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COMPARING TWO DIFFERENT SLIP ENERGY DRIVES USED IN WECS
BASED ON FUZZY LOGIC CONTROLLER

ABSTRACT

This thesis analysis and compare two types of slip energy systems in aspect
of speed control under fuzzy logic PI controller for power quality issues. Both
systems have been used in wind energy conversion systems. Harmonic currents
injected to the power system are investigated as well as the other measures taken into

consideration.
Simulations are carried out in MATLAB / Simulink and application software
is written in TMS320F2812 eZdsp by using C language. Their advantage and

disadvantage and working principles is examined.

Keywords : Fuzzy logic , Step Up Chopper , Boost Converter, DSP 2812
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BULANIK MANTIK DENETIM TABANLI iKi FARKLI KAYMA ENERJiSi
DENETIMININ RUZGAR TURBINLERI iCiN KARSILASTIRILMASI

(074

Bu tezde, bulanik mantik PI kontrolér kullanilarak, iki farkli kayma enerjisi
sistemi hiz kontrolii yapilarak giic kalitesi agisindan analiz edildi. Bu iki sistemde
riizgar enerjisi doniisiim sistemlerinde kullanilmaktadir. Bu iki sistem tarafindan gii¢
sistemine verilen harmonik akimlari incelendi ayrica diger 6l¢iim sonuglart dikkate
alind1

Simiilasyon kism1 MATLAB/simulink ortaminda yapilip uygulama yazilimi
C ortaminda yazilip TMS320F2812 DSP kitine yiiklenip laboratuar calismasi

yapildi.avantaj dezavantaj ve ¢alisma prensipleri incelendi.

Anahtar Sozciikler : Bulanik Mantik , Gerilim Arttirct DC konvertor , DSP 2812
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CHAPTER ONE
INTRODUCTION

Slip energy recovery induction motor is well known for its low cost, simple
control circuitry and high efficiency even at low speed at induction machine (IM)
drive. It should be noted that the limited speed range is not an inherent defect of slip
energy recovery drives; the KVA ratings and hence cost of the rectifier/inverter
combination is considerably reduced however by limiting the speed range. Full speed
control from the maximum full load speed down to a few Hz is possible provided the

required rectifier/inverter rating.

Figure 1.1 shows a schematic of a slip energy recovery drive. A wound rotor
IM is needed. The three phase rotor voltages are rectified with a diode bridge
rectifier and fed into a dc link inductor to smooth out the current. This dc link current
is then inverted and fed back to the mains using an interposing transformer. The
transformer turns ratio depends on the required speed range and the motor stator to
rotor turns ratio. If the average value of the inverter input voltage, Uy, is zero, then
the maximum motor speed is obtained. Increasing Ug, causes a consequent reduction
in the motor speed. Thus speed control is achieved. In recent applications, the
recovery transformer is replaced by the chopper circuits located into the dc link

between rectifier and inverter.
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Figure 1.1 Slip Energy Recovery Induction Motor (IM) Drive



Wind energy conversion is gained tremendous attention and developed
rapidly in recent years. It has been demonstrated to be both technically and
economically viable. It is expected that current developments in gearless, variable
speed generators with power electronics grid interface will lead to a new generation
of quiet, efficient, economical wind turbines. The modular, multi-pole, permanent
magnet, generator has been designed to have moderate dimensions, leading to a wind
turbine outline of pleasing appearance. For best aerodynamic efficiency, the shaft
speed should be varied in proportion to wind speed. Renewable sources often
produce power and voltage varying with natural conditions and must be connected
into the utility to be efficiently exploited. The power electronic converters are usually
required for the utility interface. Recent developments made the trade-off benefits
exceed the cost premium of machine in the power ranges up to several hundred kW.
Considering these trends, one of the best topologies for wind power conversion

system is full size AC-DC-AC converter.

It is not possible to control the generator torque with the diode bridge
rectifier. Then, the boost chopper circuit is added to improve the variable-speed
range. The boost converter can control the DC link current regardless of the induced
voltage value. In low wind speed range in which the diode bridge rectifier can not
control the generator torque, the boost converter scheme can control the generator

torque by controlling the DC link current.
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Figure 1.2 Permanent magnet synchronous generator (PMSG) with boost chopper



Generally, the slip energy recovery system has a wound induction machine,
diode rectifier, inverter and a transformer. There is an inductor between diode
rectifier and inverter to filter current ripples. In this thesis, inductor and line
commutated inverter or PWM inverter are removed. Two different type of slip
energy system is analyzed and compared in thesis. One of them has boost converter
with a single resistor and the other contains three phase resistor and chopper at the

rotor terminals.

Content of the thesis can be summarized briefly as follows;

Chapter two contains the fuzzy logic used in the control system. Advantage
and disadvantage of fuzzy logic controller is explained and compared to digital PIL.

General structure of fuzzy logic controller is given and this structure is examined.

Chapter three describes the step up chopper circuit. Firstly, the general
structure of chopper is explained. The continuous and discontinuous current modes
of operations are considered. The effect of parasitic resistance is examined,
formulation of parasitic resistance effect is given and effect of parasitic resistance

explained in graphically.

Chapter four dedicated for slip energy system. Two different systems are
examined in this thesis, one of them is boost converter with a single resistor and the
other is three chopped resistor system. In this chapter, both systems are examined for
some parameter, active power , reactive power, input voltage, input current and

harmonic effect of this systems.

Chapter five consists of harmonic content of drive circuits. In this chapter,
these systems are examined under three different switching frequency and three
different speed combination. All result is compared in experimental work and also

MATLAB/simulink simulation.

Chapter six concerned with conclusions.



CHAPTER TWO
FUZZY LOGIC CONTROL

Fuzzy Logic was initiated in 1965 by Lotfi A. Zadeh, professor for computer
science at the University of California in Berkeley. Since the time , the subject has
been the focus of many independent research investigations by mathematicians ,

scientists and engineers.

Fuzzy logic control (FLC) is used linguistic approach in system control.
Logic is close to human brain thinking because all the control rules and variables are
expressed in linguistic terms. It is advantage for control some system which
mathematical model is not precise.. It can provide the ability to control complex
systems without needing accurate knowledge on those systems. But there is need to
experience user to design control rules and variables correctly. FLC seems to offer an

effective solution in the control of non-linear and time varying systems.

The quality of the fuzzy approximation depends on experience of the user
who prepare the rules . Fuzzy system is a approximate function which approximate
to every system which can be linear or non linear system . So fuzzy rules and fuzzy

set must be chosen correctly

2.1 Background

In decade after Dr. Zadeh’s seminal paper on fuzzy sets , many theoretical
developments in fuzzy logic took place in U.S. , Europe and Japan . from mid-1970
to present Japanese researcher have been primary force in advancing the practical
implementation of the theory .they have done an excellent hob of commercializing

this technology and now there are patents over 2000 on fuzzy.

Fuzzy logic was first proposed by Lotfi A. Zadeh of the University of
California at Berkeley in a 1965 paper. He elaborated on his ideas in a 1973 paper

that introduced the concept of "linguistic variables", which in this article equates to



variable defined as a fuzzy set. Other research followed, with the first industrial

application, a cement kiln built in Denmark, coming on line in 1975.

Fuzzy systems were largely ignored in the US because they were associated
with artificial intelligence, a field that periodically oversells itself and which did so
in a big way in the mid-1980s, resulting in a lack of credibility in the commercial

domain.

The Japanese did not have this prejudice. Interest in fuzzy systems was
sparked by Seiji Yasunobu and Soji Miyamoto of Hitachi, who in 1985 provided
simulations that demonstrated the superiority of fuzzy control systems for the Sendai
railway. Their ideas were adopted, and fuzzy systems were used to control

accelerating, braking, and stopping when the line opened in 1987.

Another event in 1987 helped promote interest in fuzzy systems. During a
international meeting of fuzzy researchers in Tokyo that year, Takeshi Yamakawa
demonstrated the use of fuzzy control, through a set of simple dedicated fuzzy logic
chips, in an "inverted pendulum" experiment. This is a classic control problem, in
which a vehicle tries to keep a pole mounted on its top by a hinge upright by moving

back and forth.

Observers were impressed with this demonstration, as well as later
experiments by Yamakawa in which he mounted a wine glass containing water or
even a live mouse to the top of the pendulum. The system maintained stability in
both cases. Yamakawa eventually went on to organize his own fuzzy-systems

research lab to help exploit his patents in the field.

Following such demonstrations, the Japanese became infatuated with fuzzy
systems, developing them for both industrial and consumer applications. In 1988
they established the Laboratory for International Fuzzy Engineering (LIFE), a

cooperative arrangement between 48 companies to pursue fuzzy research. Japanese



companies developed a wide range of products using fuzzy logic, ranging from

washing machines to autofocus cameras and industrial air conditioners.

Some work was also performed on fuzzy logic systems in the US and Europe,
and a number of products were developed using fuzzy logic controllers. However,
little has been said about the technology in recent years, which implies that it has
either become such an ordinary tool that it is no longer worth much comment, or it

turned out to be an industrial fad that has now generally died out.

2.2 Advantage Of Fuzzy Logic

Here is a list of general advantages about fuzzy logic.

*Fuzzy logic is conceptually easy to understand. The mathematical concepts
behind fuzzy reasoning are very simple. What makes fuzzy nice is the “naturalness”

of its approach and not its far-reaching complexity.

*Fuzzy logic is flexible. With any given system, it’s easy to massage it or

layer more functionality on top of it without starting again from scratch.

*Fuzzy logic is tolerant of imprecise data. Everything is imprecise if you look
closely enough, but more than that, most things are imprecise even on careful
inspection. Fuzzy reasoning builds this understanding into the process rather than

tacking it onto the end.

*Fuzzy logic can model nonlinear functions of arbitrary complexity. You can
create a fuzzy system to match any set of input-output data. This process is made
particularly easy by adaptive techniques like ANFIS (Adaptive Neuro-Fuzzy

Inference Systems) which are available in the Fuzzy Logic Toolbox.

*Fuzzy logic can be built on top of the experience of experts. In direct

contrast to neural networks, which take training data and generate opaque,



impenetrable models, fuzzy logic lets you stand on the shoulders of people who

already understand your system.

*Fuzzy logic can be blended with conventional control techniques. Fuzzy
systems don’t necessarily replace conventional control methods. In many cases fuzzy

systems augment them and simplify their implementation.

*Fuzzy logic is based on natural language. The basis for fuzzy logic is the
basis for human communication. This observation underpins many of the other

statements about fuzzy logic.

2.3 Structure of Fuzzy System

RULE

BASE
Input Output
=p| FUZZIFIFR |l INFERENCE |l DEFUZZIFIER >

Figure 2.1 General structure of Fuzzy logic controller

Fuzzy systems is occurred four main operation which are called as fuzzifier,

inference, rule base, defuzzifier.

2.3.1 Fuzzifier

Fuzzification is a process of making a crisp quantity fuzzy. Fuzzification
converts mathematical parameters to linguistic parameter. At the fuzzification,
membership function is used on the contrary classical set theory. In classical set
theory. In classical set theory output change between 0 and 1 but there is no interval

value between [0,1] .
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In classic for different input (x) value goes either O or 1.

Hax) € [0,1] (2—2)

In fuzzy set output can be change interval 0 and 1 for any input values like

formula 2-2.

