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Meet the Editor

Generator consultant
Clyde Maughan, now
in the 67th year of his
professional career,
continues to amaze.
You may recall that
when still only 89 he
recognized the need
for a generator users
group, put together a plan, invited
some of the industry’s top experts to
present, and with help from NV Energy,
Duke Energy, Power Users LLC, and
a few generous sponsors, conducted
the organization’s first meeting in
November 2015.

To celebrate his 90th birthday in
July 2016, he came up with yet anoth-
er idea: Publish an annual review of
generator articles of value to owner/
operators worldwide. The founding
editor went to work and compiled
Electric GENERATORS, 2017 Annual
Review, a content-rich resource based
primarily on presentations from the
first two meetings of the Generator
Users Group. The information in this
2018 Annual Review was compiled
by Maughan from presentations made
at the third GUG conference, August
28 — 31 in Phoenix.

Maughan’s primary goal in publishing
GENERATORS is to encourage your
participation at GUG meetings and in
the group’s online forum.

If you have an idea for a presentation
at the 2018 GUG meeting, email an
abstract to Steering Committee Chair-
man Ryan Harrison (ryan.harrison@
atcopower.com). Contact Maughan
(cmaughan@nycap.rr.com) if you have
editorial material to submit for the next
edition of GENERATORS.
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The benefits of participation

elcome to the Generator Users
WGroup (GUG). We are a con-

sortium of electrical genera-
tor users. Our mission is to provide
an opportunity for owner/operators
of electrical generators worldwide
(initially 1500/1800- and 3000/3600-
rpm machines) to share experiences,
best practices, and lessons learned
on design, installation, operation,
and maintenance of those machines.
Expected outcomes are improved plant
safety, maintainability, availability/
reliability, and efficiency.

The GUG also serves to effectively
transfer industry knowledge from
experienced engineers to those with
less experience. We are mostly made
up of utility engineers and operators
but utility maintenance and manage-
ment personnel are encouraged to join
and participate in the annual meeting.
The benefits of becoming a member
(there 1s no cost to join) is access to a
resource of generator users to share
knowledge and issues with and assist
you in problem-solving for specific chal-
lenges at your station or in your fleet.

We have three main methods of
information transfer: An annual users
group meeting, this publication, and a
24/7 Web-based forum. As a member,
you also will have access to contact
information for other users and inde-
pendent consultants knowledgeable in
generator specifics. Access our website

at www.genusers.org .
OEE30
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by scanning QR1 with

your smartphone or
tablet.

The GUG steering
committee is made up
of generator users. We
are:

Chairman

Ryan Harrison, lead generator engi-
neer, ATCO Power (Canada)

Vice Chairman

Dave Fischli, generator program man-
ager, Duke Energy

Members

John Demcko, lead excitation engineer,

Arizona Public Service Co
Joe Riebau, senior manager of electri-

cal engineering and NERC, Exelon

Power
Jagadeesh Srirama, generator engi-

neer, NV Energy
Kent N Smith, manager of generator

engineering, Duke Energy.

The Generator Users Group is
a member of Power Users LLC, an
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umbrella organization serving five
independent users groups—Steam
Turbine (STUG), Combined Cycle
(CCUG), GUG, 7F, and Controls—to
minimize administrative costs. Our
annual meeting normally is held at the
same time and location as the STUG
and CCUG meetings. The benefit: GUG
attendees get complementary access to
the CCUG and STUG presentations.
In this manner, you can get informa-
tion beyond just the generator proper.

User members will benefit greatly
from the information provided by our all-
volunteer organization. None of the com-
mittee members takes a salary or any
other remuneration from the Generator
Users Group. Many expenses associated
with providing information to you (con-
ference costs, publishing costs, website
costs, etc) are covered by generous gen-
erator vendors and OEM sponsors. In
this way the cost to users attending the
annual meeting is minimized.

We are confident you will see the
benefits of participating in the organi-
zation and hope you will join us in our
efforts to share generator information.
There is no cost to become a Generator
Users Group forum member, so please
sign up today at www.powerusers.com.

Finally, if you missed Clyde

Maughan’s summaries
E F E
.

of the presentations
from GUG 2015 and
GUG 2016, you can
access them easily by
scanning QR2 with your
smartphone or tablet.

QR2

N

Clyde V Maughan (right) the force
behind the formation of the Generator
Users Group, is recognized by GUG
Chairman (2015-2017) Kent Smith

for a “lifetime of sharing selflessly his
extensive knowledge in the design,
operation, and maintenance of elec-
tric generators.”
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PSI Media Inc, Las \egas, Ney, publishes
specialty print and electronic media serv-
ing energy producers in targeted national
and regional markets. Media include the
following:

CCJ, a quarterly print publication with
ongoing coverage of electric generators
in each issue.

CCJ ONline, www.ccj-online.com. Your
one-stop-shop for generator information.
Here you can find the latest CCJ, archives,
industry best practices and lessons learned,
user-group information, and vendor ser-
vices. Our search engine will direct you
to the material you need.

CCJ ONsite, www.ccj-online.com/
onsite. Our up-to-the minute informa-
tion portal. Live reports from the field
and the industry’s most important user
group meetings. Email updates keep users
informed of the latest technical develop-
ments and solutions.

CCJ ONscreen, www.cgj-online.com/
onscreen. Our interactive Web-based learn-
ing resource with a classroom feel. Meet
screen-to-screen with industry experts,
listen to and view presentations, and con-
nect with fellow users from the comfort of
your office or home, or any other location
with an Internet connection.

Of particular interest to generator owner/
operators is Clyde Maughan's course on
generator monitoring, inspection, and
maintenance. The program is divided into
seven one-hour segments culled from
notes and slides extracted from Maughan's
22-day training course—taken by more
than 1000 users over the years. Listen to
any segment at any time.

Editorial, Marketing, Circulation
PSI Media Inc
7628 Belmondo Lane
Las Vegas, Nev 89128
Tel: 702-869-4739
Fax: 702-869-6867
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GENERATOR USERS GROUP

Fourth Annual Meeting

Marriott Louisville Downtown, Louisville, Ky
August 27-30, 2018

Please mark your calendar and plan to attend
Registration opens in April at www.genusers.org

The GUG Steering Committee
invites your input for the group’s
Fourth Annual Meeting. Here are
some of the ways you can
participate and make your
attendance more productive:

Suggest a topic for inclusion in
the program.

Make a short presentation on
best practices, lessons learned,
generator upgrade, outage
profile, O&M history, etc. Can be
5, 10, or 15 minutes, or longer.

Bring a thumb drive to the
meeting with a couple of photos
describing a problem at your
plant and ask your fellow users
for suggestions on a solution.
Think of this clinic as free
consulting by those who walk in
your shoes.

The GUG Steermg Committee

Jagadeesh Srirama, NV Energy; Joe Riebau,
Constellation/Exelon; Vice Chair Dave Fischli, Duke
Energy; John Demcko, Arizona Public Service Co;
Kent Smith, Duke Energy; Chair Ryan Harrison,
ATCO Power (left to right)

Email Vice Chair Dave Fischli (dave.fischli@duke-energy.com)
with your thoughts/ideas today.



Lessons learned,

best practices

shared at GUG 2017

hat generators are “taken for
granted” by the majority of
plant personnel should not
surprise. One of the reasons
for this attitude is that staff often is not
aware of the many things that can go
wrong with electrical machines, how to
identify problems, and what solutions
are available to mitigate/correct issues.

GENERATORS’ coverage of GUG 2017
affords the opportunity to see many of
the problems engineers face regularly
and why the opportunity to meet with
other experts (users, OEMs, third-party
solutions providers, and consultants)
is so important. Attending the 2018
meeting of the Generator Users Group,
in Louisville, August 27-30, is a good
starting point. Visit www.genusers.org
for more information.

Summaries of the 2017 presen-
tations and discussions, prepared
by IEEE Fellow Clyde V Maughan,
president, Maughan Generator Con-
sultants, is divided into these five
sections:

Stator frames and magnetic cores.
Stator windings and bus systems.
Fields and excitation systems.
Operation and monitoring.
General topics.

Users wanting to dig deeper into
any presentation can access the Pow-
erPoint in the Power Users library at
www.powerusers.org. Note that the
Power Users Group is an administra-
tive umbrella organization serving the
generator, steam turbine, combined
cycle, 7F, and controls users groups
to reduce operating expenses.

A. Stator frames
and magnetic
cores

ELCID trending, analysis

Electromagnetic Core Imperfection
Detection (ELCID) is a low-excitation
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A2. Chattock potentiometer mea-
sures the magnetic potential differ-
ence resulting from the fault currents
caused by insulation breakdown illus-
trated in Fig A1

test with wide industry acceptance
for assessing core health. Insulation
breakdown causes fault currents to be
set up as illustrated in Fig A1. A Chat-
tock potentiometer (Fig A2) is used to
measure the magnetic potential differ-
ence resulting from this current, with
the somewhat complex equipment and
circuit illustrated in Fig A3.

Winding
termination

Bear in mind that fault currents
create hot spots which can cause fur-
ther deterioration to the core. If left
unchecked, they can lead to damage
of the stator core, windings, and the
machine as a whole.

