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]

Abstract — Broken damper bars and shorted field winding
turns degrade the starting and running performance of
industrial wound field synchronous motors (WFSMs), and can
lead to a forced outage of the motor and driven process. Testing
of WFSM rotor windings mainly relies on off-line tests, which
cannot be performed frequently and are known to lack
reliability. Shorted turns in the field winding can be detected on-
line from the airgap flux measurement, but require a sensor to
be installed on the stator bore. In this paper, new test methods
for detecting and classifying damper and field winding faults
based on electrical signals are proposed. The proposed methods
can provide remote testing at motor standstill and during the
motor starting transient without disassembling the motor. Test
results on a 30 kW, salient pole WFSM show that both test
methods can provide reliable detection and classification of
damper and field winding faults.

Index Terms -- Condition Monitoring, Damper bar, Fault
Diagnostics, Field Winding, Motor Testing, Spectral Analysis,
Wound Field Synchronous Motor

I INTRODUCTION

OUND field synchronous motors (WFSMs) are

typically employed in industrial applications that
require synchronous speed operation at high efficiency and
power factor [1]. The complexity and relatively high cost of
the rotor due to the excitation system limits WFSMs to motors
with rated power above 5 MW. The reliability of the WFSM
driven high output compressors, rolling mills, pumped storage
motors, and synchronous condensers is critical to the
uninterrupted operation of the industrial process. Recent cases
of failures in the excitation circuit, field, and damper
(amortisseur) windings in WFSMs have shown that rotor
components are important for starting and running
performance. It was also shown that these faults can lead to
starting failures or forced outages of the motor and the process
it drives [2]-[9].

When a WFSM is started, the current induced in the damper
bars produces most of the starting torque to accelerate the rotor
to synchronous speed, Ngn.. The damper winding also
contributes to stabilizing the rotor speed under load or supply
transients during motor operation. The field winding is shorted
through a discharge resistor without external dc excitation
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voltage applied until the rotor reaches 92-95% of N The
value of the discharge resistor is typically between 6 to 20
times the field winding resistance [10]. The current induced in
the shorted field winding also contributes to the starting torque
for accelerating the rotor. DC excitation is applied to the field
winding when rotor speed reaches Ny to pull the rotor into
synchronism and maintain constant speed operation at Ny
(1], [11].

The high thermo-mechanical stress in the damper cage
under the starting transient causes cracks to develop in the
joint between the bar and end ring. Broken damper bars can
therefore spread to adjacent bars that must handle the high
starting current and this leads to degraded motor performance.
Broken damper bars must be detected to reduce the risk of
starting failure or protrusion of the bars into the stator during
operation [3]-[7]. The field winding is also exposed to thermal
and thermo-mechanical stresses, and centrifugal forces that
can degrade and wear the turn insulation leading to shorted
turns. Although the motor can continue to operate with shorted
field turns, the asymmetry in the magnetic fields between the
poles causes once per revolution vibration and reduction in the
average magnetic field. The reason that shorted field turns
must be monitored is to prevent shorted turns from
progressing into ground insulation failure [4]-[9].

Detection of broken damper bars and shorted field winding
turns currently relies on visual inspection or off-line tests such
as the pole drop test or recurrent surge oscillography [4]-[5],
[12]-[15]. However, these tests are time-consuming, require
motor disassembly and access to the rotor, which is
inconvenient. In addition, both rotor faults present during the
operation may not be present at rotor standstill [12]-[14].
Although not verified or accepted in the field, there have been
studies on detecting damper and field winding failures [9]-
[10], [16]-[22]. In [3], [7], [9]-[10], [16]-[19], the stator
current or airgap flux is analyzed during the motor starting
transient to detect the faults. However, it was shown that the
saliency in the rotor produces identical frequency components
as the faults, if the stator current is used. It is shown that the
damper and field winding faults can be detected and
distinguished with the airgap flux measurement; however,
installation of the sensors in the motor is required. In [20]-
[21], monitoring of the rotor speed frequency sidebands are
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proposed for detecting the rotor faults; however, most
mechanical defects are known to produce identical
components and interfere with fault detection. Monitoring of
circulating currents in parallel stator windings are studied in
[21]-[22] for detecting shorted field turns, but they require
specially wound stators. Stray flux monitoring has also been
suggested [23]-[25]; however, it requires installation of
additional sensors and cannot be monitored remotely.

