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ABSTRACT In this paper, it is shown that stray magnetic flux is a highly reliable condition monitoring
variable which is rich in motor health related information and it is superior to motor current. It is well-known
that the magnetic field distribution in permanent magnet (PM) rotors exhibit asymmetry due to magnet
manufacturing process. It is shown that, in addition to the clear characteristic bearing signatures, the magnet
imperfections induce multiple new bearing fault signatures in the stray magnetic flux. Different than current,
the signatures in stray flux are more immune to noise, consistent and independent of load and speed. It is
also shown that the stray flux-based detection method can locate the faulty bearing. To justify the proposed
approach, comparative simulations and experiments are carried out on a surface mounted PM synchronous
motor (PMSM) and an interior permanent magnet motor (IPM) with outer raceway bearing fault and different
degree of magnet field asymmetry.

INDEX TERMS Bearing fault, stray magnetic field, permanent magnet synchronous motor (PMSM), interior

permanent magnet motor (IPM).

I. INTRODUCTION

Recently, the market share of permanent magnet motors in
high-end applications have been increasing drastically due
to its high-power density and high efficiency. This rapid
and widespread deployment raises reliability concerns, par-
ticularly for mission and safety critical systems. There-
fore, continuously monitoring these systems is essential
to prevent unexpected shutdowns and catastrophic failures
that may result in fatal accidents or significant operation
loss.

Among the various faults in electric motors, bearing faults
are statistically most common failure at about 41% [1]. Bear-
ing failures are caused due to various reasons like operating
environment, lubrication problems, installation errors, bear-
ing currents, excessive heating due to rotor loss etc. The
majority of bearing related failures are reported for induction
motors due to their long history. The authors in [2] investigate
a PM servo motor with damaged bearing from field to detect
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the fault which shows the bearing failures could happen
in PM motors. As PM motors are relatively younger than
induction machines, there is very limited data to corroborate
that bearing failures could be the most common one. Most
of the previously mentioned problems can occur both in
PM and induction motors except excessive heating due to
rotor losses. With the increase in deployment of wide band
gap devices, high frequency bearing current related issues
are expected to increase. The bearing failures in permanent
magnet motors are not extensively studied like in induction
motors. Even though most of the fault detection techniques
used for induction motors can be inherited, the PM motors
still need to be studied to develop reliable detection methods.

Bearing fault detection through vibration [2]-[6] and motor
current signature analysis (MCSA) [6]-[11],[19] are the most
extensively studied methods. Though accelerometer is one
of the best candidates for mechanical faults, it is expensive
and affected by environment. MCSA technique is proposed
in [7] to detect bearing fault which requires complex signal
processing techniques due to the poor signal to noise ratio
(SNR)[9],[11]. In [9] authors proposed special-kurtosis and
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envelope analysis which uses autoregressive model to whiten
the current and multiple filters to obtain the envelope to
detect the fault. The work in [11] proposes noise cancellation
technique to improve the reliability of signature in current.
These extensive signal processing techniques increases the
complexity of fault detection algorithm due to low energy
bearing fault signatures. Stray magnetic field based monitor-
ing techniques have been developed to detect various faults
like broken magnet fault [12], rotor cage failure [13], stator
winding fault [14], broken bar [15] in electrical motors. But it
is not extensively studied for bearing fault detection. Multi-
ple studies reported that detecting bearing related signature
in stray flux is a challenging task [16], [17]. The authors
in [16] concluded that electromagnetic flux based detection
of bearing fault is difficult and the signatures in [17] are
controversial to determine the fault. Bearing fault detection
using statistical processing of stray flux was proposed in [18].
For a set of integer harmonics, the mean stray flux data
of ten samples are compared with standard deviation of
healthy motor to detect the fault. However, correlation of
these signatures to bearing fault remain unclear since other
faults could also show similar result. The studies [16]-[18]
focus on induction motors and there are no studies on
flux based bearing failure detection in permanent magnet
motors.

