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FUZZY LOGIC CONTROLLED CATHODIC PROTECTION CIRCUIT DESIGN

ABSTRACT

In this study, output voltage of automatic transformer-rectifier (TR) unit of
impressed current cathodic protection has been controlled by using fuzzy logic
controller. To prevent corrosion, voltage between the protection metal and the
auxiliary anode has to be controlled on a desired level. Because soil resistance in
the environment changes with humidity and soil characteristics, TRs must control
the output voltage between protection metal and auxiliary anode automatically. In
this study, a fuzzy logic controller has been developed for tuning output voltage of
TR units. PIC16F877 has been used to control the output voltage of the TR unit.
The output voltage has not overshot and oscillated.
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BULANIK MANTIK DENETIMLI KATODIiK KORUMA DEVRESI TASARIMI

OZET

Bu ¢alismada, katodik koruma sistemindeki otomatik traforedresdér (TR) {initesinin
cikis gerilimi ayar1 bulanik mantik denetleyici ile yapilmistir. Korozyonu dnlemek
icin korunacakmetal ile yardimecr anot arasindaki gerilimin belirlenen seviyede
tutulmasi zorunludur. Korozif ortamlardaki toprak direngleri neme ve toprak
Ozelliklerine gore degistigi i¢in TR iinitelerinin korunacak metal ile yardimci anot
arasindaki gerilimi otomatik olarak ayarlamasi gerekmektedir. Bu ¢alismada TR
tinitesinin ¢ikis gerilimi ayar1 i¢in bir bulanik mantik denetleyici gelistirilmistir.
Denetleyici olarak PIC16F877 mikrodenetleyici kullanilmistir. Cikis gerilimi
istenen seviyeye ulastiktan sonra dalgalanma olmamustir.

Anahtar Kelimeler: Bulanik mantik denetleyici, katodik koruma, mikrodenetleyici

1. GiRiS

Bulantk mantik denetleyiciler son yillarda kontrol
uygulamalarinda gittikge artarak yogun bir sekilde
kullanilmakta ve basarili sonuglar alinmaktadir. A.Lutfi
ZADEH tarafindan 1965 yilinda ortaya atilmasindan (1)
bu yana bulanik mantik denetleyiciler ekonomi, yonetim,
tip ve islem kontrol sistemlerinde basta olmak iizere
birgok alanda uygulanmistir (2). Bulantk mantik
denetleyici bir uzman kisinin bilgi ve tecriibelerinden
yararlanilarak olusturulur. Béylece uzman operator dilsel
niteleyiciler olarak bilinen; ¢ok artir, biraz artir, ¢ok fazla,
cok az... gibi giinliik hayatta sik¢a kullandigimiz kelimeler
dogrultusunda esnek bir kontrol metodu gelistirilebilir.
Bulanik mantik denetleyicinin temeli bu tiir sozli ifadeler
ve bunlar arasindaki mantiksal iligkiler {izerine
kurulmustur (3).

Bulanik mantik insanin diigiiniis yapisina ve dilsel
ifadelerine geleneksel mantik sistemlerinden daha g¢ok
benzemektedir. Bulantk mantik denetleyici uzman

1. INTRODUCTION

In the last years, the application of fuzzy logic
controllers has been extended gradually in process control
area and successful results have been taken. They have
been applied to many fields (2) as economy,
administration, medical science and process control
systems since introduced by A. Liitfi Zadeh in 1965 (1).
Fuzzy logic controller is formed in the light of the
knowledge and experiences of an expert. Thus, a flexible
control method can be developed through the commonly
used daily language words as; increase a lot, increase a
little, a lot, a little that are known as linguistic
determinatives. Fuzzy logic controller was based on such
verbal statements and the logical relationships between
them (3).

The Fuzzy logic is much closer in spirit to human
thinking and natural language than the traditional logic
systems. The Fuzzy logic controller does the control
process using linguistic expressions based on expert
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bilgilerine dayanan dilsel ifadeler kullanarak kontrol
islemini yapmaktadir (1). Bulanik mantik denetleyici
geligtirmek matematiksel ifadeler gerekmedigi igin
kolaydir. Bu yiizden bulantk mantik denetleyici
modellenemeyen veya dogrusal olmayan karmasik
sistemlerde kolaylikla uygulanabilmektedir (4,5). Bulanik
mantik denetleyici sayisal bilgileri dilsel ifadelere
doniistiirme, karar sistemi igin dilsel ¢ikarim ve sayisal
kontrol bilgisi i¢in dilsel sonuglari sayisal sonuglara
doniistiirme olmak tizere ii¢ ana dzellige sahiptir (6).

Bu ¢alismada, bulanik mantik denetleyici korozyonu
onlemek icin kullanilan katodik koruma sistemindeki
trafo-redresor linitesinin ¢ikig gerilimini ayarlamak igin
kullanilmistir. Korozyon, malzemelerin g¢evre etkisi ile
kademeli olarak asinmasi veya kimyasal, -elektro-
kimyasal reaksiyonlarla bozularak kullanilamaz hale
gelmesidir (7). Korozyonu 6nlemek i¢in korozyona maruz
kalan malzemeye disaridan harici bir elektrik devresi
araciligryla gerilim uygulamak yeterli olmaktadir. Boylece
korunacak metal, ¢evresine gore eksi gerilimde (katot)
olur ve oksijenle birlesmesi (paslanmasi) engellenmis
olur.

Giintimiizde korozyon kayiplarini en aza indirmek igin
¢ok yonlii aragtirmalar yapilmakta ve etkin ¢oziimler
bulunmaktadir. Katodik koruma korozyonla miicadelede
en etkin ve en ucuz yontemdir. Onceleri katodik koruma
sadece boru hatlarina uygulanirken son zamanlarda
gemiler, iskeleler, koprii ayaklari, tanklar, kimyasal madde
tastyan kaplar ve betonarme demirlerde uygulanmaya
baglanmustir (7).

