EHRRECE g ® z I B ¥ Vol. 38 No. 4
202544 A Journal of Vibration Engineering Apr. 2025

NW RXEBENZsdEL I H=ZF
O dEN, % R, %

(LTG0 R I 4 (0 5 i AR5 20 6 S5 4 A 5 i 22 An [ R S 06 %, T M T 5300045
2T RAEHUM TR B, )70 T 5300045 3. A8 rp M A e ) 1 % A 5 BN A I EE R g, b 57 430074)

TR O T 0K A MR NW (P ARG 5 A7 B 48 ) I AL 3l R GE I etk 3y 2 e bk, 508 1 BEHILAGH | I 28 SRR BE
Pl 2 P I A O AR Sl 2 AT 0D B e R B A R R NS T NWAT BRI AR TR R GE AR R Bl e AL AT
SR EL BB RH I PR P T S AT PR A A AR T B0 Al R R O T 03 2 R LA i O A A U R KSR A R R S G
W BEXS 2R GEAR LR MEAT N B2 o 45 R W] NW AT B 5 8 TR R GERA 6 B AE LA AT, 0 IR 78— 7 19 RN 2 = 3L
R G HE AR SR A R A R AR W I RE A — 3 B N AT DLARIE R GE AR s 17 .

KRR AR B Ji2F s NW AT UG58 5 REAL AU 5 B A8 SO0 EE 5 4 1 5 1
hE 4 ES: 0322; TH132.425 X tRERD: A XEHES: 1004-4523(2025)04-0722-09
DOI:10.16385/].cnki.issn. 1004-4523.2025.04.007

Nonlinear dynamics of NW wind power transmission system
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Nanning 530004, China; 2.School of Mechanical Engineering, Guangxi University, Nanning 530004, China;
3.State Key Laboratory of Intelligent Manufacturing Equipment and Technology,

Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: In order to accurately study the nonlinear dynamic characteristics of NW (internal and external meshing planetary gear
train) wind power transmission system, this paper considers factors such as random wind speed, time-varying support stiffness,
ring gear flexibility, time-varying meshing stiffness, transmission error, tooth flank clearance, and bearing clearance. A nonlinear
dynamic model of the NW planetary gear-bearing system is established. Time history, FFT spectrum, Phase diagram, and Poin-
caré maps are used to describe the nonlinear characteristics of the system, and bifurcation diagrams and the maximum Lyapunov ex-
ponent are used to describe the influence of excitation frequency and meshing stiffness on the nonlinear behavior of the system in
more detail. The results show that the NW planetary gear-bearing system has rich nonlinear characteristics. In a specific range of ex-
citation frequencies, the system can enter a chaotic motion state, leading to instability. However, within a certain range of meshing

stiffness, the system can operate stably.
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Fig.4 Gear meshing micro segment end face diagram
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Fig.5 Inner ring gear meshing micro segment diagram

AR IR B 6 RS U A% R R S AR
FIEMGE R 2, SRR R RIS AL T s

Vi P G T B S5 AT B 5 AR IR S LA o O
T =Htu;,—u)y—(x,—xy)sin @ —(y,— yy)X

cos @' Jcos By, +(z,—z))sing, +e' (1) (4)
K, 0! =o' +ao HIGEME ST RS jAHA
L o AT RGN e =2 (G— 1)/
N,N=3 M1 ~RANH.

WG AR ST CB, L, BV R oW —
[os— 2r(j— 1)/N+ arccos ( r/r. )—a! J<o/W,H
A AR BB (B 2 A2 D X (4) H g 2V — 5 I
Z 4T

