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ABSTRACT

Gearboxcondition monitorindCM) plays a vital role in ensuring the reliability amplerational
efficiencyof a wide range of industrial facilities suak wind turbines and helicopters. Many
technologies have been investigatetknsivelyfor more accurat€M of rotating machines

with usingvibro-acoustic signature analysis. However, a comparison of CM performances
between surface vibrations and airboam®ustics has not been carried with the use of
emerging signal processing techniques

This research has focussed osyanmetricevaluation of CM performances using vibrations
obtained from the surface of a multi stage gearbox housing and the aisbomna obtained
remotely but close to the gearbox, in conjunction with state of the art signal processing
techniques, in order to provide efficient and effective CM for gear transmissions subject to
gradual and progressive deteriorations. By completingdingparative studies, this research
has resulted in a number of new findings that show significant contributions to knewledg

which are detailed as follows.

In general, through a comprehensive review of the advancement in the subject, the research has
beencarried out by integrating an improved dynamic modelling, more realistic experiment
verification and more advanced signal processing approaches. The improved modelling has led
to an inrdepth understanding of the nonlinear modulation in védwoustic sigals due to wear

effects. ThereafterTime SynchronousAverage (TSA) andModulation Signal Bispectrum

(MSB) are identified to be the most promising signal processing methods to fulfil the
evaluation because of their unique properties of simultaneous rdisetion and modulation
enhancement. The more realistic tests have demonstratedtingbefailure test is necessary

to develop effective diagnostic tools as it produces datasets from gear transmissions where
deterioration naturally progresses over Rgl@peration, rather than faults created artificially

to gear systems, as is common in the majority of studies and the results unreliable.

Particularly, the evaluation studies have clarified a number of key issues in the realisation of
gearbox diagnostidzased on TSA and MSB analysis of the vibrations from two accelerometers
and acoustics from two microphones in monitoring thetedfailure process, which showed
slight gear wear of two badk-back multiple stage helical gearboxes under variable load and

speed operations.



TSA analysis of vibration signals and acoustic signals allows for accurate monitoring and
diagnosis results of the gradual deterioration in the lower speed transmission of both the tested
gearboxes. However, it cannot give the corradication of the higher speed stages in the
second gearbox as the reference angle signal is too erroneous due to the distortion of long
transmission trains. In addition, acoustic signals can indicate that there is a small determination

in the higher speeansmission of the first gearbox.

The MSB analysis of vibration signals and sound signals allows for the gatloénmgre
corrective monitoring and diagnostic results of the deterioration in the four stages of
transmissions of the two tested gearboxeSBMmagnitudes of both the two lower speed
transmissions show monotonic increases with operational time and the increments over a
longer period are in excess tiireetimes higher than thbaselines, theleteriorations are
therefore regarded as severe. fa two higher speed transmissions, the MSB of vibrations

and acoustics illustrates small deteriorations in the latter operating hours.

Comparatively, acoustic signal based diagnostics caperfiirm vibrationas itcan provide

an early indication of deti®rations and correct diagnosis of the faaksnicrophonegerceive

a large area of dynamic responses from gearbox housing whereas accelerometers collect a very
localised response which can be distorted by transmission paths. In addition, MSB aaalysis ¢
out-perform conventional TSA as it maintains all diagnostic information regarding the rotating

systems and can be implemented without any additional reference channels.



DECLARATION

No portion of the work presented in this thesis has been submite@port of an application
for another degree or qualification of this or any other university or other institute of learning.



LIST OF CONTENTS

A B S T R A T e et et eree e ettt e e e et et e e e e e rn e aeeene 2.
DECLARATION .ttt eee e e e et et e e e e et et b e e e amnne e e e e eeenan e eaas 4
LIST OF CONTENTS ...t re ottt e e e e ne e et et e e e e e eeta e e e e ammeeeaeeenes 5
LIST OF FIGURES ...ttt emme e e e e e emen e e e enees 13
LIST OF TABLES ..ottt e e e e e e mmme e e 18
LIST OF ABBREVIATIONS ..ottt mmme e e e e 19
LIST OF NOTATIONS ..ottt e e e et e e e e e eba s smmmrnans 21
ACKNOWLEDGEMENTS .. eerm e eemme e ene 25
Chapter 1 INTRODUCTION ......uuuiiiiiiiiiiiiiiiiiieieeeeeeeeitaaeaae e e e e ee s s s s ssmmme e e e e e e s s s s s ssnnnnnns 27
1.1 CM and Maintenance StrategiesS.........ccouueiiiiiiiiiiccce e 28
1.1.1 PreEmptive Detection and ElIMination.............cccccooiiiiiccs 28
1.1.2 Quality Control and ASSUIANCE...........uuiiieieeeeeeeeeiiiese e e e e e e e e e e aeeeee s 28
1.1.3 Preventative MaiNtENCE..........ccooiiiiiiiiiiei e 29
1.1.4 PrediCtive MaiNtENANCE. .........uuutiiiiiiiiiiiieeeeiieieee e e e e e e e e e e e e ameee e e e e e e e e aeeeens 29
1.1.5 Reactive or Breakdown MaintenanCe...............eeeeeeeiieemiurieeeeieeeeeneeaeaeeeens 30

1.2 GeAI TraANSMISSIONS. ....uuuutuiiiiiiiiiiiieeiaeereee e e e ettt et e e e e aeeeesammmr e e e e e e e e e e e e e e s e e aaaaanes 30
1.2.1 Spur, Helical, Bevel and Worm GearsS............ccceeveviviiimmmeeiiiiie e 31
1.2.2 Gearbox Regional Market..........ccccccoviiiiiiiieeci e 35
1.2.3 Industrial Gears APPlCAtION.........cceeiiiiiiiiiiiiee e 36

1.3 Gear Falure MOGES.........uuuiiiiiiiiiiiie ettt 36



1.3.1 Types d Gear FalUres..........cooovviiiiiiiiiiicmre e 42

1.3.2 Causes of GearboxX FailUures............ceevviiiiiiicemieeceeee e 43
1.4 The Demand fOr CIM........oooiiiiiiiiierrs e eeeeae e e e e e e eeeean 44
1.5 Conventional CM TEChNIQUES........cevviiiiiiiiiiiiieeeieeeeeeeeeeeeeeemeee e A

1.5.1  Trend MONITOMNG......cooviiieiiiiiiiie e e e e e e e s emnnr e s e e e e e e e aaaeeeees 45

1.5.2  Thermal MONITOMING.........cooiiiiiiiiiiii e e e emrnra e e e e e eeaaed 46

1.5.3  Visual INSPECON CM.......oviiiiiiiiiiiiiii e 46

1.5.4  CorroSion MONITOMNG. . .cueeieiiiiiiiiiieee et mene e a7

1.5.5 Oil Analysis and Monitoring o¥Vear Debris............cccceeeiiiiiiiicceciiceeee. a7

1.5.6 Acoustic Airborne MONItOrNG......ccceeeeeeeeiiiiiiiiiieeee e 48

1.5.7 Acoustic Emission (AE) MONITONNG.......ccoooiiiiiiiiiiimeee e 49

1.5.8  Vibration MONITOMNG.......uuuiiiiiiiiiiiiiiii et 50
1.6 Research MOtIVATION............oooiiiiiiiieerr e ceeeae e eeeeeeeeeean 51
1.7 Research Aim and ODJECHIVES.........cooeeiiiiiiiieeeeee e 53
1.8 Organisation Of TRESIS.......cccciieiiiiieieeeeeee e 53
1.9 SUMIMAIY ittt e ettt ettt mees e e e e e e e e et e e e e ee et s bbb mmme e e e e eeeenenes 55

Chapter 2 LITERATURE REVIEW OFGEAR FAULT DETECTION AND DIAGNOSIS

USING VIBRO-ACOUSTIC BASED TECHNIQUES............cooii e, 57
2.1 Background to Signal ProCesSINg.......ccccociviuuiiiiiieeeie e eeeeen e e e 58
2.2 Time Doman ANAIYSIS.......couiiiiiiiiiiiieii e 59

2.2.1 RMS (ROOt MEAN SUUAIE).....ccitiiiiieieeieiiee e rees e 60

2.2.2 The Crest FACLOr (CR) e eeeeeeetrene e e e e e e eeeeeeees 60

6



A T LU 4 (0 1Y [T 61

2.3 Frequency DOmain ANAIYSIS........uuiiiiiiiie e eeeeicciee e eeeeenr e e e e e e e e 61
2.3.1  Power SPEeCrum ANGIYSIS..........uuuuuuimiiiiiiiieeeiireieeeiieereeeeeeeeeesememreeeeeeeeeeed 62
2.3.2 Diagnostic Features in the Frequency DOMain...........cccooeeeiiieamneenenree. 62

2.4 ENVEIOPE ANAIYSIS...ccii ittt ennes 63

2.5 Time-Frequency DomaiNalySiS........cccceeeeeiiiiiiiiiiieeen e 64
2.5.1  SPECITOGIAIMS.....ceeiiiiiiiuiiiiiias s imereeerbena s e e e e e e e e s semm e e e e e e e e e e e e eeeennnrnnness 65
2.5.2  WAVEIETS......ooiiiiiiiee e 66

2.6 Time Synclhonous Averaging (TSA) ...t 67
2.6.1 Order Spectrum by Applying Fourier to TSA Signals.............cccvvvvveeea. 69

2.7 Empirical Mode Decomposition (EMD)..........coviiiiiiiiiiiiieeniieeeeeeeeeee 69

2.8  KeY FINAINGS .. .ot ere et e e e e e e e e e e e e e s s e e as 70

Chapter 3 FUNDAMENTALS OF VIBRO-ACOUSTICS FROM A TWO STAGE

HELICAL GEARBOX WITH TOOTH WEAR.......ccoiiiiie e d 2
I A [ o1 (0T 0T i o] O PP TP P PP PPPRRPON 73
3.2 Key Advancement in Modelling Gear DynamiCS...........ccccovviiiiiccceeeeeeeeeeeens 13
3.3 MOAEING OVBIVIEW ...t 75
3.4 Mathematical Model of a MukBtage GearboX.........cccoeevvviiiiiiiiieeeie e, 76
3.5 Determination of Model Parameters...............uuveiiiiiieeeiiiniiiiiiiiiieeecee e 81
3.6 Wear Induced Changes in Tooth Stiffness...........ccovvviiiiiiccciiieeen 84

3.6.1 Changes in TOOth Profile.........cccooeiiiiiiiii e e 34

3.6.2 Influenas Of Gear EITOLS.......ccoiiiiiiiiiiiieee e 86



3.7 Implementation of Numerical Studies of Gear Vibratians...................ccceeuee. 36
3.7.1 Rotational Responses in the Time Domain.............cccccevvveemeeeeeeeeveeeeennnn, 87
3.7.2 Translational Response in the Time DOmain.............ccccvvviieemeineeieeeenenn. 88

3.8  Spectral CharacteriStiCS...........ooiiiiiiiiiiiieee e eee bbb 89
3.8.1 Spectra of Rotational RESPONSES.........cuvvvruiiiiiiicmreeeiriirer e e e e e eneneees 389
3.8.2 Spectra of Translational RESPONSES............ccvvviviiiimmmeeeeeeeeeeee e ame 92

3.9 Acoustic Signals from Mrating StruCtures...............ooooeiiiiiimmmr e 93
3.9.1 Mechanisms of Sound Radiation by Vibrating Surfaces...............ccc...oe.. 93
3.9.2 Modelling of Sound RadiatiQn.................ouvuuiiicccreieeeecee e 95
3.9.3  SOUICE AQItION. ....ceiiiiiiiiiiiee e imee e emme e e ean Q5
3.9.4 Sound Wave Propagation in ROOMS...........uuuuiiiiiiiiieemiiiiiiiieeieeeeeeeeee e 97
3.9.5 Bakground ACOUSTICS ......uuuuriiiiiiiiiiiiiie ettt a8

310 KeY FINAINGS. ..ciiiiiiiiiiieee et e e eee e 99

Chapter 4 BISPECTRUM OF GEAR VIBR@ACOUSTIC SIGNALS..........cccvvvvneee. 100

4.1 INFOTUCTION.....ceiiiiiiiiitie ettt e et e e e e s e nb e ememr e e e e e 101

4.2  Bispectrum Background............ccooiiiiiiiiimmmiiii s 102

4.3 Quadratic Phase Coupling (QPC).......oouriiiiiiii e 104

4.4 Review of Gearbox Fault Condition.............cuuviviiiiiieemiiiiiiiee e 104

4.5 Conventional Bispectrum Calculation..............ooooviiiiiccciiiii e 105

4.6 Difference between Bispectrum and Power Spectrum..............oooovvvceeennnn. 107

4.7 Modulation Signal Bispectrum Calculation (MSB)........ccccoeviiiiiiiiiiceciieeeeee. 107



4.7.1 Sideband Detection USINg MSB..........cccoooiiiiiiiiiieeeiiiii e eeen 108
4.7.2 Bispectrum PerformancCe...........ccooiiiiiiiiiiiemn e 110
4.8 KEY FINUINGS ...ttt ee e 110

Chapter5 EXPERIMENTAL FACILITY FOR GEAR FATIGUE MONITORING TESTS

............................................................................................................... 112

5.1 TSt SYSBIM..cuuiiiiiiiii it e 113
5.2  TeSt RIg CONSITEION........cooiiiiiiiiiiiitreee bbb eeee e e e e e e e e e eeeeas 113
5.2.1 Electrical CONLIOIS. .......cuiiiiiiiiiiiiiii e 117
5.2.2 Sensors for Acquiring Vibration and Acoustics Signal................c....vveee 117
5.2.3 Data AcqUISItion HardWare...........cccoeieieieieiieeeiiiiei e eeeeeeeveeee e 122
5.2.4 Data Acquisition Software SYSteM..........ccoveeiiiiiiiiiicce s 123
5.3 Calculationof Gear Characteristic FreQUENCIES.............oovvrviiiiicmmnee e 125
5.4 Test Procedure and Resulting Gear FaultS..............eeviiiiiceeiiiiiiiiiiiiiiceeeeeenn 127
5.5 KeY FINAINGS .. oo errsr s s e e e e e e e e e e e e e e e renan e e as 130

Chapter 6 MONITORING AND DIAGNOSIS OF GEARBOX DETERIORATION
BASED ON THE TSA ANALYSIS OF THE SURFACE VIBRATION SIGNAL...132

6.1 INTrOAUCTION.......uiiiiiiiiiiiiiiie ettt e e e rnee e 133
6.2 Baseline Vibrations by Spectrum AnalySiS..........cooooviiiiiiiiceciiii e 135
6.3 Implementation Of TSA. ... ..o e 136
6.4 Monitoring and Diagnosis of Gear DeteriorationS...........ccooeeeeeeeeeeeccceeneeennns 142

6.4.1 Monitoring of the Higher Speed Stage in Gearbox 1 based on Mesh Components
and SIdebDaNdS..........oo oo —————— 144



6.4.2 Monitoring of the Lower Speed Stage in Gearbox 1 based on Mesh Components
AN SIAEDANGAS......co o i r e e e e e e e e e s s e e e e e e as 144

6.4.3 Monitoring of the Lower Speed Stage in GB2 based on MeshpGoents and
1Y [0 1= o = 0T £ SRR 147

6.4.4 Monitoring of the Higher Speed Stage in GB2 based on Mesh Components and
] [0 1] 0= T (o K=Y PSPPI 148

6.5 Key Findings from TSA Analysis of Vibrations..............cccoooeeeevieeccicnnneenn. 149

Chapter 7 MONITORING AND DIAGNOSIS OF GEARBOX DETERIORATION

BASED ON THE TSA OF ACOUSTIC SIGNALS.......coo e 151
4% S [ 3110 To [ Tox 1 o] o PO P PP URP PRI 152
7.2  Characteristics of ACOUSLIC Signals.............oooiiiiiiimmr e 152
7.3 TSA-I2 ACOUSHIC SIGNAIS......cuuuiiiiiiiiiiiiiiii ettt 154
7.4 Monitoring and Diagnosing Gear DeterioratiQnS..........ccccvveeeeeiieeeeeeeeeeeeenn. 160

7.4.1 Monitoring of the Higher Speed Stage in GBL..............cccooeivievvvnvnnnn, 160

7.4.2 Monitoring of the Lower Speed Stage in GBL............cccccceeiiivemeevvnnnnnnns 161

7.4.3 Monitoring of the Lower Speed Stage in GB2.........cccccevviiiiiiceceninnnnn. 162

7.4.4  Monitoring of the Higher Speed Stage in GB2..........ccccooviiiiieaciinnnn. 164
7.5 Key Findings from TSA Analysis of Acoustic Sighals...............cccevvviicnnnnn. 165

Chapter 8 MONITORING AND DIAGNOSIS OF GEARBOX DETERIORATION

BASED ON MSB ANALYSIS OF SURFACE VIBRATION SIGNALS................ 166
8.1 INTrOTUCTION......iiiiiiitt ettt e e et e e e e e e e e e e e e e s st e e e e e as 167
8.2 Implemenation of MSB for VIbration................cceiieiiiiiieemecciie e 167
8.3 MSB Characteristics of the Baseline Vibratians................ccceveemeiiiiinnnee. 168

10



8.4 Monitoring and Diagnosing Gear Detewtions Based on MSB Vibration Signals

N = 1A 174
8.4.1 Monitoring of the Higher Speed Stage of GBL...........cccccoeiiiiiiiicnnnnnenn. 174
8.4.2 Monitoring of the lower Speed Stage of GBL...........coovvviiiiiiiieennninnnnen. 176
8.4.3 Monitoring of the Lower Speed Stage of GB2...........ccccceeeiiivimervvnnnnnnns 177
8.4.4 Monitoring of the Higher Speed Stage of GB2..............cccccciiivmevenvinnn, 178

8.5 Key Findings from MSB Analysis of Vibration Signals...............ccooeiiiieeen. 180

Chapter9 MONITORING AND DIAGNOSIS OF GEARBOX DETERIORATION

BASED ON THE MSB ANALYSIS OF ACOUSTIC SIGNALS.........ccciiiieereenns 181
S N [ o1 (0T BT i [o] O PP P PP PP PPPPPPR 182
9.2 MSB Implementation for Acoustic Signals...............ooooiimmn i 182
9.3 MSB Characteristics of ACOUSLIC SIgNalS...........coooviiiiiiiiiemr e 183

9.4 Monitoring and Diagnosis of Gearbox Deteriorations Based on MSB Analysis of

ACOUSEICS SIGNAIS. ... oot i i e e e e e emmm s 188
9.4.1 Monitoring of the Higher Speed Stage of GBL..............cciiiiirvennnnnn, 189
9.4.2 Monitoring of the Lower Speed Stage of GBL..........ccccevvviiiiiceenennnnnnnn. 190
9.4.3 Monitoring of the Lower Speed Transmission Stage of GB2................ 191
9.4.4 Monitoring of the Higher Speed Stage of GB2............c.ccoviiiiiininnnn. 191

9.5 Key Findings from MSB Analysis of Acoustics Signals............cccceeeeeiiieee... 193

Chapter 10 CONCLUSION AND FUTURE WORK........ooiiiieiiiiiiiis i 195

10.1  Review of the Objectives and Achievements............cccuevvvviieemiiiniiiieenene. 196

10.2  Conclusions Using Vibr@acoustics on the Gear Transmission CM........... 198
10.2.1 EXxperimental SYSTEML........uuuuuiiiiiiee e eeeenr e 198



10.2.2 Conclusions on CM USING TSA ... ieeeeeeeee e e 199

10.2.3 Conclusions on CM UsIiNg MSB...........cooiiiiiiiiiiiieee e 199
10.2.4 Conclusions on Modelling for Gearbox Vibazoustic Analysis............... 199
10.3  Contribution to Knowledge and Novel Feature Summary......................... 200
10.4  The Contributions to Knowledge..............uuuuiiiiiicceeeeiiicee e eeeeeens 200

10.5 Future Work Recommendations on the Gearboxes CM Using ~ditwastics201

REFERENGCES ... ..ot eeeee et e e et sreee e e e e e e na s 203
APPENTIX Az PUDIICALIONS. ...ttt ieeeei bttt e eeer e e e e e e e e e e e e e e e s s ammme e e e i
Appendix B: Gear Tooth Wear PhotQS............ccoooviiiiiiieer e XX
Appendix C: The Diagnosis of the Asymmetric Rotor in the Induction Matar............ XXI

12



LIST OF FIGURES

Figure 1 SPpUr gear [TH... ..o e eeenanee 31
Figure T2 Helical gears [L7] ... e 32
Figure 13 BeVEl gear [L19].....ccoiiiiiiiiiiiiiii oo emmr e a e e e e e anee s 33
FIgUre 24 WOrm QRN [L6].....coiiieei e ittt emee e e et s e e e e e e e e e e amnnnes 34
Figure 5 Gear PitCh lINE[2L].......uuiiiiiiiiiiiiiie it e e e 36
Figure 16 Gear terminOlOgY[22].........cuuiiiiiiiiiiiiie e 37
Figure 17 Classification of different gear failure modes [15]...........covvviiiiiiicceeeiinnnnnns 42
Figure 18 General usage of various monitoring techniques.[15]...........ccccoervvvieeenen... 45
Figure 19 Trend monitoring reCord [39]........uuuuuiiiiiiiieiii et 45

Figure 21 Simple example of carrier wave modulation in producing a modulated wave with

the signals having an ampie [84]............uuueuiiiiiii e 64
Figure 31 The dynamic model of motgearbox and load system...................evvvvieeee.... 77
Figure 32 Mainprocedure for the analysis of geaxlitynamic responses..................... 82
Figure 33 Models of tooth stiffness and the effects of tooth weat..................evveeeeeneee 84

Figure 34 Tooth stiffness functionuperimposed by multiple tooth pair and the effect of gear

VT L PSP 85
Figure 35 Angular speed of the first pinion and gear...........ccccceeiveevieeee e, 87
Figure3-6 Vibrationresponses in the time domain of the first pinion and gear........... 88

Figure 37 Spectral peaks of combined rotational responses of the first pinion and.g8&8r
Figure 38 Increases of spectral amplitudes from rotational responses with wear sev@dity.
Figure 39 Spectral peaks of combined translational responghe difst pinion and gear91

13



Figure 310 Average of spectral amplitudes for both transmission stages of the gear®dx.
Figure 311 The additional effects from two point sound SOULCES............ccceevvvvrieeeennn. 95
Figure 312 Diagram of the reverberation in an close space..............ccccccimmriiiiiinnes 96

Figure 313 'LDJUDP RI WKH UHYHUEHUDW.LR.Q..LQ..D..FQRYHG VSDF

Figure 41 Classification of higher order SpecCtra...........ccceeeeeiiiieeeeiii s 103
Figure 51 Mechanical/ectromechanical test rig components..............cceeeeevvieeeeeennnn. 113
Figure 52 lllustration of two stage helical gearbox under test............ccevvvvvvieeenrnnnne. 114
Figure 53 Test rig €hematiadiagram and placement of vibexoustic sensors............. 116
Figure 54 Vibration accelerometer GXD-1182A...........oouiiiiiiiiie e 118
Figure 5 % $ 6 MIOVOPNONE SYSIEML....ciiiiiiiiiiiiiiiiee ettt 120
Figure 56 Encoder mounted on the nrdriving end of the AC motor............ccccvvvvnnee 121

