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Sustav uzbude beskontaktnog sinkronog generatora (SG) sadrzi glavni
uzbudnik, generator s permanentnim magnetima (PMG) sa polovima na
rotoru (konzekventni polovi) kao posljedica razdiobe permanentnih magneta,
i automatski regulator napona (AVR). Za oba stroja dana je konstrukcijska
izvedba i proracun. Karakteristike razmatranih strojeva dobivene su metodom
konacnih elemenata (MKE) u vremenskoj domeni s pridijeljenim vanjskim
elektri¢nim krugom. Izraden je eksperimentalni stroj i prikazani su rezultati
ispitivanja.

The brushless synchronous generator (SG) excitation system consists of a
main exciter, a permanent magnet generator (PMG) of consequent rotor
poles type, and an automatic voltage regulator (AVR). Both exciter machines
have been properly designed and analysed. The machines performances
are obtained by time stepping finite-element method (FEM) coupled with
the external electrical circuit. An experimental machine is built and the
measured results are given.
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Beskontaktni sinkroni generatori (SGs) snage op-
¢enito do 5 MVA su primjenjivi kao glavni izvori
u brodskom elektri¢cnom sustavu. Pored zadovo-
ljavanja IEC standarda brodski generatori moraju
zadovoljavati zahtjeve klasifikacijskog drustva.
Uzbudni sustav napaja SG uzbudnom strujom radi
regulacije napona ili reaktivne snage za zadani
operativni rezim rada. Tipicni AC beskontaktni
sustav uzbude SG sadrzi PMG s izlaznim veli¢ina-
ma koje su elektronicki upravljive nakon isprav-
ljanja, a napajaju glavni uzbudnik s uzbudom na
statoru, a namotom armature na rotoru [1]. Pri
razmatranju uzbudnog sustava nuzno je uzeti u
obzir razli¢ite zahtjeve. Upravljacki krug AVR je
izoliran od utjecaja nelinearnog opterecenja Sto
je znacajna osobina ovog uzbudnog sustava. Od-
govarajuca konstrukcijska izvedba i elektroma-
gnetski proracun glavnog i tzv. pilot uzbudnika
(PMG) rezultiraju zadovoljavaju¢im upravljanjem
naponom u statickom i dinami¢kom nacinu rada
[2]. Od strane klasifikacijskih drutava npr. [3],
postavljaju se sljedeci zahtjevi za uzbudni sustav:

— osigurano napajanje strujom uzbude za nazivno
opterecenje generatora,

— osigurano napajanje strujom uzbude za preop-
terecenje u vrijednosti 1,5 puta nazivne struje
generatora pri nazivnom naponu i faktoru sna-
ge 0,6 ind,

— odgovarajuée napajanje uzbudnom strujom za
stacionarnu struju kratkog spoja generatora u
vrijednosti od priblizno 3 do 5 puta nazivne vri-
jednosti struje,

— dinamicki propad napona i stabilizacija napona
trebaju biti unutar propisanih vrijednosti.

Za slucaj kvara, kao Sto je kratki spoj, uzbudni
sustav mora omoguciti odgovarajuc¢e napajanje
uzbudnom strujom Sto rezultira strujom gene-
ratora od tri do pet puta vecom od nazivne vri-
jednosti, a to omogucuje selektivnu zastitu. U
ovom radu prikazana je konstrukcijska izvedba
glavnog uzbudnika i pilot uzbudnika (PMG) i nji-
hov elektromagnetski proracun za primjenu u
uzbudnom sustavu 6-polnog sinkronog genera-
tora snage 1 070 kVA | frekvencije 60 Hz. Zahtjev
za uzbudom za slucaj preopterecenja generatora
od 1,5 puta nazivne vrijednosti struje je automat-
ski zadovoljen ispunjenjem zahtjeva po uzbudi za
slucaj kratkog spoja. Prikazan je tijek proracuna
za zadanu geometriju uzbudnika uz zadana kon-
strukcijska ogranicenja. Uzbudnici su analizirani
MKE u vremenskoj domeni primjenom software
Flux2D [4], radi dobivanja uzbudnih karakteristi-
ka i potvrde da li te karakteristike zadovoljavaju.
PMG je proracunat MKE u sprezi sa Matlab-Simu-
link programom [5]. AVR kao dio uzbudnog susta-
va je uklju¢en u proracunsku domenu sa svojim