KRS 555 5 AT A58 A AHXS W & LR 20 1
uy+(x,—ap)sin®@" +(y,— y; )X

cos @ JcospB) + (2. — =) singy) +e" (2) (5)
Kb, @ BRI 55 A7 B A B o

o N T 1A A I AR X MG LS s A
T =L, — u, +(x, —a,)sina" +(y, — y,)X

cosal Jcos M + (2, —z,)sing) +e" (2)  (6)
AL, o R NF 05 o E R D M e () (k=
T, 00,1 R 45 % Jﬁ%j‘ﬁ?@m?é e(t)=el+
), Hor el iR 22 R, el IR ZE LB
WEAH , o A ARDL AR —ﬁﬁﬂlgoozo W, N ?‘EUE‘J%
Aﬁf%ﬁ FLAB S Hr Al 5 3 %?w Sz

Z B By oy e B MR E A 5 AR pi s L7 HI 2745 5l
KRFjMITAEAR KB OANFER1LMAFE
Wi 2,

=G0 e B W S 0 43 5

Inzi[us

ersin(w,t+ ¢,)



% 4m B0 NW AL % 3 R Gl 2 v sl A 725

FrrlA;:KrrE f(Inljvb] )+ Cn]1 jnlo

Foy=Ka (20, 6" )+ Cpl s,

FrEI :Kntﬂ f(-zvnS’ bm )+ Cn"J-Z.‘nS’
Ao, f (e, ) o 145 00 [8] BT R 5 0 O A7
—F

00 1] Bt )

2 NWRREEHRER NS FTE

TEAR B 2 v, 1A 58 15 Bl R 3 0 4 ok 4 v B
w7 HAL T4 A CE PO TERME R AN S NS5 e E)
sk B, mi G I FE G e A bR R R AT LA R R o
Yz =AW AR 1o K R R GRUBE A A bR R AT
5 DL A BE BTG Sy vhoe 19 55 N U B[] 25 e 5 1Y) 3 A
RRZM BN REWABRENT .
(Uety Tais Yoo Zris Tybis Vobls Zpbls Upjs Tris Vois Zogs Uns
Tpb2s Ypbzs Tph2s 1’.2)/” yfj, ZIZU” Uss Ty Yss Tss Lsbs Ysbs
s Uis L1y V1s Libs Vibs Uzs Ly Vas Lats Yaibs Loz Yoo ) s
K wa .y Mz 53 0 RN H 5 (o Bl s 1) Ly Bl 5 1)
H 2 Bl )5 0] (9 5 B EE s R AR “pb”“sb”“1b” 1 “2b” S
MR AT B R R BAES R N2 EE 1R
NFHRE 28hA& s FAR“17“27 3 M Z— 7 N LI & 1T
A

M TR 2 3o 5 FE T L 25 R B S 8, HAR

P 2EE R T R TR ) A AR A
T, N R G Ty R AT I A A b 3 .
F G0 ) 9V %6 R AT AR w, S B ) RUEE ]
G0t %8 R V0 1] B — 2 o1 SRS R

A A7 P S Tl B
Uy T kysity + 28,10, + ak.[ sin AT, +

sin g, AT, — cos (E+ @+ uy) Ay, +

Cos AV, 1) )= b/ W
Tt ko Zut 28,2+ k(AT —
in‘ + ku‘vyin' + Zgnyj/rf — ke ( Ayr,- o
2ot kb Zy+ 20.2,=0

AT (4 1>): 0
Ayrwn):*f;

(7)
PN AT BB A W 5 B -
Ijr[ + kun Izri + Zé/unljr[ + ake ( Sln A[Afri +

SN AT, 1) oS A AV T+ cos AV 1)) = Zi,/W

in + krf,z’fri + Zgriy-f'ri + kc(A‘fn - Air([Al)): O
iri + kr[yyri + 2?([1‘5'}# - kc(A&rz’ - A:)_}r([ } 1)): _f‘g

Zot bz, 26.5,=0
(8)
TR L.

