water level control experiment.
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1.3.6 A Feedback Control Experiment

Now, we use a simple controller and test it with the one tank system. The
controller that we use is PI controller and we convert it to a discrete-time repre-
sentation such that we can realize it on the PIC microcontroller. The controller

code is shown as follows.

int ek = 0; // error of the system

int dutycycle=190; // the initial duty cycle
unsigned ADC_Read(unsigned short channel);
unsigned measurement;

int e01d=0;

unsigned short uold=0;

void main()
{
TRISB=0;
PORTA=0xff; // ADC pin
PORTC = Oxff; // PORTC is output
PWM2_Init(20000); // Initialize PWM
PWM2_Start();

while(1){
measurement = ADC_Read(2);
ek=(511-(int)measurement); // error signal
dutycycle = (int)uold + (int) (.015%(float)ek - 0.005*(float)e0ld);
if (dutycycle > 255)
dutycycle=255;
if (dutycycle < 190)
dutycycle = 190;

uold = (unsigned short)dutycycle; // convert to unsigned int

e0ld = ek; // memorize the old error for the next cycle

17



PWM2_Set_Duty((unsigned short)dutycycle);
Delay_ms(10); // wait for 10 ms

}

}

A measurement from the laboratory setup is shown in Figure 1.12. It shows the
amplified voltage from the pressure sensor over time. It captures the return to
the reference value of the water level after applying a disturbance (by switching
of the pump). It has to be noted that, although the current experimental setup
can be used in a feedback control experiment, the pump as described in Section
1.3.2 seems to be very insensitive to input changes. Hence, we suggest to find a

different pump for a more precise experiment.
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Figure 1.12: Closed-loop experiment with PI controller on PIC micro-
controller
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CHAPTER II

MODELING

The controller design methods to be used in this thesis are based on analytical
models of the control system [8, 19]. Considering that the water-tank system
turns out to be nonlinear, the nonlinear state equations are employed. They have

the following form

where x is the state vector, u is the control input vector, f is a nonlinear function
in the state and input, and A is the nonlinear output function. In addition to
the nonlinear state equations, we also use the linear state equations that are for

example obtained after set-point linearization.

t=Ax+ Bu (2.3)
y=Cx+Du (2.4)
Here, A is the dynamic matriz, B is the input matriz, C is the output matriz and
D is the feedthrough matriz. Finally, we use transfer function models for both

the plant and controllers. A plant transfer function model can for example be

obtained from a linear state space model of the plant by evaluating
G(s)=C(sI—A)'B+D. (2.5)

In this equation, s is the parameter of the Laplace transform and I is the identity

matrix, whose dimension matches the dimension of A.
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2.1 VARIABLES AND PARAMETERS

2.1.1 Pump

We use a DC pump as described in Section 1.3.2. The relevant parameters of the
pump are given by
e Input voltage u; for i = 1,2, 3. The voltage will be between 0V and 12V

e Pump flow, which is input flow for the water-tank system: ¢, ; fori =1,2,3,

the unit for the inflow is [/sec.

2.1.2 Tank

Water-tanks of the same kind with a maximum level of 100 cm will be used to

store water. The exact specification of the water-tanks is

e Water level h; for ¢ = 1,2,3. The unit is ¢m and the maximum level of the

water will be 100 cm.

e Surface area A; for i = 1,2,3. The unit is cm?.

2.1.3 Valves

There is one valve for each of the pipes, connecting different tanks. These valves
can be manually closed (zero area) or opened (full area). In addition, there is on
valve for each tank that can be manually opened for outflow of water. We use

the following valve parameters.

e Connection valve area a; o and ag 3. The unit is cm?.

e Outflow valve area agy; for ¢« = 1,2,3. The unit is cm?.

In our experiment, the connection valves have a diameter of about 6 cm and the

outflow valves have a diameter of about 8 cm.
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2.2 COMPONENT MODELS

In this section, we develop analytical models for the different components of the

water-tank system.

2.2.1 Pump

For the pump, we propose to use a first-order lag model, since the pump is driven
by a DC motor. We introduce the pump gain K; and the pump time constant 7;
for i = 1,2,3. The first-order differential equation is then

) 1
Gin,i = f(—%n,i + K ug) (2.6)

whenT7 = 1, Kv = 200

2.2.2 Water-Tank

For the tank, we compute the water level change depending on inflow and outflow.
The situation is shown in Figure 2.1. We call the inflow ¢;, and the outfow qgys.

Then, we can write the water level change as follows.

. . 1
Ai h = GJin — Qout = h = E(Qm - QOut> (27>

2.2.3 Valves and Pipes

We model the pipes with valves using the law of Torricelli:

e The discharging pipe is connected to the water-tank with a water level h
and discharges water to the reservoir if the valve is open (area a,,. The

modeling equation for the outflow ¢,,; from the discharging pipe is
Qout = Qout V 2 h (28)

e The connection pipe between two tanks has a water level h; in one tank

and a water level of hy in the other tank. If the valve on the pipe is open,
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pump T~

Reservoir

Figure 2.1: Water-tank with inflow and outflow

the surface for water flow between tanks is a. Then, the flow ¢; » from tank

1 to tank 2 can be computed as follows.

Q12 =a+/2g(hy — hy) (2.9)

*@ qin(1) qin(2)

pump_1
hII

connection valve
qout(1) qout(2)

Figure 2.2: Modeling a connection pipe between two tanks
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2.3 OVERALL NONLINEAR WATER-TANK MODEL

We now put together the component models from the previous sections in order to
obtain an overall model of the water-tank system. Considering that the equations
for the flow between tanks and the outflow are nonlinear, the overall model will
be nonlinear. Since we consider three tanks, we use the water levels hy, hs, hg,
the pump voltages uq, us, us, the pump flows ¢ 1, gin.2, Gin.3 and the outflows and
connection flows as described before. We find one first-order state equation for

each pump flow and one first-order state equation for each water level.

