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DC TO DC STEP-UP CHOPPER WITH FUZZY LOGIC CONTROLLER

ABSTRACT

In this thesis, a computer simulation program and an implemented circuit are used

for a step-up chopper with fuzzy logic and the results are compared.

The, structures of dc-dc step-up chopper are explained. And also the values of
components of the step-up chopper are calculated. The advantages, disadvantages
and main principle of the fuzzy logic application in this drive circuit are explained.

Also this method is compared with other methods.

In simulation program, the circuit of step-up chopper with fuzzy logic are establish

in Matlab Simulink and the results of this circuit are examined.

The step-up chopper is controlled with microcontroller. For this reason, PIC
16F877 is used. The software of PIC 16F877 is written by Assembly machine
language. Also, in this thesis the features and structures of PIC 16F877 are

explained briefly.

In implemented circuit, a writer circuit of PIC 16F877 is established in order to

load Assembly machine program into the PIC 16F877 test circuit.
Closed loop control is applied to the computer simulation program. Fuzzy logic
control method is used for speed control. PWM is only applied to MOSFETSs , which

is used for switching.

Keywords: Step-up Chopper, Fuzzy Logic Control, PIC 16F877
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GERILIM ARTTIRICI DC KONVERTORUN BULANIK MANTIK iLE
KONTROLU

0z

Bu tezde gerilim arttirici dc konvertor bulanik mantik ile kontrol edilmistir. Bu
amacla bilgisayar ortaminda simiilasyon ve laboratuar ortaminda deneysel ¢aligsmalar

yapilmistir ve bunlarin sonuglar1 karsilastiriimistir.

Gerilim arttirict dc konvertoriin 6zellikleri, yapisi anlatilmistir. Ayrica konvertoriin
elemanlarinin hesaplamalar1 da anlatilmistir. Bulanik mantigin temel ilkelerinin bu
siriicli devresine uygulanmasi, avantajlart ve dezavantajlar1 anlatilmistir. Ayrica

diger kontrol yontemleri ile kiyaslamas1 anlatilmistir.

Matlab Simulink, simiilasyon programinda devre kurulmus ve sonuclar ilkonce

bilgisayar ortaminda incelenmistir.

Gerilim arttirici dc konvertoriin kontrolii mikro kontrol ile yapilmaktadir. Bunun
icin PIC 16F877 kullanilmistir. PIC 16F877 nin yazilimi Assembly makine dili ile
yapilmugtir. Tezde PIC 16F877 nin yapisi ile ilgili de bilgiler verilmistir.

Assembly programlama dilini PIC 16F877 deneme kartina aktarmak i¢in laboratuar

ortaminda bir yazici devresi yapilmistir.

Simiilasyon programinda kapali ¢evrim kontrol uygulanmistir. Hiz kontrolii i¢in
bulanik mantik kontrol yontemi uygulanmistir. PWM, anahtarlama eleman1 olarak
kullanilan MOSFET’ e uygulanmustir.

Anahtar Sozciikler: Gerilim Arttirict DC Konvertor, Bulanik Mantik, PIC 16F877
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CHAPTER ONE
INTRODUCTION

1. Introduction

In the last years, the application of fuzzy logic controllers has been extended
gradually in process control area and successful results have been taken. They have
been applied to many fields Kosko, B., (1992) as economy, administration, medical
science and process control systems since introduced by A. Liitfi Zadeh in 1965
Zadeh, L.A., (1965). Fuzzy logic controller is formed in the light of the knowledge
and experiences of an expert. Thus, a flexible control method can be developed
through the commonly used daily language words as; increase a lot, increase a little,
a lot, a little that are known as linguistic determinatives. Fuzzy logic controller was
based on such verbal statements and the logical relationships between them
Hellendorn, H., & Thomas, C., (1993). The Fuzzy logic is much closer in spirit to
human thinking and natural language than the traditional logic systems. The Fuzzy
logic controller does the control process using linguistic expressions based on expert
knowledge Zadeh, L.A., (1965). It is easy to develop a fuzzy logic controller, as
mathematical expressions are not required. Therefore, the fuzzy logic controller can
be applied to the complex systems that are non linear and cannot be modeled Lee,
C.C., (1990), Mamdami, E.H., (1977). The fuzzy logic controller has three main
qualities as transforming numerical values into linguistic expressions, linguistic
outcome for resolution system and transforming linguistic conclusions into numerical
conclusions for numerical control information Akcayol, M.A., & Cetin, A., & Elmas,

C., (2002).

In this work, the fuzzy logic control was used to generate voltages above the
supply voltage. The dynamics of DC-DC converters is non-linear, and practical
converter operation deviates from theoretical prediction because of problems
associated with parasitic resistances, stray capacitances, and leakage inductances of

the components. All this make the design of an optimal compensation circuit for



closed loop operation of the converter difficult So, W.C., & Tse, C.K., & Lee,
Y.S., (1994).

The literature has been giving a particular interest to integrated step-up DC-DC
converters that are able to convert a power supply voltage into a higher one. As well
known, the conversion exploits the energy exchange between an inductor and a
capacitor to boost up the input voltage. Although this architecture is quite simple, a
control law is required for properly driving the switching activity, which affects the

energy exchange Criscione, M., (2001).

The content of this thesis can be summarized briefly as follows:

Chapter 2 focuses on the step-up converter. Firstly, general structure and working
principle of DC-DC converter is explained. Then, structure and working principle of
step-up converter is explained. Also, the parasitic elements in a step-up converter are

explained.

The chapter 3 of this thesis presents the fuzzy logic control. The explanation of
fuzzy logic control is given theoretically. At the same time, comparison with the
other control systems, advantages and disadvantages are explained. Also choosing of
membership function in a fuzzy logic and constitution of rule table are explained as
given examples. The information about fuzzy logic controller types is given. The
comparison between Mamdami and Sugeno Method is explained. Finally, the
information about fuzzy logic control applications in power electronics and its

drivers are given.

Chapter 4 focuses on design of step-up converter. In this chapter, firstly, the
procedures of the converter design have been explained. Then the choosing of the
switching components, which will be used, has been given and the calculation of the
inductance and capacitance values, which will be used have been given. Finally, the

choosing of the diode, which is convenient with the other design components, has



been given. MOSFET IRF Z44N has been used as a switching component, and then

fast diode, which has 0.5ns switching speed, has been used as a diode.
Chapter 5 focuses on simulation results and experimental results. Also the
comparison of the simulation results between experimental results is given. And

selection of fuzzy logic is described.

Chapter 6 is concerned with the conclusions.



CHAPTER TWO
STEP-UP ( BOOST ) CONVERTERS

2. Control of DC-DC Converters

In dc-dc converters, the average dc output voltage must be controlled to equal a
desired level, though the input voltage and the output load may fluctuate. Switch-
mode dc-dc converters utilize one or more switches to transform dc from one level to
another. In a dc-dc converter with a given input voltage, the average output voltage is
controlled by controlling the switch on and off durations (to, and tog). To illustrate
the switch-mode conversion concept, consider a basic dc-dc converter shown in
Figure 2.1a. The average value V, of the output voltage v, in Figure 2.1b depends on
ton and tofr. One of the methods for controlling the output voltage employs switching
at a constant frequency (hence, a constant switching time period Te=t,, + toff) and
adjusting the on duration of the switch the control the average output voltage. In this
method, called pulse-width modulation (PWM) switching, the switch duty ratio D,

which is defined as the ratio of the on duration to the switching time period, is

varied.
UO
+
0 Dl | St Eoim o
il | "
& 0 * > [
R Vo IL“ ton “‘{ Loff ~"‘{
4 I
- | T, g

fa) (b)

Figure 2.1 Switch-mode dc-dc conversion

In the PWM switching at a constant switching frequency, the switch control

signal, which controls the state (on or off) of the switch, is generated by comparing a



signal-level control voltage v_ ., With a repetitive waveform as shown in

Figure 2.2a and 2b. The control voltage signal generally is obtained by amplifying
the error, or the difference between the actual output voltage and its desired value.
The frequency of the repetitive waveform with a constant peak, which is shown to be
a sawtooth, establishes the switching frequency. This frequency is kept constant in a
PWM control and is chosen to be in a few kilohertz to a few hundred kilohertz range.
When the amplified error signal, which varies very slowly with time relative to the
switching frequency, is greater than the sawtooth waveform, the switch control signal

becomes high, causing the switch to turn on. Otherwise, the switch is off. In terms of

v and the peak of the sawtooth waveform \Afs[ in Figure 2.2, the switch duty

control

ratio can be expressed as
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Figure 2.2 Pulse-width modulator: (a) block diagram; (b) comparator signals
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The dc-dc converters can have two distinct modes of operation: (1) continuous
current conduction and (2) discontinuous current conduction. In practice, a converter
may operate in both modes, which have significantly different characteristics.
Therefore, a converter and its control should be designed based on both modes of

operation.
2.1. Step-Up (Boost) Converter

Figure 2.3 shows a step-up converter. Its main application is in regulated dc
power supplies. As the name implies, the output voltage is always greater than the
input voltage. When the switch is on, the diode is reversed biased, thus isolating the
output stage. The input supplies energy to the inductor. When the switch is off, the
output stage receives energy from the inductor as well as from the input. In the
steady-state analysis presented here, the output filter capacitor is assumed to be very

large to ensure a constant output voltage v (t) = V,.

ir, {4
—
L
—r e
4 vy =
c

su e

Figure 2.3 Step-up dc-dc converter

2.1.1. Continuous-Conduction Mode

Figure 2.4 shows the steady-state waveforms for this mode of conduction where

the inductor current flows continuously [iL ) O].



Since in steady state the time integral of the inductor voltage over one time

period must be zero,

thon + (Vd - Vo )toff = O (2_2)

oL

vy o

V{I
fal b
Figure 2.4 Continuous-conduction mode: (a) switch on; (b) switch off
Dividing both sides by T and rearranging terms yield
V,_T. _ 1 23)
vV, ty 1-D

Assuming a lossless circuit, P4=P,,

VI, =V (2-4)



and

©=(1-D) 2-5)

2.1.2. Boundary Between Continuous and Discontinuous Conduction

Figure 2.5a shows the waveforms at the edge of continuous conduction. By
definition, in this mode i;, goes to zero at the end of the off interval. The average

value of the inductor current at its boundary is

1.
Iip :Eleeak
1V
:__dton
2 L
TV
=—=°oD({-D 2-6
i ( ) (2-6)
¥, = Constant
Bt e
o I = Irg -~ Tes max = 57
L, paak |
- iy, \
e s i SIS e P
0 e I
[
|
| I
™ "G“—T’“‘—’n"—"]_ 0 0.25 | 0.5 0.75 T
R Smals T e !
(a) ) (b

Figure 2.5 Step-up dc-dc converter at the boundary of continuous-discontinuous conduction

Recognizing that in step-up converter the inductor current are the same

(i, =1, ) and using Eq.2-1 and 2-2, we find that the average output current at the edge

of continuous conduction is



TV
[,=—2D{l-D 2-7
oB 21 ( ) ( )

Most applications in which a step-up converter is used require that V_ be kept
constant. Therefore, with V,, constant, I ; are plotted in Figure 2.5b as a function of

duty ratio D. Keeping V, constant and varying the duty ratio imply that the input

voltage is varying.
Figure 2.5b shows that I g reaches a maximum value at D= 0.5:

TV

1 =LV 2-8
LB, max 8L ( )

Also, I ; has its maximum at D=§= 0.333:

0B, max = i ’TSVO = 0074 ’TSVO (2‘9)
’ 27 L L

In terms of their maximum values, I,; and I ; can be expressed as
Iy =4D(1-D)l 5 .\ (2-10)

and

27

I, :TD(I—D)ZI‘)B,W (2-11)
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Figure 2.5b shows that for a given D, with constantV_, if the average load
current drops below I, (and, hence, the average inductor current belowl, ), the

current conduction will become discontinuous.

