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I Abstract 
 

In this thesis, vibration based techniques for detection of localised surface damages in multistage 
gearboxes are presented and evaluated. 

A modern vehicle gearbox is a complex system and the number of potential errors is large. For 
instance, surface damages can be caused by rough handling during assembly. Large savings can be 
made in the production industry by assuring the quality of products such as gearboxes. An automated 
quality test as a final step in the production line is one way to achieve this. 

A brief review of available methods for vibration based condition monitoring of gearboxes is 
given in the opening summary. In the appended papers, a selection of these methods is used to 
design signal processing procedures for detection of localised surface damages in gearboxes. The 
procedures include the Synchronous signal averaging technique (SSAT), residual calculation, filtering 
with a prediction error filter (PEF) based on an AR-model and the use of crest factor and kurtosis as 
state features. The procedures are fully automatic and require no manual input during calibration or 
testing. This makes them easy to adapt to new test objects. 

A numerical model, generating simulated gearbox vibration signals, is used to systematically 
evaluate the proposed procedures. The model originates from an existing model which is extended to 
include contributions from several gear stages as well as measurement noise. This enables simulation 
of difficulties likely to arise in quality testing such as varying background noise and modulation due to 
test rig misalignment. Without the numerical model, the evaluation would require extensive measure-
ments. The numerical model is experimentally validated by comparing the simulated vibration signals 
to signals measured of a real gearbox. 

In the experimental part of the study, vibration data is collected with accelerometers while the 
gearbox is running in an industrial test rig. In addition to the healthy condition, conditions including 
three different surface damage sizes are also considered. 

The numerical and the experimental analysis show that the presented procedures are able to 
detect localised surface damages at an early stage. Previous studies of similar procedures have focused 
on gear crack detection and overall condition monitoring. The procedures can handle varying back-
ground noise and reasonable modulation changes due to misalignment. 

The results show that the choice of sensor position and operating conditions during measure-
ments has a significant impact on the efficiency of the fault detection procedures. A localised surface 
damage excites resonances in the transfer path between the gear mesh and the accelerometer. These 
resonances amplify the defect signal. The results indicate that it is favourable to choose a speed at 
which the resonant defect signals are well separated from the gear meshing harmonics in the order 
domain. This knowledge is of great importance when it comes to quality testing. When a quality test 
procedure is being developed, it is often possible to choose the operating conditions and sensor 
positions. It can in fact be more important to choose proper operating conditions than to apply an 
optimal signal processing procedure. 
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III Licentiate Thesis 
 
This licentiate thesis consists of this summary, including a brief review of methods for vibration 
based condition monitoring, and two appended papers listed below and referenced to as Paper A and 
Paper B. 
 

Paper A 
 

J. Wändell, Application of Model-Based Fault Diagnosis for Quality Control of Two-Stage Gearbox, 
2006. 
 
Accepted for presentation at the 19th International Congress and Exhibition on Condition 
Monitoring and Diagnostics Engineering Management (COMADEM), Luleå, Sweden, 2006. 
 

Paper B 
 

J. Wändell, Surface Damage Detection in Quality Control of Gearboxes Based on Parametric 
Modelling, 2006. 
 
Intended for submission to Mechanical Systems and Signal Processing. 
 

IV Significant Original Research 
 
The following is a list of the original research in this thesis which, in the opinion of the author, 
provides significant contributions to the research in the area of condition monitoring and quality 
control: 
 

• New signal processing procedures for detection of localised surface damages have been 
proposed and evaluated. The procedures are simple to implement, they can be fully 
automated and they are computationally cheap. The evaluation shows that the proposed 
procedures are efficient at detecting localised surface damages. Procedures using a residual 
signal have been shown to be more efficient than signals using the signal average. 

• Measurements have been taken of a two-stage truck gearbox with a localised surface damage 
in an industrial test rig. The measured data indicates that a surface damage can excite 
resonances in the transfer path between the gear mesh and the sensor. 

• An existing numerical model for generation of gearbox vibration data has been extended to 
enable simulation of difficulties related to quality testing. The model has shown useful for 
systematic evaluation of signal processing procedures. 

• The experimental measurements and the numerical simulations have shown that the choice 
of operating conditions has a great impact on the ability to detect a possible surface damage. 
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1 Background 
 

1.1 Introduction 
 

All machines with moving parts give rise to sound and vibration. Each machine has a specific 
vibration signature related to the construction and the state of the machine. If the state of the 
machine changes, the vibration signature will also change. A change in the vibration signature can be 
used to detect incipient defects before they become critical. This is the basics of many condition 
monitoring methods. Condition monitoring can save money through increased maintenance 
efficiency and by reducing the risk of serious accidents by preventing breakdowns. 

The basics of condition monitoring has been known and used in practice for a long time. An 
experienced operator can monitor the state of a machine by listening to the vibrations via a 
screwdriver shaft. However, it takes years for an operator to develop the necessary skills and some 
defects appear very seldom. It would be an advantage if the monitoring process could be automated. 

A large number of methods for automated condition monitoring have been developed during 
the last decades. These methods usually include three basic steps; measurement of a physical quantity, 
extraction of suitable state features with advanced signal processing techniques and comparison of 
the state features to reference values. 

Automated condition monitoring methods also open the field of automated quality control. The 
idea here is to monitor the quality of products leaving the production line with an automated testing 
procedure. 