In classical sets the transition for an element in the universe between
membership and non membership in a given set is abrupt and well-defined which is
said to crisp. For an element in a universe that contains fuzzy sets, this transition can
be gradual. This transition among various degrees of membership can be thought of
as conforming to the fact that the boundaries of the fuzzy sets are vague and
ambiguous. Hence, membership of an element from the universe in this set is
measured by a function that attempts to describe vagueness and ambiguity. Fuzzy set
containing elements that have varying degrees of membership in a set. In fuzzy set an
element can be member of other membership function on the contrary classical set.

In classical set an element must be complete membership. (Ross ,1995)

A notation convention for fuzzy sets when the universe of discourse X is

discrete, is as follows for a fuzzy set A

() o, (x2) I (x) )
A_{ " + - +"}_{Z—x,- } (2-3)



s

Figure 2.2 Commonly used membership function

These membership functions are used for generally in fuzzy logic control
application , triangle and trapezoidal most common between them. Because both of

them are applied in microcontroller easier than others.

If we define fuzzy set as A,B on the universe X, some operation can be made

in this set such as union, intersection, complement.

Laus = max{ ta(x) U us(x) } union operation (2-4)

Ua~p = min{ pa(x) N pup(x) } intersection operation (2-5)

Har =1 - pa(x) complement operation (2-6)
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Figure 2.3 Fuzzy set operation result

2.3.2 Inference and Rule Base

ME MM M5 z Ps PM FE

[=]
(%3]
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input variable “error”

Figure 2.4 Error and change of error function in linguistic form

At the experimental work there are 7 different membership function for error
and change of error inputs So there are 49 rules for choosing 7 different output. Due

to apply in the microcontroller.

This membership function is occurred in linguistic term. Error function can
be determine as negative big (NB), negative medium (NM), negative small (NS),
zero (Z), positive small (PS), positive medium (PM), positive big (PB) and also

change of error function is the same with error function.
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Fuzzy controller use its experience and write fuzzy rules. Decision is based
on fuzzy rules which combine some manner and determine which fuzzy set will be
activated. Result obtained after some method, for example max-min method most

general method for obtaining decision.

Rules are written in “if - then” format with linguistic variable, for example

for one input fuzzy logic it can be written like below

IF (error is positivebig) THEN (the output is positivebig)

That means if the measured signal is much far from desired signal (error is

high value) fuzzy will increase the output highly to reach desired signal.

IF (error is PB and change of error is PS) THEN (the output is PB)

Above there is two inputs fuzzy system , at this time fuzzy system deal with

error(e) and change of error(ce) signal same time.

W(y)= max{ min { Me(Xi) , Hee(xi) } } (2-7)
4 #4 Hp
} F 2 3 j'
Ayy Ap2
Rule 1 \
N . 1N min
.1:1 x2
4 #4
1 $ 42
Az T
Rule 2 \ N\
< AN . MR
Xg xg

Figure 2.5 Graphical representation of max-min method
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At the figure 2.5 rule 1 trigged two different triangular fuzzy set and resultant
of rule 1 is Wy, it is minimum of this two fuzzy set La; Uas respectively. At rule 2
same thing is valid, too. Resultant waveform can be obtained by union(max) of rulel

and rule2 which are Up; W, respectively.

2.3.3 Defuzzifier

Defuzzification is the conversion of a fuzzy quantity to a precise quantity.
The output of a fuzzy process can be the logical union of two or more fuzzy
membership functions defined on the universe of discourse of the output variable.
(Ross ,1995) At the figure 2.6 there is output of fuzzy sets which envelope of two
triangular shape which firstly applied min operator then applied max operator. So
output is not a known shape like triangular or any shape, there is need to operator

defuzzify it.

At least seven methods in the literature, among the many that have been
proposed by investigators in recent years Four of these methods is illustrated here
briefly.

Max-Membership Principle: this method also known as height method, this

scheme is limited to peaked output functions. Algebraic function of this method is

We(z*) > Ue(z) forallze Z (2-8)

Centroid Method: this procedure is most prevalent an physically appealing of

all the defuzzification methods . It is also called as center of gravity methods.

e Iﬂc(z).zdz

= 29
I,ttc(z).dz &9

Weighted Average Method: This method is only valid for symmetrical output

membership function. It is given by the algebraic expression
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oo 2HC(2)2

2-10
ez @10

This weighted average method is formed by weighted each membership

function in the output by its respective maximum membership value.

Mean-Max Membership: this method is closely related to the fist method,

except that the locations of the maximum membership can be non-unique. This

method is given by expression below. (Ross, 1995)

a+b
2= 2-11)
‘ ‘ ‘ ‘y
Z z v A i az*b
@ ®) (c)

Figure 2.6 graphical representation of methods- a)Max-Membership b) Centroid c) Weighted Average
d)Mean-Max

2.4 Design And Implementation
2.4.1 Design of Fuzzy Controller

All system are design and simulated on computer program which is
MATLAB/Simulink. Firstly fuzzy interface is created by using MATLAB FIS editor.
Type of fuzzy logic is chosen as sugeno type. Because sugeno type fuzzy easy for

defuzzification operation in DSP. There are two input whose are error and change of

error inputs and also there is an output.



XX

errar

XX

ce

\
/’

sugens

(sugena)

Figure 2.7 Fuzzy logic in general form
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Error and change of error inputs are chosen triangular form, it is easy to apply

in DSP, Because every input take an triangle and DSP must be solve value which is

crossed by error signal. Fuzzy set of the error input can be seen figure2.8, shape of

fuzzy set is important here triangle is narrow when error is too small, on the contrary

when the error is big triangle is bigger. It will be taken speed of the induction
machine and it is compared with reference signal and error signal is produced. Aim

of this fuzzy set shape when rotor speed much smaller than reference, fuzzy output

will be more higher and also when rotor speed much higher than reference speed,

fuzzy output will be more higher ,too. When rotor speed reach reference speed

change of output will be smaller but at this time fuzzy output will more sensitive than

first situation.

M NS

)

z

(=]

input variable “error”

avd

UL L o

Figure 2.8 Fuzzy Set of Simulation and Experimental work for error(e)
and change of error(ce)

At the figure 2.9 surface of my fuzzy logic is can be seen. When error and

change of error near to value 1, output of my fuzzy produce 1. I used fuzzy logic as

pi controller
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1 L
ce L errar

Figure 2.9 Surface of fuzzy logic

ce

e NL|{NM|NS| Z PS|PM|PL
PL|{NL | NL|NL|NL|NM|[NS| Z
PM|{NL | NL|[NL|NM|NS| Z |PS
PS|NL|{NL|NM|NS| Z |PS|PM

Z NL|NM|NS| Z |PS|PM|PL
NS|NM|NS| Z |PS|PM|PL | PL
NM|NS| Z |PS|PM|PL | PL|PL

NL| Z |[PS|PM|PL|PL|PL|PL
Figure 2.10 Rule table for fuzzy

ce

e NL NM NS y4 PS | PM | PL
PL| -1,00 | -1,00 | -1,00 | -1,00 | -06 | -0.3 | O
PM| -1,00 | -1,00 | -100| 06 |-03]| 0 |03
PS| -1,00 | -1,00 | -0,6 | -0,3 0 0,3 | 0,6

Z -100] -06 | -0,3 0 03 ] 06 1.0

NS| -06 | -0,3 0 03 |06 |10 1.0
NM| -0,3 0 0,3 0,6 1.0 | 1.0 [ 1.0
NL| O 0,3 0,6 1.0 1.0 | 1.0 [ 1.0

Figure 2.11 Rule table for fuzzy as output value

Fuzzy logic is used as pi controller. So it used incremental form at output of
the fuzzy. At the figure 2.12 control shape can be seen , controller measure speed and
subtract it from reference speed ,result is error of the signal and also at the controller
error signal is delayed one sample and subtract error signal which gives change of
error signal. These two inputs enter the fuzzy controller and after the fuzzy gives

result output is delayed one sample and add output, this called as fuzzy pi control.
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Figure 2.12 Fuzzy logic PI controller schematic
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CHAPTER THREE
STEP UP CHOPPER

3.1 Step Up Chopper

‘_l L]

Figure 3.1 Schematic of boost converter

Step up chopper is known as boost converter, step up converter. Step up
chopper is a power converter with an average output dc voltage greater than its
average input dc voltage. At least one energy storage element is present in step up
chopper circuit. This circuit is kind of fly-back circuit, because energy is transferred
to load only power electronic switch is off position. Step up chopper has two
semiconductor element, main switch is used as igbt, mosfet and transistor, second

switch is diode.

For high efficiency, the SMPS switch must turn on and off quickly and have
low losses. The advent of a commercial semiconductor switch in the 1950’s
represented a major milestone that made SMPSs such as the boost converter
possible. Semiconductor switches turned on and off more quickly and lasted longer
than other switches. The major DC to DC converters were developed in the early-
1960s when semiconductor switches had become available. industry’s need for
small, lightweight, and efficient power converters led the converter’s rapid

development include step up converter.

17
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DC

S

IS

Figure 3.2 General structure of boost converter

Boost converter has two different working states which are S switch is on and
S switch is off state. S switch is chosen as igbt in my experimental and simulation

work.

When igbt is on state DC source short circuited by inductance diode is reverse
biased So it is not conduct. At this time inductance current increase and energy is

stored in inductance. At the figure 3.3 igbt on-state situation can be seen.

When igbt is off state DC source is connected serial with inductance and this
time diode is forward biased So capacitor is charged and load is fed by stored energy
of inductance and also DC source . At the figure 3.3 igbt off-state situation can be

seen.

S switch (igbt) can be driven some different way for example pulse width
modulation(PWM) or different frequency signal like hysteresis controlled signal. In

my work I used PWM signal which frequency is 500, 2000, 5000 Hz. These all

frequency is tried in order to realize difference of them.
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On-State

e =
! i

Off-State
AL_rm | Dl E
_I_

Step up chopper has two different working mode

Figure 3.3 Two working mode of boost converter

3.1.1 Continuous current mode

At this mode inductance current does not fall to zero. Typical waveform can
be seen in figure 3.4. At switch is turn on inductance current increase to Imax and
high capacitance stabilize the output voltage When switch is turn off inductance

current is decrease because it feed capacitor and resistance over diode.

This mode can appear when switching frequency is low or inductance is

really high.
% o e g i
v
o o=
Lé 0 on Off on i
w
Y A"
o o
% Vi ——————— Vs
£
T X
e m e vV,
T e |
I
e
fo t

Figure 3.4 graph for continuous current mode
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When igbt is on position, input voltage appear on inductance. Current of

inductance change versus time like formula (3-1).
dt

Al Y (3-2)
At L

(3-1)

At igbt on situation current can be found as formula (3-3), its end maximum

point of the current it is D.T point in figure 3.4

Al, (on) = j V"T(t)dt

0

(3-3)

Result of integration is seen formula (3-4). D is a duty cycle of PWM signal
and T is a period of the PWM signal. D is changing from 0 to 1. 1 shows igbt totally
on position and 0 shows igbt never turn on.