Figure 57 Global sensor technology ¥232B DAQ system for monitoring vibracoustic

SIONAIS. ... e e e e e e e e e et aaanr e e e e e e eaaaaaaeerrarrrrr——— 122
Figure 58 Set-up screen for data acquISItiaN................uuueeiiicccrieeeeiee e e 124
Figure 59 Screenshatf measured SignalS..........cooooviiiiiiiiiccc e 124
Figure 510 Screenshot of operating status and dynamic trend graphs................... 125

Figure 511 Schematic of the twaearbox transmission systems with key symbols used
throughout the tNESIS........ue e e e errer e e e 126

Figure 512 TesSt OPeration CYCIES........ooiiiiiiiiiiieees bbb eree e e e e e e e eas 128

Figure 513 lllustrative photos of the location and severity of tooth wear and pitting on the

surface of the gears at the lower speed stage of GearboX.2............ccoovveeeeeiiiiiiinnnnn. 130

Figure 61 Power spectrum of vibration signal fible two stages of the helical gearbox at full

load at 324 hours CONtINUOUS FUNNING.....cciieeeeeeeieieeeeieeee s e e e e eeeeeeeeeeaeaeeeenmmmeeeeeeeennnnnn 135



Figure 62 Implementation of TSA vibration signals based on the angular position of the middle
shaft rotaing at the Speed Of , ........ocooiiiiiiii e 138

Figure 63 TSAfr2 signals synchronised to Gear Zr2 or Gear Zi2 with respef ta....139
Figure 64 TSAfr2 signal spectrum based on OrdeS ..........cccvvvvveeeriiiiiieeseeee e 141

Figure 65 The correlation of mesh components with loads................ccccoice 143

Figure 66 Mesh frequency components and sidebands of GB‘:]mpand their harmonics as

a function of operating timd/{ cannot seen as the TSA is basedion.............cccceee. 145

Figure 67 Mesh frequency components and sidebands of GH},.atnd their harmonics as

a function of operating tiME..........ooooiiiiiii e e e e e e e anas 146

Figure 68 Mesh frequency components and sidebands of GB‘%@Hnd their harmonics as

a function of OPErating tME........oeiiiiiiiii s 147

Figure 69 Mesh frequency components and sidebands of @H2,, and their harmonics as

a function of operating timdi{ cannot seen as the TSA is basedonfi) ..................... 149
Figure 71 Raw acoustic signal of Mic:GB1 tested at fiload and full speed............... 152
Figure 72 Acoustic power spectra of Mic@B1 and Mic.2GB2 at 324 hours.............. 154

Figure #3 Implementationof TSA of acoustic signals based on the middle shaft angular

position rotating at the speed Of ... 155

Figure 74 TSAfr2 acoustic signals for Micl and Mic 2 plottedas$unction of shaft angle

Figure 75 TSAfr2 spectra of Mic.AGB1 and Mic.2GB2 at 324 hours............cccc........ 157
Figure 76 Comparison of sp&@ between acoustic signals and vibration signals......158

Figure 77 The dependency of mesh components upon loads............cccovvvvvnnnnnnn. 159

15



Figure 78 Acoustic amplitudes at meshing frequengy, harmonics and their sidebands for

GB1 as a function of operating time.............ooooiiiiiimee e 161

Figure 79 Acoustic amplitudes at meshing frequengy, harmonics and their sidebands for

GB1 as a function of operating time.............uuiiiiiii e ererr e 162

Figure 710 Acoustic amplitudes at meshing frequengy, harmonics andieir sidebands for

GB2 as a function of operating time.............ooooiiiiimee e 163

Figure 711 Acoustic amplitudes at meshing frequerntgy, harmonics and their sidebands for

GB2 as an operatinme fUNCLON.............ccooiiiiiiiiieeee e 164
Figure 81 The stability of MSB estimation with averaging..............ccccccivccereeveennnns 168
Figure 82 MSB results of AccAGB1 vibration at 34 hours...............ccccciiiiiiimemninnnns 170
Figure 83 MSB slices atf,, harmonics of ACCAGBL..........c..cocoiiiiiiiiiiccee 171
Figure 84 MSB slices atf_, harmonics of ACCAGBL............ccccoiiiiiiiiicce, 172
Figure 85 MSB results of AccA5B2 at the operating time of 324 hours.................... 173

Figure 86 The evolution of MSB vibration peaks at rotational frequencyfgf f., and f,

from Ty SHCES FOr GBL.......oiieeeeeee e 175

Figure 87 The evolutio of MSB vibration peaks at rotational frequency fof, f., and fr3

from T,y SCES fOr GBL.......oiieeeeceeee e eeee e 176

Figure 88 The evolution of vibation MSBpeaks at rotational frequencies &, f ,and f

from the f, 3 SICES FOr GB2........veeieeeeeeeeeee e 177

Figure 89 The evolution of vibratio MSB peaks atf,s, f. ;and f; from the f., slices for

16



Figure 92 MSB magnitude and coherence results for acoustic signal from-BRB1lafter an

operating time Of 324 NOUIS..........oooiiiieiccr et a e e e e e e e e e anan 184

Figure 93 MSB results of acoustic signal from MiegGB2 at the operating time of 324 hours

................................................................................................................................... 186
Figure 94 MSB slices at fm1 harmoniCS...........ccooiiiiiiiiiiieee s 187
Figure 95 MSB slices atf,, harmonics..........o.ooivoveeeee e, 188

Figure 96 The evolution of acoustic MSB peaks at rotational frequenciek;of,, and f,

frOM T, SHCES TOr GBL....eeeeeeeee e eeeee e enmn. 189

Figure 97 The evolution of acoustics MSB peaks at rotational frequencids, of , and f,

from T, SCES FOr GBL.......oecececee et enee s 190

Figure 98 The evolution of acoustics MSBeaks at rotational frequencies &, f.,and f

from the T3 SICES FOr GB2.........ooivieceeeeeeeceeee et 192

Figure 99 The evolution of acoustics MSBeaks at rotational frequencies &, f, ,and f;

from the T, SIICES FOr GB2o......eeeeeeeeeeeeeeeeeeee et 193

17



LIST OF TABLES

Table 11 listsproperties of the mostcommon types of geas: spurand helical. .................. 35
Table 12 Gear wear processes and mechanisms [13;.19]...........ccccvvvvimemniiiiiininnnne. 38
Table 31 Key baseline parameters and specification for the test gearbox................. 83
Table 51 Specification of AC induction MOLOL.............coeeeiiiiiiiiceeie e 114

Table 52 Key specification of speed reduction two stage helical gearbox (GB1).....115

Table 53 Key specification of two stage speed increase helical gearbox (GB2).......115

Table 54 Specification of the DC generatar..................uuuuviiccceieeeeeeiiviceee e 116
Table 55 Technical specifications of the accelerometer SENsor..............ccccvvvemeeee. 118
Table 56 Specification of microphone CHZLL.............cc.uvviiiiiiiiiieeeiieeeeeee e 120
Table 57 Specification of preamplifier...........ccoooiiiiiiieee e 120
Table 58 Technical specifications of the DAQ SySteM........cccoevviieeeiiiiceciiiiiei e, 123
Table 59 Test operation cycle arthta acquiSItion.................uvvveiiiiicccreeeeeeeeen 129

18



AC

ADC

Al

CBM

CM

CWT

DAS

DFT

DOF

DWT

EEMD

EMD

FDD

FFT

FM

FE

HOS

Hz

1/O

IAS

MSB

MTBF

MTTF

PM

LIST OF ABBREVIATIONS

Ampere

Alternating Current

Analogue to Digital Conversion
Artificial Intelligence

Condition Based Maintenance
Condition Monitoring
Continuous Wavelet Transforms
Data Acquisition System
Discrete Fourier Transform
Degree of Freedom

Discrete Wavelet Transform
Ensemble Empirical Mode Decomposition
Empirical Mode Decomposition
Fault Detection and Diagnosis
Fast Fourier Transforms
Frequency Modulation

Finite Element

Higher Order Spectra

Hertz

Input/output

Instantaneous Angular Speed
Modulating Signal Bispectrum
Mean Time Between Failures
Mean Time to Failure

Preventative Maintenance

19



QPC
Rad/s
RF
RMS
SNR
STFT
TSA

WT

Quadratic Phase Coupling
Radians per Second
Rotational Frequency

Root Mean Square

Signal to Noise Rad

Short Time Fourier Transform
Time Synchronous Averaging

Wavelet Transforms

20



LIST OF NOTATIONS

Conventional Bispectrum
Modulated Signal Bispectrum
First Stage Pinion Shaft Damping
First Stage Gear Shaft Damping
Shaft One Damping

Shaft Two Damping

Shaft Three Damping

First Stage Gearing Damping
Second Stage Gearing Damping
Upper Casing Support Damping
Lower Casing Support Damping

Errors in The Instantaneous Contact Forces

Statistical Expectation
Displacement of Mass Centre

Gearing Stiffness Force at First Stage
Gearing Stiffness Forcat Second Stage
Gearing Damping Force at First Stage
Gearing Damping Force at Second Stage
Rotor Frequency

Main Supply Frequency

Input Shaft Fequency

Middle Shaft Frequency

Output Shaft Frequency

Supply Frequency

Mesh Frequency at First Stage

Mesh Frequencat Second Stage

21



Mesh Frequency afiStage of Gearbox 2

Mesh Frequency at'2Stage of Gearbox 2

Gear Ratio

Moment of Inertia of<g

Moment of Inertia of<g

Moment of Inertia of<;

Moment of Inertia of<g

Moment of Inertia for Electric Motor
Moment of Inertia for the Load System
Moment of Motor

Moment of Load System

First Stage Pinion Shaft Stiffness

First Stage Gear Shaft Stiffness
Rotational Stiffness for the Input Shaft
Rotational Stiffness for the Middle Shaft
Rotational Stiffness for the Output Shaft
Meshing Stiffnessor the First Stage
Meshing Stiffness for the Second Stage
Upper Casing Support Stiffness

Lower Gearing Support Stiffness

Mesh Stiffness

Moment of Inertia of Input Shaft

Moment of Inertia of Middle Shaft
Moment of Inertia of Output Shaft
Input Motor Torque

Coupling Damping in First Shaft

Internal Moment in Second Shaft

22



rsZ
s3
pl
gl
p2

g2

Coupling Damping in Second Shaft
Internal Moment in Third Shaft
Coupling Dampingn Third Shaft
Mass of Upper Casing

Mass ofLower Casing

Mass of the Input Shaft

Mass of the Middle Shaft

Mass of tle Output Shaft

Mass of the Drive Gear<g)
Mass of the Driven Gear<g)
Mass of the Drive Gear<)
Mass of the Driven Gear<g)
Synchronous Speed (RPM)
Rotor Speed

Number of Pinion Teeth

Number of Gear Teeth
Number of Poles

Base Radius of Input Shaft
Base Radius of Middle Shaft

Base Radius of Output Shaft

Base Radius oDrive Gear (<) at First Stage

Base Radius oDriven Gear<g
Base Radius of Drives;

Base Radius okg

23



R N N

o SO

SRS

N = =

=

N

N

NN

~

Fourier Transform

Conjugate of Fourier Transform

Discrete Time Current Signal

Vertical Displacement okg

Vertical Displacement okg

Vertical Displacement of Upper Casing
Verticd Displacement of Lower Casing
Wear Error of g

Wear Error of Drive Gear ¢

Contact Ratio

Overlap Ratio

Gearing Damping Coefficient for the Second Stage

First Stage @aring Damping
Angular Displacement of Motor
AngularDisplacement of. 5;
Angular Displacement of ;
Angular Displacement of -;
Angular Displacement of g;
Drive Gear at First Stag

Driven Gear at First Stage
Drive Gear at Second Stage

Driven Gear at Second Stage

24



ACKNOWLEDGEMENTS

Firstly, the most important acknowledgement goes to God for b@ygmain support,
providing both guidance and light during my university career. Witkburt, | could never
successfully achieve any of the opportunities | hasen giverin my life. All my achieved

goals are thanks to Him.

Secondly, my thanks are alsotexded to my first supervisoDr. Fengshou Gy whose
expertise, encouragement and direction were vital in completing my research project and
writing this thesis. His persistence, understanding and kindness enabled me to develop a robust
theoretical framewrk in a logical and consistent manner and guided me to perform
experimental work to the highest standards. These words fail to fully convey my appreciation
and deepest gratitude and | will always be in his debt.

| would like also to express my sincere tgrade to Prof. Andrew Ball for his continued
support, assistance and his immense knowledge provided during the course of my research. |
appreciate his patience, motivation and skills that have greatly enriched my graduate
experience. | would also like thank him for the guidance and opportunity to write, publish

and participate in international conferences.

| would like also to convey my thanks to all colleagues at the Centre for Efficiency and
Performance Engineering and research fellows and staff nmemlb® have over the years
made my time such a great experience on a professional and personal level. | would like to
thank my government (the government of Libya) for their financial support.

| would like to personally give thanks to the fantastic tecdrsapport staff at the University

of Huddersfield in particular Steven Goldstein, Philip Holdsworth, Richard Bailey and Dennis
Town, | would like to personally thank each of them for their continued support, innovation

and expertise during this project.

Last but not least, | would especially like to dedicate this thesis to my wonderful family; my
wife Maha, daughtersMayre and Meral and | thank them for their continued support,
encouragement and love. Special and grateful thanks to my ndatifeey my faherMasoud

and all my brothers and sisters for their belief in me.

25



VITA

June 2001........ooiiiii e Bachelor of Mechanical (BSc) Engineering

BenghaziUniversity
Libya
October 2010.........cccovvvvieeeeeeeee, Master of Mechanical (MSc)Engineering and Design
University of Huddersfield
BQLWHG .LQJGRI
FIELDS OF STUDY
Major Field: Mechanical Engineering.

Focus on Condition MonitoringCM).

26



Chapter1 INTRODUCTION

This chapterwould explain the motiation for undertaking this research programme and
choosing to concentrate on this specific area of study. Information is presented about gearbox
use and engineering demand, as well as the functions of gears. In addition, a summary
explanation of the causes gear failure and modes of failure is givend abrief review of
traditional monitoring techniques is presented. Finally,dalmes and objectives of thissearch

are presented and thieesisstructure summarised.
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1.1 CM and Maintenance Strategies

The man focus and goal of most industrial operations is to increase the maximum attainable
profit from the production line whilst reducing the costs related to machine maintenance and
unexpected machine shutdown due to unforeseen failures. In thepstdraproduction plant,

the investors are fully aware of the fact that maintaining machinery is a costly task which can
form a large part of the operational expenditures. An essential key to profit maximisation is a
well-structured CM programme, which in the phas received rare attentiph 2]. However,

in more recent times, most companies, if not all, are aware of the consequences of machine
failure and many of them have an effective maintenance plan in place to avoid unscheduled
and costly machine stoppages. Consequeatl increase in pamit profit of production has

been apparent for those companies who have adopted a maintenance plan.

A machine is wetknown to fail as a result of the failure of one or more of their integral parts.
There are generally combinationfgeasons that cause a single part of a machine to fail. These
causes can be briefly categorised as: physical attack;stressed components, lack of
maintenance, unforeseen incidents and krmtleffects, errors or mistakes and poor design
choices or por manufacturing/assembly quality and c§8g24]. In the following subsections,

the main three groups of maintenance plans will be disc(iSsé(d
1.1.1 Pre-Emptive Detection and Elimination

The cheapest way t@ducemaintenance costs is through qgmaptive approaches. In other

words, by starting with an appropriate design and selection of plant machinery and equipment,

it is possible taninimise the necessity for regular maintenance. A simple means of achieving

this is to begin by providing answers to a series of enquiries for each and every part of the
plant. Depending on the results, one may insert appropriate design charactenmsirgstse

the impact of failurg7, 8]. This method benefits from having a comprehensive plan for the
PDFKLQHYYVY HQWLUH RSHUDWLQJ OLIH-emiive didg@@¥Hahk HQ FH V
exclusion maintenancérategy should begin by observing that the predicted failures of such

machines are not occurrif§, 9].
1.1.2 Quality Control and Assurance

This approach required precise quality control in manufacture and assembly, so that a machine

is made and assembled to the same accuracy it was designed. Good quality control will reduce
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manufacturing and installation erroes)d hence reduce the likelihood of faults. This means
following an exact set of preritten rules and steps on how the job should be carried out. A
working machine that is precisely and correctly assembled has a longer mean time between
failures (MTBF). Thus quality control can be considered a form of preventive maintef@ance

9.

1.1.3 Preventative Maintenance

A preventative maintenance (PM) scheme is often employed to identify the maintenance tasks
needed to be carried out at prescribed intervals in order to avoid equipment failefifect
carrying out a maintenance procedure prior to the occurrence of &tedednachine
malfunction. A scheduled maintenance scheme is a respectable approach which can offer

significant savings in plant maintenance expenditbiy8)].

The PM strategy can be described in two walse first description is defined as the
SHIDPLQDWLRQ DQG REVHUYDWLRQ™ PHWKRG ZKLFK LQFOX
the condition of equipent parts for unusual signs of ageing and/or wear. Upon the detection

of such failure, the damaged part should be replaced either immediately or at the earliest
possible time, before the damaged part fails and causes full f@JuMevertheless, this is not

an effetive approach, as the inspections are undertaken at schauelegls irrespectivef

the actual condition of the equipment [8, 9].

The second PM description is knowb Vshéit RIl UHSDLU" PDLQWHQDQFH Z
intervention and component replacemafitér a predefined period of operation. The length of

operation is based on experience of component deterioration and is shorter than the MTBF.
Typically, such maintenance is conducted as part of a refurbishment, where the equipment is
removed from thenocess line during the scheduled sbfitperiod and moved to a workshop

to undergo a full strip down. Thereafter, the component(s) are replaced and the equipment is

reassembled as ndWQj.
1.1.4 Predictive Maintenance

Predictive maintenance is an effective approach whidhased omonitoringthe PDFKLQH TV
health during normadperationsto identify signs of changed conditions within the machinery.
Usually, a set of machine parameters are measured online and compared against a reference

set, which then decide whether aint@nance intervention is necessary or not. By being able
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to detect the start of a fault at an early stage, it is possible to manage the machine carefully (e.g.

by avoiding overloading) until it can be conveniently taken offline and maintenance arranged
accordingly. By adopting this strategy, substatyidinancial advantages can be gained by
decreasing the equipment maintenance operation ¢b8ks The predictive maintenance

method may include oil debris analysis, vibration monitoring, ultrasonic analysis or
thermographyto identify any changes in the machine parameters and thefralt@nges

associated withthemQ RUGHU WR EH DEOH WR SUHGLFW W8H HTXLS!

1.1.5 Reactive or Breakdown Maintenance

In this approach, also known as the-tatfailure method, maintenanég only implemented

when the machiné unable tooperaé as a result of component faiesrand no prescribed

action is taken to avoid unwanted machine stoppage. After machine breakdown, corrective
actions are taken to either replace or repair the failed componéb®s)The financial
consequences of such maintenance approaches are usually large when applied to critical
industrial machinerj11]. Generally, rurto-failure maintenance is suitable when the following

cases exidqi3]:

1) The machine or equipment is redundant

2) Low price spares exist and are available immediately

3) The production process is interruptible or theressoakpile of products
4) All known failure modes are safe

5) There is a known long medme-to-failure (MTTF),

6) There is a low cost associated with secondary daiwadge

7) Quick repair or replacement is possible
1.2 Gear Transmissions

Gears araisedwidely for pover transmission from one mechanical system to another, and
where a change in rotational speed is requiredasic form, a gearbox is comprised of two or
more gears mounted on rotational shafts, which are supported by bearingstiféstructure

is boundedwithin a housing, filled with adequate lubricatioi. For electrical machinery, a

drive system such as an induction motor rotates the input shaft of the gearbox at a high speed.
Based on the gearing ratio within the gearbox, the gears act adaspeeer that causes the
output shaft to rotate at a lower speed relative to the input shaiftvidea hightorque output

for driving the load12]. Usually, gearboxes are equipped with one or two set of gear types.
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For example, a particular gearbox can consist of one set of gear teeth meshing with different
gear teeth to allow for power transfer with no slippage. Upon the engageiniestwo gears,
rotating one causes the other to rotate inrwersedirection. Depending on the number of
teeththat ison both gears, the speed of rotation of each gear will be different. The smaller gear
that has théewer teeth is called a pinionwhereas the larger one with more teeth is called the
gear. In case of the pinion driving the gear, the output rotatipeabswill decreasand when

the pinion is driven by th@ear, the opposite effect is true. For the former case, the reduction
in outpu rotational speed can be obtaineddbyding the number of pinion teeth by the number

of gear teetli13]. Ultimately, hespeed reduction ratio 4 Qs given by,

Z, 1.1
R. > (11)

where Z, 1s the number of pinion teeth and Z, 1s the number of gear teeth.
1.2.1 Spur, Helical, Bevel and WormGears

Dependig on the application requirements, gear products come in a variety of sizes and
shapes. As a significant exampifégure1-1 shows a spur gear, which cosweith straightcut

teeth that are parallel to the drivinigast. These gears are only suitable when the two (i.e. the
input and output) shafts run in a parallel formation. Spur gears are generally favoured for
moderate speed conditions as they reduce wear on the gear teeth caused by a rolling and
slipping motion hat occurs during engagement and disengagement. Spur gears produce no
axial thrust and are relatively cheap; thus, they can be found in most mechanical applications.
However, these gears akmown to produce more acoustic noise, which canmme
problemaic at high speedgl2, 14].

Figurel-1 Spur geafl5]
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In contrast to spur gears, the helical gears, as shotigume1-2, have their teeth at an angle

to the gear shatixis Helical gears can be manufactured in both roguded or lefhanded
configurations to transmit power and motion. Helical gear boxes provide reduction ratios
within the range of 3:500; higher ratios can be achieved by using multiple gearing $6ges

The KHOL[ DQJOH FDQ EH XS WR f DOWKRXJK KLIJKHU DQJ¢
capacity. Compared to spur gears, the teeth of helical gears mesh smoothly with each other
resulting in less noise and vibration. In such gears, the contact line beheeeth during
engagement runs diagonally across the face of bearing, from the side at one end to the root at
the other end14]. Moreover, the helix angle allows for the extension of the length of the
contact line which can lead to a higher tooth contact ratio therefore, the load can be spread over
a larger surface area. Owing to its greater tooth strength and higher contacetahorg teeth

being engaged), the helical gear is often used to transmit power and motion-torbigh
applications. These attributes enable helical gears to carry larger loads, as compared with spur
gears of the same sif&2, 16]. Furthermore, @lical gears transfer loads by a sliding, rather

than a chopping action, this offers a quieter operation while carrying heavy loads with a lower
wear rate. Moreover, these gears are capable of transfpovmgyfrom one shaft to another
thatare at an angle (up to 90°) to each other. Although gear and pinion have different rotational
speeds with respect to each other, when meshing two helical gears of differing diameters, a
variation in speed and torque Wween the two rotational shafts occurs, which can disturb the
meshing frequency of the gedfs]. In addition, as the teeth mesh together in a helical gear a
thrust load is generatedong the gear shaft, this is caused by the angular cut of the teeth. As
the helix angle increases, so does the thrust load created. This effect has to be taken into
consideration when selecting the correct supporting bearings for a particular shafvévioreo

it is important to use thrust bearings to carry the thrust load generated and maintain a proper
gear alignment during operation. In helical gears, since the contact surface is longer, the

efficiency of power transmission is lower than that of a coatgarspur gedrl4].