 

1.2 Aim and scope 
 

The focus of the research presented in this thesis is vibration based quality control of multistage 
gearboxes. A gearbox contains many potentially faulty elements such as shafts, bearings and gears. 
The main interest of this study is detection of faulty gears. 

This opening summary will however cover a broad range of condition monitoring methods. 
There are two reasons for this. One is to give the reader an overview of the basic concepts and the 
other is to establish a library of methods to build upon in the future research. 

As this summary will show, there is a large number of signal processing methods available for 
condition monitoring. The difficult part of this research is to apply, evaluate and develop existing 
methods to suit new situations. 

 

1.3 Methods 
 

The basis for this research is the available literature, a numerical gear vibration model and experi-
mental measurements from an industrial gearbox test rig. The literature is presented in this summary 
while the numerical and experimental work is presented in the appended papers. 

The remainder of this summary is organized as follows. Section 2 describes condition moni-
toring of gearboxes in a wide sense. Aspects of data collection, the expected appearance of vibration 
signals from different components and available signal processing techniques are considered. Section 
3 provides a summary of the appended papers. Finally, section 4 presents the conclusions and 
discusses future work. 
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2 Condition monitoring 
 

The purpose of condition monitoring is to use information in the vibration signature of a machine to 
detect faults at an early stage. A change in the vibration signature will imply a change in the state of 
the machine. The basic process can be divided into three steps; measurement of some relevant 
physical quantity, processing of the collected data to extract state features and finally comparison of 
the state features to reference values. Beyond detection, some condition monitoring methods can also 
be used for diagnosing the type and forecasting the evolution of defects. 

A measurement signal acquired from a machine in an industrial environment will often contain 
contributions from several different components as well as noise. One major challenge of condition 
monitoring is to pinpoint and extract the part of the signal that can be related to the state of the 
monitored component. 

 

2.1 Applications and benefits of condition monitoring 
 

Condition monitoring methods can be used for both maintenance planning and production quality 
control. These two applications have both similarities and differences. The main benefits of the 
methods are cost savings and increased safety. 

In the maintenance application, condition monitoring can be used as a tool to enable main-
tenance planning based on early warnings. This is especially useful in large process industries where 
an unplanned shutdown of a critical machine can cause severe economical consequences or even an 
accident [1]. Examples of such process industries are power plants, paper mills and steelworks. This 
type of maintenance is called condition based maintenance (CBM) as opposed to breakdown 
maintenance (BDM) or age based maintenance (ABM). CBM will require some initial investments but 
can reduce maintenance costs in the long run by minimizing down-time due to maintenance and by 
maximizing the life time of each component. A method for determining the most cost effective 
maintenance method in each certain case is presented in [2]. 

Another example of a maintenance application is surveillance of helicopter transmission systems. 
A failure in the helicopter transmission system can result in a catastrophic accident [3]. 

In applications concerning production quality control, the aim is to test a large amount of 
relatively low-cost units. The benefits of this kind of testing include a reduction of warranty costs and 
a possibility to identify problems in the production process [1] [4] [5] [6]. A difficulty with quality 
control is to achieve good reproducibility over time and between different units [5]. 

An advantage with condition monitoring methods is that they can be performed with non-
intrusive sensors during normal operation of the machine [1]. This is advantageous both when 
monitoring a running process and when testing a newly produced unit. 

 

2.2 Collecting data 
 

The first step in the condition monitoring process is to measure a relevant physical quantity. The 
vibration signature can be represented by sound or vibration measurements. The actual measured 
physical quantities are sound pressure in the surrounding medium or structural motion. Some alter-
native sensors are described below. 

There are also several techniques not related to vibrations that can provide information about 
the machine condition. These include temperature measurement and oil debris analysis. 
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2.2.1 Accelerometers 
 

Accelerometers are commonly used sensors in condition monitoring [7]. They are attached to a 
structure and measure the acceleration of the attachment point. Acceleration is a suitable quantity to 
measure when high frequency vibrations are of interest. This is often the case in condition moni-
toring [1] [7]. Accelerometers are used to collect vibration data in the appended papers. 

Vibrations produced at the gear mesh are transferred to the accelerometer via shafts, bearings 
and the gearbox housing. Each transfer path has its own transfer function by which the vibrations are 
coloured [8] [9]. The transfer functions are difficult to predict but they can be useful since resonances 
can amplify interesting signal components. Thus, the positioning of the accelerometer can be crucial 
for the ability to detect a possible defect. 

Accelerometers can take measurements relatively close to the vibration source. Despite of the 
transfer path effects, the signals contain less background noise than e.g. microphone signals. Thanks 
to this, it is possible to focus on a certain component by placing the accelerometer close to it. 
However, to monitor a large machine, it may be necessary to use several accelerometers. 

Accelerometers must be properly mounted. They can be mounted by screws, magnets, glue or 
beeswax. The choice of mounting technique is important in quality testing since the accelerometers 
have to be mounted to each new unit to be tested. Thus, the mounting must be quick and reliable. 

 
2.2.2 Lasers 

 
Laser equipment can be used to measure surface vibrations. In contrast to accelerometers, the laser 
sensors are non-invasive. This is advantageous in quality testing since the sensors can be placed at a 
suitable distance and automatically positioned for each measurement [4]. Lasers are also useful when 
measuring on rotating or very light components as well as on hot surfaces. Lasers are however quite 
costly [10]. 