On-line monitoring of the airgap flux installed on the stator
bore has become common for detecting shorted field turns for
synchronous generators [12]-[15], and is being increasingly
used for motors. However, most WFSMs are not equipped
with airgap flux sensors, which limits its application in the
field. Detection of damper and field winding faults is viewed
as a difficult task by WFSM manufacturers with challenges to
overcome [3], [6]-[7].

Considering the limitations of the methods available for
WFSM damper and field winding fault detection, electrical
test methods for detecting and classifying the two faults are
studied in this paper. Two test methods that can identify the
faults at motor standstill and during starting are proposed
based on the analysis of the electrical equivalent circuit. It is
shown through experimental testing on a custom built 30 kW
salient pole WFSM that the proposed methods can provide
remote testing without requiring motor disassembly to detect
and classify the rotor faults if the measurements are trended
over time. The work in this paper is a continuation of the work
in [26]-[27] on detecting WFSM rotor faults.

II.  ANALYSIS OF OPEN DAMPER BAR AND SHORTED FIELD
WINDING TURN FAILURES

In this section, the influence of broken damper bars and
shorted field winding turns on the parameters of the per phase
electrical equivalent circuit of a salient pole WFSM is
analyzed. The concept and principles behind the proposed
electrical test methods are explained in ITI-IV based on the
qualitative analysis given in this section. Since testing at motor
standstill and during the starting transient is of interest, the
electrical equivalent circuits under these conditions are
derived based on the d-axis and g-axis starting equivalent
circuits in [28].

The rotor field windings and damper bars of a 4-pole salient
pole WFSM are shown in Fig. 1 along with the d- and g-axes.
The d-axis and g-axis equivalent circuits can be represented as
shown in Fig. 2(a)-(b), respectively [28]-[29]. vas, Vys, ias, igs
are the d- and g-axes stator voltages and currents; and R, and
Xis represent the stator resistance and leakage reactance. X,
R., Xy, and s represent the magnetizing reactance, the
resistance and leakage reactance of the rotor damper winding,
and the rotor slip, respectively. Switch Sy.+ 1s open at motor
standstill and closed during the motor starting transient, since
the field winding is shorted through a discharge resistor during
starting. Hence Ryrepresents the sum of the field winding and
discharge resistances and X represents the field winding
leakage reactance. Switch S~ is closed when a shorted turn
is present in the field winding, and open otherwise. The
resistance and leakage reactance of the shorted field loop are

represented as Ri and Xy The decrease in Ry and Xjr due to
shorted field turns is ignored considering the large number of
field turns. Switch Sy is closed at standstill and during
acceleration and open when the rotor reaches Ny, since
voltage is not induced in the damper. Note that all rotor
parameters are referred to the stator.

When the rotor is at standstill, Sy is open, Sene 1s closed
and s=1. A broken damper bar results in an increase in all the
equivalent lumped rotor damper parameters, R4, Ry, Xira, and
Xiq- This causes an increase in the input impedance of the
equivalent circuits, Zj., and Z, ., Since X,q is much larger
than X, in a salient pole rotor, the influence of increase in R,
and X, is significant in Z;.,, and negligible in in Z, ;. Shorted
field winding turns introduce a low impedance shorted loop in
the d-axis, as can be seen in Figs. 1 and 2(a). Closing Sgnon
results in a significant decrease in the d-axis equivalent input
impedance, Z;.;, and does not influence Z,.;,, as can be
predicted from Fig. 2.