Katodik koruma ilk olarak 1824 yilinda Sir Humpry
Davy tarafindan Samarang isimli bir harp gemisinde
denenmistir(8). Bu uygulama sonuglar1 basarisiz olarak
degerlendirilmis ve katodik koruma yaklasik yiizyil higbir
alanda uygulanmamustir. 20.yiizyilin baglarinda uzak
mesafelere petrol boru hatlar1 dosenmesinden sonra tekrar
katodik koruma ¢alismalart baslamistir. Once boru
hatlarina, 1950’li yillardan sonrada gemiler, tanklar, su
depolari, baraj kapaklari, iskele ayaklari, betonarme
demirleri gibi bir ¢ok farkli yapiya uygulanmistir (8).

2. KATODIiK KORUMA

Katodik koruma, korunacak metali bir elektro-kimyasal
hiicrenin katodu haline getirerek oksitlenmeyi 6nleme
islemidir. Galvanik anotlu katodik koruma (galvanic
anode cathodic protection) ve dis akim kaynakli katodik
koruma (impressed current cathodic protection) olmak
tizere iki farkli yontem bulunmaktadir (7,9).

Galvanik anotlu katodik korumada korunacak metalden
daha aktif bir metal ile (magnezyum gibi) elektro-
kimyasal hiicre yapist olusturularak korunacak metal
negatif gerilimde tutulur. Oksijen iyonlari anot olarak
kullanilan (pozitif gerilime sahip olan) aktif metalle
birlesir, boylece korunacak metalin yerine paslandiginda
degistirilecek metal plakanin oksitlenmesi saglanir (10).

Dis akim kaynakli katodik koruma yoénteminde ise
disaridan gerilim uygulanarak korunacak metal negatif
potansiyelde, yardimci anot olarak adlandirilan metal ise
pozitif potansiyelde tutularak katotta bulunan metalin
oksitlenmesi engellenmis olur (11).

Yapilan ¢alismada katodik koruma icin dig akim
kaynakli katodik koruma yontemi uygulanmigtir.
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knowledge (1). It is easy to develop a fuzzy logic
controller, as mathematical expressions are not required.
Therefore, the fuzzy logic controller can be applied to the
complex systems that are non linear and cannot be
modelled (4,5). The fuzzy logic controller has three main
qualities as transforming numerical values into linguistic
expressions, linguistic outcome for resolution system and
transforming linguistic conclusions into numerical
conclusions for numerical control information (6).

In this work, the fuzzy logic controller was used to
adjust the output voltage of the trafo-redresdr unit in the
cathodic protection system used to prevent corrosion.
Corrosion is the gradual corroding of materials by the
effect of environment or corruption of materials through
chemical and electro chemical reactions (7). In order to
prevent corrosion it is sufficient to apply voltage to the
corroded material from an external electric circuit. By this
way, the metal to be protected stays at minus voltage
(cathode) according to its environment and it is prevented
from corroding.

Recently, many research has been done and effective
solutions have been found to decrease the loss due to
corrosion. Cathodic protection is the cheapest and the
most effective way of preventing corrosion. Previously,
cathodic protection was only applied to pipelines but
recently it has been applied to ships, quays, bridge stands,
tanks, vessels carrying chemical substances and reinforced
concrete irons (7).

Cathodic protection was first tested on a warship called
Samarang by Sir Humpry Davy in 1824 (8). The result of
this test was evaluated as a failure and afterwards cathodic
protection was not used in any field for about a century. In
the early 20th century studies on cathodic protection was
started again after the construction of petrol pipelines on
faraway distances. It was applied on pipelines first, then
after 1950s was applied on many different constructions
such as ships, tanks, water depots, floodgates, quay stands
and reinforced concrete irons (8).

2. CATHODIC PROTECTION

Cathodic protection is the process of preventing
oxidation by transforming the metal to be protected into
the cathode of an electro-chemical cell. There are two
different methods as galvanic anode cathodic protection
and impressed current cathodic protection (7,9) .

In galvanic anode cathodic protection, the metal to be
protected is kept under negative voltage by forming an
electrochemical cell structure with a more active metal (as
magnesium). Oxygen ions unites with the active metal
used as anode and thus, instead of the metal to be
protected the metal plate that can be changed when
corroded is provided to be oxidized (10).

In impressed current cathodic protection method, the
metal in the cathode is prevented from oxidizing by
keeping the metal to be used as secondary anode at
positive potential and the metal to be protected by
applying external voltage at negative potential (11).

In this work, impressed current cathodic protection
method was used for cathodic protection.



2.1. D1s Akim Kaynakh Katodik Koruma
Yontemi

Dig akim kaynakli katodik koruma yonteminde
herhangi bir elektrot anot olarak kullanilabilir. Anot olarak
secilen elektrot bir DC (direct current) gerilim kaynaginin
(+) ucuna, korunacak metal ise (-) ucuna baglanir. Bu
sekilde bir elektrolitik ortam igerisine iki elektrot
yerlestirilmis olur. Ancak anot {izerinden ¢ekilen akim, bir
DC gerilim kaynag: ile saglandigindan anot elektrodu
dogrudan reaksiyona girmez ve anot {lizerinde bir kiitle
kaybt olusmaz (12). Boylece anodu korozyona
ugratmadan katodu korumak igin gereken yap1 olusturulur.

Bir ¢elik boru hattin1 dig akim kaynakli katodik koruma
yontemiyle korumak icin bir DC gerilim kaynaginin (-)
ucunu korunacak metale, (+) ucunu da bir yardimci
anoda Sekil 1’deki gibi baglamak yeterli olmaktadir.
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2.1. Impressed Current Cathodic Protection
Method

In impressed current cathodic protection method, any
electrode can be used as an anode. The electrode chosen
as anode is connected to the (+) end of a DC (direct
current) voltage supply and the metal to be protected is
connected to the (-) end. By this way, two electrodes are
placed in one electrolytic environment. However, as the
current on the anode is supplied from a DC voltage
supply, the anode electrode does not directly come into
reaction and does not have a loss in its mass (12). Thus,
the required structure is formed to protect the cathode
without any corrosion on anode.

In order to protect a steel pipeline with impressed
current cathodic protection method, it is sufficient to
connect the (-) end of a DC voltage supply to the metal to
be protected and the (+) end with a secondary anode as in
Figure 1.

