FEat B2
2026 & 6 H

Kok TR R

Transactions of the Chinese Society of Agricultural Engineering

Vol.42 No.12
June 2026

ET LM ENERI KD DR E R F SR I

y 3 ~ —é‘ > R y R N1 N N v S y , X
% 73-1,2’ %%7@’1’ :’leﬂ)%ﬁ23a leg 23’ IQ¥$/§137 ’E—EEQE23, fff}lﬁm
(1. R RS @ TR, W&H 471003; 2. &GN A TA R AR, &FH 471003;
3. e E) SR A E A SIS R, B 471039)

1 E: X Miner B3GR N TEIRGVEAG IS R 25 FE R IR KRR, AT IR — Mg BT . BRI  RE LA
FRRATUSFE BTN 7. B e IR L IR MR R, I FH AL ERAR SREN ZE 56 Ak 1 0 R 28 A 25090
FI AR EGEMGET AR 3 T 8 AT SRR . BEJGXTRRATRORE . ABLIR0 B6 2 LA 3 mr U BE AT R B, FE45
PIiEFaE; 36T A 1 22 V0 R 22 38 A 2R R 6 IE A S8 AL R 509 3R 0.3504 0.425. 0.225. FiEId sigmoid BEGHAT s B
AR AR AR T30 Bl ks BT R (] RO eSS IR s B R A s AT R 51, i S R\ R 1005, 72
BB ATAHELL . S5 RAT, Pt 7iEee A RO B B, AR e ) H— D R R e e A
0.1 Hz, #55KHi# A 0.43 Hz, GMEN 1.78x10°%; 548 Miner 453 T AT KA G 51.11%, KI5ERIHRG
TRMAHXT R ZE R 0.67%,  FAT 5 = AR A5 TN AE A A R I mT AT 1, TN A SPAd 75 v O 7 SR A B VR 40k 48 A0 7 JEL %t o
KA BATE, Ry PR, AL R, Miner &)
doi: 10.11975/j.issn.1002-6819.202509264

FESES: $232.3; U467.3 YRR : A

87, KEE, FEME, FETLNEEENARD BN TRFHSHGTED]. R TIZFR, 2026, 42(12): 116-
124. doi: 10.11975/].i1ssn.1002-6819.202509264 http://www.tcsae.org

JIA Fang, ZHANG Jinhai, GUO Xiaobo, et al. Dynamic damage assessment of high horsepower tractor transmission based on
measured load spectrum[J]. Transactions of the Chinese Society of Agricultural Engineering (Transactions of the CSAE), 2026,

YEHS: 1002-6819(2026)-12-0116-09

42(12): 116-124. (in Chinese with English abstract)

0 3| &

AR R A A BN R B T AL O A, H R B
KR BER ML TAE R G Ay Sl 2, Sy id B 58 i 4k A
HE T, RIS ESLSEHBE R, HAA3H
VE RN BEA ST, (BRI 551 RS R,
DRI, TR R RS HIR 57 0 PR ik B G L

MFIE ST F N R E, W XREE T R
BN S AR ERL N A3yl ey EEg Y PLR
BT e e Y (9% 57 FF A oM TR, RS E I,
BYE THREE M EAERIR. o, BT 4 R ks
Miner £& 1% B AVE N R AL, R E R IR . TH
FIR ST R TR SE B A R R 5 1 T B vl
SR, A% 48 Miner Y5 W AFE A BRI, B R 82007 i
FPRORE,  HIHA G v EAUH T 3m g, e s T
BRATOOREE . bl AR AT ) A 25 5h et

NN EIRA R, — R FIME IE Miner £ 8 g 12 H
ZHAO 5T SR SR AR PR 75 4 JE MR i AP, BT
#2518 5 33 Corten-Dolan 7 & 1IE Miner 32 JU) LA T3

Wk H A 2025-09-29  EITHHE: 2025-11-14

HETH: PIRE A ERRAA T RITE ;s 54 s R A A
A X R RITE (25HASTIT037) 5 LA FH R34 (QNIJ-ZD-
2024-26)

g 504, M, BREmE TR, W5 e R L GEAS
5% % WK . Email: franc_jia@sina.com

KIBEMER: oLk, HL, B, LRSI, PR Em g
PR, Email: xlyou@haust.edu.cn

doi: 10.11975/5.issn.1002-6819.202509264

http://www.tcsae.org

Wi 4. 7 4MEH Grove-Manson X2k M 45145 #E 8 7),
o Miner U 42 Miner 32201 &5 — R 515 [F 45
B, IXEEEAMEE R EEREZHEMGE . MABIE.
KIEE RN PR FRE T, TR —
TR AR AR AT I 57 1 5. SR, B A A A DL B b i 3k
TP A B 5 R ARl 3 P02, 3k A0 T R R AR
BCR, w2 A i AR mrakl

BEk BB i), ASC DAK S 7y e R AL AR o 28 il o T
FEXT R, $EH— PR A5 B A sh R 5 AU A 1
TGV AESE . AT 50 S A G AL AR IR (L 1) J=3 PR
VB 0 B RS R 5 AUk A5 14 i A L A5 22 kRS AE
G WMWE—IEBREREL JFE X Miner 72
H T RIEHAT IS 1E, S & SEB AR 3 B Al 7E A2 26 T
IR BIRES RS HEVEA

1 HETRESHIEMLE

1.1 HEFHELIRE

JURECE FR g fr B, ASCDAREAY S 162 kW i
FIHRIEF &, HAB R E IV R SR & BB HE R
e, ZPUIHUCAS AR 2 A AR ST R, Al
P A AL G oK o ZEBHE R d R AL b A f i D 1)
AT R, H A A R R A A A A S B 4%
HANE . RIASCRERH T (R 1 B,
JEBEAE MY I R d i A R RS Crp =R, KL
G N 11~ 15 km/hD) AE N ML RUAE Y 2514, SR
RELFURSHHAE . M F7. EERMELESH. ¥
WA R RS, K VGl i 5830 R AT B AL . R


https://doi.org/10.11975/j.issn.1002-6819.202509264
https://doi.org/10.11975/j.issn.1002-6819.202509264
https://doi.org/10.11975/j.issn.1002-6819.202509264
https://doi.org/10.11975/j.issn.1002-6819.202509264
https://doi.org/10.11975/j.issn.1002-6819.202509264
https://doi.org/10.11975/j.issn.1002-6819.202509264
http://www.tcsae.org
https://doi.org/10.11975/j.issn.1002-6819.202509264
https://doi.org/10.11975/j.issn.1002-6819.202509264
https://doi.org/10.11975/j.issn.1002-6819.202509264
http://www.tcsae.org
mailto:franc_jia@sina.com
mailto:xlyou@haust.edu.cn