 
2.2.3 Microphones 

 
Microphones can be used to measure the acoustic energy radiating from a vibrating machine. 
Microphones are generally placed further away from the source than accelerometers and are subject 
to higher levels of background noise contamination. However, one single microphone can capture 
acoustic information from a large machine. Microphones are also non-invasive and do not need to be 
attached to the test object surface. Due to the high background noise and the large amount of 
information from many different components, special conditioning techniques are often needed 
before the signals can be used for condition monitoring of a certain component [11]. 

 
2.2.4 Torque 

 
The torque applied to a shaft can be measured with strain gauges. By measuring torque, the rotational 
vibrations can be estimated. In a test rig, the torque sensors can be placed on the input and output 
shafts. This means that they are in place as soon as the test object is mounted in the rig. One 
drawback with torque measurements is that the rotational vibrations only represent one degree of 
freedom. Accelerometers can measure in three degrees of freedom. 

 
2.2.5 Acoustic emission 

 
Acoustic emission (AE) is defined as transient elastic waves in a structure generated by rapid release 
of strain energy [12]. Typical frequencies range from 20 kHz to 1 MHz [13]. AE is measured by 
special high frequency sensors attached to the structure surface. AE sensors are sensitive to small 
energy levels. However, the main drawback is the high attenuation of the elastic waves over distance 
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and across interfaces. This makes it necessary to place the sensors very close to the source. The 
gearbox housing is not close enough. There are also other difficulties associated with the use of AE 
for gear defect detection, such as high dependence on the oil temperature [12]. 

 
2.2.6 Rotational speed and rotationally coherent sampling 

 
The shaft speed is often of great interest for condition monitoring purposes. Knowledge of the speed 
allows presentation of measurement results in the angle and order domains, corresponding to the 
time and frequency domains. An order is a frequency normalized with some reference frequency, e.g. 
the shaft frequency [14]. This means that the order of a vibration component in the order spectrum 
indicates the number of vibration cycles per shaft revolution. 

To apply the Synchronous Signal Averaging Technique (SSAT) described below [15], the 
samples must be rotationally coherent. That is, the samples must be equally spaced in the angle 
domain and taken at the same angular positions each revolution. There are two methods to perform 
rotationally coherent sampling, phase-locked frequency multipliers and digital resampling [3]. Phase-
locked frequency multipliers were mainly used in early works. They generate sampling pulses based 
on a rotational reference signal. These sampling pulses control the sampling process. Note that the 
sampling frequency will depend on the rotational speed, and thus an adjustable anti-aliasing filter is 
needed. This complicates the method considerably. In the digital resampling technique, the time 
signal is conventionally sampled together with some rotational reference signal. The time signal is 
then digitally resampled to the angle domain by interpolation techniques. The rotational reference 
signal can be acquired with a tachometer or an incremental pulse encoder. 

Relatively high sampling frequencies are often required to place the pulses from a rotational 
reference signal accurate in time. This usually determines the required sampling frequency of the 
measurement system [14]. 

 

2.3 Gearbox vibrations 
 

As stated above, a major challenge is to extract useful information from a signal containing contri-
butions from many components and noise. To be able to do this in an efficient way it is necessary to 
know what vibration signals to expect from various healthy and faulty gearbox components. In the 
following sections, vibration signals from gears, bearings and shafts are described. 

 
2.3.1 Gears 

 
When two gears mesh, the number of teeth sharing the load varies with time. This causes the tooth 
deflection to vary. The varying deflection, in combination with an unavoidable mean deviation from 
the perfect tooth profile, causes the torque to vary. This gives a dominant vibration at the gear 
meshing frequency, fmesh, and several of its harmonics. 

 
 mesh shaftf N f= ⋅  (1) 

 
N is the number of teeth and fshaft is the shaft rotation frequency [16]. In the order domain, the gear 
meshing vibration is located at multiples of order N. 

Profile deviations that differ from tooth to tooth and imperfections such as eccentricity will give 
rise to amplitude and phase modulation. These modulations appear as low-order sidebands around 
the gear meshing harmonics in the vibration spectrum. The sideband frequencies are 

 
 ,mod mk mesh shaftf m f k f= ⋅ ± ⋅  (2) 



 5

m is the meshing harmonic number and k is a small integer [16]. In the order domain, the sidebands 
are located at the orders m⋅N ± k. In multistage gearboxes, contributions from several gears, rotating 
at different shaft frequencies, add up to the total modulation. This gives sidebands also at non-integer 
orders. 

To summarize, a normal gear vibration signal will contain several gear meshing harmonics with a 
few accompanying sidebands. 

The varying tooth deflection is highly load dependent. Thus it is important to take measurements 
at the same load if the data is to be used for condition monitoring. The vibrations caused by shape 
deviations are not as load dependent and these vibrations tend to decrease with time as the deviations 
are worn down [16]. 

Signals from faulty gears differ from healthy signals in various ways. A small localised surface 
damage that goes into mesh can affect the torque and produce short amplitude modulation pulses. 
This leads to an increase in the number and amplitude of the sidebands [3]. Localised defects can also 
produce additive torque impulses which excite resonances in the transfer path between the defect and 
the sensor. [17]. 

A fatigue crack in a gear tooth will cause the tooth bending stiffness to decrease. This leads to 
amplitude and phase modulation when this tooth goes into mesh. The presence of a substantial phase 
lag can be used to distinguish tooth cracks from surface damages [18]. 