There are several setup challenges
important for you to consider during
analysis and trending of ELCID test
results, ATCO Power’s Ryan Harrison,
the 2018 chairman of the Generator
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A3. Circuitry and components required for the Chattock potentiometer are

complex
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Users Group, told attendees—includ-
ing the following:

Core length. Depending on the
operator and OEM versus non-OEM,
different core lengths often are used.
This leads to scaling issues in the
traces and makes exact positioning a
challenge.

Polarity. The orientation of the
Chattock coil, and the orientation of
reference transducer can lead to inver-
sion of the quadrature signal.

Slot numbering. Decide whether to
number the slots clockwise or counter-
clockwise, and which slot you select
as Slot No. 1.

Trending areas of interest. Results
are often standalone and on various
scaling in the report. This makes
assessment of areas of interest more
difficult and, in some cases, more
judgement-based. In addition, the digi-
tal files, which have valuable informa-
tion such as phase current, often are
not retained by the site/tester.

Software. The owner doesn’t neces-
sarily have the software to read the
digital file. Furthermore the software is
needed to export the values to a usable
format. But only software “*.csv” is
available; it is free to download.

Filtering. The raw data files have
noise, and filtering is applied to the
final reported results. While not nec-
essarily a problem it can be valuable
to look at the raw data for which the
original data file is needed.

Duration between tests. Depending
on the machine, the duration can be
quite long. Results can be lost over
time which is important for establish-
ing baseline values and fault tracking.

Several trending challenges also
were discussed and illustrated by
Harrison—for example, filtered versus
unfiltered, noise, inversion of signal,
alignment, vertical scaling, and verti-
cal offset. Digital data can alleviate
some of the challenges associated
with trending; however, there is not a
commercial solution available to help
with this review. Harrison presented
a scripted Matlab-based solution with
alternative graphic representations.

Electromagnetic signal
analysis

The signal capture equipment
employed by Duke Energy until 2011,
Kent Smith, Duke Energy’s manager
of generator engineering, told the
group, was the EMC30-MKIV; today
the Agilent E7402A. National Instru-
ments’ Labview 8.5 program was used
to control (standardize) data capture.
Frequency of data capture on 74 gen-
erators in the fleet was annually on
large steam units and so-called Tier
1 gas turbines; “when available” on

Sponsored by Mechanical Dynamics & Analysis (MD&A)

A4. Sensing fiber is easy to identify on top of stator wedges

smaller GTs.

The Labview program data-capture
process was in four ranges of 2000 points
each, as recommended by AEP /User’s
Group: Range 1, 30 - 300 kHz; Range
2, 300 kHz to 3 MHz; Range 3, 3 - 30
MHz; Range 4, 30 - 100 MHz. At the
end of each range the program pauses
to allow manual capture of peak signa-
tures. The program consolidates all four
ranges and displays signature. After
signature is saved, the peaks of interest
are demodulated, viewed on-screen, and
saved to file. The data then are manu-
ally imported into Excel for reporting.

Smith, the GUG’s immediate past
chairman, then discussed two exam-
ples of data taken, aided by several
slides showing signal analyses:

B Crystal River Unit 4. It was taken
offline for testing in 2005. Results:
Passed the Hydraulic Integrity
Test (HIT); B phase megger was
low (<500 Meg). Online testing in
2005 revealed a small amount of
higher-frequency noise. In 2010,
the electromagnetic signal analy-
sis (EMSA) signature revealed a
“hump” in mid-frequency range and
had more of the higher-frequency
noise. Work performed in 2010
included rewedging, the rotor mod
recommended in TIL 1292, “Gener-
ator Rotor Dovetail Cracking,” and
repair of five major clip leaks. In
addition, the isophase ground flex
link at the generator bushings was
found pitted and overheated; the
link was replaced. A stator rewind
was scheduled for 2011.

B Crystal River Unit 5. Online testing
in 2010 found high EMSA signa-
tures in the low and mid frequen-
cies. Shaft voltage readings were
extremely high (30 Vdc) and EMI
sniffer was screaming at the exciter
end. Later in the year, offline testing
found hydrogen seal grounded, the
HIT Skid test passed, and B phase
resistance was 700 Meg with PI < 2.
The hydrogen seal was coked and

pitted (electrolysis). A new hydrogen

seal was installed but personnel could
not get the new hydrogen seal insu-
lation package to have a very good
megger; resistance was acceptable,
but suspect. Sniffer readings were still
high. A stator rewind was scheduled

in 2012.

Future plans include having base-

lines on all generators (even those
for small GTs), developing database
on failure mechanisms with signa-
ture data, expanding the program to
include large motors, developing a
continuous online monitor ported to
PI for Tier 1 generators.

Fiberoptic temperature
measurement for
continuous monitoring

While generator core failures aren’t
common, their potential impact is up
to the catastrophic level. Most genera-
tor cores are only indirectly monitored
online through embedded RTDs situated
between top and bottom stator bars at
specific locations in particular core slots.
These point sensors offer little protection
to the large volume of the core.

Offline core testing, such as ELCID
or ring/loop testing, can catch devel-
oping core issues, but both tests offer
challenges in correlating measured
values to actual online temperatures,
and neither one offers protection from
emergent issues online.

Fiberoptic temperature monitoring
shows great promise in advancing core
protection by permitting measurement
of distributed temperatures along a
length of fiber line, Calpine Corp’s
Director of Outage Services Craig Spen-
cer told the group. Working with Fiber
Optic Sensors LL.C and Oz Optics Ltd,
Calpine installed a proof-of-concept
application into one of its Hermiston
(Ore) combined-cycle generators. The
sensing fiber was installed on top of
the stator wedges (Fig A4), though an
ideal installation would be under the
wedges in the base shim stock.

Once online, temperature readings
from the fiberoptic line compared well
against the existing RTD readings.
More importantly, excellent data
curves emerged which clearly dem-
onstrated the stator zone-cooling tem-
perature affects along the length of the
fiber (Fig A5). There were some small
anomalies in the data, but personnel
suspected these were installation-
driven variances, to be proved out in
the next test case.

Overall, the results were very
encouraging for developing advanced
online core thermal protection, as well
as for additional applications of distrib-
uted temperature sensing.



Ab5. Color curves show temperature readings at various loads; solid red line
is the length of the installed fiber

B. Stator
windings and
bus systems

Stator design

Ed Winegard, GE’s principal engineer
for armatures, opened his presentation
by noting the high radial slot forces
that must be contained in the stators
of modern power generators—ranging
from 10 to 110 pounds/inch of slot.
Fortunately, he said, these forces are
predominately downward, adding that
about half the slots in a given stator
retain bars for different phases, about
half the same phase.

For slots with both bars in the
same phase the force will be down-
ward on both bars, he said. When
the bars are for different phases, the
force on the top bar will be slightly
upward. Some type of compres-
sion system—top ripple springs, for
example—is required to minimize
bar movement and ensure it remains
seated in the slot (Fig B1).

Bar lateral forces are minimal, Win-
egard continued. However, he pointed
out the inherent tangential motion of
the slot teeth caused by radial deflec-

B2. Rotating magnetic field drives

a rotating deflection of the stator core
which causes alternating motion of the
teeth on either side of the stator bar

tion of the core (Fig B2). This motion
and its effect on the stator bar must be
minimized. A similar method of ensur-
ing the bar remains in contact with the
slot wall is required and the side ripple
spring (refer back to Fig B1) is ideally
suited to meet this requirement.
There are also important stator
wedging considerations which must be
met, Winegard said: material properties
(stiffness, creep, thermal aging, abra-
sion, etc), dimensions and tolerances
(design clearances, tolerance stack up,
component machining quality), assem-
bly process (standard methods and
sequence, compensation of assembly

Side ripple spring

\

Filler/RTD

Groundwall insulation

Copper ﬁwds

Filler

Top ripple spring\

Side ripple spring

variation), and inspection (qualitative
and quantitative validation).

Aeropac rewind

The Siemens Aeropac generator dis-
cussed by Derek Hooper, president of
BPHASE Inc, a small repair, inspec-
tion, and consulting company special-
izing in gas-turbine generators, was
rewound by Alstom in 2014 because of
moderate-to-severe spark erosion (Fig
B3). Numerous concerns were experi-
enced with this rewind, including the
following: injection of clear resin into
the dry tie material used made it dif-
ficult to determine if the cord was fully
saturated (Fig B4), difficulty in obtain-
ing proper series connection alignment
(Fig B5), and use of semiconductive
packing in the phase-break gaps to
attenuate partial-discharge damage.
Two years later, BPHASE per-
formed a minor inspection of the Alstom
rewind. Focus was on visual inspection
of the winding and evaluation of the
core keybars. The keybars were intact
and within torque specifications (Fig
B6). While there was no evidence of
keybar fracture in this unit, sister
machines had suffered such fractures
and plant personnel elected to reduce
the keybar torque from 300 to 200 ft-1b.

