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Abstract: This paper presents a condition monitoring methodology that uses a novel condition
indicator (CI) algorithm, allowing for a confident assessment of system health and an advanced
warning of failures. The CI is evaluated in the application of a specialized gear rig utilized for
the high-cycle fatigue testing of hypoid gears. The CI is shown in this case study to ensure higher
confidence in the prediction of failures than other algorithms, with variations in the results. In the
comparison, consideration is given to the signal-to-noise ratio, the ability to differentiate between
damages and/or damaged components and the sensitivity of the CI to the failure.

Keywords: condition monitoring; gear breakage; condition indicator; hypoid gear; transmission
error; driveline testing; differential testing; specialized gear rig; damage detection

1. Introduction

Condition monitoring (CM), when correctly applied, offers high potential savings on
the costs of equipment downtime and repair. By identifying system damages before failures
occur, maintenance can be changed from “responsive” to “planned” and the secondary
damages that so often accompany failures can be avoided completely. It is estimated that
the total cost of downtime in the UK manufacturing industry could be as high as GBP
180bn annually [1,2], where the total estimated costs of repairs and downtime are estimated
to be between 15% and 60% [3–6]. Moving from responsive to planned maintenance has
been shown to reduce costs significantly [7,8].

The condition monitoring of the hypoid gear during testing, as described in the current
study, is an example of a CM approach in the automotive testing industry, which can be
applied to other fields as well.

Naturally, the cost of sensor equipment and monitoring should be considered and
offset against the potential savings and, therefore, condition monitoring has convention-
ally been limited to high-value equipment. This convention is due to change as sensor
networks, data transfer and processing are all decreasing in cost and improving in quality.
Indeed, many high-value manufacturing industries already have the necessary equipment
incorporated into their systems for control, protection and other features. These systems
only lack the application of CM as the key components of a CM system already exist within
the assembly.

One such application area is electrified automotive drivelines, especially in the design
validation phases of testing, which include many thermal sensors as well as e-motor rotor
angular resolvers as standard and already have the on-board monitoring capabilities within
the control units. For such industries, the missing link in achieving the potential savings is
largely down to the identification of condition indicators (CI) capable of accurately and
consistently identifying failures. Several CI have been shown in publications for a range of
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applications [9]; however, a comparison is lacking to assist in selecting a suitable CI for a
given application.

This paper will introduce a new CI that is applicable to a wide range of gear monitoring
applications but developed with isolated automotive component-level testing. Using
recorded test data from several lifetime fatigue tests, the new CI can be compared to many
other available CI options to evaluate the key performance attributes needed from CM.
Consideration is given to the signal-to-noise ratio, the ability to differentiate between
damages and/or damaged components and the sensitivity of the CI to the failure. Through
this comparison, it can be shown that some CI algorithms are not suitable for application
without a detailed calibration and filtering of the signals, whereas others can produce clear
and repeatable trends that reduce the risk of false flags and support the diagnosis and
prognosis of the system’s health.

The goal of this paper, based on [10], is not to assess precisely how the crack prop-
agation and breakage in this specific application of CM is influenced by the CI applied.
As an in-depth assessment, which would constitute frequent stops, crack detection and
examinations, was not possible during the testing, the results from using the CI and the
documentation of the damage are summarized to allow for the evaluation of the capabilities
and weaknesses of the CI options evaluated. This paper presents an in situ test of the
algorithm in an industrial application, where the damage of the components cannot be
foreseen and the method is assessed to determine if it can be used to effectively and reliably
stop testing.

Gear crack detection is commonly described in the literature based on two approaches.
One is the detection of acoustic emissions (AE) in the high-frequency domain, caused by
deformation or cracking [11], which is described in [12,13]. The second and more common
approach is the evaluation of vibrations, usually caused by transmission error (TE). TE is
the difference between the actual instantaneous angular position of the output shaft and
the position it would take if the gear were to have the perfect geometrical shape and it
were a rigid bogy. A definition of TE can be found in [14], together with an explanation
of the resulting system vibrations. A well known approach is to use the structure-borne
noise caused by the TE for condition monitoring purposes, which is presented in [15–19],
amongst others.

The proposed method and CI is considered to be novel as it combines the evaluation
of the complete spectrum. Not only vibration signals but any arbitrary signal (in this study,
torque and rotation), by comparing it to a former, undamaged state, thus eliminating the
effects of the transmission path. The information of the undamaged state is retrieved—after
a running in of the test specimens— in the so-called learning phase, during which the
results are time-synchronously averaged to increase the signal-to-noise ratio and statistical
confidence. As the calculation of the CI is not very resource intensive, it can be implemented
in industrial systems.

2. Test Methodology
2.1. Application

The testing applied here was intended to investigate the fatigue lifetime of an automo-
tive differential hypoid gearset. The conditions were selected to accelerate the test while
promoting gear tooth root bending fatigue failure modes.

Differential gears play a universal and important role for automotive powertrains,
almost independent of the vehicle type and drivetrain system. Hypoid gears are widely
used in this context, to drive the differential gear and hence are an integral element of the
drivetrain. Hypoid gears are a special group of bevel gears, with a hypoid offset, which
means that the axes of the gears are crossed but not intersected. The offset of the gears can
be used to optimize the packaging of the drivetrain of the vehicle while also affecting the
gear face width and sliding within the contact. The definition of this offset, depending on
the helix direction, and the representation of hypoid gears is depicted in Figure 1.
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positive offset negative offset

Figure 1. Definition of hypoid offset.

One main advantage of hypoid gears is the high load-carrying capacity, as in the case
of pinion gears, allowing a small number of teeth and a high ratio. With the high transferred
loads and good NVH behavior, this gear type provides a compromise between bevel gear
and worm gear designs. However, because of the special form of the geometry, rolling
and sliding occur as a relative motion while meshing, which leads to losses, reducing the
efficiency and increasing the risk of flank wear, pitting, scuffing and spalling [20].

