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KaHAHAaT je Kao KoayTop HaBeAeHor paAa (DpHJI)KeHor Kao AOKa3 1), DOBpeAHO cneAeha Ha'-lena 

KoAeKca Dpoq,ernoHaJIHe eT111S__e YH11sep311TeTa y EeorpaAY (20auHa LIV, 6poj 193, 10. jy.11 2016.): 

• '-IJiaH 6. (HHme2pumem) 11 '-IJiaH 11. (AKaae.McKa '-tecmumocm); 

• '-IJl3H 21., '-IJl3H 22., '-IJl3H 24. 11 '-IJl3H 25. DOA 3ajeAH11'-IKl1M HaCJIOBOM ,,ll/Ja2UpW--be, .IICTJICHO 

aymopcmeo, U3.MUW/bW--be u Kpueomeope1oe pe3p1mama u aymonJia2upa1oe"; 

• '-IJiaH 26. (3awmuma aymopcKux npaea u npaea uHme.11eKmya.11He ceojuHe). 

06pa3JI0>1celbe 

TioBOAOM DPOI..\eAYPe Dp11jase TeMe 3a AOKTOpCKy AHCepTaQ11jy Konere Enaroja Ea611ha ca 

DpeAJ10t1<eH11M MeHTopoM Dpo<p. AP A. PaK11heM, KoM11rnja Tpeher CTeDeHa (Dpoq,. AP A. Pa1mh) je 

YDYTHJia AODHC 11HCTHTYTY H111<0na Teena (AaJbe 11HT) 3a 113jarnH>ellie DOBOAOM ocnopeHHX DpaBa 

Ha 1<0p11rnheH>e pecypca 11HT 11 pe3ynrnTaTa paAa APYrHX Konera. T11M DOBOAOM cnpoBeAeHa je 

HHTepHa DpOBepa y 11HT '-l11j11 pe3ynTaT11 cy A3TH y AOKyMeHTY yDyheHoM EneKTpoTeXHH'-IKOM 

<paKyJITeTy (AaJbe ET<P), a Dp11nm1<eH je Kao AOKa3 2. Pe3yJITaT je Taj Aa je o6ycTaBJbeHa 

DpoQeAypa Dp11jaBe TeMe KaHAHAaTa Enaroja Ea611ha. 

Y AOKyMeHTY je OA cTpaHe 11HT KOHCTaToBaHo Aa TeMa paAa AenoM cnaAa y AeJiaTHOCT 11HT, Aa cy 

y paAy tteosnarnheHo Kop11rnheH11 DOAaQH 11HT an11 Aa cy y paAY Kop11rnheH11 11 pe3yJITaT11 

MepeH>a 1mj11 He Dp11DaAaiy 11HT a 3a Koje H11je HaBeAeHo Dope1rno, BJiacH111< Te Ha'-IHH 

Dp116aBJbaH>a 11 Aa je ornoBaHa cyMH>a Ha 3JIOYDOTpe6y. TaKol)e ce HaBOAH Aa KoayTop11 C. M11n11h 

11 A. PaK11h HHKaAa H11cy 611n11 '-IJiaHOBH THMOBa 11HT Koj11 cy ce 6aB11J111 MarHeTHHM <pnyKcoM 

reHepaTOpa a Aa je ayTOp Enaroje Ea611h 611 33A)')KeH caMo 3a aKBH3HQHjy (Lab View 11 NI MOAYJIH). 

ToKoM HHTepHe DpoBepe HHTepBjy11caH je HaBeAeH11 DpB11 ayTop paAa M20.10. Enaroje Ea611h. Ha 

DHTallia Koje je Dope1<no DOAaTaKa, rAe cy BprneHa MepeH>a, KO je Bpumo MepeH>a, KaKo 11 '-IHMe cy 

BprneHa Mepellia ayTop HHje XTeO A3 OAfOBOpH. 

,[\oKa3 3 je paA 1<0j11 DpOMOBHllie HAejy O KopeJiaQHjH B116paQ11ja 11 MarHeTHHX CHJia ca 

KOHKpeTHHM pe3ynTaT11Ma MepeH>a 11 attaJI113a. TipBH ayTop paAa je Enaroje EaB11h an11 ayTop 

HAeje je HeHaA KapTaJ10B11h Koj11 je ca KOMDaH11jaMa CeBep 11 B116poaKycT11Ka 11cTpa)K11Bao oBaj 

Dpo6neM Ha reHepTop11Ma XE TI11poT (rAe Enaroje EaB11h H11je y'-leCTBOBao). Y paAY je 11c1<op11rnheH 

jeAaH Bpno orpaH11'-leH11 Aeo noAaTaKa, y3 carnaCHOCT BJiacH11Ka. Konere M11n11h 11 PaK11h H11cy HH 

c-
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yqecHttl.\11 11CTpmK11BaH>a Hl1 1wayTop11 npe.z:1MeTHOr pa.z:1a. Konere H11cy Haurne 3a cxo.z:1HHO .z:1a 

l.\11Tttpajy OBaj pa,ll (,llOKa3 3) y CBOM pa.z:1y (,llOKa3 1). 

KpyQ11jaJ1Hl1 ~OKa3 4 je IlOBeplb11B11 ,llOKyMeHT 113 Kora je 113,llBOjeHO 6 CTpaHl1l.\a O,llaKJJe ce MO)Ke 

BJ1,lleT11 cne.z:1ene: Hapyq11J1al.\ 11cn11T11BaH>a 11 BJJaCHHK CBHX pe3ynTaTa je XE IT11poT (JIT EITC), 

H3BpllIHJlal.\ HCilHTHBaH>a je KOMilaHHja B116poaKyCTHKa, ca 11CKJbY'IHBO CBOjHM H3Bplll110l.\11Ma. HH 

Konere Ea611n, M11n11n 11 PaK11n, HHTH I1HcTHTYT H11Kona Teena H11cy yqecTBOBan11 y OBHM 

HCilHTHBaH>HMa. I13 OBOr ,llOKyMeHTa KOJJere cy HeOBJlll!fleHO npey3eJJe BeJIHKH 6poj IlO,llaTaKa. 

113 HaBep;eHor, H YBH,ll;OM y ,n;oKa3e, MO)Ke ce 3aKJbY'IHTH ,n;a je KOJiera rrpocp. ,n;p. A. PaKHh 

Hapyumo Ko,n;ec y CMHCJIY 'IJiaHOBa 6 H 11, HapyIIIHBIIIH HHTerpHTeT YHHBep3HTeTa H 

aKap;eMcKy qecTHTOCT qJiaHa aKap;eMcKe 3aje,n;Hm~e. lJnaH 11. Ko,n;eKca (AKaoe.McKa 

tJecmumocm) rro,n;pa3yMeBa crrpoBoljefhe op11r11HaJIHHX HayqHHX HCTpa)I<HBalba Te cTporo 

IIOIIITOBalbe ayTopCKHX rrpaBa ,n;pyrnx. y pa,n;y HHCY crrpOBep;eHa HHKaKBa opHrHHaJIHa 

HayqHa HCTpmKHBalba Beh je BehH ,n;eo pe3yJITaTa, OCHOBHe 11,n;eje, cpopMyJie, CJIHKe H 

,n;pyro, HeOBJiaIIIheHO rrpey3eT H3 paHHjHX pap;oBa H IIOBeplbHBHX p;oKyMeHaTa. TaKolje ce 

MO}Ke 3aKJbyqHTH ,n;a je KOJiera PaKHh rrpeKpIIIHO CBe HOpMe Ko,n;eKca rro,n; HaCJIOBOM 

,,llJ1a2upa1-&e, JiaJ/CHO aymopcmeo, U3MUWJbal-be u Kpueomeopel-be pe3yJimama u 

aymonJ1a2upa1-&e" H ,,3awmuma aymopcKux npaea u npaea uHmeJieKmyaJIHe ceojuHe". 36or 

Tora he ce cnyqaj rrpep;aTH EniqKoj KOMHCHjH Ha p;albe rrocTyrralbe. 
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Abstract: In this paper, we propose a fault detection algorithm used in an on-line magnetic monitoring 

system in the hydropower plant. The proposed algorithm is based on two magnetic measuring methods: 

measurement of (inner) flux within generator in air gap and measurement of stator leakage (outer) flux 

outside of the generator. The system has to ensure, in situ and real time, magnetic monitoring and fault 

detection of hydrogenerator. The monitoring system is also useful for modern maintenance approach such 

as a condition based maintenance without generators' work interruption and better planned and preventive 

maintenance in the power plant. The proposed system successfully detects the presence of magnetic 

unbalance of hydrogenerator, occurring as a consequence of sho1ied turns in the windings of the rotor 

poles or air gap asymmetry. The presented measurement results are achieved in real exploitation 

conditions. 

1.lntroduction 

Hydrogenerators, as basic production units of the power system, belong to a group of the capital 

equipment, which in its operating life is exposed to severe stresses and loads of electrical, mechanical, 

hydraulic and thermal nature, resulting in a large number of potential failures [I]. Modern strategies of 

maintenance are based on a number of integrated concepts, staiting from the pla1111ed periodic 

maintenance, over the condition-based maintenance, through the introduction of multi-parameter 

monitoring systems [2-6]. 
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This paper describes a fault detection algorithm that has been developed with the aim to combine the 

advantages of several measurement methods. The proposed algorithm is based on measurement of the 

main radial magnetic flux in the air gap, leakage radial magnetic flux on the stator housing and mechanical 

vibrations on the upper and lower guide bearings of hydrogenerators. These three concepts are combined 

and used to complement each other. 