Figurel-2 Helical gearg18§]
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Figure 1-3 depicts a bevel gear. This type of geausedin trangerring power between

shafts. The teeth in bevel gears are formed on a conical surface so that theashafts
perpendiculak90°) toone RWKHU DQG phe@peéxdd tiddene.THa Wevel gear
teeth are straightut and are parallel to the line that extends to the apex of the conical
surface on which the teeth are formed. These gears can be noisy at high rotational
speeds. Moreover, due to their teeth arramget, the application of bevel gears in

parallel shafts is not possibj&9].

Figurel-3 Bevel gear[20]

Alternatively, worm gears, aviswn inFigurel1-4, can bealsousedin driving helical orspur

geas and adlow two perpendicular and non-interseding shdts to properly mesh
Irreversibility is an important facet afieshes invorm gear This meas that, turning the worm

gear will cause the meshing spur to turn also, however, turning the spur will not rotate the
worm gear. TheresultisBHFKD QL VP WXRORAMN IL@L$eid 0 Iavketinfl9]. Such

gears usually have a high tolerance for large loads and can he tisstbnvesion ofrotational

motion into translational motiorAdditionally, worm geas can have quite alarge pitch
diameter[19] [21].
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Figurel-4 Wormgear [17]

Gearsareof three typeslepending omhe shaftsrelative geometryhich can be intersecting,

parallel, mor-intersectingandnon-parallel”.

1- Helicd, spurand herringbone gears are gears that noesithe same plane artien
transmis rotary motionpowerbetweerthe parallel shafts.

2- Intersecting shaftsvhich aremutually perpendiculato one anotherand are very
suitable gears inclulg the spiralpevelandworm gears. Thesgpe ofgears are used
widely in locomotives, hand drils, marines, automobilesipplications andn all
rotorcraft drive systemsyith severalas planetary gearboxedowever, itshould be
notad herethat someare nonreversiblebecausavherevera worm geais turnedon,
the meshing spuis turn on also. Atemptingin rotatingthe spur will not causehe
turning of theworm geaf22].

3- Gearsthat aresuitable for nofintersectingand norparallel shaftswhich include the
worm, hybrid andcrossed helical geaf&3].

However, the mostommon type®f gearsused intheindustrycan besummarisedn Table

1-1, which are categorised primarily e spur gear and helical gear.
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Tablel-1 listsproperties of the mosicommon types of geas: spurand helical [24].

Gear type Sub-type Comments
¥ Most common gear in terms of their ease to design
and manufacture.
» Allows for shafts that are parallel.
Normal = High_ efficiencies of up to 99 percent per train.
Spur # No side thrust. _
Gears # Capable of back drive,
» Single ratios of up to 1:10.
» Low noise and vibration owing to its precise design.
Spur gears S . o .
» Lubrication 1s required by the steel pinions while
plastics do not.
# Have similar performance to that of the normal spur
gears.
Ist;imal » Results in a drive geometry that 1s compact.
Gears » Used commonly in manufacturing of planetary/
epicyclical gears.
» Similar properties to that of the spur gear, but the
drive results in an axial thrust.
Single- # Compared to spurs, helical gears are quieter and
Helical Helical smoother for the same specification’ size.
gears » For up to huge diameters, the gears can run at a very
Gears .
high speed
» Higher life/torque capabilities can be achieved for the

SAMe SPUT Zears siZe.

1.2.2 Gearbox Regional Market

In order to satisfy the curremarket demands, gearbox manufacturers offer a wide range of
designs, with loads from-2 Nm up to 500,000 Nrfil6]. The increase in energy costs over
recentyear has led to the exploration of alternative energy sources, such as wind, tidal, hydro,
etc., whch has led to a significant increase in demand for applicapecific gearboxes with

new, predefined requirement§&urthermore, the uptake of automated and mechanical handling
machinery by product suppliers such as Amazon is expected to rise in théutuee,
increasingthe European and UK demand for gearboxes and geared drive systems. For more

details on the overall market situation, the reader is referred to ref¢i®hdeue to their high
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reliability and efficiency, the helical gearboxes form ajon proportion of the total European
gearbox market and are expected to have the maximum growth, when compared to other

gearbox designslL6].
1.2.3 Industrial Gears Application

Gears play a defining role in almost all industries. This is due to their stiudésign which

allows for matching of speed and torque between a prime mover and a load. Gears are put in
place to increase or decrease rotational speed and fdr§ud o achieve a specific output
speed and torque, a combination of two or more geardyaddsgether with speatfigear

ratios, can be used [2Zhe type of gears employed by different industries very much depends
on the intended usage and required gear propeltissme industriesincluding agriculture,
construction, automotive, militarysailways, processing equipment, machine tools, wind

energy, and aerospaaewide rangs of gearapplicationg16].
1.3 Gear Failure Modes

The gears incorporated into the gearboxes are usually robust components with high reliabilities.
Nevertheless, gearifare might occur as a result of unexpected system interactions such as an
overload or lubricatiordeficiency, failurerarely occus due to defects in the gear itse.
number of factors can causeagfailure. These include poor gear design, selectidheoivrong

gear for a given application and/or manufacturing error (e.g. improper gear geometry). Gears
are designed to always rotate at the pitch line during operatiorrigee 1-5). Gear teeth
engaging belowmabove the pitch line of action can lead to excessive wear, whahcause

a gear failurg25].

gear tooth tip

/ pitch line

gear tooth
root

Figurel-5 Gear pitch lind26]
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Some of the orsite causes of gear failwenclude, most frequently, lack of adequate
lubrication, misaligment of drive shafts, lack of adequate cooling, improper mounting and
excessive vibration, lack of proper maintenance or even use of the wrong components in the

design[16]. The physical failure modes for a particular gear can be summarigeg)] §27]:

X Overload
X Bending fatigue
X Hertzian fatigue
x Cracking

x Scuffing andWear

Figure1-6 Gearterminology[28]

However, the wear probably iisevitable and yet thiindamentatauses of other3able 12
depicts common weanodes ofgearsalong withprocesses and mechansthatlead to their

corresponding wedaults.
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Table1-2 Gear wear processes and mechanisms [13; 19]

Wear modes

Wear failure

Polishing wear

Process — slow process of wear.

Mechanism/causes — in absence of adequate lubrication,
direct metal-to-metal contact creates a polished surface on
the gear teeth.

Moderate wear

Process — wear process occurs when metal has been
removed from the addendum of the tooth surface, while
maintaining a continuous operating pitch line.
Mechanism/canses — lubricant contamination and/or gear
operation near boundary lubrication conditions.

Extreme wear

Process — uniform removal of relatively large amounts of
material from the gear tooth surfaces, combined with the
effect of pitting presence at the pitch line.
Mechanism/canses — Insufficient lubrication for the given
tooth load and presence of fine abrasive particles or
contamination in the lubrication svstem.

Abrasive wear

Process — appears as a combination of a lapped surface,
radial scratches and grooves on the tooth contact points.
Mechanism/causes — contaminant in the lubricating system
consisting of metal particles that originate from the gears
and bearings, weld spatter, scale or rust, sand, dirt or any
other environmental contaminants.

Process — appears as surface deterioration, a chemical action
of active ingredients in the lubricant.

Mechanism/canses — wear process caused by oil breakdown
and intrusion of corrosive elements in the lubricant that
‘attack’ the gear contact surfaces. This process affects the
grain boundaries, which lead to the formation of a fine and
evenly distributed pitting.

Surface fatigue failure

Pitting

Process — pitting tends to redistribute the load by gradually
levelling “high contact’ spots and terminates the process
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Destructive pitting

once the load has been redistributed. The process eventually
causes burnishing to the pitted surface and improves its
appearance.

Mechanism/canses — occurs at gear teeth that are over
stressed.

Process — appears as much bigger pits than the initial
pitting.

Mechanism/canses — severe overload conditions that cannot
be contained by the formation of initial pitting. This oceurs
as a result of continuous stress cveles building up, which
initially support the pitting wear process, but continue and
eventually destroy the tooth profile.

Process — similar to destructive pitting, with the exception
that the pits are larger, relatively shallower and irregularly
shaped. Large and irregular voids will be created due to
rapid breakages of the pit edges, which will eventually join
to create even bigger pits.

Mechanism/canses — excessively high contact stress levels.

Process — longitudinal cracks on the surface of a single
tooth or two teeth, which later lead to the breakaway of a
long piece of the tooth surface.

Mechanism/canses - when the case is significantly harder
than the core, subsurface fatigue failure will occur. This
wear process can also happen as the surface contact-stress at
high cycle levels surpasses the material's endurance limit.

Most gear defects arise when gears are operated under extreme stress conditions such as in an
overload or at extreme speeds for a longqueaf operation16]. Neale Consulting Engineers

Ltd. (NCEL) has found that gearbox defects often start in the bearings rather than in the gears
themselve$29]. This is due to the vulnerability of the gears to the impact of tiny residues of
debris in the lubricant. In fact, in most cases of gear failure, lack of lubricant, lubricant
contamination, oil film collaps use of improper lubricant for the intended application and

additive depletion have been identified as the causing faa$meen in Table-2[14].

In general, gear failures can be placed into tategoriesdistributed faults and localised
faults. The distributed faults are those which take place over adaegef the gear teeth

surface and tend to be uniformly distributed sastgear eccentricity, uniform tooth wear and
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shaftmisalignmentandthenproducemodulationthat iscontinuousat aparticularfrequency
thatcorrespondto thegearrotational speed(Ilt should be noted that tooth fatigue and shaft
misalignment are the amn focus of this research wgrlOn the other hand, the localised faults

only affect a small area of the gear tooth surface and usualy b&Q LPSDFW RQ WKH ¢
power transmission capability. Typical examples of localised faults include cracke@maloth

tooth breakage, or local wear on one more teeth (e.g. pittingsedibfects usually produce a

short impulse whose duration reflects on the period of towbh interval, and with a

periodicitythatis equal to the geaf16]

Generally, there aitavo primarygear weatypes[30, 31]. These are listed below, together with

abrief description of each type;

1. Adhesivewear this involves the particlesansferfrom surface teurface when there
is a relative motionOthernames irdescriling adhesive weaaregalling, seizing scuffing
and scoring. During adhesive wear, theemovedparticlesare either temporarilyr
permanentlyadhered to other surfagedue tothe process o€old welding. Two vital
points from aforensic point of viewcan be made hera) when twomaterials that are
similar oridentical over timeslide over each other, both surfattesnbecomecoarsened
or roughenedThe severitiesfor each of thesurface scorand gougethe other surface
until they bothworsenor deteriorate which then leatts acondition ofrapid wear; and
b) if two dissimilarmetals slide oer one aother,theasperitiesat the junction will have,
between the twaoanintermediatestrength Therefore whenthere issliding between two
surfaces, shear dominatéeavng the harder one havirgnall fragmentérom thesofter

material attachedis a resultdamagswill mainly beto the softer materiadurface/32].

2. Abrasive wear #this involves the process ofaterial displacement oemoval from ay
surface by the hard particlekding along tle surface. Ifthe surfaceof oneis harder than
the othersurfaceand adhesion is not dominant, theard surfaceasperitiescan cause
removal of matrial from thesofter one intwo ways a) if thee areasperitiesof
appropriate dimensioand size they behave as minut®ols for cutting removing
material in thdine chipsform from the surfaceand b)particles that arbard sharp such
as fine debrior dustfrom another machinpartcan becomentrenchedn the sliding
surfaceof the softer materiandthenabrade tke harder surfa¢ad3] [32].

% Delamination if the sliding surfacdubricationis poor, a different kind of fatigue failure

occurs.Though the adhesion may not &terdy enough to tear ouhe surfacdragments,
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very large forcesan be producedvhich in turn, can result in the surface layers becoming
severelywork-hardenedvhile developingensile stresses below the surface. Craoks
formed parallel to the surfacedthey will start to emergat some poinbn the surface,
releasingmetal flakes. This procesxan beregardedas delamination wear aréadily
occurs if thee is amultiphasematerial containng hard particles. This process of
delamination is an influerdl factor indying of rolling thread, bearinfailure, universal
joints, etc[34].

Fretting[35 his type of wear manifesitself as asmall vibratiors oramplitudebetween
two surfacesbeing matedFor instancein a steel ball bearing, wherelatively little
rubbingoccurbetween theace and thehere is a continuousloading andbading within
the raceat every poinf as balls approach anthien recede from those point§he
cumulative effectgor millions of stress cycleghough smallcan lead to fatigueBelow
thefree surfaces where he maximum shear stresanoccur, where fatigue crack irst
most likely to occur, especially vfithin the steelthere is some inhomogeneihcluding
inclusion that ismall and hard. The generated crack will then gnearto the surface to
become a surface crack. Tlesn befurther exacerbatelly the subsurface crackjrowth,
which will eventually spread to the surfamedleads tdflakesdetachmentAlternatively,
a flaw in theracesurface may be the initiating fatigue ck&ause The crack thetraverses
into the race antheninteracs with the maximum shear straggjion producingragments
of wear and leaving behirfdtigue piton therolling-contact Themechanisnof thiswear
is accompaniedftenby corrosionwhich can be foungommonly inorthopaedic implants,
bearings bolted andivetedjoints, splines oscillating couplingsetc.[36)].

Corrosiveor chemicalwear *this weartypeis caused byhemical effectsOne ofmost
commonmetalcorrosive weaexampleis the repeating formatiocycle, reformationand
removalof oxides knownsimply as rusting). The resultant fragments g@cally small
and may appear dlskes that are weltompactedhat consist®f metal particleandfine
oxide mixture A similar process ofvear may also occur with filmseing formedoy the
lubricating agenbnthe surface of theetal bearing34].

Erosive weartthis involves materialloss due to a relativaotiontaking placein a fluid

mediumbetween the solid particlemdmaterialsuspendedVhen there is near parallelism

in the relativemotion, it is termed erosion, whereas, the mechanism where the relative

motion is nedy normal tothat ofthe materials termedmpingementErosive weacauses
damag@sto pipe bends andoints, centrifugalpumps,valve componentsturbines and

compressorg37].
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1.3.1 Types of Gear Failures

Gearsare said to haviailed when they no longeto their jobefficiently for the purpose of
which theydesignedo. Thefailure causes excessive wedrthe way tacatastrophic breakage.
Damage in the epr toothis causedby different factorswhich include inappropriate
specification oroperating conditionsinadequate lubrication, manufacturing or installation
problemsandmaterial insufficienciesGear systemsfiective lubrication isveryimportarn as

it preventstooth fromdirect contac{38] [25]. Figure 1-7 below shows thesummarymany
differentfailure modeclassificationsn gear [39].

Gear failure

¢
— —

‘ Tooth Fracture ‘

!
I

Fatigue Pitting Tooth breakage

Surface Damage

Wear Fatigue

Figurel-7 Classification of different gear failure modd]

Gear fatigue usually results in a catastrophic failure of the gearbox. Examples of fatigue failure
include tooth bending fatigy contact fatigue and thermal fatigue. Tooth bending often starts
with a small stress which, if increased, can form a cavity at the tooth root. Over time, the cavity
can extend from the initial defect location as a crack, until partial/complete failtive tfoth

occurg 16, 40]. For brevity, the process of toothitaue failure can be explained in three stages:

1) Start of primary crack,

2) Crack progression across a crsgstion,

3) Final unexpected fracture of the residual cresstion.
Tooth fracture failure can occwlue tooverload or impactGear tooth surface or ctact
damagecan also cause tooth fracture, which generally occurs on the operational surfaces of the

gear tooth and can be placed in one of the following categories; wear damage, scoring/scuffing,
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plastic flow and pitting. Refer tbable1-1 for more details. Ultimately, tooth surface damage
can lead to localised change in the amplitude of the tooth meshing vibration which can serve

as a useful tool to anticipate for breakf4@ .

Wear damage is a gradual proceskich is imminent due to the lack of lubrication between

two surfaces in contact with each other (e.g. gear teeth meshing). Moreover, wear is the damage
caused to an outer hard surface by the mechanical action of contact between two or more solid
surfacesGear wear usually occurs on the working surface of the teeth, which is accompanied
with the generation of an audible noise and reduced transmission ability of th&6)e@ther
common causes of gear tooth wear include the presence of abrasive elarttentabricant

and corrosion of internal elements within the gearbox. Thus, adhesive and abrasive wear can

be thought as the most common modes of gear fdilie

Pitting is another mode of failure that involves damage to the gear teeth surfacemacider
conditions, due to direct contact between two meshing gear teeth, and may appear at various
severity levels, from mickpitting expanding to largecale spalling. Despite the exhibition of
similar microscopic characteristics, migpdting and pittig are usually distinguished from
spalling by the shallower pits created in the affected [@%®al2]. During pitting, the contact
between the meshing gear teeth can be either along a line, at a local point or small
circular/elliptical area. In general, extreme load conditions can lead to tooth breakage. Often,
the process starts with a small crack in the tooth root, which extends over time to breakage
point. If a faulty gear in such condition contisue operate, dmage can spread and cause
breakage to several consecutive t¢df). In this work, fault progression and rtmfailure in

a single pinion and gear tooth dreth examined.
1.3.2 Causes of Gearbox Failures

A gear can fail due to a number of reasons. The list below provides some of the most

common fundamental causes of gear fai[l& 44):

1) High tooth loading for long process times

2) Non-uniform distribution of load over the teeth

3) Incorrect design or inadequate processing

4) Inherent material defect from manufacturing error
5) Careless or incorrect usage of gears

6) Incorrect or bad use of lubrication
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7) Influence of other parts such as gearbox bearings

8) Misalignment effects leading to tkebeing gradually damaged

9) Extreme heat dum high-temperature operating conditions
10)Contamination in the lubricant e.g. moisture and abrasive particles

11)Errors due to missstallation[45] .
1.4 The Demand forCM

,Q W R G D \faVsdcety maéctWanical machines play an integral part in the design of more
complex systems, intended to deliver better flexibility and functionality. This development and
the parallel requirements for increased equipmeniciffde, improved productionuality,

greater human safety and reduced adverse environmental impacts, have set out an increasing
desire for new maintenance techniques. As explained in Section 1.2, planned maintenance
using online testing is a very cost effective measure, compareittter waiting for equipment

to totally breakdown before a problem is addressed or where machines are routinely taken out
of production at set times regardless of their actual condifih Modern CM techniques
employ new technologies to evaluate thechmae's health and predict when the machine is
likely to fail and thus, maximise the machine profitabiljd6]. For example, predictive
monitoring is an effective maintenance technique which is based on close monitoring of certain
physical characteristicRl WKH PDFKLQHTV4@DFWXDO FRQGLWLRQ

1.5 Conventional CM Techniques

Between March and May 2002, the Plant Maintenance Resource Camirected a survey of

CM and nordestructive testing (NDT) technologies, which revealed that the human senses
were the most commonly used methods, followed by vibration characteristics and analysis of
the lubricating 0i[16]. Figure1-8 shows the results of the survey ftre elative frequency of
differentCM techniques useld 6. Some of hese techniqueshich are used more in gearbox

will be furtheroutlinedexplained indetail[16, 47].
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Figurel-8 General usage of various monitoring techniqu&
1.5.1 Trend Monitoring

This monitoringtechniquefounds its usefulnessn the repeated mré&es measuremerguch as
temperature, pressure, noise, torque, electrical current, etc., which are plotted in real time. If
the plots fall within predefined operating thresholds, the machine is deemed to be [d&hlthy
Otherwise, changes in the readings are compared against a set of initsddefparameters

in identifying changes irmachinecondition and detect any system abnormalisegFigure

1-9 for an example. Consequently, if the readings exceed beyond tepguified limits,

necessary corotive actions are takgd9, 50].

Figure 1-9 presents the variain of a particular machine parameter throughout its life cycle

Once the machine entersitssoDOOHG pILQDO OLIHY VWDWH WKH V\VWH
to failure and faults can arise at any time. Therefore, maintenance schemes are put in place to
HIWHQG WKH PDFKLQHYV ZRUNLQJ OLIH ZKLFKeMAGTXLUH IRL

Normal life
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Figure1-9 Trendmonitoringrecord[5]]
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1.5.2 Thermal Monitoring

Thermal monitoring, also known as thermography, is a-esthblished CM technique in

which the temperatures around varioustpaf the machine are recorded usimgra-red

cameras, in an effort to identify recurring thermal patterns within ma¢h&&0]. Thermal

monitoring can increase the capability of predicting component failure in a machine, before
personnel injury, equipment damage or a costly breakdown occurs. In such technique, the
WKHUPDO VLIQDWXUH RI WKH PDFKLQH LV XWH& d&nyw DQ LQ
GHYLDWLRQ IURP WKH PDFKLQHYfY QRUPDO WKHUPDO VLJQIL
spots)[16]. Rather than finding the cause of a particular fault, thermal monitoring is used to
provide the location of the fault, though, the excess generated must first reach thachine

surface beforé¢he faultsdetection can occuthus, thermal faults such as hot spots may cover

a significant area of the machine.

Thermography benefits from ease of application to a widehine varietyncluding pumps,

motors, conveyors pulleys, drives fans, bearings etc. However, changes in ambient
temperature must be accounted for, as it directly influences the accuracy of the measurements
[48-49].

1.5.3 Visual InspectionCM

Visual inspection is a simple, yet pexful CM technique. It is usually complemented by other

human senses such as hearing (listening for a change in machines noise), touch (check for
changes in machine surface temperature or an increase in vibration levels) and even smell
(check for smell oburningwhich is significant in electrical faults). The human seredésv

IRU DQ LQVWDQW HYDOXDWLRQ RI WKH PDFKLQHTV FRQGL
operator, faults such as corrosion, cracks, leakage and subsurface defects can bésf#tected

The technique can be further improved Wsing a range of tools such as a stethoscope,
magnifying glass, endoscope, dt63]. However, a major drawback of this CM technique is
that it involves the human bias and the level of skills and experience of the obenatay
direct effecton the final conclusion which cagive rise tosimilar symptoms being given a
different diagnose$53]. Human senses may give an accurate evaluation of the imminent
failure. For example, the smell sense could provide afaetory evaluation for a neto-

failure electrical component. However, advanced CM methods available in literature will not
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only provide a more accurate prediction of the time to failure, but will also generate a much

earlier warning in case of a faultgsence.
1.5.4 Corrosion Monitoring

Corrosion isa major cause of failure in rotating machineag it arises when a machine
component is exposed to a corrosive environment, which can lead to the failure of the
PDFKLQHTV L Q34) 5oV WdigktHagsXdnalysis is a common corrosion monitoring
technique, where a component or sample is taken out from the machine and weighted before
and after all the corrosion products have been removed. The weight loss is then deemed as an

indicationof average corrosion rate.

