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The aim of the thesis was to recognize and categorize the common failure mech-
anisms of turbogenerator stators based on factors such as manufacturer, model
year or number of poles. The commissioner of the thesis was TGS Finland Oy.

The type of thesis was a research. The literature research presented the con-
struction of a turbogenerator and the common failure mechanisms. To identify the
factors related to the failure mechanisms, the reports of condition monitoring in-
spections and measurements from years 2010 to 2022 were analyzed.

As the key result of the study, it was identified that catastrophic damages were
not limited to machines worn in use, but also appear in new generators, where
failure can quickly lead to damages and sudden stoppage of power generation.

In addition, it was found that the machines manufactured in the 215t century had
relatively more problems than those manufactured in other decades. Problems
appeared regardless of the manufacturer or the model of the machine.
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1 INTRODUCTION

Traditional power generation is going through a change. Fossil fueled power gen-
eration such as coal and gas powerplants are being driven down and being re-
placed by renewable generation. Fifth of coal plant fleet in European Union is
predicted to close by 2026, and gas-powered generation reduction is expected to
follow (Ember 2024, 13-17).

While renewable production is replacing conventional fossil fueled thermal power
generation, general electricity demand in Europe is predicted to increase 60 %
by the year 2030 (European Commission 2023). Electricity demand seems to be
at a turning point, as electrification is seen as a key method to reduce emissions.
Even though energy-intensive industries decline in Europe, there is a significant
increase of consumption in areas such as heat pumps and electric mobility. In
developed countries data-centers have also emerged as a new driver for electric-
ity demand by the ongoing artificial intelligence boom (IEA 2024, 31). Hydrogen
production via electrolysers may also affect electricity demand significantly in the

future.

Increase in inverter-fed generation such as wind and solar raises concern in
power grid stability. Historically system inertia has been provided mostly by syn-
chronous rotating machines such as hydro- and turbogenerators. As conventional
thermal power is being decommissioned, the amount of rotating machines in grid

declines, and so does the kinetic energy provided.

However the urgent need for low emission power generation has sparked new
interest in stable generation such as nuclear power (IAEA 2023) and hydropower
(IHA 2023). Rotating machinery from coal and gas plants are also being retrofitted
as synchronous condensers to provide system stability, and hydrogen-ready gas
turbines are being developed and provided (IEA 2024, 57). These developments
would suggest that turbogenerators will continue to be an important component

in the power grid, and should be maintained accordingly.

This thesis was commissioned by TGS Finland Oy. TGS is an expert organization
which provides turbine and generator services with a focus on Northern Europe.
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The purpose of the thesis is to investigate common failure mechanisms appear-

ing in turbogenerators and to categorize these problems.

In this work first a literary research is performed as an introduction to the con-
structional features of a turbogenerator and common fault mechanisms. Then the
analysis of material generated by condition monitoring reports from past 13 years

are reviewed and detected problems are categorized, with example case studies.

The literary research focuses heavily on turbogenerator’s stator, and other com-
ponents such as rotor and excitation are introduced just very shortly. The termi-

nology used is mostly North American, due to the reference literature.



2 CONSTRUCTION AND DESIGN OF TURBOGENERATOR

Constructional principles of electric rotating machines such as turbogenerators
are basically the same whether the power generated is large or small. The basic

physical constructional features include:

e Enclosure
e Stator body and winding
¢ Rotor body and winding

FIGURE 1. General construction of a turbogenerator (GE Steam Power).

In addition, turbogenerators require auxiliary systems such as lubricating oil, seal-
ing oil, space heaters, temperature sensors, excitation, cooling and protection.

2.1 Generator enclosure

The generator enclosure consists of few major components; the casing and stator

frame, heat exchangers, electrical connections, bushings and bearings.

The main task of the stator frame is to provide support for the stator core and
shield the generator from the environment and contaminations. The frame may
also act as a pressure vessel for the possible hydrogen cooling gas. (Klempner
& Kerszenbaum 2004, 39).
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Turbogenerators employ usually either air or hydrogen as the internal cooling
medium of the machine. Air is used in smaller generators, but hydrogen has been
recognized as the most effective gas for ventilating a rotating machine and is
used in the larger machines to achieve higher power ratings. (Klempner & Ker-
szenbaum 2004, 82). In addition to providing significantly better heat transfer than
air, the hydrogen also suppresses partial discharges with the added pressure in-
side the generator. The heat transfer capability of hydrogen is approximately 14
times better than air. (Klempner & Kerszenbaum 2004, 92). Heat exchangers for
the cooling system of the machine are mounted on the enclosure or are a part of
it. They vary from simple finned casing for convective heat transfer to air to more

complex water-cooled systems (Tavner, Ran, Penman & Sedding 2008, 26).

On the outside of the frame enclosure there is footings and frame mounts to se-
cure the generator to a foundation. These mounts are required to carry the weight
of the generator and withstand the rotational forces from the magnetic fields in
the generator (Klempner & Kerszenbaum 2004, 39). The mount design needs to
take in account forces in normal operation and the possibility of very high dynamic

forces in short-circuit fault situations.

Electrical connections are made to the stator windings via copper busbars or ca-
bles that leave the machine enclosure through bushings into a terminal. The bus-
bars can be lightly insulated to protect them against the environment (Tavner et
al. 2008, 26), or have a totally enclosed design as in isolated phase bus system
(IPB) to reduce the external magnetic field induced by large currents flowing in
the busbars (Timperley 2021).

The terminals are subject to high losses which generate heat and in large units
must be force-cooled. The cooling is usually done either by the internal cooling
gas in the generator casing or by water-cooling as a part of the possible winding
cooling water system. The three phase lead terminals are rated at the nominal
voltage of the generator. They are insulated conductors and therefore have gen-
erally same requirements as stator windings. (Klempner & Kerszenbaum 2004,
63).
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In addition to the high-voltage three phase terminals, there are three neutral ter-
minals that make up the connection point (the “star” point) at the neutral ends of
the stator winding phases. While these are essentially at ground potential and
under less load stress, they do carry the full stator current that the high-voltage
terminals carry and so must be given the same cooling (Klempner & Kerszen-
baum 2004, 63).