When the motor is started from standstill, Sy and Sgy,c are
closed and s decreases towards 0. Z;, increases with broken
damper bars and decreases with shorted field turns as in the
case of standstill, although the degree of change in Z;., is

g-axis 4

‘ i TS

Fig. 1. 4 pble wound field salient pole synchronous motor with broken
damper bar and shorted field winding turn. d- and g-axes shown
Rs iXs
+ —_—
Ids Rf/S RfS/S er/S
Vy ; : : .
s Zaeq = PXmd Y X I Xns X
5 Sstart | Sshort | Ssync|
(@
Rs JXis X
B S Ssync
I qs R rq / S
Vos Zgeq= %ijq
])(Irq
o
(b)
Fig. 2. (a) d-axis and (b) g-axis electrical equivalent circuit of salient pole

WEFSM at motor standstill (Sya:: open, Sg..: closed, s=1) and during motor
starting (Syar: closed, Sy closed, s=1—0)



different with Sy~ open (s=1). The change in Z,, as a function
of electrical position of the field with respect to the rotor g-
axis, @ (shown in Fig. 1), is illustrated in Fig. 3 for a salient
pole WFSM with healthy and faulty (broken damper bars and
shorted field turns) rotors. The equivalent input impedance,
Zeq, increases with a broken damper bar and decreases with a
shorted field winding turn when the field is aligned to the d-
axis, whereas the change is negligible when aligned to the g¢-
axis. This is used as the theoretical basis for detecting and
classifying the 2 rotor faults.

When the rotor reaches steady state Ny, there is no
voltage induced in the damper winding by the supply
frequency f; as there is no relative motion between the rotor
and stator magnetic fields. Thus, the switch S;,. in Figs. 2(a)-
(b) is open. At Ny, there is also no voltage induced in the
field winding supplied with a dc source nor in the shorted field
winding loop if a shorted turn exists. Therefore, all the
switches Sgiar, Sshor, and Syme are open and the change in the
rotor parameters due to rotor faults does not have any
influence on the equivalent input impedance, Z.,. One of the
reasons testing at standstill and during the starting transient is
considered is because they provide a favorable condition for
detecting and classifying the two rotor faults, as can be seen
in Fig. 2. With a non-zero slip between N, and rotor speed,
high current is induced in the damper winding and shorted
field turn (if it exists) making the change in Z,, easy to observe
from terminal electrical measurements. The magnetic saliency
effect is increased with open damper bars and reduced with
shorted field turns only at motor standstill and during the
starting transient, and the WFSM rotor faults are not reflected
in Z., when the motor is operating at Ny, in steady state.

III. OFF-LINE STANDSTILL TEST FOR DETECTION AND
CLASSIFICATION OF WFSM ROTOR FAILURES

It is desirable to test damper and field winding faults under
different operating conditions, since the fault present at
standstill may not be observable when the motor is operating,
and vice versa [12]-[14]. Adding the proposed standstill and
starting transient tests to the commercially available tests do
not only provide sensitive detection of the faults but can also
help in improving the reliability of fault detection. In [18]-
[19], detection and classification of damper and field winding
faults based on the off-line, single phase rotation test has been
proposed. This test has been verified to be very effective for
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Fig. 3. Equivalent input impedance, Z,, of salient pole WFSM as a
function of rotor electrical position with healthy and faulty rotor (open damper
and shorted field turns)

detecting and identifying the type of rotor fault. However, it
requires a reduced voltage source (<25% rated voltage) and
manual rotation of the rotor in discrete steps [12], [30], which
is a non-trivial task for high output motors with heavy rotors.
In this work, applying the new type of test presented in [30]
for detecting broken rotor bars in induction motors without
rotor rotation is proposed for identifying WFSM rotor faults.
The schematic of the proposed off-line standstill test is
shown in Fig. 4. The main concept is to use a 3 phase inverter
to inject pulsating magnetic fields at multiple angular
positions, 6, to extract the equivalent impedance, Z.,(6). A 3-
phase inverter can be used to inject a low magnitude pulsating
field at an arbitrary voltage, V, and frequency, f, given by,

Vas = Vcos(0).sin(2uft),
vy = Veos(60 — 120°).sin(2nft), (1)
vss = Vecos(0 — 240°).sin(2rft).