. 1
Gin,1 = T(_Qin,l + K uy) (2.10)
1
. 1
hy = A_(qin,l ~ Qout,1 — 41,2 — Gin,2) (2.11)
1
. 1
¢in,2 = T(_Qinﬂ + K us) (2.12)
2
. 1
hy = A—(Qin,z — Qout,2 — 6_12,3) (2.13)
2
. 1
¢in3 = T(_Qin,?) + K3 us) (2.14)
3
S
hs = A—(Qin,?, — Gout,3 + G2,3) (2.15)
3

In these state equations, we use the output flow

Gout,i = Qout,s 29 h’z L= 1a 27 3 (216)

and the flows in the connecting valves

\/2g(hi —hy) ifhi>h
1,2 9(1 2) Ir Ny 2 (2‘17)

q12 = .
ai2 \/29(h2—h1) if hg > hl
asz\/2ghy —hs  if ho > hy
‘J273 = (218)

a2 3 \/29(}13 — hg) if hg > hg

Together, we obtain a 6-th order nonlinear model with three inputs uq, us, us

and three outputs hy, ho, hs, considering that the water level can be measured.
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Since, we want to apply linear control system design methods, we next perform

a linearization of the nonlinear system.
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CHAPTER III

LINEARIZATION

In the study of dynamical systems, linearization is used for assessing the local
stability of an equilibrium point of a system of nonlinear differential equations
[4]. Tt is also employed in the process of approximating a nonlinear system model
by a linear model, that is valid for small deviations from the equilibrium. The
model of the three tank system is nonlinear. In this chapter, we present how we

construct the linearized model of different subsystems of the three tank system.

We employ set-point linearization, where the set-point is defined as a stationary
(non-changing) state of the system such that the system state maintains a con-
stant set-point value. We compute a small signal approximation of the nonlinear
model, that is valid close to the set-point. In principle, the system state and
output equations are approximated using Taylor expansion, and the difference
variables, that represent the deviation of state, input and output from the set
point. An important restriction for the set point linearization is that the linear

model is only valid in the vicinity of the set-point.

In our system, the water level is selected to be the state variable for the set point.
In the following section, we study a one-tank system, and two different two-tank
systems as subsystems of the three-tank system. After performing the set-point
linearization, we compare the original non-linear model and the linearized model

by doing simulations in Matlab.
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3.1 LINEARIZATION OF THE ONE-TANK SYSTEM

The three tank system becomes a one-tank system when we close the valve that
will connect between tank 1 and tank 2, and do not run the pump between tank

1 and tank 2 as shown in Figure 3.1.

Figure 3.1: One tank system.

The system model before linearization is represented with the following differen-
tial equations which describe the dynamics of water flow, g, ; and water level Ay

in tank 1.

. 1
Qin,1 = T(_qm,l + Ky uy) (3.1)
1

. 1
hy = A_l(qm,l — Qout,1 V 29h1) (3-2)

Let u1gp, hisp and gini1sp denote the set points for w;, hy and g, 1 respectively.
There is no deviation in the system state at the set point hence, by equating (3.1)

and (3.2) to zero where we get:
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Qin1SP = Gout 1\ 2 g - hisp (3.3)

din1SP
= . 3.4
ursp K, ( )

We now apply the small signal analysis to find the matrices A, B, C, D in (2.3)
and (2.4) by taking the partial derivatives with respect to ¢,; and h;. The

resulting matrices are

—1/Th 0

A= A e (3.5)
i L A2y2ghisp
k1

B=|n (3.6)
0

c=lo 1] (3.7)

Note that D = 0 for our example.

Subsequently, the continuous time system is represented in the s-domain as shown
in (2.5). We use the parameter values introduced in Section 2.1 and a set-point
value for the water level as higp = 50 (cm). Then, the transfer function of the

one-tank system plant is

Hy(s) 0.4444
G(s) = = . 3.8
()= Ti(s) ~ 52+ 05018 5 + 0.0008831 (38)

Here, H,(s) and U, (s) denote the Laplace transforms of the water level hy and the
input voltage u;. We later use this transfer function in Chapter 5 for controller

design.

If we want to change the set point for example to hisp = 30, we evaluate (3.4)

and (3.4) with the new value of hysp. This leads to a modified transfer function

Hy(s) 0.4444
G(s) = = .. 3.9
()= Ti(s) ~ 5T+ 050235 1 0.00114 (3.9)
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3.2 TWO-TANK SYSTEM WITH ONE PUMP

In this model, we close the valve that connects tank 2 and tank 3. In addition,

we disable the second and third pumps as we see in Fig. 3.2.

pressure
Sensor

pipe

discharging
Dpipe

ldlschargmg

Figure 3.2: Two tank system with one water pump.

The differential equations for this system are as follows:

. 1
Qin,1 = T(_qin,l + K w) (3.10)

1

. 1
hy = A—(Qin,l — Qout,1 — Q1,2) (3'11)

1

. 1
hy = A—Z(Q1,2 - qOut,2) (3-12)
(3.13)

Let uisp, ¢inisp, hisp and hesp be the set-point values of the system variables.
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Then, for the two-tank system:

aout\/2-g-h1—acom\/Q-g-(hl—hg)zo (3.14)

2 - hasp - aiut + 2+ g Qeonn” - hasp

2
conn

=hisp = (315)

2-g-a
From hqgp, the values for ¢;,15p and u;5p can be computed in the same way as

in the previous section.

Following the same method of small signal linearization as for the one tank system,

we determine A, B, C, D as follows

[—1/T, 0 0
_aoutl'2'g _ aconn‘2'g aconn'2‘g
A= | VA GEFS ~ aavasdes Ter A27/2g-(hrsp—hasr)
0 aconn'2‘g _aout2'2'g _ aconn‘2'g
L A‘2'\/2'g'(hlsp—h25’13) A-2:4/2:g-hasp A'Q'\/Q'g'(hwp—hzsp)
(3.16)
[0
B= |k (3.17)
ko
LT>
C=(0 0 1) (3.18)

D is again zero. Assuming a set-point value of hogp = 30 (cm), we compute the

plant transfer function of the two-tank system as

Hy(s) 0.01599
G(s) = = 3.19
() Ui(s) s34+ 0.5729 s2 + 0.03646 s + 0.0000016 ( )

3.3 TWO-TANK SYSTEM WITH TWO PUMPS

Lastly, we consider two tanks, each of which has one pump. In this system we
close all the connection valves and run pump 1 and pump 2, as we see in Figure
3.3 and we make the outflow valves open. Pump 1 pumps water to tank 2 and

pump 2 takes water from tank 1 and pumps it to tank 2.