2.2 Stator core and windings

2.2.1 Stator core

The stator core is made up of thin sheets of electrical grade steel. These sheets
are commonly referred as core laminates. The core build is segmented, generally
from 10 to 24 laminates are laid side by side to form full 360 degree ring layer.
Each lamination is insulated on both sides with compounds such as varnish or an
layer of oxidation. The purpose of interlaminar insulation is to confine any induced
eddy currents to a path along the same lamination where it is induced. This is to
reduce eddy currents by reducing their magnitude to prevent associated losses

and temperature rise. (Klempner & Kerszenbaum 2004, 35).

Figure 2 presents the confinement of eddy currents (marked in red) with interlam-

inar insulation, where B is the magnetic flux.

FIGURE 2. Confinement of eddy currents with interlaminar insulation (NETA

World technical journal)
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To ensure mechanical integrity necessary to transmit load torque and have low
levels of vibration when carrying the magnetic flux, the core laminations are
firmly clamped between end-plates at both ends of the generator. The end-
plates are secured to a cylindrical frame which into the core is keyed. On larger
machines, the clamping plates are tightened axially by large bolts. On smaller
generators interlocking keys or welds are used to secure the plates, or the core

itself may be welded or cleated (Tavner et al. 2008, 18).

The stator core concentrates the magnetic field from the rotor on the copper con-
ductors in the coils as the magnetic steel acts as a low-reluctance path for the
magnetic fields, and also prevents most of the stator winding magnetic field from
escaping from the ends of the stator core. This prevents any unwanted current-

flow in near conductive material (Stone, Boulter, Culbert & Dhirani, 2004. 8).

The construction of stator core includes ducts for cooling gas to flow through the

core, enabling transmission of the heat conducted from the winding to the core.

2.2.2 Stator winding

The stator winding of a turbogenerator is generally made up of insulated copper
conductor bars around the inside diameter of the stator core. The bars are con-
structed in equally spaced slots in the core to ensure symmetrical flux linkage
with the magnetic field produced by the turning rotor. Generally each slot contains
two bars, one on top and one under. These bars are referred as top and bottom
bars. Top bars are nearest to the air gap, under the wedges. The core areas
between the slots is usually referred as core teeth (Klempner & Kerszenbaum
2004, 52).
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Example structure of a stator slot with windings is presented in figure 3.

Stator
Tooth

Stator
Tooth

Slot Bottom Pad

Side Packing

Semiconducting
Bar Armor

Groundwall Insulation

Transposition Filler

Slot Separator Pad

Transposition Filler

Solid Copper Strand

Hollow Copper Strand

Inter-strand
Insulation

Top Pad
Wedge Packing
Tapered Wedge Slide

Tapered Wedge
Slot Opening

FIGURE 3. Example of winding bars inside stator core slot (Energiforsk)

Stator winding is divided to three phases which are wye connected. The top bars

on one side of the stator bore are connected to the bottom bars on the other side

of the bore. (Klempner & Kerszenbaum 2004, 52). The amount of slots separating

the connected bars is referred as the “coil-pitch”. The connected bars form a sin-

gle caoil.

Windings of smaller turbo generators are often made of multi-turn coils instead of

bars. One coil side is on top of stator core slot, and the other coil side on the

bottom of another stator core slot, separated by the coil-pitch. The coils are con-

nected to each other in one end of the machine to form three phase winding.
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As the turning rotor and the magnetic field induced passes through these wind-
ings, the “plus” and “minus” of the rotating field induce opposing polarity current

flow to each side of the coil.

To reduce the effect of eddy currents and heat losses, the stator bars can be built
from many copper strands, similar to the core being built of laminations. The
strands are insulated from each other but eventually connected at the end of the
bar. The reason for stranding the conductor bar from an electrical design point of
view is that via stranding, the skin effect (current tends to flow on the periphery
of the conductor) that would affect the cross-sectional area of the conductor can
be negated, which reduces the heat losses in the conductor. (Stone et al. 2004.
14).

Also to reduce the effect of circulating currents on each bar, conducting strands

can be transposed into “Roebel-bar” structure as seen in figure 4.

FIGURE 4. Roebel transposition (Krempel)

In large machines designed for high power rating, the stator bars are equipped
with ducts or hollow strands which enable direct hydrogen- or water-cooling of
the winding in order to increase stator current carrying capacity via better heat
transfer. This complicates the construction of the generator especially in case of

direct water-cooling of conducting bars. Liquid cooling requires external system
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and components such as heat exchangers, water pumps, filtering and de-ionizing
(Klempner & Kerszenbaum 2004. 57).

To restrict movement of the winding in the slots, the conductor bars are wedged
in to position. Usually also some side- or depth-packing filler strips are inserted
in to slot to increase mechanical support and fill any extra space as seen in figure
5. In large machines, “ripple springs” can be used. The ripple spring is an lami-
nated material which is not fully flat, and can expand if the slot contents shrink
(Stone et al. 2004. 27). In addition it is possible to glue the bars into the slot using

varnish or epoxy for example.

Stator

Core
Stator
Wedge

—_ 4

Vertical

Insulation \
1\

1

Gnoundk; Battom Side Ripple
i or Side Filler

Copper
Strands Insulation Filler

FIGURE 5. Winding bars wedged into stator core slot. (The Gund Company)

The winding exits the core slots to the end-winding area for electrical connections
of the bars. These connections potentially at both ends of the machine must be
well away from the stator core, which is in ground potential, to prevent problems
at the insulated connection points. On large two-pole machines, the end-windings

can reach up to two meters away from the core (Stone et al. 2004. 29).

To prevent end-windings from movement and vibrations, the end-winding must
be supported well. Usually this supporting structure consists of support ring(s), in
which winding is lashed in to. The support ring material can be for example insu-
lated steel, fiberglass or epoxy-glass laminate. (Stone et al. 2004. 29).
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The final part of stator winding is the connection rings, where the windings are
connected phase-by-phase to line and neutral terminal busbars. The connection
between busbars connecting the generator to grid are often build from flexible,

laminated or braided copper connectors for vibration-insulating purposes.

