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Kanaupat je kao KkoayTop HaBeAieHOT paja (Mpu/nKeHor kao fokas 1), moBpeAuo ciefeha Havena
Kopaexca npodecHonante etrke YHusepauTeTa y Beorpaay (2oduna LIV, 6poj 193, 10. jya 2016.):

e wiaH 6. (Humezpumem) u unaH 11, (Akademcka vecmumocm);

e 4jaH 21, ynaH 22, 4ynaH 24. v 4naH 25. 1o/ 3ajeJHUYKUM HACJIOBOM ,[lrazuparse, 1axCHO
aymopcmeo, uaMUlll/bare U Kpusomaeopetre pe3yamama u aymonaazuparse”;

e 4saH 26. (3awmuma aymopckux npasa u npasa uHmeseKmyasiHe ceojuHe).

O6pa3s/ioxkeme

[ToBofioM mpoueAype MNpHjaBe TeMe 3a JOKTOPCKY AucepTauujy Kosiere Bnaroja Ba6uha ca
npeajoKeHuM MeHTopoM npod. fp A. PakuheMm, Komucuja Tpeher crenena (npod. ap A. Pakuh) je
ynyruna gonuc WHerutyty Hukona Tecna (game UHT) 3a usjammerse NoBoJOM OCHOpEHUX TpaBa
Ha kopulhemwe pecypca UHT u pesynrtarara paja gpyrux kosera. TvM moBOAOM CNpoBeJieHa je
uHTepHa nposepa y MHT 4uju pesynraru cy Aath y JoKyMeHTy ynyheHoM EjeKTpOTeXHHYKOM
dakynrety (mame ETP), a npunoxen je kao pokas 2. PesynraT je Taj Ja je o6ycTaB/beHa
npoue/ypa nphjase Teme KaHgugarta biaroja Babuha,

Y poxkymenTy je op ctpaHe MHT koHcTaTOoBaHO fja TeMa paja AesioM cnaja y genatHoct UHT, na cy
y pagy HeonawheHo kopuwheHu nofauyu UHT anu ga cy y paay kopuinheHu W pe3ysiTaTH
Mepemwa Kkoju He npunagajy MHT a 3a koje Huje HaBeJleHO TOpeKJIO, BJACHHK Te Ha4yHH
npub6aB/bakba U J1a je OCHOBaHa CyMiba Ha 3j1o0ynoTpeby. Takohe ce HaBoau Aa koayropu C. Munuh
U A. Pakuh Hukaga Hucy 6uwin unaHoBu thumoBa UHT xoju cy ce 6aBuau MarHeTHuUM (pJiyKcom
reHeparopa a jia je aytop bnaroje Ba6uh 6u 3aay»xen camo 3a akBusnuyjy (LabView u NI Mmopynu).

ToxkoM MHTepHe NpoBepe HHTEPBjyHCaH je HaBeAeHU NpBH ayTop paga M20.10. Bnaroje Ba6buh. Ha
NnuTamba Koje je IopekJo nojaraka, rje Cy BplieHa Mepetba, KO je BpPLUIHO Mepera, Kako U YHMe Cy
BplIEeHa Mepea ayTop HUje XTeo Ja OJTOBOPH,

Jokas 3 je paj koju mnpoMoBHHIe HJejy O Kopejaudju BuOpauuja MU MarHeTHUX CHJIa ca
KOHKDETHUM pe3yJiTaTMMa Mepewa W aHajuza. [IpBu ayTop pajga je Bnaroje Basuh anu ayrop
ujeje je Henag Kapranosuh koju je ca xomnaHujama CeBep u BubpoakycTHKa HCTpa)XXHBao OBaj
npobJieM Ha reHepropumMa XE [lupot (r/ie Biaroje Basuh Huje yyecTBoBao). Y pasy je nckopuuihex
jelan BpJIO OrpaHWYeHH Jieo NnojaTaka, y3 caraacHocT BaacHuka. Kosere Munvh v Pakuh Hucy Hu




yYeCHULH HUCTPaXKMBakba HM KOAyTOPH npegMeTHOr paja. Kojere Hucy Halljle 3a CXOJHHO Ja
LUTUPajy oBaj paz (nokas 3) y ceom pagy (zokas 1).

Kpyuujanuu Jlokas 4 je noBep/bMBH JOKYMEHT U3 KOTa je U3/IBOjeHO b6 cTpaHuLa OJaKje ce Moye
BUJIeTH caefiehe: Hapy4uaal, HCIUTHBAaKa W BJAaCHUK cBUX pesynrtarta je XE IMupor (JIT EIIC),
W3BpLIMJIAL] HCTUTHBAKA je KoMIaHHja BU6poaKycTHKa, ca UICK/bYHHBO CBOjUM U3BpLIHOLHMA. Hu
kosiere babuh, Mununh u Pakuh, Hutu HHCcTUTYyT HHkosna Tecna HUCY y4yecTBOBaJH y OBHM
vcnuTHBamKMa. M3 0BOT ZIokyMeHTa KoJlere cy HeoBJheHo pey3esie BeJIMKH Hpoj nojaTaka.

