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U radu je prikazana provedba metodologije odreivanja korisniËke pogonske karte (KPK) na 
primjeru hidroagregata br. 3 u HE Vinodol. Kao predloæak sustavnom odreivanju granica 
dopuπtenog rada agregata posluæio je blok dijagram koji na pregledan naËin ocrtava tijek 
provedbe pojedinih radnji potrebnih za tvorbu KPK. Svi meukoraci su dokumentirani, a 

dobiveni rezultati prikazani tabliËno i grafi Ëki. Svaka od konaËno odreenih granica je ucrtana 
u KPK promatranog agregata. S obzirom na sloæenost provedbe proraËuna graniËnih uvjeta koje 

nameÊu elektromagnetska i toplinska zbivanja u Ëeonom prostoru, u radu je na konkretnom 
primjeru iz prakse prikazana potpuno nova metodologija utvrivanja graniËnih vrijednosti 

uzduæne komponente magnetske indukcije, temeljeno na rezultatima mjerenja indukcije i 
pripadne nadtemperature u trajnom kapacitivnom radu generatora. 

The work describes the application of the methodology of defi ning the actual PQ diagram (APQ) 
on the example of Hydrogenerator-turbine unit No. 3 at Vinodol HPP. Used as a basis for deter-
mining the unit’s operating tolerances was a block diagram which provides a clear survey of the 

sequence of steps required to create an APQ. All intermediate steps are documented and the 
obtained results are shown in tables and graphics. Each of fi nally defi ned limits is imported into 
the APQ of the observed unit. Considering the complexity of calculating the limit conditions im-

posed by electromagnetic and thermal occurrences in the end region, in a concrete example from 
practice the present work describes an entirely new methodology of determining the limit values 
of the longitudinal magnetic induction component, based on the results of measuring induction 

and pertaining over-temperature in the generator’s permanent capacitive operation. 
KljuËne rijeËi: Ëeoni prostor, granice dopuπtenog rada, hidrogenerator, pogonska karta, sinkroni 

generator, vibracije, zagrijavanje
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generator, vibrations 
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1 UVOD

Kako bi primjena teorijskog Ëlanka [1] u praksi 
bila πto jednostavnije ostvariva, u ovom Ëlanku 
daje se primjer izrade korisniËke pogonske karte 
(KPK) za hidroagregat br. 3 u HE Vinodol.

Blok dijagram sa slike 15 [1] na vrlo pregledan 
naËin ocrtava tijek provedbe pojedinih radnji 
nuænih za iscrtavanje KPK, pa Êe zato posluæiti kao 
vodiË u pripremi podloga i sustavnom odreivanju 
granica dopuπtenog rada agregata. Stoga se taj 
dijagram prenosi u ovaj Ëlanak kao slika 1, kako bi 
se s njim ostvarila πto jednostavnija komunikacija 
tijekom razrade pokaznog primjera.

Za potrebe izrade KPK hidroagregata br. 3 u 
HE Vinodol prikupljeni su podaci o fi zikalnim 
veliËinama i parametrima bitnim za tvorbu 
pogonske karte. Nakon prikupljanja dostupnih 
podataka, tj. podataka proizvoaËa sastavnih 
elemenata agregata: turbina (T) + sinkroni 
generator (SG) i blok-transformatora (BT), te re-
zultata prethodnih mjerenja, donose se odluke 
o provedbi mjerenja koja mogu dati odgovore 
na pitanja o sposobnostima SG s obzirom na 
elektromagnetske, mehaniËke i toplinske prilike. 
Blok dijagram sa slike 1, upuÊuje u desno krilo 
svog algoritma, prema kojem se donosi odluka za 
provedbu proraËuna i mjerenja za koja je potrebna 
ugradnja davaËa.

Kroz pokazni primjer metodologije tvorbe KPK 
prikazan je detaljni postupak odreivanja nuænih 
parametara, ali i graniËnih vrijednosti pojedinih 
fi zikalnih veliËina, bitnih za KPK. Kako bi se 
bitno dogradila postojeÊa metodologija klasiËne 
pogonske karte SG ugraivanjem ograniËenja koja 
su uvjetovana elektromagnetskim i toplinskim 
prilikama u Ëeonom prostoru, te proπirenjem 
ove karte uvoenjem u nju blok-transformatora, 
obavljene su sve radnje koje konkretna primjena 
SG zahtijeva. Time je ostva-rena moguÊnost 
promatranja i pogonskog praÊenja svake pojedine 
proizvodne jedinice na mjestu prikljuËka na 
VN mreæu, s jedne strane, ali su ostvarene i 
moguÊnosti za tvorbu Automatskog Programa 
POgonske KArte (APPOKA) uz pomoÊ uobiËajenih 
raËunalnih tehnologija, s druge strane. 

Vibracijama, koje se u KPK ne unose kao ograni-
ËavajuÊi Ëinitelj, posveÊuje se posebna paænja 
kao moguÊim mehaniËkim Ëimbenicima koji bi 
mogli ugroziti nesmetan rad SG. Radi preventive, 
ukazuje se na naËin njihova mjerenja i na ana-
lizu rezultata mjerenja s naznakama graniËnih 
vrijednosti.

1 INTRODUCTION

In order to make the application of the theoretical 
article [1] in practice as easy as possible, in this ar-
ticle is an example of creating the actual PQ diagram 
(APQ) for the Hydrogenerator-turbine unit No. 3 at  
Vinodol HPP.

The block diagram in Figure15 [1] provides a very 
clear survey of steps required for APQ plotting, so it 
will be used as a guide in preparing documents and 
systematic determination of the unit’s operating 
tolerances. Therefore, this diagram is carried over 
to this article as Figure 1 in order to achieve the 
simplest possible communication during the 
elaboration of the demonstrative example.

For the needs of creating the APQ of Hydrogenerator-
turbine unit No.3 at Vinodol HPP data have been 
collected on the physical quantities and parameters 
essential for making the PQ diagram. Once the 
available data, i.e., manufacturer’s data on the 
components of the unit: turbine (T) + synchronous 
generator (SG) and block transformer (BT)) have 
been obtained, along with the results of previous 
measurements, decisions are made concerning 
measurements to be undertaken with a view to 
receiving answers to questions regarding the 
SG’s capabilities to cope with electromagnetic, 
mechanical and thermal conditions. The block 
diagram in Figure 1 refers to the right portion of its 
algorithm, according to which a decision is taken to 
perform calculations and measurements for which 
sensors installation is required.

Through a demonstrative example of the APQ forma-
tion methodology the detailed process of determin-
ing required parameters is shown, as well as that of 
determining the limit values of individual physical 
quantities essential for APQ. In order to substantial-
ly upgrade the existing methodology of the classical 
PQ diagram of the SG by installing limitations im-
posed by electromagnetic and thermal occurrences 
in the end region and the extension of the diagram 
as a result of introducing a block transformer into 
it, all steps have been taken as required by concrete 
SG application. Thereby a possibility has been cre-
ated of observation and on-line monitoring of each 
individual production unit at the place of connec-
tion to HV network, on one hand, but, on the other 
hand, a possibility has also been created to form 
the automatic PQ diagram program (APPOKA) by 
means of conventional computer technologies. 

Special attention is paid to vibrations, which are not 
entered in APQ as a limiting factor, and which are 
potential mechanical agents that may jeopardize 
SG’s unimpeded operation. To prevent this from 
happening, the method of their measurement is 
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I, konaËno, u radu su date sve podloge za pripremu 
i provedbu mjerenja kljuËnih parmetara i fi zikalnih 
veliËina. Obavljena su i mjerenja za konkretni 
primjer generatora G3 u HE Vinodol, Ëime su, 
za tvorbu KPK, dobiveni bitno pouzdaniji podaci 
u odnosu na podatke dobivene proraËunima 
temeljenim na pretpostavkama. Time, kako KPK, 
tako i metodologija njene tvorbe i za sve ostale 
primjene u praksi, dobivaju na vjerodostojnosti i 
pouzdanosti. 

 
 

highlighted, and so is the analysis of measurement 
results, with indications of limit values.

Finally, the work provides a complete basis for 
preparing and carrying out measurements of key 
parameters and physical quantities. Measurements 
have also been performed for the concrete example 
of G3 generator at Vinodol HPP, to the effect 
that for APQ formation much more reliable data 
have been obtained compared with data obtained 
through calculations based on assumptions. Thus 
both APQ and the methodology of its formation, as 
well as for all other applications in practice, gain in 
credibility and reliability. 

Slika 1 
Dijagram toka 
metodologije za 
odreivanje KPK 
sinkronog agregata, 
ukljuËivo s blok- 
transformatorom.
Figure 1 
Flowchart of the 
methodology to 
determine APQ of the 
synchronous unit, 
including the block 
transformer

Mjerenje 1      −  pokus praznog hoda, pokus kratkog   
 spoja, odreivanje granica, koriπtenje  
 postojeÊeg sustava monitoringa,   
 ukoliko postoji

Mjerenje 2.1   −  elektriËna i magnetska mjerenja   
 po granicama, mjerenje zagrijavanja i  
 aksijalnih vibracija za 2 karakteristiËne  
 toËke

Mjerenje 2.2  −  detaljna mjerenja zagrijavanja (uz   
 elektro-magnetska mjerenja i mjerenja  
 aksijalnih vibracija)

Mjerenje 3      −  mjerenje u svrhu provjere predloæene  
 nove pogonske karte

Ovisno o kvaliteti prikupljenih podloga i 
raspoloæivosti agregata mogu se izraditi sljedeÊe verzije 
pogonskih karti:

PK 1(*)    −  pogonska karta na osnovu dostupnih  
 podataka proizvoaËa, prethodno   
 provedenih mjerenja  − informativna,  
 privremena      

PK 2 (**)   −  pogonska karta na osnovu mjerenja   
 − prikazuje zateËeno stanje, bez uvida  
 u zagrijavanje Ëeonog dijela stroja −   
 informativna, privremena

PK 3 (***)  −  korisniËka pogonska karta, defi nirana  
 na osnovu mjerenja i proraËuna,   
 potvrena mjerenjem − konaËno   
 rjeπenje

Prikupljanje dostupnih podataka (podaci 
proizvoaËa, prethodnih mjerenja)

ProraËun

Pogonska karta 1 ( * )

NE DAMoguÊa 
provedba 
mjerenja

ProraËun Mjerenje 1

 Da li je mo-
guÊa ugradnja 

sondi?

Pogonska karta 2 ( ** ) Ugradnja mjernih 
sondi

NE DA

Mjerenje 2.1

Mjerenje 2.2

Mjerenje 3

NE DAPrijedlog 
promjene 
podeπenja

<< >>

Pogonska karta 3 
(***) 
KPK

   

KPK

�
�

�
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2 PRORA»UNI I MJERENJA 
BEZ UGRADNJE DAVA»A

Za generator G3 u HE Vinodol. provedeni su 
analitiËki i numeriËki proraËuni usmjereni ka 
dobivanju Ëvrstih podloga koje zahtijeva KPK. 
Provedena su i kontrolna mjerenja kljuËnih 
fi zikalnih veliËina, kako bi se njihov realni suodnos 
u pogonskim prilikama πto toËnije odslikao.

2 CALCULATIONS AND 
MEASUREMENTS WITHOUT 
SENSOR INSTALLATION

For G3 generator at Vinodol HPP analytical and 
numerical calculations have been made with a view 
to obtaining solid documents as required by APQ. 
Control measurements of crucial physical quantities 
have also been made to get a picture as accurate 
as possible of their real interaction in operating 
conditions.

Collecting available data (from the manufac-
turer, previous measurements)

Calculation

PQ diagram 1 ( * )

NO YESPossible 
measure-

ments

Measurement 1

Instalation of 
probes pos-

sible?

PQ diagram 2 ( ** ) Instalation of mea-
surement probes

NO YES

NO YESProposed 
change of 
settings

<< >>

PQ diagram 3
(***) 
APQ

APQ

�
�

�

Calculation

Measurement 2.1

Measurement 2.2

Measurement 3

Measurement 1  −  no-load test, short-circuit test,   
 determining limits, using the available  
 monitoring system, if any

Measuremet 2.1  −  electrical and magnetic measure-  
 ments on limits, measurement of   
 heating and axial vibrations for 2   
 characteristic points

Measurement 2.2  −  detailed measurements of heating  
 (with electromagnetic measurements  
 and the measurement of axial vibra- 
 tions)

Measurement 3     −  measurement to check the proposed  
 new PQ diagram

Depending on the quality of datas collected and the avail-
ability of the hydrogenerator, the following versions of PQ 
diagram can be prepared:

PK 1 (*)   −  PQ diagram on the basis of the   
 available manufacturer’s data,   
 previously conducted measurements  
 − indicative, provisional

PK 2 (**)  −  PQ diagram on the basis of measure- 
 ments − shows the current state,   
 without insight in the end region   
 heating − indicative, provisional

PK3 (***)  −  actual PQ diagram, defi ned on the  
 basis of measurements and calcula- 
 tion, confi rmed by measurement   
 − defi ne solution
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2.1 Rezultati analitiËkih proraËuna
Za analitiËki proraËun parametara i karakteristika 
SG koriπten je programski paket tvrtke ANSOFT 
RMXpert. Nakon unosa potrebnih podataka o 
dimenzijama SG i njegovih nazivnih podataka 
snage i napona, te podataka koji Êe defi nirati 
uzbudu, raËunalo izbacuje listu izlaznih podataka. 
Iz ove se liste uzimaju podloge (fi zikalne veliËine i 
parametri) koje su osnova za crtnju KPK, i upisuju 
u tablicu 3.

2.2 Rezultati numeriËkih proraËuna
Za provedbu numeriËkih proraËuna uz pomoÊ 
metode konaËnih elemenata (MKE) potrebno je 
πto jasnije postaviti zadaÊe, Ëijim se rjeπavanjem 
dolazi do toËnijih rezultata o parametrima i 
elektromagnetskim svojstvima SG nego πto se 
postiæe analitiËkim proraËunom. Za konkretni 
primjer koriπten je programski paket tvrtke 
ANSOFT Maxwel. Nakon postavljanja pojedinaËnih 
zadaÊa vrπi se priprema za unos podataka prema 
zahtjevima programskog paketa, πto predstavlja 
najosjetljiviji i struËno vrlo zahtjevan posao. 
RaËunalo izbacuje liste izlaznih podataka i 
svojstava o oËekivanom ponaπanju, odnosno 
elektromagnetskim prilikama u stroju. Na temelju 
dobivenih rezultata obavlja se analiza, usporedba 
s poznatim podacima i svojstvima stroja, te se 
ocjenjuje fi zikalna vjernost rezultata numeriËkih 
proraËuna. Nakon kritiËkog prihvaÊanja rezultata 
prelazi se na njihovo unoπenje u podloge za izradu 
KPK.

Za konkretni primjer, rezultati dobiveni pomoÊu 
MKE upisani su u tablicu 3.