V.DT
Al, (on) =— (3-4)
L
When igbt is turn off, inductance current flows through load over diode. If

diode forward voltage drop is neglected and capacitance value is high enough to

stabilize output voltage, formulation can be write like formula (3-5).

dl, (1)
V.-V, =L—+~= 3-5
i 0 dl ( )
AIL — ‘/z _Va (3-6)
At L

Variation of inductance current at igbt off situation is seen (3-7)

(1-D)T _
J' V(1) Vo(t)dt

Al (off ) = L

(3-7)

0
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Result of integration is seen (3-8)

(V,~V,)1-D)T

Al (off) = i3

(3-8)

In constant switching frequency inductor current must be equal to beginning

and end commutation cycle as seen formula (3-9)

Al, (on) =—Al, (off) (3-9)

If we substitute the equivalent of inductance current which is shown for on

and off position of igbt at formula (3-9) ,formula (3-10) can be obtained.

V.DT _(V,=V,)(1-D)T
L L

(3-10)

If we simplify this formula we can obtain as result formula (3-11).

_ 1
~(1-D)

(3-11)

<|=

Result of this formula (3-11), every time output signal of the converter is

higher than input signal and when duty cycle is reach to 1 output voltage is reach to

infinite value, too.

3.1.2 Discontinuous current mode

In some case, Energy requirement of load is small enough to be transferred in
short time like one period. At this case inductance current goes zero that means
inductance completely discharge its energy in a period. At the figure 3.5 it can be

seen in a period inductance current I, goes to zero before igbt is turned on again.
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Figure 3.5 Graph for discontinuous current mode

Inductor current is O at the initial situation, so it reach maximum point during

t=DT like formula (3-12)

1, (max) = j Vi@ 4 (3-12)
'L
I, (max) =AI, (on) = % (3-13)

Minimum point of inductance current (I .(min)) is zero, so at the 8T time later

current goes to zero, so we can write formula (3-14)

or
Al (off) = j wm (3-14)
Al (off) = w (3-15)

At the same manner in continuous current mode (3-16) can be written

Al, (on) =—-Al, (off) (3-16)
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When we substitute them formula (3-17) is obtained

V,DT _ (V,=V,)dT
L L

(3-17)

If formula (3-17) is simplified and taken J, formula (3-18) is obtained

S =—1 (3-18)

Output current is equal to diode current in the boost converter, diode current
can be seen in the figure 3.5. If it is assumed this current is linearly decreasing like

figure 3.5, output current can be written the like formula (3-19)

_ 1, (max)d

] 5 (3-19)

If I;(max) and J are substituted into the formula (3-19), (3-21) is obtained

. D
1, :MVZ_ (3-20)
2LV, -V,
212
= Vi-D'T (321
2LV, =V,)

If formula (3-21) is arranged, input-output voltage equation can be found like

(3-22)
2
Yo _p VDT (3-22)
vV 211,

At the above resultant input-output voltage equation is found. It can be seen
discontinuous mode has more complex voltage expression than continuous mode. At

continuous mode output voltage depends on only duty cycle (D) but at discontinuous
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mode output voltage depends on input voltage, output current, duty cycle, period of

the PWM signal and inductance value.

3.1.3 Effect of Inductance Resistance

At the above analysis there is not active power dissipated element like resistor
which can be inductance resistance or wire resistance. So all analysis made as power
is transmitted completely. But this parasitic resistance is exist in the boost converter
circuit. I try to explain effect of inductance resistance on duty cycle at the boost
converter. At this analysis, it is assumed inductance has resistance(R;) which serial

with inductance.

1
v, =12 ;(t) +R1, (3-23)
t

If we continuous current mode when igbt is off state, diode is forward biased

and at this time average voltage is

V,=(1-DyV, (3-24)

Output current is equal to inductor current during igbt off state, So average

inductor current is

I, =« (3-25)

If we assume load capacitor really high and its result load voltage is constant
that means ripple on the output voltage is really negligible, it can be assumed that the

load (R)is purely resistive, so formula can be obtain like formula (3-26),

V
IL = m (3-26)
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If Ip. put in the previous equation, formula (3-27) is obtained,

+(1-D)V, (3-27)

=R, —*—
(1-D)R

It can be written as formula (3-28)

= (3-28)

—t
(1- D)R

At the formula (3-28), if inductance resistance is selected as zero, boost
converter normal formula is obtained. Due to the equation above while the
inductance resistance increases, the voltage gain of converter decreases and also
inductance resistance is effected by duty cycle. The figure 3.6 gives the variation of

voltage with respect to parasitic resistance.

B

normalized woltage gain
[#5]

0 0.2 0.4 0.6 0.8 1
duty cycle

Figure 3.6 Effect of parasitic resistance in boost converter
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It can be seen in the figure 3.6, if there is no parasitic resistance in the circuit
output voltage gain goes to infinite when duty cycle exceed %80. But in the real
work there is a inductance resistance in the circuit. At this time, it can be seen
formula (3-28), output voltage gain related with duty cycle and output resistance and
also resistance of inductance. At the figure 3.6 ratio on output resistance and
inductance resistance (R/Rp) =100 maximum gain is obtained at duty cycle is equal
to %90 , at this time maximum gain is 5,0. if (R/Rr) =10 at this time maximum gain
is obtained at duty cycle is equal to %70, at this time maximum gain is 1,58. Matlab

source code of this graph can be found at appendix.



CHAPTER FOUR

APPLICATION OF FUZZY LOGIC ON SPEED CONTROL OF
WOUND ROTOR

4.1 Boost Chopper with Single Resistor

wref

w_reference
PWM Output —pe{duty PWM |—
m wm

w_mezsured

Mzchines control unit Pwm
Mezzurament

Dermnux

_.
- 3
il
a T =
J; q
n w3
L
a
[w)
3

= Asynchronous Machine Bridge Rectifier

"—“E $ ) IGBT/Dicde 4%
Source ]

Figure 4.1 Schematic of the system

At simulation, induction machine parameters given in Appendix A are
measured and used. The capacitor value is chosen as 1175 uF and load resistance is
chosen 96 Q. At the simulation, fuzzy logic controller is used, its all parameters and

model same with experimental work.
In application, the shaft of the DC generator is coupled to wound rotor

induction machine and 3.3 Nm load is applied. Torque is set to the wound rotor

induction machine by the sperately excited DC generator at speed 1100 rpm.
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4.1.1 Experiment and Simulation work at the frequency of 2 KHz.:

'2218v |t 45a ]

50.04 Hz O 0011 X -Px =x

0702707 16:22:17 2200 50Hz 58 WYE  ABDULO1 *

Figure 4.2 Input voltage and input current in application

Input voltage

500
X-9.BBS
W-3111
ol _
-500
9.8 9.95
'[nput current
10
X-9.889
ol ¥: 5.058 i
-10
9.86 9. 87 = 88 9. 89‘ 9.9 991 992 993 994 9.95

Figure 4.3 Source voltage and Source current waveform of phase A
( Matlab/Simulink simulation result) .

In figure 4.2 shows the variation of voltage and current in experiment and

figure 4.3 shows simulation result.

Pouer &Eneray Uolts/Amps/Hertz
FULL T 0:00:02 9 m<r o 0:00:03 © -

L1 L2 L3 L1 L2 L3 N
kU 0.36 0.30 0.31 0497 Urms 2216 2205 2192 0.9
kUA 1.00 0.99 0493 92 Upk 3072 3069 3054 19
KUAR : 094 ¢ D94 ¢ 087 : 275 CF 1.39 1.39 1.39 oL
EF . ggg gglil ggg 0.33 Hz 4989

os ; ; |
Arms 45 45 42 il kR Tk
Arms 45 45 42

L1 L2 L3 Apk 7.4 7.3 6.8

Urms 2216 2205 2192 CF 163 163 1.60
* 07/02/07 16:30:41 220U S0Hz 38 UVE _AB *

? :3ll' _ 22l]U 5lle3B lLl'l'E RB[I
PREV NEXT  PRINT PREU  BACK  NEXT  PRINT

Figure 4.4 Input active ,reactive power and input voltage and current table in application
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If the figure 4.4 is compared with table 4.1, it can be seen that the results of
Matlab model and experimental output are very near to each other. The duty cycle is

%54 for 2Khz driving frequency.

Table 4.1 Results of simulation
P(W) | Q(VAR) | S (VA Cos@ | Vinput(rms) | linput(rms)
800 2500 2625 0,3 220 3,92

speed and wref
1400 T T T T

(\ |

800 -

1200

1000

600 —

400 -

200 -

_200 1 1 1 1
o 2 4 6 8 109

Figure 4.5 Reference signal and actual motor speed in Matlab/simulink simlation
When the motor speed goes to 1090 rpm, the gate signal is applied in

simulation.

Result of Matlab simulation and output of experimental work can be seen
from figure 4.6 to 4.9. These graph shows that simulation results and experimental
results are consistent. In figure 4.8 and 4.9 shows DC step up chopper works only
continuous current mode. In this thesis other gate pwm frequency is examined and at

discontinuous current mode can be seen there.
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dc link current
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Figure 4.6 Duty cycle and DC link current in MATLAB/Simulink simulation
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Figure 4.7 Duty cycle and DC link current in application
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duty cyde
1 T T T T ]
Drs _ H H H H H _
0
9.92 9921 9.922 9.923 9.924 9.925
igbt collector emiter voltage
1{)[} [E T T T T
501 .
0
9.92 9.921 9.922 9.923 9.924 9.925
dc link current
10 . . . .
5 - -
D | | |
9.92 9.921 9.922 9.923 9.924 9.925

Figure 4.8 Duty cycle and DC link current in MATLAB/Simulink simulation
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Figure 4.9 Duty cycle and DC link current in application




4.1.2 Experiment and Simulation work at the frequency of 5 KHz.:

Three phase voltage and current waveform are taken from source side which

can be seen figure 4.10 and phase A voltage and current is seen same graph and also

rotor current voltage and current is seen figure 4.11 ,too

226.7, ['2e66 0 FEddv]™_08u |J[46a

50.02Hz

0:00:07 < -2x

220U 50Hz 38 WYE
HERT

I]?.'IWI]? 14:33:12

ABDULOT 7%

50.02 Hz L H 111 H -

448

220U 50Hz 38 WYE
HEXT

n?nsm? 14:33: Ili ABDULOT /*

Figure 4.10 Source voltage and source current waveform at experiment

"226.7 v Iliﬁl

" 08v " 1A

50.06Hz 0:00:18 4 -2x

0718507 14:33:23 220U 50Hz 38 WYE

HEXT

ABDULO1 7+

50.04Hz T 000:15 %R <F

07/18/07 14:35:19 2200 50Hz 38 WYE  ABDULD1 /*

Figure 4.11 Source voltage and Source current waveform in phase A at same graph and neutral

voltage and current
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input veltage
400 T T T T T T T

200

-200

_400 1 1 1 1 1 1 1
926 9265 227 9275 9.28 9.285

33

input current

926 9.265 927 9275 928 9.285 929

Figure 4.12 Source voltage and Source current waveform of phase A
( Matlab/Simulink simulation result) .

9295 9.3

Figure 4.11 and figure 4.12 show the experimental and simulation results

which are consistent.