W3 naBesieHor, U YBH/IOM y Jl0Ka3e, MOXe Ce 3aK/bYYUTH JAa je Kosiera npod. Ap. A. Pakuh
HapywHo Kopec y cmucay usa”HoBa 6 u 11, HapylmMBIIM UHTEIPUTET YHUBEP3UTETA H
aKaZIeMCKy YeCTHTOCT 4laHa akajeMmcke sajeguune. Ynan 11. Kopekca (Akademcka
yecmumocm) noApasyMeBa cipoBoheme opUruHaJHUX HAyYHHUX UCTPAXKHUBamba Te CTPOro
NOLITOBaKke ayTOPCKUX NpaBa APYruX. Y pajly HUCYy CIIpOBeJeHa HUKaKBa OpPUI'MHaJ/IHa
Hay4YHa MCTpaxuBamwa Beh je Behu feo pesysaTaTa, ocHOBHe Hjeje, GopMyJe, CIHKe H
Zipyro, HeoBJsalheHo npey3eT U3 paHUjUX PaJioBa U MOBEP/bUBHX JoKyMeHaTa. Takobhe ce
MOXe 3aK/by4UTH Jla je koJsera Pakuh npekpmuo cBe Hopme Kogekca noj HacJ0BOM
Jlaazuparee, aXHO aymopcmeo, usMuul/earbe U Kpusomseoperbe pe3yamamd U
aymonaazuparee” u ,3awmuma dymopckKux npaea u npasd uHmeaekmyanue ceojure”. 36or
Tora he ce ciiy4aj npeatu ETHYKOj] KOMUCHjHY Ha Jlajbe NOCTYNAE.
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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 shorted turns in the windings of the rotor
poles or air gap asymmetry. The presented measurement results are achieved in real exploitation

conditions.

1.Introduction

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 [1]. Modern strategies of
maintenance are based on a number of integrated concepts, starting from the planned 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 connected 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 hydrogenerators. 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.
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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 shorted 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 distortion 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].
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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 started. 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 hydrogenerators.

In this paper, with the desire to reduce the aforementioned shortcoming, in terms of long time for
installing the sensor and dismantling parts 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 hydrogenerator.
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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 A/D 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:

e=-NY (M
dt

where N is the number of sensor turns and d¢/dt is the change in flux linking the coil.
A spatial magnetic flux can be assumed to flaw in flux duct. Analytical expression defining the

magnetic flux A®d; in air gap (in flux duct), pursuant to the Fig. 2 is [23]:

Ax (2
AD = 14,0 ] ——
s = HoOs A

where g is permeability of vacuum, ®; is the sum of the currents (flowing in the rotor winding) that acts
upon the air gap, / is the axial length of the pole shoe, n is the number of square elements making the
magnetic field diagram in the radial direction, Ax and AS are width and length of square elements and in
different parts of the diagram have different sizes, but the A®; 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]:

49 )

Bgcosf =
nAS
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where Bs is the peak value of magnetic flux density in the air gap across the pole, 8 is the electrical space
angle (6=0 on d-axis) and nAd 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 g-axis (see Fig.2), the value of
magnetic flux density shall reduce. In the mid pole (d-axis) where nAJ is nearly constant, the value of
magnetic flux density shall be nearly constant, as well.

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

SpeBs €))

N, =
Y Ho

where Nris the number of turns in the winding of the single pole, Ir is DC field winding current on the pole

and Jy. is the air-gap length in the middle of the pole, corrected with the Carter factor [23].

Fux probes

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 Nyis not changing (Ir=const) i.e. if there are no shorted 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 (Jo.). If the length of air gap is not changing, every
change of magnetic flux density is a consequence of the presence of shorted 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 shorted 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. 3¢).
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Fig. 3. MMF distribution of the rotor.

a Generator operates on normal condition
b Shorted turns appear on first rotor pole
¢ The additional MMF by shorted turns

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

transformed into a Fourier series (5).

+0 . 5
Fus(0) = Z Kkakejkg ( )
k=0
where
sin(kﬁ) (6)
K, -\ 2)
&
2
8
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27 7)
1 _jk6 (
= (7
a = !F,,,(s(e)e d
2F
—,o0dd k
a1
i 0,evenk
where F'is the peak MMF of each of 2p poles.
Therefore MMF is:
+0 g 8
Rus@ =1 ) *Lsinip0). ®

k=1
odd k

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. 3¢) produced by the fictitious coil.

Fourier analysis to the reverse MMF is:

- - ©)
E,s8)=ay+ Zak cos(k6,)+ Zb" sin(k@,‘)
k=1 =
% 27
dy = —.([ Rdo, + .’[ F,dé,
2
1 T2 27
ap =— —.[ F cos(k8,)d6, + j F, cos(k6,)do,
T )
12
| E 27
b =—]| - j F, sin(k6,)d0, + j Fy sin(k8,)ds,
il -
Iv
where:
9
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(10)

4
-k 08, <—
1 fOI i 12

Fmé‘ (01) = 7
F fora <0, <2x

where 8, is rotor mechanical angle in rotor coordinate system, F; and F, are values of MMF in case of
existence of shorted turns in one pole (Fig. 3¢).

The air gap permeance A, has a constant component as well as a smaller component which varies
cosinusoidally with rotor angle as measures from the direct axis [27]:

A, =4 + 4 cos(2p6, )] an

where 1y denotes the constant component of the permeance and A; the peak magnitude of the rotating
component of the total permeance.

The flux density distribution in rotor frame B, (4,) is defined as product of (9) and (11):

B,(6,)=|a +i[{/k cos(k6,) + by sin(k6,)] (12)
Lo +:‘cos(2 p6,)].
While the relative angular speed of the rotor with respect to the stator is:
0,=0,+w, (13)

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

iz 14

B, (6,)= [ao + Z [a, cos(k(6, — @, 1)) + b, sin(k(6; — »,1))] (14
=

-[AO +4 cos(2p(6s —(o,.t))].

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

10
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results show that the increase of value of harmonics with frequencies kf. (k = 1,2,3...), where f, 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 2f, and 3f;, 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.

Measurement algorithm

Main magnetic flux

Leakage magnetic flux

e Al poles

v v
Difference from:
e Adjacent poles FFT & THD

Change in spectrum
THD

Yes

Magnetic unbalance [«

!

Vibration measurements

i

Vibration increase

Critical level

No

Expert analysis

Generator shut down

Fig. 4. Fault detection algorithm
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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 shorted turns this value reduces.

In order to detect shorted turns and geometric asymmetries, two auxiliary algorithms (Algorithm 1
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 shorted 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 shorted 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

12
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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 1 shows comparative analysis of these measurement methods.

