Rotor winding short detection
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Abstract: The paper presents a review of four techniques which are used for detecting, and in some instances
locating, short-circuiled turns in the rotors of large turbogenerators. The information is supplemented by experi-
ence with some of the techniques gained in a manufacturing establishment. The four techniques described are
airgap search coil, recurrent surge oscillograph (RSQ), circulating stator current, and rotor shall current.

1 Introduction
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For many years the occurrence of a short-circuited turn in

a rotor was considered acceptable until it resulted in an T
operational problem such as a change in vibration level f

due to thermal unbalance. Many rotors of lower power = top pad
ratings (30 to 120 MW) have run for decades with short- il { epoxy glass
circuited turns, some of them undiscovered until recent H insulation }
overhauls when the employment of the rotor short-
circuited-turn  detection  techniques  discussed  below

revealed their presence.

On todays base load generators with 500 to 800 MW
ratings, the detection and repair of rotor short-circuited
turns is regarded as of increasing importance, because the
economic conditions prevuiling over the last decade mean
that unreliable machines incur high cost penalties due to
the lack of efficient spare capacity in the UK. Experience
has shown that in some instances a short-circuited turn
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develop until generator operation is affected. However, the
higher operating conditions possibly lead to a greater like-
lihood of a serious fault developing from a shorted turn.
Due to the importance attached to rotor short-circuit g,
detection, the techniques are being used in the manufac- o
ture, testing and operation of generators. The principles of Q
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the techniques described are established but the methods rofor body
are being developed so that the maximum use can be made

of them in the three above regions. Fig. | represents the Fig. 2A
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present region of application of cach technique. This point
is discussed further in the appropriate scctions of the
paper.

The information presented in the paper has been 7
obtained from a range of generators from 60 MW to
800 MW in size, but mainly from the larger units. Figs. 2
and 3 show the typical winding arrangements for slots and
coils, respectively, to be found in modern two pole gener-
ators of the types investigated.
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2 Airgap search coils

This technique [1-3] was first described by Albright [1]
in 1971, The principle is illustrated in Fig. 3 where coil
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Fig. 3 Airgap search coil principle and slot identification

identification s also shown. A scarch coil is positioned
near the rotor surface and, as the rotor rotates, a voltage is
induced in the coil by the passage of the leakage flux from
cach conductor slot. The voltage amplitude is directly pro-
portional to the ampere turns in the slot, and conscquently
a reduced voltage is observed when shorts occur in a coil.
Duc to the requirement of a rotating rotor this tech-
nique cannot be employed during (he winding of a rotor.
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Radial flux and voltage wareforms on open cireuit
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However, scarch coils arc usced on the test bed in NEI
Parsons’ Works, and most 500 MW and 660 MW scts in
the UK, and somec overscas machines, have them per-
mancntly {itted.

2.1 Theory

The voltage induced in a scarch coil positioned in the
airgap is a function of the rate of change of the flux thread-
ing it. The flux consists of the main flux and slot lcakage
flux. The waveforms induced arc illustrated in Fig. 4 for
the casc of open circuil for a coil positioned to measure the
radial component of leakage flux, and in Fig. 5 for the

direction of rotation

flux waveform

vottage waveform

Fig. 5 Circumferential flux and voltage wareforms on open cirenit

circumferentially placed coil, for fictitious valucs of flux.
Note that there is one more positive peak than there arc
ncgative peaks on the radial coil voltage. Although on
open circuil this does not present a major problem, under
load conditions the voltage waveforms arc more difficult to
interpret and possible confusion can occur. This confusion
is not present when circumferential rotor slot leakage flux
is mecasured.