B1. Top ripple springs minimize the relative motion of bars in their slots, miti-

gate insulation degradation

=TT ——— o g s

B3. Siemens Aeropac generator was
rewound by Alstom because of the mod-
erate-to-severe spark erosion in evidence

B4. Resin was injected into the dry
tie material used in the rewind

GENERATORS



B5. Proper alignment of series con-
nections were difficult to achieve
because of bonding from the wet tie
materials used

B8. Dusting is evidence of move-
ment at the series connector interface
with the outboard ring

B6. Proper torqueing of keybars is
critical in preventing their fracture

i i /"f F

B9. Visual inspection reveals indica-
tions of two previous repairs using a
weeping epoxy

B7. Discharge oxidation at phase
splits is easy to see
E—

B10. Phase connection set-back had
at least one prior repair attempt using
the same epoxy

There was visible evidence of dis-
charge oxidation at the phase splits
(Fig B7). There was also significant
evidence of movement at the series-
connector interface with the outboard
ring (Fig BS).

Because of vibration concerns,
it was felt that blocking should be
installed between the series connec-
tions for additional support. However,
this would require bump testing. The
outage was too short to allow neces-
sary disassembly and the decision was
made to install series blocking in short
groups to limit any effect on the global
modes of the baskets.

Monitoring of
endwinding vibration

Iris Power’s Mladen Sasic discussed
monitoring of endwinding vibration.
Although the problems associated with
movement of endwindings are not new,
because of changes in the design and
operation of generators these issues
have become a greater concern in
recent years.

The endwinding region of large
turbine/generator stator windings is
one of the most complex parts of a
generator relative to design, manu-
facturing, and maintenance. During
normal operation, the endwindings
are subject to high mechanical forces
at twice power frequency because of
currents in the stator bars, as well as
mechanical forces transmitted via the

Sponsored by Mechanical Dynamics & Analysis (MD&A)

core and bearings at rotational speed.
Furthermore, during power system
transients, the forces in the endwind-
ing can reach 100 times higher than
that of normal operation.

The design of the endwinding also
must account for thermally induced
axial expansion and contraction as
the generator is loaded and unloaded.
Metallic components to restrain the
movement of stator bars caused by
these forces normally are avoided
because of the presence of high mag-
netic and electric fields.

Sasic shared his knowledge on the
installation of vibration sensors, offline
test results, and online monitoring data
from a 288-MVA, 21-kV, air-cooled
generator. Offline impact test data led
to installation of fibreoptic endwinding
vibration sensors. Continuous online
monitoring of these sensors revealed
an increase in vibration level, encourag-
ing a visual inspection and bump test
of the endwinding. The inspection/test
confirmed loosening of endwinding sup-
port structure. Timely corrective main-
tenance was then possible to prevent a
costly in-service failure.

Connection-ring
inspection and repairs

Inspections of connection rings typi-
cally are focused on the physical sup-
port structure-to-ring interface. While
there are other factors to consider—
such as the connections to bars or

coils and inner cooling circuity—they
aren’t as common an issue and should
become apparent through other test-
ing, MD&A Generator Specialist Keith
Campbell told GUG attendees.
Thorough visual inspection is vital
to an accurate assessment of the over-
all condition of the rings. The 10 photos
here illustrate typical problems associ-
ated with undesirable movement. To
begin, the ties in Fig B9 offer indica-
tions of two previous repairs using a
weeping epoxy. While oil intrusion
was a contributing factor, the contami-
nation (greasing) was removed well
enough to allow for an adequate repair.
Fig B10is of a phase-connection set-
back that had at least one prior repair
attempt using the same epoxy. In this
case, the contamination was under the
ties and blocking, and could not be
removed by cleaning alone. Fig B11
reflects an overall looseness in the end-
winding structure as indicated by the
large amount of greasing throughout.
This was conducive to the possibility of
a catastrophic failure. Fig B12 is of an
original blocking and tie arrangement
that does not meet quality standards.
Fig B13 shows a continuation of the
previous repairs by additional appli-
cation of epoxy. Fig B14 reveals ties
removed for a better cleaning and appli-
cation of new ties. Fig B15 is the result
of excessive movement that dictated
reinsulating and securing of components
with a different material and by differ-
ent methods than used by the OEM.

$1



B11. Overall looseness in the end-
winding structure is evident from the
large amount of greasing

B14. Ties were removed for a better
cleaning and application of new ties

Repairs complete, Fig B16 shows
the new tie after the old tie and block-
ing had been removed, cleaned, and
new conforming material had been
added. Fig B17 illustrates the areas
where epoxy was applied; the Fig B18
photo was taken after repairs to the
endwinding structure were completed.

Hot-spot detection

NV Energy’s Jagadeesh Srirama, a
member of the GUG steering commit-

B12. Original blocking and tie
arrangement does not meet quality
standards

B15. Damage caused by excessive
movement was corrected by reinsulating
and securing with different material and
methods than those used by the OEM

B17. Areas where epoxy was applied are clearly visible

tee, profiled for attendees the recent
inspection of a 391-MVA Alstom
steam turbine/generator for an F-class
combined cycle. This unit was put in
service in 2004 and high vibrations
had been recorded since installation.
No issues were identified during a
MAGIC (Miniature Air Gap Inspec-
tion Crawler) inspection done in 2013
and all the electrical test results were
acceptable during this outage.

B13. Previous repairs continued with
application of additional epoxy

B16. New tie stands out after removal
of the old tie and blocking, cleaning, and
addition of new conforming material

The unit was inspected again during
a 2017 outage for simultaneous gas tur-
bine, exhaust structure, and generator
work. MAGIC identified four hot spots
in the core iron and ELCID testing
confirmed damage at those locations
with exceptionally high readings of
1998, 1363, 674, and 976 mA. In addi-
tion to the hot spots, foreign material
was found in the air gap. Management
decided on immediate corrective action.
To address the hot spots, it was neces-

B18. Endwinding structure after completion of repairs
GENERATORS



B19. Visual inspection of the sta-
tor identified several locations where
overheating had occurred

B22. Source of the foreign matter
shown in Fig B20 was a very loose
tooth package

B20. Core lamination material
proved to be the foreign matter found
during the inspection

B23. Damaged areas had a coat of red
dye applied to weep into the lamina-
tions before coating with a buff paint

sary to remove the field—a challenge
at this outdoor plant with major plant
repairs already underway.

After rotor was removed, visual
inspection identified several spots
with obvious overheating similar to
that in Fig B19; the debris was identi-
fied as core lamination material (Fig
B20). Near the endwindings, some of
the side packing had come loose and
was migrating upwards into the air
gap (Fig B21).

The lamination pieces came from
a grossly loose tooth package, photo-
graphed in Fig B22. This tooth area
was cleaned, inspected, and trimmed
to make sure no more of the punchings
would liberate. Mica then was placed
in the shorted area and a tapered
wedge inserted into the tooth to tighten
the package. This wedge was epoxied
in place. Note that the core step iron
will have to be replaced when the sta-
tor is rewound in the future.

The side packing that came up
from the top of the bar (refer back to
Fig B21) was removed, air dry var-
nish applied, and new side packing
installed. All damaged areas had a
coat of red dye applied to weep into
the laminations before coating with
buff paint (Fig B23).

Importance of flex link
maintenance

Duke Energy’s Dave Fischli, manager of
generator engineering, and vice chair-
man of the GUG steering committee,
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reviewed for attendees the case history
of a Westinghouse 818-MVA, 20-kV
generator (COD 1981) that tripped
on an A-phase neutral ground only a
couple of months before the meeting.
The machine’s field and stator had been
rewound by Alstom in 2005.

Subsequent to the trip, a fire was
reported at the lead box on the genera-
tor; site emergency responders used
ABC dry chemical to extinguish the
fire as the unit coasted down. Exter-
nal visual review showed significant
damage to the A-phase lead area, with
heat damage to the B-phase bushing
area. Post-event data review showed
some electrical anomalies starting
eight minutes before trip.

Inspection revealed significant dam-
age to the A-phase links; none of the 32
links remained intact (Fig B24). B- and
C-phase links all were connected and
appeared fine (Fig B25). There was a
heavy layer of soot on the CTs for both
the A and B phases, plus contamina-
tion at the bottom of lead box from
fire-damaged components (Fig B26).

Investigators concluded that loose
connections on one or more flex links
caused a high-resistance contact which
allowed current to flow through the
bolt rather than the link contact sur-
face area, and the bolt melted. Thus,
loss of one flex link shifted its current
to the remaining flex links, adding
heat to them and amplifying the loose-
connection problems and degraded
condition of other flex links.

The A-phase links were too heavily

B21. Loose side packing found
near the endwindings was migrating
upwards into the air gap

Flex links with
melted bolting

B24. Significant damage was done
to the A-phase flex links

B25. B- and C-phase links were all
connected and passed visual inspection

Y -
¥ -Jll. S ..
B26. Burning of gasket/sealing mate-
rials produced a heavy layer of soot




B27. The condition of Belleville
washers used to secure phase links
was called into question. Some had
flattened out from repeated use, some
had been installed upside down

B28. Some flex links were found in a
frayed/degraded condition

B29. Arc damage is revealed on a
bolted joint’s bus face

B30. Flexible connector’s cracked
laminations were caused by vibration
or air flow

¥

B31. Rubbing and/or abuse damaged
these flex braids
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damaged to record torques, but torque
checks performed when removing
links from the B and C phases were
satisfactory. Some Belleville washers
removed from the B and C phases had
been flattened out from repeated use,
others had been installed upside down

(Fig B27). Flex links from the B and

C phases also revealed fraying and

degradation (Fig B28). It was evident

that previous visual inspections had

not been sufficiently rigorous to iden-

tify degraded links for replacement.
Consequential damage. The

ABC dry powder extinguishing agents

include chemicals such as sodium

bicarbonate, potassium bicarbonate,
ammonium sulfate, and ammonium

phosphate. These chemicals act as a

desiccant, absorbing moisture, and

under humid conditions become conduc-
tive. They are alkaline in nature and
corrosive to electrical insulation and
metal components within the generator.