128

H

J7 8% FET SN EAT U 1R ) b L AR A B A BT 1A 117

JAEF . A, TCATHE. AR E AR ARG I 5 B AR A
FAR PSR, DA AE Sy 8 Jl 8 i i N 3R AT S5 4
P45 73 B 5 ZFdr VP4l . Kistler Roadyn Compact SK4E &
G R B SR B BRI S =Y, B
(A 5 TBOK 38 T SO SE i 3 5 M. SREEUEL S
4 NI-cRIO-9035, #£#k 1.33 GHz X{#% Intel Atom KbFE#%.
8 flid A () CompactRIO R A FAEHI 5%, STk
LUK, USB3.0 #1 TSN [F2EDhRE, JdFH - Tl il
Y. AR A 28 Hr R SRR E B R BEATI N 200 Hz,
PUR S IEW AN CEIER 88, BULEN 80 Hz, (L
KA TR B S R hin], JBORARIEIT BRI 28 5 R 88k
PERAERGUER:, W%, RS M5 SR E . &
K93 T bR R IR AR B 2, MK EL 3 141 s

NEREAL
NI Collector

SE P AR

Positioning module

U 00 2 A

{'Torque sensor and encoder|

B 1 Rk
Fig.1 Field experiment

12 [ERSEBHIER

H T+ FH 8] 36 4 21 ) Aol A A2 R 75 2 T, 9 TR
LB E AN P (5 S B DAL R, 7 ZE RS
BIROAE S AT FACEEPY . AL RERIRIE . (5 B LS
Dl SRR SIEIGMAE, 1S E Bk 2 IR R,
SO D) FR G B L O M. S BUR] — T R AR ML AR AR E
T R L 0 SR R e MR AT AL B, ARGl T
b i Ab B AT nCode BEAT (5 5 FEM AN S T 2 Bk, Tl
KPR A BAE S a0 B 2 Frow .

— 2000

E 1 000
g€
®r o0

& ~1000

0 500 1000 1500 2000 2500 3000
I 1) Time/s
B2 FuskEE B A AE R AT
Fig.2 Pre-processed plowing torque load spectrum
Bk

2000 2

- Frequency X%

£ 1500 g

z 6798 2
< 1000 I 5948 210

E [ 5098 °
s 500 -~ 4248 3 8
g 0 | EEAT: 6
= 500 2548 7z 4

b 1698
& —1000 I g8 X 2
~1500 ; ; ; 0 =0

0 750 1500 2250 3000 3750 =

& {8 Amplitude/(N-m)
a. BRI s R

a. Mean amplitude rainflow counting results

14 1 0l & £k Fitting curve
12 | 3 #J{EiMean value

Y){EMean value/(N-m)
b. B{E S A BN A 2k

b. Mean distribution chart and fitting curve

2 BRI R

BRTE 5 M0 GE 2T R T RO SE A, B St
RIS ANPaY Sl ib) e s A Eo A E LAV S EZ
2 HORE P B i o (et BRR AR, 9 S-NIfT 2k Miiner SRR
BB IR SR AR OB M AN S RSO T S
AR, WS ST, SR 3 FR.
[ 41 53 475 EL 75 Pl Amplitude distribution histogram

— — i/ Gaussian distribution
—— iR &4 fiiMixtures distribution

—_
[}

‘ Ui ¥ Kurtosis

—_
(=]

i

Skewness

-—

o
[

Probability density function/x1073

-1 000 0 1 000 2 000
14 Torque/(N-m)

A3 KTET44HE
Fig.3 Load signal distribution diagram

— RN HE R S B AT 15 T IR e o A, (H
P 3 TR, AL AR T A Bl AT A T IR AR AT
HA U Sk AN Ry AR AR, HR o B FEAF B A A
MEREZE&GTEEES, IEPEmFHELELI KR
R, IEM RS A 59, BRI STH
A o 2 R T v 0 Y R TN, 8 o 45 A 40
SRAGAG O MR B R L 43 A TR DAAE TR e
XY, PR ME, R, ARAEIES A R
APBEER . WA R = giit &, RAE AR AT
PRt ESWEENUNSE, REESEIERIRE
FEPE, Ui FEAE R I B8 22 S R e A AW o 8 ey 4 5
FE S5 TS5 B AL AR NS ER TR, RO R B AR A RN, 2
S SME R B IE R e, B0 57 75 dir PO L B &R
GitkiwZze, Fomashiig 2 avralpgnl e,

VR T 02 A DI 57 73 i P00 ) 3 A AR T B
HE W5 M\ 25 A2 1) IS 3 A 15 5 PR TR 0l IF SR BUA 2 A 34
WATRAAE . ZITVEALRE RGN IE IR S ) B W AE 7 AT
S5k G, I Hi& H T 2 o 57 vEAG S 2 e R
RACT i TR B, T DU S AR 5 A R
W FRHELL I L PRI P B, AT N Ja 820 57 5475 v
B0 5 i A B S M T SR At 0 ) R el Sl S
RN IR W e NE S e R E 13 G = iR RN N €
Rl 4 frs.
[ & Amplitude
—— & M £ Fitting curve
015

0.10
0.05

0
200300400 500 600 700 800

el

0 500 10001 5002 0002 5003 0003 500
IE{H Amplitude/(N-m)

c. W E A B RUL& il 22

c. Amplitude distribution chart and fitting curve

n

PEF U Number of cycles/x10°*

500 1000 1500 2 000

B4 H#ETRATHER

Fig.4 Load signal rainflow counting result



118 flk TR (http:/www.tcsae.org)

2026 F

B 4 ] %0, A WU T B0 4E V5 B~ —1 400~
2000 N'm, BAGFERA M, WAEEEE 0~
3400 N-m, FEURFF G AT R 04, AELIEAE K #F 5E vh E
800 N-m Z P, JuHZ 200 N-m LA R H/MEEEATEZ .
AR L VR /Nt AL I R B /), FEAR 22 B 1
ST I 2 2 N T R AR Y, (HR R
B 24 /N3 tmr R AR ) RN Bl — e FERE, a5
BRI, RN IRAEAEE I EEH, 2%
MR AR (B4 A2

3 EESHAITE

3.1 IRGIEIR S SEHSIFEIREL
3.1 B EHRAASE A

U B R Ry A AT 43 A R IS FEFE M G- e A, 7RV
IR 5 5 e U S R AT B A SR S A . R LA
PUb Pt % 557 3 5o, 2P LS AE 3 N = SR
SR IRASE RN, K AR DR i 4 A 14 A% ity B m e i L
BR B0, HiF LR 5 T R Is AT i, % T i sk B H
L RS R TR, AR AR N AR S LI
MRz O BB AR, Lg% o7 Bt o 75 N ORTE . SE A T 4Lt
FebE T, KON EE R AR AN Tl AT DU SIS 4R
07 P S 0 SEAAF A, I $2 T o TR RS FE 5 % 55 AR
P AT FEE . U K 5E SN

1 n
ZZ&M%W4

ot

1

K= (DO

HAR L, O 18 B AR AR nv B DN R B RF 5
X [n] 5 S I B 1A B 3 n A SRR A5 S E A
o RN E WAE S E R E AR HE RS, & AT

ﬂi:_zxi[n] (2)