2.1.3. Discontinuous-Conduction Mode

To understand the discontinuous-current-conduction mode, we would assume that

as the output load power decreases, V,and D remain constant (even thought, in
practice, D would vary in order to keep V, constant). Figure 2.6 compares the

waveforms at the boundary of continuous conduction and discontinuous conduction,

assuming that V,; and D are constant.

In Figure 2.6b, the discontinuous current conduction occurs due to decreased

P (=P,) and, hence, a lower I, (=1,), since V, is constant. Since i, is the same
in both modes in Figure 2.6, a lower value of I, (and, hence a discontinuousi, ) is

possible only if V_ goes up in Figure 2.6.

If we equate the integral of the inductor voltage over one time period to zero,

V,DT, +(V, - V,)AT. =0

(2-12)

and

I, A

(since P, =P)) (2-13)
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From Figure 2.6, the average input current, which is also equal to the inductor

current, is
I —&DT D+A) (2-14)
d 2L s 1

Using Eq.2-13 in the foregoing equation yields

[ = (TSVO jDA1 (2-15)

In practice, since V, is held constant and D varies in response to the variation in

V,, it is more useful to obtain the required duty ratio D as a function of load current

.2-12, 2-15, and 2-9, we determine that

1

2
p=| 4 Vo[ Yo 4] L (2-16)
27V, Vv, I

0B, max

In Figure 2.7, D is plotted as a function of I, /I for various values of V, /V, .

0B, max

The boundary between continuous and discontinuous conduction is shown by the

dashed curve.

vr ir e et
Vi
f -t

AT (Vy - Vo)
fan "‘ "‘ﬂ*‘_"| | - DT, ‘ AT ----Jr—AET

BB e

fa} b

Figure 2.6 Step-up converter waveforms: (a) at the boundary of continuous -discontinuous

conduction; (b) at discontinuous conduction
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In the discontinuous mode, if V, is not controlled during each switching time period,

at least

L

2
—1I L,peak —

(v,DT,)’

W-s 2-17
oL (2-17)

are transferred from the input to the output capacitor and to the load. If the load is not

able to absorb this energy, the capacitor voltage V, would increase until an energy
balance is established. If the load becomes very light, the increase in V, may cause a

capacitor breakdown or a dangerously high voltage to occur.

o
]
1.0 K
M\
, ¥, = Constant
. Va
== = 025
\"H.___ Va
075~
Fy
== = 0.5
v, 5
05~
o
: . “w
Discontinuous ™,
/ V,
o =
0.25 o 77
o] : | . "ra =
0 0.25 0.50 0.75 10 1.25 Top, max
v,
f,,g_ max — 0.074 '?i A

Figure 2.7 Step-up converter characteristics keeping V,, constant

2.1.4. Effect of Parasitic Elements

The parasitic elements in a step-up converter are due to the losses associated with
the inductor, the capacitor, the switch, and the diode. Figure 2.8 qualitatively shows

the effect of these parasitic on the voltage transfer ratio. Unlike the ideal
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characteristic, in practice, V,/V, declines as the duty ratio approaches unity.
Because of very poor switch utilization at high values of duty ratio, the curves in this
range are shown as dashed. These parasitic elements have been ignored in the
simplified analysis presented here; however, these can be incorporated into circuit

simulation programs on computers for designing such converters.

Fq L —ideal L
/ ]
’
ff
o
‘_,,‘/ Gy {Due to
~ parasitic
T elaments)
1
|
|
|
_ |
= |
1.0

Figure 2.8 Effect of parasitic elements on voltage

conversion ratio (step-up converter)

2.1.5. Output Voltage Ripple for Continuous Mode

The peak-to-peak ripple in the output voltage can be calculated by considering the
waveforms shown in Figure 2.9 for a continuous mode of operation. Assuming that

all the ripple current component of the diode current i, flows through the capacitor

and its average value flows through the load resistor, the shaded area in Figure 2.9

represents charge AQ . Therefore, the peak-peak voltage ripple is given by

A I.DT .
AV, = FQ = % (Assuming a constant output current)
—_ VO DTS

R C (2-18)
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f—DT,——sf-1-Di7,

Figure 2.9 Step-up converter output voltage ripple

AV, DT,
V. RC

o

= DL (where 1=RC time constant)
T

(2-19)



CHAPTER THREE
FUZZY LOGIC CONTROL

3. Theoretical Aspects of the Fuzzy Control

3.1. Introduction

The real world is complex; complexity in the world generally arises from
uncertainty in the form ambiguity. Problems featuring complexity and ambiguity
have been addressed subconsciously by humans since they could think; these
ubiquitous features pervade most social, technical, and economic problems faced by
the human race. Humans have the capacity to reason approximately, a capability that
computers currently do not have. In reasoning about a complex system, humans
reason approximately about its behavior, thereby maintaining only a generic
understanding about the problem. Fortunately, this generality and ambiguity are
sufficient for human comprehension of complex systems. As the quote above from
DR. Zadeh’s principle of incompatibility suggests, complexity and ambiguity
(imprecision) are correlated: “The closer one looks at a real-world problem, the

fuzzier becomes its solution” Zadeh,L.A., (1973).

Fuzzy systems approximate functions. They are universal approximators if they
use enough fuzzy rules. In this sense fuzzy systems can model any continuous
function or system. Those systems can just as well come from physics or sociology

as from control theory or signal processing.

The quality of the fuzzy approximation depends on the quality of the rules. In
practice experts guess at the fuzzy rules. Or neural schemes learn the rules from data
and tune the rules with new data. The result always approximates some unknown

nonlinear function that can change in time.

15
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A fuzzy system can help model or control a system when we do not have a math
model of how the system’s output depends on its input. The fuzzy system uses

commonsense rules in place of the math model or the so-called plant model.

The fuzzy system itself is a function or mapping. It is a set of fuzzy if-then rules
that maps inputs to outputs. It converters stimuli to responses or sensor
measurements to control actions. The rules might have the verbal form “If the wash
water is very dirty then add much more detergent” or “If the error is small and
positive then turn the wheel a little to the left” or “If the air is cool then set the motor
speed to slow.” The inputs and outputs can be numbers or vectors of numbers. These

rule-based systems can in theory model any system.

3.1.1. The Benefits of Fuzzy Control

Considering the existing applications of the fuzzy control, which range from very
small, micro-controller based systems in home applications to large-scale process
control systems, the advantages of the fuzzy control using usually fall into one of

following five categories.

1. Less dependence on mathematical models

The fundamental advantages of the fuzzy control over conventional methods are a
less dependence on mathematical models. Distinctively from traditional approaches
that require an accurate knowledge of the different block-boxes forming the system,
fuzzy control needs only some knowledge (a priori, experimental or expert) on the
overall system. The fuzzy logic approach in this way considers as a behavior

approach.

2. Implementing expert knowledge
In many cases of industrial process control the degree of automation is quite low.

There is variety of basic, conventional control loops, but a human operator is needed
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during starting or closing phase, for parametrizing the controllers, or switching
between different control modules. The knowledge of this operator is usually based
on experience and does not lend itself to being expired in differential equations. It is
often rather of the type “if the situation is such and such, I should do the following.”
In this case, fuzzy control offers a method for representing and implementing the

expert’s knowledge because the base of fuzzy control is IF... THEN... rules.

3. Non-linear control

In real life we deal basically with non-linear systems. Fuzzy control is non-linear
control method in nature, so that give possibility to control by real systems more

effective.

4. Robust control

Consider the following problem: robot arm with several links has to move object
with different masses along predefined path. Since there are good exact models of
this system available, it is not too big a problem to realize a PID-controller that
works pretty well for known masses within a narrow range. Substantial parameter
changes, however, or major external disturbances, lead to a sharp decrease in
performance. In the presence of such disturbance, PID-systems usually are faced
with a trade-off between fast re-action with significant overshoot or smooth but slow
reactions, or they even run into problems in stabilizing the system at all. In this case,
fuzzy control offers ways to implement simple but robust solution that covers a wide

range of system parameters and that can cope with major disturbances.

5. New possibility for further automatization

There are many complex engineering tasks that deeply involve experienced
human thinking, for example, design of induction machines. Here if even every
design step is founded on well-known basic electromagnetic relations, yet the human

experience is hardly convertible into a crisp automatic procedure. But fuzzy logic
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greatly helps to manage the experience transfer from human to integrated
automatic procedures because a consequence of performance analysis is made by
skilled designer is based on set of rules If {result of comparison} then {modification

to carry out}.

However, set of rules as that is a base of fuzzy control so the fuzzy logic inference
mechanism substituting the human being in proposing the design modifications close

the design loop, that is therefore made design process completely automatic.

3.1.2. Disadvantages of Fuzzy Control

Fuzzy logic control systems are essentially non-linear systems. For this reason it
is difficult to obtain general results on the analysis and design of fuzzy logic
controller. Also stability analysis is of extreme importance, and the lack of
satisfactory formal techniques for studying the stability of process control systems
involving fuzzy logic controller has been considered a major drawback of fuzzy logic
controller. Characteristic feature of fuzzy logic method is the expert knowledge that
is required. Expert knowledge relies on any knowledge, experimental or theoretical,
on the system. It is obvious that for some cases it is very difficult, may be
impossible, to have enough experimental knowledge. On the other hand, it is possible
to have some theoretical knowledge, even by rough modelization or simulation. In
this case, fuzzy logic approach may be considered since a rigorous mathematical
model is not requisite. Furthermore as the fuzzy logic approach is a behavior one,

some information’s lack or some disturbances may be tolerated.

3.2. The Fuzzy Control Mathematics

3.2.1. Membership Functions

Let see what lies in the base of fuzzy control.

In fuzzy set theory, ‘normal’ sets are called crisp sets, in order to distinguish them

from fuzzy sets. Let C be a crisp set defined on universe U, then for any element u of
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U, either u € or u ¢ C. In fuzzy set theory this property is generalized,
therefore in a fuzzy set F, it is not necessary that either u € F or u¢ F Driankov, D.,

(1993).

The generalization is performed as follows. For any crisp set C it is possible to

define a characteristic functionp.: U = {0, 1} as

1 when x€ A,
0_ when x¢ A.

m®={

In fuzzy set theory, the characteristic function is generalized to a membership

function that assigns to every u € U a value from unit interval [0, 1] instead from

two-element set {0, 1}. The set that is defined on the basis of such an extended
membership function is called a fuzzy set.

So, the main point of fuzzy set theory is a membership function that is defined as:

The membership function p, of a fuzzy set F is a function
u:U=10,1].

So, every element u from U has a membership degreep, (u)efo,1]. F is

completely determined by the set of tuples
F={(uu(u)ue U}

For example, suppose someone wants to describe the class of cars having the
property of being expensive, by considering cars such as BMW, Buick, Ferrari, Fiat,
Lada, Mercedes and Rolls Royce. Some cars, like Ferrari or Rolls Royce belong to
this class, while other cars, like Fiat or Lada do not belong to it. But there is a third

group of cars, where it is difficult to state whether they are expensive cars is e.g.



20

{(Ferrari, 1), (Rolls Royce, 1), (Mercedes, 0.8), (BMW, 0.7), (Buick, 0.4)}, i.e.,
Mercedes belong to degree 0.8, BMW to 0.7, Buick to 0.4 to the class of expensive

cars.