There was extensive contamination
of the lead box and exciter internals by
soot and smoke particles. Basic clean-
ing was performed of all accessible
areas without complete disassembly.

Follow-up inspection and full cleaning

is planned for a 2018 outage.
Lessons learned:

B Ensure work-order instructions are
written correctly.

B Ensure craft technicians are trained
on the importance of assembling
high-current connections properly.

B Ensure flex links are completely
removed for electrical isolation—not
just unbolted on one end and bent
back out of the way.

B Ensure fire extinguishers staged
around generator and other elec-
trical equipment are CO9 or Halon
(not ABC chemical).

Preventive maintenance
of bus duct systems
important

RMS Energy’s Jesus Davila reviewed
for attendees the several types of
bus systems and components: cable
bus, non-segregated and isolated-
phase bus, terminations and dis-
connect links, insulating materials,
expansion joints, seal-off bushings,
etc. Each of these requires special
maintenance. Critical items on the
bus duct include flex/bolted connec-
tions (current carrying), expansion
bellows/joints, insulators and mount-
ings, seal-off bushings, groundings,
and insulated joints. Examples of
some of the issues discussed by

Davila were the following:

m Electrical connections. Arc damage
to bolted joint bus face (Fig B29).

B Flexible connectors. Cracked lami-
nations caused by vibration or air
flow (Fig B30); flex braids damaged
by rubbing and/or abuse (Fig B31).

B Improper bolting or lack of mainte-
nance at connection points. Dam-
aged contact surfaces and gross
heating issues (Fig B32).

B Expansion-bellows damage attrib-
uted to excessive movement often
resulting in cracks (Fig B33).

B Bus failures. Overheating of non-
segregated bus attributed to a lack
of maintenance (Fig B34); line-to-

B32. Improper bolting and lack of maintenance are conducive to damaged

contact surfaces at connection points

1

B33. Excessive movement of expansion bellows is conducive to cracking damage
GENERATORS



B34. Overheating attributed to a lack of
maintenance destroyed this non-seg bus

. o T "
B35. Melting of the bus enclosure
was caused by a line-to-ground fault

ground fault causing melting of the

bus enclosure (Fig B35).

Most of the deterioration condi-
tions listed above can be detected,
particularly in advanced stages, by
visual examination and/or tempera-
ture monitoring. All require immediate
attention to prevent major equipment
failure. If the condition is found before
failure, refurbishment usually can be
accomplished by obvious and/or well-
established procedures.

C. Fields and
excitation
systems

Rotor arcing and repair

A common and destructive phenomenon
in generators is negative sequence
currents (Iz), MD&A Project Engineer
Chris Keathley told GUG 2017 attend-
ees. These can be caused by unbalanced
three-phase currents, unbalanced
loads, unbalanced system faults, open
phases, and asynchronous operation.
The result of Is currents may be rotor
body currents that can damage the
rotor forging (Fig C1), retaining rings
(Fig C2), slot wedges (Fig C3), and to a
lesser degree, the field winding.
Three case studies were reviewed
by the speaker, who brought to MD&A
16 years of experience with a major
utility as a turbine/generator engineer,
and another five years with the OEM.
Case Study No. 1. A 500-MVA,
22-kV, 3600-rpm generator had
been involved in a motoring event
of unknown size and duration five
years before the inspection described
was conducted. A visual assessment
revealed relatively minor problems—
such as slight burning between wedg-
es, significant burning on wedge
ends, and burning of the forging at
wedge junctions. Eddy-current test-
ing revealed 290 indications. Affected
areas were cleaned and blended. A

TIL 1292 (“Generator Rotor Dovetail
Inspection”) repair on the Coil No. 1
Slot was done and steel wedges were
replaced with aluminum (except end
wedges). A high-speed balance and
heat run were conducted after rewind.
Case Study No. 2. A two-pole field
suffered a double ground fault that
caused severe arcing damage to the
rotor, including melted material and
cracking on a tooth (Figs C1 and C4).
NDE of the area revealed a through-
wall crack and an engineering evalua-
tion determined the rotor unacceptable
for operation. A temporary weld-repair
solution was proposed to get the unit
back in service until a replacement
rotor could be obtained. The damaged
portion of the tooth was removed (Fig
C5) and the tooth reconfigured with
weld build-up, rotor heat treatment,
and re-machining of the tooth (Fig C6).
Finite-element models of the rotor
and slot tooth were created to obtain the
various stresses along the tooth height,
the weld fusion line/HAZ, and the
highly stressed wedge groove fillet radi-
us. These stresses and mechanical prop-
erties were used in fracture-mechanics
calculations; favorable results sup-
ported acceptance of the repair. A
fatigue analysis of the repaired tooth
suggested the reworked rotor was good
for 150 start/stop cycles or 10 years of
operation, whichever came first.
Case Study No. 3. A generator
experienced a collector failure and
ground to the main shaft that caused
major arcing and heat damage to the

C1-C3. Negative sequence currents are a common and destructive phenomenon associated with generators. The
result of these o currents can be rotor body currents that can damage the rotor forging (left), retaining rings (center), and

to a lesser degree, the field winding (right)

C4-C6. A double-ground fault caused severe arcing damage to the rotor, including melted material (refer back to Fig
C1) and cracking on a tooth (left). The damaged portion of the tooth was removed (center) and replaced by weld build-up
with appropriate heat treatment and re-machining of the tooth (right)

Sponsored hy Mechanical Dynamics & Analysis (MD&A)
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C7-C10. Collector failure and ground to the main shaft caused major arcing and heat
damage to the end of the generator rotor forging, which could not continue in opera-
tion as found (Fig C7). The shaft was severed just outboard of the journal and bolt holes
drilled and tapped for the new stub shaft (Fig C8). The assembled new shaft extension
is in Fig C9 and the final assembly with fan and collector rings in Fig C10

ence, showed and discussed numerous
photographs to illustrate the inspec-
tion, failure modes, and repair of col-
lector rings.

Inspection. Typical conditions found
during inspection are shown in photos
C11-C15. Threading and grooving
(Figs C11 and C12) naturally result
from the wear and tear of long service.
Photography (Fig C13) is not common
nor well understood; it describes the
phenomenon in which the pattern of
the brush holders is replicated on the
rings. There is inevitable contamina-
tion associated with the collector (Fig
C14) from sources that include brush
wear, induction of foreign material
with the cooling-air flow, and uncor-
rected arcing. Massive contamination
is caused by flashover failure (Fig C15).

Failure. Typical problems resulting
from failure are seen in the photos
C16-C19. In the first, the right ring
was severely burned by a flashover
to ground or severe arcing from poor
maintenance. The adjacent image
shows a similar condition but with
the brush holder removed. Fig C18
is of damage to the main shaft from

end of the generator rotor forging (Fig
C7). The amount of damage and heat-
affected material made the shaft end
forging unacceptable for continued
operation. Stub-shaft replacement was
proposed and accepted by the owner.

This was a major undertaking.
The shaft was severed just outboard
of the journal and bolt holes drilled
and tapped for the new stub shaft (Fig
C8). The assembled new shaft exten-
sion is shown in Fig C9, and the final
assembly with the fan and collector
rings in Fig C10.

To conclude, negative sequence
events and ground faults are prevent-

s-14

able by good operation and monitoring
equipment. When those defenses fail,
considerable damage can occur. How-
ever, it does not always mean that the
damage cannot be repaired and the
unit returned to service. These case
studies show that even when there
is damage, advanced welding and
machining processes can restore the
unit to service relatively quickly.

Collector rings:
Inspection and repair

MD&A'’s Keith Campbell, an industry
veteran with four decades of experi-

C11-C15. Typical conditions found
during inspection of collector rings
are threading (Fig C11), grooving (Fig
C12), photographing (Fig C13), con-
tamination (Fig C14), and heavy con-
tamination (C15)

severe arcing to ground, C19 shows
corresponding arc damage to the ring
inside diameter.

Repairs. Figs C20-C22 illustrate
steps in replacing an old collector
with a new collector, Fig C23 is of a
grinding operation for truing a worn,
or new, ring.

An unusual generator
field ground

The incident profiled here by John
Demcko, PE, a senior consulting engi-
neer at Arizona Public Service Co and
member of the GUG steering commit-
tee, occurred at an APS plant equipped
with three single-shaft combined cycles
installed in the mid-1970s.

The generators serving these units
are rated 146.7 MVA/13.8 kV; they were

GENERATORS



retrofitted with static excitation sys-
tems and redundant digital regulators
several years ago. This update included
a modern 64F field ground detection
system, which experienced a continuous
field ground alarm over a year ago. The
incident was treated routinely—that is,
management was informed.

