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Clanak prikazuje vrste ferorezonancije kao i dio elektroenergetske mreze

u kojemu je ferorezonancija moguca. Eksperimentalno istrazivanje
ferorezonantnih dijelova elektroenergetske mreze nije prakticki moguce. Stoga
je u laboratoriju realiziran eksperimentalni ferorezonantni krug kao fizicki
model ferorezonantnog dijela elektroenergetske mreze na temelju vrijednosti
parametara 230 kV-ne transformatorske stanice Dorsey (Manitoba, Kanada).
Normirani parametri eksperimentalnog ferorezonantnog kruga i 230 kV-

ne transformatorske stanice Dorsey usporedeni su kao i dobiveni rezultati
EICHIER

The paper presents types of ferroresonance as well as a part of the electrical
power network in which the ferroresonance could occur. The experimental
investigation of the ferroresonant parts of the electrical power network is not
practically possible. Therefore, an experimental ferroresonant circuit is realized
in the laboratory as a physical model of a ferroresonant part of the electrical
power network, based on the 230-kV Converter Station Dorsey (Manitoba,
Canada). Per-unit parameter values of the experimental ferroresonant circuit
and 230-kV Converter Station Dorsey are compared as well as the results
obtained from the measurements.
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Ferorezonancija je sloZzena nelinearna elektricna
pojava koja moze uzrokovati napone transforma-
tora nekoliko puta vecée od nazivnih vrijednosti. Di-
jelovi elektroenergetske mreze u kojima je ferore-
zonancija moguca ovdje Ce se zvati ferorezonantni

dijelovi elektroenergetske mreze.

Ferorezonantni dijelovi elektroenergetske mreze
sastoje se od nelinearne zavojnice sa Zeljeznom
jezgrom koja je napajana preko komponente ili dije-
la elektroenergetske mreZe, kapacitivnost kojih nije
zanemariva. Pritom nelinearna zavojnica moze biti
Jjednofazni transformator u praznom hodu ili faza
trofaznog transformatora u praznom hodu.

Promjena vrste ustaljenog stanja uzrokovana ma-
lom promjenom vrijednosti parametara naziva se
bifurkacija. U ferorezonantnom krugu, sve bifur-
kacije koje uzrokuju promjenu jednoharmonijskog
(slika 1) u bilo koje viseharmonijsko ustaljeno sta-
nje sa znacajno ve¢im vrijednostima varijabli sta-
nja naziva se ferorezonancija.
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a)valni oblik toka zavojnice /
waveform of col flux

INTRODUCTION

Ferroresonance is a complicated nonlinear elec-
trical phenomenon which can lead to transformer
voltages several times the normal equipment rat-
ings. Parts of electrical power network in which
ferroresonance can occur are called here the fer-
roresonant parts of the electrical power network.

Ferroresonant parts of the electrical power net-
work comprise a nonlinear coil with an iron core
that is fed through a component or a part of the
electrical power network, the capacitance of
which is not negligible. Thereby, the nonlinear coil
can be an unloaded single phase transformer, ora
phase of an unloaded three-phase transformer.

Sudden change of steady-state types caused by
a small change made to the parameter values
is called a bifurcation. In a ferroresonant circuit,
bifurcations that cause a change from monohar-
monic (Figure 1) to any polyharmonic steady state
with significantly higher state-variable values are
usually named a ferroresonance.
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Slika 1 — Primjer jednoharmonijskog ustaljenog stanja

Figure 1

Identificirane su tri osnovne vrste ferorezonancije
(111 [2]: ferorezonancija osnovne frekvencije, pod-
harmonijska ferorezonancija i kaoti¢na ferorezo-
nancija. Svaka od vrsta ferorezonancije rezultira
viSeharmonijskim ustaljenim stanjem s razlicitim
harmonijskim spektrom odabrane varijable stanja,
npr. toka zavojnice ¢ gdje je @(n) vréna vrijednost
n-tog harmonika:

— ferorezonancija osnovne frekvencije rezultira
ustaljenim stanjem koje sadrzi viSe harmo-
nike, frekvencije kojih su neparni viSekratnici
frekvencije izvora w (slika 2):

Example of monoharmonic steady state

Three basic types of ferroresonance have been
identified [1] and [2]: the fundamental frequency
ferroresonance, subharmonic ferroresonance and
chaotic ferroresonance. Each type of ferroreso-
nance results in a higher harmonic steady state
with a different harmonic spectrum of a chosen
state variable, e.g. of coil flux ¢ with the peak value
@(n) of the n-th harmonic:

— fundamental frequency ferroresonance re-
sults in a steady state which contains higher
harmonics, frequencies of which are odd mul-
tiples of source frequency w (Figure 2):

(p=2<i>(n)-sin(nwl+an) n=123,57, .., 0
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ili ustaljenim stanjem koje sadrzi sve cjelobrojne
vise harmonike (slika 3):

0= qu(n) sin(aot +a, ) n=0, 1,

Promjena jednoharmonijskog ustaljenog stanja u
ustaljeno stanje s neparnim visim harmonicima
(1) naziva se ferorezonantni skok. Pojava ustalje-
nog stanja (2) naziva se lom simetrije ili viljuskasta
bifurkacija [3] i [4].
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a)valni oblik toka zavojnice /
waveform of coi flux

or in a steady state which contains all integer
higher harmonics (Figure 3):

The change from monoharmonic steady state
into a steady state with odd higher harmonics (1)
is called the ferroresonant jump. Occurrence of a
steady state (2) is called the symmetry-breaking
or the pitchfork bifurcation [3] and [4].
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Slika 2 — Primjer ustaljenog stanja s neparnim visim harmonicima
Figure 2 — Example of odd higher harmonic steady state
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Slika 3 — Primjer ustaljenog stanja s parnim i neparnim visim harmonicima
Figure 3 — Example of even and odd higher harmonic steady state

— podharmonijska ferorezonancija rezultira
ustaljenim stanjem koje sadrzi jedan od pod-
harmonika ki njegove visekratnike:

— subharmonic ferroresonance results in a
steady-state which contains a subharmonic &
and its multiples:

¢:Z<§(kn)-sin(knwt+akn) n=0,12 3,..,1k=2 3, 4,5, .. @)

