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ABSTRACT 1. INTRODUCTION

Significant improvements in hydro-generator diagicss
were achieved, in the past decades, by using acanim
online measurements and a number of periodic tdsts.
recent years, the diagnostic raw data has beered@oMnto  5ccounts for more than two thirds of the majoruias as

more useful information by way of integrated diasi® .54 pe found in the 2003 CIGRE survey on hydro-gene
systems that used expert knowledge. For example, 34| res.

integrated methodology for hydro-generator diagnestas ] .
developed at Hydro-Québec's research institute QRE For years, Hydro-Québec has adopted a maintenance
using a Web-based application. This comprehensivétrategy based on three types of maintenance: atvee

In the case of hydro power generation plants, mbghe
forced outage time is due to the hydro-generatathiwthe
generator, the stator winding is the most critigalt as it

diagnostic system gives the degradation state nérgeor
stator winding insulation by using a portfolio dagnostic
tools. Combining the results leads to a healthxndaging
from 1 (good condition) to 5 (worst condition). Shsystem
is used by Hydro-Québec’s power plant managersedisas
technical support and maintenance engineers irtahéext
of condition-based maintenance (CBM). The next siép
development is to add new prognostic-related featufhis
involves automatic identification of active failure
mechanisms, root cause analysis and estimatiomeo$tage

time-based and, more recently, condition-based, ltis¢
directly linked to diagnostic tests. An integratgenerator
diagnostic system implemented in 2008, provides
information about the actual overall condition off a
generators stator windings. This system ranks their
condition for all Hydro-Québec power plants. Thealtte
index (I) ranges from 1 to 5, the highest being wust
condition (Hudon, Bélec, Nguyen, 2009). This infatman

is used to prioritize the generators for mainteeanc
However, it does not suggest any particular maariea

of advancement of any active mechanism. Thes@ction that should be performed in order to miggspecific

characteristics form the basis of predictive maiatee and
support the optimization of maintenance strategies.

failure mechanisms affecting a generator stator.

In the past, a number of authors have worked on

The approach is based on a number of causal tthes (degradation state diagrams as a prognostic apprémch
failure mechanisms) formed by the combination ofmaintenance optimization for hydro-generators attiero

sequential physical degradation states that ulépd¢ad to
a failure mode. Each combination of sequential ways
states is unique and defines a particular failuezmanism.
Failure mechanism analysis was followed by idecdifion
of all symptoms (diagnostics measurements, obdenst
with their respective thresholds defining each ptalstate.

equipment (Anders, Endrenyi, Ford & Stone, 1990n Si
Endrenyi, 1988; Welte, 2009). Figure 1 shows armeta
of state diagram adapted from Endrenyi et al. (2001

This paper presents the development of a prognostic
approach where the modeling of failure mechanisms i
combined with observable symptoms from our diagnost

system for the identification of active failure rhanisms.
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Figure 1. State diagrams including maintenance st 1-
M3) for a failure (F) following a three stages pees (S1-
S3). Endrenyi et al. (2001)
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These state models were based on Markov or sentdvar
processes. However, they did not take into accthentreal
physical states that can be identified by condgcéirfailure
mechanism and symptoms analysis (FMSA) or a cdresl
analysis as described in standard ISO 13379-1 oditton
monitoring and diagnostics of machines (2012). Tialer
used health indices to characterize their degradattates
as good, fair or bad for example. This type of apph does
not lead to the identification of the specific ntaimance
action to perform within a particular physical stat

The approach taken in this work is to identify gpecific
failure mechanisms in play for any given hydro-geiar

unit in order to take the proper maintenance action

Currently, this requires that knowledgeable expsidsly all
observable symptoms and relate them to all possibl

degradation mechanisms through the identificatibrthe
related physical states. Much of this tedious weookld be
performed by an automated prognostic tool.

Did a failure
occur?
Yes No
A 4 A 4
Corrective Preventive
maintenance maintenance
Failure Yes | Dynamic No
mechanism |« approach?
approach?
pp v
Time-based
maintenance
No Yes
e
A
Condition-based Predictive
maintenance maintenance
(Diagnostics) (Prognostics

In the context of existing prognostic approachescdbed
by Byington, Roemer & Galie (2002) and shown inuf&
2, the proposed approach would fit the upper pérthe
prognostic approach hierarchy. It can be consideasd
model-based as it uses knowledge-rich informatimviged

Figure 3. Existing maintenance strategies and their

interrelations.

Table 1. Hydro-generator failure modes

by a diagnostic portfolio that accounts for phykica
degradation states.

fl Phase-to-phase breakdown

f2 Phase-to-ground breakdown in the slot

f3 Phase-to-ground breakdown outside the magneti c

Model-based Prognostics

f4 Excessive rotor vibration

Physical
models

5 Loss of magnetic field

Artificial Intelligence,

Evoluti Model
State Estimation Models voldtionary HModels

f6 Melting of damper bar

7 Stator electrical connection failure

Accuracy, cost, complexity

Experience-
Statistical Life Curves based models

Applicability

Figure 2. Hierarchy of prognostic approaches. Agdtom
Byington et al. (2002).

