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Evaluation of the Damper Condition in
Synchronous Motors through the Analysis of the
Transient Stray Fluxes and Currents considering

the Effect of the Remanent Magnetism

H. Castro-Coronado, J. Antonino-Daviu, A. Quijano-Lopez, P. Llovera-Segovia, V. Fuster-Roig,
L. Serrano-Iribarnegaray and L. Dunai

Abstract -- This paper proposes the qualitative and
quantitative analysis of stray-flux and current data under
starting to detect damper faults in cylindrical rotor
synchronous machines. These machines are typically employed
in high power applications and their possible outages may imply
huge costs for the industries or plants where they operate. The
damper cage is a critical part of these machines and a potential
source of catastrophic failures. However, few research works
have provided feasible alternatives to monitor the condition of
such element. This work analyses the viability of analyzing the
electromotive force signals induced by the stray-flux in external
coil sensors as well as current signals under starting to diagnose
damper faults. The results obtained with laboratory machines
with different levels of damper damage show that the analyses
of those signals can provide very useful information for
determining how the damper degrades over time. Moreover, the
paper studies the effect of the remanent magnetism over the
viability of the approaches and provides solutions to overcome
this problem. The conclusions are valuable for field engineers
since, nowadays, there are few available solutions that allow
monitoring the condition of such element without motor
disassembly.

Index Terms—synchronous machines; fault diagnosis; rotor;
damper cage; maintenance; reliability; transient analysis; stray-
flux.

l. INTRODUCTION

HE damper cage (or amortisseur winding) plays a
crucial role in the operation of many wound rotor
synchronous machines [1]. It enables the startup of the
machine in an asynchronous way, due to the currents that are
induced in the damper bars when the stator winding is
connected to the grid. In real applications, when the machine
reaches a speed near the synchronous speed ns (typically,
within 95% of ns), the field winding is supplied with a dc
current and the machine is auto synchronized. Therefore, the
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damper is crucial for the starting of such machines.
Moreover, the damper cage has other important functions,
such as damping the mechanical oscillations due to load
variations, limiting the magnetic field harmonics or
contributing to enhance the behavior of the machine under
short-circuit conditions [1]-[2].

Cylindrical rotor synchronous machines (CRSM) usually
have solid rotors. This is often enough to assume the
functions of the damper [3]. However, most of these
machines incorporate copper or bronze plates with reduced
cross-sectional areas that are allocated in the upper part of
the slots and that help to the circulation of currents under
starting. Occasional breakages in these damper elements may
have important repercussions. Apart from making more
difficult the motor starting, some detached fragments may
stroke parts of the stator winding insulation, leading to
damages and occasional shorted turns with subsequent
catastrophic effects.

Therefore, it is of paramount importance to monitor the
condition of the damper cage, even in CRSM. In spite of the
importance of maintaining this element in proper conditions,
the available methods in the field are still very rudimentary,
if not intrusive. Offline inspections of the rotor with
boreoscope cameras are often employed in the industry [4];
these methods do not guarantee the correct determination of
the damper condition. On the other hand, some large
machines make use of internal air gap flux sensors, which
could help in detecting the fault, but that imply the
installation of such elements which is not an economic and
practical question [5]. Over recent years, some promising
methods based on the analysis of the starting current have
been proposed both for salient pole [4] and cylindrical rotor
synchronous motors [6]. The results of these works have
opened a new research line that is focused on the study of
different quantities of the machine under the starting. In this
regard, the airgap flux behavior under starting had been
investigated to detect damper faults [5], [7] and even some
very recent papers have studied the effect of damper bar
faults over the leakage flux [8].

The present work compares the analyses of motor currents
and stray flux signals under starting to detect damper faults
in CRSM. The analysis of stray flux data is living a renewed
dynamism recently, revealing itself as a very powerful tool
for the diagnostic of different faults that are not always
reliably detected with other quantities. More specifically, the
analysis of stray flux signals under starting has yielded
satisfactory results for diagnosing rotor failures in cage [9]



and wound rotor induction motors [10]. Hence, it is expected
that this technique can be also useful to determine the
condition of the damper in CRSM. The results included in
this work, obtained with laboratory CRSM, help to ratify this
conclusion, proving the respective advantages of each
quantity for the diagnosis of damper bar failures in such
machines. On the other hand, the effect of the remanent
magnetism that exists in the rotor of some CRSM is studied:
as shown in the paper, this phenomenon may facilitate the
self-synchronization of the CRSM even if the field winding
is not supplied, making the duration of the starting shorter
and, hence, complicating the starting analysis. A solution to
allow the application of the proposed methodology even
under those circumstances is provided in the paper.