Or we can define the set of natural numbers ‘close to 10’ as

10=(5,0.1)+(8, 0.6)+(10, 1)+(12, 0.6)+(15, 0.1).

Early, without definition of membership function we could not answer on the
question, for example, close number 5 or number 6 to 10 or not. Now we can do that

and can answer how 5 or 6 close to number 10.

Thus, fuzzy logic, unlike Boolean or crisp logic, deals with problem that have
vagueness, uncertainly, or impression, and uses membership functions with values
varying between 0 and 1. Fuzzy logic tends to mimic human thinking that is often
fuzzy in nature. In conventional set theory based on Boolean logic, particular object
or variable is either a member of given set or it is not. On the other hand, in fuzzy set
theory based on fuzzy logic, a particular object has a degree of membership in given
set that may be anywhere in range of 0 (completely not in the set) to 1 (completely in
the set). This property allows fuzzy logic to deal with uncertain situations in fairly

natural way.

In fuzzy control, there are usually four kinds of fuzzy sets that are dealt with,
namely ‘increasing’, ‘decreasing’, and two kinds of ‘approximating’ notions. And for

each kind of fuzzy sets there is own shape that represents set.

The increasing membership function with straight lines is called I -functions,
because of the similarity of these functions with this character. This function is a

function of one variable and two parameters defined as follows Figure 3.1.
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0 u(A
I'(u,A,B)={(u—-A)/(B-A)_A<u<B
1 u)B
A B

Figure 3.1 An example of a I - function

The decreasing membership function with straight lines is called L-function; it is

defined as follows Figure 3.2:

A B
Figure 3.2 An example of a L- function

Bell-shaped membership function with straight lines is called A -function or

triangular function; it is defined as follows Figure 3.3:

A B C
Figure 3.3 An example of a A - functio
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Approximating membership function with straight lines, where the top is not

one point but an interval, is called II-function; it is defined as follows Figure 3.4:

0 u(A
(u-A)/(B-A)_A<u<B

II(u,A;B;C;D) =<1 B<u<C
(C-uw)/(D-C)_C<u<D
0 u)D

A B C D
Figure 3.4 An example of a I1 - function

Usually, in fuzzy logic are used smooth membership function, for example,
Zadeh’s bell-shaped II-function or S-function but in fuzzy control we use
membership functions with straight lines because it is faster from computational

point of view and gives appropriate results.
3.2.2. Operations on Fuzzy Sets

Basic operations that are used in fuzzy control are union, intersection and

complement. Let define these operations.

In classical set theory the union, intersection and complement of sets are simple
operations that are unambiguously defined. The unambiguity follows from the fact
that the logical operations and, or, not have a well defined semantics based on
propositional logic. For example, “A and B” in propositional logic is true if and only
if both expressions A and B are true. In fuzzy set theory their interpretation is not so

simple, because graded characteristic functions are used. Zadeh proposed:



23

Vx e Xy p(X) =min(p, (X), 1y (X))
Vxe X: Haos (X) = maX(uA(X)’ Up (X))

Vxe X:ip,y(x)=1-p, (x)
3.2.3. Fuzzy Relations

Fuzzy relations are very important operations in fuzzy control because they can

describe interaction between variables. This is particularly interesting in if-then rules.
A relation can be considered as a set of tuples, where a tuple is an ordered pair. A
fuzzy relation is a fuzzy set of tuples, i.e. each tuple has a membership degree

between O and 1.

Or more strictly, let U and V be wuncountable (continues) universes,

andp, :UXV — [0,1], then

R= [1g@,v)/(u,v)

is a binary fuzzy relation on Ux V. If U and V are countable (discrete) universes,

then

R =2 1, (W,v)/(u,v)

The symbol denotes the set of all tuples p (u,v)/(u,v)onUXV .

For example, each rule of fuzzy logic controller: if E is PB and AEis PS, then
AU is NM, where PB, PS and NM are fuzzy sets, defined on universe of discourse E,

AE and AU respectively, we can represent by ternary fuzzy relation R defined as:



24

R= J-min(uPB (E), Upg (AE)’ Ham (AU))/(E, AE, AU)

ExXAExXAU

i.e., each triple (E,AE,AU) has a membership degree equal to the minimum of three

membership functions.

The rule base of fuzzy logic controller is fuzzy relation, so it is necessary to know

that operations there are on fuzzy relations.

In fuzzy control we use fuzzy sets that are defined on discrete universe because
our fuzzy logic controller is designed on microprocessors or DSP-based controllers

that is why I’ll give definitions of fuzzy relation operations in binary case.

There are two most important operations on fuzzy sets and fuzzy relations. These
are projection and cylindrical extension. The projection operation brings a ternary
relation back to a binary relation, or a binary relation to a fuzzy set, or a fuzzy set to

a single crisp value.

Let R be defined on XX Y, then

proj_R_on_Y = [supp (x,y)/y

Y

For example, consider the relation R as

k| ¥ Ty ¥,

1 03107 |08 |03

: o1 | 10|06 |05

x, | 0507 |og [o8
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When the projection on X means that x, is assigned the highest membership
degree from the tuples (xl,yl),(Xl,yz),(xl,y3),and (Xl,y4), i.e., 0.8 (the maximum
of the first row). Analogously we define the highest membership degrees in case X,

and x;.

So one obtains the fuzzy set
projR on X =0.8/x, +1/x, +0.8/x,

The projection operation is almost always used in combination with the
cylindrical extension. It extends fuzzy sets to binary relations, fuzzy binary relations
to fuzzy ternary relations, etc. It mainly serves the following goal: let A be a fuzzy
set defined on X, and let R be a fuzzy relation defined on X XY, then, of course, it is
not possible to take the intersection of A and R, but when A is extended to XXY,

this is possible.

Let F be a fuzzy set defined on Y, in binary case the cylindrical extension of F on

XxY is the set of all tuples (x,y)e XxY with membership degree equal to uF(y),

i.e.,

ce(F)= [up(y)/(x,y)

Xey

Consider the fuzzy set (from previous example)
A =projR on X =0.8/x, +1/x, +0.8/x,

Its cylindrical extension on the domain X XY is given
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k| ¥ ¥y ¥,

| 08108 |08 |08

. 10110 |10 |10

x, 08|08 |og [os

The combination of fuzzy sets and fuzzy relation with aid of cylindrical extension

and projection is called composition. It is denoted by.

Let A be a fuzzy set defined on X and R be a fuzzy relation defined on XxY .

Then the composition of A and R resulting in a fuzzy set B defined on Y is given by
B=AoR =projlce(A)nR)on Y

or, if intersection is performed with the maximum operation and projection with

minimum,
Uy (Y) = m}flx min(uA (X)’ Ur (X’ Y)) .

This is called max-min composition. If intersection is performed with maximum

and projection with product, we have
p (y)=maxp, (x) g (x.y).

This called max-dot or max product composition.

The composition is very important operation for fuzzy control. Using this operator
we define output of fuzzy system on certain input. For example, let after fuzzification

our input is fuzzy set A =1/x,+0.6/x,+0.5/x, and relationship between input

fuzzy set and output fuzzy set carry out through relation
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N ¥ ¥s

e 011 04 |07

Xa 10 108 | 0é

% 07 1oz | o1

In this case, output fuzzy set is following B=AoR =0.6/y, +0.6/y, +0.7/y,.

3.2.4. Approximate Reasoning

The fundamental knowledge representation unit in appropriate reasoning is the
notion of a linguistic variable. Linguistic variable is a variable whose value is words

or sentences in a natural or artificial language Driankov, D., (1993).

It is usual in approximate reasoning to have the following framework associated

with the notion of linguistic variable: (A, LA, X, Mx)

Here A denotes the symbolic name of a linguistic variable, i.e., error or change-
of-error. LA is the set of linguistic values that X can take. In case of linguistic
variable error E we have LE = {NB, NS, Z, PS, PB}. LE is so called the term-set of
E. X is the actual physical domain over which the linguistic variable A takes its
quantitative (crisp) values. In the case of error and change-of-error, though there is
an actual physical domain, one often uses a ‘normalized domain’ [-1, 1]. X can be
discrete or continuous. Mx is a function which takes a symbol as its argument, e.g.,

error, and returns the ‘meaning’ or the error-symbol in terms of fuzzy set.

The base of fuzzy controller, representing our knowledge about plant is fuzzy If-

then statements.
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A fuzzy conditional or fuzzy if-then production rule is symbolically expressed
as If [fuzzy proposition] then [fuzzy proposition] for example, if E and AE are

process state variables and AU is the control output variable then
IF E is NB AND AE is PB THEN AU s PS

is a symbolic expression of the following causal relationship stated in natural

language form:

if it is the case that the current value of E is negative big and the current value of
AE is positive big then this is a cause for a small increase in previous value of the
control output.

For using if-then statements in our mathematics we need operation on these
statements. This operation is implication that expresses meaning of if X is A then Y
is B. There are some different forms of implication, for example, Zadeh implication,
Lucasiewicz implication, Sharp implication but with respect to fuzzy control the

most important implication is Mamdami implication. Its definition is based on the

intersection operation, i.e.,

P—q=pnq.

The relation R (c from conjunction) is defined as

Uge (X’ Y) = min(HA (X)’ My (Y))

In a system of n rules each rule is symbolically represented as

IFEis LE (k) THEN U is LU (k), k=1,....,n.
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Considering a set of n rules and the Mamdami type of individual-rule based
inference, one obtains the clipped fuzzy sets CLU(1),...CLU(n) that have to be

combined to obtain one output fuzzy set U,

IfEis PM then U is NS

Figure 3.5 The graphical representation of the firing of the rule if E is PM, then U is NS. The thick
lines in NS denote the clipped fuzzy set CNS

U= JcLu®

k=1
Thus, to drive output fuzzy set there are two type of inference:

1. Compositional based inference. One first combines all rules into R, and then

‘fires’ with fuzzy input p via operation composition.
U= H(E) °Ry

2. Individual-rule based inference. One first ‘fires’ rules individually with crisp input

E and thus obtain n clipped fuzzy sets that are combined into one overall fuzzy set.

U=|JcLut® .

k=1
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3.3. Fuzzy Logic Controller Design Parameters

3.3.1. The structure of a Fuzzy Logic Controller

The principal structure of fuzzy logic controller (FLC), as illustrated in Figure 3.6

consists of the following components Driankov, D., (1993).

Fuzzification Module

The fuzzification module (FM) performs the following function:

e FM-FI1: Performs a scale transformation (i.e., an input normalization) which
maps the physical values of the current process state variables into a
normalized universe of discourse (normalized domain). When a non-
normalized domain is used then there is no need for FM-F1.

e FM-F2: Performs the so-called fuzzification which converts a point-wise
(crisp), current value of a process state variable into a fuzzy set, in order to
make it compatible with the fuzzy set representation of the process state

variable in the rule-antecedent.

The design parameter of the fuzzification is “Choice of fuzzification strategy”.

The above choice is determined by the type of the inference engine or rule
firing employed in the particular application of FLC. Thus there are only two
choices available: (1) fuzzification in the case when inference is composition
based and (2) fuzzification in the case when inference is individual-rule-firing

based.
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Figure 3.6 The structure of FLC
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The knowledge base of a FL.C consists of a data base and a rule base.
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The basic function of the data base is to provide the necessary information for

the proper functioning of the fuzzification module, the rule base, and the

defuzzification module. This information includes:

e Fuzzy sets (membership functions) representing the meaning of the

linguistic values of the process state and control output variables.

e Physical domains and their normalized counterparts together with the

normalization/ de-normalization (scaling) factors.

