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Abstract—The detection of bearing damage using the stator

current analysis is an important issue in condition monitoring.
The modeling of a bearing damage can help to generate data for
different loads and faults. These simulation data can be used to
develop fault detection and classification algorithms.
The aim of this work is to develop a model for the bearing damage
effects, which enables the simulation of local bearing damage
with different sizes. This model is integrated in the model of
the permanent-magnet synchronous machine (PMSM) in order
to illustrate the impact of the damage on the stator current.
Experiments confirm the simulations results of the proposed
approach.
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I. INTRODUCTION

The most common mechanical faults in electric drive train
are related to bearing damage [1], [2]. These are detected
essentially by vibration analysis with different methods for
feature extraction [3]. The vibration analysis is expensive
compared to other common methods such as temperature
monitoring and oil degradation monitoring. However, it is
still the most efficient approach, which enables the detection
and the location of the failure. This method requires a chal-
lenging mechanical construction depending on the number of
used accelerometers and the type of bearing. Therefore, an
alternative detection method is studied by [4]-[12], where the
stator current signature is used for the fault detection. For this
reason, the modeling of bearing faults in order to determine
their effects on the stator current has become an important
issue in condition monitoring. Bearing damage can be modeled
considering the vibrations due to the faults ( [4], [14]) or the
induced torque pulsations ( [12], [13]). While, A. Rezig has
proposed a model for the vibration of the shaft with bearing
damage [14], in which the induced waviness was expressed
as a superposition of cosine functions plus the radius of the
affected part of the bearing. R. R. Schoen has considered the
characteristic fault frequencies generated from the mechanical
vibrations [4]. Based on this knowledge, M. Blodt [10] and
J. Kim [13] have introduced a model of bearing damage
considering the effect of the torque pulsations on the rotor
speed, the airgap flux density and the stator current. The torque
pulsations was thereby modeled as an additional sinusoidal
component with the fundamental fault frequency. In this paper,
we focus on the torque pulsations, in such a way that any

outer race fault with different width can be represented. The
proposed approach can also be applied to other fault types.

The following section describes the dynamic model of
the PMSM. Section III introduces the dynamic model of
the PMSM with bearing damage, whereas a mathematical
expression to describe the torque pulsations due to the bearing
damage is discussed in Section III-A. The developed model is
simulated for different loads and the results are presented in
section IV-A. Furthermore, measurements are shown in order
to verify the proposed approach in section IV-B. Finally, the
work is summarized and concluded in section V.

II. DYNAMIC MODEL OF THE PMSM

A vector controlled PMSM is used for this study. The
existing machine model is briefly presented in the following.
The dynamic model of the machine can be described in the
following equations [16]:
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where
® 4, Vsq: direct and quadrature stator voltage
® 44,154 direct and quadrature stator current
o L4, Ly direct and quadrature inductance
e WUpy,: flux linkage of the permanent magnet
e R, stator resistance and w rotational speed.

The torque of the machine is given by:
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This can also be expressed as the sum of the load torque Tj,q4
and the moment of inertia J,

Tu=
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The model of the controlled PMSM (Fig. 1) based on (1) - (3)
is implemented in Matlab/Simulink and consists of three sub-
systems. The controller is implemented in subsystem Control
Circuit. The Power Converter is modeled in Matlab/PLECS
and the machine equations are implemented in subsystem



PMSM. The model input values are the specified speed wspec
and load torque 7j,.4. The stator current and the torque of the
machine are saved to the workspace for the post-processing in
order to evaluate the implemented model.

III. DYNAMIC MODEL OF THE PMSM WITH BEARING
DAMAGE

The dynamic model of the PMSM will be extended with a
bearing damage model by modifying the load torque. Thereby,
the torque pulsations due to bearing damage have to be
implemented and integrated in the whole model.