1 n
o= J 7 2 tulnl =y (3)

B AR N AL E T AR R AL O T bR, AR RS UE
2] ) 28K it i IS 1) B3 2 [B] 23 AT B R ZURR R, Bhas el 2
R SREEERRIZ, Bk 55 KR SUINEY R, T bk
BF . 77 8 A 595 55 B A I B S . FEHE R ML AL B SR
G E WA S, Ber AR A3 5 A 5% 2 far /K
B A (7 45 B EL A A S AR, /T P8 P R A
i BAH A, HEERWMRLY RNIE S RE, FE
DU 368 3t WA s PRI HR SR ), SRR 55 s R 1) K S A
PRAE . BT BE G SR AR AT E D3 E 1) B =,
5E XA
_ T =Tl
At
HAT R 2R, N-m; ACARAERIRE, s.
TEV IR, WEAES D hfmEN, FE
DRI LA ML OSBRI 55, 240 F 4 2 R I Wk g & 0%
BB ), B B OGRS B B ) A A s T
GRS T A AT TR, M LB ARG ORFE. 3

G, 4

Ab, XTI S BRURR, 5 2 R G AR 2 M sl B LR 30
T, FEORA. EZBEG S, WA CUER 2 50
Pk, ThRepi s S B guRiebrE . TREMAY,
S B -5 B WL BB A DG Fa AR, B DR 0 A 1
GEMEDE, EENHANMEAR, FHEAXAEZEES
(P FE T b -
3.1.2 FHIEAEE TSN
Tyl AR R 55 M A% D N 2, FEIR T
55 ARSI A, SR T AN RIS A3 e
DR B DTHR, v DR Gt e A7 B i A XK. (HR 7R
LelE T, EAR TR B R SRR 1 g R R
B 5 A 3 A e P 8 B DR B A TR e sd i — By
TR S B A7 O R 8 BB R A A L, Il AT
R v EALREEY BT, [R]I ERUATR RE R P2 AR
AR RO ME A AW B BUE IR 5. = P FE I
X IR A7 2 U PR IR P 5 288 g o 00 28 0] 0 7 4t 2 ) A Ak
PEE AN, NS BE G 7E U5 56 LR i S5 37 A U
MR e TR R i m A ERAFE O, HALTE — K
ThERE 2 B S S N BCR AN BN AT Sz 8. A B R A 4R 0%
RERTEAE T N IR BE, Jofe g 1 d Py ok W (B 00 2k
TF R A A il T AR
(i) (i)

+
A peak,1 peak,2
Tkt T ek (5)
/i 2

A foon R AEARR S8 6 (L AR o i S
¥ P R A, AT A — A5 B D R B
Mk, BfJGE SRR G FE RN s KME, R
KAEXE RL A 26 RO UEAE A2, 58 SR

@ . =argmaxPSD,(f) (6)

peak,1
KA PSD; (f) N EE A G DI BEREBEE: foo o, AT o
OIE, SR 5 D3R R AR 0 B LLE T &,
SN

2 f-PSDi(f)

s
Z/;PSDi(f )

@I (5) AL RS Y Sy 0.17~
2.62 Hzo JEEH 588 SCHE R, A IX 1A LR A
TR R £y 533

VP

(i) —
f p;akl -

1 = max{fyin. fi — 6}

W = min{ fo, /i + 6/}

S froin~ Sonax 7 BT S 5 T Z6 405 5 FE 3 A [X (8] (¥ 5
MBS, 265 0~50Hzs 6f = max (fi] Q. Afun)
PHITE s QNG A fun WA TR, HX0.1 Hz.
e i T R B O B 2 8 T s 1 O 19 Bk
ABIAE 72 ) 2= B, T8 i ] 5 B TE i A AR AT i
B BT AR o AR A PR I A R R LR R LS S )
WFRLRLS, I OQMETEE N 1~20, WMABEEHKO. i
QI JE ) BT LAY A5 15 ) A T 0 Y B AR 0131~
0.17 Hz 2 [f] . FfJE LA 0.01 A&, 38 A R X g &
FRUTSEmEm, SRER, [P REEs AN 0131,
0.14. 0.15. 0.16+ 0.17 i, X7 FIFRHEZE 53 54 0.042.

(8


http://www.tcsae.org

12 W

H

T8k BT PN B S (KK 5 R AR A 5 2 40 4 PR A 119

0.028. 0.021. 0.035. 0.0039, [ I E & /M i 2 185 B
St R 2 BB 0.15 Hz, IS Q8 AT BAE i 1F B %

AWABU, BLOMEHEN L13~17.47. 5 Uik
BLE N
" PSD(HAT
E=—2r (9
2., PSDIHAS
AR II A, Hzo
313 FHAEMGIREIEHSE A K
T AR LG, o W E K B S 45107 R L 4

AN, T R B O AR S BUE IE R Ed K
N, SR A 4 SR L, I A T R R O
FE. BfGeE L. B 3 MBI IER — NEN — W
IXBhFE bR, LAMRIEE ENEEE RSB X N, H—1k
HEWT

K, -3
K =clip(lT,O,1) (10
E! =clip(E;,0,1) (11
G
G: =clip| =—,0,1 (12>
=eiip[ 2-0.1)

HAG K Ej A — e BB B L . IR 45

H T Miner V2 2t RABUS I, O 7 ORUEFSHE
ZRRFRAE, RN T BEHRIA &7 BN S AR 15 2
WITTRRAE RS, o (E MR A B SC |G, X 3 ANRRE 24T
AAEINBL, LA G AR S 41 & R R 400 & AU A FS e
e o AR SCAE A 3 A BR8P B i i B I AN 2, DAk
RE—EGES TS, BENDEET 0 HKR, B
Wi e % (damage spectrum index, DSI) £xifi IRk,
i 25 HARRFAE R DTk, RIS ATE & wkss DSI v] B4y
i A FEA A BB DTk, 5 SEBR TR 7 AR . DSI
Fit a0

b wes %ﬁﬂﬁ%f L%%Ew B PERFAE I
ESS 8

A BCE RSB RARKTHELR, FbnZi
W LA R W] DU BUE RN B B
FURRDCAL I, LA 0 2R A 52 40 5 2 v St 1 1
SRR ZERMEANHFR. 3 MUERBER B 0~1 2
6], THECEAEUN, PR HR A% A 2R B R E
PAEHATIRG, B 562 RBUE A H HUE Yo A 200
IR R (N LR Af AR P L BV rATIRES
X A% AT A A RO S AT B, R ABLE R
B A WE IR AT E R B v 1 s 58 A

