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Abstract. One of the primary sources of noise and vibration in automobiles is gearboxes. Shafts,
gears, and bearings are the main causes of noise and vibration in vehicle gearboxes. Various
studies have reported that vibrations’ root cause is bearing excitation. Besides bearing fatal defects
or extreme structure resonance amplification, gear mesh is the primary source of high-frequency
vibration and noise, even in newly built units. Gear damage detection is frequently crucial in
automotive gearboxes and vehicle safety. Furthermore, vibrations caused by shaft imbalances,
shaft misalignments, and other factors can cause noise and vibrations in the drivetrain's transfer
path. In addition, the vibration of an automobile gearbox is closely related to poor design,
construction quality, and production accuracy. This paper reviewed previous research and
methods on car gearboxes for conventional vehicles. It was obvious that frequency analysis and
order analysis were commonly used in noise and vibration analysis on car gearboxes. Envelope
analysis is usually used to analyze bearing faults. Finally, rolling-element bearing diagnostic
techniques were also reviewed.

Keywords: noise, vibration, car, gearbox, method, diagnostic.
1. Introduction

Vehicle noise and vibration is one of the essential attributes which must be considered
attentively in the design process. This attribute must be used for the product development process.
Automobile manufacturers try to impress customers with their design, reliability, safety, low fuel
consumption, and the highest possible quality and comfort of their cars [1]. A pleasant vehicle
interior noise is a key attribute of customer's purchase decisions [2]. Therefore, quality and
comfort are often the last and decisive influences that will cause a successful or unsuccessful sale.
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Fig. 1. Development of automobile noise emission limits over the years [3]

By issuing requirements for the maximum noise level of vital noise resources, several
authorities aim to reduce the amount of noise in the environment. Regulations about noise
emissions are mostly applied to motor vehicles. Newly produced cars are not allowed to drive on
public roads if their noise levels are higher than predetermined thresholds. Thus, manufacturers
of automobiles have had enough time to incorporate advancements in noise reduction. Fig. 1
shows the timeline for noise limits for passenger cars and heavy trucks with an engine power of
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150 kW. In 1985, it was indicated that the measuring procedure was changed in the EU. For heavy
trucks, noise reduction corresponded to 2 dB to 4 dB of stricter requirements, while for passenger
cars, it corresponded to approximately 2 dB of less stringent requirements.

The gearbox is a source of vibration, which consequently leads to noise. Shafts, gears, and
bearings are the primary causes of noise and vibration in vehicle gearboxes. Numerous
investigations have revealed that bearing excitation is the primary source of vibrations [3]. Besides
bearing fatal defects, gears are the main sources of high-frequency vibration and noise, even in
newly built units. Gear damage detection is frequently crucial in automotive gearboxes and power
drive trains and can improve industry and vehicle safety [4].

The driveline is one of the major sources of noise and vibration that excites the vehicle
structures across a wide band of frequencies in commercial vehicles [5]. Gearboxes use geartrains
to manage the torque and speed of drivetrains. However, they fail more often than other drivetrain
components. Gearbox failure can lead to catastrophic failures, significant financial losses,
malfunctions, and machine shutdowns. Consequently, gearbox health monitoring and fault
diagnostics are becoming essential [6].

The parameter employed to assess drive smoothness is the Transmission Error (TE) [7]. The
main factors influencing gearbox noise and vibration are the teeth meshing and shaft revolution
frequencies and the harmonics and sideband components that correspond to these frequencies.
One of the most crucial and essential ideas to comprehend the vibration of gears is that the TE
generates the portion of the tooth meshing frequency that influences the gear's vibration [8].
Reducing the gearbox’s TE lowers the gearbox’s vibration and noise levels. Inaccuracies in
manufacturing and design can also lead to transmission errors. TE is, therefore, a crucial factor to
consider when designing significant gears. One way to further reduce gear noise is to optimize the
geometry to minimize TE, reducing vibration and noise [9].

According to the mentioned issue, vehicle noise and vibration reduction are necessary in the
car gearbox. M. S. Qatu summarized recent research in the general area of NVH with an emphasis
in the automotive field [10]. Qatu et al. reviewed some of the recent literature in the field of
automotive NVH [11]. Panza reviewed the main experimental techniques adopted for the
measurement and analysis of noise and vibration in a commercial vehicle [12]. Aherwar and
Khalid briefly reviewed of some current vibration based techniques used for condition monitoring
in geared transmission systems [13]. Bharadwaj et al. reviewed various NVH sources of
combustion engines [14]. Khan and Burdzik reviewed techniques, case studies, and future
directions on measurement and analysis of transport noise and vibration [15]. However, a review
of methods of detection and localization of the sources of noise and vibration on car gearboxes
remains limited and still needs to be improved. This paper reviewed previous research and
methods on car gearboxes in terms of noise and vibration analysis for conventional vehicles.
Finally, rolling element bearing diagnostic techniques were reviewed.

2. Automotive gearbox

Automotive transmissions are vital in any vehicle, enabling efficient power transfer from the
engine to the driven wheels. Transmissions can be divided into several basic types: manual,
automatic, sequential, and continuously variable (CVT). The vibrations of automotive
transmissions are usually caused by their mechanical nature, the meshing of the gears, and the
interaction with other components of the drive system. These vibrations are a natural by-product
of mechanical operations but can be more pronounced due to misalignment, manufacturing
defects, or general wear and tear over time. Effectiveness is closely related to these vibrations.
Ideally, the transmission should transfer the engine’s mechanical power to the wheels with
minimal energy losses. However, vibration leads to the dissipation of energy in the form of heat
and sound, reducing the overall efficiency of the transmission. According to the above division
and efficiency of transmissions published in [16], manual gearboxes in passenger cars achieve
92-97 %, automatic gearboxes 90-95 %, and gearless gearboxes 70-86 %. However, in some cases

2 ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460



METHODS OF DETECTION AND LOCALIZATION OF THE SOURCES OF NOISE AND VIBRATION ON CAR GEARBOXES: A REVIEW.
SAMNANG SANN, ELIAS TOMEH, TOMAS PETR

where the efficiency of a special single-speed gearbox has been investigated, even significantly
lower values have been achieved, averaging 50 % depending on the driving cycle [17]. Fig. 2
shows the cutaway view of a manual transmission gearbox.
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Fig. 2. Cutaway view of a manual transmission gearbox [18]

2.1. Previous research of manual transmission gearbox in field of noise and vibration

In 2009, Tuma studied gearbox noise and vibration prediction and control [19]. The research
on lowering truck gearbox noise was examined. The time and frequency methods provide the
foundation for gearbox noise and vibration analysis. The transmission error measurement can be
used to test the accuracy and design of the gears. The impact of the most effective modifications
in lowering noise caused by gears was also examined. Enough rigid housing, shafts, gears, HCR
gears, and tooth surface modification for design load are necessary for a low-noise gearbox.
Introducing HCR gears will have varying positive effects depending on the gear quality class.
Grinding-finished gears are required.

In 2014, Tomeh identified the sources of vibration and noise in the car gearbox by spectral
analysis [20]. The findings demonstrate that the vibration spectra were used to determine the
damage state of an inner ring of a pinion that was mounted in “glasses”. The gearbox vibration
measurement is not restricted to the previously mentioned diagnostic. Other techniques based on
vibration monitoring can be applied to search for and identify damage sources during construction,
placement, modification, or alteration of technical parameters.

In 2014, Praveenkumar et al studied fault diagnosis of automobile gearbox based on machine
learning techniques [21]. Four gears' classification efficiencies were quoted after the efficiency of
good and defective gear was classified under two distinct speed and load situations. It was
discovered that the Support Vector Machine may be utilized for automated fault diagnosis and
exhibits superior classification capacity in identifying different gearbox faults.

In 2016, K. He et al. conducted experimental study of the vibration characteristics of the fault
cylindrical roller bearing of special vehicle gearbox [22]. It was discovered that four time-domain
parameter indicators — RMS, STD, crest factor, and kurtosis — that are easy to calculate and apply
to online bearing monitoring can be utilized for a thorough assessment of whether the fault
happened effectively. However, the four time-domain parameter indicators are unable to identify
the kinds of cylindrical roller bearing faults or the extent of those problems. Thus, vibration signals
must be analyzed using frequency domain techniques to diagnose cylindrical roller bearing faults.

In 2017, Tomeh studied the possibilities for reducing car gearbox vibration and noise [23]. The
outcome demonstrates that the examination of spectral envelopes on a pinion with a diameter of
32h5, which functions as the inner ring of the bearing, has the greatest impact on reducing the
total vibration levels in a gearbox. It was lowered on average by 86 %. Additionally, based on the
stand, it was observed that the noise level on the super-finished pinion was decreased by as much
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as 15 dB in certain orders. These factors make it reasonable to conclude that superfinishing
significantly reduces the overall noise produced by automobile gearboxes.