S obzirom na najmanji podharmonik & u harmonij-
skom sadrzaju varijable stanja, nastalo ustaljeno
stanje naziva se l/k-struko periodicko ustaljeno
stanja (slike 4 i 5). Promjena ustaljenog stanja s

najmanjim podharmonikom & u ustaljeno stanje

Regarding the smallest subharmonic & in a har-
monic content of a state-variable, the result-
ing steady state is called period-1/k steady state
(Figures 4 and 5). The change from a steady state
with the lowest subharmonic & into a steady state
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s najmanjim podharmonikom /2 naziva se udvo-
strucenje periode.

with the lowest subharmonic /2 is called period-
doubling.
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Slika 4 — Primjer ustaljenog stanja s podharmonicima (dvostruko periodic¢ko ustaljeno stanje)
Figure 4 — Example of subharmonic steady state (period-2 steady state)
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Slika 5 — Primjer ustaljenog stanja s podharmonicima (Cetverostruko periodicko ustaljeno stanje)
Figure 5 — Example of subharmonic steady state (period-4 steady state)

— kaoticna ferorezonancija rezultira ustaljenim
stanjem kontinuiranog harmonijskog spek-
tra [5]:

0= Té(n) sin(rot + o, )dn,
=0

n

tj. oscilacije se Cine stohastickim (slika 6).
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— chaotic ferroresonance results in a steady state
which has a continuous harmonic spectrum
(5]:

i.e. the oscillations appear to be random (Figure 6).
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Slika 6 — Primjer kaoti¢nog ustaljenog stanja
Figure 6 — Example of chaotic steady-state
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Zajednicko svojstvo svih ustaljenih stanja nastalih
spomenutim vrstama ferorezonancije jest visoki
napon transformatora ferorezonantnog dijela
elektroenergetske mreze. Pritom napon moze
biti nekoliko puta veéi od nazivnog napona.

PRIMJER FEROREZONAN-
TNOG DIJELA ELEKTROE-
NERGETSKE MREZE

Slika 7 prikazuje jednopolni dijagram ferorezo-
nantnog dijela elektroenergetske mreZe u koje-
mu je faza trofaznog transformatoru u praznom
hodu, tj. nelinearna zavojnica, napajana preko
kapaciteta lu¢ne komore prekidaca. Elektroe-
nergetska mreZa prikazana na slici 7 jednaka je
230 kV-tnoj transformatorskoj stanici Dorsey u
kojoj se pojavila ferorezonancija, kao sto je opi-
sano u [6] do [8].

Ova je transformatorska stanica odabrana za
analizu, jer su vrijednosti parametara znacajnih
za ferorezonanciju poznate za tu stanicu [8], za
razliku od transformatorskih stanica elektroe-
nergetske mreze Hrvatske i vecine transforma-
torskih stanica opéenito.

Sabimica 1/Bus 1

A common property of all steady states resulting
from the mentioned types of ferroresonance is the
high transformer voltage of a ferroresonant part of
the electrical power network. Thereby, the voltage
can be a few times higher than the nominal trans-
former voltage.

EXAMPLE OF A FERRORESO-
NANT PART OF ELECTRICAL
NETWORK

Figure 7 shows the single-line diagram of a fer-
roresonant part of the electrical power network in
which the phase of an unloaded three-phase trans-
former, as a nonlinear coil, is fed through a grad-
ing capacitance of a circuit breaker. The electrical
power network shown in Figure 7 is equivalent to
the Manitoba Hydro's 230 kV Dorsey Converter Sta-
tion in which the ferroresonance has occurred, as it
is described in [6] to [8].

This station is chosen for the analysis, because
the parameter values of importance for the fer-
roresonance are known for this station [8], unlike
the converter stations of electrical power network
in Croatia and unlike most of the converter stations
in general.

Rastavlja 1 /Disconnector 1
Kapactet lu¢ne komore / Prekidat 1 /Circut breaker 1

Grading capactance

|
! a Transformator /T ransformer 230/4,16 kV

Prekidag 2 /Circut breake r2

Rastavljat 2 /Disconnector 2
Sabmica 2 /Bus 2

%

Slika 7 — Ferorezonantni dio elektroenergetske mreze
Figure 7 — Ferroresonant part of electrical power network

Za ferorezonantni dio elektroenergetske mreze
prikazan na slici 7 ferorezonancija se moZe po-
javiti u svakoj fazi sklapanjem polova prekida-
¢a 1. Primjerice, ako je pol rastavljaca 1 faze 1
uklopljen i pol prekidaca 1 u istoj fazi isklopljen,
faza je transformatora napajana kroz kapacitet
lu¢ne komore prekidaca 1. Pritom su svi polovi
prekidaca 2 i rastavljaca 2 isklopljeni, tj. tran-
sformator je u praznom hodu. Stoga je cijeli se-

For the ferroresonant part of the electrical power
network shown in Figure 7, the ferroresonance can
occur in each phase by switching of poles of the
circuit breaker 1. For instance, if the pole of the
disconnector 1 in phase 1 is closed and the pole of
the circuit breaker in the same phase is open, the
phase of the transformer is fed through a grad-
ing capacity of the circuit breaker 1. Thereby, all
the poles of circuit breaker 2 and disconnector 2
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kundarni krug, koji se sastoji od sekundarnih
namota trofaznog transformatora, prekidaca 2,

rastavljaCa 2 i sabirnice 2, zanemariv u daljnjoj
analizi.

Slika 8 prikazuje model faze 1 elektroener-
getske mreZe prikazane na slici 7. Nelinearni
induktivitet opisan funkcijom i () i paralelni
otpor opisan funkcijom i, (u) predstavljaju za-
vojnicu sa zeljeznom jezgrom faze 1 transfor-
matora u praznom hodu, gdje su i i ¢ struja i
tok induktiviteta, a i, i u, struja i napon otpora.
Ukupni gubici u Zeljezu, pri ¢emu je zanemaren
utjecaj visih harmonika, modelirani su linear-
nim otporom. Pritom je zanemarena magnet-
ska veza izmedu faza trofaznog transformato-
ra, tj. trofazni je transformator modeliran kao
tri jednofazna transformatora. C, je kapacitet
lucne komore prekidaca, a C,je ukupni do-
zemni kapacitet, ukljucujuci kapacitet voda i
medukapacitet zavoja namota transformato-
ra. Idealni izvor napajanja e, predstavlja napon
faze 1. Polovi prekidaca 1 i rastavljaca 1 faze 1
modelirani su sklopkama S, i S,.