Applying the reference voltages, v*, at @ injects a field that
pulsates between @ and 6 +180°. The equivalent impedance,
for each angular position, Z.(6), can be calculated from the
complex space vector of the applied voltage, V", and current
measurements, I, from

Zoq(0) = Vi /IL, )

while increasing the value of &in uniform discrete steps [31].
The magnitude and frequency of the injected field could be set
so that torque is not induced in the rotor while providing
sufficient resolution in the current (and Z,,) measurement. The
power rating of the inverter could be very small compared to
the WFSM ratings since impedance measurement does not
require high voltage excitation. Therefore, an LV inverter has
sufficient monitoring capability for observing the change in z,,
between healthy and faulty states. Furthermore, a single,
portable LV inverter can be used to test all the WFSMs in the
facility when offline. An inverter fed WFSM. on the other
hand, can be tested without any additional hardware.

It can be seen that it is possible to obtain the Z., vs. 8 graph
shown in Fig. 3 with the proposed method without rotating the
rotor. If the trend in the change in the maximum (d-axis) value
of the Z., graph is measured and observed over time, open
damper bars and shorted field turns in WFSMs can be detected
and classified. Although it is desirable to perform this test at
the motor terminal box, it could be run at the MCC for remote
monitoring whenever the motor is shut down. The impedance
of the cable would be included in the measurements, but can
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Proposed off-line standstill test based on injection of pulsating
magnetic fields at multiple angular positions, &



be trended as long as the measurements are consistent. It is
also possible to implement the proposed method in SMs fed
by inverters. This allows the test to be performed
automatically without additional hardware whenever the
motor is switched off.

IV. STARTING TRANSIENT TEST FOR DETECTION AND
CLASSIFICATION OF WFSM ROTOR FAILURES

The current induced in the damper and shorted field (if any)
is high during the starting transient, and therefore, it is also a
favorable condition for sensitive detection of the fault. The
reliability of fault detection can also be improved since the
rotor can be tested under an alternative operating condition of
rotor acceleration. When the rotor accelerates from 0 to Nyuc,
the magnitude and frequency of z., changes with the relative
speed between the rotating field and the rotor. From the stator
frame of reference, the stator voltage space vector, v,, can be
expressed as,

vs(wt) = Vsejwst:, 3)

where V; and @ represent the magnitude and frequency of the
stator voltage. The equivalent impedance, z.,, observed from
the voltage vector can be expressed as

Zeq (wt) = Zeqo — Azeqeﬂswst’ 4

where z.q0 and Az, represent the average value and magnitude
of z., variation, respectively. When the rotor is at standstill
(s=1), ze; changes at a frequency of 2f; since the reluctance due
to rotor saliency changes two times per electrical revolution of
the rotating field, as can be seen in Fig. 3. When the rotor is
rotating at Nyue (s=0), z. is dc as represented in (4). This
makes the frequency of change in z., proportional to twice slip
frequency, 2sf;, as shown in (4). The equivalent admittance,
Veq, can be derived from the inverse of z., as

Veq (wt) = Yeqo T Aque_jzswsta )

where ye0 and Ay, are the magnitude of the average and
varying admittance components, respectively.
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Fig. 5. Stator current, #,, rotor speed, n,, slip, s, and time-frequency plot

of fault component in i; space vector, i, and z,, during the starting transient

The expression for stator current, i;, can be derived from
the product of the voltage vector vy and y., shown in (3), (5) as

is(wt) = V;quoejwst + VeAYeq e/(1m29)wst, (6)

It can be seen that the variation in z., due to rotor saliency and
rotor faults is reflected in the coefficients of the (1-2s)f
component of #. The saliency can be considered as an
asymmetry during WFSM starting transient operation and thus
results in (1-25)f; component regardless of the presence of
broken bars just like in IMs with axial ducts [32]. Since broken
damper bars and shorted field turns result in an increase and
decrease in Az, (or Ay.,), respectively, they can be observed
from the change in the magnitude of the (1-2s)f; component of
is or the 2sf; component of z.,. It can be predicted from Fig. 3
and (3)-(6) that Az., and V,A4y., (in is) would increase with a
broken damper bar and decrease with a shorted field turn,
making identification of the fault from i or z., possible. The
instantaneous z., can be obtained from the space vector of the
vs and iy measurements as,