2.3 Rezultati mjerenja (bez ugradnje davaËa)
2.3.1 Snimanje karakteristika praznog hoda i 
kratkog spoja
Snimanje karakteristike praznog hoda i kratkog 
spoja, bez obzira na relativno jednostavne postupke 
mjerenja, tehnoloπki predstavlja zahtjevnu zadaÊu, 
kako u pripremi, tako i pri provedbi. U pravilu ovu 
vrstu snimanja treba obavljati kvalifi cirana i dobro 
uvjeæbana ekipa ispitivaËa prema uobiËajenim 
shemama [1] i odgovarajuÊim prilagodbama koje 
uvjetuje objekt na kojem se obavljaju mjerenja. 

Rezultati pokusa praznog hoda pri nazivnoj brzini 
vrtnje, u pravilu, nisu dovoljni jer se, zbog moguÊe 
pojave previsokih napona, ili prenisko podeπene 
prenaponske zaπtite, uzbudna struja ne smije 
ili ne moæe poveÊavati iznad odreene granice 
koju odreuje maksimalno dopuπteni napon 
na stezaljkama generatora. Kako bi se snimio 
i zasiÊeni dio karakteristike, πto znaËi da treba 
doseÊi barem 1,25 U

n
 pri nominalnoj brzini, 

2.1 Results of analytical calculations
ANSOFT RMXpert software package has been 
used for the analytical calculation of the SG’s 
parameters and characteristics. After importing 
required data on the SG’s dimensions and its rate 
power and voltage data, as well as data which will 
defi ne excitation, the computer will turn out a list 
of output data from which physical quantities and 
parameters essential for APQ plotting will be taken 
and entered in Table 3.

2.2 Results of numerical calculations
For numerical calculations by means of the fi nite 
elements method (FEM) tasks must be set as 
clearly as possible, the solving of which will lead to 
results on the SG’s parameters and electromagnetic 
properties more accurate than those obtained 
by an analytical calculation. For the example in 
question the ANSOFT Maxwel software package 
has been used. After individual tasks have been 
set, preparations are made for importing data 
as required by the software package, which is 
actually the most sensitive and technically highly 
demanding job. The computer turns out lists of 
output data and properties on the expected behavior 
or the electromagnetic conditions prevailing in the 
machine. Based on the results obtained, an analysis 
is made including a comparison with the machine’s 
known data and properties, and the physical 
quantity of the results of numerical calculations 
is evaluated. A critical acceptance of the results 
is followed by their importing into documents for 
creating APQ.

In the specifi c example, results obtained by using 
FEM are entered in Table 3.

2.3 Measurement results (without sensor installation)
2.3.1 Screening the no-load and short-circuit 
characteristics
Screening the no-load and short-circuit characteris-
tics, apart from relatively simple measurement pro-
cedures, is a technically demanding task, in both 
the preparatory and the implementing phase. This 
type of screening should be as a rule performed by a 
qualifi ed and well-trained team in accordance with 
established diagrams [1] and appropriate adjust-
ments imposed by the facility where measurements 
are performed.

The no-load test results at the rated rotation speed 
are as a rule insuffi cient because, due to a possible 
occurrence of over-voltage or over-voltage protection 
set too low, the excitation current must not or can-
not be raised above a certain limit determined by 
the maximum permissible voltage on the generator 
terminals. In order to also screen the saturated part 
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pokus se obavlja i pri sniæenoj brzini vrtnje. Pokus 
praznog hoda pri sniæenoj brzini vrtnje obavlja se 
pri npr. 90 % n

n
, a provodi se kao i pokus praznog 

hoda pri nazivnoj brzini vrtnje. Na slici 2 je 
prikazana karakteristika praznog hoda snimljena 
pri nominalnoj brzini vrtnje (crvena) i pri sniæenoj 
brzini vrtnje i preraËunata na nazivnu brzinu vrtnje 
(plava).

Iz karakteristike praznog hoda (slika 2) treba 
oËitati iznose uzbudnih struja I

f0
 i I

fg
. OËitani su, i 

pohranjeni u tablicu 3, sljedeÊi iznosi: I
f0
 = 400  A, 

I
fg
 = 334 A. 

Snimanje karakteristike kratkog spoja dalo je 
rezultate prikazane na slici 3.

Iz karakteristike kratkog spoja, tj. ovisnosti I = f(I
f
) 

(slika 3) za nazivnu struju generatora I
n
 oËitana je 

uzbudna struja I
fk
 = 420 A, πto se kao parametar 

pohranjuje u tablicu 3.

of a characteristic, meaning that at least 1,25 U
n
 

should be reached at rated speed, the test is con-
ducted at a lower rotation speed. The no-load test at 
a lower rotation speed is conducted at, for example, 
90 % n

n
, and in the same way as the no-load test at 

the rated rotation speed. Figure 2 shows the no-load 
characteristic screened at the rated rotation speed 
(red) and a lower rotation speed and converted into 
the rated rotation speed (blue).

The excitation current values I
f0
 and I

fg
 should be 

read out on the no-load characteristic (Figure 2). 
The following amounts are read out and stored in 
Table 3: I

f0
 = 400 A, I

fg
 = 334 A. 

The screening of the short-circuit characteristic has 
yielded the following results, shown in Figure 3.

From the short-circuit characteristic, i.e., function 
I  = f(I

f
) (Figure 3), for the generatorís rated current 

I
n
 the excitation current I

fk
 = 420 A has been read 

out, which as a parameter is stored in Table 3.

Slika 2 
Karakteristika praznog 

hoda generatora G3 u HE 
Vinodol

Figure 2 
No-load characteristic of 
G3 generator at Vinodol 

HPP

Slika 3 
Karakteristika kratkog 
spoja generatora G3 u 

HE Vinodol
Figure 3 

Short-circuit 
characteristic of G3 
generator at Vinodol 

HPP

U (V)

90 % nazivne brzine vrtnje 
(preraËunata na nazivnu) /
90 % of rated rotation 
speed (converted into rated 
speed)
nazivna brzina vrtnje / rated 
rotation speed 
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2.3.2 Mjerenja uz pomoÊ postojeÊeg sustava 
monitoringa
Ukoliko postoji sustav monitoringa, treba provjeriti 
da li omoguÊava bilo koju vrstu mjerenja koja 
bi mogla pomoÊi u odreivanju parametara i 
fi zikalnih veliËina za odreivanje KPK.

Kako je veÊ u teorijskom Ëlanku [1] obrazlagano, 
za potpunu KPK potrebno je πto toËnije odrediti 
kljuËne parametre, ponaπanje kljuËnih fi zikalnih 
veliËina, te toplinska stanja stroja za razliËite 
pogonske prilike. Ukoliko postoji izvedbena 
dokumentacija o ustrojstvu sustava monitoringa 
i upute o koriπtenju sustava, ne samo za nadzor, 
nego i za dodatna mjerenja, treba utvrditi 
moguÊnosti njegovog koriπtenja i za odreivanje 
bilo kojeg podatka od koristi za KPK. Ukoliko 
su ugraeni davaËi bilo koje vrste, potrebno 
je provjeriti njihovu funkciju i moguÊnost 
koriπtenja za potrebe KPK. Ako postoje davaËi 
temperature (toplinske sonde), posebno bi bilo 
od koristi provoenje mjerenja toplinskih stanja u 
specifi Ënim pogonskim uvjetima.

3 MJERENJA NAKON 
UGRADNJE DAVA»A

3.1 Pripremne radnje na generatoru
Blok dijagram iz slike 1, u svom daljnjem tijeku, 
nudi ugradnju sondi sa svrhom dobivanja podloga 
za πto toËniju i pouzdaniju KPK.

Radi odreivanja parametara generatora potrebnih 
za crtanje pogonske karte, potrebno je na samom 
stroju obaviti odreena mjerenja. Priprema 
mjerenja sastoji se u umjeravanju (baædarenju), 
pripremi za ugradnju i ugradnji tri grupe davaËa:

∑  magnetske sonde (Hall sonde) kojima se mjeri 
indukcija na kljuËnim mjestima u generatoru,

∑  termosonde (Pt-1000) za mjerenje temperatura 
odreenih dijelova stroja,

∑  sonde za mjerenje vibracija (akcelerometri) 
uz pomoÊ kojih se utvruje (ne)ispravnost 
Ëeonog dijela statorskog paketa za normalan 
rad generatora.

 

2.3.2 Measurements by means of the existing 
monitoring system
If there is a monitoring system in place, it should be 
checked if it allows any type of measurements that 
may help determine the parameters and physical 
quantities required for APQ defi nition.

As already explained in the theoretical article [1], a 
complete APQ requires maximum accuracy in deter-
mining the key parameters, the behavior of crucial 
physical quantities, and the machine’s thermal con-
ditions in different operating circumstances. Given 
the existence of as-built design documents on the 
monitoring system structure and the system utiliza-
tion instructions not only for supervision but also 
for additional measurements, a possibility should 
be explored of using the system also for obtaining 
any other data which may be useful for APQ. If sen-
sors of any type are installed, their function and 
usability for the needs of APQ should be checked. If 
temperature sensors (thermal probes) exist, it would 
be particularly useful to measure heat conditions 
under specifi c operating conditions.

3 MEASUREMENTS AFTER 
SENSOR INSTALLATION

3.1 Preparatory steps on the generator
In its continuation the block diagram from Figure 1 
offers to install probes for the purpose of getting the 
basics for a more accurate and reliable APQ.

In order to defi ne the generator’s parameters 
required for plotting the PQ diagram, some mea-
surements must be taken on the machine itself. 
Preparatory steps for measuring include calibration, 
installation preparations and installation of the fol-
lowing three groups of sensors:

∑  magnetic probes (Hall probes) to measure 
induction at the generator’s key points,

∑  thermal probes (Pt-1000) to measure the 
temperature of certain parts of the machine,

∑  vibration probes (accelerometers) to determine 
the operating ability of the stator package end 
region for normal operation of the generator.
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3.1.1 Ugradnja Hall sondi za mjerenje indukcije
PreporuËena mjesta za ugradnju Hall sondi (slika 
4) su:

∑  Hall sonde za mjerenje aksijalnog polja, 
na statorskom paketu (D sonde, 4 kom.) ∑ 
ugrauju se na povrπinu paketa izmeu polu-
prstiju, pomaknute u radijalnom smjeru za 1/3 
visine zuba, poËevπi od njegovog vrha (slike 4a 
i 4b),

∑  Hall sonde za mjerenje radijalnog polja u 
zraËnom rasporu (E sonde, 4 kom.) ∑ poæeljno 
je na krajnji statorski paket ugraditi tri sonde 
u uzduænoj simetrali zuba (na krajevima i u 
sredini, te joπ jednu sondu u sredini utora 
(slike 4b i 4c).

3.1.2 Ugradnja akcelerometara za mjerenje 
vibracija
Preporuku za izbor mjesta postavljanja akcelero-
metara za mjerenje aksijalnih vibracija paketa 
statora u Ëeonom prostoru daje slika 5. Izbor 
mjesta postavljanja je u skladu s namjerama 
mjerenja vibracija limova paketa statora u 
moguÊim kritiËnim radnim toËkama, s obzirom 
na ubrzano starenje izolacije izmeu limova zbog 
dodatnog zagrijavanja uzrokovanog aksijalnom 
komponentom magnetske indukcije u Ëeonom 
prostoru stroja.

 

3.1.1 Installation of Hall probes for induction mea-
surement
Recommended places for installation of Hall probes 
(Figure 4):

∑  Hall probes for axial fi eld measurement, on the 
stator package (D probes, 4 pcs) ∑ installed on 
the package surface between the half-fi ngers, 
displaced radially by one third of the tooth height, 
beginning with the tooth tip (Figures 4a and 4b),

∑  Hall probes for radial fi eld measurement in the 
air gap (E probes, 4 pcs) ∑ it is desirable to in-
stall three probes on the end stator package in 
the longitudinal centerline of the tooth (at ends 
and in the middle, plus another probe in the 
middle of the slot (Figures 4b and 4c).

3.1.2 Installation of accelerometers for vibration 
measurement
Figure 5 gives a recommendation for the choice of 
places where accelerometers should be installed for 
measuring the axial vibrations in the stator package 
end region. The choice of installation places con-
forms with the intended vibration measurement of 
the stator package sheet-metal strips in potentially 
critical operating points, in view of accelerated ag-
ing of insulation between sheet-metal strips due to 
additional heating caused by the axial component 
of magnetic induction occurring in the end region 
of the machine.

Slika 4 
Smjeπtaj Hall sondi 
u Ëeonom prostoru 
i zraËnom rasporu 

generatora G3 u HE 
Vinodol

Figure 4 
Arrangement of Hall 

probes in the end 
region and air gap of 

G3 generator at Vinodol 
HPP
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TlaËni prst / 
Pressure fi nger

Lamelirani dio statorskog paketa / 
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Air gap

a) Pogled s Ëela / Front view b) Presjek / Cross-section A ∑ A

Utorski klin / 
Slot wedge
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Tooth tip

TlaËni prst / 
Pressure fi nger

c) Pogled / View B ∑ B

E1∑E3

E4

E3   E2   E1
(E4)

E3

E2

E1
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D1∑D4 nalaze se u Ëeonom prostoru, na zubu br. 43 / situated in the end region, on tooth No. 43
E1∑E3 nalaze se u zraËnom rasporu, na zubu br. 49 / situated in the air gap, on tooth No. 49

E4 nalazi se u zraËnom rasporu, na utoru br. 48 / situated in the air gap, on slot No. 48
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3.1.3 Ugradnja sondi za mjerenje temperature
Mjesta na kojima se prati zagrijanje generatora 
(slika 6) analogna su mjestima na kojima se 
ugrauju Hall sonde za mjerenje aksijalnog 
magnetskog polja u Ëeonom prostoru, ali na 
nekom drugom zubu:

∑ termo sonde (GTS sonde, 4 kom.) ∑ ugrauju se 
na povrπinu paketa statora izmeu poluprstiju, 
i to na vrh zuba, te joπ tri sonde pomaknute za 
1/3 visine zuba u radijalnom smjeru.

 

3.2 Provedba i rezultati mjerenja
3.2.1 Provedba mjerenja
Nakon ugradnje mjernih davaËa (sondi) treba, 
prema blok dijagramu, pristupiti mjerenjima 2.1, 
koja sadræe toplinska, elektriËna i magnetska 
mjerenja, radi odreivanja graniËnih pozicija u 
KPK, te mjerenja aksijalnih vibracija u Ëeonom 
prostoru paketa (na krajnjim limovima paketa 
statora, poæeljno i na glavama namota).

3.1.3 Installation of temperature measurement 
probes
Places where the generator heating is monitored 
(Figure 6) are analogous to places where the Hall 
probes are installed for measuring the axial magnet-
ic fi eld in the end region, but on some other tooth:

∑  thermal probes (GTS, 4 pcs) ∑ are installed on 
the surface of the stator package between the 
half-fi ngers on the tooth tip, plus three probes ra-
dially displaced by one third of the tooth height.