©

are open, i.e. the transformer is unloaded. Thus, the
entire secondary circuit, being composed of second-
ary windings of the three-phase transformer, circuit
breaker 2, disconnector 2 and bus 2, is negligible for
the further analysis.

Figure 8 shows a model of phase 1 of the electrical
power network shown in Figure 7. Anonlinear induct-
ance described by the function i, (¢) and a parallel
resistance described by the function i, () represent
the iron core coil of the unloaded phase 1 of power
transformer, where i, and ¢ are the current and flux
of inductance, i, and u,_are the current and voltage
of the resistance. Total iron-core losses, disregarding
the effects of higher harmonics, are modelled by the
linear resistance. Thereby, the paper disregards the
magnetic coupling between the phases in a three-
phase transformer, i.e. the three phase transformer
is modelled as three single-phase transformers. C,
is the circuit breaker grading capacitance and C, is
the total phase-to-earth capacitance, including bus-
bar capacitance to earth and transformer winding
capacitance. An ideal source equivalent e, represents
the system voltage of phase 1. Poles of the circuit
breaker 1 and disconnector 1 of phase 1 are mod-
elled as switches S, and S,, respectively.

ir(ur)

_de

Slika 8 — Model ferorezonantnog dijela elektroenergetske mreze

Figure 8 — Model of the ferroresonant part of electrical power network
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Slika 9 — Ferorezonantni krug
Figure 9 — Ferroresonant circuit
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Slika 9 prikazuje ekvivalentni krug - ferorezonan-
tni krug. JednadZbe stanja ferorezonantnog kruga
Su:

do

O =—uc+u,
dr ¢

duc
dr

. 1 1.
uc =R_C(u —”c)*'E’L((")

gdje su:

G

C,+C;

U=

C=C,+C;.

EKSPERIMENTALNI FERO-
REZONANTNI KRUG

Ferorezonancija moze unistiti dijelove elektroe-
nergetske mreZe [6] do [10]. Stoga bi bilo presku-
po istrazivati ferorezonanciju na samim ferore-
zonantnim dijelovima elektroenergetske mreze,
primjerice, mijenjajuci vrijednosti parametara.

U svrhu kontroliranog istrazivanja utjecaja vri-
jednosti parametara, bez opasnosti od uniste-
nja komponenata, u laboratoriju je realiziran
ferorezonantni krug koji se sastoji od linearnog
kondenzatora C = 20 pF i nelinearne zavojnice,
slika 10. Krug je ovdje nazvan eksperimentalni

ferorezonantni krug.

The Figure 9 shows the equivalent circuit, named
here as the ferroresonant circuit. The state-equa-
tions of the ferroresonant circuit are:

(5a)

(5b)

where:

EXPERIMENTAL FERRORES-
ONANT CIRCUIT

The ferroresonance can destroy parts of electrical
power network [6] to [10]. Thus, it would be too ex-
pensive to investigate the ferroresonance on a fer-
roresonant part of electrical power network by vary-
ing its parameter values.

In order to investigate impact of parameter values
in a controlled manner, without the danger of de-
struction of components, the ferroresonant circuit,
being composed of the linear capacitor C = 20 pF
and the nonlinear coll, is realized in the laboratory,
Figure 10. The circuit is named here as the experi-
mental ferroresonant circuit.

Slika 10 — Eksperimentalni ferorezonantni krug
Figure 10 — Experimental ferroresonant circuit
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Primarni namot toroidnog dvonamotnog tran-
sformatora sa Zeljeznom jezgrom (Trafoperm N3)
upotrijebljen je kao nelinearna zavojnica. Tran-
sformator je nazivne prividne snage 200 VA i na-
zivnog primarnog napona 30 V.

Karakteristike nelinearnog induktiviteta:

The primary winding of the toroidal iron-cored
(Trafoperm N3) two-winding transformer was
used as a nonlinear coil. The transformer was de-
signed for the nominal apparent power of 200 VA
and for the nominal primary voltage of 30 V.

The characteristics of nonlinear inductance

it (p)=sen(p)0,1244 -9 +23-

i, A,
», Vs

i linearnog otpora

iQ (uL )= up /R,
R=320 Q,

nelinearne zavojnice temelje se na rezultatima
dobivenim standardnim ispitivanjem transfor-
matora: na efektivnoj vrijednosti struje zavojnice
kao funkciji efektivne vrijednosti napona zavojnice
I(U,) i na gubicima zavojnice kao funkciji efektiv-
ne vrijednosti napona zavojnice P (U,) [11]i [12].

Autotransformator prividne snage 10 kVA upotri-
jebljen je kao promjenljivi naponski izvor u svim
provedenim eksperimentima. Pritom je vréna vri-
jednost napona mijenjana u rasponu 0< U/<90, V.

Analizirani eksperimentalni ferorezonantni krug
najjednostavniji je elektricki krug u kojemu je fero-
rezonancija moguca. Pritom su shema spoja i jed-
nadzbe stanja eksperimentalnog ferorezonantnog
kruga ekvivalentne shemi spoja prikazanoj na slici

9 i jednadzbama stanja ().

Eksperimentalni ferorezonantni krug moZe biti
fizicki model ferorezonantnog dijela elektroener-
getske mreZe ako omoguduje istraZivanje pojave
znacajne za original, tj. ako se mjerenjem na ek-
sperimentalnom ferorezonantnom krugu identi-
ficiraju vrste ustaljenih stanja karakteristi¢ne za
ferorezonanciju. Rezultati mjerenja prikazani su u
5 poglaviju.

U 4 poglavlju usporedene su normirane vrijedno-
sti parametara eksperimentalnog ferorezonan-
tnog kruga i ferorezonantnog dijela elektroener-
getske mreze. Time su utvrdene razlike normi-
ranih vrijednosti parametara koje bi mogle imati
utjecaj na razlike rezultata mjerenja dobivenih
na eksperimentalnom ferorezonantnom krugu
i transformatorskoj stanici Dorsey, na kojoj se
eksperimentalni ferorezonantni krug, kao fizi¢ki
model ferorezonantnog dijela elektroenergetske
mreze, temelji.