Management was made aware of
the risks associated in running with a
known ground. The decision was made
to remain online until an outage could
be scheduled to evaluate the situation.
When that happened, a Megger test of
all components in the field winding
circuits showed no ground.

The 64F relay is only opera-
tive when there is excitation on the
machine since it is powered from
the excitation power potential trans-
former. With the unit offline and not
spinning the 64F was powered up with
a “cheater” cord. No field ground was
detected by the relay in this configura- < =
tion. The 64F relay was switched out C16-C19. Problems resulting from collector-ring failure include burn-
for an identical spare which also indi- ing caused by flashover to ground or severe arcing from poor mainte-
cated no ground with the unit offline  nance (Figs C16 and C17 with brush holder removed), main-shaft dam-
but did indicate one with it spinning age caused by severe arcing to ground (Fig C18), and arcing damage to
and the field energized. the ring ID (C19)

ok - ¢ i . FE | =

C20-C22. Major steps in replacing an old collector with a new one are shown left to right

This implied that the ground was
on the rotor and was caused by the
centrifugal loading of the field winding.
The unit was put back in service and
was run almost daily with the apparent
field ground while a new 64F relay was
ordered from another manufacturer.
The new 64F was installed and behaved
exactly as the previous two relays.

A last-ditch effort was made to
spin the unit up to synchronous speed
with excitation off. Meggering of the
field via the carbon brushes and slip
rings found the resistance to be in the
megaohms range. There appeared to
be an impasse when a ground was
indicated in the field circuit but could
not be localized.

After re-verifying the accuracy
of all data taken, an investigation
was conducted to look for any other
elements that can fault to ground
when the exciter is running. Several
manufacturers of field ground detec-
tion equipment were asked if their : :
equipment could detect faults on the C23. Grinding operation for truing a worn, or new, collector ring

Sponsored hy Mechanical Dynamics & Analysis (MD&A) $:19
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C24. Brush holder design from OEM is said to avoid collector incidents stud-

ied by engineers

IP turbine

HP turbine
LP turbine

Exciter

C26. Typical configuration of a turbine/generator with exciter providing DC cur-
rent for the rotor field and the turbine mechanical power to turn the generator
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C27. AC and DC voltages can be induced in the shaft during rotation. Shaft
earthing monitoring systems can record and identify the sources of voltage and
current. Results from the voltage brush installed on the exciter end (typical) of
one unit illustrated here provide time, waveform, spectral content, and DC and

RMS values for analysis

AC side of the static excitation system.
Responses were mixed, but one vendor
said AC-side grounds can definitely be
detected, although their occurrence is
highly unusual.

Additional voltage-to-ground mea-
surements were made on the AC side
of the static excitation system breaker
for all three units. A fundamental dif-
ference in readings was noted on Unit 2
as compared to Units 1 and 3 which did
not have field grounds. This inferred
an AC side excitation system ground
was causing the 64F relay to indicate a
field ground. A precise physical model
of the static excitation system, includ-
ing the same 64F, was constructed. It
confirmed that an AC ground is eas-
ily detected by the 64F and the lab
measurements very closely matched

816

the data taken of the actual machine.
The unit will be operated until a

scheduled outage allows for AC fault

confirmation and repairs.

Brush-holder experience

John DiSanto’s presentation focused on
collector incidents and avoidance. The
GE senior engineer, who is responsible
for generator controls/excitation and
protection fleet-wide with the goal
of improving equipment reliability,
reviewed nine recent root-cause-anal-
ysis investigations.

They involved collector flashovers,
collector-ring overheating, improper
collector-ring assembly, and a dam-
aged insulating sleeve.

Two of the case studies illustrated

C25. Excitation systems have
evolved over the years from rheostats
prior to the 1950s (photo) to elec-
tromechanical amplifier in the 1950s
and 1960s, to magnetic/analog in the
1970s and 1980s, to today’s digital
excitation systems

unnecessary forced outages. One
involved overheating of the inner
collector-ring surfaces, molten brush
holders, and arcing of collector hous-
ing. The second case revealed a heavily
worn brush and brush-holder damage.

The collector surface was found to have

salt deposits and corrosion.

Daily, weekly, monthly, and out-
age inspection and maintenance were
reviewed. DiSanto also offered a
few comments on maintenance—for
example, the importance of cleaning,
collector-ring wear rates (1 mil per
1000 hours of operation is typical); per-
missible wear (the ring diameter can
be reduced but must always be larger
than the diameter of the bottom of
the spiral groove); maintaining proper
cooling on collector rings (design tem-
perature is 40C); and recommended
brush grade (National 634).

The presentation closed with a dis-
cussion of brush-rigging upgrades. GE
was said to have a well-defined set of
brush-holder design criteria, including
the following:

B Allow for safe installation and
removal of brush holders with the
generator online.

B Improve ease of brush and spring
replacement—no tools required.

B Eliminate brush “hang-ups” within
the holder by having a fully sup-
ported brush and a smooth/slick
brush pocket.

B Decrease the risk of flashover.

B Decrease susceptibility to brush
current selectivity—that is, uneven
current distribution among brushes.

m Allow easy integration for both
servicing and replacement across
all GE generator models.

The company’s most recent brush-
holder design for generators of mod-
erate size (Fig C24) was said to meet
these criteria.

GENERATORS



Digital excitation
replacing ageing
technologies

If you were relatively new to the indus-
try, listening to the presentation by
Basler Electric Co’s Richard Schae-
fer at GUG 2017 provided valuable
perspective on excitation systems. A
former chair of the IEEE PES Work-
ing Group, he’s “seen it all” in more
than four decades of service to power
producers. His CliffsNotes on the evo-
lution of excitation systems:

B Before the 1950s, rheostats (Fig

C25).

B 1950s and ‘60s, amplidyne.
B 1970s and ‘80s, magnetic/analog.
B Late 1980s through today, digital.

Several factors affect how quickly
systems become obsolete, he said—
including, available materials, present
technology, and available software.
Examples of materials availability
issues: carbon composition can no longer
be manufactured, warlords have taken
over the mines, material determined to
be hazardous. Examples of hardware
availability issues: primitive computers,
present-day powerful computers.

Schaefer noted actions that have
contributed to the slowing of obsoles-
cence—for example, purchase of com-
ponents from manufactures serving
major long-survival industries (such
as automotive), redesign of product
with new components where practi-
cal, purchase large volumes of obsolete
components.

Particularly in recent years, there
has been upward evolution in software.
For example multilingual capabil-
ity, built-in powerful testing tools,
enhancements to speed commission-
ing. Also there are options to facilitate
retrofit—for example, replacement
product fits into same location, provide
replacement excitation cabinets but
keep the power potential transform-
ers, keep SCR bridges and provide
new front-end electronics.

Shaft earthing
monitoring

Andre Tetreault, director of tests
and diagnostics at VibroSystM, and
co-author Bernard Lemay, PEng, the
company’s Zoom analytical software
expert, opened their presentation by
reminding the GUG 2017 audience
that, in the ideal, the generator shaft
should be electrically and magnetically
neutral during operation. The use of fer-
romagnetic materials in the construc-
tion of the shaft makes this component
extremely conductive and subject to
current flow and induced voltages. A
typical turbine/generator configura-
tion is shown in Fig C26; the exciter

Sponsored hy Mechanical Dynamics & Analysis (MD&A)

provides DC current for the field, the
turbine provides mechanical power.

At least one generator bearing is
insulated from ground. On other bear-
ings, a thin oil film is the only barrier
separating the shaft from the ground
and this film may not act as insulation
to current flow.

Both AC and DC voltages can be
induced in the shaft, causing potential
damage to the unit— especially the
bearings. Shaft earthing monitoring
systems can record and identify the
various sources of voltage and cur-
rent, allowing for analysis and damage
prevention. One brush is installed to
monitor voltage (diagnostics), usually
on the generator exciter end, and one
to monitor current (protection), usually
on the turbine end.

Results from the voltage brush are
shown in Fig C27. Time, waveform, spec-
tral content, in addition to DC and RMS
values, are available for analysis. Alarm
levels are set after results are analyzed.

Protection schemes using trends of
shaft currents are common, but do not
provide diagnostics. In many cases,
alarms triggered will confirm existing
damage, instead of detecting ongoing
issues and/or preventing future dam-
age. Voltage frequency profiles should
not evolve over time.

High-speed data acquisition, and
comprehensive diagnostics software,
allow for in-depth analysis of har-
monics to identify various anomalies.
Patterns such as high even harmonics
may indicate rotor alignment or stator
bar problems. If deviations are present,
other symptoms may include stator
vibration and/or bearing temperature
variations.

High DC levels should trigger a
ground connection investigation and
if the shaft is magnetized, bearing
temperatures should be verified.

D. Operation
and monitoring

Mini turbine/generator
model for training

John Demcko, PE, a senior consulting
engineer at Arizona Public Service Co
and member of the GUG steering com-
mittee, spoke to the industry’s knowl-
edge gap and work his company was
doing to bridge that gap. Many new
powerplant engineers and technicians,
he said, have no formal training on
how to bring generating units online
and take them offline. Nor are they
usually familiar with how generators
interact with the grid.