There are two key advantages of the presented algorithm and realized monitoring system. The first 

advantage is the integration of the two methods for the measurement of magnetic flux. The applied 

measuring procedure includes a comparative analysis of the results of magnetic flux measurements, with 

the results obtained with the system for measuring mechanical vibrations in order to comprehensive 

approach to fault detection. The second advantage is the mobility of the monitoring system and its use 

without requiring generators' work interruption (the case when the leakage stator flux is measured or when 

the system is co1mected with the previously built-in sensors in the air gap of generator). 

The monitoring system has been developed with the aim to detect the presence and cause of the 

magnetic unbalance of the hydrogenerator. There are two main reasons for the existence of magnetic 

unbalance: shorted turns in the windings of the rotor poles and geometric asymmetry of the air gap. 

Magnetic unbalance will at least reduce operating efficiency and in more severe cases can lead to damage 

from magnetically induced heating or a rotor-to-stator rub [7]. 

2.Magnetic Unbalance of Hydrogenerators 

Three types of unbalances (mechanical, hydraulic and magnetic) can occur in hydro generators. Each 

of these unbalances is a potential source of vibrations. Mechanical unbalance is easier to eliminate or 

reduce its impact on vibrations. This is achieved by dynamic balancing of the generator rotors. More 

complicated is the situation with the magnetic unbalance. In practice, mechanical unbalance is often 

placed on the opposite side of magnetic unbalance, in order to reduce its impact. 

2 

IET Review Copy Only 



P~ge 3 of 24 IET Electric Power Applications 

This article has been accepted for publication in a future issuo of this journal, but has 1101 boon fully editod. 
Content may cllango prior to final publication in an issue of the journal. 'f o cite tho paper plo;,se use the doi provided on tllo Digital Library page. 

2. 1. Shorted Turns 

Numerous cases of increased vibrations were recorded, despite the proper shape of rotor/stator. The 

literature [8-9], showed that the presence of shorted turns in the windings of the rotor poles can lead to 

increased mechanical vibrations, that are the result of the magnetic unbalance, caused by changing 

magnetic flux in the generator air gap. 

The magnetic flux in the air gap, corresponding to the pole with the shorted turns, is smaller in 

comparison with the magnetic flux of other poles. The literature [7], [10], provides the simulation of 

changes in magnetic flux (or magnetic flux density), which is a consequence of the occurrence of shorted 

turns in the windings of the rotor poles. 

The shorted turns are caused by deterioration of insulation material over time. Insulating materials, 

which are used for insulation of the rotor windings, are exposed to thermal, electrical, mechanical, and 

environmental stresses. The aging of the generator, among other things, is reflected in the aging of the 

insulation, which may lead to sho1ted turns, and then to ground faults [11-13]. 

2.2. Air gap Asymmetry 

Oscillations of the magnetic flux in the air gap can also be caused by the air gap asymmetry, which 

is most often the consequence either of the eccentricity of the rotor ( occurred due to errors in the design, 

installation, thermal dist01tion of the rotor, wear of the rotor bearing or its displacement while the machine 

is working) or irregularly shaped rotor/stator. 

The impact of variable degrees of eccentricity ( on the unbalanced magnetic pull) was analyzed in the 

literature [14]. Due to changes in length of air gap, the magnetic flux in hydrogenerator also changes. The 

change in the magnetic flux density in the air gap (with generators which have a different degree of rotor 

eccentricity) was discussed in [ 15]. 

3 
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3.Shorted Turns Detection and Air Gap Monitoring 

It is considered that the simplest way of determining the existence of shorted turns on the rotor pole 

windings is to measure the voltage drop across each pole (pole drop test) [16]. Disadvantages of this 

method are the following: the generator must be stopped and the partially disassembled, and preparation 

and measuring time is long, and since the rotor is not moving, there is no centrifugal force, so that it can 

happen that some shorted turns are not detected, because they are present only with the effect of 

centrifugal forces. 

In recent years, the implementation of on-line monitoring of flux in the air gap of the 

hydrogenerators has statied. The measurement of the flux of each rotor poles is performed, in order to 

discover the rotor pole that has shorted turns and determine its impact on the existence of a magnetic 

unbalance of the generator [ 16-17]. This method is already widespread in large turbo generators [ 18-19]. 

The main disadvantage of this method is the requirement to install a flux sensor in the air gap (invasive 

method). These measurement systems measure only main magnetic flux in the air-gap and do not provide 

a comprehensive analysis of the magnetic characteristics of the hydro generators. 

In this paper, with the desire to reduce the aforementioned shortcoming, in terms of long time for 

installing the sensor and dismantling pa1is of the generator, the presented monitoring system was 

developed. The system, in addition to the measurement of the main magnetic flux in the air gap, also 

measures the leakage magnetic flux of the stator. This measurement of leakage magnetic flux is performed 

with the sensors mounted on the stator housing (non invasive method - advantage). Mounting sensors on 

the housing does not require generators' work interruption. 

Commercial systems for air gap monitoring provide information on the shape of the rotor and the 

stator, as well as movement of rotor during various operating conditions. Capacitive sensors are installed 

on the surface of the stator [20], while the inductive sensors are installed in ventilation ducts of the stator 

[21]. 
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4.Monitoring System 

Development of presented on-line monitoring system (see Fig. 1) was conducted on the basis of 

modern concepts of fault detection, condition monitoring and outage management. The purpose, using this 

system, is to successfully detect the most common causes of magnetic unbalance of hydro generator. 

Flux Flux 
(in air-gap of 

) 

stator 
sensors 

Unit 
9076 

• pole 
• ace • 

• 
Fig. 1. Block diagram of the monitoring system 

The sensor of the main flux is an air gap search coil adapted to mounting on the stator tooth, while 

the leakage flux sensor is adapted for mounting on the stator housing. The task of adjustable signal 

elements is to adapt an analog signal from the sensor for AID conversion. The set for defining the position 

of the first pole serves to define the reference pole to determine the position of the measured poles with 

shorted turns. Data acquisition and triggering is done through the reconfigurable FPGA chip. The designed 
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fault detection algorithm is implemented on the programmable automation controller (PAC) - NI 

CompactRIO 9076, which incorporate the advantages of PCs (software capability) and PLCs (robustness). 

CompactRIO's robust design is rated for a -20°C to 55°C temperature range, 50 g shock, and hazardous 

locations or potentially explosive environments [22]. Most acquisition modules feature up to 2300 Vrms 

isolation (withstand), and 250 Vrms isolation (continuous). A virtual instrument runs on the panel PC. 

Measured data collected from the PAC are shown on the front panel of the graphical user interface of the 

virtual instrument. 

4.1. Electromagnetic Model 

Monitoring system was developed on the basis of inductive sensors that measure the electromotive 

force (EMF) induced according to Faraday's law: 

d¢ 
e=-N­

dt 

where N is the number of sensor turns and drpldt is the change in flux linking the coil. 

(1) 

A spatial magnetic flux can be assumed to flaw in flux duct. Analytical expression defining the 

magnetic flux Li<l>,5 in air gap (in flux duct), pursuant to the Fig. 2 is [23]: 

(2) 

where po is permeability of vacuum, 0,5 is the sum of the currents (flowing in the rotor winding) that acts 

upon the air gap, l is the axial length of the pole shoe, n is the number of square elements making the 

magnetic field diagram in the radial direction, & and Lio are width and length of square elements and in 

different parts of the diagram have different sizes, but the Li<l>,5 remains the same in all flux ducts. 

A pole shoe creates a cosinusoidal magnetic flux density (or the approximate cosinusoidal flux 

density - depends on pole shoe shape) in the air gap [23]: 

µ0 
B0 cos0 = ___Q___§_ 

n/1,,!i 
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where B0 is the peak value of magnetic flux density in the air gap across the pole, 0 is the electrical space 

angle (0==0 on d-axis) and nt-,.J is the length of the flux line from the pole shoe to the stator surface. 

Since the length of the flux lines increases with closing to the q-axis (see Fig.2), the value of 

magnetic flux density shall reduce. In the mid pole (d-axis) where nf.,,J is nearly constant, the value of 

magnetic flux density shall be nearly constant, as well. 

To create a flux density B0, the required current of a single pole is: 

(4) 

where N1is the number of turns in the winding of the single pole, 11 is DC field winding current on the pole 

and 6oe is the air-gap length in the middle of the pole, corrected with the Ca1ier factor [23]. 

Fig. 2. Diagram of spatial distribution of magnetic flux in the air gap of hydrogenerator with the present locations of the flux 
probes 

From (4), it can be concluded that if N.J·is not changing (l1=const) i.e. if there are no sh01ied turns in 

hydrogenerator rotor poles, every change of magnetic flux density in the air gap, from pole to pole, must 

be a consequence of a change in length of air gap (6oe), If the length of air gap is not changing, every 

change of magnetic flux density is a consequence of the presence of sh01ied turns. 

When the shorted turns occur, the magnetomotive force (MMF) of that pole changes (the total 

ampere-turns of that pole reduces) and MMF as well as magnetic flux in the air gap are no longer 

symmetrical. Neglecting the saturation, the effect of shorted turns in generator can be presented as a sum 
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of normal MMF and additional MMF due to a fictitious coil of the same number of turns as the shorted 

turns but with opposite current flow [24-26]. Fig. 3(a) shows the case of generator with six pairs of poles 

(p=6) in normal operation. If the shotted turns occur in the same generator in the first pole, the change in 

spatial distribution of MMF shall also occur (Fig. 3b ). According the magnetic flux conservation law, the 

additional MMF by the shorted windings is presented (Fig. 3c). 

