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Summary 

The article includes results of the team’s research work on vibroacoustic diagnostic of gearbox 

components’ faults. A review of simulation and experimental researches that aimed at elaboration 

of methods which would enable early identification of teeth faults in the form of working surface 

pitting, spalling of tooth crest, crack at the tooth bottom as well as partial breaking of a tooth, is 

presented. Assessment of selected methods of processing the vibroacoustic signals during the 

detection of gear faults has been carried out while faults occur in gear bearings working under 

various conditions. The initially processed vibration signals analyzed within time and frequency 

domains constituted a basis for preparation of detection measures that were sensitive to early 

stages of damage. The measures obtained as a result of simulation and experimental tests were 

used to construct a set of neuron classifier models to diagnose the type and degree of toothed 

wheels faults with a validation error below 5%. The achieved qualitative and quantitative 

conformity of simulation and experimental research results has shown that application of an 

expanded and identified dynamic model of the gear in a power transmission system enables the 

acquisition of reliable diagnostic relations.
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WYKRYWANIE USZKODZE  PRZEK ADNI NA PODSTAWIE ANALIZY DRGA

Streszczenie

W artykule zawarto wyniki prac zespo u w zakresie diagnostyki wibroakustycznej uszkodze

elementów przek adni z batych. Przedstawiono przegl d bada  symulacyjnych i do wiadczalnych,

których celem by o opracowanie metod pozwalaj cych na wczesn  identyfikacj  uszkodze  z bów

w postaci pittingu powierzchni roboczych, wykruszenia wierzcho ka, p kni cia u podstawy z ba

oraz cz ciowego wy amania z ba. Dokonano oceny efektywno ci wybranych metod 

przetwarzania sygna ów wibroakustycznych w procesie wykrywania uszkodze  kó  z batych przy 

jednoczesnym wyst powaniu uszkodze o yskowania przek adni pracuj cych w ró nych 

warunkach. Wst pnie przetworzone sygna y drganiowe analizowane w dziedzinie czasu  

i cz stotliwo ci stanowi y podstaw  do opracowania miar diagnostycznych wra liwych na 

wczesne stadia uszkodze . Miary otrzymane w wyniku symulacji oraz badan do wiadczalnych

wykorzystano do budowy zestawu wzorców klasyfikatora neuronowego diagnozuj cego rodzaj  

i stopie  uszkodzenia kó  przek adni z b dem walidacji poni ej 5%. Uzyskana zgodno

jako ciowa i ilo ciowa wyników bada  symulacyjnych i do wiadczalnych wykaza a, e

wykorzystanie rozbudowanego i zidentyfikowanego modelu dynamicznego przek adni w uk adzie

nap dowym umo liwia pozyskanie wiarygodnych relacji diagnostycznych. 

S owa kluczowe: przek adnie z bate, drgania, uszkodzenia kó , diagnostyka. 

1. INTRODUCTION 

Toothed gears are designed for cooperation with 

sources of propulsion of higher and higher power 

and are exposed to high external dynamic loads. In 

the design process, designers are trying to achieve 

the highest possible ratio of power transmitted 

through wheels to their weight. A gear working 

under high load should be either sporadically or 

constantly monitored to ensure safe operation. The 

techniques of diagnosing the technical condition of 

gears are oriented towards identification of faults of 

their components in the initial phase of fault 

occurrence.

One of the most frequently applied methods is 

measurement of the vibroacoustic signal and on this 

basis, determination of measures sensitive to 

different types of damage.

The rate of propagation of vibroacoustic 

disturbance caused by a changed condition of a gear 

makes the vibroacoustic methods particularly useful 

in diagnosing early stages of faults. 

Recently, techniques of contactless measurement 

of vibration have developed considerably. They 

enable measuring the vibration speed of rotating 
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bodies. Measurements of the vibration speed of 

rotating shafts make it possible to eliminate the 

consequences of complex and variable in time 

transmittance of the bearing/gearbox system, which 

allows obtaining effective symptoms of faults. 

An essential issue in the diagnosing of gearboxes 

is the ability to differentiate between various 

phenomena influencing the vibroacoustic signal 

connected with both, normal operation of the 

gearbox and development of faults in its 

components. 

Toothed wheels and bearings are the gearbox 

components most susceptible to damage. The 

modern diagnosing methods of gearboxes are 

oriented to the detection of early phases of fault 

occurrence, e.g. spalling of tooth crest, crack at the 

tooth bottom, fatigue chipping of the upper layer, or 

galling of the interacting surfaces. In the diagnosing 

of rolling bearings, detection of initial stages of 

damage to the bearing race or rolling elements is 

extremely important. 

The development of computer hardware and 

signal processing methods enables using advanced 

signal analysis methods in the time-frequency plane. 

The methods allow observation of non-stationary 

impulse disturbance induced by faults in their initial 

stages.

Experimental research on gearboxes is difficult 

to carry out, as well as costly and time-consuming, 

and in the case of gears produced as single items, 

most often impossible. In such cases, it is justified to 

use an identified dynamic model of a gear in  

a power transmission system [5]. Such model will 

allow making a series of numerical experiments and 

analysis of the simulation results will enable 

expanding the diagnostic knowledge and obtaining 

higher certainty of the diagnosis.