2.2.3 Stator winding insulation

The primary purpose of the insulation in the electrical windings is to prevent short-
circuits between conductors and/or the ground potential. The stator winding insu-
lation system contains several components which ensure that these shorts do not
occur, and that the heat losses are transmitted to a heat sink. The basic stator
insulation system components are strand-, turn-, and groundwall insulation
(Stone et al. 2004. 14).

The conducting strands must be insulated from each other to prevent short-cir-
cuits between strands. Similar to this, the turns in the coil must also be insulated

to prevent shorts between the turns.

Groundwall insulation is the component that separates the conductors from
grounded stator core in the slots. This insulation is also key component in trans-
mitting the heat losses from the conductors to the stator core, as depicted in figure
6. This requires the insulation to have a high thermal conductivity as possible,
while being free of any voids, in which air would block the flow of heat. Air pockets
in insulation also enable partial discharges which may erode the insulation.
(Stone et al. 2004. 19). The groundwall insulation also increases the mechanical

strength of the winding against vibrations caused by magnetic forces.

Thermal flow
from stator winding

Conductor Insulation layer(HHT)

\ |
0

Stator winding
Cooling
gas

Stator core

Cross section of stator

AN NN winding

FIGURE 6. Thermal flow from stator winding (Mitsubishi Power).
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Modern groundwall insulation material is typically mixture of epoxy resins and
mica paper. The insulation is applied to winding bar by taping and is impregnated
by applying pre-wetted semi-cured epoxy-resin in a process called Resin Rich or

by vacuum pressure impregnation (VPI) (Draper, Ramsauer, Lemesch 2018).

The VPI-process may be applied to individual coils or even whole winding system
in a process referred as global vacuum pressure impregnation (GVPI). The
method consists of taping the winding bars with dry mica-tape, then applying a
vacuum cycle in a sealed tank, which removes humidity and other volatile mate-
rial, then impregnating the winding with resin by pressure. After impregnation and

cooling, the resin is cured in oven (Draper et al. 2018).

In stators rated at above 6 kV nominal voltage, an voltage stress relief coating
system is applied to prevent partial discharges in slots or in end-winding near the
stator core. Common components of an stress relief system are presented in

figure 7.

n Mainwall insulation: mica tape & resin
; E Conductor insulation

: E Stress-grading protection

ﬂ Slot corona protection

B Finishing or sealing tape

....... E u B Bracing materials

] slot-wedging materials

FIGURE 7. Stress grading protection (ABB)

In order to prevent partial discharges on the winding surfaces, the coil/bar is
coated in the slot area with partly conductive coating. This coating is usually a
carbon-black-loaded paint or tape. This “semiconductive coating”, generally re-
ferred also as slot corona protection, is in contact with the stator core along the
length of the slot. As there is a contact to the grounded core, the voltage in the
potential gap between winding and core is essentially zero, and no partial dis-

charges should occur (Stone et al. 2004. 24).
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For clarification, the term “semi-conductive” is generally used in North America,
and the term “conductive” is used in Europe, when discussing the slot corona

protection electrode.

The slot corona protection usually extends a few centimeters beyond each end
of the slot to the end-winding area. If the coating would end abruptly, it would
form an localized high voltage electric field in the end-winding area which would
enable partial discharges. To prevent this, an special silicon carbide coating —
“stress grading” is applied to the end of the slot protection coating. Silicon carbide
is an material which has special property: as the electric stress increases, it's
resistance decreases. This stress grading makes the electric field more uniform
and the stress is reduced below an critical 3 kV/mm voltage threshold which

would initiate partial discharges (Stone et al. 2004. 26).

2.3 Rotor body and windings

The body of a turbogenerator’s rotor is a cylindrical piece of solid steel. Modern
rotors are generally forged from a single piece of magnetic steel. The main body
has machined slots for rotor winding. Unlike stator winding’s wedging, the rotor
wedges are invariably made of stronger material like metal, for example steel or
aluminum alloy. (Stone et al. 2004. 36). This is because the centrifugal forces

from the high rotating speed.

The rotor winding is installed in to the slots machined to the main body, and dis-
tributed symmetrically around the rotor between the poles. Turbogenerator rotors
are two-, and four-pole designs.
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Comparison of two- and four-pole rotor flux patterns are presented in figure 8.

FIGURE 8. Comparison of two- and four-pole rotors flux patterns (Energiforsk)

Turbogenerator rotor design is generally non-salient pole (cylindrical pole). Two-
pole rotors are without exception cylindrical, but some four-pole turbogenerators
employ salient pole design. Comparison of these rotor designs are presented in

figure 9.

Round rotor Salient pole rotor

p=2,n=3000min""' for f = 50Hz p=4,n=1500min" " for f = 50Hz

FIGURE 9. Comparison of salient and non-salient pole rotor design (IEEE)

Rotor winding is insulated in similar design to stator windings, to prevent short-
circuits between conductors or rotor body. However since the excitation voltage
of the rotor is low, generally a few hundred volts in direct current, and the me-
chanical stress on the winding is high, the materials and structure of the rotor

insulation system is very different from the high voltage stator insulation systems.
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2.4 Excitation

The rotating magnetic field is not generated on its own, it requires excitation. Ex-
citation system provides a magnetizing current to the rotor winding. The basic

excitation system types used for turbogenerators are static and brushless.

Static excitation uses an external power source to supply alternating current to
an excitation transformer. The transformer output is then fed to a rectifier bridge
for direct current conversion, which is fed to the main rotor winding via slip-rings,

controlled by AVR (automatic voltage regulator).

Brushless excitation system typically consists of a high-frequency alternating cur-
rent generator with a rotating diode bridge for rectification, an external AVR for
excitation control, and a power supply. The alternating current supply power is
generated usually with an shaft mounted PMG (Permanent Magnet Generator)
or with an transformer for backup supply. The exciter is generally attached as
extension of the generator shaft (Klempner & Kerszenbaum 2004, 106). The key
feature in PMG use for power supply is in operational safety; if the shaft is not

rotating, no excitation current is provided.

Diode
Wheels

Diode

.ll;ﬁi;

AT S
} ."..\'j“ ! - i —
_.J;;gﬁg:u:fiéﬁng" ==

> GENERATOR

Flexible DIODE PLATE
Leads

FIGURE 10. Brushless excitation system (Engineering Search Engine)
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3 ROOT CAUSES AND FAILURE MECHANISMS OF STATORS

This chapter presents some common recognized failure mechanisms in genera-

tor stators and the potential root causes.