The 40-plus-year industry vet-
eran added that plant engineers and

technicians are good at addressing

mechanical issues but typically are

not well versed in the electrical char-

acteristics of synchronous machines. A

PowerPoint-only class had been offered

for many years at APS but personnel

were not being prepared adequately
for the challenges they faced daily.

Demcko’s department of four engi-
neers functions as a “consulting firm”
internal to the utility. Over the years,
electrical training responsibilities
defaulted to his group because it was
intimately involved with problems
on the generator, exciter, automatic
voltage regulator, and power-system
stabilizer. Since operating staff tend
to be “visual learners,” he contin-
ued, a physical model-based training
approach was proposed to manage-
ment. It was accepted and a wish list
of model functionality was developed.
The search began for a commercially
available training model.

The “wish list” of features desired
for the model included the following:
B Three-phase synchronous genera-

tor.

m Power level compatible with a nomi-
nal 5-amp CT output and 120-Vac
PT output found in utility genera-
tion.

m Utility-style control switches and
metering.

B Digital generation protection relay.

B Auto-synchronizer and emulation
of generator breaker function.

B Drive motor with the ability to
mimic turbine characteristics.

B Synch to grid at either 208 or 480
Vac.

B Have the look and feel of a typical
physical generator control panel.

B Portability (movability).

Search results. North American uni-
versities were canvased and educational
suppliers queried. Nothing commercially
available met all of APS’s requirements
at any price. Conclusion: The utility
would have to build a custom model.

Custom build. Team Demcko
received approval to build its own
model with a modest hardware budget.
Engineering and labor was to be done
by staff on a time-available basis—
such as between regular assignments.
Cost of the model would be contained
by purchasing/scrounging as many
components as possible off-the-shelf.
A target of one year was established
for completion of the model.

Results/observations. The model,
highly modular in construction, took
two years to complete because of
limited availability of labor (Figs D1
and D2). It was good for troubleshoot-
ing but had many terminal blocks
for interconnection that could loos-
en. Classes started in April 2017; 102
APS employees were trained. The first
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(center), and core looseness (right)

four weeks of onsite plant training was
completed near the end of August with
84 attendees. Remainder of the fossil
fleet (several hundred “students”) was
scheduled for onsite training before
yearend. Results: Almost all the design
targets were achieved, but some refine-
ments to the model were suggested.
One use of the model that Team
Demcko did not fully anticipate was for
training plant operators in manually
closing the generator breaker to synch
the unit. While an auto-synchronizer
normally is relied on for this task, APS
expects its control operators to have
the ability to do it manually. Trainees
appreciated being able to practice syn-
chronizing the generator with the elec-
tric system using the model, without
risking damage to critical equipment.

Generator abnormal
operation

Ron Halpern of Generator Consulting
Services opened his presentation by
defining “abnormal operation” as any
operation outside normal operating
parameters that could damage the
generator—such as operation outside
of the generator capability curve.
The speaker, who has been involved
with generators for well over 40 years,

25 of those at GE, focused his presen-

tation on the following:

B Stator—including core, oil, hydro-
gen leaks, grounds, stator cooling,
water leaks and restrictions, bush-
ings, and frame.

B Rotor—including grounds, shorted
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D3-D5. Causes of core failures include foreign object damage, lamination insulation failure (left), damage from repair work

ks

D6. Core over-fluxing in the extreme
may cause total destruction of the
core

D7. Collectors are the most signifi-
cant contributor to operations-caused
forced outages

turns, thermal sensitivity, shaft
voltage, and collectors.

B Auxiliaries—including loss of hydro-
gen seals, coolers out of service, and
on moisture corrosion and contami-
nation.

B Electrical and grid—including over
fluxing, off-frequency operation,
loss of synchronization, motoring.

Typical abnormal-operation
events discussed included the fol-
lowing:

m Core failures. They may be caused
by foreign object damage, lamina-
tion insulation failure (Fig D3),
damage from repair work (Fig D4),
loose core (Fig D5), etc.

m Core over-flux, a complex phenome-
non. Protection is via volts-per-hertz
relay. Minor over-fluxing (105%-
110%) increases core losses and
elevates core temperature but should
cause no damage. Over-fluxing above
110% saturates portions of the core
to the point that flux flows out into

adjacent structures and, if sufficient
and sustained, may cause total core
destruction (Fig D6).

B Rotor ground. The excitation system
is ungrounded and a single ground
will not cause damage (unless the
cause is a broken conductor or coil
short). However, a second ground
can be disastrous. There are many
possible causes—including ground-
wall insulation breakdown, contam-
ination, electrical arcing, displaced
insulation, and water intrusion
into the exciter. Collectors are the
most significant contributor to
operations-caused forced outages
on generators; the results can be
dramatic and dangerous (Fig D7).

B Rotor turn/coil shorts. Shorts may
not be a problem unless excessive
and you run out of current, or if they
result in high thermal-sensitivity
vibration. But they can be destruc-
tive (Figs D8-D10).

B Thermal sensitivity can be prob-

GENERATORS
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D8-D10. Rotor turn/coil shorts may not be a problem unless excessive; then they can be troublesome and destructive
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D11, D12. High stop/start counts caused by must-take renewables have adversely impacted generator availability and con-
tributed to higher maintenance costs. Data for two different units reflect the dramatic increase in starts in the last 10 years

lematic. It causes rotor vibration
to change as the field current is
increased and can cause rotor bow-
ing when (1) the temperature distri-
bution is uneven circumferentially
around the rotor and/or (2) axial
forces are not distributed uniformly
in the circumferential direction.
The phenomenon, characterized
by a once-per-revolution frequency
response, may limit operation at
high field currents or VAR loads
because of excessive rotor vibration.
B Shorted-turn detection. The most
reliable method for detecting shorts
is by use of a flux probe. The technol-
ogy 1s well understood and reliable.
Other items briefly discussed
included oil in the generator, stator-
bar slot support systems, high- voltage
bushing, seal leaks, noise causes and
investigations, and damage prevention
in general.

Effects of negative-
sequence and off-
frequency currents

From early on, AC synchronous gen-
erators were designed to produce
three-phase balanced voltages at their
terminals, began Dr Izzy Kerszen-
baum, PE, of IzzyTech. Over time,
the design also incorporated features
to reduce the harmonic content of the
generated voltage. In the case of gen-
erators, the problem was (and still is)
mainly related to unbalance in the
load currents, while in the case of AC
motors, the problem was (and still is)
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related to unbalanced supply voltage.

The negative-sequence current
component circulating in the stator
windings creates a magnetic flux in
the airgap of the machine, continued
Kerszenbaum, a well-respected teacher
of things electrical and prolific author
with more than 40 years of service
to the industry. This flux rotates at
synchronous speed, but in the direc-
tion opposite to the positive flux (the
“normal” flux), he explained.

The rotor, also rotating in synchro-
nous speed in tandem with the positive
magnetic flux, is subject to a 2x syn-
chronous frequency magnetic flux, by
the negative flux. Then, by the law of
electromagnetic induction (Faraday),
2% synchronous frequency voltages
and eddy currents are induced in the
rotor body. Given that these induced
currents have a periodicity of 120 Hz
in 60-Hz systems or 100 Hz in 50-Hz
systems, they tend to flow mainly in
the outer regions of the rotor, because
of the “skin effect.”

Net result: If large enough, the
induced currents will spark and arc
between wedges, wedges and forging,
wedges and retaining rings, forging
and retaining rings, and any compo-
nent on the periphery of the rotor. Such
sparking/arcing can cause hardening
of the metal in critical areas, followed
by the generation of cracks.

From the foregoing, it is obvious
that negative-sequence current car-
ries with it the potential to cause
significant damage to the genera-
tor; thus, protection against these

currents must be provided. In the
event a large negative-sequence
event occurs, (as with a major short-
circuit between phases in the vicin-
ity of the machine), it behooves the
operators to carry out an assessment
of the possible damage incurred by
the machine, followed by a proper
inspection, if warranted.

Impacts of cycling duty

Generators built during the gas-
turbine order/installation “bubble” in
the late 1990s and early 2000s, look
very much like their predecessors
built in the 1950s, 1960s, and 1970s.
However, unlike their predecessors,
the newer machines are not giving
the 20 to 30, or more, years of reliable
service expected.

OEMs have designed similarly
sized machines for MVA ratings
40% to 50% higher than their pre-
decessors, while pushing material
capabilities to their maximum. Plus,
demands on equipment have been
exacerbated by the need to cycle
these generators hundreds of times
annually to accommodate must-take
renewables.

Generators were designed to run at
base load or, worst case, for minimal
annual start/stop counts—perhaps 50
to 75. However, as the charts in Figs
D11 and D12 for two case histories
show, they are seeing 250+ starts
per year. Units in renewables-heavy
markets are exceeding 350-400 annual
starts. This takes low-cycle stresses
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D13. Severe core and wedge loose-
ness was found during the first major
on a 7FH2 generator

D14. Series connection braze failure
caused a phase ground

from thermal expansion/contraction,
and moves it into a high-cycle realm.
The end result is that units are either
suffering in-service failure or, at a mini-
mum, are requiring very costly repairs
or maintenance/upgrades at their first
major outages, within 10 to 15 years.
In his presentation, AGT Services
Inc’s Jamie Clark pointed to common
weaknesses exacerbated by these high
cycling operations—including loose
stator wedge systems (Fig D13), axi-

ally loose core iron, loose endwindings,
global endwinding dusting or broken
ties, loose belly bands, bar movement
in the stator slots, high partial dis-
charge and resulting corona damage,
and increased opportunities for seal-
oil problems resulting in oil entering
the unit, which further accelerates the
previous issues.

