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ABSTRACT

Wind-turbine gearboxes operate under large; fluctuating torques and harsh environmental
conditions; their early-stage faults are therefore a leading cause of unexpected downtime and
maintenance costs. This dissertation develops an end-to-end framework, spanning physics-
based modelling, signal-level health indicator design, and data-driven classification for the
detection, localisation and severity quantification of multiple, simultaneously occurring gear-

mesh faults in utility-scale wind-turbine drivetrains.

The study begins with a first-principles derivation of time-varying mesh stiffness (TVMS).
Closed-form expressions are obtained for healthy spur meshes and then extended to seven fault
classes: tooth breakage, root crack, partial chipping, pitting, uniform wear, parabolically
distributed wear, and all hybrid combinations thereof. Numerical results agree to within 3 % of
published benchmarks, confirming the accuracy of the formulation. The TVMS library is
embedded in lumped-parameter dynamic models of (i) a parallel-axis intermediate/high-speed
gearbox and (i) a planetary low-speed stage featuring seven degrees of freedom per central
member. Generalised-o and B-Newmark integration schemes yield high-fidelity input- and

output-shaft torque histories for healthy, singly faulted and hybrid-faulted conditions.

Time- and frequency-domain analysis of these simulations shows that a fully broken tooth
excites torsional natural modes most strongly, whereas pitting, cracking, and chipping produce
progressively weaker signatures; distributed wear alone is difficult to discern without aligning,
resampling, and obtaining the difference signal between healthy and faulty signals. At the
planetary stage, modified Hamming transfer-path filtering shows that the output shaft
difference torque is the most information-rich channel after carrier-speed modulation is

removed.

Building on these insights, over thirty Health indicators (HIs) are evaluated. Classical
statistical metrics (RMS, peak-to-peak, kurtosis, crest factor), higher-order moment ratios
(FM4, NA4), side-band energy ratios, and newly proposed distribution-shape measures—
correlation coefficients of second and fourth histogram moments (CCS, CCF) and their
weighted fusion (CCSF)—exhibit monotonic, trend-able behaviour across 0—80 % crack and
0-15 bps wear severities. Crest factor is identified as the most robust single HI for localised

defects, while CCSF offers linear sensitivity across the entire crack-growth range.
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Finally, a physics-informed machine-learning layer is introduced. Fourteen time-domain torque
features feed a suite of feed-forward neural networks: a binary classifier discriminates crack vs
wear with 80—100 % accuracy, and two regression models predict severity with R = 0.998
(crack) and 0.989 (wear). The lightweight two-hidden-layer architecture balances
interpretability and real-time deployability, demonstrating that carefully selected physics-

consistent features obviate the need for computationally intensive spectro-temporal transforms.

Collectively, the work delivers: (1) the first comprehensive TVMS atlas for simultaneously
distributed and localised faults; (2) high-fidelity drivetrain models that capture fault-induced
resonance interaction; (3) a hierarchical diagnostic toolkit—from rapid statistical alarms to
neural-network decision support—capable of early, quantitative fault assessment using a single
high-speed-shaft sensor. These advances pave the way for predictive-maintenance digital twins
that can reduce unscheduled turbine downtime, extend component life and lower the levelized

cost of renewable energy.



AR

Ua-cxaT3 RREIe 3@ T4 R UiRafdd 814 aTdl eids adT o R Taiaruig aRfyfaal
A B Hd € | IRUTHRGEY, 396 I 814 aTel TR TRUT P GIY YT ST3-ergd
TYT TGRETE AT H I & U@ SR T J U § | I8 AMY-Tae STARA-WR T Ua--
RIS S12dc H Uh 1Y I 814 ardl Sgfay FR-A g o dl @, RiF-FHeiRor
TUT 3! TR & IRATOREART 5q Hifde - ArsfeT, Yohd-Wasid W ohdd
(Health Indicators) & [d@TI qUT STT-SMTUTRG THHRUT I THIRT Hxd §T Uh THYT Gl
T FRaT g |

T BT YRPH THI-GRad A B Rl (Time-Varying Mesh Stiffness, TVMS) & gYH-
Rygia smenikd sgde 3§ forar a1 81 TR ¥R fIRR A% & U §6-F4 (Closed-form)
il fawRia fhT U qur a1 ¥ I Id fafie aw Sf’i—gid ge (Tooth
Breakage), Hel @R (Root Crack), 31 FAIftT (Partial Chipping), fafém (Pitting), ¥HIT
BRI (Uniform Wear), WP ¥=U ¥ faaia foara (Parabolically Distributed Wear)
qUT b JHY YHR (Hybrid) FAISHI—db faxarid foar | Searas aiRomy g1
OMH®] ! JaT 8 3% ¥ 4 Ffe & R g 7Y, for fasRa Aigd &1 Tt uHiford
Bict §1 9 TVMS ST &1 (i) THMIR- 38 Heradl/S-Td FaRared auT (i) 9rd
Wcar-3f®I ard Uera FE-nfa @R (Planetary Low-Speed Stage) & Ts-RifieR
Tfa=ia disdl | gHIfed far TAT11 Generalized-o dUT B-Newmark HHIH AT faferai &
JUANT R gU AR, Thd-aIogad adl AdhR-agdd (Ul & foft $9ge ud 3m3cye
MU Tid & -8 (High-Fidelity) THI-3fae™ UTw fahg 7|