Milicevic, K., Pelin, D., Eksperi Lni feror
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and linear resistance

of the nonlinear coil are based on the results ob-
tained by the standard measurements: the RMS
coil current as a function of RMS coil voltage Z,(U,)
and the coil loss as a function of RMS coil voltage
P(U) [M1)and [121.

The autotransformer of 10 kVA nominal apparent
power was used as a variable voltage source in all
the experiments. Thereby, the peak voltage value
was varied in the range of 0 < U<90,V.

The analyzed experimental ferroresonant circuit is
the simplest electrical circuit in which ferroreso-
nance can occur. Thereby, the circuit scheme and
state equations of the experimental ferroresonant
circuit are equivalent to the circuit scheme shown
in Figure 9 and state-equations (5), respectively.

The experimental ferroresonant circuit can be a
physical model of the ferroresonant part of the
electrical power network if it enables an investi-
gation of a phenomenon that is important for the
original, i.e. if it is possible to identify steady-state
types that are characteristic for ferroresonance
using the results of measurements carried out on
the experimental ferroresonant circuit. Results of
the measurement are presented in Section 5.

The per-unit values of parameters of the experi-
mental ferroresonant circuit and ferroresonant
part of the electrical power network, respectively,
are compared in Section 4. In this way, the disa-
greement is determined between the per-unit val-
ues that could have an impact on the disagreement
of measurement results obtained at the experi-
mental ferroresonant circuit and Converter Station
Dorsey, on which the experimental ferroresonant
circuit is based as a physical model of the ferrores-
onant part of the electrical power network.

ni krug kao fizicki model ..., Energija, god. 58(2009), br. 3., str. 270-289



NORMIRANI PARAMETRI

Normirane varijable i parametriizraZeni su s ob-
zirom na referentne (bazne) vrijednosti napona,
snage, frekvencije i struje:

S .
_ Pref
Uref > Sref > Oref Iref - U .

ref

Normirane konstitutivne relacije elemenata fe-
rorezonantnog kruga prikazanog na slici 9 jesu:

7 =U sin @ T, O:L,
Dref Uref
;Czé EC, 6=CUref'wref
dr ref
_ = - I
R =R-i, R=R—LL,
U

W =7G) 7G)-- 7

Stoga su jednadzbe stanja normiranog ferorezo-
nantnog kruga:

@ =—-uc+U -sint,

- 1 (= . _ 1-
===|Usint—u, [+=],
Uc RC( T “cj C’L((ﬂ).

Normirani parametri ferorezonantnog
dijela elektroenergetske mreze

Kao Sto je ve¢ spomenuto u drugom poglavlju, fe-
rorezonantni dio elektroenergetske mreZe opisan
u tom poglavlju ekvivalentan je 230 kV-tnoj tran-
sformatorskoj stanici Dorsey (Manitoba, Kanada).
Pritom, prema [8], ferorezonancija se pojavila za
sljedece vrijednosti parametara stanice:

Cy =~ 6,6 nF

CP

PER-UNIT PARAMETERS

Per-unit variables and parameters are expressed
in relation to reference quantities of voltage, power,
frequency and current:

®)

Per-unit constitutive relations of elements of a fer-
roresonant circuit shown in Figure 9 are:

T =W 1L,

Uref ) a

(T] (%)

ref

Thus, the state equations of the per-unit ferroreso-
nant circuit are:

(10a)

(10b)

Per-unit parameters of a ferroresonant
part of electrical power network

As already mentioned in Section 2, the ferroresonant
part of the electrical power network described in that
chapter is equivalent to the Manitoba Hydro's 230 kV
Dorsey Converter Station. Thereby, according to [8],
the ferroresonance occurred at the following param-
eter values of the transformer station Dorsey:

U= E, =65 kV
C, =125 nF{—>1  C,+C,
E,=188 kV C=C,+C, =191 nF
w=2n-60 Hz (11)
up =R-i, R=311 MQ

i =143-107%p+72.10% 9", i A, . Vs.

Milicevi¢, K., Pelin, D., Eksperi
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IzraZeno s obzirom na referentne vrijednosti: Expressed in relation to reference quantities

U,r =188 kV,
S, =6,7 MVA, (12)
s =60 Hz,

normirani parametri ferorezonantnog dijela tran-
sformatorske stanice Dorsey su:

the per-unit parameters of the ferroresonant part
of the Dorsey transformer station are:

T=Usint, U =035 t=wy-1, (13a)

—dx,

=C—5, C=004,
Ic dz (13b)
g =R-i, R=588 (13c)
i, =0,002-5+0,0024 .53, (13d)

Normirani parametri eksperimentalnog Per-unit parameters of the experimental

ferorezonantnog kruga

Vrijednosti parametara eksperimentalnog ferore-
zonantnog kruga su:

ferroresonant circuit

The values of parameters of the experimental fer-
roresonant circuit are:

u=Usinot, 0 V<U<90 V, w=2160 Hz
ie=cde 20

dr (14)
ug =R-i, R=320 Q,

i = sgn(¢V0,1 244 .92 +23.10"% . % +4,93.10%1.,%

Izrazeno s obzirom na referentne vrijednosti: Expressed in relation to reference quantities

Ue =29 V,
Ser =90 VA, (19)
o,r =50 Hz,

normirani parametri eksperimentalnog ferorezo-
nantnog kruga su:

thatis, in a per-unit system, the parameters of the
experimental ferroresonant circuit are:

T=Usint, 0<U <31, t=awy 1, (16a)
I

o = , C=0086,

e P (16Db)
up =R-i, R=342, (16¢)
i =sen@N11104 52 +4,82.10° .52 +244.10° .5 (16d)

Milicevic, K., Pelin, D., Eksperi Lni feror
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Usporedba normiranih parametara

Usporedbom normiranih vrijednosti (13) i (16)
razlika izmedu vrijednosti normiranih otpora,
(13c) i (16c), pokazuje se najznacajnijom. Pritom
su karakteristike normiranih induktiviteta uspo-
redene samo za prakticki moguci raspon vrijed-
nosti toka, [p| <2. Iz prikaza na slici 11 moZe se
zakljuciti da su, za navedeni raspon vrijednosti
toka, razlike karakteristika zanemarive.

bl
10 |l [
i, o A
104/
=0l
-2 1 0 1 z

Comparison of per-unit parameters

By comparison of per-unit values (13) and (16),
respectively, the difference between the values of
per-unit resistances, (13c) and (1é6c) appears to be
the significant one. Thereby, the characteristics of
per-unit inductance are compared for a practically
possible range of flux values, [p| <2, only. From the
depictions in Figure 11 it can be concluded that the
disagreement between the characteristics, for the
mentioned range of flux values, is negligible.