If the continuous domains of the process state and control output variables have

been discretized then the data base also contains information concerning the
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quantizated look-up tables defining the discretizational policy. The design parameter

of data base is

% Choice membership functions.

The basic function of the rule base is to represent in a structured way the control
policy of an experienced process operator and/or control engineer in the form of a

set of production rules such as

if (process state) then (control output).

These proposition state the linguistic values which the control output variables
take whenever the current process state matches (at least to a certain degree) the
process state description in the rule-antecedent. The design parameters involved in

construction of the rule base include:

* Choice of process state and control output variables,

« Choice of the contents of the rule-antecedent and the rule-
consequent,

+ Choice of term-sets (ranges of linguistic values) for the process

state and control output variables,

% Derivation of the set of rules.

Inference Engine

There are two basic types of approaches employed in the design of the
inference engine of fuzzy logic controller:
1. Composition based inference
2. Individual based inference

So the  design  parameter for the  inference  engine  is



33

%+ Choice inference engine

¢ Testing the set of rules for consistency and completeness.

Defuzzification Module

The function of the defuzzification module is as follows:

e DM-FI1: Performs the so-called defuzzification which converts the set of
modified control output values into a single point-wise value.

e DM-F2: Performs an output de-normalization which maps the point-wise
value of the control output onto its physical domain. DM-F2 is not needed if
non-normalized domains are used.

The design parameter of defuzzification module is

¢ Choice of defuzzification operators.

3.3.2. Choice of Design Parameters

In this chapter the available choices for design parameters of a FLC are presented

and also the relevance of some of these choices for the performance of the controller.

Choice of Variable and Contents of Rules

If one has made the choice of designing a P-, PD-, PI-, OR PID-like FLC this
already implies the choice of process state and control output variables, as well as the
content of the rule-antecedent and the rule-consequent for each of the rules. The
process state variables representing the contents of the rule-antecedent (if-part of a

rule) are selected among

® error, denoted by
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e change-of-error, denoted by AE,

¢ sum-of-error, denoted by OE .

The control output (process input) variables representing the contents of the rule-

consequent (then-part of the rule) are selected among

¢ change-of-control output, denoted by AU,

e control output, denoted by U.
Furthermore, by analogy with a conventional controller, we have that

* Ek)=Y,-Y(k),

e AE(k)=E(k)-Ek-1),

e AU(k)=U(k)-U(k-1).

In the above expressions, Y, stays for desired process output or set-point: Y is

S|

the process output variable (control variable); k is the sampling time.
Choice of a Term Set

The linguistic value, members of the term set, are expressed as tuples of the form
(value sign, value magnitude), e.g., (positive big), (negative small), etc. The value
sign component of such a tuple takes on either one of the following two values:
positive and negative. The value magnitude component can take on any number of
linguistically expressed magnitudes, e.g., (zero, small, medium, big, very big), etc.

The meaning of a tuple, in the case of a PI-like FLLC, can be summarized as follows:

e Linguistic values of E with a negative sign mean that the current process

output has a value above the set-point Y since E(k)zYSp —~Y(k)KO. The

magnitude of a negative value describes the magnitude of the difference

Y,, — Y. Analogously in the case of linguistic values E with positive sign.
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Thus,

negative E

set point
positive E

¢ Linguistic values of AE with a negative sign mean that the current process
output Y (k) has increased when compared with its previous values Y(k —1)
since AE(k) = E(k)-E(k —1)=—(Y(k) - Y(k =1)X0. The magnitude of such a
negative value is given by the magnitude of this increase. Linguistic values of
AE(k) with a compared toY(k—1). The magnitude of a value is the
magnitude of the decrease.

e A linguistic value of “zero” for E means that the current process output is at
set-point. A “zero” for AE means that the current process output has not
changed from its previous value, i.e., —(Y(k)- Y(k-1))=0.

e A linguistic values of AU(k) with a positive sign mean that the value of the
control output U(k —1). The reason for this is that U(k)=U(k —1)+AU(k).

The magnitude of a value is the magnitude of increase/decrease of the value

of Uk-1).

Now using these meanings we can construct rule base. In control process

necessary that output of system aspires to set-point

set point
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For example, if output of system below set-point and at same time AE is

positive, i.e. , Y is moving away from the set-point then a positive change AU(k) in
the previous control output u(k-1) is intended to reverse this trend and make Y,

instead of moving away from the set-point, to start moving towards it, so rule will be

if E is PB and AE is PB then AU is PB.

Or if y(k) is much above the set-point (E(k)is NB) and it is moving toward the
set-point with a small step (AE(k)is PS) then the magnitude of this step has to be
significantly increased (AU(k )is NM).

According to these reasons we construct rule base that in tabular form are

illustrated in Table 3.1.

Table 3.1 The rule base of a PI-like FLC tabular form

ce | NB |[NM |[NS [Z PS |PM |PB

NB NB |[NB |[NB |[NB |[NM |[NS |Z
NM [(NB [(NB [NB [NM [NS [(Z PS
NS NB |[NB |[NM |NS |Z PS |PM
Z NB |[NM |NS |Z PS |PM |PB
PS NM |NS |Z PS |PM |PB |PB
PM NS |Z PS |PM |PB |PB |PB
PB Z PS |PM |PB |PB |PB |PB

It has to be noticed that the size of the term set determines the granularity of the
control action of the FLC. If one desires better control resolution around the set-point

one can consider a larger range of linguistic values. However, one should be aware
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of the fact that the use of term sets with larger size leads to the an increase in

number of rules.

Above was supposed so-called a linear fuzzy control rules matrix Hirota, (1995).
The linear fuzzy control rules matrix is designed to give linear fuzzy control actions

with fuzzy linguistic input variables. The switching surface of this matrix is shown in

Figure 3.7.
B PE
E
o~ ol
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Figure 3.7 Switching surface of the linear fuzzy control rules matrix

If fuzzy control rule matrix is designed to give non-linear fuzzy control actions
with respect to different control regions than it is called the aggressive fuzzy control
action rule matrix. The regions with large gain control actions are designed to reach
the set point faster and the regions with small control actions are to provide damping

to the system and to minimize the external disturbances injected into the system.

The aggressive fuzzy control rules are presented in following table



Table 3.2 The aggressive fuzzy rules

ce| NB | NM | NS Z PS | PM | PB
e

NB | NB | NB | NB | NB | NM | NS Z
NM | NB | NB | NB | NM | NS Z PS
NS [ NB | NB | NM | NS Z PS | PM
Z NB | NM | NS Z PS | PM | PB
PS | NM | NS Z PS | PM | PB | PB
PM | NS Z PS |PM | PB | PB | PB
PB Z PS {PM | PB | PB | PB | PB
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The switching surface of aggressive fuzzy control action rules matrix is shown in

Figure 3.8.
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Figure 3.8 Switching surface of the aggressive fuzzy control rules matrix
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Choice of Membership Function

Shape of membership function.

For the needs of a quantitative description of the close-loop system behavior,
involving the computation of the quantitative control output, we need a quantitative
interpretation of the meaning of the linguistic values. For this purpose we use

membership functions.

For computational efficiency, efficient use of memory, and performance analysis
needs, a uniform representation of the membership functions for input and output is
required. This uniform representation can be achieved by employing membership

functions with uniform shape and parametric, functional definition.

The most popular choices for the shape of the membership functions include
triangular-, trapezoidal-, and bell-shaped function. However, the triangular
membership function is mostly used. It can be explained by the simplicity with
which a parametric, functional description of the membership function can be
obtained, stored with minimal use of memory, and manipulated efficiently, in terms

of real-time requirements, by the inference engine.

Cross-point

There is such parameter of membership functions as cross-point. A cross-point

Cross ) *

between L, and i, is that value x__ in X such thatp, . (x_ . )= (X

Respectively cross-point necessary to say:
First, membership functions have to be such that the cross-point level for every

two membership function is greater than zero. This means that every crisp value of

input belongs to at least one membership function with degree of membership strictly
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greater than zero. If this is not the case then none of the rules will fire and

consequently, no value for the control output will be computed.

Second, for linear systems up to third order and for symmetrical membership
functions there are some “optimal” values for the cross-point level and ratio. If each
two adjacent membership functions have cross-point level of 0.5 and cross-point
ratio of 1, then this provides for significantly less overshoot, faster rise-time, and less
undershoot. The shape of membership functions does not play a significant role, but

trapezoidal functions are responsible for a slower rise time.

Left and Right Width

The left (right) width of membership function is the length of the interval from the
peak value to that value in X (domain) which is situated to the left (right) of the peak
value and whose degree of membership is zero. In process of choosing of

membership function are recommended observe the condition width:

The left-width of one membership function is equal to the right-width of adjacent
membership function and they are both equal to the length of the interval between

the peak values of these two function.

In this case when input changes smoothly from one peak value to another, and
after inference and consequent application of the Center-of-Gravity method, output

also changes smoothly from one peak value to another.

Choice of Scaling Factors

The use of normalized domains requires a scale transformation which maps the

physical values of the process state variables into normalized domain. This is called

input normalization. Furthermore, output de-normalization maps the normalized
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value of the control output variables into their respective physical domain such

scale transformations are required both for discrete and continuous domains.

The scaling factor which describes the particular input normalization and output
de-normalization play a role similar to that of the gain coefficients in a conventional
controller. In other words, they are most important with respect of controller
performance and stability related issues, i.e., they are the source of possible

instabilities, oscillation problems.
For example, a PI-like FLC can be represented as

N, -AU(k)=F(N, -E(k),N,; - AE(k)),
where N, N, , and N are the scaling factors for E, AE, AU respectively, and Fis a

non-linear function representing FLC.

There are basically two major approaches to the determination of the scaling
factors: (1) heuristic, and (2) analytic. The first approach has a real-and-error nature.
By changing the scaling factors for each one of E and AE we are in fact changing the
weights given to this particular process state variable. For example, if the process
response is slower than the desired one, then we need to increase the effect of error
on the process, hence N is increased. The iteration is continued until the desired
performance values are obtained. The second approach to the derivation of the
scaling factors aims at establishing an analytic relationship between the values of the

scaling factors and the closed-loop behavior of the controlled process.
Choice of Defuzzification Procedure

There are many defuzzification methods but in practice are used only two of them.
These are:

¢ Center-of-Area/Gravity method

e Height defuzzification.

The Center-of-Gravity method in discrete case (U= {Uj,....,U;j}) results in
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1 1
zUi Ky (Ui) ZUi 'mkaXHCLU(K)(Ui)
U® = izl _ =l

]
ZHU(Ui) zmkaXHCLU(K)(Ui)

i=1 i=1

So this method determines the center of the area below the combined membership
function. This operation is computationally rather complex and, therefore, results in
quite slow inference system but this method more exactly reflect fuzzy system and
gives smooth changing of fuzzy system output in the case of altering of input
parameters of the fuzzy system. Also this defuzzification method allows to introduce
more significant and more direct able nonlinearity if compare with another

defuzzification procedure.

Height defuzzification is a method which instead of using common output

membership function uses the individual clipped control outputs. This method takes
the peak value of each CLU® and builds the weighted (with respect to the height
f of CLU®) sum of these peak values. Thus neither the support or shape of
cLu® play a role in the computational of U®. The Height method is both a very
simple and very quick method. Let c® be the peak value of LU, and f is the height

of CLU®). Then the Height defuzzification method in a system of m rules is

formally given by
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3.4. Fuzzy Controller Types

There are two basic types of fuzzy logic controller. These are Mamdami’s fuzzy
controller and Sugeno’s fuzzy controller. A brief explanation has been given below

for these methods.

