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Abstract:

This work studiesthe design and simulation of a wheeel and
temperature controller using Proportional Integréderivative (PID)
Controller and Fuzzy logic (FL) Controller. The silation of the design
system was achieved by utilizing MATLAB and Simulink.

The experiment displayed some challenges of methodsljnear
PID Controller and fuzzy logic (FL) in the systemsideed. PID
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controllers were implemented separately to contha water level and
temperature with deferent parameters.

howeves the (FL) process was implemented to cointtbl, water
level and temperature. The challenges with this atetbad in the tuning
and selection of the fuzzy sets. The experimentezshtvat both control
systems are important in their own right.

The two controllers used to combine the systemdardo improve
the accuracy and precision of the result. Resultsahstrated that more
accurate response was obtained using a PID systdnch did not show
any study state error, whereas Fuzzy Logic Cordrab relatively easy
as compared to the Proportional Integral Derivati@entroller with the
despite of complex mathematical modeling.

Keywords. Simulation, Water Level, Temperature ,PID Controller
fuzzy Logic (FL), MATLAB & SIMULINK, Proportional Imgpel
Derivative Controller.

1- Introduction.

Advanced Control module using PID controller whishgeneric
control loop feedback mechanism widely used in stdal control
system. This system controls more than 95% closeg lindustrial
processes.[1] in their introduction to the reseapaper of the PID
acknowledged this fact.

The proportional-integral-derivative (PID) contrallstructure is
pointed out that more than 95% of the controlleseduin the process
control applications are PID-type.

The popularity of such controllers is mostly deethe fact that
their structure is simple, and their principle &syg to understand that
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such controllers have sufficient ability of solvinghany practica
problems.

The process includes the design and simulationaoindrol systen
using the Fuzzy Logic Controller, which was introddcby2]. This
system allows the use of information exprd verbally to perforn
computations.

This work aimed to design a control system to airiioth watel
level and temperature in tank using PID and Fuzzyd Ggntrollers

The investigation mainly focused on four tasks nay

» Development of Mathematical Mel.

» Design the PID Controlle

* Designing a Fuzzy Logic Control Syst¢
* Working with the SIMULINK.

2 - Physical Tank Layoul
The schematic layout of the tank was given as shovigure (1)

Controller

Temperature Transmitter

Figure (1) shows the schematic of tank layout.
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2.1- Problem Specifications

Inlet cold water temperature Tcold 2G4
Initial hot water temperature Thot =%D
Maximum water flow rate into the tank for both red cold =
0.3n7/s
Water flow rate out of the tank = 0.3%fm
Volume (V) of the tank = 1.0fn
Cross-section area of the tank (A) = 0°5m
Initial water level Lo = 0.1m and temperature TaGC
Pump voltage varies between 0 to 10Volts
Not : if we used Pump voltage varies more than 10seitl not

give an accurate result.

2.2- Design Specifications

Water level and temperature are measured sepaiatdlye level
sensor and temperature sensor

Outlet temperature ;imust equal the set point temperature 037
The water level must not exceed 2m

The temperature has a first order delay with timestant = 2.5 s
1

(2.5 s+1)

The water level measurement has a first order defag time

constant=1.5s

3 - Development of Mathematical Models

The mathematical equations were formulated andesyuently the

engineering models as detailed below.

Volume of the Tank, ==>  Foracylinde?W =Ax+h
Where V= volume, A= Cross section area (CSA) andelgttt of

the cylinder
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In this case the volume of the tank is equivalenthe amount of
water going into the tank or less thanthe watawifhg.
V=Fc+Fh—-Fo
Whereas, Fc=cold water inflow, Fh=hot water inflowdaRo=
water outflow.
Since the water level is changing with time as shiblbadow

av B dv _ d(Ah)
E—Fc+Fh Fo, Bjtdt— It
Therefore% = %(Fc +Fh—F0)..........coccennn. Equation (1)

. Temperature of the water
Temperature at any point of tili& = FcTc + FhTh — FoT

Since the temperature of the water in the tank digpehthe flow

dvT dT dv
—— =FcTc+ FhTh—FoT =V —+T—
dt dt dt

VE = FcTe + FRTh — FoT — TZBut% = Fc + Fh — Fo
dt dt dt
Therefore: V<1 = FcTc + FhTh — FoT — T(Fc + Fh — Fo)

dT 1
i M(FCTC + FhTh — FoT —TFc —TFh + TFo)
= —(FcTc + FhTh — TFc — TFh)
=~ (Fc(Tc =T) + FR(Th = T)).c..cocvenen . Equation (2)
The mathematical model was then development using

MATLAB/SIMULINK as shown in figure 2 below.