A. Modeling of the torque pulsations

Local or single-point bearing damage can be classified
in function of the affected part of the bearing as inner race
fault, outer race fault, cage fault or ball fault. In this paper,
we are focussing on the investigation of outer race fault.
However, the proposed approach is not restricted to this
fault and can also be applied to other fault types. The outer
race defect can be modeled by means of the characteristic
fault frequencies generated from the mechanical vibrations.
These depend on the geometry of the rolling elements and the
mechanical rotational frequency f,.,, and are defined in [15] as:
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Ny represents the number of balls or cylindrical rollers, 3
the contact angle of the balls, Dyq;; the ball or roller diameter
and D.qq the cage diameter, also known as the ball or roller
pitch diameter. Rolling bearings are usually used to guide and
to support the shaft in rotating machines. Any bearing damage
causes a radial motion between the rotor and the stator, which
leads to a rise of the friction torque in load case. This interferes
with the load torque and leads to torque pulsations. In order to
model the bearing damage, a mathematical expression must be
found to describe the torque pulsations in such a way that outer
race fault with different width should be modeled. For this
reason, we assume that every time when a ball passes through
the damaged point, a disturbance occurs and overlays the load
torque. This disturbance can be modeled as a rectangular pulse,
whose width depends on the width of the damage and whose
amplitude is related to the weighting of the damage. The
generated torque pulsation, shown in Fig. 2, can be defined
as:
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Fig. 1. Dynamic model of the PMSM.

where

o Ay is the amplitude of the disturbing torque related
to the bearing damage

e Ay is the time, in which a ball passes through the
damaged point.

e T... is the period of the pulse.

A gist 18 calculated by the width of the fault d and the tangential
speed of the outer race vy, which can be expressed as a
function of the rotational speed of the cage w¢ and the raceway
groove radius r, [18]:

d
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The period of the pulse T)...; depends on how many times the
ball crosses over the damaged point inside a motor revolution
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where T' = 1/n is the period of the rotational movement and

n the rotational speed. N,y ¢er 1S given by the characteristic
frequency of the outer race fault from (5) as:
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B. Extended model

The developed approach to represent the bearing damage
from section III-A is integrated in the model of the PMSM.
Thereby, the load torque of the machine 7j,,4 is replaced by
the load torque with disturbance Tj,q4,dist, Which is the sum of
the load torque Tj,q4 and the disturbing torque Ty;5; from (6):

and,dist (t) == 7jloacl(t) + Tdist (t) (11)

= t—t
T‘load,dist (t) - noad(t) + Adist Z rect ( 5 O)
k=0 18t

with Agist = am - Tioad(t), 0< ay, <1

A 18
and tg = % + k- Trect

12)

A

Torque (Nm)
b

L
>

rect Time (s)

Fig. 2. Torque pulsation due to bearing damage.



am, the weighting of the damage related to the load torque,
is set to 20%.

IV. MODEL VALIDATION

The developed model is evaluated and validated by mea-
surements in the following. For this, the impact of the bearing
damage on the stator current is investigated. The torque pulsa-
tions due to bearing damage cause speed fluctuations, which
induce oscillations in the stator current with the frequency f..
These are related to the electrical supply frequency f.; and the
characteristic fault frequency fyy e, from (5):

fc = fel tk- fouter~

k=1,2,3,.. (13)

For the measurements, a healthy and two cylindrical-roller
bearings with artificial outer race fault are considered:

e the first damage is an artificial slot in the outer race
with a width of w; = 0.25mm.

e by the second damage, the outer race was wire eroded.
The wire has a diameter of 8 mm, which produces
a damaged point in the outer race with a width of
wy = 2.8 mm.

Considering the geometry of the bearing used and the number
of balls given in Table V (Appendix B), the characteristic
frequency of the outer race damage from (5) is reduced to
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because the contact angle (3 is 0° for cylindrical-roller bearing
[17]. The number of the ball overruns through the damaged
point is then N,y ier = 4.25.

A. Simulation results

The developed model is evaluated for two damages respec-
tively with the width of w; = 0.25mm and we = 2.8 mm.
The simulation is performed at a constant speed of 1500 rpm
and a load torque of 0.1 Nm. Thereby, the stator current and
the torque of the machine are saved for the post-processing.
To verify the proposed model, the stator current and the
torque of the machine are spectrally analyzed. The expected
characteristic frequencies f. are calculated from (13) and
the first eight values at 1500rpm with f.; = 100Hz are
summarized in table I.

TABLE 1. EXPECTED CHARACTERISTIC FAULT FREQUENCIES AT
1500 rpm.
harmonic Frequency (k > 0)[Hz] Frequency (k < 0)[Hz]

k=1 6.25 206.25
k=2 112.5 3125
k=3 218.75 418.75
k=4 325 525

k=5 431.25 631.25
k=6 537.5 737.5
k=17 643.75 843.75
k=8 750 950
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Fig. 3. Characteristic of the torque for w; at 1500 rpm and 0.1 Nm.