3.4.1. Mamdami’s Fuzzy Inference Method

Mamdami’s fuzzy inference method is the most commonly seen fuzzy
methodology. Mamdami’s method was among the first control systems built using
fuzzy set theory. It was proposed in 1975 by Ebrahim Mamdami as an attempt to
control a stream engine and boiler combination by synthesizing a set of linguistic
control rules obtained from experienced human operator. Description of fuzzy logic
controller in previous part was based on Mamdami’s type controller so here I just

represent the whole scheme of working of Mamdami’s fuzzy logic controller.

Figure 3.9 illustrates the fuzzy control, for example, of a DC motor drive where

the two rules are derived from the observed behavior of the plant.

Rulel states that if the speed loop error (E) is zero (ZE) and the rate of change of
speed (CE) is negative small (NS), then the control signal increment (DU) is negative
small (NS). The linguistic variables ZE, NS, and DU are defined by symmetrical
membership functions, as shown. Graphically solving the problem, the control output
Rulel is DUI. In practice, more than one rule is fired at a time. If Rule2 is fired, it
will give output DU2. The effective control output is given by the weighted average
of DUI and DU2. As indicated in Figure 3.10, the output membership function of
each rule is given by MIN (minimum) operator whereas the combined fuzzy output is

given by SUP (supreme or maximum) operator Bose, B., (1994).
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Figure 3.19 Mamdami method

3.4.2. Sugeno’s Fuzzy Inference Method

It’s possible, and in many function cases much more efficient, to use a single
spike as the output membership functions rather than a distributed fuzzy set. This is
sometimes known as a singleton output membership function, and it can be thought
of as a pre-defuzzified fuzzy set. It enhances the efficiency of the defuzzification
process because it greatly simplifies the computation required to find the centroid of
a two-dimensional shape. Rather than integrating across a continuously varying two-
dimensional shape to find the centroid, we can just find the weighted average of a
few data points. Sugeno systems support this kind of behavior Roger Jang & Gulley,
(1995).

So-called Sugeno or Takagi-Sugeno-Kang method of fuzzy inference first
introduced in 1985. It is similar to the Mamdami method in many respects. In fact the
two first parts of the fuzzy inference process, fuzzifying the inputs and applying the

fuzzy operator, are exactly the same.
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A typical fuzzy rule in a zero-order Sugeno fuzzy model has the form

If x is A and y is B then z=k

where A and B are fuzzy sets in the antecedent, while k is a crisply defined constant
in the consequent. When the output of each rule is a constant like this, the similarity
with Mamdami’s method is striking. The only distinctions are the fact that all output
membership functions are singleton skies, and the implication and aggregation
methods are fixed and can not be edited. The implication method is simply

multiplication, and the aggregation operator just includes all of the singletons.

The more general first-order Sugeno fuzzy model has rules of the form

if Xis A and y is B then z= p.x+ q.y +r

where A and B are fuzzy sets in the antecedent, while p, q, and r are all constants.
The easiest way to visualize the first-order system is to think of each rule as defining
the location of a “moving singleton”. That is, the singleton output spikes can walk
around the output space, depending on what the input is. This also to make the
system notation very compact and efficient. Higher order Sugeno fuzzy models are

possible, but they introduce significant complexity with little obvious merit.

Let consider how Sugeno’s controller transform input crisp values into output
crisp value (Figure 3.10). As shown in Figure 3.10 the premise portion of the rules is
identical with that in the rule-base approach, but the consequents are described by

equations. Rulel in the figure can be stated as

IF E is medium AND CE is medium THEN DU=A, +A,-E+A,,-CEand

Rule2 be stated as IF E is zero AND CE is medium THEN
DU=A,+A,-E+A,,-CE
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The consequences are linear functions of C and CE and parameters A; are
constant coefficients. The A; can be determined by multiregression linear analysis,

and then fine-tuned by observation or simulation. The linear equation outputs are
then defuzzified, i.e., weighted average of the consequence is evaluated by the

respective membership values to determine the crisp output.

Because of the linear dependence of the each rule on the system’s input variables,
the Sugeno method is ideal for acting as an interpolative supervisor of multiple linear
controllers that apply in different operating conditions of a dynamic nonlinear
system. A Sugeno fuzzy inference system is extremely well suited to the task of
smoothly interpolating linear gains across the input space; it’s a natural and efficient
gain scheduler. A Sugeno system is also suited for modeling nonlinear systems by

interpolating multiple linear models.

Thus, Sugeno rule can be more expressive than a rule in a Mamdami system.
Because it is more compact and computationally efficient representation than a

Mamdami system, the Sugeno system lends itself to adaptive techniques.
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3.4.3. Comparison of Mamdami and Sugeno Methods

From consideration of these two methods it is possible to make following

conclusion.

Advantages of Mamdami’s method:

e More intuitive
e Widespread acceptance
e Better suited to human input

e More nonlinear

Advantages of Sugeno’s method:

¢ Computationally efficient
e  Works well with linear techniques (e.g. PID control, etc.)
¢ Guaranteed continuity of the output surface

e Better suited to mathematical analysis

3.5. Applications of Fuzzy Control in Power Electronics and Drives

The fuzzy control has found wide application in field of power electronics,

because of the nonlinear structure of the circuits.

From analysis of literature about fuzzy logic it is possible to distinguish following

main directions of the fuzzy logic using:

e Approximation of continuous function
e Motion control
e The estimation of system parameters

e Optimization of system performance
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3.5.1. Approximation of Continuous Function

In many situations fuzzy logic constitutes an efficient way to represent a non-
analytic mapping, such that an output value y can be inferred from a given input x. In
order to construct the fuzzy model, the input/output pattern must be known.
Membership functions can then be assigned to ranges of values for both input and
output variables, such that proper covering of their universe of discourse is obtained.
A certain amount of overlap among the membership functions is desirable from a

robustness point of view.

A set of fuzzy rules in the form of “IF x is A THEN y is B” (A and B are fuzzy
sets in universe of discourse of x and y, respectively) is obtained form expert
knowledge, or generated by neural or statistical procedures. It has been demonstrated
Kosko, (1992) that fuzzy system can approximate any continuous function to any
degree of accuracy. It can be seen from Figure 3.11 that the fuzzy system

approximation the unknown function with patches.

v LD pattern
ph
2
/] \
Ze =
11z itz 1z ze then v 15 ps
1b

nbh W ns Wze rs Y pb

Figure 3.11 Fuzzy system representations
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Higher accuracy can be obtained using a large number of membership functions

but at expenses of increased computational cost.

3.5.2. Motion Control

The large majority of applications of FLC lies in this category. Fuzzy logic
controller is applied in closed-loop control of a drive system. With nonlinearity,
parameter variation, and load disturbance effects, it can provide faster and more

robust control then usual conventional PI controller.

The drive system may be based on a DC or Ac machine. Since vector-controlled
AC drive has identical dynamics models, the same fuzzy control principle is valid in
either case. So consider, for example, DC drive system. In a phase-controlled
converter DC drive using a separately excited DC motor is following possibilities of

using FLC:

¢ In speed loop and current loop instead conventional PI controller
¢ In position loop instead PD controller
e FLC in phase controlled converter for linearization characteristic at

discontinuous condition.

If analyze literature about applications of FLC then it can be noticed that the
common methodology, using by authors for design of FLC is the same. For example,

we replace conventional PI controller in speed loop by fuzzy logic controller.

The first step is definition of linguistic variables. If we use such structure of PI
controller as then input variables, similar usual conventional controller, are error (E)
and change of error (CE) and output variable is control increment (DU). But in the
case of PD controller input variables also error and change of error. Thus, PI- and
PD-like fuzzy controllers have same structure and differ only by output variable

(control increment and control action, respectively).
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Second step is choice of term set and universe of discourse for each linguistic
variable. Many authors propose to use five-seven fuzzy sets for input variables and

seven fuzzy sets for output variable. These are:

NB-negative big,
NM-negative medium,
NS-negative small,
Z-z7ero,

PS-positive small,
PM-positive medium,

PB-positive big.

And these fuzzy sets are defined on normalized universe of discourse [-1, 1] that
gives afterwards for us easy way to tune our system by changing scaling factor for

each variable.

Third step is choice of membership function form. Are proposed to use

symmetrical triangular membership functions with 50% overlap.

So for fuzzy speed controller on initial stage we get following fuzzy sets for each

linguistic variable.
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Fourth step is formulating of rule base. Usually this is most difficult step of fuzzy
controller design because the step requires expert knowledge about system. But in
the case of system in which bigger input value corresponds bigger output value and
the purpose of the control is to eliminate steady-state error between desire and actual
values of the system output we can formalize the procedure of rule base creating in

table form.

e First, place fuzzy sets of variable E from NB to PB from up to down
e Second, place fuzzy sets of variable CE from NB to PB from left to right

e Now place fuzzy sets of control incremental by following principle

ce| NB | NM | NS Z PS | PM | PB

NB | NB | NB | NB | NB | NM | NS Z
NM | NB | NB | NB | NM | NS Z PS
NS [ NB | NB | NM | NS Z PS | PM
Z NB | NM | NS Z PS | PM | PB
PS | NM | NS Z PS | PM | PB | PB
PM | NS Z PS | PM | PB | PB | PB
PB Z PS {PM | PB | PB | PB | PB
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Build “Z”-diagonal from left down corner to upper right corner. After that in
each column place fuzzy sets below Z consequently from PS to PB and above Z

consequently from NS to NB. And by such method rule base table will be created.

¢ And on forth step has chosen the defuzzification procedure finish the fuzzy

logic design.

That fuzzy controller gives desired value of current for current loop. In current
loop it is also possible use the same fuzzy controller like in speed loop. And if fuzzy
controllers well-tuned results of simulations show that control with FLC gives faster
response of system on the change of reference value without overshoot and
oscillations if compare with conventional PI-controller. And also system becomes

more robust with inertia variation and load torque disturbance Bolognani, (1992).

However, FLC cannot adapt themselves to changes in their environment or in
operating conditions, so some mechanism of adaptation is required to maintain
desired characteristic of the control when operating conditions change over a wide

range.

Classical adaptive control systems are based on mathematical modeling so their
design and implementation are usually complex because of the computationally
intensive algorithms used. The adaptation of fuzzy logic control system can be
achieved using the same schemes developed for classical adaptive systems.
However, the design and implementation can be made simpler by using fuzzy

reasoning in the adaptation mechanism Le-Huy & Viarouge, (1995).

Figure 3.12 shows block diagram illustrating the model adaptive principle applied

to a fuzzy logic control.

Two important functional blocks (reference model and fuzzy logic adaptation
mechanism) have been added to the conventional fuzzy logic controller to form a

second control loop.
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The reference model is used to specify the desired performance that satisfies
design criteria such as rise time and overshoot. It can be any type of dynamic system
but a first-or second-order model is usually used. The same reference input r is
applied to both the reference model and the fuzzy controller. The system actual
output is compared with the reference model output. The result error (em) and the
change of error (cem) are applied to the fuzzy logic adaptation mechanism (FLAM)
that will modify the FLC characteristics to force the system to behave like the

reference model.

Two schemes can be used: parameter adaptation and signal adaptation.

Fuzzy logic r :
adaptaion .
ym mechanism ! 0
1 1
1 1
! Inference 1
Reference ' !
medel J |
i I
i I
J Defuzafication '
R eymvapey epyesepeg 4
Adaption
Enewledge base signal
modifier

FLC

Defirzn- 1
i
1

-

! + 5 Fuzzfication
e

Inference

Figure 3.12 Model reference adaptive control system

In parameter adaptation scheme, the knowledge base of the fuzzy logic controller
i1s modified by changing the membership functions, the characteristics of rules, or
topology of fuzzy sets. The FLAM output signal is used as input signal for a

knowledge base modifier, the function of which is to modify the knowledge base of
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FLC to produce the required change in the plant input u. The knowledge base is
updated at regular intervals the modifications can be stored in system memory. With
this scheme the FLC becomes self-organizing, that is it can learn to work better with
experience. However, its implementation may be complex because the manipulation

of large quantities of information in the knowledge base is necessary.