To fully utilize the advantages of hypoid gears without introducing significant losses,
a very precise design and macro geometry correction is needed, which is still commonly
based on “experience” with a manual variation of parameters [21]. Moreover, the contact
pattern, important for the NVH behavior and for the fatigue life, varies with an increasing
load because the relative positions of the pinion gear and the ring gear change, due to the
stiffness of the bearings and housings in the assembly. This relative position can be defined
by 4 variables, depicted in Figure 2 and represented by the letters E, P, G, α. P is defined
as the axis of the pinion, G as the axis of the gear, E is the shortest distance between the
the P and G axes and α is the angle between P and G about the E axis. Prefixing any of
these terms with ∆ indicates the difference in the relative ring gear and pinion positions
compared to the unloaded state.

Figure 2. Definition of E, P, G, α [21].
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These parameters (EPGα) are not fixed but variable with torque, speed and temper-
ature. Additionally, wear during operation leads to an evolution of the contact pattern,
micro-geometry and reaction forces over time, further complicating the system response.

2.2. Test Facility

For effective and responsive testing of hypoid gears, a test bed capable of adjusting
and maintaining the system variables while also supporting collection of crucial data
is essential. The unique test bed utilized for this is the so-called “Specialized Gear Rig”
(Figure 3), which is located at the AVL-TU Graz Transmission Center [21]. This rig is
capable of applying a wide range of speeds and torques for isolated component/failure
mode testing, as well as conditioning of the sample environment and responsive adjustment
of EPGα during operation.

Figure 3. Specialized gear rig.

This rig provides a valuable platform for development of a condition monitoring
system as it allows the effective isolation of failure modes by providing a highly controlled
and responsive test condition and flexibility in the test set-up. Tooth root bending fatigue
is one failure mode that can be isolated easily at the test bed, where condition monitoring
and crack detection play an important role.

In addition to failure mode isolation, the rig also allows the measurement of the
unloaded (kinematic) TE or loaded (dynamic) TE through high-resolution angular position
instrumentation. The measurement of TE provides an additional variable that can be
utilized by a condition monitoring system for the evaluation of system health. The task of
dynamic TE measurement was handled by the CM System (CMS); however, the TE results
with respect to the NVH behavior and vibration spectra will not be presented in this work.
TE will be presented in the context of a variable, which can be used for CM.

The layout of the test bed is presented in Figure 4. The gears are driven by two dynos,
coupled to two different gearboxes with belt drives. The pinion gear was driven by a
132 kW motor, with a rated rotational speed of 1484 RPM, connected to a gearbox with
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a ratio of 3.52. The crown gear was connected to a gearbox with a ratio of 7.12, coupled
to a motor with a power of 200 kW and a rated speed of 1489 RPM. During testing, the
gears were covered in a housing (shown in the pictures), which is connected to an oil
conditioning unit. Inside the housing, an oil jet is directed into the gear mesh, which
delivers conditioned lubricant.

Test Bed Control

Oil Conditioning
Tower Unit

Oil Conditioning
Specimen

5

Condition
Monitoring

4

1

32

Figure 4. Test bed structure and control.

As depicted in Figure 4, the testing is controlled by the test bed control system, which
is connected to the dynos, control system of E, P, G, α, oil conditioning and CMS.

2.3. Instrumentation

On both sides (ring and pinion gears), the torques and rotation angles are measured
with the same sensor types and frequencies. Furthermore, for condition monitoring ac-
celerometers are placed on both sides of the transmission. The sensors are shown in Figure 5.
One accelerometer (IEPE1) is on the ring gear side, radially oriented to the shaft of the gear.
On the pinion gear side, the accelerometer (IEPE2) is positioned axially to the drive shaft.
These orientations were selected to evaluate the acceleration in the direction of the main
reaction forces from the gear contact. Both sensors are fixed by magnets. A summary of the
used sensors and references can be found in the Table 1.

IEPE2

IEPE1

Figure 5. Additional sensors for CM.
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Table 1. Overview of the used sensors for CM.

Sensor Name Type

Accelerometer PCB M608A11
Torque transducer HBM T12HP rated at 5 and 10 kNm
Rotation speed INC-4-225-191001-ABZ2-RFC3-24-AN

Additionally, as shown in Figure 4, the CMS receives the torques, temperatures, and
speeds at the gears (1) via CAN-bus from the test bed control, while the rotational angle,
measured at the gears, is connected directly to the CMS (4), (5). The accelerometers (2),
(3) are also connected directly to the CMS. Furthermore, to stop testing in case of damage,
the CMS sends an analogue signal to the test bed control (1). Load cells are also used in
determining the gear contact forces and allow a feedback loop with the tower movement
to account for assembly stiffness. These load cells, which measure loads in the E, P, G and
α directions, are not used for condition monitoring but are crucial to correct the positioning
of the samples.

The CMS consists of the ibaBM-CAN Bus monitor and the iba Modular System for the
directly connected sensors. As a head-station for the iba Modular system, the ibaPADU-
S-CM is used with an ibaMS8xIEPE for the IEPE sensors, an ibaMS4xADIO for analog
and digital in- and outputs and an ibaMS4xUCO for incremental encoders connected via
backplane bus. The hardware modules are connected via fiber optics with an industrial PC,
where the signals are processed and recorded with the data-aquisition software ibaPDA.
All calculations of indicators described in the following sections were carried out with the
software tools ibaPDA and ibaAnalyzer, including the add-on ibaInSpectra.

2.4. Samples

The tested gear sets were produced following the current mass production method
using forged alloy steel: cutting the teeth, case-hardening and lapping, optimized for bevel
gears, i.e., low warping at hardening and high fatigue strength. The gear pair was applied
in the rear axle of a high-power passenger car. The production process and clamping of the
gears create geometrical errors when the different teeth mesh, but also every revolution of
the pinion and crown wheel. This phenomenon is systematic and less visible with the latest
manufacturing process, grinding or hard skiving the teeth after hardening. In the testing
reported here, the ring gears had 42 teeth and the pinion gears had 13 teeth. Using a prime
number creates a high variance of different tooth contacts or, a high hunting the tooth
combination. This means that a high number of revolutions must be completed before a
specific pair of teeth mesh again (13 revolutions of the ring gear in this case).

