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ABSTRACT

In this work, a new digital protection algorithm is developed for the power
transformer which is the most important and expensive element in a power system.
Due to their different sizes and varieties, relaying for power transformers differs
from situation to situation. Transformer protection algorithms, that have been
developed so far, have proved their efficiency and computational ability. Using
several windowing techniques cause significant delay for relay operation. Due to
increasing power quality standards such as IEEE 519, new high performance
algorithms are needed. For this purpose, the wavelet technique is introduced and
used for analyzing magnetizing inrush currents and faults current. Wavelets
introduce new classes of basis functions for time — frequency signal analysis and
have properties particularly suited to the transient components and discontinuities
evident in power system disturbances.

For this reason, the wavelet technique and transformation were used and very
accurate and satisfactory results were obtained in the time domain. As it is stated
in Section 3, it is observed that magnetizing inrush, rated condition and fault
conditions are easily distinguished by using high frequency components.

Keywords: Wavelet Technique, Transformer Protection, Digital
Protection

DALGACIKLAR VE TRANSFORMATOR KORUMA UYGULAMALARI

OZET

Bu ¢aligmada gii¢ sistemlerinin en pahali ve en vazgecilmez bir elemani olan gii¢
transformatorlerinin  sayisal yolla korunmasi amaciyla yeni bir algoritma
gelistirilmistir. Farkli gii¢lerde ve tiplerde olmalarindan dolayi, gii¢ transformatorii
korumasi da farkliik gostermektedir. Simdiye kadar giic sistemleri
uygulamalarinda kullanilan tiim algoritmalar gii¢ sistemleri uygulamalarinda
giivenilirliklerini kanitlamis ve birim koruma amaciyla yillardir kullanilmaktadir.
Yiiksek frekansli harmonik bilesenlerin tamami ihmal edilerek sadece gerilim ve
akim sinyallerindeki temel harmonik bilesenler {izerine kurulu yontemlerdir.
Ayrica fazor hesaplamalarinda pencere algoritmalar kullanilmakta ve 6nemli bir
zaman gecikmesi ortaya c¢ikmaktadir. Bu islemler sonucunda dogruluk da tam
olarak garanti edilememektedir. IEEE 519 gibi (gii¢ sistemlerinde harmonik
standardi) enerji kalitesindeki standartlarin artmasi nedeniyle basarimi yiiksek
algoritmalara ihtiyag¢ vardir.

Bu amagla dalgacik teknigi ve doniisiimii kullanilmis ve zaman diizleminde
yapilan ¢oziimlemelerde oldukga giivenilir ve hassas sonuglar elde edilmistir.
Bolim 3°de de belirtildigi gibi, dalgacik teknigi ile yapilan ¢oziimlemeler
irdelendiginde normal ¢alisma, enerjilenme ani ve ariza durumlarmin yiiksek
frekansli  bilesen  katsayillarnn  yardimiyla kolayca ayirt edilebilecegi
gbzlemlenmistir.

Anahtar Kelimeler: Dalgacik Teknigi, Transformator Koruma, Sayisal Koruma

1.GiRiS 1. INTRODUCTION

Bu calismada; enerji sistemlerinin en pahali ve en In this paper, a discreet protection method is introduced
6nemli elemanlarindan biri olan gii¢ transformatdrlerinin for the power transformer which is the most considerable
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sayisal olarak korunmasi gerceklenmistir. Transformator
arizalarinda sistemin siirekliligi kesilmis olmaktadir. Bu
ylizden ariza en kisa siirede giderilmeli ve transformator
devreye almarak  enerjinin  akist  saglanmalidir.
Transformator koruma ilkelerinin bagindaki en &nemli
unsur ani muknatislanma akiminin - varhigidir.  Ani
miknatislanma  akimi,  ¢ekirdekteki  kalict  akinin
biiyikliigiine baglidir ve polaritesi demir ¢ekirdegi
doymaya getirecek yonde ise cok ciddi hasarlara yol
acabilir. Enerjilenme esnasinda kalict aki ile birincil
sargidan gecen akim arasindaki iliski dogrusal
olmadigindan, ani miknatislanma akimmin siddeti
onceden bilinmez. Bu yiizden ani miknatislanma ile
arizaylr birbirinden aymrmak  gerekmektedir.  Ani
miknatislanma akimi esnasinda yiizde diferansiyel koruma
rolesinin agma sinyali gondermemesi i¢in en etkili yol ani
miknatislanma akimindaki ikinci harmonik bilesenini
kullanmaktir.  Sayisal rdlelerde ani muknatislanma
akimlarmmin  varhigr geleneksel olarak hizli Fourier
doniistimii ile gergeklestirilmektedir (1-4).

Fourier doniisimii (FD) bir sinyalin harmonik
bilesenleri hakkinda bilgi verirken herhangi bir zaman
bilgisi igermemektedir. Dolayisiyla herhangi bir anda
meydana gelen Ozel olaylart gozlemlemek miimkiin
degildir. Bu temel sorun yiiziinden duragan olmayan
sinyaller i¢in Fourier dontisimleri uygun degildir.
Duragan sinyaller i¢in bu onemli bir sorun degildir.
Dalgacik doniigiimleri ile bu sorun giderilmistir.