In the signal adaptation scheme, the adaptation mechanism produces an auxiliary
control signal that is added to the FLC output to compensate for the deviation of the
performance due to changes in operating or load conditions. This adaptation
approach does not provide learning capability but its implementation is much simpler

since the knowledge base is not modified.

The internal structure of the FLAM is identical to that of direct FLC:
fuzzification, rule execution, and defuzzification. As in the case of FLC, FLAM
control rules are formulated based on the knowledge of the drive behavior and

common sense.

The simulation results have confirmed the efficiency of the fuzzy adaptive scheme

in the case of changing load moment of inertia and load torque in large range.

3.5.3. Estimation of the System Parameters

The ability of fuzzy logic for continuous approximation of human knowledge
gives effective way for estimation of system’s parameters to another method, for

example, in the case of waveform estimation Bose, (1994).

Power electronic converters characteristic ally generate distorted voltage and
current waveforms. Electronic instrumentation techniques are extensively used to
process these waves and determine the quantities, such as total rms value,
fundamental rms value, active power, reactive power, displacement factor, and

power factor.
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Often, mathematical model (if available) and look-up table’s methods are also
used for the estimation. The computation-intensive approach has the disadvantage
that the response is slow because integration and averaging processes are involved.
The look-up tables solve this demerit, but for good accuracy, the size of the table
(one or multi-dimensional) should be large or interpolative calculation becomes

necessary.

Fuzzy logic waveform estimation has the advantages of the fast response, multi
outputs from a single premise of a rule, and immunity of noise that drift from the

SENSors.

For example, we can use rule-based estimation technique for line current of a
three-phase diode rectifier Bose, (1994). The pattern of the current wave is
characterized by the width and height parameters, and estimate is dependent on their
values. As usually each linguistic variable define by fuzzy sets, moreover number of
fuzzy sets for each variable is different and membership functions are asymmetrical
and non-identical for each variable because each output (rms current, fundamental
current, or displacement factor) is different and has different degree of nonlinearity.
Using our knowledge about dependencies between height, width of current wave and
current rms, fundamental rms, displacement factor we define rule base and form for
membership function. The typical rule will be IF height is small AND width is big
THEN current rms is not large, fundamental rms is big, and displacement factor is

medium.

And after using of the fuzzy inference mechanism and defuzzification procedure
we obtain estimated values of output parameters. For improved accuracy, the
formulation of the rule base and membership functions and their iteration are based

on simulations results.
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3.5.4. The Optimization of System’s Performance

Fuzzy logic can be used to enhance the performance of the system. For example,
induction motor drives are normally operated at rated flux condition to give best
transient response. However, at light-load condition, this gives excessive core loss,
impairing efficiency of the drive. The flux can be programmed at light-load steady
state in order to improve efficiency of the drive. Consider the motor operation
initially at rated and steady state with the load, torque, and speed. The rotor flux is

decremented in steps by reducing the magnetizing component of stator current 1, .
This result in an increase of the torque component of current i, (normally by speed

loop), so that the developed torque remains the same. As the core loss decreases with
the decrease of flux, the copper loss increases, but the system (converter and
machine) loss decreases improving the overall efficiency. This is reflected in the
decreases of dc link power. The search is continued until the system settles down at

minimum input power.

For this purpose we can use a fuzzy logic approach Bose, (1995). The fuzzy logic
controller has the advantage that it adaptively decrements the step size of the
excitation current so that fast convergence is attained. The steps are again
programmable and depend on the operating point of the torque-speed plane. The
fuzzy efficiency controller detects the steady state condition when the speed loop

error Aw_ approaches zero, and then it invokes the efficiency optimization control.
A typical fuzzy rule can be given as IF the power increment (APd) is negative

medium (NM) AND the last i, (L—i, ) is negative (N) THEN the excitation

increment (Ai,,) is negative medium (NM).

This procedure continues until the input power will be minimum. Or another
example, fuzzy controller can be successfully applied in phase-controlled converter

for linearization of converter characteristic, under discontinuous condition.
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For continuous current condition, the converter output voltage varies linearly
with cosine of firing angle a. Linearity is lost when the converter enters the
discontinuous condition region, where output voltage becomes a function of both a
and armature current. Converter linearization can be reestablished by proper addition

of a compensating Aa. .

While closed-form equation Ao does not exists, the fuzzy relation can be
obtained from the numerical solution, for limited number of o and armature current
values. The inherent interpolation capability of FLC assures proper computation of

Aa for any given a and I inputs, thus rendering a linear overall converter

characteristic. In this way, faster current loop response can be obtained for all modes

of operation.

So, in the case of linearization of converter’s characteristics under discontinuous
condition we have not mathematical model for this purpose but fuzzy approach gives

us convenient way to decide this problem.

Thus, as can be seen from above review fuzzy logic approach expands now very

rapidly and number of fuzzy logic applications constantly grows.

3.6. Adaptive Fuzzy Control

The fuzzy logic controller is nonlinear and so they can be designed to cope with a
certain amount of process nonlinearity. However, such design is difficult, especially
if the controller must cope with nonlinearity over a significant portion of the
operating range of the process. Also, the rules of the fuzzy logic controller do not, in
general, contain a temporal component, so they cannot cope with process changes

over time. So there is a need for adaptive FLC as well.

Adaptive controllers generally contain two extra components on top of the
standard controller itself. The first is a “process monitor” that detects changes in the

process  characteristics. It is wusually in one of two forms.
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e a performance measure that assesses how well the controller is controlling, or

® a parameter estimator that constantly updates a model of the process.

The second component is the adaptation mechanism itself. It uses information
passed to it by the process monitor to update the controller parameters and so adapts

the controller to the changing process characteristics.

Fuzzy logic controller contains a number of parameter sets that can be altered to

modify the controller performance. These are:

¢ the scaling factors for each variable,
e the fuzzy set representing the meaning of linguistic values,

e the if-then rules.

The adaptation mechanism must modify the controller parameters to improve the
controller performance on the basis of the output from the process monitor.
Adaptation mechanism for FLC can be classified according to which parameters are
adjusted. Parameters that can be adjusted include the scaling factors with which
controller input and output values are mapped onto the universe of discourse of the

fuzzy set definitions.

The set definitions will often be defined on a normalized universe from, say, -1.0

to +1.0, as 1llustrated in Figure 3.13.
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Figure 3.13 The effect of altering a scaling factor

The real values of the input variables may actually range from, say, -200 to +200,
and so need to be scaled. If, for example, the input value is multiplied by a scaling
factor of 0.005, the input is mapped to the universe of discourse as shown by the
middle scale in Figure 3.13. In this case an input value of 100 is classified as positive
medium. Altering the scaling factor changes the classification of an input value. For
example, with a scaling factor of 0.0025 a value of 100 is now classified as positive
small, as shown by the bottom scale of Figure 3.13. This reduces the sensitivity of
the controller to the input, and so reduces the controller gain. In this way, altering

scaling factors is similar to gain tuning in standard PID-controllers.

Another gain tuning mechanism is to alter the shapes of the fuzzy sets. An
example, the sets are altered to increase the sensivity of the controller to small values

of the input is shown in Figure 3.14.
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Figure 3.14 Adapting fuzzy set definition

Whereas altering the scaling factors alters the gain uniformly across the entire
input universe, changing the shapes of specific fuzzy sets allows the gain to be
modified within specific regions of the universe. Adaptive controllers that adjust the

fuzzy set definitions or scaling factors are called self-turning controllers.

A third set of parameters that can be altered are the if-then rules themselves. For

example, a rule may be changed from

IF error is positive small AND changes of error positive medium THEN control

increment is positive medium.

IF error is positive small AND change of error positive medium THEN control

increment is positive big.

to adapt changing operating conditions. Adaptive controllers that alter the rules are

called self-organizing controllers.
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At present with the knowledge that was considered above in this chapter it is

possible to design and research fuzzy logic controller for any kind application.



CHAPTER FOUR
STEP-UP CONVERTER DESIGN

4. DC-DC Converter Design

4.1. Converter Design Procedure

The manual implementation of an integrated design procedure can be tedious even
for simple systems due to the number of variables involved, non-linearity of
modules, discrete and continuous nature of the design variables, and so on.
Therefore, a computer algorithm is developed to automate the procedure of
integrated design, and is referred to as the design program in this paper Sridhar,K., &

Lang, J.H., & Umans,D., (1995).

4.1.1. Power Switch Design

BJT, MOSFET, or IGBT can be used as a switching components in boost
converter design. However, this switching components have some advantages and
disadvantages as to each other. In below, some features are given and these

parameters are given Figure 4.1.
» BIJTs- greater capacity, low ON state loss

» MOSFETs- fast switching, voltage driven

» IGBTs- combined modules, powerful and expensive
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Figure 4.1 The graphic of switching voltage and current

[lustrate the design procedures with a design example:
Design requirement:

A 240-watt DC/DC boost converter with V, =24V and V_, =48V.

1. Current and voltage rating requirements

Peak transistor current equals to
I, =P/V, =240W/24V =10A
Voltage rating requirements
Vimax = Vou T Vidiore) = 48 +0.7V =48.7V
2. Device selection based on the requirements
Design:

Candidate I: BJT 2N6547



I. =15A)10A and V. =400V)48V
Candidate II: power MOSFET IRF2Z4N

I, =15A)10A and V4 = 55V)48V

3. Selection
Power MOSFET IRF2Z4N
4. Switching loss

L1 V.1
PSW_loss = % = ? (Wloss_ON + Wloss_OFF ) = # (tON + tOFF)

48x10

= m(m +100)x10° = 0.768W

5. ON state loss

* ON state time

L Y ©20x10° 48

out
* ON state loss

WO loss 2
Pox toss = ,;_ = ?(ID rDS(ON)tl)

1

= (15" x0.075%25.73x10™° )= 8.684W
1/20x10

¢ _l(voul +VF_\/inj_ 1 (48+0'7_24jseC:25.73uS
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6. Overall loss

P

loss

=P,

SW_loss

+ Py e = 9.452W(P, = 45W

Calculation of junction to sink temperature difference
AT (t) = PlossZSJC(SO%) (t )R 0IC

xP

< AT, =Ry, xP, =3.3 C/Wx9.452W =31.2'C(T,,, =175’

0js

Figure 4.2 is showed junction to sink temperature with MOSFET IRFZ44N.
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Figure 4.2 The graphic of junction to sink temperature

4.1.2. Calculation of Inductance

In the previous section choosing of switching component was done, in this

section, inductance calculation of boost converter will be done.
For continuous mode (AI, (21, )
t = (lj . Vout + VF — Vin
l f V()Lll

Al, =—-V, -t, and

==



Imalx = Iin + _AIL

For discontinuous mode (AI, )2I. )

Assuming 15% current ripple:

Al =0.151, =0.15_ =1.5A

L:l(Vom_,_VF_Vm Vouw+ Ve | 1
f \/in AIL
-l (80724 BFOT, 1
20x10 24 0.15x10
=406 uH

Peak current:

Imax = Iin + %AIL = Iin + %(%j(voul + VF - \fm{

I 1 24

V.