oot T+ ke (T — Toy) 7 28 ( Ty — T+
281 Topt =~ foni
oo 1 ggnny (G = F) 4 28, (o — J)+
prblj’pbl - _fpblv —
Zoot T opwie (Z — o) 28 e (21 — 25 )+
ZCPMZPM =—fopi
LG
ko (it — /1o )+
280, Cith, — wyrg/ro )= 0
To ke (270 — Ty — Ty )+
280 (220 — Ty — T2 )= 0
Yoyt Fiy (250 — Fowt — Fore )T
28y (295 = Jowt — I ) =0
2t ke (Zz,] Zopt — Zppz )t

ngpj: Pj o zpbl o szZ )=0

ﬁ%?%%&

o+ /eppbyl (21,)1)2 Ty — T ) 28 X

Zo) T 2800 T e = — [opoe

Vobz T Fopnzy (290m2 — Vo — Yo )+ 28 mmay X

(Zj_}pw - 3_.’131/' - y;,?j )+ 2§pb2y;pb7 = Jfoy — Je
Zowr T leppnoe (2200 — Zpy — 25 )+ 28 e X

o Zw‘ )+ 2827, Zpbz = [z

b G AT R

uyy ko (i, — whrn /r )+ 280 (u
T ke (X0 — T )F 280, (X — T )= 0

2 )=0

(9)

(10)

( 21pb2 1 b

(11)

( Zzpbz —z;

pj ph/r[ b )

Vo T Ry (3 = Fe )+ 2850, (35 —
2ot ki (T — T )+ 280 (25— 2,0)=0
(12)
PNE VT

T ko (T — T )+ 280 (2y — 2+
28070 =" fix

Yo T by (Jo = 3+ 280, (Yo — y)+
280Y0="fiw — [

T 1 e (2 — 2)F 280 (29 — 2)+
28020 =[x

pNER
U, A by ity — ity 1 /10 )+ 28, (il — ity /7, )=0
Tt ke, (27, — 3, — 7))+ 20, (27, — 7, —14)=0
Vo by (29— 31— Yo )T 28, (25— 3 — Yo )= f;
2otk (25, — 2, — 24 )+ 20 (22, — 2, — 24,)=0
(14)
N7 1.