INTRODUCTION

Brushless synchronous generators (SGs) gen-
erally sizing up to 5 MVA are used as the main
units for the ship’s electrical systems. In addi-
tion to the satisfying IEC standard, marine al-
ternators also conform to the requirements of
classification societies. The excitation system
supplies the SG field current to control either
terminal voltage or the reactive power to set
point. The typical AC brushless excitation sys-
tem of the SG contains PMG with output that
is electronically controlled after rectification
to supply the DC excitation of the inside-out
synchronous exciter as is shown in [1]. In the
design process of the excitation system it is
necessary to take into account various design
aspects. The important feature of this excita-
tion system is that the AVR control circuit is
isolated from the effects of non-linear load.
The carefully matched electromagnetic design
of the main exciter and pilot exciter machine
(PMG) result in a highly satisfactory static and
dynamic voltage control behavior [2]. From
classification society rules e.g. [3], the follow-
ing requirements of the excitation system are:

— adequate supply of field current for nominal
load,

— adequate provision of field current for an
overload of 1,5 times the rated currents at a
rated voltage at p.f. = 0,6 lagg,

— adequate provision of field current for the
generator sustained short-circuit current of
approximately 3 to 5 times the rated current,

— dynamic voltage dip and voltage recovery
time have to be acc. specified values.

During a fault operation such as the short cir-
cuit, the excitation system has to be capable
of supplying enough field current resulting in
three to five times the rated current at gen-
erator output. This enables the use of graded
protective relaying. In this paper, the main ex-
citer and pilot exciter (PMG) electromagnetic
design is given for a 6 poles synchronous gen-
erator rated 1 070 kVA with a frequency of 60
Hz. The excitation requirement for overloading
this generator with 1,5 times the rated current
is automatically satisfied by fulfilling excita-
tion requirements for the short circuit. Design
principles associated with the exciters are
given along with critical design constraints.
Both exciter machines are analyzed by a time
stepping FEM using software Flux2D [4], in
order to check if their performance is satis-
factory. PMG is analyzed by FEM coupling to a
Matlab-Simulink program [5]. AVR as a part of
the excitation system is introduced by its pow-
er circuit. Requirements for dynamic voltage
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energetskim krugom. Zbog opsega, zahtjevi za
dinamickim promjenama napona nisu obradeni
u ovome radu. U zadnjem poglavlju prikazani su

eksperimentalni rezultati koji pokazuju dobro
slaganje s rezultatima proracuna.

PRORACUN | KONSTRUK-
CIJSKE IZVEDBE UZBUDNIKA

Proces konstrukcije i elektromagnetskog prora-
cuna ukljucuje sljedece:

topologiju od interesa,

pocetne konstrukcijske i proracunske podatke,
elektromagnetski proracun,

izlazne rezultate proracuna.

Topologija razmatranog uzbudnog sustava sin-
kronog generatora prikazana je na slici 1.

changes aren't treated in this paper. The last
section presents the test results which show
good agreement with the computed results.

EXCITERS DESIGN

The electromagnetic design process includes
the following:

topologies of interest,
initial design data,
electromagnetic design,
design output data.

