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Abstract—Many mechanical faults in industrial processes
are related to bearing damage, which can be detected by
vibration analysis. This approach may be expensive due to
the cost of sensors. Therefore, studies are performed in order
to use the stator current to detect bearing damage. This study
is to investigate the impact of the load in the bearing damage
detection by using the stator current. A diagnostic index is
developed and evaluated for vibration signals measured from
a healthy and a damaged bearing. Afterwards, the validated
index is applied to the stator current of a permanent magnet
synchronous machine measured with a healthy and a damaged
bearing at different loads. The results show that, the damaged
bearing can be differentiated from the healthy bearing by
using the proposed index with the signal of the vibration or
the stator current. However, the detection by the stator current
is strongly dependent on the radial force of the bearing.

Keywords—bearing damage, fault detection, stator current,
permanent magnet synchronous machine, spectral analysis,
vibration analysis

I. NOMENCLATURE

fouters finner  characteristic  fault

frequency

foatts feage related to the bearing
parts

face structural  vibration
fault frequency

fe stator current fault
frequency

frm mechanical
rotational frequency

fel electric supply fre-
quency

Nyaul number of balls or
cylindrical rollers

Dyair diameter of balls or
cylindrical rollers

D age diameter of cage

contact angle of balls
or cylindrical rollers

ko fundamental  order
of the bearing outer
race damage

ke fault order of the
current related to
the mechanical

rotational frequency
hawnnnnina AF Avrvena +
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s "‘b“‘:“ | A
Tn nominal torque

II. INTRODUCTION

Increasing system reliability is an important issue for
many applications. Therefore, condition monitoring systems
are permanently being improved with respect to the early
detection of anomalies in the electrical or mechanical parts
of a drive train. These are performed in order to avoid a
breakdown of the entire drive system. The most common
mechanical faults in industrial processes are related to the
bearing damages [1], [2]. These are detected essentially
by vibration analysis with different detection methods [3]—
[5]. This monitoring technique is expensive and requires
a challenging mechanical construction depending on the
number of used accelerometers and the kind of bearing. For
this reason, an alternative detection approach is studied in
[6]-[19]. There, the stator current signal of the permanent
magnet synchronous machine (PMSM) as well as the induc-
tion machine is used to detect bearing damage in the drive
train. The objective of this method is to utilize the embedded
current sensors of the controller for faults detection as well.

A bearing damage causes characteristic frequencies in
the structural vibration spectrum, which depend on the
mechanical rotational speed and the kind of bearing fault.
Bearing damages lead to torque pulsations resulting in
speed fluctuations, which induce oscillations in the motor
current with the characteristic frequencies. These fault fre-
quencies depend on the electric supply frequency and the
vibration frequencies. In this paper, a diagnostic index for
the detection of bearing damages is developed. The index
assesses the energy of the characteristic frequencies and
is evaluated by using the measured data of the vibration
from a healthy bearing and a bearing with damage in the
outer race. Afterwards, this procedure is applied to the stator
current signal of a PMSM and the generated fault index is
evaluated at different load operations in order to investigate
their influence on the fault detection. The proposed method
is not based on the vibration transferred into the air gap
of the machine but on the torque feedback of the bearing
damage.

This paper is organized as follows: a short overview
of bearing damages is given in section III, in which the
used bearing for the study and its damage are presented.
Section IV describes the test bench and the test procedure,
while the implementation of the fault index is described
in section V. Furthermore, the index is applied to the
vibration signal in section VI and the stator current signal in
section VII. Finally, the work is summarized and concluded
in section VIIL.
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the shaft in rotating machines. They consist of an inner and
outer race, which are separated by rolling elements such



Fig. 1. Cylindrical-roller bearing (left) and bearing damage in outer race
(right)

as balls or cylindrical rollers. The rollers are integrated in
a cage to avoid contact. Rolling bearings can damaged by
different causes so that local or distributed defects occur.
Distributed defects due to generalized roughness [20] affect
the whole region of the bearing and cannot be recognized
through particular frequencies compared to local defects.
Hence, only the local defect is discussed in this paper. This
can be classified in function of the affected part of the
bearing such as: inner race fault, outer race fault, cage fault
and ball fault. These faults cause characteristic frequencies
in the vibration spectrum, which depend on the geometry of
the rolling elements and the mechanical rotational frequency
frm. The characteristic frequency of each fault type are
described in [14] and [20] as follows:
Outer race defect:

Npq Dy,
fouter:%'frm'(l_ﬂcosﬂ) (1)
cage
Inner race defect:
Npa, Dy,
finner: ;ll 'frm'(l"‘V‘#a‘glleCOSB) (2)
Ball defect:
Dcage Dl% 1l 2
all = —29¢ L p (1 — =ball 3
foall 5 Dy frm - ( D2y, cos 3%) (3)
Cage defect:
1 Dy
Jeage = 5 frm - (1= #ag”e cos 3) )

whereas Ny, is the number of balls or cylindrical rollers,
[ the contact angle of the balls, Dyqy; the ball or roller
diameter and D.,g4. the cage diameter, also known as the
ball or roller pitch diameter. In the following study two
cylindrical-roller bearings (Fig. 1, left) are used: a healthy
bearing and a bearing with an artificial damage in the outer
race (Fig. 1, right). The inner side of the outer race is wire
eroded. The wire has a diameter of 8 mm and produces
a damage point with a width of 2.82mm. The bearing
parameter is given in the table I.

