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Abst ract
The paper describes the Sienens’ (fornerly Parsons’) Rotor Shorted Turn Monitor
(RSTM. The nonitor was developed in the early 1990’s for application to |arge
steam turbine driven generator rotors. At the heart of the RSTMis a
mat hemat i cal al gorithm which processes the signal froma search coil located in
the air-gap. This Analysis Programis called in sequence for 1 to 4 generators
by a Supervisory Program which records the results and presents them in a
variety of forms, to a PC screen.

Many results were collected fromone of the first RSTMs to be placed in service
at a UK power station having rotors with a history of shorted turn indications.
Fromthese it was possible to assess the effectiveness on the Analysis Program
in coping with the influence of magnetic saturation in the rotor teeth over a
wi de range of | oad.

The paper also outlines alternative nmethods for detecting shorted turns, their
causes and the case for continuous nonitoring

I ntroducti on

One of the problenms which cane soon after the introduction in the UK (and

el sewhere) of large, 2 pole generator rotors for base | oad stati ons was an

i ncreased vibration sensitivity to unit |oad, due to unequal heating from one
side of the rotor to the other, and al so due to unequal, or restricted expansion
of the field winding. Diagnosis of the cause of thernmally sensitive rotors is
not the topic of this paper, but shorted-turns was one of the mechani sns

i dentified as causi ng unequal heating.

The rotor windings of large utility generators nmay develop inter- turn short
circuits, which can increase in severity over a period of tine. Rotor shorts
produce danmage to the nmain wall and inter-turn insulation at the site of the
short due to overheating, and thernmal unbal ance due to unsymretrical heating
around the rotor. This cause of increased vibration nay be difficult to

di stinguish fromthat due to other causes such as ventilation bl ockages and end
wi ndi ng packing msalignnent, as well as potentially disastrous nechani cal

probl ems such as crack devel opnent.

Unbal anced magnetic pull may also add to shaft line lateral vibration, and the
i nhal ance in field end winding currents causes axial shaft flux and a risk of
potential ly hazardous shaft currents. Al these effects increase the risk of
unpl anned out ages and costly repair work.

Met hods for Detecting Shorted Turns

The met hod of detecting shorted turns which is nost widely used was first
described by Al bright (reference 1). A search coil was placed in the air-gap and
a recording made of the voltage signal when the rotor field w nding was excited
for open-circuited and short-circuited stator w ndings. The recordi ng was

exam ned to conpare one pole with the next, |ooking for differences between the
signals corresponding to the passage of the wound portion, taking into account
the reversal of polarity. Al bright concluded that the greatest sensitivity was
obtained with the short-circuit test. Subsequently, Al bright and ot hers have
devel oped the test so that shorted turns may be detected with the generator on
| oad. However, the nethod depends on elinmination of the 'distortion factor due
to the air-gap flux density wave form (reference 2). This is achieved by



adj ustnent of the generator load to align the zero flux axis with the centre-
line of the winding slot for each coil in turn.

Ref erence 3 describes an anal ogue el ectronic schene for taking the search coi
signal and adding to it the same signal delayed by 10n5, or half a revol ution.
Here it was possible to deduce the position of a shorted turn on |oad by

exam nation of the combined signal on an oscilloscope. Difficulties arising from
magneti c anonal i es, usually bal ance wei ghts/hol es, and speed variations are
descri bed.

On-1oad detection is is also considered in reference 4. A nonitor which detects
even harnonics in the search coil wave formis described. A derivative of this
schenme was subsequently put into conmercial production. It nmay be set to raise
an al arm when the even harnoni cs exceed an alarm | evel, but neither the nunber
nor position of shorted-turns are indicated.

The aut hors of reference 5 provide a val uable sunmary of alternative nethods

whi ch have been used for checking field windings for shorted turns. In addition
to those requiring an air-gap search coil, these include the neasurenment of 100
Hz (for 50 Hz generators) and higher even harnoni c conponents of current which
may circul ate between the parallel paths in each phase of the stator wi nding.

O her nmethods described are suitable for off-load testing. These include the
Recurrent Surge Gscillograph (RSO test. In this test, a fast-fronted step pul se
is injected (through a source resistance) between each slip ring and earth, in
turn, and a conpari son made between the two resulting traces. A shorted turn is
indicted by a deviation between the two pul ses, which also gives the approxi mate
| ocation of the short by neasurenment of the position along the pul se where the
deviation starts. The nethod is very sensitive in that it can detect a ’short’
with a resistance of as nuch as 10 Ohns but its application appears to be
limted to off-load operation with no field current.