Figure 3 illustrates how different maintenancetsgies can
coexist depending on the condition of componentd an
subcomponents and information available about ti&ince
maintenance can be optimized through a prediciere
mechanism and symptoms analysis, the present wo
systematizes this approach. It is based on an sinal§ the
possible failure mechanisms for hydro-generatortosta
windings that was carried out by Nguyen & Yelle @2).
These failure mechanisms lead to one of the sesiurd
modes listed in Table 1. A failure mode is defiresithe

final stage of a failure mechanism, after which the

equipment can no longer perform its function.

2. FAILURE MECHANISMS ANS SYMPTOMS ANALYSIS

A failure mechanism is any physical, chemical oheot
process that leads to failure. For generatorsrigirates
from one or a combination of four stresses: Thermal
Electrical, Ambient and Mechanical (TEAM). As illuated

in figure 4, under these stresses, root causeseaponsible
for initiating the failure mechanisms in the san@ywas in a
causal tree such as described in standard 1ISO 1B379
(2012). Failure mechanisms result in a sequencevehts
leading from one physical state to the next. Iis timodel,
each physical state is labeled according to iesstcategory

r example e3 is an electrical process). Eacluesecg in

fo
I%ig. 2 leads to a potential failure mode (fl1...f6pveral

mechanisms may sometimes be active at the samelirhe
only one will lead to failure. Each potential faiu
mechanism is defined by a unique sequence of pdlysic
states. For example, figure 4 shows three posséilere
mechanisms given the available symptoms: (T1,t}4,{1},
(T1,15,...,e3,f3) and (A3,a6,..,e3,f3).
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T E A M Table 2. Root causes for failure mechanisms
[ | | | | 1T [T T1
Cause Cause Root causes per stress category Number of
T1 A3 failure
T _l r i T mechanisms
" 5 at THERMAL STRESS(T) 8
| | | T1 Thermal aging (normal operation) 3
T2 Accelerated aging (operation above specified rated 3
1 1 1 temperatures )
t4 ez ez T3 Aging due to thermal cycling (frequent start/stop 2
T T operation)
Failure Failure Failure ELECTRICAL STRESS (E) 8
mode f: mode f3 mode f3 E1 Improper manufacturing or design of bars 2
Figure 4. Three active failure mechanisms. Causesira | F2 00" semiconducting coating on the straight part ¢ 1
! . . ) the bars (slot discharges)
upper case and physical states are in lower case.
E3 Poor design or manufacturing of end winding stress 1
grading material (corona discharges)
Table 2 shows, by category of stress, all rootestier each E4 Insufficient spacing between end windings (gap 1
of the 111 failure mechanisms that were identif@fithese discharges)
failure mechanisms, 8 are initiated by root causésted to ES5 Overvoltage transients 3
thermal stress, 8 to electrical stress, 35 to amlsittess and AMBIENT STRESS (A) =
60 to mechanical stress. The number of intermediate
physical states in these failure mechanisms is ngiire Al Conducting contamination (carbon, steel or coppgr 6
Table 3 for each type of stress category. dust)
A2 Non-conductive contamination (construction dust pr 9
3. PROGNOSTIC M ODEL oil
. . s - A3 Moisture in ambient air 7
The prognostic model is based on automatic ifleation
of the physical states from available symptoms. §pezific A4 Abrasive material attack 3
S?t of symptoms, W!th their regpectlve thresho¢dsdmp_ly A5 Water leakage (cooling system failure, fire 10
with, defines one single physical state. Each dtarsstic protection and spills)
symptom comes from the results of diagnostic too VECHANICAL STRESS (W) 5
measurements or visual inspections logged into our
integrated diagnostic system for generators. M1 Loose windings 17
) ) o M2 Bad connection 6
The health index of the generator is computed mlining Ve Foxieral obects o] " :
individual diagnostic results but each diagnostiol talso resence of external objects of loose parts
provides detailed information (symptoms) that canused M4 Mechanical shocks 4
to identify the generator’'s phyS|ca_1I_state at aegitime. For M5 Projectiles 7
instance, a generator’'s condition could come fron _
combining partial discharge (PD) measurements, avisu | M6 Rotor and/or stator deformation 24

inspection input, and polarization/depolarizatiamrent. In
addition to this overall index, it is possible tane data to
the level of symptoms and determine whether gap

Table 3. Number of physical states per process

discharges, say, are accompanied by visual sigpswtler
between end arms and, if so, the number of sueh.sithese

Types of process

Number of physical states

symptoms are the key to identifying active physisialtes.

