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Abstract : Gearboxes, as key equipment for wind turbine loads, often need to operate efficiently and stably under extreme
conditions. To improve the recognition efficiency of gearbox fault states, a gearbox fault signal diagnosis method based on
Quantum Particle Swarm Optimization and an improved deep forest algorithm is designed. A gradient penalty function is employed
to preprocess the weighted neural network, enabling stronger collaboration among particles and significantly reducing signal noise.
The research results show that, whether under extreme conditions or with different sample proportions, the proposed method
outperforms other approaches such as Convolutional Neural Networks in diagnosing gearbox fault signals. Under the extreme
environment of 10 dB strong noise and with a small sample size, the accuracy of the proposed method can exceed 85%,
demonstrating high reliability in achieving a high diagnosis rate and ideal recognition performance. This study contributes to
enhancing the capability of gearbox fault signal recognition and can be extended to other transmission fields.

Keywords : gearbox ; fault diagnosis; deep forest; generative adversarial network

0 3|5

WAL shae Bt A R s sh e fm 45 f Al
sl i X 2H B 8 R AL A R R R B A
BLOERAEY . M3 RS AT ] — EL T B
B 5 S B AS TR 1) A S O ik e 5 8 ) R
%o IR, i AL AR B e (AR5 5 0
SN G , WA, ZME RGN 2T
I —E R EAEHT, BT S | R AR E SRS E S,

E£TH . HxRAREFIEETH (50775157)

12 K F o R 3 3 Ik, B35 3
PRI WSR2 D K R A B
HASIT BTSN 5| TR Z M2 I UG T —
SEMTIFT AR, MRS R TR B
TUI itk P 445 1) 1A SR AR 5 00 5 o el AR SR O
U5 e MR AR AL 136 5 A rh S B B oy B 5 o i
BRI BRI, B S5 A 5T T 0k BE AR ik
BRARESRERE ) TR AR R T XU NI
S PRy i LE U A R S BT 32, I I 2 T 14

E—EFE A B OO (1975—) , &, TR BH N B2, 2 0F5E 07 1 o TR Rk S HOR GHRHLIEDE B Gk B

fuliao08342@ 163.com,

<74 .



- HUHIE -

B 5 - BN QPSO F-4E s it SR IR AR AR S i 09 25 40 4 S A5 5 4

FEARSORS W b 455 ) SO/ IR M 351 o K
DT B 73 i itk 2 Wed (L 2 0k 1) A, iy i 5 12 52 3
TR SR e b 43 5 el R S P e v [ A0 i . 2
ALV B AR 2 FE IR T T % 1 R FL L I
FEARSRIS W T 1k | 45 22 R B B B 0 5 04 i
REASTA] A AR AR, 308 3k S 56 BE A 2504 BRORE AR [] A
WUPERE S, R AR SR T RIRAR AL 52
R 1) F AL 1A FE A AR S M 5 125, SR T AT &
Ty A TR SR & 19 25 SRS 45 M e T
TREFEAUMAR Sh 12055 5 B e A 48 07 25 i e 1t . &
55 A R BT AT A R R I d8 1 17
BEAAOREAR S R AE BRIy 12, 5 o Wt e 3t [ 20 A
PRI | IS A5 7 8 H i D g 22 TR, T 488 07 9wl
PATE T AN [R] f BR tA 48 455 R A5 B s
JRAEIR N T 22 RUBEBR 22 W 46 1) D e A6 ik e 12
U7 125 I AR 4 R LG i 05 1 1 5
ok —HEIEIR 5T TE T AL 8 R A ) R
BEBRUT R BURAE , A 250 55 A iz 47 722 17 38
XoF W AREAE TR 8 T3

FI TS Tl B PR D7 TR T AR B0 A
SR FU B2 o] R 26 A TR I, M LUK
RS s S S i o S 3.7 S U 2 )
T3 PR AR 1) B ai AL B3, 52 3 1 2 AT
R JUHAE T AR A T AR
R T — o R R = R 1 A U A G ik
Fe AR o M B ME L, R A {5 W e i i
5% BUph 28 W 2% ( convolutional neural network ,
CNN) B RE2 Wk L, A%k B AL AY 1
PEARRE T