Voltage supply/
T Gerilim kaynag: l
SOIL/TPRAK
L
‘ #
Current direction/

< Akim yon
] > \
Secondary anode/ Pipe pr&ected/ \
Yardimci anot Korunan boru

Figure 1. Impressed current cathodic protection method
Sekil 1. D1s akim kaynakli katodik koruma yontemi

3. BULANIK MANTIK DENETLEYIiCiNiN
SISTEME UYGULANMASI

Katodik koruma icin sayisal DC gerilim kaynag:
kullanilmis  ve ¢ikis gerilimi PWM(Pulse Width
Modulation) sinyalinin gorev siiresi (duty cycle)
degistirilerek ayarlanmigtir. Bulanik mantik denetleyici,
mikrodenetleyici ¢ikisindan alinan PWM sinyalinin gérev
siiresini ayarlamak i¢in kullanilmigtir. PWM sinyalinin
gorev siiresi ayari referans elektrot kullanilarak topraktan
Olglilen gercek referans gerilim degeriyle DC gerilim
kaynagi i¢in onceden belirlenen referans gerilim degeri
karsilastirilarak  yapilmaktadir. Referans elektrot ile
gerilim kaynaginin negatif ucu arasindaki gerilim farkinin
0,85-1,2 arasinda olmas1 gerekmektedir (7). Istenilen
referans gerilim degerini referans elektrot iizerinden elde
edebilmek i¢in DC gerilim kaynaginin ¢ikis gerilim degeri
degistirilmektedir. Uygulanan gerilim degeri uygulama
alaninin olusturacag yiik degerine (toprak direncine) bagl
olarak degismekte veya farkli alanlarda farkli ¢ikig
gerilimi  gerekmektedir. Uygulama alanmnin toprak
ozellikleri korunacak metal iizerinde farkli potansiyele
sebep olmaktadir (13). Ornegin nemli bir bolge ile kuru
bir bolge arasinda veya mevsimlere gore degisen
ozelliklere sahip bir bolgede toprak direnci degisebilmekte

3. APPLICATION OF FUZZY LOGIC
CONTROLLER INTO THE SYSTEM

Numerical DC (direct current) voltage supply was used
for cathodic protection and output voltage was adjusted by
changing the duty cycle of PWM (Pulse Width
Modulation). The fuzzy logic controller was used to adjust
the duty cycle of PWM signal received from micro-
controller output. The adjustment of the PWM signal duty
cycle was done by comparing the real reference voltage
value measured on earth using the reference electrode and
the reference voltage value formerly determined for DC
voltage supply. The voltage difference between the
reference electrode and the negative end of voltage supply
must be between 0.85-1.2 (7). The output voltage of DC
voltage supply is changed in order to obtain the demanded
reference voltage value on the reference electrode. The
applied voltage value changes depending on the change
value (resistance of earth) formed in the application field
or different output voltage on different fields is required.
The characteristics of the earth in the application field
results in different potential on the metal to be protected
(13). For example, the earth resistance between a humid
region and a dry region or in a region having different
characteristics according to seasons can change and as a
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buna bagli olarak uygulanan gerilimin ayarlanmasi
gerekmektedir. Korozyon 6zellikleri agisindan 50°den
fazla degisik toprak tiirii bulunmaktadir ve her bir toprak
tiirtinlin farkl1 direnci vardir (14).

Gilinliimiizde uygulanan katodik korumada DC gerilim
kaynaginin ¢ikis gerilimi uygulanan alanin ozelliklerine
gore kurulum sirasinda ayarlanmakta ve periyodik olarak
kontrol edilmesi gerekmektedir. Yapilan bu calismada
gergeklestirilen DC gerilim kaynagi uygulama alaninin
ozelliklerine bagh olarak cikis gerilimini
ayarlayabilmektedir. Sekil 2°’de DC gerilim kaynaginin
¢ikig gerilimini ayarlamak i¢in kullanilan bulanik mantik
denetleyici goriilmektedir.
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result, the applied voltage needs to be adjusted. More than
50 different kinds of soil exists in terms of corrosion
characteristics and each kind has different resistances (14).

In the cathodic protection used recently, the output
voltage of DC voltage supply is adjusted during the
setting, according to the characteristics of the application
field and it needs to be controlled periodically. In this
work, adjusting the output voltage according to the
characteristics of the application field of DC voltage
supply was accomplished. The fuzzy logic controller used
to adjust the output voltage of DC voltage source is shown
in Figure 2.

A Fuzzy logic Controller/
PWMgenerator Bulanik mantik denetleyici
(microcontroller) Rule base/
PWM iireteci ikrodenetleyici Vref, Kural tabani
l Vref,
A
Driver/siiriicii Fuzzy outcome/
X > » Bulanik ¢ikarim P Clarification/
Fuzzification/ Netlestirme
l d R Bulaniklastirma 7y 'y
Ll >
dt A
Convertor/Konvertor
Vref, Vref,, Database
+ - Veri tabani
v Soil/Topral Measurement/Olgiim
noktasi
Point (reference
Electrode)/Referans elektrot
Secondary Anode/ Metal to be protected/
Yardime1 anot Korunacakmetal

Figure 2.Block diagram of the used fuzzy logic controller
Sekil 2. Kullanilan bulanik mantik denetleyicinin blok semasi

Bulantk mantik denetleyicinin giris degiskenleri olarak
referans gerilim hatas1 ( Vref, ) ve referans gerilim hata
degisimi ( Vref,, ) degerleri alinmistir. Referans gerilim
hatasi,

Vref, = Vref; - Vref,

olarak alinmistir. Burada Vref; gerilim kaynagmin
istenen referans gerilim degerini, Vref, referans elektrot

kullanilarak topraktan Olgililen gerilim degerini ifade
etmektedir. Referans gerilimin hata degisim degeri son
hesaplanan hata degerinden bir onceki hata degerinin
¢ikarilmasiyla bulunmaktadir. Referans gerilimin hata
degisim degeri i¢in asagidaki denklem kullanilmigtir.

Vref,, = Vref,, - Vref,,

Burada Vref, son hata degerini, Vref,, ise bir dnceki
hata degerini ifade etmektedir. Bulanik mantik
denetleyicinin ¢ikis degiskeni ise PWM sinyalinin goérev
siresi degisimi (APWM) degeridir. Bulamik mantik
denetleyicinin  sisteme  uygulanmasi  Sekil = 3’te
goriilmektedir.