3.1 Stator winding problems

3.1.1 Thermal Deterioration

Thermal deterioration and the problems caused by thermal aging is one of the

most common reasons for stator winding to fail.

In air-cooled machines which employ epoxy-mica as insulation material, high op-
erating temperatures lead eventually to chemical reaction where chemical bonds
of the insulation break. The insulation becomes more brittle and has lower me-
chanical strength. The reduced bonding strength leads to separation of the mica

tape layers, resulting in delamination (Stone et al. 2014. 172).

Delaminated insulation may initiate partial discharges, which will eventually erode
a hole through turn- or groundwall insulation, leading to short-circuiting or ground

fault.

Another possible cause for winding failure is that when the mechanical strength
of the insulation lessens, the conductor strands are held together less tightly.
Eventually the conductors may vibrate against each other and lead to strand-, or
turn faults. This leads to hotspots in the winding and eventually decompose the
insulation, which leads to turn- or ground fault. Multiturn coils are more suscepti-

ble to this failure as less layers of insulation need to fail. (Stone et al. 2014. 173).

If the generator load is increased suddenly, the winding conductor temperature
will rise faster than stator core, and lead to thermo-mechanical stresses. The
temperature variation cycle from low to high is generally referred as thermal cy-
cling. This cycling may gradually fatigue and crack the winding insulation and
conductor strands. Thermal cycling may also affect stator wedges, stator core,
gaskets and frame support systems in a deteriorating manner.
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The main root cause for thermal deterioration is operation at high temperature,
which might occur because of many reasons such as poor design or manufactur-
ing, overloaded operation, voltage imbalance between generator phases, loss of

cooling, or operating the machine under-excited (Stone et al. 2014. 175).

3.1.2 Loose coils in slot

Loose coil induced failure is common in modern generators. This failure mode is
generally associated with form-wound stators using thermoset bars manufac-

tured in other way than GVPI-process, although not entirely without exception.

Loose coils in stator slots leads to vibration and movement of the winding bars.
Magnetic forces will affect the bars mainly radially, and the bars will bounce up
and down against the slot wall. This leads to abrasion of the semiconductive coat-

ing and groundwall insulation.

At first the vibration may lead to contact sparking during operation, as the bar
moves away from grounded core. When the slot corona protection coating has
abraded, partial discharges will initiate on the surface of the bar, in the airgap
between the bar and core. This will accelerate the deterioration of the groundwall
insulation in addition to the vibration and movement, eventually leading to ground
fault (Stone et al. 2014. 186).

The potential root cause for coil looseness is that the coils were originally installed
too loose, as the slots lack sidepacking or wedging due poor design or manufac-
turing. It is also possible that initially tight insulation has shrunk due aging. This
kind of shrinkage typically takes decades, and may be prevented with the use of
ripple-springs. Some ripple-springs as well as wedging can loosen over time due
stator core movement or oil contamination. Loose wedging may then eventually
lead to loosening of the coils in the slot (Stone et al. 2014. 188). This mechanism
is further inspected in chapter 4.1.
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3.1.3 Semiconductive coating failure

Semiconductive coating - the slot corona protection, may fail even without me-
chanical vibration. This failure mechanism is referred as “electrical slot dis-
charge”. Weakening conductive function leads to partial discharges in the small
gaps between the coils and the grounded stator core. Partial discharges will mit-
igate the groundwall insulation and may even bore an hole through, resulting in

ground fault.

This failure mechanism appears more likely in air-cooled machines, since hydro-
gen suppresses potential discharges. Partial discharges can produce ozone in
air-cooled machines. This may lead to chemical deterioration, as ozone will form
nitric acid when combining with nitrogen and humidity in air. Nitric acid will affect
especially steel, oil, epoxy, polyester and rubber compounds. This chemical at-
tack will accelerate the deterioration as semiconductive coating weakens and

leads to further partial discharge activity and ozone (Stone et al. 2014. 191).

Nitric acid formation expands the problem beyond the stator as it will affect heat
exchangers and bearing lubrication oil for example. Also if ozone escapes the

enclosing of the generator, it is a potential health threat.

In case the stress grading overlapping the slot corona protection coating at the
ends of the bars, near the slot exit area, has degraded or was manufactured in-
sufficiently, it may lead to partial discharges in the slot exit area. Examples of
erosion and dusting from this type of discharge activity is presented in chapter

4.4 and appendixes 1 and 2.

The root cause is mainly poor manufacturing procedure. The general process
happens when a capacitive current flows from conductor copper through the
groundwall insulation to the stator core via the coating, because of an deviant
surface resistance (surface resistance is too high in some areas). Some of the
capacitive current will flow laterally on the coil surface, which leads to heat losses.
This local heating can oxidate the coating and deteriorate the semiconducting

function (Stone et al. 2014. 192). It is also possible that if small air pockets exist
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between the groundwall insulation and the coating, potential occurrence of partial

discharges will deteriorate the semiconducting function of the coating.

3.1.4 Chemical deterioration

In addition to nitric acid mentioned before, other contaminations like solvents,
water, oil or gases may lead to chemical deterioration of insulation. Contamina-
tions can soften or swell the insulating material and thus weaken the mechanical

integrity.

The root cause for such contamination may be for example lack of maintenance,

or operational issue such as oil extractor impairment.

3.1.5 Electrical tracking

In addition to thermal and chemical deterioration, winding contamination can lead

to electrical tracking.

In failure mechanism called electrical tracking, contaminated winding surface en-
ables currents to flow over the insulation. The material can be for example dirt,
ash or carbon dust from brushes which will mix with moisture or oil to form a

conductive coating on the winding.

In form-wound stators the failure mechanism occurs usually in the end-winding
area. Generally the process includes two points of differing phases, for example
two coils next to each other, and a contaminated path between for small current
to flow. If the contamination resistance is high, it will lead to high voltage and
eventually partial discharges, which may carbonize and degrade the underlying
resin and tapes. As the electric stress moves along the region as carbonization
makes the surface conductive, the result is an electrical track which may appear
as black branches on the surface. The discharges will eventually bore in to the
groundwall insulation and may lead for example to phase-to-phase failure (Stone
et al. 2014. 212).