Topology of the considered synchronous gen-
erator excitation system is shown in Figure 1.
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Slika 1 — Topologija uzbudnog sustava sinkronog generatora
Figure 1 — Topology of the synchronous generator excitation system

Podaci uzbudnika

Dimenzioniranje uzbudnika ovisno je o nazivnim
vrijednostima za napon i struju uzbude glavnog
generatora (¥, I,). Maksimalni napon i struja
uzbudnika odredeni su naponom i strujom uz-
bude generatora (¥, I) za slucaj kratkog spoja
generatora, osiguravajuci pri tome 3-struku vri-
jednost nazivne struje generatora. Zahtijevane
vrijednosti struja i napona uzbude generatora
prikazani su u tablici 1. Ove vrijednosti dobivene
su mjerenjima na eksperimentalnom stroju. Al-
ternativna moguénost dobivanja ovih podataka,
za slucaj da eksperimentalni stroj nije na raspo-
laganju, je numerickim proracunom metodom
konacnih elemenata [6].

Exciter rating

The exciter rating depends on the generator
rated field voltage and current (¥, I,). Maxi-
mum exciter rating is determined with field
voltage and current (¥, 1) for generator short
circuit, providing 3 times the rated current. The
required field currents and voltages in order to
start the exciters design are given in the Table 1.
These data are obtained by measurement on an
experimental machine. An alternative possibil-
ity to obtain these data in the case experimental
machine is not available is calculation by finite
element analysis as is shown in [6].
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Nazivno opterecenje / Rated load

I, A
97

Pocetno dimenzioniranje uzbudnika

Pomocu podataka u tablici 1 odreduju se struja
i napon namota armature uzbudnika. Proracun
se nastavlja radi odredivanja protjecanja za na-
mot statora uzbudnika uz pomo¢ fazorskog dija-
grama za sinkroni stroj. Faktor snage uzima se
0,95 a indukcija u zracnom rasporu jednakom
0,33 T za nazivno optereéenje. Podaci dobiveni
prora¢unom i izborom geometrije prikazani su
u tablici 2 a temelje na analitickom proracunu i
iskustvu projektanta. Uzimajuci u obzir smanje-
nje vremena u kojem se generira napon dovodi
do ogranicenja za vrijednost tranzijentne reak-
tancije ispod 0,3. Glavni udio za tu reaktanciju
predstavlja rasipna reaktancija armature. Nje-
no smanjenje je moguce izborom Sirokih a ne
dubokih utora armature i kracih glava namota
armature. Zahtijeva se i manji broj utora za isti
izlazni DC napon V.

Veli¢ina / Quantity

Tablica 1 - Struja i napon uzbude generatora
Table 1 - Field currents and voltages

Kratki spoj / Short circuit
V.,V I,A V.,V
155 221 354

Initial exciter sizing

The data in Table 1 is used to derive the exciter’s
armature current and voltage. Calculation pro-
ceeds in order to determine the exciter’s field
ampere-turns with the help of the synchronous
machine phasor diagram. The power factor is
chosen as 0,95 and the air-gap flux density is
equal to 0,33 T for the rated load condition. Pre-
diction and selection of the geometrical data
given in the Table 2 is based on analytical cal-
culation and designer experience. Taking into
account the reduction in voltage response time
leads to severe limitation of the AC exciter tran-
sient reactance value, below 0,3. The main part
of its value is the armature leakage inductance.
Reducing it is possible by choosing wide and not
so deep armature slots and short end connec-
tions. It also requires a smaller number of slots
for the same output DC voltage V.

Tablica 2 - Geometrijski parametri uzbudnika
Table 2 - Exciter geometric parameters

Vrijednost / Value

Aksijalna duzina / Axial length 130 mm
Vanjski promjer statora / Stator outer diameter 511 mm
Unutarnji promjer statora / Stator inner diameter 330 mm
Duzina zra¢nog raspora / Air-gap length 1,1 mm
Broj polova / Number of poles 8
Broj rotorskih faza / Number of rotor phases 3
Spoj / Connection Y
Broj utora na rotoru / Number of rotor slots 24

Pocetne dimenzije pilot uzbudnika (PMG)