Moni toring for Shorted Turns

Al'l the nethods for detecting shorted turns can be used for periodic checks. The
RSO test is used for checks on new and refurbi shed rotors in Wrks over speed
test pits. It is also used during planned nai ntenance outages in power stations.
It cannot be applied to | oaded units, and in any case, it is, on the one hand,
too sensitive, and on the other, not sensitive enough. The resistance of a
single turn is of the order of 1 mbhm The RSO test, which can give an
indication at the | evel of several Chms, cannot distinguish between 'short’
resistances as low as 1 nmthm

For nonitoring, a neans of detecting shorted turns on |load which is able to
resolve a 'short’ which diverts a significant fraction of the excitation current
is needed. Al the nethods which use an air-gap search coil are capable of this
resolution. As a result of the CEGB s experience (reference 3 & 4) all large
generator units had search coils fitted, whether or not shorted turns were
suspected. Continental manufacturers, such as Sienens KWJ, have also fitted
search coils to large generators, often at the request of utility custoners.

Thus, search coil signals are used for periodic checks for evidence of shorted
turns. But when do 'periodic’ checks becone nonitoring - once a nonth - once an
hour? The answer is based on how quickly the effect of shorted turn devel opnent
may becone apparent fromthe thernal response of the rotor. The tinme constant of
a field winding is of the order of 1 mnute. The correspondi ng change in
vibration level (if any) is of the sanme order of magnitude. Checking a rotor
with suspected shorted turns every few mnutes, or |less, is necessary.



Causes of Shorted Turns

The two main causes of shorted turns in turbo-type rotors are conducting debris,
whi ch has been attributed to copper 'dusting’ and pick-up, and | ocalised
degradation of insulation due to overheating. In the first copper particles are
produced by abrasion between half conductors (’dusting’ ) when on barring gear,

or by friction between conductor and main wall insulation at normal running
speed (copper 'pick-up’). Both mechani sms for produci ng conducting debris nay be
present, but 'dusting’ has been the nmin cause in those rotors with half
conductors (see reference 6). Shorted turns and earth faults |ocated over the
body length of rotors have been attributed to this nmechani sm

Local i sed and rapid degradation of insulation can be the result of shorts due to
conducting debris, as explained |ater, but overheating of insulation because of

i nadequate ventilation can also cause shorts if there is space to allow adjacent
turns to cone together by distortion. These are nore likely to occur in the end

wi ndi ng region.

Si enens RSTM Devel opnent Hi story

The original devel opnment of the current Sienens product was carried out in two
stages. The devel opnent of an inproved nethod for the interpretation of signals
fromair-gap search coils followed the work of Byars and other CEGB engi neers,
and the many opportunies for analysis presented by the availability of coils
fitted to nost |large UK generators. The work started in the md 1980's and was
conpleted in 1990, by two engineers in the Parsons’ Mathematical Services R & D
Group. The Anal ysis Program has not changed since its first release in 1990.

The second stage was the inplenentation of a hardware interface to plant signals
and the devel opment of the Supervisory Program which provides the MM (Man
Machi ne Interface). The first order was despatched to a Canadian utility in
1992, but prior testing of the equipnent was facilitated by signals collected
fromair-gap search coils in CEG generators. National Power plc (NP) continued
this collaboration through the purchase of hardware based on an | BM conpatibl e
PC - the Canadi an equi pnent used an Apollo work station - and trials on a
prototype RSTM were carried out at selected NP power stations. During this
period, the MM was enhanced, with the benefit of advice from potenti al
oper at ors.

One of the first orders fromNP was for a 1000 MN PS where shorted-turns were
suspect ed on both 500 MV generators. Data collected by the prototype RSTM from
this station provided a val uable resource for detail ed assessnent of the
performance of the RSTM over a w de range of loads. In 1996/7 a revision was
made to the Supervisory Programrelating to the systemfor reporting shorted
turns for unit | oads which give highly saturated rotor teeth



Pl ant Signals and Conditi oni ng

A schematic layout for a Sienens RSTMinstalled at a two generator power station
is shown in figure 1. Plant signals required are

i) Air-gap search coil voltage
i) MV and MVAR | oads (4-20nA).
iii) Once per rev. ’'shaft marker’

The shaft marker is usually available fromthe shaft vibration nmeasurenent
system but a signal derived fromthe generator term nal voltage nay be used

i nst ead. The al arm out put and acknow edge signals are optional; alarns may be
acknow edged at the PC. The MWand MVAR signals are converted to + 5 V and the
search coil voltage scaled in the term nal connection box (TCB) to suit the PC
cards After scaling/conversion in the TCB signals are passed via ribbon cable to
the PC cards nounted within the PC. The signal fromthe search coil is passed
through an anti-aliasing filter (AAF) before converting to digital form A relay
board, under software control, switches the signals fromone unit to the next in
sequence for the analysis and the presentation of results.