Fig. 3. }v!MF distribution of the rotor. 
a Generator operates on normal condition 
b Shorted turns appear on first rotor pole 
c The additional MMF by shorted turns 

P I 

p-1 

a 

b 

C 

p ·(i 

lfolnr nwd1anir11l "11gk•,0 1 

p6 

I .s l ► 

p 6 

Rotor m~dw11kal anµk.0, 

When generator operates on normal condition, MMF (the air gap excitation MMF - F111,5), can be 

transformed into a Fourier series (5). 

where 

sin(k!!_) 

K - 2 
k -

k!!_ 
2 
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21' 

_ I f B -jkB ak -- F1110 ( )e dB 
2rr 

0 

2F k -,odd k =-. -[1-(-1) ]= Jkrr 

1
2F 

1k2rr 

where Fis the peak MMF of each of 2p poles. 

Therefore MMF is: 

O,evenk 

4F +z• K 
F,,,8 (0) = L -f sin(kp0). 

ff k=l 
oddk 

(7) 

(8) 

When the generator operates on normal condition, armature reaction magnetic field synchronously 

rotates with the rotor, and rotor winding will not induce additional harmonic current. 

When the shorted turns appear on rotor poles, armature reaction magnetic field non-synchronously 

rotates with the rotor. So additional harmonic current is induced in the rotor winding [24]. It is necessary 

to analyze only the reverse MMF (Fig. 3c) produced by the fictitious coil. 

Fourier analysis to the reverse MMF is: 

"' "' 
F,,,8 (0,.) = a0 + Lak cos(k0,.) + 2)k sin( kB,.) 

(9) 

k=l k=l 

where: 
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1[ 
forO:,; 0,. :,; 12 

1[ 
for 12 :,; 0,.:,; 21! 

where 0,. is rotor mechanical angle in rotor coordinate system, F1 and F2 are values of MMF in case of 

existence of shorted turns in one pole (Fig. 3c). 

The air gap permeance ,1,,. has a constant component as well as a smaller component which varies 

cosinusoidally with rotor angle as measures from the direct axis [27]: 

(11) 

where Ao denotes the constant component of the permeance and ,1,1 the peak magnitude of the rotating 

component of the total permeance. 

The flux density distribution in rotor frame B,. ( 0,.) is defined as product of (9) and (11 ): 

B,. (0,.) =[ a0 + t[ak cos(k0,.)+bk sin(k0,.)]] 

{ ilo + A1 cos(2p0,.}]. 

While the relative angular speed of the rotor with respect to the stator is: 

es= 0,. +m,.t 

where 0, is the stator mechanical angle and co,. the angular velocity of the rotor. 

(12) 

(13) 

From (14), it can be concluded that the flux density distribution, in the stator frame, has both space 

and time harmonics. All space harmonic components in the rotor frame exist in the stator frame. 

B., (0,. )= [ a0 + t[ak cos(k(0,. -m,.t))+bk sin(k(05 -m,.t))]] 
{ ilo +A1 cos(2p(05 -m,.t))]. 

(14) 

Given components exist in the spectrum of the leakage stator flux. Leakage stator flux can be easily 

recorded through specially developed sensors and analyzed in the frequency domain. The experimental 
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results show that the increase of value of harmonics with frequencies !if,. (k = 1,2,3 ... ), where/,- is rotor 

mechanical rotating frequency, is the consequence of existence of shorted turns. The most increase of 

value of harmonics in the spectrum of leakage flux, can be detected at frequencies 2/,- and 3J;., and can be 

selected as the symptom of rotor inter-turn short circuit fault. 

4.2. Fault Detection Algorithm 

The fault detection algorithm (Fig. 4) has been developed in accordance with the magnetic model. 

Due to the occurrence of shorted turns in the windings of the rotor poles or air gap geometric asymmetry, 

there is a change in main magnetic flux in air gap of hydrogenerator, while with the occurrence of shorted 

turns were also noticed changes in the spectrum of the leakage stator flux. 

Fig. 4. Fault detection algorithm 

Measurement algorithm 

Main magnetic flux Leakage magnetic flux 

Difference from: 
• Adjacent poles 

• All poles 
FFT & THD 

Magnetic flux change 

~--L--~No 

Change in spectrum 
THD 

Yes 

Magnetic unbalance 

Vibration measurements 

Vibration increase 

Yes 
~--'--~No 

Critical level 

Yes 

Generator shut down 

Yes 

Expert analysis 
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The EMF is proportional to the main magnetic flux from the pole that is passing the flux sensor, 

during the operation of the generator. EMF (raw data) is integrated to give a value proportional to the total 

flux (integrated flux). The maximal value of integrated signal across the pole represents the average flux 

across one rotor pole and due to the presence of sho1ied turns this value reduces. 

In order to detect shorted turns and geometric asymmetries, two auxiliary algorithms (Algorithm 

and Algorithm 2) were developed. Algorithm 1 (for detection of shorted turns) outlines radial flux 

diagrams that show the difference in value of magnetic flux from adjacent poles versus pole number (see 

Fig. 6). Algorithm 2 which serves for detection of geometric asymmetry of air gap outlines the radial flux 

diagrams that show the difference in value of magnetic flux of each pole in comparison to the mean value 

of magnetic flux of all poles, versus pole number (see Fig. 8). 

Fault detection algorithm, for detection of magnetic unbalance of hydrogenerator, also conducts 

analysis of leakage radial magnetic flux in the frequency domain (Fast Fourier Transform - FFT, Total 

Harmonic Distortion - THD). Increase of the value of certain higher harmonics in the spectrum is the 

consequence of the existence of shorted turns. The significant increase in higher harmonics (THD) of 

leakage magnetic flux, over time, indicates the occurrence of magnetic unbalance. 

In addition to the magnetic parameters, the algorithm takes into account the parameters of vibration 

recorded on guide bearings of hydrogenerator. The air gap asymmetry easily produces increased vibration 

levels that can be recorded not only on the shaft, but also on the stator bars and core. 

It is believed that the presence of sho1ied turns in the windings of the rotor poles cause excessive 

vibrations. The fault detection algorithm shows that usually one or more shorted turns just cause higher 

vibration levels, which in many cases may be tolerable. However, if more and more sh01ied turns occur 

over time, high vibrations may force a shutdown of the generator. The vibration levels (caused by the 

presence of shorted turns) can become excessive if the total number of rotor poles is quite low (10 to 16 
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poles) and/or the number of shorted turns is significant compared to the total number of turns in rotor 

winding. Otherwise, shorted turns (ie. variations in magnetic flux) cannot significantly affect the vibration 

levels. 

Magnetic flux monitoring successfully detects shorted turns regardless of their number or the 

number of poles of the rotor. The proposed measuring method (based on measurement of the magnetic 

flux) better locates poles with shorted turns, particularly in cases when hydrogenerators have more poles. 

Table I shows comparative analysis of these measurement methods. 

Table 1 Comparative analysis of measurement methods 

Measurement methods Mounting of sensors Shorted turns detection 

Main magnetic flux in the air gap Time-consuming Yes (from one to more 

shorted turns) 

Leakage magnetic flux of the stator Not time-consuming Yes (from one to more 

shorted turns) 

Vibrations of the upper and lower Time-consuming Yes (if the number of 

guide bearing shorted turns is significant/ 

low number of rotor poles) 

5.Analysis of Operation of System in Real Exploitation 

Air-gap asymmetry 

detection 

Yes 

Yes 

Realized monitoring system is able to simultaneously measure two types of magnetic flux, in air gap, 

using sensors mounted on stator tooth, and leakage magnetic flux of stator, using sensors mounted outside 

the stator housing. The three sets of results are presented in this section. 

5.1. Model Validation 

The first set (Fig. 5) shows the change in magnetic flux in the air gap of the generator and change of 

leakage magnetic flux of stator in real exploitation. 
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In accordance with (3), it can be seen that the value of the magnetic flux does not change on the part 

where the air gap is constant (Fig. Sa), ie. in the middle of the pole (no-load operation). The change in 

magnetic flux occurs at the ends of the poles due to changes in the air gap. 

The change in magnetic flux also occurs in regime of load operation due to armature reaction, and 

then flux becomes asymmetrical in relation to pole (Fig. Sb). 

At no-load regime (Fig. Sc), the effect of commutation of converter elements m the excitation 

(thyristor) to a signal of leakage stator flux can be observed. 

Leakage magnetic flux, on the stator housing at full load, is approximately cosinusoidal signal with a 

certain content of higher harmonics (Fig. Sd). 
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5.2. Practical Implementation of Monitoring System (Analysis for Four Hydrogenerators G1-G4) 

The second set of results is obtained using the monitoring system on four hydrogenerators G 1, G2, 

G3 and G4 (see Appendix), with the aim of analyzing their magnetic characteristics under real conditions 

(in situ). 

5. 2. 1 Analysis of Magnetic Flux of the Generators G 1 and G2: Generators G 1 and G2 have the same rated 

parameters. Measurements of the main and leakage magnetic flux were done under the same regime of 

operations of both generators. 

Minor oscillations of magnetic flux in air gap can occur due to minor physical differences between 

poles or it can be caused because of the different pole mounting (and thus slightly different air gaps) [16]. 

Lower and upper alert levels, in radial flux diagrams, show allow range of oscillations of magnetic flux. 

Lower alert level (in%) shows what would be the decrease in magnetic flux due to one shorted turn. The 

generators G 1 and G2 have 81 turns per pole. One shorted turn should reduce the flux density above the 

pole by 1.23% [(l/8J)xl00%=1.23%]. 

