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Abstract: Accurate diagnosis of incipient faults in wind turbine (WT) assets will provide sufficient
lead time to apply an optimal maintenance for the expensive WT assets which often are located in a
remote and harsh environment and their maintenance usually needs heavy equipment and highly
skilled engineers. This paper presents an online bearing clearance monitoring approach to diagnose
the change of bearing clearance, providing an early and interpretable indication of bearing health
conditions. A novel dynamic load distribution method is developed to efficiently gain the general
characteristics of vibration response of bearings without local defects but with small geometric errors.
It shows that the ball pass frequency of outer race (BPFO) is the primary exciting source due to
biased load distribution relating to bearing clearance. The geometric errors, including various orders
of runouts on different bearing parts, can be the secondary excitation source. Both sources lead
to compound modulation responses with very low amplitudes, being more than 20 dB lower than
that of a small local defect on raceways and often buried by background noise. Then, Modulation
Signal Bispectrum (MSB) is identified to purify the noisy signal and Gini index is introduced to
represent the peakness of MSB results, thereby an interpretable indicator bounded between 0 and
1 is established to show bearing clearance status. Datasets from both a dedicated bearing test and a
run-to-failure gearbox test are employed to verify the performance and reliability of the proposed
approach. Results show that the proposed method is capable to indicate a change of about 20 µm in
bearing clearance online, which provides a significantly long lead time compared to the diagnosis
method that focuses only on local defects. Therefore, this method provides a big opportunity to
implement more cost-effective maintenance works or carry out timely remedial actions to prolong the
lifespan of bearings. Obviously, it is applicable to not only WT assets, but also most rotating machines.

Keywords: dynamic load distribution; bearing clearance; modulation signal bispectrum; Gini index;
incipient faults

1. Introduction

Bearing is one of the critical and precise components of rotating machinery. Due to various
reasons, including normal wears and abnormal operations, faults and failures frequently occur, which
influences not only the operational performance of machines, but also can often lead to interruption of
productivity or even catastrophic disasters [1,2]. Especially with a rapid increase of wind turbine (WT)
units, their fault rates and volumes are significantly high due to harsh operational environments, which
leads to the high cost of WT maintenance [3–5]. To prevent these negative influences, great attention
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has been paid to developing effective bearing fault diagnosis techniques for many years, which have
resulted in many useful tools, such as the most common vibration analysis based approach that is
capable of detecting local defects in bearing race ways at early stages [6–9]. These tools provide good
leading time for industries to take necessary and adequate maintenance actions to minimize down
time and maintenance costs, consequently avoiding severe consequences and maximizing production.

Based on vibration analysis, a large volume of works has concentrated on developing techniques
for accurate detection, diagnosis, and prognosis of the local defects on bearing raceways. In addition to
the references of [6–9], significant progress is found in recent publications. A new method is presented
in [10] to detect rolling bearing faults based on the local curve roughness. Considering the difficulty
in extracting fault features from a rolling bearing vibration signal with strong background noises,
a novel approach is presented in [11] to detect the weak fault signal of a rolling bearing, which is based
on vibrational mode decomposition and phase space parallel factor analysis. A new model-based
approach was suggested in [12] for the integrated fault diagnosis of WT bearings, especially in the
cases with limited degradation data. In [13], the largest amplitude impact transients are based to
denoise signal for more reliable detection of defected rolling elements, which is more challenging
as the fault has a relative motion to the sensor. These works provide more effective data processing
techniques to a great degree and result in success in detecting the local defects of interest.