With open circuit, a gradual increase in voltage ampli-
tude is observed starting at the quadrature axis and rcach-
ing a peak for the coil next to the pole. This arises from -
distortion factor [1]. Under short-circuit conditions therc
s a symmetrical flux pattern sct up in the air gap. Any
component of the main magnetic ficld in the airgap which
may add to the rotor slot leakage flux will therefore do so
to the same cxtent over cach coil side of a given coil.
Under load conditions this is no longer so, because the
resultant magnetic ficld duc to the rotor and stator no
longer has its axis of symmetry through the rotor poles.
However, diametrically opposite slots will still have the
rotor slot lcakage flux modificd by the main flux in the
samc way, and therefore comparison of the voltage peaks
duc to those slots could be made. To eliminate asymmetry
it is usual to add together the voltages of both coil sides of
a coil and compare with the voltage peaks of the same coil
position in the other pole. This method is described in this
paper.

2.2 Apparatus

Search coils can be either cylindrical or rectangular, and
their diameter or width for radial flux sensing coils is
determined by the width of the rotor tooth tips. The
product of their arca and turns should be such as to
provide adequate sensitivity. Typical cotls will have
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approximately 750 turns of 0.0508 mm diameter wire
wound on a 9.5 mm diamcter former. Coils are positioned
to measure radial and circumferential components of the
stot teakage flux (o aid interpretation. Fig. 6 shows a

Fig. 6

Section of an airgap scarch coil

section of o typical scarch coil probe assembly containing
2

radial and 2 circumierential coils.

Probe security in o generator is important Fig. 7 shows
one arrangement in which the probe holder slides into a
retainimg dovetaled stot created by modified stator con-
ductor bar slot wedges, The whole assembly is manufic-
tured from epoyy glass Tomioate. iy preferable to fit the

3 e

Fig. 7

Airgap search coil clamping arrangement

probe assembly without removing the rotor from its bear-
ings and this can often be done. In some instances,
however, the probe dimensions required, proximity to the
rotor, position of the rotor fan, and the machine airgap are
such that the device needs to be fitted when the rotor is
being threaded. For these latter machines, il alrcady in
service, further time and cxpensc is involved.

Experience has shown that the spacing between search

coll and rotor surface is not critical, and a distance of

between 40% and 60% of the airgap length gives adequate
sensitivity.

The leads from a coil are noninductively wound and
brought out to a socket on the stator casing. The search
coil voltages may be displayed on an oscilloscope and pho-
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tographed to obtain a permuanent record for analysis, An
alternative method has been described by Byars [2]. in
which an analogue delay hne s used to delay one half of
the waveform, Fig. 8, so that the dillerential voltage
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Fig. 8  Principle of rotor flux monitor

between diametrically opposite slots is obtained, which can
be displayed on an oscilloscope. An instrument, a Rotor
Flux Monitor, is commercially available to do this
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NEIT Parsons has developed a method in which the
scarch cotl vollage is digitised and the results analysed
using a compuler program.

2.3 Results

As an illustration of the results obtainabie, valucs from the
probe shown in Fig. 6 in a 500 MW machine arc given.
The positions and identification of cach of the four coils in
the probe are detailed in Table 1. Fig. 9 is an example of
the output from No. 4 coil under short-circuit conditions.
Also shown arc the sums of the peak-to-pcak voltages. A
5% difference is taken as a guide as to whether or not a
short exists. Table 2 compares the pereentage dilferences
from the same coil under open- and short-circuit condi-
tions, Table 3 shows the valucs obtained for cach of the
four coils with 20 MW load on the gencrator.

Table 1: Spacing of coils from rotor surface

Coil number 1 2 3 4
Distance of coil centre to
rotor surface, mm 20 285 365 45
Type radial circumferential  rachal  circumierential

Table 2: Search coil voltages for coil 4 under open- and
short-circuit machine conditions

Open circuit  Short circuit

", difference " difference

A 250 14

B 0.7 0.0
C 1.6 0.7
D 09 0.7
E 5.1 11.6
F 220 32.0
G 325 56.0

Table 3: Comparison of search coil voltages from radial and
circumferential coils

Percentage difference
Coit1 Coil 2 Coil 3 Coil 4
6.1 20.5 23.7 32.2
1.3 0.6 1.0 0.8
0.0 1.3 0.9 1.4
0.9 1.5 0.0 0.7
2.1 7.5 6.5 8.1
7.3 16.7 141 25.7
19.1 35.0 30.8 46.7

OTMMMmoOo@>

24 Comments on the technique

There are variations between rotors which make it difficult
to recommend definite experimental details. The  best
resulls appear to be obtained from a short-circuit test, and
mcaningful results have been obtained with loads up (o
50 MW on a 500 MW gencerator. Radial scarch coils may
give betler results with short circuit and circumferential
with open circuit, but it is usual to it both types. A short-
circuit test is possible at site by short-circuiting (he trans-
former HV side.