25

3.2 Stator core problems

Core lamination problems may occur from variety of recognized failure mecha-

nisms such as thermal-, electrical-, and mechanical deterioration.

3.2.1 Thermal Deterioration

Stator core thermal deterioration generally occurs if the designed thermal rating
is exceeded in operation. Overheating will lead to accelerated aging of the core
insulation. A key process in thermal aging is the drying of varnish used in insula-
tion, which will eventually break down. This leads to interlaminar shorts and eddy
currents in laminations. Eddy currents then lead to heat losses which accelerate

the deterioration, and may even melt the core.

Example of eddy current across core laminations is presented in figure 11.

Damage

Conductors Induced current

s
Keybars ———t> /

FIGURE 11. Eddy current across laminations due damaged stator core (NETA

World technical journal)

Overheating may occur in the general core or locally in parts of the core. In addi-
tion to thermal deterioration of the insulation, general overheating may also cause
core looseness due thermal expansion of the core steel and possible shrinkage
of organic components. (Stone et al. 2014. 286). Core looseness then may lead
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to abrasion of the interlaminar insulation which then accelerates the general fault

process.

The root cause is generally loss of cooling which may occur for various reasons,
such as loss of cooling water, high ambient operating temperature, blockages of

air flow or operation at reduced hydrogen pressure (Stone et al. 2014. 286).

3.2.2 Electrical Deterioration

Electrical deterioration may occur across the core lamination by magnetic fluxes,
electromagnetic forces and high currents. Generally in addition to faults between
the winding and core, the root cause for electrical deterioration is excessive fluxes

caused by under-, or over-excitation may result in overheating of the core.

Operation in under-excitation may lead to elevated eddy currents especially at
the end of the core, induced by the leakage fluxes caused by currents in stator
and rotor end-windings and discontinuities at the stator and rotor surfaces (Stone
et al. 2014. 291). The eddy currents may lead to generally higher temperature

which can deteriorate the interlaminar insulation.

Over-excitation of the rotor will lead to higher magnetic flux. Higher magnetic flux
then leads to increased heat losses in the core, which will generally raise the
temperature of the core, especially in the area behind the slots, as there is less
ventilation than in the core-teeth area. Elevated temperature increases the risk of
interlaminar breakdown and possible mechanical stresses, and eventually may

even lead to fusing of laminations (Stone et al. 2014. 292).

Additionally winding insulation faults such as sparking can damage the interlam-
inar insulation of the core, and lead to shorts and local overheating. Grounding
fault may even melt and fuse the core laminations if the energy and heat pro-
duced by the flowing current are high.
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3.2.3 Mechanical Deterioration

Common causes for mechanical deterioration in stator core are lack of core pres-

sure, vibration, and back-of-core looseness.

If core laminations loosen, they may move from vibration or electromagnetic
forces, which then may lead to abrasion of the interlaminar insulation. Degrada-
tion of the insulation may lead to shorts and current flow as mentioned before.
Degradation of the core teeth may also lead to fatigue cracking of the laminations
and thus loose debris inside the generator that can cause further damage. (Stone
et al. 2014. 296).

Core vibration can be cause or result of core looseness. Cause for looseness
could be for example inadequate support for the core in the frame or end-wind-

ings, causing vibrations.

3.3 End-winding vibrations

End-winding vibrations may occur if the winding support is inadequate. This prob-
lem is likely in large turbogenerators rated in hundred megawatts, as these sort
of machines have long end-winding. Generally if winding-ends lack support, the
bars begin to vibrate due magnetic forces generated as current flows through the

conducting copper.

If the bars are tightly wedged in slots, the vibrations may fatigue and crack the
bar insulation just outside the slot, leading to ground fault. This may happen even
if the individual bars are tightly supported in the end-winding, if the whole end-

winding system is vibrating (Stone et al. 2014. 224).

If the winding support blocks are loose, bars may vibrate against each other or
the support structure, which leads to deterioration of the insulation. The effects of
vibration may be seen visually near the abrasion as light-colored dust, or if oil is

present to potentially mix with dust, black grease-like substance.
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End-winding vibrations are also able to break conducting copper strands. If a sin-
gle strand breaks, it will increase the current flow on other strands. This will lead
to process which increases temperature and accelerates the cracking of strands.
Eventually as more strands break, the conducting bundle may melt and lead to
catastrophic failure (Stone et al. 2014. 225).

The main root causes are poor design and manufacturing. It has been recognized
that especially natural frequencies at twice the rotational frequency cause reso-
nation and thus vibration. These frequencies must be avoided in design of the
end-winding support. It is also possible that end-winding is affected by actions in
operation, such as load cycling or out-of-phase synchronization. Contamination
such as oil may affect the winding support with deteriorating effect, and act as an
lubricant in support structures, leading to abrasion. Operation in high temperature
also accelerates thermal aging of the insulation, and may cause support materials
to shrink (Stone et al. 2014. 226). Failure resulting from end-winding vibrations is

futher presented in chapter 4.3.

3.4 Electrical connection faults

There are many electrical connections in a standard stator winding. The connec-
tions between copper conductors in coils/bars are generally brazed and the bus
bar or cable connections are bolted. If the resistance of the connections is too
high, the heat losses from currents will lead to overheating. Continuously in-
creased temperature of the copper will lead to oxidation, which accelerates the
temperature rise. Eventually the temperature will degrade insulation and may
lead to melting of the winding or connection. Even if the overheating will not lead
to melting, serious deterioration of winding insulation will increase risks related to

contamination and lack of insulation (Stone et al. 2014. 232).

The general root cause is poor manufacturing of the connections, such as inad-
equate brazing or poor bolt connections. The connections may also be affected
by possible end-winding vibrations which can fatigue the connections, which may
lead to cracking of the conductors and thus a process which will accelerate the
overheating process. Electrical connection failure is further presented in chapter
4.2.
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4 FAULT CATEGORIZATION

This chapter presents the results of generator condition monitoring analysis and
fault categorization. The fault categorization was done by analyzing data gener-
ated by condition monitoring reports.

4.1 Data overview
The condition monitoring data is based on 970 inspection reports from years
2010-2022. The reports are divided to Major- and Minor-overhauls, offline meas-

urement reports from safety checks and reports from performed online-measure-

ments.