1 HEESISERE

1.1 REFRKEZE

TEPR IR BE AR AT BAE AT 0 T v S
G FRTT 5300 2 ROEH R 5 2 & X R
A, TERIER Y BT LA A AR A RS 28 5 19 58 1Y)
PRAWIE HEAT o3 HT )2 FRARAE g — Pl Ak
22 BATUE U 52 5 ARARGE AL, 7T L) I 35 1 5 0Bk
FEM (inverse document frequency, IDF) 7EF#AE£2
WO 2808, WERMEMESBE
AFXS AT BRL , 3X (45 & AE A% 3 o 2 48 Bl KL T g
I B 3 N

IR 2 RS 5 @it 2
JZYIIEACT L AT A B S5 2 S BURRAE TR Y
H AR A 2R AR 250 i A £

KL REREASHL, 58 A 2 RS EI RS 2R
BEZgSH
1.2 MHIRBBEFREE

ARSI TT R B35 SR TR BB A 245 g A DAy ki
2 ) B DL XGBoost VE A B fili 2 S A AU | BUAR
TG IR BEDL AR AR, e R | 3l A W] )2
URRIR A 0 7 RAS T 4 FhERIR A, S
ZAAE ShRESE R AR 32K e il g S P
TR

BT FIRRVETRR A SR T R LA A
PSRN 53 253 SRS Gl ik 255 40 BT 45 4 S 43
BRI, S gR T RELAL S, (quantum
particle swarm optimization, PSO) A Lt , SR R Hkr
TS (QPSO) BEAS B A 20 3 5ok - 8]
FEMERE 1, DT S8 25 48 vy R A O Al 48 F B
FHE QPSO Fk & BITR M &5 F | ALt 1L
P20 i, BRI AL R AN 1 s

JHf

| wmterso. wesksmeam |
i

——| iR Y |
!

[ mwsieRR, R |

WL LA

\ S P AR \

!
ol

B 1 QPSO {iLimiz

1.3 HEESSERE

AR SO T — > T B AR MRl 2 19 245 Ak
%, A TR S WL IR

1) X FAREA R 70 A A7 B A S0 i
o JRE A S OIS 28 o) 2% S it T Ak B, AT 73
0% SR O M REAS PR BEFAT AL 28

2) il 2 ROE TR, S AR AT 1 24
A KR BT AR RUBE B AR DG TS Py e S 3
20 ] S ]k, 8 ) IR ik 114 ] i SR 0 G o
BOR;

3) BIAHT B o7 ~ T3 BRI
5 XTI AR R i R St QPSO Ak,
i 2R FEAR A 7 VR R AUAL PR 3R THRIR AR AR
HE

4) AR = B BB LIRS, AR

<75 -



- HUHIE -

B, 5 - B A QPSO F-48 B ik B BE A Ak ok 00 B A B4 5 5

ZHRIA T AR BB AE A U 25258, A
MBS Wt
SR AL BRAS B2 W B AN 2 s

2) LRI 3) gk 4) W2

DRI e ) maekk | REREIR
\ \ \ \
4 N N N )
YIZRAE i f LU RE XGBoost Lisanie g
R 1 T prevss AR
I ] ] I
FEEREAR FfiHLER A QPSOF: % A It
It A58 ¥k Ll
] ]
DRI | (e
Ko A I <:”Mﬁ&:>
1
D T
HOP i

B2 ETH#HREFRMHEREESISERE

2 EESHT

2.1 XENAE

EEXT ML AR AR 04T T — R B S50, B
BAT A R B IR A bR AT B A, AT O FL A
B, S 728 AR (1) SR he 2 T iR sh R ik 4%, IF
PP FE B 1 500 rpm. AR IE AR 2 K6
WA RN (G5 2 /DM — s 1753, 9258
MR AR %5 1024 B R4 A4, d ki
EIEFRAS BB Sk Wi 4 P2 AT T
FEARSHR | 4 FOORTE T80 F 7= A iR 3h {5 n
Kl 3 Fis, B T00 T ¥ 500 MREARM AL, St
23] 2 000 LiC S H,

xXg
= 0.1
=
E 0
-0.1
0 0.2 0.4 0.6 0.8 1.0
KL ] /s
xg (a) IEH
0.5
=
® OWWM
-05 n e i 4
0 0.2 0.4 0.6 0.8 1.0
KL/
xXg (b) JEH
0.5
= () pememparasc Lot ol | L. L L
= LR et sy oo Y Y T P p—
05 i : . i
0 0.2 0.4 0.6 0.8 1.0
SKAER )/
xg (c) il
= lgi i
%—IAO ) :
0 0.2 0.4 0.6 0.8 1.0
SRR i)/
(d) Witk