2.5. Testing Procedure

The testing procedure of a ring and pinion gear pair consists of several stages, starting
with the assessment of the contact pattern at given loads and EPGα positions, with the
simultaneous measurement of the TE and contact pattern. This process essentially “tunes”
the contact conditions to find the best mesh for load sharing.

After the first assessments, the relevant testing for crack and damage detection starts
and the samples are loaded with a defined load and speed. The initial (unloaded) EPGα
values are set and the rig monitors reaction forces in order to recreate system dynamics
by adjusting and maintaining EPGα. After running-in for 1 h, the test specimen contact
pattern is re-evaluated. If it is necessary, minor adjustments of EPGα positions are made to
reset the desired contact pattern. After this point, all boundary conditions (oil temperature,
torque, speed, position of the gears) are constant during testing until the sample fails.

To stop testing shortly after the first fracture occurs, a preliminary version of the
detailed algorithms was used together with torque monitoring. However, it was not
intended to stop testing as the first crack was initiated. The goal of stopping the test was
only to prohibit secondary damages because of the failure of the samples.
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The same failure did not always occur, because of the variation of the loads, EPGα
positions and aleatoric uncertainties in the gear production (e.g., non-metalic inclusions
in the material at random locations). As the test was not stopped during the run, the
investigation of the failure modes and crack propagation was not possible. Furthermore,
the results of metallurgical investigations are not available for all samples. However, the
test data recorded allow off-line evaluation of the CM process to evaluate the effectiveness
of the CI.

3. Condition Monitoring

As is described in [22], for the detection of gear cracks, the whole frequency spectrum
should be monitored for changes, including increases and decreases in all amplitudes [22].
One possible algorithm is presented in [22] as the the Average-Log-Ratio (ALR) indicator,
which indicates changes in the rotational harmonics. For more complex applications, not
only should the harmonics of the rotational speed be monitored but also the areas in
between, containing the rotational harmonics of the other components and sidebands.

To monitor these frequencies, a family of CIs has been developed and presented for
ultra-low-speed applications in [23]. To prove the assumption that these CIs can be used
for higher speeds, they are applied amongst other indicators in the current study for the
monitoring of hypoid gears. As described in [23], the CI called the relative spectral differ-
ence (RSD) is defined, whose calculation consists of a learning phase and an evaluation
phase, described below.

To determinate the RSD, the Fast-Fourier Transformation (FFT) S( f ) with f ∈ R \ {0}
of an arbitrary vibration signal of interest s(t) has to be calculated, where S( f ) is a vector
with the FFT results for all frequencies f .

3.1. RSD Indicator

The frequency spectrum of the signal is divided into n equidistantly spread bands, up
to the highest frequency monitored, fmax, resulting in

S(i) = max
f∈[i∗∆ f± 1

2 ∆ f ]
(S( f )) (1)

where i is the number of the band. The frequency range ∆ f = fmax
n for each band has to

be smaller than the smallest difference between any frequencies of interest. The resulting
vector S(i) contains the maximum value of S( f ) for each of the bands, i. The very same FFT
settings are used in the learning phase and the evaluation phase. In the learning phase, the
sample is considered to be intact. The learning phase has the duration of m frequency spec-
tra where M = {spectra where the sample was considered to be in a good state}. During
the learning phase, the average and the standard deviation of the spectrum are calculated
for each band in the frequency domain; Savg(i), Sstd(i). Savg(i) is the vector displaying the
average reference spectrum, while Sstd(i) is a vector displaying the standard deviation for
each value of S(i) for the learning phase.

Savg(i) =
1
m

m

∑
j=1

Sj(i); j ∈M (2)

Sstd(i) =

√
∑m

j=1(Sj(i)− Savg(i))2

n
; j ∈M (3)

With these spectra, the so-called upper and lower reference spectra are calculated, Supper
re f (i),

Slower
re f (i),

Supper
re f (i) = Savg(i) + Sstd(i) · k (4)
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Slower
re f (i) = Savg(i)− Sstd(i) · k (5)

where k is the factor, which defines the distance between the upper and lower references
from the Savg. As a first approximation, it was supposed that the frequency bands have
a Gaussian distribution in time and that k = 2. It must be noted that the standard
deviation, more specifically the sample standard deviation, varies with the sampling time.
The sample standard deviation should approximate the population standard deviation
more precisely with increasing learning time. In this respect, it is important to define the
learning phase correctly and, thus, determine the sample standard deviation estimating the
population standard deviation well. Similar considerations are also valid for the calculation
of the average.

After the learning phase, the evaluation phase begins and the relative difference
Srel

di f f (i) between the actual spectrum S(i) and the upper and lower reference spectra

Supper
re f (i), Slower

re f (i) for each band can be calculated continuously, where i denotes the band.

Srel
di f f (i) =



S(i)−Supper
re f (i)

Supper
re f (i)

if S(i) > Supper
re f (i)

0 if Slower
re f (i) ≤ S(i) ≥ Supper

re f (i)
Slower

re f (i)−S(i)

Slower
re f (i)

if S(i) < Slower
re f (i)

(6)

Additionally, the maximum and minimum values over all m spectra can be learned.
These references can be used to set thresholds for the automated shutdown of the test bed,
but have not been used for the validation of the RSD indicator.

Based on the relative difference for each band Srel
di f f , the RSD can be calculated.