Similar to the previous systems, we first construct the differential equations for

the non-linear system as follows:
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: discharging pressure
pipe sensor

water reservoir

Figure 3.3: Two-tank system without the connecting pipe.

. 1
Qin,1 = T(_Qin,l + K uy) (3.20)
1
. 2
Qin2 = T(_Qinﬂ + K5 us) (3.21)
2
.1
hy = A—(Qin,l ~ Gout,1 — in,2) (3.22)
1
. 1
hy = A—(Qin,Q — Qout,2) (3.23)
2
(3.24)

We now use the set-point values uisp, ¢inisp, hisp, hasp, ¢inasp. From the set-

point computation, we obtain

Qin(1)SP = Gout(2) * \/ 2+ g - hasp (3.25)

Qin(2)SP = Qin(1)SP (3.26)

Using set-point linearization, we next compute the state space model, where

D =0.
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7 0 0 0
1 0 0 1
A= |4 w1220 ff (3.27)
00 52sner 4
(0 0 0 ;—21_
_% .
0 0
B= (3.28)
0 0
K
|0 77
0100
C = (3.29)
0001

Assuming that the set-point value of both water levels is 30 cm, we compute the

transfer matrix between the inputs u;, us and the outputs hy, ho.

0.4444 B 0.4444
G(s) = 5210.50515+0.002565 5740.50515+0.002565 | (3.30)
0 52+0.50%14;1f(1).002565
such that
H(s U(s
9] _ G(s) 1(8) (3.31)
HQ(S) UQ(S)
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CHAPTER IV

CONTROLLER DESIGN METHODS FOR LTI SYSTEMS

After completing the necessary steps of modeling and linearization in the previous
sections, it is now possible to apply linear controller design methods for the
control of the water-tank system. The basic feedback control loop for our setup
is shown in Figure 4.1. Here, that plant represents the water-tank system to
be controlled including the tank(s), the DC pump(s). The output signal of the
plant is determined by the pressure sensor(s) in the tank(s). The controller is
practically implemented on a PIC microcontroller. The main task of this section
is to determine different control algorithms that are suitable for different control

tasks of the water-tank system.

system
refrence /
error input out put
controller | water tank R
e u system >
' y

sensor

sensor
measurment

Figure 4.1: Basic feedback loop for the three tank system

The basic control tasks to be addressed in this thesis are related to the water-
level control in one or two tank systems as modeled before. That is, we want to
keep the water level in one or two tanks constant, while dealing with disturbances
such as unknown outflow from one or two tanks. We will focus on design meth-

ods in the frequency domain. Methods to be used include the pole placement
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method, the root locus method, the symmetrical optimum method and the youla

parametrization method.

The controller design experiments are chosen such that they can be applied in
different laboratory sessions of the courses mentioned above. The controllers are
designed in the frequency domain in continuous time, that is the resulting con-
troller is represented by a transfer function. Then, the controllers are converted
to a discrete-time representation for implementation on the microcontroller. All
experiments are simulated in Matlab/Simulink and the simulation results are

explained in reference to the different controller design methods.

4.1 POLE PLACEMENT

Pole placement method is one of the classical controller design methods for LTT
systems in the basic feedback control loop that only work with state-space plant
models [15] as shown in Figure 4.1. It can be applied to both continuous-time
systems and discrete-time systems . The basic idea of the pole placement is to
first choose the desired poles of the closed-loop transfer function of the system ac-
cording to given performance specifications. That is, the denominator polynomial
Q(s) of the closed-loop system is pre-determined. Then, the controller transfer
function C(s) is directly computed. This method is studied in the courses ECE
441 (continuous-time systems) and ECE 438 (discrete-time systems).

Suppose that we have a closed-loop system described by the rational transfer

function:

B(s)
G(s) = 4.1
5 =30 (4.)
where B(s) is the numerator polynomial
B(s) = bps™ + by 18" 4+ .. 4 by (4.2)

and A(s) is the denominator polynomial of the system:
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A(S) = ans™ + ap_15" "+ ...+ ag (4.3)

n is called the degree of the system. The controller transfer function is

P(s)

— 4.4
cs) = 705 (14)
with the controller numerator
P(s)=Pps™ 4+ Pp_1s™ ' 4.+ Py (4.5)
and the controller denominator
L(8) = Iyps™ 4 Ln_18™ 4 ..+ 1 (4.6)

m is the controller degree. Now assume that ()(s) represents the desired closed-
loop polynomial. The task is to compute the coefficients of P(s) and L(s) such
that the closed-loop polynomial ((s9 is obtained. This is achieved by the design
equation

Q(s) = A(s) L(s) + B(s) P(s). (4.7)

In the lecture, basically two versions of the pole placement design are discussed:
pole placement without additional requirements and pole placement with integral

action.

e For the pole placement method without additional requirements, the con-
troller degree is usually chosen as m = n — 1. This means, if the degree
of the system is n = 1, the controller type will be proportional controller
m = 0 but when the system order is larger (n > 1), then the controller type
will be a lead/lag compensator in the following form

CPot et DPpa st

lo+ ...+ 1,1 5" 1

C(s) (4.8)

with [y # 0. The only disadvantage of this method is that it does not lead
to an integral controller. That is, the feedback loop will generally show a

non-zero steady-state error for reference and disturbance steps.
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e Pole placement with integral action solves this problem by increasing the
controller degree. The choice is now m = n and the controller transfer
function :

pot- -t pus”

C(S> - (l(] + -+ ln—l 8”_1) S

(4.9)

is used. Evaluating the design equation leads to integral control. Depending
on the system degree n, different controller types are achieved. For example,

n = 1 leads to Pl-control and n = 2 leads to PID-control.