The Anal ysis Program

This programis run by the Supervi sory Programfor each scan of the pl ant
signals. Data are presented to it in tw files. One file contains the captured
search coil signal; the other holds data on the geonetry of the generator, the
type of coil (radial or circunferential orientated) and the sanpling frequency,
resolution and the nunmber of sanples in the digitised wave form Usually, 30,000
sanmples of 12 bit nunbers, collected at the rate of 100 KHz are captured to the
file of wave formdata in each scan. Thus, data from 15 revol utions of a 2 pole,
3000 rpmunit are used in the anal ysis.

Much of the Analysis Programrun tinme is spent in renoving spurious data from
the wave form (reference 7). Firstly, the variation in the tinme for a single
revolution of the rotor is computed. Next, a non-linear, |east squares fit is
made to determ ne speed, acceleration, and rate of change of acceleration. From
the results of this part of the analysis, asynchronous torsional and flexural

vi brati on conponents are identified and renoved. A new wave formis interpol ated
for equal intervals around the rotor, in place of equal tinme intervals. This

i nterpolated wave formis then used to find, as accurately as possible, the
position of the centre-line of the teeth in the mddle of wound regions.

At this stage, overlapping of the wave formon itself, one pole pitch away,
woul d give results simlar to the anal ogue techni que described by Byers, if
there were no asynchronous conponents of vibration.

Any perturbation in the overlapped wave formis assuned to be a comnbi nati on of
shorted turns and synchronous vibration. As the flexural conponent in the |atter
may or nay not be caused by shorted turns it is inportant to renmpove its effect
before conputing the effect of possible shorted turns. This is achi eved by
computing wave fornms due to unit vibrations and unit turns in each wound sl ot,
and applying least square fits. The identified synchronous vibration conponents
are then renoved.

The Analysis Programincludes two neasures to nmitigate the effects of
saturation:

i) a bias towards the search coil voltage wave form correspondi ng to rotor
slots/teeth on the leading (in the direction of rotation) sides of the
poles, the regions where the air-gap flux is |east.

ii) scaling of calculated voltage wave forns by conparison with actua
measur ed) wave formns.



The success of these nmeasures is discussed later, by reference to data collected
froman RSTM on two 500 MW generators.

The Supervisory Program

The features of the MM can be illustrated by the screens of information which
are presented to the operator. Figure 2 shows the main screen, fromwhich al

ot her displays may be accessed by using the function keys, F1-F12. The | ower
third of the screen sunmmari ses what further information or tasks may be called
up by the function keys. The nunber keys shown under "GENERATOR SELECTION' are
used to select a generator. Each pop-up w ndow may be switched from one
generator to another by pressing the appropriate nunber key.

The upper region of the display gives a summary of the current status for al
generators. Each generator is scanned in turn. A digitised version of the air-
gap search coil voltage is captured, and an analysis carried out. The results
are then filed before starting a scan for the next generator.

Exanpl es of sonme of the pop-up screens called up using the function keys are
given in figures 3 to 8 The F1 key (figure 3) displays the present shorted
turns for the selected generator. The F3 key (figure 4) provides a display of
the rotor mimc diagramfor the selected unit nunber. Any shorted turn

i ndications fromthe | atest scan are shown on this display.

Usually there is a difference between the present shorted turns (F1 key) and
those fromthe |l atest scan (F3 key). The difference arises fromthe concept of

al arm bands, which is designed to progressively alert an operator to increasing
| evel s of shorted turns. Figure 5 shows a pop-up w ndow, which is obtained via
the Wility Menu (shift-F1 key). It allows changes to be made to the alarm

| evels. The alarmlevels are defined by a threshold - the val ue bel ow whi ch no
alarmis raised - and an increnment value. These two val ues define a set of alarm
bands. For the settings shown in figure 5 the bands are:- 0.00-0.30 (no alarm,
0.30-0.50, 0.50-0.70, etc. Wen an alarmis acknow edged, the alarmlevel is

i ncreased by the increnent value. Entries to the present value table (F1 key)
are made only if the |l atest scan gives a value which crosses fromone al arm band
to another; otherw se the present val ue renains the sane.

The F2 key (figure 6) displays an archive of shorted turns for the selected
generator. Entries are nade to the archi ve whenever a shorted turn val ue crosses
fromone alarmband to another (changes within an al arm band are not recorded).
Each entry includes the unit load, the date and the tinme, and an indicator if
an al arm has been raised, but not acknow edged.