& o ran| inckiiie! eksoerimentanog feroezonaninogknaga | pees

en|

b nomirani ncukidet Fansbmatonks stanice Dorsey [/ cerunt ¢

Slika 11 — Karakteristike normiranih induktiviteta 7, (7) za prakticki moguci raspon vrijednosti toka

Figure 11 — Characteristics of per-

Normirani otpor je u eksperimentalnom fero-
rezonantnom krugu znacajno manji od otpora
u transformatorskoj stanici Dorsey. Dakle, nor-
mirani gubici u eksperimentalnom ferorezonan-
tnom krugu veci su od gubitaka u transformator-
skoj stanici Dorsey. Utjecaj odstupanja vrijedno-
sti normiranih otpora utvrdit ¢e se usporedbom
rezultata mjerenja izvrsenih na eksperimental-
nom ferorezonantnom krugu i transformator-
skoj stanici Dorsey, na kojoj se eksperimentalni
ferorezonantni krug temelji.

REZULTATI MJERENJA

Kao Sto je ve¢ spomenuto, prakticki je nemogu-
Ce istrazivati ferorezonanciju na sdmim ferore-
zonantnim dijelovima elektroenergetske mreze,
tj. na transformatorskoj stanici Dorsey, mijenja-
njem vrijednosti parametara stanice. Dakle, kao
jedini rezultat mjerenja na transformatorskoj
stanici Dorsey moze se upotrijebiti primijecenu
pojavu ferorezonancije za vrijednosti parametara
(13).

Mjerenja na eksperimentalnom ferorezonan-
tnom krugu sa vrijednostima parametara (16)
provedena su, u Laboratoriju za energetsku
elektroniku na Elektrotehnickom fakultetu Osi-
jek, u svrhu identifikacije pojave ferorezonanci-
je I utvrdivanja utjecaja odstupanja vrijednosti

unit inductance 7, (z) for a practically pos

sible range of flux values

The per-unit resistance in the experimental fer-
roresonant circuit is significantly lower than the one
in Dorsey Converter Station. Consequently, the per-
unit losses in the experimental ferroresonant circuit
are higherthan in the Dorsey Converter Station. The
impact of the deviation of per-unit resistance values
will be determined by comparison of the results of
the measurements carried out on the experimental
ferroresonant circuit and on the Dorsey Converter
Station, on which the experimental ferroresonant
circuit is based.

RESULTS OF THE MEASURE-
MENTS

As already said, it is practically impossible to in-
vestigate the ferroresonance on a ferroresonant
part of electrical power network, i.e. on the Dorsey
Converter Station, by varying its parameter values.
Consequently, we can take the noticed occurrence
of ferroresonance for given parameter values (13)
as the only result of the measurements on the Dor-
sey Converter Station.

The measurements on the experimental ferroreso-
nant circuit with given parameter values (16) are car-
ried out in the Laboratory for Power Electronics at the
Faculty of Electrical Engineering Osijek in order to
identify the occurrence of ferroresonance and to de-
termine the impact of deviation of per-unit resistance
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normiranih otpora (13c) i (16c). Na taj nacin ce
eksperimentalni ferorezonantni krug biti vred-
novan kao fizicki model ferorezonantnog dijela
elektroenergetske mreze. Pritom, kao Sto je vec
spomenuto u 3 poglavlju, eksperimentalni fero-
rezonantni krug moze biti fizicki model ferorezo-
nantnog dijela elektroenergetske mreze ako se
mjerenjem na eksperimentalnom ferorezonan-
tnom krugu identificiraju vrste ustaljenih stanja
karakteristicne za ferorezonanciju.

Vrste ustaljenih stanja identificirane su s pomo-
¢u harmonijskog spektra toka zavojnice ¢. Har-
monijski je spektar dobiven brzom Fourierovom
transformacijom primijenjenom na 20 perioda T
valnog oblika toka zavojnice ¢, T=20 ms. Pritom
je valni oblik toka zavojnice ¢ izraunat, prema
Faradayevom zakonu, kao integral mjerenog na-
pona zavojnice u, . Vrijednosti napona zavojnice u,
uzorkovani su i pohranjeni s pomocu osciloskopa
Tektronix TDS3012B. Valni oblik toka zavojnice ¢,
kao integral pohranjenih vrijednosti napona za-
vojnice u,, i harmonijski spektar toka zavojnice ¢
izraCunati su s pomocu Matlaba 7.0.

Tijekom mjerenja je jedini promjenljivi parame-
tar vréna vrijednost napona napajanja U (16a).
Kao sto je prikazano u tablici 1, povecanjem vrs-
ne vrijednosti napona napajanja, ferorezonantni
skok pojavio se za vrijednost U=1,1. Daljnjim
povecanjem vrsne vrijednosti napona napajanja
viljuskasta bifurkacija, podharmonijska i kao-
ticna ferorezonancija identificirane su za vrs-
ne vrijednosti napona napajanja U=14, U=24 i
U=2,7. Smanjenjem vréne vrijednosti napona
napajanja reverzni se ferorezonantni skok poja-
vio za vrénu vrijednost napona napajanja U=0,75.
Dakle, u rasponu vrijednosti 0,75 < U < 1,1, fero-
rezonancija se moze pojaviti ovisno o vrijedno-
stima pocetnih uvjeta [13]. U nastavku teksta ce
se raspon vrénih vrijednosti napona napajanja u
kojemu pojava ferorezonancije ovisi o pocetnim
uvjetima nazivati ferorezonantni raspon. Slike
12 prikazuju valne oblike i harmonijske spektre
toka zavojnice dobivene mjerenjem. Slika 13 pri-
kazuje bifurkacijski dijagram dobiven mjerenjem
[14].