Zeq 0 = Fs)/l—s) @)

The best way of monitoring and trending the magnitude of
specific frequency components of z., and i space vector is to
perform Fourier transform. However, the conventional
Fourier transform is not suitable since the frequency of the
components of interest constantly changes with slip, s, during
the starting transient, as shown in Fig. 5. For a 60 Hz input,
the 2sf; component of z., and y., decreases from 120 to 0 Hz,
and the (1-2s)f; component of i; space vector increases from -
60 to 60 Hz, as s decreases from 1 to 0. The rotor speed, slip,
and the change in the (1-2s)f; component of i; and 2sf;
component of z., during the starting transient are shown in Fig.
5. The influence of the change in z., due to rotor faults can
also be observed from frequency spectrum of the current of a
single phase, is. Since the information on the “direction” of
the current space vector rotation is not available in the single
phase current, the frequency of the rotor saliency and fault
related component is reflected in i, as the absolute value of
(1-2s)f;. Therefore, the rotor fault related components produce
a V pattern where it starts at 60 Hz and decreases to 0 and
increases back to 60 Hz, as shown in Fig. 5. Note that this can
only be achieved if the motor is started directly-online, and not
with inverter-fed motor starting.

To observe how the frequency contents of non-stationary
signals such as i and z., change with slip during the starting
transient, time-frequency transformation is required. Among
the different types of transformation techniques available [31],
the Short Time Fourier Transformation (STFT) is applied in
this work since the computational requirements are relatively
low, and STFT has been proven to be effective for detecting
motor faults during the starting transient [16]-[19]. An
example of the starting current i, waveform and the STFT
time-frequency plots of the is; space vector, z.,, and i, are
shown in Fig. 6 for a 30 kW salient pole WFSM with a healthy
rotor. The STFT plots show how the frequency contents of the
signals change with time. The magnitude of the components
is represented as the intensity of the plot at a given instant of
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Fig. 6. (a) Starting current waveform, and the STFT time-frequency plots

of (b) i, space vector, (c) z.,, and (d) i, for a 30 kW salient pole WFSM with
a healthy rotor

time (x-axis) and frequency (y-axis), where red is highest in
magnitude and blue is lowest. The main components in the i,
space vector and i4, which are the 60 Hz component and the
(1-2s)f; component produced by saliency, as illustrated in Fig.
5, can be clearly observed in Figs. 6(b), (d). The frequency
content of z., is mainly dc, and the 2sf; component produced

due to rotor saliency can be also be observed in Fig. 6(c), as
slip decreases from 1 to 0.

The magnitude (i.e. intensity) of the above-mentioned slip-
dependent components in the current space vector is, zeg, and
ias increases with a broken damper bar, and decreases with a
shorted field winding turn. Therefore, the two rotor faults can
be detected and classified if the magnitudes of the components
are trended over time. There are many different types of peak
tracking algorithms that can be applied. In this work, a simple
algorithm which starts at -60 Hz of the i; space vector STFT
plot upon motor starting and tracks the nearest peak value at
the next instant of time is sufficient for tracking of the peak of
the (1-2s)f; component. Similarly, the starting point for the z¢,
and i, STFT plots could be 120 Hz and 60 Hz, respectively,
when the motor is started. Test results of the peak values of
the saliency components under damper and field winding
failures are shown in V.B.