Il.  STRAY-FLUXES AND CURRENTS ANALYSES UNDER
STARTING

A. Harmonics in the starting current

Previous works proved that the analysis of the current
demanded under starting is a useful method to detect damper
failures in both salient pole synchronous motors [4] and
CRSM [6], [9]. The idea beyond this approach relies on
tracking the characteristic time-frequency evolutions
followed by certain fault-related components during that
transient. More specifically, the identification of the
evolution of the lower sideband harmonic (LSH) given by
f-(1-2-s) (f=supply frequency and s=slip) as well as the
assessment of the amplitude of that harmonic under starting
have been proposed as reliable methods to evaluate the
condition of the damper [4]. The identification of other
harmonics induced in the current signal can also be useful to
diagnose damper faults, such as the upper sideband harmonic
(f-(1+2-s)) or the fault harmonics near the fifth winding
harmonic (f-(5-4-s) and f-(5-6-s)). All these harmonics follow
characteristic trajectories as the slip s varies under an
asynchronous-mode startup. The identification of these
trajectories in the time-frequency maps resulting from the
starting current analysis is a reliable evidence of the presence
of the failure. In salient pole synchronous motors, the
saliency effect creates similar components, so periodic
trending of the fault harmonics’ amplitudes is necessary to
detect how the damper degrades over time [4].

B. Harmonics in the stray flux under starting

Damper failures have been reported to amplify certain
components in the air gap magnetic field [5], [7], which can
be also used for the reliable detection of this fault. However,
the measurement of air gap flux data implies the installation
of internal probes. With regards to the stray flux, recent
works related to cage and wound rotor induction motors have
shown that certain components are amplified due to rotor
asymmetries and, moreover, these components follow
particular evolutions during a direct on-line startup [9]-[10].
The components present in the stray flux have different
nature (axial/radial) depending on their origin, as justified in
[12]-[13]. More specifically, two main groups of components
are amplified when rotor faults are present:

- Axial components: located at s-f and 3-s-f. These may

also be influenced by other effects such as

eccentricities or load-related problems.

- Radial components: the most relevant are the sidebands
at f-(1+2-s). Other higher frequency harmonics such
as those induced in the currents are also amplified.

Apart from the previous components, there are also
harmonics associated to the rotational frequency f; that are
usually employed to diagnose eccentricities (these harmonics
may be also amplified by misalignments but in a lesser
extent [14]). These components are located at ff, or,
equivalently, f-(1x(1-s)/p) (we will denote them by fecc (+)
and fec (-)). Recent works have shown that these components
are also amplified due to rotor damages [15].

As it happened with the fault harmonics in the starting
current, the previous stray flux components follow
characteristic evolutions as the slip changes under a direct on
line startup yielding particular time-frequency patterns that
can be used for the diagnosis of the fault.

The same reasoning can be also extended to damper fault
detection in CRSM. Note that, depending on the position of
the sensor that is used to collect flux data, a higher portion of
radial or axial flux will be captured and, therefore, the
corresponding components (axial or radial) will be better
observed in the subsequent time-frequency analyses.

Fig. 1 shows the expected time-frequency evolutions of
all the aforementioned components (flux and/or current)
under a simulated direct on-line starting of a 4 pole, 1,1 kW
motor. The detection of these evolutions with suitable time-
frequency tools is the basis of the techniques proposed in this
paper to detect damper failures in CRSM.
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Fig. 1. Expected time-frequency evolutions of the fault components in the
flux and/or current signals under starting.
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I1l. EXPERIMENTS

Several experiments were developed at the laboratory in
two different CRSM (CRSM1 and CRSMZ2) with the
following rated characteristics: power =4 kW; number of
poles=4; stator voltage=400V; stator current=7.5A;
maximum excitation voltage=50V. The specific constructive
characteristics of the CRSM windings are detailed next:

- Stator winding: double layer winding placed in 48 slots
uniformly distributed with a chorded coil span of 9/10 or the
pole pitch.