B3 SRAARETRSRENES

- 76 -

22 REBH

ARSCEAT T —Fh 223 e Ak Ak F B4 R 2 AR bR
B BV IDR, 25 3 Wk, s =2
(I ERZ PRI 2 D S — 2 2 )2
TER VI P2 S50 R 51 A ReLU 38035 PR, e Je —
JERFH Tanh pREL T,k 2 GE 0 HE A0 H 50 4 2
=262 WEHbR I )E DL — 2 405 82
R, BTG PREE B LeakyReLU, X} 3] 5] 25§ B
JE— 2R B G TR . AT ARk B
U e S N1 ik & 0 A < R o e oS Wy )
0.001, % QPSO Bk M BHAZWIE 1 E 7E 50, %)
Hah 0.6,

SR B6: LA b 4% B X T B Ak B ) S B
A, A SCH IDF 5 A SRR A5 R AT T X
Xof TS B0 1 456 2 A D ) T 1 I B e Jot
T AT B S Bk B PR BT 4%
W25 ZE R B R T R TR RIS, 45 SR N3k 1 B

x1 BNHEEBENSY

ik BEAT e 2
CNN TRIE N 10,5 2] 54 0.001,
P PREICH softmax

REAKRIIRME 50,21 % 0.6
2R BE A A A v B 2 AR AREC 2,
AP 100, HIRFRALE Y
ARAAEON 4, R L 200

PSO &, QPSO

DF &% IDF

23 HERHW

1) W PR A

R T AT IR A5 T IE TR AL BRI P AE S 5 T
B AU BB AR 9 38 HUEAE AR 1Y 109% 34471
R, AR PRI A a3k 2 PR
K2 0XFRPERERLLG TISWHEREL B4 %

- LA
Ik
10 dB 15dB  20dB 25dB 30dB
CNN 73.26 70.59 71.23 73.26  77.16
PSO 65.51 69.22 72.65 75.84  76.96
QPSO 76.89 81.22 89.62 90.21  91.55
QPSO-DF  81.26 85.46 89.62 93.65 97.24
QPSO-IDF  88.22 91.45 93.26 95.24  99.26

WLEE e 2 B vl A, X FAEMEH R 30 dB 1Y
W T K 2 B AR 12 WA R LT
CNN ARG ok A T R, KN 2% , 1% H



- HUHIE -

B, 5 - B A QPSO F-48 B ik B BE A Ak ok 00 B A B4 5 5

HB SR AL PR RS B W AR . SR nT LA
S5, 20 TR S R A TE s M S R
T IK B R ORI R 2 10 dB B,
CNN FERIUGN RIS N T 2 8% , [ 2 70% LA | i
i QPSO JrikiZ Wi I HERG R T2 10% ., AHXT
HAB P, QPSO-IDF 7£ 10 dB 38 M /5 3R 55 T A7
AETREE 85% LA L IR I MERR R FEM I 45 1 F & &
AESCIN S R, L 45 B A SCHR A 7
VA SR 2 KR AR 555 SR v LA T
B,

2) RIRREA L 5]

MR S B T 00 7 5K, AR BIF 5% 4 B AR B 1) A
10%3% 38 2 50% , LA FLS0 A T L3R5,
AT B2 WSS A& 4 B

o
E

100

%} %/'—"'/‘
I
5 80F
§r
£
A 70+
—=—OWN
—e— PSO
60 —A—QPSO
—¥— QPSO-DF
—*— QPSO-IDF
50 I I I I I
10 20 30 40 50
AIRIREAR L B1/%

B4 ATEFEKRLLEI TSHER

WL 4 IR 5 5 R M & B, 76 AR )R L
BT A SCBETH Y IDF Bk fE 2 Witk e
T A A T e RSB T A A s W A
548 PSO,CNN J7 A L, A SO i 5 3 7F
AERE RIS A, 51X DF 5 QPSO M
FRALBRF A, YA A BRI, & FE AU
T T JR B A T K ) I ) I AR K
Ji XA AR RE S U SR B X R T
TR EE 2 2] HORMA K B FE AR R S AP BE
J1o TE 10%FEARBEAE T, QPSO-1DF 33k i #E
TR BENE 521 85% , X Fe4r UL W] IDF R 7R 4 /b
FEAELS A0 AR BTG OL T, A7 B8 AR Fr BRAE IS Wi
PERE,