Although pole placement directly assigns the denominator polynomial of the
closed-loop system transfer function, there is no direct influence on the numerator
polynomial. As a result, pole placement design can lead to large overshoot in the
reference or disturbance step response. This problem can be solved by adding a

pre-filter to the feedback control loop as shown in Figure 4.2.

disturbance

system
error input . out put

X water tank
— »| filter |——p controller pump _>®_> system >

e u

refrence

y

sensor
sensor I—I

measurment

Figure 4.2: Water-tank control system with filter

Consider that the closed-loop system transfer function is given by the comple-
VT(s)-V(s)

Q(s)

of the numerator polynomial in the right half plane and V'~ (s) contain the zeros

mentary sensitivity 7'(s) = . Here, we let V' (s) contain the zeros

of the numerator polynomial in the open left half plane. Then, the pre-filter

transfer function is chosen as

F(s) = . (4.10)

The idea of the pre-filter is to cancel out the numerator polynomial of the closed-

loop transfer function 7'(s), which removes the overshoot.
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4.2 ROOT LOCUS DESIGN

Root locus design is a graphical technique for the closed-loop design in the basic
feedback control loop. The root locus allows us to find the poles of the closed-
loop system by starting from the open-loop system’s poles and zeros. Using this
information it is possible to perform controller design based on the root locus
for both stability and transient system response. The root locus method can be
applied to systems of arbitrary order, however, the root locus can become very
complex for systems of degree n = 4. The root locus design is explained in ECE

388, ECE 441 and ECE 438.

The basic steps in applying the root locus method are as follows

e Determine the open loop transfer function with a free gain parameter K:

Go(s) = K C(s) G(s)

e Sketch the root locus plot of G,(s) (this can be done manually or using

Matlab)

e Move the closed-loop poles to desired locations according to the closed-loop

specification
e Determine the controller gain K

e Simulate the feedback loop with the designed controller and verify if the

closed-loop behavior is as desired

4.3 SYMMETRICAL OPTIMUM METHOD

The (Kessler’s) symmetrical optimum method is used for controller designs that
lead to reasonable responses both for reference steps and disturbance steps. Usu-
ally, responses are fast with zero steady-state error but with overshoot. The
symmetrical optimum method requires plant models that can be represented in
the following form.

K

R (Y R eI r)

(4.11)
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In this model, T}, ..., T, are time constants that are large compared to the single
time constant 7. If the plant model is accordingly, a controller of the following

form is used.
C(s) = k15T (4.12)

pS(l —|—8Tp)"_l’

where

n + 1 is the order of the plant

Kp is the controller gain

Tp is the numerator time constant

Tp is the denominator time constant that is usually chosen as 7p < 0.17Tp

Using the plant parameters n, T7,...,7T,, 7 and K, the design equation for the

symmetric optimum controller is given by

1 Ty,---T,

K=————/¥—

PO 2KT (dnT)n
T,=4nrT

In summary, the symmetrical optimum enables the design of PID-type controllers
for systems with several large time constants and one small time constant. It has
a straightforward design equation, and leads to closed loops with fast responses
to reference and disturbance steps . The symmetrical optimum is studied in ECE

441.

4.4 YOULA PARAMETERIZATION METHOD

This section presents the Youla parameterization method (or Q-Parameterization
method), which is a modern control design method [14, 7]. The Youla parametriza-
tion actually allows to parametrize all stabilizing controllers for a control system
design in the basic feedback control loop. The Youla parametrization requires
that the plant is stable and has a positive relative degree. In order to perform the
Youla parametrization, we look at the complementary sensitivity parametrized

as T'(s) = Q(s) G(s). Here, Q(s) is a desired open-loop controller that leads to
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the closed-loop transfer function 7'(s). At the same time, the closed-loop transfer

function is computed as
G(s) C(s)

) =17am) e

(4.13)
Solving for C(s) gives

_ Q(s) o Q(s)
) =106 Ge) —1-T0) (4.14)

That is, if we know Q(s), we can directly compute C(s). In summary, the Youla-
parametrization design works as follows. First a desired complementary sensitiv-
ity T'(s) is chosen. Then, the parameter Q(s) = T'(s)/G(s) is computed. Next,
C(s) is directly found from (4.14).

Finally, we list some properties of the Youla paraemtrization.

e Any complementary sensitivity with a relative degree larger or equal to the
plant relative degree can be achieved. However, the controller order can be

large and the controller might be non-standard
e Youla parametrization can lead to bad disturbance rejection

e Youla parametrization requires stable plants with positive relative degree

Youla parametrization is taught in the course ECE 441.

4.5 DISTURBANCE FEED-FORWARD CONTROL

Disturbance feedforward is a method that can be used if a disturbance, that
acts on the plant, can be measured [1]. In that case, it is possible to directly
react to the disturbance. We consider the block diagram in Figure 4.3, that has
the structure of a one-tank system. The water-tank system is separated in the
pump and the tank, and a disturbance acts between these two components. The
disturbance in this case is a flow that removes water from the tank, and it is

assumed that this flow can be measured by a flow sensor.
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Figure 4.3: Feed-forward controller architecture

If we want to remove the disturbance before its effect to the output , we must

fulfill the following equation according to the block diagram.
-1+ F(S) Pl(s) =0 (415)

Here, F(s) is the disturbance feedforward transfer function and P is the pump

transfer function. Solving for F'(s) leads to

F(s) = (4.16)

If F'(s) in (4.16) is not proper, it is generally multiplied by a lag transfer function.
An example of this is shown in Section 5.3.2. Disturbance feedforward is part of

the lecture ECE 441.