In 2017, Oudrnicky and Tomeh studied the noise level of reverse motion gearing of gearbox.
The results show that the reverse speed degree produces a high noise level of reverse motion
gearing of the gearbox [24].

In 2017, Widodo et al. studied fault detection of gearbox using time-frequency method [25].
It was discovered that the distribution of vibration amplitudes toward its frequencies can be
displayed using a Short-Time Fourier Transform (STFT). Nevertheless, the STFT approach is
unable to pinpoint the site of gear defects. Based on the shaft's rotational angle and the frequency
change that occurs when the rotation angle intersects with a fault, Time Synchronous Averaging
(TSA) and Continuous Wavelet Transform (CWT) can be used to locate faults relative to one
another. Cepstrum analysis's ability to display peaks that correspond to defects in a particular
quefrency domain makes it useful for detecting gear problems. Nevertheless, the relative location
of gear failures cannot be ascertained using this method.

In 2019, Alshammari et al. studied fault diagnosis of helical gear through various vibration
techniques in automotive gearbox [26]. It was shown that the time domain offers helpful data for
analyzing gearbox faults. From the time domain approach, the crest factor, RMS, and kurtosis for
both defect and normal gearboxes are derived. When compared to a normal gear, the fault gear's
high signal increases. In tooth breakage gear, all parameters have values that are higher than in
regular gear. Every parameter increases as the breakage gear’s speed increases. While the time
domain is unsuitable for fault monitoring, RMS, crest factor, and kurtosis ratios for acceleration
response are appropriate during defect faults. Faster shaft speeds tend to result in larger RMS
magnitude, crest factor, and kurtosis ratios for both defective and normal gears.

In 2019, Barbieri et al. studied the analysis of automotive gearbox faults using vibration signal
[27]. It was discovered that there were notable discrepancies between the reference and damaged
gearboxes in the indices produced using wavelet transform and mathematical morphology. In this
instance, the signals from the damaged samples were higher than the reference signals.
Furthermore, compared to other indexes examined and used in the time domain, it was shown that
the indexes derived by mathematical morphology exhibited higher stability in the outcomes.

In 2019, Tomeh studied an influence of the load on the car gearbox noise [28]. The findings
demonstrate that all three measuring techniques — running conditions at the device stand, test
stand, and actual traffic — confirmed that vibration and noise levels decreased as loading increased.

In 2021, Bhavi et al. studied early detection of failure of spiral bevel gears used in differential
gearbox [29]. It was discovered that early identification of spiral bevel gear pair failure during
operation could be achieved by on-board noise and vibration measurement, as well as by
examining the noise and vibration spectrum condition monitoring and fault diagnostics of the
specified differential gearbox.

In 2022, Sann and Tomeh studied the detection and localization of the sources of vibration and
noise on the car gearbox using frequency analysis [30]. It was found that the reasons for the
increased noise and vibration of the car gearbox are the misalignment of the input shaft, the
increased value of the differential imbalance, and clearance between the driving and driven gear
teeth.

In 2022, Z. Shen et al. studied vibration fault detection of vehicle transmission gearbox based
on time-frequency analysis of non-stationary signals [31]. Based on the amplitude and phase
modulation of the fault signal, experimental findings demonstrate the high detection accuracy and
high detection rate of the time-frequency analysis.

In 2023, Singha et al studied faulty voice diagnosis of automotive gearbox based on acoustic
feature extraction and classification technique [32]. It was discovered that the Mel-frequency
cepstrum coefficients (MFCC) and their derivatives, the AMFCC and AA MFCC feature extraction
technique, are used to determine the acoustic features. Support vector machine (SVM), decision
tree (DT), linear decrement analysis (LDA), Naive Bayes (NB), and logarithm regression (LR)
classifiers are used to select the best statistical characteristics. The best classification result is
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obtained for SVM and NB, the two classifiers discussed above. The faulty component was located
using features-based classifier techniques.

delta-ANALYSER is an equipment used for condition monitoring of vehicle powertrain. The
ecarly-stage damage detection based on vibration allows very precise prediction of failures and
saves expensive prototypes from getting destroyed. The delta-ANALYSER processes data from
the acceleration sensors combined with data of the revolution counters. A spectrum is calculated
via Fast Fourier Transformation (FFT) from the measured signal of the structure-born noise.
Frequency analysis and order analysis are used in evaluation methods [33]. delta-~ANALYSER
provides three software. First, delta-ANALYSER Run is the setting and monitoring software. It is
used to control and run the measuring device. It enables creating and editing load steps, as well as
starting and stopping the monitoring. The second module is the evaluation software delta-
Evaluation.NET [34]. It is used to analyze and evaluate the measured data. It offers special tools,
for example, the waterfall chart. Because of this separation, it is possible to analyze a test run at
the office PC whilst another test is already running again. Third, rhf-OrderCalculator (ROC) is
possible to calculate each component of a test item and show essential orders [35].

KISSsoft AG develops calculation programs for machine elements and gear design. The focus
is gearbox calculations, including shafts, bearings, gears, etc. Time domain and frequency domain
analyses are used in noise and vibration analysis of gearboxes [36].

2.2. Automotive gearbox noise sources

A gearbox is a mechanical device that repeats its power transfer cycle periodically. It can be
exactly mathematically stated and has concrete constructional components. Periodic operation
yields noise because of periodic vibrational manifestation. The sources of vibration and noise are
rolling bearings, which act as a parametric source of vibration and noise, the gearbox housing,
which is the surface from which acoustic energy is emitted, and the rotors because of residual
imbalance [37].

The gearbox's primary source of noise and vibration is the gearing. The gearing's vibration and
noise level are mostly determined by gear meshing parameters, including transmission error, edge
tooth-bearing, gradient of change in the applied engagement force, gear contact ratio, and meshing
stiffness variation [37]. The well-audible modulation effects cause harmonics of the base tooth
meshing frequency and their sidebands. The noise and vibration of the geared axis systems
originate from parametric self-excitation due to the time variation of tooth-contact stiffness in the
mesh cycle, the inaccuracy of the meshing gears, and non-uniform load and rotational speed [38].

Ghost components or strange components are caused by errors in the teeth of the index wheel
of the gear-cutting machine, particularly gear grinding machines employing the continuous shift
grinding method, causing high-frequency noise because of the large number of index wheel teeth.
These ghost components vanish after running in [39].

2.3. Typical defects of car gearbox components

The gearbox, a critical part of the transmission system, is subjected to considerable stress over
time. Faults in such stressed mechanical components can lead to severe problems. Understanding
common weaknesses can help with early diagnosis and maintenance. Here are some typical defects
that occur in automotive transmission components [13].

2.3.1. Gears

Gears are defined as toothed members transmitting rotary motion from one shaft to another
[40]. Over time, the teeth of the gears can wear down due to constant friction. This wear can lead
to improper gear meshing, resulting in noise, vibrations, and inefficiency in power transmission.
The most common gear defects in automotive gearboxes include splines, face wear, tooth
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breakage, pitting, and root cracks [41]. Surface fatigue, specifically notch, and pitting defects, are
common failure modes of gears [42], as shown in Fig. 3.

Destructive
_ pitting

Fig. 3. Spalling and destructive pitting at one end of tooth at the pitch line [43]
2.3.2. Bearings

Bearings are produced to take pure radial loads, pure thrust loads, or a combination of the two
loads [44]. Fig. 4 shows the terminology of a ball bearing. The four essential parts of a bearing
are the outer ring, the inner ring, the balls or rolling elements, and the separator or cage.

I
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S5 Separator
( retainer)

ball race

Fig. 4. Terminology of a ball bearing [44]

Gearbox-bearing defects are a significant concern in various industrial fields. Bearings
facilitate the smooth running of the gears. Over time, bearings can wear out, leading to noise and
rough running. Bearings can cause the gears to work out of balance, increasing wear. The most
common defects in gearbox bearings include inner race faults, white structure flaking (WSF),
white etching cracks (WEC), and failures in planetary and high-speed shaft (HSS) bearings. Inner
race faults in bearing suspension are a common fault in induction motors coupled with a gearbox,
and their detection can be done through vibration monitoring of characteristic bearing frequencies.
WSF and WECs are prevalent failure modes in gearbox-bearing raceways, leading to
microstructural changes and axial cracks. WECs are also known as white-structured flaking and
can result in premature bearing failure [45], [46]. Fig. 5 shows the typical bearing faults.

2.3.3. Shafts

Shaft breakage is one of the most catastrophic failures in any transmission system that can
ultimately lead to significant financial loss [49]. The most common defects in gearbox shafts
include misalignment, dents, pitting, and fatigue failures caused by stress concentration, as shown
in Fig. 6. Insufficient machine chassis rigidity can misalign the gearbox and generator shafts.
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Gears can fail when the working stress exceeds the maximum allowable pressure, causing
notching and pitting.

a) Outer race fault [47] b) Ball fault [47] ¢) Inner race fault [48]
Fig. 5. Typical bearing faults

‘

Fig. 6. Fractured shaft [49]

2.3.4. Synchronous rings

In manual gearboxes, the synchronization mechanism synchronizes the gear wheel's speed
with the shaft's speed, allowing smooth gear changes. Faults in the synchronization can lead to
grinding noises during shifting and difficulty in shifting. The most common defects of gearbox
synchronous rings include tooth cracks, wear, plastic flow, and spelling.