Pouer &Energy Uolts/Amps/Hertz
FULL O 0:00:02 Bl =r o 0:00:23 &) =
L1 L2 L3 L1 L2 L3 N
kll 034 031 030 096 Urms 2201 2197 2166 0.8
kUA 094 D54 083 278 Upk 3063 3069 3017 16
kKUAR : 088 : DBY : 084 : 2Bl CF 139 140 133 0O
PF 036 033 034 034 Hz 50.00
Arms 43 43 4l Arms 43 43 41 15
LI L2 L3 A pk 6.4 64 B.1 23
Urms 2199 2194 2IE2 CF 1.48 148 146 153
l]?.'18.i'q7‘ 14:29:38 22l]U. S0Hz 38 lLl'll'E ABDULD1 #* 07118407 14:29:27 22llU. S0Hz 38 ltl'?'E ABDULO1 /+

Figure 4.13 Active ,reactive power and input voltage and input current for experimental work
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Figure 4.14 Voltage and current harmonics in source

.........

07/18/07_14:29:55

175 9 13 17 21 25 29 33 37 41 45 49

220U_50Hz 38 UVE _ ABOULOT /*
| BACK | HEXT  PRINT

HARMONICS TABLE

PREU

HRARMONICS TRBLE
& 0:00:03 B E=-E

Amp L1 L2 L3 N
Dz 29 29 29 7343
H3x¢ 1.1 1.0 09 7342
HSs¢ 1.7 1.7 1.7 26
H7sf 0.7 06 0.7 1.4
H9x¢ 0.1 0.2 0.2 91
Hilxe 03 02 02 10
Hi3se 03 02 02 12
HiSxe 01 ol o1l 23
07718107 14:30:26 __2200_S0Hz 30 WYE _ABD

 BACK. HERT  PRINT

Uolt
THD=:¢
H3x¢
HSs¢
H7%u¢
H9%¢
LIRET
H13x:¢
H19%¢

Figure 4.15 Voltage and current harmonics as table

At figure 4.14 and figure 4.15, effect of harmonic content in source voltage
and current waveform is seen as table and graph, respectively. It can be seen in these

table, current and voltage harmonics are not effective. Is spite of most effective

0718207 14:30:19
PREU

& 0:00:03
L1 L2 L3
25 19 2.2
1.2 09 1.1
1.8 1.4 1.5
1.0 08 09
0.3 0.2 03
0.3 0.3 o2
0.4 0.2 0.3
0.1 0.1 o2

220 _50Hz 30 WYE

BACK  NEXT  PRINT
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harmonic is fifth harmonic , total harmonic distortion of voltage is %?2.4 an current

18 % 2.9, that means harmonic effect is too low.
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Figure 4.16 Duty cycle, IGBT current Ic , IGBT voltage Vce
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o
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Figure 4.17 Duty cycle, IGBT current Ic , IGBT voltage Vce in matlab simulation
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Figure 4.18 Duty cycle, IGBT current Ic , IGBT voltage Vce
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In figure 4.16 experimental result can be seen , at this figure duty

cycle is seen as %84 on igbt, maximum point of current is seen as 5 amper and

voltage of on emitter collector of igbt is near to 300 volt. In figure 4.17 simulation

result can be seen at the simulation duty cycle is seen as % 83, it can be seen peak

point of voltage and current is similar to the experimental result, only differences at

these figures minimum point of collector emitter voltage is different in simulation

and experimental result.

speed and wref

1200 —ﬁ

e
1000 ‘( 1

800 ¢ -

800 | -

4o0 } o

200 =

0] 1 1 1 1 1 1 1 1

1 2 3 - L (=3 7 8 = 10

Figure 4.19 Reference speed and actual speed of induction motor in MATLAB/simulink
simulation result
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4.1.3 Experimental and simulation work for 0.5 Khz switching frequency

3.3 Nm. Torque is applied to the induction machine in simulation and

experimental analysis. This torque is applied by seperately excited dc machine.

2157, [ Peeny FRTESu]" 07, f[ 745 FRdSHln
50.08 Hz Pﬂﬂ M3 Q -2x 50.09H=z G 00007 A -3

08/28707 15:14:29 220U 50Hz 38 WYE  ABDULD1 /% 03726/07 15:14:33 220U 50Hz 38 WYE  ABDULO1T /*
HEXT PR I EU  BACK  HEAT

Figure 4.20 Input voltage and current signal for three phase

1 ] H

2193v | 44 1.7A

50.10Hz & 0:00:16 A -Px < .‘?'.‘.!.‘.'.*.2 ................. o VRS, L e L
; 400
e, = N

08/26/07 15:14:42 2200 50Hz 38 WVE__ ABDULD1 /% 08/26/07 15:14:39 2200 50Hz 38 WYE__ ABDULO1 /*

BACK HEXT

Figure 4.21 Input voltage ,current signal and neutral voltage , current signal

input voltage
400 r r r r r

200

0

-200

_40[} 1 1 1 1 1
8.26 8.27 8.28 8.29 83 8.31 8.32

input current

1 1 1 1 1
8.26 827 8.28 8.29 83 .31 8.32
Figure 4.22 Input voltage and current signal in matlab simulation result
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Experimental result of input voltage and input current waveform is seen in
figure 4.21 and MATLAB/Simulink simulation result is seen in figure 2.22. It can be
seen in these results that the voltage and current waveform are similar in both
experimental and theoretical work. Harmonics of input current is effective in both
simulation and experimental result. In figure 2.21 there is some disturbance in input

voltage because of IGBT switching frequency is low which is 500 Hz.

Pouer &Energy Uolts/Amps/Hertz
FULL & 0:00:02 9 m=<E T 0:00:05 9 ==<E
L1 L2 L3 L1 Le E3 N
kU 033 0.32 0.30 095 Urms 2196 2219 2179 0.7
kUA 097 0499 0.94 290 Upk 306.1 3095 3037 1.1
KUARR ¢ 091 ¢ 094 ¢ 090 : 274 CF 1.39 1.39 1.39 oL
PF 0.34 0.32 0.31 0.33 Hz 50.09
Hems  ds 84 Al Arms 44 45 43 17
L1 L2 L3 Apk 7.7 75 7.6 2.5
Urms 2197 2218 2185 CF 1.76 1.69 1.77 1.51
08/28/07 15:16:23 220U 50Hz38 UVE__ABOULO1 /* 08/28/07 15:14:21 220U 50Hz 36 WYE__ABDULO1 /*

Figure 4.23 Active ,reactive power and input voltage , current value
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Figure 4.24 Input voltage and current harmonics
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HARMOHRICS TABLE HARMONICS TABLE
@ 0:00:03 Fl=E] T 0:00:05 CI=E

Volt L1 L3 N Rmp L1 L2 L3 N

THD%¢ 2.2 1.9 1.8 5250 THD::¢ 219 213 214 1047
H3x+ 1.1 08 09 5176 H3xs 1.4 1.4 1.3 1047
H3ut 1.4 1.4 1.2 12.1 H3x%s 31 31 31 4.1
H7at 09 08 08 138 H7xs 1.7 1.5 1.5 1.7
HS:x:¢ 03 02 03 415 HBx+ 148 15.0 14.7 12.4
H11%f 0.4 0.3 0.3 10.6 H11%r 149 14.0 14.3 4.3
H13x%s 0.4 0.3 03 248 H13%¢ 1.1 0.8 0.8 1.5
H15%s 0. 0.1 D2 2398 H13%¢ 0.8 0.8 0.8 32

5

220U 50Hz 38 WYE

ABDULDT 7+

HEX]

K ]

Figure 4.25 Voltage and current harmonics as table
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In figure 4.24 , voltage and current harmonic of the system is seen as
graphically and in figure 4.25 this harmonic content is shown as numerically. In
figure 4.24 voltage total harmonic distortion is seen as %2.3 it can be said voltage
harmonic is not effective. But current total harmonic distortion is %24 , that means

harmonic content is effective and current signal is really distorted. In current

lth 1 th

harmonis graph 9™ and 11™ harmonic are effective and also 19" and 21™ harmonics
are effective ,too. IGBT is driven in 500 Hz. Clock cycle at this experiment. 9™ and
11™ harmonics are 450 Hz. and 550 Hz. So this harmonics is occurred by switching

IGBT in 500 Hz.

b 5ms 0. 0000s Jiriad k343

—
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=
[—:\-_._
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1 ]
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ofs 20. 2¥jofs —20. Om¥|jofs —'?!EIE'V Empty

L eCron f:499. 992H= 100k points

Figure 4.26 Duty cycle, IGBT current Ic , IGBT voltage Vce
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Figure 4.27 Duty cycle, IGBT current Ic , IGBT voltage Vce
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Figure 4.28 Duty cycle, IGBT current Ic , IGBT voltage Vce in simulation result
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speed and wref
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Figure 4.29 Reference speed and actual speed of induction motor in MATLAB/simulink
simulation result

4.2 Three Chopped Resistor
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Figure 4.30 Schematic of the system

At simulation, induction machine parameters given in Appendix A are
measured and used. load resistance is chosen 64 Q. At the simulation, fuzzy logic

controller is used, its all parameters and model same with experimental work.
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In application, the shaft of the DC generator is coupled to wound rotor
induction machine and 3.3 Nm load is applied. Torque is set to the wound rotor

induction machine by the separately excited DC generator at speed 1100 rpm.

4.2.1 Experimental and simulation work for 2 Khz switching frequency

2226 v EEEIII 219.0u [ ' 44a ]

49.96 Hz 0:00:02 A -2x 49.96 Hz

l]?."lld.'ll? 14:; 3? 46 220U 50Hz38 WYE ABDULOD1 * l]?."lld.i'll? 14 3? 54 220U 50Hz 38 WYE aABDULO1 *
HEXT  PRINT & EY BACK HEXT  PRINT j

Figure 4.31 Input voltage and current signal for three phase

In figure 4.31 shows the variation of voltage and current in experiment and

simulation.

- EEE ? v .m o0 . . . inputv‘oltage ‘

o ‘ ‘

49,96 Hz O 0008 G -2x < 200/ 8965 ]
_ ¥:3111

: g : ! o

_400 L L L I I I I
8965 897 8975 898 8985 899 B899 9

»nput current

X 83869
: - ¥:525
l]?."lH.'ll? 14:38: llE 220U 50Hz38 WYE ABDULOD1 *

EU  BACK HEXT  PRINT -5

8. 965 597 8. 975 8.98 8. 955 8.9

m

O

Figure 4.32 Input voltage and current signal for phase A in experimental work and simulation

In figure 4.32 shows the variation of voltage and current for phase A in
experiment and simulation. Both graph shows amplitude and power factor is similar

in experiment and simulation.



Pouer &Energy Uolts/Amps/Hertz
FULL O 0:00:02 Bl =r < 0:00:07 &) =
L1 L2 L3 L1 L2 L3 N
kll 0.34 031 031 096 Urms 2217 2198 2191 10
kUA 098 D96 093 287 Upk 3088 3068 3046 2.1
KURR ¢ D92 : 091 ¢ 087 : 270 CF 139 140 133 0O
PF 0.35 032 034 034 Hz 4996
Arms 44 44  4C Arms 44 44 42 17
L1 L2 L3 A pk 68 6.7 BS5 26
Urms 2224 2199 2191 CF 155 153 153 154

07704707 14:36:50 220U 50Hz 38 WYE  ABDULDT * 07704407 14:36:3% 2200 50Hz 38 WYE  ABDULD1 *

) BACK  HEXT  PRINT IE | MEAT  PRINT

Figure 4.33 Active ,reactive power and input voltage , current value

speed and wref
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Figure 4.34 Reference speed and actual speed of induction motor in MATLAB/simulink
simulation result
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Harmonics
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Figure 4.36 Duty cycle, IGBT current Ic , IGBT voltage Vce
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Figure 4.37 Duty cycle, IGBT current Ic , IGBT voltage Vce

Table 4.2 Simulation results
P (W) Q (VAR) | S (VA
700 2350 2452

Cosd | Vinput(rms) | linput(rms)
0,285 220 3,75

If the figure 4.37 is compared with table 4.1, it can be seen that the results of
Matlab model and experimental output are very near to each other. The duty cycle is

%80 for 2Khz driving frequency.