In Fig. 6 is possible to note, based on algorithm 1, that in G 1 there are not any while in G2 there are 

shorted turns in two poles. Due to shorted turns in poles 2 and 6 (G2), there has been a reduction in the 

value of the magnetic flux of given poles in relation to the magnetic flux of the other poles. 

6 
\, ' 
\ '3 l'i)h: f\.fop1wtk nu),,; 

a b 
Fig. 6. Radial diagrnm of distribution of relative differences of the pole flux compared to the average value of the flux of two 
acijacent poles in % (full load regime). 
a Generator G 1 
b Generator 02 
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The FFT analysis of leakage magnetic flux of stators of generators GI and G2 (Table 2) shows the 

increase of value of harmonics with frequencies kf,. (k= 1,2,3 ... ), where rotor mechanical rotating 

frequency is: 

J;. = /,,, = 8.33Hz 
p 

wheref,11 is fundamental frequency. Frequencies of interest are 8.33, 16.66, 25, 33.33 Hz etc. 

(15) 

Increase of value of higher harmonics, in the spectrum of leakage flux in G2, is the consequence of 

existence of shorted turns (see Table 2). 

Table 2 Stator Leakage Flux Harmonics 

Leakage flux Normalized amplitude (db) 

!if,.(Hz) GI G2 

8.33 -66.37 -60.53 

16.66 -67.8 -46.39 

25 -57.28 -37.43 

33.33 -51.53 -40.41 

41.66 -50.89 -40.07 

50 7.34 8.47 

5.2.2 Analysis of Mechanical Vibrations of the Generators G1 and G2: With the aim of a comprehensive 

analysis, fault detection algorithm takes into account the value of mechanical vibrations of the upper and 

lower guide bearings. 

Generally speaking, the mechanical vibrations recorded on the housings of guide generator bearings 

are indicator of the presence of mechanical and magnetic rotor unbalance. In addition, the mechanical 

unbalance is primarily associated with the regime of unexcited no-load operations, which is free from 
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action of magnetic forces. In the case of present mechanical unbalance, vibration amplitude increases with 

increasing speed of the rotor and as a rule it is primarily expressed on the housings of guide bearings of 

generators [28]. Magnetic unbalance changes the vibration levels in the regimes of no-load 

unexcited/excited operations. Turning the excitation ( excitation event - see Fig. 7), in the case of the 

present magnetic unbalance, vibration increase or decrease depending on the relative phase position of the 

vector corresponding to the mechanical and magnetic unbalance. If vectors of mechanical and magnetic 

unbalance are oriented in the same direction and orientation, the combined vibration vector increases and 

vice verse if they are of opposite direction they are subtracted. The increase in vibrations is accompanied 

by the increase in load in the case of the presence of magnetic unbalance. 

Fig. 7 shows the comparison review of amplitude of mechanical vibrations [peak amplitude of main 

component per number of rotations, Ao-peak (f,.=8.33Hz)] measured at housings of generator bearings (upper 

and lower guide bearing), along the measuring directions Ml and M2, which are mutually perpendicular, 

and regimes of operations. At G 1 there was not noticed the presence of magnetic unbalance, which was 

expected in accordance with the magnetic measurements. Vibration amplitudes at the upper and lower 

guide bearings, remained almost the same before and after the excitation event. 

The obtained results clearly indicated the existence of magnetic unbalance in the generator G2, in 

which the magnetic measurements observed shorted turns in rotor pole windings. The peak value of 

amplitude of basic components per number of rotations (Ao-peak) reached approximately 5/12~tm (no-load 

unexcited/excited operation) on upper generator bearing. It can be concluded that magnetic unbalance 

exists. In the regime of maximum load (40MW) measured value is approximately 15µm. Vibration levels 

at the lower guide bearing were even lower, but they were also clearly pointing to the existence of 

magnetic unbalance. Magnetic unbalance has been successfully detected. It can be concluded that 

although the two poles of the rotor (G2) had shorted turns, there has been no significant increase in 

vibration levels. In this case, the level of the vibrations belongs to the range of the normal operation [29]. 
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Fig. 7. Comparative revieJII of amplitudes of mechanical vibration is given per measuring points and regimes of operation, for 
Gl andG2 
a Upper guide bearing 
b Lower guide bearing 

5. 2. 3 Analysis of Magnetic Flux of the Generators G3 and G4: Generators G3 and G4 have the same rated 

parameters. Measurements of the main magnetic flux were done under the same regime of operations of 

both generators. Applying the algorithm 2, geometric asymmetry of the air gap in one of the generators 

was detected (Fig. 8). 

a b 
Fig. 8. Radial diagram of distributio11 of relative differences of the pole flux compared to the mean value of the flux of all poles 
in % {fit!/ load regime) 
a Generator G3 
b Generator G4 

Generator G3 has the proper shape of the rotor and major variations in the magnetic flux in the air 

gap cannot be detected (Fig. Sa), while the trajectory of rotor of generator G4 has a pronounced 
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misalignment in space (Fig. Sb), which results in a change of magnetic flux, that clearly indicates that the 

rotor is not round. The value of the magnetic flux increases in the area where the length of the air gap is 

smaller and vice versa; becoming smaller where the length of the air gap is higher. 

5.3. In-Service Operating Incident 

A third set of results is a display of an in-service operating incident, which occurred in the generator 

before installation of whole monitoring system. Generator was stopped with action of the ground fault 

protection of the rotor windings. During the visual inspection after stopping the generator and removing 

the rotor from the machine, it was established that one pole had burned (Fig. 9). The monitoring system, in 

regular operation, has detected the content of higher harmonics of leakage magnetic flux of THD = 4.65%. 

Prior to the in-service operating incident, the system has detected THD = 25.75%. THD has increased 

approximately five times just before the outage due to an increase in the magnetic unbalance. 

Fig. 9. Outage of one rotor pole 

Given that the monitoring system worked only in the regime of monitoring of leakage flux of the 

generator, and that the alarm functions and the generator stop function were not enabled, it resulted in 

heavy damage. 

6.Conclusion 

In this paper, a fault detection algorithm and monitoring system of the hydrogenerator were 

presented. The main goal was to develop an adequate robust fault detection algorithm that can be used 
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with conventional hardware and show that it works in real time applications. The developed algorithm is 

insensitive to different disturbances and noises. The consequences of failure (changes in magnetic flux) are 

present for a long time period before seriously damage or outage of generator, so that the algorithm detects 

them easily and avoids "false positive". 

The three presented sets of results are obtained in real exploitation. One set of results, obtained by 

measurement of the main and leakage magnetic flux, verifies developed mathematical model of the 

magnetic field of the generator. The second set is obtained using the fault detection algorithm (in situ), 

which for the input parameters, in addition to the main and the leakage magnetic flux, takes the 

mechanical vibrations of the upper and lower guide bearing of the hydrogenerator. Applying a given 

algorithm, the magnetic unbalance was detected in two cases. In the first case it was the result of the 

existence of shorted turns, and in the second case, it was the result of air gap asymmetry. The third set of 

results is particularly significant because it indicates an increase in the magnetic unbalance during a 

specific time interval. The monitoring system has detected an increase in THD of the leakage stator flux, 

and soon after there has been an outage of hydrogenerator. The system works in fully automatic mode. 

Full advantage will be achieved with the development of a number of similar standalone monitoring 

systems and with their interconnecting into a complex network of measurement systems. 
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9.Appendix 

Table 3 Generator parameters 

Generator parameters Gl,G2 G3,G4 

Year of manufacture 1983 1966 

Rated Real Power (MW) 40 18 

Rated Apparent Power (MV A) 44,5 20 

Rated Generator Voltage (kV) 10.5 8.8 

Rated Generator Current (A) 2447 1310 

Rated Excitation Voltage (V) 223 130 

Rated Excitation Current (A) 603 724 

Rated power factor - cos<p 0,9 0,9 

Rotor speed (rpm) 500 187 

Frequency (Hz) - f,11 50 50 

Number of poles - 2p 12 32 

Number of turns per pole - N1 81 24 
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EnEKTPOTEXHM4ECKv1~ v\HCTvlTYT v\M 
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YHv1aep3v1rer y 6eorpaAY - EneKrporexHv14K1!1 cpaKymer 

5yneaap Kpafba AneKcaHAPa 73 

11000 5eorpaA 

DEKAHY Ene1CTporexHv14KOr <baKVmera y 5eorpaAY 

K0Mv1c1,1ji,i 3a cry,qv1je rpelier creneHa ET<t:i-a 5eorpag 

Beograd: 

Nas znak: 

Vas znak: 

nPEAMET: VIHcpopMal.\11tja, eeJa Baw aKT 6p. 82 OA 20.01.2021.r. 

nowroaaHi,i, 

2 7. 09. ?,021 
or;jJ£rf 

Y ae31,1 ca aITToM 6poj v1 AaTYM ropl-bv1, o6asewrasaM Bae Aa je oKOH4aHa npo4eAypa 3a 
yrspl']111sal-ba 4vll-beHvl4Hor cral-ba y se3111 ca npv1jasoM reMe AOKropcKe Av1Cepra4v1je 
3anocneHor 5naroja 6a6111lia. 

Y npv1nory BaM AOCT8BfbaM: 

1. Baw aKT 6p. 82 OA 20.01 .2021.r., 3anpv1MfbeH y I/IHcrnryry 25.01 .2021,r. 
2. ,IJ,onv1c ,Qv1pe1CTopa I/IHcrnryra ynylieH ,QlilpeKropy L!eHrpa Ja eneKToMepel-ba 111 

PYKOBOAvlOL\Y paAHOr Hanora 38 v1cnv1rnsal-be vi pa3BOj TeXHv1Ka MarHeTHOr 
MOHvlTOPv1Hra 111 4naHy Hay4HOr Belia, 6p. 06/170 OA 26,01 .2021. r. 