The key component of dual-clutch, automatic, and manual transmissions is the synchronizer.
During gear shifts, the synchronizers match the target gear’s speed. The downsized high-power
density engine elaborates on greater angular accelerations. Increased angular acceleration shortens
the synchronizers’ lifespan by causing torsional vibrations. Due to torsional vibration, the
synchronizer rings can move freely in the available space. Higher angular acceleration
synchronizers wear out through collisions with neighboring components. The carbon liner of the
synchronizer wears down to zero wear gap. Gear clashes are caused by the zero-wear gap, which
hampers synchronizer functionality [50], as shown in Fig. 7.
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Fig. 7. Synchronizer with a) nominal wear gap, and b) with zero wear gap [50]
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2.4. Frequency analysis

Frequency analysis is a key method used in the diagnosis and maintenance of mechanical
gearboxes. This technique is based on the principle that each gearbox component, such as gears,
bearings, and shafts, has characteristic vibration frequencies that change when defective or worn.
In frequency analysis, vibrations or sound signals from the gearbox are recorded and analyzed
using spectrum analysis. In this way, specific frequency patterns corresponding to certain types of
defects can be identified, such as gear cracks, bearing damage, or shaft imbalance. The advantage
of this method is the ability to detect problems at an early stage, which allows maintenance or
repairs to be carried out before more serious damage or equipment failure occurs. This makes
frequency analysis an invaluable tool for ensuring the long-term reliability and efficiency of
mechanical transmissions.

A complex waveform can be broken down into various frequency components via frequency
analysis. It offers details on the frequency composition of vibration and noise. However, it is
limited to vibration and noise's amplitude and temporal features. Time and frequency resolution
may need to be traded off as a result. Eq. (1) is used in frequency analysis [15]:

X(f) = f x(De-2vrtds, (1)

where x(t) is time domain signal, and e “?™/t is mother or basis equation.

A contemporary method for locating the mechanical defects influencing the gearbox noise
level, assembly quality, and overall quality of production in automobiles is frequency analysis of
vibration spectra. Vibration spectrum analysis is carried out by technical diagnostics, which
monitor the impact of gears, rolling element bearings in a complicated gearbox, and frequency
analysis techniques [23]. The main excitation sources whose frequency can be calculated are rotor
frequency, gear mesh frequency, and bearing frequency.

2.4.1. Rotor frequency or shaft frequency

Rotor frequency, a key factor in the diagnosis and condition monitoring of mechanical
transmissions, is the rotor’s rotation frequency. This frequency is expressed in hertz (Hz) and is
derived from the rotor's revolutions per minute (RPM). Rotation frequency was related to the
rotating speed of the shaft [51].

The importance of the rotor frequency lies in its influence on the dynamics of the gearbox.
Every part of the gearbox, including the teeth, bearings, and shafts, is subject to forces and
vibrations directly affected by the rotor's rotation frequency. Abnormal vibration or increased
noise may indicate problems such as wear, tooth damage, or shaft instability. These problems
usually manifest themselves in specific frequency bands that can be identified through vibration
spectrum analysis.

Fundamental harmonic components [52] correspond to the excitation frequencies of the
machine components as expressed in Eq. (2):

frji = 2

a’

where n is speed in [rpm], i =1, 2, 3, 4, 5,..., R are speed degree of car gearbox, j = I, II, I
represent shafts of gearbox as shown in Fig. 8, and f,. is rotor frequency in [Hz]:
— Harmonic components: 2f,, 3f,, 4f,, ...

. 1,1, 1
— Subharmonic components: 3 fr,g fT’Z frs o

— Interharmonic components: 1.5f,, 2.5f,, ...
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Fig. 8. Example of kinematic scheme of five-speed car gearbox [30]
2.4.2. Gear mesh frequency (GMF) or tooth frequency

Gear mesh frequency refers to the frequency at which the teeth of two gears come into contact
with each other during rotation. The gear mesh frequency plays a crucial role in diagnosing
problems in rotating machinery and can be used for fault diagnosis and research in gearboxes. The
order spectrum of a gearbox vibration contains a component that is denoted by GMF, which is
calculated as the product of the number of teeth and the frequency of rotation of the gear [3].

The gear mesh frequencies [51], [52] for every speed can be calculated by using Eq. (3):

fzi = Zjifyji [Hz], (3)

where z is the number of gear teeth, i =1, 2, 3, 4, 5,..., R are speed degree of car gearbox,
j =L 11, Il represent shafts of gearbox as shown in Fig. 8, and £, is rotor frequency in [Hz].
— Harmonic components: 2f,, 3f,, 4f,, ...

. 1 1 1
— Subharmonic components: > for 3 fu " for oo

— Interharmonic components: 1.5f,, 2.5f,, ...
2.4.3. Bearing frequency

The system’s initial energy balance will be disrupted by rolling bearing failure, and abnormal
vibration is the most intuitive performance. The vibration signal associated with a bearing defect
exhibits an increase or fluctuation in amplitude in the time domain and prominent amplitude in
the frequency domain along the fault characteristic spectrum lines [53]. Different frequencies are
obtained for flaws in an outer race, inner race, balls, and cage.

To calculate the frequency of inner ring, bearing cage, outer ring, and rolling elements, the
following Eqgs. (4) to (7) can be used. To calculate these frequencies, [54-56], the rotational speed
and the inner dimensions of the bearing need to be known as shown in Fig. 9.

Frequency of inner ring or Ball-Pass Frequency Inner (Race) (BPFI):

fi, = gfr <1 + Z—:cos 0(). (@)

Frequency of bearing cage or Fundamental Train Frequency (FTF):
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1 (1 d, ) 5
i =3 f (1= Feos ). (5)

Frequency of outer ring or Ball-Pass Frequency Outer (Race) (BPFO):

_z (1 d, ) 6
fLO—Zﬁ dscosa. (6)

Frequency of rolling elements or Ball-Spin/Roller Frequency (BSF):

fiy = f% [1 : (Z— cos a)] ™

where z is number of rolling elements, f, is rotor frequency, @D is outside diameter, @d is inner
diameter, @dy is pitch diameter, dg =D +d/2, ©@d, is diameter of rolling elements,
a= arctan% is contact angle, and e — value can be obtained from the specification of the

bearings.
fLo
\Z\ o fLv
f fLk
YH 4 fLi
7/ 1 \
z - number of rolling elements )

Fig. 9. Inner dimensions of the rolling bearing [52]
2.4.4. Modulation and sidebands

It is common for the symmetric components to have differing amplitudes with respect to the
carrier component [3]. The phase shift between the phase modulation signal and the amplitude
modulation signal determines the amplitude difference. The amplitudes of the symmetrical
components are the same if both modulation signals are in phase. The mentioned amplitudes in
the sidebands are different when there is a phase shift, or out of phase, between the amplitude
modulation signal and the phase modulation signal. Theoretically, phase modulation can result in
an infinite number of sideband components. However, only one upper and one lower sideband
component is indicated in Fig. 10 for simplicity.

Modulation is the change of characteristic frequencies of gears and bearings due to shaft
rotational frequencies. Modulation can also be generated by higher harmonics of shaft rotational
frequencies. Modulation can be above, or below characteristic frequencies called sidebands.
Generally, the higher frequency takes over the carrier frequency; the lower frequency takes over
sidebands. For transmission gear mesh, the carrier frequency is the gear mesh frequency where
the sidebands have the distance of the shaft frequency, which modulates the gear mesh as shown
in Fig. 11(a). For bearings, the carrier frequency is the ball-spin/roller frequency, where sidebands
have the distance of the shaft frequency, as indicated in Fig. 11(b).

2.4.5. Condition monitoring

Condition monitoring systems based on vibration analysis can monitor all parts of gearboxes,
for instance, shafts, gears, and bearings [57]. Raw signals emitted from machines are the time
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waveforms and the phase reference. Different devices can be used to acquire signals. Different
processing techniques can be used for further analysis of the frequency spectrum. With vibration
analysis, various defects can be detected, such as bent shafts, eccentricity, gear defects, bearing
defects, electrical faults, oil whirl, cavitation, resonance, etc.

Amplitude Amplitude
Carrying component Carrying component
Lower Upper Lower Upper
sideband sideband sideband sideband
component . component component 7 component
I ql Symmetry V' Non-symmetry
R R :
0 fe-f g Jeth  frequency O fe-fi g fe+fi  frequency
Modulation signals out of phase (shift 90°) Modulation signals in phase
time time

Fig. 10. Sideband components of the amplitude and phase modulated signal [3]
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Fig. 11. Modulation and sidebands

Vibrations are produced by the mechanical parts of rotating and reciprocating machines for
various causes. These include mechanical looseness, misalignment, unbalance, incorrect fittings,
and defective components. These vibrations degrade structural reliability, raise maintenance costs,
decrease machine efficiency, and frequently result in major health problems for the engine. Faulty
vibrations can also indicate equipment or machine parts defects and provide rich information
regarding the machine’s condition [58].