The values of voltage reference error (Vrefe) and
change error of voltage reference (Vrefce) are used as the
input variables of the fuzzy logic controller. Reference
voltage error is shown as

Vrefe= Vrefi —Vrefo

Here, Vrefi indicates the demanded reference voltage
value of the voltage supply and Vrefo indicates the voltage
value measured on earth using the reference electrode. The
changing error value of reference voltage is found by
subtracting the final error value from the former error
value. The following equation is used to indicate the
changing error value of reference voltage.

Vrefce=Vrefe-Vrefeo

Here, Vrefe indicates the final error value and Vrefeo
indicates the former error value. The output variable of the
fuzzy logic controller is the change value of duty cycle
(A PWM) of PWM signal. See Figure 3 for the application
of the fuzzy logic controller into the system.

APWM
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APWM gorev siiresinin degistirilmesi islemi adimlar
halinde asagida verilmistir.
1-Istenen referans gerilim girisi ve referans elektrot

kullanilarak ~ zeminden Olgillen referans gerilim
degerlerinin elde edilmesi
2-Gerilim kaynagi ile zeminden Olgiilen referans

gerilimleri karsilastirarak referans gerilim hatasi ve hata
degisiminin hesaplanmasi

3-Referans gerilim hatasi ve hata degisimi i¢in bulanik
kiimelerin ve iiyelik fonksiyonlarin belirlenmesi

4- Belirlenen bulanik ifadelerle uygulanacak bulanik kural
ve kontrol degerinin belirlenmesi

5-Agirhik  ortalamast  metodu
degerinin hesaplanmasi

APWM degeri kullanilarak yeni PWM gorev siiresinin

hesaplanip sisteme uygulanmasi

kullanilarak  APWM

The process of changing PWM duty cycle is as follows.

1-To get the reference voltage values measured on earth

by using reference electrode and demanded reference

voltage input.

2-To calculate reference voltage error and error change by
comparing the reference voltage measured on earth and
the voltage supply.

3-To determine membership functions and fuzzy sets for
error change and reference voltage error.

4-To determine fuzzy rule and control values applied with
determined fuzzy expressions.

5-To calculate A PWM values using average weight
method.

6-To calculate the new PWM duty cycle by using APWM
value and apply it to the system.

Main Circuit/Besleme

(Referans elektrot)

Figure 3. Application of the fuzzy logic controller into the system.
Sekil 3.Bulanik mantik denetleyicinin sisteme uygulanmasi

3.1. Kural Tablosunun Olusturulmasi

Bulanik mantik denetleyicinin  girigleri ve ¢ikist
arasindaki bulanik kurallar sistemin dinamik davranigi
incelenerek elde edilmigtir. Sekil 4’te istenen referans
gerilim ve topraktan Olgiilen referans gerilim degisim
egrileri goriilmektedir.

Sekil 4’te C, istenen referans gerilime gore gegis

noktalarmni, my Olglilen gerilimin maksimum ve

minimum u¢ noktalarint ve Ay ise gerilim degisim
araliklarim1  gostermektedir. Sekil 4’deki gecis ve ug
noktalar1 igin referans gerilim hatasi ve hata degisimi
ozelliklerinden Cizelge 1’deki ifadeler elde edilmistir.

Gegis ve ug noktalardaki bulanik kontrol kurallari ise
Cizelge 2’deki gibi elde edilebilir. Burada her bir gecis ve
u¢ noktadaki durum dilsel ifadeye doniistiiriilerek bulanik
kurallar elde edilmistir.

Cizelge 2’deki 1.kuralin dilsel ifade edilisi “Eger
Vref, =sifir ve Vref,, =negatif  biiyiik ise

APWM degerini negatif biiyiik yap” seklindedir. Cizelge

3.1. Forming Rule Chart

The fuzzy rules between the input and output of the
fuzzy logic controller were obtained examining the
dynamic course of the system. Figure 4 shows the
variation curves of the demanded reference voltage and
reference voltage measured on earth.

In Figure 4, cx indicates the transfer points in terms of
demanded reference voltage, mx indicates the maximum
and minimum ends of the measured voltage and Ax
indicates voltage change intervals. The expressions in
Table 1 were obtained from the reference voltage error and
error change characteristics for the transfer and ends in
Figure 4.

The rules of fuzzy control on transfer and ends can be
obtained as in Table 2. Here, fuzzy rules were obtained by
converting the state on each transfer and end into linguistic

expressions.

The linguistic expression of rule 1 on Table 2 is as “If’
Vrefe = 0 and Vrefce = negative high, make APWM value
negative high”. The expressions stated on Table 1 and
Table 2 were arranged as shown in Table 3 according to
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N d Bulanik PWM iireteci
Vref; T dt > mantik
Vrefo Vrefce V Anode Vcathode
VAnol \Y% Katot
SOIL v v SOIL
TOPRAK Q TOPRAK
Measurement point ctrode Secondary anode/  Metal to be pro (reference ele/
:I;ﬁm noktasi Yardimci anot Korunacak metal



116

G.U. J. Sci., 17(1):111-127, 2004/Mehmet Ali AKCAYOL

1’de ve Cizelge 2’de verilen ifadeler referans gerilim
hatas1 ve referans gerilim hata degisimine gore Cizelge

reference voltage error and error change in reference
voltage.

3’de goriildiigii gibi diizenlenmistir.

V Vref,
\ m, /
C C C C C m6C C
1 2 3 4 3 6
o Vref,
m
my
m
. -t
Al + A5 A13
V”efe + - -+ + + -] =
Vref,, |- 1 -1+ |+]- - |-+

Figure 4. Figure 4. Demanded and measured reference voltage change

Sekil 4. istenen ve olgiilen referans gerilimlerin degisimi

Cizelge 3’te goriildiigii gibi A4,Ag,A, araliklarinda
Vref, pozitif artmakta ve Vref,, ise pozitif degerdedir.

Hatay1 azaltmak igin kontrol degiskeni APWM degerinin
pozitif verilmesi gerekmektedir. Ay sekilde A;,As,Ag

araliklarinda Vref, pozitif artmakta ve Vref,, ise negatif

degerdedir. Hata pozitif degerdedir ve azaltilmasi igin
kontrol degiskeni APWM degerinin pozitif verilmesi
gerekmektedir. Diger araliklar icinde ayni
degerlendirmeleri yaparak sozel kural tablosuna gecis
yapilmustir. Cizelge 3°deki ifadeleri sozel kurallar olarak
diizenleyerek Cizelge 4’deki kural tablosu elde edilmistir.