Dalgacik doniistimii yaklasik 10 — 15 sene Once
matematikgiler tarafindan ortaya atilmis bir sinyal isleme
teknigidir. Tarihsel gelisim yoniinden dalgacik analizi
yeni kullanilmaya baglanmis bir yontem olup, temeli
Joseph  Fourier’e  kadar  uzanmaktadir.  Fourier
doniistimiiniin tersine, dalgacik doniisiimii ile her bir
zaman araliginda sinyalin hem algak (A) hem de yiiksek
frekans bilesenlerini (D) hesaplamak miimkiindiir. Bu
yontemle frekansi zamanla degisen sistemlerin analizi ve
gegici durum analizleri olduk¢a hassas bir sekilde
yapilmaktadir. Dalgacik serileri bir ¢ok farkli alana
uygulanabilen bir yontem olup, bunlar arasinda
uygulamali matematik, sinyal isleme teknikleri, ses ve
goriintii  stkistirma  teknikleri basta gelmektedir. Sekil
2.1°de dalgaciklarin kullanim alanlari gériilmektedir. Bu
ic alanda yapilan calismalarda dalgacik serileri ve
doniisiimleri oldukga hassas sonuglar vermistir.

Bolim 2’de dalgacik doniistimleri ile ilgili ayrintili
bilgiler verilmistir.

and expensive element in power system. In case of a
breakdown of the transformer, continuity of the overall
system is cut. Therefore, the failure should be cleared as
soon as possible and the transformer should be taken in
service for the continuity of the system. The loss of such
equipment through catastrophic failure can be very costly.
The phenomenon of magnetizing inrush current is the most
important factor for power transformer protection.
Magnetizing inrush current depends on remnant flux and
its polarity in the core, if it causes the saturation, its effects
can have serious damages. Due to nonlinear relationship
between inrush current and flux in the steel core, the
magnitude of inrush can not be estimated before. Hence it
is necessary to discriminate between fault current and
inrush current. To avoid the needless trip by magnetizing
inrush current, the second harmonic component is
commonly used for blocking differential relay in power
transformers. Fast Fourier Transform is traditionally used
for analyzing inrush current in digital relays (1-4).

Fourier Transform gives only frequency information of
the signal while time information is lost. Thus, it is
impossible to observe special events that occur at any
time. For this particular reason, Fourier Transform is not
an ideal method for non-stationary signals such as
transient events. This is not a valid condition for stationary
signals. This problem is solved by applying wavelet
transform.

Wavelet transform, which was put forward by the
mathematicians at first, is a signal processing technique.
Its technique is simply based on Fourier transform, which
was first introduced by Joseph Fourier. In contrast to of
Fourier transform, it is possible to calculate either low
frequency (Approximation) or high frequency (Detail)
components of a given signal. The analysis of the signals,
whose frequency varies considerably with respect to time,
can be done sensitively by using this method. The Wavelet
technique can be applied to various fields such as applied
mathematics, signal processing, sound and picture
compressing techniques. In  Section 2, detailed
explanations of this proposed technique can be found.
Figure 1. shows the general application areas of the
Wavelets.



Wavelets and Its Applications of Power System Protection.../Dalgaciklar ve Transformator Koruma Uygulamalari...

Continuous
Stirekli

Discreet Signal Theory

Aynk

Sinyal Kuranm

Acustic

Time and Frequency Analysis
Zaman Frekans Analizi

—

PDE

Electromagnetic Analysis

Akustik
Picture Processing (2D ad 3D)
Resim Isleme (2D ve 3D)

Dalgacik Uygulama
Alanlar: / Wavelet

Elektromanyetik Analiz Yontemlen ™, Galerkin

Data Compress

I
Ven Sikagtima = : :
Compressing Techniques
i

) " Sikastuma Teknikleri
Pichire Comypress

-~
Resim Sikagtuma

Figure 1. Application areas of wavelets
Sekil 1.  Dalgaciklar ve Uygulama Alanlar

2. KURAMSAL ESASLAR
2.1 Siirekli Dalgacik Doniisiimii

Wiab) = % jf(t)(p[%}dt

Yukaridaki esitlikte siirekli dalgacik  doniigiimii,
W(a,b)7 goriilmektedir. @(t) ana dalgacik fonksiyonu

(eslenigi), a dlcek (frekans) parametresi ve b de zaman
(konum) parametresidir. 1/+/2 degeri enerjinin korunumu
ile ilgili bir parametredir. Siirekli dalgacik doéniisiimii
sonsuz sayida girise ihtiyag duydugundan bilgisayar
analizi i¢in uygun degildir. Bilgisayar analizleri i¢in Es.
[2.2]’de goriilen ayrik dalgacik donisimi (ADD)
kullanilir (5,6).

WE(m,n) =272 [f(H)p2 ™t —n)dt

Yukaridaki esitlikte;
m parametresi frekansi belirler ve n
konumu (zamani) belirler.