3.2 Taking measurements and measurement results
3.2.1 Taking measurements 
Upon installation of test sensors (probes), measure-
ments 2.1 according to the block diagram should 
be conducted, which include thermal, electrical 
and magnetic measurements to defi ne APQ limit 
positions, and measurements of axial vibrations in 
the end region of the package (on end sheet-metal 
strips of the stator package, preferably on the coil 
heads as well).

Slika 5 
Mjesta ugradnje 
akcelerometara u 
generator G3 u HE 
Vinodol
Figure 5 
Places to install 
accelerometers in G3 
generator at Vinodol 
HPP

Slika 6 
Mjesta ugradnje termo 
sondi izmeu tlaËnih prstiju 
u generatoru G3 u HE 
Vinodol
Figure 6 
Places to install thermal 
probes between pressure 
fi ngers in G3 generator at 
Vinodol HPP
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Pogled sa strane uzbudnika / 
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Na generatoru G3 provedena su sljedeÊa mjerenja:

∑  mjerenje radijalne komponente indukcije 
Hall sondama E1 ∑ E4, postavljenim u zraËni 
raspor (slika 4), u praznom hodu, kratkom 
spoju i izabranim pogonskim toËkama,

∑  mjerenje aksijalne komponente indukcije Hall 
sondama D1 ∑ D4 postavljenim u Ëeoni prostor 
(slika 4) u praznom hodu, kratkom spoju i u 
izabranim pogonskim toËkama,

∑  mjerenje aksijalnih vibracija ACC1 i ACC2 posta-
vljenim u Ëeoni prostor (slika 5), u praznom 
hodu, kratkom spoju i za izabrane radne toËke,

∑  mjerenja sa svrhom odreivanja meusobnih 
odnosa i iznosa pojedinih fi zikalnih veliËina za 
izabrane radne toËke pogonske karte,

∑  mjerenje temperature pomoÊu mjernih sondi 
postavljenih u Ëeonom prostoru (slika 6), a za 
razna pogonska stanja, u skladu s mjerenjima 
aksijalne komponente indukcije i mjerenjima 
zagrijavanja paketa statora u ovisnosti o vrsti 
i veliËini optereÊenja armaturnog i uzbudnog 
namota.

3.2.2 TabliËni pregled rezultata mjerenja
TabliËni pregled rezultata predstavlja podlogu za 
odreivanje onih svojstava hidrogeneratora koja su 
od vaænosti za KPK. U tablici 1 dan je pregledan 
skup rezultata mjerenja na G3, a πto predstavlja 
podloge za:
 
∑  utvrivanje iznosa i raspodjele aksijalne 

komponente magnetske indukcije u Ëeonom 
prostoru (B

A
),

∑  odreivanje utjecaja protjecanja uzbudnog 
namota, a vezano uz to i utjecaj protjecanja 
namota armature, na magnetske prilike u 
Ëeonom prostoru : parametri k

A
 i �,

∑  odreivanje toplinskog stanja Ëeonog prostora 
uz pomoÊ toplinskih sondi.

Tablica 1 sadræi samo one rezultate mjerenja koji 
su nuæni za prezentaciju u pokaznom primjeru. 
Na temelju odabranih rezultata mjerenja u 16 
toËaka (u pravilu se, radi temeljitije statistiËke 
obrade, uzimaju rezultati mjerenja dobiveni u 2 do 
3 puta viπe pogonskih toËaka od prikazanih 16 u 
tablici 1), moæe se dobiti dovoljno pouzdana slika 
elektromagnetskih zbivanja u Ëeonom prostoru 
generatora, a uz to i informacije o toplinskom 
stanju Ëeonih limova paketa statora. Poæeljna je 
i kontrola vibracija, kako bi se moglo dati zeleno 
svjetlo za potpunu primjenu KPK u praksi.

Nakon temeljite popune tablice rezultatima mjere-
nja u πto πirem i raznolikijem spektru radnih toËaka, 
moæe se prijeÊi na obradu elektromagnetskih 
i toplinskih prilika, a s tim u vezi i pripadnih 
ograniËenja u KPK generatora.
 

The following measurements have been conducted 
on the G3 generator:
              
∑  measurement of the radial induction component 

by means of E1 ∑ E4 Hall probes placed in the 
air gap (Figure 4), at no-load, short-circuit, and 
selected operating points,

∑  measurement of the axial induction component 
by means of D1 ∑ D4 Hall probes placed in the 
end region (Figure 4), at no-load, short-circuit 
and selected operating points,

∑  measurement of axial vibrations ACC1 and ACC2 
placed in the end region (Figure 5), at no-load, 
short-circuit and selected operating points,

∑  measurements intended to determine the correla-
tions between and amounts of individual physical 
quantities for selected PQ diagram operating points,

∑  temperature measurement by means of probes 
placed in the end region (Figure 6) for different 
operating conditions in accordance with the 
measurement of the axial induction component 
and the measurement of the stator package 
heating in dependence on the type and amount 
of the armature and excitation coil load.

3.2.2 Table of measurement results
The table of measurement results is a basis for 
determining the hydrogenerator properties relevant 
to APQ. Table 1 summarizes G3 measurement 
results, which provides a basis for:
 
∑  determining the amount and arrangement of 

the axial magnetic indduction component in the 
end region (B

A
),

∑  determining the excitation coil fl ux impact as 
well as, in relation to it, the armature coil fl ux 
impact on the magnetic conditions in the end 
region: parameters k

A
 and �,

∑  determining the thermal status of the end re-
gion by means of thermal probes.

Table 1 contains only those measurement results 
which are essential for demonstration in the con-
crete example. Based on selected measurement 
results in 16 points (normally, for more detailed 
statistical processing, measurement results are 
taken which are obtained in operating points twice 
or thrice as many as 16 points shown in Table 1), 
a fairly reliable picture can be obtained of elec-
tromagnetic developments in the generator’s end 
region, plus information about the thermal status 
of the stator package end region sheet-metal strips. 
Also desirable is a vibration control to give green 
light for a full-scale application of APQ in practice.

After fi lling the table with measurement results in a 
broad and diverse range of operating points, the electro-
magnetic and thermal conditions, as well as the pertain-
ing limitations in the generator APQ, can be processed.
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4 ODRE–IVANJE PARAMETARA 
POMO∆U REZULTATA 
PROVEDENIH MJERENJA

Provedbom analitiËkih i numeriËkih proraËuna 
raËunskim putem su odreeni gotovo svi para-
metri, nuæni za izradu korisniËke pogonske 
karte. U provedbi proraËuna nuæna su odreena 
zanemarenja, pa je toËnost dobivenih rezultata 
upitna. Ova Ëinjenica upuÊuje na zakljuËak, 
da parametre treba odrediti iz rezultata ciljano 
provedenih mjerenja na pripadnom stroju, ako 
to dozvoljavaju pogonske prilike. U tablici 1 su 
prikazani rezultati provedenih mjerenja, koji mogu 
biti podloga za izraËun parametara i za ocjenu 
njihove ovisnosti o magnetskim prilikama u stroju.

4.1 Odreivanje uzduæne reaktancije
Karakteristike pokusa praznog hoda (slika 2) i 
kratkog spoja (slika 3) daju podloge za odreivanje 
nezasiÊene reaktancije generatora X

d
 kao i 

kratkospojnog omjera k
c
:

Kratkospojni omjer se moæe uzeti kao mjera pro-
mjene nezasiÊene sinkrone reaktancije u zasiÊenu, 
πto daje rezultat:

Razlika izmeu nezasiÊene i zasiÊene sinkrone 
reaktancije iznosi 16,7 %.

4.2 Odreivanje popreËne reaktancije
Uz pomoÊ izraza, dobivenog iz fazorskog dijagrama 
SG s izraæenim polovima (slika 7) dobiva se izraz 
za popreËnu sinkronu reaktanciju:

4 DETERMINING PARAMETERS 
BY MEANS OF MEASUREMENT 
RESULTS

Once the analytical and numerical calculations 
are fi nished, nearly all parameters required for the 
creation of the APQ are defi ned. The calculations 
require certain omissions, so that the accuracy 
of obtained results is questionable. This fact 
suggests that parameters should be defi ned from 
the results of targeted measurements conducted 
on the respective machine, operating conditions 
permitting. Table 1 shows the measurement results 
which may serve as a basis for the computation of 
parameters and an evaluation of their dependence 
on magnetic conditions prevailing in the machine.

4.1 Determining the longitudinal reactance
The characteristics of the no-load (Figure 2) and 
short-circuit (Figure 3) test provide the basic 
elements for determining the unsaturated reactance 
of generator X

d
 and the short-circuit ratio k

c
:

The short-circuit ratio can be taken as a measure 
of change of an unsaturated synchronous reactance 
into a saturated one, which gives:

The difference between the unsaturated and satu-
rated synchronous reactance amounts to 16,7 %.

4.2 Determining the transverse reactance
The expression for the transverse synchronous 
reactance is obtained by means of an expression 
obtained from the phasor diagram of SG with 
projecting poles. (Figure 7):

(1)

(2)

(3)

(4)
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Koriπtenjem rezultata mjerenja iz tablice 1, ali 
samo za kuteve optereÊenja bitno veÊe od nule 
(zbog bitno veÊe relativne pogreπke pri mjerenju 
malih kuteva �), dobivaju se dvije grupe rezultata 
za X

q
. Jasno se oËituje razlika izmeu popreËne 

sinkrone reaktancije pri radu s induktivnim u 
odnosu na rad s kapacitivnim optereÊenjem. U 
kapacitivnim radnim toËkama je generator manje 
magnetski zasiÊen zbog manjeg induciranog 
napona u odnosu na induktivne radne toËke, 
pa je za magnetski zasiÊeni generator popreËna 
(zasiÊena) sinkrona reaktancija (X

qmin
 = 0,5) Ëak, 

u ovom konkretnom sluËaju, i do 34 % niæa od 
nezasiÊene (X

qmax
 = 0,76). Sva ova tumaËenja 

razliËito dobivenih sinkronih reaktancija u 
popreËnoj osi za razna pogonska stanja zasnivaju 
se na klasiËnom fazorskom dijagramu. Ako se ne 
æeli prihvatiti da su tako velike razlike u iznosima 
reaktancija za poduzbudni i naduzbudni rad 
dovoljno fi zikalne, tada valja traæiti nove naËine 
prikaza fazorskog dijagrama, jer po svemu sudeÊi 
klasiËni fazorski dijagram za hidrogeneratore 
nije potpuno korektan. Ova se tvrdnja temelji na 
iskustvu autora na sliËnim proraËunima na temelju 
mjerenja za nekoliko postojeÊih hidrogeneratora u 
elektranama HEP-a.

 

By using the measurement results from Table 1, but 
only for load angles essentially greater than zero 
(due to a much greater relative error occurred in the 
measurement of small angles �), two groups of re-
sults are obtained for X

q
. A clear difference is shown 

between the transverse synchronous reactance in 
operation with inductive load and in operation with 
capacitive load. In the capacitive operating points 
the generator is magnetically less saturated due to 
a lower induced voltage in relation to the inductive 
operating points, so that for a magnetically saturat-
ed generator the transverse (saturated) synchronous 
reactance (X

qmin
 = 0,5) is, in this specifi c case, as 

much as up to 34 % lower than the unsaturated 
reactance (X

qmax
 = 0,76). All these interpretations 

of different obtained synchronous reactances in the 
transverse axis for different operating conditions 
are based on the classical phasor diagram. In case 
of refusal to accept the notion that such great dif-
ferences in reactance amounts for under-excitation 
and over-excitation operation are suffi ciently physi-
cal, then new ways of presenting the phasor diagram 
should be sought, because all indications are that 
the classical phasor diagram for hydrogenerators is 
not entirely correct. This argument is based on the 
author’s experience with similar calculations based 
on measurements for several existing hydrogenera-
tors in HEP power plants.

Slika 7 
Fazorski dijagram SG s 
istaknutim polovima
Figure 7 
Phasor diagram of a SG 
with projecting poles
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Na osnovi opisanih analiza moæe se napisati da 
su za promatrani stroj karakteristiËne vrijednosti 
popreËne sinkrone reaktancije za induktivna 
optereÊenja stroja X

qind
 = 0,59, a za preteæno 

kapacitivna X
qkap

 = 0,72 (tablica 2).

4.3 Odreivanje parametara k
A
 i �

U [1] dana je uputa o naËinu utvrivanja 
parametara k

A
 i �. U svrhu odreivanja tih 

parametara odabrano je 16 radnih toËaka, za 
koje su rezultati provedenih snimanja prikazani 
u tablici 1. ProraËun je proveden samo za jednu 
toËku Ëeonog dijela paketa statora, za toËku na 
kojoj se nalazi Hall sonda D1 (slika 4), koja je 
mjerila najveÊe iznose aksijalne komponente 
indukcije B

Amax
.

Prema spomenutoj uputi, u prvom koraku proraËuna 
treba, uz pomoÊ koefi cijenta k

2
, odrediti parametar 

� koji najbolje oslikava utjecaj rasipnog polja 
struje armature na stvaranje uzduæne komponente 
B

A
 u odnosu na utjecaj uzbudnog protjecanja πto 

ga izraæava parametar k
A
. Koefi cijent k

2
, prema 

(41) [1], odreen je kao:

Za svaku radnu toËku iz tablice 1 se pretpostavi 
iznos parametra � izmeu 0 i 1 u odgovarajuÊe 
malim koracima, te se za svaki pretpostavljeni � 
raËuna odstupanje a

rel
 parametra k

2
 od njegove 

srednje vrijednosti metodom najmanjih kvadrata
Odabire se onaj � (kao �opt) za koji je odstupanje 
a

rel
 parametra k

2
 od njegove srednje vrijednosti 

najmanje (slika 8).
 

Based on the described analyses, it can be written 
that for the observed machine the characteristic 
values of transverse synchronous reactance for in-
ductive loads are X

qind
 = 0,59, for largely capacitive 

loads X
qkap

 = 0,72 (Table 2).

4.3 Determining the parameters k
A
 and �

In [1] contains an instruction about how to 
determine the parameters k

A
 and �. For the purpose 

of determining these parameters, 16 operating 
points were selected, for which the results of 
screening are shown in Table 1. Calculation has 
been made only for one point of the stator package 
end region, for the point where a Hall probe D1 is 
placed (Figure 4), which has measured the highest 
axial component induction amounts B

Amax
.

According to the mentioned instruction, the fi rst 
step, by means of coeffi cient k

2
, is to defi ne the pa-

rameter � which best describes the infl uence of the 
armature current stray fi eld on the formation of the 
longitudinal component B

A
 in relation to the infl u-

ence of excitation fl ux expressed by parameter k
A
. 

Coeffi cient k
2
, according to (41) [1], is defi ned as:

For each operating point from Table 1 a parameter 
amount � is assumed between 0 and 1 in 
appropriately small steps, and for each assumed 
� a deviation a

rel
 of parameter k

2
 from its mean 

value is calculated by the method of least squares. 
That � is selected (like (�opt) for which deviation a

rel 

of parameter k
2
 from its mean value is the least, 

Figure 8.