In this paper, some key findings regarding bearing fault
detection in permanent magnet motors are discussed in detail.
The new stray flux signatures are proposed which act comple-
mentary to the characteristics bearing fault signatures. The
stray flux around the motor is monitored by the fluxgate
sensor on the housing. It is well known that even in brand new
PM motors airgap magnetic field generated by the magnets
are mostly not uniform due to variation in manufacturing
process [19]. This causes the stray flux to vary with the
position of magnets which can easily be measured with the
fluxgate sensor by rotating the motor at constant speed. This
results in magnetic pole frequency harmonics in the spectrum
of healthy motor. It is shown that the vibration harmonics
modulate the magnetic pole harmonics and generate bearing
fault signatures in stray magnetic field of the motor along
with the characteristic bearing signatures due to the electrical
frequency. The findings show that the signatures in current
are significantly suppressed by the closed loop control and
load but the signature in flux are least affected. The pro-
posed stray flux-based detection shows consistent signature
throughout the operating region whereas MCSA could not
detect bearing fault in most of the operating conditions. The
proposed method is verified with finite element simulation
of PM motors with varying degree of magnetization non-
uniformity (3%, 10% and 20%) to create different level of
asymmetry. The simulation results are validated with two
different PM motors, one with 20% asymmetry in magnetic
field and the other with 5% asymmetry in magnetic field. The
following are the key contributions of this work:

« In addition to characteristic ones, new set of fault signa-

tures are defined for bearing fault.
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o Proposed method can also locate the faulty bearing,
whether it is in the drive end or in non-drive end of shaft
which is particularly useful for large motors and the ones
with long stack length.

o The signature amplitude in flux are remarkably high
and consistent throughout the entire operating region.
Different than MCSA, it results in higher SNR and least
affected by the load and closed loop control action of
controller.

o Complex signal processing is not needed for fault diag-
nosis when there is remarkable asymmetry in between
magnets.

« When the asymmetry in the magnets are not significant,
characteristic signatures are remarkable but the ampli-
tude of the proposed signatures in flux is relatively low
especially under the closed loop operation. However,
there isn’t any reliable signature in the current under the
same conditions.

o The magnitude of signature in flux are almost inde-
pendent of load and speed. This is essential to set a
stationary pre-defined threshold; whereas current signa-
tures are highly operating point dependent and requires
dynamic threshold.

« Even if the magnetic field has no asymmetry or reduced
asymmetry, the signatures in flux due to electrical fre-
quency can be used to detect the fault.

o The consistent signatures in stray flux facilitates the
condition monitoring irrespective of operating point.

Il. BEARING FAULT CHARACTERISTICS AND
TRADITIONAL DETECTION METHODS

Bearing faults are mainly classified as two types: Single point
defects, where the fault is localized and the rest of bearing
area remain healthy, and generalized roughness where the
fault is not apparent which could be due to surface roughness
and deformity in bearing. The second type of fault results
in vibration in broadband frequency [3] which makes the
detection difficult. This work focuses only on the single point
defects. This defect can be thought of as degradation in a
specific location of bearing like raceways, rolling element
which is a spherical ball in ball bearing or cage. This will
result in vibration in a characteristic frequency based on the
defect location. This characteristic frequency is the rate at
which periodic impulses are generated due to the defect.
Based on the defect location, this is further classified as inner
raceway fault, outer raceway fault, ball fault and cage fault.
The characteristics frequency for each of these faults depend
on geometry of bearing and the frequency of rotation. The
characteristic frequency for the various single point defects
is given as [5]

f, D 0
Outer race defect,f, = N, x — <l — ﬂ) (€))

2 D,
fr Dy cos 6

Innerrace defect,f; = Np x — (1 + ——— 2)
2 D,
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where N}, is the number of balls, £, is the frequency of rotation,
Dy, is the pitch diameter of bearing, Dy, is ball diameter and
6 is the ball contact angle. Due to the impulsive nature of
vibration, its harmonic spectrum is rich in harmonics. This
well-defined characteristic frequency and its multiples are
used to detect the bearing failure. With the help of this fre-
quency, accelerometers and current sensors are used to detect
the fault.
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FIGURE 1. Measured vibration spectrum of a PM motor with outer race
fault.

A. ACCELEROMETER BASED DETECTION

The vibration spectrum of a PM motor with outer race
fault measured with industrial piezoelectric accelerometer is
shown in Fig.1. The tested motor uses 6003 bearing which
has theoretical outer race fault frequency order of 4.1whose
fundamental frequency is rotating frequency of motor shaft.
This frequency matches with the observed vibration fre-
quency (f,). The harmonics of the vibration frequency can
also be observed in the plot. These observations are essential
for the following discussions and shows the effectiveness of
accelerometer in detecting the bearing fault.

B. STATOR CURRENT BASED DETECTION

Stator current based detection enables the use of existing
current sensors in the drive. The vibration leads to periodic
variations in winding inductances and eventually reflected in
the stator current. The fault related frequency present in the
stator current is the modulation of stator current frequency
where carrier being the frequency of vibration. It is given as

fong = |kfs + mfy| )

where fy; is the fault frequency component in the current,
k and m are integers, f; is the electrical frequency, fy is the
characteristic frequency due to the bearing fault.