In 2022, Sann and Tomeh studied the detection and localization of the vibration and noise
sources in the car gearbox using frequency analysis [30]. First, the experiment was conducted to
determine the rotational speed of the input shaft at each speed degree using a Microlog CMVA 65
vibration analyzer connected to the gearbox housing with an accelerometer. Then, the frequencies
of shafts, gear meshes, and bearings were calculated. Finally, SKF @ptitude Analyst software [59]
was used to analyze the amplitudes and spectra of vibration with the frequency analysis and the
envelope analysis method. For example, frequency spectrum analysis indicates a fault of input
shaft misalignment (case Fig. 16(f)) since the amplitude of the second harmonic component
exceeds the amplitude of the first harmonic component by 91.43 %, as shown in Fig. 12.

The 4th and 5th speed degree of differential gear show the increased imbalance value and there
is clearance between the driving and driven gear teeth as shown in Fig. 13 and Fig. 14.
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Fig. 12. Spectrum of vibration of input shaft at the 1st speed degree of 5-speed car gearbox [30]
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In 2014, Tomeh identified the vibration and noise sources on the car gearbox by spectral
analysis [20]. First, the measurement of the gearbox with a pinion was made on the SAIMP
machine before replacing the rolling bearings FAG 71909 HC CTP4S.UL at Bearing 3. Second,
the measurement of the gearbox with a pinion was made on the SAIMP machine after replacing
the rolling bearings FAG 71909 HC CTP4S.UL at Bearing 3. The gearbox was loaded on the
acceleration and engine braking in each measurement.

Before bearing replacement, the frequency of the inner ring of the bearing is 1618 Hz, the
amplitude at this frequency is 2.306 m.s2, and the effective value of acceleration is 105.7 m.s%.

12
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In Fig. 15(a), the amplitude of the 2nd harmonic is higher than the amplitude of the 1st harmonic,
indicating the gear misalignment.

After bearing replacement, the vibration measurements were repeated with the same
conditions. The amplitude is reduced from 2.306 m.s to 2.02 m.s2. The effective value of the
acceleration decreased from 105.7 m.s2 to 8.1 m.s2. In Fig. 15(b), the amplitude of the 2nd
harmonic is lower than the amplitude of the 1st harmonic, indicating no faults.
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Fig. 15. Vibration acceleration spectrum by order analysis, engine braking, 5th speed gear, before and
after replacing rolling bearings FAG 71909 HC CTP4S.UL at Bearing 3 on the SAIMP machine [20]

2.4.5.1. Condition monitoring of gears

Fig. 16 shows the condition monitoring of gear with typical faults such as eccentric gear or
bent shaft, tooth damage (wear), backlash, gear misalignment, and hunting tooth frequency.

In Fig. 16(a), the characteristic spectrum of a gear assembly in good condition is shown. It is
observed that the first, second, and third harmonics of gear mesh frequencies gradually decrease,
indicating no faults are detected.

In Fig. 16(b), the rate at which a tooth in one gear connects with a specific tooth in another
gear is known as the hunting tooth frequency (HTF). Symptoms: Peak at 1x HTF and possibly at
2x HTF. HTF sidebands around 1x RPM of each shaft. HTF sidebands around 1x GMF and its
harmonics. Low frequency gear pulsating noise [60].

In Fig. 16(c), modulation in the GMF occurs at the eccentric gear's rotating speed due to bent
shafts or eccentricity in the gear. Symptoms: Increased amplitude in 1x, 2x and/or 3x GMF.
Significant sidebands around 1x, 2x and/or 3x GMF at the 1x RPM frequency of the gear causing
the problem. Increased amplitude at 1x RPM of the gear that has the problem, and in case of a
serious problem, harmonics will also appear [60].

In Fig. 16(d), significant peaks at the GMF and its harmonics are caused by gear wear.
Symptoms: Increased amplitude at 1x, 2x and/or 3x GMF. Important sidebands around 1x, 2x
and/or 3x GMF at the frequency 1x RPM of the worn gear. Peaks corresponding to the resonance
frequency of the pinion or the gear. Side bands at 1x RPM of the worn gear around the resonance
frequency [60].

In Fig. 16(e), the GMF and its harmonics are typically more impacted by an overloaded gear
assembly than the relatively few and lower amplitude running speed sidebands. Symptoms:
Higher amplitudes in 1x, 2x and/or 3x GMF [60].

In Fig. 16(f), the main vibration of the misaligned shafts happens at 1x RPM and 2x RPM. It
can even excite the gear mesh frequency, causing the first three harmonics of the GMF to
potentially arise. Symptoms: Amplitude increase in 2x GMF. Peaks in other harmonics of the
GMF (1x, 3x, etc.). Important sidebands in 2x GMF and in 1x or even 2x RPM. Harmonics of the
rotating speed of each shaft in 2x and even 3x RPM [60].
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Fig. 16. Typical gear defects and their identification in the frequency spectrum [61], [60]

e) Overloaded gear assembly

2.4.5.2. Condition monitoring of bearings

One of the mechanical parts used in rotating machinery is the rolling bearing. Rolling element
bearings are frequently subject to localized damage, such as pitting and cracking, because of harsh
operating conditions. Rolling bearing failure is one of the main causes of a machine stoppage.
Vibration-based rolling bearing defect diagnostics has grown in importance in both academic and
industrial domains for several decades due to its potential to prevent accidents and reduce financial
losses [62]. Bearing failures can be effectively avoided using condition monitoring [63]. Typical
bearing defects like outer race, inner race, roller elements, and cage defect and their identification

in the frequency spectrum are shown in Fig. 17.
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d) Bearing cage defect

¢) Roller element defect
Fig. 17. Typical bearing defects and their identification in the frequency spectrum [64]

In Fig. 17(a), the existence of outer race fault frequency harmonic peaks characterizes the

spectrum between 8 and 10 harmonics of the BPFO.
In Fig. 17(b), multiple harmonic peaks of the inner race fault frequency modulated by

sidebands at 1x RPM are visible in the spectrum usually between 8 and 10 BPFI harmonics.
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In Fig. 17(c), defects in balls or rollers are identified by their existence in the rolling element
fault frequency (BSF) harmonic spectrum. The harmonic of larger amplitude typically indicates
the number of defective balls or rollers usually accompanied by defects on the races.

In Fig. 17(d), cage defects are identified by the existence of the cage fault frequency (FTF)
and its harmonics in the spectrum. A defect in the cage is accompanied by faults in the races and
the FTF usually modulates one of these race fault frequencies resulting in sums and/or differences
of frequencies.

2.4.6. Units

The numerical range of big or small numbers is reduced when decibels are used. The following
Eq. (8) is used to convert the RMS of a physical quantity, represented by y, to dimensionless
decibel [3]:

201log (%) ®)

where ref is a reference value given in Table 1.

W:

Table 1. Reference values to determine decibels
Sound pressure | Displacement | Velocity | Acceleration | Force | Voltage
Ref 2x10° Pa 102 m 10° m/s 10°¢ m/s? 10° N 1V

2.5. Order analysis

Time records measured in dimensionless revolutions instead of seconds are used to analyze
the order spectra. The accompanying FFT spectra are measured in dimensionless orders instead
of frequency in hertz. Since the rotation frequency is being tracked and analyzed, this method
is known as order or tracking analysis [3]. Order analysis is the number of events per rotation.

To convert from order analysis to frequency domain, the Eq. (9) is used:

f _ NSpeedigzg)utshaff. (9)

To convert from frequency to order domain, the Eq. (10) is used:

60

-
Speedinput shaft

N=f (10)

where f is frequency in [Hz], N is in order, and Speed;npyt snaye 1S speed of input shaft in [rpm].

Fixed frequency in the signal will be distributed in order analysis when input speed changes.
The amplitude of gear mesh orders may vary while input speed changes. These formulas are
correct for the typical case where the input shaft speed is used as the reference speed. In other
cases, simply replace the input shaft speed with the chosen reference speed.