5 e & s clip(x,0,1) = min[max(x,0),1], Gos Ny # F£ B REON R, B ZEPKRE R 0.025, 3 MUE R
95% s Ei. 51577 R 2 P ¢ R WAL S B
9 9 9
8 8 8
. §ee*°
7 ! .“! 7 “I o |l|" 7 3!“; ' ages m;i!!!!
= TR = ' R THEH
2 "?Qﬁfiw gt l hh """""" iﬁ g6i§$|g§:mW'
-5 "s' s-!*- " 2o §:: g*z;-m sl
1 9
4 l{ .t, ; c 4 IR !' 'c: = 4 "lgzéiffg 3y
33338 {]
s ; ﬁ' s
2 L - - - 2 L - s ; 2 L s s s s ;
0 0.2 0 4 0.6 0.8 1.0 0 0.2 0. 6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
U J5 A EE 22 Weight coefficient of kurtosis wy i1 ﬁlé% LR E 25 T B R U Weight coefficient of gradient wg

Weight coefficient of damage energy ratio wy

a. o SYITTRIRER K R
a. The relationship between wy and RMSE

b. 0 5HTTHRIRERK R
b. The relationship between wy and RMSE

c. o SYITTRIRERI K R
c. The relationship between wg and RMSE

B 5 DSI¥RREWE. BiFaeE. BENRERKSHFTRIZELN AR
Fig.5 The relationship between the weight coefficients of different kurtosis, damage energy ratio, gradient and root mean
square error in DSI

ARIAFABFHRIEZE (root mean square error, RMSE)
A4 xt H 4 iRz (absolute percentage error, APE) & &

PSRN FEIAE REA G IS . AR 2T T 1y 4a x4
47 iR Z APE, 58 SUH
D D
APE, _.L;ffii———ffii 100% (14)
D bench,x

T D fusea BT IR N Bl RF AL IR I2 155 1R 1E
Do N XFATRIY T B HEMER FAE, x5 A28
P JEREAT . IR AT BITTIRIRZE E N

RMSE = \/ (APE’ + APE;, + APE;. + APE})

15>

4

X ThrAS By Cv Do AR PR 8w« i o AT
FEHR B AT FIE A5 AT

ASHITFEPT L AR 4 T gt 2R ey R TR A R AL AE A
NP FE A B AR PR SIS B . B, AN
AT EE AR T LR RSN R i . A SO
B Pl 5 ORAESTT IR TR
i M i - 3% B ) 3 SRR A B S R B AR A BT B R R R
BREIRBNEMRL. K, A SCHRINIX 4 Fh# R
HIA RO, R Tt S AR O B 5 A 32 2
IR O RS E AR K, RlEE 5%
A AL A, FEEh ) R T B AR AN RGN e
S FEAE AR . AR PR TR

IR RIAEAE E TAE SR RS PERE, M0 “HLIRET



120 flk TR (http:/www.tcsae.org)

2026 F

BT EENBRE R T RATEREBAIE T ISR, X
TE— R ARG T DR B AR T T e A 22 1 SR AR o
HHE S #dsmr s, 77 R 216 AL T 2.498%~ 8%
X JH], oA 3 ANBUE R BN T R AR o A BN
o, BRI ZE SN . S TORCE R BOE U 45 f 14
VOGS R 25, Dl S v S5 3 er B IR X B — A
Tt FE R S BOR E R UK L, BLIE X 10 41 RMSE #
INRLE RS, BAARERBAGVENE 1.

&1 WIREZRE RMSE /B 10 HRERKAES

B A B A S TR T vk 4 THD 06 IE B R B O
AR T IR BB R B AT I AR M, AT TR L
SPRABENLE RS« Eh e HARE SRS T A 4
ﬁ@ﬁﬁ%ﬂﬁﬁ%EGE%ﬁ¢¢,%4ﬁﬁﬁﬁﬁ
S AARNET IR 10 2H RMSE Se/MYUE RECH A (TR,
BR K BARAE T B IERGSER. M, KBirEsR
55068 A A R (4505 BB R TSR OGS L, I 4
SR ZE NI 2 HEIE ) 2 R, RETERE &
4 Pha i R AL 10 A E RBA G IR Z P HERE (3

Table I The ten mil?imum weight coefficient combinations for IR ZFIEWER 2 Fr) T 5k i 5 fs B s 34 T sz
IE— Ll —— BEPHE S RDR SN MRS R R A
25 Combination wk WE wG % N N N N 4 =

1 0.275 0.425 0.300 2513 i—ﬂ_l:E@Tﬂ%ﬁﬂiflﬂ)ﬁﬁlﬁﬁfﬁ/ﬁﬁiﬁ, %’Jifg'f%-?liﬁjﬁfllﬁﬁ

: 0300 0450 02 250 SRR BRI S HAHTRL0 SN 2, 150

4 0.325 0.450 0.225 2.642 RN TN RIHE T G IZTES G R

; 0B DA 0E0 S PR . S R

! 0375 0378 02%0 2573 A RAIE, A RO TR S R AT REAFAE A R

9 0375 0.400 0225 2762 W2, WA E REH A TEA R B A RFAE T [ Ae e A

10 0400 0375 05 27w ATSERE, RO O R O AP RO

R2 TRNERBAAE 4 MEEGLABPNETEILIRE
Table 2 Absolute percentage error of different weight coefficient combinations in four operating conditions

A 24500 5 4y HLiR % Absolute percentage error/%

Load type 1 2 3 4 5 6 7 3 9 10
PA3AF Stable load 1.26 3.22 9.88 3.25 7.83 6.18 9.88 5.94 2.57 7.62
ki A Impact load 9.87 4.83 7.45 5.78 2.56 4.07 7.45 8.25 8.32 6.49

JEHRERAT Resonant load 3.40 5.14 8.66 2.24 8.53 1.97 8.66 3.87 4.95 9.83
VR A3 Mixed load 5.77 3.52 5.01 9.63 4.78 4.12 5.56 7.93 5.07 4.56
“F-34) Average 5.08 4.18 7.75 5.23 5.93 4.09 7.89 6.5 5.22 7.13
1
GG LR 2 WA, BB S AHBCE BB G 1) RMSE DSI; = (16)

/NR 2.498%, (HAEAS R BT R BHATIUERS, HoPEy
APE 4 5.93%., M2 N5 6 41 RMSE A4 2.500%, 4 4
AT A1 APE N 4.09%. PFIGECE 6 20 R E
RBAEGENRNPCE R, W, SifhReE. P
FIRLEE ZE 7 8 0.350. 0.425. 0.225. EARALE &3
A 4 FhE e R B E L E 6 Fis.