Comparatively, limited works have been found that investigate tribology-focused techniques for
early bearing fault diagnosis. Investigations show that various parts of the bearing inevitably suffer
from wear and tear in their lifetime [14], which increases the radial clearance and shortens bearing
life by about 30% [15]. Therefore, it can be more effective for early bearing condition monitoring if
a tribological effect is taken into account. Pioneer works in [16,17] have verified the effectiveness
of tribology-focused techniques in monitoring rolling bearings. An interesting study by Rehab
et al. [18] investigated the impact of wear induced clearances on diagnostic characteristics, which
confirms the general understanding of increased amplitudes with clearance for the outer race defects.
However, a decreased amplitude has been found for the inner race defects, which is probably out of
general understandings. Unfortunately, these efforts are still focusing on improving the performance
of diagnosing local defects. In particular, there is no research on the subject of directly diagnosing the
changes in bearing clearance.

To fill the gap, this paper proposes an online bearing clearance monitoring approach to monitoring
the changes of bearing clearance. Firstly, the dynamic effect of a ball bearing under radial load is
analytically studied to gain an understanding of vibration responses when there are no local defects
on raceways. Then, the adequate data processing method: envelope analysis and modulation signal
bispectrum (MSB) analysis are employed to accurately characterize the weak vibrations that are often
submerged in noises. Furthermore, a novel indicator, denoted as an MSB-Gini index, is introduced
to represent MSB results and taken as a quantitative measure for the change in bearing clearance.
Finally, the analysis results including the data processing methods are verified by two experiments.

2. Modelling the Effect of Bearing Clearance on Vibrations

2.1. Bearing Vibration Model

For bearing fault detection, a vibration model is commonly developed for a typical shaft-house
system, as shown in Figure 1 [18,19]. The model contains four Degrees of Freedom (DOFs), representing
the motions of the shaft and the housing in the horizontal and vertical directions, respectively.
In addition, it includes one additional DOF to represent the vibration sensor output in the vertical
direction, whose parameters can be tuned to different values so as to show the magnification of structural
resonances. To realize an efficient numerical simulation, the model is usually developed based on
perfect bearing operation that does include various effects such as geometric errors and slippage.
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Figure 1. Free-body diagram of a shaft-housing vibration system [18]. 

The governing equations for the mass of the shaft, housing, and the sensor can be developed. 
According to the direction and coordinates of the motion shown in Figure 1, the bearing vibration 
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Figure 1. Free-body diagram of a shaft-housing vibration system [18].

The governing equations for the mass of the shaft, housing, and the sensor can be developed.
According to the direction and coordinates of the motion shown in Figure 1, the bearing vibration
model is presented in Equations (1)–(5), which correspond to vibrations in x and y directions for the
shaft (subscripted as s), housing (subscripted as h), and sensor (subscribed as r), respectively:
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where Ms, Mh and Mr denote the mass of shaft, housing and sensor, respectively. In addition, Ks, Kh,
and Kr respectively represent the stiffness of shaft, housing, and sensor; Cs, Ch, and Cr are the damping
of shaft, housing, and sensor, respectively; K represents the contact stiffness, δ represents the nonlinear
deformation and φi denotes the ball position, and Nb denotes the number of rolling elements. It can be
seen in the model that the primary dynamic forces are:

FX =
∑Nb

i=1
K[δi]

3/2cosφi, (6)

FY =
∑Nb

i=1
K[δi]

3/2sinφi, (7)

which are the main excitations that determine the vibration characteristics. Once the stiffness K is
obtained according to bearing geometry parameters using Hertz contact theory, the forces are obtained
based on the relative deformation δi for each element:

δi = (Xs −Xh)cosφi + (Ys −Yh)sinφi − c, (8)

where c denotes radial clearance. Moreover, it shows that the model must be solved numerically
for the relative displacements, respectively. This approach is very effective for understanding the
vibration behavior when there is a defect on raceways as proved by many studies such as [18,19].
However, it usually takes considerable computing efforts to find the solutions, especially for this
tribology-focused study, it can take much longer to have adequate solutions as it needs higher accuracy
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for non-defective case studies. Therefore, this study uses a load distribution based approach to gain
the general dynamic behavior of bearings under different clearances.