Most important thing in three chopped resistor application is seen as 600 volt
in pins of the IGBT’s emitter — collector. This voltage is seen both experimental and
simulation work . Figure 4.36 shows experimental work and blue graph shows
emitter collector voltage of IGBT whose peak value goes to 600 volt and figure 4.37
shows simulation result of same experiment and peak value of the voltage is seen as

600 volt, too

Speed control of three chopped resistor system is more difficult than boost
chopper and single resistor system. In spite of the same controller and induction
motor drive same speed with same torque value, speed of the three chopped resistor

system reach reference value lower than boost chopper and single resistor system.



46

Snubber circuit of IGBT is not so important in boost chopper with single
resistor circuit, but in three chopped resistor circuit snubber circuit is so important. In
turn on and turn off voltage of the emitter — collector of IGBT rise to 600 volt and
there is only IGBT at system after full wave rectifier. So snubber has important role
to protect IGBT in three chopped resistor circuit. At the boost chopper circuit this
voltage reach maximum 400 volt and also there is a 1175 uf capacitor after full wave

rectifier circuit importance of snubber circuit decrease.

4.2.2 Experimental and simulation work for 5 Khz switching frequency

3.3 Nm. Torque is applied to the induction machine in simulation and also

experimental part. This torque is applied by separately excited dc machine.

2267 v ﬁﬂm 2234u Iﬁﬂ

50.02Hz 0:00:07 4 -2x

I]?.'IWI]? 14: 33 12 220U 50Hz 36 WYE ABDULOD1 /* IJ?HWIJ? 14:33: 16 220U 50Hz 38 WYE  ABDULDT /*

BACK HEXT

Figure 4.38 Input voltage and current signal for three phase

'2eb.7fu |° 46 IE!I_

50.06 Hz T 00018 % -Px == 50.04Hz 0:00:15 A -2x it

I]?“WI]? 14:33:23 2200 50Hz 38 WYE ABDULO1 /* n?nsm? 14:33: 1!] 220U S50Hz 39 WYE ABDULDT /*
BACK. HEXT PR o EU BACK HEXT o

Figure 4.39 Input voltage ,current signal and neutral voltage , current signal
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input voltage
'4[}[] T T T T T T T

200

-200

_4[}[} | | | | | | |
926 926> 927 9275 9328 S3285 979 979 9.3

input current

-5

926 9265 827 9275 9328 9285 929 929 53

Figure 4.40 Input voltage and current signal in matlab simulation result

MATLAB/Simulink simulation result is seen in figure 4.39. It can be seen in
these results voltage and current waveform is exactly same. Harmonics of input

current is not so effective in both simulation and experimental result.

Pouer &Eneragy Uolts/Amps/Hertz
FULL T 0:00:02 9 m-r T 0:00:23 9 @=<F
L1 L2 L3 L1 L2 L3 N
Kkl 0.34 0.31 0.30 0.96 Urms 220.1 2197 2166 0.8
kUA 0.94 094 0.89 2.78 Upk 3063 3068 3017 16
kUAR ¢ 0BB ¢ 089 ¢ D.B4 ¢ 251 CF 1.39 1.40 1.39 oL
PF 0.36 0.33 0.34 0.34 Hz 50.00
Aems 44 32 4l Arms 43 43 41 15
L1 L2 L3 Apk E.4 6.4 E.1 2.3
Urms 2199 2194 2I62 CF 1.48 1.48 1.46 153
07/18/07 14:29:38 220U 50Hz 38 WYE__ABDULO1 /* 07/18/07 14:29:27 220U 50Hz 38 WVE__ABDULO1 /*

Figure 4.41 Active ,reactive power and input voltage , current value
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Harmonics Harmonics
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Figure 4.42 Input voltage and current harmonics

HARMONICS TRABLE HARMONICS TRABLE
& 0:00:03 Ll ~F & 0:00:03 Ll ~F

Uolt L1 L2 L3 N Amp L1 L2 L3 N
THO%¢ 2.5 1.9 o o048 THO%# 23 29 23 7343
H3x¢ 12 09 1.1 2012 H3x¢ 1.1 10 09 7342
HSs:¢ 18 14 1.5 238 HSs:¢ 1.7 1.7 1.7 2.6
H7x¢ 10 08 019 5.2 H7x¢ 0.7 0.6 0.7 14
H9x:¢ 0.3 02 0.3 14.1 H9x:¢ 0.1 02 0.2 91
H11zs 0.3 0.3 0.2 2.7 H11zs 0.3 0.2 0.2 10
H13x¢ 0.4 0.2 0.3 6.1 H13x¢ 0.3 0.2 0.2 12
H15%¢ 0.1 0.1 0.2 11.0 H15%¢ 0.1 0.1 0.1 2.3
07¢18/07 14:30:19__ 220y Somz3gwvE _aBoutot i+ | | o7/1sr07 14:30:26 220 Somo 38 WvE _ABDULO1

PREU  BACK  NEXT  PRINT e PREU  BACK  NEXT  PRINT e

Figure 4.43 Voltage and current harmonics as table

In figure 4.41, voltage and current harmonic of the system is seen as
graphically and in figure 4.42 this harmonic content is shown as numerically. In
figure 4.41 voltage total harmonic distortion is seen as %2.4 it can be said voltage
harmonic is not effective and also current total harmonic distortion is seen as %?2.9,

so current harmonics are not effective, too
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Figure 4.44 Duty cycle, IGBT current Ic , IGBT voltage Vce
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Flgure 4.45 Duty cycle, IGBT current Ic , IGBT voltage Vce



duty cycle

1 T T T T ]
0.5 7

0

9.26 9.2602 9.2604 9.2606 9.2608 9.261

dec link current

iV Vil o Vil

0

9.26 9.2602 9.2604 9.2606 9.2608 9.261

collector emiter voltage of igbt

500

9.26 9.2602 9.2604 9.2606 9.2608 9.261

Figure 4.46 Duty cycle, IGBT current Ic , IGBT voltage Vce in simulation result
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Figure 4.47 Reference speed and actual speed of induction motor in MATLAB/simulink

simulation result
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4.2.3 Experimental and simulation work for 0.5 Khz switching frequency

E-Eﬂ

50.01 Hz 0:11:14 4 -2 E-<F

ll?“!l."ll? Iﬁ 20 15 220U 50Hz 38 WYE ﬂBI]ULI]I i* ll?."I!HI]? Ili 20:20 220U 50Hz 38 WYE ﬂBDULllI I*

HEXT

Figure 4.48 Input voltage and current signal for three phase

In figure 4.31 input voltage and input current waveform which, can be seen,
is taken by power quality analyzer in experimental work. At the input current
waveform , there is a neutral current about 1.7 A. it is happened instability of the

source current.

In figure 4.48 shows the variation of voltage and current in experiment and

simulation. In neutral current has 2 A. instability current in experiment..

50.00Hz LI | H | L =< 50.00 Hz 0123 A -Bx E-<F

0771907 16:00:26 220U 50Hz 38 UVE  ABOULOT /* 07/19/07 16:20:23 220U 50Hz 38 WYE__ ABDULO1T /*
HEXT PR 2 HEXT !

Figure 4.49 Input voltage ,current signal and neutral voltage , current signal
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input voltage
4DD T T T T T T T

200

0

-200

_4[}0 1 1 1 1 1 1 1
9.9 9905 991 9915 992 9925 953 9935 994

input current

9.9 9905 991 9915 992 9925 933 9935 99

Figure 4.50 Input voltage and current signal in matlab simulation result

Experimental result of input voltage and input current waveform is seen in
figure 4.49 and MATLAB/Simulink simulation result is seen in figure 4.50. It can be
seen in these results that the voltage and current waveform are similar in both
experimental and theoretical work. Harmonics of input current is effective in both
simulation and experimental result. In figure 4.49 there is some disturbance in input

voltage because of IGBT switching frequency is low which is 500 Hz.

Pouer &Eneragy Uolts/Amps/Hertz
FULL o 0:00:01 9 m-r T 0:00:02 9 m-r
L1 L2 L3 L1 L2 L3 N
Kkl 0.34 0.32 0.31 0497 Urms 2237 2219 @211 07
kUA 1.03 1.01 0.98 3.01 U pk 3158 3108 308.1 1.4
kUAR ¢ D97 ¢ 096 ¢ D92 ¢ 285 CF 1.41 1.40 1.39 oL
PF 0.33 0.31 0.32 0.32 Hz S0.02
Arms 68 3B 44 Arms 46 46 44 16
L1 L2 L3 Apk 85 83 8.0 25
Urms 2240 2222 2214 CF 1.86 1.83 1.81 1.56
07/19/07 16:20:54 220U 50Hz 38 WYE__ABDULO1 /* 07/19/07 16:20:43 220U 50Hz 38 WVE__ABDULO1 /*

Figure 4.51 Active ,reactive power and input voltage , current value
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Harmonics Harmonics
1 THD 2.3 %f 1 THD 24.0%F 0T K 111 |
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Figure 4.52 Input voltage and current harmonics

HARMONRICS TABLE HARMONRICS TABLE

@ 0:00:01 FI=E<] @ 0:00:01 FI=E<]

Volt L1 L2 L3 N Amp L1 L2 L3

THDx%¢ o4 19 20 1405 THD%¢ £348 o

H3xt 12 08 1.0 1383 H3xt 1.0 1.0

H3xt 1.6 1.2 1.3 7.8 H3xt 2.1 c.0

H?=f 1.0 0.8 0.8 5.2 H?=f 09 0.8

H3::¢ 0.3 0.2 04 106 H3::¢ 15.3 14.7

H11%s 0.4 04 0.3 46 H11%s 15.0 14.4

H13x%r 03 02 02 6.2 H13x%r 07 0.7

H13%f 02 0.1 0.2 8.0 H13%f 1.1 1.0
220U_50Hz 38 WYE

Figure 4.53 Voltage and current harmonics as table

In figure 4.52, voltage and current harmonic of the system is seen as
graphically and in figure 4.53 this harmonic content is shown as numerically. In
figure 4.52 voltage total harmonic distortion is seen as %2.3 it can be said voltage
harmonic is not effective. But current total harmonic distortion is %24, that means
harmonic content is effective and current signal is really distorted. In current

1™ harmonic are effective and also 19" and 21°*" harmonics

harmonics graph 9™ and 1
are effective ,too. IGBT is driven in 500 Hz. Clock cycle at this experiment. 9™ and
11™ harmonics are 450 Hz. and 550 Hz. So this harmonics is occurred by switching

IGBT in 500 Hz.
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Figure 4.54 Duty cycle, IGBT current Ic , IGBT voltage Vce
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Figure 4.55 Duty cycle, IGBT current Ic , IGBT voltage Vce
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Figure 4.56 Duty cycle, IGBT current Ic , IGBT voltage Vce in simulation result
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Figure 4.57 Reference speed and actual speed of induction motor in MATLAB/simulink
simulation result



CHAPTER FIVE

HARMONIC ANALYSIS OF TWO SYSTEM

5.1 Harmonic Analysis in experimental work

These two systems are examined for power quality parameters such as

harmonic currents. The simulation and experimental works are performed and their

results are compared for both systems. In experimental work, fluke 430 series power

quality analyzer is used and result is taken to computer and it is compared by

MATLAB/simulink simulation results.