3 45iF

ASCIFRIET QPSO T ZLH AR AR 1 147
AR S 2 WY, USRI R 25 25 58

1) W FRAAE T, AR A4y 3803 IDF 7E 10 dB
R ME EE A BRI R AT BE AR 85% LA 1R I E A

B ESZI R 12 W R 5 BRAR AR T T A

AEERE
2) RNEFEA LB T, QPSO-IDF 5535 £ 12 Wi

PERE 77 THI R e AR AR NEEAR BT,

QPSO-IDF 533 1 ¥ i 2 HE 8 5 1 85% , 1) ig

FRHEAEZ T MERE

SE k.

(1] 20 Bed ik A X% 25F RLMTS [/NEEAR XSS
RAEHLRFAT BRI [ )], B RGO S0,
2025,53(10) : 117-129.

[2] WesE ik PH 2515, . BT 20 HE s
MAT B G50 AE 2 i ik [T ], MLMGRE T S5 09T,
2025,41(2) :364-370.

[3] 28, Ak, 22k, . 5T BRad AR S A5G 1 iy AR 4
AR RESEIS W [ ], WA SR i, 2025,
45(5) :117-122.

[4] sk, vk B4, 1T AR, 3% F IR on i
I F R BRI Wi T ik [ 1], PLA A% 30, 2025,
49(9) :119-127,135.

[5] TEMAZR, X5k, (M7 75 , 5. SR AUt 3 By 14 38 48
CREN 4 RN (R NS PN e o
2025,59(9) :99-109.

[6] 250 B, X554l , 4. L BT ResGAT X &
LIS A2 W[ 1], KIHREZAIR ,2025,46(6)
683-690.

(7] W EES, IRAERL (5 BRLAAHGHE SVM XA 15 8 46
BEi2 Wi 07k [ 1], mE s S i R K 228 41, 2025, 57
(3) :509-516.

(8] HE5E, WIREE, BT i, 4. 5T ook 7] 5 4R BUAs e
MG SRR AT RIE W[ 1], B SR,
2025,45(3) :138-144.

(9] RN, RET, . T /NG EA AT
SATE WA W2 W[ T]. H @8 AR 5K,
2025(7) :50-57.

[ 10] ARMEAR , Mfee, BIREIN 4. Z A SMREAR T30 T 3 F ik
A W SR ) 46 (415 A0 40 B SR RR 2 R [T ). BL
TR 43R ,2024,60(4) :212-221.

[11] #FEE, W5, L, 5. N SDP s X FRRFE
A ER R T RAG R A TR W[ T ], WS SR 3h
P, 2023 ,43(4) :82-88.

[12] SRELUE, RMZE, XIBERS | 55, TR R
RARMEIR AN S A0 BB IS T [T ). HLMGRE T 5
9%,2025,41(3) :23-27.

[13] ZEARAR, FiGE  BORE 45, W 4k 1F N 36 Tk ilb IR B
FRMRINAT B 5 FF i B ik ()], B RGE R
P, 2023,51(11) :39-50.

(#5106 W)

« 77 -



- BEREA - ARFF

FLF - SRGEESATIGRKRE T ES MR S RAT LRSS W A

TR GEAE AT S 1% 20 A LE , AR SOOT YR TE 15 e LU AN
FRESR O HER L HA R T
AHIESE Sy 2238 1B R S A 5 A TR B2 W 4

BT — PSR H T A B R ML 2 2%

G B ) 5 5 R 2 i U AR 0

S

[1] CHEN P,LI Y, WANG K S, et al. A novel knowledge
transfer network with fluctuating operational condition
adaptation for bearing fault pattern recognition [ J ].
Measurement ,2020,158:107739.

[2] ZHANG K,XU Y G,LIAO Z Q, et al. A novel Fast
Entrogram and its applications in rolling bearing fault
diagnosis [ J ]J. Mechanical Systems and Signal
Processing, 2021, 154 :107582.

[3] #2005, TR, 6T IT R AR IR S IR A0 - e g e

PRBHFE - REAE SR IR T ). HLBR 3 5 A 31k, 2024,
53(2) :67-70.