Under optimum conditions the technique is capablce of
detecting single turn short-circuits, the sensitivity being
greatest for quadrature positions.

Slotted pole faces and magnctic slot wedges cause prob-
lems of interpretation. In older machines, magnetic
balance weights were sometimes used, and these aflect the
indication if they are within 5 ¢cm cither side of a scarch
coil.

The above technigue docs not give good results on line
at full load. Connelly et al. [3] have tried to overcome this
limitation and that imposcd by the variety of coil and coil
position available to them. They have developed an
on-line monitor which will detect the change in the scarch
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coil voltage from the start or growth of an interturn fault.
If a fault develops even harmonic components are pro-
duced in the voltage waveform. The on-line monitor mea-
sures the sum of the first four cven harmonics. Further
details arc not available at present.

3 Recurrent surge oscillograph (RSO)

The RSO technique was developed for use on transformer
windings to cnable the estimation of the voltage distribu-
tion resulting from the application of a lightning surge (1/
50 ps wave), and thereby enable the correct design of the
insulation strength. In the rotor short-circuited-turn detee-
tion technique, however, a fast-fronted step pulse s
injected into the rotor winding, which acts in a similar
manner to a transmission line, and reflections occurring at
impedance changes resulting from short-circuited turns arc
sought,

The technique is used by NEI Parsons Works personncl
during the winding of a rotor and its subsequent testing. It
may be used at standstill or with the rotor rotating. Nor-
mally, site testing is undertaken by the utility. To the
authors’ knowledge no onc uses the technique on-line with
the rotor excited, bul in principle this would appear to -
possible,

3.1 Theory

The response of a winding to a step pulsc has been treated
by Makin [4]. A simplificd analysis is given in Appendix
8.1. Tt is shown that only frequencies below a critical fre-
quency propagate as part of a travelling wave. In the RSO
technique, as applied to a rotor winding, risc times of
approximatcly 50 ns arc uscd, and the frequencics con-
tained in the front of the pulse arc very much higher than
the critical frequency. The result is that the travelling wave
which propagates through the winding has a much slower
risc time than the applied pulse, typically 20 ps. A rotor
winding is a complex shape and must contain regions of
changing impedance which cause reflections themselves.
The result is that the terminal voltage has a characteristic
waveshape in the absence of short-circuited  turns.
However, the presence of a short-circuited turn produces a
rclatively large reflection. The manncr in which the refice-
tion occurs has been described by Grantt. Appendix 8.2
summarises this analysis. As rotor windings are symmetr
cal, cach end of the winding is pulsed in turn and the
wavceforms compared; in the abscnce of short-circuiled
turns the waveforms arc identical for practical purposcs,
provided the correct experiment arrangement is used.

3.2 Apparatus

The circuit used for an RSO test is shown in Fig. 10. NEI
Parsons uses a commercially available pulse generator
which applics a pulse alternately to each slipring. The risc
time of the applied pulse is 75 ns, and the repetition rate is
variable from 30 to 275 pps. Although only relatively low
frequencies  propagate through the winding with low
aticnuation, supercritical frequencics do travel short dis-
tances, and thesc produce usable reflections from any
shorted (urns in the first few coils. Consequently the
oscilloscope uscd to display the terminal voltage wave-
forms should have a bandwidth of 20 MHz at lcast.
Matched lengths of screencd cable to connect from the
RSO pulse gencrator to the rotor arc preferable, and
earthing should be a central point to prevent carth loops.