Cizelge 4’te girisler ve ¢ikis icin NB(Negatif Bilyiik),
NO(Negatif Orta), NK(Negatif Kiigiik), S(Sifir),
PK(Pozitif Kiigiik), PO(Pozitif Orta) ve PB(Pozitif
Biiyiik) olmak iizere toplam 7 tane dilsel etiket
kullanilmistir. Elde edilen bulanik kural sayisi 49 tanedir.
Kural tablosu benzetim programiyla yeniden diizenlenerek
kural sayist 9’a indirilmistir. Benzetim programiyla
yapilan caligmalarda deneme/yanilma metodu
kullanilmistir. Sisteme uygulanan kural tablosu Cizelge
5’te goriilmektedir.

3.2. Bulanik Mantik Denetleyicinin Giris ve Cikisg
Degiskenlerine Deger Atanmasi

Bulanik mantik denetleyiciye ait iliyelik fonksiyonlar
hazirlanan  benzetim programiyla elde edilmistir.
Baslangigta Vref, ve Vref,, girisleri ile APWM ¢ikist

icin [-1, +1] arahginda toplam 7 dilsel etiket
tanimlanmistir.  Benzetim  programi  kullanilarak
deneme/yanilma metoduyla hem {iyelik fonksiyonlarinda
hem de kural tabaninda iyilestirme yapilmistir. Hazirlanan
bulanik mantik denetleyici programinin hizli ¢aligabilmesi
icin gerekli olan en dnemli noktalar kural sayist ve iiyelik
fonksiyonlarinin seklidir. Bu ylizden dogrusal ozellige
sahip olan ve iiyelik degerinin en kisa stirede elde edildigi
iicgen liyelik fonksiyonu se¢ilmistir. Ayrica herbir giris ve
cikis icin iyelik fonksiyonlarinin sayist en aza

Vrefe increases positively and Vrefce has positive value
on A4, A8, and A12 intervals as shown in Table 3. In
order to decrease error, the control variable APWM value
must be positive. Likewise, Vrefe increases positively and
Vrefce has negative value on Al, A5, and A9 intervals.
Error has positive value and in order to decrease it, control
variable APWM must be positive. It was transferred into
verbal rule diagram by making the same evaluations for
other intervals. Arranging the expressions on Table 3 as
verbal rule, the rule table on Table 4 was formed.

Seven linguistic labels used in Table 4 for inputs and
outputs are: NH (Negative High), NM (Negative
Medium), NS (Negative Small), Z (Zero), PS (Positive
Small), PM (Positive medium) and PH (Positive High). 49
fuzzy rules were obtained. The number of rules was
reduced to 9 by reorganizing the rule chart with the
resemblance programme. Trial and error method was used
in the works done with the resemblance program. The rule
chart applied to the system is shown in Table 5.

3.2 Assessing value to Input and Output
Variables of The Fuzzy Logic Controller

The membership functions of the fuzzy logic controller
were obtained through the set resemblance programme. At
the beginning, 7 linguistic labels were defined on [-1, +1]
interval for Vrefe and Vrefce inputs and APWM output.
Improvements both in membership functions and rule base
were done through trial and error method using the
resemblance program. The most important points to enable
the prepared fuzzy logic controller programme to work
fast are the number of rules and the shape of membership
functions. Therefore, triangle membership function, in
which membership value is obtained in the shortest time
and which has a linear characteristic,c was chosen.
Moreover, the number of membership functions for each
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indirilmistir. Uyelik fonksiyonlariin sayisimn azaltilmasi
ile toplam kural sayis1 da azaltilmistir. Vref, girisi i¢in
[-1, +1] aralig1 kullanilarak elde edilen degerlerde sapma
oldugu i¢in farkli araliklar denenmis ve en uygun aralik
olarak [-3, +3] belirlenmistir. Bulanik mantik
denetleyicinin giris degiskenleri Vref, ve Vref, igin
degisim araliklari,

olarak almmustir.

-3 < Vref, <43
-1 £ Vref,, £ +1

Vref, ve

Vref,,

girisleri

olusturulan iiyelik fonksiyonlar Sekil 5’te gériilmektedir.

i¢in

input and output was decreased to minimum. Decreasing
the number of membership functions also reduced the total
number of rules. Since there was deviation in the values
obtained using [-1, +1] interval for Vrefe input, different
intervals were tried and [-3, +3] interval was determined to
be the most suitable one. The variation intervals for the
input variables Vrefe and Vrefce of fuzzy logic controller
were taken as

-3< Vrefe< +3

-1 < Vrefce < +1

The membership functions formed for Vrefe and Vrefce

inputs are shown in Figure 5.

Table 1. The reference voltage error and error change characteristic on transfer and end points.
Cizelge 1. Gegis ve ug noktalardaki referans gerilim hatasi ve hata degisimi 6zellikleri

Table 2.

Point/ Before/ After/ Explanation/

Nokta Once Sonra Aciklama

cl Vrefe >0 Vrefe <0 Error change negative high/Hata degigimi negatif bilyiik
c2 Vrefe <0 Vrefe >0 Error change positive high/Hata degisimi pozitif biiyiik
c3 Vrefe >0 Vrefe <0 Error change negative medium/Hata degisimi negatif orta
c4 Vrefe <0 Vrefe >0 Error change positive medium/Hata deisimi pozitif orta
c5 Vrefe >0 Vrefe <0 Error change negative small/Hata degsimi negatif kiigiik
c6 Vrefe <0 Vrefe >0 Error change positive small/Hata degisimi pozitif kiigiik
c7 Vrefe >0 Vrefe <0 Error change approximately zero/Hata degisimi yaklagik sifir
ml Vrefce=0 Vrefce = 0 Error positive high/Hata pozitif biiyiik

m2 Vrefce=0 Vrefce = 0 Error negative high/Hata negatif biiyiik

m3 Vrefce=0 Vrefce = 0 Error positive medium/Hata pozitif orta

mé4 Vrefce=0 Vrefce =0 Error negative medium/Hata negatif orta

m5 Vrefce=0 Vrefce =0 Error positive small/Hata pozitif kiigiik

mo6 Vrefce=0 Vrefce = 0 Error negative small/Hata negatif kiigiik

m7 Vrefce=0 Vrefce =0 Error positive small/Hata pozitif kiigiik

Linguistic expressions on transfer and end points
Cizelge 2. Gegis ve ug noktalardaki dilsel ifadeler