Tablica 2 ∑ IzraËun popreËne sinkrone reaktancije na temelju rezultata mjerenja, prema tablici 1
Table 2 ∑ Estimate of transverse synchronous reactance based on measurement results, according to Table 1

 0,931 33,15 1295,0 0,673 ∑38,9 95,70 ∑ 0,76 17,38 ∑13,51

 0,984 17,59 899,7 0,467 5,3 67,11 0,69 ∑ 16,10 1,90

 1,009 13,41 987,9 0,513 29,9 46,67 0,63 ∑ 15,76 9,32

 1,039 8,573 1295,0 0,673 54,3 27,16 0,50 ∑ 14,27 20,20

 0,921 43,36 1677,0 0,871 ∑34,0 80,59 ∑ 0,74 23,58 ∑15,36

 1,021 16,24 1403,0 0,729 30,9 42,88 0,58 ∑ 22,49 13,48

 1,035 14,03 1515,0 0,787 39,7 36,24 0,54 ∑ 22,01 18,47

 0,922 50,45 2199,0 1,142 ∑25,2 64,78 ∑ 0,69 33,58 ∑15,37

 0,937 44,11 2031,0 1,055 ∑19,4 65,29 ∑ 0,68 32,88 ∑11,06

 0,987 28,57 1769,0 0,919 6,2 55,22 0,63 ∑ 31,73 3,74

 1,013 22,78 1793,0 0,931 20,3 46,92 0,58 ∑ 31,11 11,71

Q (Mvar)

9,78

10,33

10,59

10,91

9,67

10,72

10,87

9,68

9,84

10,36

10,64

U (kV) U (p.u.) � (°) I
a
 (A) I

a
 (p.u.) � (°) � (°) X

qind
 (p.u.) X

qkap
 (p.u.) P (MW)

(5)
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Provedena raËunica daje sljedeÊe rezultate za 
parametre:

4.4 TabliËni prikaz veliËina potrebnih za izradu KPK
Tablica 3 sadræi popis i karakteristiËne vrijednosti 
svih veliËina potrebnih za izradu KPK sinkronog 
hidroagregata.

The calculation gives the following results for pa-
rameters:

4.4 Table of values required for making the APQ 
Table 3 contains a list and characteristic values of 
all parameters required for making the APQ of the 
synchronous hydrogenerator-turbine unit.

Slika 8 
Odabir parametra �

opt
 

uz pomoÊ utvrivanja 
najmanje relativne 
pogreπke koefi cijenta k

2

Figure 8 
Selection of parameter 
�

opt
 by means of 

determining the 
least relative error of 
coeffi cient k

2
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Tablica 3 ∑ Popis veliËina potrebnih za izradu KPK
Table 3 ∑ List of quantities required for making APQ 
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Komponenta / 
Component

Oznaka i veliËina 
parametra  ili fi zikalne 
veliËine / Symbol & 
value of parameter or 
physical quantity  

p.u.
Naziv parametra ili  fi zikalne veliËine / Designation of 
parameter or physical quantity

Parameter odreen / 
Parameter determined:

 S N A G A / P O W E R, K O R I S N O S T / E F F I C I E N C Y

Turbina / 
Turbine

P
T  

=  32 MW 0,914 maksimalna snaga turbine / maximum turbine power iz dokumentacije / from 
documentation 

P
tmin

  =  0 MW 0 minimalna snaga turbine / minimum turbine power iz dokumentacije / from 
documentation

SG / SG

�
G  

=  0,9809 0,981 korisnost generatora  / effi ciency of generator anal. proraËunom / by anal. 
estimate

P
max 

= P
T 
· �

G  
=  31,5 MW 0,9 maksimalna djelatna snaga generatora / maximum real power of generator  pogl. 4.2 / section 4.2 [1]

S
n  

=  35 MVA 1 nazivna prividna snaga / rated apparent power iz dokumentacije / from 
documentation

cos �
n  

=  0,9 0,9 faktor snage / power factor iz dokumentacije / from 
documentation

P
n  

=  31,5 MW 0,9 nazivna djelatna snaga / rated real power iz dokumentacije / from 
documentation

S
1 
= I

max
·U

1  
=  S

n
 1 snaga generatora uz maksimalnu struju i sniž eni napon / generator power with 

maximum current and lowered voltage pogl. 4.2 / section 4.2 [1]

S
2 
= I

max
·U

n  
=  1,053·1 1,053 snaga generatora uz maksimalnu struju i nazivni napon / generator power with 

maximum current and rated voltage pogl. 4.2 / section 4.2 [1]

S
3 
= I

n
·U

3 =  1·1,05 1,05 snaga generatora uz nazivnu struju i poviš eni napon / generator power with rated 
current and heightened voltage pogl. 4.2 / section 4.2 [1]

S
i 
= S

max 
= S

2  
=  1,053 1,053 S

i
 = max {S

1
, S

2
, S

3
} pogl. 4.2 / section 4.2 [1]

NAPONI  I  STRUJE  ARMATURE / ARMATURE VOLTAGES AND CURRENTS

SG / SG

U
n 
= U

2 
= 10,5 kV 1 nazivni napon generatora (linijski) / generator rated voltage (line) iz dokumentacije / from 

documentation

n
s 
= 0,95 0,95 koefi cijent sniž enja napona / voltage decrease coeffi cient iz dokumentacije / from 

documentation

U
1 
= 0,95·U

n 
= 9,975 kV 0,95 U

1
 = 	

s 
· U

n
 = 0,95  (p.u.)  minimalni nazivni napon / minimum rated voltage iz dokumentacije / from 

documentation

n
p 
= 1,05 1,05 koefi cijent poviš enja napona / voltage increase coeffi cient iz dokumentacije / from 

documentation

U
3 
= 1,05·U

n 
= 11,025 kV 1,05 U

3
 = 	

p 
· U

n
 = 1,05   (p.u.)   maksimalni nazivni napon  / maximum rated voltage iz dokumentacije / from 

documentation

I
an 

= 1 925 A 1 struja armature za nazivno optereÊenje uz nazivni napon / armature current for 
rated load with rated voltage

iz dokumentacije / from 
documentation

I
1 
= S

n 
/ U

1 1,053 struja armature za nazivno optereÊenje uz sniž eni napon / armature current for 
rated load with lowered voltage pogl. 4.2 / section 4.2 [1]

I
2 
= S

n 
/ U

2 1 struja armature za nazivno optereÊenje uz nazivni napon / armature current for 
rated load with rated voltage pogl. 4.2 / section 4.2 [1]

I
3 
= S

n 
/ U

3 0,952 struja armature za nazivno optereÊenje uz poviš eni napon / armature current for 
rated load with increased voltage pogl. 4.2 / section 4.2 [1]

I
max 

=  I
1 1,053 I

max
  =  max {I

1
, I

2
, I

3
} =  I

1 pogl. 4.2 / section 4.2 [1]

�
n
 = 26,3 °  nazivni kut optereÊenja / rated load angle mjerenjem / by measurement

A
n
 = 61 903,6  A/m  strujni oblog za nazivno optereÊenje / current shield for rated load anal. proraËunom / by anal. 

estimate

NAPONI  I  STRUJE  UZBUDE / EXCITATION VOLTAGES AND CURRENTS

SG / SG

U
f  
= 95,8 V  napon uzbude pri nominalnom optereÊenju / excitation voltage with normal load anal. proraËunom / by anal. 

estimate

I
f = 684,4 A  struja uzbude za nominalni teret / rated load excitation current anal. proraËunom / by anal. 

estimate

I
f0 

= 400  A  struja uzbude praznog hoda / no-load excitation current mjerenjem / by measurement

I
fg 

= 334 A  struja uzbude praznog hoda za nezasiÊeno stanje / no-load excitation current for 
unsaturated state mjerenjem / by measurement

I
fk 

= 420 A  struja uzbude kratkog spoja / short-circuit excitation current mjerenjem / by measurement

I
fcos�=0

 
 
= 883 A  struja uzbude kod cos � = 0  induktivno / excitation current at cos � = 0  

inductive
anal. proraËunom / by anal. 
estimate

I
fmin

 = 70 A  minimalna uzbuda, cca 10 % I
f 
 / minimum excitation, about 10 % I

f 

iz dokumentacije / from 
documentation

R = 0,2976 0,298 polumjer kružnice za / circle radius for E = 0 : R = U2· (X
d
 – X

q
)  / 2 · X

d
 · X

q
 pogl. 4.3 / section 4.3 [1]

{−1,09127; 0}  pomak središ ta za / center shift for E = 0 : {- U2· (X
d
 + X

q
)  / 2 · X

d
 · X

q
 ; 0} pogl. 4.3 / section 4.3 [1]

REAKTANCIJE / REACTANCES

SG / SG

X
dmj 

= 1,26 1,26 sinkrona reaktancija u uzdužnoj osi (nezasiÊena) /synchronous reactance in the 
longitudinal axis (unsaturated)

mjerenjem ZESA / by ZESA 
measurement

X
qkap 

= 0,72 0,72 sinkrona reaktancija u popreËnoj osi (pretežno kap. optereÊenja) /synchronous 
reactance in the transverse axis (largely capacitive loads)

mjerenjem ZESA / by ZESA 
measurement

X
dzas 

= 1,05 1,05 sinkrona reaktancija u uzdužnoj osi (zasiÊena) /synchronous reactance in the 
longitudinal axis (saturated)

mjerenjem ZESA / by ZESA 
measurement
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X
qind 

= 0,59 0,59 sinkrona reaktancija u popreËnoj osi (pretež no ind. optereÊenja) / synchronous 
reactance in the transverse axis (largely inductive loads)

mjerenjem ZESA / by ZESA 
measurement

X
� 
=  0,0955 0,096 rasipna reaktancija armature / armature stray reactance anal. proraËunom / by anal. 

estimate

X
da 

= 1,182 1,182 uzdužna reaktancija reakcije armature / longitudinal armature reaction 
reactance

anal. proraËunom / by anal. 
estimate

X
qa 

= 0,694 0,694 popreËna reaktancija reakcije armature / transverse armature reaction 
reactance

anal. proraËunom / by anal. 
estimate

X
d 
= 1,277 1,277 sinkrona reaktancija u uzdužnoj osi / synchronous reactance in the longitudinal 

axis
anal. proraËunom / by anal. 
estimate

X
q 
= 0,789 0,789 sinkrona reaktancija u popreËnoj osi / synchronous reactance in the transverse 

axis
anal. proraËunom / by anal. 
estimate

k
c
= 0,894 0,894 kratkospojni omjer / short-circuit ratio (I

f0 
/ I

fk
)  iz dokumentacije / from 

documentation

k
c 
= 0,903 0,903 kratkospojni omjer / short-circuit ratio (I

f0 
/ I

fk
 )    anal. proraËunom / by anal. 

estimate

k
c 
= 0,95 0,95 kratkospojni omjer / short-circuit ratio (I

f0 
/ I

fk
)  mjerenjem ZESA / by ZESA 

measurement

»EONI  PROSTOR / END REGION

SG / SG

BAmax 
= 0,568T; B

A1 
= 0,494T 

za OP sn23  B
A
 − uzdužna komponenta indukcije u Ëeonom prostoru / longitudinal 

induction component in the end region
mjerenjem ZESA / by ZESA 
measurement

k
A 
= 0,89 za toËku / for 

point D1 0,89 k
A
 − parameter utjecaja uzbudnog protjecanja na / parameter of excitation fl ux 

impact on  B
A 

/ k
A
 

mjerenjem ZESA+raËun / by ZESA 
measurement + calculation

� = 0,19  za toËku / for 
point D1 0,19 s = 1 − k

A
, parameter utjecaja protjecanja namota armature na / parameter of 

armature coil fl ux impact on B
A
 

mjerenjem ZESA+raËun / by ZESA 
measurement + calculation

k
2  k

2
 − pomoÊna varijabla pri odreivanju parametara �  i  k

A  
/  k

2
  −  auxiliary 

variable in defi ning parameters �  and  k
A  

raËunom, prema (5) / by 
calculation, acc. to  (5)

R
T 
= 5,24  radijus kružnice dopuštenog zagrijavanja Ëela paketa statora / circle radius of 

permissible heating of the stator package end region
mjerenjem ZESA+raËun / by ZESA 
measurement + calculation

k
topl 

= 6,52  koefi cijent zagrijavanja / heating coeffi cient raËunom / by calculation

q
0 
= 3,43  pomak središ ta kružnice po osi Q u KPK / circle center shift along the Q-axis 

in APQ raËunom / by calculation

ZAGRIJAVANJE / HEATING

Stator / 
Stator

Klasa / Class F��
a,dop 

= 
155 °C klasa izolacije namota armature / armature coil insulation class iz propisa / from regulation

J
a.dop 

= 100 K  dopuštena nadtemperatura namota armature / permissible over-temperature of 
armature coil, Jdop.st.

iz propisa / from regulation

J
a.sn23 

= 35 K  nadtemperatura namota armature u kapacitivnom radu u RT sn23 ϑa.kap. 
/ 

armature coil over-temperature in capacitive operation at WP sn23 ϑ
a.kap 

mjerenjem u RT sn23 / 
measurement in OP sn23

J
Fe.dop 

= 100 K  dopuštena nadtemperatura željeza paketa statora ϑdop.Fe  
, ukljuËivo Ëeoni prostor / 

permissible over-temperature of stator package iron, ϑ
dop.Fe  

, including the end region  

J
Fe.sn23 

= 25,4 K  ostvarena nadtemperatura željeza u jarmu paketa statora,ϑFe
.
sn23, ϑa.kap.

 / 
realized over-temperature of iron in the stator package yoke, ,ϑ

Fe
.
sn23

, ϑ
a.kap. 

mjerenje sondom / probe 
measurement

J
Fe.Ëp.sn23 

= 43,0 K  ostvarena nadtemperatura željeza paketa statora, Ëeoni prostor, u RT sn23 ϑα.kap /  
realized over-temperature of stator package iron, end region, at OP sn23 ϑa.kap. 

mjerenje sondom GTS3 / GTS3 
probe measurement



GTS1 

= 70,4 °C  temperatura krajnjeg lima na mjestu najbližem rasporu (GTS1) / end sheet- 
metal stripe temperature at the place closest to the gap (GTS1) 

mjerenje sondom GTS1/ GTS1 
probe measurement

Rotor / 
Rotor

Class F��
f,dop 

= 155 °C klasa izolacije namota  uzbude / excitation coil insulation class iz propisa / from regulation

J
f.dop.