V. EXPERIMENTAL STUDY

A.  Experimental Setup

The two proposed methods were tested on a 380 V, 30 kW,
4-pole salient pole WFSM prototype shown in Fig. 7. The
motor was custom designed and built to resemble the structure
of medium-high voltage wound field synchronous motors.
Two rotors were built for testing broken damper bars (rotor A)
and shorted field turns (rotor B). The rotors have 6 copper
damper bars per pole (24 total bars) that are shorted by
welding them to two copper laminations on each end. The
field winding consists of 144 turns of rectangular magnetic

B WP Shorted ie
B wghg'tu

© @
Fig. 7. 380 V, 30 kW, 4 pole salient pole WFSM: (a) rotor; (b) broken
damper bars; (c) shorted field winding turns; (d) open circuit of shorted field
turn wire during starting transient



wire per pole (576 total turns). 0, 1, and 2 broken damper bar
conditions were produced on rotor A by stripping the copper
laminations from the bars, as shown in Fig. 7(b). The trailing
edge bars are most likely to break due to the uneven
distribution of current within the bars of a pole with highest
current on the trailing end as reported in [5]-[6]. Therefore, the
bars on the trailing edge were broken. Shorted field winding
turn condition was produced on rotor B by shorting 7 turns
(1.22%) from the same pole using a copper wire, as shown in
Fig. 7(c).

The proposed standstill test was performed using a custom
built 600 V, 50 A IGBT inverter. 50 V, 50 Hz voltage was
applied to produce the pulsating fields in 5° (electrical)
intervals from 0° to 360° for obtaining Z., as a function of 6.
The motor was started directly from the main supply after
initiating data acquisition to capture the starting data. The
voltages and currents of each phase were measured using
commercial sensors for both tests. The field winding was open
during standstill testing, and shorted through a discharge
resistor with a value equal to 10 times of the field winding
resistance, which is typical in medium voltage WFSMs.

B.  Experimental Results

The experimental test results of the proposed off-line
standstill test described in III are shown in Fig. 8. The Z
values are shown as a function of pulsating field angle, 6, for
0, 1, and 2 broken damper bars in rotor A in Fig. 8(a). Z vs.
6 measured from rotor B with 0 and 7 shorted field turns are
shown in Fig. 8(b). It can be seen that the maximum values of
Z.q (d-axis values) change with rotor faults whereas the change
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Fig. 8. Experimental results of proposed off-line standstill off-line test:
Zeq vs. @ measurement for (a) rotor A under 0, 1, and 2 broken damper bars;
(b) rotor B under 0 and 7 shorted field turns

in the minimum values (g-axis values) is negligible, as
predicted in Figs. 2-3. The d-axis value of Z,, increases with
the severity of broken damper bars, and decreases with shorted
field turns. The results show that the two WFSM rotor faults
can be reliably detected and classified with high sensitivity.
This is meaningful since the test does not require motor
disassembly or manual rotation as in the existing off-line tests.
It should be noted that the Z., measurements for the healthy
rotor A and B are different, because there is a slight difference
in the airgap.

The STFT time-frequency plots of the i; space vector and
Zeq under the starting transient are shown in 3-dimensional
view in Figs. 9-10, respectively. The STFT plots under 2
broken damper bars (rotor A) and 7 shorted field winding turns
(rotor B) are shown in (a) and (b) of Figs. 9-10, respectively.
It can be seen that the pattern under rotor faults are identical
to that of the healthy case shown in Figs. 6(b)-(c). To observe
the change in the (1-2s)f; component in the is space vector and
2sf; component in z.,, the peak values have been tracked using
the simple algorithm described in IV and highlighted in black
dotted lines. For i; shown in Fig. 9, tracking of the peak value
was started at = 0 s, = -60 Hz, and the neighboring peaks
within the range of +2 Hz from the present frequency were
tracked at the next instant of time. For z., in Fig. 10, the
starting point was ¢t =0 s, f= 120 Hz, as shown in Fig. 10.