RSDabs =
n

∑
i=1

Srel
di f f (i) (7)

Alternatively , the indicator can be calculated relative to the number of bands used:

RSDrel =
1
n

n

∑
i=1

Srel
di f f (i) (8)

3.2. ASD Indicator

Another approach (also described in [23]) is to look at the absolute difference per band
Sabs

di f f (i) for calculating the Absolute Difference Spectrum (ASD) condition indicator,

Sabs
di f f (i) =


S(i)− Supper

re f (i) if S(i) > Supper
re f (i)

0 if Slower
re f (i) ≤ S(i) ≥ Supper

re f (i)

Slower
re f (i)− S(i) if S(i) < Slower

re f (i)

(9)

ASDabs =
n

∑
i=1

Sabs
di f f (i) (10)

ASDrel =
1
n

n

∑
i=1

Sabs
di f f (i) (11)

In this application, the RSDabs was used, since the ASD is mainly depending on
the dominant frequency bands and lowers the influence of changes in the other areas of
the spectrum.
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3.3. FFT Application

The settings of the FFT analysis were selected based on the recommendations of [24],
which suggests one should monitor vibrations up to and including the 4th harmonic of the
gear meshing frequency. With the given speeds of the gears, the gear meshing frequency
can be calculated with Equation (12), where nDr stands for the speed of the pinion gear and
zDr for the number of teeth on the pinion gear.

fmeshing = nDr · zDr

fmeshing =
291
60
· 13

fmeshing = 63.05 Hz

(12)

The 4th harmonic of the meshing frequency is therefore 4 · 63.05 = 252.2 Hz. Using
the common factor of 2.56, to be able to assess this frequency, it is necessary to have a
sampling rate of at least 248.2 · 2.56 = 635, 392 Hz. As most of the signals were orig-
inally sampled with 40 kHz, it was decided to resample them with 730 Hz (approx.
4.5 · 63.05 · 2.56 = 4.5 · fmeshing · 2.56) to have some reserve over the 4th meshing harmonic.
By resampling of the original signals, after anti-aliasing filtering, the calculation effort of
the FFT analysis can be reduced and simultaneously the time window of the analysis can
be longer, to achieve a better frequency analysis. The settings of the FFT analysis are shown
in Table 2. Furthermore, the calculated spectrum has been divided into 200 equidistant
portions called bands. The maximum value of these bands was used for the calculation of
the colorplot Srel

di f f (i) (colorplot) and RSDabs (CI). This can be considered as a resampling in
the frequency domain and leads to the decrease in the frequency resolution and calculation
effort. The frequency resolution of the results yields, after this post-processing, approx
1.42 Hz, which is equal to 0.2925 orders (pinion gear orders). The rotational frequency
of the ring gear is 1.50 Hz (0.3095 pinion orders) and so it is very close to the resolution
of the calculation. To prove whether increased resolution ring gear defects can be better
separated from pinion gear damages, calculations with 512 bands have also been carried
out (frequency resolution 0.55 Hz, order resolution in pinion orders: 0.1142). These results
did not show any observed improvement in damage detection.

It is expected that order tracking can deliver more accurate results. The decision was
made to use the above FFT settings, without order tracking, to prove if the CI and the
selected method can also be used for testing the hypoid gears as described.

Table 2. FFT settings.

Parameter Setting

sampling frequency 730 Hz
number of samples 4096

fmax 285.15Hz
∆ f 0.178 Hz

overlap 0%
update time 5.61 s
averaging None

suppress DC True()
detrend raw data True()

windowing Hanning
normalized False()

spectrum method magnitude

3.4. Application of the CI to a Procedure with Multiple Operating Points

The algorithm is implemented in such a way that it can monitor processes with
changing operating points. In the case of the presented test, changing the condition could
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be from the speed, torque, the temperature of the lubricant or EPGα, but it is possible to
define any arbitrary process signal for the identification of the operating point. Operating
points describe a constant or dynamic behavior of the process, which is reproducible and
can be identified reliably. The workflow of the condition monitoring in the learning and
monitoring phase is presented in Figure 6. The operating points can be predefined within
the boundaries of one or more process variables, symbolized with IDs on Figure 6. The
condition monitoring system recognizes the different operating points automatically and
preforms the learning and monitoring phase for each ID separately. The differentiation
between different loads is also recommended in [9], as the TE is load-dependent.

ID

Reference 
spectra

ID 3
Min
Max
Avg
std

ID 2
Min
Max
Avg
std

ID 1
Min
Max
Avg
std

“Learning OK”
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in
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h
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e

Vibration data
FFT

Process data

ID

Vibration data

FFT

Process data

M
o

n
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o
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n
g 

p
h
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e

▪ Absolute and relative 

difference

▪ Areas with exceeded limits

▪ Alarming

▪ Trending

0.03

0.025

0.02

0.015

0.01

0.005

0

Figure 6. Application of the CI to a procedure with multiple operating points, using ID labels to
monitor effectively.

In the tests described in this paper, the boundary conditions, such as torque, speed
and oil temperature, were kept constant, and therefore only one ID was used.

3.5. Comparison with Other Condition Indicators

There are several CIs which have been used to monitor gear trains. In [25], an overview
along with a review is given on the various indicators. To prove if alternative indicators
are also capable of detecting the failures of the hypoid gears, selected indicators were
calculated using the recorded data during testing. The results using these indicators are
presented in Section 4.2.

3.5.1. Crest Factor

The crest factor is used as an indicator for various types of waveform analyses, in-
cluding electrical and acoustic applications. As an indicator for mechanical vibration
monitoring, it is commonly used for roller bearings, but also for transmission monitoring.
It is defined as the ratio between the absolute peak value and the Root Mean Square (RMS)
value of the signal. Defects in an early stage often show up as short impacts in the time
signal. In this case, the RMS value will not change significantly like the peak value, and so
the crest factor increases. When the defect develops, the duration of the impact increases
while the amplitude of the peak shows no significant change. This increases the RMS value
and the crest factor decreases again. Hence, an increase is expected during the early stage
of the defect and decrease when the defect gets worse.

3.5.2. Sideband Ratio

The sideband Ratio (SBR) is the ratio between the amplitudes of the first sidebands
of a Gear Mesh Frequency (GMF) and the amplitude of the GMF itself. In this study, the
fundamental GMF and the next two harmonics of the GMF were taken into account for the
sideband ratio.
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3.5.3. Sideband Index

The sideband index described in [26] is the average value of the GMF sidebands
amplitudes. This indicator showed no significant trend in any of the test data.