- Rotor winding: winding placed in 24 slots with six slots
per pole, uniformly distributed in 5/9 of the pole pitch.



- Damper winding: constructed as squirrel cage with 36 bars
uniformly distributed (9 bars per pole).

Note that the distribution of the damper is uniform in the
rotor perimeter while the rotor (field) winding is distributed
through 5/9 of the pole pitch, as depicted in Fig.2. This
distribution may yield a certain magnetic saliency in the
CRSM that will not be so important as in salient-pole
synchronous motors [4] but that may yield inherent slight
signatures under healthy conditions.
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Fig. 2. Emplacement of the different machine windings.

The damper cages of both machines had been subjected to
an intense experimentation during more than 40 years of
operation. In particular, one of them (CRSM1) was seriously
damaged in the past (at least six damper bars were broken
and afterwards re-welded). Fig. 3 shows a picture of the rotor
and evidence of previous damage in the damper of CRSM1.
In the case of CRSM2, despite the intense previous
experimentation, which can yield a subsequent wear of the
cage, there is no evidence of damper damage.

SIGNS OF DAMPER DAMAGE

Fig. 3. Rotor of the CRSM and evidence of damper damage in CRSM1.

Different direct-on-line startups were developed for the
machine operating under various load conditions, although in
the figures only the no load case is shown, since it yields the
shortest duration of the starting transient, which is the most
critical situation for detecting the evolutions of fault
components. In each test, the machine was started in an
asynchronous mode (thanks to the damper cage) and, when
the steady-state was reached and the speed stabilized, the
field winding was supplied (by closing a circuit breaker
(C.B.)), hence enabling the synchronization of the motor.
The stator current signal was registered (sampling rate f=5
kHz). Also, a coil sensor was employed to register the
electromotive force (emf) induced by the stray flux under
starting. This was an air core coil with N=1000 turns, round
shaped and had an external diameter of 80mm and an internal
diameter of 39mm It was attached to different positions of
the machine frame, so the axial and radial parts of the flux
were captured. Fig. 4 shows the laboratory test bench for one
of the tested CRSM, as well as its electric scheme. Fig. 5
shows the three coil sensor positions that were tested.

Unlike in CRSM1, the rotor of CRSM2 had a certain level
of remanent magnetism which vyielded the self-
synchronization of the machine, even if the field winding
was not supplied (the level of remanent magnetism in each
machine was verified by measuring the voltage at the stator
terminals while rotating each CRSM without supplying its
excitation). In CRSM2, the motor starting was shorter (<1
second) due to the effect of this remanent magnetic field in
the rotor.
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Fig. 4. a) Laboratory test bench, b) Tested CRSM and c) Electric scheme

Fig. 5. Considered coil sensor positions

IVV. RESULTS AND DISCUSSION

This Section is divided into two parts: the first part
includes the steady-state analyses that were performed
considering the stray-flux signals captured at steady-state
regime, both before and after synchronization (i.e. before and
after feeding the field winding) [16]. Note that these analyses
are based on the assumption that the motor operates as
asynchronous during few seconds at steady-state, before
moving to synchronous mode. This is not a realistic case
since, in practice, the field winding is supplied before the
steady-state is reached. The reason for including these
analyses is twofold: on the one hand, to illustrate the
differences between the spectra at asynchronous and
synchronous modes, emphasizing the unsuitability of the
analysis after synchronization for detecting damper faults
due to the absence of significant current in the damper. The
second objective is to show that a potential alternative to
facilitate the damper fault detection would rely on leaving
the motor under an asynchronous mode operation at steady-
state (at least during a few seconds) since, as shown in the
results, the resulting spectra of the asynchronous-mode
signals would greatly facilitate the detection of a damper
failure. This alternative may be especially useful in those
motors in which the starting is too fast and starting current
analysis may be difficult due to this fact.