This method allows for an earlgorrosion damageletectionand fault locationgenabling

corrective actions to bguickly, in extenthgtKH PDFKLQHYTV OLIHWLPH SUHYHC
prevent any extra costs. Moreover, any integgafosion can potentially lead to costly cross
contamination of other components and process streams, while external corrosion (e.g. leaks)
can contaminate the plant environment, raising concerns for safety hgszarely. It shauld

be noted that, this form of corrosion monitoring approach demands for scheduled shutdowns

of the equipment to be checked, incurring costs due to loss of production, restarting energy and

replacement materials.
1.5.5 Oil Analysis and Monitoring of Wear Debris

Oil analysis and monitoringf wear debrisnethodarecommonly used CM technigsiefrom

ZKLFK WKH PDFKLQHYfYVY FRQGLWLRQ FDQ EH DVVHVVHG E\ L(¢
looking for wear elements contained withi®]. This method also allows for the determination

RI WKH OXEULFDQWYV TXDOLW\ EDVHG RQ WKH WKUHH PDLC
lubricant additives; and contaminants. The latter is used aasunegfor the rate of continuous

ZHDU ZKLFK UHIOHFWV RQ WKH PDFKLQHYY SHUIRUPDQFH 7
DQ HDUO\ QRWLFH DERXW WKH PDFKLQHYfV KHDOWK FRQGL
However, a disadvantage of this tecluaqgs that it is fairly insensitive to the physical size of

the component which has been subjected to an abnormal wear and rather focuses on

determining when the oil must be changgd 57].
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1.5.6 Acoustic Airborne Monitoring

Acousticbased methods for machi@d have been widely applied in maintenance of rotating
machinery for many years. It is a w&lown fact that, while the machine is operating,
vibration and noise will be generated. The acoustic signals are then picked up by special
microphones and analgby the use odppropriateéechniquegor signal processing to provide
information on thdnealthof themachire. Acousticbased technigues are nmtrusive and use
inexpensive microphones which are easily mountable. This technique is considereceas an id
choice for CM of bearings, gearboxes and eng[s8s Acoustic monitoring can provide a
direct indication of noise sources in a machjff]. However, a major problem with this
method is background noise contamination, especially the noise coming from connected sound

sources, for example,dttooling fan, drive motor and/or from similar nearby machipesj,

Over the past few years, acoudtesed CM of machines has been a popular subject of study
amongst researchers. Of particular interest, is an acoustic monitoring method developed by Li
et al.[60] to detect tappet clicks, misfiring and injection timing faults in diesel engines. In the
proposed technique by Et al, the authors have usemjnal processinmethod which is quite
advancedwhich includethe DWF (discrete wavelet transfopmAs a follow-on from this
pioneering workGu andLi [61] researched othe possibility of using monitorintgchnique

via acoustis for fault detection in electrial motors vhich hafewernoise source that can be
non-stationarywhen compared to thdiesel engine). By usgithe DWT and averaging
techniques Gu andLi showedhow possibleit is in extracing fault informationthat are
distinctive even in industrial environments where background noise levels are usually high.
Later, Ball and Gu proceededn investigaing ways to enhane the acoustic spectraeing
monitored by the use of fuzzy logic and filtering techniquely Kalman [62, 63]. Other
advancedechniques fosignal processing developed by Gu, Li and Ball, includingWer
(ContinuousWaveletTransforn) andICA (Independen€omponentAnalysig, were applied
alsoto theenginesamustical signals from enging¢64-66]. In [66], Li investigatedCM using
acoustic techniquefer a diesel engingvith different conditions ofoperaton with the results
showing thepossilility of identifying the differenceghat occurbetween théaulty and normal
conditonofanHQJLQH TV E DV H GeiRgextvddtedrdritbetést geHevated engines

acoustic signals.

In [67], Albarbaret al. usedtechnique calleddaptive filteringin enhantng the diesel fuel

needle impact excitationsjectorwhich are contained within the airborne adausignals to
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realise a enhancedCM information extraction method. Similarly, Jiaegal.[68] proposedca
CM effectivemethod forengines withdiesel combustion which is based on acoubkgory of
oneport andneasurements ekhaust acoustic. The authors managed to provide a more engine
combustiorrepresentidon that isaccurateby minimising,in the exhaust systertne effectsof

reflection

However, since airborne noise is pressure wavegguence propagakgia a mediunthat is
compressiblée.g. air). Quring ths propagation, there is either reflectior refraction osound

waves by other bodies within the medium, which can cause an attenuation of the incoming
signals. If the sourceasf thesoundare located ispaces that aenclosed, any reflections from

the boundaries can affect the sound soul@racteristicswhich makes fault diagnosis by
DFRXVWLF QRLVH DQDO\VLV D GLIILFXOW WDVN )RU D GH
airborne acoustics and advanced signal processing techniques, the reader is referred to
reference$48, 49].

1.5.7 Acoustic Emission (AE) Monitoring

AE is defined ashe generation dfansient elastic wavehie tostrain energyapid releaséhat

have beeraused by a damagedeformationon the surfacer within a material. This energy

is then propagated through as struefomrne or fluid borne (liquid, gas) wavigg)]. In rotating
machinery, AE can stem from impacts, friction, turbulence, material losses, cavitation and
leakage. Traditionally, theommonmostmeasured parameten$ AE for diagnosis are roet
meansquare energy, kurtosiamplitudeand crest factof70]. Due to its microscopic nateir

the AE has properties akin to a broadband signal, which makes it a sensitivedeiacting

incipient damage.

The AE often has 100 kHz to 1 MHzquency rangevhich makegess likely for thestructural
resonanceand background structure borne mois influence theapturedsignatures, which
occur below 1 kHz. In comparison to the vibration technigoalysis the AE appoach for
machine CM offergarlierdetection offailure advantagasincreased sensitivitig offered by

the AE.Thereare howeve, limitations toapplying AE techniquesuccessfuto monitor the
wide rangeperformancef rotating machinery, some of which include overcoming difficulties
in interpreting, processingand classifying thesignaturesgathered during data acquisition.
Anotherdisadvantagef this CM technique is that, due to the rapid attenuation of the AE signal,
the sensor must be placeery close tdhe AE sourcg71].
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While it is advisable in placinghe AE sensor omomponents that aneon-rotating on the
machine (e.g. on gear bearingcasing), the signabeing observedhat originaesfrom the
componenbeing studieavill still experience severess(signatto-noise ratio) ad reflections,
before being picked up by the sensor. To overcome this challdagesandTandon72] have
establishedhe effectivenes®f certainparametersf AE includingpeak amplitude and count
for the defectsletectionn aball bearingsghat isloaded operating at moderagadlow speeds.
Tan[73] further expanded on this work and applied AE to detect different bearing failures. In
his work, Tamalsosuggesithat the areaneasuremeninder thetime-amplitudecurve can be
utilised asa veryeffective toolin detectng defects in bearingwith rolling-element Later on,
Yan et al.[74] used AEin detecing breakagen tool in a milling machine, by analysing the
spectralandstatisticalcharacteristics of various Ageneratedignals during the processafs
cutting In their wak, measuring the ARRoot MeanSquare (RMS)ntensityvalues wa used
alsoin the detection of failures during the cutting processes. The work presented byatan
helped inprovidinga betterunderstanding of the relationshimat existdetween the different

processesf cuttingand thereceived AE signals

Dueto the short data collection and processing times, it is advantageous to use AE to achieve
a fast and continuous monitoring of theformanceof the machingby placing aseveral(or

singlg sensor(s) within the structure and collectingdata over a log period. If75], Dorge
undertooka study on AE monitoring for detection of failures in glesisforced piping. Also,

in [76], Adams developeduccessfullyan AE monitoring system fan detectingfiberglass
tank/vessel failures. Later, Letal. [77] suggeste@ two-step schem#éor fault detectiornin a

lathe machine. The proposed technique is based on using af&en@orconcept and consists

of a force sensor attached to the cutter, which measures the AE gesayastas a result of

the cutting process.

1.5.8 Vibration Monitoring

All machines generate vibration in some form or another. Researchers have used this property
to develop CM techniques for early fault diagnosis and tresitad®ting in rotating machinery,
including gears. Vibration monitoring is generalhnsidered as one of the most authoritative

CM techniques, which forms the basis of a number of predictive maintenance prpgams

78]. Techniques based on machine vibration analysis are thought as the moskeetfiectns

of failure prevention and are commonly applied to online monitoring of a wide range of rotating

machinerieq 79, 80]. Suchstatemerd aregiven becaus each fault in a rotating machine
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produces a unique vibration signal at a specific frequency, which can be mapped exactly to
machine fault condition$81]. For example, in a gearbox, the vibration signals carry the
FRQVWLWXHQW JHDUVY IDXOW he [aliQi®raaksedH/ia tBeQuEalyaikofl G HW |
the acquired signals by using different signal processing methods.

In rotating machines or equipment, the measured response (signal) of the system is monitored
by using vibration analysis techniques. The resposmisken processed in obtaig a better

P DFKLQH fuidétstadDding7 8]. In practice, accelerometers with a wide operatange

of frequency and teperature are used collecing thedata due t@ibration. The gathered data

is then conditionedy the usevariousmethodsof signal processingncluding RMS,Crest

Factor frequency contenCepstrumHigher Order Spectral (HO@SndPeakValuesanalyses
[82.

Generally signalbeingproduced by a machires a result ofibrationis a summation of the
signals coming from the components integral to the machine and the structudeish the
sensors are coupled. Not onhe resulting vibration signal might be a sum of both-loear

and nonstationary sources, the signal from each source could be affected by its transmission
medium. Furthermore, certain machine defects may nablgeto cause substantiachange

in the signaturef thevibrationsignal as compared to a predetermined baseline signal; thus,
vibration monitoring might not be an adequate technique for all CM applicaitsjs
Considering the aforementioned drawbacks, it is clearttieavibration monitoring technique

will not always provide a desirable solution to CM probl¢b64j.

1.6 Research Motivation

In severalcasegoday, it is still notpracticalin measuing the vibration of anachine and/or
acoustics directly at source. The signals are usuatlgsored at a remote location. Signals
being measured remotely inevitably suffer significant distortion and attenuation along their
transmission paths, as well as being subjected to inferences from other vibration and/or acoustic
sources. In situations wheethe measurement point is not carefully selected, the measured
signals will be distorted so muslothat it becomes impossible to extract certain performance
characteristics from thenHence distortion suppressions vital for online CM purposes.
Moreove, since there are usually more than one source of vibration/acoustic energy in a
machine, the sources will interfere with each other, making it more difficwdtcurately

extractng a specific sourceharacteristic§83, 84].
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In this work, the characteristics of the measured acoastivibration signals fromhelical
gearboxwith two-stagewill be analysed, in order to realise a CM and diagnosis for different
gearbox fault coditions. The workkocuses onnvestigaing the effect of interactions between
various acoustic sources on the measured acoustic signals. The experimental setup used here
consists of two microphones coupled at different locations around the gearbox. Hueadea
signals are then conditioned using array signal processing analysis, in order to better understand
the features associated with different acoustic sources surrounding the gearbox. The vibration
signals generated by the test rig are also measuredralgsed. These signals are then
combined with the acoustic signals from the gearlioxdiagnose faultss, CM and

vibration/acoustic source identification.

This study requires an -Htepth gearboknowledgefor CM methods that use acoustic and
vibration analgis techniques. Thus, the first step is to review l#test CM techniques,
beginning with an introduction to the fundamentals of acoustics and its applications to CM and
fault diagnosis. The second stepadecome familiar with the test rigat will beused in this

study and perform the required measuremeexperimentdy. Lastly, the gathered
experimental data will be analysed using varialg®rithmsfor signal processing, in both the
frequencyandtime domains, in order to extract fault featuresirthe signals obtained from

the test gearbox.
Overall, the motivations for this research work can be summarised as follow:

1) The vibration monitoring method is effectiieweverit produces localised information

which is not efficient in terms dhe needsor more hardware and redundant analysis

2) Acoustic monitoring more globigl captureghe dynamic responses of the housimgt

requires more effective methods to redsttengembackground noises

3) TSA is an effective method for reducing the background nbiseneeds additional

angular signalswhich increases the cost of its implementation

4) MSB is another effective approach to reducing noise effects, but has not been fully

evaluated for monitoring gearboxes with acoustic signals
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5) Previous studiesvere carriedout based on manual faults and signatures could have

significant erroror deviationgdue to the refitting of gear seasdthe accelerated test

methods adopted.
1.7 Research Aim and Objectives

Theresearchaim is toinvestigatanore efficientfault detectionand diagnosifor monitoringa
multistagegearboxusing bothvibration and acousticsignals This involves overcominghe
deficiency of current methods availalaledin achievingthe research ainthe research work
will be implementediccording tahe fdlowing priority milestones:

Objective 1: To gainanin-depthunderstanthg of gearboxCM using traditional detection and

diagnostic techniques suchabro-acousticbased spectrum analysis methods.

Objective 2: To further detail the deficiency of theaditional signal processing amdethods
of analysis in thérequencytime, time-frequency domainrder domains to identify the most

potential techniques for analysing thasysignalsform gearboxes

Objective 3: To investigatehevibro-acoustiageneréion mechanismandtheircharacteristics

of amultistagegeabox underthe most commofault conditions

Objective 4: To developa realistidest scheme along witdm adequattest system tevaluate

thevibro-acoustic based gedragnostics.

Objective 5: To investigate the monitoring performances of using véroustics signals with

conventional TSA analysis.

Objective 6: To investigate the monitoring performances of using vdaroustics signals with

the state of arfficient analysis such as modulatisignal bispectrum (MSB)

Objective 7: To proposeandthenrecommended a guidelinia this field, that will be usedor

further research.
1.8 Organisation of Thesis

This thesihas benstructured intdenchaptersvhich will descrile in detailgheresearch
work that has beeaarried oufor the setaims and objectivet® beachieve This thesisd

given & follows:
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Chapter 2

This chaptediscusseéiterature orntechniques irsignal processing useéa monitoring geared
transmissiorcondition systemsbased a vibro-acoustic signalsSignificanttechniqueshave
beendiscussedbriefly in assising to understandheresultsthat will bepresented isubsequent

chapters.

Chapter 3

Mathematical model andimulaton to better understandibro-acoustic signalfiave been
presented in this chaptefhe modelcharacterises gear systenwith one stageusing an
appropriatestiffness functionin represenhg the forcesthat acts between eaclyear pair.
Rotational dampin@gnd stiffnesshave beerusedin simulaing the shat and gearangular

motion.

Chapter 4

This chapter surveys the literature mchniques forsignal processing usad monitoring
geared transmission system@nditionon the basis of vibracaustic signals. Based on the
progress, TSA antModulationBispectum are explained to be the most effective tools for

analysing gear vibracoustic signals.

Chapter 5

This chaptedescribes the fault simulati@md thetest rig facility It descritesthecomponents
of the control andest rig systems arglving summaryf the maingearspecification in testing
It explainsalsothe acousticandvibrationinstrumentatioomeasurement by describiag the

component involved.

Acoustic andvibration datawas also evaluateth this chapterunder different operating
condition, have been evaluategingfrequency andime analysis (using TSA and MSE)nd

thenreferenced for comparisarsing methods that areore advanced.

Chapter 6

In investigaing the TSA (Time Synchronous Averagipnghfluenceon vibration signals, the
resuts from applying traditionakechniques fosignal processinghat has beedescribed in

chapter four are comparedth results when applyingSA.
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The order sparum,the ordeffrequency presentatiand theangular domain signalave been

obtained to caracterise theibration of thegearboxfurtherin these new domains.

Chapter 7

In order to investigate thESA influenceontheacousticsignalsresults obtained frompplying
thetraditional signatechniques foprocessinghat have beedescribed irthe fourthchapter

are compared to the obtainexbultsby usingpower spectrum

Chapter 8

This chapter evaluates the performance of MSB in conditioning vibration signals so that the
amplitudes in the residual spectrum can be useithéatetecton and dagnogs of wear irgear

tooth. Itis concluded that a MSiterioration based approach is capable of diagnosing.

Chapter 9

This chapter evaluates the performance of MSB analysis of acoustic signals from a gearbox in
detecting and diagnosing gear toothawaet is concluded that an MSB based approach is able

to diagnose real fatigue faults.

Chapter 10

A review of the achievementand objectives has been presentad this chapter The
achievementdave been describeohe after the otherand comparing themwith the set
objectivegoresentedh the first dapterin addition novel features ankhowledgecontribution
have beerprovided in detag wherethe novel featuress highlightedand the knowledge
contributions regarding this researttas been described.astly, the author proposes

recommendations for future work.

1.9 Summary

The reasons forcarrying this research and choosing to specific area of shalye been
presented in this chapténformation is presented about the use of the gearbox in industry and
the functions of gears. A summary explanation of the causes of gear failure and modes of failure
is given, and the need for CM explained. After that a brief review of traditional CM techniques
is presented. Finally, the aino$ this researchobjectives ananethods are presented and the

thesisstructure summarised; the use of a new and advanced signal processing method (MSB)
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will be combined with the TSA technique to provide a system that can be used for the diagnosis

of the onset of faults in working gearbvansmission systems.
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Chapter 2  LITERATURE REVIEW OF GEAR
FAULT DETECTION AND DIAGNOSIS USING
VIBRO -ACOUSTIC BASED TECHNIQUES

Literature overview of techniqudsased on vibration signalssed for signal processing in
monitoring theconditionsin geared transms&onsystem#iave been presented in tlusapter
presents aSomesignificanttechniques are discussed in assigin the resultunderstanding

that are presentedusequenthapters of this thesis.
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2.1 Background to Signal Processing

In CM systems, signgbrocessing involves data analysis and transformation that has been
retrieved from the monitored machines. In this chapter, relevant techniques used for signal
processing are discussed in prangla muchbetter understanding for the interpretation of data
collected for CM and diagnosis of faul®&chniques used inghal processing techniques are
used in extracting kepnd useful information from the signal that has been measured, to

accurately assess the conditions of the machine being mori@&ied

TSA is the simplest form of signal processing in measuring and recording the incoming raw
signal magnitude astame function. This analysisypeis the basis for all techniques thaess

visual inspection and trend analystsirthermore, timelomain analysis shows the comparison
between the previous values against the current measurement and a predetermined threshold.
The changes in signal magnitude with time contain information oohi#éweging condition of

the machineryWhen manynputs in theithundreds are being monitoretis processan still

beeasy to implemerjtL7].

In time domain d9gnal variation can bexpressed more effectively in frequency domain as
spectrum and more so, analysis in frequency domain has become a more common and useful
technique for signal processing in CM. For CM in machinery, several factors, not just faults
but also environmental chges can lead to the measured signal changes. Nevertheless, spectral
analysis is particularly effective when applied to periodic signals at stgatiwhere the fault

on the machine gradually develd8$)].

It is a known fact that signal is genexhtehen faults occur on machinery with components

that are norstationary. Norstationary simply means the statistical parameters that defines the
changes in the signal with timenfortunately, though spectral analysis method is very well
recognised and ed widely for CM signal processing in machinery, it is somewhat unsuitable

to reveal information found in nestationary signdl87]. In general, componentsdt are non
VWDWLRQDU\ FRPSULVH RI YLWDO LQIRUPDWIR®@n&IKDW DUFE
is, very criticalin processg and analymg thee signalghat arenon-stationaryto determine

and diagnose faults.
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The processing of both stationary amshstationary signals for CM of machinbave been
discussed inhis chapterMore so, signal processing methods that are currently available are
reviewed based on three main data analysis categories whifle@uency time and time

frequency domains.
2.2 Time Domain Analysis

This type of domain analysis realisedby plotting the amplitude of the signal against time
which can then be used in detéming statistical features such Besakto Peak, PeakCrest
Factor,Kurtosis,Standard DeviatioBkewness and RM@Root Mean Squajef the amplitude

in describing the signal characteristics.

A widely used technique for data collection is the T$ine SynchronousAverage)83]. The
main purpose of the TSA isingthe raw signal ensemble averages to either reduce or remove
effectsof nonsynchronous and noise from all other sources, in emingitite signal interest

components

The key advantage @&nalysis intime-domain analysis is that it provides a measure of the
machine condition and information when faults are presentb@s®ne or more changes in

the above listed statistical parameters. Analysis in-tlor@ain as an online CM system is easy

to implement because of the fact that all of the statistical parameters above are based on a
representation of a single valdéme-domainanalysiscan also avoid some of the limitations

of analysing in frequenegiomain includingaliasing,spectral leakage, aliasing, the picket

fence effect and sampling determination that may be generated whilst making use of the Fourier
Transform (FT) If the recorded signal sampling frequency is higher ttvam times the
recorded highest signal frequency component, all of the signal components can be identified
by the FT, though there will still be existence of pielezice effec{88, 89, see Section (2.3).

As the fault increases, the condition index sHoalso increase which indicates that the
condition of the gearbox is deteriorating. Occasionally, this type of analysis can be performed
simply by observing visually the vibration waveform of the tidmnain. It isvery likely that

the timedomainsignalwill be processed iprovidinga statistical parameter feature takbws

a known relation to the severity thevibration[89].
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2.2.1 RMS (Root Mean Squarg

RMS is a normasiedthe signalSD (standard deviatigrsecond central moment. The vibration
signalRMS provides theoverall energymeasureof the signawhile taking into accounthe

vibrationtime history. RMS amplitudealuefor a given signal igivenas[90]:

1Y 2
RMS, \/ﬁ n'1<§é>(n X (2.2)
1 N
|
X — ' x(n
N (n)
Here:

0 is the number of samples takéar the signal, T:J;is the signalamplitude for the nth
sample, and is theN amplitudesmean value.

RMS is the most common and simplest measure that is used in acoustic/vibration monitoring
in order to measure wideand signal overall intensity, and to also provide an averaging effect

that reduces the incidental impulses influence.
2.2.2 The Crest Factor (CF)

Crest factor is the ratio of a sigrakst value haximum positive peak) to that of the ovéral
measurement RMS, and is also useful to help detect chragesedue to impulsive force of
vibration.In theory if the gear developsiasolatedfault, an impulsive signal will be generated
during meshingWhen thedamage increases, the vibratpeak levelwill also increase, while
theRMS level of the overall acceleration will changely a little asthe duration oan impulse

signal is very short[9]]. Crest factor analysis is normally used on the sagnal of the
vibration. For an operation that is normal, the crest factor may reach a value between 2 and 6,

values greater than 6 tends to be linked with faulty machines.

o Pesl\l;vsaxlue | sugx(n)| 2.2
| N
N 1 Xm @

where, V X S G [isthe@aximum absolute value of the signal.
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2.2.3 Kurtosis

Kurtosis is a statisticaignalcalculation, &s seen ifcquation 2.3)lt is a statistical measure
for the number of peaks and their amplitudea signal The sharpeandmorethe peaks i
signal the higherthe kurtoss value[92]

Mathematically, the normatd fourth moment of the signal is known as kurtf@s. The use

of the fourth power makes kurtosis sensitive to the peakedness.