4.6 CONTINUOUS AND DISCRETE-TIME CONTROL

In many cases, controllers are designed in the s-domain but realized on a digi-
tal computer such as a microcontroller or programmable logic controller (PLC).
That is, the continuous-time controller transfer function has to be converted to
a discrete-time (digital) representation. We use three classical approximation

methods to perform this task.

e Fuler method when:

(4.17)



e FEuler backward method when:

z—1
— 4.18
$= 7 (4.18)
e Trapeziodal method when:
2z—-1
= = 4.19
ST Tit1 (4.19)

where T is the sampling period. This technique is studied in detail in the course

ECE 438.
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CHAPTER V

APPLICATION OF CONTROLLER DESIGN METHODS

In this chapter, we apply the controller design methods discussed in Chapter 4
to the different configurations of our water-tank system. We first discuss the
one-tank system in Section 5.1. The different two-tank systems are explained in

Section 5.2 and 5.3.

5.1 ONE-TANK SYSTEM

We apply the pole placement method with and without integral action to the

one-tank system.

5.1.1 Pole placement method (without integral)

In order to apply pole placement, we first need a plant transfer function of the
one-tank system as is shown in (4.1). Next, we have to decide on the desired pole
locations of the closed-loop system in the complex plane in order to determine
the control system performance. Finally, we will use the design equation 4.7 to

find the controller transfer function.

From the linearization in Section 3.1, we get the plant transfer function

0.4444
s? +0.5018s + 0.0008831

G(s) = (5.1)
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That is, we find the numerator polynomial

B(s) = 0.4444 (5.2)

and the denominator polynomial

A(s) = s° + 0.5018s + 0.0008831 (5.3)

The plant is of degree n = 2 with poles at s; = —0.5 and sy = —0.0018. In order
to speed up the behavior of the closed loop in comparison to the plant, we choose
closed-loop poles at s = —0.2. Moreover, we get m = n— 1, which leads to degree

3 of the closed-loop polynomial:
Q(s) = (s +0.2)> = s> + 0.6 s> + 0.12 s + 0.008. (5.4)
It remains to evaluate the design equation
Q(s) = A(s) L(s) + B(s) P(s), (5.5)

and we find the controller transfer function

~ 0.133s+0.0178

Cls) s+01

(5.6)

As discussed before, the controller is of degree m = 1 and is of the so-called
lead/lag type. In order to realize this controller transfer function on a digital
controller, the next step is to determine the discrete-time approximation of the
controller transfer function. We use the formulas (4.17), (4.18) and (4.19) as
presented in Section 4.6. We get the following discrete-time transfer functions for

the different methods:

e Fuler method:

0.1332z —0.133 4+ 0.0178T
CEuler — -1 T 01T (57)

e Fuler backward method:

(0.133 4+ 0.0178T") = — 0.133
(1+017T)z—-1

CEulerbackward = (58)
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e Trapezoidal method:

(20.133+0.0178 ) z + (—20.133 4 0.0178 T
(2+01T)z+ (-2+0.17)

Crapezoidal = (5.9)
As the final step of this controller design, we verify the correctness of the compu-
tation by simulation in Matlab/Simulink. We perform a step of the water-level
reference value from the value 0 to 5. The block diagram for the simulation
is shown in Figure 5.1. For comparison, we show both the continuous-time (s-
domain) and discrete-time (z-domain) case. In discrete-time, we use different
values of the sampling time 7T in order to find a good sampling time for the

one-tank system.

h1_SP + hi_ref_lin

State-Space

h1_ref_lin

Figure 5.1: Simulink model of the one-tank system control

The following figures illustrate the simulation results for sampling times 7" = 0.01,
T =0.1and T' =1 (according to the modeling in Chapter 2, the unit is seconds).
The left hand plot shows the time evolution of the water level, whereas the right

hand figure shows the flow of the pump.

Looking at the previous figures, the feedback loop is stable for all values of T
However, it can be observed that for example the Euler backward method at
T =1 leads to oscillations around the reference value of the water level. Hence,
we conclude that the sampling time should be chosen sufficiently smaller, for

example in the order of T' = 0.1. We also observe that all experiments lead to
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Figure 5.2: Water level control for the one-tank system by using pole
placement without integral and without pre-filter for T = 0.01.

6 T T T T T T T T T 120 T T T T T T T T T
s—domain s-domain
— — —Euler — — —Euler
— — backward Euler — — backward Euler
trapezoidal trapezoidal
5L 4
4k 4
3 4
S
K]
3 3r 1
5]
T
g 4
ok 4
1H 4
0 I I I I I I I I I _20 I I I I I I I I I
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
time [sec] time [sec]

Figure 5.3: Water level control for the one-tank system by using pole
placement without integral and without pre-filter for T = 0.1 .
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Figure 5.4: Water level control for the one-tank system by using pole
placement without integral and without pre-filter for T = 1.

significant overshoot. This is a basic property of the pole placement design. By
assigning the poles of the closed-loop arbitrarily, the closed-loop transfer function
obtains zeros, that cause this overshoot. A remedy is to use a pre-filter, that filters
the reference signal before it is applied to the feedback loop. We compute the

filter as described in Section 4.1.

We now perform the same simulations as before, only using the additional pre-
filter. It can be seen that the previously observed overshoot is almost entirely
removed from the step response. This can also be explained when looking at the
flow of the pump. In comparison to the case without pre-filter, the initial flow of
the pump is much reduced. Hence, a steady increase of the water level without

overshoot is achieved.

0.008

F(s) =
(5) = 0059125 + 0.007912

(5.10)

The simulation result in Figure 5.5 to 5.7 now shows that there is no more over-

shoot and that the final value is achieved without any steady-state error.
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Figure 5.5: Water level control for the one-tank system by using pole
placement without integral but with pre-filter for T = 0.01.
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Figure 5.6: Water level control for the one-tank system by using pole
placement without integral but with pre-filter for T = 0.1.
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Figure 5.7: Water level control for the one-tank system by using pole
placement without integral but with pre-filter for T = 1.