Excessive tooth wear increases the deviations from a perfect profile, and thus raises the ampli-
tudes of the gear meshing harmonics, especially the higher harmonics [3]. 

Pitch errors are errors in the tooth spacing around the gear wheel. This leads to torque and speed 
fluctuations at frequencies that are multiples of the shaft frequency. Torque and speed fluctuations 
give rise to amplitude and phase modulation which again show as gear meshing sidebands. Localised 
defects such as surface damages and tooth cracks can be distinguished from pitch errors thanks to 
their short duration in the time domain. The possible presence of additive resonance pulses can also 
help in detecting localised surface damages. 

Eccentricity also cause torque and speed fluctuations which affect the sidebands. However, these 
fluctuations only occur at the shaft frequency [3] so there are only two sidebands around each gear 
meshing harmonic. Hence, the number of sidebands can be used to distinguish eccentricities from 
pitch errors [19]. 

The geometrical shape of gears forces their motion to be strictly periodic in the angle domain [7]. 
 

2.3.2 Bearings 
 

Ideally, roller bearings cause little vibration. However, varying contact forces and surface roughness 
always give some vibration. 

A defect in a bearing, such as a crack or a spall, generates a vibration impulse each time it enters 
a contact zone. This impulse is very short compared to the time between impulses. The shape of the 
impulses is similar to the shape of the impulses caused by a localised surface damage. Due to the 
short duration, the energy from the impulse is spread over a wide frequency range and thus hard to 
detect in a spectrum. The impulse usually excites one or several resonances in the transfer path 
between the contact zone and the sensor. The impulse can be seen as an amplitude modulation of the 
resonant vibration. The high frequency envelope method uses resonant amplification to detect 
bearing defects [20]. 

The impulses from a localised bearing defect occur with a certain characteristic defect frequency. 
The characteristic frequency depends on the damage location [20]. Formulas defining the charac-
teristic frequencies for damages located on the rolling elements as well as on the inner and outer races 
can be found in [3]. However, these frequencies are only approximate since the rotation of the 
bearing is affected by slipping of the rolling elements and spinning of the races relative to the shaft 
and housing [20]. Due to this slight randomness, the vibration signal from a bearing is not exactly 
periodic. Instead, it can be treated as a 2nd order cyclostationary process, i.e. a random process with 
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periodic autocorrelation. The randomness enables separation of bearing defect signals and gear defect 
signals, e.g. by eliminating the exactly periodic gear components [21]. 

 
2.3.3 Shafts 

 
Vibrations from shaft related defects mainly appear at the shaft frequency and some of its harmonics. 
Unbalance, misalignment and cracked shaft are examples of such defects. It is often difficult to 
distinguish these defects from each other. However, some very general statements can be made. 
Unbalances cause a vibration component at the shaft frequency. The amplitude increases with shaft 
speed. A misalignment produces vibrations at the shaft frequency plus some additional harmonic. A 
crack in a shaft opens and closes abruptly and thus causes a stepped function, giving rise to several 
harmonics of the shaft frequency [3] [7]. 

 

2.4 Signal processing techniques 
 

There are a large number of signal processing techniques that can be used to extract interesting defect 
information from a measured vibration signal. The goal is to extract a state feature, i.e. a single 
parameter whose value gives an indication of the state of the monitored gearbox component. The 
following sections describe commonly used signal processing techniques. There exist numerous 
alternations of the basic techniques described here. A major challenge of condition monitoring is to 
find the technique which is best suited for the each specific task. Combinations of several techniques 
can also be useful in many cases [1]. 

 
2.4.1 Time domain 

 
Simple signal metrics applied to the measured time domain signal can give some information regard-
ing potential defects [3]. 

The peak and root mean square (RMS) values reflect the overall level while the crest factor and 
kurtosis indicate the ‘peakness’ of the signal. Local defects often increase the ‘peakness’. The crest 
factor is the peak value normalized with the standard deviation. The kurtosis is the normalized 4th 
order statistical moment [1]. 

Time domain metrics are cheap and simple to implement. However, they are generally rather 
insensitive tools for defect detection and they can hardly be used to diagnose defects [3]. The peak 
value and the crest factor are very sensitive to single ‘outliers’, i.e. rare extreme values, which means 
they can not be considered as robust features [1]. 

 
2.4.2 Frequency domain 

 
Analysis of the frequency domain spectrum can give valuable clues about potential gearbox defects. 
Application of the fast Fourier transform (FFT) is a numerically efficient and common method to 
calculate the frequency spectrum of a sampled time signal [3]. 

All digital Fourier transform methods assume stationary signals periodic in the time window. 
Using Fourier transform methods to analyze random signals will result in substantial bias and 
variance errors. This requires some kind of spectral smoothing [1]. A slightly varying rotational speed 
leads to spectral smearing. This problem can be avoided by rotationally coherent sampling as 
described in section 2.2.6 [3]. 

The practical use of the frequency spectrum in fault detection often includes comparison of a 
measured spectrum to a reference spectrum measured from a healthy object. Different faults are 
manifested at different frequencies in the spectrum and this information can be used to diagnose a 
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detected fault [16]. The level of the vibration signal is sensitive to torque and speed variations. Due to 
this, it is often useful to consider relative amplitudes of different frequency components [1]. 