University Bulletin — ISSUE No.22- Vol. (1) — March 2020.




Modeling and Designing a Control System Using PID Controller

'
Lal
'
Ldl
1
gl ¥ 1)
H
Integratort
Fo
— Divide1
Add
E} L ]
Te o I I NN A
Product R
- 2k
] (R > [ y ! »(2)
Frodug 1 T
Th Toduct ! B Integrator
I
Lal
" g Divide
r_
Product?
i
| Addt

]

Figure 2showing the modelling of water level and temperatwa

4 - Designing the Pid Controllel
Theengineering model was then saved as a subsystetwariiD
controllers with two feedbacks of first order dedagf time constani
equal to 2.5 and 1.5secs for the temperature aner \Wavel respectivel
were introduced as shown in figurt
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Figure (3) showing the simplified layout of Simulink Modelwith PID
Controllers

4. 1 -Tuning the Pid Controllers

In order to tune the two controllers, Ultimate &ydVlethod of
ZieglerNichols of tuning
PID was use(i3]

a) The model (figure 3) was built using MATLAB/SIMULIN!

b) The values of Ki and Kd were set to theiinimum (zero) by
setting the time constantsi and td to infinity and zerc
respectively. This resulted in values of Ki andtkdequal zer

c) The proportional constant Kpwas initially set tolealue of one
and then gradually increas

d) Scope windows 2 «d 3 for water level and temperature w
added to monitor the output signal for two PID Colhrs
respectively.

e) The process was repeated for various values, until the systen
was verge of instability resulting in continuouscitiation as
shown in figure 4 and figure 5 respectiv
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4.2- Pid Controller Results

The following graphs were obtained for the Watewdleand
Temperature PID Controller. The readings for the KEpd corresponding
Tc were obtained by taking measurement as showppendix ii.

nScope E@
SBE|IOLR AHAREE D4 & =

Time offzet: 0O

Figure (4) showing the continuous oscillations ohe water level system

uScopd EI@
SEH|ICL2 L HABEBE B A H ~

Figure (5) showing the continuous oscillations oht temperature model
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The critical value for the proportional constantafd the periodic
time of the oscillations Jwere found to be.

PID Koc T.
Water Level 1.95 7.5
Temperature 43.65 7.7

Table (1) showing the values of Kpc and Tc obtained

The Ziegler-Nichols Tuning Rule Table shown belowswthen
applied to get the values of Kp, Ki and Kd requifed our system to
meet the specifications.

Controller Model Kp K; Ky
P 0.5Kpc
Pl 0.45Kpc 1.2/T.
PID 0.6Kpc 2.0/T, 8/T,

Table (2) formulas for calculating values of Kp, Kiand Kd using Ziegler-Nichols
methodO

This resulted in the following PID parameters.

PID Kp K Kad
Water Level 1.17 0.267 1.067
Temperature 26.19 0.260 1.039

Table (3) calculated values of the two PID controdirs.

However, these values did not yield the expectedlteThe PIDs
were then smoothly tuned by gradually changing &laes of K, K; and
Kq. Table 4 and figures 6, 7, 8 and 9 shows theectse value that
yield some expected results and the correspondaquhg.
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PID Ko Ki Kgq
Water Level 2.140 0.274 1.096
Temperature 2.340 1.096 1.127

Table (4) final values of the two PID controllers

| Function Block Parameters: PID Water Level Controller

FID Controller =
This block implements continuous- and discrete—time PID control algorithms and includes advanced features such as|
anti-windup, external reset, and signal tracking. You can tune the PID gains automatically using the 'Tune...' button
(requires Simulink Control Design).