=100 K  dopuštena nadtemperatura namota uzbude ϑdop.uzb.n. / permissible over-
temperature of excitation coil, ϑdop.uzb.n. 

iz propisa / from regulation

MAGNETSKA INDUKCIJA U KARAKTERISTI»NIM TO»KAMA / MAGNETIC INTRODUCTION AT CHARACTERISTIC POINTS

ZraËni 
raspor 
i Ëeoni 
prostor / Air 
gap and end 
region

B
�o
= 0,9468 T  indukcija u zraËnom rasporu u PH / induction in the air gap in PH anal. proraËun / anal. estimate

B
�0

 = 0,9586 T  indukcija u zraËnom rasporu u PH / induction in the air gap in PH mjereno na mjestu E1 / 
measured at E1

B
�KS 

= 0,0840 T  indukcija u zraËnom rasporu u kratkom spoju kod I
an 

 / induction in the air gap 
in short-circuit at I

an 

mjereno na mjestu E1 / 
measured at E1

B
APHD1 

= 0,3875 T  aksijalna indukcija u Ëeonom prostoru u PH na poziciji D1 / axial induction in 
the end region in PH in position D1

mjereno na mjestu D1 / 
measured at D1

B
APHmax

 = 0,4 T  maksimalni iznos aksijalne indukcije u Ëeonom prostoru u PH / maximum 
amount of axial induction in the end region in PH

num. pror. MKE / FEM numer. 
estimate 

B
A�max

 = 0,05 T  maksimalni iznos aksijalne indukcije rasipnog polja armature pri I
an

 / maximum 
amount of axial induction of the armature stray fi eld at I

an 

num. pror. MKE / FEM numer. 
estimate

VIBRACIJE / VIBRATIONS

Radna toËka 5 (P = 11 MW, Q  = − 14 Mvar), pokus zagrijavanja, lipanj 2005.* / working point 5 (P = 11 MW, Q = − 14 MVar), heating test, June 2005*

Paket 
statora / 
Stator 
package

v
sr.max

 = 4,21  mm/s  srednja vrijednost maksimalnih brzina / mean value of maximum speeds mjerenjem (vib1) / by 
measurements (vib1)

v
sr.ef

 = 2,98  mm/s  srednja vrijednost efektivnih brzina [dopuš teno 4 mm/s **] / mean value of 
effective speeds [permitted 4 mm/s **]

mjerenjem (vib1) / by 
measurements (vib1)

a
sr.max

 = 6,7  mm  srednja vrijednost maksimalnih amplituda / mean value of maximum 
amplitudes

mjerenjem (vib1) / by 
measurements (vib1)

a
sr.ef

 = 6,7  mm  efektivna vrijednost amplituda [dopuš teno 50 mm **] / effective value of 
amplitudes [permitted 50 mm **] 

mjerenjem (vib1) / by 
measurements (vib1)

Radna toËka 7 (P = 22 MW, Q  = − 15 Mvar), pokus zagrijavanja, lipanj 2005.* / working point 7 (P = 22 MW, Q = − 15 Mvar), heating test, June 2005*

Paket 
statora / 
Stator 
package

v
sr.max

 = 5,15 mm/s  srednja vrijednost maksimalnih brzina / mean value of maximum speeds mjerenjem (vib1) / by 
measurements (vib1)

v
sr.ef

 = 3,64 mm/s  srednja vrijednost efektivnih brzina [dopušteno 4 mm/s **] / mean value of 
effective speeds [permitted 4 mm/s **]

mjerenjem (vib1) / by 
measurements (vib1)

a
sr.max

 = 8,2 mm  srednja vrijednost maksimalnih amplituda / mean value of maximum 
amplitudes

mjerenjem (vib1) / by 
measurements (vib1)

a
sr.ef

 = 5,8  mm  efektivna vrijednost amplituda [dopuš teno 50 mm **] / effective value of 
amplitudes [permitted 50 mm **] 

mjerenjem (vib1) / by 
measurements (vib1)
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5 TVORBA KPK

KoristeÊi teorijske podloge [1] i podatke o para-
metrima i relevantnim fi zikalnim veliËinama u 
toËki 4.4 moguÊe je nacrtati KPK. Radi davanja 
πto instruktivnijeg tijeka tvorbe pogonske karte, 
prikazuje se postupak izrade KPK za konkretni 
hidroagregat. 

Slika 9 prikazuje poËetak crtanja KPK na naËin da 
su u nju ucrtane infrastrukturne veliËine: 

∑  P i Q osi, 
∑  granice maksimalne i minimalne radne snage 

P
max

, P
min

, 
∑  polukruænica kao toplinska granica zagrijavanja 

armaturnog namota, 
∑  konstrukcija Pascalove krivulje minimalne i 

maksimalne uzbudne struje, te 
∑  poloæaj nominalne radne toËke U

n
, I

n
, S

n
, �

n
.

Slika 10 proπiruje sliku 9 konstrukcijom teorijske 
i praktiËne granice stabilnosti uz pomoÊ pripadnih 
Pascalovih krivulja.

5.1 Granica maksimalne i minimalne radne snage 
Maksimalna i minimalna snaga turbine, te djelatna 
nazivna snaga generatora prema tvorniËkim 
podacima (toËka 4.4.) iznose:

∑  maksimalna snaga turbine P
Tmax

 = 32 MW, 
∑  minimalna snaga turbine P

Tmin
 = 0, 

∑  djelatna snaga generatora P
n
 = 31,5 MW, tj. u 

per unit sustavu p
n
 = 31,5/35 = 0,9.

Kako je P
n
 < P

Tmax
, maksimalnu snagu pogonskog 

stroja prema [1] crta se kao pravac P
max

 = P
n
 (slika 

9).

5 FORMING THE APQ 

APQ can be plotted by using theoretical bases of 
[1] and data on parameters and relevant physical 
quantities in section 4.4. The process of creating 
APQ is demonstrated for a concrete hydrogenerator-
turbine unit in order to make the demonstration as 
instructive as possible.

Figure 9 shows the start of plotting APQ by entering 
in it the infrastructure values: 

∑  P and Q axes, 
∑  limits of maximum and minimum active power 

P
max

, P
min

, 
∑  a semi-circle as a thermal limit of armature coil 

heating, 
∑  the construction of Pascal’s curve of minimum 

and maximum excitation current, and 
∑  the position of nominal operating points U

n
, I

n
, S

n
, �

n
.

Figure 10 extends Figure 9 by the construction of a 
theoretical and practical stability limits by means of 
appurtenant Pascal’s curves.

5.1 Maximum and minimum active power limits
The maximum and minimum power of the turbine 
and the real rated power of the generator according 
to manufacturerís data (section 4.4) are as follows:

∑  maximum turbine power P
Tmax

 = 32 MW, 
∑  minimum turbine power P

Tmin
 = 0,

∑  the generatorís real power P
n
 = 31,5 MW, or in 

the per unit system p
n
 = 31,5/35 = 0,9.

As P
n
 < P

Tmax
, the maximum power of the power-

generating machine according to [1] is plotted as a 
line P

max
 = P

n
 (Figure 9).

TRANSFORMACIJA / TRANSFORMATION

Blok-
transformator / 
Block 
transformer

S
n 
= 35 MVA 1 nazivna snaga / rated power iz dokumentacije / from 

documentation

U
n 
= 115,5/10,5 kV 1,05/1 nazivni napon / rated voltage iz dokumentacije / from 

documentation

I
n 
= 175/1924,5 A 1/1 nazivna struja / rated current iz dokumentacije / from 

documentation

u
k 
= 9,16 % 0.0916 napon kratkog spoja / short-circuit voltage iz dokumentacije / from 

documentation

Ynd5  spoj / connection iz dokumentacije / from 
documentation

ZESA −  Fakultet elektrotehnike i raËunarstva, Zagreb, Zavod za elektrostrojarstvo i automatiku / Faculty of Electrical 
Engineering and Computing, Zagreb, Department of Electric Machines, Drives and Automation
*  odabrane su radne toËke 5 i 7, jer parametri vibracija u radnoj toËki 5 odgovaraju prosjeËnim vrijednosti svih radnih toËaka, 

dok su u radnoj toËki 7 izmjerene najveÊe vrijednosti / working points 5 and 7 have been selected, because the vibration 
parameters in working point 5 correspond to average values of all working points, whereas in working point 7 max. values 
have been measured

** dopuštene vrijednosti parametara vibracija su prema standardu ISO 10 816-5/2000-04-01/ permissible vibration parameter 
value comply with ISO 10 816-5/2000-04-01 standard
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Granicu u pogonskoj karti odreenu minimalnom 
snagom pogonske turbine ucrtava se kao pravac 
P  = P

Tmin
 (slika 9). Za turbinu generatora G3 

vrijedi da je P
Tmin

 = 0 MW.

5.2 Granica zbog zagrijavanja namota statora
Granicu dopuπtenog zagrijavanja statorskog paketa 
treba odrediti sukladno uputama iz [1]. Prema 
podacima generatora iz toËke 4.4 koefi cijenti 
poviπenja i sniæenja napona iznose: 

πto daje:

Iz tih podataka odreuje se maksimalna struja 
generatora kao:

Prema [1], radijus polukruænice odreuje:
 

πto se crta kao polukruænica polumjera S
max

 s 
centrom u ishodiπtu pogonske karte (slika 9).
 

The limit in the PQ diagram, determined by the 
minimum power of the driving turbine, is plotted 
as a line P = P

Tmin
 (Figure 9). For the turbine of G3 

generator it holds that P
Tmin

 = 0 MW.

5.2 Limit due to stator coil heating
The limit of permissible stator package heating 
ought to be defi ned as instructed in [1]. According 
to generator data in section 4.4, the voltage in-
crease/ decrease coeffi cients are as follows: 

which gives:

Based on these data, the maximum generator cur-
rent is defi ned as:

According to [1], the semi-circle radius defi nes:
 

which is plotted as a semicircle of S
max

 radius having 
its center in the originating point of the PQ diagram 
(Figure 9).

(8)

(9)

(10)

(11)

(12)

(13)
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5.3 OgraniËenja zbog maksimalne i minimalne 
uzbude
Granicu dopuπtenog zagrijavanja uzbudnog namota 
kao i ograniËenje rada generatora zbog minimalne 
uzbude treba odrediti sukladno uputi iz [1].

Maksimalnu uzbudnu struju uvjetuje E
max

 iskazan 
u (18) [1].

Minimalnu uzbudnu struju uvjetuju ograniËene 
moguÊnosti uzbudnog sustava, πto se iskazuje 
kroz E

min
 iskazan u (19) [1].

Za konkretan sluËaj se (17) [1] svodi na:

U odreivanju pripadnog kuta optereÊenja �
i 
se 

(16) [1] svodi na:

Tablica 4 prikazuje primjer odreivanja E
max

 i 
E

min
 za promatrani generator. E

max
 se odabire kao 

najveÊa od tri izraËunate vrijednosti, a E
min

 se 
uobiËajeno uzima kao 10 % te vrijednosti.

5.3 Limitations due to maximum and minimum 
excitation
The limit of permissible heating of the excitation coil 
and the generator operation limitation due to mini-
mum excitation is to be defi ned as instructed in [1].

Maximum excitation current is determined by E
max

, 
expressed in (18) [1].

Minimum excitation current is caused by limited 
possibilities of the excitation system, expressed 
through E

min
, stated in (19) [1].

In the concrete case, (17) [1] amounts to:

In determining the pertaining load angle �
i 
 (16) [1] 

amounts to:

Table 4 gives an example of how E
max

 and E
min

 are 
defi ned for the observed generator. E

max
 is chosen as 

the greatest of three computed values, whereas E
min

 
is usually taken as 10% of that value.

Slika 9 
Postupak odreivanja 

granica KPK 
hidroagregata (T+ G3) 

u HE Vinodol (bez 
granica stabilnosti i 
zagrijavanja Ëeonog 

prostora)
Figure 9 

Determining the 
limits of the APQ of 

hydrogenerator-turbine 
unit (T+ G3) at 

Vinodol HPP (without 
stability and heating 

limits of the end 
region)

(14)

(15)

Pascalova krivulja za / 
Pascal’s curve for E

max

Pascalova krivulja za / 
Pascal’s curve for

E
min

Granica zbog / 
Limit due to I

fmax

Granica zbog / 
Limit due to

S
max

 = 1,053

P
min

 (= 0)

Q
ind

(p.u.)

Q
cap

(p.u.)

S
n
, P

n
, U

n
, I

n
, cos �

n

�
n
 = 26,3°

�
n
 = 25,84°

E
max

I
fmax

E = 0

P
(p.u.)

I
fmin

E
min

= 0,1 E
max

Granica zbog / 
Limit due to 
I

fmin

Granica zbog / 
Limit due to P

max
 (= P

n
)

R = 0,3

1
C do / to D = E

min
 ⋅ U / X

d
 = 0,191 ⋅ 1 /1,26 = 0,1516

C do / to E = E
max

 ⋅ U / X
d
 = 1,91 ⋅ 1 / 1,26 = 1,516 

∑ U
n

2 (X
d
 + X

q
)

1,091 27 
(X

d
 ∑ X

q
)

2 X
d
 · X

q

∑ U
n
2 (X

d
 ∑ X

q
)
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Nakon odreivanja E
max

 i E
min

 treba odrediti granicu 
koju uvjetuje dopuπtena maksimalna struja uzbude. 
U tu svrhu se mora konstruirati Pascalova krivulja 
prema opisu u 4.3 [1]. Da bismo dobili krivulju 
konstantne uzbude za E = E

max
, odnosno I

f
  = I

fmax
 

potrebno je prethodno ucrtati kruænicu za E = 0 sa 

srediπtem na apscisi u toËki 

polumjera   (slika 9). Daljnji tijek 

crtanja Pascalovih krivulja za E
max

 i E
min

 prikazan 
je na slici 9.

5.4 OgraniËenja zbog praktiËne granice statiËke 
stabilnosti
Za postavljanje praktiËne granice stabilnosti (PGS) 
potrebno je konstruirati krivulje konstantne uzbude 
(poËevπi npr. s 0,1 E

max
, a zatim u koracima po 0,1 

do 0,6 E
max

). Tangenta na tjemena ovih krivulja 
(tj. paralela s osi Q) daje toËke teorijske granice 
stabilnosti (TGS). Poveæu li se ove toËke glatkom 
krivuljom, dobiva se TGS, kao πto je prikazano na 
slici 10. Prema uputi iz toËke 4.5 [1], spuπtanjem 
svake toËke TGS na pojedinoj krivulji konstantne 
uzbude, tj. spuπtanjem od svakog tjemena po 
pojedinoj krivulji konstantne uzbude za 0,1 S

n
, 

dobivamo nova sjeciπta koja predstavljaju toËke 
PGS, kao πto je prikazano na slici 10.

 

After defi ning E
max

 and E
min

 it is necessary to defi ne 
the limit determined by the maximum permissible 
excitation current. For this purpose, Pascal’s curve 
ought to be constructed as described in 4.3 [1]. 
In order to obtain the constant excitation curve for 
E  = E

max
, or I

f 
= I

fmax
  we must fi rst draw a circle for 

E  = 0 with the center on the abscissa in the point 

       of radius   

(Figure 9). Further plotting of Pascal’s curves for 
E

max
 and E

min
 is shown in Figure 9.