2.2. Radial Clearance and Load Distribution

Internal radial clearance is defined as the geometrical clearance between the outer race, inner
race, and the ball, whereas radial clearance is the movement between the ball and the raceway,
perpendicular to the bearing axis. The internal clearance significantly affects the thermal, vibrational,
noise, and fatigue life of bearings. To extend the bearing’s lifetime and improve the machine’s reliability,
it is expected that the internal clearance at operational conditions is as close to zero as possible. As the
bearing ages, the clearance will increase due to the inevitable wear. Thus, for the purposes of fault
detection and diagnosis, it is important to understand the effect of different clearances on characteristic
vibration features.

As illustrated in Figure 2, the size of the stressed area of the rings, i.e., the load zone, is directly
affected by changes in the bearing internal clearance. The smaller the clearance (or the more the
preload), the more the rolling elements share the externally applied forces. Note that preload may
reduce the lifetime of the bearing due to the increased fatigue stress in the rolling elements.
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Figure 2 illustrates the load distribution for different bearing clearance conditions. When the
external radial load FR is known, the load distribution can be determined in an angular position ψ of
the loaded zone:

F(ψ) = kr(ψ)FR, (9)

where the load distribution factor is obtained according to the clearance and the extreme deformation
δ0 that is calculated when only one rolling element undertakes all the external load [20]:

kr(ψ) =

(
1−

(
1 + c

2δ0

)
(1− cosψ)

) 3
2

z
2π

∫ ψ0

−ψ0

(
1−

(
1 + c

2δ0

)
(1− cosψ)

) 3
2 cosψdψ

. (10)

Figure 3 shows the load distribution characteristics at different ratios r = c
2δ0

. It can be seen that
the maximum load becomes higher when increasing clearance c for a given δ0 or external load. In the
same way, the load also increases with increasing in δ0 for a given clearance.
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Supposing that there is a dynamic deformation by the load and introducing a deformation
coefficient ε, the relative displacement of Equation (8) can be expressed as

δi = δir − c = εkr(ψ) iFR − c. (11)

In this way, Equations (6) and (7) can be used to obtain a dynamic force function when K = 1:

F∗x =
∑Nb

i=1
[εkr(ψ) iFR − c]3/2cosφi, (12)

F∗y =
∑Nb

i=1
[εkr(ψ) iFR − c]3/2sinφi, (13)

F∗r =
√
(F∗x)

2 + (F∗y)
2, (14)

where the angular displacement φi of ith rolling element is a function of the previous element position
φ0 and cage speed ωc:

φi =
2π
Nb

(i− 1) +ωct + ϕ0, i = 1, . . . , Nb. (15)

For a slippage-free case, cage speed can be calculated from bearing geometry and shaft speed ωs:

ωc =

(
1−

db
dp

)
ωs

2
, ωs = 2π fs, (16)

where fs is the shaft frequency, db is ball diameter, and dp is pitch circle diameter.
With these equations, the dynamic force function for each element of a bearing with nine rolling

elements can be calculated. Figure 4 illustrates the force function for two typical clearance cases. It can
be seen that the force distribution becomes more impulsive due to the nonlinear effect of 3/2 power
in Equations (12) and (13). Moreover, for the same external load, the dynamic forces are even more
impulsive when clearance is larger, resulting in a higher dynamic load on raceways.
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According to Equations (12)–(14), the combined forces can be obtained for three increment
clearances, as shown in Figure 5, which presents the dynamic forces in both the time domain and
frequency domain for the bearing with nine elements. For the ease of analysis, the cage speed is set at
1 Hz. It can be seen from the figure that

• the forces exhibit a periodic waveform with the periodicity corresponding to the time that a ball
passes the maximum load.

• The force is also impulsive as it is linearly combined with the impulsive one, and thus the
harmonics of Ball Pass Frequency of Outer race (BPFO) existed in a broad band, which can induce
vibrations in the high frequency range where structural resonances are located.

• Both characteristics become more significant with increased clearance, as shown in the
magnified graph.