*GRANT. AR Private communication,

TEE PROCEEDINGS Vol 133, Pt B, No. 3, MAY 1986



3.3 Results
Fig. a shows the typical superimposcd traces of the ter-
minal (slipring) voltages o carth for a rotor with no

rotor
reflectometer

il

double beam
CRO

" Fig. 10 Test arrangement using rotor veflectomercer

short-circuited turns. The upper trace shows the input
voltages and the lower trace the transmitted pulses. This
display is achieved by switching the input point and
recording channels together each time an RSO test pulse is
applied. The lower trace, Fig. 11a, shows the arrival of the

s 3 R

Fig. 11 Simulated rotor shori-circuited on a SO0 MW radially cooled

rotor

« Unflaulted winding
b Fault in *E coil (short-circuaited tum)
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transmitted pulse from which the single pass transit time
(SPTT) can be measured.

Fig. 11h shows an example of a rotor to which a single
artificial short has been applied to E coil of a seven coil
rotor. The position of the short-circuited turn in time
related to the position of the short-circuited in the
winding.

_The relationship between the first trace deviation and
the position in the winding of the short-circuited is not
generally linear and has to be derived by experiment for
each design of machine, Fig. 12. Errors in position in
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cxcess of one coil can arise if estimations are based on a
lincar relationship.

Variations in transit time {rom machine to machine of
the same design and in the same condition are within
approximately Sui. The eflect of end caps is significant, up
to 150%, as is the dilference in design for a given winding
length (as the inductance and capacitance of the winding
vary). For this reason a technique termed “complementary
shorting’ 18 adopted where access is availuble o the
winding. Fig. 13 shows a fault oscillogram and the ellect of
introducing the same fault in the other half of the winding.

The technique is sensitive enough to enable single
shorted turns to be detected. Experiments on a 500 MW
axially cooled rotor showed that a 10 Q short-circuited
was just detectable in an A coil and a 3 Q short-circuited
in the G coil.

The above examples were obtained from rotors at
standstill but similar results are obtained from rotaling
rotors. It is important to be able to test rotors at speed
because centrifugal loading can induce short-circuited
turns, Two major problems have been found in testing
rotors up to 3000 rev/min, and these are illustrated in Fig.
t4. Brush noise can make 1t impossible to distinguish the
oscilloscope trace. Fig. 14h. Experience has shown that
improvements (o the method of carthing the rotor shaft
can remove this eflect. The best results have been obtained
with o brass brush clamped firmly onto the shaft and
bedded in. Carbon brushes give the poorest earth. Copper
loaded carbon brushes are being evaluated.

Multiple triggering, Fig. 14¢, makes the recording of
oscilloscope traces extremely difficult. This is an eflect
which occurs on the manufacturer’s test bed but has nol
been reported from site. This phenomenon is caused by
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Fig. 13

‘complementary short-circuit” teclhngue
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stray magncetic ficlds in the test arcas external to the rotor,
which induce a sinusordal voltage in the rotor winding, As
the speed of the rotor is increased. the induced voltage and
the RSO test pulse repetition rate produce o beat effect. 1t
is of nterest to record RSO traces at any speed from
standstll to overspeed in order to study the commence-
ment of a shorted condition. This can be achieved by
varving the RSO test pulse repetitton rate untlb it corre-
sponds o the induced voltage frequency and a stationary
trace is obtaimed. The commercially available cquipment
requires a small modification to permit the pulse repetition
rate to he swept over the full range required.

3.4 Comments on the technique

The technigue is sensitive enough to deteet single short-
circuited turns, but to locate their posttion accurately will
require a previous calibration, c.go Fig. 12, which often is
not available, unless the ‘complementary short™ technique
can be cmployed.

High resistance shorts (several ohms), which might not
alleet rotor operation significantly, can he detected. Conse-
quenty. due consideration must be given to the interpreta-
tion of results,

4 Other techniques

There are other techniques used (o detect or confirm the
presence of rotor short-circuited turns. Their applicability

186
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a Rotor stationary b Brush noise at 3000 rev, min
¢ Multiple triggering al 3XX rev,;min

Lxamples of brush noise and nltiple triggering

depends on the condition of the rotor. If the rotor is in the
process of being wound, a *drop test’ can reveal the pre-
sence of a short-circuited turn. Such a test involves apply-
ing a dircct voltage across the rotor winding and
measuring the voltage at selected positions.