5.4 Limitations due to the practical static stability 
limit
Setting the practical stability limit (PSL) requires 
the construction of the constant excitation curve 
(beginning, for example, with 0,1 E

max
, and then 

in steps by 0,1 to 0,6 E
max

). The tangent to the 
vertexes of these curves (i.e., the parallel with the 
Q-axis) gives the points of the theoretical stability 
limit (TSL). TSL is obtained if these points are 
linked by a smooth curve, as shown in Figure 10. 
As instructed in section 4.5 [1], lowering each TSL 
point on a constant excitation curve, i.e., lowering 
each vertex on a constant excitation curve by 0,1 
S

n
, will yield new intersections which represent PSL 

points, as shown in Figure 10.

Tablica 4 ∑ Rezultati proraËuna E
i
 za nazivno optereÊenje 

Table 4 ∑ Results of E
i
 estimate for rated load

E
min

 (p.u.)

0,95 0,95 1,0526 1,0000 0,53271 28,0 1,91  

1,00 1,00 1,0526 1,0526 0,49318 26,3 1,89 1,91 0,19

1,05 1,05 1,0000 1,0500 0,45749 24,6 1,88  
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Slika 10 
KPK hidroagregata 
(T+ G3) u HE Vinodol, 
(postavljanje granica 
stabilnosti TGS i PGS)
Figure 10 
APQ of hydrogenerator-
turbine unit (T+ G3) at 
Vinodol HPP, (setting 
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5.5 Granica dozvoljenog zagrijavanja Ëeonog prostora
Odnos parametara k

A
 i � (toËka 4.3) ukazuje na 

minoran utjecaj protjecanja namota armature na 
magnetske prilike u Ëeonom prostoru u odnosu 
na dominaciju utjecaja uzbudnog protjecanja. 
Ovaj rezultat potvruju i numeriËki 2D proraËuni 
(slike 7a i 7b [1]). Ujedno se moæe zakljuËiti da 
je nepotrebno odreivati parametre k

A
 i � za ostale 

toËke Ëeonog dijela paketa statora, jer su rezultati 
mjerenja indukcije u njima bitno manji u odnosu 
na toËku D1, jer poloæaj D1 odgovara poziciji oko 
maksimalnog iznosa B

A
.

 

Fazorski dijagram za poduzbueno stanje, koje 
odgovara radnoj toËki (RT) sn23 iz tablice 1, 
prikazan je na slici 11, a temeljen je na istovrsnom 
dijagramu u slici 11 [1].

Nakon odreivanja parametara k
A
 i � moguÊe je 

izraËunati pomak srediπta kruænice radijusa 
R

T
 = k

topl
 · U2 · k

c
, (39) [1] po osi x od ishodiπta, πto 

odreuje (40) [1] za sluËaj RT sn23 iz tablice 1:

 

5.5 Permissible end region heating limit
The relation between parameters k

A
 and � (section 

4.3) indicates a minor infl uence of the armature coil 
fl ux on the magnetic conditions in the end region 
relative to the dominant infl uence of excitation 
fl ux. This result is also confi rmed by numerical 2D 
calculations (Figures 7a and 7b [1]). It can also be 
inferred that it is unnecessary to defi ne parameters 
k

A
 and � for the other points of the stator package 

end region, because the induction measured there 
is signifi cantly smaller in relation to point D1, since 
the position of D1 corresponds to the position 
around a maximal amount B

A
.

Phasor diagram for the under-excited state, which 
corresponds to the operating point (OP) sn23 
in Table 1, shown in Figure 11, is based on the 
diagram of the same type in Figure 11 [1].

After defi ning parameters k
A
 and � it is possible 

to calculate the shift of the center of the circle of 
radius R

T
 = k

topl
 · U2 · k

c
, (39) [1] along the x-axis 

from the originating point, which is determined by 
(40) [1] for a case OP sn23 in Table 1:

Slika 11 
Fazorski dijagram 

Ëeonog prostora za 
poduzbueno stanje 
generatora G3 u HE 

Vinodol
Figure 11 

Phasor diagram of the 
end region for under-

excited state of G3 
generator at Vinodol 

HPP

(16)

Fazorski dijagram za poduzbueno stanje 
u kojem prikazani koefi cijenti �  i k

A
 ukazuju 

na utjecaj uzbudnog i armaturnog protjecanja 
na magnetske prilike u Ëeonom prostoru za 
RT sn23 / 
Phasor diagram for under-excited state in
which the shown coeffi cients � and k

A
 indicate 

the infl uence of excitation  and armature fl ux 
on magnetic condition in the end  region for 
OP sn23
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Da bi se odredio radijus R
T
 potrebno je utvrditi 

toplinsko ponaπanje stroja u onim radnim 
toËkama koje su relevantne za ocjenu zagrijanosti 
Ëeonog prostora. U tablici 1 RT sn23 predstavlja 
reprezentanta najveÊeg kapacitivnog optereÊenja 
s obzirom na zagrijanost Ëeonih limova paketa 
statora. Nadtemperatura za ovu radnu toËku, na 
mjestu postavljene termo sonde GTS3, iznosi 43  K. 
BuduÊi da je izmjerena nadtemperatura paketa 
statora bitno manja od dopuπtene, to bi trebalo, 
barem pribliæno, odrediti poveÊanje kapacitivnog 
optereÊenja koje bi dalo uzduænu komponentu 
indukcije do B

Adop
. Pretpostavi li se dopuπtena 

nadtemperatura statorskog paketa iznosa 70 K, 
dakle bitno ispod dopuπtene nadtemperature 
statorskog namota za klasu F, moguÊe je odrediti 
poloæaj radne toËke istog faktora djelatne snage 
(cos �) kao kod sn23. U tu svrhu moæe posluæiti 
slika12, s tim da se poveÊavanjem I

a
 ostvari B

Adop
.

Pripadna toËka dopuπtenog zagrijavanja prema 
slici 12 [1] se moæe pomaknuti u PQ dijagramu za 
ono optereÊenje koje bi izmjerenu nadtemperaturu 

In order to defi ne radius R
T
 it is necessary to estab-

lish the thermal behavior of the machine in those 
operating points which are relevant for evaluating the 
amount of heat in the end region. In Table 1 OP sn23 
represents the highest capacitive load regarding the 
temperature of the stator package end region sheet-
metal strips. Over-temperature for this operating 
point, where GTS3 thermal probe is placed, amounts 
to 43 K. Since the measured over-temperature of the 
stator package is signifi cantly lower than permis-
sible, it would be required to determine, at least 
approximately, the capacitive load increase which 
would provide the longitudinal induction component 
up to B

Adop
. Presuming that the permissible stator 

package over-temperature is 70 K, i.e., signifi cantly 
below the permissible stator package coil over-tem-
perature for class F, it is possible to determine the 
position of the operating point of the same cos � 

as with sn23. Figure 12 may serve for this purpose, 
provided that B

Adop
 is achieved by I

a
 increase.

The pertaining point of permissible heating accord-
ing to Figure 12 [1] can be shifted in the PQ diagram 

Slika 12 
Odreivanje radne 
toËke u fazorskom 
dijagramu Ëeonog 
prostora u kojoj bi se 
postigla indukcija B

A1dop

Figure 12 
Determining the 
operating point in the 
phasor diagram of 
the end region, where 
induction B

A1dop
 would 

be achieved

I
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od 43 K poveÊalo do dopuπtene granice zagrijanja. 
RaËuna li se poveÊanje zagrijanja krajnjeg lima 
proporcionalno s kvadratom promjene uzduæne 
komponente indukcije, potrebno je najprije 
ocijeniti poveÊanje ove komponente uzrokovano 
poveÊanjem struje armature, odnosno poveÊanjem 
rasipnog polja u Ëeonom prostoru. U RT sn23 
osnovni harmonik B

A1
 iznosi 0,494 T, a na slikama 

11 i 12 prikazan je fazorski dijagram odnosa 
relevantnih veliËina vezanih uz B

A
 i tu radnu 

toËku. 

©to se tiËe dopuπtenog poveÊanja B
A
, ono bi 

smjelo iznositi:

πto daje:

Radna toËka za B
A1dop

 bila bi (slika12), uz pretpos-
tavku da se krajnji lim zagrijava dominantno od 
gubitaka uzrokovanih samo uzduænom kompo-
nentom indukcije:

Unese li se u pogonsku kartu radna toËka koja 
odgovara I

aBAdop
, dobit Êe se podloga za odreivanje 

granice koju uvjetuje lokalno zagrijavanje Ëeonih 
limova paketa statora po uputi iz toËke 4.6.3 [1]. 
Poloæaj pretpostavljene RT sa strujom 2,5 ·  I

an
, 

odnosno pripadajuÊom snagom S
BAdop

 prikazan 
je na slici 13. Koriπtenjem srediπta kruænice s 
pomakom q

0
 od ishodiπta pogonskog dijagrama 

i S
BAdop

 kao jedne od toËaka te kruænice, lako se 
nacrta graniËna krivulja (kruæni luk od S

BAdop
 do 

osi Q
kap

) koju uvjetuje dopuπteno zagrijavanje 
Ëeonog prostora uzrokovano lokalnim gubicima 
od uzduæne komponente magnetske indukcije 
B

Adop
. Opisanim postupkom je odreen i radijus 

R
T
 =  5,24, πto omoguÊava odreivanje koefi cijenta 

k
topl

 koriπtenjem (39) [1]:

by the amount of load which would increase the mea-
sured over-temperature of 43 K up to the permissible 
heating limit. If the heating of end sheet-metal strip 
is taken proportional to the square of the change in 
the longitudinal induction component, it is neces-
sary to fi rst evaluate the increase in this component 
caused by the armature current increase, or by the 
stray fi eld increase in the end region. In the OP sn23 
the basic harmonic B

A1
 amounts to 0,494 T, whereas 

Figures 11 and 12 show a phasor diagram of correla-
tions between relevant values associated with B

A
 and 

that operating point.

As for the permissible increase in B
A
, it may amount 

to:

which gives:

Provided that the end sheet-metal strip is domi-
nantly heated as a result of losses caused only by 
the longitudinal induction component, the operat-
ing point for B

A1dop
 would be (Figure 12):

If an operating point corresponding to I
aBAdop

 is en-
tered in the PQ diagram, a base will be obtained 
for defi ning the limit dependent on local heating of 
the stator package end region sheet-metal strips, as 
instructed in section 4.6.3 [1]. The position of the 
assumed OP with power 2,5 · I

an
, or the pertaining 

power S
BAdop

, is shown in Figure 13. By using the 
center of the circle with a shift q

0
 from the originat-

ing point of the operating diagram and S
BAdop

 as one 
of the points of that circle, it is easy to draw the limit 
curve (circular arc from S

BAdop
 to the axis Q

kap
) depen-

dent on the permissible heating of the end region 
caused by local losses from the longitudinal compo-
nent of magnetic induction B

Adop
. Also defi ned by the 

described procedure is radius R
T
 = 5,24, by which 

coeffi cient k
topl

 can be defi ned by using (39) [1]:

(17)

(18)

(19)

(20)
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Provedenim postupcima odreene su sve potrebne 
fi zikalne veliËine i parametri koji opisuju toplinsko 
stanje i dopuπtene granice zagrijavanja Ëeonog 
prostora. U konkretnom sluËaju, za koji je 
proraËun proveden (generator G3 u HE Vinodol), 
oËit je pomak granice dopuπtenog zagrijavanja, 
uzrokovanog gubicima od uzduæne komponente 
magnetske indukcije B

A
, izvan zone pogonskog 

koriπtenja KPK, πto navodi na zakljuËak o 
neugroæenosti Ëeonog prostora tog generatora za 
rad u bilo kojoj radnoj toËki pogona, ukljuËujuÊi i 
rad duboko u kapacitivnom podruËju.

 

5.6 KPK generatora G3 u HE Vinodol 
Nakon odreivanja svih ograniËenja koja se 
postavljaju generatoru odreenih i poznatih 
svojstava pri njegovom radu u EES-u, πto je 
za generator G3 u HE Vinodol proraËunima 
i ispitivanjima utvreno i u slikama 7 do 12 
iskazano i obrazloæeno, moguÊe je iscrtati KPK sa 
svim ili samo dijelom detalja, prema pogonskim 
potrebama korisnika pogonske karte. Slika 14 
daje prikaz KPK generatora G3 na naËin da 
su jasno uoËljive sve granice u okviru kojih se 
dopuπta njegova eksploatacija u pogonu. Ukoliko 
postoji potreba za bilo kojim detaljem, taj se moæe 
pronaÊi u jednoj ili viπe spomenutih slika, kojima 
treba dodati joπ i slike karakteristika praznog hoda 
i kratkog spoja (slike 2 i 3).

OËito je da je granica dopuπtenog zagrijavanja 
Ëeonog prostora na temelju zagrijavanja samo 
zbog aksijalnog polja kod ispitivanog generatora 
daleko izvan bilo koje moguÊe pogonske radne 
toËke, πto znaËi da je konstrukcija generatora 
suvremenog tipa sa zahvatima u Ëeonom prostoru 
kojima se smanjuje djelovanje aksijalnog polja, 
te da su ugraeni materijali (lim paketa statora) 
povoljnih svojstava s obzirom na gubitke od 

By means of the procedures carried out, all the 
required physical quantities and parameters de-
scribing the thermal state and the permissible 
limits of the end region heating have been defi ned. 
In the concrete case, for which the calculation has 
been made (G3 generator at Vinodol HPP), what is 
obvious is a shift of the permissible heating limit 
caused by losses from the longitudinal component 
of magnetic induction B

A
, outside the zone of the 

operating use of APQ, which suggests that the end 
region of that generator is not endangered for op-
eration in any operating point, including operation 
deep inside the capacitive area.

5.6 APQ of G3 generator at Vinodol HPP
After defi ning all limitations set for a generator 
of specifi c and known properties in its network 
operation, which for the G3 generator at Vinodol 
HPP has been defi ned through calculations and 
tests expressed and explicated in Figures 7 to 12, it 
is possible to plot APQ with all or only some details, 
depending on the workshop needs of the user of 
the PQ diagram. Figure 14 shows the APQ of G3 
generator by clearly marking all the limits within 
which its exploitation in operation is allowed. 
Should there be a need for any detail, this can be 
found in one or more mentioned Figures, to which 
those should be added (Figures 2 and 3) which 
show the no-load and short-circuit characteristics.

It is obvious that the permissible end region heating 
limit based on the heating due only to the axial fi eld 
is with the tested generator far beyond any possible 
operating point, meaning that the generator design 
is of an advanced type with interventions in the 
end region intended to reduce the action of the 
axial fi eld and that materials (stator package sheet-
metal strip) are installed with favorable properties 
considering the eddy currents formed by the 
longitudinal component of magnetic induction. The 

Slika 13 
Odreivanje granice 
uvjetovane dopuπtenim 
zagrijavanjem Ëeonog 
prostora
Figure 13 
Defi ning the limit 
depending on the 
permissible heating of 
the end region
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vrtloænih struja πto ih stvara uzduæna komponenta 
magnetske indukcije. Zato je realno smatrati 
granicu zbog zagrijavanja statorskog namota 
(kruænica u II. kvadrantu) kao granicu dopuπtenog 
trajnog zagrijavanja i Ëeonog prostora, jer se radi 
o statorskim dijelovima paketa i konstruktivnim 
elementima statora. 