The second part of the section is related to the time-
frequency analyses of the stray-fluxes and currents under
starting that were developed using the Short Time Fourier
Transform (STFT), extending the analyses presented in [17].
In this section, a fault severity indicator is proposed to
quantify the differences between the time-frequency analyses
obtained for the tested CRSM.
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Fig.6. FFT analyses of the emf captured at steady-state for the CRSM1
(asynchronous operation, before synchronization)

A.  Steady-state analyses

Fig. 6 shows the FFT of the emfs that were captured during
the steady-state operation of CRSM1 before the motor was
synchronized. During that short interval, the motor was
operating in an asynchronous mode, so it is possible to
observe the fault harmonics in the FFT spectra at all sensor
positions. Note that, as expected, the radial components are
more visible in those sensor positions in which the radial flux
is mostly captured (mainly B and C), while the opposite
happens for the axial (position A). In any case, at all sensor
positions, a certain portion of axial and radial flux was
captured.

Fig. 7 shows the same analyses as Fig.6 but for the machine
operating after synchronization (i.e. synchronous mode).
Note that, in this situation, the fault harmonics are not present
in the FFT analyses since the damper cage has no current.
Therefore, any damage in the damper is undetectable under
this regime. One of the first conclusions of these facts is that,
if it is possible to have the motor operating in an
asynchronous mode at least during a short interval at steady-
state, the FFT analysis of the steady-state flux data may bring
very useful information for the diagnosis, especially in those
cases in which the starting analysis (shown in the next
section) may not be easily applicable due to a short starting
duration.

B.  Transient analyses

Figs. 8 to 10 show the time-frequency maps (region 0-250
Hz) resulting from the application of the STFT to the emf
signals induced in the external coil sensor under the starting
of the CRSML1. Each figure is referred to each of the sensor
positions depicted in Fig. 5: at position A, the sensor mainly
captures the axial flux, while at Position B and Position C, a
mixture between axial and radial stray flux is measured.
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Figure 7. FFT analyses of the emf captured at steady-state for the CRSM1
(synchronous operation, after synchronization)

With regards to the analyses shown in Figs. 8 to 10, note
the rich harmonic content of the time-frequency maps
resulting from the STFT of the emf signals induced by the
stray-flux. These maps provide a lot of information related to
the fault components present in the captured signals. This is
extremely useful to determine the condition of the damper
cage of the CRSM.

More specifically, note that, at position A (Fig. 8), the
time-frequency analysis reflects the evolutions of most of the
components, the theoretical evolutions of which are depicted
in Fig. 1. These components are marked in the figure. It is
especially interesting to emphasize the clear detection of the
evolutions of the axial components 3-s-f and, especially, s-f,
which are much better observed than in Figs 9 and 10
(corresponding to the other two sensor positions). This is
because, as commented above, position A mainly captures
the axial flux and, therefore, axial components are more
noticeable in the analysis of the registered emf. Despite this
fact, note that other components with radial nature (such as
f-(1-2-s) and f-(1+2-s)) are also observed at position A, but
they are less clear than in the results corresponding to the
other two sensor positions (see Fig. 9 and Fig. 10). The
evolutions of other components linked with the damper cage
failure, such as f-(5-6-s) and f-(5-4-s), among others, can be
also detected and their detection serves to ratify the presence
of the fault. Finally, it is worth mentioning that the
evolutions of the components at fecc(-) and fecc(+) are also
observed. As commented in other works referred to cage
motors [15], these components were also amplified due to
the presence of rotor bar faults.

With regards to position B (Fig. 9), the main difference
versus the previous analysis relies on the fact that the radial
components’ evolutions (e.g. f-(1-2-s), f-(1+2-s), f-(5-4-3)
and f-(5-6-s)) are much more evident in the time-frequency
maps, a fact that is explained by the higher portion of radial
flux that is captured at this position. On the contrary, the
evolutions of the axial components (s-f and 3-s-f) are hardly
discernible.
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Fig. 8. STFT analysis of the emf signal under starting for the sensor located at
position A (CRSM1).
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Fig. 9. STFT analysis of the emf signal under starting for the sensor located at
position B (CRSM1).
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Finally, the results for position C are rather similar to
those of position B. The main difference is that, at position
C, it is possible to better observe the axial components’
evolutions (especially 3-s-f), probably because a higher
portion of axial flux is captured at that sensor location.

All in all, the stray flux analyses show that plenty of
information is obtained, regarding the condition of the
damper cage. Even if different components are better
detected, depending on the sensor position, the combined
analysis of the information obtained at all sensor positions
increases the reliability of the diagnostic, since it is
supported by the detection of components of different nature.