The F4 key provides a display of the search coil wave formfor the sel ected
generator. This screen is useful for checking that the signal |ooks reasonabl e,
that its anplitude is not too high, such that the wave formis clipped, and
that it is regularly triggered by the shaft marker signal

Figure 8 shows the Wility Menu (shift-F1 key), after entering a password. From
this screen the operator may change a variety of settings and back-up or print
archive files. The | atest search coil wave fornms nmay be copied to floppy discs
for detailed, off-1ine exam nation.

Item9 on the Wility Menu list was introduced in the Supervisory Program
revision of 1996/7, referred to earlier. The default setting is "ON. This is
to avoi d mi sl eading indications that shorted turns have reduced under conditions
of very high levels of magnetic saturation in the rotor teeth. The effect of
saturation is to cause an apparent reduction in shorted turns in a particular
slot, as the flux in the adjacent teeth increases. This effect is accommpdat ed
by the Analysis Programfor |lower |levels of saturation, over a range of angles
which the air-gap flux makes with the pole axis. The apparent reduction in



shorted turns due to high levels of saturation outside this range of angles is
not reported when the saturation correction feature is 'ON

One other feature that was introduced in the 1996/7 revision is that two files
of archive data relating to the devel opnment of shorted turns are now kept. The
first contains the data which nmay be recalled by the use of the F2 key, as
before. The second records the results produced by the Anal ysis Program before
correction, if any, by the Supervisory Program The additional data recorded in
the second archive allows a detailed, off-1ine assessnent of the effectiveness
of the treatnment of saturation and its inprovenent.

Fractional Shorted Turns

Fol |l owi ng the presentation of a paper on the Parsons’ RSTM (reference 8) at the
1993 EPRI Conference the author of reference 1 disputed the existence of
fractional, or partial, shorted turns. He argued that the heating of the short

i nvari ably causes a resistance weld, and therefore, shorted turns only occur in
whol e nunbers. This belief still persists as is evident from published nateri al
on the GeneratorTech Inc. internet site (reference 2).

Al'l our experience in detecting shorted turns is on turbo-type generators with
direct, hydrogen cooled, rotor field wi ndings. W have never seen evi dence of
conduct ors whi ch have been wel ded together. There is a good reason for this. The
| ocal losses in the shorting resistance are not enough to raise the tenperature
hi gh enough to nelt the copper of direct hydrogen cool ed conductors. Figure 9
shows how the | osses vary with the ratio of short-circuit resistance to the
resistance of one turn, and the field current, for a typical 500 MV unit.
Overheating at the short can be sufficient to cause rapid and severe degradation
of the electrical and nechanical properties of the inter-turn and ground wall
insulation. For any given field current the |osses are a nmaxi num when the
shorting resistance equals the turn resistance. At this value, 50 %of the field
current is diverted through the shorting path. There is a 50 %shorted turn
Figure 10 shows the relationship between the ratio of shorting resistance to
turn resistance, and the percentage shorted turn. In counting the nunber of
shorted turns in a particular coil, it is possible that the reported nunber is
the sum of several, partially shorted turns.

The I nfluence of Magnetic Saturation

The rotor teeth of large, turbo-type generators are worked at very high flux
densities. such that, at the highest levels, the increnental value of relative
perneabil ity approaches that of air. The effect of saturation is to cause an
apparent reduction in shorted turns in a particular slot as the flux through the
adj acent teeth increases. Wth high saturation the rotor tooth tip | eakage fl ux
pi cked up by the air-gap search coil becones dependent upon the position(s) of
the shorted turns within the slot depth. Another effect of high saturation
relates to lack of (perfect) honogeneity of the magnetic properties of rotor
iron . At low flux densities and therefore, high increnental, relative
perneabilities the variation in nmagnetic properties fromone pole to the next
does not matter because the magnetic field in the air-gap is domi nated by the
air path. At high flux densities differences in increnental (and chordal)
perneabilities around the rotor could be a source of false shorted turn
indications, if the alarmthreshold | evel was set too |ow. Figure 11 shows sone
results of measurenents of the magnetisation characteristics of sanples taken
froma rotor forging, for a typical steel specification. It is inpractical to
measure much beyond levels of 2.2 T.

