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Vibration simulation of planetary gearbox with planet-carrier crack

WANG Danfeng, GUO Yu

(Faculty of Mechanical and Electrical Engineering,
Kunming University of Science and Technology, Kunming 650500, China)

Abstract: To deeply understand the vibration spectrum structure, a vibration simulation
model considering the time-varying transfer paths and the uneven load sharing of the planetary
gearbox was proposed. According to angular shift function of planet gears caused by the crack,
the effect of the angular shift of planet gears on load sharing was analyzed. The spectrum sideband
structure under the planet gear angular shift caused by the planet-carrier crack and the non-uniform
load distribution was simulated and analyzed. The simulation results showed that when the num-
ber of planet gears was 3, the sideband was only affected by the additional angular displacement
of planet gears. When the number increased to 4 and 5, the spectral sideband was jointly affected
by the angular displacement and load distribution among planets, and the modulation sideband
components with the rotation order of carrier appeared in the order spectrum. By comparing the or-
der spectrum structure of the simulated signal and measured signal of the planetary gearbox with 3
planets, the effectiveness of the proposed model was verified.
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Fig.1 Planetary gearbox with 5 equally spaced planets
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Table 1 Angular shift of planets caused by
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Table 2 Fitting parameters of the angular shift function

carrier-plate crack"” ) of each planet gear
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Fig.2 Load sharing curves among all planet gears



1450 it = 3

%37 %

B 4 S0 BE B 30, A X7 B A AT R e AT A Y
AR R, 24 N, =5 I, B e I AR B A 434
UL E AT B R R R 1/2 (9 A8 3 , L
REWHNF.,=F, ., F..—=F._ (WK 2c)), Hd=
100 mm J5 , B 2(b) JE 2(c)h I H B T17 2R
R IE

R B 2, BF 58 v 42 M 2 o 38 3 L o (BRI 2 o
W B {H 'ﬁli*ﬁﬁnﬂﬁtb@)'ﬁﬁ”@‘c%ﬁmm 3B

BOXT N o MR 2,4 <1000 W], % i 24 80 A=
br B, Jﬂ’,El]L d<20 mm (R4 AN 140)

10% <<e<50%0 B, X N Ji 24 80 By B, I B 20
mm<_d<<100 mm ( 2 50 (5 [b 978 14%6~70% Z
] 5 ¢=>50%0 B, XF W K R 8B B (F IR th 34T B2
BRI EAT) , AT 100 mm<<d<<145 mm (2 4L
g HAE 70%0~100%) .

3 ITERRGHERNESEE

7 52 B 5 0 £ 2 0 A
B AR B (B P T R A
4 2 L E 4 3y AR B
B LR F A 7 R A 22,0, L 1T R I A
B (5 5 o ) T 7R
ZA

P AT | AT 1 AR 4
5 T 2 4 20 1 5 £ B
Dy—mZ, (W1 3 R ) ,m 17 58 S BURC £5 2 4
- T4 2 £ 35 0 A, () (5 b B2 1) R
0 1K 45 3 3 B 7 AL (o) f i
B 2) 15 R AT e A

AMO)—{;—%;cm(Z%E;ﬂAdU) (6)

BT 5 4 17 5 4 UL T/, I T ]

Arp[(Z)‘vrpi(l‘):Arl(Z

1)+ A(t)v,(t) (5)

p

() FTEfE S N FEmG A (b) KFR4E ST RS
I fE e R AT

3 ST A A R IR Bl 4 AR
Fig.3 Vibration transfer paths of the fault planet gear

WAL AL AR, T o AT B e Jl 0 . I,
AOMA ()R FRR A

A,,(z)zA,l(z—

s t—
J( NP

frEfe 5N E RS IRIES v, ()
vy (1) J2 JE ) D Wi 5 R B R, £ =2, T
Hoor 55 Dy = s B0 X

vaI'( [> - Vrpl COSIZf;"(l — ¢[ + é\Pi ):l

oo

(8)
KV Va8 R v, (0 R o, (2) BT AE , ¢,
FORAT A i M AT 5 1 MBI 46 07 B M ¢ =2n
(i—1)/N,, f R0 f 43 5 2 K BH5S AT A 20 1 e
SRRy, KBRS AT R AT B - Ui B A
FEXFAHAL S R, AT B AR -0 B AT R - K B 5
P 2 {55 AT JR I Sy i BL i G 80 T 5K