Pratik uygulamalarda dalgacik serileri agagidaki gibidir:

parametresi ise

+00 +00 .
f= % Cot-+ ¥ 3T djre't-k
k=—o0 k

Esitlik  [23]de  ¢(x)=+2Zhgd(2x—-n)  olgek
n

fonksiyonu, o(x) =23 hje(2x —n) ise dalgacik
n

fonksiyonudur. hy ve hy ise sirasiyla algak ve yiiksek

gegiren siizgec katsayilaridir.

Bu calismada Daubechies ana dalgacik ve 0lgek
fonksiyonlart ani muknatislanma akiminin ve ariza
akimlarinin ¢éziimlenmesinde kullanilmigtir.

Application Areas iters _
Siizgegler
Integral Equations
Timlev Denklemlen
Transient Analysis ol
-

Gecici Analizler

2. THEORICAL PRINCIPLES
2.1 Continuous Wavelet Transform

[2.1]

Continuous wavelet transform, W(a b)> is seen in
&

Equation 2. ¢(t)is the complex form of the mother
wavelet where a is the scaling (frequency) and b is the
time (translation) parameter. The value of 1/+/2 is related
with conservation of the energy. Since continuous wavelet
transform requires infinite samples, it is not suitable for
computer simulations. For computer simulations, the
following Eq. [2.2], discreet wavelet transform, is used
(5,6) .

[2.2.]

where the parameter of m indicates frequency while n
indicates time.

For practical purposes, the following equation for
wavelet based expansion is used.

[2.3]

=—o0k=—00
In Equation [2.3], ¢(x)=~2% hod(2x —n) 1is the scaling
n
function and ¢(x) = \Ezhm(zx —-n) is the mother wavelet
n

function. hy and h; are the filter coefficients of low

frequency and high frequency components respectively.

In this work, Daubechies mother wavelet and scaling
functions are used for analyzing inrush currents and fault
currents.

79



80 G.U. J. Sci., 17(2): 77-90 (2004)/Okan OZGONENEL*, Giiven ONBILGIN, Cagri KOCAMAN

2.2 Ayrik Daubechies Dalgacik Doniisiimii

Daubechies dalgacik doniisiimii (DDD), Haar Dalgacik
dontistimii ile aymidir. Tek fark dalgactk ve o&lgek
fonksiyonlarmmm  igerigindedir. Cok ¢esiti DDD
fonksiyonlar tiiretilmistir (7,8). Bu ¢alismada kullanilan
Daubechies 4 ol¢ek ve dalgacik fonksiyonlar: asagidaki
gibi tanimlanmistir. Daubhecies dalgaciklart sonucunda
elde edilen ayrisim dik olup, sinyalin yeniden
yapilandirilmasina da olanak saglamaktadir.

2.2 Discreet Daubechies Wavelet Transform

Daubechies wavelet transform is mainly the same as
Haar transform. The only difference is the content of the
mother wavelet and scaling function. Different kinds of
Daubechies wavelets are derived (7,8). Daubechies 4
mother wavelet and scaling functions, used in this work,
are described as follows. Decomposition of a signal
resulting discreet wavelet transform is orthogonal and it
enables the reconstructing of the original signal.

Scale vectors are seen below:

1
V1 =(0q,0,03,04,0,0,0,....)

1
V2 =(0,0,a1,09,a03,04,0,0,0,....)

V1 =(0,0,0,0,01,09.,03,04.0,0,0.....)

vy =(0.0,0....

a1,02,03,04)

1
VN =(01,02,0,0,0,....0,0,03,04)

Olgek vektorleri:
1
51
2
Yukaridaki denklemde;
1+ f _3+ f _3- J— _1-43 dir.

N RN RN R N o
Esitlik (3.1) genellestirildiginde Esitlik (3.2) elde edilir.

1 0 0
Vi =1V, Y m— 1+a2

Ikinci dereceden Daubechies (4) o&lgekleme vektorii
asagidaki gibi ifade edilir.

2 1 1 1 1
Vin =0V 1 +02Vom +03Vo 04V o

Dalgacik vektorleri:

1+\/— 3+\/_

3-43 1-3
w2

BunM TR

where aj =

If Equation [3.1] is generalized, Equation [3.2] is obtained.

V0 V0
m to3Vom1 94V [3.2]

Scale vector of second level Daubechies 4 is expressed
below.

[3.3]

Wavelet vectors:

1
Wi =(B1.B2,P3,B4,0,0,0,....)
W5 =(0,0,B1,B2,P3,B4,0,0,0,....)
W3 =(0,0,0.0,1.B2.B3.$4.0.0.0,...)

wl
2

[3.4]

N 1:(0,0,0,----131,132,[33,[34)

WY =(B1.B2.0.0.0....0,0.3.B4)

2

Yukaridaki esitlikte;

-3, B3, 343, -1-43
B \/* BZ_ \/’ B3 = \/’ B4_ 2 \E
Ornek sayisidir.