U transformatorskoj stanici Dorsey ferorezonan-
cija osnovne frekvencije pojavila se za vrijednost
U=~0,35. Buduéi da mjerenja na sdmoj transfor-
matorskoj stanici nisu moguca, u sljedeéem ce
se poglavlju ferorezonantni raspon matematic-
kog modela transformatorske stanice Dorsey,
(10) i (13), odrediti simulacijom. Usto ée biti odre-
dene vrste ustaljenih stanja dobivene poveca-
vanjem i smanjenjem vrénih vrijednosti napona
napajanja u rasponu 0 < U <3,1. Ferorezonantni
raspon i vrste ustaljenih stanja bit ¢e odredene
simulacijom i za matematicki model eksperi-
mentalnog ferorezonantnog kruga, (10) i (16).

Lni feror
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values, (13c) and (16c¢). In this way, the experimental
ferroresonant circuit will be evaluated as a physical
model of a ferroresonant part of the electrical power
network. Thereby, as already mentioned in Section 3,
the experimental ferroresonant circuit can be a phys-
ical model of the ferroresonant part of the electrical
power network if it is possible to identify steady-state
types that are characteristic for ferroresonance using
the results of the measurements carried out on the
experimental ferroresonant circuit.

Steady-state types are identified using the har-
monic spectrum of the inductor flux ¢. The har-
monic spectrum is obtained using the fast Fourier
transformation that is applied to 20 periods T of the
inductor flux ¢, T=20 ms. Thereby, the waveform of
the inductor flux ¢ is calculated, according to the
Faraday's law, as an integral of the measured induc-
tor voltage u, . The values of inductor voltage u, were
sampled and stored using the Tektronix TDS3012B
oscilloscope. The waveform of the inductor flux g,
as an integral of the stored values of inductor volt-
age u,, and its harmonic spectrum are calculated
using Matlab 7.0.

During the measurements, the only variable param-
eter was the peak value of source voltage U (16a).
As it is shown in Table 1, by increasing the peak
value of source voltage, the ferroresonant jump oc-
curred at the value of U=1,1. By further increasing
the peak value of source voltage pitchfork bifurca-
tion, subharmonic and chaotic ferroresonance are
identified at peak values of source voltage of U=14,
U=2,4 and U=2,7, respectively. By decreasing the
peak value of the source voltage, reverse ferroreso-
nant jump occurred at the peak value of source
voltage U=0,75. Thus, in the range 0,75 < U < 1,1,
ferroresonance can occur depending on the values
of initial conditions [13]. In the rest of the paper,
the range of peak values of source voltage in which
initiation of ferroresonance depends on the values
of initial conditions is called a ferroresonant range.
Figures 12 show waveforms and harmonic spectra
of coil flux obtained by measurements. Figure 13
shows the bifurcation diagram obtained by meas-
urements [14].

At the Dorsey Converter Station, fundamental fre-
quency ferroresonance occurred at the value of
U=~0,35. Because it is practically impossible to in-
vestigate the ferroresonance on the converter sta-
tion, in next chapter, the ferroresonant range of the
mathematical model of the Dorsey Converter Sta-
tion, (10) and (13), will be determined by simulation.
Thereby, steady-state types obtained by increasing
and decreasing the peak value of source voltage
inside the range 0 < U < 3,1 will be determined.
Ferroresonant range and steady-state types of the
mathematical model of experimental ferroresonant
circuit, (10) and (16), will be determined using the
simulation as well.
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Povecanje /
Increasing U, p.u.

D<l7<1,1

24<U <27
0=27

27 <0 <3,

D Smamenjg/ Ustaljena stanja i bifurkacije / Steady-states and bifurcations
ecreasing U, p.u.
0<0 <075 Jednoharmonijsko ustaljeno stanje / Monoharmonic steady-state

Ferorezonantni skok (ferorezonancija osnovne frekvencije) / Ferroresonant
jump (fundamental frequency ferroresonance)

U=075 Reverzni ferorezonantni skok / Reverse ferroresonant jump

— Ustaljeno stanje s neparnim visim harmonicima / Odd higher harmonic
0.75<U <14 steady-state

Viljuskasta bifurkacija / Pitchfork bifurcation

Ustaljeno stanje s parnim i neparnim visim harmonicima / Even and odd
higher harmonic steady-state

Podharmonijska ferorezonancija (udvostrucenje periode) / Subharmonic
frequency ferroresonance (period-doubling)

Dvostruko periodicko ustaljeno stanje / Period-two steady-state
Kaoti¢na ferorezonancija / Chaotic ferroresonance

Kaoti¢no ustaljeno stanje / Chaotic steady-state
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Slika 12 — Valni oblici i harmonijski spektri toka zavojnice dobiveni mjerenjem
Figure 12 — Waveforms and harmonic spectra of coil flux obtained by measurements

Milicevi¢, K., Pelin, D., Eksperii ni feror ni krug kao fizicki model ..., Energija, god. 58(2009), br. 3., str. 270-289




7(s-T)

! i i ! I
1 1 ] o 4 2
! i i » "--........—oé-::t—--l!"iu ki
1 ' .’ ' o
T B Vi
1,00+ ] 1 I ' ; 'i".
! 1 A ! ‘l‘l’:k
H 1opere ) ' =
] r ! ' .
N ]
0,00~ :a i ' 5
T " '
M ] # I i
-, i '
¥y :
Wb | .
-1 W ! ‘
1 i L )
1 ok v i v 3
0ty i = I # U
L ! L} L
: - | Kaotiéno
Reverzni = I ustaljenc
1
ferorezonantni |y mr:':'ﬂi I stanje /
skok/Reverse I deipido 1 Chaotic
faroresonant 1 ok : steady
jump : \ state
Udvostutenje
Ferorezonanin| periode /
skok / Period

jump

Ferroresonant

doubling

Slika 13 — Bifurkacijski dijagram dobiven mjerenjem (s =50, 51, ..., 99, 100)

Figure 13 — Bifurcation

REZULTATI SIMULACIJE

Matemati¢ki modeli transformatorske stanice
Dorsey, (10) i (13), i eksperimentalnog ferorezo-
nantnog kruga, (10) i (16), realizirani su u Matlab
Simulinku. Kao metoda numericke integracije
odabrana je Dormand-Prince metoda s pro-
mjenljivim korakom integracije [15].