5.1.2 Pole Placement Method (with integral)

The controller derived in the previous section is of lead/lag type. Hence, it does
not allow a steady-state error of zero for reference or disturbance steps. If we want
to achieve this, we would like to design PI- or PID-controllers, that is, we need to
add an integral action to the controller. We proceed as described in Section 4.1
for the pole placement design with integral action. As discussed before, the plant
is of degree n = 2 and A(s) and B(s) can be found from (5.2), (5.3). We again
choose closed-loop poles at s = —0.2. Moreover, we get m = n — 1 + 1, which

leads to degree 4 of the closed-loop polynomial:

Q(s) = (s +0.2)* = s* +0.85% +0.24 s + 0.032 s + 0.0016 (5.11)

The resulting controller transfer function is given as

B 0.2075 s% 4+ 0.07052 s + 0.0036, s + 0.01751
- s24+0.3s ’

C(s) (5.12)

Looking at C(s), it can be seen that the controller is of second order with an in-
tegral part. Similar to the previous section, we finally transform the continuous-
time controller transfer function to discrete time. We apply the different approx-

imation methods as described before. Again, T" denotes the sampling time.
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e Fuler method:

C (8) —_0.2075 224 (0.075052 T —2 0.2075) z+(0.2075—0.075052 T+0.0036 T'2) (5 13)
Euler 224(0.3T—2) 241—0.3T '

e Kuler backward method:

__ (0.20740.07052 T+0.0036 T2) 22 +(—0.07052 T—20.207) 240.207
CEulerbackward(S) - (140.3T)22+(—2-03T) =+1 (514>

e Trapezoidal method:

Crapezoidal (S> =

(0.829240.14104 T+0.0036 T2) 22+ (—1.65-4+0.0072 T2) 2+0.8292—0.14104 T+0.0036 T2
(440.6T)22-8244-0.6T

(5.15)

The simulation result of a reference step from 0 to 5 for the closed feedback loop
is investigated for the three sampling times 7" = 0.01, "= 0.1 and 7" = 1. The

result is shown in the following figures.
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Figure 5.8: Water level control for the one-tank system by using pole
placement with integral and without pre-filter for T = 0.01.

We see from the plots that all approximation algorithms and all selected sampling
times lead to a stable closed-loop system. However, it has to be observed that the
deviation from the continuous-time simulation increases for larger sampling times.
Hence, the most suitable sampling time is again 7" = 0.1 (which corresponds to

100 ms). In addition, there is overshoot for all experiments, since no pre-filter is
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Figure 5.9: Water level control for the one-tank system by using pole
placement with integral and without pre-filter for T = 0.1 .
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Figure 5.10: Water level control for the one-tank system by using pole
placement with integral and without pre-filter for T =1 .
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used up to now. We now design a suitable pre-filter for the water level control
of the one-tank system with pole placement and integral action. We now design
a pre-filter in order to reduce the overshoot. The filter transfer function is as
follows in the s-domain

B 0.0016
~0.09221 s2 4+ 0.03134 s + 0.0016

F(s) (5.16)
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Figure 5.11: Water level control for one tank system by using pole place-
ment with integral (with filter) when T=0.01

The simulation result in Figure 5.11 to 5.13 now shows that there is no more

overshoot and that the final value is achieved without any steady-state error.

5.2 TWO-TANK SYSTEM (WITH ONE PUMP)

The one-tank system from the previous section is now extended by a second tank.
This tank is connected to the first tank by a pipe as described in Section 3.2. We

apply different controller design techniques, and want to control the water level
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Figure 5.12: Water level control for one tank system by using pole place-
ment with integral (with filter) when T=0.1
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Figure 5.13: Water level control for one tank system by
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in the second tank by manipulating the voltage of the inflow pump for the first
tank. The results are simulated in Matlab/Simulink. As computed in Section 3.2,

the linearized model of this two-tank system is given by the transfer function in

(3.19)
0.01599

83+ 0.5729 52 4 0.03646 s + 0.0000016

Figure 5.14: Simulink control loop for the two-tank system with one
pump

5.2.1 Pole placement (without integral)
We apply the pole placement method as described in Section 4.1 with the desired
closed-loop polynomial

Q(s) = (s +0.2)° = s° + 57 4+ 0.45> 4+ 0.0852 + 0.008s + 0.00032 (5.17)

Using G(s) and Q(s), we find the following controller transfer function in the

s-domain.

Cls) = 0.3764s + 2.889s + 0.1512
© 5240.4694s + 0.1354

By design, this controller does not have an integrator. We finally transfer this

(5.18)

controller to the z-domain as described in Section 4.6. Note that we already
discussed the influence of the sampling time 7" on the closed-loop system. In

Section 5.1, we found that a sampling time of 7" = 0.1 (sec) is suitable for the
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water-tank system. In order to keep the presentation short, we now continue
using this sampling time 7" = 0.1. We find the controller transfer functions for

the different integral approximations.

e Fuler method:
B 0.37642% — 0.46392 + 0.08901

CBuer(2) = 5.19
Buter(2) 22 —1.953z 1 0.9544 (5.19)
e Fuler backward method:
0.63612% — 0.9937z + 0.3591
C ulerbackwar - 5.20
Bulerbackward(?) 22 —1.9532 1 0.9539 (5.20)
e Trapezoidal method:
0.50912% — 0.73462 + 0.2269
Crapezoidal(z) = (521)

22 —1.953z + 0.9542

The resulting step response for a reference step (water level in tank 2) of 5 (cm)
is shown in Figure 5.15. Since there is no integrator in the controller, it can be

seen that there is a steady-state error.
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Figure 5.15: Pole placement for the two-tank system with one pump (no
filter) with T = 0.1 .

Note that the flow on the right hand side of Figure 5.15 is negative, because
it represents the difference from the set-point. We next design the pre-filter as

described in Section 4.1. The filter transfer function in the s-domain is
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0.00032

F(s) = ) 5.22
() 0.0007627s% + 0.005854s + 0.0003065 ( )
In the z-domain (for 7" = 0.1), we get
e Fuler method:
0.004196
Fouer(2) = 57535 7 0,365 (5:23)
e Fuler backward method:
0.00236822
FEulerbackwaT’d(z) - (524)

22 — 1.562z + 0.5645

e Trapezoidal method:

B 0.00075752% + 0.0015152 + 0.0007575

Fra ezoida, - >20
pezoidal (%) 22 — 1.443z + 0.4457 >:29)

The step response for the closed loop including the pre-filter is shown in Fig-
ure 5.16. It can be observed that now the steady-state error is removed. However
there is still overshoot in the step response. This can be explained as follows.
The controller design uses the linearized model of the two-tank system. However
the real system is nonlinear. This leads to small deviations from the designed

closed-loop behavior.