B ve o arasinda soyle bir iliski vardir: By=ay4,

dir. N ise

In the above equation;

b= 1J—B_J—3B_3+IB_1—«/§
PN N R PN R PN

the number of the samples. The relationship o and B is

as; Br=o4, Pr=-03, P3=0ap ve fg=-o4

and N is
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By =-a3, P3=0y ve Bg=-aj.

1 0 0 0 0
Wm =B1Vom-1 +B2Vom +B3Vom 41 #B4Vom o

ikinci dereceden Daubechies
asagidaki gibi ifade edilir.

(4) dalgacik vektorii

2 _ayl | 1 |
Win =BV 1 +B2Vom +B3Vom 1 +B4Vorm o

Daubechies (4) ters dalgacik doniigiimii asagidaki gibi
yazilir:

Denklem (3.7)’de S ayrik sinyal, A yaklasim katsayilart
(algak gegiren siizge¢ katsayilar)) ve D ise detay
katsayilart (yiiksek geciren siizge¢ katsayilarr) olarak
adlandirilir.

S=A

[3.5]
The mother wavelet vector of the second level
Daubechies 4 is defined below.

[3.6]

For a first level decomposition, inverse Daubechies 4
wavelet transform is expressed as below.

1, pl

[3.7]
where S is the discreet signal, A is approximation (low
frequency components) and D is detail (high frequency
components).

Filters

Suzgecler

Figure 2. Approximation and detail coefficients of the S discreet signal.

Sekil 2.

Figure 3. Wavelet decomposition tree (Mallat’s wavelet tree)
Sekil 3.  Dalgacik ayristirma agact (Mallat’mn dalgacik agac)

S sinyalinin algak (A) ve yiiksek dereceden (D) siizgeg katsayilart
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Sekil 2°de ayrik S sinyalinin alcak ve yiiksek frekans
bilesenlerine ayrilmasi, Sekil 3’de ise Mallat tarafindan
ortaya atilan ayrik dalgacitk doniigimi  teknigi
goriilmektedir.

DDD sonucunda elde edilen A (yaklasim) ve D (detay)
sinyallerinin toplam1 ana sinyali vermektedir.

Birinci seviyeden yaklasim katsayilari, A, asagidaki gibi
hesaplanir.

Al = (EVHV] + (EV)V) .ot (EVY )V

Birinci seviyeden detay katsayilari, D, asagidaki gibi
hesaplanir.

D! = (FWW] + (FW)W) +....+ (W ) )Wy

Ikinci dereceden Daubechies (4) ters
doniistimii Esitlik [3.10]’de goriilmektedir.

dalgacik

F=AZ:+D?4+D!

Ikinci seviyeden yaklasim katsayilari, A, asagidaki gibi
hesaplanir.

A% =(EVHVE 4.4 (EV.

Ikinci seviyeden detay katsayilari, D, asagidaki gibi
hesaplanir.

D? = (EWH)W2 + ...+ (WS

Bolim 3’de laboratuar ortaminda gerceklestirilen
deneysel ¢alismalarin sonuglar goriillmektedir.

3. DENEYSEL CALISMALAR
3.1. Gii¢ Sistemi Uygulamasi

Bu ¢alisma iki boliimden meydana gelmistir. Bunlardan
ilki bir dizi laboratuar ¢aligmalarini kapsamaktadir.
Yapilan bu ¢alismalar, deneysel ii¢ fazli {i¢ sargili
transformatoriin enerjilenme anlarini ve kararli durum
coziimlemelerini kapsamaktadir. Bu ¢oziimlemelerin
15181inda ATP-EMTP yardimiyla doymali benzesim modeli
kurulmus ve normal sartlarda miimkiin olmayan gergege
cok yakin benzesimler yapilmistir. Bunlar arasinda, her iki
yanda da gergeklestirilen faz — toprak arizalari, faz — faz
arizalar1 ve simetrik t¢ faz kisa devre arizalari yer
almaktadir. Benzesim sonuglarindan elde edilen veriler
converter isimli bir dosya ceviricisi yardimiyla PL4
formatindan MATLAB ortaminda veri dosyast (MAT

uzantill) haline  doniistiiriildiikten sonra dalgacik
tekniginin bilgisayar ortaminda benzetimleri
gergeklestirilmistir.  Dalgacik  teknigi ile  yapilan

¢oziimlemeler irdelendiginde normal ¢alisma, enerjilenme
ant ve ariza durumlarmm yiiksek frekansli bilesen
katsayilart yardimiyla kolayca aywrt edilebilecegi

2
N/HVN/4

In Figure 2. decomposition of A and D coefficients of a
discreet S signal and in Figure 3. Mallat’s wavelet tree is
shown.

The summing up A (approximation) and D (detail)
coefficients gives the main signal.

For level 1, A approximation coefficients is calculated
as below.

A [3.8]

For level 1, D detail coefficients is calculated as below.

N2 3.9)

For level 2, inverse Daubechies wavelet transform is
seen in Equation [3.10].

[3.10]

For level 2, A approximation coefficients is calculated
below.

ROVR4 [3.11]

For level 2, D detail coefficients is calculated below.