Table 4 overviews the actual diagnostic tools labgethe

database and the number of detailed symptoms glcht@an

provide. Note that the scope of such an analysisiigently
being expanded to include other characteristicgddgin

Thermal (t) 9

Electrical (e) 22

Ambient (a) 14
Mechanical (m) 35

other monitoring system, such as air gap measurgmen
temperature and vibration analysis.
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Table 4. Diagnostic tools and detailed symptoms. Al Diagnostics, symptoms and
Conductive thresholds
Diagnostic tool Number of Contamination
detailed
symptoms v
@ PD analysis (intensity, number) — PDAH 3-4 al Visual inspection: (4) S > 1.0
Contamination <€ Ramped vo(lta;ge test: (1) S >3.0;
- — . s 3)S<2.0
)] Phase-resolved PD — PRPD 6 ;n:g;egnatlon in end Polidepol.: (2} S 53.0 (4) S <2.0
(©)] Visual inspection 70
4 Polarization/depolarization currents (stato 4 Y
e8 g
(5) Ramped voltage current measurements 5 Electrical field < Transition state
concentration (No symptoms available)
(6) Semiconducting coating integrity 2
measurement
: \ 4
©) Ozone concentration measurements 2 o7 PDAH: (1) S >3.5
- - ’ P o 1 $>35
(8) Dissection (postmortem) 23 gzsh%?g;asl Visual inzslpj)r::tion: (3)s>1.0
PRPD: (5) S > 1.0
Once problematic generators have been identifiedun \ 4 ——
integrated generator diagnostic system (I1=5), ttogpostic ﬁlfulation oson e Visual inspection: (3) S >= 5.0
tool analyzes the database for each of them tdtifgiehe outside stator core |
most probable active failure mechanisms. In ordedd so,
a prognostic database was built including all piidén v
failure mechanisms (sequences of physical states)tlae . —
N . L D3 Post-mortem dissection analysis:
set of symptoms with thelr threshold values asssed@/lth Phase-to-phase |4 (10)S>10
each physical state. Figure 5 shows an examplaitfré breakdown
mechanism with the corresponding symptoms and
thresholds defining the physical states. Figure 5. Failure mechanism with symptoms and tiokes

defining physical states. Between parenthesis arm®ms

Active failure mechanisms are identified automaljca pertaining to the diagnostics. S is the severitygitag from
using the available symptoms obtained from diadgoost 1105

tools. A search engine was developed to retriewe th

symptoms from the integrated generator diagnostites

and compare them to the defined symptoms with timlds

for each physical state in the prognostic databHse.active

failure mechanisms proposed by the system are thq . .

displayed. The list of active failure mechanismsacly Symptoms > Physical > Ma‘,féﬁg;‘”ce

depends on the data available. When many diagnost State

symptoms are available, the search engine usuaplays

fewer possible failure mechanisms with higher aderfice.

When only a few symptoms are available for the geoe,  Figyre 6. Symptoms identify the active physicaltestéor

more possible failure mechanisms are displayed Witfer  \hich maintenance actions are defined.

confidence. Work is currently underway on confidenc

levels to develop a feature that would automatjgatbpose

the best test to minimize the uncertainty of fa&lur The goted area shows what has been accomplished yet

mechanism identification. Pinpointing this one ma&tsm  Fytyre work will consist in the identification ofaimtenance

is therefore the issue to address first. actions for each physical state in the prognostitalhse.
This will enable the predictive maintenance strpteg

4. FUTURE WORK _ o - -
When an active mechanism is identified as the matstal,

The main objective of using such a prognostic apghos  the system would thus propose customized maintenanc
to improve maintenance strategies. The key is ¢utte in  action to solve the specific problem. Every maiatere
the database all maintenance actions for each@alystate  gction for a specific physical state would eithempletely
in the failure mechanisms. Figure 6 shows the NP s restore the condition of the generator (“as goodeas”) or

process: available symptoms identify the active @&l  jyst restore one of its previous physical states (fad as
state and for each physical state a maintenandenaist

defined.
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old”). The effect of every maintenance action facle
state/mechanism must also be included in the ds¢aba

A corollary to the effect of maintenance is to detiee the
transition time between successive physical stedss
degradation evolves. This feature will allow usktow the
proper timeframe for maintenance as well as theachpf
performing the job before a failure occurs. Automat
analysis will also be extended to

economic considerations, e.g., the cost and duratieach
maintenance action, and the loss of revenue ievkat of a
forced outage.

5. CONCLUSION

The development of a prognostic model was initiaited
order to optimize future maintenance of hydro-gatws.
At this stage, the model consists of a databaggotdntial
failure mechanisms combined with automatic recaogmiof

active mechanisms from symptoms that define physica

states. Embedded in the database are all theiariteed to
define the physical states. This may be viewedmagans of
capturing expert knowledge. A search engine caradi be
used to data mine the integrated diagnostic sysféab

application, and automatically identify and sortiluie

mechanisms from the data available for each gemrerat

Many desirable features are not yet implementedh ss

relating maintenance actions to physical states anttom Ecole Polytechnique de Montrée

estimating transition times between states, to nautéwo.
Future work will address these features and alead®en the
scope to the rotor. The prognostic engine will card to
evolve in the years to come and will be validatgdchse
studies.
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