Rl §5<(n) x
. N In l©
kurtosis Py (2.3)
%( n X »
N g™ X,

As gear fault coommences, kurtosis increases which suggests that the vibration distribution is
not Gaussian anymore. This can be attridute mainly impulses (isolated high amplitude
peaks) that are generated by the affegests Nonetheless, thigarameteis of little use once

the incipient of the defects becomes quite severe due to the fact at such conditions, the signal
peakedness begins to decrease and the kurtosis also reduces down to a level that is normally

found with gears of acceptable condit{®3].
2.3 Frequency Domain Analysis

Frequencydomainanalysisis a powerful and useful conservative technigsed toanaly®
vibration and has proved be a tool that igsefulin detecing and diagnasg faults in a simple
machinery that rotatg®4, 95]. By using this technique, the tird®mainvibration signalis
converted into frequency domain. The signal spectrakecbheingmeasuredhas been found
to bemore useful when compared to the tidmmain to determine thgearcondition. This is
because, the signal which is quite complex in the -tio@ain can be divided into several
components of frequency. It has therefore been made easgstarcherto focus more on
these frequencidbatare very useful in diagnosing faul&4], where the overall vibration can
be determined by the vibration that is being produced over a set of broadband frequencies. The
frequency spectrum can be determined byvibeationsoccurrenceover a large number of
discrete contiguous narrow frequenoginds Therefore, the commbn used approach for
vibration CM is the FFT (Fast Fourier Transform) which transfdimassibration signatio the

frequency domain. Using this type of approach should have no issues if the signal being
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measured does not vary over time in its spectral contenttfiere is no variations in the

machines rotational speed).
2.3.1 Power Spectrum Analysis

A discrete time signal: B, @and itsDFT (Discrete Fourier Transform: :B; is defined a$96]:

f
X f DFT xta | xgeis (2.4
= 5
f

t

where & (6signifiesto Discrete Fourier Transform

The second order power spectroreasurd 2 % of T: P, can becalculatedoy the formula

Pf EX f X(f) (2.5)
where ; % B is the corplex conjugate of: : B;

and ' : ;is the expectation operator showing that a statistical averaging is necessary in the

spectrum estimation process.
2.3.2 Diagnostic Features in thd=requencyDomain
2.3.2.1 Meshing Frequency Characteristics

Everygearsetproducesa frequerty components profile that is unique which depends highly
on the participating gears speed of rotafiér. The gearmeshfrequencies can appeas
harmonicsin the spectrum when the transmission is subjetbesteady speed and also as

transients, when the transmission is operating at an angular acceleration.

The gearmeshessential frequency is the product of the gear teeth number and the gear speed
of rotation The frequency components geaeshamplitudesare a strong function of torque
being transmitted by the participating gears, and any moderating effects on t@®glears

2.3.2.2 Sideband Characteristics

Vibration spectraf machines havénheir energybeingdistributed in multiples of frequencies.
In geared transmissiagystems, mesforcemodulationis a commonly observed phenomenon
[99]. The processes of modition transfertheir energy to the sidebands from their actual
frequency around both sides of their fundameatad harmonicsfrequencies of their gear

mesh. Inrotating systems, there are observations of multiple sidebaraishdeach of the
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harmonis which are spaced symmetrically and then exponentially decay as they further
separate away from the gaaeshfrequency The sidebands of the gear mesh does not need to
be symmetric[100. When this spectral informatiors analysed in detailjt provides
information thais significant about the condition of the gear tooth as well as the drive systems

fluctuations and the gearbox bearings condifi)].

Either frequency modulation or amplitude modulatican cause sidebands, or simply a
combination of both modulations. The components that modulate mostduteot, manifest
themselves as sidebands surrounding the meahharmonics The structures of th@deband
havebeen observed in the rotating rhatery measured vibration signatures including that of

the gearboxes. This spectral informatisnsually used for the diagnosis of faults in g¢a

[102.
2.4 Envelope Analysis

Envelope analysis, sometimes referred to as amplitude demodulatotedhnique that is

reliable and powerful for fault detectiontearingwith rolling elementEnvelope analysis has

been in &istence for hundredof \HDUV ZLWK WKH 3FDWYV ZKLVBHHU ™ GHW
used since the earligears of radio communication, makitige basis foits mathematisvery

well recognisedin AM (AmplitudeModulated) transmission, the information garg signal,

is usedn modulaing the carrier wave amplitude transmitted by the antenna. For transmission

using radio, the carrier wave, whose function is to carry only the information being transmitted

from place to place, will be a wave of radio freqeyewnhile the wave being modulated will be

at an audio frequency below 20 kH03J.

AM can be simply seems in terms of the signal athe time domain. For areasier

understanding, analogudescription is best used. {, A cos(Z£t) represents the carrier
wave andy. p(t) represents the information carrying the modulating wave, then the wave

being modulated becomeg, (t) vy.y. R ) AcoéZadt[104, seeFigure2-1.
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Figure2-1 Simple example of carrier wave modulation in producing a modulated wave with

the signals having an amplitud&04]
2.5 Time-Frequency Domain Analysis

Vibration signal analysis in frequene@ydtime domains produce signal characteristics that
provide informatioronly in their respective domains. No spectral information is contained in
the timedomainand wherthe signal is transformed frequencydomainfrom time-domain,
detailed informationvill be lostaboutthe timedomain. Thisterefore limits both of the above
methods. Furthermore, it must not be forgotten that limitations exist on the results obtained
from the FT, they are only valid for signals that are statiofi0¥.

FT can be used in identifyinghatspectral componentbat iswithin the nonstationary signal

exists. Nevertheless, the interval or time of the occurrence of these spectral components can
never be praletermined. If there is a requirement for time information, then analysis using FT
would not be a suitable method. Lately, thems been much work carried out on CM signals
analysis in timdrequency domain whilst also combining with analysis in frequency domain,

in produdng a full signal representatidi87].

Analysis in timefrequency domain helps to provide information on the development of the
signal spectral content with time, thereby enabling the investigation of transient features
including impactg106, 107]. Recently, combined timigequency representations like the WT

[87, 108 109, STFT[104 and WVD|[17, 110, 111} have grown in popularity to address the
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omissions that might occur in either frequency or time domain analysis &ltas, et al,

[112) researched oocombined timerequency applicatioto diagnog machine faults.

Wang and McFadden codgired thegearboxvibration signalmeasured on the casingdc
investigated the use of such signals for fault detection, using different wavelets to analyse the
signals[113. Detection of clear symptoms for gear defects was greatly assisted if TSA was
applied to the signal befe the wavelets. Thigype oftechniquemight fail in differentiaing

between faults if several faults within the gearlsorultaneouslhyccur in multiple gears. A

wide range of various techniques over the years have been explored in order to enhance TSA

for extra sensitivity in detecting faults in their early stddd<j.
2.5.1 Spectrograms

The STFT divides an entire signal or splits into segments of shatia@luandhen applieso

each segment, Fourier analysis. Tifregquency distribution can be attained by sliding the
window successivelyalong the time axisf the signal The data is assumed to be piecewise
stationary as it isised omapplied based on theaditional Fourier analysis. For data that is-hon
stationary, allowance is not always made for this assumption. It is quite difficodtking sure

that the adopted window size alway@incideswith the nommoving time scales. There are
some limitationswith Spectrograms in timfrequency resolution baase of thesignal
segmentatiorf87]. The width of the window must be made narrow to be able to localise an
event on time. Alternatively, the resolution of the frequency requires the time window to be
long[114].

However, the STFT has a pset resolution constant for all frequencies because the same
window length is used for the entire analysishesignal Hence, a good frequency resolution
based on STFT analysis cannot be obtained whetirBgyuencywide windowcomponentss
usedfor the analysis and good time resolution cannot be obtained shepainarrow window

for high-frequency component analysis. Furthermore, orthogonal bases cannot be constituted
in STFT during the window function translation. It therefore becomes difficult to find an
algorithm that is effective and fast in order to oédte STFT$87]. Spectrograms applications

are therefore limited by these requirements because they can be apgiiesigoalsthat are

non-stationaryonly when the signal changes slowly.
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2.5.2 Wavelets

This technique is used widely for tirfiequency domaianalysisandhas been proven to be a

tool that is ideal for gears CM. Comparing to STFT, the WTa timescale signal
representation which analyses the sigrsang narrow timevith high frequencyindowsand

wide timewith low frequencywindows with thetime dilation meaning that more information

can be extracted from the signal at time donjaitg, 11 7KLV FDQ EH DWWULEXW
main advantage as it produces at low frequeresglutionwith high frequencyndvice versa

at high frequencyt is a method that is very effective for analysing 1sbationary and transient
signalsand has also become very well established as a tool that is quite useful for applications
that involves various signal processifigl7]. Abnormal transients, for example those that are
generated when the gear fault is at early stage, can be detected¢andingous[118 and
discretg 113 wavelet transformation.

WT has been applied successfully to analyse data for diagnosing@eais, bearing$119

and other faults in mechanical systefdi®(. Baydar and Ball[121] used the WT in
investigating the acoustic signal ability for local fault detection in gearboxes. Itateas

HV WD E OLYVK&tQusi¢ signdls svdem significantin detecting earlyfaults and can

provide a powerful toahlso inindicaing the variougypesof SURJUHVVLQJ IDXOWV LQ

MeneghettandRubini[119 researched oa methodn processingignalin order to evaluate,

using WT technique, the detection of rolling bearings fa@tsmparingtheir results with

those they obtained ugjrspectral analysignd envelopein investigaing the fault evolution

effects The WT method has been used in various applications that are related to fault diagnosis
and CM in crack detection, structures and rotor systems etc. Peng afgi/Dtewiewed fault
diagnosis and CM in machines by using wavelets. A summary was presented by them for WT
application for diagnosing machine faults diagnostics in areasabfire extraction, time

frequency analysis, deoising and weak signals extraction.

WT basics has some drawba¢k®2. Firstis the leakag¢he wavelet functiogeneratewhich
havelimited lengthand leads to difficulties in quantitatively defining the tisfrequency
energy distribution, this can then lead to wavelet interpretation being cootigve. For
instance, a high range of frequency should be investigated by the Wiine aehange that

is occus locally, but forhigherfrequencies, the basic wavelet will be more localised. If only
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in low frequency range a local event occurs, it will still, in high range of frequencies, be made

to check for effects.

Secondly is the waalet analysis no@adaptive nature which will affect the result of its analysis.

This means that once the function of the wavelet has been selected, it must then be used for all
the data analysis. Wavelet analysis performance relies mainly on wavelebrfigrsiection

[122). Different functions of wavelet cause the analysed results to be different and the choice
for the suitable wavelet function basically depends wholly on the sigdaha reason for the
analysis. In general, the characterisa€shesignalbeing analysedhanges over time and if a
wavelet function already pmetermined is used for thenalysisof the entire signal, some

analysed signal features would not be adelyaxtracted.

It is seen that though discrete Vfoducessignal representation that is very efficient without

any redundancies, the tirseale map resulting from this becomes limited andussful Lin

et al. presented linear WT, where thevaveletmap, according to theignalamplitude was
normalised instead of its energh23. Boulahbal et al[124], simultaneosly appliedboth WT

phase and amplitude to study faults in chipped and cracked tooth and then proposed as a useful

tool, a polar representatiaa pinpointthe damage locatioon the geaon WT maps.
2.6 Time Synchronous Averaging(TSA)

TSA is a technique fqore-processing of signals which is used commonly with analysis in the

time domain in order to remove nastationarynoisesfrom repetitive signal [125. The

important principle behind thigchniques that the corresponding signal to a rotation of, lets

say, the interestlgear is sampled making use of a tachometer so the signal sample starts at

the same point in the gear cycle every time and then the ensemble average is computed over
many periods. The synchronous signal average tends to cancel out the asynchronous vibration
frequency components, leaving only the gear vibration signal curremtéy unvestigation and

WKH VLIJIQDOTVY ORFDO YDUL D WHhugeanwuatoFdatk idedRi&tyy ISREVHU Y D
to guarantee the ensemble averages converge and aids greatly to detgetefalyts when

the analysis requires a more refined signat@ssing to enhance the obtained informatiof.

A common TSA application is in the analysis of the waveform of the vibration signals from
gear drives composed of multiple gearscsieach vibration signal is subject to noise from
other elements in the system. In this case, the trigger to commence each set of readings is

derived fromtachometer which is a shaft encaderovidngs one pulse per revolution. By
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commencing the readings this way, all of the time samples would be synchronized to begin

atthe samexactSRLQW LQ WKH JHDUYV DQJXODU PRWLRQ )RU FRP
implementation, in this research, a method based on a shaft encoder on the inputsshaft wa
used, this produced 100 pulses per revolution, which provided the reference signal angular

position with sufficient gear accuracy for use with this prdj&2g.

Since using TSA signals can be aligned according to any particular rotating shaft and any
angular position, phase information can be provided which can then be used iateigrtine
influences of random variations of speed. It has been found that TSA can be very effective in
detecting signals subject to processes that vary with time, by the suppression of random noise
and uncorrelated sources of noisy components, such egiois from components nearby

[83].

The theoretical basis that is used in derivingitne signalx(t) synchronous averag(t) using

a trigger signalc t with frequencyRis equal to the convolution of and t andx(t) [37]

(38 > @

Which is
yt ct*x) (2.6)
where ?:Ris a N impulsegrain of amplitude 1/N, spaced at intervaig=1/ B expressed as
1 N 1
ct =l @ nT) (2.7)
N nIO

This correspondsto Fourier transformrl:B; multiplication of the signal by 7?:B;

y f cf*xf (2.8)
where ?:B;is a comb filter function of the form;

1 Sin(SNT ) 29
N Sir( ST 1) |

When he number N is increased, the peak of the narrows asttitnbbeamplitude between

the peaks reduces. Therefore, large N values in synchronous averaging in the frequency domain
is seen as removing completely, all components except for those occurnmgltgles
frequencyinteger B[127].
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TSA does not remove only those unwanted acoustic and vibration waveform noises, but brings
also into the angular domain, the signal which synchnises with the natiatretion of the

rotors of interest.
2.6.1 Order Spectrum by Applying Fourier to TSA Signals

Stewart[128 revealed that with the use of TSA, the complex vibration signal in the time
domain fom a transmission shaft, could be reduced to vibration estimates for individual shafts
and their related gears. A synchronous aveaddbe shaftis treated as if it were a vibration

signal in the time domain for just one revolution of an isolated indatighaft with gears
attached. TSA processing is fundamentally different from tipecay spectrum averaging
normally used in analysing FFT. While they haveoanparableconcept, TSAgives risein a

signal in the time domain having lower noise than thelt®éom just one single sample. An

FFT from the averaged signal can then be computed. The signal can then be sampled by using
a synchronized triggy with the signal. &eragingprocessliminates random noise as this is
incoherent with that of the trigge®nly the trigger with coherent and synchronous signal

theaveraged calculatiowill persist.

The traditional spectrum based on averaging records in the time domain, a data frame, then the
FFT is computed and added to the already averaged spectruprothss is repeated until the
desired averaging number is reached. The result then becomes a spétttireeny low noise
However, if each recoatitime used in computing thEFT spectra is examined, it will include

the interested signal and random naisthe averagingill be in frequencydomainand notin

time domain[129.
2.7 Empirical Mode Decomposition (EMD)

EMD methodis used in the time domain for signatocessing which is also effective for
analysing nonlinear or nestationary data[12Z. EMD breaks down signals into its
corresponding IMFsl(trinsicModeFunctions), which are wellefined as a class of functions
used in indicating the analytical nstationary locasignalpropertied1227. Each of the IMFs
has its own characteristic frequency. The sum of @siéfs will identify the instantaneous
frequencies that are contained in the signal.
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As the nonlinear or nestationary fequency data changes with time the signal being
measured may contain more than one oscillatiode EMD can be useith decompomg the

signal into components of IMF. An IMF has to satisfy two condit{d24):

1) The number of zero crossing and extremeist differ or equal by one in the whole

data set

2) The mean erslope value iswell-definedby the local maxima and at any poasgthe

local minima is equal zero.

Thepropertiesof IMFs using the shifting process can be used to decompose a signal. Refer to

Huang[127 for more of the algorithmic implementation details.

For signal decomposition into a finite IMFs sum, EMD can be used based on the energy that is
associated with the various inherent time scales. As a result, EMD is suitable péytfoula
nonlinearand nonstationarysignals processing and can also adaptively decompose a signal
into different components, where each of the compaited an instantaneous frequency that

is meaningful, with the different components corresponding to different scales of
frequency. The obtained IMFs from the EMD provides physical insights that are very crucial
in numerous applications in engineer{igJ.

There are also many techniques used for -im®main amlysis in analysing data from
waveforms for diagnosing faulf machinery Jardine and Lip131] reviewedmethodsf time
domain thatreused for datanalygsin CM, such apseudephase portraisingular spectrum
analysis, PCARrincipal ComponentAnalysis)and models in time series which include the
Autoregressivéoving Average (ARMA) and the autoregressive (ARQdels. These are all
used for modelling time series, diagnosing faults and extracting featureandlidardine
concluded13]] that 3 Wagplication of either autoregressive moving average or autoregressive
models is quitedifficult due to their modelling complexities, especially their need in
GHWHUPLQLQJ RUGHU LQ WKHLU UHVSHFWLYH PRGHO °

2.8 Key Findings

As seen fronthis chapter, the theoretical basis for the conventional methods of diagnosing
faults usingvibro-acoustic signals from gemrin order to assist in the understandifigesults

It was first discussed briefly the advanced techrsdoedata processinthat are being used
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commonly in areas of diagnosis and fault detection in gears including in frequency domain,
time domain, TSA (time synchronous averaging) and a number of other domains. A brief
background theory, each metisatisadvantages and the advaggs have also been discussed.
Furthermore, an application overview of each of the method has also been discussed by citing
the work of different researchdtsathavesuccessfullymplemented some of these techniques

for their various applications. Anaiyg using MSBcan also beisedwhenanalysingvibration

dataon complex machines likgearbox withtwo-stage, where this type of domain would
provideanimprovednonstationary signals results as the vibrations are being generated by the

gearimpacts.
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Chapter3 FUNDAMENTALS OF VIBRO -

ACOUSTICS FROM A TWO STAGE HELICAL
GEARBOX WITH TOOTH WEAR

This chapter details the fundamentals of viaamustics of a two stage helical gear gearbox

with tooth wears. It starts with developing a lumped parameter model for the eibrati
responses of the gearbox subject to the dynamic effects of tooth wear. Numerical solutions to
the model were then obtained to examine the changes in both the waveforms and spectra in
order to identify key features to indicate wear progressions in wibragésponse. The chapter

also analyses the general characteristics of airborne sound radiated from the vibration of a

gearbox housing and the influences of background noise on acoustic measurements.
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3.1 Introduction

To carry out effective monitoring of gebox with vibreacoustic measurements, it is necessary

to have sufficient understanding of behaviours of vdcoustics from gearboxes, especially,

with fault conditions. In addition to previous general understandings gained from literature
review, thischapter will focus on the dynamic modelling for gear vibrations, which enables a
deeper understanding of the mechanisms gengrabration in gear transmission systems and
assists in the characterisation of changes in the dynamic properties that arteevetious

types of gear faults. This then sets a framework for the measurements made, data processing

methods selected and diagnosis rule developfi&a.

This chapter develops a mathatical model of a two stage gearbox system using suitable
stiffness functiong represenig the forces acting betwegearpairs Damping andatational
stiffness and damping are usedsimulaing the shaft and geaangular motionThe model
results shaved that the vibration frequency spectrums take the ftirat wasexpectedwith

the peaks at thessociated harmonicand meshing frequencyin addition if the stiffness
function between the firglearpair weremodelled as containing a broken tooth witrying
degrees of damage, th@deloutputswould have similar sideband to the signals produced in
experiments. Varyingnodelload and speed produce effettiat correspondingo those seen

in the experiments. These paraldiemonstrate that the modélpugh simple, can explain the

mechanisms at work in the real gearhloathas been used in the CM experiments.
3.2 Key Advancement in Modelling Gear Dynamics

There are numerous publication in gear modelling. Key progression made in modelling helical
gear areoverviewed in order to understand any predicted signatures due to gears with small

defects such as light gear wear and hence to implement more accurate diagnostics.

Freudensteirand Dubowskydeveloped a theoretical model of elastic impacts in their paper
37KH G\QDPLF UHVSRQVH RI PHFKDQLBO8. \Baved bhPtheirZL WK F
study, CrossleyandAzar [135 explored the dynamic behaviour of engaged gearing systems

with time-varying stiffnessdampingandgear backlasbf the gear teeth.

Nearly a decade later, Yang and @86 published adlynamic model that imore realistic
for spur gear systems with backlash. By includingheir model involute tooth profilethey

succeeded iraccouning for energy dissipationmaterial compliancegdampingand time-
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varying mesh stiffnesgue to time varying teetpair contat during the gear engagement cycle.
Initial work modelledeither the meshing stiffness @apiecewiseor an averagénear variation
but now it is generally accepted that to simusateuratelydynamic behaviouof gear the gear
mesh stiffness should deast include two factors: tooth bendingnd local Hertzian
deformation Nevertheless, even though Yang and B4 considered only Hertzian contact
stiffness their dynamic simulation of free vibration under sinusoidal excitadimhconstant

load operatiompresented insightful results.

Two review papers thatotably discused the gear dynamicsumerical modellingwere
publishedin 1988by Ozgiiven and Hous¢t37 andin 2003 ly Parey and Tandofi3§ .

Ozgliven and Houser categsatl gear modelssystemsas; modelswith tooth compliance,
dynamic factor mode)Jsmodels for gear dynamid®r rotor dynamics, and for torsional
vibration. They listed the goals for the different studiesstasss,reliability, life, noise,

vibratory motionandloading Inquisitively, CM was nofpart of the listTandonD QG 3DUH\TV
review mostly focussedn the defectsmodelling but includes extensive consideration of

various lumped parameter models.

Dalpiaz, et al.[83] examineda pairof gearwith a fatigue crack and assessed the sensitivity
andeffectivenes®f TSA (Time-SynchranousAveragé and cyclatationary analysis bad on
their experimental results. They also discussed quefrency as a possibly useful measure of

harmonic amplitude in traditional cepstrum analysis.

Parey, et al[139 developed a six DOF ndimear modebn two shaft$or a pair of spur gears
They calculatedfor the tooth surface contatihe Hertzian stiffnessind usedEMD (empirical
mode decompositigras a methodéh simulaing different crack widthsOtherauthors[140-
143 have utilsedvariousmethods of timesarying stiffnesgstimatonto get pratically useful
results of dynamic simulation. Meagher, et a[144 showedthree differentmodelling
strategiesdynamic system subsequently used by researderdentifying gear health
diagnostic indicators: a materiasengthbased lumped parameter modelca-hnear quasi
static finite element model, and a midbdy kinematic model with nelinear contact stiffness.
The research contrastatl of thesemethodsor modellinggear dynamics bthe comparson

their predicted stiffness cycle with its dynamicpasseeffect
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3.3 Modelling Overview

With the increasing sophistication of modern industrial machines there is a growing utilisation
of ever more complex gear trains, there is a corresponding increase in attention being given to
modelling the dynamics of geaystems. Researchers are developing-tegal models which
include theamportanceof the dynamic factors present in gearboxes; including cyclic variation

in tooth stiffness, excitations initiated by errors in gear transmission systems, ttteuykng
between lateral, rotational and torsional vibrations of shafts and [g&ar$45147]. Other
researchers have focused their attention on modelling tooth meshing because, typically, the
major vibration forcesoure is thegearmeshingin geared transmissidi48150. Theaim

of this research programme is to investigate the interplay ofinear effects including; gear

backlash, the forces due to meshing friction and-trarging mesh stiffness.

Tooth breakageffecton the behaviousf thevibrationof a twostage helical gearbox has been
studied via computer simulation. The modelling has been limited to variation in meshing

stiffness as this is the fundamental sourceitmfation[131].