According to [2], the contact angle is 0° for cylindrical-
roller bearing. Therefore, the characteristic frequency is
reduced to

Noanr Dyany

TABLE II. DATA OF THE USED MACHINE (RATED VALUES).

PMSM
pole pair 4
number of phases 3
number of slots 6
power 500 W
current 2.3A
speed 3000 min~?!
torque 1.6 Nm

Considering the geometry of the bearing and the number of
balls, the characteristic frequency of the bearing fault is

fouter =4.25- frm (6)

and hence the fundamental order of the used bearing in the
case of an outer race damage is kg = 4.25.

IV. TEST PROCEDURE

The test bench consists of a vector-controlled permanent
magnet synchronous machine, a magnetic break (load) and
a cylindrical-roller bearing in a special test-bench housing.
The data of the used machine are given in table II. Fig. 2
shows the schematic setup of the used test bench. A
further description is given by [21]. The bearing housing is
connected to the motor and the load by shaft couplings and
is equipped with accelerometers to measure the vibration
in addition. In order to apply an adjustable force to the
bearing, a load mechanism is included in the housing of
the bearing. The force is measured by a force transducer.
The currents, measured within the power source, are used
for the machine control, as well as for the bearing fault
diagnosis. For the practical experiment two bearings are
used: a healthy bearing and a damaged bearing described
in section III. The bearing housing has the possibility to
adjust the radial force on the bearing up to 5kN. For this
purpose, the bearing outer race must be positioned in such a
way that the applied force acts exactly on the damaged area.
The performed tests are startup operations with a steady
acceleration up to nominal speed by variation of the radial
force of the bearing and the load torque.

V. FAULT INDEX

The damage detection is based on an index, which is
calculated from a spectral analysis of the vibration or the
stator current. Only the expected harmonic orders &k of the
characteristic frequencies are used for the index calculation.
The fundamental order ko of the bearing damage outer
race was calculated in advance in section III by geometric
considerations.

radial force

| speed |

| current |
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fouterzi'frm'(l_D ) (5)
2 cage
TABLE 1. DATA OF THE USED CYLINDRICAL-ROLLER BEARING.
roller diameter Dy ;g 6.5 mm
cage diameter Dcgge 28.6 mm

-

Fig. 2. Schematic setup of the test bench.



The expected signal frequencies for the vibration f,.. are
a multiple of foyuter-

facc =n- foute’r' =n-: kO : f’r"m,

n=1,23,.. @

Due to the fact, that ball bearings support the rotor, any
bearing damage causes a radial motion between the rotor
and the stator. Additionally, applying a radial force on a
damaged bearing causes a rise of the friction torque. This
interferes with the load torque and leads to torque pulsations
resulting in speed fluctuations. The speed fluctuations, in
turn, effect oscillations in the induced voltage that cause
oscillations in the motor with the frequencies f..

fc:fel:tn'fouter:felin'kO'frm

n=123,.. ®)

The supply frequency can also be expressed as fo; = p- frm
with p as the pole pair number. Only the fundamental order
is considered in (8). In addition to the fundamental order,
other orders occur in the practice in the current spectrum
due to unbalance or manufacturing tolerances. These have
to be considered for the index calculation. The current
harmonics orders are defined as:
Nep = 679 +1
d
g=0,+1,42 43, ... ®

d = 4 for the used machine.

The equation (9) give the theoretical current harmonics,
which could appear in the stator current spectrum.

Forg = 0... £5,

these are 0.5, 1, 2, 2.5, 3.5, 4, 5,5.5, 6.5, 7, 8.
Additionally, other orders can occur due to manufacturing
tolerances such as non-ideal manufactured rotor
components or eccentricity [22].

These are for example:

0.25, 0.5, 0.75, 1.25, 1.5, 1.75, 2.25, 2.5, 2.75, 3, 5, 7.
In order to determine the relevant orders, the machine was
run in startup test up to nominal speed, with a healthy
bearing and in no load condition. The current spectrum is
shown in Fig. 3. The value of the current is indicated by
means of the line intensity. The highest value is therefore
represented by a white line.

The following orders: 0.5, 0.75, 1, 1.25, 2, 2.5, 3, 4, 5, 7
occur in the current spectrum.

