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Abstract :

As the core component of energy conversion systems, wind turbine rotors' vibration characteristics

directly determine operational stability and safety. Under complex wind conditions, alternating loads,

and electromagnetic excitation coupling effects, rotors are prone to issues such as imbalance,

misalignment, bearing failures, and cracks, which may lead to abnormal vibrations or even cascading

failures. From a fault diagnosis perspective, this study analyzes rotor vibration mechanisms and fault

vibration patterns, develops a time—frequency domain joint analysis method, investigates monitoring

system architecture, sensor deployment strategies, and intelligent diagnostic technologies. Through

engineering case validation, we propose a multi-source information fusion and deep learning

monitoring solution to provide theoretical and technical support for rotor fault early warning and

condition-based maintenance.
Keywords :

wind turbine; rotor; vibration characteristics; fault diagnosis; condition monitoring

515

BtE R AL . R, T A LI IR T30 XL 904z,

RERAEERSINTL, ¥ T ARG EREREMI 5 A AL

KAEEANE, RZHIL. L, BB AL, BIRRAEREEAT Y BT IRE SRR FRR S EOE R,
AMUSENAA RN, BAERARIE, HRRMEE G132 e, FadngE e s eSO IS RL T TR, 2T
PRBN 5B IS W STEL MR RO B OB Z o ASOR AT FIRSINUE SHRASE, M RIS SR s RS, X3
TERAHUH AT SN | BeiRadan AT . X s A a2 B T T AR AEL

—. RALBENEFIRHEMIERS

(—) BFRRER SRR

MUK AT S FaLE D 2 el e 288, LRI
AR, BN EEI A O U RE, TRt
T ML AR AR b et . HRBIMURD 49 =2 WD
NEEDRIT, CEHTANE ., Fhhath, B g, Hok

RS  55 s FRERUR e e T LR T = A, 5 s L
HOMBR YIS UM i X 35 R AE 5 A E)
AP, TERARRS . =R A1, (IR = BAE
SRR, AR IR RRE, EHRT T RIS R

() BFREBEAE RS HFEE

TR EZARA ., HFAMACE =M, HhEmRs)
HHGE 80%, 2 MEMEE A IEW TIL T8 IRsh LB /Mg E

e WA ERE (1985.05-) , %, #REEA, AEAH, BRIRT, FEHFm: RARENF mldi.

Copyright © This Work is Licensed under A Commons Attribution-Non Commercial 4.0 International License. | 131



BEIRRIZ | ENERGY SCIENCE

FOEREMED, RAMBENIEE, SRR RRE, e
Bl I H S ERERE. R Rayleigh—Ritz 5 R
S B R AI RSN B R, R TR N R SRR,
B RRFCIRRON B YIASTE KR SR B, A OB B i 77
T 1 AR AT S AN R CRR  ( IRBI R R e, S Ral
ARSI T SRR B BOE G R o

Ga

—. RALBHEFAREEERNSES T

(—) BFREALEHE

BF RN R dp i LR, L2y 35%,  HTm s
gEUK. MR BEfidmze . REIES R, SEUROSiER
M o IRBNFFAE: DA—EHERAEE (1xfo) R8T, HEER
EWR HSHEE T L fRIAAE . S B RS (2 255
S (90° ~180° ) 3 MR 1xfo HAENT TS, ERVCE S IR
o ZTHF, IRENTEEFERGE ., T maerEig K, Mgy
SEHNTERZ 2, Fol ko v,

(Z) BFAXhEE

GYNPATAR A EEA R B A A, R s
fWZs . Wi, BRIk, (E TR 20% DA L. IRENR
AE: SPATAOS DA S ERRAE (2% fo) N, FEBE1 x fo, 3xfo
T AN H DU IR B 5 Y, S £ 2 x fo B miSNG 5 k
Gy HAEARKHREINLx fo. 2xfo. 4 x fo ZIESHAF. TRNIE
RN S AT AR GO, TR B s R IR B f A, Il
DUFRIE 0™ i

(=) HFHFEHE

HRIE NI TR BB IR, Wi GBS R G 40%,
Sy I 7 AN AU VREDRFITE | ORI R W S 7]
., HARS B EFHIEMEE, W BPFIL, BPFO. BSF, FTF.
WUEERI AR IR 500~5000Hz iy, Sk H BUARFAE AT 10
A SR, I B RS g, R i 3~5 T Z T LA
o BHMES S, T R R b T