5.2.2 Pole placement (with integral)

We now add integral action to the controller using pole placement. The desired

closed-loop polynomial is

Q(s) = (5+0.2)% =5 4125 +0.65*+0.16 s +0.024 s* + 0.00192 5 + 0.000064
(5.26)
We get the controller in the s-domain

B 13.74s* + 10.06s* 4+ 0.9362s + 0.03158

C
(5) 53 1 0.669452 + 0.22935

(5.27)

and convert the C'(s) to the z-domain for a sampling time of 7" = 0.1.
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Figure 5.16: Pole placement for the two-tank system with one pump
(filter) with T = 0.1 .

e Fuler method:

13.7423 — 40.2122 4 39.222 — 12.74

C uler — 5.28
Eul 23 —2.93322 + 2.8682 — 0.9354 (5.28)
e Fuler backward method:
13.823 — 40.442% + 39.492 — 12.85
_ 2
Crutertackuard = =5 G335 15 8682 — 0.0352 (5.29)
e Trapezoidal method:
13.7823 — 40.3522 + 39.372 — 12.8
Cra ezoidal — 5.30
pezoidal = T 8993322 + 2.8682 — 0.9353 (5.30)

The step response in the closed loop is shown in Figure 5.17. Due to the integral
action of the controller, the steady-state error is zero. However, there is large

overshoot because of zeros that appear in the closed-loop transfer function.

We now design a pre-filter in order to reduce the overshoot. The filter transfer

function is as follows in the s-domain

B 641077
00278553 + 0.0203852 + 0.001897s + 6.4 10~

F(s) (5.31)
and in the z-domain (for 7" = 0.1)
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Figure 5.17: Pole placement method with integral method for two tank
system with connection pipe when the T=0.01

e Fuler method:

2.298 1076
C uler — 5.32
Buler = 87902722 + 2.8542 — 0.9275 (5:32)
e Fuler backward method:
2.14107623
CEulerbackward == (533)

23 —2.93122 4 2.862z — 0.9312

e Trapezoidal method:

o2 107723 + 831210722 + 8.31210 72 + 2.771 107
rapezoidal = 23 202922 + 2.8582 — 0.9294

(5.34)

The step response simulation is shown in Figure 5.18. It can be seen that the
overshoot is significantly reduced compared to the case without filter. However,
there is still some overshoot because of the nonlinearity of the water-tank system

and the saturation of the control input.

5.2.3 Root Locus Method

We next use the root locus method as described in Section 4.2 in order to find a

controller for the two-tank system with one pump. This method requires the poles
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Figure 5.18: Filter for pole placement method (with integral) when
T=0.1

and zeros of the open-loop transfer function. Hence, we first choose a suitable

structure of the controller transfer function as follows.

1+T72s)((1+T15s))
s(1+s75)

C(s) = K, ( (5.35)

In order to choose T'1 and T2, we look at the poles of the plant transfer function
G(s)
P1=-0.5000, P2 = —0.0212, P3 = —0.0094 (5.36)

We suggest to compensate the two slow poles of G(s) at P2 = —0.0212 and
P3 = —0.0094 by the choice of T1 = —1/P2 and T2 = —1/P3. In addition, we
introduce the fast time constant 7 = —0.1/P1 such that the controller transfer
function is proper. Together, we obtain the open-loop transfer function

50.73
s3+5552425s

G(s) C(s) = (5.37)

The root locus plot of G(s)C(s) is shown in Figure 5.19. We see that the root
locus has three branches, whereby two branches move to the instability region
for large values of K. In order to make the closed loop as fast as possible, we
choose the closed-loop poles at the intersection point of the root locus with the

real axis. The corresponding value is K, = 0.00586. The resulting controller
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transfer function is

B 29.345% + 0.8977s + 0.00586
N 0.252 + s

C(s) (5.38)

Imaginary Axis

Figure 5.19: Pole locations for the two tank system with one pump

The controller transfer functions in discrete-time (for 7 = 0.1) are computed as

follows.

e Fuler method:

146.72% — 2932 + 146.3

C1Euler = 22 _ 152 105 (539)

e Fuler backward method:
98.122 — 195.92 + 97.8

ulerbackward = 4
Cruterbackuard = 577 Ga7- 10,6667 (5.40)
e Trapezoidal method:
117.52% — 234.72 + 117.2
Crapezoidal - (541)

22 —-1.624+0.6

It can be seen from the closed-loop simulation in Figure 5.20 that the response
reaches the reference value very fast. However, it has to be remarked that a very
large pump flow is required at the beginning of the experiment. This leads to

overshoot and a slow return to the reference value.
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Figure 5.20: Step response for the root locus design

5.2.4 Symmetrical Optimum

In order to apply the symmetrical optimum method as described in Section 4.3,
we need to look at the poles/time constants of the plant transfer function G(s).

The poles are
P1 = -0.5000, P2 = —0.0212, P3 = —0.0094 (5.42)

as already discussed in Figure 5.19. Accordingly, we can write the plant transfer

function in the time constant form as

9993
(1+475)(14+106s) (14 2s)

G(s) = (5.43)

It can be observed that G(s) is stable and contains one small time constant
7 = —1/P1 = 2 and two larger time constants 71 = —1/P2 = 47 and T3 =
—1/P3 = 106. Then, we can apply the formula in Section 4.3 to find the controller

transfer function

 431.85° +53.985% + 2.249s + 0.03124

Cls) 14453 + 2452 + 5

(5.44)

We again convert the controller to discrete time for 7= 0.1.
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e Fuler method:

B 810423 — 2.42110%2% + 2.411 10*2 — 8003

C uter - 5-45
Buter(2) 23— 2.83322 + 2.674z — 0.8403 (5.45)
e Fuler backward method:
699223 — 2.089 10*2% + 2.08 10*z — 6905
ulerbackwar = 4
Cutertackward(2) 23— 2.84622 + 2.6982 — 0.8521 (5.46)
e Trapezoidal method:
751622 — 2.24510%22 4+ 2.236 10*2 — 7422
Crapezoidal(z) = (547)