In the field, the impact is found
in cracked or failed main leads, pole/
pole and coil/coil crossover jumpers,
migration of slot armor, deformation
of field endwindings, loose/missing/
broken distance blocking, migrat-
ing coils, insulation, or amortisseur
springs resulting in blocked cooling,
thermally sensitive fields, rapid turn
short development, and myriad other
issues (Fig D14).

Generator cyclic duty

In recent years there has been a chang-
ing of the generator lifecycle. These
machines originally were intended
for baseload operation and 30 years
of service. There has been an industry
shift to frequent starting/stopping, load
cycling (described as more than two
20% changes in megawatt output in
a 24-hr period with two primary load
cycles (50% - 100%) in a typical day),
VAR cycling, and seasonal influences.

Frequent starting/stopping imposes
additional stress, with faster degra-
dation of insulation and components,
negative impact on generator life,
higher risk of in-service operating
incidents—all likely contributing to
increased maintenance.

Cyclic duty involves start/stop

operation, load cycles, and power-
factor changes. Impact on stators
includes vibration transients, ther-
mal and mechanical stresses, and
core-end heating. Some of the effects
on stator windings and core are high-
and low-cycle fatigue, insulation
abrasion, strain, shorts or grounds,
localized overheating, and core-iron
melting. Typical failures are strand
cracking and fracture (Fig D15), lead
fracture and extensive arc damage
(Fig D16), and insulation abrasion
(Fig D17).

Cyclic-duty impact on rotors
includes copper distortion, insulation
breakdown, shorted turns, connector
failures, grounds and forging damage.
Typical resulting failures are shown
in Figs D18-D21: slot liner abrasion,
insulation fracture, copper distortion,
and blocked vent (left to right).

Twenty-five-year GE veteran Ed
Winegard, currently principal engineer
for armatures, described for attendees
several design features developed to
accommodate cyclic operation. You can
access a copy of Winegard’s PowerPoint
on the Power Users website at www.
powerusers.org.

Maintenance and inspection sug-
gestions for cyclic duty, also covered in
the presentation, include the following:
B Maintain equipment in accordance

with GEK 103566.

B Conduct additional testing during
scheduled outages.

B Perform regular borescope and

robotic inspections.

Do modal testing of endwindings.

Provide for additional monitoring

during operation.

D15-D17. Failures in stator windings associated with cyclic duty include strand cracking and fracture (left), lead frac-
ture and arc damage (center), and insulation abrasion (right)

L

D18-D21. Impacts on rotors of cyclic duty include the failures shown in the photos above: slot-liner abrasion, insulation
fracture, copper distortion, and blocked vent (left to right)
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E. General topics

Moisture ingress and
storage mechanisms in
large generators

Neil Kilpatrick, principal, GenMet LLC,
integrated more than four decades of
metallurgical knowledge into his pre-
sentation, covering several aspects of
moisture ingress on generators: prob-
lems created, moisture opportunities,
capillary basics, examples of planar
capillaries in generator construction,
damage mechanism affected by mois-
ture storage, and why it is so difficult
to dry out these machines.

As an example of a problem with
moisture ingress and storage, a large
generator located in the South (think
humid) was found with water actually
running out from under the ID of the
rings. The cause was condensation on
the rotor inner surfaces and planar
capillaries and connected surfaces
internal to the winding.

Large generators normally are dry
under operating conditions. When
open and cooled to ambient tempera-
ture, there’s a tendency for moisture
to accumulate on and in insulation
materials. The usual remedy is to
apply heat and ventilation in order
to dry out the winding; this can be a
lengthy process.

There are numerous moisture
opportunities related to inadequate
protection during shipment, storage,
standby, and maintenance. Even dur-
ing operation, there are opportunities
for condensation from gas coolers, cool-
er leaks, and frame flooding. Outdoor
units are a particular challenge given
their exposure to weather. Hydrogen-
cooled units have lower exposure than
air-cooled units because of the con-
trolled operating environment.

Capillaries behave the same wheth-
er horizontal or vertical. With dry air
at the ends of capillaries, the capil-
laries contain only air. Increase the
humidity to the point of condensation
and water starts to condense inside
the smallest capillaries. This occurs
at about 92% relative humidity (metal
temperature relative to dew-point tem-
perature). With nearly saturated air at
the ends of the capillaries, water starts
to condense in small capillaries. Under
saturation conditions, condensation
occurs on free surfaces, and pooling
begins. The capillaries will fill.

There are numerous capillaries on
both the rotor and stator. On the rotor
there are capillaries between turns and
on both faces of the slot liner (Fig E1).
On the stator, there are capillaries in
the spaces between core laminations
and the spaces between the bar surface
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on the fillers and core iron (Fig E2).

Damage mechanisms of moisture
affect both metals and insulation. For
generators which still have nonmagnetic
retaining rings susceptible to stress
corrosion, crack initiation and crack
propagation occur under wet conditions.
Note that retaining rings are under high
stress at standstill and all other condi-
tions. With long-term wet conditions,
rust will form on steel surfaces which
are bare and/or porous. Rust is hydro-
scopic, and will retain moisture—more
opportunity for water storage.

On insulation, the major concern
is for moisture on insulating surfaces.
Typically, wet conditions in genera-
tors will result in low resistance to
ground, and this must be corrected
before return to service.

The issue of the difficulty in dry-
ing out a generator is interesting. A
generator in operation tends to be
inherently dry, because of the high
temperature and high ventilation flow.
On shutdown, there is no ventilation
flow, so the entire machine becomes a
large number of stagnant zones. Any
stagnant zones that have some mois-
ture content tend to become saturated.
Capillary condensation will work to fill
all the connected capillaries.

If the open machine is exposed to
humid conditions, then the daily dew-
point cycle may result in periods when
the dew-point temperature is greater
than the metal temperature. Conden-
sation will occur, and the machine will
take on water as long as condensation
continues.

A filled capillary is relatively stable
at moderate ambient temperatures
and stagnant conditions. There is
almost no driving force to evaporate
water back out into a stagnant atmo-
sphere at the same temperature. A sig-
nificant increase in metal temperature
will increase the evaporation rate by
producing a decrease in local relative
humidity. Significant ventilation flow

should also break up the stagnant
zones with the rapid inflow of dry air.
For the rotor, a significant increase in
shaft speed will provide a G loading
which will tend to centrifuge water
out of the rotor.

It is always better to keep a dry
machine dry, than to dry out a wet
machine. For maintenance and layup
conditions, it is important to make sure
that capillary condensation conditions
cannot occur. Prevention can include
maintaining some ventilation flow of
dry air throughout the machine and
maintaining temperature well above
the ambient dew point; a healthy mar-
gin would be 80% relative humidity.
For long-term layup, develop a system
which combines fail-safe sealing, moni-
toring, and drying. A nitrogen blanket
or dry gas feed might be considered.

Generator layup

Dhruv Bhatnagar, GE’s technical
leader for generator-fleet risk manage-
ment, provided the OEM’s guidelines
for unit layup during non-operational
conditions. Stator and rotor recom-
mendations are the following:

B Stator layup for days. No recom-
mendations for Hs-cooled units if the
hydrogen is pressurized. For liquid-
cooled stators, the cooling-water sys-
tem (SCWS) should be operational,
or shut down with water drained
from the winding for any layup of
more than 48 hours. For air-cooled
units, or He-cooled units that are
depressurized, turn on space heat-
ers to prevent condensation.

B Stator layup for weeks or months.
For air-cooled units, turn on space
heaters to prevent condensation;
same for Hg-cooled units, but
depressurize before turning on
space heaters. Ha-cooled units not
purged should reduce gas pres-
sure to 0.5 psig to minimize con-
sumption. For liquid-cooled units,

E1, E2. There are numerous capillaries in both the rotor and stator where
unwanted condensation can occur. In the rotor, they are between turns and on
both faces of the slot liner (left); in the stator, between core laminations and in
the spaces between the bar surface on the fillers and core iron (right)
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E3. Condensation on stator windings
attributed to improper layup proce-
dures caused unit to trip on restart
after a planned outage

the winding and SCWS should be

drained and vacuum-dried.

B Rotor layup for days. Rotor should be
at rest with the pole axis in the verti-
cal direction. Coat all exposed shaft
surfaces with light lubricating oil.

B Rotor layup for weeks or months.
Rotor should be at rest with the
pole axis in the vertical direction.
Megger field monthly and trend
insulation resistance. A low megger
indicates moisture in the generator.
Inspect exposed shaft surfaces and
the collector rings to ensure that the
oil film is adequate.

Similar recommendations were
provided for collector systems, seal-oil
systems, and coolers.