[3.12]

In Section 3. the results of experimental studies in
laboratory environment can be seen.

3. EXPERIMENTAL STUDIES
3.1. A Power System Application

This work consists of two main sections. The first part
of the study covers laboratory experiments. For this
purpose, a three phase — three windings laboratory
transformer is used to get an idea of the magnetizing
inrush condition and steady state solutions. By means of
laboratory experiment, an ATP-EMTP model taking into
account the saturation problem is set up and a number of
simulations which are impossible to perform in real life
are produced. Among these simulations, phase to ground,
phase to phase and symmetrical three phase short circuit
faults are generated in both sides of the transformer. The
data obtained from simulations are converted from PL4 to
MATLAB MAT file by converter and discreet wavelet
transforms of each datum set is performed in MATLAB
environment. When the analyzed data are examined, it is
clearly shown that magnetizing inrush and fault currents
are easily distinguished with the help of detail coefficients.

A laboratory transformer (2100 VA, 220/55/55V,
N;=213, N,=53, B=IT, S=30cm’, 50Hz) is used for
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gozlemlenmistir.

Laboratuar sartlarinda bulunan (2100VA, 220/55/55V,
N;=213, N,=53, B=1T, S=30 c¢m?, 50Hz) transformatoriin
degisik baglant1 gruplarinda hem deneysel hem de sayisal
benzesimleri gergeklestirilmistir. Yaklagik 150 adet ani
miknatislanma akiminin benzesimi iizerine c¢alisilmistir.
Bu sayede daha genel ve gercekei sonuglar elde edilmistir.
ATP-EMTP yardimiyla yapilan benzesimler sirasiyla
bosta, yar1 yikte ve tam yik kosullarinda
gergeklestirilmistir. Deneysel olarak elde edilen Iy, ve
Vewin degerleri  benzesimde doyma egrisi olarak
kullanilmistir. Anahtarlama anlarinda sayisal
osilasyonlardan kaginmak i¢in devre anahtarlarina seri
bagh 10Q direng degeri eklenmistir. Uggen baglanti
durumlarinda ise devre geriliminin Olgiilmesi amaciyla
(Sekil 4’de transformatoriin her iki yaninda) ¢ok diisiik
degerlikli siga¢ kullanilarak hayali toprak noktalari
olusturuldu.

laboratory and computer simulations with different
winding connections. 150 different types of inrush current
condition are studied and very accurate solutions are
obtained. The computer simulations with ATP-EMTP are
performed in no load, rated load and over load conditions.
The values of I, and V¢ are used for saturation curve. A
10 Q resistance is added in order to avoid numerical
oscillations in computer simulations. For the case of delta
connections, for instance A/A, two capacitances are
added for both sides to form imaginary ground link.

Figure 4. ATP-EMTP simulation for a three phase transformer.
Sekil4. U

Sekil 4’teki benzesim semasindan da goriildiigii gibi, li¢
fazli ideal gerilim kaynag: 3 fazli bir anahtar yardimiyla
istenilen zaman araliginda etkin hale getirilebilmektedir.
Ikincil yanda kullanilan iiggen bagh direng yiikleri ise

500 (2 olup, sistemin bosta ¢alistigini simgelemektedir.

3.2. Ani Miknatislanma Akim

Ani miknatislanma akimi gegici bir durumdur ve
yalnizca transformatdr enerjilendiginde birincil yanda
goriiliir. Ariza durumu olmadigr igin, koruma islevine
gerek duyulmaz ve koruyucu eleman (réle) bu zaman
siresince  sinirlandirtlmalidir.  Bu  temel  kavram
transformatdr korumasinin en basit ve 6nemli bir adimidir.

Ug fazli deneysel transformatoriin ATP-EMTP benzesimi

As it is seen from Figure 4, A three phase voltage source
can be triggered at any time with the help of a three phase

switch. A 500C2 resistive load on the secondary side
symbolizes that the transformer is working on no load.

3.2. Magnetizing Inrush Current

Magnetizing inrush current is a transient situation and
seen only on the primary side. As it is not a fault
condition, the protection relay does not need to send a trip
signal. This basic principle is a fundamental concept of
transformer protection.
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Figure 5. For the case of connection type YY0 and &=0°, decomposition of inrush currents

Sekil 5. Baglanti grubu YYO, 8=0° iken ani miknatislanma akiminin ¢éziimlemesi

a fazi akim ornekleri a katsayilari

4

0.5
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1 0 0.5
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c fazi aklm drnekleri a katsayilari

Y

Figure 6. For the case of connection type YY0 and &=90° , decomposition of inrush currents

Sekil 6.  Baglant1 grubu YYO, 6= 90° iken ani miknatislanma akiminin ¢oziimlemesi

Sekil 5 ve Sekil 6’daki grafiklerde yatay eksen zamani, In Figure 5 and Figure 6, the horizontal axis gives time
dikey eksen ise genlik degerlerini vermektedir. Ilk and vertical axis gives magnitude of each phase currents.
stitundaki grafikler her ii¢ fazdan gecen miknatislanma The first column on the left hand side shows phase
akiminin seklidir. 2. siitun bu akimlarin A katsayilarini, 3. currents, the middle one shows A (approximation)
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stitun ise D katsayilarini vermektedir. Ani miknatislanma
akiminin benzesimi 1 sn siire ile gergeklestirilmis olup,
ornekleme frekans1 2000 Hz’dir. Periyot basina 40 6rnek
almmistir.  Enerjilenme anlarinin  baglangicinda D
katsayilarmm genlikleri yiiksek ve zamanla ani
miknatislanma durumu azalirken bu katsayilarin genlikleri
de azalmaktadir.