3. 06asewTel-be EneKTporexHv14Kor 1t1Hcrv1ryra H111Kona Teena a,Q 5eorpaA, ynylieHo 
ET<t:i-y, 6p. 06/299 OA 08.02.2021.r. 

4. Owoaop PYKOBOA1110L\8 pa,QHOr Hanora 38 v1cnv1TV1Bal-be VI pa3BOj T0XHli1Ka MarHeTHOr 
MOHli1TOPll1Hra 111 4naHa Hay4HOr Belia OA 22.03.2021.r. 

5. 06aaewTel-be o npe,Qy3eTll1M aKT111BHocrnMa ,Qli1peKropa l._\eHTpa 3a eneKrpoMepel-ba, 
6p 06/2351 OA 03.09.2021.r. 



YHMBep3MTeT y Seorpa.Qy -
EneKTpOT8XHMllKM <DaKynTeT 

Cp61-1Ja 
11000 6eorpa.Q, 6yneaap Kpan.a Ane1<caHAPa 73, no6. 35-54--..~~~~~~l,;!: 

IlocnoBo,n;cTBY 

EneKTJ)OTexmrc:rKor HHCTll'cyTa HHKOJia Teena 

Eeorpa,n; 

IlolllTOBaHe Konere, 

Y TOK)' je npol.le,zzypa 3a rrp0:jaBy TeMe ,n;oKTOpcKe ,D;Hcep-rau0:je H Ol.leH)' rro.r106Hocm czy,n;eHTa Bnaroja 
Ba6Hha ,n;a ce 6aBR TeMOM, Koja je y De3H ca TeXHHKaMa Momrropm1ra 0: ,D;eTeKI.lHje OT1<a3a Ha 

XH.UporeHepaTOpHMa, Y TOK)' oBe npol\e,eype je, Ha a,n;pecy E.r!eKTpOTexmrnmr q>aeyJirera y Beorpa,uy, CTHrao 
.r1orrn:c ,n;p HeHaAa KaprnnoBuha, aaytJ.Hor capa,muma, 3anocneHor Ha BameM Hacnrryry, y KoMe ce )'l<a:Jyje 
Ha nore~njrurne npo6neMe, KojH ce TOKOM npnjaBe TeMe H H3pa;:(e AHCepnu.tI-Ije Mory nojaBIITH (,n;onnc 6p. 
897 o.r13 l .8.2020. romrne, Kojn je ,naT y npIDiory). 

Ilpe):IJio>KeH0 MeHTop, .rlP AneKcaH,l{ap Prumn, BaHpe,n;HH npocpecop, ynyrno je ,n;orrnc HayqaoM nehy Balller 
HHCTH'I)'Ta ca KOHKpenIBM m-ITilH>MMa (.rlOTIHC 6p. 1414 o,n; 10.11.2020, ro,D;HHe, Kojnje ,n;aT y npunory), Ha 
KOjH je ):(OOHO O):lfOBOp y KOM ce y1ca3yje ):(8 je 3a O)];fOBOppe Ha IlOCTaB.JheHa mnaH>a H8,qJie)I(HO 
IlOCJIOBO):(CTBO liHCTHT)'Ta (J:\OIDIC 6p. 06/34 o.r11 l .l ,2021, fO):IHHe, Kojnje ):(aT y npHJiory). 

CTOra je, Ha PMOBHoj ceW{Hl.lH o,n;pmattoj 12.1.2021. ro):(Jrne, KoMHCHja 38 c-ry.r1Hje TPeher cTeneaa 
EneKTpoTeXHHlIKOr q>a.KyJireTa y Beorpa,zzy ,n;o»ena o,n;JiyKy ,n;a mtTaH>a, npeno,n;Ho nocTaBn,eaa 
HaY4HOM Behy liHcTH'ryTil, ynyTH IlOC)IOBOACTBY HHCTHT)'Ta, H TO: 

I. ,ll;a nu nocTOj0: na6opaTOp11jcKa onpeMa> Kojy je Bnaroje Ba(fah KopHcTH:o, :m:m HayqaH proymaTH 
Barner HHcTH:ryrn., y '-TI1jeM je J:(o6ajaH>y Bnaroje Ba6Hli yqecnoBao, a .r1a HeMa Barny carnacHocT na 
MX y CBojoj AOKTopcKoj .,n:Hcef)TaJ_\HjH npHKIDKe? 

2. Konera Bnaroje Ba6Hh je, 3aje,n;Ho ca KoayropnMa, o6januo pa.none [l) H [2) y Meljy1m.po,D;-tIHM 
Hay'!HHM qacorrncMM!l, r,n;e ce H3Me~y OCTMOI' HWI83e H Ha}'4HH J:(OilpllHOCH Koje OH HaMepana ,L\a 

npm<ame y CBOjoj ):IOK'l.'OpCKOj ):(0:CepTal.\HjH. ~a JJH Barua HHCTlfl'YO:Hja., ITO 6:m:io Kojoj OCHOBli, lbeM)' 
YCKpanyje TO Ilp8B07 

3. ~a )IH CMaTpaTe ):\a l<pajH>H KOpHC!Uil( npojeKaTa, 3a trnje IIOTpe6e je HaBe):(eHO ,n;a cy HCTp8.ilffiBfilba 

BpllleHa, Mo)I(e ocnopHTH npaBo npHKa3a pe3yJITaTa HC'I'proI<Hnma, npe)J.BH~eHHX npnjanoM TeMe 3a 
H3pa,uy J:(OKTOpCKe ,n;ncepTamrje furaroja Ba6Mlla7 .AKo je T8KO, MOJIHMO Bae 3a CaBeT Ha ICojy 8,!(pecy 
Tpe6a ):(ace o5paTHMO H rn:1my carnacHocT TproKMMo. 

PecpepeHue 

[l) B. Babic, s. Mllic and A. Rakic, "Fault detection algorithm used in a magnetic monitoring system of the 
hydrogenerator", JET Electric Power AppltcaUons, vol. 11, no. 1, pp. 63-71, 2017. doi: 10.1049/iet-epa.2016.0232 

[2] S. Milic and B. Babic, "Towards the Future - Upgrading Existing Remote Monitoring Concepts to IloT 
Concop~", IEEE Internet of Things Journal, 2020. doi; 1 0. l 109/J!ot.2020.2999196. 



y npIDiory AOCTaBJI>aMO CBY peJieBaHrny AOICyMeHTau,ajy H I<opecnoimeHQHjy y Be3H ca npHjaBoM TeMe 
,qo:rcropcJ<e ,l:\Hceprawrje Enaroja Ea60lia, H ro: 

1. AOilHC 6p. 897 OA 31.8.2020. ro,mme, 

2, ,[(OJilIC 6p. 1414 OA 10.11.2020. fO):OO{e, 

3. .norui:c 6p. 06/34OA11.1.2021. fO)J;HHe, 

4. o5pammJ<eH>e np0jase reMe .n01cropcKe .nncepnH.\Hje Bnaroja Ea61ilia. 

I1MajynH Y BHAY )J.a C1)')J.eH1y HCTWI)' poKOBH 3a npnjany teMe H pearm:38.QHjy AOKTOpCKe ,ll;HCepTaUMje, 
KoMHcHja 3a CTYAHje rpelier creneHa Bae Monn 3a xmaH o,u:roBop, rAe 5H 3a cBe aKTt)pe y npon;ecy 6ru10 
Ao6po ,u:a noAroBop Ha ET<D CTHrHe npe uape,uHe ceJJ,HHJ.J;e KoMncaje 3a C1)'.n,t,1je Tµelier CTenemi, Koja he 5am: 
o.np>I<a:Ha 2.2.2021. ro,!Ullie. 

KoMHCHja 3a CTYAHje Tµeher CTeneaa ET<l>~a Eeorpa.n: 

Y HMe KoMHcnje npeAce,nHHK 

.n:p AneI<caMap Palffin, naape,u:HH npo<pecop 



Av1PEKTOPY ~eHTpa 3a eneKTPOMepel-ba 

AP HeHaAv Kap1anoe1-1liy, 4naHy Hay4Hor eena 

nPEAMET: Aom-1c ET¢, Mon11M Bawe nocrynal-be.-

nowrneaH1-1, 

y np11nory aKTa je Aon11c Ene1npoTeXHl14Kor cpaKyme1a YH11aep31-1rera y 5eorpaAv, 6p. 82 OA 

20.01.2021.r., np1-1M/beH 25.01.2021. r., i<ojli!M ce Tpa>«e KoHKpeTHa 113Jaw1-1,e1-1,a y ee311 ca reMoM 

AOKTopcKe A1-1cepral.\11Je 3anocneHor 6naroja Eia611na. 
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ELEKTROTEHNICKI INSTITUT NIKOLA TESLA 

Nenad Kartalovic 

Odgovor na dopis direktora Dragana Kovacevica u vezi prijave teme za doktorsku 
disertaciju na ETF kolege Blagoja Bahica. 

Uvodne napomene 

Elektrotehnici instltut Nikola Tesla Ima na raspolaganju veliki broj podataka dobijenih 
tsp!tivanjlma vlsokonaponskih objekata tokom vi~e decenija. Medutim1 ti podaci su u najvecoj 
meri vlasni~tvo investltora, a najveclm delom JP EPS, EMS, NIS I druglh. U neklm slucajevlma 
su to podaci partnerskih kompanija kao sto su Sever Subot!ca, Vibroakustika doo (Radomlr 
Albijanic), NORTH Control d.o.o. NORTH Lab i niza drugih. U ranijem periodu lnstltut je 
dobijao ostra upozorenja od kompanlja HE Derdap i Vibroakustika o neovlascenom kori§cenju 
njihovih podataka u publlkacijama lnstituta. 