The mainpurposeof this exercise is the investigationsifesses gear tooth within the gea
system, determining important vibration characteristics such as signal amplitude, frequency
components, natural/resonant frequencies of the system, airborne noise radiated from the
surface of the gearbox, etc. The modelling of one and/orstage gearystems has been
undertaken using masgring or masspringdamper SDOFSingle DegreeOf Freedom) and

MDOF (Multiple DegreeOf Freedom) systemd57]] .

Recent models combine lateral and torsional vibrations includingngesin stiffnes$145

152 as a constant, as a rectangular waveform, as a simple sinusoid, as a linear function capable
of being expressed as a Fourier series and as an approximatenfatictiorresponding to a

single and doublooth pair mesh. In isnpler SDOF cases, the resulting derived dynamic
equations were solved using analytical methods and approximate analytical methods, the more
complex equations derived for MDOF systems were solved using numerical methods. The
numerical solutions were gend#lyaobtained using, RungkKutta method ofintegration which

are popular due to theshorter calculation timandrelative accuracy
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3.4 Mathematical Model of a Multi-Stage Gearbox

The mainaim of developing the mathematical model is to provide a usefukdoolestigate
gearbox vibration characteristias, both frequencyandtime domains. Early studies limited
consideration to single stage torsional vibratifisl], but more recently modelling of gear
transmission systemsas included both lateral and torsional vibratiph45|, [146], [147],
[53]. These latter models have providedlerstandingnto the inner workings of gear systems

and have established a basisrEmoteandlocal fault diagnostic methods.

8The model used in this research is a MDOF system with stamdasdspringdamper
elements based on Bartelmusrk [145 where thanesh stiffnesproportional to thelamping
in orderto representbetween gear pairghe forces.- 5 and - g which are themeshstiffness
functionsbetween gear pairs are based on the simplified piecewise linear analysis and tooth

breakage faults as described earlier and can be easily introduced into thé model

A model of a two stage system that allows for torsional vibratiotiseodrive shafts has been
developedThis model also permits vertical vibration of the first gear pair, where the gears are
attached to the casing which is divided into two parts, each of which can vibrate vertically with
its own characteristicsof mass/sffness, allowing the vertical acceleratioe$fect to be
measuredt two different pointsVibrations in the horizontal plane were discounted as it was
presumed that these would die away due to the presence of dafhpBigA schematic

diagramcan beseenin Figure3-1

76



Figure3-1 The dynanic model of motoigearbox and load system
Based on the forces shown in above figure3.1, the governing equations dustaahsotor

rotational motion can be expressed as

WMk M ,Mc, ., Mé m, (3.1)

Thedrive gearotation : <g;in first stage is;

U
X X X § ' X x X
Ile kl M ZMcl 1 /Vé %kzlrpl 2° rng prygl rpqzlrpl ZrQlMypl Mg) 0
© *1

(3.2)

Thefirst stage driven geaptation : <g;is given by:

X

IglM k2 M 4MC2§>3 /Wz‘r,.l%kzlrpl 2 rgMS prygl rnglr§©l 2rglMyp1 M ;q
(3.3
Thesecondstage drive geaotation : <;;i is given by:

IpZMkz M 4M0223 M;l/%i(zzrpZ 4 rgMS prng rp922r§©2 4r92Myp2 MZ ,.01

34

Thesecond stage driven gaatation : <g;is given by:
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X

I, M ke, M eMcsgs M ,ll%i(zzrpz s T Ms Yy My, rg9z2r§©2 algoaMYy Wo ,.01
(3.5)
Theloadrotation (output shaft) is given by:

Kk mmey g m (3.6)
The equation that governs ttigve geaitranslational motion: <s;in the first gear pair is

given by:

X

mpl ypl iﬂ)l ypl )él cbl%pl ycl ;1 |§1 IE)lM rgl Mypl ygl Czl ﬁ@. 2/Mgl 3%1 ygl hlo

3.7

Thefirst stage driven gedranslational motion <s;is given by:

X

My Yo Kgl Yoo Y2 %1%91 Yeo ,.1 K_l rmM fglM Yoo Y1 Ca $©1 z/Vlrgl 3%1 Yo 01
(38
Thesecond stage drive geaanslational motion: <; ;i is given by:

X X 6]

mpl yp2 lﬂaZ yp2 XZ Q)l%pz yc2 ,'1 KZ r;‘JZM rg2 My p2 ygz C22 f§©2 MgZ SMpZ ng ,.01

(3.9)

Thesecond stage driven gdeainslational motion: <g; is given by:

mgzyxgz ng ygz yc2 %2%92 ycz 5.1 kzl rpZM rgz M yp2 ng sz .$@2 Mrgz 4%2 ygz ,.01

(3.10)
For the motion of cas®ci the govening equation is
MYa KYa GYa Ki Y Ya Cp Vi y% 0 @11
For the motion of cas@c. the governing equation is:
MoYo Koo @Yo % % % G Ve Ve O (3.12)
Moments and forces can be obtained in the follovianms:
M, k M, (3 13
M, C ,M} (3 14)
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M, K, M, (3.1

My G /|/74'§ (3.16)
©

Ms K3 5 Me (3-17)

M, C, M> (3.18)
©

FoKy T T¥s Yo Y (3.19)

FZ kzZ rp2 4 rgMS yp2 ng (3 '20)

Flt Czl r.pl 2 rng ypl yglz/j (3 21)

F2t CzZ rp2 4 rgMS ypz ng% (3 22)

Here

| ,= electric mobr moment of inertia

I, = the load systermoment of inertia

| ,= drive gear one (pinion ong)oment of inertian the first stage
| ,,= driven geamoment of inertian the first stage

| ,, = drive geamoment of inertigpinion two) in the second stage
| ,,= driven geamoment of inertian the second stage

F,, F,= gearing stiffness forces.

F,. F, = geaing damping forces.

M,,= motor torqueatinput

M,, M, =first shaftsinternal moments and coupling damping

M,, M, = second shafhternal moments and coupling damping
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M,, M, = third shaftinternal moments and coupling damping
M= induction motorangulardisplacement

.M, = first stagedrive gearangular displacement<s; and driven geaangular displacement
<6

M. = second stage gear orengular displacement (pinion) and gear taogular
displacement

M= load systenangular displacement
r .r, = first stagebase circle radius of the drive gear and driven gespectively

pL, gl

. Iy, = S€cONd stage drive gear and driven gae circle radius

p2,
Y, Y, = first stagedrive gear and the driven geaartical displaementespectively
Y4, Y.,= upper and lower casingertical displacement

m,,, m,= first stagedrive and the driven geansass

m,,, m,,= second stage drive and the driven geaass

m,, m,=upper and lower casingass

¢, = pinion shaft dampingt thefirst stage

c, = gear shaft dampinaf thefirst stage

c,= dampingat shaft one

C,= dampingat shaft two

c,= dampingat shaft three

C,,= gearing dampingt thefirst stage

C,,= gearing dampingt theSecond stage

C., = support dampingf theupper casing
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C.,= support dampingf thelower casing

k,= pinion shaft stiffnesatfirst stage

k, = gear shaft stiffnesat first stage

k = stiffness (rotabnal stiffnesspf shaft one

k, = stiffnessof shaft two

k, = shaft three stiffness and coupling stiffness
k,, = gearing stiffness (meshing stiffnessjirst stage
k,, = gearing stiffness (meshing stiffnesssecond stage
k., = support stiffnesfor upper casing

k., = support stiffneséor lower gearing145.

3.5 Determination of Model Parameters

Based on the construction of the test rig and the design of gearbox, masses and moments of
inertia can be calculated or measured relatively easily. The stiffness values for shafts can be
also obtained based on the dimensiofiggearbox drawings. However, the stiffness and
damping factors for the coupling were determined by static deformation tests, in which it was
found that the stiffness exhibits néinearity for the range of operating loads used. Therefore,

the stiffness alues were set according to thestemload applied. To highlight theesonance,
effectthe damping factor is set to be at 0.05 at low frequencies (f < 500 Hz). On the other hand,
in all other cases the damping factors are set to be 0.9 for a fast cowweeajehe steady
solution[219].

Gear tooth stiffness is a combination of tooth gross bending deflection and tooth local or
Herzian contact deformatigh23]. These deformatioreontributeto the major part of the mesh
deflection under the loddeingtransmitted The compliancedetermination of these modes
deformatiorhoweveris quitedifficult as,over the entire loaded togihis an integral function
Generally, a FE method is used to calculate tooth stiffness. However, the FE based prediction

IS just an estimation because it cannot take into the effect of friction moments, toothegerors,
[114).
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Aimed at understanding the general characteristics of gear dynamic responses, this study took
the stiffness estimates from the FE reflii4] as the baseline references. The allow vibration
responses to be obtained to consists of key vibration components such as mesh and sideband
components and make comparison the responses between different conditensedrts that

very accurate quantitative results is not very critical but the relative changes are the main focus.

Nevertheless, the baseline stiffness was tuned carefully to suitable for the gears tested through
a number of trial runs. The results fromsbeuns were compared to the measured results so
that tuned parameters can produce results close to the measured values in terms of RMS value
values and spectrum patterns, which is outlindéigire 3-2.

» Gearbox and calculation
parameters

Calculate
x Stiffness
x Damping coefficient
X Moment of inertia

Solve
Differential equations using an
explicit RungeKutta method

|

Predicted results in time and
calculate spectrum in frequency
domain

Compare predictedand Mﬁffﬂﬁid

measured spectra

Figure3-2 Main procedurdor theanalysisof gearbox dynamic respons@d 7]
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Finally, model parameters for baseline conditions were determirsskas Table3-1.

Table3-1 Key baseline parameters and specification for the test gearbox

Symbol | Description Value Unait
izl Input shaft mass 142 kg

M2 Middle shaft mass 0.95 kg

M3 Output shaft mass 3.34 kg

Mgl Drive gear (£1) mass at 1st stage 023 kg

Mzl Driven gear (Z2) mass at 1st stage 1.546 kg

Mp? Drive gear (Z3) mass at 2nd stage 0.663 kg

Mgl Driven gear (Z4) mass at 2nd stage 1.493 kg

Ee Contact ratio 1.45 [-1

Ea Overlap ratio 2.890 [-]

¥zl Base radius of input shaft 0.015 m

¥l Base radius of middle shaft 0.0117 m

=3 Base radius of output shaft 0.0133 m

Fpl Base radius of drive gear (Z1) at 1st stage 0.0217 m

vel Base radius of driven gear (£2) at 1st stage 00117 m

Fpl Base radius of drive gear (Z3) at 2nd stage 0.01523 m

Fel Base radius of driven gear (Z4) at 2nd stage 0.0222 m

M inertia moment of input shaft 0.0032 Kg.m?2
M inertia moment of middle shaft 0.00013 Kg.m?2
M; inertia moment of output shaft 0.00078 Kg.m?
Ip Drive gear inertia moment (Z1) at 1st stage 0.000042 Kg.m?2
I Drive gear inertia moment (Z2) at 1st stage 0.00073 Kg.m?2
Iz Drive gear inertia moment (Z3) at 2nd stage 00001534 | Kgm?
Iz Drive gear inertia moment (Z4) at 2nd stage 0.00074 Kg.m?2
& Damping ratio 13 [1

csl st stage gearing damping 4357295 | Ns/m
Czl 2nd stage gearing damping 831.1938 N.s/m
2, lst stage gearing damping coefficient 4.357=107 | N.s/m
L2 2nd stage gearing damping coefficient 8312=107 | N.s/m
I Moment of motor 8.476=10* | Kg.m?
I Moment of load system 33.88x10* | Kg.m?
Ky Input shaft stiffness 1.0=105 Nim
ke Middle shaft stiffness 2.0x108 N/m
k, tooth mesh stiffness amplitude for gear pair at 1st stage 2.0x108 Nim
k_, tooth mesh stiffness amplitude for gear pair at 2 stage 1.0x108 Nim
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3.6 Wear Induced Changes in Tooth Stiffness
3.6.1 Changes in Tooth Profile

Based on the analysis FE results, thiglgtmodels the tooth stiffness function for a pair of
tooth as drapezoid consisting three successive phaseemstedn Figure (33) (a). As seen

in Figure (33) (a), the normalised stiffness exhibits a gradual increase duringimeblase

and decrese during the mesbut phases due to larger bulk deflections, compared to the middle
part of the teeth paiihis can be more realistio simulaing the observatiom the gear mesh
that the maximum dynamic loads take pldu®h at the end and #ihe begnning of the

engagement.

(a)stiffness Function for a Tooh Pair and Changes with Contact Ratio

1 i \
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(b) Stiffness Transient during Mesh-in  (c) Stiffness Transient during Mesh-out
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Figure3-3 Models of tooth stiffness and the effects of tooth wear
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Moreover, it models wear effects by increasing the transient slopes in the two transient phases

to reflect the adition impacts induced by incorrect engagements of the tooth pair subject
different degrees of weahs shown inFigure (33) (b) and (c)thetransverseatio £, which

represents the overlap degrees for the tooth profile alorfgeight direction, is reduced from
its baseline values of 1.4% 1.344 and 1.43 respectively to represents two successive

increments of tooth wear.

To show the combined tooth weaffect, the stiffness function for multiple tooth pairs are
superimposed a&ording to the total overlap ratio of the gear pair for the higher speed

transmission stage of the gearbox under study:

H H , H45+2.89 43 (323

Where K is the overlap ratiorepresenting the overlap degrees forttwth profile along the
tooth width oraxial direction. The total overlapgelds the combined stiffness functid (t)

as can be sean Figure3-4. It is seen that this helical gear pair daawve five pairof teeth

under engagement for 34% of a mesh cycle, whereas the other portion of the cycle have four

tooth pairs in contact.

Combined Stiffness Functions with Different Contact Ratios

4.6 j\ ;

Al Ve /|

/v A [
| | Y

0 6.146 12.292
1st Pinion Angle(Deg.)

N

\

&-‘:-_-._.._,__
> =
/

Number of Tooth Pair

Figure3-4 Tooth stiffness function superimposed by multiple hqmair and the effect of gear
wear
Moreover, the peak valudar the stiffness functioms seen tancrease with the reduction of

transverse ratio, thereby allowing more vibrations to be induced to reflect the effect of different

degrees of tooth wear.
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3.6.2 Influences of Gear Errors

Manufacturing errors such as misalignment affect the initial characteristics of tooth wear and
wear progression. Gear eccentricity or misalignment will make the gear teeth undertake to
greater contact forces and so produce greatar.Wiéis characteristic was included in the
model as a small addition to the error amplitudes. For a pair of gear&l Z, the total error

effects are

e, (¢ f)sin( W( , U,)€n( ,) (3.24)

where & and (J; denote the eccentric and wear amplitudes for driving gear respectiyely.
and (/, denote the eccentric and wear amplitudes for driven gear respectively. Both of them

are a periodic function of their rotati@rangular displacement and it wik included into the

dynamic displacements respectively in Equations f{&d) to (312).
3.7 Implementation of Numerical Studies of Gear Vibrations

As the mode consists of nonlinear stiffens terms, the second orderrdiieeguations of the
dynamic model in Equation froif8.1) to (3.12) have beerconverted into equatiornsf first
orderin solvingthemby the use o$tandard numerical algorithrmighe most popular algorithm
used is th&RungeKutta formula for solving thenodel in the first instance [126jlowever for
a single runit took more thawwnehourto complete the simulatiotby applying standard Runge

Kutta method: ode45 iNlatlab software.

SThis confirmedthe inefficiency ofthe RungeKutta method forsolving these equations.
Analysing wrther the equations showed the moedsla stiff system. The equatiorthat
descriles theangular motion®f having amuch slowetime rate ofvariationwhen compared
to thosethat describes thkateral motions. According teeferences andvat lab instruction
manualrecommendationgl27], the stiff solver: ode115s functiomust beselectedn solving
the equations. Thisas thereforeeduced to less than 10 minutdghe run timeand decided
that the odel15s functiemmore effigent and used subsequently throughoutdbigrse of the
simulation’”.

In performng spectral analysis, each simulatisrunningfor 15 turns of the input shaft or
more than 4 turnsof the output shaft. Thisize of thedata is longenough inobtainng a
resolutionspectrum with high frequency allowing good differentiation between compaofents
thedifferent sideband
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3.7.1 Rotational Responses in the Time Domain

Rotaional Vibration of Pinion 1
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Figure3-5 Angular speed of the first pinion agéar
Figure 3-5 depictsa standardsolution for the first pinion and geangular speedvhich was
obtained when the system was applied with a condition of 70Nm of full load at a the AC motor
speed of 1416 rpm (d48.3rad/s). This operation condition corresponds the highesitopy
condition of the testlt can be seen that both the pinion and gear exhibit clear oscillations due
to the timevaryingeffectof thestiffness.

Moreover, the reduced transverse raijp 1.43 causeshigher oscillations compared to the

baseline case of/ 1.4<.

It also shows at the beginning of the simulation prg@estear transient responsehich may

need to be removed ftine extraction o§pectal waveform anctalculation Nevertheless, the
solution in the steady state, starting from 0.01s onward, is relatively stable. They show that the
speed fluctuations of the input shaft much smaller due to larger moments of inertia associated

from driving notors. On the other hand, the middle shaft with smaller moments of inertia
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exhibits a much higher fluctuation. These consistent results demonstrate that the ode115s solver

and parameters used can produce for the mualelble solutions
3.7.2 Translational Regponse in the Time Domain

Correspondinglypoth the pinon and the gear exhibit similar oscillations in the translational
directions.As shownin Figure 36, in addition to the observation thie reduced transverse

ratio & 1.42 shows ahigher oscillations compared to the baseline casetofl.4E, the
increase amplitude is more compared with that of the rotational directions, showing that the
translational vibrations can more sensitively reflect the changes, which dieates that it is

more suitable for vibration based monitoring.

Translational Vibration of Pinion 1
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Figure3-6 Vibrationresponses in the time domain of the first pinion and gear
However, these signals in the time domain provide less infamia association with the gear

dynamic characteristics of interest.
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3.8 Spectral Characteristics

To understand the details of changes in vibration responsesigtiads intime domainhave

beenconverted into the frequency domain by applying FFT tcsitpeals.
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Figure3-7 Spectral peaks of combined rotational responses of the first pinion and gear
3.8.1 Spectra of Rotational Responses

Figure 3-7 presents the spectrumroparison of the rotational responses between different

degrees of reduction in contact ratios, and between different sensing positions. Clearly the

spectra highlight that mesh frequency component§ atand f_,, including their first three

m2?

harmonics and associated sidebands are the dominated ones for both the higher and the lower

speed transmission stages. This shows that the modelling and the simulation were carried out
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adequately. Especially, the observaldsponses af , shows that vibrations corresponding

to different transmission stages and different gears are highly coupled as predicted by the

model.

(a) Spectral Amplitudes at Higher Speed Transmission Stage
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Figure3-8 Increases of spectramplitudes from rotational responses with wear severity.

Moreover, the spectral amplitudes for the wear case is higher across all mesh components. In

particular, as shown in

Figure3-8 (a), the spectral amplitudealculated by averaging the components in the frequency
range from 1200Hz to 4500Hz exhibit clear gradual increases with the decrease of the contact
ratio, showing that they can be used to monitor the wear process happening on the higher speed

stages.
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In contrast the spectral amplitudes calculated in the frequency range from 300Hz to 1200Hz,
relating to lower speed transmission fa}, also exhibit an increase because of the nonlinear
coupling. However, as the increase is very $lighwill cause less influences on a corrective

diagnosis of the wear is from the higher speed transmissiohg .at

Furthermore, components such as at 990Hz and 1750Hz are observable, which are not
associated to any of the charaisc frequencies. Through, by a frequency transfer function
(FTF), they are identified to be the effect of resonances from the two rotors. Because they
magnify the responses in a nonlinear way, their amplitudes can have high fluctuations due to
noise andoad variations when used for fault severity diagnostics. However, they could be

useful for early detections if an effective noise reduction can be applied.

Translational Vibration of Pinion 1
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Figure3-9 Spectral peaks of combined transiatl responses of the first pinion and gear
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3.8.2 Spectra of Translational Responses

(a) Spectral Amplitudes at Higher Speed Transmission Stage
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(b) Spectral Amplitudes at Lower Speed Transmission Stage
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Figure3-10 Average of spectral amplitudes for both transmission stages of the gearbox.

The spectra of translational responiseBigure3-9 show very similar patterns with that of the

rotational response. Spectral components at the mesh frequencies df paiid f_,, and

m2?
their associated satbands are major contents and exhibit with the decrease of the transfer ratio,
which is detailed irfFigure3-10. These demonstrate further the effectiveness of the modelling

and that it is feasible to tract the wemogression based on the characteristic components.

Moreover, the spectral amplitudes are of the similar orders for both responses at the pinion and
the gear. This means that the translational responses is not so sensitive to the sensing positions.
In other words, the signals perceived in any positions of a gearbox housing will allows the

dynamic behaviours to be reflected equally well, therefore, measurement can be easily
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implemented on for achieving better diagnostics. Comparatively, the large diffenen
amplitudes between the two rotational responses makes it difficult set measurement system in

order to capture the responses accurately.
3.9 Acoustic Signals from Vibrating Structures

Surface vibrations can couple to surround fluid in the form of soundesvar airborne
acoustics. This offers a merit that condition monitoring of machinery can be achieved by
remote measurements of the sound waves, which provides significant conveniences to
implement CM in industry and has received intensive research itwiastecades in solving

challenges in obtaining accurate and reliable diagnostic information from nosy measurements

[155.

This section focus on understanding of the general properties of airborne@cwustder to
provide sufficient knowledge for acquiring high quality acoustic data and identifying effective

signal analysis tools.
3.9.1 Mechanisms ofSoundRadiation by Vibrating Surfaces

The sound generationmechanismby surface vibrationyhich is the fluid acceleration in
contact with the surface, is common to all soulmethe radiation mechanismffectiveness

widely variesfrom source to sourdd 56 .

Sound radiatiorprocesdy thevibration of thesolid surfaces can be understood in terms of the
fluid molecular nature in contact with those surfades, which is a gaseous fluid media,
whose bulk mechanical properti® usually determined by the interaction between molecules
that arep ZL G H O\ forva&y@ageb@ their individual sizescale The gas molecule freely
movesEHWZHHQ pFORVH HQ ihRspaQehe gas nalecMek cah \vekpitturgd as
moving in graight lines (in three dimensions), with mutually repulsive electrostatic forces
between them causing changesthe molecular momentunand movementdirection The
molecular motion is random, with a level of activity largely dependent on temperatuigh thou
from a macroscopic viewointin a bulkgasflow, whether oscillatorgr steady a mean motion

in the flow direction of flowmust also obviously existShe pressure acting on any plane
elementarysuface that lies within, or bounded bygas is a marektation of the&eomponents
momentumaverage rate of changfeat isdirected normalo the surfaceinit area experienced

during the p F R O OpkoddsR iy the molecule&as pressure directly proportional to the
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kinetic energydensityof the moleculesranslational motiofil57). Thetemperature of thgas

is proportional to the average translational kinetic enpeggnolecule In thislies the basifor

theldealGas LaW:BU RT (where Lis density; pis pressureR isidealgas constant and

T is temperaturé.