One of the major disadvantages of current based fault
detection is the low magnitude of fault signatures. In some
cases, this magnitude is comparable with the noise floor of
the frequency spectrum which makes it highly unreliable.
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Hence, complex signal processing techniques might be nec-
essary to make reliable fault decision. Most industry purpose
microcontrollers have 10 to 12 bit analog to digital con-
verter (ADC), however in order to monitor bearing related
signatures in the current reliably, at least 16 bit ADC is
necessary to obtain high enough resolution. Overall, the cur-
rent signatures represent vibrations indirectly whereas the
accelerometer measures the vibration itself directly and more
accurately. These disadvantages make MCSA based bearing
fault detection less attractive.

IlIl. PROPOSED STRAY MAGNETIC FLUX

BASED BEARING FAULT SIGNATURES

There are two possible physical effects of fault when ball
meets the defect. The first effect is bearing fault introduces
change in airgap length in the order of few micrometers [20]
which depends on clearance between the balls and raceway.
The airgap length of the motor with bearing fault is given as
in (6) [21]

- k
g0, 9,0=gy |1—acos@+¢®) Y a[t—f—] (6)

k=—o00 v

where go is the airgap length of the motor without the fault,
« is the degree of eccentricity introduced by the fault, 6 is
angular position of rotor, ¢(¢) is the angle which the defect
moved, § is the dirac delta function and f, is the characteristic
frequency of the fault. This periodical change in airgap length
causes the permeance of the airgap to vary which leads to
change in airgap flux density.

The second effect is variations in load torque. The increase
in friction due to the defect causes the load torque to increase.
As the increased torque requirement is experienced only
when the ball meets the fault, it appears as periodic variation
in the load torque. It is given by

Tm(t) = Troad + Trcos(2nfy) @)

where Ty, is the amplitude of torque delivered by the shaft,
Tpoaa 1s the load torque, Ty is the amplitude of bearing fault
related torque and f,, is the characteristic vibration frequency.
The periodic variation in torque causes the magnetomotive
force (MMF) to change [21] which leads to change in airgap
flux density. It is shown in [15] that the stray magnetic flux
reflects the frequency characteristics of air gap magnetic
field. Hence, when the airgap flux density varies, it affects
the stray magnetic flux of the motor significantly.

The magnetic field generated by the magnets in PM motors
are mostly not perfectly uniform with respect to each other.
This asymmetry generates harmonics in magnetic pole order
in the frequency domain. The measured stray magnetic flux
for four healthy motors with 8 poles is shown in Fig.2(a).
It can be observed from Fig.2(b) that the harmonics due to
the asymmetry is present in all the tested motors but with
different degree. There are number of possible reasons for this
imperfection such as asymmetry in magnetization, angular
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FIGURE 2. Measured stray magnetic flux of four different brand new
PMSMs (a) Time domain (b) Frequency domain.

and radial disposition of magnet, rotor to stator eccentricity,
variations in geometrical dimensions etc., [19].

The test motor has 8 poles which results in harmonics of
order 0.25,0.5,0.75 etc., when electrical frequency of motor
is considered as fundamental component. In the following
sections, it is shown that these magnetic pole harmonics are
modulated by the vibration harmonics and generates fault
signature in stray magnetic field of motor along with the char-
acteristic signatures generated due to fundamental electrical
frequency. The fault frequencies in flux are given by

for = [kfs + mf, | ®)

where fyr is the fault frequency, k and m are harmonic order
which includes both fractional and integer harmonics. The
outer race fault in bearing is considered for simulation and
experimentation of the proposed method.

IV. MODELING AND SIMULATION

The PM motor is modeled in Ansys Maxwell 2D to study the
effect of bearing failure in the stray magnetic field around the
motor. The finite element model of motor is shown in Fig.3.
It is a surface mount PM motor with 8 poles and 9 slots.