U duhu navedenog izvrsena je analiza dva publlkovana rada kolege Blagoja Babita. 

I. Analiza objavljenog rada: ,,Fault Detection Algorithm Used in a Magnetic 
Monitoring System of the Hydro generator", DOI: 10.1049/iet-epa.2016.0232, autori 
Blagoje M. Bable, Sasa D. Mllic, Aleksandar Z. Rakic, 

U radu se navodi sledece: "This research was funded by grant (Project No. TR 33024) from the 
Ministry of Education, Science and Technological Development of Serbia." Istrazivanja koja su 
prezentovana u radu se odnose na period u kome Je Nenad Kartalovic bio rukovodilac teme za 
magnetnl monitoring I Jedinl prljavljeni istrazivac u vezi predmetne teme magnetnog 
monitoringa, sto se moze videti iz prijave projekta kao i iz kasnljih izvestaja. Takode, u 
posmatranom periodu bio je rukovodllac inovacionog projekta 2009-02/42 ,,Magnetni 
monitoring turbogeneratora i hidrogeneratora" gde nlko od pomenutlh autora nlje 
participirao. Dalje, u pomenutom periodu rukovodio je istrazivacklm studljama 
,,lmplementaclja magnetnog monitorlnga obrtnih elektrlcnih ma~Jna u elektranama EPS u 
jedinstvenl dijagnostlcki centar" (INT, JP EPS) I "Magnetnl monitoring obrtnih elektrlcnih 
masina u elel<tranama Elektoprlvrede Srbljc" (INT, JP BPS) u kojima je od pomenutih autora 
partlclparo samo Blagoje Babic. 

U analiziranom radu, u poglavlju ,,5.2.1 Analysis of Magnetic Flux of the Generators G1 and G2" 

se nedvosmisleno vidl da su u pitanju generatori HE Plrot, a podacl su korgceni lz internlh 
(ne javnih) studija. Nisu navedeni lzvori podataka koje autorl korlste u radu, sto je poseban 
problem vlasnrntva podataka i prava koriscenja podataka. 

Takode, u analiziranom radu, u poglavlju ,,5.2.2 Analysis of Mechanical Vibrations of the 
Generators G1 and G2" se navode rezultatl merenja i analiza vibracija, Jasno Je da autori nisu 
licnim ispitivanjima doblli obradivane podatke. Naime, podacl lspltlvanja su preuzeti lz 
lnternog dokumenta koji je za potrebe HE Pirot radila kompanija Vibroakustlka, Tada je 
utvrden deba!ans generatora Gl I lzvrseno balansiranje, Kasnlja lstrazivanJa (lnstitut Nikola 



Tesla - Nenad Kartalovfc i Sever Subotica - Radlsav Pantie) su pokazala da vibrac!Je 
pobudenog generator poticu od magnetnog debalansa, Do debalansa u iznosu do 10% je doslo 
zbog zamene (remonta) dva susedna pola rotora za koje su korlsceni novl (bolj!) magnetnl 
materijali. Deo tih rezultata je nap!san u lnternoj studijl i nlje dozvoljeno njihovo objavljlvanje, 
Postavlja se pitanje kako su autorl dosli do podataka. 

Moze se zakljuciti da su autori neovasceno koristili prezentovane rezultate, da nisu naveli nltl 
su imali ovlascenje da navedu prave izvore podataka1 da nisu konsultovalt rukovodfoca 
pomenutih lstrazivanja niti nekog od poslovodstva Instituta ill kompanlje HE f)erdap. 

II, Analiza objavljenog rada; ,,Towards the Future ~ Upgrading Existing Remote 
Monitoring Concepts to IloT Concepts" DOI 10.1109/JlOT,2020.2.999196, autori S, 
D. Mille, B. M, Bable. 

Predmetni rad ima temu sadrzanu u predlogu projekta u okvlru programa Fonda za nauku 
pod nazlvom Ideje, Naslov projekta je ,,Digital Power System with Artificial Intelligence'' , U 
predlogu projekta participiraju Elektrotehnicki institute Nikola Tesla, Elektrotehnicki fakultet 
u Beogradu I Inovacioni centar Masinskog falmlteta u Beogradu, Za rukovodioca Je predlo~en 
Nenad I<artalovic, a medu prelozenim istrazivacima nema nijednog autora rada. 

Pomenuta tema lstrazivanja je od izuzetnog poslovnog interesa Instltuta I zahteva da se u 
daljem radu lnternim dokumentima lnstltuta urede odnosl lstrazlvaca. 

III. Analiza prijave teme kandidata Blagoja Babica 

Predlozena je tema pod nazivom ''Magnetni monitoring i detekclja kvarova hldrogeneratora", 
Terna je od izuzetnog poslovnog interesa za lnstitut, i daljl rad istrazivaca Instltuta na ovoj 
temi mora biti ureden internim aktima. Sa druge strane vlasnici podataka kojl su lli bi bill 
korisceni u radovima i dlsertaciji nisu dali saglasnost za njlhovo koriscenje, 

Zakljucak 

Anallzom radova Blagoja Babita I Sase Milica se nedvosmisleno zakljucuje da su neovla~eeno 
korisceni podaci ciji su vlasnici kompanije sa kojima Jnstitut saraduje. Takode, povredena su 
prava intelektualne svojine kolega iz lnstituta i iz druglh kompanlja (JP EPS, Vlbroakustlka 1 
dr.). Dalji rad na predlozenim istrazivanjlma moguc je samo ako se instltucionalno razrese 
nastali problem! oko vlasnistva i prava. 

Beograd, 22.03.2021. 

(j) 



~eHrap 3a e11eKrpoMepef-ba 

A1i1peKrop ~eHrpa 38 e11eKrpoMepef-ba 

At,1PEKTOPY 

E11eKrporexHli14KOr v1Hcr1i1ryra Hv1Ko11a Teena aA 6eorpaA 

npeAMer: 06asewrel-be o npeAvaentM a1m1BHOCntMa no BaweM AOn1-1cy 6p. 06/170 OA 

26,01.2021.r. 

nowrosaHv1 Ali1peKrope, 

Y sea1i1 ca AOn1i1coM E11eKrporexHv141<or q.iaKymera YH1i1sep31,,1rera y 6eorpaAY, np1i1jeMH1i1 6p. 06-160 

OA 25.01.2021.r., y KojeM ce OA noc110B0ACTBa vlHcrnryra rpa>1<v1 1,,13jawl-bel-be no npeAMery np1i1ja0e 

TeMe AOKTOpcKe Ali1Ceparu,1i1je 3anoc11eHor 611aroja 6a61i1na, Kao v1 o o6jaB/beHli1M paA0Bv1Ma v1 npasy 

KpajH>1i1x 1<op1-1cHv1Ka Ha ocnopasaf-be np1i11<a3a peaymara v1crpa>1<1i1saf-ba, o6asewrasaM Bae Aa caM 

cnpoaeo OAroBapajynv1 nocrynaK, 41,,1Jy xp0Ho11or1i1Jy p,ajeM y Hacras1<y. 

25. jaHyapa 2021. - npvlMJbeH je AOnli1C EneKrporeXHli14KOr <j>al{Y/lTeTa H8C/lOBJbeH Ha noc110BOACTBO, 

ca Mo1160M A8 ce nOC/lOBOACTBO li13jaCHvl O cnopHli1M nl-1Tal-bli1Ma OKO np1i1jase TeMe AOKTOpCKe Te3e 

611aroja 6a61i1na, o 06jaslbeHv1M paAOBv1Ma 1i1 npasy Kpajl-b1i1x Kopv1cH1i11<a Ha ocnopaBal-be npv11<aaa 

pe3ymara 1i1crpa>1<1i1saf-ba, ca np1-111031-1Ma: 

1. 06pa3110>1<ef-be reMe AoKropcKe A1i1cepra41-1je 611aroja 6a61-1na OA 03.07.2020.r.; 

2. Aon1i1c AP HeHap,a Kapra11os1-1na ynyneH K0Mv1c1i1J1i1 aa CTYA1i1Je rpener creneHa ET<t>-a OA 

31.08.2020.r.; 

3. Aon1-1c ET<t>-a ynyneH Hay4HOM Beny ltlHCTlfryra OA 10.11.2020.r.; 

4.0,D.roeop Hay4Hor eel'la v1Hcrnryra OA 11.01.2021.r. (Aon11c y np1i111ory). 

26. jaHyapa 2021. - AOCTaBJbeH Ml-1 je AOn1i1c Ali1PeKropa t,1Hcr1i1ryra, ca aaxresoM Aa ce AOCTaBe 

OArosop1-1 Ha n1-1ral-ba vl3 Aon1i1ca ET<ti-a (Aon1i1c y np1i111ory). 

OS. ct>e6pyapa 2021. - ynyrno caM AOnv1c 611aroJy 6a6v1ny ca 3aXTeBOM Aa ce 1-13jacH1i1 Ha cnopHa 

mrraf-ba OKO np1i1jase re Me AOKropcKe re3e (Aon1i1c y np1-111ory). 

08. ¢ie6pyapa 2021. - 611aroje 6a611n je p,ocras1-10 n1-1caHo 1,13jawf-bef-be (p,on1i1c y np1-111ory). 