Table 1 Comparative analysis of measurement methods

Measurement methods Mounting of sensors Shorted turns detection Alir-gap asymmetry
detection
Main magnetic flux in the air gap Time-consuming Yes (from one to more Yes

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 Yes
guide bearing shorted turns is signiticant/

low number of rotor poles)

5.Analysis of Operation of System in Real Exploitation
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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Fig. 5. The change in magnetic flux
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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. 54), 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. 55).

At no-load regime (Fig. 5¢), the effect of commutation of converter elements in 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. 5d).
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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 G1, 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 G1 and G2: Generators G1 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 G1 and G2 have 81 turns per pole. One shorted turn should reduce the flux density above the
pole by 1.23% [(1/81)x100%=1.23%].

In Fig. 6 is possible to note, based on algorithm 1, that in G1 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.

Fig. 6, Radial diagram of distribution of relative differences of the pole flux compared to the average value of the flux of two
adjacent poles in % (full load regime).

a Generator G1

b Generator G2
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The FFT analysis of leakage magnetic flux of stators of generators G1 and G2 (Table 2) shows the
increase of value of harmonics with frequencies kf, (k=1,2,3...), where rotor mechanical rotating

frequency is:

A _In_g33p (15)

p
where f,, is fundamental frequency. Frequencies of interest are 8.33, 16.66, 25, 33.33 Hz etc.
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)

K, (Hz) Gl 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 meghanical

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, 4o.peat (,=8.33Hz)] measured at housings of generator bearings (upper
and lower guide bearing), along the measuring directions M1 and M2, which are mutually perpendicular,
and regimes of operations. At G1 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 (4opeat) reached approximately 5/12um (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 15um. 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 review of amplitudes of mechanical vibration is given per measuring points and regines of operation, for

Gl and G2
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).

NER g

S

15 4647 18 19 e Muagnetic Flax

L 20
1516 17 18, 1910 Magnetic Flox

a b
Fig. 8. Radial diagram of distribution of relative differences of the pole flux compared to the mean value of the flux of all poles
in % (full 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. 8a), while the trajectory of rotor of generator G4 has a pronounced
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misalignment in space (Fig. 8b), 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.

7.Acknowledgments

This research was funded by grant (Project No. TR 33024) from the Ministry of Education, Science

and Technological Development of Serbia.

8.References

[1] Tavner, P., Ran, L., Penman, J., Sedding, H.: 'Condition Monitoring of Rotating Electrical Machines', (The

Institution of Engineering and Technology, London, United Kingdom, 2nd ed., 2008,) pp. 35-40

20

IET Review Copy Only




Page 21 of 24 IET Electric Power Applications

This article has been accepted for publication in a future issue of this journal, but has not been fully edited.
Content may change prior to final publication in an issue of the journal. To cite the paper please use the dof provided on the Digital Library page.

[2] Hudon, C., Amyot, N., Levesque, M., Essalihi, M., Millet, C.: 'Using integrated generator diagnosis to perform
condition based maintenance'. IEEE Electrical Insulation Conf., Seattle, USA, June 2015, pp. 341-345

[3] Zhong, L., Zhou, J., Min, Z.: 'Condition based maintenance system of hydroelectric generating unit'. IEEE Int.
Conf. on Industrial Technology, Mumbai, India, Dec. 2006, pp. 80-85

[4] Jardine, A., Lin, D., Banjevic, D. : 'A review on machinery diagnostics and prognostics implementing condition-
based maintenance'; Mechanical Systems and Signal Processing, 2006, 20, (7), pp. 1483-1510

[5] Tanasescu, G., Gorgan, B., Dragomir, O., et al.: 'Online monitoring and diagnosis system for hydrogenerator
condition assessment', IEEE 8th International Symposium on Advanced Topics in Electrical Engineering,
Bucharest, Romania, May 2013, pp. 1-4

[6] ‘Continuous On-line Rotor Flux Monitor: a second generation continuous monitor to find rotor winding shorted
turns, during service, in salient pole motors and lhydro generators’,
http://www irispower.com/Upload/Brochures/FluxTracll-s%20v3-7-14.pdf , accessed 16 June 2016

[7] Stone, G.C., Boulter, E.A., Culbert, L.: 'Electrical Insulation for Rotating Machines: Design, Evaluation, Aging,
Testing, and Repair', (New Jersey: John Wiley & Sons, 2nd ed., 2014), pp. 420-427

[8] Huang, H., Zhang, K., Zhang, Y.: 'Detection of Turbine Generator Field Winding Serious Inter-Tum Short
Circuit Based on the Rotor Vibration Feature', Proc. 44th Int. Universities Power Engineering Conf., Glasgow,
United Kingdom, Sept. 2009, pp. 1-5

[9] Shuting, W., Zhaofeng, X., Yonggang, L., Zili, H., Heming, L.: 'Analysis of generator vibration characteristic
on rotor winding interturn short circuit fault', Proc. IEEE Sixth Int. Conf. on Electrical Machines and Systems,
Beijing, China, Nov. 2003, pp. 882-885

[10] Fiser, R., Makuc, D., Lavric, H., Miljavec, D., Bugeza, M.: 'Modeling, analysis and detection of rotor field
winding faults in synchronous generators', Proc. XIX Int. Conf. on Electrical Machines (ICEM), Rome, Italy,
Sept. 2010, pp. 1-6

[11] Weiers, T.: 'Symptoms of Winding Insulation Aging After 37 Years of Service Life in a Hydrogenerator', IEEE

Trans. Energy Conversion, 2010, 25, (1), pp. 20-24

21

IET Review Copy Only




IET Electric Power Applications Page 22 of 24

This articls has besn aceepled for publication in a future [ssus of this journal, but has not boen fully edited.

Content may change prior to final publication in an issue of the journal. To cite the paper please use the doi provided on the Digitat Library page.