The significant, not even order, selected for the investigation
are: 0.5, 0.75, 1, 1.25, 2.5, 3, 5, T.

The characteristic frequencies, which occur in the current
spectrum is now defined as a function of the current
harmonic orders n.p,.

fc:nch'fel+n'k0'frm
fc:(nch'p:tn'kO)'frm:kc'frm
n=123,..and
nen = 0.5, 0.75, 1, 1.25, 2.5, 3, 5, 7

(10)

The index can be calculated for each considered harmonic
order by integration over the signal power (ps) in an ordinal
cut:

= s ;k rm-
o= [ pu(s. k00 an

The fundamental fault order, the significant harmonic orders

c Al B P 1 ‘1 B 1. B 1

Motor Current (dB re A)

Frequency (Hz)

20 25 30

15
Speed (Hz)

Fig. 3. Current spectrum by healthy bearing - without load torque and
radial force.

analysis has some leakage due to increasing speed and is
quantized. For this reason, the explicit frequencies are not
accessible. Thus, the calculation of the index does not only
use the explicit frequencies but also an area around the
ordinal cut (e.g. £1%). Due to the quantization, the integral
function becomes a summation with a different number of
summands for each order. According to that, the sum is
divided by this number in order to obtain a normalized
comparable signal power of the ordinal cut for each order.

da(f) =~ Y pulfim) (12)

m=1..z

For the comparison of the results, a relative deviation
of the index between the healthy and the faulty case is
introduced as:

_ idzheartny ()] = lidz pauiny (f)]

AT (Zdla f) - ‘idxhealthy(f)l M (13)

VI. STRUCTURAL VIBRATION

In this experiment, startup tests up to the nominal speed

are performed with the machine. The machine was studied
at no load operation. A constant radial force of 5kN is
applied both to the healthy bearing and to the damaged
bearing. The vibration is measured on the housing of
the bearing and the fault index is calculated from its
spectrogram. Fig. 4 shows the complete spectrogram for
both experiments. The value of the surface acceleration is
represented by the intensity of the line. Thereby, the white
line represents the highest value.
The relevant parts of the spectrogram (foee = 1% of (7))
is extracted and the first ten fault orders n are shown in
Fig. 5. In the faulty case, the fault orders occur with a higher
amplitude when compared to the healthy case. The index
values for all investigated orders are obtained by applying
the index calculation (12) to the extracted spectrogram.
These are illustrated in Fig. 6, in which the index signal
of the faulty bearing is significantly higher than the index
signal of the healthy one. Hence, the developed index by
means of the vibration signal allows a good separation
between the healthy and the faulty case and is able to be
applied to the stator current signal.
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can vary around its idealized value of 4.25. An occurring
slip also effects a decreasing order. Moreover, the spectral
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tests up to the nominal speed are performed with the
machine at different loads.
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(a) Healthy bearing

Surface Acceleration (dB re m/sz)

Frequency (Hz)

0 5 10

15 20 25 30
Speed (Hz)
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Fig. 4. Vibration spectrum by healthy (a) and faulty bearing (b) - radial
force S5kN, no load.

Firstly, a no load operation is performed by a constant
radial force of 5 kN. Fig. 7 shows respectively the complete
spectrogram of the current signature for the healthy and
the faulty bearing. New orders related to the fault can be
identified in the spectrogram of the faulty case.

In the following, the change of the index by varying the
radial force is studied. For this purpose, the experiment is
performed without load and the radial force is increased as
follows: Ok, 2kN and 5kN. The measured stator current
signal are spectrally analyzed and the relevant parts of the
spectrogram (f. + 1% of (10)) are extracted in order to
evaluate the current index.

For this, significant current harmonic orders such as
nen, = 0.5, 0.75, 1, 1.25, 2.5, 3, 5, 7 are used.

These data are calculated beforehand in section V. By
limiting n in (10) to a maximum of 4, the number of
considered fault orders is 48. The signal power of the
fault orders are extracted from the spectrogram and the
corresponding index values are calculated. Fig. 8 shows the
index for the extracted orders, respectively by the radial
force described above and at no load operation. The fault
order on the x-axis is related to ko: k./ko. As shown in
Fig. 8(a), the index values of the healthy and the faulty
bearing are similar, when the applied radial force is close

T N1 AT T 1

111C1CadCUu U_y llblllg LIC 1duldl 101CC dad VUdCLVCU 111 Flg. o\v)
and 8(c). A considerable difference is present at the radial
force of FF = 5kN (Fig. 8(c)). When compared to the
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(b) Faulty bearing

Fig. 5. Relevant parts of vibration spectrum by healthy (a) and faulty
bearing (b) - radial force SkN, no load - index section.