Condition monitoring inspections

133

495

M Online-measurement [ Safety check (OffLine-measurement) B Minor Overhaul B Major Overhaul
FIGURE 12. Distribution of condition monitoring inspections
Many of the generators included have been monitored online during operation

yearly or more frequently, with the addition of offline inspections and safety
checks during overhauls.
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The generators included were manufactured between years 1952 and 2019. Ma-

jority of the machines are from 1970’s to 2010’s as seen on figure 12.

Generators by decade of manufacture

45;20 %

25,11%

o

10; 4 %
3;,1%

43;19% 26,12 %

28;13 %
44;20 %

B2010's @2000's W1990's 1980's W1970's M1960's M1950's MN/A
FIGURE 13. Generators by decade of manufacture
The material consisted of 226 generators from 33 different manufacturers. The
manufacturers with most generators included are numbered from 1 to 14 and

their share of the material is presented in figure 14. The remaining manufacturers

are presented in the “Other” category.

Generators by manufacturer
7%
1%

16 % 2%

4%
6% 59 2% 7

1 @2 03 04 @5 @6 H7 H3 W9 W10 W11l m12 @13 @14 OOther

FIGURE 14. Generators by manufacturer
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The material consists of two- and four-pole generators, majority being two-pole
machines with 3000 rotations per minute rotating speed, with the share of 71%.
Out of 226 generators, 62 is four-pole machines and 160 two-pole machines. For
the remaining 4 machines the data was not available. The distribution of the ma-
chines by number of poles and rotating speed is presented in figure 15. All in-

cluded generators operate in frequency of 50 Hz in the electrical grid.

Generators by number of poles

4;2%

62;27 %

160; 71 %

EON/A  @2-pole (3000 rpm) M 4-pole (1500 rpm)

FIGURE 15. Generators by number of poles

Maijority of the generators included are powered by steam turbines with a share
of 67%. Out of the 226 machines, 151 was powered by steam turbine and 53 by
gas turbine. Data for 22 machines was not available. Distribution of turbine types

is presented in figure 16.

Type of turbine

22;10%

151;67 %

B Gas-turbines M@ Steam-turbines EN/A

FIGURE 16. Type of turbine powering the generator
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Generators included were rated in 20 different voltage levels, most of them be-
tween rated voltage of 6,3 kV to 15,75 kV. The share of generators with the com-

mon rated nominal voltages are presented in figure 17.

Generators by common rated nominal voltages [kV]

18;8 % 21;,9%

121;54 %

@1575 @15 0115 011 @10,5 W6,3 MOther

FIGURE 17. Generators by common rated nominal voltages

Maijority of the generators are rated at 10,5 kV nominal voltage with the share of
54%.
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4.2 Detected faults

Out of the 226 generators included, 66 was found to be affected by a recognized

failure mechanism, as presented in figure 18.

Generators with detected problems

160; 71 %

FIGURE 18. Generators with detected problems

Out of the 66 machines with detected faults, in 6 generators the failure mecha-
nism led to ground fault, representing 9 percent of total detected problems. Some

of these are further inspected in chapter 4.
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Figure 19 presents the distribution of detected faults according to the decade of

manufacture.
Stator problems by decade of manufacture
8,12 % 13; 20 %
4,6%
13;20% 1,1%
7;11%

20;30%

W2010's M@2000's W1990's [@1980's M1970's W1960's M1950's CIN/A

FIGURE 19. Stator problems by decade of manufacture

In figure 20 is presented the comparison of detected problems by decade to total

number of generators included from each decade.

Detected problems by decade in comparison to number of machines

1950's
1960's
1970's
1980's
1990's

2000's

!
|

2010's

0 5 10 15 20 25 30 35 40 45

B Generators with detected problems M All generators

FIGURE 20. Detected problems by decade in comparison to number of machines



35

Figure 21 presents the generators with detected problems by manufacturer.

Generators with detected problems by manufacturer
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12% 4%
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FIGURE 21. Generators with detected problems by manufacturer

In figure 22 is presented the comparison of generators with detected problems to

total number of generators by manufacturer included.

Generators with detected problems compared to all generators by
manufacturer
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FIGURE 22. Generators with detected problems compared to all generators by

manufacturer
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In figure 23 is presented the generators with detected problems by number of

poles and rotating speed.

Generators with detected problems by number of poles

49,74 %

M 2-pole (3000 rpm)  W4-pole (1500 rpm)

FIGURE 23. Generators with detected problems by number of poles

In figure 24 is presented the generators with problems by common rated voltages.

Generator problems by common rated voltages [kV]

5,7% 2;3% 2;3%

40; 61 %

m1575 @15 0115 011 @10,5 WM6,3 MOther

FIGURE 24. Generator problems by common rated voltages
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4.3 Common detected failure mechanisms

The common detected failure mechanisms detected in the data represent the
majority of problems detected. The common failure mechanisms include wedge
looseness, core- and slot faults, and end-winding area vibrations and discharges.

The distribution of these failure mechanisms are presented in figure 25.

Common detected failure mechanisms

10; 14 %

18; 26 %

9;13%

13;19%

19; 28 %

B Wedge looseness B Core faults @ Slot faults @ End-winding vibrations/support looseness B End-winding discharges

FIGURE 25. Common detected failure mechanisms

Core faults include problems such as deterioration of lamination insulation and
core looseness. Slot faults include problems detected in slot area, such as dis-

charges, bar vibration, and winding insulation deterioration.
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In figure 26 is presented the common detected problems distribution in two-pole

generators.

Detected problems in 2-pole generators (3000 rpm)

5,9%

7;,13% 17;32%

13;25%

11;21%

B Wedge looseness B Core faults @ Slot faults @ End-winding vibrations/support looseness B End-winding discharges

FIGURE 26. Detected problems in 2-pole generators

In figure 27 is presented the distribution of common detected problems in four-

pole generators.

Detected problems in 4-pole generators (1500 rpm)

531%

1,6%

2;12%

B Wedge looseness B Core faults @ Slot faults @ End-winding vibrations/support looseness B End-winding discharges

FIGURE 27. Detected problems in 4-pole generators
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Comparison of the detected problems between two- and four-pole generators
would suggest that the major distinction is occurrence of wedge looseness in two-
pole generators, as 32 percent of the problems detected were loosening of

wedges, in comparison to just 6 percent appearance in four-pole generators.