• There are also modulation sidebands appearing at k × BPFO ± FCF (Fundamental Carrier Frequency)
due to the power factor of 3/2, though the amplitudes are very low, as shown in the magnified spectra.
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Moreover, it shows that a rolling element bearing will have instinct vibrations due to this
foreseeable dynamic force; therefore, this force is known as the primary dynamic force to stress its
differences from dynamic effects caused by various imperfections such as bearing geometric errors or
eccentric installations which inevitably exist in practice.

2.3. Influences of Runout Errors on Load Distribution

Geometric errors always exist in manufactured bearing components [21,22], which are one of the
significant factors that cause the motion error and affect the lifetime of assembled bearings. Figure 6
illustrates the typical changes of load distributions when there is a radial runout on inner ring, outer
ring, balls, and cage (non-uniform cage pocket distribution). In these cases, the maximum load becomes
larger and the load region is narrower. As the changes are caused in a similar way to that of external
load, it can be easily taken into account by adding the errors on the clearance.
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For different orders of errors in different bearing components including shaft eccentricities, the total
clearance with error ce can be accumulated as:

δi(t) = εkr(ψ) i − c− ce = εkr(ψ) i − c−
∑

j

∑
k

Ak, jcos(kR jφi + φ0, j), (17)

where j ∈ 1, 2, 3, 4, 5 represents shaft eccentricity, outer ring, inner ring, rolling and cage runouts,
respectively; k ∈ 0, 1, 2, · · · Is the order of a runout error; R j denotes the frequency ratio of bearing
characteristic frequencies: Ball Pass Frequency of Outer race (BPFO), Ball Pass Frequency of Inner race
(BPFI), Ball Spin Frequency (FSF), fs with respect to the Fundamental Carrier Frequency (FCF), and Ak. j
is the amplitude for different errors at jth order. According to Equations (12) and (13), the normalized
dynamic forces will be

F∗x =
∑Nb

i=1

[
εkr(ψ) i − c−

∑
j

∑
k

Ak, jcos(kR jφi + φ0, j)
]3/2

cosφi, (18)

F∗y =
∑Nb

i=1

[
εkr(ψ) i − c−

∑
j

∑
k

Ak, jcos(kR jφi + φ0, j)
]3/2

sinφi. (19)

It shows that the geometric errors cause an amplitude modulation to the primary dynamic
forces due to the power factor of 3/2, which agrees with the same mechanism as that of vibration
model with the relative displacement in Equation (8). However, it gives an insightful understanding
that the vibration signal of a healthy bearing can also have different modulation components due
to bearing imperfection. Figure 7 presents the typical scenario when inner race has the 1st order
runout. As R j = 12.5 or BPFI = 12.5, abundant sidebands appear around primmer harmonics of BPFO.
Moreover, the vibration amplitudes can increase with clearance and extend to a wide band that can be
amplified by system resonances to produce high frequency responses.
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3. Evaluation with Data from an In-House Bearing Test Rig

3.1. Test Facilities and Data Set

Vibration signals were obtained from a dedicated bearing test rig, as shown in Figure 8. The test
rig has two bearings that support a shaft driven by a variable speed motor. The bearing under test
is a single-row deep groove ball bearing of type 6206ZZ, which is mounted at the drive end of the
shaft, while a single-row self-aligning ball bearing is placed at the non-drive end side of the shaft,
as illustrated in Figure 8b. This test rig layout allows signals to be obtained with a better signal to
noise ratio (SNR), compared with an industrial system like a multiple stage gearbox, hence reliably
verifying the analysis conducted in Section 2. Other details, such as the measurement system, load
system, data acquisition procedure, and defects induced, can be found in [18].

The datasets for all test cases are summarized in Table 1. Each signal was acquired at a sample
rate of 96 kHz, which allows for an accurate estimate of operating speed. The signal length is of 20 s,
allowing sufficient averages to be performed during spectrum calculation for noise reduction.
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Table 1. 6206 deep groove ball bearing clearance values and local defect sizes.