Rotor pilot uzbudnika je cilindrican i sadrzi 8
obodno porazdijeljenih otvorenih utora i 8 rotor-
skih zubi. Dva NdFeB magneta u obliku kvadra
postavljeni su u svaki od utora. Permanentni
magneti su magnetizirani svi u istom smjeru
formirajuc¢i N-polove, na taj nacin magnetski
tijek prolazi i feromagnetskom stazom izmedu
permanentnih magneta formiraju¢i S polove.
Kaze se da su feromagnetski polovi posljedi¢no

Initial sizing pilot exciter (PMG)

The rotor of the consequent-poles PMG is cy-
lindrical and consists of 8 circumferentially dis-
tributed open slots and 8 rotor teeth. Two block
shaped NdFeB magnets are placed within each
of the slots. The permanent magnets are mag-
netized in the same direction forming N-poles,
so that magnet flux has to circulate round
through the iron poles between the permanent
magnets. Thus the iron poles are consequently
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ili konzekventno magnetizirani. Otuda se ovaj
stroj naziva i stroj s konzekventnim polovima [7]
i [8]. Frekvencija struja i napona za pilot uzbud-
nik jednaka je 160 Hz.

Odabir geometrijskih podataka prikazan u tablici
3temeljen je na analitickom proracunu magnet-
skog kruga. Postoji zahtjev za veli¢inu promjera
statora i provrta rotora radi mehanicke integra-
cije pilot uzbudnika na generatorsku ne-pogon-
sku stranu. Takoder je vazno procijeniti najtezi
slu¢aj demagnetizacije magneta. Razmatrana
je jakost magnetskog polja proizvedena arma-

turnom strujom u namotu statora.

Tablica - 3 PMG podaci
Table 3 - PMG data

Veli¢ina / Quantity
Aksijalna duzina / Axial length
Vanjski promjer stat ora / Outer stator diameter
Unutarnji promjer statora / Inner stator diameter
Duzina zra¢nog raspora / Air-gap length
Broj polova / Number of poles
Broj rotorskih faza / Number of phases
Spoj / Connection
Broj utora na rotoru / Number of stator slots

Debljina PM / PM thickness

Prametri PM pri / PM parameter at 20 °C

2D ANALIZA MKE

Nakon analitickih proracuna, izbora pocetnih di-
menzija i konstrukcijske izvedbe, proces prora-
cuna se nastavlja primjenom analize MKE i, ako
se pokaze nuznim, pocetna se geometrija mije-
nja sve dok se cilj ne postigne. 2D magnetsko
polje je opisano sljede¢om jednadZzbom, [9]:

magnetized as S-poles. Therefore, this machine
is known as a consequent-pole machine, [7] to
[8]. The PMG is designed for a frequency equal
to 160 Hz.

Prediction of the geometrical data in the Table
3 is based on the analytical calculation of the
magnetic circuit. Construction requirements
such are stator core diameter and rotor bore
diameter are prescribed in order to mechani-
cally integrate the pilot exciter at the generators
non driving end side. It is important to estimate
the worst-case demagnetizing condition in the
magnet. The magnetic field intensity produced
by the armature current in the stator winding is
considered.

Vrijednost / Value
42 mm
305 mm
195 mm
I mm
16
3
Y
48
8,5 mm
B=1,16T
H =860 kA/m
p=0,15E-50m

2D FEM ANALYSES

After prediction of the initial exciters design, the
design process continue by using FEM analy-
ses and if necessary the initial design could
be modified until the objectives are met. The
2D magnetic field is described by the following
equation, [9]:
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gdje je:

A - magnetski vektorski potencijal,

J, - gustoca struje namota statora,

Jy — gustoca ekvivalentne struje magnetiziranja, a
J, - gqustoca vrtloZnih struja.