S BN & THI-8F qUT SMgRI-&7 ARy & I8 J1d gof fob guia: ger gofl &id
(Fully Broken Tooth) IIﬁBQIT{ W &nqﬁ-m‘r (Torsional Natural Modes) CARICIRED
JfTd Rl 8, STafeh UfT, aRR quT it seedd HFHSIR Ydbd ST Hd & | GERt
3R, faafvd fom@ (Distributed Wear) &1 Had W TS SIogad Tdbdl & TR@UI
(Alignment), a:-THATDUT (Resampling) dUT 3% R-Ybd (Difference Signal) &
fazayor gRT € WY FU F U S gHhdl ¢ Teid °aRor § ST i crawR-ury
fihee AT (Modified Hamming Transfer-Path Filtering) T I8 TR g3l fo drg® T
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(Carrier-Speed) ATAI® THTd PI g & GYTd STICYC I BT SR Tldh Faiieie Ja1-
TG Gbd A B

S FSh i & YR WR 1 ¥ 3% WA Hahdd! (Health Indicators) T Hedidh bl
TIT| URURS WiRADTT HUGSI—RMS, Tdh-g-Uids, HIRY qUT e haei—db TY-
1Y IA-Hife ol SIIATT (FM4, NA4), TTZ8-88 STl SUTd T Ta-UdTdd faaRur-
3B e ATaces—fgdta Td Ty fexeum mguif & Wgwse T[0T (CCS, CCF) T
JTah YTRT TGS (CCSF)—PT ST fovdn 11 31 94 A 0-80% GIR T 015 dRRN-
tIV'I'S';_C’ forgrg ikar & &= Wtﬁ (Monotonic) Td EI?{R'T—GITT@ (Trendable) gdgR
TG Rid fasar | oot § 1 gon fos Riiadd gt & o shie haex qaiiid geg Uhd
AR Hhad 6, STaid CCSF U GXR-glg W1 & AT G HagA=iTadT UeH &l
gl

31?[(‘[:, Udh W—Hﬁlﬁ BRI ﬂﬁ:‘T (Physics-Informed Machine Learning) %X GGG
fooar | Eﬁa_&’ JHT-&F MR 2l faRivarafi (Torque Features) &I SUINT Hd gl
1ZI%DI_S'—tb_VR?:KL‘f?ﬁ'ﬁf?ﬁaﬁﬁﬁﬁlﬁf(Feed—Forward Neural Networks) WWW@W
oo man| 379 U fgenurt aiffers (Binary Classifier) @XR Td forgrg el & &9 80—
100% YSdl & T NG HR Tbdl 5, STaid gl YT Alsd Gy &I THRar &1 3gaH
UL R? = 0.998 (GXR) TYUT R? = 0.989 (RITG) Pt TIdhdl T UM o3d & | &l Ta-TRl

(Two Hidden Layers) dTcll geeh! IRAT ARBIAT (Interpretability) TUT aRAd®H-THY
HIATGT (Real-Time Deployability) % AL Ida R H § 3R T8 UelRid Hredt §
& Teurigde wufa Hifdel-dmd fOdvdi oftd Wae!-duRd SUidaRo @t

TAGH T B! THTE HR Fahdl] %l

Ifed ¥U ¥ g8 MY FufaRad e dTe UeH &Rdl §: (1) faaid td wiriaed gl
& FHAd! YHTdl & foIT ugal s TVMS Tead; (2) QIY-URd SiATE Sid:fosarstt (Fault-
Induced Resonance Interactions) P! 3HfHdd HH H T&H I-F8T §I$d§'-| Oied; adl
(3) @Rd RIS Iara-al ¥ TR dEAGI-"cad URd ol T 9w fowgd '@
UETsh i (EM IUDHRU-TUE, Sl had U Iod-TTfd RTUS AR DT IGINT Hb RS
Td S Y i &x- H &M g1 ¥ SUdfedl qardan-d SFR&Ul (Predictive
Maintenance) TR fSforea fg=1 vonferal & o &1 anf u=Ra &Rl €, S UaH-
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TRATS & AT STSCIZH ! HH B, Ueh! DI IdT 3 TG aUT TIHR0NT Sl
& YAJHIHd AT (Levelized Cost of Energy) B g H Hg@YUl TNTGH ¢ Al gl
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