Bearing Grade: CN with Clearance of 6–20 µm Characteristic
Frequencies:Bearing Condition Clearance Width of Sparked Groove

Bearing for health 8.3 (µm)
Shaft speed
fs = 25 Hz

Bearing for Outer race fault 6.0 (µm) 0.2 mm on outer race
Bearing for Inner race fault 13 (µm) 0.2 mm and 0.4mm on inner races

Bearing Grade: with Clearance of (28–46 µm)

Bearing condition Clearance Width of sparked groove (mm) BPFO = 89.4 (Hz)
Bearing for health bearing 40.8 (µm) BPFI = 135.6 (Hz)
Bearing for outer race fault 35.7 (µm) 0.2 mm on outer race BSF = 58.3 (Hz)
Bearing for inner race fault 43.5 (µm) 0.2 mm and 0.4 mm on inner races FCF = 9.9 (Hz)

To study the characteristics of vibration signatures, the test bearings have two groups of clearance
values, namely CN and C4, as detailed in Table 1. These two groups of bearings refer to ‘normal’ and
‘large’ clearance, respectively. Bearings with such accuracy are widely used in many machines such as
pumps, motors, gearboxes, and so on.

For each group, one bearing was randomly selected as a baseline one, and others were induced
with artificial local defects on the inner race and the outer race, using electrical discharge machining.
The induced defects are the same with rectangular slots of a depth of 0.1 mm and a width of 0.2 mm,
as depicted in Table 1. These sizes are relatively smaller, compared with that simulated in [23].

The experiments were performed at a shaft speed of 1500 rpm, at which different radial loads,
i.e., 0 bar, 10 bar, 20 bar and 30 bar, are applied, in which the higher load of 30 bar is equal to 2400 N,
corresponding to 12% of the rated dynamic load. This allows the diagnostic capability to be evaluated
under low load conditions to avoid any other defects that may be induced under higher load operations.
Based on the operating speed, bearing characteristic frequencies are calculated and listed in Table 1.

3.2. Data Analysis

Firstly, the spectra of the raw signals were calculated to check the signal quality. Figure 9
presents the spectra for the baseline case under different loads and clearances. It can be seen that
vibration amplitudes are higher for the larger clearance bearing of C4 with a higher load of 30 bar.
Especially, vibration responses are more distinctive in the frequency range from 4000 Hz to 8000 Hz in
which the system resonances are located. These agree well with the theoretical analysis in Section 2.2,
showing that the tests were carried out adequately. With these observations, it seems that the clearance
status could be diagnosed. However, these changes can also be caused by other factors, such as the
loading bearing systems, shaft resonances, and so on. This will lead to an unreliable diagnosis unless it
can be confirmed that the responses mainly fall in the bearing characteristic frequencies discussed in
Section 2.
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Figure 9. Spectrum of signals under different clearances and loads.

To find the vibrations related to bearing characteristic frequencies, the envelope analysis or
high-frequency resonance technique are used, which has been widely accepted as a reliable technique
to detect and diagnose local defects on rolling-element bearings [24]. This technique is derived by
Hilbert based on the demodulation of a band pass filtered signal in the high frequency range [25].
The demodulation will simplify the complexity of compound modulations, resulting in a clear
spectrum pattern for identifying the characteristic frequencies. Moreover, it can greatly reduce the
inevitable slippage effect. Therefore, this study applies this technique to find the bearing related
vibration components.

When implementing envelope analysis, an optimal frequency band should be firstly determined,
for which researchers have paid abundant efforts and a large number of methods have been developed,
such as the Kurtogram [26], Protrugram [27], and Autogram [28], in order to improve the performance
of envelope analysis. These methods are effective for diagnosing local defects where SNR is relatively
high due to very sharp impulses. Comparatively, the non-defective bearings investigated in this study
will have a very low SNR signal because their impulses of the primary dynamic loads are much
smoother. Therefore, wide frequency bands from 4000 Hz and 8000 Hz are selected for envelope
analysis, aiming at obtaining an envelope signal that can be used to consistently reflect the effect of not
only clearance changes but also load variations.