Local damages usually introduce non-stationary transient components in the vibration signal. 
When applying a Fourier method, which assumes a stationary signal, the power of the short transient 
will be averaged over the complete signal duration. This means that the average defect signal power is 
small compared to the stationary part of the signal. Hence the spectral peaks related to the defect will 
be low. This is why Fourier methods have limited use for detection of local damages [1]. 

The frequency spectrum from a complicated gearbox is very complex. This makes it hard to 
apply automated methods to perform the analysis. However, the spectrum can be a useful tool for a 
trained expert [1] [18]. 

 
2.4.3 Cepstrum 

 
Cepstrum analysis can be used for detection of periodicities in a frequency spectrum. The power 
cepstrum is defined as the power spectrum of the logarithmic power spectrum [1] [3]. 

The main benefit of the cepstrum is its ability to highlight periodicities in complicated frequency 
spectra which are not obvious at a first glance. Sidebands in gear and bearing vibration spectra are 
typical examples of such hidden periodicities. A periodic component, such as a series of sidebands, in 
the spectrum gives a peak at one single ‘quefrency’ in the cepstrum. Tracking the amplitude of the 
‘quefrency’ peak can reveal sideband growth which can be related to a defect [22]. 

The logarithmic conversion performed when deriving the cepstrum gives more weight to low 
level components. This is advantageous for detection of weak sidebands in the presence of strong 
gear meshing harmonics [22]. 

The cepstra from both healthy and faulty gearboxes will contain peaks since sidebands are always 
present to a certain degree. It is difficult to predict absolute sideband levels from the cepstrum, thus 
healthy reference measurements are needed to enable defect detection [23]. 

 
2.4.4 Time-Frequency domain 

 
Ordinary spectral methods such as the Fourier transform assume stationary signals. However, 
localised defects generally introduce non-stationary signal components [24]. As mentioned above, 
these can not be properly described by ordinary spectral methods if they are short in comparison to 
the time window. 

A time-frequency distribution describes the energy distribution of a signal in both the time and 
the frequency domain. Note that the angle domain can be used instead of the time domain [3]. Such 
distributions are suitable to represent signals with time-varying frequency content, e.g. transient 
resonances excited by localised damages [25]. Time-frequency distributions can also be useful in cases 
where the slightly varying rotational speed can not be measured [26]. 

The short-time Fourier transform (STFT) can be used to produce a spectrogram, which is an 
energy density spectrum. The STFT is simply the Fourier transform applied to many short time 
windows. To detect fast variations, very narrow time windows are required. However, narrow time 
windows mean poor frequency resolution. The trade-off between time and frequency resolution is the 
main disadvantage of the STFT [3] [25]. It is particularly difficult to analyse signals with both low and 
high frequency components [25]. 

The Wigner-Ville distribution (WVD) provides better resolution in the time-frequency plane 
compared to the STFT, but at the cost of severe interference terms. [3] [27]. By using different kernel 
functions, various developments of the WVD can be derived [3]. These distributions are known as 
Cohen’s class distribution. The Choi-Williams distribution (CWD) and the cone-shaped distribution 
(CSD) are two examples of such distributions. They generally contain less interference terms than the 
WVD, but they are computationally heavier. The WVD is actually a Cohen class distribution with a 
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very simple kernel function. Different kernel functions are appropriate for different types of signals 
[24] [26]. 

The scalogram is the energy distribution of the continuous wavelet transform (CWT) [25]. The 
wavelet transform achieves good time and frequency resolution by applying varying time windows 
through dilation and translation [24]. The CWT can resolve both high and low frequency 
components of a signal. 

 
2.4.5 Synchronous Signal Averaging Technique 

 
The Synchronous Signal Averaging Technique (SSAT) is a useful technique in many defect detection 
situations. For instance, it can be used to sort out the contribution from one individual shaft and its 
associated gears from the complex vibration signature of a multistage gearbox [3] [28] [29]. The out-
put from the SSAT is denoted signal average (SA). The SA is the ensemble average of the angle 
domain signal, synchronously sampled with respect to the rotation of one particular shaft. The length 
of each segment should be exactly one revolution. The SSAT requires rotationally coherent samples 
as described in section 2.2.6 above [3]. The averaging attenuates random noise as well as non-
synchronous noise from shafts and gears whose rotational periods do not match the averaging 
period. This makes it possible to focus the analysis on the gears of a specific shaft. The attenuation is 
a function of the number of averages and has been comprehensively described in [3]. 

If the number of averages is sufficient, the SA is approximately periodic. The spectrum of a 
periodic signal is a true line spectrum and this makes it possible to apply simple and powerful 
manipulations, such as ideal filtering, in the frequency or order domain [29]. Stewart benefited from 
this possibility by developing a number of non-dimensional parameters for fault detection [28]. 
Stewart denoted his parameters Figures of Merit (FM). FM4 was found to be especially sensitive as a 
general fault detector and it has been widely used in condition monitoring [3] [25] [29] [30]. The 
principle behind FM4 is to calculate a residual signal (RS) by eliminating the gear meshing harmonics 
and its adjacent sidebands from the SA spectrum and then transfer it back to the angle domain. The 
idea is that it is easier to detect a defect in the RS where the dominant frequency components 
expected in a healthy gear vibration signal have been removed [28]. 