In the finite element model, the bearing failure is modeled
as torque variation as discussed earlier which is justified with
consistent experimental results. The bearing fault is modeled
as pulsating torque at characteristic frequency of the fault
[7], [22] as given in (7). The torque applied to the motor in
the finite element model has a low ac component (1% of rated
torque) at the frequency of vibration along with the dc compo-
nent. It is to be noted that though the modeled torque variation
is like load oscillation, torque component due to bearing fault
is impulsive and has wide range of harmonics. These higher
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FIGURE 3. Finite element model of PMSM.

order frequencies in torque are not considered in the model in
order to reduce the complexity. This assumption is reasonable
since the simulation intends to show the modulation effect
of fundamental vibration frequency on flux which also holds
good for its harmonics. There are several parameters related
to magnet dimension and manufacturing process which could
result in asymmetry in magnetic field, here it is modeled as
non-uniform magnetic field generated by magnets by varying
their magnetization.

A. BEARING FAULT SIGNATURES IN STRAY FLUX

In order to study the effect of harmonics of magnetic pole on
bearing fault, 3%, 10% and 20% variation in magnetization
are considered for simulation. The three different cases are
selected to show the impact of degree of non-uniformity on
the fault signature. To create the asymmetry, the magnets
are applied with different magnetic field intensity within the
specified variation range. The harmonic order of vibration in
simulation is 3.6 with the amplitude, 1% of rated torque. The
order 3.6 in simulation is different from the test motor order
of 4.1 to reduce the simulation time. The stray magnetic field
around the motor in both the tangential (B) and radial (B;)
directions are monitored at a location outside the motor as
shown in Fig.3.

TABLE 1. Bearing fault harmonics order - simulation.

n+0 n+0 n+1 n+1 n+2 n+2

0.25 4.6 2.6 8.6 1.4" 12.6 54"
0.5 5.6" 1.6" 9.6 24" 13.6 6.4
0.75 6.6 0.6 10.6 34 14.6 7.4
1 7.6 0.4 11.6 4.4 15.6 8.4

(n) Electrical
harmonic order

The simulated frequency spectrum of stray magnetic flux
in tangential and radial direction and stator current are
shown in Fig.4 to 6 for 3%, 10% and 20% non-uniformity
in magnetization respectively which are plotted against the
mechanical harmonic order. The fault signature order is given
in Table 1 and the one in spectrum are marked with aster-
isk (k). The interpretation of Table 1 is provided with the
first harmonic order 4.6 as an example. Based on (8), here
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FIGURE 6. Simulation results with 20% non-uniformity. (a) Tangential
stray flux spectrum (b) Radial stray flux spectrum (c) Current spectrum.

k = n+4+0 = 025, f =4, m = 1 since fundamental
order, f, = 3.6 then fjr = 4.6, 2.6. The unshaded and shaded
column of each magnetic pole harmonics order correspond to
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the sidebands from (8). As fundamental vibration frequency
alone is considered for the simulation, Table 1 fault frequen-
cies are related to this vibration frequency. Stray magnetic
flux spectrum shows multiple fault signatures. Most of the
observed fault signatures are the modulated frequencies of
vibration and the magnetic pole frequency. The fault sig-
natures are present in magnetic flux in both the radial and
tangential directions. It is observed that the fault signature
amplitude increases with the increase in non-uniformity.
For example, the order 2.6 is about —70dB, —60dB
and —50dB for 3%,10% and 20% non-uniformity cases
respectively.

B. BEARING FAULT SIGNATURES IN STATOR CURRENT
The FEA simulations are performed by applying voltage to
the three phase terminals of the motor. The current drawn
by the motor is computed based on the operating condi-
tion. As the current signatures due to bearing fault are the
modulated frequencies of vibration and the electrical fre-
quency, it is also expected that the magnetic pole harmon-
ics should also have impact on current signature. However,
in Fig.4, 5 and 6, the fault signatures in current are mainly
modulated electrical frequency. The signatures correspond-
ing to modulated magnetic pole frequencies are almost absent
in 3% non-uniformity case. In the other non- uniformity
cases, some of these signatures appear with small amplitude.
The magnitudes of signatures are almost the same irrespective
of non-uniformity in magnets. The reason for low amplitude
signature could be due to the reason that fault frequency
in airgap flux causes variation in the inductances of stator
winding and then it gets reflected in stator current. As men-
tioned in Section-II, the detection by MCSA is possible yet
difficult due to low energy signatures. It can be said that the
detection of fault signature in current due to the magnetic pole
frequency could be challenging as well.