U tablicama 2 i 3 prikazana su ustaljena stanja
dobivena povecanjem i smanjenjem vrénih vri-
jednosti napona napajanja u rasponu 0< U <3,1.
Pritom je ferorezonantni raspon transformator-
ske stanice Dorsey (0,05 < U <0,95) znacajno &iri
od ferorezonantnog raspona eksperimentalnog
ferorezonantnog kruga (0,75 < U < 1,13), tj. fero-
rezonancija je moguca za znacajno manje vrsne
vrijednosti napona napajanja u transformator-
skoj stanici Dorsey.

Vrste ustaljenih stanja dobivene za vréne vri-
jednosti napona napajanja veée od onih u fe-
rorezonantnom rasponu znacajno se razlikuju
u transformatorskoj stanici Dorsey, tablica 2, i
eksperimentalnom ferorezonantnom krugu, ta-
blica 3. Medutim, jedina znacajna razlika izmedu
ferorezonantnih vrsta ustaljenih stanja jest gu-
sto¢a harmonijskog spektra, slike 2-6, koja ima
prakticki zanemariv znacaj u odnosu na znacaj
vrénih vrijednosti varijabli stanja koje mogu biti
vrlo visoke. Stoga, u nastavku teksta razlika fero-
rezonantnih ustaljenih stanja bit ¢e zanemarena
te ¢e razlika ferorezonantnih raspona biti sma-
trana jedinom znacajnom razlikom.

diagram obtained by measurements (s = 50, 51, ...

,99, 100)

SIMULATION RESULTS

The mathematical models of the Dorsey Converter
Station, (10) and (13), and the experimental fer-
roresonant circuit, (10) and (16), are realized using
the software package MATLAB/Simulink. Dor-
mand-Prince method with variable integration step
is used as a numerical integration method [15].

Tables 2 and 3 show steady-states obtained by in-
creasing and decreasing the peak values of the
source voltage in the range 0 < U <3,1. Thereby, the
ferroresonant range of the Dorsey Converter Station
(0,05 < U <0,95) is significantly wider than the fer-
roresonant range of the experimental ferroresonant
circuit (0,75 < U < 1,13), i.e. ferroresonance is pos-
sible for a significantly lower peak values of source
voltage at the Dorsey Converter Station.

The steady-state types obtained for peak values of
source voltage that are higher than the ones in a
ferroresonant range differ significantly at the Dor-
sey Converter Station, Table 2, and experimental
ferroresonant circuit, Table 3. However, the only
significant difference between the ferroresonant
steady-state types is the density of their harmonic
spectrum, Figures 2-6, which has negligible practi-
cal importance in comparison with the magnitudes
of state variables that can be quite high. Therefore,
in the rest of the paper the disagreement of fer-
roresonant steady-states will be disregarded and
the disagreement of ferroresonant ranges will be
taken as the only significant disagreement.
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Povecanje /
Increasing
U, p.u.

0<U <095

095=0 <12
12=<0 <162
162<0 <173
173<0 <175
1,75 < 0 <185
185<0 <19
19<0 <20

20=0 < 2,73

273=0 <31

Povecanje /
Increasing
U, p.u.

1,94 < U < 2,64
2,64 <

3,05 < U = 3,1

Tablica 2 - Vrste ustaljenih stanja transformatorske stanice Dorsey dobivene simulacijom
Table 2 - Steady-state types of the Dorsey Converter Station obtained by simulation.

Smanjenje /
Decreasing
U, p.u.
0< 0 <005

005<0 <12

Ustaljena stanja / Steady-states

Jednoharmonijsko ustaljeno stanje /
Monoharmonic steady-state

Ustaljeno stanje s neparnim visim harmonicima /
Odd higher harmonic steady-state

Ustaljeno stanje s parnim i neparnim visim harmonicima /
Even and odd higher harmonic steady-state

Dvostruko periodi¢ko ustaljeno stanje /

Period-two steady-state

Kaoti¢no ustaljeno stanje /

Chaotic steady-state

Ustaljeno stanje s parnim i neparnim vidim harmonicima /
Even and odd higher harmonic steady-state

Dvostruko periodi¢ko ustaljeno stanje /
Period-two steady-state

Kaoti¢no ustaljeno stanje /

Chaotic steady-state

Ustaljeno stanje s parnim i neparnim visim harmonicima /
Even and odd higher harmonic steady-state

Kaoti¢no ustaljeno stanje /
Chaotic steady-state

Tablica 3 - Vrste ustaljenih stanja eksperimentalnog ferorezonantnog kruga dobivene simulacijom
Table 3 - Steady-state types of experimental ferroresonant circuit obtained by simulation

Smanjenje /
Decreasing
U, p.u.
0<0 <075

075< U < 1,9

Ustaljena stanja / Steady-states

Jednoharmonijsko ustaljeno stanje / Monoharmonic steady-state

Ustaljeno stanje s neparnim visim harmonicima / Odd higher harmonic
steady-state

Ustaljeno stanje s parnim i neparnim vi§im harmonicima / Even and odd
higher harmonic steady-state

Dvostruko periodi¢ko ustaljeno stanje / Period-two steady-state

Kaoti¢no ustaljeno stanje / Chaotic steady-state

Simulation is carried out for all combinations of
parameter values (13) and (16) in order to obtain
ferroresonant ranges, Table 4. From these results
it can be concluded that the disagreement between
the resistance values, (13c) and (16c), is the signifi-
cant one.

Simulacija je provedena za sve kombinacije vri-
jednosti parametara (13) i (16) te je s pomocu
utvrdenih ferorezonantnih raspona, tablica 4,
zakljuceno da je jedino razlika u vrijednostima
otpora, (13c) i (16c), znacajna.