The damage with the width w; is considered. Fig. 3 shows
the characteristic of its simulated torque. Here, the constant
component of the torque has been removed. When compared
to the healthy case, a higher torque ripple is observed in the
faulty one. The power spectral density (PSD) of the simulated
torque is shown in Fig. 4. Seven characteristic frequencies:
6.25 Hz,218.75 Hz,312.5 Hz, 418.75 Hz, 525 Hz, 631.25 Hz
and 737.5 Hz are clearly observed in the spectrum in the range
of 0 — 750 Hz. The amplitude of the characteristic frequencies
218.75Hz,312.5 Hz and 418.75Hz is higher in comparison
with all other harmonics. Furthermore, the current spectrum
for the same damage is illustrated in Fig. 5, in which the
characteristic fault frequencies present in the spectrum are
marked. All of the visible frequencies are present in the
torque spectrum in the range of 750 Hz. The higher amplitude
are present at: 6.25Hz,218.75Hz,312.5 Hz and 418.75Hz.
The faulty case is clearly distinguished from the healthy one.

In order to illustrate the effect of the damage size, the
damage with the width of wy = 2.8 mm is analyzed. As de-
picted in the torque spectrum in Fig. 6, the characteristic fault
frequencies are more pronounced than for the damage with w; .
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Fig. 4. PSD of the torque for wy at 1500 rpm and 0.1 Nm.
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Fig. 5. PSD of the current for wy at 1500 rpm and 0.1 Nm.

The same behavior is observed in the current spectrum shown
on Fig. 7, in which the frequency of 6.25Hz and 312.5Hz
are better visible. Table II summarizes the characteristic
frequencies, which appear in the current spectrum for a better
comparison. The developed model represents the impact of
bearing damage on the stator current, so that the faulty case
can clearly be differentiated from the healthy one.

B. Experimental results

A test bench of the PMSM are used to validate the proposed
approach. This consists of a vector-controlled PMSM, a load
machine and a cylindrical-roller bearing in a special test bench
housing. The rated data of the machine are given in Table V
(Appendix B). The bearing housing is connected to the motor
and the load by shaft couplings. The load torque is measured
by a torque transducer, which is placed between the motor
and the bearing housing. The sampling rate frequency for
the current measurement is 100 kHz, while it is 20kHz for
the torque measurement. Moreover, the measured current is
filtered by a second-order butterworth filter with a cutoff-
frequency of 12.5 Hz. The measured data were collected by

Torque spectrum - simulated, w,
-40 T

418.75Hz ]

737.5H%z

PSD of torque (Nm)

-130

-140 : Y 631.25Hz A

-150 L

i i i i i i i
0 100 200 300 400 500 600 700
Frequency (Hz)

Fig. 6. PSD of the torque for wo at 1500 rpm and 0.1 Nm.
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Fig. 7. PSD of the current for w2 at 1500 rpm and 0.1 Nm.

means of the National Instruments measurement system NI
PXIe-8133. For the verification, three bearings are used during
the experiment: a healthy bearing and two bearing damages
described in section IV-A above. These damages have a similar
size compared to the simulated damages. The motor is driven
with the same parameters as in the simulation: a constant speed
of 1500 rpm and a load torque of 0.1 Nm. The current and the
torque are measured for both damages and spectrally analyzed.

Fig. 8 shows the torque characteristic for the damage with
the width of w; = 0.25 mm, whose constant component is
removed for the comparison with the simulated characteristic.
The characteristic shows a rise of the amplitude and the
occurrence of torque ripple in the faulty case. When compared
to the simulation results, the amplitude is higher. Additionally,
several characteristic fault frequencies due to the outer race
fault are present in the spectrum of the measured torque in
Fig. 9. These frequencies are 418.75Hz, 525 Hz, 631.25 Hz
and 737.5Hz. The spectral analysis of the current for the
same damage is shown in Fig. 10, in which the characte-
ristic frequencies are marked. The amplitude of the present
characteristic fault frequencies can be distinguished from the
healthy case in spite the fact that they are small in comparison
with the amplitude of other present frequencies. E.g. the
frequency 431.25 Hz occurs with an amplitude closed to the
noise amplitude, while the frequency 631.25 Hz appear with an
amplitude of +7.80dB in comparison to the healthy bearing.