3Lk d5 ffiReference damage

=)

L I — A A BifSiFusion damage
X %
B 6
5
>
& 4
g
<
[a)
a2
é
Eé:
0 ¢
6 Wy
Eg{,%%i\o@ X ;’“ \oﬁé&wﬁﬂ’“ \o‘b al‘ % o
o ¥ ?&s o

BATARA
Load type

B o6 RMRERII 4 FBATLE T @R ET
Fig.6 Comparison of damage values of optimal weight parameters
under four loads

HEATERRE L 1040 A B LA AT — UK IE 2 s
DSIHELMEERTE o 9 7 P15 5 AN [R 0 B2 (K ik, 40 1)
A {EL PR T E ﬂﬁﬁ HOCHEAN Y, SRETHRRIE SR &
PEPERIMERPE, J83d sigmoid oA HUHEAT S T AR 4

1 +exp[—k(DSI-0)]

KA DSLoAE LR R 46 J i ik fa 5 R BIME, H;
JE sigmoid B9 SALE ;s K ARIER, Fahi] B T th Ze )
BEUHFE RS

JE 0T g sk e B I Gt i, K2 80%~90%
R R TR X, WA 10%~20% 4 i i & T 5%
e X, g — R A BUE I S S BUd B R4,
T AR BURAE PR . BT SO AT &S SR A, ker B
P AR B RS, X PR T DL sigmoid [
O 53R = 0 A X 55, R iE RE Bk . NIER
DSI {520, #EHL 0.80. 0.85. 0.90 A1 0.95 PUMAS[E ) e
HBEAT 8T, 2k 0.80 B, mZRIERTIBAT, 1 FE k48
FRREER, SBERMTEE: Hckh 085H, K4
%?%,@%mﬁEQMEm%%,T%%ﬁEF%E
X3 U S s e 0.95 I, IE4RsE)E, S
I%ﬁﬁﬁ,%ﬁﬁ@Tﬁ%,ﬁ%ﬁﬁ&ﬁﬁko%c
790.90 B, BERECREH T ELRESAEM, SLAEA R AR b
R BHE ¢=0.90 NBME, A CHc=0.83,

[F) B SifE ot O X 1y o, U XK R 2 SRR 2
TR B BORME FE kSl AT = A2 i AR B B A 0 s i i
XRBER, S s S S Z R AHE, KET
A2 M SR 1R R S ARSOIRIE TRER I XS L T ANE] & A
(R 4R R, I X 7 75 BE 5%~ 10% HITEFEl, Xt
R 7 s

ATLVE Y, k=5 B iR 2%, LT N,


http://www.tcsae.org

512 3 B U7 FET SCINERAT I I0OK J h L AR T A B A 5 1A 121
Tk R B R AR BEE AERR, hEAe _leM (18)
%W,%hwﬁ‘%%EWﬁWﬁR%ﬁE,%AE“ n D’

A, SCREIRFF T k=25 I, TR kR
B, SHEMEMERERR, BHEREBOR, RET

Ek=15,

1.0 ¢ e
g 08— lrlSWHEThreshold ca—»l /:‘/.’:
%) - — k=25 I
A g 06 S 9 X ] e ! E

132
52 0af T—
HE o2} O
S pod :
0 =t :'_ : h
v

0 0.2 0.4 0.() 0A8 1.0
JE4fHTDSI DSI before compression

B 7 ¢=0.83 Bf R4t F k#y DSI E4 R
Fig.7 Compression effect of DSI(damage spectrum index) with
different slope k when ¢=0.83

F 42 Ja i) DS S8 HeEE . Bt IR0
IR 2R U0 &L 8 PR

6 ¥ Gradient/(N-

0.6
“kg 402 0252

Enc,gy4 :L &\a\? S

/f Llf

Mg,
B 8 DSI HARE. MR E . oAb

Fig.8 Mapping of DSI to gradient, damage energy ratio, and

kurtosis

MBS A LUE H, 4t AR 4 s 48 ] DAAR 4 Hh i )
B X453 497 T Wk AR PR B AT v B A8 KR o PR 28 A Ui P A
8 AN, AR/b sk far Ui BEME A I 15, 75 ZEXF X 5 7 4 fr
BEATHR R OGHE; BfifeE AR 0~ 1.0 Z#A 2 Fi, K
WA EEHTE 0.6~1.0 210, HTFHEHMETNEFES,
TEX AN RIS BT 5 HEAT DX (R R o0 B, X T B 88 e 3 K
A fn Re LB ERIR 1.0, TESHTEE AT DAARYE (5 5 6 Bl 25k
WG ) X 1) 8 qar A P55 R0 7 R E 400 Nem/s BLTS,
IR EEIEE] T 1000 N-m/s £ 45 .

T DSI & — Fi R i B4 SR B Fe A%, 10 A RHE 57
B RN IIEIRTEFE— 0 75 . D5 I A iy i3
BN AR E R ILEIE B, TS 2058 MR

[ epoy, 76 B R0 B R SR ) DS A H % 511,
FEILARCR T2 fH -

:%ZDSL an
3 DSI; A 55 A I8 73 45 5 I8 £ 45 05 4% 4 BT 3948

N; = {max(1,i-2),...,min(N,,,i+2)}: N, A6 D50
I A 5
3.2 EhEIRGEIE

V47 o 2% b T A R S AT AT, HLAE PRI AT R N
MV ST, RSO S VI IR R

Kpe IR Ay, Pa; MOySERIEAE, Nem; DONAFHEN
FFEEAR, m;

H1 Miner 453 £ 125 I #2456 FH B 225K 380 A9 220 4EL M 0,
(5L PrAg I S Fe A AN 0, @ﬁﬁ%ﬁﬁﬁﬁ%
%, PR RS0 E N, Eid goodman 23 #oKE

Taf 4 9 R0 0 BN TR AE -
szo'bsa,j/(o'b—
AP S SR 0 ME N JIME{E, MPa;
B, MPa; S, N jMNVIRItE{E, MPa;
VIN )15, MPa.
AR B PR 20CrMnTi 4N, H: S-N ik 7 i
mr:

|Sm,j|) (19>

o AL AR R AR
S N JA

IgN =11.28-0.016S (20)

Hrp NN RBAEAREL: S NN IR, MPa.
WA DST HME X AR HEATTHOK

§';=S$;-exp(1-DSL,) (21)
Hor S ATROCJR IR AR T, SEBRBOCER 4
BRI F() = exp(A-DSI) 3R, A A ABE X F(O 5%
WG 9 fros. 2A=0.1 1, iz JLPHandett, f
IO ARA IR, 24202 B, 12k o DLW 00 B
IS, BEX > AFRDSE T RFE N 24=03 I, 4§
Hes s, BORRENI R, B SRR ak: 24=0.5
i, Lk SRl ETE, S B DSL B S B ARRPRAG .
LE BB ORROR SR e, BERE S M S i 06 34
(ISR, SCREIRE S B 25 KR B, BA=0.2.