[12] Kerszenbaum, I.: 'Inspection of Large Synchronous Machines: Checklists, Failure Identification, and
Troubleshooting' (New York: IEEE Press, 1996), pp. 97-125

[13]Milic, S., Zigic, A., Ponjevic, M.: 'Online Temperature Monitoring, Fault Detection, and a Novel Heat Run Test
of a Water-Cooled Rotor of a Hydrogenerator', IEEE Trans. Energy Conversion, 2013, 28, (3), pp. 698-706

[14] Wang, L., Cheung, R., Ma, Z., Ruan, J., Peng, Y.: 'Finite-Element Analysis of Unbalanced Magnetic Pull in a
Large Hydro-Generator Under Practical Operations', IEEE Trans. Magnetics, 2008, 44, (6), pp. 1558-1561

[15]Chin, R., Kanninen, P.:'The Phenomenon of magnetic force: Estimating its Effects on Wind Turbine
Generators', IEEE Industry Applications Magazine, 2013, 19, (4), pp. 39-46

[16] Sasic, M., Stone, G.C., Stein, J., Stinson, C.: ‘Detecting Turn Shorts in Rotor Windings: A New Test Using
Magnetic Flux Monitoring', IEEE Industry Applications Magazine, 2013, 19, (2), pp. 63-69

[17] Lalonde, F.: "Magnetic field measurement', Proc. 2nd Int. Conf. on Hydropower, Rotterdam, Netherlands, 1992,
pp. 505-511

[18] Albright, D.R. : 'Interturn Short-Circuit Detector for Turbine-Generator Rotor Windings', IEEE Trans. Power
Apparatus and Systems, 1971, 90, (2), pp. 478-483

[19]Lee, Y. J., Ju, Y.H.: 'An assessment of insulation condition for generator rotor windings', Proc. Int. Conf. on
Condition Monitoring and Diagnosis, Beijing, China, April 2008, pp. 543-545

[20] Pollock, G. B., Lyles, J. F.: 'Vertical hydraulic generators experience with dynamic air gap monitoring', [EEE
Trans. Energy Conversion, 1992, 7, (4), pp. 660-668

[21] Xuan, M. T., Simond, J. J., Wetter, R., Keller, S.: 'A novel air-gap monitoring system for large low speed
hydro-generators', IEEE Power Engineering Society General Meeting, Montreal, Canada, 2006, pp. 1-8

[22] ‘cRIO- 9076, http://sine.ni.com/nips/cds/view/p/lang/en/nid/209758, accessed 16 June 2016

[23] Pyrhonen, J., Jokinen, T., Hrabovcova, V., 'Design of Rotating Electrical Machines', (John Wiley & Sons,
2008) pp. 164-165

[24] Shuting, W., Yonggang, L., Heming, L., Guiji, T.: 'The Analysis of Generator Excitation Current Harmonics on
Stator and Rotor Winding Fault’, IEEE International Symposium on Industrial Electronics, Montreal, Canada,

July 2006, pp. 2089-2093

22

IET Review Copy Only




Page 23 of 24 IET Electric Power Applications

This article has been accepted for publication in a futuye Issue of this jouraal, but has not been fully edited.
Conitenit may change prior to final publication in an issue of the jeurnal. To cite the paper please use the doi provided on the Digital Library page.

[25] Penman, I., Jiang, H.: 'The detection of stator and rotor winding short circuits in synchronous generators by
analysing excitation current harmonics', Proc. Int. Conf. on Opportunities and Advances in International Electric
Power Generation, Durham, United Kingdom, March 1996, pp. 137-142

[26] Roytgarts, M.: '"Method of shorted turn monitoring in the generator rotor winding'. Proc. of the 5th
WSEAS/IASME Int. Conf. on Electric Power Systems, High Voltages, Electric Machines, Tenerife, Spain,
December 2005, pp. 468-473

[27] Fitzgerald, A.E., Kingsley, C.J., and Umans, S.D.: 'Electric Machinery', (New York: McGraw-Hill, 6st ed.,
2005) p. 660

[28] Wu, Y., Li, S., Liu, S., Dou, H.S., Qian, Z.: 'Vibration of Hydraulic Machinery', (Springer, vol. 11, 2013), pp.
431-476

[29]1SO 10816-5:2000: 'Mechanical vibration - Evaluation of machine vibration by measurements on non-rotating
parts - Part 5: Machine sets in hydraulic power generating and pumping plants ', 2000

9.Appendix

Table 3 Generator parameters

Generator parameters Gl1, G2 G3, G4
Year of manufacture 1983 1966
Rated Real Power (MW) 40 18
Rated Apparent Power (MVA) 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 - cosg 0,9 0,9
Rotor speed (rpm) 500 187
Frequency (Hz) - f,, 50 50
Number of poles - 2p 12 32
Number of turns per pole - Ny 81 24
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[Ipemoxena mentop, np Anexcanmap Paxuh, Banpensu npodecop, yiyrao je qonuc HayanoM selty Barmer
HucturyTa ca xonkpeTHAM nuramaMa (rondc 6p. 1414 ox 10.11.2020, roanwe, KojH je faT y mpuiory), Ha
KOjH je ZIOOMO OArOBOP Yy KOM ce yKkasyje N2 je 38 OACOBOPP® HA NOCTABIHEHA NUTAmE HANIeKHO
nociooacTeo MinerrryTa (norme 6p. 06/34 on 11.1,2021. royune, KOjH je JaT Y HPRHIOTY).

Crora je, Ha peflOBHOj cemnuuy oxpxaroj 12,1,2021. rozmue, KoMHcuja 3a crynuje tpelier creneHa
Enextporexnmuxor daxynrera y BeorpaXy Aowesia OIyKy I8 NATAWA, MPETXOAHO NOCTABIHEHA
Hayunom setty HuctaryTa, yiy e nocnosoactsy Mucruryra, u To:

1, Jla nu nocroju maGoparoprjoka onpema, kojy je Braroje Babuh xopuerro, ik Hay4HH pesynTaTH
Bauter MHoTuTyTa, ¥ rijem je nobujawy Bnaroje Babuh yyectsosao, a ia HeMa Baly caracHocT na
¥IX Y CBOjOj MOKTOPCKOj JHCEPTANM]H IpHKaxKe?