C. STRAY FLUX SIGNATURE ANALYSIS UNDER

DIFFERENT CONDITIONS

In order to analyze the behavior of stray flux signatures,
simulations are performed throughout the operating range of
motor. Three-phase voltage is applied to the motor based on
the operating torque and speed. Fig.7 shows the variations in
some of the dominating harmonics of radial flux with respect
to the speed and load current for 20% non- uniform magne-
tization case. The magnitude of fault signatures varies little
within a small range with respect to the load and speed. The
fault signature amplitudes are almost stable around —50dB
to —60dB in most of the cases. The consistency in signature
enables the detection of fault independent of load and speed.
In the non-uniformity case of 3%, the fault signature behavior
is similar to that of 20% case with reduced magnitude. The
results for radial flux in this case is shown in Fig.9. The
signature amplitude in this case is about —60 dB to —70 dB
for most of the fault harmonics. In all the cases, the fault
signature in flux are consistent irrespective of load and speed.
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The tangential flux also has similar characteristics in both the
cases which is not shown for the sake of brevity.

D. STATOR CURRENT SIGNATURE ANALYSIS UNDER
DIFFERENT CONDITIONS

As the bearing fault signatures in current are dominated
by the frequencies modulated by the electrical frequency,
it shows consistent behavior with the simulation throughout
the full load and speed range. The results for some of the
fault signature harmonics for 20% non-uniformity case are
shown in Fig.8. It can be observed that the 0.4" order shows
very stable signature and the magnetic pole related signature
2.4 is not very stable with respect to load and speed. Though
the 0.4 harmonic shows stable signature, the magnitude in
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experiment are expected to be damped by the load inertia
which is not accounted in the simulation. So, the stability
of the signature cannot be ascertained with the simulation.
At reduced non-uniformity case of 3%, the magnetic pole
signatures are not present in current as shown in Fig.10. Based
on the simulation results, it can be concluded that the stray
magnetic flux shows multiple stable bearing fault signatures
throughout the operating condition. The motor current does
not show any stable fault signature related to magnetic pole
frequency and the signatures related to electrical frequency
may get affected due to damping exerted by load.

TABLE 2. Specifications of test motors.

MOTOR-I MOTOR-II

PMSM IPM
Power in Watts 400 745
Rated current in A 2.7 34
Rated torque in Nm 1.27 3.95
Rated Speed in rpm 3000 1800
Number of Poles 8 6
Number of Slots 9 36

FIGURE 11. Experimental setup. (1) PMSM. (2) Fluxgate sensor
(3) Dynamometer (4) Inverters (5) DAQ setup (6) PC.

V. EXPERIMENTAL RESULTS

In order to verify the simulation results, several experiments
are carried out on two different permanent magnet motors
with and without saliency. The first motor is a PMSM with
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magnet non- uniformity of about 20% and interior perma-
nent magnet (IPM) motor with magnet non- uniformity of
about 5%. The specifications of motors are given in Table 2.
The experimental setup is shown in Fig.11. The outer race
of the drive end side bearing of both the motors are artifi-
cially damaged by drilling a hole. It emulates pitting at a
single point which is widely adopted to validate a bearing
fault diagnosis method [7], [16]-[18], [25], [26]. The test
motors are connected to a hysteresis dynamometer and driven
through field-oriented controlled drive. The stray flux around
the motor is monitored through fluxgate sensor from Texas
Instruments [22]. It is available in WQFN package with
dimension 4mm x 4mm which provides the flexibility to
measure flux anywhere around the motor. The sensor has
resolution in the order of nT which makes it a good choice
for measuring small variation in magnetic flux due to the
bearing fault. The three phase stator currents are measured
with LEM current sensors with a nominal current of SA and
accuracy of 1% [23]. The stray magnetic flux is measured in
the axial direction using fluxgate sensor. Both the flux and
current data are acquired through a data acquisition setup and
further processed in MATLAB.

A. MOTOR-I WITH 20% ASYMMETRY IN MAGNETIC FIELD

The first test motor used in experiment is a PMSM with
8 poles and 9 slots same as the simulated motor.
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FIGURE 12. Experiment: Open loop mode- Motor-I: Stray magnetic flux
spectrum.
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FIGURE 13. Experiment: Open loop mode- Motor-I: Current spectrum.

1) OPEN LOOP OPERATION UNDER NO LOAD

The motor is operated with the closed current loop and open
speed loop under no-load. The proportional and integral gains
of both the d-axis and g-axis current controllers are set equal
as 1 and 0.0025 respectively. The stray flux spectrum mea-
sured in axial direction is shown in Fig.12 and the current
spectrum is in Fig.13.The fault signatures are marked with an
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TABLE 3. Bearing fault harmonics order (mechanical) of Motor-1.