Figure 10 shows the envelope spectra obtained for the baseline cases with high load conditions
(30 bar). The spectra allow spectral components at 1 × BPFO, 2 × BPFO of the primary excitations to be
observed. Meanwhile, components of the secondary excitations can be also observed at 1 × fs, 1 × BSF
and 2 × BSF. Moreover, such components show higher amplitudes for the larger clearance bearing,
indicating good consistency with the theoretical analysis. Based on these amplitudes along with that of
BPFIs, it is possible to show the changes in bearing clearance. However, the envelope signals are still
very noisy, and its spectrum has many unresolved components as shown, particularly by the spectrum
with the larger clearance bearing of C4. This noise effect will definitely influence the final diagnostic
results and must be suppressed in order to obtain a consistent and reliable diagnosis.
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As an effective noise reduction and sparsity representation method, Modulation Signal Bispectrum
(MSB) has been proven to be particularly effective in demodulating small components in motor current
signals [29] and very noisy bearing signals [30,31]. Particularly, it is also effective to clean envelope
signals to obtain consistent diagnostic results for gearbox monitoring [32]. Therefore, it is used to
analyze the vibration data to accurately extract the fault signatures from noisy data, especially for the
cases of defect-free bearings.

Figure 11a,b present typical results of MSB magnitudes for CN and C4 bearings, respectively,
in which the fc and fx denote the carrier frequency and modulating frequency, respectively. From the
results, many peaks are observed to be associated with bearing frequencies. However, the expected
BPFO and its harmonics are not very distinctive. This is because the effect of bearing errors is more
significant. In addition, C4 bearing still has more background noise, indicating the strong influences of
larger clearance being hardly removed by the limited average in this study. Nevertheless, it can be
demonstrated that the MSB implemented is very effective as MSB peaks are significantly high and
background noise levels are very low for bearings with small defects on the outer race and inner race,
as shown in Figure 11c,d, respectively.
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Figure 11. MSB magnitudes for (a) CN and (b) C4 bearings; MSB magnitudes for small defects on the
(c) outer race and (d) inner race.

To gain more understanding of MSB results, Figure 12 presents MSB slices for the baseline cases
that are the spectral slices at the modulation carrier frequency of fc = 3 × BPFO. It can be seen that
nearly all distinctive spectral peaks corresponding to the characteristic frequencies are enhanced to be
distinctive. The peaks at FCF (8.35 Hz) and its harmonics dominate the full spectrum, showing that
the cages have high errors. In addition, as spectral peaks at BPFOs and harmonics of fs are aligned
with that of the high orders of FCFs, it is hard to differentiate their effects from that of cage errors.
Nevertheless, the spectrum for the larger clearance case is higher, allowing the difference between two
bearings to be reliably determined, hence paving a good foundation to develop a qualitative indicator.
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3.3. Bearing Clearance Indicator

Another important observation obtained from the above analysis is that the spectral peaks become
more distinctive when the inherent periodic signals are increased. In other words, the noise floor
becomes relatively smaller and smoother when the signal component becomes higher. To represent
this observation along with more spectral lines in baseline cases and higher spectral amplitudes for
larger bearings, the Gini Index [33] is introduced in this study as a measure to indicate the changes
of MSB results. The Gini index is often a measure of statistical dispersion to represent the income
or wealth distribution of a nation’s residents. Recently, it was used as a guideline to select a bearing
fault band [34], showing reliable and robust performance in diagnosing local defects in bearings.
Moreover, Gini Index values are bounded between 0 and 1, which can result in a quantitative indication
that can be more interpretable for bearing health conditions. Comparatively, many other commonly
used features in condition monitoring, such as peak values, spectral kurtosis, and entropy values,
are very hard to be explained as they do not have such an upper limit.