Fig. 11 shows the STFT analysis of the starting current for
the CRSML. First, note the less rich harmonic content of the
time-frequency map, in comparison with those of Figs. 8 to
10. In other words, fewer evolutions are observed under
starting, compared to the previous figures. Second, note that
there are some components which are not noticeable in the
time-frequency analysis of the starting current. In this regard,
the evolutions of the axial components at s-f and 3-s-f are not
observed, while the eccentricity/misalignment components at
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Fig. 11. STFT analysis of the starting current for the CRSML1.
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Fig. 12. STFT analysis of the emf signal under starting for the sensor located
at position A (CRSM2, remanent magnetism).

fecc(-) and fecc(+) are less distinguishable. On the contrary, the
evolutions of the main sideband harmonics at f-(1£2-s) are
observed much more clearly than for the stray flux analyses.
Indeed, the evolutions of other sideband families such as
f-(1¢4-s), f-(1x6-s) and even f-(1£8-s) are also clearly
noticeable.

Figs. 12 to 14 show the STFT analyses of the emf signals
under starting for the CRSM2 (started at rated voltage). Note
that CRSM2 had a characteristic that made them different
from CRSML1.: it had certain remanent magnetism in the rotor
caused by previous experimentation over years. Due to this
fact, the starting of this machine was much faster and,
furthermore, the machine was auto-synchronized when the
steady-state was reached, without needing to feed the field
winding. The main effect of this remanent magnetism, with
regards to the detection of damper failures based on starting
analysis, is that the transient is much faster (<1 sec), so it is
almost impossible to identify the rotor fault components’
evolutions, as observed in Figs. 12 to 14. Only the
eccentricity components at steady-state are visible.
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The time-frequency analysis of the starting current for
CRSM2 vyields similar problems to identify the fault
harmonics, since the transient was too short, due to the effect
of the remanent magnetism, as shown in Fig. 15.

A possible solution to the problem caused by the
remanent magnetism, which makes the application of the
proposed diagnosis methodology difficult, relies on making
the startup duration longer. This can be done by supplying
the machine with a reduced voltage under starting. This leads
to a longer duration of the starting current signal and enables
to better identify the evolutions of the fault components. In
that way, it is possible to determine the condition of the
damper based on the proposed methodology. This is
illustrated in Figs. 16 to 18, which depict the STFT analyses
of the emf during the starting for the CRSM2, when this
machine was started using a reduced voltage (~60% of the
rated voltage is considered in the figures, although other
reduced voltage levels are possible, provided that the starting
duration is at least 1-1,5 s). Note the longer duration of the
transient, which allows a clear identification of the
evolutions of the fault components linked to damper
damages (the theoretical evolutions of which were shown in
Fig.1).

A simple comparison between Figs. 16 to 18 and Figs. 8
to 10 reveals a healthier condition of the damper of CRSM2
compared to that of CRSML1: the fault related patterns for
CRSML1 have greater intensities than those of CRSM2, as
observed in those graphs (compare, for instance, the f-(1-2-s)
between Fig.9-Fig.17 and Fig. 10-Fig. 18. This is coherent
with the considerations carried out above about the previous
conditions of each damper. Note that, despite the healthier
state of the damper of CRSM2, traces of the fault
components are observable, probably due to the inherent
asymmetry due to the slotting of the field winding in these
machines (Fig. 2). In any case, to quantify the differences in
the conditions of the damper windings of both machines, a
fault severity indicator is proposed. This indicator is defined
as the maximum energy density (related to that of the
fundamental component) of a specific area of the time-
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Fig. 15. STFT analysis of the starting current for the CRSM2 affected by
remanent magnetism (rated voltage).
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Fig. 16. STFT analysis of the emf signal under a reduced voltage starting for the

sensor located at position A (CRSM2, residual magnetism).
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Fig. 17. STFT analysis of the emf signal under a reduced voltage starting for
the sensor located at position B (CRSM2, residual magnetism).
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Fig. 18. STFT analysis of the emf signal under a reduced voltage starting for
the sensor located at position C (CRSM2, residual magnetism).



frequency map. The considered area to compute the indicator
is that shadowed in Figs.9-10 and 17-18. It has been selected
since it is trespassed by the most relevant fault harmonic
(f-(1-2-s)) under starting (this is why only positions B and C
have been considered, since at position A this radial
component is less observable). The exact definition of the
indicator is given by (1) (where En;; is the energy density at
the (i, j) coordinate of the time-frequency map, to and t; are,
respectively, the initial and final x-samples defining the
considered t-f area and fo and f; are, respectively, the initial
and final y-samples defining to the considered t-f area). As a
reference, the considered time interval for the selected time-
frequency area is between 30% and 50% of the starting
duration and the frequency range between 5 and 25 Hz.