3.5.4. Zero-Order Figure of Merit (FM0)

The FM0 [25] is similar to the crest factor, but instead of dividing the maximum peak
value by the RMS value, the maximum peak to peak value is divided by the sum of the
amplitudes of the meshing frequency harmonics. Therefore, Time Synchronous Averaging
(TSA) is applied to the time signal. It is expected to obtain better results for transmission
monitoring with this indicator compared with the crest factor.

3.6. Methodology

In the following section, all the signals used for damage detection are presented. The
signals were resampled as described in the Section 3.3. To present the signals, an arbitrary
time section from an undamaged gear is chosen. The abscissas of the diagrams shows the
time in seconds. The periods of meshing and the rotation of the gears are shown with
different colors on the following figures. Each coloured strip, followed by a white field,
stands for one period of meshing or rotation. The legend for the colors is presented below
each figure.

The raw acceleration signals in g from the two sensors, IEPE1 (upper diagram) and
IEPE2 (lower diagram) are presented in Figure 7. It can be seen that the signals are very
similar, with almost no noise. The amplitude modulation of the ring gear is distinguishable.
The meshing frequency is also conspicuous in the signal. Considering how clearly the
meshing can be seen in these signals, we can conclude that both can be used for monitoring
the meshing and the damage to the gears.

Figure 7. Raw acceleration signals in g vs. time in seconds.

In Figure 8, the torque signal, measured at the pinion gear (MDr), and the TE signal
are depicted. The torque signal is shown in the upper part of the diagram, and it is scaled
in % of rated torque. TE is presented below, in degrees, and it is calculated based on the
ring gear rotation, using the Formula (13) derived from [27]. The period of the ring gear
rotation (gray area) can be seen on both diagrams well. The meshing (green stripes) can be
seen in the torque and TE diagrams with the calculated meshing frequency. Both diagrams
show clear signals with almost no noise. The long wave component of both signals with
the ring gear rotation is caused by run-out of the ring gear. This can be either radial or axial
run-out. Due to the scaling of the TE, the meshing component cannot be seen well on the
diagram. To be able to see the meshing frequency, the signal has been high-pass filtered
both with the ring gear and the pinion gear frequency. The filtered signals are presented in
Figure 9.
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TEOut = φOut −
1
i

φIn (13)

Figure 8. Upper diagram: Raw torque signal in % of rated torque vs. time in seconds. Lower
diagram: TE signal in degree vs. time in seconds.

In the upper part of Figure 9, the frequency of the pinion gear is very distinct, together
with the meshing frequency. Like in the case of the ring gear described above, this is the
result of pinion gear run-out. After high-pass filtering the signal with the pinion gear
speed, the frequency of the meshing can be seen more clearly. Summarizing the torque and
TE signals, it can be said that due to the low level of noise and the clearness of the meshing
in the signals, and it is suspected that these features can be utilized for damage detection.

Figure 9. High-pass filtered transmission error signals in degree vs. time in seconds. Upper diagram:
filtered with ring gear frequency. Lower diagram: filtered with pinion gear frequency.

4. Evaluation of Condition Indicators

The results of the damage detection were evaluated for two exemplar samples. An
overview of the samples, with the applied load and damage, can be found in Table 3.
The speed of the test bed was the same for all the samples, NDr, the speed of the pinion
gear was 291 RPM, and the speed of the ring gear, was the same, with a ratio of 42

13 , 89.76
RPM. The results shown as colorplots are scaled to the pinion speed, so the 1st order is
equal to the rotation frequency of the pinion gear and the 13th order with the meshing
frequency. The order scale is the ordinate of the colorplots. It was decided to present the
Srel

di f f (i) on the colorplots (third dimension, colour) in order to see the influence of weaker
frequency bands as well. The relative spectral difference is dimensionless and represents
the relative difference to the learned value of each bin (e.g., 1.5 = 1.5 × more than learned).
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The abscissas of the colorplot and the trend diagram below, shows the total elapsed testing
time from the start until breakage in percentage. The trend line is the RSDabs of the upper
colorplot and it shows dimensionless the sum of the relative spectral difference. In other
words, the sum of the changes of all bins in the spectrum.

Table 3. Overview of the tests.

Sample Mring
Testing
Time

tpause
in sec

tlearn
in sec

Observed
Damage

Sample AH
1.3 × rated

torque
Approx.

4 h 870 870
light spalling and

tooth bending fatigue
cracks on the pinion

Sample BH
1.3 × rated

torque
Approx.

5 h 870 870
light spalling and

tooth bending fatigue
cracks on the pinion

The learning period was varied widely and the results showed very low sensitivity.
The selected learning length of 870 s corresponds to approx. 100 hunting tooth cycles (the
period of one hunting tooth at the given speed is 8.66 s ) or 55,000 meshing cycles.

The following representation of the results shows pinion tooth bending fatigue break-
age for Sample AH and Sample BH .

In the description of the results the observed orders are defined at the discrete bins of
the spectrum; hence, the numbers of the orders are not round numbers. The choice was
made to present the results in this way to emphasize the discrete resolution of the analysis
and not to give the false impression of orders laying exactly at the characteristic frequencies
of components. The only exceptions to this are a few cases where several harmonics of a
gear are dominant, here the integer orders are listed to keep the description compact. In
order to offer an overview in the assessment of the results, only a list of the most significant
orders is given to help the interpretation of the diagrams. The purpose of the list is to show
if the same orders can be systematically recognized for a certain failure mode. The time
indications are given as a percentage of the testing time.

The start and end of the learning phase and the testing stops are indicated with vertical
lines in the trends (RSDabs) with the respective colors: magenta , green and gray.

Additionally, indicators were also calculated for the TE spectra. The CIs (sideband
ratio (SBR) and sideband index (SBI)) can be calculated for both gears, as the sidebands of
the pinion and ring gear are spaced differently from the meshing frequency. This implies the
chance of separating the damages on the gears; hence, the indicators have been calculated
for the ring gear and pinion gear.

A further objective of the approach using the Srel
di f f (i) spectra as the input for the CIs,

was to see if the CIs preform better with pre-processed and filtered information while also
assessing if any advantage can be generated compared to the manual assessment of the
dominant orders, also in terms of separating the damaged gear. As many spectral lines
show increased activity on the colorplots, a manual assessment of the spectrum can be
difficult and an automated approach may have benefits. The evaluation of the indicators
can also be considered as an automated analysis of the results.