5.1.1 Three Chopped Resistor

1 P w_reference
wref Pt output — e duty Phd |—
—e{mwm B {w_measured
Machines contral unit Faim
hleazurameant
[remux
[T F—+m_ _n j
Tmech Y
8 O 5 e ER | A + e =0
L7 [ E— = =|B IGBT/Diode 4';%:
Wy (——————a C o ? | C 157 w
There Phaze Source Wiound induction machine Diode Rectifier :l
g
R1 Rz Rz

I —

Figure 5.1 Schematics of the system

IGBT is driven with duty cycle and controlled fuzzy logic controller at three

different frequencies 5, 2 and 0.5 KHz. In experimental part, graphically and

tabulated results are taken by power quality analyzer. In graphical part, the first 50

harmonics are displayed and also total harmonic distortion is displayed for voltage

and current waveforms. The first 15 harmonics of all three phases are displayed

independently and also total harmonic distortion is displayed independently for

56
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voltage and current, too. All the results are recorded under 3.2 Nm. constant torque

and 1100 rpm.

5.1.1.1 Laboratory work for 5 KH7 :

Harmonics Harmonics

1 THD 2.4%f 1THD 2.9%fFf1k 1.1 |
& 0:00:03 0 E<F & 0:00:06 Y E=-F
"“]n‘;( .................................................. "“]n‘;{ ..................................................
4. B P SN BORL
N ———————— | || —
THDDC 1 5 9 13 17 21 2% 29 33 37 41 45 49 THDDC 5 9 13 17 21 25 29 33 37 41 4% 49
DZN1B/07 142952 220 S50Hz38 WYE__ABDULOY /= | | 07/16/07 14:29:55 220U SOHz30 WVE _ABDULO1 1+

PREU  BACK  MEXT  PRINT & XT  PRINT

Figure 5.2 Voltage and current harmonic at the source side

HARMONICS TABLE HARMONICS TABLE
o 0:00:03 O ==F ©  0:00:03 9 E-E

Volt L1 L2 L3 N Amp L1 L2 L3 N
THD¢ 2.3 19 o2 2048 THD=¢ 239 239 29 7343
H3x¢ 12 03 1.1 2012 H3s¢ 1.1 10 09 7342
HS%¢ 18 14 135 238 H9%s 1.7 1.7 1.7 2.6
H7%¢ 10 0.8 049 5.2 H75¢ 1 06 0.7 1.4
H9x¢ 0.3 0.2 0.3 14.1 H9x¢ 0.1 02 0.2 9.1
H11%¢ 0.3 0.3 0.2 c.7 H11%¢ 03 02 0.2 10
H13=%¢ 04 0.2 0.3 6.1 H13%¢ 03 02 0.2 1.2
H15%¢ 0.1 0.1 0z 110 H15%¢ 0.1 0.1 0.1 2.3
07/18/07 14:30:19 220U SO0Hz 36 UVE _ABDULO1 /* 0718407 _14:30:26

2200 50Hz 38 WYE__ABDULO1 /*
PREU  BACK | MEXT  PRINT :

PREU  BACK  HEKT  PRINT
Figure 5.3 Voltage and current harmonic as tabulated at the source side

At 5 KHz frequency, the voltage and current harmonics are not effective and
also total harmonic distortion is %2.4 for voltage harmonics and %?2.9 for current
harmonics. So at this frequency for driving IGBT for three chopped resistor is

suitable.
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5.1.1.2 Laboratory work for 2 KHz :

Harmonics Harmonics
1 THD 3.3 %f TTHD G.8%ff1 K 69 |

o 0:00:04 v =\<F & 0:00:07 Y ==<F
‘;l““%{ .................................................. ‘;}““% ..................................................
P P L | P P P B -
.......... S S R AL [k Dot s e St ek ot €] b o
THODC 1 5 9 13 17 21 25 29 33 37 41 45 49 THODC 1 5 9 13 17 21 25 29 33 37 41 45 49
07/24207 11:06:29 220U 50Hz 36 WYE  ABD = 0724807 11:06:33 220U 50Hz 36 WYE  ABD

F e

PREU  BACK  MEKT  PRINT ¢ PREU  BACK  HEXT  PRINT |

Figure 5.4 Voltage and current harmonic at the source side

HARMONICS TABLE HARMOHICS TABLE
@ 0:00:07 =L T 0:00:07
Uolt L1 L2 L3 N Amp L1 L2 L3
THD=:+ .2 1.8 1.8 2335 THD¢ 6.8 6.3 6.7
H3xr 12 0.9 1.0 2360 H3xs 0.8 0.7 0.3
H3%s 1.5 1.3 1.2 16.0 H3xt 1.5 1.6 1.6
H7%r 0.8 0.8 0.7 38 H7=f 0.7 06 0.7
H9x%r 0.3 0.2 03 208 H3x+ 02 0.2 0.1
H11%s 03 0.2 0.2 2.1 H11%r 02 0.3 0.2
H13x¢ 04 0.2 0.2 86 H13x%r 0.3 0.3 0.3
H13%¢ 0.1 0.1 0.1 139 H13%¢ 02 02 0.2
07/24/07 11:07:04 220U 50Hz 36 WVE__ABDULO1 /* 07/24/07_11:07:15___220U_50Hz 36 UVE

PREU  BACK  MEXT  PRINT & PREU  BACK  NEKT  PRINT &% -

Figure 5.5 Voltage and current harmonic as tabulated at the source side

At 2 KHz frequency, the voltage and current harmonic is not so effective
but in current harmonics 39" and 41% harmonics are effective. Total harmonic
distortion is %2.3 for voltage harmonics and %6.8 for current harmonics. Because of
the effect of 39™ and 41* harmonics total harmonic distortion for current is increase

importantly.

5.1.1.3 Laboratory work for 0.5 KHz

Harmonics Harmonics

1THD 2.3%f T THO 24.0%F Q'K 111 |
®  0:00:03 9 < o 0:00:06 9 =
g OB - ap OB L
P BO%L - F S B0 -

s R R R s s | N Vs .._.,._.l_I_,_..,_I.l...,...|.|.,._.,...,...,....,..
THODC 1 5' 9 13 17 21 25 29 33 37 41 45 49 THODDC 1 5 9 13 17 21 25 29 33 37 41 45 49
0719507 16:21:04 220U S50Hz 38 WYE ABDULOD1 M= 0719407 16:21:07 220U 50Hz 38 WYE ABDULD1T **
PREV  BACK HEXT  PRINT PREV  BACK HEXT  PRINT

Figure 5.6 Voltage and current harmonic at the source side



59

HARMONICS TABLE HARMONICS TABLE
O 0:00:01 O ==F ©  0:00:01 9 E-E

Volt L1 L2 L3 N Amp L1 Le L3 N
THD¢ c.4 19 20 1405 THD=¢ 238 2.8 230 B6BLY
H3x¢ 12 03 1.0 1383 H3s¢ 10 10 09 BB15
HS%¢ 16 12 1.3 79 H9%s 2.1 20 c.2 1.5
H7%¢ 10 0.8 08 5.2 H75¢ 09 08 09 1.0
H9x¢ 0.3 0.2 0.4 106 H9x¢ 15.3 147 14.9 8.8
H11%¢ 04 0.4 0.3 46 H11%¢ 15.0 144 14.5 37
H13=%¢ 0.3 0.2 0.2 6.2 H13%¢ 07 1y 0.6 12
H15%¢ 02 0.1 0z 80 H15%¢ 1.1 1.0 1.1 19
0?..’.1!.1."0? 6:2.1 139 220U_ ._SIJHZ 8 WYE  ABDULO1 /* 0?..’.1!.130? 6:2.1 A3 EEIJU. ..SIJHZ 30 WYE  ABDULOT /*

Figure 5.7 Voltage and current harmonic as tabulated at the source side

At 0.5 KHz frequency, the voltage harmonic is not so effective but at this
time current harmonics are effective in system. current harmonics 9™ and 11™
harmonics are most effective harmonics , then 19™ and 21° harmonics are effective
and 29™ | 31°, 39" and 41" harmonics effective, too. Total harmonic distortion is
%?2.3 for voltage harmonics and %24 for current harmonics. At the figure 5.6 shows
voltage and current harmonics, in current harmonics graph show that harmonics are

effective in 500, 1000, 1500 ,2000 Hz.

5.1.2 Boost Chopper with Resistor

wref

W w_reference
PWM Output —e{duty PWM | —
w_messured
Mzchines contral unit Pwm

Mezzurement
Drermnux

Tmech : E
_T_m E : L Cl, Diode j

' Z& ) IGBT/Diode %QX c s
= ?

=
o
™ om X

SOUTCE  poynchrongus Machine Bridge Rectifier

Figure 5.8 Schematics of the system
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5.1.2.1 Laboratory work for 5 KHz :

Harmonics Harmonics
1 THD 2.3%f 1THD 55%FQ1 K 1.1 |
o 0:00:03 v = & 0:00:07 9 E-EF

"“]n‘;{ .................................................. ""]ng{ ..................................................
I S Bl P S BN -
R G s s s e e )l e W R L R L e R e R R e
THDDC 1 5' 9 13 17 21 25 29 33 37 41 45 49 THIiD[: 1 5 9 13 17 21 25 29 33 37 41 45 49
0#/31207 15:31:39 2200 50Hz 38 WYE ABDULODT /* 07731407 15:31:43 2200 50Hz 38 WYE  ABDULOT /*

Figure 5.9 Voltage and current harmonic at the source side

HARMONICS TABLE HARMONICS TABLE
o 0:00:02 b =F & 0:00:02 Ll =F

Uolt L1 L2 L3 N Amp L1 2 L3 N
THDx+ 2.3 1.8 18 1257 THO¢ 5.3 5.3 59 7393
H3xs 1.1 08 0S8 1240 H3xs 24 29 37 7392
HSxs 1.6 1.3 1.3 46 H9xf 34 30 32 20
H7xe 09 0.8 0.7 38 H7%f 1.7 1.7 1.7 1.0
H9x¢ 0.3 0.2 0.2 94 HSx¢ 0.3 0.3 0.3 82
H1 1¢ 0.3 0.2 0.1 2.3 Hl 1xf 0.3 0.2 0.3 12
H13x+ 04 0.2 0.1 6.1 H13x%f 0.3 02 0.2 1.4
H15%+ o2 0.1 1 8. H19%f 0.1 02 o2 2.1
Vs i5:3206 22y sunzagwve _asouior i~ | | oersiior issenz

PREU Ak WEKT  PRINT

Figure 5.10 Voltage and current harmonic as tabulated at the source side

In 5 KHz frequency, the voltage is not so effective but current harmonics are
effective in system 2nd, 3" and 5" are most effective harmonics. There is an even
harmonic which is 2" harmonic that means in the current signal is not balanced in
any time of the signal. Total harmonic distortion is %2.3 for voltage harmonics and
%5.5 for current harmonics. Boost chopper with a single resistor system produce
more source current harmonics in 5 KHz switching than three chopped resistor

system used.
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5.1.2.2 Laboratory work for 2 KHz:

Harmonics Harmonics
1 THD 3.3 %f 1THD 7.2 %f
®  0:00:03 v =\<F & 0:00:07 Y ==<F

‘;l““%{ .................................................. ‘;}““% ..................................................
P P L | P P P B -
.......... R S R g T R R s s
THODC 1 5 9 13 17 21 25 29 33 37 41 45 49 THODC 1 5 9 13 17 21 25 29 33 37 41 45 49
07/31207 15:11:21 220U 50Hz 36 WYE  ABD = 07/31207 15:11:25 220U 50Hz 36 WYE  ABD =
PREV  BACK HEXT  PRINT PREV  BACK HEXT  PRINT

Figure 5.11 Voltage and current harmonic at the source side

HARMOHNICS TABLE HARMONICS TABLE
& 0:00:03 Y = & 0:00:01 Y ==

Uolt L1 L2 L3 N Amp L1 L2 L3 N
THD=:¢ 2.3 19 19 1325 THD¢ 7.1 68 7.3 73tk
H3x%¢ 1.1 08 09 1306 H3x¢ 32 31 38 7375
HSx%¢ 16 14 1.4 40 HS%¢ 34 30 32 1.1
H?s%¢ 1.0 09 08 3c H7s%¢ 1.7 1.7 1.7 0.6
H9s¢ 0.3 0.2 0.z 8.7 H9x¢ 03 03 0.3 82
H11=%¢ 0.3 0.2 0.1 o7 H11%¢ 03 02 0.3 1.1
H13=%¢ 0.3 0.2 0z 6.2 H13x¢ 03 02 0.2 12
H15%¢ 02 0.1 0z 86 H15%¢ 0.1 0.1 0.z c.1
07731707 15:11:50 __2200_50Hz 36 WYE__ABDULO1 /* 07/31/07_15:11:55 200U 50Hz 36 UVE__ABOULOT /*

PREU  BACK  HEXT  PRINT PREU  BACK  HEXT  PRINT

Figure 5.12 Voltage and current harmonic as tabulated at the source side

In 2 KHz frequency, the voltage is not so effective but in current harmonics
2nd 31 5t 39™ and 41% harmonics are effective. Total harmonic distortion is %?2.3
for voltage harmonics and %7.2 for current harmonics. If this results are compared
with three chopped resistor system 39™ and 41° harmonics are decreased but 3 and
5™ harmonics are effective and there is also even harmonic which is 2™ harmonic,

again.



5.1.2.3 Laboratory work for 0.5 KHz :

Harmonics

1THD 22.0%fFf1 K 6.0 |
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Figure 5.13 Voltage and current harmonic at the source side
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HARMONICS TABLE HARMOHNICS TABLE
o 0:00:03 9 =F & 0:00:05 9 T
Uolt L1 L2 L3 N Amp L1 L2 L3 N
THD¢ c.c 19 18 5200 THD:¢ 219 213 214 1047
H3x¢ 1.1 08 09 5176 H3x¢ 14 14 13 1047
H9%¢ 14 1.4 12 2.1 HSx¢ 31 31 31 4.1
H7%¢ 09 09 08 138 H?s%¢ 1.7 15 15 1.7
H9x¢ 0.3 0.2 03 41.5 H9x¢ 14.8 15.0 14.7 12.4
H11%¢ 0.4 0.3 03 10.6 Hll%e 14.9 140 143 45
H13=¢ 04 0.3 03 4.8 H13x%¢ 1.1 08 08 15
H15%f 0.1 0.1 02 239 H19%¢ 08 08 08 32
08728707 15:1.5:56 EEIZ!U .5_ll_H2 BI.EI':'.E ABDULO1 M* _n_yzsm? 5:16596 EEI!U:I 5_[I_Hz A WYE  ABDULODT /+

Figure 5.14 Voltage and current harmonic as tabulated at the source side

In 0.5 KHz frequency, the voltage harmonic is not so effective but at this time
current harmonics are so effective in system. Current harmonics 9™ and 11"
harmonics are most effective harmonics , then 2“d, 3t , 5t , 7t , 8" harmonics are
importantly effective harmonics and also 19 21, 29t , 31°" harmonics effective,
too. Total harmonic distortion is %?2.2 for voltage harmonics and %22 for current
harmonics. All boost converter circuits have 2"d, 5" harmonics. If this result
compared with three chopped resistor circuit high order harmonics are decreased in

boost chopper with resistor circuit and low order harmonics are decreased in three

chopped resistor circuit.

5.2 Comparing experimental work and simulation result for harmonic contents
of system.

This both systems are compared with simulation and experimental results for
three different switching frequencies 5, 2 and 0.5 KHz and also for three different

speed 1300, 1100 and 900 rpm.
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In simulation part, the MATLAB/simulink is used fast Fourier transform (fft)

analysis is carried out during 10 cycle to preserve instantaneous changing on current

signal.

5.2.1 Three Chopped Resistor

n P _refarence
wref Piuthi_ourt put Pe{duty Pt
—=m um B {w_measured
htachines cantral unit R
Measurement
Cremux
[F1—sm_ = I
Tmech
alg———a N ER 2| +lad =T
Wle—— =B B IGET/Diode |—]
Wi (————————= G 7 2| il w
Thera Phase Source Wound induction machine l Diode Rectifier T
R Rz R3 %
Figure 5.15 Schematics of the system

5.2.1.1 Laboratory work and simulation results for 5 KHz

Harmonics

1THD 5.0%FQ K 1.1 |
& 0:00:06 b =F
4 ‘ i I.nﬂ‘}l" ..................................................
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|
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10701507 16:44:04

2200 50Hz 38 WYE  ABOULO1 /*

Figure 5.16 Current harmonics in the source at revolution=1300 rpm.



Selected signal: 250 cycles. FFT windew : 10 cycles
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Figure 5.17 Current harmonics in the source at revolution=1300 rpm.
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For 1300 rpm and 5 KHz, actually any harmonic is not effective on current

signal in figure 5.16 low order harmonics are slowly effect the current signal and in

figure 5.17 effect of low order harmonics can be seen.

Harmonics
1TTHD 2.9%FK 1.1 |
& 0:00:06 Bl <k
4 ‘ i '“]B‘;{ ..................................................
P S B

s TS R e e R e g ke P et e e
THDDC 1 5% 9 13 1¥ 21 25 29 33 37 41 4% 49
07718507 14:29:55 2200 50Hz 38 WYE  ABDULOT /*

Figure 5.18 Current harmonics in the source at revolution=1100 rpm.
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Selected signal: 250 cycles. FFT window : 10 cycles
2'] T T T T T T T T T

_ED | | | | | | | | |
46 462 4B4 486 4B3 47 472 474 4AV6 473 43
Tirme (8]
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Harmaonic Order

Figure 5.19 Current harmonics in the source at revolution=1100 rpm.

For 1100 rpm and 5 KHz, effect of low orders harmonics is decreased
actually only 5™ harmonics is seen on current signal and effect of 5™ harmonics
really low. In figure 5.18 can be seen experiment result of harmonic order and also
figure 5.19 shows simulation result for same system and in figure 5.19 similar

harmonic result can be seen with figure 5.18.

Harmonics
1THD 2.4%F'K 1.0 |
& 0:00:09 Bl <k
4 ‘ - '“]Bg{ ..................................................
P S B

THODC 1 5 9 13 17 21 25 29 33 37 41 45 49
10/02/07 10:49:04 220U 50Hz 38 WYE__ ABDULO1 /*

Figure 5.20 Current harmonics in the source at revolution=900 rpm.
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Selected signal: 250 cycles. FFT window : 10 cycles
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Figure 5.21 Current harmonics in the source at revolution=900 rpm.

=

For 900 rpm and 5 KHz duty cycle, effect of low orders harmonics is

decreased actually only 5" harmonics is seen on current signal and effect of 5"

harmonics really low. In figure 5.18 can be seen experiment result of harmonic order

and also figure 5.19 shows simulation result for same system and in figure 5.19

similar harmonic results can be seen with figure 5.18.

5.2.1.2 Laboratory work and simulation results for 2 KHz

Harmonics
1THD 5.9%Ff1K 2.3 |
& 0:00:08 Y E=E-E
T | e P L L R e
& - 5“3{‘ ..................................................

| W B B R O B s B W B B S,
THODC 1 5 9 13 17 21 25 29 33 37 41 45 49
09727707 15:20:38 220U 50Hz 38 WYE ABDULO1 /*

Figure 5.22 Current harmonics in the source at revolution=1300 rpm.
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Selected signal: 230 cycles. FFT window : 10 cycles
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Figure 5.23 Current harmonics in the source at revolution=1300 rpm.

For 1300 rpm and 2 KHz duty cycle, figure 5.22 shows 5™,9" 39" 41
harmonics are effectively seen on input current waveform. In figure 5.23 shows
simulation results for same system and in this figure 39" and 41* harmonics are
similar to experimental result only difference amplitude of 5™ harmonic is lower than

experimental results.

Harmonics
1THD G.B8%FRIK 6.9 |
& 0:00:07 5 E=EE
T | e o P L B Rt e L
F- 5“3{‘ ..................................................

| Rt Crp e e e e L |6 [
THDDC 1 51. 9 13 17 21 25 29 33 37 41 45 49
07724507 11:06:33 2200 50Hz 38 WYE  ABOULO1 /*

Figure 5.24 Current harmonics in the source at revolution=1100 rpm.
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Selected signal: 250 cycles. FFT window : 10 cycles

D 1 1 1 1 1 | 1 1 1
46 4B 4B4 4B 4BE 47 472 474 476 478 48
Tirne (s)

e
o

Mag (% of Fundarental)
m
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Figure 5.25 Current harmonics in the source at revolution=1100 rpm.

=

For 1100 rpm and 2 KHz, the effect of low orders harmonics is decreased
actually only 5™ harmonics is seen on current signal and effect of 5™ harmonics
really low. In figure 5.24 only high order harmonics effect can be seen, which are
39™ and 41* harmonics and simulation results on figure 5.25 supports this results. If
the results of 1300 rpm and 1100 rpm are compared, low order harmonics are

decreased and high order harmonics increased.

Harmonics

1THD §2%Ff1 K 101 |

i & D:00:06 b =F
i OB

| e || e e
THDDC 1 51. 9 13 17 21 25 29 33 37 41 45 49
09727707 15:31:51 2200 50Hz 38 WYE  ABOULO1 /*

Figure 5.26 Current harmonics in the source at revolution=900 rpm.
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Selected signal: 250 cycles. FFT window : 10 cycles
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Figure 5.27 Current harmonics in the source at revolution=900 rpm.

=

For 900 rpm and 2 KHz, the effect of low orders harmonics is decreased and
nearly ineffective on current signal but higher order harmonics are increased when
the rotor speed is decreased. In figure 5.26 can be seen experiment result of harmonic
order and also figure 5.27 shows simulation result for same system and result on both
figure nearly same, effect of lower order harmonics are neglected and only 39" and
41* harmonics can be seen on input current signal , so experimental and simulation

result are consistent to each other.
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5.2.1.3 Laboratory work and simulation results for 0.5 KHz
Harmonics
& 0:00:08 Y E-EF
4"“]B‘;{ ..................................................
”. BN
......... _..l-..l_l.,___,..|.l...,....'_l.,...,.-.;...,...,..
THDDC 1 5% 9 13 1¥ 21 25 29 33 37 41 4% 49
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Figure 5.28 Current harmonics in the source at revolution=1300 rpm.
Selected signal: 250 cycles. FFT window : 10 cycles
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Figure 5.29 Current harmonics in the source at revolution=1300 rpm.