726 W oz TR % M %38 %
514’&"1(;{1_&-71:1/71“ +2§11 Z;l_lj'rbl/rkr =0 1 NWREEHREERSH
Tyt ko, (22, — T, — Ty )+ 28, ( 2% —F.—3,)=0 Tab.1 NW Wln([im power transmission system gear
b (25 +2§ (2 ) f parameter
It (23 V2 fOEREM  Z om/mm a/C) B/C) B/mm M/kg
21+ ksl:(zzl _ZS_ZH))+ ngls ZZ1 _zs_zlb ):O r 91 28 20 4.0 560 5690
(15) pl 22 28 20 4.0 560 950
P AR 1. p2 83 16 20 7.2 410 2320
jlh + kslh,r(flh — 7 )+ S 40 16 20 7.2 410 440
nglh.z’(jlb o il )+ 2@‘1@"11): _ﬁ)l.z' hl 131 10 15 32.0 365 5369
. S h2 20 10 15 320 365 125
y1b+ kslby(ylb_yl)—'— (16)
28y (Y — Y1)+ 280y ="—/fi, — [ x2 WEASH
2T ke (2, — 2,)+ Tab.2 Basic parameters of the bearing
2§slb:(§'lb_§l>+ Zglbélb:_ﬁﬂ: 7R 25 Z, rh./mm ﬁm/mm M,,/kg Ch/Hm
)\% 2. pbl 16 160 240 47 180
L72+ boily + 2§u2§2:[m1( pb2 11 300 365 121 160
. o sb 12 100 180 50 55
Z:F k”“(_ZJ‘f St To ) 1b 13 350 465 295 305
2enr (200 = Tany = T )=, (17) 21b 12 40 0 22 50
Vot ko, (25, — Foi — Yo ) F 22 13 40 70 2.2 50
Zgzzy ( 2372 - 5/211; - 5221) ): 0
W Fe K 21
lebekzzu(fzm*fZ)Jf Zé’zzlkl(l‘;zm*jz)‘k 3 HEE’ $ 1§d]%gjﬁﬂlzg£l]‘ﬂiurﬂ}g
2@’211)3?211,:*_]121.1 . A e e
. B B . L (18) ) Y B Runge-Kutta ¥ %5 45 2 95 B2 41 (7) ~
y21h+ /szly(zyszyz)“k 25221y(2y21b*y2)+ NS L LA I T St B N
op 5 ] (19)Ef<iﬁzﬁ’i,uﬁ%éﬁﬂ’ﬂ%ﬂﬁnm%\%ﬂﬁnﬁfﬁi’«‘]jﬂ
Sonyow = "o~ Js 78 NW AL 1% 3 3 5 10 3R 30 2 8 W i« 1
TR 22 Pomcareé&aﬁ/zxf%,bﬁﬁlﬁ TR A i T
izzb + kzzzm»(fzzb — I )+ Zgzzzm(jzzh - jzl )+ @j%ﬁ%%%ﬂ]g ,WE%/%%YAE%XE'U\&‘FE@%Z%
Zgzzbjzzb:_ﬁyzzf (19) 1ﬁ*§7 ,@ﬁéé‘ﬂ?ﬂﬁﬁiﬁﬂi%'ﬁ%éﬁZlﬁl E]gjt/z{ﬁ:lg j%@]
izzb + kzzzby(yzzb e _)_/21 )+ Zgzzzby(_)_'/zzb - y;zl )+ *H@%@@ ,ﬁﬁﬁﬂ‘ﬁi‘ﬁ%ﬁﬁzfﬂ E"]EE%%M- I‘ETJ
2o S = —foms — . Bl 75 11, 788 50 05 2 T e S AR
Kb a,=u,/b" 2 =a,/b" 3i=y,/0"  2=2,/0" . 31 BN R G N R B B0
_ (:pqh o quh o (/‘2(1/1 o 1=
gpr//l_ ) ’ gsr//z_ s ngh_ ’ T_a)n[’ Zlgigﬁmﬁ{&mgﬁsz/\%nm E/J /HI’]O b‘g‘ib_ﬂ]
2m,w, 2m,w, 2m,w, -
K K K p R 0, =0.238 I, = 2% Vi %8 &Il 55 %5007 7% 19 B el 5
L= w b= w oy =— w fe= i PRI T D SRR T A0 6 T % (3 2 1
K ' F "” . L RIS B D ISR 1 A LAY A R R
b= o o = S ST IRGE SRS 1 S AR 0
ri r:r Cl),, mq CU" ri r_r wn i e ey 5 ER
' ' JIE S Al R N S P W SRR E
A=t otu, = ¢ —u.(¢=r,pj,s, 1,2,

pbl,pb2,sb, 1b, 21b, 22b; h=x,y,2; k=2, y,2; k=
L, 01,1 u=im,out), Hr m N RE, L RNk E
T B B 2 sl A8 L KR & 33 S W 5 T 49 4k M1
CHE 3 Ry BH e 5 Jo & NALBHJE |, r, o0 14 5 ik
242 o0 T WAL R 0, B AR LR LA
TR %6 R, g S ) IR EE
T Fe AR 1 BAR S RO Bl 1M 2 PR

12 3l 5 B Gk B R A RO A 1Y PE SR m A A

5
2
5 =
o0 =
1 !
R R
0 so0 . %0 1 2 3
TEYETH TR EIEE
(al) TR 2R (a2) JUik
(al) Time-history curve (a2) FFT spectrum