23 — 2.8422 + 2.686z — 0.8464

The resulting step response simulation is shown in Figure 5.21. As is usual for
the symmetrical optimum method, the response is fast, but leads to significant
overshoot. and the flow will increasing and decreasing because the Sampling

Time is too large then the controller needs Large changes of the output.
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Figure 5.21: Step response for the symmetrical optimum method

5.2.5 Youla Parameterization

We finally apply the Youla parametrization method as explained in Section 4.4.
We use the desired closed-loop transfer function

1

o= 1oy

(5.48)
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and apply the formula in (4.14) to find out the controller transfer function

 493.55% 4+ 261.85* 4 7.647s + 0.04928

4
Cls) $3 + 352 + 3s (5-49)
The conversion of C(s) to the z-domain for 7" = 0.1 leads to
e Fuler method:
493.523 — 145422 + 14282 — 467.4
C uler — 5.50
Eul 23— 272242432 — 0.73 (5.50)
e FEuler backward method:
390.82% — 115322 + 11332 — 371.1
ulerbackward — 5l
Crutertackward = — 55 =50 55 181, — 07519 (5:51)
e Trapezoidal method:
437.72% — 129022 + 1268z — 415.1
Ora ezoidal — 5.52
pezoidal = 3 9 71522 + 2.4562 — 0.7408 (5:52)

The step response simulation result for this controller design is shown in Figure
5.22. It can be seen that, although fast poles are specified in T'(s), the response
reaches the steady-state value slowly. The reason is again the nonlinearity of
the real two-tank system. In the linear controller design, it is assumed that the
pump can run in two directions (it can also take water from the tank). In the
real nonlinear system, the only outflow is from the discharging pipe. This leads

to the slow decrease of the water level.

5.3 TWO-TANK SYSTEM (WITH TWO PUMPS)

In this experiment, we consider the two-tank system that is equipped with two
pumps as discussed in Section 3.3. The first pump pushes water to tank 1, while
the second pump takes water from tank 1 and feeds it to tank 2. We now design
controllers for both tanks and investigate the relationship between both control

loops.
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Figure 5.22: Step response for the Youla parameterization method

5.3.1 Pole Placement Mehtod

In this experiment, the plant consist of two one-tank systems as studied in Section
5.1. That is, we can apply the pole placement controller with integral and filter
as used in Section 5.1.2 for both control loops. The controller transfer function

18
B 13.745% 4+ 10.065% + 0.9362s + 0.03158

Cls) 3+ 0.669452 + 0.22935

(5.53)

Figure 5.23 shows a step response simulation for a reference step at time 50 of
the water level in the second tank by 10 (cm). The left hand plot shows the water
level A1 of tank 1 and the right hand plot shows the water level h2 of tank 2. In
order to increase the water level in tank 2, the flow of pump 2 is increased, which
constitutes a disturbance for the water level in tank 1. Hence, the controller for

tank 1 has to react in order to bring the water level back to the initial level.

5.3.2 Disturbance Feed-forward

We now use the same setup and controllers as in Section 5.3.1, but we assume that

the flow of pump 2 is measurable. Then, we can apply disturbance feedforward
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Figure 5.23: pole placement method with filter for control on a water
level in tankl when T=0.1

as described in Section 4.5. That is, we add a disturbance feedforward controller

F(s). Considering the pump transfer function

200
Pl(s) = .54
we compute with (4.16)
1 1+2s
F(s) = = . 5.59
()= Pisy = 200 (5:55)

Since F(s) is not proper, we multiply with a first-order lag transfer function with
a small time-constant (fast pole). We finally use

14+2s

PO = 0007029

(5.56)

Figure 5.24 shows the same step response experiment as in Section 5.3.1 with
and without disturbance feedforward. It can be seen that the water level in tank
2 is not affected, since the disturbance feedforward is applied in the loop with
tank 1. However, the disturbance response in the loop with tank 1 is dramatically
improved if disturbance feedforward is used. This is due to the immediate reaction

to the disturbance based on the disturbance measurement.
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Figure 5.24: Feed-forward control method when T=0.1
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CONCLUSIONS

As reported in the literature, the water level control is a very suitable experiment
for control laboratories. It can be used to study many aspects of control systems,
that can be easily transfered to other applications such as automation systems,
power systems or automotive systems. First, it allows to study basic aspects
of control system design such as nonlinear modeling and set-point linearization.
Second it is suitable for demonstrating a large variety of controller design meth-
ods. Third, it makes students familiar with elementary equipment that is used

in control systems such as pressure sensors and water pumps.

In this thesis, a three tank system for control laboratories is designed. In the
theoretical part of the thesis, basic properties of the system are investigated and

suitable control designs are evaluated. The works include

Nonlinear modeling of the three tank system

Set-point linearization for different variants of the three tank system

Application of basic linear controller design methods

Discretization of continuous-time control algorithms for the digital con-

troller implementation

Simulation and validation of control systems using Matlab/Simulink

In the practical part of the thesis, basic components of a one-tank system are

selected and assembled for a feedback control experiment. The works include

e Microcontroller programming in the C language
e Usage of pressure sensors
e Design of high-gain instrumental amplifiers
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Usage of high-current motor drivers

Usage of pulse width modulation (PWM)

Usage of DC pumps

Implementation of digital control algorithms on PIC microcontrollers

Using the above steps and equipment, it was possible to perform basic feedback
control experiments. However, since the DC pump turned out to be very insen-
sitive, more detailed experiments were not possible. As the main task for future
work, it remains to obtain a more suitable DC pump. All other components
proved to be suitable for the water-tank experiment. As an additional important
result of the practical experiments, the connection and outflow pipes should be
large enough to guarantee a practicable design of the motor tank experiment .
The reason for this is that inflow of water into a tank is conveniently controlled by

pumps. However, sufficient outflow is only possible if the pipes are large enough.
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