Vibration Harmonics Order (m)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.25 1417 1.82 223 2.64" 3.05 3.46 3.87 4.28 4.69 5.10
0.5 2.41 282 3.23 3.64 405 446 487 528" 569  6.10
0.75 341 382 423 4.64 5.05 546 587 628 6.69  7.10
1 441" 482 523" 564 6.05 646 6.87 7.8 769  8.10
025 059 0.8 023 064 1.05 146 187 228
0.5 1.59° 118 077 0.36 0.05 046 0.87 1.28 1.69  2.107
075 2597 218 177 136 095 054 0.3 0.8 0.69 110
1 359 318 277 236" 195 154 113072 031 0.10

Electrical harmonics
order(k)

asterisk (). All the possible fault harmonics order are listed
in Table 3 and the one observed in the experiment are in dark
font. It is calculated from (8) with fs =4 and fv =4.1 It can be
observed from the Table 3 that the subharmonics of vibration
modulates the subharmonic electrical frequencies related to
magnetic poles. The two set of identical electrical harmonic
orders (k) in Table 3 correspond to two sideband frequencies
from (8). It can be observed that, the subharmonics of vibra-
tion acts as carrier which could be due to the reason that the
low frequencies are less affected by damping. Theoretically,
almost all the frequencies in the Table 3 are available in stray
flux spectrum. However, during the experiments many of
them are below the noise level. It can be observed in the stray
magnetic flux spectrum that the multiple signature related to
the bearing fault exist.

Most of the fault signatures related to fundamental fre-
quency of magnetic pole are present in the flux spectrum.
The current spectrum does not show the fault signature related
to magnetic poles since the asymmetry related signatures are
weaker in current. As the asymmetry related signatures are
strong in flux, they are modulated by vibration harmonics
resulting in multiple fault signatures. There are also fault
signatures related to fundamental component of electrical
frequency. This is in consistent with the simulation results
in Section IV which shows many signatures related to the
frequency of vibration. In the simulation many signatures are
observed due to absence of mechanical damping. Similarly,
in the experiment, the damping experienced by the low order
frequencies is lesser than the high order vibration frequencies.
The fault signature magnitudes are significant with maximum
value reaching close to —40dB. The stator current spectrum
has very few fault components with very low magnitude. This
shows that the current signature is highly prone to noise and it
is very challenging to detect the bearing failure signature in it.

2) CLOSED LOOP OPERATION UNDER NO LOAD

The motor is operated with both the closed current loop and
the speed loop under no load with speed controller param-
eters, Ky speed = 1, Ki_speed = 0.005. This is performed
to see the effect of controller on the fault signatures in flux
and current. PM motors are generally operated in closed loop
under loaded condition. So, any fault diagnosis method must
be valid for the closed loop mode in order to obtain reliable
results. The measured axial stray flux spectrum is shown
in Fig.14 and the current spectrum is in Fig.15. The fault
signature in stray flux are different from the one in open
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FIGURE 14. Experiment: Closed loop mode- Motor-I: Stray magnetic flux
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FIGURE 15. Experiment: Closed loop mode- Motor-I: Current spectrum.

loop mode. Some of the frequencies appeared in open loop
mode are vanished in closed loop whereas some new fault
signatures are showing up. The signatures available in closed
loop are marked with asterisk (x) in Table 3. The signatures
due to both the fundamental electrical frequency and mag-
netic pole frequency are present in the flux. The stator current
spectrum has no fault related signatures. The controller tends
to suppress the fault harmonics in current [24]. The controller
parameters also affect the fault signatures in both flux and
current. The signatures in flux are least affected than the cur-
rent [12]. The low magnitude fault signatures in the open loop
mode current are completely suppressed by the controller in
the closed loop operation. This shows that the current based
bearing fault detection is highly unreliable.

3) CLOSED LOOP OPERATION AT DIFFERENT

OPERATING CONDITIONS

It is necessary to ensure the reliability of proposed condi-
tion monitoring technique under all operating condition to
facilitate continuous monitoring. This is verified by operating
motor from no load to full load in its entire operating speed
range. During the experiments, it is observed that some sig-
natures appear in all the operating conditions while some are
not. Some of the selected fault signature in stray flux which
appear in all the operating conditions are plotted with respect
to load and speed as shown in Fig.16. The fault signature
order 2.6, 1.77 and 1.4 are due to magnetic pole harmonics
and the order 4.4 is due to the fundamental electrical fre-
quency. The fault harmonics of stray magnetic flux exhibit
a very stable magnitude throughout the operating range. The
harmonic order 2.6 changes very little with respect to the
operating point and its magnitude reaches almost —50dB.
The other fault harmonics vary within a small range and
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FIGURE 17. Stator current spectrum of Motor-I in closed loop mode.

have consistent amplitude throughout the torque and speed
range. These results corroborate with the simulation results
of stable signature throughout the operating condition. The
signature in the current are not consistent with load and speed
as shown in Fig.17. No single signature in current shows
stable behavior with change in speed and torque.