%4 B0, 4. NW O RHLEE B R Ge AR Lk vk 3 2% 727
3 st © = <
I 28 84 &
I 2 | SO O. O =g
% 2 |
— T e :
-4 -2 0 2 4 -4 2 0 2 4 i o
RGBS T RAIRLHS R
(a3) ML (ad) FEINSEmLS 1t
(a3) Phase diagram (a4) Poincaré map )
(a) TER N J# .
(2) Low-speed stage 0.15 0.20 0.25 0.30
4 3 B
Ezl %2_ P70 U % ) WA L RS 43 7 R
= 0 g\é Fig. 7 Bifurcation diagram of meshing displacement of
ﬂ | Tg Ir low-speed gear pair
-2
0 100 200 %0 1 2
T B [A] To BN & AR
(b1) A2 i 2% (b2) Hii g 047
(b1) Time-history curve (b2) FFT spectrum yo
K 02}
4 4 #a
I I o
% 2 % 2 # 0r
R-2f o2t ° i S
- M P R P -0.4
‘—14 -2 0 2 4 ‘—‘4 -2 0 2 4 . .
TRBPAMHE TRRALE 0.15 0.20 0.25 0.30
(b3) AL (b4) P2 I B
G Pasedogmtt g e S I R T (75 A K 2 B 4 A
(b) Intermediate stage Fig.8 The maximum Lyapunov exponent diagram of
3 L0 meshing displacement of low-speed gear pair
=? 50 . €(0.221,0.244 ) I , 5 55 73 Y ik A TR Dl i 1] 7
g . e v -
R iR w IR F]0.244 W, R GESRE R 3z 30
o 2 40 60 % e 5 o ] 9 145 %6 R Y S AR R AN 9 R 10 R . 2
To A [H] EEIES ,
oD HE 2 (@2) it w.€(0.170,0.183) U (0.246, 0.300 ) i , 2 45 kb F 4
(c1 Time-history curve (c2) FFT spectrum % E@ Jﬁ Eﬁ & Zﬁ] Hj( 7n§ : %,I w.€ (0.183, 0.188)
4 4 N —
=l ® ol ° U(0.235,0.246) I , & 45 4 F fF% 8 B iz 2 5 4
2ol 2l w.€(0.188, 0.235 I , RGEAL TARMARE -
ol ol 126 0 01 B A R P 1L 12 7
A R R T— 3 Y w.€(0.170,0.173) f , & 48 4k TR R 25 5 4
TEAME TN . Lkt VEL il ] ] 52
(c3) HIBIE (cd) PE MRS w.€(0.173,0.180) I} , R gLk IR vl , kA% & iz
(c3) Phase diagram - (c4) Poincaré map ij];[j(‘i& ; é’ w66(0.180, 0_196)54- R %?}Eﬁ/\ﬁ]ﬁﬂ@
(c) RIEAK

(c) High-speed stage
16 4k 3 AL 78 0 i

Fig. 6 Vibration displacement response

— ARG ARG TR WEE

R T — 20 G R AR X 2R G e ) S
22 T o3 20 VR R i R 2 o A8 4 O e R 4 il an 1R 7
A PT 7R o MUl A % . <20.196 B, IR 3 9 145 %6 I
W FRENABEZEIHIRE; Y 0.e(0.196,0.204)
i, RGEAE TS I E 3R 3E5  0.€(0.204, 0.210)
i, Rg At TR M E 3RS 7E 0.€(0.210,0.221)
B, R G Bk R, HE A RE R B sh R A Y

1.5

&
S
L0 =T,
..ﬂ X
g 051
&
ROOT
=051
-1.0 .
0.15 0.20 0.25 0.30
B9 il 9 ik 8 @ e 5 B 4 28
Fig.9 Bifurcation diagram of meshing displacement of