2. Konera Braroje BaGuh je, sajenno ca xoayropuma, ofjesuo papose [1] u [2] y mehymapomuam
HaYYHMM 4JacOIIMCUME, IYle ce na3Melhy ocranor Hajuase W Hay4yHM NONPUHOCH KOje OH Hamepasa na
TIPUKAXE Y CBOjOj JIOKTOPCKOj amceprauyju, Ja in Bauta nuaoruryngja, 1o 6H10 K0joj OCHOBH, HheMy
yckpahyje To npaso?

3. Jla ym cMatpare Jia Kpajibi KOPUCHUK NpojeKars, 38 uuje oTpeSe je HABEAEHO Zia CY WCTPAKHBAKLA
BpLUEHE, MOKe OCTIOPHTH TIPABO NMPHUKA3A POIYNITATA HCTPAIKHUBALA, IIPe/BHljeHUX FPH]aBOM TOMe 3a
H3paxy MOXTopCKe nucepranyje bnaroja babufla? Axo je tako, MonuMo Bac 3a caser Ha Kojy anpecy
Tpeba Jia ce 06PAaTHMO M TAKBY CAITIECHOCT TPAKMMO.

Pedeperue
[11 B. Babié, S, Mili¢ and A. Raki¢, "Fault detection algorithm used in a magnetic monitoring system of the
hydrogenerator®, IET Electric Power Applications, vol, 11, no. 1, pp. 63-71, 2017, doi: 10,1049/iet-epa.2016.0232

[2] 8. Mili¢ and B. Babié, "Towards the Future - Upgrading BExisting Remote Monitoring Concepts to I1loT
Concepts", IEEE Internet of Things Journal, 2020, doi; 10.1109/i0t.2020.2999196.




Y 1priiory ocTaBisaMo CBY PENEBANTHY AOKYMEHTAUH]Y M KOPECTIOHHCHIM]y Y Be3H ca MpujasoM Teme
Roxropeke qucepraumje braroja Babuhia, u To:

1. nonwc Gp. 897 on 31.8.2020. roxuee,
2, pommce 6p. 1414 on 10.11.2020. ronune,
3. nomwc Op, 06/34 on 11.1.2021, roguse,

4. obpaznoxemwe IpujaBe TeMe AOKTOPCKe Aucepranyje Braroja Batuha,

ViMajyBu y BuIy Aa CTyHeHTY MCTHYY DPOKOBM 32 NpPHjABY TeMe ¥ peayM3aiMjy AOKTOpCKe Jucepraumje,
Komucuja 3a crynuje Tpeher crenena Bac Momu 38 XuTaH ONrOBop, rae 6v 3a cBe akrepe y npouecy Gmio
nobpo ma noarosop xa ET® crurye npe napenre cenpunue Komucuje 3a cryauje tpeher cronena, koja he Guru
onpxana 2,2,2021, rompxe.

Komwucuja 3a crynuje tpeher crenena ET®-a beorpan
YV ume Komucuje npencesmk

np Anexcanpap Pakuli, Baspexan npodecop
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AWPEKTOPY UeHTpa 3a eNleKTPOMEP.HbE

4ap HeHany Kapranoeuhy, unaHy HayyHor seha
NPEAMET; Qonuc ET®, moanm Baile nocrynatbe.-

flowToBaHwu,

y NPUNOry aKTa je AONWC ENEKTPOTEXHWUKOF dakynteta YHusepsutera y Beorpagy, 6p. 82 oa
20.01.2021.F., npum/ben 25.01.2021. 1., XOJUM Ce Tpaxke KOHKpeTHa M3jalitbethba y BE3W ca TEMOM
LOKTOpCKe AncepTauuje sanocheror Baaroja babuha,

Mo/ium aa Y n1caHoj Gopmn OAroBOPUTE Ha yNKUTe W3 fONUCA.

CppavaH noappas,

~3
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ELEKTROTEHNICKI INSTITUT NIKOLA TESLA

Nenad Kartalovi¢

Odgovor na dopis direktora Dragana Kovateviéa u vezi prijave teme za doktorsku
disertaciju na ETF kolege Blagoja Babica

Uvodne napomene

Elektrotehni?i institut Nikola Tesla Ima na raspolaganju veliki broj podataka dobijenth
Ispitivanjima visokonaponskih objekata tokom vife decenija, Medutim, ti podaci su u najveéoj
meri vlasni§tvo investitora, a najveéim delom JP EPS, EMS, NIS { drugih. U nekim slutajevima
su to podaci partnerskih kompanija kao 3to su Sever Subotica, Vibroakustika doo {Radomir
Albijani¢}, NORTH Control d.o.o. NORTH Lab i niza drugih, U ranijem periodu Institut je
dobijao o3tra upozorenja od kompanija HE Perdap i Vibroakustika o neovlad¢enom kori¥éenju
njihovih podataka u publikacijama Instituta,

U duhu navedenog izvrena je analiza dva publikovana rada kolege Blagoja Babica,

I, Analiza objavljenog rada: ,Fault Detection Algorithm Used in a Magnetic

Monitoring System of the Hydrogenerator”, DOI: 10,1049 /iet-epa.2016.0232, autori
Blagoje M. Babi¢, Sa%a D. Mili¢, Aleksandar Z, Rakié,

U radu se navodi sledete: "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 Kartalovié bio rukovodilac teme za
magnetni mionitoring | jedini prijavljeni istraZiva¢ u vezi predmetne teme magnetnog
monitoringa, 3to se moZe videti iz prijave projekta kao i iz kasnijih izve$taja. Takode, u
posmatranom periodu bio je rukovodilac inovacionog projekta 2009-02/42 ,Magnetni
monitoring turbogeneratora i hidrogeneratora® gde nlko od pomenutih autora nije
participirao. Dalje, u pomenutom periodu rukovodio je istrafivaékim studijama
»Implementacija magnetnog monitoringa obrtnih elektriénih ma¥ina u elektranama EPS u
jedinstvenl dijagnosticki centar’ (INT, JP EPS) | “Magnetni monitoring obrtnih elektrlénih

masina u elektranama Elektoprivrede Srbije” (INT, JP EPS) u kojima je od pomenutih autora
partlciparo samo Blagoje Babié.