Pokazni primjer je doπao u fazu Mjerenje 3 po dija-
gramu toka, slika 1. Na temelju detaljno odreene 
KPK generatora G3 u HE Vinodol, moæe se izvrπiti 
analiza njegovih fi zikalnih (elektromagnetskih, 
mehaniËkih i toplinskih) svojstava sa svrhom opti-
miranja koriπtenja u EES-u HEP-a.

 

Da bi se dobio potpuni uvid u ulogu generatora u 
EES-u, potrebno je njegovu KPK dopuniti uklju-
Ëivanjem blok-transformatora, πto rezultira KPK 
proizvodne grupe. 

5.7 KPK hidroagregata s blok-transformatorom
Pogonska karta hidroagregata s blok-trans-
formatorom (T+G3) i BT odreuje se na sliËan 
naËin kao pogonska karta generatora. Jedinu 
promjenu u oblikovanju KPK (T+G3) i BT unosi 
reaktancija blok-transformatora (BT), izraæena 
njegovim naponom kratkog spoja u

k
. Za konkretni 

primjer ukupna reaktancija za G3 i BT u HE 
Vinodol iznosi (toËka 4.4):

limit due to the heating of the stator coil (circle 
in quadrant II) is hence realistic to consider a 
permissible permanent heating limit of also the end 
region, because it is a matter of stator parts of the 
package and the stator’s structural elements. 

The demonstrative example has reached the 
Measurement 3 stage according to the fl owchart, 
Figure 1. Based on a precisely defi ned APQ of G3 
generator, an analysis can be made of its physical 
(electromagnetic, mechanical and thermal) proper-
ties with a view to optimizing its use within HEP’s 
power supply system.

In order to gain a complete insight into the role of 
the generator within the network, its APQ should be 
replenished by the inclusion of the block transform-
er, which will result in the production unit’s APQ. 

5.7 APQ of the hydrogenerator-turbine unit with the 
block transformer
The APQ of the hydrogenerator-turbine unit with the 
block transformer (T+G3) and BT is plotted according 
to instructions given for plotting the generator’s PQ 
diagram. The only change in forming the APQ (T+G3) 
and BT is brought by the reactance of the block trans-
former (BT), expressed by its short-circuit voltage u

k
. 

In the concrete example, the total reactance for G3 
and BT at Vinodol HPP is (section 4.4):

Slika 14 
KPK hidroagregata 

(T+ G3) u HE Vinodol 
s ucrtanim svim 

granicama dopuπtenog 
rada

Figure 14 
APQ of hydrogenerator-

turbine unit (T+ G3) 
at Vinodol HPP with 
all entered operating 

tolerances
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Slika 9 pokazuje odreivanje sastavnica KPK za 
(T+G3). Unesu li se novi parametri X

duk
 i X

quk
, 

dobit Êe se odgovarajuÊa konstrukcija KPK za 
(T+G3) i BT, πto prikazuje slika 15. S obzirom da 
je promjena reaktancija relativno malena (X

duk
 se 

poveÊao za 7,3 % a X
quk

 za 12,7 %, πto se odrazilo 
na odgovarajuÊi pomak i smanjenje polukruænice 
E  = 0), to se slike 9 i 15 bitno ne razlikuju.

Na sliËan naËin treba preoblikovati sliku 10 u 
sliku 16. Usporede li se te dvije slike, oËito je 
da se granica statiËke stabilnosti PGS pomaknula 
udesno, πto ukazuje na smanjenje podruËja 
stabilnog rada u kapacitivnom dijelu pogonske 
karte.

Da bi KPK za (T+G3) i BT bila cjelovita, potrebno 
je unijeti ograniËenja koja uvjetuje dopuπteno 
poviπenje napona statorskog namota, o Ëemu su u 
[1] dana obrazloæenja i osnovne upute za obradu 
pogonske karte.

Udaljenost srediπta kruænice, kojom se u KPK 
za (T+G3) i BT ucrtavaju naponska ograniËenja 
zbog minimalno i maksimalno dopuπtenog napona 
namota armature, prema slici 14 [1], iznosi 
u

m
2/ x

BT
, πto u konkretnom primjeru iznosi:

gdje je:

u
m
  ∑ napon mreæe (pu),

x
BT

  ∑ kratkospojna reaktancija blok-transforma- 
   tora (pu).

BuduÊi da su ispunjeni uvjeti za primjenu (45) 
i (46) [1], moæe se za duljinu radijusa (slika 14 
[1]) pisati:

U slici 17 prikazana su ograniËenja s obzirom na 
dopuπteni minimalni i maksimalni napon armaturnog 
namota. Granica dopuπtenog maksimalnog napona 
se nalazi izvan zone ostalih ograniËenja, dok se 
granica dopuπtenog minimalnog napona nalazi 

Figure 9 shows how APQ components for (T+G3) are 
defi ned. If new parameters X

duk
 and X

quk
 are entered, 

an appropriate APQ structure for (T+G3) and BT 
will be obtained, as shown in Figure 15. As the 
reactance change is relatively small (X

duk
 has risen 

by 7,3 % and X
quk

 by 12,7 %, which is refl ected on 
a corresponding shift and decrease in semi-circle 
E  = 0), Figures 9 and 15 will not greatly differ.
 
Figure 10 should be similarly transformed into 
Figure 16. A comparison between these two fi gures 
clearly shows that the static stability limit has 
shifted to the right, which indicates a reduction in 
the stable operation area in the capacitive part of 
the PQ diagram.

In order to make APQ for (T+G3) and BT compre-
hensive, it will be necessary to enter limitations 
resulting from the permissible stator coil voltage 
increase, about which explications and basic in-
structions for the creation of the PQ diagram are 
given in [1].

The distance of the center of the circle, with which 
voltage limitations are entered in the APQ of (T+G3) 
and BT due to minimum and maximum permissible 
armature coil voltage, is according to Figure 14 [1] 
u

m
2/ x

BT
, which in the concrete example amounts to:

where:

u
m
  ∑ network voltage (pu),

x
BT

  ∑ short-circuit reactance of the block trans- 
  former (pu).

Since requirements have been meet for the applica-
tion of (45) and (46) [1], for the length of the radius 
(Figure 14 [1]) it can be written:

Figure 17 shows limitations due to the minimum 
and maximum permissible armature coil voltage. 
The maximum permissible voltage limit lies beyond 
the zone of other limitations, whereas the minimum 
permissible voltage limit lies in the APQ’s ca-

(23)

(24)

(25)
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u kapacitivnom kvadrantu KPK, πto znaËi da je 
kapacitivni pogon pri ovom naponu ograniËen 
do linije oznaËene kao granica zbog dopuπtenog 
minimalnog napona namota armature. Meutim, 
generator, u pravilu, nikada ne radi kapacitivno 
optereÊen, ako je napon mreæe sniæen, odnosno, 
generator nikada ne radi izrazito induktivno 
optereÊen, ako je napon mreæe poviπen.

Na kraju pokaznog primjera se daje slika 18, koja 
predstavlja integralni prikaz svih ograniËenja u 
KPK hidroagregata (T+G3) i BT, osim ograniËenja 
zbog zagrijavanja Ëeonog prostora, jer je ono, u 
ovom sluËaju (slika 14), potpuno izvan aktivnog 
dijela KPK.

 

 

pacitive quadrant, which means that the capacitive 
operation at this voltage is limited up to the line 
marked as a limit due to the minimum permissible 
armature coil voltage. However, the generator, as 
a rule, never operates under a capacitive load if 
the network voltage is decreased, or, the generator 
never operates under a markedly inductive load if 
the network voltage is increased.

At the end of the demonstrative example Figure 18 
is given, which represents an integrated account of 
all limitations in the APQ of hydrogenerator-turbine 
unit (T+G3) and BT except for the limitations due to 
the end region heating, because in this case (Figure 
14) that is entirely outside the active part of APQ.

Slika 15 
Postupak odreivanja 

granica KPK 
hidroagregata (T+G3) i 
BT u HE Vinodol (bez 

granica stabilnosti i 
zagrijavanja Ëeonog 

prostora)
Figure 15 

Defi ning the limits 
of the APQ of 

hydrogenerator-turbine 
unit (T+G3) and BT at 
Vinodol HPP (without 
stability and heating 

limits in the end 
region)

Slika 16 
KPK hidroagregata 
(T+G3) i BT u HE 

Vinodol, (postavljanje 
granica stabilnosti TGS 

i PGS)
Figure 16 

APQ of the 
hydrogenerator-turbine 
unit (T+G3) and BT at 
Vinodol HPP, (setting 
TSL and PSL stability 

limits)

 Q
cap

                 
(p.u.)

  Q
ind

(p.u.)

E
max

I
fmax

P
(p.u.)

Granica zbog / 
Limit due to I

fmin

Granica zbog / 
Limit due to I

fmax

Granica zbog / 
Limit due to P

min

Granica zbog / 
Limit due to P

max

Pascalova krivulja za / 
Pascal’s curve for E

min

Pascalova krivulja za / 
Pascal’s curve for E

max

P
min

 = 0

E = 0

PGS / PSL

P
max 

= P
n

E
max

I
fmax

 Q
cap

                 
(p.u.)

  Q
ind

(p.u.)

P
max 

= P
n

Pascalova krivulja za / 
Pascal’s curve for E

max

TGS / TSL

P
(p.u.)

Pascalova krivulja za / 
Pascal’s curve for 
E

min 
= 0,1 E

max

P
min

 = 0

Granica zbog / 
Limit due to P

min

Granica zbog / 
Limit due to P

max

Granica zbog / 
Limit due to I

fmin

Granica zbog / 
Limit due to I

fmax

E = 0

R = 0,25

S
max

 = 1,053

S
max

 = 1,053

0,986
∑U

n
2

2

�  = 25,84°

�  = 25,84°

C do / to D = E
min

 · U / X
duk

= 0,191 · 1/1,3516 = 0,1413
C do / to E = E

max
 · U / X

duk
= 1,91 · 1/1,3516 = 1,413

(X
duk 

+ X
quk 

)

(X
duk 

· X
quk 

)

E
min 

= 0,1 E
max

I
fmin 

1

1∑1

Granica statiËke 
stabilnosti / 
Static stability 
limit



485 IliÊ, I., et al., Primjer provedbe algoritma.,..., Energija, god. 56(2007), br. 4., str. 456∑489
IliÊ, I., et al., An Example of Applying Algorithm..., Energija, vol. 56(2007), No. 4, pp. 456∑489

5.8 Kontrola vibracija
Nakon prikaza poloæaja pojedinih ograniËenja 
u pogonskoj karti, potrebno je, ne unoseÊi 
podatke i ograniËenja u KPK, provjeriti meha-
niËko stanje generatora s obzirom na veliËinu i 
karakter vibracija, posebno u Ëeonom prostoru 
hidrogeneratora. Iskustvo je pokazalo da 
na krajevima paketa ponekad, nakon duæeg 
vremena eksploatacije, dolazi do oπteÊenja i 
lomova zuba. Pojava se pripisuje posljedicama 
prekomjernog zagrijavanja paketa i periodiËkim 
silama u aksijalnom smjeru. Uslijed prekomjernog 
zagrijavanja iznad dopuπtenih vrijednosti za klasu 
izolacije dolazi do omekπanja izolacije meu 
zubima, a uslijed aksijalnih sila i do istiskivanja 
omekπane izolacije izmeu limova. Na taj naËin 
oslobaa se prostor meu zubima, πto omoguÊava 
pojavu prisilnih vibracija krajnjih razdvojenih 
zuba paketa. Posljedica je visokocikliËki zamor 
(high cyclic fatigue) materijala, koji nakon duæeg 
vremena moæe izazvati lomove zubi. S obzirom 
na prekratko rapoloæivo vrijeme za ispitivanje 

5.8 Vibration control
After showing the position of particular limitations 
in the PQ diagram, it is necessary, without entering 
data and limitations in the APQ, to check the 
generator’s mechanical state relative to the 
amount and nature of vibrations, especially those 
in the hydrogenerator’s end region. Experience has 
shown that at the package ends sometimes, after 
a longer period of exploitation, damage and teeth 
fractures occur. This is attributed to the effects of 
overheating of the package and to periodic forces 
in axial direction. Due to excessive heating above 
permissible values for the respective insulation 
class, insulation between the teeth is softened, 
whereas due to axial forces the softened insulation 
is extruded between the sheet-metal strips. That is 
how space between the teeth is freed, which gives 
rise to forced vibrations of the detached extreme 
package teeth. The result is high cyclic fatigue, 
which after a longer period of time may lead to 
teeth fracture. In view of the short available time 
for testing the cyclic fatigue of the teeth, it was 

Slika 17 
KPK hidroagregata 
(T+G3) i BT u HE Vinodol 
(postavljanje granica zbog 
dopuπtenog minimalnog 
i maksimalnog napona 
namota armature)
Figure 17 
APQ of hydrogenerator-
turbine unit (T+G3) and 
BT at Vinodol HPP (setting 
the limits due to minimum 
and maximum permissible 
armature coil voltage)

Slika 18 
KPK hidroagregata (T+ 
G3) i BT u HE Vinodol s 
ucrtanim svim granicama 
dopuπtenog rada, osim 
granice koju uvjetuje 
dopuπteno zagrijavanje 
Ëeonog prostora generatora
Figure 18 
APQ of hydrogenerator-
turbine unit (T+ G3) and 
BT at Vinodol HPP with 
all entered operating 
tolerances, except for the 
limit dependent on the 
permissible heating of the 
generator’s end region
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zamora zuba, odluËeno je da se na dva mjesta 
mjere aksijalne vibracije na tlaËnim prstima, 
kako bi se ocijenila opasnost od pojave zamora. 
Rezultati mjerenja su pokazali da je ta vjerojatnost 
relativno velika u sluËaju pojave pregrijanja paketa 
u Ëeonom prostoru.

Aksijalne vibracije mjerene su na dva mjesta 
(slika 5) na tlaËnim prstima na koje se direktno 
prenose vibracije zuba statorskog paketa. 
Vibracije su mjerene pri ispitivanju zagrijavanja 
statorskog paketa u deset pogonskih ciklusa 
(deset toËaka, gdje svakom pogonskom ciklusu 
odgovara jedna toËka), a svaki pogonski ciklus 
defi niran je s djelatnom snagom i jalovom snagom 
u poduzbuenom i naduzbuenom stanju. Za 
pokazni primjer izabrana su dva pogonska ciklusa 
(toËka 4.4, vibracije): radna toËka 5 (tablica 3). 
kod koje parametri vibracija imaju prosjeËne 
vrijednosti i radna toËka 7 (tablica 3). kod koje su 
parametri vibracija najintenzivniji (slika 19). Na 
osnovi provedenih mjerenja moæe se zakljuËiti da 
nisu dostignute veliËine parametara vibracija, koje 
bi mogle ograniËiti rad po aktualnoj KPK.