According to the definition of Gini index, the MSB-Gini Index is calculated for its magnitudes of
Z ∈ nx × nc in the frequency range of nx × nc, which are the frequency indices for fx and fc directions,
respectively, as presented in Figure 11. In this study, nx was set to include up to fx = 2 × BPFI ± 5 Hz
and nc covers the bands of fc = 3 × BPFO ± 5 Hz so that MSB peaks at characteristic frequencies can be
included regardless of bearing slippage and spectral leakage effects. In the meantime, it excludes any
spectral peaks not relating to bearings:

MSB−Gini Index = 1− 2
∑N

i=1

zi

‖
→
z ‖1

(
N − i− 1/2

N

)
, (20)

where the MSB spectral vector z = [z1, z2, z3 · · · zN] can be obtained by casting the matrix z into a vector
z, of which the elements are ordered from the smallest amplitude to the largest one. N = nx × nc is the
number of vector elements, and ‖

→
z ‖1 is the l1 norm of z.

Figure 13 shows MSB-Gini Index values for the baseline bearings. It shows that the indicator
increases slightly with loads, which is consistent with the load effect analyzed. Moreover, they are
nearly 0.2 higher for the larger clearance bearing, quantitatively showing the effect of changes in
bearing clearance.



Energies 2020, 13, 389 13 of 17
Energies 2020, 13, x FOR PEER REVIEW 13 of 17 

 

 
Figure 13. MSB bearing Gini Index for different clearances. 

To further show the useful property of an MSB-Gini Index, Figure 14 presents MSB-Gini Index 
values for all test cases. It shows that the values for the defective bearings are nearly unity under all 
load conditions. Therefore, it can be summarized that 

1. Gini Index being close to unity means bearings already have defects and replacement actions 
should be taken regardless of small or large defects in order to avoid catastrophic failures. 

2. The difference of Gini index values between the non-defective and defective bearings can show 
how far the non-defective ones form the defective ones. The larger the loads and the clearance, 
the nearer to unity or defect conditions. 

3. The baseline values of MSB-Gini Index depend not only on clearance values but also can be 
influenced by signal processing efficiency. Thus, the relative comparison should be made based 
on the same signal analysis configurations. 

 
Figure 14. MSB-Gini Index for different clearances and different local faults under different loads. 

4. Evaluation with Data from the Run-to-Failure of an Industrial Gearbox 

To verify the performance of this clearance-focused method, the dataset from a run-to-failure 
test of an industrial 10 kW gearbox is analyzed to determine the health condition of the bearings in 
the gearbox. There are, in total, six deep groove ball bearings on three gear shafts, whose 
configuration is detailed in Figure 15. Only one accelerometer was placed on the housing but far 
away from bearings B1, B2, B4, and B6, compared with the data from the test rig. This means that the 
data have lower SNR and provide more challenges to the monitoring method, even though the radial 
clearance for C3 grade bearings in the gearbox are in the middle level between the two types of 
bearings (CN and C4) tested in Section 3. 

The primary purpose of the test, carried out in the Condition Monitoring Laboratory at 
University of Huddersfield, is to evaluate different condition monitoring techniques, including 
vibration, acoustics, instantaneous angular speed, electrical signatures, and temperature, and 
monitor the progressive deteriorations of gearbox like the scenarios in real applications. In addition, 

Figure 13. MSB bearing Gini Index for different clearances.

To further show the useful property of an MSB-Gini Index, Figure 14 presents MSB-Gini Index
values for all test cases. It shows that the values for the defective bearings are nearly unity under all
load conditions. Therefore, it can be summarized that

1. Gini Index being close to unity means bearings already have defects and replacement actions
should be taken regardless of small or large defects in order to avoid catastrophic failures.

2. The difference of Gini index values between the non-defective and defective bearings can show
how far the non-defective ones form the defective ones. The larger the loads and the clearance,
the nearer to unity or defect conditions.