Kural Vrefc Vrefce APWM Nokta
1 S NB NB Cy
2 S NO NO C3
3 S NK NK Cs
4 NB S NB m,
5 NO S NO my
6 NK S NK me
7 S PB PB ¢
8 S PO PO Cy
9 S PK PK Ce
10 PB S PB m;
11 PO S PO my
12 PK S PK ms
13 S S S Kararli
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Table 3. Expressing transfer and ends according to Vrefe and Vrefce inputs.
Cizelge 3. Gegis ve ug noktalarin Vref, ve Vref. girislerine gore ifade edilmesi

Vref,

e NB |NO [NK | s |PK | PO | PB
NB 2 2 6 ¢ 5 4, 1
NO 2 6 0 | G 9 5 |

NK | Ao | A | Ao | & | A | 4 | 4s

S |my | m | mg| S | mg | my | m,

PK | A4, | 4 | A, | ¢ | 4| 4y | 4

PO | 4, | 4 | 4,| ¢, | 4

PB| 4 | 4 | 4 | ¢ | 4 | 4 | 4,

Table 4. Rule table of Vrefe and Vrefce inputs.
Cizelge 4. Vref, ve Vref.. girislerine gore kural tablosu

Vref,
.| NB |NO [NK | S |PK | PO | PB

NB | NB| NB | NO | NB|PO | PB|PB

NO | NB| NO [ NK| NO| PK | PO | PB

NK | NO| NK | NK| NK| PK | PK | PO

S |{[NB|NO|NK| S | PK| PO | PB

PK | NO|NK|NK|PK|PK|PK|PO

PO | NB|NO|NK|PO|PK|PO|PB

PB| NB| NB|NO|PB|PO|PB | PB

Table 5. Rule Table
Cizelge 5. Kural tablosu

Vref,
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-3

» Vref,
+3

-1

Figure 5. Membership functions of Vref, and Vrefc, inputs
Sekil 5. Vref, ve Vref,, girislerine ait {iyelik fonksiyonlar

Her iki degisken i¢in N(Negatif), S(Sifir), P(Pozitif)
olmak tizere 3 dilsel etiket kullanilmistir. Sistemin kontrol
degiskeni APWM icin degisim araligi -1 < APWM <
+1 olarak almmustir. Kontrol degiskenine ait {iyelik
fonksiyonu Sekil 6’da goriilmektedir.

ce

+1

Three linguistic labels as N (Negative), Z (Zero), P
(Positive) were used for both variables. The variation
interval for the system control variable APWM was taken
as —1 < APWM < +1. The membership function of the
control variable is shown in Figure 6.

PK PB

1 05 0

Figure 6 . Membership function of APWM output
Sekil 6. APWM cikisina ait iiyelik fonksiyonu

APWM kontrol degiskeni icin NB(Negatif Biiyiik),
NK(Negatif Kiiciik), S(Sifir), PK(Pozitif Kiigiik) ve
PB(Pozitif Biiyiik) olmak iizere toplam 5 dilsel etiket
kullanilmigtir. ~ Sisteme uygulanacak APWM  degeri
agirlik ortalamasi metodu kullanilarak hesaplanmustir.
Agirlik ortalamast metodu asagidaki denklemle ifade
edilmektedir.

n
PILHECH)
APWM ==——
ICH)
i=1

Burada APWM gérev siiresi degisimini, #; bulanik

mantik denetleyiciye uygulanan girisi, ,u(ul.) girise ait
iyelik degerlerini ifade etmektedir. Cikis geriliminin
gorev siiresi degisimi ise,
PWM =PWM +APWM

+0,5 +1

Five linguistic labels used for APWM control variable
are NH (Negative High), NL (Negative Low), Z (Zero),
PL (Positive Low) and PH (Positive High). The APWM
value that will be applied to the system was calculated
using the average weight method. The average weight
method is shown by the following equation.

n
2 ujp(yg)
APWM ==L
2 w(uy)
i=1
Here, APWM is the duty cycle variation, ui is the input
applied to the fuzzy logic controller and p (ui) is the

membership values of the input. The duty cycle variation
of the output voltage is shown as

PWM =PWM + APWM
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seklinde ifade edilmektedir. Bulanik mantik denetleyicinin
¢ikisgindan alman APWM sayisal degeri Onceki gorev
stiresine eklenerek sisteme uygulanacak yeni gorev siiresi
hesaplanmaktadir.

4. UYGULAMA DEVRESI

Bu caligmada, bulanik mantik denetleyici ile TR iinitesi
¢ikig gerilimi ayarlanmistir. Anahtarlama elemani olarak
IGBT (Insulated Gate Bipolar Transistor) ve denetleyici
olarak PIC16F877  mikrodenetleyici  kullanilmustir.
Bulantk mantik denetleyici programi  bilgisayarda
hazirlanarak  paralel port ile mikrodenetleyiciye
aktarilmistir. Program C diliyle hazirlanmistir. Programin
akis semasi Sekil 7°de goriilmektedir.

Start/Baglat
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The new duty cycle is calculated by adding the APWM
numerical value of the fuzzy logic controller output to the
previous duty cycle.

4. APPLICATION CIRCUIT

In this work, the output voltage of TR unit was adjusted
with the fuzzy logic controller. IGBT (Insulated Gate
Bipolar Transistor) was used as the switching component
and PIC16F877 micro-controller as the controller. The
fuzzy logic controller programme was prepared by
computer and transferred into the micro-controller through
the parallel port. The programme was prepared in C
language. The current diagram of the programme is shown
in Figure 7.