For the monitoring of the condition of many 

power transmission units, expert systems are 

created, which use artificial intelligence 

components. A properly constructed and taught 

system can automatically recognize the existing 

faults. Neuron networks in the process of learning 

acquire the ability of generalizing knowledge, which 

allows detection of faults in their early phases, often 

not noticed during diagnosing. A basic problem 

while constructing such systems is to define a set of 

input data and acquire an appropriately large set of 

training data [1]. 

2. SIGNAL ANALYSIS METHODS

IN THE DIAGNOSING OF GEARBOXES  

In vibroacoustic diagnostic of gearboxes,  

a number of different signal analysis methods are 

used [2, 6, 7, 13, 14]. Figure 1 presents a general 

classification of the existing signal processing 

methods. The basis consists of a properly selected 

vibroacoustic signal (WA) which, in order to 

eliminate incidental disturbance, can be 

synchronously averaged and from which, by 

applying appropriate filtration, a differential and 

residual signals are obtained, as well as a signal 

containing only bands of meshing frequency and its 

harmonics. On the basis of the first two signals, 

numerical estimators of amplitude and 

dimensionless discriminants are calculated. Analysis 

methods are used in time domain, frequency domain, 

or in time and frequency domain, as well as 

statistical moments of higher orders. Those 

dimensionless discriminants which are based on 

statistical moments of higher orders (FM4, M6A, 

M8A, NA4 ...) are most often determined using 

differential and residual signals [1, 4, 10, 12].  

In case of simultaneous occurrence of faults in 

wheels and bearings, it is justified to apply comb 

filtration, thus enabling separation of vibration 

signals generated by different faults [9].  
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Fig. 1. Methods of vibroacoustic signal processing. 

3. MODEL OF TOOTHED GEAR WORKING 

IN A POWER TRANSMISSION SYSTEM 

In the simulation tests, a dynamic model was 

used representing a toothed gear working in a power 

transmission system (Fig.2). The model was created 

in the Matlab–Simulink environment. It takes into 
account the characteristics of an electric driving 

motor, single-stage gear, clutches and working 

machine. 
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Fig. 2. Dynamic model of toothed gear in a power 

transmission system. 

The simulation model allowed taking account, in the 

calculations, of cyclic and random deviations which 

occurred in the mesh [3, 5, 11].  

The utilization of a dynamic model of gear in  

a power transmission system was possible owing to 

very good identification and tuning of the model 

parameters. It gave very high qualitative and 

quantitative consistency of simulation results with 

the results obtained from tests of a real object [1, 5, 

6, 9].

The gear model also enabled  mapping of local 

faults consisting of a crack at the tooth bottom or 

chipping of tooth crest, and faults of rolling 

bearings’ components. 

The chipping of tooth crest throughout its length 

was modeled as tooth contact section shortened by  

a value equal to a predetermined part of pitch. The 

effect of a changing tooth contact section length on 

the meshing time was taken into account as well. 

Chipping of tooth crest in a pinion results in  

a premature finish of operation by a couple of teeth, 

whereas chipping of the reference cone apex results 

in a delayed start of cooperation between the couple 

of teeth. 

A crack at the tooth bottom is accompanied by 

reduced rigidity of meshing. Therefore, a fault of 

this sort was mapped as a percentage reduction of 

rigidity of the cooperating couple of teeth in relation 

to a couple without faults. 

Analysis of the effect of the crack depth in the 

tooth root on a change in mesh rigidity was 

presented in monograph [9]. 

Faults of working surfaces of cooperating 

elements of rolling bearings were modeled in  

a similar way, by reducing the bearing rigidity while 

the damaged piece of surface was in the load 

transmission zone [9]. 

4. DETECTION OF TOOTH CREST 

CHIPPING

Initial phases of tooth crest chipping 

development in a toothed gear do not significantly 

influence the general level of vibration. Hence, 

detection of damages of this type in the early phase 

is very difficult. It appears from the previous 

research that the use of a contactless laser 

measurement of transverse vibration speed of 

rotating gear shafts, combined with advanced 

methods of signal processing, such as Wigner-Ville 

distribution or continuous wavelet transform, 

enables detecting such fault in its initial stage. This 

method of measurement eliminates the influence of 

complex transmittance of the bearing - gear casing 

system [9]. 

Fig. 3 shows the results of time and frequency 

analysis WV of differential signal. 

In the WV distribution, an increase of amplitude 

occurs within the pinion turn angle corresponding to 

the cooperation of the damaged tooth.

Fig. 3. WV Time/frequency distribution of 

differential signal – measurement of vibration speed 

of pinion shaft in the direction of the force acting 

between the teeth – 1 mm chip of the pinion tooth. 

For easier interpretation of the results obtained, 

summation was performed of WV distribution 

discrete values (formula 1) in accordance with the 

equation: 
B

Ak

WVWVWV

WV

klWVS ,   (1) 

ftWVklWV WVWV ,,  (2) 

where:

lWV, kWV – discrete values of time and frequency, 

respectively,

A, B – discrete values corresponding, respectively, 

to limit frequencies of the summation interval fA, fB.