intermediate gear pair



728 " B T B % M 55 38 &
4
04 r
- E10 2
jo & x 2
K of i I
I " .
& 0 500 0 0 1 2 3
& 04 TR 17 R4 &
K (al) W2 HIZE (a2) Hitk
I (al) Time-history curve (a2) FFT spectrum
-08 | , , 3
0.15 0.20 0.25 0.30
W ok .
L 1O o ] 20 1 0 ) Wk o7 5 e TR 24 T 5 % K 48 K& 4 :
Fig. 10 The maximum Lyapunov exponent diagram of N . . =5 ® ¢ .
meshing displacement of intermediate gear pair 0 %iféﬂﬁi[;) 0 ;ﬁiﬁmﬁl% 15
8 » (a3) MHHLT (ad) HEIDBEMLES
E § § E (a3) Phase diagram (a4) Poincaré map
¢l S,e (a) TRIELR
i " (a) Low-speed stage
i{% 4l o 4 3
ﬁ ............................................................ & 2 E 2t
B 2T 5 ” &
ug Of L S
0+ R 5 R
5 , , 0 100 00 YT T
oI A P g RS
0.15 0.20?7%@}%$0.25 0.30 (b1) B2 25 (b2) $tite
(b1) Time-history curve (b2) FFT spectrum
P11 o 2 1A 0 @ 5 15 3% 43 22 1 5 5
Fig. 11 Bifurcation diagram of meshing disolacentent of i !
high-speed gear pair g 0 g 0
I L) 3
0.2 R R N
o1t "0 2 4 CTm 0 2 a
ﬁ 0 TR T RN
| (b3) HIHE (bd) PRI
H#2-0.1 } (b3) Phase diagram (b4) Poincaré map
o (b) 2%
#-02+ (b) Intermediate stage
£ 3
K-03 | ® aF
® el &t r
- =
-0.5 : : ® o 1k
0.15 0.20 0.25 0.30 R
B 2 50 00 1 L; 3
L1250 4 A (8 A e TR A LA £
Fig. 12 The maximum Lyapunov exponent diagram of (@) Src.l) Hﬂjﬁtﬂéﬁ @ gs%/ﬁlgtmm
c1) Time-history curve c spec
meshing displacement of high-speed gear pair Y P
wosp @
HPRAS 5 % 0, €(0.196,0.210) i , 5 4 3E A f5 JE] 11 2 )
AR % 0, 0.2100 , REEHEA JHIE SR /”;E
4
1 A 1 0 1 1 1
3.2 MEA R EE X B GENA AL A9 0 2 P mmb CERANE
(c3) FHHLZT (c4) PEANSK ML
RSB T W2 W HE R 28 5 60 0B, = P g 0 P
C) 1=

Y7 %8 R A WL E 2 0k K, = 1.000X 10" N/m .
K,, = 5.900X10° N/m fl K,;, = 1.100< 10" N/m
B, = 0k 8 ) S5 0 B8 1 B SR R AR R L
S AT A B 13 B o AR E A R I DE i Sie 4R T
R 2R AL SR R R GEA TR AZ SRS 5 ]

(c) High-speed stage
K13 I 2l # il i

Fig. 13 Vibration displacement response

?@mﬂ%ﬁﬁi@ﬁﬁ%%ﬁ?&i%%ﬁ
ALTZTFJH;Q iz AR s & Al P2 i Sfe 4 i L



%4 B0, 4. NW O RHLEE B R Ge AR Lk vk 3 2% 729

EH AT T R RGATF 3T WS sk 2 ‘T g S
T — 25 BIF 5 W 4 R BE ok 2R 58 ) I B R SN T o
2 T 20 PRI B R 2 R A R e B R, T 14 % k
15 iR o 4iEANIE K, €(0.800, 0.900 )X 10° N/m ﬁ 1f
D A O A 7 N . N i 1 B2 B2 B N R
K. €(0.900, 1.015)% 10° N/m i}, & %5 ik AR M58 or ) ~——
HRES ;2 K, €(1.015, 1.110)X 10° N/m B , 5 5 Bk ) I P e ol O B
R A T2 BIRZS £ 2 K, €(1.110, 1.270)% S .
W A RIRE /(N - )

10° N/m i, R G F ik AR 2 3R 7S s, 24
K, > 1.270X10" N/m i , 2 g [l 2]k J& ] iz 3 Fig. 16

P16 v E] 94 B I G s A% o3 22 14

Bifurcation diagram of meshing displacement of

SO intermediate gear pair
10 0.8
§ 04
& ST ’ ®
& 5
- S
R0 &
K04
SEEERR "
s 2323= a9
=eq= = 08 |
0.5 1.0 1.5 2.0 L L L L L
[@AN“}# /(N - m’ ) x10° 2 3 4 5 6 7 1809
X
P14 AR 215 58 Bl Wi 2 8% 00 2 18 WA RIE /(N - m™)