In Section 4.1, the results are only briefly summarized at the end of each section.
The analysis of all results in terms of the possibility for the usage of damage detection is
described in Section 6.

4.1. Test Results

On inspection, the damage to Sample AH was found to include the fracture and re-
moval of one pinion tooth and the visible cracking of a neighboring tooth. The neighboring
tooth was assumed to be a secondary failure as a result of the increased load share once the
fully cracked tooth had weakened.
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Metallurgical analysis found that the cause of the fracture on the pinion gear was
tooth root bending fatigue, which had the initiation at a Non-Metalic Inclusion (NMI). The
crack from the fractured surface demonstrated a “fish eye” feature, around the NMI and
near the drive flank surface, while ductile failure surfaces, including wide “tidemarks”,
were seen towards the tooth core. No cracks were found on the ring gear through visible
inspection or with magnetic particle inspection.

In Figure 10, the results from Sample AH are presented, showing the colorplot and
the trend of TE. It can be seen that immediately after the learning period, only the 22.82nd
order shows up clearly, and some activity at the 2.63rd order and above the 25th order
can be seen. These contribute only to a slight change of the trend. At approx. 23% of the
lifetime of the sample, the testing was interrupted for contact pattern measurement and
a new position of the samples was set up. This caused a moderate increase in the trend
and some orders are also visible in the colorplot from this point. Otherwise, the trend and
the colorplot stay stable until around 39% of the testing time, where a restarting of the
test occurs and manifests as a peak in the spectrum and trend. From this point in time,
some orders are observed in the colorplot that were not visible before, such as the 13.75th
and 26.33rd orders. After a stop and restart at approx. 48% of the testing time, the trend
increases linearly with slightly changing gradients until around 90% of the lifetime. At
this point, a rapid increase in the trend starts, caused by the following orders (exemplary
selected orders): 7.03rd, 11.12nd, 16.97th, 19.01st, 23.99th, and 24.86th. The orders between
the 11.12nd and the 19.01st are smeared over, so it is not possible to find single orders
contributing to the change in the trend in this area of the plot. After the rapid increase, the
sample fails with a fatigue breakage removing one pinion tooth completely. The visual
inspection shows that all other pinion teeth are cracked in their roots.
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Figure 10. Colorplot and trend of TE of Sample AH .

Figure 11 depicts the colorplot and the trend of MDr. The development of the trend is
very similar to that of the TE. The colorplot is generally also similar to the results with TE.
The stop at 23% of the testing time and adjustment of the contact pattern is visible here as
well, just like the restart at around 39%. The exponential increase in the trend also starts
at approx. 90% of the testing time. The following list shows some of the orders causing a
change in the trend: 7.9th, 12.29th, 16.97th 26.62nd, 43rd, and 54.7th.
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Figure 11. Colorplot and trend of M of Sample AH .

The results of the accelerometer, named IEPE1 (ring gear side accelerometer, radially
oriented), are presented in Figure 12. The bright areas on the colorplot at the beginning of
the measurement, before restart from approx. 13% until 23% (restart) and after 38% of the
testing time, dominate both diagrams at first sight. This phenomenon has been assessed in
detail in [10]. It was found that is caused by continuous impacts from an unknown source,
either related to the condition of the gears nor to the meshing. The impacts begin after
starting the tests, appearing between 15% and 23% of the testing time. After the restart
at 23% of lifetime, the impact reappears and fades out. The same trend can be observed
after the restart at 40%, where the impacts fade out and completely disappear. After 50% of
the testing time the trend increases linearly, similar to that of TE and MDr, but with some
local maximum and minimum until approx. 95%, where an rapid increase in the trend
starts. Some of the dominant orders causing the rapid increase are 2.93rd, 4.97th, 5.85th,
7.9th, 13.46th, and 24.86th. On the colorplot between the 12th and 17th orders, the lines are
smeared, so it is not possible to identify single orders. Furthermore, between the 36th and
the 53rd orders, numerous lines of the colorplot feature increased activity.

In Figure 13, the results of the accelerometer on the pinion gear are shown. The trend
and the colorplot are very similar to that of the other accelerometer. The stop of the testing
at 23%, 38% and 46% of lifetime is clearly visible in the spectrum. Nevertheless, the change
in the trend after restarting the test is minimal. From around 25%, the following dominant
orders appear on the colorplot: 11.99th, 25.45th, and 38.03rd. Near breakage, from approx.
95%, the trend increases rapidly. With the use of the same scaling of the color axis as in
other diagrams, it is not possible to identify single orders contributing to the change, as
most of the orders show a change by at least 75–100%. By changing the scale the following
orders are the most dominant: 2.93rd, 7.9th, 10.24th, and 21.06th.
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Figure 12. Colorplot and trend of the accelerometer IEPE1 (ring gear) of Sample AH .
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Figure 13. Colorplot and trend of the accelerometer IEPE2 (pinion gear) of Sample AH .

The results calculated using the Srel
di f f (i) TE are depicted in Figure 14 . The indicators

SBR_TE_Pinion, SBR_TE_Ring and SBI_TE_Pinion are similar to the RSDabs of TE (called
CI_TE, on the very top of the figure). The SBR of the ring gear (called SBR_TE_Ring, fifth
diagram) has a significantly different development. The absolute value of the SBR_TE_Ring
is lower than the same indicator of the pinion gear. This points to the direction that the
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SBR, based on the Srel
di f f (i) can be used to detect the damaged gear, as the SBR of the pinion

gear shows the damage as clearly as the CI_TE, whereas the SBR of the ring gear does not
exhibit a clear exponential increase with the same magnitude.

Figure 14. Alternative indicators calculated with TE 200 bands Srel
di f f (i) for Sample AH pinion and

ring gear orders.