in j
out + VF

V,

1

=10+ (48+O.7—24)(

220x10° 48+0.7

=10+0.468A =10.468A

10.468A(15A =1

Dmax

J

1

L

A
650%x107°
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After inductance value was calculated, copper wire, which has 2.8mm’ diameter,
is wrapped up to the toroid by hand, in order to claim calculated inductance value.
And this inductance value is measured with the specific mechanism. This

measurement result are given in the below Figure 4.3.
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Figure 4.3 The graphic of inductance measurement

4.1.3. Calculation of Capacitance

In this section capacitance value is calculated. Peak current of diode, rms value of
diode current, and rms value of capacitance current is taken into consideration in the
calculation of capacitance. Figure 4.4 is showed a conventional boost converter
circuit.
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Figure 4.4 A conventional boost converter



Assume the diode current i, is a square wave form is given below Figure 4.5.
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Figure 4.5 Output voltage ripple

= Peak diode current:

IO IO
= =—= IOA
PP D05

(Where D=0.5,1, = P/V, = 240/48 = 5A)

I

=  RMS diode current:
ID,rms = ID,peak ’ \/5 =10- V 0.5=7.07A

= RMS capacitor current:

I = Ipme —1," =47.07> =57 =5A
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= Qutput voltage ripple:

I. DT
AVO — AQ — C,rms s
C C

= Capacitance:

I .. DT, .
~C= AQ _ lem % 5_3 05 - =2600nF
AV, AV, 48x107" x20x10
Where,D=0.5,T, = 1/(20><103)sec, I me =5A, AV, =48mV

A finally, fast diode, which has 0.5ns switching time, is used in circuit design.
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CHAPTER FIVE
SIMULATION RESULTS AND EXPERIMENTAL RESULT

5. Design of Fuzzy Logic Controller

In this chapter, in simulation program step-up converter, which is controlled by
fuzzy logic, has been explained. Control of step-up converter, which is made by

Matlab simulation program, is described and results are got. The block diagram of

the system is given in Figure 5.1.

Preprocessing
lper : *
+5NS s
[y [ 3 11. N Fuzzy
+ ~ Ba: | Controller | 8
UORef .(“) :
bk p %,
e 1] A > "
wo| & s\e— CRUZR
. .
b
: PWM modulator

Figure 5.1 Block diagram of step-up converter with fuzzy control

The derivation of the fuzzy control rules is heuristic in nature and based on the

following criteria:
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1. When the output of the converter is far from the set point, the change of
duty cycle must be large so as to bring the output to the set point quickly.

2. When the output of the converter is approaching the set point, a small
change of duty cycle is necessary.

3. When the output of the converter is near the set point and is approaching it
rapidly, the duty cycle must be kept constant so as to prevent overshoot.

4. When the set point is reached and the output is still changing, the duty
cycle must be changed a little bit to prevent the output from moving away.

5. When the set point is reached and the output is steady, the duty cycle
remains unchanged.

6. When the output is above the set point, the sign of the change of duty

cycle must be negative, and vice versa.

As already pointed out, the current reference in this work has been attained by a
fuzzy PI regulator. The general guidelines to design such a regulator can be found in

(11). As far as the scaling factors (k,, and k_, for the output voltage and its error
and k. for the increment of the current reference) are concerned a procedure

similar to the previously described for the other fuzzy regulator can be employed.

5.1. Simulation Results of Step-up Converter

The system, which is given above, is analyzed by using Matlab program. In this
system, a PWM modulator, PI controller and Fuzzy control look-up table are used.

This simulation program is given in the below.

In our system, the PWM switching signal is 20 kHz. The component, which has
been used, has been described in chapter four. The values, which has been found, of
components have been is replaced in the simulation program. The load of converter

is only resistive load. The circuit is increases DC voltage from 24 V to 48V.



Figure 5.2 The Matlab simulation program scheme
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In our system, we have used MOSFET as a switching component. The PWM
signal, which has been applied to MOSFET, is shown in the below.

S0 o0 o002 003 004 005 006 007 008 009 01

Figure 5.3 The signal of PWM

The output values of A/D converter are given in the below graphics. The error and
change of error signals of fuzzy logic controller are got as using this output values.

These are shown in the below.
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Figure 5.4 The output of A/D converter
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Figure 5.5 The graphics of change of error and error signal
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Finally, the results, which taken from outputs of the step-up converter, has been

seen. The initial value of step-up converter is 24 V and the duty cycle is %50.

Finally, we take 48V from outputs of the system. At the same time, we see the

current graphics of converter in the below.
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Figure 5.6 The output voltage of step-up converter



75

1] 0.0z 0.04 0.06 0.0g 01

Figure 5.7 The output current of step-up converter

5.2 Simulation Results of Step-Up Boost Converter for Open-Loop Control

The system, which is given above, is analyzed by using Matlab program. The
system controlled by open-loop. And the PWM signal is given signal generator. And
the duty ratio is given %40.

In our system, the PWM switching signal is 20 kHz. The component, which has
been used, has been described in chapter four. The values, which has been found, of
components have been is replaced in the simulation program. The load of converter

is only resistive load. The circuit is increases DC voltage from 24 V to 40V.
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Figure 5.8 The Matlab simulation scheme for open-loop control

In our system, we have used MOSFET as a switching component. The PWM
signal, which has been applied to MOSFET, is shown in the below.
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Figure 5.9 The signal of PWM for open-loop control
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Figure 5.10 The signal of PWM (T= 50us)
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The results, which taken from outputs of the step-up converter, has been seen. The

initial value of step-up converter is 24 V and the duty cycle is %40. Finally, we take
40V from outputs of the system. At the same time, we see the current graphics of

converter in the below.

10k R — R - R— R ..........

0.35

Figure 5.11 The signal of output voltage
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The results, which taken from outputs of inductance current, has been seen. Figure

5.12 is showed inductance current.

25 T T Y J

] Peaieni PR PR ............. .............. T 4
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Figure 5.12 The signal of inductance current

5.3 Experimental Results of Step-up Converter for Open-Loop Control

The boost converter is controlled by a PWM signal provided by a microcontroller.
Boost converter is the fact that this microcontroller measures the power going into
the load and adjusts the duty cycle of the PWM in order to supply the most power
possible to the load. The microcontroller used for this task was the PIC16F877 by

Microchip. A brief description of the microcontroller follows.

The PIC16F877 from Microchip is a 40-pin microcontroller which has a number
of useful features. These include an internal timer, analogue to digital modules and a
PWM module, all of which are used by our application. The other technical
information about PIC16F877 is given in Appendix B.
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Figure 5.13 is showed experimental work. We use this works ANS589

programmer, PIC control circuit and Boost Converter circuit.

Figure 5.13 The photograph of experimental circuit

The step-up chopper is controlled with microcontroller. For this reason, PIC
16F877 is used. The software of PIC 16F877 is written by Assembly machine
language. Also, in this thesis the features and structures of PIC 16F877 are

explained briefly.
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Figure 5.14 The graphic of PWM signal of experimental result

Figure 5.14 is given in above and this figure is showed the PWM signal of 20

kHZ of experimental results.



CHAPTER SIX
CONCLUSIONS

6. Conclusions

In this work, the design and simulation of a step-up dc/dc converter is performed.
This converter is analyzed by using Matlab. The fuzzy logic is implemented to
specify the duty ratio. The membership functions and the rule table of the developed
fuzzy logic controller were formed by trail and error method using the set

resemblance programmer.

Implementation of circuit is carried out in the laboratory. The converter is
operated as open loop. The control program was written in Assembly machine

language and transferred into PIC 16F877 micro-controller.

PWM drive signal is obtained using the micro-controller and the control sign was
renewed with a 20 kHz frequency. The adjustment of output voltage by the fuzzy
logic controller was done according to the reference voltage input without any
deviation and no corrugation was seen after reaching the set point. The results of

simulation program and the circuit designed are given in this study.
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APPENDIX A

LIST P=16F877,R=DEC
INCLUDE "P16F877.INC" :file include

CYCLE EQU H'10'
TM1 EQU H'1I'

TM2 EQU H'12'

MDATA  EQU H'3'
COUNTI  EQU H'14'
COUNT2 EQU H'S
RODAT EQU H'6'

:initialize

INIT BCF STATUS,RP1
BSF STATUS,RPO ;Change pagel
CLRF TRISA
CLRF TRISB
CLRF TRISD
CLRF TRISE
MOVLW B'11111111" ;PORTA DATA
MOVWF TRISC ;PORTA all input
BCF STATUS,RPO ;Change page0
CLRF PORTA :PORTB clear
CLRF PORTB
CLRF PORTD
CLRF PORTE

MAIN BTFSC PORTC,7
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GOTO MAIN
BTFSSPORTC,7
GOTO MAIN
LOOP
MOVLW D250 ;PWM cycle = 250 >> W reg
MOVWF CYCLE ;W reg >> CYCLE
MOVLW D25 ;initial value = 25(PWM on time) >> Wreg
MOVWF MDATA ;Wreg >> MDATA

o 3 sk st s sk s sk sk sk sk skt s sk sk sk sk sk sk skoske sk sk sk sk sk sk sk sk sk sk skt skt sk skeosk skt skt sk skosk skt skt sk skok skokoskok
b

;. Switch routine

« 3 s sfe sk sk st sk st sfe s s sk sk sk sk sk st sfe s s she sk sk st s st st s s she sk sk st st st st sfe sk sfe sk sk skt sie st sl sk sl sk skoskeskeote sk sk sk skoskok
b

SW

BTFSSPORTC,7 ;PORTAO SW OFF(1) >> skip SW on(0) >>
next

GOTO STOP ;PORTAO SW on then goto STOP
; BTFSSPORTC 4 ;PORTAT SW off(1) >> skip SW on(0) >> next
; GOTO UPSP ;PORTA1 SW on then goto UPSP(up speed)
; BTFSSPORTC,3 ;PORTA2 SW off(1) >> skip SW on(0) >> next
; GOTO DOSP ;PORTA2 SW on then goto DOSP(down speed)
PWM MOVFMDATA,W ;MDATA >> Wreg(PWM on time)

MOVWF T™M2 ;Wreg >> TM2

SUBWF CYCLE,W ;PWM cycle(CYCLE) - PWM ON
time(Wreg) = Wreg(PWM off time)

MOVWF ™1 ;Wreg >> TM1(PWM off time)

« > s sfe sk sk st sk st sfe s s sk sk sk sk ke st sfe s s she sk sk st e st st s sfe sk sk sk st st st st sfe sk sk sk sk skt sie st sfe sk sk sk sk skeskeoske sk sk sk skoskok
b



« 3 s sfe sk sk st sk st sfe s s sk sk sk sk sk st sfe sk s she sk sk st s st st s s sk sk sk st e sk st s sk sk sk sk skt sie st sl sk sk sk sk skeskeoke st sk sk skoskok
b

PON

MOVLW B'11111111"
MOVWF PORTD ;

NOP ;call 0.03ms timer
DECFSZ TM2.F ;TM2 - 1 >>TM2 = 0? if TM2=0 then skip
GOTO PON ;goto PON

« 3 sk st s ke s sk sk sk sk sk sk sk sk sk s sk sk sk sk skosk sk sk sk sk sk sk sk sk sk sk skoske sk sk sk sk skt skt sk skosk skt skt sk skok skokeskok
b

; PWM pulse off time is 250*0.03 - ontime (ms)

« > s sfe sk sk st ke st sfe s s sk sk sk sk sie st sfe s s she sk sk st e st st s s she sk sk st st st st s sk sl sk sk skt sie st s sk sk sk skoskoskeoke sk ks skoskok
b

POFF

MOVLW B'00000000'
MOVWF PORTD ;