Controller: |PID

Time-domain:
@ Continuous-time

Discrete-time

Main | PID Adwanced | Data Types | State Attributes |

Controller settings =

Controller form: [Parallel - J,E
Froportional (F}:  2.25 |
Integral (I}: 027397

Derivative (D}: 1.09589 Filter coefficient (M): 100

nitial conditions

Source: [internal

Integrator: o

Filter: ]

External reset: | none

7] Ignore reset when linearizing

[#] Enable zero-crossing detection

" [ oK ] [ <cancer | | Help ] Apply
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-
B Water Level =R | >
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Figure (6) PID setting for the water level.
Figure (7) showing the resulting graph for the watelevel

W& Function Block Parameters: PID Temperaturs Controller ===
PID Controller -

This block implements continuous- and discrete-time PID control algorithms and includes advanced features such as|
anti-windup, external reset, and signal tracking. You can tune the PID gains automatically using the 'Tune...' button
(requires Simulink Control Design).

Controller: [PID

Time-domain:
® Continuocus-time

~) Discrete-time

Main | PID Advanced | Data Types | State attributes

Controller settings

T

Controller form: |Parallel -
Proportional (P): 2.34

Integral (I): 0.2816

Derivative (D): 1.1267 Filter coefficient (M)}: 0.22127776350253

Tune... |

Initial conditions

Source: internal

Integrator: O

Filter: o

External reset: [none

] Ignore reset when linearizing

[#] Enable zero-crossing detection

"

o [ ok |[ cancel |[ Help Apply

Figure (8) PID setting for the temperature.
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' nTemperature E'@ ﬁ
SBEPLL AB & s

Time offzet. 0

Figure (9) showing the resulting graph for the Temprature

5.-Designing A Fuzzy Logic Control System

There are two main methods for designing a Fuzzyid.og
Controller (FLC) namely the Mamdani Method introddidey Professor
Drainkovat London University and Fuzzy Inferencdaroduced by
Nguyen.[4][5] The difference of two inference mafbolies in the
calculation of crisp outcome value of controllerdafuzzification stage.
The Mamdani method uses the centroid technique lal®avn as the
center of gravity (COG) while the Sugeno method uses the Weighted
Average (WA).[6][7]
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However, the two methods follow the same four basic stepamely;
1) Fuzzification of Input Variables
Taking crisp input in this case the water level &mperature into
appropriate fuzzy sets.
i) Inference
This is the application of the fuzzified inputsttee antecedents of
the fuzzy rules.
lii) Aggregate Of Rule Outputs
This is the process of unification of the outputalbrules
Iv) Defuzzification
This is the process of evaluation of the rulesnteo to come up
with a single crisp number, which is the outputtbé Fuzzy Logic
Controller.

5.1 - Designing The Flc for The Water Tank Level ad

Temperature Control

The basic outlay of a FLC for a closed loop is aswshin the
figure 10 below where;

e(t) = the error signal into the control with res® time (t)

Ae(t) = differential error which is the differenae érror from one
sample time to the other also referred to as tteeafachange of error.

u(t) = the output signal of the controller (contsainal).

Au(t) = The differential output signal of the corlieo. It is the
difference in the out signal from one sample timée other.
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FLC AH(I)
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Figure (10) showing the basic layout of a fuzzy based contrglysten

BN

In order to design a FLC, one requires the undedstignor
experience of how the system (plant) to be comdolbperates. Th
knowledge will theefore assist in determining the input and ou
parameters of the control system in fuzzy fol

5.2 -Determination of Inputs and Outputs Variables

The model has got two inputs and two outputs nartiedywatel
level & temperature and cold water supp& hot water supply
respectively.