(UL
~

[}
= 7=0.1
S16f --7=02
£ 7=03
e =
= g4
=
B3 1.3
=~ B 1.2
=g
211
R
&1
[sa)]

0 02 04 06 08 1.0
LGRS L 15475 1 45 HF Y EDST
Mean value of damage spectrum index
corresponding to cycling DSI;

B9 REAKETATHHARZE[E
Fig.9 The exponential function value under different exponential
factor A

Y& IE 5 BINEE N Miner B8 HHAT A& 405511 4,
TR

N
Dfu.ved—ZN(S/j) (22)
J
;H;qufztved%%Eé\%ﬁ{/ﬁ; ]?’gmg{ﬁ%é&; N(S,])?'\j,ﬂZI_E):D“

MR R AT, JE I S-N 2615 21;

N IARIR o

3.3 LRI IEIIE
RNOTAEXT L, KSR A . X E. B

Uil B 2 hilre [/ — sk B A, 4RSS 3.1 F1 3.2

JTES I A B AR A 25 R A 10 P

n; N JER AT X



122 flk TR (http:/www.tcsae.org)

2026 4

E 18 7] x5 fiRelative damage 18 N
X Ik 3y 54 5 ¥ Normalized PSD { 16 &
9, 15| | —— it Actual damage 4 &
S g
El12 128
= 102
S 0.9 g
5 8 3
S 0.6 HAHS 6 &
S 4 K
203 i , B
2 z

0
0 05 1.0 1.5 20 25 30 35 4.0
$i# Frequency/Hz

B 10 AR RG 0 A
Fig.10 Damage distribution in different frequency bands

M 10 FTUAE H, mA BT 515 30 1) SE bR i 4 b
FANR BRI R B & % . 78 0~1.0 Hz F{R AR
Bk, A3 10°~10° ek, Hod i
BRAHIERN 043 Hz, FGEN 1.78x10°; BEESR K14
b, AW T, % 2.5 Hz LA H#iE T 0. X — 34k
T, RSSO AEBEAN SRS 4 S AL, iR
I 57 P40 1) 2 BRIV . IX 5 SE R HE R ALAE SR AR T
HRRAT R IEE Zm 5 PR (5 2 S HRHE = . AR
P73 2 7R AR X [A)E AR5 473 H AR DTk e g, 38
N T AR 7R i s BRI E R RN SRR,
ARG A PIE 0~1.0 Hz X 8], e KAE T 18%,
ZJEMIE RREE 2% LR, IXERE, BREEHT
TEREEHN, AHILXF 4505 ) STRRAE XA IR . 5 Bt (R,
H— L Th RSB E 4 R, 0.5 Hz &b BARRE R BUI,
B A R A A KL B, B8R T /NI B 3 fmr 7E 35745
KPR ER. ERERNZ, e B BB =
AN B DTk A b, B RE R S 2
B E RGN TP SENC S TibuN .ty R DN i3
I i 5 e B b S B S N T RMT IS IE

3 3 A8 S 7 v AL SE Miner vE 5215 5 3 141 s
0 45 SR 11 BroR . 9% 57 RS & BN
D, =8.664X 105 K1 D, = 5.772x 1075, {14445 31| i b )7 1=
M 9% 55 7% fn 43 B AT, =(1/Dy)x3 141 =10 067 hFl
T,=(1/D))x3 141 = 15 111 h, 4RI 7 5k,
AL IR AR S 2 87 5 2 20T AR I 12924 10 000 h A2
F, A58 Miner ¥EM AR IR Z 8 51.11%, A ER
FHXT IR ZE AN 0.67%, AT LIAH X o At b 300 000 2% 4 1T 9% 57

FFAT o

9
. — AL )5 7%:Proposed method

L8
% 7 |- -MineriZ Jl|Miner rule
m 30
8%
S 3
£ 2
81t
P70 @ ®
\
SO A A O a0, Y, D
i ] Time/s
B 11 &7 EB G
Fig.11 Comparison of damage values between two methods
4 % it

A SR At 3 AL AR 3 4 il 4 3 VAl T IR R AT TR
B HH o o S A B 0K S L AR T R B A

VAL i o a8 Ik 0 I B AR 6 5 AT A &l 4y
AR H (T A0 26 AN 28K A o S 2645 B RE BT 5 1 A0,
JE B PR 3R 7 FEA I AR AT X 57 400 B DR R s[RI 4
H U FEFIRE BEFR bR A T i Fe 2, S R H #1051
FREOH IR ERATIZIE, 5@ Miner 75 U 2E AT 453473 1F
filio FERFAL R T

1) AT B 3d5 47 VAL 32 25 e R A 40 13 1 5
W, ARJ7VENE N 13 R TR B PSSR AR . SO R
for 1A Ui AR RS A VR A 1 7 VR 4 A ok, G
T i AL S A b PR R 1 o TR STl R 4 4 9 D
B FEAS 5 05 BR T 08U Fge ik 23 B 0 A B, Dok ok 4
Pl 77 5 U T ER AL T B A A AET LB

2) Tl FH AT A SR SR E T 728 2%l (10) 1 6 48 A X6
FAT 7 BT REE A3 AT, B S I8 e S gk R %o AR S B
PR EHAT T IR DU 25l S bR 55 0 A N )
i, 48 Miner SN THREARZHN 51.11%, AT7HER
THEIRZEN 0.67%.

TR IR, AW LR E B FR AT BT i H T
4 PRIGUE B R BARRR A T R, . RIS
BB 22w B, H G AR AR 5% SR A AN 1) 138 R A
VRNV B S AR AR 40 T AT B RIS
iE. KRR —NRIRYE, R W2 ARk TAERE
B M. A, ARFEERIAE H AT B T AR
M — A mAERE. REX L RYP IR 7B
(P IERRYE, (H NG R XS B8 T2 I A S Y R U A5 S B 45
AT R AT . Rk, Z 7 VAR bR e B IR
IE 7 TH] )38 3 AT A Ao A SR e ot B 4 i ) X 2 it —
R RINGIE S

[& F X W]

[11 XUW,ZHU Y, ZHANGY, et al. Multi-objective optimization
design of the transmission system parameters of a dual-motor-
driven electric tractor based on improved deep deterministic
policy gradient algorithm[J]. International Journal of
Agricultural and Biological Engineering, 2025, 18(2): 100-114.

[2] KIM J. Real-time torque estimation of automotive powertrain
withdual-clutch transmissions[J]. IEEE Transactions on
Control Systems Technology, 2022, 30(6): 2269-2284.

[3] SHAO X, YANG Z, MOWAFY S, et al. Load characteristics
analysis of tractor drivetrain under field plowing operation
considering tire-soil interaction[J]. Soil and Tillage Research,
2023, 227: 105620.

[4] XUBM, SHEASE, WHELEH, & VRS SR 57 A A K
RERBLHR[I. VI T, 2014, 31 (6): 689-696.
LIU Xinmeng, HU Zhiliang, XIE Liyang, et al. Review on
research and development of fatigue life of automotive
transmission[J]. Journal of Mechanical &  Electrical
Engineering, 2014, 31(6): 689-696. (in Chinese with English
abstract)

[51 wEIL, Uk, BT, & R TIERBERFEMER
WUAZ S A 72 A9 55 70 M [0]. AR BLA 38, 2019, 50(6):
389-396, 404.