Given that local disturbances to ti@sstatecan be propagatexhly at alimited speedhrough
the molecular interactioprocessit is notunexpectedhat thesoundspeed propagation in a
gasstateis closein any one directionto that of theaverage molecular speed expressed by
thesayingthat uWWKH PROHFXOH LTMeWwfarélthBrdspansies) thid huifk-fluid to
that of the imposed actioecauseof the solid bounding surfaceibration dependson

frequencyAs will be seen later that also dependen thevibrationspatial distributiorf156].

Consideing two small plane surfaceegionsadjacentto one anotheundergang normal
displacementshat areequa and opposite and then halt ,W LV pHD \cbripte§sddRU W KH
regions moleculesf the contiguous fluid to movén the direction othe rarefied region than
movingtowardthe, as yet, unaffected fluglight away from the surface. This bulk movement

tends to equaliséoththe densitieandpressuresocal to the surfacayhich produesa much
weakerpropagatingdisturbanceon the surrounding fluicompared to when th®vo regions

had in unison, displaced the fluid. Thigype of phenomenon iscalled the padiation

canceO O D WduBhQtYs never complete. If the displacementsversed, the moleculésen

moves forequilibriumto bere-establisi{15§].

The morethe distance betwedrothregions the morerapid the reversakill be andthe less
likely thatthe cancellation processll affect themoleculeswith effectivelyradiatedof more
sound The criticaltime for the eversalto occuris given by the distandbat isbetween the
regioncentreghat is oppositely displacedivided by thesoundspeedTherefore for any given
two regionsspatial separatiomigh frequency process wilave radiatedhoreeffectively when
compared tolower frequencyprocess Regardingspatially sinusoidal wave motioand
harmonic vibratiorof a surface, the critical Haderiodcan be calculateoly half the wavelength
of the surfacedivided by the sund peed in the fluid. If the speeaf thevibrationalwaveis
less than that dfuid sound,cancellatiorof theradiationoccurs[157).
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3.9.2 Modelling of SoundRadiation

Based on above mechanisms, for a vibrating surface, the sound generated can be predicted
based on vibration responses by

P Ves? (3.29

whereP is sound powergis thesurfaceradiation ratio which depends onientation sizeand
shape, é 1s thefluid specific acoustic impedance (s the fluid local densitywhile ?is the
fluid local soundvelocity), 5is the surface area radiating the sound, Bfid the mean square

surfaceaveraged velocity of that surfagEs9.
3.9.3 SourceAddition

The acoustic source additive effecan be illustrated iRigure 311. Inthis figure, the sources
are assumed to be point sources and the measurement is taken in the far fieteh; deThis
restriction is often true for the measurement of noise generated by helical gears when the

microphones are placed in the far field away from the gear suffe@@s

__ p
_——
rl . ;
///
-
TR P -
; R ////
P
_
d —
/// =
_ ~
d B
_
S1

Figure3-11 The additionakffects from two poinsoundsourceg160]
The sound pressures from the two point sources at the measuring point are dengtatlby

6 respectively and can be expressed as:

Z
g1 kr, 326
Pl(rl’t) 4 ﬁ 1e ( )
ZQ r 7)
2k, 3.2
P.(r,v 45rze (
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whereZ is the characteristic acoustic impedange, Q1) is the source strength.

K 2 /S istheinterested soundiavelength.

The total pressure at the measurement point is siagaitive as pressure is a scalar quantity,
and may be expressed as;

P B B (3.28)

Noting the geometric relationships in the above figurieereR >> d,

p,=R-dsinf

p,=R+dsiné (3.29)

Furthermore, for the sake of simplicity, the distané®m the sources to the measurement
point can be regarded ds L "¢ L  in the case oR >>d as assumed above.

Therefore, the sound pressure from these two sources are

r,

Z ikd sin ikd sirr”
PRT “S— Q™ Qe (3:30)

From the above equation, it can be seext timce the sources are fixed in terms of physical

positions, the sound pressure at a particular surface is a function of the radius and polar angle.
In gearing, there are a variety of acoustic sources. Each source radiates its power inrran Omni
direction.The total power radiated to a particular surface, as showigime3-12, is normal

to the surface.

GEAR

Figure3-12 Diagram of the reverbetian in an close spad&60]

The total power can be calculated using equation:

w ( pirmS)Z cos [ds) (3.3)

1
@
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Obviously, if the vibrational forces moving the surface are band limited, then with the
assumptions of linearity usdgbrethe frequencyhe radiated sound power will also be band
limited [16]]. The surface radiation impedance is determined by the pressure and velocity of
the acoustic wave at the surface which is exqaess;

z Ewhereépl) : (3.32)

3.9.4 Sound Wave Propagation in Rooms

The sound inair volumes enclosed by solid boundaribshaviouris of considerable
significancehere because the feature extraction may be hampered by the reverberant acoustic
field. Hence it is essentialto study thesound field characteristics in a closed room to

understand how it might affect tseund sourceasic acoustic characteristids6?).

&RPSDUHG WR WKH FKDUDFWHULVWLF RI WKH HQFORVHG VR
ILHOG DUH VLPSOH EHFDXVH WKH VRXQG ZDYH IURP WKH \
REVWDFOH BQ&DRVHOA DIWWK GLVWDQFH +RZHYHU VRXQG HP
PRUH FRPSOLFDWHG VRXQG ILHOG GXH WR WKH PXOWLSOH
> @7KH VRXQG ILHOG LQ D URRP EHFRPHV PRUH FRPSOLED)
ZLWK GLIITHUHQW VXUIDFH ILQLVKHY DQG SHFXOLDBKSKHQRF
PLJKW EH SUREOHPDWLF

$VVXPH DQ RPQLGLUHFWLRQDO VRXQG \FRuéBAB DLQG DWHKMDMRW H
WKH VRXQG ZDYHV FDQ EH FRQVLGHUHG DV QXPHURXV SC
GLUHFWIHRRXQ@G ZDYHV ZLOO XQGHUJR PXOWLSOH UHIOHF
GLDJUDP WKH UD\ VKRZQ LV ILUVW UHIOHFWHG IURP ZDOC
6LPLODUO\ DOO WKH ZDYHV IURP WKH VRXUFH ZLRQVEH Ul
JHQHUDWLQJ D FRPSOH[ VRXQG ILHOG ZLWKLQ WKH FORVH(
VWHDG\ OHYHO ZKHQ WKH HQHUJ\ SURGXFHG E\ WKH VRXUFI
UHIOHFWLRQV 21 FRXUVH JHDU FRYRQVD ®IV\RAMWGEWRW EH
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Figure3-13'LDJUDP RI WKH UHYHUEHUDWARQRQ LQ D FORV

3.9.5 Background Acoustics

Background noise is any undesired signals piakedy sensorthat isnot significantto the
monitoredsource These can be from mechanical and/or electrical sources. Substantial progress
has been made in the elimination of this interference since the early years of audio signal (AS)
measurement. However, precautions should always be taken, inckuthgobvious and
simple measures as switching off the noise sources. In all gears the AS will certainly be
generated by many sources, not only ititerestedsource, and will be the complex sum of
noise from gears, impacts and flow. These #@®uld be identified and/orremovedin

differentiaing them from the interestigenerated geaignals[164).

To eliminate unwanted signals an appropriate frequency or range oésinteust be
determined for the particular application. Because of the rapid attenuation of high frequency
signals, any signal reaching the measurement point from long distances will usually contain
only frequencies of less than 20 kHz. This will havéeligffect on AE measurements which

are concerned with frequencies above 20 kHz. Typically, 20 Hz to 20 kHz is a suitable range
for the monitoring and study of gear generated AS noise. More work is nieedi@adowng

down the frequency range improving the AS monitoringaccuracy Noise removal could be

key to using successfly, AE for inspectiononline for industrial applications such as the
precision weldingmonitoring and fatigue crack initiatiodetectionin flying aircraft [165

164.
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Electrical noise can be reduced or ewwadicatedby the use ofdifferential sensors or
appropriate threshold values, and substantially reduced using sensors witin built

preamplifiers.
3.10 Key Findings

Based numerical simulation studies, it has been understood that small gear wear can be
simulated by chaging the stiffness function. For current gear configuration, the reduction in
overlap ratios will lead to clear increases of vibration responses in both two stages of the
gearbox. However, the increase amplitudes are much more at the mesh componémis and t
sidebands for the faulty transmission stage. So it can be based on to identify the faulty

transmission stage.

The translational responses at any sensory positions show similar amplitudes and can be based
on for easier implementation of diagnosis. Heer, the rotational responses vary largely with

sensory positions, which can be difficult to collect high quality data for diagnostics.

In addition, based on the characteristics of sound radiation, propagation and background noise
influences, the remoteepception of gearbox dynamics can be more challenging in obtaining
reliable diagnostic information.

Moreover, the deteriorations of gear mesh conditions such as thenifiorm wear induce
principally as nonlinear modulations, presenting significant sidgbaaround mesh
components in the frequency domain. This is a very key characteristic to be based on for
selecting and improving signals processing tools for accurately extracting diagnostic

information from noisy measurements.
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Chapter4 BISPECTRUM OF GEAR VIBRO-
ACOUSTIC SIGNALS

Higher-order spectral (HOS) analysis antheir relation to conventional secoratder
statisticsto develofing the mathematical basis of the modulation signal bispectrum (MSB)
method for the effective analysis of vil@ooustic signals frorgearboxesre reviewed in this
chapter It proceeds to evaluate MSB performance in detecting incipient gear wear faults while
still in an early stage of development under-tasfailure conditions.

The chapter starts by describing the concept of MSBtamaplementation details to show its
potential advantages over other conventional signal processing technigues, then explains its
performance in deriving frequency and phase components in relation to fault detection in
helical gears of multi stage gearkes.

In extracing additional component®f thesignal caused byaults inhelical gearbox, a new
Modulated Signal BispectrupSideband Estimator (MSBE)is appliedto obtain a measure
of the modulatiorthat is more accurate MSBSE analysis ivery effective as it takes into
considerationthe phase informatioof thesidebandand resuling in a more accurate sideband
magnitudegstimationby thesuppressin ofthe influencesfrandom noisérom theoperation

of themotor and theprocesses aheasuren .
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4.1 Introduction

It is well-known that structuralomponenftaults of rotating machines suchlssaring andjears

can be sensed lfre monitoringof the vibration they generate. Matgchniquedor signal
processing such as Fourier transforms and retatesifrequency analysis are widely used
diagnogng nonstationary frequency features which are the consequences of gear faults such
as gear tooth breakage. In addition, with typical faults that are restricted spatially and have
feature defect frequeres, there is the possibility of linking particular patterns of fault vibration
with exact machine rotational frequencj&és7].

The complexities in machine health diagnostics arise because of the necessity of searching
WKURXJK WKH PDVVLYH QXPEHU RI IUHTXHQFLHV WKDW HJ[LV
to extract features linked with the cotidin of a particular component. Unfortunately, the
vibration signals in mechanical machines usually contain many thousands of combinations of
frequencieshatprovideslittle or no relevant diagnostic informatioegardinghe conditiorof

the machineGererally, vibration disturbances caused by localised faults in rotating machinery
lead to a variety of cyclical impulses and the defect frequencies often arise around the carrier
frequency (mains frequency) or its harmorasssidebandsmodulations Furthemore other

effects may appear, such as when the imperfection of another component (e.g. a bearing)
modulates the gear mesh fundamental. Until there is a dependable method of predicting which
component should be monitored, a complete spectrum of fregsenas to be analysed and
examined for defects. In addition, which component is dominant may depend on fault severity
and a fault in its initial stages usually has a IBNR (Signal toNoise Ratio) resulting in it

going unobservefl6g.

Power spectrum methods (seceanrder technique) have been used extensively to investigate
vibration signatures to extracting featurekting tothefaultsof thecomponentThoughthere
are serious disadvantages regardhig technique as it discards all informati@garding the

phaseandpracticallymakes iimpossible to deteqgthasecoupledsignal sets.

HOS and spectra provideealistic and mathematically flexible approach to obtain information
regarding theouplingof thephaseParticularly cumulantsvith higher ordeand theirelated
Fourier transformsgalled polyspectra, exploithe informationof the phase This is no the

case in second order statistjé§9.
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For completely Gaussian processes, higher order (i.e. third order) cumulants disappear; so HOS
have the abilityin increagng the SNR (Signal to Noise Ratio)n application regarding

mechanical fault detectigi6g.

In addition, HOS have the ability to detect phase dnggletween spectral compone[i§7,

168. The simplest type of this interaction between two frequency components is known as
QuadraticPhaseCoupling (QPC). It is characterised by the existence of additional frequencies
at the differencend sumfor the frequencies of théwo componentin the power spectrum
However, the existence of the differeremed sumis a requirementor these frequencidsut

not a sufficient condition for QPC. It is obviously true that phase coupimgentified in
cumulant sequences the third ordeor in the frequency domain, but the bispectrum has the

potential to detect and characterise4iorar coupling effects in mechanical machingi§7].
4.2 Bispectrum Background

This chapter studies higher order spectral techniques in terms of their application to signal

analysis and use in gearbGM, particularlyat early stage fauttetection.

The firstHOS is usually considered to be the third order spectBispéctrum). Thigproduces
information in cases where a random data distribution has been sKex@Ged

In the previous chapteit was assumed that the induction mospeedremained constant.
However,a gearbox under test istgacted to varying gear tooth stiffness effects that lead to
torque fluctuations and therefore variations in thespeed. These fluctuatioms speedwill
produce variationsn frequencyin the time record, giving rise to ndatationary signal
propertiesHowever, traditionaFFT (Fourier TransfornAnalysi9 is based on signaikat are
stationary so that a direct vibration sign&& T produce inexact results. This phenomenon is
also present when a multistage gearbox is employed. Not only are many rewpsénty
components produced when multistage gearboxes are used but also multiple modulations
betweershaft andnesh frequencies. As a restitte raw signal&FT cannot resolvaccurately,

the frequency content due to the high frequency density whichalgwean result in poor fault
diagnosid171].

Furthermore, gearbox vibration is invariably extremely contaminated by a variety of random

noises which affect the measurement process, such as lubricatobiufbbulence. Because

102



traditional FFT signal analysis does not preserve the informatitire phasebeingcontained

insidethe original signaasit has limited success in reducing these noise effects.

Recently HOS methods have played an increasingbpitant role in many diverse fields, such

as adaptive filtering, biomedicine and harmonic retrieval. HOS provides a signal processing
tool with a number of unique features compared to ordinary spectra such as the traditional
power spectral density, that lgrdescribethe different frequenciesnergy contenand their

magnitude in the signal. In contrast HOS:

1) Retain phase information

2) Eliminate Gaussian noifE72]

3) Provide noHinear system identificatio
To demonstrate these important diagnostic characteristics, bispectrum analysis was applied to
the motor current signain extracing and studing the nonlinear featureghat arepossible
under different opeteon condition and faults, i.e. Gaussian noise received with-@3aussian

signal can be suppressed by transformation to a higher order cumulant fibn3airv4.

The Bispectrum, a thirébrder statistic, can be used identifying phaserelated spectral
componentpairsthat are helpful for fault detectigB83, 167].

fooy

.
| !

2nd order statistical process 3rdprder statistical process
! I
Fourier transform Fourier transform
L J l
Power Spectrum Bispectrum

Figure4-1 Classification of higher order spectra

Bispectrum is defined as the third order statiskosrier TransformFigure 4-1 shows the
classification of HOS for a discrete tirdemain sigal. Several publications such[455 176

have reported the application of HOS techniques inhinecCM where HOS cumulants, and
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their relatedFourier Transforms, have used phase information to provide a reliable means of

extracting ifiormation about phase coupling.

The use of lgherorders method$ave the capabilityn amany applications where rciganical
faults are detectedp enhance the SN&nd it has been found thetichmeasures can be used
in a deterministievayto extract thevibrationof induction motoHOS components a manner
sensitive toconditionsof several faultf177]. Furthermore it has beerreported that HOS
measuregarefault conditionssensitivecompaed tonormalspectral analysis and stator current
for the induction motoanalysisusing theBispectrum technique had significant benefits over

the conventional secoratder techniquegl7§.

In this chapter a thirdrder signal processing technique has been applied to investigate gearbox
health for a high loadnd to determine whether the motor current frequency spectrum had the
capability ofbothdetecting theseeded faultmmagnitudeandpresence

4.3 Quadratic Phase Coupling(QPC)

The frequencies that occur due to defects in rotating machinery applications rocmg the
50Hz carrier frequency as sideband modulation components, but there ammpement
modulationsalsqg including the fundamentalTeeth Meshing Frequency (TMF) and its

harmonics.

Spectral analysis has already provided reliabvld satisfactoryinformation abotithe health
conditionof thegearbox. howevehat analysis was linear and the spectral components in the
motor current signal were assumed to be uncorrelated and the phase relationship between the
components of the frequency was ignoretll]. These limitations make it difficult in practice

in identifying sets of phaseoupledsignals

The information in the phase wpling relationship caused by the rlimearity between the
components of the frequency is preserved by the HOS an&®& is seen in the appearance
of additional peaks in the power spectrum at the differemcesum of the frequencies of

interacting conponents of a signél7§.
4.4 Review of Gearbox Fault Conditon

It is common knowledgéhat the sidebandsxistencan induction motor current spectra can be

due to load fluctuations, leading to motor-@ap eccentricities. This means that any
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mechanical imbalance arising in the gearbox leads to the rotor exjgi@ncinstantaneous
transient radial vibration and thmotor air-gap varies in a way described as a rotating
eccentricity [179. These variationsn the air-gap produce stator current frequency
components related to thothe rotor shaftrotational speednd supply frequencyby the

expression:

B BGI) Bs (4.1)

Where 7, is the supply frequencikis the frequency of the sidebardel L sé& &ué &tc,

is the gear ratio and, sthe rotor rotational speed in their reference given by:

Bs L B:sF5; 2 (4.2)

Where is the petunit slip and the number of polpairs. Substituting the expression for
psform (4.2) into (4.1) gives an expression which directly relatgsto the

supply frequencyy,
B.g BGI) B:sF5; 2? (4.3)
Where

L ra&tuand

L t (For the given induction motor)
4.5 Conventional Bispectrum Calculation

For acurrent signaWith discrete timeS> ?DFT, : ::B;; is givenas[180 181]:

f

X f : x t e 4. 4
t f

In the format ofcomplex number,: :B;in terms of magnitude: :B; and phasd ;can be

rewrittenas
X f \x f\é“ (4.5)

The power spectrum is a linear transform andeguency @inctionf. The power spectrum

measure which secondorder measure oft) , can becalculatedising the formul§180, 181]:
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Pf EX f X(f (4.6)

where Y ™:the complex conjugate of:";and ' >#is the statistical expectation, showing that

an average across a humber of records will provide for more reliable results.

Equation (4.6) can be rewritten in the phase formft a3 179:

Pf EX f X(H @.7)
where Y:"the complex conjuda of :";and’' >#is the statistical expectatipshowing that

an average across a number of records for a reliable results
Equation 4.6) can be rewrittem the phase formats:

zej Mmf

P f \Xf

Where,R :B; L 1:B; ET:FB;, and 1:B;is the phase of : :B;aFor real signalsl :B; L
F1:FB;&herefore:B; L ra

Consequently, it is obvious that the power spectrum does not preserve the phase, which is
necessary for signal reconstruct{d8?].

Extending the definition of power speatmuo third ordermeasuresesults inthe conventional

BispectrumB( f;, f,) which isdefined in the frequency domain[d¥3 17§:

B(f,, ) E[X(R)X(H) XL D] (4.8)

where f, f, and f; f, are individual components thefrequencygottenfrom theintegral

of the Fourier transform.

Note thatthere is difference between the second @l order measuressthey areboth
complex quantitieghat containdoth phase andnagnitude informatiomegardingthe original

time signalHencethe Bispectrumdetecing the QPCpresencg¢183.

For example, if the components the frequencyat BaB and B E B in a signal are
independenfrom each other asach frequencig charactesed by independent random phases
distributed statistically over : é&;. By carrying out averaging statisticaly, denoting
expectation irEquations4.6) and 4.7) by operator AAtheBispectrum willthentend towards

nil (0) due tothe effectsof random phaselhe suppression ahndom nase carthen in this
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way, besuppressedilternatively, if the three spectral component®:&and B E B are to
eachother(even norinearly) coupled the combined componerfasesvill not be random,
though each individual phases may@aedom. The phaseguld have thaype ofrelationship
below[178:

Mf, M, M f, O 4.9
Therefore statistical averagingould thenlead to a value in thBispectrumthat isnon-zera
A peak in the Bispectrum at the-foequency indicates this ndimear couplingb:B a B;. In
measuing, between coupled componentse degree of couplinga normalised form of the
bispectrum or btoherence is geraty usedwhichis defined a$173:

‘BMS f,, f, ‘2
EjX £ X [ gx ¢ [

bis fi. £, (4. 10)

4.6 Difference bdween Bispectrum and Power Spectrum

This section discusses how tBespectrum has the advantage of preserving phase information

compared to the power spectrum.

Applying the same approach as used with the power spectrumBesgeetrum, the latter can

bewritten:
B f.f, |X fi|X f[[x f f]dFh i (4 .11)

This equation clearly shows that thiease information is preserved uskigpectrum which,

as stated above, is important in the processing of speech $itBal$84).
4.7 Modulation Signal Bispectrum Calculation (MSB)

According toMSB definition in the frequency domain, the meshing frequarmyponentB

and sidebandt X(f, r f_) in anvibro-acoustic signal can be correla{ddg as

where : Y% B; is the Fourier transforncomplex conjugate: : B; of acoustic signalT: P, and

>7s the statistical expectation operator. And the power spectrumis
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P(fn) ELX(f) X (f,,) (4.13)

Equation (4.B) illustratesthat througtthevector averaging frequency domaiperation MSB

can extractat the meshing frequencyhe higher sidebanénd the lowersidebandof the
componentscombination. Meanwhile other components, which include the interfering
components and random noise, @hido not meet the phase relationshgsignificantly
suppressedsay, this process, the effects of the modulation, can represent an acoustic signal

more reliablyandaccurately

In examinng alonethe modulating componenigsstead of corhbining with thecomponents of
themeshing, a MSB sideband estimator (MSBE) according td182 184 can be used

BE f.f E X f f X f

S

X ff

S

) L XX ffR (4. 14)

Because Equation (41 magnitudeis normalisedthe MSBSE magnitudebecomesnly the
products of theipper andupper sidebands, ftecting more the modulatinéaults component.