On a fully assembled rolor a *Hall’ probe technique may,
be used to detect variations in the field from slot to slot. In
this technique the field is measured against the derivative
of the field with a scarch coil technique. making the

TEE PROCEEDINGS. Vol 133, P01 B.No. 3 MAY 1986



method less sensitive. However, the cost of running the
rotor is avoided.

Two further techniques are discussed in more detail
below.

4.1 Measurement of circulating stator currents

Mulhaus er al. [5] have described a technique for detecting
the presence of rotor shorted turns with the machine on-
line. Their technique relies on the windings of each phase
of the generator being divided into two half phases con-
nected in parallel. When a short-circuited turn is present
on a rotor there is no tonger a symmetry between the flux
distribution of the two pole faces, and the airgap flux
density will contain even harmonics [6]. Hence equal and
opposite even harmonic voltages are induced across the
phase windings, so that circulating even harmonic currents
flow round the parallel half phase. The method used for
detecting these currents is shown in Fig. 15. Fig. 16 shows

line end
stator winding stator winding
L]
Rogowski coil
Rogowski coil
< 5 F spectrum
1 analyser

I L

] infegrator

w

neutral end

| differential
amplifier

Fig. 156

nic currents

Schematic arrangement for measuring stator circulating harmo-
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Fig. 16  Circulating 100 Iz current for a geoerator thought to have a

rotor short circuit

+  open circuit
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the circulating 100 Hz current measured under different
conditions on a generator suspected of having short-
circuited turns. The conclusion reached was that these cur-
rents are much larger than would be expected from a
generator with a rotor having no short-circuited turns (5 A
was measured) and confirmed the presence of a rotor fault.
The method based on 100 Hz current measurement docs

not, however, provide information on the exact location of

the short-circuited turns, but the authors are investigating
other information (4th harmonic) which may give support-
ive evidence.

4.2 Rotor shaft current

The necessity of a rotor interturn voltage test for rotors
having thyristor excitation was considered by Richardson
et al. [7]. Although the conclusion reached was that it was
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not nccessary, customers requested that a test on large
rotors having thynstor excitation be undertaken. 10 was
consequently necessary to devise o method of detecting the
presence or the occurrence, caused by the applied voltage,
of a shorted turn. Thyristor excitation pulses were found
to be well represented by a 10 ps rise-time 3 ms decay-time
pulse. Pulses of amplitude up to 3.2 kV peuk (depending
on thyristor excitation voltage) were applied to rotors of
up to 800 MW gencrators. The test circuit used, Fig. 17,

L

100

l*————[v lv I

pulse slow sblngle d;)uble sf\::;p
sweep | beam eam
generator | S | cro CRO | (front]
[ | T ]
trigger arcuit
Fig. 17 Circuit arrangements for pulse tests

was similar to that for an RSO test, but single pulses were
applied and rotor shaft current measured. Fig. 18 shows
the shape of the rotor shaft current measured, and Fig. 19
the current change produced by a deliberately introduced
shorted turn. Fig. 20 shows the relationship between time
delay to the first peak of current change and the shorted-
turn position corresponding to Fig. 19. This technique can

Fig. 18

Rotor shaft current during a pulse test

a Applied voltage = 1 kV/Adiv
h Rotor shaft current = 20 Axdiv
Sweep = 20 ps/div

Al A

N .y

¥ A~ ]

2 e

g <

as el

g?_l F1 /\

R A

S G E = —

] e re——

g Q 2A A

S i

0 20 40 80 80 100 120 o6 160

time, us

Fig. 19 Current change due to a short-cirenited turn
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therefore be used to detect and locate the presence of
short-circuited turns in a rotor.
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Fig. 20 Variation of first peak in current with position of short-circuited
turn
5 Summary