The stronger damage with the width of we = 2.8 mm is
now analyzed. Fig. 11 illustrates the spectrum of the measured
current for the damage with ws. The present characteristic

TABLE II. COMPARISON OF THE CHARACTERISTIC FREQUENCIES AT
DIFFERENT FAULT CONDITIONS FOR SIMULATION RESULTS.

Frequency Healthy Faulty (w1) Faulty (w2)
6.25Hz -82.03dB -65.72dB -46.63 dB
218.75Hz -98.62dB -53.18dB -48.5dB
312.5Hz -93.52dB -69.46 dB -53.22dB
418.75Hz -96.53dB -56.86 dB -50.28 dB
525Hz -90.03dB -71.25dB -74.48 dB
631.25Hz -102.7dB -79.42dB -77.34dB
737.5Hz -90.02dB -77.21dB -71.75dB
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Fig. 9. PSD of the measured torque for wy at 1500 rpm and 0.1 Nm.

frequencies are better visible as in the first damage excepted
at 631.25 Hz, in which the amplitude is closed to the noise
amplitude. However, the frequency 418.75 Hz appears with a
deviation of +14.6 dB, when compared to the healthy bearing
as shows the table III, which summarizes the characteristic
frequencies present in the measured current spectrum.
Despite the fact that not always the same frequencies are ge-
nerated, the characteristic frequencies appear in the simulated
as well as in the measured current spectrum. The proposed
approach represents clearly the effect of the bearing damage
in the current and the torque of the PMSM.

V. CONCLUSION

A model of a PMSM considering the effects of bearing
damage has been developed. For this purpose, the disturbing
torque due to bearing damage has been implemented and
superposed with the load torque in the PMSM. The proposed
approach has been simulated for different damages and verified
by measurements. For the verification, the current and the
torque were spectrally analyzed. Several characteristic fault
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Fig. 10. PSD of the measured current for w; at 1500 rpm and 0.1 Nm.
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Fig. 11. PSD of the measured current for wg at 1500 rpm and 0.1 Nm.

frequencies occur in the spectrum of the simulated current
and torque. A strong damage in the outer race can easier be
distinguished than a small one. The comparison between the
simulated and the measured results has clearly demonstrated
the accuracy of the proposed approach. However, not always
the same fault frequencies occur in the spectrum of the
simulations as well as in the measurements. The developed
model represents the impact of the damaged bearing on the
torque and the current, in such a way that the generated
simulation data can be used to implement fault detection and

TABLE III. COMPARISON OF THE CHARACTERISTIC FREQUENCIES AT
DIFFERENT FAULT CONDITIONS FOR THE MEASUREMENTS

Frequency healthy faulty (wq) faulty (w2)
418.75Hz -79.32dB -74.80dB -64.72dB
431.25Hz -77.27dB -74.04 dB -72.58dB
525Hz -79.17dB -74.83 dB -74.25dB
537.5Hz -79.47dB -74.34dB -71.16 dB
631.25Hz -81.90dB -74.11dB -76.79 dB
737.5Hz -81.26dB -75.45dB -71.98 dB




classification algorithms.

APPENDIX A
DATA OF THE USED CYLINDRICAL-ROLLER BEARING.

TABLE IV. DATA OF THE USED CYLINDRICAL-ROLLER BEARING.
N203E-TVP2
inner diameter d 17 mm
outer diameter D 40 mm
roller diameter Dypq;; 6.5 mm
cage diameter Dcqge 28.6 mm
raceway groove radius 7 17.55 mm
number of balls/rollers Npq1; 11

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

APPENDIX B
DATA OF THE USED MACHINE (RATED VALUES).

TABLE V. DATA OF THE USED MACHINE (RATED VALUES).
[ PMSM |
power 500 W
pole pair 4
current 2.3A
speed 3000 min~?!
torque 1.6 Nm
moment of inertia 0.4239 kgem?
direct inductance L g 28.6 mH
quadrature inductance L4 31.6 mH
resistance R, at 20°C' 5.6Q
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