Four-pole machines seem to be more susceptible to problems in slot area and
end-winding discharges, as maijority of detected problems were found in these
categories. However it is good to acknowledge the smaller portion of problems
detected in four-pole generators, as the total share of problems detected in four-

pole generators was 17 percent out of all generators included.

Generators with detected problems in comparison to all
generators by pole number

4-pole (1500 rpm)

0 20 40 60 80 100 120 140 160

B Generators with detected problems M All generators

FIGURE 28. Comparison of generators with detected problems in comparison to

all generators by pole number

In comparison, there was problems detected in 34,7 percent of four-pole gener-

ators and 38,8 percent of two-pole generators.



40

5 CASE STUDIES OF FAULT MECHANISMS

This chapter presents some case studies of generators in which fault mechanism
led to ground fault. These case-examples are to present previously mentioned
problems in reality.

5.1 Case 1: Radial vibration of winding bars — Bar Bouncing

The generator of case 1 is a 233 MVA air cooled generator, operated at rated

voltage of 15,75 kV. The generator was manufactured in 2009.

In 2014, after protection relay tripped the generator, it was found by measuring
that there was a low resistance ground fault. After pulling out the rotor for proper
inspection, a main insulation puncture in a top bar was discovered. The surface
of the whole bar was seriously damaged by abrasion caused by vibration and
erosion caused by partial discharges. In addition two other bars with signs of vi-

bration was discovered. The damaged winding bar is presented in figure 29.

FIGURE 29. The damaged winding bar partially pulled out of slot (Osmo Kopo-
nen, 2014)
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The damaged bar was in such a position of the winding where voltage stress to
the ground is approximately 60 % of the rated phase-to-ground voltage. The po-
sition of the damaged bar then indicated that the root cause for the damage was
not in inadequate performance of the slot corona protection, stress grading or
insulation system of the bar as otherwise the damage would have started in bars

with higher voltage stress.

Evidence was found of that the bars had been vibrating in the slots up and down
by electromechanical forces because of inadequate support in the slot. The vi-
brating bars had not been subject to any higher forces than other bars of the

stator winding.

The damage caused to the winding bar by abrasion and sparking can be seen in

figure 30. The main insulation was damaged from the whole length of the bar.

FIGURE 30. Abrasion damage on the bar surface (Osmo Koponen, 2014)

The likely root cause of the failure was poor design and manufacturing, as the
failure occurred only 5 years after commissioning. The bars were not properly
supported in slot, probably because of loose fitting, which prevented good gluing

in VPI-process. As the bars were not well supported, the electromagnetic forces
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affecting the bars were able to vibrate and move the bars in the slot. This vibration
led to abrasion of the surface in the bar, either directly by mechanical contact to
core, or by electrical contact sparking. There was also some loose steel particles
found, which might have accelerated the erosion, but were not alone sufficient
root cause for the damages. Thermal cycling might have also contributed to the

process by further weakening the adhesion of the bar to the slot.

The abrasion led to the erosion of the slot corona protection and main insulation,
and eventually electrical breakdown of the insulation and grounding failure. The

crater-like erosion can be seen in figure 31.

FIGURE 31. Erosion on the surface of the bar (Osmo Koponen, 2014)

The damaged bar was replaced and the slot-wedging improved, but it was not
possible to fully repair the failure mechanism as vibrations continued. The stator

winding was eventually rewound about 7 years later, in 2022.
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5.2 Case 2: Electrical connection breakdown

The generator of case 2 is a 121 MVA air cooled generator, operated at rated

voltage of 10,5 kV. The generator was manufactured in 1994.

In 2021, protection relay tripped the generator due earth fault. After the generator
was opened, there was a discovery of melt copper and major contamination of
soot. Inspections revealed that a 10 centimeters long piece was missing from a

conductor in a connection to a ring busbar, as seen on figure 32.

FIGURE 32. Melt copper connection (Pasi Lehtiniemi, 2021)

The earth fault which alerted the protection relay was in phase W, which was a
result of molten copper dripping into the W phase connection bushings below the
fault spot in the V phase. The molten copper had probably connected the con-

ductor to ground.
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Although the fault spot was destroyed completely, inspections were performed to
five similar connections for root cause analysis. It was found that in these con-

nections there was a gap between the two parts, when they should be brazed

together. Further inspections revealed pores in other brazed connections as well.

FIGURE 33. Gap between the two parts (Osmo Koponen, 2021)

The likely root cause for the faulting is breakdown of the high voltage connection
because of poor manufacturing related to the brazing. There had been increasing
vibration problems detected before the breakdown which might have further de-
teriorated the poor connection, although none were detected before in the NDE
(non-drive end) end-winding. The light arc which melt the connection also dam-

aged winding around the fault spot significantly and led to soot contamination.

The copper plates of the connection might have been held together by the insu-
lating system even without the proper brazing. It is possible that as the top bar
has come off, the flowing current of the connector has gone through only the
bottom bar, which has led to local overheating and eventually breakdown and a
light arc, which then has melt the connector and near insulating system.
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The construction of another damaged winding-turn connection above the fault

spot is presented in figure 34. The insulation of the connector had partially melt.

N
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FIGURE 34. Construction of another damaged connection (Pasi Lehtiniemi,
2021)

The rotor of the generator was also contaminated with soot and had very low
insulation resistance values, and had to be transferred to workshop for cleaning

and repair.

The damaged bars were rewinded with new bars and support structures. Other

affected parts were reconditioned.
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5.3 Case 3: Two-phase winding short circuit

The generator of case 3 is 84,9 MVA, air-cooled turbogenerator operated at rated

voltage of 10,5 kV. The generator was manufactured in 2006.

In 2022, the generator protection system activated the differential protection func-
tion of phases V and W. This means that the current values measured with cur-
rent transformers from the star point side and the line side did not match. As the
difference was detected, the protection relay system shut down the generator.

Approximately 20 milliseconds later the system detected also an stator earth fault.