2.5.1. Shaft and gear mesh order calculation

The noise produced by transmission units is high frequency. The order spectrum of a gearbox
vibration contains gear mesh frequency, calculated as the product of the number of teeth and the
gear's rotation frequency. Gearboxes have many shafts rotating at various rotational speeds. For
the assignment of the spectrum component to the vibration and noise sources, it is essential to
know the factor value, which multiplies the fundamental frequency, to get the frequency of the
spectrum component. This factor value ascertains the possible source of vibration. Fig. 18 shows

JOURNAL OF VIBROENGINEERING 1 5



METHODS OF DETECTION AND LOCALIZATION OF THE SOURCES OF NOISE AND VIBRATION ON CAR GEARBOXES: A REVIEW.
SAMNANG SANN, ELIAS TOMEH, TOMAS PETR

an example of the car gearbox where G denotes drive gear, g denotes driven gear, and GM denotes
gear mesh. Input speed is used as a reference for order calculation. Then, the order of shaftl is
considered as 1. Shaft and gear mesh orders are determined using Eq. (11) to (15):

OShaftl =1, (1D
Oem1 = Osnafr1Zr = 1 X 21 =21, (12)
Zy 21
Osnaftz = Osnaft17— Zy1 =1x25=05, (13)
21
Ogmz = OsnafizZes =1 X 2 x 18 =9, (14)
Opxie = O Zes _ 21><18—0125 15
Axle — YShaft2 Zg4 - 42 72 ( )

where O denotes the order and Z denotes the number of gear teeth.

G1:21teeth ]
Input Speed G3:18teeth
Shaftl
GM1
GM2
g2 : 42 teeth I T i
g4 : 72 teeth

Fig. 18. Schematic of a car gearbox

Fig. 19 shows the conversion of the revolution-based signal to the order spectrum of a car
gearbox using FFT. The blue, red, blond, purple, and gay curves represent the excitation signal of
shaftl, GMI1, shaft2, GM2, and axle, respectively. The blue, red, blond, purple, and gay bars
represent the order spectra of the excitation signals of shaftl, GM1, shaft2, GM2, and axle,
respectively, after FFT. Therefore, the fundamental order of shaftl is 1 with the 2nd harmonic
order of 2 and the 3rd harmonic order of 3, etc. The fundamental order of GM1 is 21, with the 2nd
harmonic order of 42 and the 3rd harmonic order of 63, etc. The fundamental order of shaft2 is
0.5, with the 2nd harmonic order of 1 and the 3rd harmonic order of 1.5, etc. The fundamental
order of GM2 is 9, with the 2nd harmonic order of 18 and the 3rd harmonic order of 27, etc. The
fundamental order of the axle is 0.125, with the 2nd harmonic order of 0.25 and the 3rd harmonic
order of 0.375, etc.

3
S 2
E /ﬂ M -
g AT TN ’1 = £ Hl ‘
< 1 AlRIE
\‘ mm-—1 o -
Revolution based signal (one rotation of input shaft) Sa - Order

Fig. 19. Conversion of the revolution-based signal to the order spectrum of a car gearbox using FFT
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2.5.1.1. Example of order calculation

Fig. 20 shows an example of a 7-speed dual-clutch transmission (DCT) for a more detailed
explanation of the formula and better clarity about the order calculation of shafts and gear meshes.

Table 2 and Table 3 shows shaft and gear mesh order calculations of 1st, 2nd, 3rd, 4th, 5th,
6th, 7th, and reverse gear.

GEAR :

REV 4 5 1] Final Drive A
36 28 31__:1111 B 23—
ST T
Input 21% i 35_5_ a0 53 i $5_ Output
—T T L I T I ©
57iu 24__i:u 26 25% 31_i_
Tﬂ Tﬂ TH 1T 1

GEAR: 2 6

5 7‘ Final Drive B
Fig. 20. Example of a 7-speed dual clutch transmission (DCT)

Table 2. Shaft and gear mesh order calculations of 1st, 2nd, 3rd, 4th, 5th, 6th, and 7th gear

Ist gear 2nd gear 3rd gear 4th gear Sth gear 6th gear 7th gear
Input shaft 1 1 | 1 | 1 |
order
Gegid“elfSh 1x20=20 | 1x21=21 | 1x35=35 | 1x41=41 | 1x35=35 | 1x41=41 | 1x52=52
Countersh| 1x20/39= | 1x21/37= | 1x35/31= | 1x41/28 = | 1x35/26= | 1x41/24= | 1x52/25=
aft order 0.5128 0.5676 1.1290 1.4643 1.3462 1.7083 2.0800
Final
drive gear | 1x20/39x23 | 1x21/37x31 | 1x35/31x23 | 1x41/28x23 | 1x35/26x31 | 1x41/24x31 | 1x52/25x31
mesh =11.7949 | =17.5946 | =25.9677 | =33.6786 | =41.7308 | =52.9583 | =64.4300
order
Output | 1xX20/39x23 | 1x21/37x31 |1x35/31%23/|1x41/28%23/|1x35/26x31/|1x41/24x31/|1x52/25%31/
shaft order|/37 = 0.3188|/36 = 0.4887|37 =0.7018 | 37 =0.9102 | 36 = 1.1591 | 36 = 1.4711 | 36 = 1.7911

Table 3. Shaft and gear mesh order calculations of reverse gear
Reverse gear
1
1x21 =21
1x21/23 =0.9130
1x21/23%23 =21
1x21/23%23/36 = 0.5833
1x21/23%23/36x23 = 13.4167
1x21/23%23/36%23/37 = 0.3626

Input shaft order
Reverse gear mesh order
Idler shaft order
Idler gear mesh order
Countershaft order
Final drive gear mesh order
Output shaft order

2.5.2. Bearing order calculation

Under constant speed conditions, the bearing faults are detected by directly identifying the
Fault Characteristic Frequency (FCF). However, the FCFs are not constant under variable rotating
speed conditions. The Fault Characteristic Order (FCO) is applied to monitor the health status of
the bearing at time-varying rotating speed [65].

To calculate the order of bearing cage, rolling element pass in inner ring, rolling element pass
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in outer ring, and rolling element, the equations from Egs. (16) to (19) are used [66], [6
Order of bearing cage:

51, [55].

_N R+ 7r(1—cosa) «|R+7r(1+cosa) 16
©c 2 R+r 2 R+r ' (16)
Order of rolling element pass in inner ring:
Noo = z N - NI (1 rcosa 1
RIR_Eli_ al( R+r) 17)
Order of rolling element pass in outer ring:
N _z N — N1 rcosa 1
kor = 51Ny = Nol (1= —-—) (18)
Order of rolling element:
N, |N s R+r rcos?a 19
T R+r ) (19)

where N; is order of inner ring, N, is order of outer ring, a is pressure angle, r is radius rolling
element, R is radius inner ring, and z is number of rolling elements.

2.5.3. Utilizing order spectra in machine diagnostic applications

Order spectra are a helpful tool for machine troubleshooting. Fig. 21 displays the order
spectrum composition for specific vibration source types. The selected basic frequency determines
the order spectrum. Numerous machines possess multiple frequencies that are considered
fundamental. Gearboxes, for instance, have many shafts that rotate at various speeds. Knowing
the value of the factor that multiplies the fundamental frequency to obtain the frequency of the
spectrum component is crucial for assigning the spectrum component to the source of vibration or
noise. The possible vibration source is likewise determined by the value of this factor. In Fig. 21,
all the other dominant components — except for rolling bearings — are harmonics of the
fundamental frequency. The frequency of vibration resulting from rolling bearing faults is a
non-integer multiple of the inner race’s rotational frequency.

Couple Unbalance Rolling Bearings

l = T Acc BPF - Ball Pass Ace
Frequency BPFO BPFI
I —inner race
j  O-outerrace
) — 0123 ord

0 1:2 3:4 ord

Parallel Misalignment Gearboxes
GMF - Gear Mesh Frequency
Acc Acc
EE-HB _E‘ GMF
| o l
01234 01 Number
ord of Teeth B
Angular Misalignment Four-stroke, four-cylinder car engine
Acc
234 ord 2468 ord

Fig. 21. Order spectra in machine diagnostics [3
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2.6. Statistical analysis

Data on noise and vibration are analyzed using statistical techniques, such as mean, standard
deviation, and percentile levels. It offers data on the statistical distribution of vibration and noise
data. It only offers a little in the way of temporal and frequency characteristics of vibration and
noise. It might not be appropriate for nonlinear data and presumes that the data is regularly
distributed. Eqgs. (20) and (21) are used to calculate mean and standard deviation [15].

Mean:

1
u = Nzx"' (20)
Standard deviation:
1 2 21
g = Nz(xi—li). 21)

where y is mean, ¢ is standard deviation, N is data size, and x; is data values, i =1, 2,...
2.7. Signal processing

Digital signal processing techniques, like filtering and waveform analysis, are used in signal
processing to analyze vibration and noise data. It offers details on the temporal and frequency
characteristics of vibration and noise. However, it requires specialized equipment and expertise.
It requires knowledge of signal processing techniques and may introduce artifacts or distortions
[15]. Eq. (22) represents the output signal y[n] that is obtained by convolving the input signal
x[n] with the impulse response h[k]:

ylnl = ) (hlklxln — k). 22)
2.8. Fourier analysis

A complicated waveform is broken down into a series of sine waves with varying frequencies
and amplitudes using Fourier analysis. It offers comprehensive details on a signal's frequency
composition, which is helpful for vibration and noise analysis. It does, however, need stable and
continuous data. Windowing and spectral leakage could have an impact on it. Time domain
information can be lost. The assumption is that the signal is stationary and periodic. For reliable
results, a lot of data may be needed. The Fourier series and Fourier transform are calculated using
Egs. (23) and (24), respectively [15].