For 1300 rpm and 0.5 KHz, figure 5.28 shows harmonic results of input

current in experimental work, and also figure 5.29 shows current harmonics in

simulation, result of both figures can be seen as similar and most effective harmonics

are 9, 11" then 19", 21%, 29 31, 39™ 41, 49™ amplitude of harmonics decreases

with increasing harmonic order. Only differences between experimental and
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simulation results is 5 harmonic, which is effective experimental work unlike

simulation.
Harmonics
1 THD 24.0%FfT K 11.1 |
& 0:00:06 Y E-EF
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THDDC 1 5 13 17 21 25 29 33 37 41 45 49
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Figure 5.30 Current harmonics in the source at revolution=1100 rpm.
Selected signal: 250 cycles. FFT window : 10 cycles
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Figure 5.31 Current harmonics in the source at revolution=1100 rpm.

For 1100 rpm and 0.5 KHz, figure 5.30 shows harmonic results of input
current in experimental work, and also figure 5.31 shows current harmonics in
simulation, result of both figure can be seen as similar most effective harmonics are

9™ 11" then 19™, 21* it is continue as 29" , 31°, 39", 41° 49™ . The amplitude of
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harmonics decreases with increasing harmonic order. 5™ harmonics are effective on
experimental work unlike simulation result but it is not effective like in 1300 rpm
revolution.

In comparing figure 5.31 and figure 5.29 , it can be seen in figure 5.31
amplitude of harmonics increase despite of figure 5.29 , that means when speed

decrease harmonic effect on input current increase for 1100 rpm.

Selected signal: 250 cycles. FFT window : 10 cycles
ED T T T T T T T T T

10 F .
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Figure 5.32 Current harmonics in the source at revolution=900 rpm.
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For 900 rpm and 0.5 KHz duty cycle, figure 5.32 there is only simulation
result for system. most effective harmonics are gth , 11" then 19th, 21° it is continue
as 29" | 31%, 39" 413 49™ in figure 5.32 can be seen amplitude of harmonics are
decrease with increasing harmonic order.

Comparing figure 5.32, figure 5.31 and figure 5.29 , the harmonic effect
increase a little in figure 5.32 according to figure 5.31 and also increases much
according to figure 5.29 , that means when speed decreases harmonic effect on

input current increases for 900 rpm, too.



5.2.1 Boost Chopper with Resistor
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5.2.2.1 laboratory work and simulation results for 5 KHz

Harmonics

1THD §4%FHK 1.2 |

i & 0005 b =F
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Figure 5.34 Current harmonics in the source at revolution=1300 rpm.

Selected signal: 250 cycles. FFT window : 10 cycles
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Figure 5.35 Current harmonics in the source at revolution=1300 rpm.

For 1300 rpm and 5 KHz, the actually any harmonic is not effective on
current signal in figure 5.34 low order harmonics are slowly effect the current signal
and in figure 5.35 effect of low order harmonics can be seen. Both graph show that

5™ harmonic effect system a little but in experimental work 2" harmonic is really
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effective harmonic for the system on the contrary simulation result. All boost

chopper with resistor circuit has second harmonic.

Harmonics
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Figure 5.36 Current harmonics in the source at revolution=1100 rpm.

Selected signal: 250 cycles. FFT window : 10 cycles
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Figure 5.37 Current harmonics in the source at revolution=1100 rpm.

i

For 1100 rpm and 5 KHz, the low order harmonics are not so effective on
current signal. 2" harmonic is effective for experimental and simulation results. But
in experimental part, the 5™ harmonic is effective which can be seen in figure 5.36, in

figure 5.37 5™ harmonic is not seen.
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Harmonics
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Figure 5.38 Current harmonics in the source at revolution=900 rpm.

Selected signal: 250 cycles. FFT window : 10 cycles
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Figure 5.39 Current harmonics in the source at revolution=900 rpm.
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For 900 rpm and 5 KHz, the actually any harmonic is not effective on current
signal in figure 5.39 low order harmonics are slowly effect the current signal and in
figure 5.39 effect of low order harmonics can be seen. Both graphs show that 5™
harmonic effect system a little but in experimental work 2" harmonic is really
effective harmonic for the system on the contrary simulation result. All boost

chopper with resistor circuit has second harmonic.
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5.2.2.2 Laboratory work and simulation results for 2 KHz

Harmonics

1THD §4%FfH1K 2.0 |
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Figure 5.40 Current harmonics in the source at revolution=1300 rpm.

Selected signal: 250 cycles. FFT windaw : 10 cycles
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Figure 5.41 Current harmonics in the source at revolution=1300 rpm.

For 1300 rpm and 2 KHz, actually any harmonic is not effective on current
signal in figure 5.40 shows experimental work result and figure 5.41 simulation
result, both graphs seem similar. In figure 5.40, the 5™ harmonic most effective
harmonic and in figure 5.41 similar, too. In figure 5.40, the 39" and 41° harmonics

are effective and in figure 5.41 simulation result similar.
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Harmonics
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Figure 5.42 Current harmonics in the source at revolution=1100 rpm.

selected signal: 250 cycles. FFT windaw @ 10 cycles
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Figure 5.43 Current harmonics in the source at revolution=1100 rpm.

For 1100 rpm and 2 KHz, the actually any harmonic is not effective on
current signal, the same harmonic content can be seen with figure 5.41 which is
1300 rpm and 2 KHz. If the rotor speed decreases, the 39" and 41* harmonics affect

increase. Low order harmonic content is not affected by speed.
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Harmonics
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Figure 5.44 Current harmonics in the source at revolution=900 rpm.

selected signal: 250 cycles. FFT window : 10 cycles
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Figure 5.45 Current harmonics in the source at revolution=900 rpm.

For 900 rpm and 2 KHz, it is effected by a little by low order harmonics. In
figure 5.44 shows 39" and 41% harmonics are effective on experimental work and
also figure 5.45 consistent with it. In simulation work effect of 2"® harmonics is
much, but experimental work this effect is not seen like simulation. In comparing
with figure 5.33 and figure 5.31, 39™ and 41° harmonics increase by decreasing

speed.
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5.2.2.3 Laboratory work and simulation results for 0.5 KHz

Harmonics
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Figure 5.46 Current harmonics in the source at revolution=1300 rpm.

Selected signal: 250 cycles. FFT window : 10 cycles
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Figure 5.47 Current harmonics in the source at revolution=1300 rpm.

=

For 1300 rpm and 0.5 KHz, the 9" , 11" , 19" and 21% harmonic most
effective harmonic content in figure 5.46 and figure 5.47. The experimental and
simulation results are similar to each other, the amplitude of harmonics decreases
with harmonic order increase for both graph. In figure 5.46, the 5™ harmonic is

effective a little but simulation is not seems.
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Figure 5.48 Current harmonics in the source at revolution=1100 rpm.

oelected signal: 250 cycles. FFT window ;10 cycles
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Figure 5.49 Current harmonics in the source at revolution=1100 rpm.

=

For 1100 rpm and 0.5 KHz, the 9th, llth, 19" and 21°* harmonics are most
effective harmonic content in figure 5.46 and figure 5.47. The experimental and
simulation result are similar to each other, the amplitude of harmonics decreases with
harmonic order increases for both graph. Comparing figure 5.47 with figure 5.49,
the 9" and 11™ harmonics increase with decreasing rotor speed. And also 5"

harmonics effect is not effective on experimental or simulation result.
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Figure 5.50 Current harmonics in the source at revolution=900 rpm.

Selected signal: 230 cycles. FET window : 10 cycles
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Figure 5.51 Current harmonics in the source at revolution=900 rpm.

For 900 rpm and 0.5 KHz, the 9™, 11" 19" and 21* harmonics are most

effective harmonic content in figure 5.50 and figure 5.51. The experimental and

simulation results are near to each other, the amplitude of harmonics decreases while

the harmonic order increases for both graphs. The 9" and 1

lth

with decreasing speed.

harmonics increase



CHAPTER SIX
CONCLUSION

In this thesis, two different type slip energy system are compared at three
different control frequency and different rotor speeds. The systems are analyzed in
MATLAB/simulink. They are built in the laboratory and results are compared in

thesis.

Controller which is fuzzy logic, is written in C language and loaded to
DSP2812. The systems are controlled by close loop fuzzy logic PI controller. In
fuzzy logic controller PI gain parameters are adjusted by trial and error method in
simulation work and they are used in experimental work too. The controller

produces duty cycle for driving IGBT in both systems.

Results of experimental work and simulation are consistent and verified.
Both system produce harmonic when frequency of control PWM signal is decreased.
Harmonic content is most effective in 500 Hz. The power quality measures may
cause filtering applications of line currents at the low operating frequency. In high
switching frequency, Total harmonic distortion increase when the rotor speed
increases. But in low switching frequency, total harmonic distortion decrease when

the rotor speed increase.

In three chopped resistor system, collector emitter voltage of IGBT must be
higher than boost chopper with a single resistor system. It is observed that in
experiment and simulation this voltage reach about 600 volt in experiments and

simulation.
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APPENDIX A

Wound Rotor Induction Machine Parameters

The following parameters are obtained from the manufacturer of motor.

86

Nominal | Nominal Rotor Rotor Inertial
S3 Power Speed Nominal Voltage Constant Moment | Weight
Moment
ED kW 1/rev Current \Y K Mp/My ]
% A kgm? kg
Stator Rotor
100 3,5 1420 8,8 17 140 4,8 3,4 0,033 77

The no-load and locked rotor tests are performed on the machine to calculate the

equivalent circuit parameters. The results of these tests are given below:

Table 3.2 induction no-load and block rotor test results

At Block Rotor Test

At No Load Test

Power
(W.)
432

Voltage
(V.)
79

Current
(A)

7,8

Power
(W.)
580

Voltage
(V.)
38

Current
(A.)
4,02

The friction power and windage power is measured as 180 watts. Based on these

measurements, the parameters are obtained and given below:

Table 3.3 induction motor calculated parameters

Rstator Rrotor' Lstator Lrotor' Lmutual'
(ohm) (ohm) (H.) (H.) (H.)
1,183 1,183 0,008508 |0,0085008 0,1757

These motor parameters are used in motor model in simulink to simulate the

system. Calculated inductance and resistances are divided by two in order to obtain

rotor and stator side resistance and inductance.
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APPENDIX B

Source code of inductance resistance effect on boost converter

$Abdil Balikgi
%$This code is written for seeing effect of inductance resistance.

clear all

clc
for y=1:1:1000
x=y/1000;
i(y)=x;
f(y)=1/(1-x); % normalized voltage for an
ideal converter
g(y) = 1/(1/(10*(1-x))+(1-x)); % for a highly resistive
inductor
h(y) = 1/(1/(100*(1-x))+(1-x)); % for a slightly resistive
inductor
end
plot (i, f)
hold on
plot(i,g,'r")
hold on

plot(i,h,"'g")

axis([0,1,0,8])

legend ('RL=0"', '"R/RL=10", "R/RL=100")
xlabel ('duty cycle')

ylabel ('normalized voltage gain')