Simulacija opterecenja za konstantnu brzinu
vrtnje je temeljena na tranzijentnoj 2D analizi
magnetskog polja primjenom MKE u sprezi s
vanjskim elektricnim krugom. Jednadzbe ma-
gnetskog polja i jednadzbe elektricnog kruga
rieSavaju se simultano. Analiza je provedena
vremenskom korac¢nom metodom.

Simulacija uzbudnika

Energetski krug je prikazan na slici 2 i opisan
je sa 2D elementima domene MKE i vanjskog
elektri¢cnog kruga. Domena MKE je predstav-
ljena uzbudnim namotom uzbudnika i trofaznim
namotom armature. U seriji s armaturnim svici-
ma, rasipni induktivitet glava namota odreden je
analiticki i pridodan elektricnom krugu. Vanjski
elektriéni krug sadrzi trofazni rotirajuci isprav-
ljac Cije su izlazne stezaljke spojene na uzbudni
namot generatora. Uzbudni namot predstavljen
je koncentriranim parametrima, induktivitetom
i ohmskim otporom.

where is:

A - the magnetic vector potential,

jo - the stator winding current density,

Jy — the equivalent magnetizing current density,
and

J, - theeddy current density.

Simulation of the load condition at constant
speed is based on the transient 2D FEM analysis
of the magnetic field coupled with the external
electrical circuit. The magnetic field equations
and the circuit equations are solved simulta-
neously. The analysis has been done by time-
steeping method.

Exciter simulation

The electrical power circuit is shown in Figure
2. and is described with, 2D FEM domain circuit
elements and external circuit. The FEM domain
is represented by the exciter’s field winding and
three-phase armature winding. In series with
armature coils, end winding inductance pre-
dicted analytically is added. The external circuit
consists of a three -phase rotating rectifier con-
nected to a generator field winding. The field
winding is represented by lumped parameters,
inductance and resistance.
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Slika 2 — Elektricni krug uzbudnika
Figure 2 — Exciter electrical circuit

Induktivitet namota uzbude L, za cilindriénu
izvedbu rotora je [1]:

Ly =Lg +Lg |

gdje je:
L, - glavniinduktivitet, a
L, - rasipniinduktivitet.

The field inductance L for cylindical rotor design
is predicted as follows acc. [1]:

where is:

L_ - the main field inductance, and

L, - the leakage field inductance.
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Glavni induktivitet je:
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Ciljevi ovog proracuna jesu dobivanje vrijednosti
struje uzbude zadane u tablici 1. Pocetne di-
menzije i podaci za uzbudnik mogu se u manjoj
mjeri promijeniti ako je to nuzZno, kao i ulazna
vrijednost za uzbudni napon uzbudnika dok se
iterativnim proracunom ne postignu ciljevi. Za
nazivno optereéenje i kratki spoj generatora,
krivulje struje uzbude uzbudnika, struje uzbude
generatora i vremenski dijagram struje arma-
turnog namota uzbudnika prikazani su na sli-
kama 3 i 4.
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The main field inductance is:

where is:

N, - the number of field winding turns,

p - number of poles pairs,

[ - the stack length,

7 - the pole pitch,

- the pole span,

g - theairgap,

K, - the Carter coefficient and

K, - areduction coefficient of the d axis magne-

tizing reactance.

The objectives of this calculation are to obtain
the value of field currents given in Table 1. The
exciter’s initial design could be slightly modi-
fied if necessary, as with the input value of the
exciter’s field voltage too, and reiterated until
calculation objectives are met. Corresponding
to generator rated load and short circuit, re-
sponse curves of exciter field current and main
field current and waveform of the exciter arma-
ture current are shown in Figure 3. and Figure
4 respectively.
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Slika 3 — Nazivno opterecenje generatora
Figure 3 — Generator rated load
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Slika 4 — Kratki spoj generatora
Figure 4 — Generator short circuit

Stacionarne vrijednosti za struju uzbude uzbud-
nika i uzbudnu struju generatora su izracunate
na kraju tranzijentnog procesa (slike 3i4) i dane
u tablici 4. Vrijednosti uzbudne struje generato-
ra su nesto vece od onih prikazanih u tablici 1.