U analiziranom radu, u poglavlju ,5.2.1 Analysis of Magnetic Flux of the Generators G1 and G2”
se nedvosmisleno vidi da su u pitanju generatori HE Pirot, a podaci su kori¥€eni Iz internih
(ne javnih) studija. Nisu navedenl izvori podataka koje autori korlste u radu, $to je poseban
problem vlasni¥tva podataka i prava kori$éenja 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
linim ispitivanjima dobili obradivane podatke. Naime, podaci ispitivanja su preuzeti iz
Internog dokumenta koji je za potrebe HE Pirot radila kompanija Vibroakustika, Tada je
utvrden debalans generatora G1 i Izvr¥eno balansiranje. Kasnija Istra¥ivanja (Institut Nikola




Tesla - Nenad Kartalovié { Sever Subotica ~ Radisav Panti€} su pokazala da vibracije
pobudenog generator potitu od magnetnog debalansa, Do debalansa u iznosu do 10% je do¥lo
zbog zamene (remonta) dva susedna pola rotora za koje su kori$éeni novi (boljf} magnetni
materijali. Deo tih rezultata je napisan u Internoj studii i nije dozvoljeno njihovo objavljivanje,
Postavlja se pitanje kalco su autori do$li do podataka.

Motze se zakljuéiti da su autori neova$éeno Kkoristili prezentovane rezultate, da nisu naveli niti
su imali ovlai¢enje da navedu prave izvore podataka, da nisu konsultovall rukovodioca
pomenutih istraZivanja niti nekog od poslovodstva Instituta ili kompanije HE Perdap.

I, Analiza objavljenog rada: ,Towards the Future - Upgrading Existing Remote
Monitoring Concepts to IloT Concepts” DOI 10.1109/JI0T,2020.2999196, autori S.
D. Mili¢, B, M, Babié.

Predmetni rad ima temu sadrZanu u predlogu projekta u okviru programa Fonda za nauku
pod nazivom ldeje, Naslov projekta je ,Digital Power System with Artificial Intelligence” , U
predlogu projekta participiraju Elektrotehniki institute Nikola Tesla, Elektrotehnitki fakultet
u Beogradu { Inovacioni centar Ma$inskog fakulteta u Beogradu, Za rukovodioca fe predloZen
Nenad Kartalovié, a medu preloZenim IstraZivalima nema nijednog autora rada,

Pomenuta tema istraZivanja je od izuzetnog poslovnog interesa Instituta { zahteva da se u
daljem radu internim dokumentima Instituta urede odnosl istraZivada,

IIl.  Analiza prijave teme kandidata Blagoja Babita

PredloZena je tema pod nazivom “Magnetni monitoring i detekcija kvarova hidrogeneratora”,
Tema je od izuzetnog poslovnog interesa za I[nstitut, i dalji rad istraZivata Instituta na ovoj
teml mora biti ureden internim aktima. Sa druge strane vlasnici podataka kojl su ili bi bili
kori§éeni u radovima i disertaciji nisu dali saglasnost za njihovo kori$¢enje.

Zakljuéak

Analizom radova Blagoja Babiéa i Sade Mili¢a se nedvosmisieno zakljutuje da su neovia$éeno
kori¥¢eni podaci &iji su vlasnici kompanije sa kojima Institut saraduje. Takode, povredena su
prava intelektualne svojine kolega iz Instituta i iz drugth kompanfja (JP EPS, Vibroakustika |
dr.). Dalji rad na predloZenim istraZivanjima mogué je samo ako se instltucionalno razrese
nastali problemi oko vlasni§tva i prava.

S o§tova7éfem, Beograd, 22.03,2021.
g/}cju e bof

Nenad Kartafovié
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EnekrporexHuykor uHcTUTYTa HUKONa Tecna ag beorpap,

Mpegmer: O6GaBewTere 0 MpesyseTum aKkTUBHOCTMMa no Bawem gonwcy 6p. 06/170 og
26,01.2021.r,

MowToBaHw aypekTope,

Y Besu ca gonucom EnektpotexHuukor dakyntera YHusepautera y beorpagy, npujemuu 6p. 06-160
04,25.01.2021.r., y KOjem ce 04 NOCIOBOACTBA MHCTUTYTa TPaXW U3jalltberbe No Npeamery npujase
TeMe JOKTOpcKe AvcepaTtumie sanocheHor braroja babuha, Kao v 0 o6jaB/LEHMM pafoBUMa W NpaBy
KpajibUx KOPUCHWKA Ha ocrmopaBakbe Npukada pesyarata WCTpakuBatba, obaBewTasam Bac ga cam
cnposeo oarosapajyfiv nocTynak, Umjy XxpoHONOrUly fajem y HacTaBKy.

25, jaHyapa 2021. — npumM/beH je Jonuc ENeKTpoTeXHUYKOr GaKkyNTeTa HacIoB/beH Ha NOCI0BOACTBO,
ca monfom fa ce NOCNOBOACTBO M3jacCHW O CNOPHWUM NKTakbUMa OKO NpUjaBe TEME JOKTOPCKE Tese
bnaroja babuha, o 06jaB/bEHUM pasoBMMa W NpaBy KpajlbWUX KOPUCHWKA Ha ocnopaBatbe Npukasa
pesyntata UCTpaXuBarba, ca Npuaosuma:

1. Obpasnoserbe Teme JOKTOpcKe aucepTauumje Bnaroja babuha og 03.07.2020.1.;

2. fonuc ap Hewapa Kapranosuha ynyhen Komucuju sa cryauje tpeher creneda ETd-a og
31,08.2020.r;

3. fonuc ET®-a ynyhen HayuHom sehy MBcTuTyTa oa, 10.11,2020.r,;
4.0pnrosop Hay4dHor seha WHcTuTyTa 0og 11,01,2021.r. (onuc y npunory).