The peak values of the (1-2s)f; component in the i; space
vector (Fig. 9) during the starting transient with 0, 1, and 2
broken damper bars (rotor A) are shown in Fig. 11(a), and the
peak values with 0 and 7 field winding turns shorted (rotor B)
are shown in Fig. 11(b). The peak values of the 2sf;
components in z., (Fig. 10), are shown in Figs. 12(a)-(b) for
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Fig. 9. 3D STFT time-frequency plots of i, space vector under (a) 2 of 24

broken damper bars and (b) 7 of 576 shorted turns in 30 kW salient pole
WFSM with tracking of peak saliency component (1-2s)f; shown



broken damper bars and shorted field winding turns,
respectively. Since the duration of starting time can change
depending on the load and with rotor faults, time has been
normalized to the starting period of the healthy rotor for
comparing the magnitudes under similar rotor slip conditions.
The peak values have also been normalized to the average
peak values of the healthy case.

It can be seen in Figs. 11-12 that the saliency related peaks
in is; and z,, increase with the severity of broken damper bars,
and decrease with shorted field winding turns, as predicted in
IV. This is due to the change in z., with damper and field
winding faults, where broken damper bars increase the
effective saliency and shorted field turns decrease the effective
saliency, as described in II-IV. The change in the peaks is
significant considering the small percentage of broken damper
bars or shorted field turns. This allows sensitive detection
compared to existing off-line (pole drop test) or on-line (flux
probe) tests that rely on detecting the small asymmetry caused
by these faults.

Since the s space vector requires the starting current of all
3 phases, the proposed method was applied to the STFT plot
of single phase current i,s as shown in Fig. 6(d) to observe if
it is possible to detect the fault with a single-phase current.
The results of the peak (1-2s)f; components in i, are plotted in
Fig. 13(a)-(b) for damper and field winding faults. The peak
components were tracked starting at t =0 s, 60 Hz in the same
way as is space vector and z., under 0 and 2 broken damper
bars (rotor A), and 0 and 7 shorted field turns (rotor B). It can
be seen that the peak extracted from i, exhibits a similar
pattern as that of the i; space vector shown in Fig. 11 with
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tracking of peak saliency component 2sf; shown
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lower sensitivity. This can be attributed to the fact that the



negative sequence component cannot be separated with single
phase current, and that there is overlap between the 60 Hz and
the absolute value of (1-2s)f; component in the beginning of
the starting transient, as can be seen in Figs. 6(b) and (d). The
average of the peaks for the healthy case, to which the fault
indictor is normalized to, is also higher, making the values
different. Comparison of Figs. 11 and 13 show that it is
possible to detect and classify the two faults with a single-
phase current although there is a reduction in sensitivity.

The starting test was performed twice with shorted field
turns, and the peak saliency components were always lower
than that of the healthy rotor for the first test, as shown in Figs.
11(b), 12(b), and 13(b). However, during the second test,
smoke was observed, and the peak values were similar to that
of the faulty case for the first half, while for the second half of
the starting period, they became similar to the healthy case, as
shown by dotted lines in Fig. 11(b), 12(b), and 13(b). When
the field winding was visually inspected after the test, the wire
used for shorting the 7 field winding turns was found to be
open-circuited due to severe overheating, as shown in Fig.
7(d). Although this was not intended, the results show that
intermittent short circuits during the starting transient can be
detected. This is an important advantage since intermittent
contact is known to produce false indications in both standstill
and on-line testing. The test results in Figs. 11-13 clearly show
that the STFT plot of the i space vector, z.,, Or iy can be used
for sensitive and reliable detection and classification of
damper and field winding failures in WFSMs.
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salient pole WFSM

VI. CONCLUSION

Electrical test methods capable of remote detection and
classification of damper and field winding faults in WFSMs
without motor disassembly have been proposed in this paper.
The first test is an off-line standstill test that does not require
motor disassembly or manual rotor rotation, and the second
test is based on time-frequency analysis of electrical quantities
measured during the starting transient. Standstill and starting
transient conditions provide a favorable condition for
detection of the rotor faults since the current induced in the
damper bars and shorted field turns (if any) is high. The faults
are not observable from terminal electrical measurements
during steady state operation since there is no current induced.
Experimental testing on a 30 kW WFSM was performed to
verify the claims made on the advantages of the proposed test
methods. The proposed tests are expected to provide an
alternative option for remote detection and classification of
WFSM rotor faults in the field with improved sensitivity and
reliability over existing tests.
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