[4] CICHOCKI A, MANDIC D, DE LATHAUWER L, et al.
Tensor decompositions for signal processing applications ;
from two—way to multiway component analysis[ J]. IEEE
Signal Processing Magazine ,2015,32(2) ;145-163.

[5] HAARDT M, ROEMER F, DEL GALDO G. Higher -
order SVD - based subspace estimation to improve the
parameter estimation accuracy in multidimensional
harmonic retrieval problems[ J]. IEEE Transactions on
Signal Processing,2008,56(7) :3198-3213.

[6] FU Y, DONG W S. 3D magnetic resonance image
denoising using low — rank tensor approximation [ J ].
Neurocomputing,2016,195.30-39.

[7] XU J, ZHANG H, SUN C K, et al. Tensor — based

denoising on multi — dimensional diagnostic signals of

rolling bearing[ J]. Journal of Vibration Engineering &
Technologies, 2024 ,12(2) ;1263-1275.

[8] ZR, il s, . T 3 At o 1 43 i i A7
WA H B B2 W7 ek (0] PR3 S i, 2018,
37(17) :122-127.

[9] SUN B, LIU X F. Bearing early fault detection and
degradation tracking based on support tensor data
description with feature tensor[ J]. Applied Acoustics,
2022,188:108530.

[10] Bl BT okdd 7 > B e ML RE i 112 Wi Uy 12

WHFE[D]. BEAT: AR R, 2022.

[11] HUANG J F, ZHANG F B, SAFAEI B, et al. The
flexible tensor singular value decomposition and its
applications in multisensor signal fusion processing[ J].
Mechanical Systems and Signal Processing, 2024,
220.111662.

[12] PANG B,LI P,ZHAO Y ], et al. Generalized adaptive
singular spectrum decomposition and its application in
fault diagnosis of rotating machinery under varying
speed [ J ]. Measurement Science and Technology,
2024,35(3) :036111.

[13] BONIZZI P,KAREL | M H,MESTE O, et al. Singular
spectrum decomposition: a new method for time series
decomposition [ J ]. Advances
Analysis,2014,6(4) ;1450011.

[14] RENX P, GUO L J, LIUT T, ZHANG C, PANG Z.

A multi-scale feature fusion network for rolling bearing

in  Adaptive Data

fault diagnosis under complex working conditions [ J ].

Measurement  Science  and 2024,

35: 126143.

Technology,

i B A 2024 -10 -27

J\VAVAVIVIVAVAVAVAVIVIVAVAVAVIVIVAVAVAVIVIVAVAVIVIVIVIVAVAVAVIVIVAVAVAVIVIVAVAVIVIVIVIVAVIVIVIVAVAVAVIVIVIVAVAVAIVIVIVAVAVIVIVAVAVAVAVIVIVIAVAVIVIVIVAVAVIVIVIVAVAVAVIVIV AV AVAV AV AV VY

(LEET7TR)

[14] BRYEH , M 57 MRS, 5. /IR T e A8 T
SIS W . — b3 T IR B AR 1 [ 1], fias 2
#,2022,43(8) : 112-126.

[15] i, B 55, BF 95, 5. HA BB Dhgeny i
B/ANEAR AW 1], P ER (AR
%) ,2024,54(6) :1105-1119.

[16] ik ZEE B PRI, 4. /INREASTR I P 2 0 30 S 4
SRR 4 (1 FE AR IR I W Ik [ T]. BTN
5L 8RR 2023,37(2) :90-98.

[17] FRRIK, B3R, skt T 3% 22 /)N b 28 e Fn oA 75
TCH ] R IFEARIR AT BT SR TR 2 i [T ], Bl

- 106 -

WAEEN ,2022,46(9) :159-164,176.

(18] &I T, ok, 55 IMEARTIRA AR IR
TP 28 g RUFEL 15 SR AR SRR 2 W 5 ik [ 1], T E LA
T#%,2021,32(20) :2475-2481.

[19] 2, BU/NE XM RE, 55, 2L E T2 T )
ELERBLIRAS TR % VR AR IR ST [ ] AR Y
Fe2EHR 2023 ,44(9) :263-272.

[20] 75 &, sk W, 2205, %. B T Lightgbm Al
XGBoost MIPEAL TR BE AR AR L[ 1], B 0 K24
( BRBI) ,2023,59(5) :833-840.

i B A 2025 -02-20