(7)
At)=A

N
|
—
=
—

Je
g+ 0
fsif

V(1) =V cos{fm(H—

iNle)‘le COS|:fm(l¢ J]:é\ ):| i i nZ+q) it | ot a)(git0)

(9)
A (1) v ( C) VS,)lco{fm(z+i+jp )er}
VIt | inys Ai(nZo— q) (g4 0y)
qZQ Z\ e e

P X, 0 AL () B g U U L R 8, & o 2 i

pEAR B ERE AR, k:EJrECOS( ZN,,?‘)) o

M F 278 0, (0 o, () B 2 U0 P 8 L 2250
g5 b, 5 IR AT BB AR A 0 Bl AR R R U (5)
A B GURUR IT



AR AT

LR AT B0 A 4k 2 7 1451

2 2 X,,, i(nz.+q) //|:sz:1::lH i(nz, 4 g) (¢, + 0r) _‘_FW/%EF e i(nz,— q)(wm)} (11)

¢=-Qun=-N

X F, M E,, T RR AR (1), EHARE T

(8,=0),%1 E?%TMHH%* EﬂFk, 1/N,.
ZF ZFW, (12)

v(1)=

\‘\ M/

N,
i(nz.+q)f a3 z ;
rin

4= (13) ﬁﬁ'] %ﬁﬁf; d=11.15 mm
(BL A ) . d="78.05 mm (5 240 ) . d=133.80
mm(KHa) ,N,=3,4,5 ik HEFIRE S
5 H . K48 N,=317 5 % 5 H 76 3 Fh itk 2
TR ARSI EA R . B (O RRIE £ L
{E Z=f/fcc A0 (13) w] 1, 78 BEAEIE B0 R, v( ) By

) AT nZ A q=AN, (A M)
129 Fu 132 B . 135 B 4% , 73 331 4 B7 43N, 44N, |
45N,. BT N,=3 17 25 F 4 7 43 B F2 B0 [H)
(F.,=F,,=F,,=0.33) , 17 & %2 2 £ b A 5
AOAEBY FL il IR N, S BORS 0 Bm sy o an &l
4(b) JE 4Ce) FE Mk G B b (£, =132) B 3 7 A= 1] B

2.

[ 3, ATk S A 1 54T
Hie P B, 2% A7 AL EE P A 1Y BRI A 2 R AG,, AT
IR

EL3'8
B

WA

2R LA R Ak Kk

F4 1 FEL - 2 B0 T 50

i(nz, 4 q) (g, + 80,) + FW/QF Qi Jn/ q)(¢,+M,,)>:| (13)

HU 2w AR AR A &, W0 130 B L 134 B (ILIE 5) .
Xof b A [R) s R B R B, 4 o e A I L 5 T 8L

P A8 2R 4y i — ELAEAE AT B4R A A 1 8000 R
Iy (A 131 By 133 B (135 B4 ) , 78 2 40 i £k By
BOIFR M, WA A8 K2 B (& 5(b) .

& 5(c) ) A% i 7wl AL, H A2 47 AL A A 60 B N

11 B 48 R AT AR 20 oy BE L [R) 52, B RSB

Byt il

LR N AR

TR MERDAT - EAEHE SRS

- fr AR

AT R L=1 P, 1 130 B (131 B (133
W45
KI5 RR N=4RNF 50 ZRr ik, K&l
2(b)ﬁf§f+’| F, 1:F1,\-,3\F15,z:F15,47 Jﬂ:,ﬂjﬁij'ﬁjﬁé
o TRICESMEBIRIAT & TR MBI
m 0 132
ﬁlﬁéli 03 129 135
é% . 126 ki
goip 1o . .].l
122 126 130 134 138 142
Kk
(a) d=11.15 mm
= 0.5
N E 129 B s
| & 03 138
% T
=01t L ﬂ o0 131 133 124 ‘ l
122 126 130 134 138 142
V127
(b) d=78.05 mm
0.35 132
& mm 025+ 129,131 | 133134135
i i
=oos;m.m L
122 126 130 134 138 142
K