The results of finite el enent calcul ations for 500 MVl oad are illustrated in
figures 12, 13 and 14 for one rotor design. The highest flux densities reach 2.6
Tin the rotor teeth necks and sone tooth tips. Figure 15 is an exanple of a
search coil voltage (froma radial coil) for a 500 MNWunit on which are



superinposed the integrated wave, and its fundanmental. The vertical |ine marks
the position where the radial flux is zero - the zero flux axis. GeneratorTech
Inc. (reference 2) provide an excellent description of howthe zero flux axis
varies with unit |oad and advocates that generator |oad be increased step by
step to place the zero flux axis at the centre-line of each slot, in turn, for
each measurenent. The cal cul ation nmethod in the Anal ysis Program avoi ds t he need
to adjust load to achieve this alignment, but its results are effected by
saturation.

Archive data collected by the RSTM has reveal ed how effective, in practice, the
Anal ysi s Program al gorithm copes with tooth nagnetisati on. The sinpl est

i ndi cator of the |evel of saturation we have found is the air-gap flux angle -
that is - the angle between the axis of the fundanental, air-gap flux density
and the pole axis. Contours of the air-gap flux angle, derived from neasured
wave forms, are shown on figure 16 for a particular 500 MV generator. Figure 17
shows the range of flux angles, for each of the 8 coils in the sane 500 MV unit,
wi thin which a consistent value of shorted turns nmay be expected, given that the
actual shorted turns have not changed. We refer to the coil as being 'in-zone’

if the flux angle falls within the favourable range for that coil. Qutside this
zone magnetic saturation causes an apparent reduction in the Analysis Program
result for that coil. The result is that, on light |oad, saturation tends to

hide the shorted turns in the shorted pitch coils (A, B, C, D - on high |oad
shorted turns in the larger pitch coils (E F, GH) can be obscured. If the air-
gap flux angle is outside the favourabl e range of values ("out-of-zone") for a
particular coil, the Supervisory Programensures that a reduced |evel in shorted
turns returned by the Analysis Programis not reported



Archive Data from Two 500 MV Units.

One of the first RSTMs was installed at a 1000 MV power station with two 500 MV
units, both with suspected shorted turns. Wth the cooperation of the unit
operators and National Power engineers, the nonitor was set up to gather

addi tional data to files on the PC s hard disc drive. The alarmincrenment was
set lower than usual to obtain nore entries to the archive history files. A
software routine was also added to automatically capture search coil wave forns,
wi thout the need for operator action. The operating chart for each unit was
divided into a 25 X 25 grid, defining 625 zones (figure 18). Wenever the unit

| oad entered any zone for the first tine, a sanpled search coil wave form was
copied to a file on the hard disc, with a file header containing the | oad, date
and tine.

Both units were often operated in two shift node and therefore provi ded data
over a wide range of loads in a short period of tine. Figures 19 and 20 indicate
a subset of the load points for which data was recorded fromunit 1, and from
unit 2, over a period of 20 hours after the original unit 2 rotor had been

repl aced with spare of the same design. Al three rotors had shorted turns. The
data collected on shorted turns covered the range froma shorter pitch coi

("C) to the largest pitch coil ("H).

The data taken fromarchives in figures 21 and 22 have been selected to
illustrate the effects of high magnetic saturation for the worst case found -
reduci ng indicated shorted turns by 1/2 for each 10 degrees increnment of flux
angl e, outside of the favourable (’'in-zone') range.

The nonitor enabled both units to be operated up to rated MV I oad for severa
mont hs, with MVAR export generally limted to bel ow 200. The rotor in unit 2 was
repl aced during a planned outage with a spare. In a very short period the spare
rotor devel oped shorted turns too. When the rotors were later renoved to the
origi nal nmanufacturers Wrks and the end retaining rings renoved, the cause of
the shorts was found to be overheating of the end wi nding insulation, allow ng
el ectrical contact between adjacent conductors.

Fut ure Devel opnent

Fol | owi ng the purchase of Parsons PGS in 1997 by Sienens the engi neering support
of Cand | products and related services is being transferred to Siemens KW in
Germany. The RSTM hardware is to be developed into a single rack nmounted unit
whi ch conbines the PC, data acquisition cards and term nal connection box. The
software will be converted from16 bit to fully 32 bit executables to exploit
the features of the Wndows NT operating system

The current Siemens DI GEST (D agnostic Expert System for Turbomachi nery) system
is particularly suited for application to new plant. It allows several nodul ar
condition nonitoring systems to be run together under supervision of a contro
roomwork station. Data gather fromeach nodul e and other instrunents in the
field via a network may be conbined for presentation and nore intelligent

di agnosi s, and then integrated into the station nmanagenent information system
Avai | abl e nodul es include plant thernmodynanics (heat rate), shaft vibration, RF
anal ysis and stator coolant flow The RSTMwi |l be added to these.
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