The main advantage of the SSAT is the possibility to divide the complex vibration signal from a 
gearbox into simple SAs for each shaft. A drawback is the need for more complicated measurement 
equipment. Additional sensors are required to measure the rotational speed, and those sensors 
demand high sampling rates [3]. 

 
2.4.6 Demodulation 

 
The high frequency vibrations measured from a gearbox are coloured by resonances in the transfer 
path between the vibration source and the sensor. In condition monitoring, the signals exciting the 
resonances are far more interesting than the resonances themselves. The excitation can be seen as a 
modulation of the resonance signal. Demodulation can be used to extract information about the 
exciting signals ‘hidden’ in the modulated signal [1]. 

The high-frequency resonance technique [20] has been widely used for bearing fault detection. In 
this technique, the measured signal is bandpass filtered in a band with a high-frequency mechanical 
resonance. The resonant vibration acts as a carrier wave and an amplifier for the defect signal. An 
advantage of working in the high-frequency domain is the relatively low amount of disturbances from 
distant vibration sources. Next, the envelope is extracted from the bandpass filtered signal to achieve 
a representation of the amplitude modulation caused by the defect. Finally, the envelope can be 
treated with ordinary time or frequency domain methods to extract a state feature indicating the 
defect. 

A corresponding technique for gear fault detection is the narrow-band demodulation technique 
[18]. Here, the SA is bandpass filtered at the dominant meshing harmonic. Application of the Hilbert 
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transform provides both the amplitude and the phase modulation functions. Sudden phase lags can 
be used as an efficient gear crack indicator. In the resonance demodulation technique for gear fault 
detection [17], a bandpass filter is applied at a structural resonance in the RS signal, followed by de-
modulation. This technique is also efficient for detection of gear cracks. The SAs and RSs are con-
venient to bandpass filter since ideal filters can be applied to these in the frequency domain. 

A drawback with demodulation techniques involving bandpass filtering is the sensitivity to the 
passband selection. A proper passband gives good results, but a poor passband can spoil the analysis 
[23]. The passband selection also requires a manual decision; it can hardly be fully automated. 

 
2.4.7 Parametric spectral analysis methods 

 
Parametric spectral analysis methods can be used for condition monitoring purposes. The main 
advantage is that they provide better frequency resolution than Fourier methods, especially for short 
time records. The variance of the spectral function is also considerably less than in a raw spectrum 
produced by the Fourier transform. The idea of parametric methods is to express the measured signal 
as the output from a mathematical model, described by a limited number of parameters, excited by 
white noise. High data reduction can be achieved by choosing a low order model [1]. 

Commonly used models include autoregressive (AR), moving average (MA) and autoregressive 
moving average (ARMA) models [31]. AR models are appropriate for modelling signals with sharp 
spectral peaks but no deep valleys. This makes AR models suitable for gear vibration signals [25]. An 
advantage of AR modelling is the structure of the equations which lead to the existence of a number 
of fast and efficient algorithms for finding the AR model coefficients, e.g. the Yule-Walker method 
[1] [31]. 

There are several different ways to use the coefficients for condition monitoring. One method is 
to simply compare the coefficients of a signal to the coefficients of a reference signal. Another 
method is to use frequency domain methods described in section 2.4.2 to analyze the spectrum of the 
parametric model [1]. The AR model coefficients extracted from a healthy signal can also be used to 
establish a prediction error filter (PEF). The output from the PEF is white noise as long as the input 
is similar to the healthy signal. However, if the input signal pattern change, the output is disturbed 
[25] [30]. Time domain statistics, e.g. kurtosis, can be used to analyze the disturbances of the output 
[25]. 

 
2.4.8 Cyclostationary methods 

 
Cyclostationary analysis often refers to the analysis of 2nd order cyclostationary signals. A 2nd order 
cyclostationary signal is a signal with periodically varying autocorrelation. A periodic signal is actually 
classified as a 1st order cyclostationary signal [32]. 

Bearing signals are not exactly 2nd order cyclostationary due to the random slip. Neither the 
signals from complicated gearboxes are exactly 2nd order cyclostationary due to their extremely long 
period. However, it can be shown that most rotating machine signals can be treated as approximately 
cyclostationary in the analysis [33]. 

The autocorrelation, R(t,τ), is a function of both time and delay. The two-dimensional Fourier 
transform of the autocorrelation, S(α,f), is known as the spectral correlation density (SCD). Since the 
autocorrelation of a 2nd order cyclostationary signal is periodic in t but transient in τ, the SCD con-
tains a family of parallel spectra, located at discrete frequencies along the α axis, but continuous in 
the normal frequency f. α is denoted cyclic frequency [21]. 

The SCD can be used to test the cyclostationarity of a signal [21]. The SCD of a 2nd order 
cyclostationary will appear as described above. The SCD of a stationary signal have non-zero values 
in the f direction only at α = 0. A periodic, i.e. a 1st order cyclostationary signal, gives a SCD discrete 
in both normal and cyclic frequency. 
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The integral of the SCD over all normal frequencies gives the same result as the Fourier 
transform of the squared magnitude of the corresponding signal. This shows that there is a strong 
connection between the SCD and envelope analysis [34]. The SCD is especially useful for separating 
mixes of bearing and gear signals since the gear signals are strictly periodic while the bearing signals 
are 2nd order cyclostationary [21]. 