(¢) d=133.80 mm

K4 3T REAT B EOMRIR S 5 b 1L iE
Fig.4 Order spectrum of planet-carrier crack fault vibration

signal with 3 planets

0
gg 0.15+ o 12 136
rLr %( 0.10 } 14 140
2Roosp 7 1 s | [
122 126 130 134 138 142
Firax
(a) @=11.15 mm
0.20
= N L= 136
om 015 128
== = 130 134
] 2 010 g4 140
= *EE 0.05 I ‘ |29J 131 | 133 M 135 ﬂ l
= | . P t I 3 s .
122 126 130 134 138 142
[E1878
(b) d=78.05 mm
0.3
S8 ool 129 130 1 132 ﬁ3 W
T @ 0.2 : 128 136
140
ot LT
= L.
122 126 130 134 138 142
i

(¢) d=133.80 mm

F5 447 BT B R EOE R B 5
Fig.5

Shribig
Order spectrum of planet-carrier crack fault vibration

signal with 4 planets

MN,=50,H F,,=F,.,.F..=F,,, i %4
KERF BB KENT0% 5, F. 32300 BT
B 0.5F% . AL FHEARE (F,=0.2), 75
JEEARY GRS e  E 6 k. 5 1
TR AR B, AT B AR A AR I B A
B2 AT R R A AN 35 43 R (0 127 By
128 B (132 B (133 B &5 ) , Bl 24 80K B 3 KL AT A2



1452 it = 3

VAR S

%37 %

o PRSI« RS
s FERR AR

L ﬁ% 0.10 130 135
== 125 140
S Boosp
I +§ 127 128 132 133
= P I ] L I - )
122 126 130 134 138 142
ik
(a) &=11.15 mm
gm 0.25F 130 135
N E o - - 132 133 140
P 0157 127 128
% I X 3 134 , l
B0, Jus) IR I%] L
122 126 130 134 138 142
Kk
(b) ¢=78.05 mm
= 025 o
T E 0.15F e 4130 132 133 1P
I‘Lr i%( o 125 1127 128 140
=7 |
E0.
zoospy [T I b LU
122 126 130 134 138 142
Kk

(c) @=133.80 mm
K6 51T RAAT B A REU IR 30 15 5 B 1L i
Fig.6 Order spectrum of planet-carrier crack fault vibration

signal with 5 planets

ARG K BB R LA A R Ay s o
gCJE W, LR AE G o 23 (129 B (131 B L 134
Brag) o

WL EEAT VG A0 A48 3 R B IR S 5 5 Bt
T B4 BT B AEAE N, R 0 Ry %
FH A4y b AT R AR SE AR R BR A A B R . [FE
MAT R R RSO T A Y BE AT R R AR S
H A LW AR R, Rl 2 QORE R 3,
B LT 34 45 48 32 2847 43 T R BORAT B g A i B
L [R] (5 ), A 3 A5 R TR A A

4 ELWIES

4.1 LIS AA

A% SC L 14 Rl 55 A R 8 2, K BH %6 O 07 Bl 3 H
) BLGAT R 1 SRR W I SE T 4 % R R s i AT
B R B4 0 i s i B 1 F0ASE AR R AT S I 06 IE , S 5
UK 7 iR