}-’A — MM[EH‘E,_J']E:!'D....!‘J:: _;l':fn"'ff (1)

Table I shows the value of the considered fault indicator
for each machine. To compute its value, different supply
voltages have been considered in order to study the its
possible influence on the indicator value. The results prove
the consistency of the fault indicator: for each machine, its
value remains quite stable, regardless of the considered
position (B, C) and supply voltage level. Moreover, its value
reveals clear differences between CRSM1 and CRSMZ2,
showing lower values for this latter machine, which indicates
a healthier condition of its damper in agreement with that
stated above.

TABLE I.
COMPUTATION OF FAULT SEVERITY INDICATOR FOR CRSM1 AND CRSM2
AT EACH SENSOR POSITION AND FOR DIFFERENT SUPPLY VOLTAGES

CRSM?2
Pos B
Supply voltage (% of rated voltage) INDICATOR
100% -36.26
80% -38.13
60% -36.4
Pos C
Supply voltage (% of rated voltage) INDICATOR
100% -36.41
80% -38.57
60% -35.36
Pos B
Supply voltage (% of rated voltage) INDICATOR
100% -27.22
(+24.9%)
80% -27.45
(+28%)
60% -28.3
(+22.2%)
Pos C
Supply voltage (% of rated voltage) INDICATOR
100% -26.33
(+27.6%)
80% -26.05
(+32.4%)
60% -27.8
(+29.8%)

Finally, Fig. 19 is referred to the STFT analysis of the
starting current for a machine started under reduced voltage
conditions. Note that, in that figure, most of the fault
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Fig. 19. STFT analysis of the starting current for the CRSM2 affected by

remanent magnetism (reduced voltage).
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components associated with the damper fault can be
identified, as it happened in Fig. 11. In conclusion, a possible
solution in machines with remanent magnetism is to perform
this type of startup modality, so that the asynchronous
starting is longer and, hence, the fault components are better
identifiable.

V. CONCLUSIONS

This paper has presented a comparison between stray flux

and current analyses under starting for the detection of
damper failures in CRSM.
The analysis of the starting transient has been proven as a
reliable way for diagnosing damper damages in synchronous
motors. This work has shown the qualitative differences
obtained from the stray flux analyses for two CRSM with
different levels of damper failures and has proposed a fault
severity indicator to quantify the level of damper damage.

.In comparison with starting current analyses, the time-
frequency analysis of the stray flux signals are much richer in
harmonic content, a fact that contributes to enhance the
reliability in the diagnostic of the failure.

In addition, the fact that the sensor position determines the
fault components that will be better observed in the time-
frequency analyses has a positive implication: if the
information is obtained from different sensor positions, more
fault related components of different nature (axial/radial) will
be observed and, therefore, the diagnosis will be more robust,
since it will not only rely on the detection of a single or of
few components.

On the other hand, starting current analysis, although less
rich in harmonic content, yields very clear evolutions of the
main fault related components (especially, of the main
sidebands).

Additionally, the effect on the remanent magnetism in the
rotor is also considered in the work. This phenomenon may
complicate the diagnosis since it can make the startup much
shorter, enabling a fact synchronization of the machine (even
before feeding the field winding). To solve this problem,
potential solutions, such as starting the machine under a



reduced voltage, are proven to be useful. This enables a
longer duration of the starting and, consequently, a better
visualization of the fault components evolutions. Results
reveal no significant influence of the supply voltage level on
the results of the methodology (both qualitative and
quantitative).

In consequence, the combined analysis of currents and
stray flux signals under starting, if feasible, reveals itself as a
promising tool for the reliable diagnostic of the damper fault,
the implications of which may be very severe for the
integrity of the machine and of the process itself.
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