WEN Changkai, XIE Bin, YANG Zihan, et al. Fatigue analysis
of high-power tractor gearbox housing based on power
density[J]. Transactions of the Chinese Society for Agricultural


https://doi.org/10.1109/TCST.2021.3139765
https://doi.org/10.1109/TCST.2021.3139765
https://doi.org/10.1016/j.still.2022.105620
http://www.tcsae.org

12 ¥

Ji5kE:

H

e TSI BTV P Ky R LA 2 s A B 4 VP Al

123

(6]

(7]

(8]

9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

Machinery, 2019, 50(6): 389-396,404. (in Chinese with
English abstract)

EIREE, FESL, BT HRRIALEN J 3 A e B
W ) 5 IR E[I]. R TR, 2019, 35(19): 74-81.
YAN Xianghai, ZHOU Zhili, JIA Fang. Compilation and
verification of dynamic torque load spectrum of tractor
powertake-off[J]. Transactions of the Chinese Society of
Agricultural Engineering (Transactions of the CSAE), 2019,
35(19): 74-81. (in Chinese with English abstract)

YAN X, ZHANG J, ZHANG J, et al. Methodology for
compiling torque load spectra of tractor power take-oft shafts
based on nonlinear damage accumulation[J].
Fracture Mechanics, 2025, 314: 110685.

WANG L W, SHANG D G, LI D H, et al. Local stress—strain
estimation for tenon joint structure under multiaxial cyclic

Engineering

loading at non-isothermal High Temperature[J]. Journal of
Materials Engineering and Performance, 2021, 30(4): 2720-
2731.
BEE, sKEE, WAL, 55 2T S E AT
WL 1) 3R B M 58 98 55 73 i 20 T [0]. AL LB 4, 2021,
52(3): 373-381.
ZHAO Xueyan, ZHANG Qingyue. WEN Changkai, et al.
Fatigue life analysis of tractor steering drive axle housing
based on field measured loads[J]. Transactions of the Chinese
Society for Agricultural Machinery, 2021, 52(3): 373-381. (in
Chinese with English abstract)
MR, RR, TR, S5 MR LI S 57 R AL
IR g Ay U B FL0]. IR REBD 0 TRE, 2025, 40 (6):
156-164.
LIN Feng, LIANG Chen, JI Chen, et al. Study on fatigue crack
growth life prediction of marne gas turbine disk[ J]. Journal of
Engineering for Thermal Energy and Power, 2025, 40(6): 156-
164. (in Chinese with English abstract)
WEN C K, LIU Z Y, WU G W, et al. Digital twin-driven
fatigue life prediction framework of mechanical structures
using a power density theory: Application to off-road vehicle
front axle housing[J]. Measurement, 2023, 220: 113352.
FAN W, LI Z, YANG X. A spectral method for fatigue
analysis based on nonlinear damage model[J]. International
Journal of Fatigue, 2024, 182: 108188.
YAN Y. Load characteristic analysis and fatigue reliability
prediction of wind turbine gear transmission system[J].
International Journal of Fatigue, 2020, 130: 105259.
WEN C, XIE B, SONG Z, et al. Methodology for designing
tractor accelerated structure tests for an indoor drum-type test
bench[J]. Biosystems Engineering, 2021, 205: 1-26.
ZHAO L H, CAI H C, WANG T, et al. Durability assessment
of automotive structures under random variable amplitude
loading[J]. Advances in Mechanical Engineering, 2018, 10(4):
1687814018771766.
O, EFW, R FET FHNRE SRR 00 Bk
BTN IR B T B R 55 A5 i 0 T [J]. o R K 24
CHARBIERRD , 2023, 54(12): 4806-4816.
GUO Wenhua, WANG Xuejiao, YU Bingxing. Residual life
evaluation of heavy haul railway prestressed concrete T-
beamsbased on train—track—bridge coupling model[J]. Journal
of Central South University(Science and Technology), 2023,
54(12): 4806-4816. (in Chinese with English abstract)
MANSON S S, HALFORD G R. Re-examination of
fatigue damage An engineering

cumulative analysis:

(18]

[19]

(20]

(21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

perspective[J]. Engineering Fracture Mechanics, 1986, 25(5/6):
539-571.

IR, BIEA, KR4k, R TERIERY HE#E
RISy R E ] VR LFE, 2015, 37(9): 1047-1052.
HU Kai, GU Zhengqi, MI Chengji, et al. Frame fatigue life
estimation of mining dump truck based on fuzzy theory[J].
Automotive Engineering, 2015, 37(9): 1047-1052. (in Chinese
with English abstract)

AHMADI A, ZENNER H. Lifetime
multiaxial random loading with regard to the microcrack
growth[J]. International Journal of Fatigue, 2006, 28(9): 954-962.
A, ERfE, VAR, 55T AR IR B RE
MR ST )], BEIE S, 2025, 45(7): 156-168.
YU Zhijie, WANG Xiangying, SUN Qixing, et al. Cross-scale
approach for impact damage and fatigue basedon the strain
gradient theory[J]. Explosion and Shock Waves, 2025, 45(7):
156-168. (in Chinese with English abstract)

WU J Y. A geometrically regularized gradient-damage model

simulation under

with energetic equivalence[J]. Computer Methods in Applied
Mechanics and Engineering, 2018, 328: 612-637.

PENG K, ZHOU J, ZOU Q, et al. Effect of loading frequency
on the deformation behaviours of sandstones subjected to
cyclic loads and its underlying mechanism[J]. International
Journal of Fatigue, 2020, 131: 105349.

XI L, SONGLIN Z. Strengthening and damaging under low-
amplitude loads below the fatigue limit[J].
Journal of Fatigue, 2009, 31(2): 341-345.

GU J, TIAN F, SHI J, et al. Noise reduction and analysis of
leaf electrical signals of strap-leaved plants based on VMD-
EWT[J]. Computers and Electronics in Agriculture, 2024, 226:
109441.

E¥, magt, £E, 5 ETRE MG RIEHRIL =
s AR 5] B g ) S B ARG, Aol TR AR,
2022, 38(2): 41-49.

WANG Ling, ZONG lJianhua, WANG Yu, et al. Compilation
and bench test of traction force load spectrum of tractor three-
point hitch based on optimal distribution fitting[J].
Transactions of the Chinese Society of Agricultural
Engineering (Transactions of the CSAE), 2022, 38(2): 41-49.
(in Chinese with English abstract)

TRAPP A, WOLFSTEINER P. Fatigue assessment of non-
stationary random loading in the frequency domain by a quasi-

International

stationary Gaussian approximation[J]. International Journal of
Fatigue, 2021, 148: 106214.

WU S D, SHANG D G, LIU P C, et al. Fatigue life prediction
based on modified narrowband method under broadband
random vibration loading[J]. International Journal of Fatigue,
2022, 159: 106832.

MriR, SRR, RAEDE, SE T ORIE AN B IR
HUAE S B e 15 0 e 2 47V 0] A0l A2 4, 2025,
41(2): 58-65.