A 4

Read output voltage and
output current/Cikis gerilimi
ve ¢ikig akimi oku

A 4
E Error ?/
Finish/Bitir |« Ariza ?
H
A 4
Update indicator/Gostergeyi giincelle

A 4

Read reference voltage/Refarans
gerilim oku

A 4

Read Vrefe Vrefce inputs/
Vref, Vref,, giriglerini oku

v

Determine fuzzy expressions and
membership values of inputs/Girigler i¢in
bulanik ifadeleri ve iiyelik degerlerini belirle

v

Determine the fuzzy rule to be applied/
Uygulanacak bulanik kurali belirle

A 4

Calculate APWM value by average
weight method/APWM degerini agirlik
ortalamas1 metoduyla hesaplama

Figure 7. The current diagram of the programme
Sekil 7.  Hazirlanan programin akis semasi

Katodik koruma i¢in tasarlanan gerilim kaynagmin
komple semas1 Sekil 8’de verilmistir.

The complete diagram of the voltage supply planned for
cathodic protection is shown in Figure 8.
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Figure 8. Detailed diagram of the planned voltage supply
Sekil 8.  Tasarlanan gerilim kaynaginin agik semasi

Gerilim kaynagina geri besleme olarak ¢ikis gerilimi,
¢ikig akimi ve zeminden Olgiilen referans gerilim degeri
almmigtir. Gerilim ve akim geri besleme degerleri, LCD
gostergeye yazdirmak ve herhangi bir agik devre veya kisa
devre durumunda PWM ¢ikisint  kapatmak igin
kullanilmaktadir. Cikis gerilim degeri ayarini yapmak icin
kullanilan referans gerilim degeri mikrodenetleyicinin
ANO analog girisine uygulanmistir. Gerilim kaynagi,
besleme devresi, denetleyici devresi, step-down regiilator,
tus takimi ve LCD (Liquid Crystal Display) gosterge
birimlerinden olugmaktadir.

Besleme devresi

Besleme devresi, mikrodenetleyici, IGBT ve IGBT
siirme devrelerinin  gerilimlerini saglamaktadir. AC
gerilimi koprii diyotlarla ve kondansator ile DC gerilime
donistiirmektedir. IGBT kollektér ucuna 60V, IGBT
siirme devresine 5V ve 15V, mikrodenetleyici devresine
12V ve 5V ile gostergelere 5V besleme devresinden elde
edilmektedir. Sekil 9’da besleme devresine ait agik sema
goriilmektedir.

Output voltage, output current and reference voltage
value measured on ground were taken as the feedback for
voltage supply. The voltage and current feedback values
are used to write on the LCD indicator and to close the
PWM output in case of any open circuit or short circuit
situation. The reference voltage value used to adjust output
voltage value was applied to the ANO analogue input of
the micro controller. The voltage supply consists of the
main circuit, the controller circuit, the step-down
regulator, the key set and the LCD (Liquid Crystal
Display) indicator units.

Main Circuit

The Main Circuit provides the voltage of micro-
controller, IGBT and IGBT drive circuits. It converts AC
voltage into DC voltage by bridge diodes and condenser.
60V on IGBT collector end, 5V and 15V on IGBT drive
circuit, 12 and 5V on micro-controller circuit and 5V on
indicators are provided from the main circuit. The detailed
diagram of the main circuit is shown in Figure 9.
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- 60V
1

o 30V

220V

15V

S Y

— i 4H

Figure 9. Input and output signals of the controller circuit
Sekil 9. Besleme devresi

Denetleyici devresi

Denetleyici devresinin temel elemant PIC16F877
mikrodenetleyicidir. PIC16F877 okunan referans gerilim
ile istenen referans gerilimi karsilastirarak uygun denetim
isaretini iiretir. Bu denetim isareti ¢ikis gerilimini artirmak
veya azaltmak seklinde olmaktadir. PIC16F877 herhangi
bir ariza durumunda sistemi kapatarak LCD display
iizerinde hata mesaji olusturmaktadir. PIC16F877
mikrodenetleyici, PWM isaretinin gbrev zamanini
degistirerek IGBT siiriicii devresine aktarir. IGBT siiriicii
devresi bir sonraki periyot i¢in IGBT’yi yeni belirlenen
stire kadar acik ve kapali tutar (15). Boylece Sekil 10°daki
giris ve cikis sinyalleri elde edilir.

SO — IGBT (CM75DY-12H)

Controller Circuit

The main component of the controller circuit is the
PIC16F877 micro-controller. PIC16F877 compares the
recited reference voltage and the demanded reference
voltage and produces the suitable control signal. This
control signal appears as increasing or decreasing the
output voltage. In case of failure, PIC16F877 turns off the
system and shows an error message on the LCD display.
PIC16F877 micro-controller changes the duty cycle of the
PWM signal and transfers it into the IGBT drive circuit.
For the next period, the IGBT drive circuit holds the IGBT
on and off during the newly determined period (15). As a
result, input and output signals in Figure 10 are obtained.

Govﬁ‘:l_[l[l_l:l_>

5V

PIC16F877

e

Figure 10. Input and output signals of the controller circuit
Sekil 10. Denetleyici devresi giris ve ¢ikis sinyalleri

Bu ¢alismada PWM frekansi 20 KHz olarak alinmistir.
Siirlici devre herhangi bir hata durumunda kendisini
koruyarak hata ¢ikigt tiretir (15). Kullanilan IGBT siiriicii
devresi Sekil 11°de goriilmektedir.

In this work, PWM frequency is 20 KHz. In case of
error, the drive circuit protects itself and produces an error
output (15). The IGBT drive circuit that was used is shown

in Figure 11.
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Figure 11.IGBT drive circuit
Sekil 11. IGBT siiriicii devresi

Step-Down Regiilator Devresi

Denetleyici devre tarafindan 20KHz’de

olusturulan PWM  sinyalinin kullamlabilmesi
analog sinyale doniistiiriilmesi gerekmektedir. Bu islem
icin step-down regiilatoér kullanilmistir. Bu regiilatér bir
sok bobini, bir kondansatér ve bunlarin desarj1 igin
gereken ters besleme diyodundan olusmaktadir. Step-

kiyilarak

igin

down regiilator, denetleme devresi cikigindaki PWM
sinyalini DC gerilimine ¢evirerek anot-katot devresine
uygulanacak hale getirir (16, 17). Sekil 12°de step-down
regiilator devresi goriilmektedir.