ProsjeËne temperature Ëeonog prostora nisu 
bile dovoljno visoke da bi izazvale mehanizme 
proklizavanja meu limovima zubi paketa i 
dovele do moguÊnosti oπteÊenja zubi. To je 
moguÊe oËekivati na mjestima eventualnih 
lokalnih pregrijanja (topla mjesta). Kada efektivne 
brzine aksijalnih vibracija tlaËnih prsti prijeu 6 
mm/s, za oËekivati je moguÊa oπteÊenja zubi uz 
temperature veÊe od 100 °C. To je na temelju 
ovih mjerenja pokazatelj za ograniËenje djelatne 
snage generatora i ograniËenja u pogonskoj karti 
(slika 20).

 

decided to measure axial vibrations on the pressure 
fi ngers on two places, in order to evaluate the 
fatigue risk. The measurement results have shown 
that such probability is relatively high in the case of 
package overheating in the end region.

Axial vibrations have been measured at two 
places (Figure 5) on pressure fi ngers to which the 
vibrations of the stator package tooth are directly 
transmitted. Vibrations were measured while testing 
the stator package heating in ten operating cycles 
(ten points where one point matches each operating 
cycle), and each operating cycle was defi ned by 
active and inductive power in under-excited and 
over-excited states. For the demonstrative example 
two operating cycles were selected (section 4.4, 
vibrations): operating point 5 (Table 3), where 
the vibration parameters have average values, and 
operating point 7 (Table 3), where the vibration 
parameters are the most intense (Figure 19). Based 
on performed measurements, it can be concluded 
that vibration parameter values have not been 
attained which may impose operating limitations 
under the existing APQ.

Average temperatures of the end region were 
not high enough to trigger the slip mechanisms 
between the package teeth sheet-metal strips and 
thus pose a risk of teeth damage. It can be expected 
at places of possible local overheating (hot spots). 
When the effective speeds of axial vibrations exceed 
6 mm/s, possible teeth damage can be expected at 
temperatures higher than 100 °C. Based on these 
measurements, this is an indicator for a limitation 
of the generator’s active power and for limitations in 
the PQ diagram (Figure 20).

Slika 19 
Vrijednosti maksimalnih 

i efektivnih brzina u 
ovisnosti o radnim 

toËkama
Figure 19 
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Na slici 20, kod v
ef
 = 4 mm/s (zeleni pravac) gornja 

je granica prihvatljivosti, a kod svih efektivnih 
brzina koje su veÊe postoji opasnost oπteÊenja 
zbog vibracija. Crvenom crtom ograniËeno je 
podruËje mirnog rada strojeva kroz dugi period, 
a v

ef
 = 1,6 mm/s. U podruËju: 1,6 mm/s < v

ef
 < 4 

mm/s moguÊa su oπteÊenja zubi uz pregrijanje na 
granici klase izolacije paketa.

6 ZAKLJU»NA RAZMATRANJA

U Ëlanku [1] date su teorijske podloge za tvorbu 
klasiËne pogonske karte sinkronog generatora 
(SG), temeljene na iskazanoj literaturi. BuduÊi da 
klasiËna pogonska karta ne ukljuËuje ograniËenja 
koja mogu nastupiti uslijed djelovanja uzduænog 
izmjeniËnog magnetiziranja Ëeonog prostora, to se 
preπlo na razradu elektromagnetskih i toplinskih 
zbivanja u Ëeonom prostoru s ciljem davanja 
konkretnih podloga i metodologije primjene ovih 
podloga u tvorbi KPK koja obuhvaÊa i moguÊa 
ograniËenja uzrokovana zbivanjima u Ëeonim 
dijelovima stroja. 

Bitan doprinos u nadgradnji klasiËne verzije 
pogonske karte ugraen je, kako u Ëlanku [1], 
tako i u ovom Ëlanku, originalnom obradom 
elektromagnetskih zbivanja u Ëeonom prostoru. 
Osim fi zikalnog prikaza raspodjele uzduæne 
komponente magnetske indukcije po Ëeonoj plohi 
paketa statora, dobivenog uz pomoÊ numeriËkog 
proraËuna MKE, razraeni su i utjecaji uzbuda 
πto ih stvaraju protjecanja uzbudnog i statorskog 
namota. Provedbom mjerenja uzduæne komponente 
magnetske indukcije u Ëeonom prostoru, potvreni 
su razultati istraæivanja dobiveni numeriËkim 
proraËunima. 

In Figure 20, the upper acceptability limit stands 
at v

ef
   = 4 mm/s (green line), whereas at all effective 

speeds higher than that there is a risk of damage due 
to vibrations. The red line marks the boundary of a 
neutral operation of the machines, where v

ef
  =  1,6 

mm/s. Within the range 1,6 mm/s < v
ef
  < 4 mm/s there 

is a possibility of teeth damage combined with over-
heating at the limit of the package insulation class.

6 CONCLUDING NOTES

The article [1] provides a theoretical background 
for plotting the classical PQ diagram of the 
synchronous generator (SG), based on presented 
literature. As the classical PQ diagram does not 
include limitations that may appear due to the 
action of longitudinal alternate magnetization of 
the end region, it was decided to elaborate the 
electromagnetic and thermal developments in 
the end region with a view to proviing concrete 
premises and a methodology of applying these 
premises in forming APQ which also comprises 
possible limitations caused by developments in the 
machine’s end parts. 

A major contribution to the upgrade of the classical 
PQ diagram is incorporated into both the article [1] 
and this article, by an original approach to the elec-
tromagnetic occurrences in the end region. Apart 
from a physical presentation of the distribution of 
the longitudinal magnetic induction component 
along the end stator package surface, obtained 
by means of the FEM numerical calculation, also 
treated is the infl uences of the excitation and stator 
coil fl ux. Measurements of the longitudinal mag-
netic induction component in the end region have 
confi rmed the research results obtained by numeri-
cal calculations. 

Slika 20 
Vrijednosti efektivnih 
brzina u ovisnosti o 
radnim toËkama unutar 
granica prihvatljivosti 
prema ISO 10 816-5/
2000-04-01 
Figure 20 
The values of effective 
speeds in dependence 
on the operating points 
within acceptability limits 
according to ISO 10816-
5/2000-04-01
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Provedeni postupci za tvorbu KPK generatora G3 
u HE Vinodol, ukljuËujuÊi ne samo turbinu, nego 
i blok-transformator, obavljeni su, u prvom redu, 
radi davanja konkretnih uputa uz pomoÊ kojih je 
moguÊa provedba teorijskih podloga metodologije 
postavljanja KPK za konkretnu proizvodnu 
jedinicu. Radi veÊe jasnoÊe u provedbi postupaka 
odreivanja parametara i fi zikalnih veliËina, kao 
i postupaka crtanja KPK, nije se uvijek ulazilo u 
moguÊe varijante, koje bi mogle dati detaljniju 
sliku KPK u kapacitivnom ili induktivnom podruËju 
rada, i/ili detaljnije podatke za neku radnu toËku 
od posebnog interesa za konkretni pogon. Tako 
npr. pri crtanju induktivnog dijela KPK nije 
se mijenjao parametar nezasiÊene sinkrone 
reaktancije (koji gotovo u potpunosti zadovoljava 
crtnju u kapacitivnom podruËju rada) u zasiÊenu 
sinkronu reaktanciju, πto bi viπe odgovaralo 
stvarnim zbivanjima u ovom dijelu KPK, premda 
je iz teorije poznato da je, zbog uzimanja u obzir 
zasiÊenja, korekcija ograniËenja po maksimalnoj 
uzbudi u 1. kvadrantu (naduzbuda) mnogo manja 
nego korekcija ograniËenja zbog granice stabilnosti 
u 2. kvadrantu (poduzbuda). 

Kako bi se, ipak, prikaz KPK ostvario u πto 
detaljnijem obliku, treba prikazanu metodologiju, 
uzimajuÊi u obzir svaki moguÊi i korisni detalj, 
pripremiti i ostvariti uz pomoÊ raËunalnih pro-
grama kao Automatski Program POgonske KArte 
(APPOKA).

Bitan doprinos kvaliteti KPK je ostvaren kroz 
davanje konkretnih uputa, kako za pripremu, 
tako i za postavljanje odgovarajuÊih magnetskih, 
toplinskih i mehaniËkih davaËa. Provedbom 
mjerenja kljuËnih fi zikalnih veliËina u praznom 
hodu i kratkom spoju, kao i u pogonskim 
prilikama, dobivaju se potpuno pouzdane podloge 
za tvorbu KPK πireg spektra u odnosu na klasiËnu 
pogonsku kartu SG.
 
U pokaznom primjeru je posebna paænja po-
sveÊena obradi toplinskih i elektromagnetskih 
prilika u Ëeonom prostoru stroja, πto predstavlja 
potpuni novum u tvorbi pogonske karte SG. S 
obzirom da se u normalnim pogonskim uvjetima u 
kapacitivnom radu nije postigla kritiËna zagrijanost 
Ëeonih dijelova statorskog paketa, postavljena je, i 
razvijena grafi Ëko-analitiËka metoda za utvrivanje 
graniËnog iznosa uzduæne komponente magnetske 
indukcije. Ova originalna metoda je primjenjiva 
za bilo koju vrstu SG u sluËajevima u kojima 
u normalnom pogonu nije moguÊe mjerenjem 
odrediti graniËna stanja indukcije i zagrijavanja 
Ëeonih dijelova paketa statora.

Na temelju provedenih mjerenja uzduæne kompo-
nente magnetske indukcije i pripadne zagrijanosti 

The procedures for plotting the APQ of G3 generator 
at Vinodol HPP, including not only the turbine but 
also the block transformer, have been conducted 
fi rst of all with a view to providing concrete instruc-
tions, by means of which it is possible to apply the 
theoretical premises of the APQ formation methodol-
ogy for a concrete production unit. For the sake of 
clarity, in applying the procedures of determining 
the parameters and physical quantities, as well as 
the procedures of APQ plotting, reference was not 
always made to alternative versions which may pro-
vide a more detailed APQ picture in the capacitive or 
inductive operation mode, and/or more detailed data 
for a working point of special interest to a concrete 
facility. Thus, for example, in plotting the inductive 
part of APQ the parameter of unsaturated synchro-
nous reactance (which almost wholly meets the plot-
ting requirements in the capacitive mode) was not 
changing into a saturated synchronous reactance, 
which would be more in line with the actual develop-
ments in this part of APQ, although, theoretically, 
due to making allowance for saturation, the correc-
tion of limitation upon maximal excitation in the fi rst 
quadrant (over-excitation) is much smaller than the 
correction of limitation due to the stability limit in 
the second quadrant (under-excitation).

Nevertheless, in order to ensure APQ display in 
maximum detail, the presented methodology should 
be, by taking into account every possible and useful 
detail, prepared and implemented by means of 
computer programs as an automatic PQ diagram 
program (APPOKA).

A major contribution to the quality of APQ is made 
through concrete instructions given for both the 
preparations and the placing of appropriate mag-
netic, thermal and mechanical sensors. By measur-
ing crucial physical quantities in no-load and short-
circuit mode, as well as under operating conditions, 
completely reliable basic data are obtained for plot-
ting APQ of a broader spectrum compared with the 
classical PQ diagram of the SG.
 
In the demonstrative example, special attention is 
paid to dealing with thermal and electromagnetic 
conditions in the machine’s end region, which is a 
complete novelty in SG APQ formation. Since under 
normal operating conditions in the capacitive oper-
ation the critical heating of the stator package end 
parts has not been reached, a graphic-analytical 
method has been laid down and developed to de-
termine the limit value of the longitudinal magnetic 
induction component. This original method is appli-
cable to any type of SG where in normal operation 
it is not possible to determine by measurement the 
limit states of induction and heating of the stator 
package end parts.
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aktivnih dijelova stroja u Ëeonom prostoru moæe 
se zakljuËiti da su konstrukcija i upotrijebljeni 
materijali u zoni Ëeonog prostora za generator 
G3 u HE Vinodol dobro odabrani. Izmjereni iznosi 
indukcije i pripadne nadtemperature aktivnih 
dijelova statora u kapacitivnom radu su daleko 
izvan teorijske i praktiËne granice stabilnosti za 
ovu vrstu konstrukcije hidrogeneratora.

Kao vaæan zakljuËak treba istaknuti izvanredno 
dobro podudaranje numeriËkim proraËunom i 
mjerenjem dobivene raspodjele uzduæne kompo-
nente magnetske indukcije u Ëeonom prostoru, πto 
daje veÊu vjerodostojnost rezultatima numeriËkih 
proraËuna.

Pri kraju pokaznog primjera dana je ocjena me-
haniËkih vibracija statorskog paketa, posebno 
krajnjih limova, kao kontrolna toËka provjere 
moguÊe zabrane ili postavljanja ograniËenja rada 
po KPK za sluËaj da vibracije prelaze dopuπtenu 
granicu.

Za korisnike u pogonu i/ili voenju EES-a bila 
bi joπ povoljnija varijanta u kojoj bi se provela 
vizualizacija KPK uz on-line prikaz trenutaËnog 
poloæaja radne toËke. Ovakvim pristupom bi se 
ostvarilo koriπtenje KPK u realnom vremenu, 
πto zahtijeva analogno-digitalnu obradu kljuËnih 
fi zikalnih veliËina i parametara uzetih iz æivog 
pogona. Time bi se na ekranu, pred oËima 
korisnika, mijenjala slika ne samo poloæaja radne 
toËke nego i prikaz granica KPK u ovisnosti 
o aktualnim naponskim prilikama. Provedena 
metodologija tvorbe KPK predstavlja idealnu 
podlogu za ostvarenje projekta vizualizacije KPK 
u realnom vremenu.
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Based on the performed measurements of the longi-
tudinal magnetic induction component and the per-
taining heating of the active parts of the machine in 
the end region, it can be concluded that the design 
and used materials in the end region zone for G3 
generator at Vinodol HPP have been well chosen. 
The measured values of induction and pertaining 
over-temperature of the active parts of stator in ca-
pacive operation are far outside the theoretical and 
practical stability limit for this type of hydrogenera-
tor design.

An important conclusion worth noting is an excep-
tionally good congruence of the distribution of the 
longitudinal magnetic induction component in the 
end region obtained by numerical calculation and 
measurement, which makes the results of numeri-
cal calculations more credible.

At the end of the demonstrative example an evalua-
tion has been given of the mechanical stator pack-
age vibrations, especially of end sheet-metal strips, 
as a control point to check possible prohibitions or 
set limitations on APQ-guided operation, should 
vibrations exceed the permissible limit.

For users in fi eld operation and/or network manage-
ment, an even more favorable option would be to 
provide APQ visualization with on-line display of 
the instantaneous position of the operating point. 
With such an approach a real-time use of APQ 
would be made possible, which requires analog/
digital processing of key physical quantities and 
parameters taken from live operation. In that case, 
on the screen, before the very eyes of the user, the 
picture would be changing not only of the position 
of the operating point, but also of the APQ limits in 
dependence on the actual voltage conditions. The 
implemented APQ formation methodology makes a 
perfect basis for the realization of the APQ visual-
ization project in real time.
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