Cyclostationary methods can also be used for analysis of gear defects if the periodic part of the 
signal is removed. The SCD reveal statistical links between different frequency components, e.g. 
meshing harmonics and sidebands [23] [33]. An advantage of using 2nd order cyclostationary tools 
such as the SCD for gear analysis, instead of 1st order tools such as the SA, is the ability to preserve 
interesting random components [35]. 

 
2.4.9 Adaptive Noise Cancellation 

 
Adaptive Noise Cancellation (ANC) can be used to increase the signal to noise ratio for bearing fault 
detection. The SSAT can not be used for bearings due to the random nature of the vibration signal. 
However, the SSAT is superior to ANC for gears [3]. 

The idea of ANC is to separate two signal components in a primary signal with help of a refe-
rence signal coherent with one of the components. Applied to the task of separating bearing and gear 
signals, the primary signal, measured close to the bearing, contains both bearing and gear vibrations. 
The reference signal, measured far from the bearing, contains only gear vibrations. An adaptive filter 
is applied to the reference signal to minimize the difference between the two signals. This filter 
simulates the differences in transfer path for the two measured gear signals. The output from this 
filter represents the contribution of the gear to the primary signal. Subtracting this from the primary 
signal leaves only the bearing vibration component [3] [32]. 

Self adaptive Noise Cancellation (SANC) is a development of ANC, benefiting from the 
different statistical properties of the gear and bearing signals. The deterministic gear signal has a 
much longer correlation than the random bearing signal. Thus, a delayed version of the primary signal 
can be used as a reference signal, since then only the gear components are coherent [32]. 
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3 Summary and discussion of main results 
 

Paper A 
 

In paper A, a model-based fault detection procedure is applied to detect localised surface damages in 
a two-stage truck gearbox. The synchronous signal averaging technique (SSAT) is used to extract the 
signal averages (SAs) from all measured signals. An AR-model is extracted from a healthy reference 
SA. The AR-model coefficients are used to define a prediction error filter (PEF). The output 
generated when filtering the SAs to be tested is denoted prediction error (PE). The PE gives clear 
indication of a possible surface damage. The Kurtosis of the PE is used as a state feature for auto-
matic classification. The procedure is evaluated with the help of measured and numerically simulated 
gearbox vibration data. 

The studied gearbox, shown in Fig. 1, is an 8+1-speed two-stage truck gearbox intended for 
loads up to approximately 2000 Nm. An industrial test rig is used for the measurements. Accelero-
meters are used to collect vibration data and an incremental pulse encoder measures the rotational 
speed. After reference measurements are taken of a gearbox in healthy condition, a surface damage 
with diameter 1.5 mm and depth 0.5 mm is introduced at a driving tooth surface on the input shaft 
gear. The tooth surface is approximately 10 mm long and 45 mm wide. 

 

 
Fig. 1. Configuration of the gearbox used in measurements and numerical simulations. 

 
The measurements of the gearbox with the localised surface damage indicate that the damage 

can excite resonances in the transfer path between the defect and the sensor. The model-based fault 
detection technique shows good ability to detect such resonances. However, the resonance excitation, 
and therefore also the result, is shown to be highly dependent on the operating conditions and the 
accelerometer position. This indicates the need for tailored measurements and analysis methods. The 
defect was successfully detected under favourable measurement conditions. 

Analysis using the numerically simulated data shows that the technique is successful when the 
defect signal power is larger than the random noise power. This can in theory be achieved by taking a 
sufficient number of synchronous averages. Numerical investigations also show that the model-based 
technique seems to be able to handle reasonable non-defective changes in the input shaft modulation. 
These changes are meant to simulate problems encountered during quality control testing in a 
production environment. 
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The technique used has a number of advantages. Several efficient numerical algorithms are 
available to extract the AR-model parameters. The data reduction of the reference signal is high, only 
the model coefficients need to be stored. The PEF can reveal non-stationary transient effects which 
can not be detected by ordinary spectral methods. The kurtosis feature is a single value that easily can 
be compared to a limit value. The SSAT makes it possible to separate defects at different shafts in a 
multi-stage gearbox. 

The results of this study indicate that the model-based technique can be used in a quality control 
system to detect surface damages in gearboxes. 

 

Paper B 
 
Paper B presents an extended study of surface damage detection applied to the gearbox studied 

in paper A. 
Fig. 2 below shows a schematic view of the signal processing procedures evaluated in paper B. 

These procedures can be used for fully automatic quality testing. The state feature Kurtosis(SAPE) 
corresponds to the state feature used in paper A. The idea is that a localised surface damage causes 
the crest factor and kurtosis to increase. Thanks to this, comparison of the state features of a tested 
signal to the expected state feature values of healthy signal will reveal the defect. 

In the first part of the paper a numerical model is used to evaluate the signal processing proce-
dures. The model simulates vibration data from healthy and faulty gearboxes. It is also possible to 
simulate disturbances likely to occur in production quality control, such as varying background noise 
level and modulations caused by test rig misalignment. The model enables a systematic analysis of the 
effects of the disturbances. An analysis which otherwise would require extensive measurements. 100 
healthy signals are generated to tune the procedures. One is used to define the PEFs and the rest are 
used to set suitable state feature alarm levels. The requirement is that 95 % of the healthy signals 
should be correctly classified as healthy. The tuned procedures are then applied to various sets of 
simulated signals to evaluate the ability to correctly classify simulated healthy and faulty signals. 