/N

Step-down Regulator Circuit

The PWM signal, which was obtained by the controller
circuit at 20KHz, must be converted into analogue signal
in order to be used. The step-down regulator was used for
this process. This regulator consists of a shock coil, a
condenser and a reverse base diode for their discharge.
The step-down regulator converts the PWM signal on the
control circuit output into DC voltage and makes it ready
for the application on anode-cathode circuit (16,17). The
Step-down regulator is shown in Figure 12.

Sok Bobini
— T Y Y Y

Bosluk Diyodu

Cikis Kondansatorl

Figure 12.Step-down regulator circuit
Sekil 12. Step-down regiilator devresi
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Tus takimi ve LCD gosterge

TR {nitesinin referans gerilim girisi bir tus takimi
kullanilarak belirlenmektedir. Tus takimi artirma, azaltma
ve girilen degeri aktif hale getirmek i¢in kullanilan ii¢ tusa
sahiptir. LCD gosterge ise mikrodenetleyici tarafindan
herhangi bir ariza durumunda olusturulan hata mesajini
goriintiilemek igin kullanilir. LCD gostergede, hata
olmadig1 zaman referans elektrot tarafindan okunup
mikrodenetleyiciye girilen referans gerilim degeri
goriintiilenmektedir.

5. DENEYSEL SONUCLAR

Deneysel sonuglar 6Q sabit yiikk kullanilarak elde
edilmistir. TR initesi besleme giris gerilimi 60V olarak
almmigtir. 6Q sabit yiik altinda iken mikrodenetleyici
referans gerilimi istenen 1,2V seviyesinde tutmustur. Sekil
13’te ¢ikis gerilimi, referans gerilime bagli olarak 0 V ile
baslamis 45 V degerine ulagmistir. Referans gerilim degeri
baslangicta 0 V olarak alinmis ve 3sn sonra 1,2 V
seviyesine ylikseltilmistir. Cikis gerilimi de 3sn sonra 45

V degerine yiikselmistil.

G.U. J. Sci., 17(1):111-127, 2004/Mehmet Ali AKCAYOL

Key set and LCD Indicator

The reference voltage input of the TR unit is
determined using a key set. A key set has three keys used
to increase, decrease and activate the input value. The
LCD indicator is used to project the error message formed
by the micro-controller in case of failure. When there is no
error, the reference voltage value transferred to the micro-
controller by reference electrode is shown on the LCD
indicator.

5. EXPERIMENTAL RESULTS

Experimental results were obtained using 6Q as
constant load. TR unit main input voltage was taken as
60V. Under 6Q constant load, the micro-controller held
the reference voltage at 1.2 level as demanded. In figure
13, output voltage started with 0 V depending to reference
voltage and reached to a value of 45 V. Reference voltage
value was taken as 0 V at the beginning and after 3
seconds it was increased to 1.2V level. Output value was
increased to 45 V value after 3 seconds.

Tekstop | [

Vert. 10 V / div
Horz. 1 s/div

wm

d

Ch | I
Figure 13. Output voltage
Sekil 13. Cikis gerilimi

Sekil 14’te ise ¢ikis akiminin referans gerilimde yapilan
degisiklige gore aldigi deger goriilmektedir. Cikis akimi
baslangicta OA iken 3sn sonra referans gerilimdeki
degisime gore 7,5A degerine ulasmustir.

M 1.005] A _Chl / 20.0mV

In Figure 14, the value of output current according to
the change done on reference voltage is shown. At the
beginning, the output current was 0OA and after 3 seconds,
it reached to 7.5A according to the change on reference
voltage.
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| Auto

TekRun _|__

Vert. 5 A/ div
Horz. 1 s/div

G P

Figure 14. Output current
Sekil 14. Cikis akimi

Mikrodenetleyiciye referans gerilim girisi olarak
baslangigta OV girilmis ve 3sn sonra 1,2V olarak

M 1.005] A _Chl 7 0.00V

At the beginning, OV was entered to the micro-
controller as the reference voltage input and after 3
seconds, it was changed as 1.2V. In Figure 15, the
reference voltage input is shown.

T e— NT U
S e

Vert. 1 V/div
Horz. 1 s/div

degistirilmistir.  Sekil 15’te referans gerilim girisi
goriilmektedir
TekRun | _____ [
n;_ e

S P

Figure 15. The reference voltage input
Sekil 15. Referans gerilim girisi

Stirlicti devre girisi 5V seviyesinde kare dalga
olarak mikrodenetleyicinin PWM ¢ikigindan alinmustir.
Sekil 16’da IGBT siiriici  devre giris sinyali
goriilmektedir.

~ M[1.005] AL Chl 7 0.00V

Drive circuit input was taken from the PWM input of
the micro-controller as square wave at 5V level. The signal
of the IGBT drive circuit input is shown in Figure 16.
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TekRun _|__

| Auto

Vert. 2 V / div
Horz. 10 ps / div

G PP

Figure 16. Reference voltage input
Sekil 16. IGBT siiriicii devre giris sinyali

Cikis geriliminin 45V olmast i¢cin PWM gorev
stiresinin %75 oraninda oldugu Sekil 16’da goriilmektedir.
Sekil 16°daki OV ile 5V arasindaki degisimler c¢ikis
gerilimi {izerinde yapilan degisikligi gostermektedir

6. SONUCLAR

Bu ¢alismada bulanik mantik denetimli katodik koruma
trafo-redresor ~ {initesi  tasarimi  ve  uygulamasi
gerceklestirilmigtir. Gelistirilen bulanik mantik
denetleyicinin {iyelik fonksiyonlart1 ve kural tablosu
hazirlanan benzetim programi kullanilarak
deneme/yanilma metoduyla elde edilmistir. Bulanik
mantik denetleyici programi C diliyle yazilmis ve
mikrodenetleyiciye aktarilmistir.

PWM siiriicii sinyali mikrodenetleyici kullanilarak
elde edilmis ve kontrol isareti 20KHz frekansla
yenilenmistir. Bulanik mantik denetleyici kullanilarak
yapilan c¢ikig gerilimi ayar1 istenen referans gerilim
girisine gore sapma olmadan yapilmis ve istenen seviyeye
ulastiktan sonra dalgalanma olmamistir.
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