AR 4l SC TR [150F %4 S0 b ok A 1 F o0 45 4R
TEAT BB SRFLAN N T — 44 K 299 8 mm, S5 29 Hy
0.18 mm, 53 Z¢ 47 B S8R B 5 1) 5 il 2K AL AH I 19
Mo (WE ), HHMB T FTRELEE, W d~
50 mm, 2440 4 Al 16 % (SRS BE) . S2 R
A3 IR IE R AT A 2R SR S0 I O R AT 8
it R 4R L 30 R B iR 3l A% i g (DH112, 2

h 5.2pC/ g, pC Fon i v B, g O 8 7 i i
Ji g=9.8 m/s*) 53 i) 4 %% FAT RO B FE A AR FE T
O PH S 0 b AR R 147 P LA AT R SR R R L A
BT TR o LI T A A% A% 8 2 (DHO04 , R B Sy
2.5 V/mm) 5 K BH 5 3l A0 X 22 %6, F T 4045 K B
R K b 0 R A SRR 25 f AT R AR (R
J 0.030 V/pC) ¥ # 2y # J& , DL NI 9234 3R 4 R
CREENI AN 51.2 kHz) #E 47 438 38 [F 2 R FE .
BN S B E 3. 17 25 AR 280k e RRAE By
W l,=2/7,=3.55,

7 fTRNRESSE G

Fig.7 Planetary gear transmission test rig

8 AT RARL R

Fig.8 Planet-carrier crack fault

R3 TEERESHY

Table 3 Parameters of the planetary gearbox

IS

AT e
2
KBH%E TR () % 1l
Wi % Z=28 Z,=20 z="1
%/ mm 2.25 2.25 2.25
WIE /(%) 20 20 20

AR AT S A e A A% Bl EL R SR 4R 1 KB
e T I o A e 1A AR AT B L B e AT R
SR BT A 2 2 il xR R Sl A5 5 AT
Fi SR R A TH BRI B S 5 R e o R



557

TR 547 R AR R AT R AR A IR 3 7 T

1453

 fH B i 7R 4 (fast Fourier transform, FET) 315
Brebis . BRRERT 2 0 E 9,

Lt | | kmssbko

v
BBV A1 30 L
FRR R b

A 4 ¢
| SRR |
¥ FFT

| bt |

9 IRNE T AL AR K

Fig.9 Flow chart of vibration signal processing

4.2 EEMITERALMESER W

Xt e B2 B T W AR S AT . S
I i, K BH 8 7 3 24 o 800 r/min, i 1 AT & 4§
sl b TR ET B 4L (S % 5l ) #5  ih 28 )%
e WE 10 fios , B AR R 2 s 5 .

226.30

22625
226.20

FE 3 /(r/min)
N
Sl
o

226.10

02 04 06 08 1.0 1.2 14 16 18 20
Bt al/s

10 A7 A ZR0% il 26
Fig.10 Speed profile of planet-carrier

11y T 8 AT B 4R 24 sl e ) e 3 g JE
FBY b 6 e B . I 11 (a) A SR 2] g B
WAR S5 5 OR 68O IR K T IEFIRIME 5 IR
(B o 38 b 04T BLFE R B 43 R R B 4 BT AT AT, 3
ANSE AR BB AT B 48 R BHASAE K vh o0 7 Bl A 14 1Y
T EVTRERE AT B 50 7R HH 1) 28107 AH 45, 041 3k 245
P B 5 e AL HG AT B AR . WLEE IR 11 () AT
A IR BN E S M A TR 325 DT R %R
5 18] B 43 A 7= A (00 B B b (4, =T71) B 3T
A, 466 By 69 B L 72 By, H 4 G X R 22N
23N, 24N, ; Q17 B 5 M08 5= A [ B Sk £ B
WA T0BY TLBY (73 45 s @ HoAth 547 B 58 Jm Bk
B RFIE B EL /A S B 04, 40 67.2 By L 67.45 By |
67.8 B4 .