3.3. Ariza Akimlarinin Benzesimi

ATP-EMTP ortamimnda ¢ok sayida dis ariza
benzesimleri gerceklestirilmistir. Bu benzesimler sirasiyla
faz-toprak, 2 faz-toprak, 3 faz-toprak, 2 faz kisa devre ve
3 faz kisa devre arizalandir. Yine bu arizalar gercege
yakin sonuclar elde etmek amaciyla degisik anahtarlama
anlarinda olusturulmustur.

coefficients while the right one
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shows D (detail)

coefficients. For a magnetizing inrush current simulation,
the overall simulation time is 1 sec. and sampling
frequency is 2000Hz and this yields 40 samples in each
period. At the beginning of the energizing moment, the
magnitude of D coefficients is greater and decays as the
inrush condition finishes.

3.3. Simulation of Fault Currents

A number of external fault studies are performed in an
ATP-EMTP environment. These simulations cover phase
to ground, phase to phase and symmetrical fault
conditions. In order to get realistic results, these faults are
generated with different source triggering conditions.
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Figure 7. The simulation of symetrical fault on secondary side, a) decomposition of primary currents and b) decomposition of secondary

voltages.
Sekil 7.
gerilimlerinin dalgacik ¢dziimleri

Bos ¢alisma aninda ikincil yanda simetrik 3faz kisa devre arizasinin benzesimi, (a) Birincil yan akimlar1 ve (b) ikincil yan
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Figure 8. Simulation of phase to ground fault (for A phase), a) primary currents, b) secondary voltages
Sekil 8. R fazi-toprak ariza benzesimi (a) birincil yan akimlari ve (b) ikincil yan gerilimleri

Sekil 7 ve Sekil 8°de yatay eksen zamani, dikey eksen
ise genlik degerini ifade gostermektedir. Sekil 7 ve Sekil 8
incelendiginde her bir ariza durumu igin ilgili yiiksek
frekansh bilesen katsayilar1 (D) aywrt edici Ozelliklere
sahiptir. Elde edilen alcak frekans ve yiiksek frekans
katsayilart ters dalgacik doniisiimiinde kullanildi. Ters
dalgacik doniisiimii sonucunda yapilan en biiyiik hatanin
sifira ok yakin degerlerde oldugu gozlendi. Bunun nedeni
benzesim sonucunda elde edilen akim ve gerilim
orneklerinde higbir giiriiltli seviyesinin olmamasi ve
tamamen ATP-EMTP ortamindan aliman isaretler
olmasidir.

In Figure 7 and Figure 8, the horizontal axis gives time
and vertical axis gives magnitude of each phase currents.
As it is again seen from the Figure 7 and 8, D coefficients
have distinctive features for the fault conditions. The A
and D coefficients are also used for inverse wavelet
transform. The error obtained from inverse wavelet
transform is so small due to the current and voltage
samples including no distortion because they are generated
in ATP-EMTP environment.
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3.4.Yiiksek Frekans (D) Katsayilarinin
Yorumlanmasi

Bu bolimde, dalgacik katsayilarinin yorumlanmasi
amaciyla kullanilan en biiyiik olabilirlik kuramindan
(EOK) ve uygulamalarindan bahsedilecektir. Hesaplanan
yiiksek frekans katsayilarinin miknatislanma ani, normal
caligma ani ve ariza anlari gibi durumlar i¢in ayirt edici
katsayilar oldugu grafiksel olarak agiklanmistir (Bkz.
Sekil 9, Sekil 10 ve Sekil 11). En biiyiik olabilirlik
yontemi ile bu katsayllar MATLAB ortaminda her bir
benzesim deneyi i¢in sayisal yolla ayrik dagilim
kullanilarak hesaplanmustir.

EOK yontemi bir ¢ok dagilim fonksiyonlarimi
desteklemektedir. Bu dagilim fonksiyonlarindan ayrik
dagilim fonksiyonunu tercih edilmistir. Elde edilen ayrik
veriler bu dagilim fonksiyonlarindan birine uygulanir. Bu
sayede bu verilerin her birine dagilim fonksiyonunun
Ozelligine gore bir agirlik degeri atanir. Yeni olusan
fonksiyonun en biiyiik olabilirlik degeri o fonksiyonun
ortalama degerini ve bu degerin iginde yer aldig1 giiven
araliklarini vermektedir.

Bolim 3.5°de yiiksek frekansli dalgacik katsayilarinin
yorumlanmalarina yer verilmistir.