Nazivno opterecenje / Rated load

1.,A

ef >

4,7

Simulacija pilot uzbudnika

Cilj simulacije pilot uzbudnika je posti¢i zadane
vrijednosti u tablici 4. Elektricni energetski krug
sadrzi elemente iz 2D MKE domene i vanjski
elektricni krug, a prikazan je na slici 5.

Domena MKE je predstavljena s tri statorske faze i
permanentnim magnetima. Vanjski elektricni krug
je predstavljen s trofaznim ispravljacem, konden-
zatorom, IGBT tranzistorom, otporom i induktivi-
tetom uzbudnog namota uzbudnika. Svaki fazni
namot je modeliran s finoZi¢nim svicima i induk-
tivitetom glava namota. Namot statora pilot uz-
budnika je spojen na 6-pulsni ispravljacki most na
kojeg je prikljucen IGBT tranzistor i koncentrirani
parametri uzbudnog namota uzbudnika. U isto-

The steady state values of the exciter field cur-
rent and main field current are predicted at the
end of transient process (Figures 4 to 5) and are
given in Table 4. The values of the field currents
are slightly higher than that given in Table 1.

Tablica 4 - Struja uzbude uzbudnika i uzbudna struja generatora
Table 4 - Exciter field current and main field current

Kratki spoj / Short circuit

I,A I, A 1A

of ?

103 12,4 240

Pilot exciter simulation

The goal of pilot exciter simulation is to ful-
fill the given data from Table 4. The electrical
power circuit which consists of 2D FEM domain
circuit elements and external circuit is shown
in Figure 5.

The FEM domain is represented by three stator
phases and permanent magnets. The external
circuit is represented by three phase rectifier,
capacitor, IGBT transistor, exciter’s field winding
resistance and indunctance. Each phase winding
is modelled with stranded coils and end wind-
ing inductance. PMG stator winding is connected
through a six-pulse diode rectifier followed by
IGBT transistor and field winding lumped param-
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Slika 5 — Elektri¢ni krug za pilot uzbudnik
Figure 5 —Pilot exciter electrical circuit

smjernom medukrugu spojen je kondenzator na
izlazne stezaljke ispravljaca. IGBT tranzistor (engl.
chopper) djeluje periodi¢no s periodom 7, ostaje
u stanju vodenja za vrijeme ¢ = 67T, uz 0 <6 <I.
Varijabla J predstavlja omjer izmedu vremena
vodenja i periode djelovanja IGBT tranzistora.
Frekvencija djelovanja IGBT tranzistora je kon-
stantna i fiksirana na 660 Hz. Na uzbudni namot
uzbudnika je spojena poredna dioda. Za modeli-
ranje elektricnog kruga permanentnog magneta
potrebno je osigurati da struja ne tece izvan ma-
gneta. |z ovog razloga na krajeve permanentnog
magneta spojen je otpor visoke vrijednosti (1E +
0,6 Q). Za simulaciju upravljanja IGBT, MKE je u
sprezi s Matlab-Simulink programom. Prekida-
nje IGBT ovisi o optereéenju glavnog generatora.
IGBT je modeliran otporom ¢ija je vrijednost mala
u tijeku vodenja i vrlo velika u zapornom stanju. U
stanju vodenja vrijednost otpora iznosi 1E - 0,4 Q,
docim u zapornom stanju otpor je 1E + 0,6 Q. Za
generator s konstantnom brzinom vrtnje u sta-
cionarnom operativnom radu, d je konstanta. Si-
mulink upravlja vrijednoScu otpora. U Matlab-Si-
mulink modelu prikazanom na slici 6, § se moze
kontinuirano mijenjati promjenom poloZaja kliza-
Ca pojacanja.
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eters. The DC link capacitor is connected across
rectifier terminals. The IGBT transistor (chopper)
is operated periodically with a period T and re-
mains closed for the time ¢ = 67T, with 0 < <I.
The variable ¢ is the duty ratio or duty cycle of a
chopper. Switching frequency of the IGBT transis-
tor is constant and fixed at 660 Hz. The exciter’s
field winding is shunted by a freewheeling diode.
To model the permanent magnets electrical cir-
cuit, no current flow outside the permanent mag-
net should be provided. For this reason at the ends
of permanent magnets the high value resistances
(1E+0,6 Q) are connected. To simulate the control
of IGBT, the FEM is coupled to the Matlab-Simu-
link program. The switch states of IGBT depend
on the main generator load condition. The IGBT is
modelled by resistances with a very low value to
model on-state and very large value to model off-
state. In the following, the on state is represented
by a resistance of 1E—0,4 Q, and the off state by a
resistance of 1E+0,6 Q. For a generator operating
at constant speed and steady load, the duty ratio
is constant. Simulink controls the value of the re-
sistance. In the Matlab-Simulink model shown in
Figure 6., the duty ratio can be changed continu-
ously by changing the slider gain value.
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Slika 6 — Matlab-Simulink model za proracun PMG
Figure 6 — Matlab-Simulink model for the PMG calculation
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Za vrijednost d = 0,2, odziv uzbudne struje uz-
budnika, vremenski dijagram uzbudnog napona
uzbudnika i vremenski dijagram struje armatu-
re za PMG su prikazani na slikama 7a, 7b i 7c.