As computationally intensive 3D simulation is required
to obtain the axial stray flux, the stray flux is calculated
in tangential and radial direction from 2D. The simulation
results of stray magnetic flux in Fig.7 have good correlation
with the experimental results in Fig.16. It can be observed
that the fault signature orders are different in simulation
and experiment which is due to the difference in vibration
frequency as mentioned in Section IV. The fault signatures
in current are suppressed due to the mechanical damping
and controller. This yields some inconsistencies in current
signatures in the experiments.

4) FAULTY BEARING LOCATION DETECTION

The electrical motors typically have two bearings, one at
the drive end and the other at non-drive end of shaft. When
MCSA is used to detect the bearing fault, it cannot provide
information about the location of the faulty bearing. This
information expedites the maintenance process. The stray
flux-based fault monitoring utilizes the localized magnetic
field which can provide insights about the fault location.
In the sections Al to A3, the fluxgate sensor was placed
near the drive end side which is close to the location of
faulty bearing. The spectrum of axial stray magnetic flux near
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FIGURE 18. Stray magnetic flux spectrum, Motor-1 open loop mode in
non-drive end.

healthy bearing in open loop mode is shown in the Fig.18.
It can be observed that the number of fault harmonics is lesser
than the one near the faulty bearing which is shown in Fig.12.
The airgap near the source of vibration varies significantly
than the airgap away from source. It leads to non-uniform
variation in airgap along the shaft of the motor. This results
in damping of fault signature away from the faulty bearing.
This variation in signature level can be used to distinguish the
faulty bearing from the healthy one.

B. MOTOR-II WITH 5% ASYMMETRY IN MAGNETIC FIELD

Here, the results from Motor-II (IPM) is presented which has
non-uniformity of about 5% in its magnetic field.

TABLE 4. Bearing fault harmonics order (mechanical) of Motor-II.

Vibration harmonics order (m)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
033 140 1.82" 221" 261"
067 240 2.82 3.61° 4.41°
3.40 4.61°

1.81° 222" 2.62
1.22 1.62"

Electrical harmonics
order(k)

o|e
[ N Y
N by

2.60°

1) OPEN LOOP OPERATION UNDER NO LOAD

IPM motor is tested in the same experimental setup used for
PMSM. During the open loop operation, the motor is run
at constant speed without speed loop. Due to the absence
of speed loop, the controller cannot adjust the d-axis and
g-axis voltages based on the load, so the motor is run at
no load. All the possible fault harmonics order are listed
in Table 4 and the one observed in the experiment are in
dark font. It is calculated from (7) with fs = 3 and fv =4
The two set of identical rows in Table 4 correspond to two
sideband frequencies from (7). The measured axial stray
flux spectrum and the stator current spectrum are shown
in the Fig.19 and 20 respectively. The fault signatures are
marked with an asterisk (x). Due to the reduced asymmetry
in the magnetic field, the magnitude of signature in flux is
not as significant as Motor-1. But still the signature can be
discerned from the floor noise of the spectrum. The mag-
nitude of fault signature in the current spectrum is higher
than the Motor-I but it is still not superior to stray flux
signature.
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FIGURE 21. Closed loop, Motor-II: Stray magnetic flux spectrum.
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FIGURE 22. Closed loop, Motor-II: Current spectrum.

2) CLOSED LOOP OPERATION UNDER LOAD

As mentioned in A2 of this section, it is imperative that
the fault signature should be consistent under closed loop
operation. In order to perform tests at closed loop, the speed
loop is included in the controller and motor is tested with
load. The measured axial stray flux spectrum and the stator
current spectrum are shown in the Fig.21 and 22 respectively.
Due to the closed loop action of controller, fault signatures
are suppressed in both the flux spectrum and the current
spectrum. Though the current spectrum does not show any
signature, flux spectrum shows some signature which are in
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the encircled region in Fig.21. But the signatures are hard to
differentiate from the floor noise of the spectrum. This is a
typical problem of low signal to noise ratio due to the reduced
amplitude of measuring signal.