Various mecthods of rotor short-circuited-turn detection
have been described which show that detection and loca-
tion techniques arc available for use during the winding
and Works, and site testing of (he gencrator. The methods
of measuring search-coil harmonic vollages and stator har-
monic circulating current are two new means of detecting
the presence of rotor short-circuited turns with the gener-
ator on-line, and their recent development illustrates the
present sensible trend of extending surveillance techniques
to the continuous monitoring of power cquipment where
this is cconomically justifiable.
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8 Appendix

8.1 Response of a rotor winding to a step pulse
For a simple single-layer winding, having capacitance (o
carth per unit length ¢, capacitance between turns per unit
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length &, and inductance per unit length /, Makin 4
derives the following differential cquations:

REaYe | oY b lew? Rad’%
¢ —5 W = (1
ax? e 2N )

where Vs voltage and w mcan turn length, This is salis-
ficd by the harmonic wave equation

_ ot X
V="15¢ (2)

provided a certain relationship exists belween w and wave
vclocity ¢

| k
v= \/ﬁ — (— wa? (1)

From this simplificd equation it can be scen that there
should cxist an angular frequency, v( = 2f,). such that the
velocity is zeros i.e. when

l

w\/l/\'

V=

(4)

For frequencies below f, the velocity will be real,
whercas for high values it will become imaginary. /. has
therefore been termed the critical frequency. Further sin
plificd analysis shows that all frequencies greater than the
critical value form an attenuated exponential distribution
along the winding. Makin [4] shows that il nonlincar
inductive cflects are taken into account (due to eddy cur-
rents the magnetic flux will not be the same for all
frequencies), all frequencics are passed by the winding, but
those of a higher value than f, have such a small velocity
comparcd with the vast majority of the lower frequencies
that they are soon left behind and may be considered as
cutofl.

The application of a step pulse to a winding involves
applying an infinile serics of harmonic waves, the magni-
tude of cach varying inversely with frequency. Only those
of frequency below f, propagate, so in a simplified
approach it may be scen that if

“osin wf do
V —_— = |
Jo )

which represents a step pulse

” Y sin ot da
0 W

represents the wave propagated along the winding. The
function

Ysin ol dw
0 @

is a well-known mathematical function called the sine inte-
gral Si (vi) and tables of it arc published; Fig. 21 shows its
form.

b= B )

N Mo

8.2 Simplified analysis of the effect of a short-circuited
turn on a travelling wave

The cffect of a short-circuited turn may be determined by
assuming that the rotor winding behaves as an ideal trans-
mission line. At the short-circuited turn, Fig. 22, there is a
junction of four transmission lincs of cqual surge imped-
ance Z,. A wave of amplitude ¥ arriving at the fault after
{ microseconds produces a rellecled wave of amplitude,

2ol — 7
= (2220} y o L ()
Zol3 + Zg 2
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from transmission-line theory. Equal amplitude waves pro-
pagate in cach limb of the short-circuited turn and along
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Fig. 21

o Sine integral (transmitted pulse)
b Summation of supereritical frequencies (attenuuted components)

Step-pulse response of an idealised winding

the winding, as shown in Fig. 23a. If T is the SPTT in
microseconds, and » is the number of turns in the winding,
then the waves propagating in the short-circuited turn will
reach the short circuit again after T/n microscconds,
producing the conditions shown in Fig. 23h. As a conse-
quence, the idealised responsc of the winding will be as
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shown in Fig. 24, assuming the far end of the winding is
eflectively open circuit.

shorted turn
2y v

ST rotor winding i
applied )
voltage }‘V - (n-1)
; T{— {

n

Fig. 22 Schematic diagram of a short-circuited turn in a rotor winding
’t He |y
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Fig. 23 Conditions in a short-circuited turn
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Fig. 24  [dealised response of a faulied winding (single short-circuited
turny

Ideally, if ng is the number of short-circuited turns, then
the duration of the reflected pulse, n, T/n microseconds,
enables the number of turns short-circuited to be deter-
mined; the position of the start of the fault is given by
t/T n.

Normally the step pulse is applied to a winding through
a variable resistor set to Z, to cnsure that repeatable test
conditions can be obtained for future comparisons. This
produces an applied voltage to the rotor of one half of the
pulse generator output voltage.
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