Corresponding to d = 0,2, the exciter field cur-
rent response, exciter field voltage waveform
and PMG armature current waveform are
shown in Figure 7a, Figure 7b and Figure 7c,
respectively.
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Slika 7 — Opterecenje generatora, = 0,2
Figure 7 — Generator loading, 8 =0,2

Za 6 =1, odziv uzbudne struje uzbudnika, vre-
menski dijagram linijskog napona i struje ar-
mature za PMG su prikazani na slikama 8a, 8b
i 8c.

Corresponding to d =1, the exciter field current
response, PMG line voltage and armature cur-
rent waveform are shown in Figure 8a, Figure 8b
and Figure 8c respectively.
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Slika 8 — Kratki spoj generatora, d =1
Figure 8 — Generator short circuit, 8 =1

Vrijednost uzbudne struje i napona uzbudnika

su prikazani u tablici 5. are given in Table 5.

The value of exciter’s field current and voltage

Opterecenje / Load,
5=02

Ve,V

i

50,3

I,A
3,7
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Kratki spoj / Short circuit,
o=1

I.,A

ef 7

14,8

V..V
203

560



EXPERIMENTALNA VERIFI- EXPERIMENTAL VERIFICA-
KACIJA TION

Za verifikaciju rezultata numericke analize, izra- To further verify results of the numerical anal-
den je eksperimentalni stroj (slika 9) na kojemu yses, measurement have been made on the
su izvedena ispitivanja. Vremenski dijagrami za manufactured experimental machine in Figure
uzbudnu struju i napon uzbudnika za stacionarno 9. Waveforms of the field exciter’s voltage and
optereéenje generatora prikazani su na slici 10a, current are shown in Figure 10a, waveforms
vremenski dijagrami za uzbudni napon uzbudni- of the field exciter voltage and PMG armature
ka i struju armature za PMG su prikazani na slici current are shown in Figure 10b. The wave-
10b. Vremenski dijagrami uzbudnog napona uz- forms of the field exciter voltage and PMG ar-
budnika i struju armature za PMG za slucaj krat- mature current for the case of the main gen-
kog spoja generatora prikazani su na slici 11. erator short circuit are shown in Figure 11.
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Slika 9 — Aksijalni presjek sinkronog stroja
Figure 9 — Axial cross section of the synchronous machine
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Slika 10 — Stacionarno opterecenje generatora, mjereni oblici
Figure 10 — Generator steady loading, measured waveforms

Slika 11 — Kratki spoj generatora: uzbudni napon uzbudnika i struja armature PMG-a
Figure 11 — Generator short circuit: field exciter voltage and PMG armature current
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U tablici 6 prikazana je usporedba rezultata
proracuna i mjerenja za struju i napon uzbude
uzbudnika.