Tablica 4 - Ferorezonantni rasponi dobiveni simulacijom
Table 4 - Ferroresonant ranges obtained by simulation

i (p). (13d) i (p). (16d)

C, (13b) C, (16b) C, (13b) C, (16b)
R, (13¢) 005<0 <095 004<U <10 005=0 <08 004=0U <095
R, (16¢) 098=0 <125 068<0 <115 104=0 =122 075=0 <1,14

i feror
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Dakle, uzrok razlike ferorezonantnih raspona tran-
sformatorske stanice Dorsey i eksperimentalnog
ferorezonantnog kruga jest razlika normiranih ot-
pora R, tj. normiranih gubitaka, eksperimentalnog
ferorezonantnog kruga i transformatorske stanice
Dorsey. Medutim, nije mogude realizirati eksperi-
mentalni ferorezonantni krug s normiranim gu-
bicima priblizno jednakim normiranim gubicima
ferorezonantnog dijela elektroenergetske mreze.
Prema [9, 16] vedi gubici, kao u eksperimental-
nom ferorezonantnom krugu, smanjuju ferore-
zonantni raspon, tj. vjerojatnost pojave ferorezo-
nancije. Stoga, za pojavu ferorezonancije potrebno
je napajati eksperimentalni ferorezonantni krug
znacajno vecom vrsnom normiranom vrijednoséu
napona napajanja nego u slucaju transformator-
ske stanice Dorsey.

Usto se zbog znacajno manjih normiranih gubi-
taka u transformatorskoj stanici Dorsey ustaljeno
stanje s parnim i neparnim visim harmonicima,
dvostruko periodicko ustaljeno stanje i kaoti¢no
ustaljeno stanje pojavljuju na znacajno manjim
normiranim vr$nim vrijednostima napona napa-
janja nego u eksperimentalnom ferorezonantnom
krugu.

ZAKLJUCAK

Ferorezonancija je pojava koja moze unistiti dije-
love elektroenergetske mreZe. MoZe se pojaviti u
dijelovima elektroenergetske mreze koji sadrze
nelinearnu zavojnicu sa zZeljeznom jezgrom koja je
napajana preko komponente ili dijela elektroener-
getske mreZe, kapacitivnost kojih nije zanemariva.
Vrste ferorezonancije odredene su harmonijskim
spektrom varijable stanja u ustaljenom stanju na-
stalom ferorezonancijom.

Eksperimentalno istraZivanje ferorezonancije na
ferorezonantnim  dijelovima elektroenergetske
mreZze nije moguce bez opasnosti od unistenja
komponenata mreZe. U svrhu kontroliranog istra-
Zivanja ferorezonancije, u laboratoriju je realiziran
eksperimentalni ferorezonantni krug na temelju
vrijednosti parametara 230 kV-ne transforma-
torske stanice Dorsey, kao fizicki model ferorezo-
nantnog dijela elektroenergetske mreZe. Pritom je
transformatorska stanica Dorsey odabrana jer su
za tu stanicu poznate vrijednosti svih parametara
znacajnih za pojavu ferorezonancije.

Usporedbom normiranih parametara te rezultata
mjerenja | simulacije eksperimentalnog ferore-
zonantnog kruga i 230 kV-ne transformatorske
stanice Dorsey zakljuéeno je da se eksperimen-
talni ferorezonantni krug moze upotrebljavati kao
fizicki model ferorezonantnog dijela elektroener-
getske mrezZe. Pritom je nuzno uzeti u obzir da su

Consequently, the cause for the disagreement of
ferroresonant ranges of the Dorsey Converter Sta-
tion and experimental ferroresonant circuit is the
disagreement of per-unit resistance values R, i.e.
per-unit losses of the Dorsey Converter Station
and experimental ferroresonant circuit. However,
it is impossible to realize an experimental fer-
roresonant circuit with per-unit losses that would
be approximately equal to the per-unit losses of a
ferroresonant part of the electrical network. Ac-
cording to [9] and [16] higher losses, as the ones in
the experimental ferroresonant circuit, decrease
the ferroresonant range, i.e. the possibility of fer-
roresonance initiation. Therefore, in order to initi-
ate the ferroresonance, it is necessary to feed the
experimental ferroresonant circuit with signifi-
cantly higher peak value of source voltage than in
the case of the Dorsey Converter Station.

Furthermore, due to the significantly lower per-
unit losses at the Dorsey Converter Station, even
and odd higher harmonic steady state, period-two
steady state and chaotic steady state occur at
significantly lower peak values of source voltage
than in the case of the experimental ferroresonant
circuit.

CONCLUSIONS

Ferroresonance is a phenomenon which can de-
stroy parts of the electrical power network. It can
occur in a part of the electrical power network
which comprises a nonlinear coil with an iron
core that is fed through a component or a part
of the electrical power network, the capacitance
of which is not negligible. The types of ferroreso-
nance are defined by the harmonic spectrum of
the state variable in steady state which has arisen
after the ferroresonance.

The experimental investigation of ferroresonance
on ferroresonant parts of the electrical power net-
work is not possible without the risk of destroy-
ing network components. In order to investigate
ferroresonance in a controlled manner, an ex-
perimental ferroresonant circuit is set up in the
laboratory based on parameter values of 230 kV
Dorsey Converter Station, as a physical model of
a ferroresonant part of the electrical power net-
work. Therefore, the Dorsey Converter Station is
chosen because all parameter values significant
for the phenomenon of ferroresonance are known
for this station.

Comparison of per-unit parameters and results
of measurements and simulation of the experi-
mental ferroresonant circuit and 230 kV Dorsey
Converter Station implies that the experimental
ferroresonant circuit can be used as the physi-
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normirani gubici eksperimentalnog ferorezonan-
tnog kruga znacajno veci od normiranih gubitaka
230 kV-ne transformatorske stanice Dorsey.

Na opisani bi se naéin mogao realizirati fizicki
model ferorezonantnih dijelova hrvatske elektro-
energetske mreZe. Pritom bi najveci problem bilo
dobivanje vrijednosti parametara mreze znacajnih
za pojavu ferorezonancije.

Milicevic, K., Pelin, D., Eksperi Lni feror

cal model of a ferroresonant part of the electrical
power network. Therefore, it is necessary to take
into account that the per-unit losses of the ex-
perimental ferroresonant circuit are significantly
higher than the per-unit losses of the 230 kV Dor-
sey Converter Station.

In the described manner, a physical model of fer-
roresonant parts of the Croatian electrical power
network could be realized. In doing so, the major
difficulty would be obtaining those values of net-
work parameters that are significant for the initia-
tion of ferroresonance.
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