08, ct,e6pyap 2021.r, - ETc))-y je ynyneH AOn1i1c, ca OAroBopoM Aa Je no1<peHyra npoU,eAypa 38 

yrspl)1i1saf-be 4l-11-beH1-14Hor cTaf-ba y se31,1 ca np1i1ja00M reMe p,01<ropcKe re3e 611aroja 6a61i1na (Aon1i1c y 

np1-111ory). 



22. Mapra 2021, - p.on11c He Hap.a KapTa1100111ia - OAroBop A11peKrnpy y 0e31,1 ca cnopHl-1M n1-1Tal-b1-1Ma 

OKO TeMe AOKTopcKe Te3e 611aroja 6a61-1lia (p.on11c y np1-111ory). 

29. Mapra 2021. - ETcp-y je ynylieH AOn11c, y KojeM ce 1-1cr1,14e Aa 611aroje 6a611li HeMa carnacHOCT 

v1HCT1-1Tyra Aa pe3y11TaTe 1-1crpa>1<110at-ba npl1Ka>«e y AOKTOPCKOj Al-1CepTau,11je npe Hero WTO ce OAHOCl1 

l13Met:Jy 1-bera 11 v1Hcrwryra ypep.e noce6H11M at<TOM; Aa je y TOKY p.era/bHa aHa111-13a paAOBa 611aroja 

6a611lia Y cM1-1c11y Aa 1111 cy Heo011awlieHo Kop11wlieH11 noAau,1-1 Tpeli11x 1111u,a, 11 Ha3HaKa Aa lie 1-1x 

v1HCT11Tyr o 1130pweHoj aHa1111s11 o6asecrnrn (Aon11c y np1111ory). 

19, anp1111a 2021. - ynyr110 caM AOn1-1c 511arojy 5a6111iy ca 3aXTeBOM p.a ce AeTa/bHvlje v13JacHv1 o 

TeM1-1 AOKTopc1<e A11cepTau,v1Je v1 o cnopHvlM paAOB11Ma -y npv111ory MY je AOCTas/beH AOnv1c HeHaAa 

Kapra1100111ia OA 22.03.2021. (Aonv1c y np1111ory). 

22. anp1,111a 2021. - AOnv1c 511aroja 5a6111ia- v13jawl-bel-be Ha nocrasl-beHa nv1Tal-ba 11 Ha p.on11c HeHaAa 

Kapra11os1-11ia (Aonv1c y np1111ory). 

10. Maja 2021. - AOn11c 611aroJy 6a6v1ny ca 3aXTeBoM Aa ce v13JacHv1 o HaBOAl-1Ma 113 p.onv1ca OA 

22.04.2021. Koj11 ce OAHoce Ha HaBOAHe np11Tv1cKe v1 npeTl-be (p.on11c y npw1ory). 611aroje 6a6v11i ce 

Hv1je 1,13jacHv10 no OBOM 3aXTesy, na caM ca3Bao caCTaHaK. 

02.jyHa 2021. - op.pa>t<aH je cacraHaK KojeM cy, nopeA MeHe, np11cycrsosa11v1 611aroje 6a6v1li 11 

CaHp.pa Jly4v11i, Ha OKO/lHOCT HaBOAH11X np1,m1caKa vi npern,v1 Koje sanoc11eH11 HaBOAvl y p.on11cy OA 

22.04.2021.; ca4111-beHa je 6e11ewKa ca OAp>t<aHor cacraHKa (6e11ewKa y npv111ory). 3arpam110 caM OA 

3anoc11eHor Aa ce 113jacH11 p.a 111-1 11 1<aKBe npv1rv1cKe v1 npenbe Tpnv1 11 op. Kora, ca HanoMeHoM Aa ro 

H1-1je A03BO/beHo v1 p.a Hl1KaKBl1 np11rncu,11 H11 nperl-be Hene 611m ro11ep11caH11. 611aroje 6a61-1li je 

113ja0110 Aa np11rncKoM CMarpa nocrynaK HeHaAa Kapra11os11lia Koj11 je ynyr110 AOn11c ETcj) 6eorpap,, 

ca np11MeA6aMa Ha reMy AOKTopcKe TeMe Kojy Je np11Jas110 611aroje 5a611n. lt13jas110 Je Aa je 

capaAl-ba ca HeHaAOM Kapra11001-1lieM no reKyn1-1M paAHl'lM Ha11031-1Ma KopeKTHa. 3anoc11eHoM Je 

cKpeHyra naml-ba Aa noHawal-be Konera rpe6a 611r1-1 y CKllaAY ca KoAeKcoM noHawaH>a 11 aKrnMa l-1HT, 

Aa ce He Mory l-13HOCl1Tl1, Hl1 ycMeHo Hl-1 nl'lCMeHO, TBPAl-be KOje H11CY Ta4He, P,a nocroJ11 nornyHa 

CJJ06oAa CBaKor nojeA11HU,a p.a ce 1-13JacHv1 o Hay4HOM paAy, nororney o AOKTopcKOM paAY Kojv1 ne 

61-1Tl1113110>1{eH Ha jaBHl-1 YB11A l-1 Ha KOjl-1 KOMnJJeTHa Hay4Ha jaBHOCT 11Ma npaso Aa l13Hece 3ana>t<al--ba. 

Op. 3anoc11eHor je 3aTpa>«eHo Aa ce o cseMy n11cMeHo 1-1ajacH1-1 AO 4. jyHa 2020. 

04, jyHa 2021. - Aon1-1c 611aroja 5a61-11ia - m1cMeHo 11ajawH>el-be o Ha60AH11M np~Tl-1CL\11Ma 11 

npeTl--baMa, y KOjeM ce 3anoc11ett11 1,13jacH1-10 Aa ocnopasaf-be paAa Koj11 je n1-1caH npe HeK0111-1Ko 

rOAvlHa JJl-14HO AO>t<l1B/baBa Kao B11A np1-1rncKa Ha 1-bera. 

1. 3anOCJJ€Hl-1 je nOAHeo npv1jasy reMe AOKTopcKe Al-1CepTau,1-1je 03.07.2020. y KOjl-1 Hl1CaM 11Mao 

YBl1A AO AOn1-1ca ETcj), Y np11jas11 AOKTOpCKe Al-1Ceprau,11je croj11: /IOCHOBHvl U,11/b 

1-1crpamv1saf-ba je yttanpel)el-be nocrojeh1-1x c1-1CTeMa MarHeTHor MOH11rop11Hra 

X11AporeHeparnpa 1-1 AeTeKu,1-1je Ksaposa, yK/by4yjyn11 no6olbwaH>a nocrojen1-1x 11 

reHep1-1caH>e Hos11x MepHo-p.1-1jarnocr1-14Kl-1X amop1-1raMa Ha 6a311 Mepel-ba MarHerHor <1>11yKca 

y Met:Jyrsomt:Jy 11 pacyror MarHeTHor q>11yKca Ha Kyliv1wTy craTOpa Xl-1AporeHeparopa". C 

0631-1poM Aa Mvl Hv1je no3HaTO pe3ymare Koj1-1x 1-1crpa>1<11saf-ba je 3anoc11eHv1 y AOKTOpcKoj 



Al-'lceprau,1-1j1-1 HaMepaaao Aa Kop11cr1-1 1 He Mory ce 1-1sjacH1-1rn ,D.a mt je TO y CK!laAY ca 

n0C!l0BH0M no/1l-1Tl-1K0M 11 aKrnMa v1HCTl-1ryTa. 

2. Y pa,D.y o6jaB/beHoM 2016. roA11He, Ha KojeM je sanoc11eH11 611aroje 6a611n npa1-1 ayrop: ,,Fault 

Detection Algorithm Used in a Magnetic Monitoring System of the Hydrogenerator" 

np1-1Ka3aH11 cy pesymarn 1-1cn1-1rnaal-ba MexaHl-14Kl-1X 01-16pau,1-1ja (c111-1Ka 7), Koj1-1 H1-1cy 

pe3ymarn v1Hcr1-1ryra, a Hl1je HaBeAeH l-13Bop noAaraKa. HaaeAeHo i,13a31-1aa cyMl-bY Aa cy y 

npeAMeTH0M pa,D.y HeosnawneHo Kop1-1wheH1-1 noAau.1-1 rpeh11x 111-1u,a, Ha wra je y caoM 

Aon1-1cy yKa3ao AP HeHaA Kapra11oa1-1h, a 611ar0Je 6a611h ce Ha HaBeAeHo H11je 1-1sjacH1-10. 

3. »<e111-1M Aa HarnaCYIM Aa l-1Hcrnryr c11creMrn1-1 no,D.p>!<aaa cae 3anoCJ1eHe Koj11 >!<ene ,D.a 

AOlffop11pajy1 Aa y OKB11p11Ma noC110Bal-ba pa3a1-1jajy Hose 1-1 yHanpe,D.e nocroje1ie pe3ymare 

11crpa>!<1-1Bal-ba. 0A 3anoc11eH11x ce 04e1<yje ,D.a nowrojy npou.eAype 11 aKra l-1Hcr11yra .. 

/J,l-1PEKTOP Ll,EHTPA 3A E/1 

tJ\;,,:., 

Mp Cpl)aH M1111ocaB/beBvfl'l,'~~·~n;.1,11-:1}it 
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Generators 
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Abstract: - An effective magnetic method of detecting rotor winding shorted-turns, broken damper bars and 
magnetic imbalance of hydro generators is described. Testing of generators vibration state was also performed. 
Magnetic and vibration measurements were done simultaneously, in order to find a correlation between the 
given measurements. This correlation will provide valuable information for understanding the causes of high 
measured vibration values. 