To overcome this issue, spectral averaging is performed in
the measured signal. Spectral averaging is a signal processing
technique in which each spectral amplitude is averaged over
a set of time domain signals. Here the averaging is performed
with ten samples of time domain signals. This reduces floor
noise significantly and improves the quality of measured
spectrum. The averaged spectrum of axial stray flux and the
stator current are shown in the Fig.23 and 24 respectively. The
fault signatures in closed loop are highlighted in are marked
with asterisk (x) in the Table 4. The noise floor in the aver-
aged spectrum of stray flux has improved significantly from
—80dB to about —65dB. The fault signature magnitude has
become prominent with multiple fault frequencies. It can be
observed that the obscure signatures in Fig.21 become clear
after averaging the spectrum. The current spectrum did not
show any fault related signature even after spectral averaging.
These results confirm the observations in Motor-I where the
current based bearing fault detection is highly unreliable
and the stray flux based detection is a good alternative for
PM motors.
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FIGURE 23. Closed loop, Motor-1l - Averaged spectrum: Stray magnetic
flux.
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FIGURE 24. Closed loop, Motor-1l - Averaged spectrum: Current.

3) CLOSED LOOP OPERATION AT DIFFERENT

OPERATING CONDITIONS

The fault signatures due to the bearing need not be consistent
throughout the operating range of the motor in both flux and
current. This is mainly due to the low amplitude of fault
signature which gets suppressed at some operating condition.
The motor is operated from no load to full load throughout
its speed range to verify the reliability of stray flux signature.

68858

I Healthy 271 Faulty

Harmonic order: 1.8 Harmonic order: 2.2

g g
= = 651
=3 3
= = -80
z s 1
& ) & 5 o
% 1 % 1
2 ) 0.8 % ) 0.8
% %02 04 06 % CJo02 04 06
'?(,/ speed (p-u) y Speed (pu)
Harmonic order: 2.6- Harmonic order: 3.6 —
g -50 %\
3% 5
< -80 =
a o &, 0
OA
[ - 1 9
% 0 02 04 06 08 % 0 02 04 06 08
2 d (pu) G d (pu)
s Speed (P Y Speed (P

FIGURE 25. Stray magnetic flux averaged spectrum of Motor-Il in closed
loop mode.

As the spectral averaging provided better signature, it is
adopted to obtain both the stray flux and current spectra.
Some of the dominant fault signature in stray flux are plotted
with respect to load and speed as shown in Fig.25. The fault
related harmonics show consistent signature throughout the
operating region. The magnitude of signature is about —60 dB
and it changes slightly with respect to speed and torque. The
fault signature order 1.8, 2.2 and 3.6 are due to magnetic
pole harmonics and the order 2.6 is due to the fundamental
electrical frequency. These results show the reliability of stray
flux based detection and confirms the simulation data. The
stator current related fault harmonics are shown in Fig.26.
Though some of the fault signatures are available at low
speeds, their amplitudes change randomly at higher speeds
like in Motor-I.
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FIGURE 26. Stator current averaged spectrum of Motor-Il in closed loop
mode.

4) DISCUSSION AND SUMMARY OF

EXPERIMENTAL RESULTS

The bearing fault signatures related to magnetic asymmetry
and fundamental electrical frequency are present in stray
magnetic flux spectrum. This is verified in PM motors with
different level of asymmetry in magnetic field. The motor
with higher level of asymmetry shows strong fault signatures
than the one with reduced level of asymmetry. In general,
the motor current does not show strong signatures related
to bearing fault as discussed in Section II so the signatures
related to magnetic asymmetry are all very low at noise floor
level in current and hard to observe.
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VI. CONCLUSION

In this paper, it is shown that stray flux enables highly reli-
able bearing fault detection. The inherent asymmetry of the
magnets is deployed to define new set of fault signature in
stray magnetic flux together with the characteristic bearing
signatures. The fault signatures in two PM motors with differ-
ent degree of magnetic asymmetry are verified in simulations
and validated with extensive experiments. The signatures in
flux are consistent irrespective of control loop action and load
effects which are essential for condition monitoring. It is also
shown that the bearing fault signature in stator current is not
consistent throughout the operating region. It is affected both
by the closed loop control action of microcontroller and load-
ing effects. This makes flux-based detection superior to the
current based detection. The advantage of locating the faulty
bearing with the proposed stray flux-based method expedite
the maintenance process. As the proposed fault detection
method has high SNR, effective in all the operating conditions
and uses low cost sensor, it can be considered as better
alternative for the detection of bearing fault in permanent
magnet motors.
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