SCEh, BT R R 22, 5 BOC R AR
NG5 B IS AEFE S [ AHC I Bt A . BAT AL
PR X L, 7R A DL LR R R B SR W BR R
69.45 %f ¥ 7142—3.55, M2 # AEAE LA L M 1]
by 1 R ) 1, 0 67.45 By (68.45 B & . &1 11(b)
Hp Al 3 48 T 38 AT DA TRLRE v S W 67.2 B
67.8 W R Fb IF 5 I R B LU 35 JR) 4 s K BT 1 i
fE W AR 12) AT B AR 280 e O (8 260 1 i
A CAn 70 B L 71 B ) e B i T OE R AL TR
W, ZAT 2R MR, 517 2 58 R H R A
S B AR A8 % i (A B S v T I O

—— ITRAREO R —— Joh R

Join s AR/ (m/s?)

-60 : : : : : : : : :
0 02 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
A [a)/s
(a) I
1.8 — T r z
~ 16} @ TR =
L L4t AfTRAAREA
= 120 s ST RATRERE B LUAR
Z 10} 70a
hhuiz:s
£ 08
2 0.6 68.45 68.8 092 698704;
*{ﬁl 0.4 6726745 \ 1'69'/6'/9.45 / i ,
= 2 * 68.25% 70.2 3
0 .1..L|6!6Lu|1LTJ|67*81*;JulTTG'f T..lLJJJI LLi I? 1 744 i
65 66 67 68 69 70 71 72 73 74 75
Firix

Fig.11 Comparison of vibration signal between normal and planet-carrier crack

(b) B i
B 11 I AT R AR EIR S 5% 1



1454 i

HY

g 1 %

#

TR — Tl

o 10t ® TERSSMmIbL 704

Lo | AdmEmbEAE

a2 S & 51T R CTEARE R ARG

E 0.6 |

i

% 04r 672 6145 68.45 7A1

=02} Tl g T asPus | 2043 ]
Lot Jo o b X .|J|.I.I|.|I.n ;’.’.I.l|l.| I:

66.5 67.0 67.5 68.0 68.5 69.0 69.5 70.0 70.5 71.0 71.5
Bk

B 12 IE AT 2 2R A B IR 3 15 5 B e ok

Fig.12 Partial magnification of vibration signal order spectrum of the normal and planet-carrier crack

T 52 56 65 BRI, A A5 0 205 5256 i R A Y
TR WA R SEORT , S350 i 78 50E
A2 AR B b7 E S S A B LS S B Y
W= F nZ A4 q=AN,, a1 129 B (132 B (135 B
(El4), B 11(b) 66 By (69 B (72 B 45 . 47 & 48
S50 BN A AT nZ A g+ LR ]
wnE 4 130 B V131 By (133 B 4%, B 11(b) i 70
B 71 B F 73 B o

4k

=A

AR SCUAT BRI B TER G, b T
ORI ST R R WA BURFIE I R R, 5 8
A1 B 8 A 00 IS B AR R, ST B X AT AR AR
S B AR Bl A S D7 EORE R X I B L
WA AN ) 1 7 AR DR D AT TR A R . SR
g 34T R AR A R A AT R AR R SO R S IR
17 B ) S D0 540 6T L, S8k T 7 R Y TE A
SRR AT B AR REOH R U 58 A I 41 45
Hy £y 328 - D47 B2 48 55 A 18] B 20 A 7 AR 1Y
il , OF7 B AR Wl i AT B A A B A
1, OFT A2 2R 0k e i o 47 A 5 AR A R
Py or A e AR R I o BT R0 BB BSR4 T 34T
WX R ERA R, FnZIEfT R R ALK
AT 73 TE AR P B T M A R R BRI R S AT,
Ja S AT AR B2 Wi 7 vk 105 A S S i T

B

SEM:

[1] SINGH A.Application of a system level model to study the

5 i

planetary load sharing behavior[J].Journal of Mechanical De-
sign, 2005,127(3) :469-476.

SINGH A.Load sharing behavior in epicyclic gears:physical
explanation and generalized formulation[J]. Mechanism and
Machine Theory, 2010,45(3):511-530.

[3] SINGH A. Epicyclic load sharing map—development and

[12]

[13]

validation[J]. Mechanism and Machine Theory, 2011,46(5):
632-646.