In this regards, the inputs to the controller wexken to be th
errors e(t) which were the differences betweenrsttevalues of the wat
level and temperature and the corresponding fe&diloes and the ra
of chang of these errorade(t). The table below shows the definition
membership function
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MEMBERSHIP
RANGE | DESCRIPTION FUNCTION SHAPE
INPUT
WL 0.5-1.25| Low -2.12 -2.02 -0.13 | Trapezium
0.0052(trap)
WL 1.0-1.75| Ok -0.153 0 0.164 (tri) Triangle
WL 1.5-2.0 | High 0.005 0513 2.08 2.03rapezium
(trap)
TE 10-30 Low -46.8 146.6 -9.63 0.1P%rapezium
(trap)
TE 25— 40 Ok -3.49 0 4.13 (tri) Triangle
TE 35-45 High 0.105 10.26 40.3 40.Trapezium
(trap)
OUTPUT
Fc 0.00 — Low -1.23-1.121.24 4,51 Trapezium
0.15
Fc 0.10 — Normal 0.161 4.966 0.162Gaussian
0.25 5.061
Fc 0.20 — High 5.498.631011.2 Trapezium
0.35
Fh 0.00 — Low -1.2-1.041.234.35 Trapezium
0.15
Fh 0.10 — Normal 0.2004 4.931 0.22365aussian
0.25 5.056
Fh 0.20 — High 5.54 8.23 10.5 10.6 Trapezium
0.35

Table (5) showing the fuzzy membership functions dhe inputs and outputs
It should be noted that the modeling was basedewaoltage input
ratios and not the actual setting such as the viewet and temperature.
This is in conformity with the design in the PID tafler. Table 5 shows
the membership function that provided a solutiorthte problem after
tuning the FLC.
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The fuzzy rules were designed as follow;

IF WL is Low and TE is Low THEN Fc is low and FEhLiow
IF WL is Low and TE is Ok THEN Fc is Low and FHiNermal
IF WL is Low and TE is High THEN Fc is Low and EhHigh

IF WL is OK and TE is Ok THEN Fc is Normal andiBiNormal
IF WL is Ok and TE is high THEN Fc is Normal andigMNormal
IF WL is High and TE is Low THEN Fc is High and iBH_ow
IF WL is High and TE is OK THEN Fc is High and Fhrkhal

IF WL is High and TE is High THEN Fc is High and iBiHigh

©COoNOA~RWNE

6.-Working With Simulink

IF WL is Ok TE is Low THEN Fc is Normal and FhLew

The system subsystem was the same as shown ire fiyurhe

Simulink Model for the Fuzzy Logic Controller was ilbuin
MATLAB/SIMULINK as shown in figure 11 below.

1

1.55+1

Transfer Fen

"

Vh T El
Fuzzy Logic

Controller Temperature
with Ruleviewer

Water Level & Temperaturs Subsystem

Transfer Fonl

Figure (11) showing the FLC Simulink Model
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After simulation, the Fuzzy Logic Controller produt the
following Rule Viewer as shown in figure 12.

Rule Viewer: FLCSolution140314 = e | =<
File Edit WView Options
0 ey s O sy s R e R me—
) I I [ | ]
=[] [ ] o | I ]
< 1| [N 1 1] I I
& 1 i i i
s [ a1 [ ] [0 | [ —
[ ] N I | [ |
o ] 4 | I — ] [ ]
) I E— I — 7 7
-] E —40 40 | ‘ | | a 1 |
Input: (0 pos10s;2.08] ”F"‘:‘1 points: 101 ‘ |M0V63 left | right | dnwnl up | |
| Renamsd FIS to "FLCSolutiond 40351 4" ‘ | Help | Close | |

Figure (12) showing the Ruler Viewer for the Fuzzy ogic Controller

The resulting graphical response of the systenstaogn in figures
13 and 14
Surface Viewer FLCSolution240314 | |

File Edit View Options

X Cinpt): WL - 7 Cinput: TE - L [output): Fe —
W grids: 15 N grics: 15 Exvaliate
Ref. Input: ||Plot poirts:  qg4 ‘ ‘ Help | Close | ‘

Ready ‘

Figure (13) showing the responding graph of surface
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-HWMr'LmeI —— E
&B PLrr ABE BAF s

Figure (14) showing the resulting graph for the temperature control
The corresponding surface viewer is shown in figibe

o
&

m Temperature =

85 0LL AEE BAF .

Figure (15) showing the FLC surface viewer.
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7.-Observations

The following observations were made during theigiesand

simulation of PID and FL controllers.