Fourier series:

f@®) = (%) + Z[an cos(nwt) + b, sin(nwt)]. (23)
Fourier transform:

X(F) = J x(t)e-27t 4y, (24)

—i2nft

where x(t) is time domain signal, and e is mother or basis equation.
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2.9. Time-domain analysis

The time waveform itself serves as the primary foundation for time-domain analysis.
Traditional time-domain analysis determines characteristic features by calculating descriptive
statistics like mean, peak, peak-to-peak interval, standard deviation, crest factor, and high-order
statistics (root mean square, skewness, kurtosis, etc.) from time waveform signals. Typically, these
attributes are referred to as time-domain features. Time Synchronous Average (TSA) analysis is
a common time-domain analysis method. TSA aims to enhance the signal components of interest
by reducing or eliminating noise and influences from other sources by using the ensemble average
of the raw signal over several evolutions. Root Mean Square (RMS) is a kind of average of signal;
for discrete signals, the RMS value is defined using Egs. (25) and (26) [4]:

RMS = %Zi\::l(x(n) —%)?, (25)
1 N
%= N,le(n)' (26)

where X is average, N is number of samples, and x(n) is n sample.
2.10. Frequency-domain analysis

To determine the extent of element damage, they use the difference in power spectral density
of the signal caused by a gear and/or bearing failure. Any signal in the actual world can be
decomposed into a set of distinct sine waves. In the frequency domain, each sine wave isolated
from the signal is represented by a vertical line. Its position indicates frequency, while its height
indicates amplitude. The signal is the frequency domain representation of the signal. The
frequency domain entirely defines the vibration. When it comes to rotating machinery, frequency
domain analysis finds defects and pinpoints their root cause [13].

Amplitude

Fig. 22. Measurerﬁents of time domain vs. frequency domain [68]

Each sine wave is presented as a spectral component in the frequency domain, as shown in
Fig. 22. Frequency analysis is often referred to as spectrum analysis, which is one of the most
widely used vibration analysis methods for machine condition monitoring. Frequency domain
analysis techniques can provide information based on characteristics of frequencies that are
difficult to perceive in the time domain. The measured time domain vibration signals are usually
generated by several elements of a rotating machine, for instance, gear, bearing, and shaft, where
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a single motion of an element produces a sine wave with a single frequency and amplitude, and
other elements include further frequencies. Each rotating machine component generates a single
frequency. However, these produced frequencies individually in the measured signal cannot be
seen; a summation of the sensor’s measured signals can be seen. The time domain waveforms
produce a spectrum of frequency components that facilitate the visualization of individual
vibration sources [67].

2.10.1. Conversion to the frequency domain
The frequency domain representation of a signal can be described by the Fourier Transform of

its time domain representation:

[ee]

X(f) = f x(t)e /2™ tqt, 27)

— 00

where x(t) is the original function in time domain, X (f) is the Fourier transform of the function

x(t).
The Inverse Fourier Transform can be used to convert from a frequency domain representation
to the time domain [13]:

[ee)

x(t) = f X(f)eltdf, (28)

—00

where j is the square root of —1 and e denotes the natural exponent, t stands for time, f stands for
frequency, and x denotes the signal in frequency domain.

2.10.2. Fast Fourier transform (FFT) analyzers

Most modern spectrum analyzers use the FFT, which is an efficient algorithm for performing
a Discrete Fourier Transform (DFT) of discrete sampled data [13].
Discrete Fourier transform:

N-1

X(m) = %Z x(n)e_ﬂ”%, (29)

n=0

DFT
where X (m) is a projection/image of DFT, denoted as x(n) — X(m), m = 0,1,...,N — 1.
-1

DFT
Inverse Discrete Fourier Transform denoted X () —— x(n) for samplesn = 0,1,...,N —
1:

N-1
xm) = Y X(m)el* W, (30)

2.11. Time-frequency analysis

Non-stationary signals are examined using time-frequency analysis in the time-frequency
domain. It offers details on a signal's frequency and time characteristics. It makes it possible to
detect short-term variations in the amplitude and frequency of the signal. It is helpful in the
analysis of transient events. Its computational requirements are significant, nevertheless. Without
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the necessary information, interpreting the results is challenging. The accuracy of the results
depends on the windowing function and its parameters. It may experience scalloping and spectral
leakage. It is a limited time—frequency resolution trade-off. Eq. (31) and (32) are used to calculate
the short-time Fourier transform and wavelet transform [15].

For any signal x(t), suppose w(t — t) is a window function centered at time t where 7 is a
time variable. Then, the observed or segmented signal through this window is x(t)w(t — t).
Sliding the window through the time span of interest and applying the Fourier transform to each
segment leads to the short-time Fourier Transform [69]:

STFT.(t,f) = f+oox(‘c)w(‘r —t)ej2nfrqr, (31)

The wavelet transform employs wavelets, instead of sinusoidal functions, as the basis. It adds
a scale variable and time variable in the inner product transform. Hence, it is effective for
time-frequency localization and is suited to transient signal analysis. For any energy limited signal
x(t) € L2(R), the wavelet transform can be defined as [69]:

WT,(t,a) = %ﬁ:o x(DY (TT_t) dr, (32)

where wavelet Y (TT_t) is derived by dilating and translating the wavelet basis Y (t), a is the scale

parameter (a > 0), t is the time shift, and \/% is a normalization factor to maintain energy

conservation.
2.12. Spectral analysis

By breaking down a signal into its frequency components, spectral analysis measures its power
in the frequency domain. It offers frequency-specific information that can be used to identify
trends and periodicities in a signal. However, it cannot catch signals that fluctuate over time and
has a limited time resolution. It is subject to noise and artifacts and presumes stationarity and
linearity. Eq. (33) is used to calculate the periodogram [15].

Periodogram:
X 2
s = BOF o

where S(f) is the power spectral density at frequency f, X(f) is the Fourier transform of the
signal x(t), f; is the sampling frequency of the signal.

2.13. Wavelet analysis

A mathematical method for analyzing signals with fluctuating frequencies across time is called
wavelet analysis. It is capable of concurrently analyzing signals of high and low frequencies. High
time-frequency resolution is offered by it. For non-stationary signals, it is helpful. However, it
involves complex mathematics. The results can be hard to understand. It is restricted to signals
having established frequency properties. It can be computationally intensive. Egs. (34), (35), and
(36) are used to determine continuous wavelet transform and discrete wavelet transform [15].

Continuous wavelet transform:

W(a,b) = f x(t)‘P(%) dt. (34)
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Discrete wavelet transform:

W(, k) = Zh[n]x[Zn—k], (35)
V@ k) = Zg[n]x[Zn—k]. (36)

2.14. Signal analysis

The signal analysis examines and processes signals to extract helpful information or
understand their characteristics. A signal can be understood as any pattern of temporal or spatial
variation that carries some form of information. In signal analysis, one often works in both the
time and frequency domain. Time domain analysis focuses on changes in the signal over time,
while frequency analysis examines the composition of the signal in terms of its frequencies. For
these purposes, the Fourier transform is often used, which enables the signal to be converted from
the time domain to the frequency domain. An essential part of signal analysis is signal processing,
which includes various techniques to improve signal quality or interpretability. This may include
filtering, amplification, compression, or noise reduction.

2.14.1. Bispectrum

The bispectrum can be seen as a decomposition of the third moment of a signal over frequency
and can identify non-symmetric non-linearities. For a stationary random process, the discrete
bispectrum B(k, [) can be determined in terms of the signal’s Discrete Fourier Transform X (k) as
[70]:

B(k,1) = EIX(K)X(DX(k + D*]. (37)

It was defined a relative parameter contained the sum of all values of the bispectrum defined
by:

IndB = Zn: zn: B(k, D), (38)

k=11=1
_ |Inde - IndBa|

Brel = : 39
re [IndB,| (39)

where IndB,, denotes the bispectrum parameter of the system with damage and IndB, denotes the
bispectrum parameter of the system without damage.

2.14.2. Wavelet theory

The continuous wavelet transform (CWT) is determined by using Egs. (40) and (41) [70]:

Cab) = j FOWa, (D, (40)
L
Wop(0) = aw (=), (1)

is a window function called the mother wavelet, where a is a scale and b is a translation.
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2.14.3. Mathematical morphology

Mathematical morphology has been applied with other techniques, including bispectrum and
wavelet analysis, to identify defects in automotive gearboxes. Researchers have demonstrated that
these methods are effective in detecting the existence of damage within gearboxes. These methods
have been used to improve the quality control of automotive gearboxes by analyzing vibration
signals, which can reveal the presence of defects that may lead to failure or malfunction [70], [71].