3.5. Ani Miknatislanma Verilerinin
Yorumlanmasi

Yaklagik 150 adet degisik baglanti gruplarinda ve
gerilim faz acilarinda ani miknatislanma verileri 2000Hz
ornekleme frekansinda 0,5sn ve 1sn siirelerle alinmustir.
Arnizasiz kosullarda enerjilenme anlarina ve normal
calisma benzesimlerinden elde edilen akim ve gerilim
orneklerine Daubechies (4) oOlcek ve ana dalgacik
doniisiimleri uygulanmis olup, yiiksek frekansli D
bilesenlerinin ayrik dagilimli EOK ydntemi sonucunda en
fazla akim i¢in 0,1, gerilim i¢in 1,1935 degerleri elde
edildi. Asagidaki sonuglar da irdelendiginde, bu degerlerin
altinda kalan akim ve gerilim degerleri ani miknatislanma
durumu olarak yorumlandi. Ustii ise ariza durumu olarak
yorumlanmistir. Biitiin ariza durumlart igin EOK yontemi
sonucunda elde edilen degerleri 0,1 ve 1,1935
degerlerinden oldukga yiiksek ¢ikmistir.

3.4 Interpretation of D Coefficients

Maximum likelihood estimation (MLE) function is used
to interpret D coefficients. The calculated D coefficients
for the case of magnetizing inrush and fault conditions are
distinctive features and this is shown graphically in
Figures 9, 10 and 11. MATLAB is used for calculating
MLE values of each transformed phase samples and
discreet distribution function is used of MLE.

MLE function supports a lot of distribution functions.
Equal weights are appointed to each transformed samples
and the mean value of the obtained new density function is
the MLE value of each phase currents or voltages. Section
3.5 describes the interpretation of magnetizing inrush
currents.

3.5. Interpretation of Magnetizing Inrush
Currents

Approximately 150 different types of magnetizing
inrush conditions with different source triggering angles
are performed with a sampling frequency of 2000Hz and
the overall simulation time is chosen as either 0.5sec or
Isec. Under no load condition, the MLE values of each
phase currents and voltages are 0.1 and 1.1935,
respectively. The MLE values under these figures are
interpreted as a magnetizing inrush condition and above
these values, it is quoted as fault condition. For all fault
conditions, the MLE values of each transformed phase
samples are greater than 0.1 and 1.1935.
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Figure 9. MLE values of inrush currents
Sekil 9.

Sekil 9°da goriilen 4 nolu Ornek laboratuar
transformatorii i¢in segilen ani miknatislanma durumunun
esik degeridir. 1, 2 ve 3 nolu Ornekler ise her bir faz
akiminin EOK degeridir. iki degerin digerinden yiiksek
olmasmim nedeni, enerjilenme anlarinda gerilim faz
acisina bagl olarak iki faz geriliminin yiikksek degerden
digerinin ise diisiik degerlerden baglamasindan &tiiriidiir.
Daha oncede belirtildigi gibi yaklagitk 150 adet
miknatislanma akimi benzesimi gergeklestirilmis olup,
Sekil 9°da bunlardan ilk 16’simimn grafigi (al den al6’ya
kadar) goriilmektedir. Diger benzesim sonuglar1 da bu
degerlere oldukga yakindir.

3.6 Ariza Benzesimlerinden Elde Edilen Verilerin

Yorumlanmasi
Ariza  benzesimleri su  deneysel caligmalar
kapsamaktadir:
a) Bos calisma aninda ikincil yanda {i¢ faz simetrik kisa
devre

b) Tam yiikte ikincil yanda li¢ faz simetrik kisa devre
¢) Tam yiikte ikincil yanda faz — toprak kisa devresi
d) Ikincil yanda 2 faz — toprak kisa devresi
e) Ikincil yanda 2 faz kisa devresi

Tiim bu kisa devre benzesimleri tam yiik ve degisik yiik
kosullarinda yapilmis olup, miimkiin oldugunca gercek
caligma kosullarina yakin  benzesimler yapilmaya
calisilmustir.
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Ani miknatislanma akiminin ayrik diizgiin dagilimli EOK degerleri

In Figure 9, the fourth value is chosen as the threshold
value (for currents 0.1 and voltages 1.1935) and the first
three values are MLE values of each current samples. The
first two MLE values are always greater than the third one
because in each case the two currents start with very high
harmonic components while the third one includes less
harmonic components. As it was quoted before, 150 types
of inrush conditions are performed and the first 16 ones
(from al to al6) are seen in Figure 9. The other ones give
approximately the same results.