Furthermore MSB coherence (MSBGyhich has been given iBquation (4.14) can besed
in estimatinghe random componenitsfluenceq 182 184]:

Bys f,. f

rr'm

ps(f)E|X £, ) f f

‘2

b2 . o (4.15)

]

Thecoherencéen MSB has boundar[0 1]. One(1) meaninghatthemagnitudeof MSB is true
from themodulation effectsOn the other han@ 0 (zero) value means that thegnitudeof
MSB is primarily from the influencesof random noiseTherefore,other MSBCvalueswill
indicate the MSB peaks reliability. Furthermore for any given environmentwhere
measuremenis being carriednoise is relatively the same. The MSBreasecan be a
modulation degremdicatorthat can beisedto detecimodulationpresence

4.7.1 Sideband DetectionUsing MSB

Mechanical faultsgearbox system contarseries of componentsf sideband(appeaing
mainly around the supply componerB)spectrunpieceat the frequencgf supplyis sufficient
in characterimg the sidebands fothe detectionof fault [17§. By putting the constant
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frequency values such @ a mesh harmorscf, zf into Equation (4.11) theupply

r

frequencyMSB can begivenas[185:

To extracthesidebandffectonly, the supply comp@entmagnitudeon theamplitudesof the
resultant bispectrum can liminatedby normalsing the componentf the supply by its

magnitudeX, f X(f )| X(f,)| havingunity amplitudebut retains phase information

that areuseful In this way Equatiod.15) becomegquation (4.6) whose magnitude will be
an estimate of sidebands strength only and denote G833

Bis f,f. EX f f X f f X f X, f] (4.17)

17 's s
and in magnitudghaseorm, the MSBof thesidebands:

B'ws f.fo E|X f, f|X f, f|ef™ (4.18)

17 's

Theseequationhowevershowthat thecarrier magnitudaormalized MSBmagnitudes the
product of thecomponents of théwo sideband only. Under the condition that #igeband
amplitudeis the same, Equation (4)Lor Equation (4.7T) amplitudecan becomparedirectly

with the amplitudesf thesidebandn the power spectrufnom Equation (46).

Though the Equation (4.8) amplitude can becalculatedby the inclusion of thephase
influences in particular, the average is performed based on vector quaktigycomponents
with inconsistencyn the phasewill be suppressehcludingnonmodulated components and
random noiseAlternatively, the amplitudesf thesidebandn Equation (4.6) include noise in

the measured signasthe power spectrum is unable to tiseinformationof thephasq186.

To checkor quantifytheinfluence of theandom noiseélegreeand henceconfirm MSB peaks
existencethe corresponding boherencef theMSB for modulatingsignals (as ifl173 17§
can be simplified as:

Bl f,f

2
r’m‘

b f 1

rr'm

E[X f, f X f f (4.19
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Likewise b*\,s f,,f

r m

will be close to unity if a bispectral peak is from modulation

components. Otherwise a value close zero will indicate the peak is notiteddcomponent,

and may possibly be due to noise.
4.7.2 Bispectrum Performance

As mentioned in Sectioh2, BispectrumAnalysis has a number of distinctive advantages when
compared to the traditional power spectrum analyBiese include preservation of pbhas
information, Gaussian noise elimination and {tiaear component (modulatiomecognition.
Especiallythe bispectrum can heery capable of detectin@PC that arises when two signals
nortlinearly interactwith each other and produce a third signal vetbhase andrequency
eqgual to the differencandsumof the first two signals. Aseenin thegear vibration model,
the signal is producedue toa nonlinear interactioronly between thaneshfrequency and
shaft speed components. Thus, the bispectrumpoaride a more preciseébration signal
diagnosidor fault conditiond17§.

4.8Key Findings

Analysis of HigherOrder Spectra (HOS) arttieir relation to conventionastatistics of the
seondorderhas been reviewed in this chapt8tatistic of theifst and secongdrderwhich
include variancanean, power spectruandautocorrelatiopwhich are signaprocessing tools
thatareaccepted anwvidely usedfor data analysis. t8tistics of thesecondorder are suited
particularlyto descrile linearandGaussiarprocesses. Howevegractically there areseveral
situations wher@racticalprocesses deviate frolmearity andGaussian conditions, and then
more advanced analysis techniques areireduthese include the bispectrum.

Bispectrumhas also beensedin investigaing vibro-acoustic signals this chapterVibration
and acoustic signals generated faylts from electrical and mechanicairigin contairs
sideband componentseriesthat manly appeararound the supply frequency. lfspectrum
pieceat the frequencygf supplywill be sufficientenough in characterisinpese sidebands for

detection and diagnosis fault.

In extracing extra components caused Wbgults in helical gearboxon the vibreacoustic
signals,it has been seen thatnew MSBSE estimatocan be amore accurate modulation
measureAnalysis usingVISB-SE isvery effective as itonsiderghe phase informatioof the

sidebandand the resultsgives a sideband magnitudessimation that is moreaccurateby
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suppressing thafluencesof therandom noise from the motor operation andphecess of

measurement.

The CM mechanism involves a signal processaryl sensorstools mix that ensures the
provision ofconstansensor sigriathatrepreserdthe system componentenditionbased on
acoustics, strain measuremenit,analysis vibration analysiandthermography approaches

which make suctapproaches used for machir@sl very important

AnalysisusingVibro-acousticapproachs veryimportantin theindustry for effectivenachine
CM and helpan achievng and maintaimg machines with betteoperating conditions and
efficiency. Acoustic andileration datdhave beepresented iboth frequency antime domain.
Any of the datacan be usedh processg the vibreacoustic signals for fault diagnosasd
detectionin gears However, this thesis will investigate theMISB (modulation signal

bispectrum as an advanced technidfee analysisn achievingbetter results.
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Chapter5 EXPERIMENTAL F ACILITY FOR GEAR
FATIGUE MONITORING TESTS

This chaptemives indetails the test facility and methodologies employed for the evaluation
study of vibreacoustic signals based monitoring. Commencing with explanations of the tested
gearboxes and associategsgems including diving AC motors, loading generators, control
modules and data acquisition systems then an explanation of the test procedure, including load
methods and monitoring schemes. The naturally resulted gear faults are later discussed.
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5.1 TestSystem

In evaluaing the CM techniquedor the gearboxof interest a run to failure teshas been
conductedn a gearbox test ripat has beedeveloped at the University of Huddersfi€ldhe
gearbox testig consists of two helical gearboxes in a backdok arrangement for effective

loads and multiple compounds tests.

The operation of the rig and data acquisition is fully automated for any combination of load
and speed, making each specified run completely controlled and rep&atadoler to acquire
high quality vibreacoustic data.

In addition, the rig is one of 10 different rigs in a large laboratory. It means that its operation
and data acquisition may be influenced by other rigs running simultaneously, which is very

common scenario in industrieschthus the data sets can be more realistic.
5.2 Test Rig Construction

As seenin Figure5-1, the test rigof thegearboxcomprisesof AC motor as the diving power,

two helical backto-back gearboxes as the testing etlis and a DCgeneratoras the load
devices which are linked by flexible couplinggn addition, both motors are associated with
theirelectricaldrives which are controlled through a PLC controller to operate the rig at various

specified load and speedstomatically.

Figure5-1 Mechanical/electromechanical test cgmponents
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The AC motor produces an output of 15 ldf\fated speed di460 rpm, which is depicted in
Table 5-1. This output is higher than that of the testing gearboxes in order to ensure the

gearboxes operate at their rated load.

Table5-1 Specification of AC induction motqd.87] (Brook Cromptoi

Type of Motor Induction

Number of phase 3

Number of poles 2 pairs

Rated power 15 kW

Rated line voltage 415V

Max. Current 22A (@Full Load

Rated speed 1460 rpm (@Full Load and 50Hz Supply
Winding Y Star To A delta

Number of stator slots 48

Number of Rotor slots 40

The two gearboxesnder tests, as illustrat€ture5-2, are industriajearboxesuppied from
a major gearbox company. Thake very commonly used as power transmissions in different
industries such as oil refinery process, paper natls, and areof the high speed layout o

typical wind tubinetransmission system,

As both of themhave identical constructions in termstbé centre distances beten gears,
bearings and housinthey have similar dynamic characteristisyd their vilbo-acoustics can

be compared directly for any large discrepancies arising from installation. errors

Figure 5-2 lllustration of two stage helical gearbox under test

As shown inTable (52) and Table5-3) , thetwo gearboxes are the same for transmission ratio
Z,12, Z,Z, 13/59 at the lower speed stages bbey have a slight different gear

parameter at the higher speed stages. Gearbox 1 (abbreviated to GB1 thereafter) operating as a
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speed reducer has the gear raticzgf/ Z, 49/55 whereas gearbo (abbreviated to GB2)
operating as a speed increaser has the ratif,8fZ, 47/58. These configurations make

more than a 50% difference between the trasmission ratios beween the two gearboxes so that
the DC generator can operate in higlcehcy ranges and apply loads to the system efficiently

over a wide range of speeds.

Table5-2 Key specification ospeed reductiotwo stage helical gearbdcB1)

" . . 27 or lower speed transmission

Description 1% or higher speed transmission stage

stage (GB1 input shaft 1) (Gﬁl output shaft 3)
Number of gear Z,lZ,=49/55 Z.lZ,=13/59
teeth - o
Eeduction ratio 1.224 4 5385
Centre Distance 74mm T4mm
Shaft diameter 24 mm 395 mm
Normal pitch 1.253mm 2.00 mm
Helix angle (%) 5, =13 B=27
Pressure angle (%) | o=20 o.=20
Module Mi1=2 0mm Mx=125mm
Working face widtll bi=25mm br=26mm
Contact ratio g,=1.521 £, =1.669
Overlap ratio g, =1.289 By, =2.89

Table5-3 Key spedfication of twostagespeed increadeelical gearboXGB2)

1# or lower speed transmission nd . .

Description stage .(_GEozr ];Lgal}frj ;peed transmission stage
(GB2 Input Shaft 3)

MNumber of teeth ZqlZ,,=59113 Ly Zy=4T/58

Increase ratio 4 5383 0.8103

Centre Distance 74mm T4mm

Shaft diameter 39 5 mm 24 mm

MNormal pitch 2 0mm 1.25mm

Helix angle (%) B, =27 B=13

Pressure angle (*) | o=20 =20

Module M;=2 0mm Mz=1.25mm

Working face width| bi=36mm br=23mm

Contact ratio gy =1.469 E,,=145

Owerlap ratio g, =1.289 £,,=2.89
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The DC generator/motor actstag mechanical load for the system (test rig) thgmaximum

driving speed (1480 rpmt producesan output ofL7.%kW. This load is much gher than the
rated power of the AC motor (15 kW) but thlectric control modulean automaticallyadjust

the load to the demand and maintain it with at high accuracy

Table5-4 Specificationof the DC geneaxtor[188, 189 (Brook Crompton)

Classification DC (shunt)
Number of phases 3

Number of poles 2 pair
Rated power 17.5 kW
Voltage (excitation) 460 V
Current 445A
Rated speed 1480 rpm

With this set up theelectric supplyof the AC motor is from a control cabinet whiedjusts

the speed and poweutput of the motor. The A@otors transmits mechanical poverectly

to the gearbox via the gearbmput shaftand, hence, to the downstream components, see
Figure 5-3.

Microphone 1 '*MicrophoneZ

Figure 5-3 Test rig shematiadiagramand plaement of vibreacousticsensors
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A third shaft supported by two bearing supppdsuples the gearbox to the DC generator,
which produces electricity that is dissipatedheat by a resistor bank. By varying the value of

the resistancalifferent loads can be applied to the system.
5.2.1 Electrical Controls

A control system was used to maintain identical motor speed and load peafitamatically
so that each test run wasgénely repeatable for accurate comparasiuelied19(Q. It consists

of an AC module, a DC module and a PLC controller.

The3-1 (415 VAC) supply is connected to t#& moduleinverter whichadjustthe supply
frequency according to the set posgeedirom PLC and generates nedC motor supply

voltages The AC motor is then driven by tlreltageat therequiredspeedand requiredoad

A DC motor control moduladjuststhe field supply to apply mechanical load to the desired
valuefrom the PLC. The armature outputs of the DC motor is fed back to the main supply grid
through an inverter. Therefore, the energy generated is not wasted

The PLC controller is mainly used for setting up desired load and speed for the test system
5.2.2 Sensorgfor Acquiring Vibration and Acoustics Signal

1- Accelerometers

Thetransducer that isommonly usedhe mostfor measung vibrationis the piezo-electric
accelerometer. Thisype of transducegenerallygivesa strong signal over a widenge of
frequencyin capturingvibrationssignalsfrom manysourcesncluding at therotationsof the

shaftwith alow frequencyof several Hz tseveral thousand Hat gearmesh process¢497].

The piezeelectric accelerometer hasveryhigh sensitivityalsoto measue signals witHow
amplitude, whictaregenerated bfaults inceptionAlso, this transducer hawelatively small
size, with good measurement linea@tydstability and arehighly durableg/192,.

The piezeelectric accelerometdrasthree main partsthe base, a seismic maasd piezo
electric crystal[192. This piezoelectric crystal acts aa spring when placed between the
accelerometer basedseismic massBoth theseismic masandaccelerometer basabrates
with the samghase andnagnitude. When the accelerometegxposedo such vibration, the

mountel seismic mass on the pieetectric crystal exerts force on the elemigatt isequal to
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the product of acceleraticandits mass(F ma). This forcethencauses the piezelectric
crystalin generang a chargehat isproportional o thelevel ofaccelerationThischarge ca
thenhave amplifiedor signal recordingising either an internal @xternal charge amplifier.
ThelCP accelerometer, which is th@ernal charge amplifier accelerometer, allows for longer
distancdransfer ofsignalwhen compared with accelerometers vagternal amplifiers.

The transducer withCP have been selectad this researchhave lav outputimpedance,
contairs built-in IC circuit which convert the charge signiaito a voltage signalasgivenin
Table 55. Thesetype of transducers are usettely for measuringvibration astheir mass
have nosignificanteffecton the surfacenovement They alsgossess a frequency rartpat

is wide enoughappropriate for gearbox vibrationeasuement(0.5 Hz to ove 10 kHz). They
are made to be veryobustin withstandng harsh environmentatonditions existing on
gearboxesas they havedequate sensitivityAlso, they have an upper temperature limit of

around90°C because atheir inbuilt microelectronic§193.

Figure5-4 Vibration accelerometer GXD-1182A

Table5-5 Technicalspecifications ofaccelerometer

Axial Sensitivity (20£5°C) 100mV/g

Measurement Range (peak) 50¢g

Transverse Sensitivity ”

Frequency Response (0.5dB) 0.5to 10,000 Hz
Mounting Resonance Frequency 40,000 Hz

Temperature Response Refer to the temp. curve
Polarity Positive

Operating TempRange -40 to +120 °C

Shock Limit (xpeak) 3,0009

Operating Voltage (constanturrent source| +18 to +28 V (DC)
Operating Current +2 to +10 mA (typical 4 mA
Output Signal (peak) "9

Noise (1 to 20kHz) >:0.5 mg
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Base Strain Sensitivity PJ O
Magnetic Sensitivity 1.59/T
Thermal Transient Sensitivity 10mg/°C
Output Impedance >: Y

DC Offset Voltage 12+2 VDC/7+1 VDC
Weight 99

Case Material Stainless steel
Mounting Methal M5

Sensing Element PZT-5
Structural Design Loop shear
Output Type L5 (side)

It is common for CM applications that senstwr$e placed ircloseto the source ofvibration

in acquiringgood response characteristafsthe vibration Two similar accelerometerbave
been used in measuring the vibration from gle@rboxto monitoring the conditions of two
gearboxesOneimportantconsiderations when aglerometersvere being installets thatthey
should be easily accessed when they need to be remospdied or refitted One
accelerometer was mounted on timeising ofgearboxl where thesurface of thenountingis

flat and where the sensor could beunted relatively easily. The second accelerometer was
installed on the casing of gearb2XThe sensor placements are showfigure 5-3. In order

to avoidundesirablesignal distortionthe accelerometersave eenattachedrigidly to the
surfaceghrough thebrass studhat isscrewthreadedand therglued with ceramic cemeitd

the casing

2 - Microphones

The acoustic signals were measured using a BAST omnidirectional microphone. It consists of
an electret corehser microphone model CHZL1 with YG201 preamplifier. Figure 5.

shows photos of both the microphone and the preamplifier. Tablans Table & presents

the main specification of the microphone and its preamplifier, respectively. From Fahie 5

can be seen that the frequency responses of the microphone and its preamplifier are determined
by the electret microphone which has a range of up to 20 kHz. Higher frequencies can be
measured and although the response does fluctuate slightly (within +let&en 10 kHz

and 20 kHz, it does not begin to drop away until frequencies above 20 kHz
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(a) Preamplifier (b) Microphone
Figure5-5 % $679V PLFURSKRQH V\VWHP

Table5-6 Specification of microphone CHZ11

Ttems Microphone CHZ-211
Sensitivity -26x1.5dB (50mV/Pa)
Frequency response (Ref 250Hz) 6.3Hz~20kHz (+2dB)
Sound field Free sound field
Polanzation voltage ov

Safety limited = 146dB

Background noise level = 16dB

Operating temperature -40°C~+807C
Operating humidity 0-98 (EH, %)

Outer diameter 12 7mm

Table5-7 Specification of preamplifier

Ttems Preamplifier Y(5-201
Power supply 4AmA current source
Frequency response (Ref. 250Hz) 10Hz~110kHz (+0.2dB)
Attenuation 0.3dB

Input impedance 2G0O

Output impedance = 1000

Maximum output voltages 3V

Operating temperature -40°C~-+80°C
Operating humidity 0-98 (EH, %)
Background noise level =70uV

Length 70mm

Diameter 12 7Tmm

, OWKH WHRWWRWERQHWVHG WRIRE B WRARHK BWVKIHU RWKPDDOHDUER[ DW
DSRVLWLRQWRI FPRURWKH WWRKHRIHDU¥R [VEKRIBNV LW FDQ SHUFHLYH
WKH UHVSHFWLYH JHDUER[ ZLWK OHRWY H{QWIREHR B HY LIQUR £ &RMRWR
WKH ORDGLQJQUPQBUWWREQ VXFK D GLWWRQHH ORKROIAO MRZH/ WIH
YLEUDWLRQ UDGLDWLRQV RI WKH IXO0O KRXVH RI WKH JHDUER]
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An incremental optical encodewhich is manufactured byHengstley Type: RS32-
0/1024ER.11KBwas fitted at the nedriving AC motor shafend as show in Figure 5-6.
This measurethe shaftsangular displacement by calculating an angular increment reference
signal. Theoutput ofoptical encoder is connected to the DAQ system in parallel to the vibration

and acastic channels.

A square pulse outpig generated from the encoder each angular degree maagthatit is

a 360line encoder (for every complete revolution) and a short pulse per revolution. The latter
is employed to fix the angular reference sigoraio which the vibration and acoustic signals

are decomposed. The decomposed vibration signals show high performances in detecting the
location of the seeded fault (broken todtt94]. The 360 square pulse signals can also be used
for the decomposition but may cause errors and computation complexity when used to produce
a reference signal asther shatfts.

It is worth noting that it is not so easy to mount the encoder on the shaft end with acceptable
alignment and reliability. It is often found that the connecting devices can be damaged or
malfunctioned due to poor alignments and high vibratiCouplings purchased from
equipment suppliers and selésigned devices have been used to connect the encoder to the
shaft on the test rig. Because of this inconvenience, enf@aem SA has been investigated

widely in recent years, but no reliable antbust method has yet been found.

Figure5-6 Encodermounted on the nomriving end of the AC motor

4 +Temperature Measurements

Two K-typethermocouplesensors were used to measure the oil temperatu@sarboxes 1
and 2 respectively. This ensured the gearboxes operated within the specified temperature
ranges, below 70°C. Their mean values were calculated by the acquisition software and

displayed online.
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5 #d/oltage and Current Measurements

Three phaseoltages and currents into the AC motor are also measured and their RMS values
are calculated and displayadthe host PGnline. This is to ensure the applied load of the
system is correct. In addition, other researchers will also analyse such signali&de ithe

MCSA (motorcurrent signature analy$isan be also effective monitor the gearbox systems.

5.2.3 Data Acquisition Hardware

Figure 57 shows the YE 6232B high performance data acquis{fiigkQ) system that was

used for acquiring vibroacousticsignals. It consists ofL6 channels capable of conditioning

and acquiring data from ICP/IEPE accelerometers, microphones and normal voltage sensors at
24bit resolution and 96kHz .HE DAQ systemechnical specificationis presenteth Table 5

8. DAQ is connected to a host PC via USB port for controlling data acquisition process and
storing collected data.hE supporting softwarn@ the host PGs capable of analysing data in

the time domain for basic waveform parametectudingkurtosisandRMS, and spctrum in
frequency domain vialFT. Thus thegearbox conditions can be monitored by viammustics

in real time based on the changes in the waveform param&®&ts

T
AT
SO TR

Figure5-7 Global sensor technology YE6232B DAQ system for monitoring vémaustic

signals

122



Table5-8 Technical pecifications of the DAQ system

DAQ system manufacturer Global Sensor Technology YE6232B
Number of Channels 16 (selectable)

A/D Conversion resolution 24 bit

Sampling rate (maximum) 96kHz per channel, Parallel sampling
Input range =10V

ICP or IEPE supply 24V

Gain 1, %10, <100

Filter Anti-aliasing

Interface USB 2.0

For more accurate monitoringjrther sgnal processingobs such as TSA and MSB analysis
werecarried out offlinein another PC installed witMATLAB software During theprocess
of data acquisition, the sampling frequgramndnumber of data pointwere set t66 kHzand
1.92 x 16 points respectively, whicallows sufficientaverageto be implemented for reliable
results In the meantimethe high sampling ratensureghe encode pulse train to have good

time resolution dr estimatinghe rotationabpeedat high accuracy.
5.2.4 Data Acquisition Software System

To improve the real time monitoring capability, supportsedtwarefor the DAQ wasdone
using National Instruments Lab Windows TM/CVI, a commereraineering toolbox ith a
large runtime librariesset for data acquisitionfor analysisand instrument control. The
development environmendf the Lab Windows offers featuresuch as the generation of
automatic cod¢hat allowsmeasurementsking much easiewhen comparetb traditional C
or C++ environments. However C was the language in which the interface was {{9@n
The software fordata acquisition can control tipeocess oflata acquisition so that multiple
dynamic datachannelsat differentdata lengthsand ratescan be acquiredCurrent, IAS,
vibration,temperature andoisemeasurementsan beacqquired when using the softwar&he
software package hassetup panelfor acquisitionto enable theiser make modifications to
for example the samplingdata length andrequency. Thestatus indicator andontrol
commands ardisplayedon the screen. Thiensureoptimalcollection ofdata set for offine

analysisof data
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Configure Channelg and Sampling Rate
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Figure5-8 Set-up screen for data acquisition
Figure5-8 Setup screen for data acquisitiohhe sampling frequency is set at 96 kHz (this
enables the high frequencies associated with transient esariisas the pulse out of the
encoderto be collectedwvith sufficient accuracy for speed and angular calculatiomd the
lengthof thedatais setat 30,642 samples. The data point collectiore durations equal to
number of sampledivided by thesampling frequencyThe exact sample time duration is

therefore given a8.3192 sec.
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Figure5-9 Screenshot of measured signals
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The improved software can display the raw data in different ways, as illuskigiae 5-9.
Especially, it allows comparing data between different channels and checking if any

inconsistacies caused by various problems saslvose wires and sensor mountings.

Moreover, heimprovedsoftware also allows the displaylodth theoperating conditionand
the key monitoring parametdaitwough arealWL P H p G DwHch R Dudt@zted byFigure

5-10. This allows for an accurate online monitoring of rig operations.
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Figure5-10 Screenshot of operating status and dynamic trend graphs.

Besides the data acquisition systemasbeenalsovalidatedby a number of traibperations
and adjustmentsFinally, vibro-acoustics signals cashow the gear vibration fea