If f(n) is the original 1-D signal, which is the discrete function over a domain
F = (0;1;2;..;N—1) and g(n) is the SE (flat structuring element), which is the discrete
function over adomain G = (0; 1; 2; ...; M — 1), two basic morphological operators, the erosion
and the dilation, can be determined as [70]:

(feg)n) = min[f(n+m) —gim)], meo012..,M-1, (42)
FHdg)(n) = max[f(n+m)—g(m)], meo12., M-1, (43)

where @ denotes the erosion operator and @ denotes the dilation operator.
Based on the dilation and erosion, two other basic morphological operators, the opening, and
the closing, can be calculated:

fegpm) = fOgD g0, (44)
(f@g)(n) = (fg © g)(n), (45)

where o denotes the opening operator and @ denotes the closing operator.

The morphological features of a signal can be extracted using these four morphological
operators; however, different operators fit different morphological features [72], [27]. A
mathematical morphology analysis incorporating SEs at different scales is called multi-scale
mathematical morphology. The multi-scale morphological analysis of 1-D signals relies
significantly on the SE scale, particularly the length scale. Opening and closing operations are also
included in the multi-scale morphological operations. A flat SE has a flat shape, zero height, and
a specified length. Its elements are all zeros. The number of zero elements distinguishes different
SEs, with {0 0 0} being the simplest flat SE. Generally, the longer the element of a flat SE, the
better its low-pass capability. Two non-zero elements are present at the double-dot SE's two ends;
the remaining are 0s. Two non-zero elements of the double-dot SE play a significant part in the
morphological operation differently from other elements, and their locations change from scale to
scale [73]. For example, scale 1, 2, and 3 have double-dot SE of {1 0 1}, {1 0 0 1}, and
{1 000 1}, respectively.

Two pattern spectra’s correlation coefficient is represented as [27]:

Cov|Py, P.
p = ov[Py, P, ] (46)

JVar[P]Var [PZ]'

where P; and P, denote two different pattern spectra, and p denotes their correlation coefficient
measuring the similarity of two signals.

2.15. Modal analysis

Modal analysis is a crucial component in designing many structures, particularly in the initial
phases of development. Gearboxes have various excitation effects, including bearing frequencies,
gear mesh frequencies, and input and output shaft speeds. A gearbox may sustain damage if the
excitation and natural frequencies are the same. The results of modal analysis are natural
frequencies, modal shapes that correspond to natural frequencies, and modal damping. These
parameters give an overview of the fundamental dynamics of construction behavior. Modal
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analysis is a linear dynamic-response procedure that assesses and superimposes free-vibration
mode shapes to characterize displacement patterns. Mode shapes describe the configurations into
which a structure will naturally displace. Patterns of lateral displacement are usually the main
issue. Low-order mathematical expression mode shapes typically contribute more to the structural
response. Mode shapes contribute less and are less reliably predicted as orders increase. When
there are enough mode shapes, it makes sense to truncate the analysis [74].

The process of developing a mathematical model to represent a system's dynamic behavior
involves identifying its natural frequencies, damping factors, and mode shapes. This is known as
modal analysis. Free vibrations of an MDOF {x} system can be studied, starting from its
undamped equation of motion [75]:

[M]{¢} + [K]{x} = {0}, (47)

where {r} denotes the mass matrix, generally positive definite, is the stiffness matrix which is
semi-positive definite in case the system shows rigid body modes. The non-trivial solution of
Egs. (39) offers the free vibration of the system. Imposing a motion type where the same time
function determines all Lagrangian coordinates, i.e. {x} = {¢} sin(wt), leads to [75]:

(—w?[M]{x} + [KD{p} = {0}. (48)
Non-trivial solutions are those for which the matrix (—w?[M] + [K]) is singular:
det(—w?[M]{x} + [K]) = {0}, (49)

denotes an Eigenvalue problem, where w? denotes the Eigenvalue and {¢} denotes the
Eigenvector.

The mountings that support electric axles isolate the disturbance originating from the system
from the vehicle structure. To calculate the six low-frequency rigid modes, the mass matrix
assumes the following form [75]:

m 0 0 0 0 0
[0 m 0 0 0 0 ]
0 0 m 0 0 0
[M] =10 0 0 Jox _]xy —Jxz | (50)
0 0 0 _]yx ]yy _]yz
0 0 0 _]zx _]zy ]zz

where m denotes the total mass of the system and J;; denotes the components of the mass moment
of inertia tensor around each axis. Static and dynamic stiffness characteristics of the mountings
determine the stiffness matrix.

Modal analysis can also be used to analyze the dynamic characteristics of the gearbox and
identify weak areas in the design for structure optimization [76]. Modal analysis has been applied
to heavy vehicle truck transmission gearbox housing made from different materials and to
differential gearboxes [77].

2.16. Cepstrum analysis

Typically, vibration signals are a result of both source and transmission path effects. For
instance, internal forces within a machine can cause vibrations in a structure whose properties can
be characterized by a frequency response function between the application and measurement
points. The time signals involve influences from both the source and the transmission path. In the
spectra, these are multiplicative; in the logarithmic spectral and cepstral domains, they are
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additive. The forward Fourier transformation of a spectrum's logarithm is called a cepstrum. As a
result, it is the spectrum of a spectrum and possesses properties that are helpful in various kinds
of signal analysis. Its ability to detect periodicities, or repetitive patterns, in a spectrum and
identify one or two specific cepstrum components is one of its more powerful attributes. The
overlap between multiple sets of sidebands or harmonic series in a spectrum can be confusing.
Cepstrum will, nevertheless, be divided similarly to how the spectrum separates repeating time
patterns in a waveform. For cepstrum analysis, gearboxes and rolling element bearing vibrations
are particularly suitable candidates [78].

Cepstrum, an anagram of the spectrum, is a nonlinear signal processing method used to locate
and distinguish harmonic families in the spectra of gearbox signals. Cepstrum is also used in
speech signal processing and echo cancellation. Table 4 compares the terms used in the spectral
and cepstral analyses. The inverse Fourier transform of a type of spectrum's natural logarithm is
required to calculate the cepstrum. Specific definitions differ in the literature. Given an actual
signal, different cepstrum forms can be determined [78]:

1 ; . )
R jw jon
> f log[X(e/®)] e/*"dw,

Ccplx = (51)
-
1 fi2
Crear = P j10g|X(ejw)| e/ dw, (52)
-
1 T
Cpower = Z Jlog[XX*] elondep. (53)

-1

If the phase information of the original time waveform is retained, the cepstrum is complex
since both the Fourier transform and the inverse Fourier transform are complex-domain processes.
The complex cepstrum has the corresponding inverse complex cepstrum. In this instance, a
modified cepstrum can recreate the time waveform. As a result, signal separation and noise
reduction applications like echo cancellation can benefit from the complex cepstrum. Conversely,
the cepstrum is a real value if the input of the inverse Fourier transform is real, such as a power
spectrum or the signal’s Fourier transform magnitude. Despite the inability to reconstruct the real
value cepstrum into the time domain, it is possible to “lifter” a harmonic family in the quefrency
domain, resulting in a liftered spectrum.

Table 4. Comparisons of terms used in spectral and cepstrum analysis

Frequency analysis | Cepstral analysis
Spectrum Ceptrum
Frequency Quefrency
Harmonics Rahmonics
Filter Lifter
Phase Saphe
Magnitude Gamnitude
Low pass filter Short pass lifter
High pass filter Long pass lifter

2.17. Transmission error (TE)

Since TE is a source of excitation, it is thought to be one of the major factors influencing a
transmission's noise levels [79].

The difference between the theoretical and actual relative angular positions between a pinion
and a gear is called TE. In Fig. 23, TE means a deviation in the angular rotation, 6, of the gear
and the theoretical rotation calculated by multiplying the angular rotation, @), of the pinion and
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the gear ratio (%) It can be computed as [3], [8], [80]:
g

N
TE() = 05(w) = 3 6p(w), (54)
g

where Ny is the number of teeth of gear and N, is the number of teeth of pinion.

If the gear had a perfect involute profile with no deformation, allowing to maintain a constant
tooth interval. Then, TE would not occur. However, tooth meshing errors are caused by several
reasons in practice. For instance, TE can be brought by geometric errors, elastic deformation of
the gears and related components, and errors resulting from faulty mounting during unit assembly.

Hg
K kg,
|
|

4

~
Mﬂ M Transmission Error
k/? :
A ‘

Pinion Gear

Fig. 23. Definition of transmission error [8]

The geometric deviation of the gear, profile, spacing, and runout errors from the manufacturing
process causes Geometric TE (GTE). Gear deformation is measured in the unloaded condition and
during low-speed rotation. Elastic deformation of the gears, errors relating to gear deformation,
and local contact deformation from each meshing tooth pair cause static TE (STE). It includes
errors due to geometric deviation and is measured at low speed with loads. In addition to the errors
of GTE and STE, the effects of inertia are included in dynamic TE (DTE).