Fig. 14 Bifurcation diagram of meshing displacement of BI17 Tl 0k 5 R W A 00 8% B K2R I 1 5 4 AA
low-speed gear pair Fig. 17 The maximum Lyapunov exponent diagram of
06 meshing displacement of intermediate gear pair

2e5E  E 23
& 03 (28T 2 3 e
£ \
K ot 4+
* ﬂagl ~d S
HI K 2t \g
&-03 1 L
ﬁ Ror =
m—0.6 r =
_2 -
-0.9 ) . gl A . .
0.5 1.0 15 2.0 ! 2 R
W& RIE /(N - m™) x10’ MEARIE /(N - m™)
LS 0 4 00 0 e 18 RERERANS MBS EHE

Fig.15 The maximum Lyapunov exponent diagram of Fig. 18 Bifurcation diagram of meshing displacement of
high-speed gear pair

1.2

P16 117 73531 Ay v ) 9 04 5 @ W 5 (0 7 1 3 22 0.8

PR i R 2 HE S T R AR RO . R N K, >

2.750>10" N/m B, Hh i) 14 8 R i A 0052 stk

&34 K, € (4.000, 5.810)> 107 N/m i, #f [6] 2 1

meshing displacement of low-speed gear pair

04

RORZHE VG R
(=

i B 3 AR 8 3k % 5 2 KL, €(5.810, 6.500)X 04
107 N/m B, v I] 2 4 e w8k o VR vl ik A5 R 30 32 08
R, HF K,, > 6.500X10° N/m i, o a] g% 14 4 12k : : : p
) A R 2 B AR N x10"
18 L 5010 B RN WU ME S L0000 g1 gyt AR B KA 2R
7 PR R R 2 E U O A B . e N Fig. 19 The maximum Lyapunov exponent diagram of

K.;€(1.030,1.280)X 10" N/m B}, & &t IF b i A A% meshing displacement of high-speed gear pair



730 & 3 T

%38 %

JE s R A Y K€ (1.280, 1.430) X 10" N/m
BF L, &G AR 2 8 R & Y K..e (1.430,
1.580) X 10" N/m B, 2 48 #- Uk ik A A% Ji W 4z Bl ik
;M K, €(1.580,2.600)x 10" N/m i, &Gk A
R is 3R 4 Y K, €(2.600,4.510) X 10 N/m
B, R R AE R E 3RS &5, M K., >
4.510X 10" N/m i, RGE i AR Mz SR A

4 & i

AR JEBE AL X GE i A IR G R N R ST
PRI AL 3R 28 4 Pl RS LR, S T NW KL
LA gl R G008 J1 e R BE S, M) RT TE] B R
ST IN ) | B3NSR BN A S DD E S N
e v AR BRI 1 A Pl 1 5 s 5 19 2 2 0 R
SO0 i A e ok i N S - 4o (ol S EL R (L

(1) NW XUHL AL 3 7 58 HA 5 i AR 2 P4
iE, 6 37 Sl 0 R 5 W WO JE ) 28 AR, NW KU 4% 30
RGPy WL s A Wz s L IR TEIE 3l .

(2) B AR A — € T IR N 22 38 N W KU A2
RGN IRIEIE SRS 3 Az 8 B9 A T BUA, i
i NW XA A% 8l 28 G 1 i o BBy i a2 TR 2 1 T
HIEHEA,

(3) G & M JEE A — € Vo 1Bl N 25 38 0 NW R 12
B R G HEAR I E SRS 3 iz 3 B AT U, X
N NW KR A% 8l 2 58 09 Bt i 1 2% 1 B0 2 4 it
T ZHAKAE

S X #k:

[1] GE X, HAMZAOUI N, ANTONI J. Extraction of
second-order cyclostationary sources by matching instan-
taneous power spectrum with stochastic model-applica-
tion to wind turbine gearbox[J]. Renewable Energy,
2020, 147 1739-1758.