Vi.
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The PID involved a lot of mathematical modeling aradculations,
which could be complex hence posing serious chgdienin the
success of design process.

The system required two separate PID Controllersrder to control
the two outputs; water level and temperature.

Since the two models, water level, and temperaturerew
interconnected, the tuning of the two PID contrallaras not easy.
Also changing the controller parameters in one Rfigcted outcome
of the other. The two PIDs were not working indegesmtly.

. To achieve the system stabilty was a challenge

asguessingparameterskK; and Ky of the two controllers. Several
attempts were made in order to achieve the abos@ded results.
This confirms the heuristic nature method of tgnifPID
Controllers.[8][9]

The graphical response especially of, temperaturenos
instantaneously overshot to the highest value pfapmately 44C
and gradually settling to the steady state valu87®€ in 45sec. The
temperature of £€ was for a short period as tolerated. The settling
time of 45sec is also within the expectation.

The graphical response of water level did not haveignificant
overshoot and the steady state value was achievagproximately
S5sec.
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vii. For system using FL Controller, the graphic respafséemperature
rose to highest value of approximately’G7at 10sec, in operation
state value of 34°Z in 45sec.

viii. The water level overshot to approximately 1.9m besettledto a
steady state value of 1.7m in 45sec.

iXx. The steady state values for both water level amgbégature using PID
and FL Controllers was as tabulated in table 6.

PID FUZZY LOGIC
WATER LEVEL 1.8m 1.7
TIME 55sec 45sec
TEMPERATURE 37°C 34.9C
TIME 45sec 45sec

Table 6 showing steady state results for both thelB and FL Controllers

X. Designing the Fuzzy Logic Controller was less d@rading as
compared to the PID Controller. Knowledge of complex
mathematics computation is neither a prerequisiteessential in
designing Fuzzy Logic Controllers.[10][11]

xi.  Fuzzy logic control does not require mathematicaldet® of
plants information and expert knowledge into cargrgnals

xii. ~ The design of the control was based ondaily expeeef typical
usage of regulated water in thewater bath/sinkasdn, which is
supplied, by cold and hot water taps and a singhndge outlet.
The knowledge to understand the problem and hemoe cp with
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the possible design solutions. This fact is onthefkey advantages
of designing a Fuzzy Logic Controller.[12][6]

xiii. Fuzzy logic control is one of the most useful apphes for
utilizing the qualitative knowledge of system.

xiv. The critical knowledge required was only on modgland usage
of MATLAB and SIMULINK packages. Otherwise, the dgsing
process is understandable.

xv. The system response was not as accurate asthateoPIiD
Controller. There was a steady state error in besponses. These
errors could probably have arisen due to the numbgr
membership functions and fuzzy rules chosen.

xvi. There is no unique proven formula for the designhe Fuzzy
Logic Controller especially in the choice of the mieership
functions and consequently the fuzzy rules to bplieg. This
processes challenge to the designing of Fuzzy Glbettias it relies
on one’s experience and understanding of the pmfS]

8- Conclusions
From the results obtained in this work, the conduascan be
summarized as following.

1- The performance of the fuzzy logic control can ibeonsistent
because the fuzzy logic control depends mainly loe ihdividual
operators’ experience. Therefore, despite the tfeatt much progress
has been made in successfully applying fuzzy logomtrol to
industrial control systems, it has become evidéat tmany basic
iIssues remain to be further addressed.
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2- The design experiment of a PID and FL Controllecdatrol both the
water level and the temperature of a tank systemfirooed that
designing a Fuzzy Logic Controller is relatively yas compared to
the Proportional Integral and Derivative Controll€his is due to the
fact that in FLC design, there is no need for thdewstanding of the
complex model of the system to be controlled rattier normal
operation of the system.

3- More accurate response was obtained using a Pl@mysthich did
not show any steady state error. The tuning of RHe using the
Ziegler-Nichol method was easier but did not offaccurate
parameters hence the need for considering othenguaiternatives
such as the Steady Space and Frequency Response.

4- Despite the complex mathematical modeling involiredlesigning a
PID Controller, it is a more accurate type of colt@rocompared to
the FL.
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