After the shutdown the generator was opened and rotor removed. Visual inspec-

tion revealed fault spot on the outer perimeter of the NDE (non-drive end) end-

winding, as seen in figure 35.

g ' :
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FIGURE 35. Outer perimeter of the end-winding (Ville Holmstrom, 2022)
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The location of the fault spot was inspected to be between two winding bar ends,
as seen on figure 35. The bars were found to be the first bar of the phase V line-
end and the second bar in phase W line-end. This means the voltage between
these bars was at least near the nominal 10,5 kV rated voltage, and the voltage

stress was at highest level compared to anywhere else in the winding.

=8

FIGURE 36. Fault spot on the end-winding (Ville Holmstrom, 2022)

Insulation on both bars was found to be punctured and some conducting copper
had melt from both bars and was missing, which referred to high current short
circuit. The windings near the fault spot were dirty and contaminated with soot,
which had resulted in earth faulting. A large melted object was found inside the
stator winding-end area below the fault spot, which was analyzed in laboratory to

be almost pure copper, which then would suggest no foreign metal object was
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included in the failure. It was also confirmed by measuring the winding resistance

that in comparison to phase U, there was copper missing from phases V and W.

The performed root cause analysis came to conclusion that the most probable
root cause was failure caused by a loose component in the winding end support
system. In order for a short circuit to occur between the bars, the insulation of the
winding bars had to been punctured on both sides. It was found that there had

been a winding support block exactly in the middle of the fault spot, as seen on

figure 37.

ke

FIGURE 37. Remains of a support block in the middle of the fault spot (Osmo
Koponen, 2022)

A possible cause for the puncture would be that the support block between the
bars had vibrated and thus eroded the insulation material on the surface of the
bar. The support block is made of materials like glass and polyester, which are
not magnetic and therefore not affected by the strong magnetic fields present. It
is possible that the support block was not properly tightened by GVPI-process
and was then affected by the strong cooling air flow created by the fans on the
rotor, which caused movement of the block. It is also possible that some hidden
weak spot had affected the windings. The generator was eventually renovated

and a new stator was installed.
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5.4 Case 4: Winding insulation erosion by partial discharges

The generator of case 4 is a 27 MVA, air-cooled turbogenerator operated at rated

voltage of 10,5 kV. The generator was manufactured in 2016.

In 2022, protective relay detected an earth fault in phase V. Measurements con-
firmed a grounding fault in the stator winding, and the rotor was pulled out for
further inspections. The fault spot was located in the DE (drive-end) slot exit area,
near line-end of the winding. Visual inspection revealed that the insulation of the

winding had been damaged by erosion caused by partial discharges. The fault

spot is presented in figure 39.

£~
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FIGURE 38. Fault spot in the bottom bar slot-exit area (Sami Lehtola, 2022)

The surface of the insulation is visibly damaged with a black burning mark and
evidence of significant discharge activity. The fault spot was confirmed by apply-

ing 2 kV DC pulse to the coil which resulted in visible spark.
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In addition to the grounding fault spot, further inspections revealed multiple simi-
lar spots with signs of partial discharges. Approximately 20 spots were found on

both NDE and DE winding ends, in the top and bottom bar slot-exit areas, as

presented in figure 39.

FIGURE 39. Signs of partial discharge activity in the slot-exit area (Sami Lehtola,
2022)

The likely root cause is poor design, or error in manufacturing process of the
discharge protection system, especially in the slot corona protection. There was
many spots with traces of partial discharges and multiple spots where discharges
had eroded the surface insulation significantly, but no signs of vibration. This
would suggest the erosion was from electrical deterioration, which is not normal

for a generator that has been in use for just 5-6 years.

The generator was rewound. The original winding was manufactured with GVPI
method, and the new winding was manufactured with Resin Rich coils.
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6 CONCLUSIONS

Key result of the study was to recognizing that for the generators included, the
catastrophic failures due fault mechanisms were not limited to older generators
which have worn in use, as there was occurrences of power generation interrupt-
ing damages in newer machines. Some contribution to the matter may be in mod-
ern operating of the generators, as the generation is optimized for fast changes
in electricity price and as the rise in the use of inverted-fed generation from re-
newables has changed the need for use of rotating machines for grid frequency-
and stability-control. These factors may result in continuous thermal cycling,

which takes its toll on the machine condition.

The machines built in 2000’s also had relatively more problems detected than
other decades, as 30 percent of generators included from that era had detected
problems. It is also possible that the machines built in 2010’s are also more prone
to similar problems, which are still to occur or have not been yet detected. The
root cause might be changes in modern manufacturing technology, as the gen-
eral trend lately has been to lower manufacturing costs, which then may have led
to deterioration of the manufacturing quality. This has been noted in other similar
studies as well, such as VGB database evaluation in 2016, where machines built
in 2000’s represented approximately 45 percent of machines with detected prob-
lems (Bomba, 2016).

However the problems detected had no clear dependency on any generator man-
ufacturer, as problems were detected from all manufacturers and types of gener-
ators. One manufacturer (manufacturer 9) did stand out slightly, as in 8 out of 13
(61,5 %) machines included, there was detected problems.

It was observed that two-pole generators had notably higher share of wedges
loosening, as the wedge problems represented 32 percent out of all problems
detected. This is not surprising as the higher rotating speed results in more stress
to the wedging. Loosening of wedges was highlighted in older two-pole machines
which have been worn in use. For example, in two-pole machines built in 1977,
there was loosening detected in 5 out of 7 generators. Contribution to the matter
may be that in this material, the four-pole generators included are small in rated
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power when compared to the two-pole machines, which reduces the stress to
wedging. In smaller machines the currents in winding are lesser, and therefore

so are the forces affecting the winding bars.

The collection of condition monitoring data should be continued to gain more ex-
perience of common failure mechanisms. Further study could also focus on con-
tribution of different insulation designs (Resin Rich versus GVPI) and cooling

gases (air versus hydrogen).
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APPENDICES

Appendix 1. Surface erosion in slot exit area

FIGURE 40. Surface erosion from discharges in slot exit area (Veeti Korpelainen,
2023)
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Appendix 2. Surface damage in winding slot-exit area

FIGURE 41. Major surface damage in winding slot-exit area (Veeti Korpelainen,
2023)
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