On inspection, the damage to Sample BH was found to be a fatigue tooth root bending
crack, which resulted in the breakage of two teeth and the cracking of a further two. The
metallurgical analysis found that the cause of the failure had been a fatigue breakage,
with an unknown initiation site. No cracks were found on the ring gear through visible
inspection or with magnetic particle inspection.

The colorplot and trend calculated using TE, of Sample BH are shown in Figure 15.
Similar to Sample AH , after the restart and re-positioning of the samples at 16% of the
testing time, slight changes could be seen in the spectrum, without significant influence in
the trend. The trend stays stable on a low level till around 50% of the lifetime of the sample.
After this point, harmonics next to the rotational frequency appear in the spectrum, such as
2.05th, 2.93rd, 4.97th, 5.85th, 7.9th, and 14.92nd, which contribute to a linear increase in the
trend. This increase continues more or less linearly till 90%, where an exponential increase
in the trend is to be observed until breakage. During this rapid development of the trend,
amongst others, the following orders show increased activity: rotational harmonics from
the 2nd to the 7th, 14th, 14.04th, 22.82nd, and 24.86th orders.
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Figure 15. Colorplot and trend of TE of Sample BH .

The torque results of Sample BH depicted in Figure 16 are comparable with those of
TE. The colorplot shows more activity in the higher frequency regions. From 50% of the
testing time, as the trend starts to increase linearly, among others, the following orders
become dominant: 2.05th, 2.93rd, 4.97th, 6.14th, 41.24th, 42.41st, and 55.28th. Near to the
end of the test, from 90%, the 2.93rd, 4.1st, 6.14th, 14.92nd, 26.91st, 45.34th, and 52.36th
orders show increased activity. This trend is similar to the trend of TE.
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Figure 16. Colorplot and trend of M of Sample BH .
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In Figure 17, the results calculated from the acceleration signal of IEPE1 are presented
(pinion gear side accelerometer, axially oriented). As for, Sample AH impacts are visible
both in terms of the spectrum and the trend. This broad excitation can be seen before the
learning phase starts at approx. 3% of the testing time and shortly before the restart of
the test at 16%. Slight impacts are also visible after restart. Except for the effect of the
impacts, the trend is similar to that of the TE, but the linear increase starts earlier in time,
at 40% instead of 50%, with a smaller slope and a broad activity on the spectrum between
approx. the 20th and 50th orders. The exponential rising part of the graph starts after a
local minimum at 95%. Here the following dominant orders can be observed: rotational
harmonics from the 2nd to the 5th order, most of the rotational harmonics between the 10th
and the 17th orders, the 42.12th, 50.31st, 50.84th, and 51.45th orders.

Figure 18 depicts the results of the accelerometer IEPE2. The results are only partly
similar to the other parameters. The trend is different from all other above described
parameters, apart from a local maximum at around 29% of the testing time. It is nearly
constant from around 35% until a linear increase at approx. 80%, followed by a rapid
growth from 93%. The restart of the test bed is slightly visible on the colorplot. From
around 20%, the following dominant orders appear on the colorplot (it is hard to define
single orders, due to the high amplitude in the proximity of the listed orders): 12.29th,
26.62nd, and 28.37th. The contribution of these orders is insignificant to the change of the
trend, compared to the increase at the end of testing. Near the end of the lifetime of the
sample, the following orders show increased activity: most of the rotational harmonics
between the 3rd and the 25th orders, 33.93rd, 43rd, and 52.94th
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Figure 17. Colorplot and trend of the accelerometer IEPE1 (ring gear) of Sample BH .
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Figure 18. Colorplot and trend of the accelerometer IEPE2 (pinion gear) of Sample BH .

Figure 19 shows the indicators calculated using the Srel
di f f (i) of TE; these are very

similar to the results of Sample AH . Like in the case of Sample AH the SBR of the ring
gear differs very much from SBR of the pinion. The former has a significantly lower level,
without the exponential change at the end of the testing. This also indicates in the case of
Sample BH that the determination of the damaged gear is possible with this indicator. All
other indicators are similar to RSDabs of TE and cannot be used to determine which gear is
damaged.

Figure 19. Cont.
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Figure 19. Alternative indicators calculated with TE 200 bands Srel
di f f (i) for Sample BH pinion and

ring gear orders.

4.2. Results with Alternative Condition Indicators

The figures displaying the results with other CIs can be found for Sample AH in
Figure 20 (pinion gear), Figure 21 (ring gear) and for Sample BH in Figure 22 (pinion gear),
Figure 23 (ring gear). In the following comparison, the indicators are compared with the
RSDabs of TE (presented as CITE on the top of each diagram) as this trend is considered
to be usable for the damage detection. The indicators based on the ring gear orders are
also calculated and evaluated; this is also the case if the main damage occurred for both
samples on the pinion gear. The goal of this is to see if the determination of the damaged
gear can give an overview of all the results.

Figure 20. Cont.
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Figure 20. Alternative indicators calculated with TE 200 bands for Sample AH pinion orders.

Figure 21. Alternative indicators calculated with TE 200 bands for Sample AH ring orders.

The SBIs of both samples and both gears are similar to the CITE, whereas unlike the
CITEs, the SBIs of the ring gears has some local maxima near the restart of the test bed and
unlike the SBIs of the pinion gears, the trend fluctuates more. This makes the SBI ring
gear less ideal for stopping the test bed in case of damage. The SBR of the pinion is very
similar for both samples, showing a clear peak near to the breakage, followed by a decrease
in the curve. To be able to conclude if the peak in the trend has some connection to the
damage to the gears, more testing is needed to draw full conclusions. The SBR of the ring
gear is similar to the SBR of the pinion gear in the case of Sample AH , whereas the SBR of
the ring gear of Sample BH is different from the same indicator of the pinion gear, with a
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significantly flatter progress. It can be said that for these two samples that the SBR of the
ring gear could not be used for both samples for damage detection. The crest factor and
FM0 are not similar to the trend of CITE, offering very little information on the samples.
The only possible indication of damage can be seen in the crest factor of Sample BH , as it
increases quickly near to the damage.