fault index of the vibration, the deviation observed on the
fault index of the current is smaller. However, there are
significant deviations for some orders, which can be used for
the fault detection. In addition, in all of the considered radial
forces, especially at 2 kN and 5 kN, the index value of three
fault orders is smaller in the faulty case than in the healthy
case. These fault orders are 0.72th, 1.16th and 4.7th, which
coincide with the natural current harmonic: 0.75,3 and 5 of
the machine. These frequency orders should explicitly not

Surface Acceleration — Fault Index

-100 -

idx (dB)

-110F

-120

-130 . i 4

healthy
—O— faulty

4an T T

Fig. 6. Vibration index signal of healthy and faulty bearing - 5kN radial
force and no load.
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20
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Fig. 7. Current spectrum by healthy (a) and faulty bearing (b) - radial
force 5kN, no load.

be used for the fault detection, because the deviation caused
by the damaged bearing is masked.

Moreover, the influence of the load torque on the fault
detection is investigated. For this, experiments are per-
formed with the following loads: at no load and with
50% of the nominal torque respectively at a radial force
of: F' = OkN, 2kN and 5kN. In order to compared the
results, the relative deviation defined in (13), is calculated
by means of the index values obtained from the spectrogram
of the stator current signal for all measurements. These are
showed in Fig. 9 as a function of the fault orders. The
relative deviation in healthy case is zero and is represented
as a reference line. Fig. 9(a) illustrated the relative deviation
by the radial force F' = OkN respectively at no load and
T = 50%TN. The relative deviation in both cases are
similar and very close to the reference line. The maximum
deviation is increased of less than 1% at T' = 50%7Ty. The
same behavior is observed in Fig. 9(b) and 9(c), in which
the relative deviation are similar at different load torque.
A rise of less than 3% is observed by higher load torque.
In contrast to this, the deviation of high radial forces is
higher as we can see on Fig. 9(b) and 9(c). E.g., the relative
deviation has a maximum value of A, = 25.52% by the
load case F' = 2kN, T = 50%Ty and A, = 47.76%

™ =1 ANT m =07 rm o1 TIT

Current — Fault Index
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—90} —o— faulty ||

o
o
x
kel
0 2 4 6 8 10
Fault Order (-)
(a) OKN radial force, no load
Current - Fault Index
-80 : : . ;
healthy
_90k —O— faulty |4
o
°
x
°
0 2 4 6 8 10
Fault Order (-)
(b) 2kN radial force, no load
Current — Fault Index
-80 : : . ;
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—-90 —O— faulty |4
-100 4
-110
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[an]
°
'é -130H
~140H )
-150
-160f
_17% 4
0 2 4 6 8 10
Fault Order (-)
(c) 5kN radial force, no load
Fig. 8. Current index signal of healthy and faulty bearing - respectively

by OkN, 2kN and 5 kN radial force, no load.

affected from the load torque as from the radial force. The
fault detection by radial force close to the value of zero is
almost impossible (Fig. 9).

VIII.

In this paper, a bearing damage within an electrical drive
train is detected by the analysis of the structural vibration
and the stator current of a PMSM. For this purpose,

11 . o

SUMMARY AND CONCLUSIONS
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load torque, the deviation remains similar by the considered
radial forces. In conclusion, the relative deviation is not
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and a relative deviation of the fault index was introduced
for a better comparison of the results. The selected orders



TABLE III. MAXIMAL RELATIVE DEVIATION FOR ALL LOAD

OPERATIONS.
Radial force Load torque: Ty = 0 Nm Ty = 50% TN
F =0kN A, =3.3% A, = 4.07%
F = 2kN A, = 23.09% A, = 25.52%
F =5kN A, = 45.68% A, = 47.76%

were determined beforehand by geometric and physical
considerations. The introduced index was applied to the
vibrations measured from a healthy and a damaged bearing.
The vibration index allows a good separation between the
faulty and the healthy case. Then, the methodology behind
this index is applied to the stator current spectrum measured
by different loads. Thereby, current harmonic orders were
precalculated and significant orders were extracted for the
index calculation. These depend on the bearing, the location
of the damage and the design of the machine. Moreover, the
influence of the radial force and the load torque on the fault
detection was studied. As a result, a damaged bearing causes
an observable signature in the index especially for a high
radial force. The radial force has a considerable influence
on the fault detection, when compared to the load torque. A
load change leads to an insignificant change in the deviation.
This is an appreciated behavior, since it makes a diagnosis
possible even at different load scenarios. Not all frequencies
are suitable for the fault detection. The index deviation
at fault orders close to the natural current harmonics are
negative or close to zero. Therefore, these should not be
considered for the fault detection.

Nevertheless, the algorithm shows promising results. A
further signal conditioning can enable a more reliable mo-
nitoring, which could help to detect small bearing damages
and the damage progress, even at small radial forces.
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