An example of such an evaluation, where faulty signals are classified in different levels of back-
ground noise, is shown in Fig. 3. 100 faulty numerical signals have been generated at each noise level. 
The percentage correctly classified signals are shown as a function of the defect to noise power ratio 
(DNR). The results for the four different state features are plotted in the same figure. Ideally, 100 % 
of the signals should be correctly classified as faulty. As expected, the methods perform better at 
higher DNRs. Fig. 3 indicates that the MRPE based methods are superior to the SAPE based 
methods. Kurtosis seems to be a more suitable state feature than crest factor in this case. 

In the experimental part of the study, three different surface damage sizes are considered. This 
makes it possible to examine the ability of the procedures to indicate the damage size. The surface 
damages are approximately circular. The smallest has a diameter of 1.5 mm and the largest has a 
diameter of 4 mm. For each damage size, data is collected by five accelerometers at three different 
torque levels and at three different rotational speeds. Two measurements are made for each condition 
combination. One measurement from the gearbox in healthy state is used to tune the signal 
processing procedures. 

The four state features resulting from applying the signal processing procedures to 
measurements taken at different gear states with the load 1000 Nm and the speed 400 rpm, can be 
seen in Fig. 4. The black bars, representing state feature values calculated from a healthy 
measurement can serve as reference values. The state features calculated for the smallest defect, 
Defect 1, do not show a significant increase compared to the references. This means that they give no 
indication of the surface damage. However, Defect 2 and Defect 3 are clearly indicated by increasing 
state feature values. Note that Defect 1 can be detected in some measurements made at other condi-
tions. 
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Fig. 2. Diagram showing the signal processing procedures used for surface damage 
detection in paper B. 

 
The results achieved from experimental data are consistent with the results from the numerically 

simulated data. This indicates that the numerical model can be a useful tool for evaluation of new 
signal processing methods for quality control. The results also indicate that the proposed procedures 
can be used for efficient detection of localised surface damage. One interesting conclusion is that the 
operating conditions and the sensor positions have great impact on the results. Thus, these factors 
should be carefully considered when developing a quality test procedure. 
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Fig. 3. Correctly classified faulty signals as a function of the DNR. The 
defect size is held constant and the background noise level varies. 

 
 
 
 
 

 
Fig. 4. Features extracted from measurements at 1000 Nm and 400 rpm. From 
black to white the bars represent: Healthy, Defect 1, Defect 1, Defect 2, Defect 
2, Defect 3 and Defect 3. Note that bars higher than 20 are truncated. 
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4 Conclusions and future work 
 
There are many signal processing techniques available which can be useful for quality control of 
gearboxes. In this work procedures aimed at detection of localised surface damages in multistage 
gearboxes have been presented and evaluated. The signal processing procedures include the synchro-
nous signal averaging technique (SSAT), residual calculation, filtering with an AR-model based pre-
diction error filter (PEF) and use of crest factor and kurtosis as state features. 

The fact that the procedures are fully automatic and require no manual input during calibration 
or testing makes them easy to adapt to new test objects. The only data required to set up the PEF is 
one measured signal from a healthy reference object of the same type as the test objects. When the 
PEF has been extracted from the reference signal it is sufficient to store the filter coefficients. 

The numerical model, generating simulated gearbox vibration signals, has proven useful for 
systematic evaluations of various signal processing procedures, evaluations that would otherwise 
require extensive measurements. The model originates from a model used in [15]. However, the 
model in this work includes contributions from several gear stages as well as measurement noise. This 
enables the simulation of typical problems arising during quality testing, such as varying background 
noise and test rig misalignment. The numerical model has been experimentally validated. The signals 
generated by the model agree well with measured signals both regarding the regular gear meshing 
vibrations and the contributions from the surface damage. 

Numerical and experimental evaluations of the proposed signal processing procedures have 
shown that the signal processing procedures are able to detect localised surface damages at an early 
stage. Earlier studies of similar procedures have focused on gear cracks and overall condition. The 
procedures can handle varying background noise and reasonable modulation changes due to misalign-
ment. The possibility to detect a defect is dependent on the defect-to-noise ratio, DNR, which is the 
ratio between the defect signal power and the noise power. 

The numerical and experimental evaluations also show that the operating conditions and the 
sensor positions have a large impact on the vibration signal and on the possibility to detect a possible 
defect. A localised surface damage excites resonances in the transfer path between the gear mesh and 
the accelerometer. These resonances amplify the defect signal. It is favourable to choose a rotational 
speed at which the resonant defect signals are well separated from the gear meshing harmonics in the 
order domain. This knowledge is of great importance when it comes to quality testing. When a quality 
test procedure is being developed, it is often possible to choose the operating conditions and sensor 
positions. It can in fact be more important to choose proper operating conditions than to apply an 
optimal signal processing procedure. 

There are several possible ways to improve of the proposed signal processing procedures. Alter-
native residual signals or improved state features can be implemented. More research is also needed 
to understand and to make use of the resonant transfer path in the best possible way. 

To enable a complete quality control of gearboxes, other defects such as pitch errors and eccen-
tricities have to be examined. These defects probably require totally different signal processing 
procedures than localised surface damages. The techniques described in section 2.4 above are useful 
but they need to be tailored to the specific tasks. Several parallel signal processing procedures, 
searching for different defects and generating several parallel state features will raise the need for an 
efficient compilation and interpretation of the results to enable automatic classification. 
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