3.6. Interpretation of Fault Currents

Fault studies cover the following conditions:
a) Symmetrical fault on the secondary side when the
transformer is in no load.
b) Symmetrical fault on the secondary side when the
transformer is in rated load.
c) Phase to ground fault on the secondary side when
the transformer is in rated load.
d) Two phase to ground fault on the secondary side.
e) Phase to phase fault on the secondary side.
All the fault studies are performed with different load
conditions to get realistic results.
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Figure 10.Symmetrical fault on secondary side when the transformer is in no load
Sekil 10. Bos calisma aninda ikincil yanda simetrik 3 faz kisa devre arizasi

Sekil 10’da  bos ¢alisma aninda ikincil yanda
gergeklestirilen {i¢ faz simetrik kisa devre arizasinin
¢oziimlenmesi goriilmektedir. Benzer sekilde 4 nolu 6rnek
birincil yan akiminin EOK degeri olup sekilde “Normal
Calisma Degeri” olarak gosterilmistir. Ariza aninda faz
akimlarinin EOK degerlerinin bu degerden yiiksek oldugu
goriilmektedir.  Sekil 11’de ise ikincil yanda
gerceklestirilen sirasiyla A fazi-toprak, B fazi-toprak ve C
fazi-toprak arizalarinin  ¢éziimlenmesi  goriilmektedir.
Dokuz pargali bu sekilde ilk sira A fazi-toprak, sonraki ii¢
sira B fazi-toprak ve son iglii grup ise C fazi-toprak
arizalarina ait birincil yan akimlarinin EOK sonuglaridir.
Benzer sekilde 4 nolu 6rnek birincil yan akiminin normal
caligma anindaki EOK degerini simgelemektedir. Her bir
ariza tiirlii ig¢in degisik transformatdr baglanti gruplari
kullanilmistir. Farkli baglanti gruplarinda bile Onerilen
teknikle ariza durumlarinin kolayca ayirt edilebilecegi
goriilmektedir.

Ciinkdi her bir ariza kosulunda ilgili ariza akiminin EOK
degeri normal c¢alisma kosulundaki EOK degerinden
olduk¢a yiiksek oldugu gozlenmistir (9). Sekil 10’daki
grafiklerin bagliklar1 ilgili analiz dosyasinin adi olup, her
bir analiz dosyasi farkli bir c¢alisma durumunu
simgelemektedir.

4.SONUCLAR

Gii¢ transformatdrii korumasi giincelligini yitirmeyen,
bilgisayar diinyasindaki gelismelere kosut olarak hizla
artan bir egilim gosteren ¢alisma konusudur. Bu amagla
1970°1i yillardan giiniimiize kadar bir ¢ok sayisal koruma
algoritmas1  gelistirilmigtir. Bu algoritmalarin  temel
kullanim alani, ani miknatislanma akimi ve ariza akimlari
arasindaki farkli ortaya koymak i¢indir. Bu ¢aligmada;

a) Giinlimiizde isaret ve goriintii isleme, haberlesme,
tip, matematik, uzay ve istatistik gibi alanlarda
kullanilabilen dalgacik tekniginin bu alandaki
kullanilabilirligi ortaya konmustur.

In Figure 10, the fourth sample shows the calculated
MLE value of current samples and it is called a “normal
working condition”. During the fault condition, it is clearly
observed that the MLE values of each current samples are
much greater than the value of normal working conditions.

In Figure 11, nine simulation studies including A phase
to ground, B phase to —ground and C phase to ground
faults are shown. The first three rows belongs to the MLE
values of A phase to ground fault, the second three rows
belong to the MLE values of B phase to ground fault and
the third three rows belong to the MLE values of C phase
to ground fault studies. Similarly, the fourth value is the
calculated MLE value for secondary voltages. A different
winding connection type is used for each fault condition.
The proposed technique can easily discriminate the fault
condition because the MLE value is much greater than the
threshold value during fault condition (9).

4. RESULTS

Power transformer protection still attracts much
attention due to the improvements in computer science.
For this reason, a lot of numerical protection algorithms
have been introduced since 1970 to discriminate
magnetizing inrush and fault condition. In this work, the
following outcomes are derived:

a) The wavelet transform, which was originally used for
picture processing, communication systems, statistical
analysis etc., is used for digital signal processing.

b) A number of simulation studies are performed by the
help of laboratory experiments and wavelet transform

&9
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b) Laboratuar ortaminda ve bilgisayar benzesimleri is applied to both current and voltage samples.
sayesinde gergeklestirilen ¢ok sayida enerjilenme ¢) With the help of simulation studies, discontinuities of
durumu (ani miknatislanma akimi) ve olagan dist the current samples are easily identified in D
calisma durumlar1 (dis ariza kosullar1) irdelenmis, coefficients.
orneklenmis akim ve gerilim dalga sekilleri {izerine d) As a decision algorithm, maximum likelihood
dalgacik teknigi uygulanmistir. estimation is used and very satisfactory results are

c¢) Yapilan ¢oziimlemelerin  yardimiyla, zaman obtained.
diizleminde frekansit degisen sinyallerin (ani
miknatislanma akimi gibi) ve sinyaldeki siireksizlik
noktalarinin (ariza sinyallerinde) ¢6ziimlemesinde
dalgacik tekniginin ¢ok giliglii oldugu ortaya
konmustur.

d) Karar verme algoritmasi olarak en biiyiik olabilirlik
parametre tahmin yontemi kullanilmis ve gergege ¢cok
yakin sonuglar elde edilmistir.
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