The values of exciter field current and voltage
obtained by calculation are compared with mea-
surements and given in Table 6.

Tablica 6 - Struja i napon uzbude uzbudnika, usporedba rezultata proracuna i mjerenja
Table 6 - Exciter field current and voltage, calculation versus test

Opterecenje / Load,

I,A
Izradun / Calculation 3,7
Test / Test 3,78

Potrebno je naglasiti da za slucaj kratkog spoja
generatora struja uzbude uzbudnika ne smije
biti manja od 12 A (prema tablici 1). Za uzbudnu
struju uzbudnika od 14,2 A, izmjerena je struja
kratkog spoja 3,7 puta veca od nazivne.

ZAKLJUCAK

Ovaj rad predstavlja elektromagnetski proracun
i konstrukcijsku izvedbu uzbudnog sustava be-
skontaktnog sinkronog generatora za primjenu
na brodu. Prikazana procedura proracuna i iz-
bora konstrukcijske izvedbe uzimaju u obzir za-
htjeve i ogranicenja primjene. Svrha ovog elek-
tromagnetskog proracuna uzbudnog sustava
ima tri glavna cilja.

Prvi cilj je osiguranje dovoljne vrijednosti uz-
budne struje za stacionarno opterecenje i kratki
spoj generatora.

Drugi cilj je vezan na dinamicke promjene na-
pona generatora, odnosno stabilizaciju napona
u vremenu prema zahtjevima klasifikacijskog
drustva. Ovaj cilj jest ispunjen zajednicki, odgo-
varajuc¢im parametrima generatora, AVR karak-
teristikama, i odzivom uzbudnog sustava.

Trece, realizacijom zasebnog izvora napajanja,
kao Sto je stroj s konzekventnim polovima na
rotoru, ostvaruje se pouzdano, robusno i tran-
sparentno rjeSenje za uzbudni sustav sinkro-
nog generatora. Eksperimentalna ispitivanja su
izvedena s ciljem potvrdivanja rezultata nume-
rickih proracuna. Rezultati i vremenski dijagra-
mi uzbudnih struja i napona dobiveni proracu-
nom pokazuju manje odstupanje u usporedbi s
rezultatima eksperimentalnih ispitivanja.

Kratki spoj / Short circuit,

5=02 5=02
VeV 1A VeV
50,3 14,8 203
51,4 14,2 193

It should be noted that for the case of the gener-
ator short circuit exciter field current shouldn't
not be less than 12 A (acc. Table 1). With an ex-
citer field current of 14,2 A, the corresponding
generator short circuit current obtained with
measurement is 3,7 times the rated one.

CONCLUSION

This paper presents the electromagnetic design
of an excitation system of a brushless synchro-
nous generator for marine application. The giv-
en design procedure has treated application re-
quirements and constraints. Thus, in this paper
the purpose of electromagnetic design of the
excitation system has three main objectives.

The first of these is to provide enough excitation
current for steady state loading and for short
circuit of the main generator.

The second one is connected to generator dy-
namic voltage changes, to preserve voltage
recovery time acc. classification society rules.
That objective is the task of generator param-
eters, AVR characteristics, but the role of exci-
tation system response is important as well.

Thirdly, designing a separate power source such
as consequent rotor poles machine offers a re-
liable, robust and transparent solution for the
excitation system of the synchronous generator.
Experimental tests have been performed to val-
idate the results obtained by numerical calcula-
tions. The computed values and waveforms of
the exciters current and voltage closely match
the test values.
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