26. janyapa 2021, — [A0CTaB/beH MM je A0fWUC aupeKTopa MHCTUTYTa, ca 3aXTeBOM /Za Ce a0cTase
0AiroBoOpM Ha nNuTara us gonuca ETP-a (ponuc y npunory).

05. ¢pebpyapa 2021. —~ ynytno cam ponuc Bnarojy Babuhy ca saxTeBom A8 Ce M3jacHW Ha cnopHa
NWUTaka OKO Nphjase TeMe ROKTOPCKe Tese (Aonwc y npuaory).

08. pebpyapa 2021. — Bnaroje Gabuh je foCTaBUMO NUCAHO Majatltbetbe (AONUC Y NpMAOTY),

08, debpyap 2021.r, — ETD-y je ynyhen aonuc, ca OAroBOPOM Aa Je NOKpeHyTta npolieaypa 3a
yrBphiBarbe UMHERUYHOT CTakba Y BE3M Ca pujasom Teme AoKTopcKe Tese Bnaroja Babuha (ponucy
npunory).




22, mapTa 2021, - fonvic Henaga KapTtanosuha — OfTOBOP AMPEKTOPY Y BE3N Ca CMOPHUM NUTarbKMa
OKo Teme aoKTopcke Teae Bnaaroja 6abuha (gonuc y npunory).

29. mapra 2021. - ET®-y je ynyheH gonuc, y Kojem ce ucthye aa Bnaroje Babuh Hema carnacHocr
WHcrutyTa fla pesynTate UCTpamuBatba NpuKame y AOKTOPCKO] AucepTaumie Ape Hero LITO ce ofHOCU
namehy wera u UHcTUTYTa ypeae noceGHUM akTom; Aa je y TOKY AeTa/bHa aHanusa pagosa baroja
babuha y cmucny ga nu cy HeosnawheHo kopuwhenu nogauun Tpehux nuua, ¥ HasHaka aa he ux
WHcTUTYT 0 M3BpWEHO] aHanuau oGasecTuTH (JoNUC Y npuaory).

18, anpuna 2021, - ynymio cam gonuc Bnarojy Babuhy ca 3axteBom Ja ce feTasbHuje uajacHu o
TeMU JOKTOpPCKE AncepTalije U O CNOPHUM PafoBUMa — Y NPUAOTY MY je focTae/beH aonuc Henaaa
Kapranosuha opn 22,03.2021. (aonucy npunory).

22. anpuna 2021. — ponuc Bnarofa babuha- Usjawrberbe Ha NOCTaBLEHA NUTaMa U Ha fJonuc HeHasa
Rapranosuha (monvc y npunory).

10. maja 2021. — ponuc bBnarojy babuhy ca 3axTeBom Aa ce M3JaCHW O HaBOLUMA U3 ZiONUCA Of,
22.04.2021. Koju ce oaHOCE Ha HABOAHE NPUTUCKE U NpeTHe (Aonuc y npunory). Bnaroje Babuh ce
HUje U3jacHKO NO OBOM 3axTeRy, Na cam Ca3Bao cacraHak,

02.jyna 2021, ~ oppaaH je cacraHak Kojem cy, mopes MeHe, npucyctBoBanu Bnaroje Babuh u
CaHgpa Jlyuuh, Ha OKONHOCT HABOAHUX NPUTKCAKA M NPETHM KOje 3anocneHn HaBoAW Y AONUCY Of,
22.04.2021.; cayntbeHa je Genewka ca 0fpKaHor cacTaHKa (Genewka y npunory). 3aTpaxuo cam og,
3an0CAeHOr Aa Ce U3jacHW fila /1M U RAKBE MPUTUCKE W NPeTH:e TPMK M of, Kora, ca HaNnOMEHOM Ja To
HWje AO03BO/EHO U Aia HWUKAKBU NpUTUCUM HU npeTibe Hehe GUTH TonepucaHu. Bnaroje babuh je
U3jaBMO fia NPUTUCKOM CmaTpa noctynak HeHaaa Kaptanosuha Koju je ynyrvo ponuc ET® Beorpag,
ca npumepnbama Ha Temy LOKTOPCKE TeMe Kojy Je npvjasuo Bnaroje Habuh. Wsjasno je pa je
capafta ca HeHapom Kapranosuhem no tekyhUm pasHum Hanoauma KopekTHa, 3anocnheHom Je
CKpeHyTa Naskrkea Aa NoHatlakee konera Tpeba 6UTH y crnagy ca Kogekcom noHalwarea U aktuma UHT,
fla ce He MOTY M3HOCHUTU, HW YCMEHO HW MUCMEHO, TBPAME KOje HWUCY Ta4He, fla NOCTOJM noTnyHa
cnoboga cBakor NojeaMHLA Aa Ce M3jaCHW O Hay4HOM pajy, NOroToBY O JOKTOPCKOM pagy Koju he
BUTH U3NOKEH HA JaBHW YBUA W HA KOjW KOMNJIETHA HayyHa jaBHOCT MMa NPaBo Aa M3Hece 3anaKatba.
Of 3anocneHor je 3aTpaeHO fa ce 0 CseMy NUCMeHOo U3jacHu Ao 4. jyHa 2020,

04, Jyna 2021. - ponwuc Bnaroja babyha — nucmeHo Usjalwrberbe © HaBogHUM NpUTUCUMMA U
npeTtbama, y KOJem ce 3amocaeHW W3jacHWo Aa Oocnopasarbe pafia Koju je nmucaH npe HeKOAWKo
roAVHa AMYHO NOKMUB/bABA KA0 BUA MPUTUCKA Ha Hbera.