[2] SEQUEIRA C, PACHECO A, GALEGO P, et al.
Analysis of the efficiency of wind turbine gearboxes us-
ing the temperature variable[J]. Renewable Energy,
2019, 135: 465-472.

[3] WANG S Y, ZHU R P. Nonlinear dynamic analysis of
GTF gearbox under friction excitation with vibration
characteristics recognition and control in frequency do-
main[J]. Mechanical Systems and Signal Processing,
2021, 151: 107373.

[4] SHIJF, GOU X F, ZHU L Y. Generation mechanism
and evolution of five-state meshing behavior of a spur
gear system considering gear-tooth time-varying contact
characteristics[ J]. Nonlinear Dynamics, 2021, 106
(3): 2035-2060.

[5] HU B, ZHOU C J, WANG H B, et al. Nonlinear

tribo-dynamic model and experimental verification of a
spur gear drive under loss-of-lubrication condition[J].
Mechanical Systems and Signal Processing, 2021,
153: 107509.

[6] ZHANG X, ZHONGJ X, LI W, etal. Nonlinear dynam-
ic analysis of high-speed gear pair with wear fault and
tooth contact temperature for a wind turbine gearbox[J].
Mechanism and Machine Theory, 2022, 173: 104840.

[7] LIZF,ZHULY, CHEN S Q, et al. Study on safety
characteristics of the spur gear pair considering
time-varying backlash in the established multi-level safe-
ty domains[J]. Nonlinear Dynamics, 2022, 109 (3) :
1297-1324.

[8] MO S, ZHANG Y X, SONG Y L, et al. Nonlinear vi-
bration and primary resonance analysis of non-orthogo-
nal face gear-rotor-bearing system[J]. Nonlinear Dy-
namics, 2022, 108(4): 3367-3389.

[9] MO S, ZHANG Y X, LUO B R, et al. The global be-
havior evolution of non-orthogonal face gear-bearing
transmission system[J]. Mechanism and Machine Theo-
ry, 2022, 175: 104969.

[10] S0, NS , EAR , & HLES A SC I REUE 3 RS HLHE
BRI HUB T REE 4R, 2022,58(19) :57-67.
MO Shuai, ZHOU Changpeng, WANG Lei, et al. Re-
search on dynamic characteristics of electromechanical
coupling of robot joint crack transmission system[J].
Journal of Mechanical Engineering, 2022,58(19):57-67.

[11] ZHANG Q, WANG X S, WU S J, et al. Nonlinear
characteristics of a multi-degree-of-freedom wind tur-
bine’ s gear transmission system involving friction[J].
Nonlinear Dynamics, 2022, 107(4): 3313-3338.

(12] akak, F st B, S0, 2 KUH 14 4% 1% 2l 3% 48 35 il 3
AR IELT]. K RESAHI, 2022, 43(7) : 385-394.
ZHANG Lin, ZHOU Jianxing, ZHANG Xiangfeng,
et al. Research on elastohydrodynamic lubrication charac-
teristics of gear transmission system in wind turbine[J].
ACTA Energiae Solaris Sinica, 2022,43(7):385-394.

[13] feknde, s, BEME, 45 . 75 DB 28 B 450 AR i) iz

Btk e R G sh AR A [T ] HLBR TR 22 4l , 2021, 57
(19):113-127.
XIONG Yangshou, HAN Guangzhi, HUANG Kang,
et al. Research on the nonlinear dynamics of micro-seg-
ment gear system with time-varying friction coefficient
[J]. Journal of Mechanical Engineering, 2021,57(19) :
113-127.

[14] MG, 2240, 805, 45 . NW AU K I 56 KU 38 s 28 7 2 1%
B P RE T ST [T]. KRB TR 24243, 2015,55(3)
271-280.

SUN Wei, LI Xiang, WEI Jing, et al. Research on
load sharing characteristics of planetary transmission for
NW high-power wind turbine gearbox[J]. Journal of
Dalian University of Technology,2015,55(3):271-280.

BEMEE: X I(1987—), W i+ #dz.
E-mail: moshuai2010@163.com