LIGATA H, KAHRAMAN A, SINGH A.A closed - form
planet load sharing formulation for planetary gear sets using
a translational analogy[J]. Journal of Mechanical Design,
2009,131(2):021007.1-021007.7.

M8, B AR AT BN R P 2 8 R By Ty k0] g
1K 22 4], 1992, 16(4):290-295.

XIAO Teiying, LUO Weijie.Calculative method of load bal-
ance coefficient in planetary gear[J].Journal of Yanshan Uni-
versity, 1992,16(4):290-295.(in Chinese)

B XDOEE X S TR s AT BN AL 3 R
G iE 15 F B B [T] WUARORE 2 5 0K, 2009, 31(8): 1115~
1120.

LI Yang, LIU Guanglei, LIU Geng, et al. Analysis of static
load sharing in a planetary gear set with gap for gear floating
[J].Mechanical Science and Technology for Aerospace Engi-
neering, 2009,31(8):1115-1120.(in Chinese)

MCFADDEN P D, SMITH J D. An explanation for the
asymmetry of the modulation sidebands about the tooth
meshing frequency in epicyclic gear vibration[J]. Journal of
Mechanical Engineering Science, 1985,199(1):65-70.
MCNAMES J.Fourier series analysis of epicyclic gearbox vi-
bration[J]. Journal of Vibration and Acoustics Transactions
of the ASME., 2002, 124(1):150-153.

INALPOLAT M, KAHRAMAN A.A theoretical and ex-
perimental investigation of modulation sidebands of plane-
tary gear sets[J]. Journal of Sound and Vibration, 2009, 323
(3/4/5):677-696.

FENG Zhipeng, ZUO Mingjian. Vibration signal models for
fault diagnosis of planetary gearboxes[J]. Journal of Sound
and Vibration, 2012,331(22):4919-4939.

LIU Zongyao, LEI Yaguo, LIU Huan, et al. A phenomeno-
logical model for investigating unequal planet load sharing in
epicyclic gearboxes[J]. Mechanical Systems and Signal Pro-
cessing,2019,135(1):1064141-10641416.

KELLER J A,GRABILL P.Vibration monitoring of UH-60 A
main transmission planetary carrier fault[R]. Phoenix, AZ,
US: the 59th American Helicopter Society Annual Forum,
2003.

BLUNT D M,KELLER J A.Detection of a fatigue crack in



557

TR 547 R AR R AT R AR A IR 3 7 T

1455

[14]

[15]

[16]

a UH-60A planet gear carrier using vibration analysis[J].Me-
chanical Systems and Signal Processing, 2006, 20(8):2095-
2111.

PATRICK R, FERRI A, VACHTSEVANOS G.Effect of
planetary gear carrier-plate cracks on vibration spectrum[J].
Journal of Vibration and Acoustics, 2012, 134 (6) : 061001 -
0610012.

FAN Lei, WANG Shaoping, WANG Xingjian, et al. Nonlin-
ear dynamic modeling of a helicopter planetary gear train for
carrier plate crack fault diagnosis[J].Chinese Journal of Aero-
nautics, 2016, 29(3):675-687.

KAHRAMAN A. Load sharing characteristics of planetary

transmissions[J]. Mechanism and Machine Theory, 1994, 29

[17]

[18]

[19]

(8):1151-1165.

LIANG Xihui, ZUO Mingjian, Pandey M. Analytically evalu-
ating the influence of crack on the mesh stiffness of a plane-
tary gear set[J]. Mechanism and Machine Theory, 2014, 76
(1):20-38.

LEI Yaguo, LIU Zongyao, LIN Jing, et al. Phenomenologi-
cal models of vibration signals for condition monitoring and
fault diagnosis of epicyclic gearboxes[J]. Journal of Sound
and Vibration, 2016, 369(1):266-281.

SAINSOT P, VELEX P, DUVERGER O. Contribution of
gear body to tooth deflections:a new bidimensional analytical
formula[J]. Journal of Mechanical. Design, 2004, 126 (4):
748-752.

(4.2 HE)