(M) BFHYESEMTHNE

MR RGU B G . i MRS R, S KR
RSN . BRI . A G Bl BLUEHE: RSl ARL
7, BHES Ix fo, 2% fo. 3x fo MY EIEDE, IR{EFEALY
B o eI R R I AL N, RS IR 5 HAR A
oo HHEHIE: DAL x fo dRBIN T, IR(ERE ELARRE R 2
T, BRSO, e SR R, MAAZERE . ST
W B R TREEE, 5 RRERS S A Y,

() B SIENEFIRED

PR . TS, Bthagh, SIRAKITR, £
HRARS . SRENEFE: SR IR (B0Hz) LA, #40
SRR A% (fo+50Hz, 2fo+ 50Hz) 5 IRENIEAE 5t
HLRIEARSC, SR PG U v rB A AE R 5E 1
WSk 4259 . SHUMIREIEE G, i arRe S5ES
BRI

=. BFIRESARTGE

(—) Mg RAE

WA MT RO RHE S B B A =28 IR S B 95 1
8. BRUE. VW, 7B BRahBR e, b & AR I R A
WS IEWREIES ~ 5% FIFRSHASIME., FE. WE
SR, HoAr e R S R U, TR LU0 T I EEE Y
93, HEREER A, AR S RE KT 5 WS
W PR R, Al RUX A HL0 R R S S
BERL RGBT RERIWT RN TRTS , TOHRBUIRE
B, DU R S 0, TR R T

(Z) SREA R

U AT AP B AR e (FRT) kD, B EES4
BRI AT, SRR A FREI2 Wi S T ST
AR EN G, MR 1 x fo, 2 x fo SEAAEATE et H 315 £
AT BEEMERAK R | AR A B AL, SRS T
Hilbert ZEfnf s i 5 SEA AR, FRER R i b i 1
LIS (78 s el B E Ve LA o o A Y 8 = e 140/
RYESRER A, SRR BRI REN LS Tk, Ak
Jo AR (AR, (S RN AR R . ARG IR
Ty INARESIENAERE , 250 A SRR 5 R 52 PR

(=) FBREBE AL

IR ARG G 4 BT ] [ 2 (5 B S R BB IS TR 2 AU, o
Mt AL A T IR T RIREI S Hr, /NpEAR s (WT)
REZ REEAAL A RAE5, SEAEO0 R 555 30 A0 A M FR B 1 6
St o KRS S M (EMD) 5RE816AS 7
(EEMD) W HIERLR S A4 50 AN B SR AL (IMF),
R B Ay, AR THE A R RN TR AR e
(STFT) R e ohAL, B /R 2R B I [R] (A J AR A 35
Wigner—Ville 4347 (WVD) R #EEE, (US43 LT4E,
A IR AR BT S

(/9) BEentRAx

BB T T IARFEA L a5 5] S 5 o) SLI PR ARRAIE 1 2 %
S5 EIR], BERTIS R E SR AR ACT, LR AL
(SVM) FE/NSEARSEM POV R oy 28, I el |
FAEIRBEE /398 BRI (CNN ) A B B2 S 3% o
FISHERURZAEAE, 2 Wik 95% DL F. KEHHOT
M5 (LSTM) 5XUa TG H 5T (BIGRU ) AR AITEIRSIE
SINFIRICR, ARURTHE T TS W e M. SRS
TSR . FORES, RN SCADA Bk, sl
ZWEEIAN, B S NERRIETT R 99%, N HIHE T
BT R AL T A T A

M. RAO%RBHEFIRDENRGLT

(—) REE BRI
B RGN 2 — 1540 2 — H b T2 — 2 DY A=

132 | Copyright © This Work is Licensed under A Commons Attribution-Non Commercial 4.0 International License.



B, SEHNE SRS SR IB AN AR A E B, BRI
EUVE UM e MR AR AL, TR T AR
B SRR . R AU AR S OGN ST, ST T 2 AR S
S B EMFT T LUK M, 4G/5G K LoRa Jlfs, SEM T
SRR L, SRR B S A TR AR E R 0. %
TR SR R . HEREL, M TS O, IR
BARFEMRNT . N R N R IR AR IR | ey 55 1y
A8, AWALLFREB R R,