3. The baseline values of MSB-Gini Index depend not only on clearance values but also can be
influenced by signal processing efficiency. Thus, the relative comparison should be made based
on the same signal analysis configurations.
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4. Evaluation with Data from the Run-to-Failure of an Industrial Gearbox

To verify the performance of this clearance-focused method, the dataset from a run-to-failure test
of an industrial 10 kW gearbox is analyzed to determine the health condition of the bearings in the
gearbox. There are, in total, six deep groove ball bearings on three gear shafts, whose configuration is
detailed in Figure 15. Only one accelerometer was placed on the housing but far away from bearings
B1, B2, B4, and B6, compared with the data from the test rig. This means that the data have lower SNR
and provide more challenges to the monitoring method, even though the radial clearance for C3 grade
bearings in the gearbox are in the middle level between the two types of bearings (CN and C4) tested
in Section 3.
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The primary purpose of the test, carried out in the Condition Monitoring Laboratory at University
of Huddersfield, is to evaluate different condition monitoring techniques, including vibration, acoustics,
instantaneous angular speed, electrical signatures, and temperature, and monitor the progressive
deteriorations of gearbox like the scenarios in real applications. In addition, the speed was kept
nearly constant, but the load had high fluctuations in order to mimic WT operations. The test
operated continuously for 838 h until a significant increase in vibrations was found at the gear meshing
frequency of the two-stage helical gearbox. Offline inspections show that clear abrasive wear marks
on the gear surfaces [35], which is identified to be the root cause of the increased mesh components.
However, bearing health conditions could not be assessed adequately as there were no characteristic
vibrations found during the tests, and no local defects were identified by the offline inspection, even
though some mild wear markers were observed on the raceways.

By using the same method, the MSB-Gini Index for the three shafts is obtained at the beginning
and end of the test, as shown in Figure 16a. It can be seen that MSB-Gini Index values for Shaft I and
III increase significantly at 836 hours compared with their baselines, indicating that there is an increase
in the clearance of these bearings or deterioration. In particular, there is nearly 0.2 increment from
the baseline. As this value is similar to that of the two bearings studied in Section 3, it indicates that
clearance of these bearings was enlarged by at least 20 µm according to the differences of bearing
clearance values in Table 1, showing severe deteriorations in bearing health conditions due to the wear
occurring inevitably during operation.
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On the other hand, Gini Index values for bearings on Shaft II only have a 0.05 increment, three times
smaller than other bearings, indicating that the condition of these two bearings are still sufficiently good.
The smaller change may attribute to the better alignment of Shaft II achieved by the manufacturing
assembly. Comparatively, the alignments of the input shaft and output shaft cannot be as good as Shaft
II due to he fact that the installation facilities are less accurate in assembling the gearbox on the rig.

In addition, the peak values are also obtained from MSB results shown in Figure 16b.
Comparatively, these values are much less indicative due to their large differences between the
time instants and different shafts. In addition, although the values in later operations are clearly high
for the bearing of Shaft III, it could not have an estimate of the time when the bearing could be defective
as these values do not have an upper boundary like the Gini Index.

5. Conclusions

To assess the bearing health conditions at early stages, this study has investigated the dynamic
effect of bearing clearances. A novel dynamic load distribution method is introduced to efficiently gain
insightful understandings of vibration responses when a bearing has no local defects but has small
manufacturing geometric errors. It shows that BPFO is the primary exciting source due to the existence
of bearing clearance and elastic deformations, and the geometric errors, including various orders
of runouts on different bearing components, can be the secondary ones, which lead to compound
modulation excitations and thus responses with very low amplitudes often submerged in noises.

To accurately extract these small signatures and indicate bearing health conditions online,
MSB analysis of the envelope signal is suggested as the effective tool to suppress strong noises.
Moreover, the introduced novel indicator, MSB-Gini Index, allows for the quantitative indication
of bearing clearance changes, especially with consistent engineering elucidations. Its performance
has been evaluated by a dedicated bearing test and an industrial gearbox under a run-to-failure test.
The indicative results for the bearings of the gearbox can be based on for the early health condition
monitoring of WT assets.
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