YANG Zihan, HUANG Shengcao, ZHU Huaying, et al.
Accelerated editing for the load spectrum of harvester
operational unitsusing optimal components[J].
Transactions of the Chinese Society of Agricultural
Engineering (Transactions of the CSAE), 2025, 41(2): 58-65.
(in Chinese with English abstract)

AR, REE, TG, 5. %5 RIS BT B
BB BAHE R HI0]. P TR A4, 2014, 50(16): 147-154.
ZHENG Songling, LIANG Guoqing, WANG Zhirui, et al.

wavelet


https://doi.org/10.1016/j.engfracmech.2024.110685
https://doi.org/10.1016/j.engfracmech.2024.110685
https://doi.org/10.1007/s11665-021-05601-x
https://doi.org/10.1007/s11665-021-05601-x
https://doi.org/10.1016/j.measurement.2023.113352
https://doi.org/10.1016/j.ijfatigue.2024.108188
https://doi.org/10.1016/j.ijfatigue.2024.108188
https://doi.org/10.1016/j.ijfatigue.2019.105259
https://doi.org/10.1016/j.biosystemseng.2021.02.007
https://doi.org/10.1016/0013-7944(86)90022-6
https://doi.org/10.1016/j.ijfatigue.2005.09.015
https://doi.org/10.1016/j.cma.2017.09.027
https://doi.org/10.1016/j.cma.2017.09.027
https://doi.org/10.1016/j.ijfatigue.2019.105349
https://doi.org/10.1016/j.ijfatigue.2019.105349
https://doi.org/10.1016/j.ijfatigue.2008.08.004
https://doi.org/10.1016/j.ijfatigue.2008.08.004
https://doi.org/10.1016/j.compag.2024.109441
https://doi.org/10.1016/j.ijfatigue.2021.106214
https://doi.org/10.1016/j.ijfatigue.2021.106214
https://doi.org/10.1016/j.ijfatigue.2022.106832
https://doi.org/10.3901/JME.2014.16.147

124 Ak TREZH (http://www.tcsae.org) 2026 4E

Compilation of automotive lower control arm spectrum based Mechanics, 2025: 1-13. (in Chinese with English abstract)
on the low-amplitude training load[J]. Journal of Mechanical — [31] ZS/k%, HHIEE, FEEERS. T COHFIRG 210 E Q THiiliE
Engineering, 2014, 50(16): 147-154. (in Chinese with English 2R BT[], M BE T K254, 2024, 50(5): 101-104.
abstract) LI Yongan, CAO lJianxin, HOU Jingyuan. Design of high-Q
[30] ABIEUE, MTL¥, RT3, S5 FETUEE BRI Hm il 2 band-pass filter using Wen-bridge Oscillator{J]. Journal of
HEBRG SINERED]. TR, 2025 1-13, Lanzhou University of Technology, 2024, 50(5): 101-104.
ZHENG Guofeng, YANG Jiangbo, LIU Xuelai, et al. Multi- [32] X545, FFE. A 20CrMnTi AR 5% 57 S—N fh £k
domain information fusion of load spectra and accelerated T 24w R TI]. AR 38 (W E M), 2015,
editing based on dempster-shafer's theory[J]. Engineering 51(6): 402-405, 409.

Dynamic damage assessment of high horsepower tractor transmission
based on measured load spectrum

JIA Fang'? , ZHANG Jinhai' , GUO Xiaobo®* , LIU Guogiang®* , YAN Xianghai'® , ZHA Zhengwei**,
XU Liyoul~*

(1. College of Vehicle and Traffic Engineering, Henan University of Science and Technology, Luoyang 471003, China; 2. Luoyang Tractor
Research Institute Co., Ltd., Luoyang 471003, China; 3. State Key Laboratory of Intelligent Agricultural Power Equipment, Luoyang
471039, China)

Abstract: Conventional Miner’s linear cumulative damage can focus only on the stress amplitude. In this study, a dynamic
damage assessment was proposed for the high-horsepower tractor using the measured load spectrum. The research object was
taken as the transmission shaft of a 162 kW four-wheel drive wheeled tractor. Multidimensional parameters were integrated to
employ a dynamic weight allocation. A framework of the damage assessment was also established using the loads in the time
domain, energy distribution in the frequency domain, and fluctuation features. Firstly, a torque test was developed using the
transmission shaft of a tractor. The high-precision strain torque sensors were integrated with the wireless data acquisition.
Torque fluctuation signals were captured under various conditions in real time, such as field operations and road transportation.
The wheel torque signals were measured in the field, and then converted into the equivalent torque at the transmission shaft,
according to the wheel-side planetary reduction mechanism, central transmission, transfer case, creeper gear, and gearbox.
Subsequently, the rainflow counting was applied to identify the load cycles in the torque data. Statistical features of the loads
were derived from high-confidence data for subsequent analysis. A composite model of the "three-dimensional linear
weighting—nonlinear compression" was proposed to construct the damage indicator. Furthermore, three indicators— load
gradient, frequency-band damage energy, and load kurtosis—were linearly weighted. The weighting parameters of these three
indicators were optimized using a grid search algorithm. The root mean square error and absolute percentage error were
employed to quantitatively evaluate the performance of different parameter combinations. The optimal weight allocation was
determined as 0.350, 0.425, and 0.225. An S-shaped compression mapping with the sigmoid function was introduced to
mitigate the influence of extreme values on the assessment, effectively balancing the sensitivity and robustness. The center of
the load cycle time was indexed within the intensity index window of the dynamic damage. Time-frequency features were
integrated into the cyclic damage for the amplitude correction. A hazardous threshold with the dynamic damage intensity index
represented the exponential amplification of the cyclic amplitudes. The Goodman formula was then used to convert the torque
signals into equivalent zero-mean stress amplitudes. And the S-N curve of the transmission shaft was applied to compute the
damage. As such, a systematic assessment was realized on the dynamic damage. Experimental results demonstrate that the
improved model effectively calculated the damage over the load bands. The peak normalized power spectral density energy
occurred at 0.1 Hz, while the maximum damage frequency band was at 0.43 Hz, with a damage value of 1.78x10®. There was
no coincidence between the peak power spectral density energy and the maximum damage. The theoretical correctness of the
improved model was validated because the conventional approach only considered the amplitude. The relative error of the
conventional Miner’s damage rule was 51.11%, whereas the relative error of the damage prediction was only 0.67%. The high
accuracy and feasibility exhibited in the damage prediction. The linear damage models were advanced beyond the loading
sequence and statistical analysis, thus providing the theoretical basis and insights for future assessment of the damage.
Furthermore, a three-dimensional space of the damage feature was incorporated with the load gradient, frequency-band energy,
and load kurtosis. The multidimensional parameter mechanism can be directly applied to the life prediction of the rotating
machinery, such as the transmission shafts and gearboxes, or the damage assessment in the structural domains, such as the
composite materials and additive manufacturing components. The finding can provide a theoretical and quantitative tool for the
intelligent operation and prediction.

Keywords: load spectrum; fatigue damage; frequency domain; tractor gearbox; Miner's rule
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