(=) ST SHIERE

GG RS TR A S WO AGR AR, I ARG T A 4
TG 207 IR B A, e A T e AR R A O Sl 2
R TR AN . RO R R B AR R AR
MBSy 3t 5 {1 B Syt P i B8 PR AR B0 R e AN I Bt 5 G
T SR W B 25 5 IEREA SN WUREI SR T I LR
G, A AR Y RE., Hi =R, RER
REMERDER, W,

HHRRESH L, MR 10~20kHz DA 25 P i 45
Gt B IEMIEIR S SR 16~24 (ks R RE, SRTHMEs FL
W5 RS . SRR B G R 45 Gk, HEEUREIR
e, Rl AR R B AE . [F RI P ORI L
FUTEESH, MELZTFEIRRR, HIgETRTH, S/asiik
LW AR B

(=) ESHLEZAR

JEHEIRENE 5 5 SRR | HURE T4 M AR T 00 s,
T B I AL B AR RO A5 5 R TR PR SR I L
FI(E SVD., /N FIMEREE S EEMD-CC By %, it
PEAMIH KGR B, K5 SEMRIHEFF % 58dB DAL, &
HYET I AR, S5 T B R T fm /N ek 5 B U 45
HI7E R . HA A ET RS AT,

243t

oA LR sy . SR EER A 3o HENSAEZ A
BeE AN, BENRABDEHBRE RS T BRI IS sl B
AR, IMESF RS -, ARG, WA
BERmp s 48, 1RG5 E, ARESRHMER IS R B35
GEZ 0N

(/) HWELE SME#RE

WS W S S RAREAE  “AURRE — EEHibE — 45
AR — WA A — s — @A WHARS . &
JeBIS Z R AR SRR . s TS g R, SR
W, JEVE. VA CETALELS, SREURIE. USRI S
AR A AE ) B, SR P BB T 528 REASRL A AR 25 S =X,
R e | R AR B AR . RS TR T
LSRR NIEH . TR B, R, BREEg, THER
i, FFHEH ARIMA 5 LSTM HFHiEsE, xtiEs)
RE R RS HOI A TSI, RTHETT 72 /N SEEUMO R R R 2
T, i A G T A I R, A RO S A S S R
HRIENL, AETHHAE TR Sk,

h. 458

W7 RV - e P 4 MT 5 S B0 W 2 PR e L H 2 i
TR . RS ST T e 2 IR UL T e s A it
IRBIEHIE, MRS, U, MU S RERIEEC G AT Tk,
BT ERAIEL I R Ge . LRSI, 1207 AR0R N
PR R TFSCEURRETUES  F TR S EIRGAL T O A =
B ST HURRE I, 2 BURERS & 40 1 MO PR A s T
MR, ASRTRRMZ IR, ZIEEREG. 1% - =
PR AT RORIT ST, SRS RE . R, AT
TR, X s L e AR BRI

(1) SRR, ZR0kmE, ZE0RD, % . BETINSERMESHIN R R SR RIRE S-S Ha 0T ). a2l R, 2024,42 (02):45-51.

(21 RIS, BRI, 220w, & 7R AEHLALRSRS M SR BRSS9 1), 93l Svhit, 2025,44 (08):112-120.

[BVPRGRIK, Bz, SOOI, %SRBI RREHE S RG] R AL gt 7 ORI 7). fL AR, 2025, 38 (04):512-519.

[4] ke, XIELL, Wi, % . EFLRE 2DKAN-BIGRU-ACBAM REHIAEHAZ TR 2581 (J). #liE L Esht, 2026,48 (02):34-40.
(5] i, BRbE, d, & XRPELRS SRS RBUAN A D). J&3h . W50, 2026,46 (01):156-162.

161 =iH, W26k, STt HETHCHE SVD SHREE CNN IR RS2 9T (). TR EFLR TR, 2025, 36 (23):2817-2824.

(7). T, Sl KRR U T — HURRS GRS T (0], LS #1244, 2024, 28 (09):78-86.

(B XA, fIERE, IKPET . 2T EEMD S50 i KBS 7 AR AR (7). WU T4, 2025,61 (05):134-142.

[9] Efe, =W, 5Rk# . 3T CAVF-Net ZAEME SR R N ALVER Al & TR2 I (1] Entropy , 2026,27 (03):951.

[10] Efists, M, Ff . XL e R A RS 5 WU (). RFHAESAR, 2025,46 (07):198-205.

Copyright © This Work is Licensed under A Commons Attribution-Non Commercial 4.0 International License. | 133



	基于故障诊断的风力发电机转子振动特性分析与监测