YBUAOM Y cBY rope HaBeZieHy JIOKYMEHTAUU]Y, MOMKeE ce 3aK/byunTH enepehe:

1. 3anocneHu je nogHeo Npujasy Teme fOKTOPCKe ancepTaumje 03.07.2020. y KoJu HUCAaM UMao
yBug po ponwuca ET®, YV npujasu AOKTOpcKe AucepTauMje croju: ,OCHOBHM uW/b
UCTpamuBatba je  yHanpehere nocTojehux  cUCTeMa  MArHeTHOr  MOHWUTOpPUHra
XuaporeHepaTopa W fAETEKuuje KBapoBa, YKbyuwyjyhu noboswatba noctojehinx U
TeHepucathe HOBUX MEPHO-AMUjaTHOCTUUKWX anropuTama Ha 6a3n meperba marHeTHor dnykca
y mehyrasoxkhy u pacytor marrerHor ¢uiykca Ha KyhMwWTy cTatopa xuzporeHepartopa”. C
003UpOM Aa MK HUJE NMO3HATO pPE3YNTATe KOJUX UCTPaXMBatba je 3anoCNEHWN Y JOKTOPCKO]




AncepTaumji Hamepasao Aa KOPUCTW, He MOTY Ce M3JaCHWTM Aa /W je TO Y cKiagy ca
NOC/I0BHOM NOAUTUROM W akTUMa UHCTUTYTE.

2. Y pagy objas/beHom 2016. roguHe, Ha kojem je 3anocnenu Bnaroje Babuh npsu ayrop: ,Fault
Detection Algorithm Used in a Magnetic Monitoring System of the Hydrogenerator”
NPUKazaHW Cy pesynTath UCIWUTMBaKa MexaHuukux Bubpaumja (cavka 7), Koju Hucy
pesyntatv MHCTUTYTa, a HUje HasedeH U3BOP nNofataka, HasedeHo M3asusa Cymiby Aa cy Y
npeameTHOM pady Heosnawheno KopuwheHy nogaum Tpehux nuua, Ha wra je y cBOM
Aonwucy ykasao [p HeHaa Kapranosuh, a Bnaroje babuh ce na HaBeaeHo Huje uajacHKo,

3. Menum pa Harnacum ga WMHCTWMTYT CUCTEMCKM NOApMaBa CBe 3anoc/ieHe Koju rkene Aaa
JOKTOpUpajy, fia Y OKBMPKMa NOCN0BAtba Passujajy Hoee M yHanpeae nocrojehe pesynvare
uctpaxuearoa. O 3anocneHux ce oueryje Aa NOWTojy npoueaype n akta HCTUYTa..

C nowToBarem,
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Correlations between Magnetic and Vibration Measurements on Hydro
Generators

BLAGOIJE BABIC , NENAD KARTALOVIC, SAVO MARINKOVIC, DEJAN MISOVIC,
DRAGAN TESLIC, ZORICA MILOSAVLJEVIC, ALEKSANDAR NIKOLIC
Nikola Tesla Institute of Electrical Engineering
University of Belgrade
Koste Glavinica 8a, Belgrade
SERBIA
blagoje.babic@ieent.org http://www.ieent.org

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 MVAR 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 Briiel & Kjer 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. 1) 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.

ISBN: 978-960-474-365-0

171

Main .

e i » filters »
flux
probe

Fig.1 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 &
Kjer 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):

__n9
=-N= M

Where eis the induced voltage, N is the number of

%?is the change in flux linking the coil.
Figure 4 shows the change in signal characteristics
vs. load condition (Fig. 4a - OMW, 3VAR and Fig.
4b - 40MW, 17MVAR). 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]:

e

turns and

Abo Um,o6
B(x) = — )]

= %@,
where the &, is minimum air gap, g, is
permeability of vacuum, Um,5 is magnetic

potential in air gap, Abo is predefined width on

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

value, then we can define width Ab(x)in part

stator in front of pole and is relation that

where air-gap is not constant so that flux value is the
same as in case of Abo.

Fig. 4a shows that air-gap flux is homogeneous in
Abo
Ab(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.

the middle of the pole (

~1). The change in
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(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. 5a) and to
the average of the two adjacent poles (Fig 5b) [3].
Figure 5a shows magnetic imbalance, which is not
critical. This was confirmed by testing of generators
vibration state.

Variations in flux (Fig. 5a) 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 1/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 5b 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.

5,00 "

(b)
Fig.5 Radial plot of difference in peak integrated
signal (40MW, 17MVAR) 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 (MMI10 and
MMI11), which are 90 degrees apart. Component of

interest is A, _ peak (f.), where

[, =n/60=500/60=28.33Hz 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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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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MV_3 y :10.77u m, 0-Pk

GORNJI GENERATORSKI (EZAT_R1 X: 8.39He
MM_6 Y: 7.50u m, 0-Pk

Autospactrum \ Signal 4 _ *‘:c'ursur valuaﬁ !'Curspr values

Pkl

TURBINGKI LE2AT R2~ X:8.34Hz
MM_4  Y6.85um, O-Pk

TURBINSKI LEZAT R1  X:B.34Hz
MM_7 Y: 9,154 m, 0-Pk

SL #J‘ Frekventni spektri apsolutnih vibracija pomeraja snimljeni u ustaljenim rezimima rada

e Agregat_A1: Posle balansiranja
o KuéiSte donjeg generatorskog vodeceg lezaja—~ MM: 2 R2/5R1
o Kuéiste gornjeg generatorskog vodeceg leZaja— MM: 3 X /6 R1
e KuéiSte turbinskog vodeceg lezaja— MM:4 R2 /7 R1
O Prazan hod nepobuden — n=1.0%n,,
O Prazan hod pobuden — U, = 1.0*Upon
/E{Agregat na mreZi - P, =16 MW

V7t -d