;call 0.03ms timer
DECFSZ ™1,1 ;TM1 - 1 >>TM1 = 0? if TM1=0 then skip
GOTO POFF ;goto POFF
GOTO SW ;goto SW(SWTCH)

+ > s sfe sk sk st e st st sfe s sfe sk sk sk st sie st sfe sk sfe sk sk sk sk ke st st s sk she sk sk skt sie st s sk sk sk sk skoskesteoste sk sk sk skoskok
b

; if portal switch is pushed processing this routine

« 3k s st s sk s sk sk s sk skt s skosk s sk sk sk sk sk sk sk sk sk sk skt skt sk sk sk skt skt stk skt skt sk sk skok skok
b

UPSP

INCF MDATAF sMDATA + 1 >> MDATA(max = 250)
MOVLW D250 ;CYCLE DATA(250) >> Wreg
SUBWF MDATA,W ;MDATA - Wreg >> Wreg

BTFSSSTATUS,Z ;Wreg = 0 then skip(MDATA =250 is max value)
GOTO PWM ;goto PWM
DECF MDATA,F :MDATA(250) - 1 = MDATA(249) >> It is

possible to continue push swtch

GOTO PWM ;goto PWM
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+ > s sfe sk sk sk e st st s sfe sfe sk sk sk st sie st sfe sk sfe sk sk sk sk sk st st s sk sfe sk sk skt sie st sfe sk sl sk sk skoskeste st sk sk sk skoskok
b

; if porta2 switch is pushed processing this routine

« 3 sk st sk sk s sk sk s sk sk s sk sk s sk sk sk s sk sk sk sk sk sk sk skt sk sk sk skt skt skt sk skt skt sk sk skok skok
b

DOSP DECF MDATA,F ;MDATA - 1 >>MDATA(min -0)
BTFSSSTATUS,Z  ;Wreg =0 then skip(MDATA = 0 is minimum value)
GOTO PWM ;goto PWM
INCF MDATAF sMDATA(0) + 1 = MDATA(1) >> It is possible

to continue push swtch

GOTO PWM ;goto PWM

STOP GOTO STOP

« 3 sk st s st s sk sk sk skt sk sk sk s sk sk sk s sk sk sk sk sk sk skt skt sk sk sk sk skt stk skt skt sk sk skok skok
b

: timer subroutine

+ > s sfe sk sk st e st st s s sfe sk sk sk st sie st sfe sk sfe sk sk sk sk ke st st s sk she sk sk skt sie st sfe sk sl sk sk skoskestke st sk sk sk skoskok
b

END
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APPENDIX B

40 Pin 8- Bit CMOS FLASH Microcontrollers

Microcontroller Core Features:

¢ High performance RISC CPU

¢ Only 35 single word instructions to learn

e All single cycle instructions except for program branches which are two cycle

e Operating speed: DC- 20 MHz clock input, DC-200 ns instruction cycle

e Up to 8K x 14 words of FLASH Program Memory, Up to 368 x 8 bytes of
Data Memory (RAM), Up to 256 x 8 bytes of EEPROM Data Memory

¢ Interrupt capability (up to 14 sources)

¢ Eight level deep hardware stack

¢ Direct, indirect and relative addressing modes

e Power-on Reset (POR)

e Power-up Timer (PWRT) and Oscillator Start-up Timer (OST)

e Watchdog Timer (WDT) with its own on-chip RC oscillator for reliable
operation

e Programmable code protection

e Power saving SLEEP mode

e Selectable oscillator options

e Low power, high speed CMOS FLASH/ EEPROM technology

e Fully static design

¢ In-Circuit Serial Programming (ICSP) via two pins

e Single 5 V ICSP capability

¢ In-Circuit Debugging via two pins

e Processor read/write access to program memory

e Wide operating voltage range: 2.0 Vto 5.5V

¢ High Sink/Source Current: 25 mA



e Commercial, Industrial and Extended temperature ranges

¢ Low-power consumption:

- < 0.6 mA typical @ 3V, 4 MHz

- 20 pA typical @ 3V, 32 kHz

= < 1 pA typical standby current

Pin Diagram:

PDIP

WCRvPr —a=[]
RACIAND g ]

RAA JAN i ]
RAZTAMZIVREF- st—te- ]
RAXAMINREF+ —ae-[]
RAHTICK] e ]
RAGANGSS st
RE/RCVANS =t ]
RE1/AWRIANG —a-[] o
REZTSIANT w—m[] 10
WD g [ 11

[ p—— ]

DEC1CLKIN —a-[] 13
OSCCLKOUT a—] 14
RCOT1CSOTICK! -] 15
RCUTICEICCP2 —t—a[] 16
RCZICCPT —a=[] 17
RCWSCKSCL =] 18
ROMVFPSPO st ] 10
ROVPSP1 -a—ae=[] 20

o= @ n k= w k=

PIC16F877/874

39
38
ar

35
34
32
3z
N
a0
29
28
27

25
24
22
22
21

0 []-=+—== RET/PGD

[] w—w= REGPGC
] 4—m- RES

[] =—a RE4

[ === REWFGHM
j-—- REZ

(] -w— RE1

[] e RECVIMT

[ ] =— voro

[] —2s

(] -4— RO7PSPT
[] st ROGFPSFG
[] ~—a RO5/PSPE
[] -=—w RO4PSP4
[] -#—p- RCT/RX/DOT
[] —a RCETHCK
[] == RCH/S00
(] s RC4/500SDA
[] - RO3/PSP2
] -a—a= RO2/IPSPZ

Peripheral Features:

¢ TimerO: 8-bit timer/counter with 8-bit prescaler

89

e Timerl: 16-bit timer/counter with prescaler, can be incremented during

SLEEP via external crystal/clock

e Timer2: 8-bit timer/counter with 8-bit period register, prescaler and

postscaler
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Two Capture, Compare, PWM modules

—> Capture is 16-bit, max. resolution is 12.5 ns
- Compare is 16-bit, max. resolution is 200 ns

- PWM max. resolution is 10-bit

10-bit multi-channel Analog-to-Digital converter

Synchronous Serial Port (SSP) with SPI ( Master mode) I’C (Master/Slave)
Universal Synchronous Asynchronous Receiver Transmitter (USART/SCI)
with 9-bit address detection

Parallel Slave Port (PSP) 8-bits wide, with external RD, WR and Cs controls
(40/44-pin only)

Brown-out detection circuitry for Brown-out Reset (BOR)
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. Program Data
Device Data Memor
FLASH Y| EEPROM
PIC16FET4 4K 192 Bytes
PIC1EFETT 8K 368 Bytes
13 Data Bus > PORTA
FLASH Program Counter lL 7 1
Program 1
Memory RAM === B
8 Level Stack e ¥ "
(13-Lit) Registers :
Frogram 14 1B

Bus

Instruction reg

Direct Addr 7

d

P -

8
PORTC
L4
|4
Power-up ¥
Lvi Timer [
|4
Instruction Oscillator
Decode & =4 | Start-up Timer I
Control : 2
Power-on .4
Reset N
Timing Watchdog

qub Generation Q:b Timer PORTD
OSC1/CLKIN Brown-out ]
OSCHCLKOUT Reset n
In-Circuit ¥
Debugger o] [

[ h

Low-Voltage ¥
Frogramming Parallel Slave Port &5 B
-
-

PORTE
MCLR VDD, Vss ¥
:" o e
-

Timerd Timer1 Timer2 10-bit A/D

—X
—X
—X

it

i

i

v

¥

&

Data EEPROM

CCP1,2

Synchronous
Serial Port

USART

MNote 1: Higher order bits are from the STATUS register.

RANAND
RATIANT
RAZAMNZNREF-
RANANINREF+
RANTOCKI
RAGANASS

RBO/INT
RB1

RBZ
RBIPGM
RBE4

RBS
RB&GPGC
RBTPGD

RCOIT10SOITICKI
RCUT1CSICCP2
RC2/CCP1
RC3ISCKISCL
RC4/SOISDA
RCE/SDO
RCG/ITX/CK
RCT/IRX/DT

ROO/PSPO
RO1PSP1
RD2/PSP2
RD3/PSP3
RO4/PSP4
ROD&PSP5
ROGPSPE
RO7/PSPT

REWANE/RD

RE 1/ANE/WR
RE ZIANT/CS

Figure 1. PIC 16F877 Block Diagram



on-Chip
Program
Memory

PC=12:0=

CALL, RETURN
RETFIE, RETLW

Stack Level 1

Stack Level 2

Stack Level 8

RESET Yector 0000k
-
. e —
-
Interrupt Yector 0004h
0005h
Page 0
O7FFh
0B00h
Page 1
OFFFh
10000
Page 2
17FFh
18000
Page 3
1FFFh

Figure 2. PIC16F877 Program Memory Map and Stack

92



File File File File

Address Addrass Address Address

Indirect addr.t| ook Indirect addr™| aop Indirect addr.| 100h Indirect addr. ™| 1a0n
TMRO 01h OPTION_REG| &1h TWMRO 101h OPTION_REG| 181h
PCL 02h PCL 82h PCL 102h PCL 182h
STATUS 03h STATUS 83h STATUS 103h STATUS 183h
FSR 04h FSR 84h FSR 104h FSR 184h
PORTA 05h TRISA 85h 105h 185h
PORTE 06h TRISB 86h PORTE 106h TRISB 186h
PORTC 0Th TRISC 87h 107h 187h
PORTD!D | 02h TRISD!" | s8n 108h 188h
PORTE™M | 0%h TRISE!" | agn 109h 189h
PCLATH 0Ah PCLATH aAh PCLATH 10Ah PCLATH 184h
INTCON 0Bh INTCON 8Bh INTCON 10Bh INTCON 18Bh
PIR1 0Ch PIE1 8Ch EEDATA 10Ch EECON1 18Ch
PIR2 0Dh PIEZ 8Dh EEADR 10Dh EECON2 180h
TMR1L 0OEh PCON 8Eh EEDATH 10Eh Reserved® 18Eh
TMR1H OFh &Fh EEADRH 10Fh Reserved? 18Fh
T1CON 10h 90h 110h 150h
TMR2 11h SSPCON2 | 91h 111h 191h
T2CON 12h PR2 92h 112h 192h
SSPEUF 13h SSPADD 93h 113h 193h
SSPCON 14h SSPSTAT 94h 114h 184h
CCPRI1L 15h 95h 115h 195h
CCPR1H 16h 96h 116h i 196h
CCP1CON | 17h 97h Seneral | 117h ELTZTI 197h
RCSTA | 12h TXSTA___| 9eh Redister | 118N Register | 198h
TXREG 19h SPBRG 99h 16 Bytes 119h 16 Bytes 199h
RCREG 14h 9Ah 11Ah 194h
CCPRZL 1Bh 9Bh 11Bh 19Bh
CCPR2H 1Ch aCch 11Ch 19Ch
CCP2CON | 1Dh 9Dh 110h 19Dh
ADRESH 1Eh ADRESL 9Eh 11Eh 19Eh
ADCONO | 1Fh ADCON1 9Fh 11Fh 19Fh
20h ADR 120h 1A0R

General General General General

Purpose Purpose Purpose Purpose

Register Register Register Register
96 Bytes 80 Bytes EFh 80 Bytes {6Fh 80 Bytes 1EFh
accesses FOh accesses 170h accesses 1FOh

70h-7Fh 70h-7Fh 70h-7Fh
7Fh FFh 17Fh 1FFh

Bank 0 Bank 1 Bank 2 Bank 3

O Unimplemented data memory locations, read as ',
* Not a physical register.
Note 1: These registers are not implemented on the PIC16F876.
2: These registers are reserved, maintain these registers clear.

Figure 3. PIC16F877 Register File Map