Assuming that inertial effects in steady-state rotation are negligible, STE, including GTE
errors, is analyzed. TE is determined using the following Eq. (55) by converting each angular
rotation of the gear and pinion in Eq. (54) into a linear displacement using the pitch circle radius

(rpg’rpp):
TE(um) = 1,,60, — 15,6, (55)

N
wherer, =1, £
Pp Pg ng

3. Diagnostic methods of rolling element bearings

In rotating mechanical systems, rolling-element bearings are frequently utilized, and their
operating state significantly impacts the entire mechanical system's accuracy, reliability, and life.
Therefore, rolling bearing fault detection is essential to the health monitoring of rotating
machinery systems. Consequently, the costs associated with manufacturing and emergency
maintenance are reduced. Impulses are produced in a mechanical system when a rolling element
strikes a localized fault. The impulses are generated periodically, and their characteristics depend
on the location of the defect, such as outer race, inner race, cage, and rolling elements [81], [82].

Table 5 shows the summary of diagnostic methods of rolling element bearings such as the
Shock Pulse Method, Bearing Condition Unit Method, Kurtosis Method, Spike Energy Method,
K(t) Parameter Method, Crest Factor Method, Q-Method, Envelope Analysis Method, and
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Spectral Emitted Energy Method.

Table 5. Rolling element bearing diagnostic methods of car gearboxes

Advantages

Disadvantages

Accurate and quick.
Quality of lubrication
may be found out.

It is demanding for the
probe orientation and
adherence to the

measurement conditions

Specific parameters of
the bearings need to be
known. Stable
measurement screws for
the trend analysis must
be mounted

Methods Description
References P
SPM produces a maximum normalized
shock value (dB) that may distinguish
between a heavy fault, a weak fault, and a
healthy state. This value indicates the
condition of the bearing.
20008V
Shock pulse dB = 20 lOgN x D0-6
method | where N is rotating speed of the bearing,
(SPM) and D denotes the inner diameter. Shock
[83], [63] | value (SV) is calculated by demodulating
bearing vibration data. The dB value can
be used to approximate the bearing's
running condition.
0 < dB < 20: healthy bearing
20 < dB < 35: weak fault
35 < dB < 60: heavy fault
A shock pulse from the defective bearing
excites vibrations in the sensor installed on
Bearing the bearing and within its resonant area of
I, 20-40 kHz. Depending on the contents of
condition o .
. the excitation spread throughout the solid
unit (BCU) . ;
method material, ther_e is a shorter or longer
[84] response to the vibration. The inner energy

of the fading away vibration is quantified
and evaluated, along with the frequency.
After that, BCU is established

While measuring the

absolute vibration using

VIBROPORT 30, BCU
is also determined

It has not yet been
generally accepted and
depends on the bearing

dimensions

Kurtosis
method
[85], [86]

Kurtosis, a statistical parameter, measures
the tailedness of the probability
distribution of a real-valued random
variable. It is used for bearing condition

evaluation.
e NNCE 0

n

K p
where x; denotes the instantaneous
amplitude, X denotes the mean, o denotes
the standard deviation of the data and n

denotes the sample length

This light and portable
device provides
information about the
monitored bearing

Measurement of gear
mechanisms under 1000
rpm is time-consuming.
An untrue estimation is
in the case of double-
row roller bearings and
spherical roller
bearings. It is
impossible to measure
so-called big bearings
where the size of the
bearing is not defined in
the instructions for
measurement

Applied with disassembly-free diagnostics

A touch probe is used;

Spike  |of rolling element bearings, it follows from It 15310}(1;:22)1 and ql{lﬁk the estimated damage to
energy (SE)| three measures, such as the mean value of method. hongbw1l the bearing follows
method | the acceleration within the frequency band me.etl)surmg ts%a sobute from a subjective
[84] 5-50 kHz, the pulse frequency, and the Vi {)aﬂg 1, d canll ¢ opinion by the
amplitude of the pulse acceleration obtained as we diagnostician
28
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K(t)
parameter
method
[86]

The K (t) parameter computation approach
yields findings that are comparatively
better. It is ideal for evaluating the bearing
status and operates on a similar concept to
the crest factor.

K@) = app(o)' agrus(0)

App (). arms(t)
where a,,(0) (or a,,(t)) is a peak-to-
peak acceleration in the time of the bearing
mounting (or in the time t from the
beginning of the bearing working) and
agrus(0) (or agys(t)) is a RMS
acceleration in the time of the bearing
mounting (or in the time t from the
beginning of the bearing working). The
bearing state is evaluated according to
value of the K(t) parameter:
0 < K(t) < 0.02: wrecking state
0.02 < K(t) < 0.5: damaged bearing
0.20 < K(t) < 1: good bearing

It is reliable, and its
validity limits are not
known. The method is

easy, quick, and
independent of the
direction of the
measurement. Thus, the
instrument may be
widely used

Parameter K (t) is used
only on one instrument
by one company,
Robotron

Crest factor
method
[87]

It quantifies how impulsive a vibration or
noise signal is. It is frequently applied to
shocks, impulsive noises, and short events.
A sine wave's CF is 1.414, whereas
genuinely random noise typically has a CF
of less than 3. CF can have a value of 2 to
6 during regular operations. A number
greater than six is typically indicative of
equipment issues

max(x) — min(x)

/%fOTxZ(t)dt

Xpeak
k, = =X =

XRMS

It is a simple method
with low costs. Itis a
quick method for
identifying the failure
path. It is the same as
the digitized signal's
peak to RMS value ratio

Sensitive to influence
from other sources of
acceleration, which
means it gives just a
rough idea of the
condition of the bearing

Q-method
[84]

It is a new method for assessing the
technical state of rolling-element bearings.
It was created by the Faculty of Electrical
Engineering at the Czech Technical
University in Prague. The Diagnose D016
FEL device is utilized with the new
technique. The ultrasonic signal that the
bearing emits is measured by the device
using the ratio of its peak amplitude to its
mean amplitude. A frequency range of 10

The diagnostics of the
bearing do not depend
on operating velocity,
bearing dimensions, or
load. Thus, the results
are a quick and accurate
diagnosis in 15 seconds

kHz to 40 kHz is used for the test

It is a single-purpose

device that existed in

several prototypes in
1989
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To ascertain the type of bearing failure or | If a rolling element
the condition of a gear, the envelope or | bearing has a defect in
high-frequency technique concentrates on | its outer race, then each
the structural resonance. The spectrum of | rolling element passing
the raw signal often contains little through this location Sienals from rollin
diagnostic information about bearing will generate a small &n &
. . . bearing damage have
faults, and over many years it has been | repeating signal with a such low enerev that
established that the benchmark method for frequency &y
Envelope . . .. . . they are completely lost
. bearing diagnostics is envelope analysis, | corresponding to the : .
analysis . . : . . in noise and other
where a signal is bandpass filtered in a fault in the bearing. It . .
method . . . exciting rotational
high frequency band in which the fault has shown successful . .
[88], [89] ; . . frequencies during
impulses are amplified by structural results in the early
. . . . normal measurement
resonances. It is the amplitude detection of bearing (total frequenc
demodulated to form the envelope signal, faults and can help spec tr?lm) y
whose spectrum contains the desired distinguish the actual P
diagnostic information in terms of both | cause of bearing failure
repetition frequency as well as modulation | by inspecting the actual
by the appropriate frequency at which the bearing defect
fault is passing through the load zone frequencies
SEE uses special
sensors. Damage to
Sp e.ctral SEE provides early detection of damage to bearing el;ments
emitted . . . . appears in the
energy bearings or cogs by measuring the acoustic| SEE provides early frequency range of
emission generated by metal if it is detection of bearing and
g y 8
(SEE) . . . 150-500 kHz. Such a
damaged or under certain specific gear transmission faults | . .
method conditions signal is not so much a
[84] vibration signal; it is
rather a sound with a
high frequency

4. Conclusions

The excitation of the shafts, gear meshes, and bearings are the primary causes of noise and

vibration in automobile gearboxes. A review of methods of detection and localization of the
sources of noise and vibration on car gearboxes has been summarized. It was observed that
frequency analysis and order analysis were commonly used in noise and vibration analysis on car
gearboxes. Furthermore, envelope analysis is usually used to analyze bearing faults. Moreover,
recent research on manual transmission gearboxes was examined. Vehicle gearbox noise and
vibration causes were identified using frequency analysis, order analysis, statistical analysis,
signal processing analysis, Fourier analysis, time-domain analysis, frequency-domain analysis,
time-frequency analysis, spectral analysis, wavelet analysis, signal analysis, modal analysis,
cepstrum analysis, and transmission error. Finally, rolling element bearing diagnostic techniques
such as shock pulse, bearing condition unit, Kurtosis, spike energy, K(t) parameter, crest factor,
Q-method, envelope analysis, and spectral emitted energy method were reviewed.
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