In addition, the following case stud-
ies related to improper storage were
discussed:

Case No. 1. Unit was in a planned
outage (turbine upgrade). During
restart after the outage, the unit
tripped on stator differential protec-
tion. Upon inspection, damage was
noted on the turbine-end series loop
caps (Fig E3). The failure was attribut-
ed to condensation on stator windings.

Case No. 2. Unit was shut down
because of grid issues. Upon restart, a
field ground alarm was activated and
the unit was shut down again. Inspec-
tors noted rust had accumulated on the
rotor and exciter components because
of condensation and improper layup
(Figs E4 and E5).

Implementing NERC
Standard PRC-019

Douglas Selin, PE, consulting engineer,
Arizona Public Service Co, provided an
overview of the NERC standard and
the process APS uses to implement the
PRC-019 across its fleet of generators.
A review of the standard outlined the
functional entities required to comply
with the mandate, the applicable facili-
ties, and the individual requirements
which involve coordinating voltage
regulator controls with the protection
system and the capabilities of the
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E4, E5. Ground alarm following a shutdown for lack of market demand alerted
staff to rust accumulations on rotor and exciter components caused by con-

densation/improper layup

E6, E7. Retaining ring scanner at left and air-gap robot at right provide “eyes” to
identify issues before they cause problems that can affect machine availability

E8, E9. Rub marks are in evidence
on air-side seals and shaft surfaces;
plus, seals are out of round

equipment (generators or synchronous
condensers). The time requirements
for implementing the standard on a
fleet of generators also was presented.

The evaluation process used by APS
includes the following five steps:

m Identify all of the voltage-regulator
limiter and protection functions for

a given generator.

m Identify all of the generator relay
protection functions enabled.

B Determine what coordination must
be evaluated based on a comparison
of the items identified in Steps 1
and 2 above.
® Perform the needed evaluation and
modify settings such that they coor-
dinate.

B Document the results in a formal
report.

Several methods of demonstrating
how the coordination can be reviewed,
visualized, and documented were pre-
sented for most of the voltage-regulator
functions that would be encountered in
such an evaluation. A summary list of
learnings was offered to enhance the
efficiency of the evaluation process.

The effort needed to perform the
coordination analysis outlined is a
requirement for all generator owners.
It has the benefit of improving power-
system reliability by avoiding unnec-

essary unit trips: Generator voltage
regulators act to mitigate undesirable
operating conditions before relays trip
the unit.

Generator maintenance
considerations and
robotics

Revision L of GEK 103566, perhaps
better known by number than its title,
“Creating an Effective Maintenance
Program,” was reviewed by Dan Tra-
gesser and Chris Markman to help own-
ers operate their generators safely and
reliably. Tragesser manages technical
risk for GE’s Global Generator Product
Service Engineering, Markman is prod-
uct manager for generator inspections.



Six key areas were discussed by the
duo—including Rev L updates, rotor
removal recommendations, inspec-
tion and maintenance intervals, how
intervals are determined, examples of
intervals, and rotor and retaining-ring
life management. GEK 103566, which
was said to contain information of
importance to users, can be obtained
from your GE rep.

Robotic inspections were the next
topic with specific references made to
the OEM’s retaining-ring scanner (Fig
E6) and air-gap robots (Fig E7). The
speakers said robotic inspections were
performed on 512 units between 2011
and 2016, with 8% having significant
findings (defined as rotor removal
required for repair) and half of those
deferred to next outage. There were
three forced outages associated with
the 20 rotors pulled. Two had rotor
grounds and one was forced out by a
negative sequence current with arc
strikes.

The speakers said electrical tests
conducted on the rotors removed typi-
cally confirmed the findings of other
tests or conditions—such as shorted
turn and vibration. Data show robots
typically find the same defects as
visual inspections with the rotor out.
Discussion regarding robot inspections
that resulted in a rotor pull noted
that more than 50% of these could
have been planned for with better
operations data review and outage
management.

Relative to reliability, GE reported
four cases of MAGIC (Miniature Air
Gap Inspection Crawler) robots losing
parts—including two burst bearings
(encapsulated bearings are now used)
and three fastener issues (redesigned).
Relative to robots getting stuck, GE
has emergency retrieval capability
built into designs.

Also discussed was the stator cool-
ing water system with focus on copper
oxide buildup and removal.

Hydrogen seal-oil
experience

GE’s Dhruv Bhatnagar returned to

the podium to address the challenges

associated with seal-oil systems and
how to mitigate them. Challenges
include the following:

B The seal rings themselves. Damage,
contamination, improper assembly,
and cocked seals all can lead to
operational issues—including oil
ingress.

® Float traps require manual bypass
during every startup/shutdown.
Improper procedures are conducive
to seal-oil ingress.

B Oil contamination of the hydrogen
control panel.
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Seal-oil-system mechanisms and
effects was the next topic. Mecha-
nisms include cocked seals, loss of
seal oil, damaged anti-rotation pin,
contaminants, damaged seals, genera-
tor pressurization, clogged drain lines,
improper assembly, and misoperation.

Resulting effects include higher
total and hydrogen-side seal-oil flow,
improper liquid-level detector alarms,
high float-trap oil level.

Checklists for disassembly and
reassembly followed:

Disassembly. Measure rotor posi-
tion from the outboard oil deflector
fit to the shaft, measure the distance
between the hydrogen seal casing and
the rotor shaft, determine “as-found”
seal clearances, inspect seals, and
ensure seals are not out-of-round.

Reassembly. Inspect seals and
ensure they are not out-of-round, check
for any foreign material between the
inner oil deflector and hydrogen seal
casing, check vertical face of the end
shield between the upper half and lower
half for any steps across the horizontal
joint, perform blue check and ensure
100% contact, check for any RTV that
may have squeezed from between the
upper half and lower half of the end
shield, remove any RTV material that
has come onto the horizontal joint of the
lower-half casing, ensure seal-oil inlet
feed and gas-side seal-oil drain in the
end shield are clear.

The presentation closed with a case
study of a unit that was offline, but
pressurized and with seal-oil system
in operation, when a blackout occurred.
The DC system came online, but the
site lost seal-oil differential pressure
(DP). By the time DP was restored, the
unit had dropped 10 psi in hydrogen
pressure. The decrease in seal-oil DP
allowed oil ingress.

The operator received multiple
liquid-level detector alarms, and low
and low-low lube-oil alarms. Site per-
sonnel tried to start up the unit next
day but were unable to build lube-oil
header pressure. Personnel purged
and inspected the generator, which
was flooded with lube oil. Air-side
seals and shaft surfaces were found
to have rub marks (Figs E8 and E9);
seals were out of round.

Coordinated frequency
response

Emerson’s Thor Honda, an expert on
the modernization of mechanical and
electronic turbine controls, discussed
the challenges associated with inject-
ing into the grid large amounts of
intermittent power produced by renew-
able resources. This new and evolving
paradigm in electric generation has
highlighted the need for synchronous

turbine/generators to help stabilize

system frequency.

The questions then arise: How do
synchronous powerplants respond
to system frequency disruptions and
what changes may need to be made
in order to comply with frequency
response codes and standards? Syn-
chronous generators add rotating iner-
tia and have governors which detect
frequency disruptions and raise/lower
output to quickly balance generation to
load (called “droop” control or primary
frequency response).

These questions become more acute
because tax credits and rapidly declin-
ing costs are driving ever more mas-
sive amounts of renewables power into
existing transmission systems. A lower
percentage of synchronous generators
means less inertial response to fre-
quency disruptions, and less inertial
response means more turbine/genera-
tor response is needed. Synchronized
turbine/generator droop control must
give a sustained response to minimize
the magnitude of frequency disrup-
tions and maintain reliability.

NERC’s 2012 Frequency Response
Initiative Report found only 30% of
the generators online provide pri-
mary frequency control, and that
two-thirds of those that did respond
exhibited “withdrawal” or “squelching”
of the response. The reason is outside
closed-loop control. Since only 10% of
the units online were sustaining their
expected primary-frequency-control
“capability,” a reliability issue arises:
Balancing authorities (BAs) get a sig-
nificant portion of frequency response
from load and cannot predict the load
response or control it (load’s inertial
contribution cannot be accurately
predicted).

These issues have encouraged NERC
and industry efforts to improve frequen-
cy reliability, thereby making the need
for government regulations less likely.
One step in that direction is GE Tech-
nical Information Letter 1961, “Steam
Turbine Governor Studies to Meet
NERC Frequency Response Advisory,”
which was supported by a webinar.

Honda closed his presentation with
these recommendations for owner/
operators:

B Verify unit-specific requirements
with your BA.

m If operating in closed-loop auto-
matic generation control (AGC),
biasing may be required to pass BA
compliance criteria.

B When implementing AGC bias, keep
the following in mind:

1. AGC will not negate droop impact
on site output, which may have
economic considerations.

2. Ensure AGC bias is accurate and
enabled accordingly. GEN
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We performed an emergent generator rewedge for a 260
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fields.
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inspection.

MD&A has a long track record of successful generator stator
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collector-end shaft. The customer reported that the
generator rotor had suffered a collector ring failure and also
a ground to the main shaft.

Power Through Experience

Sign Up for MD&A's Insight Newsletter or Follow Us!

Follow Us! in /MD&A Y @mdaturbines l’ MD&A Turbines