In the presented in Fig. 4 sum of WV distribution, 

local maxima coming from the chipping of the tooth 

crest in the pinion are clearly visible, which 

facilitates localization of the fault. 

The sums WVS  of WV distributions, obtained 

from measurements (Fig. 4) and simulations (Fig. 5) 

show high consistency. 
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Fig. 4. The sum of time/frequency WV distribution in 
0÷4500 [Hz] band, generated from a differential 

signal of pinion shaft vibration speed measured in 

the direction of the force acting between the teeth – 

experimental research result.

Fig. 5. The sum of time/frequency WV distribution in 

0÷4500 [Hz] band, generated from a differential 

signal of pinion shaft vibration speed recorded in the 

direction of the force acting between the teeth – 

simulation result.

Based on the research, it can be affirmed that 

processing of the signal of transverse vibration speed 

of gear shafts, measured in the direction of the force 

acting between the teeth, and the use of analyses in, 

simultaneously, time and frequency, or time and 

scale domains (CWT), facilitate effective detection 

of chipping of a tooth crest. Using the sums of WV 

distribution (Fig. 4, 5) or scalograms [9], measures 

where built enabling the evaluation of the tooth chip 

depth.  

Computer simulations of a toothed gear with 

damaged components, made using its expanded and 

identified dynamic model, made it possible to verify 

the measures of the case of tooth crest chipping 

during the operation of gears of different 

geometrical parameters of toothed wheels, at 

different rotational speeds, loads or deviations in 

wheel workmanship. 

5. NEURON CLASSIFIER OF TOOTHED 

WHEEL FAULT 

The results of research connected with the 

structure of neuron classifiers, which were taught 

and verified on the basis of data obtained from  

a simulation model of a toothed gear working in  

a power transmission system, were presented in 

monograph [1]. 

For constructing the models, signals of 

transverse vibration speed of wheel shaft, analyzed 

by means of FFT and CWT, were used. Based on 

preliminary tests, an artificial neuron network of 

MLP type was chosen as the classifier. Sets of 
models were built on the basis on vibration signals 

of a toothed gear working in the following 

conditions:

- 138M  [Nm], 900n  [r.p.m.], 

- 138M  [Nm], 1800n  [r.p.m.], 

- 206M  [Nm], 900n  [r.p.m.], 

- 206M  [Nm], 1800n  [r.p.m.]. 

A neuron classifier was built, capable of 

recognizing the degree of fault in wheel teeth in the 

form of a crack at the tooth bottom or chipping of 

tooth crest in a gear working at different shaft speeds 

and different load torques.  

It was assumed that the following classes would 

be recognized: 

  a crack at the tooth bottom in the form of 

percentage reduction of rigidity of a couple of 

teeth in case of such fault: 

- class 1  0  9 %, 

- class 2  10  19 %, 

- class 3  20  29 %, 

- class 4  30  40 %, 

  chipping of tooth crest, in the form of per cent 

length of pitch, by which the tooth contact 

section shortens as a result of such fault:  

- class 5  0  9 %, 

- class 6  10  19 %, 

- class 7  20  29 %, 

- class 8  30  40 %, 

The training process and the testing validation 

process are presented in Fig. 6. 

When using both, the models obtained from FFT
analysis and CWT analysis, the authors managed to 

build neuron classifiers which can diagnose the type 

and degree of fault of a gear wheel tooth with  

a validation error below 5%. 

Irrespective of the model building method, the 

testing error for data taken from a real gear was ca. 

60%.

In the successive stage, apart from data taken 

from a dynamic model of a gear, part of data coming 

from tests of a real gear were added to the training 

set.

The testing error value obtained in that case was 

ca. 20% in the case where for the construction, 

layers of both sigmoidal and tangensoidal hidden 

neurons were used [1]. 
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The research has shown that it is possible to 

build a neuron classifier of two fault types of wheel 

teeth in different stages of advancement for a gear 

working at different rotational speeds of shaft and 

with different load torques. 

Fig. 6. Chart of the adopted methodology of working 

with neuron classifiers [1]. 

6. CONCLUSIONS 

As results from the research presented in the 

paper, the methods applied to process the signal of 

transverse vibration speed of shafts, measured in the 

direction of the force acting between the teeth, and 

the use of analyses in, simultaneously, time and 

frequency or time and scale domains (CWT), 

facilitate effective detection of various faults of 

toothed wheels. 

The achieved high qualitative and quantitative 

conformity of simulation and experimental research 

corroborates the fact that application of an expanded 

and identified dynamic model of a gearbox working 

in a power transmission system for simulating the 

faults of its components enables the acquisition of 

credible diagnostic relations. 

The simultaneous application of experimental 

methods and computer simulations has facilitated 

the creation of input data to the system diagnosing 

local damage of wheels, working based on artificial 

intelligence methods. The research presented in the 

monograph [1] shows that artificial neuron 

networks, taught using data obtained from the model 

and from a real gearbox, offer the highest 

correctness of classification of the type and degree 

of fault in gears.
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