Key-Words: - Magnetic monitoring, hydro generator, vibration, shorted-turns, magnetic imbalance. 

1 Introduction 
Magnetic monitoring is ON-LINE monitoring that 
involves measuring the magnetic flux in the air gap 
in hydro generators in order to determine if field 
winding shorts in the rotor poles, broken damper 
bars or magnetic imbalance have occurred. 
In hydro generators, magnetic flux across each pole 
depends on the MW and MV AR loading of the 
machine. Any change in the magnetic flux within a 
pole at a given load must be due to shorted turns, 
magnetic imbalance or broken damper bars. If any 
of these faults occurs, bearing vibration level will 
increase. For this magnetic measurements, the 
National Instruments USB 6212 multifunction data 
acquisition module and LabVIEW application was 
used. 
Testing of generators vibration state was performed 
using BrUel & Kjrer PULSE system. Digital signal 
processing and data logging were done in time and 
frequency domain. The recorded waveform data was 
then analyzed. 

2 Flux and Vibration Monitoring 
System for Hydro Generators 
The basic elements that are part of flux monitoring 
system (Fig. I) are flux probes, amplifiers, filters, 
acquisition system, PC and programs for signal 
processing and data logging. 
Six air gap probes are permanently mounted to the 
stator tooth surface to determine if magnetic 
imbalance and turn-to-turn shorts have occurred. 
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flux 
probe 

NI 6212 

Fig. I Flux monitoring system 

Inductive sensors are placed evenly ( every 60 
degrees of scale, Fig. 2), where the first, third and 
fifth sensor are placed at the top of the stator and the 
second, fourth and sixth are at the bottom of the 
stator. 

' Fig.2 Detail of installed flux probes 
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As shown in figure 3a, testing of generators 
vibration state was performed using Brilel & 
Kj~r PULSE system (30 channels). Software 
package that is used is PULSE Balancing 
Consultant 7790. Balancing is carried out in 
accordance with standard ISO 1940-1 and 2. Figure 
3b shows flux monitoring system. 

(b) 
Fig. 3 Monitoring system a) vibration monitoring b) 

magnetic monitoring 

3 Magnetic Measurements 
During machine operation, the rotor flux from each 
pole will induce a current in the flux probe, since 
the rotor is moving past the flux probe. As each 
pole in the rotor passes, there will be a peak in the 
induced current caused by the magnetic flux of the 
pole. The peaks in the current can then be recorded 
and each peak of the waveform represents the 
"average" flux across one rotor pole. Shorted turns 
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in a pole reduce the effective ampere turns of that 
pole and thus the peaks associated with that pole [1]. 
The recorded waveform data can then be analyzed 
to locate the poles containing the fault or to 
determine if magnetic imbalance has occurred. 
Presence of broken damper bars in the rotor also 
changes the air-gap flux. 

3.1 Results of Magnetic Measurements 
Data were taken under different load conditions 
ranging from no load to full load. Magnetic flux is 
proportional to induced voltage. Inductive sensors 
measure the electromotive force (1): 

d¢ 
e=-N-

dt 
(1) 

Where e is the induced voltage, N is the number of 

turns and d¢ is the change in flux linking the coil. 
dt 

Figure 4 shows the change in signal characteristics 
vs. load condition (Fig. 4a - OMW, 3VAR and Fig. 
4b - 40MW, 17MV AR). Two adjacent poles with 
the change in flux (red color, normalized) and the 
total flux (white color) are shown. 40MW is full 
load for this machine. 
The magnitude of flux density in air gap can be 
defined as [2]: 

B(x) = 1',,,bo Um,<5 (2) 
t,,,b(x)A <50 

where the 8
0 

is minimum air gap, µ
0 

is 

permeability of vacuum, Um, <5 is magnetic 

potential in air gap, 1',,,bo is predefined width on 

stator in front of pole and t-,,,b(o) is relation that 
t,,,b X 

defines the impact of air-gap to changes of flux 
density. If we define width 1',,,bo, in front of pole 
(air-gap is constant), where magnetic flux has some 

value, then we can define width 1',,,b ( x) in paii 

where air-gap is not constant so that flux value is the 
same as in case of 1',,,bo . 
Fig. 4a shows that air-gap flux is homogeneous in 

the middle of the pole ( t-,,,b(o) ~ 1 ). The change in 
1',,,b X 

flux is symmetrical from pole to pole. Fig. 4b shows 
that when there is armature reaction (air-gap flux 
component caused by the armature current), air-gap 
flux is no longer uniformly distributed under the 
poles. The peak magnitude of the change in flux and 
the total flux varies little. 
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(a) 

:,)i) l©l 1500 $!!! 2m - :i',;;,j %)) ,r;oo !,JOO :¥'.00 fltXJ (ll:f) 

'""' (b) 
Fig. 4 Flux change (red color, normalized) and total 
flux (white color) a) OMW, 3VAR b) 40MW, 
17MVAR 

3.2 Analysis of the Results of Magnetic 
Measurements 
Algorithm to be used is to plot the peak integrated 
signal (total flux) for each pole compared with the 
value of the average of all the poles (Fig. Sa) and to 
the average of the two adjacent poles (Fig Sb) [3]. 
Figure Sa shows magnetic imbalance, which is not 
critical. This was confirmed by testing of generators 
vibration state. 
Variations in flux (Fig. Sa) may be due to changes 
in gap due to an out of round rotor due to poles 
mounting on the rotor [4]. We can consider that in 
all cases of load condition the natural variation in 
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comparison of pole to average of adjacent poles or 
to average of all the poles is 2.2 % or less. 
The total flux is proportional to the number of turns 
of the pole and if one turn is short then the total flux 
would decrease by I/number of turns. In our case 
the total flux would decrease 2.2 % ( compared to 
the average of two adjacent poles) if there is one 
short turn. Figure Sb shows that there were no pole 
shorts in this case. Pole 7 had total flux that is little 
higher than the value of the average of the two 
adjacent poles. There are 12 poles on the rotor. The 
higher load and more positive VARS are most 
sensitive to shorted turns. 

(a) 
•:r1 _______ ---+:nn 

----+--''"-...,-------7.ll(I 

-cc-i-~~-..cc-,4,--.::,..-:_-_-_-_-_---:----<~;:~::~ 

(b) 

(+) 

Fig.5 Radial plot of difference in peak integrated 
signal ( 40MW, l 7MVAR) a) average of all the 
poles b) average of the two adjacent poles 

Numerical data from Fig. 5 are shown in Table 1. 
Presence of broken damper bar will amplify the flux 
probe signal considerably [5]. 
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Pole Algorithm 1 Algorithm 2 

1 0.281 1.004 

2 -1.685 -0.426 

3 -2.809 -1.719 

4 -0.534 0.746 

5 0.267 -0.132 

6 1.334 -0.502 

7 3.425 2.726 

8 0.026 -1.753 

9 0.199 0.526 

10 -0.677 -0.712 

11 -0.127 0.061 

12 0.299 0.248 
Table 1 Numerical data (in %) showing results of 
magnetic measurements 

4 Testing of Generators Vibration 
State 
Testing of generators vibration state includes testing 
of upper and lower generator guide bearings, and a 
turbine guide bearing in different measurement 
directions [6]. 
Magnetic imbalance changes vibration signals in 
cases of no load - not excited (Fig. 6) / excited 
generator (Fig. 7). Fig. 6 and fig. 7 show two 
different measurement directions (MMl0 and 
MMl 1), which are 90 degrees apart. Component of 

interest is Ao-peak (f;,)' where 

J;, = n I 60 = 500 I 60 = 8.33Hz (3) 

It is obvious that the magnetic imbalance was 
detected. Vibration amplitudes and magnetic 
imbalance usually increased with higher loads (Fig. 
8). Vibrations that are recorded in case of no load 
(not excited generator) are indicators of the presence 
of mechanical imbalance [7]. Measured vibration 
values were not too high and their correcting wasn't 
necessary. 
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Fig. 6 Absolute bearing vibration / lower generator 
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domain 
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Fig. 8 Absolute bearing vibration/ lower generator 
guide bearing/ 36 MW/ frequency domain 

5 Conclusion 
In this paper, special attention was given to 
detection of rotor winding shorted-turns, broken 
damper bars and magnetic imbalance. Magnetic and 
vibration measurements were done simultaneously. 
Results from all six sensors were similar. 
There were no shorted turns and broken damper bars 
found on the rotor poles. Presence of magnetic 
imbalance, that is not critical, was detected. This is 
confirmed by testing of generators vibration state. 
Measured vibration values were not too high. 
Correlations between the given measurements are 
extremely important. Using magnetic measurements 
it is possible to detect the causes ( changes in air gap, 
physical differences in the poles ... ) ,of the magnetic 
imbalance. Periodic magnetic monitoring (once or 
twice per year) is recommended to catch any 
changes in the rotor winding insulation condition 
and rotor balance. 
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SI. #£-Frekve11tni spektri apsolutnih vibracija pomeraja snimlje11i u ustaljenim rezimima rada 

• Agregat_Al: Posle balansiranja 
• Kuciste donjeg ge11eratorskog vodeceg !ezaja - MM: 2 R2 / 5 Rl 
" Kuciste gornjeg_generatorskog vodeceg lezaja - MM: 3 X / 6 Rt 
• Kuciste turbinskog vodeceg lezaja - MM: 4 R2 / 7 Rl 
□ Prazan hod nepobuden - n = l.O*nnom 
□ Prazan hod po bud en - Ug = l.O*Unom 
~ Agregat na mrezi - PA =16 MW 

~ 
J 

~ 