Summarizing the comparison, many alternative indicators can be used well compared
to the RSDabs of TE. SBI shows the damage consistently for both samples, on the pinion
and ring gear, although the determination of the damaged gear is not possible with any of
the indicators. It is interesting to note that some indicators show damage on the ring gear
(SBI, SBR), whereas during the test the pinion gear was damaged.

Figure 22. Alternative indicators calculated with TE 200 bands for Sample BH pinion orders.
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Figure 23. Alternative indicators calculated with TE 200 bands for Sample BH ring orders.

5. Discussion

Summarizing the results for Sample AH , it can be stated that the trend of TE and MDr
show the breakage equally well, with a relatively clean spectrum. The most dominant
orders are harmonics or close to the harmonics of the rotation frequency. The torque
spectrum shows more activity in the high-frequency range. The trends and colorplots of
the accelerometers forecast the damage a bit later in time than TE and MDr. The spectrum
shows, in the case of acceleration, more variation due to the restarting of the test bed, but
these signals could be used to stop testing before breakage occurs as well. Dominant orders
are also harmonics of the rotation speed in the case of acceleration spectra. Using the
trends of SBR_TE_Pinion and SBR_TE_Ring, based on Srel

di f f (i), it is possible to differentiate
between the damaged gear, and it is apparent from these trends that the pinion gear is
damaged.
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Recapping the results of Sample BH , it is apparent that stopping the test before the
breakage of the tooth occurs is possible with the use of the algorithm, with any of the
parameters considered. As for Sample AH , using the trend of TE and the torque, an earlier
stop could have been achieved compared to using the acceleration signals. It is true for all
of the parameters that the most dominant orders are harmonics or close to the harmonics of
the rotation frequency. The spectrum of the torque also shows more activity for this sample
in the higher-frequency regions than the TE spectrum.

Considering the damage of Sample BH , two broken pinion teeth, it is not possible to
find any indication to the event of the breakage of a single tooth using the above presented
results. However, with more testing of the gears and the CI, it may be possible to relate the
actual damage more effectively to the results. The determination of the damaged gear is
possible for this sample as well, using the SBR, calculated from the Srel

di f f (i) of TE.
Based on the key performance indicators of signal-to-noise ratio, sensitivity, differen-

tiation of damaged sample and detection time within the sample lifetime, the CIs can be
contrasted. The results of this comparison have been summarized in Table 4.

To fully explore and assess the capabilities of the CI and the described method, it is
necessary to extend the research work to more samples, different types of gears and also to
other types of machine parts.
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Table 4. Summary of the results and comparison of the tested indicators.

Sample AH Sample BH

SNR Sensitivity
Differentiation
between Failed

Gear
Detection Time SNR Sensitivity

Differentiation
between Failed

Gear
Detection Time

Monitoring
Other

Components
than Gears

RSDabs good exponential
change no 90% good exponential

change no 90% yes

SBI_Pinion good exponential
change no

90% good exponential
change no

90%
no

SBI_Ring good linear change 90% good exponential
change 88%

SBI_TE_ Pinion good exponential
change no

90% good exponential
change no

95%
no

SBI_TE_ Ring good exponential
change 90% good exponential

change 90%

SBR_ Pinion good
exponential
change and

drop no

90% good exponential
change maybe, as the

sensitivity is
different

90%

no

SBR_Ring good
exponential
change and

drop
90% average linear change 88%

SBR_TE_ Pinion good exponential
change

yes

90% good exponential
change

yes

90%

no
SBR_TE_ Ring good

slight
exponential
change and

drop

- good linear drop and
increase -

Crest good continuous
linear change no - good linear increase no 95% yes

FM0 good
drop and

increase at the
end of testing

no - good no visible trend no - no
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6. Conclusions

It has been shown for the analyzed samples that the failures are visible in the trend
(RSDabs) and colorplot (Srel

di f f (i)) of all measured signals. With slight time differences in
the possibility to determine when the initial failure occurs, all signals considered can be
used for this purpose. In addition to demonstrating the strength of the proposed Srel

di f f (i)
CI, it has been shown that the torque signals can also be used for condition monitoring,
in addition to the well known acceleration and TE signals, offering possibilities for wide
application of the CI and faster processing.

In comparison of the proposed CI to other well known indicators, the only indicator
which was similar to the RSDabs and could indicate the damage in all cases was the SBI. The
SBR showed a different trend from the RSDabs, but it could be used for damage detection.
The crest factor and the FM0 did not produce comparable results to the RSDabs in any case,
and could not consistently indicate the damage. It can be concluded that to determine the
gear damage in the shown case, the evaluation of the complete spectrum with the RSDabs
does not offer a benefit over the SBI, which only monitors gear rotational and meshing
harmonics.

It has been shown that with the usage of SBR as post-processing of the Srel
di f f (i) TE,

the determination of the damaged gear is also possible in the case of pinion damage. This
indicator is also capable of showing which one of the gears was damaged. This approach
should be assessed in the future with more samples and varied test conditions to see if it
can be consistently used to determine the damaged gear.

In the testing considered here, the failure modes observed did not allow enough
variation to make a significant conclusion on the proposed CI ability to identify between
the route causes of the failures. By tracking the variation in the spectrum, it would be
possible to identify which frequencies display a disparity and from this determine the
likely cause of failure.

It was observed that in the case of TE in the presented cases it is sufficient to monitor
and evaluate the spectrum until approx. the 33rd order of the pinion gear (slightly below
the third harmonic of the meshing frequency). All other signals showed activity in the
complete spectrum, so the recommendation to monitor the frequencies until the fourth
harmonic of the meshing frequency, as discussed in the Section 3.3, was useful and this
approach delivers acceptable results. However, approaches evaluating more or less spectral
lines were not assessed in this study.

Additionally, as presented in Table 4 the RSDabs is the only indicator with which it is
possible to detect the damage of the pinion gear and which can be potentially used for the
monitoring of other components than gears. Furthermore, as shown in the comparison with
other indicators in [23], the RSDabs can also be used for the ultra-low -speed monitoring of
planetary gears, where the other algorithms fail to detect the damage.
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