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RESEARCH ON VIBRATION CHARACTERISTICS OF
NEEDLE BEARING SPALLING FAULTS IN RV REDUCERS

ABSTRACT

The RV reducer is a high-precision, high-rigidity transmission device
widely used in industrial robots, machine tools, aerospace, medical
equipment, and automated production lines. Its primary function is to
reduce the motor speed, increase output torque, and ensure high
transmission accuracy with low backlash, thereby improving the motion
control precision and stability of the equipment. Needle roller bearings
are one of the key components of the RV reducer, primarily used to
support internal rotating parts, reduce friction, and enhance transmission
efficiency. They can withstand significant radial loads, enabling the RV
reducer to operate stably in high-torque environments. The needle roller
bearings that connect the crankshaft and the cycloidal gear are among the
most failure-prone components due to their operation under high-load and
high-pressure conditions. Therefore, research on the failure characteristics

of needle roller bearings is necessary.
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This study establishes a dynamic model for the spalling failure of the
rollers, inner ring, and outer ring of the needle roller bearing in the
reducer. The vibration response of the system under different failure
conditions is obtained, and the time-domain and frequency-domain
characteristics of various failures are analyzed. The effectiveness of the
dynamic model is validated through experiments. Finally, simulation
signals from different failure dynamic models are used to compensate for
the actual vibration and acoustic signals of failures, thereby improving
the accuracy of fault identification using deep learning methods. The
main research contents are as follows:

(1)A dynamic model of the RV reducer is established based on the
transmission process and meshing relationships of its main components.
Meanwhile, using Hertz contact theory, a dynamic model of the needle
roller bearing is developed by considering the geometric relationships and
force interactions among the rollers, inner ring, and outer ring. This
needle roller bearing dynamic model is then integrated into the RV
reducer's dynamic model, resulting in a comprehensive RV reducer
dynamic model that includes the effects of the needle roller bearing.

(2)Based on Hertz contact theory, the contact deformation among the
rollers, cage, inner ring, and outer ring of the needle roller bearing under
spalling failure is analyzed and incorporated into the RV reducer dynamic

model that includes the needle roller bearing. The fourth-order
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Runge-Kutta method is used to solve the vibration simulation signals
under different failure conditions, analyzing the impact of roller and
inner/outer ring failures on the vibration process of key components and
the overall system. The simulated results are then compared with actual
RV reducer vibration signals to verify the validity of the model.
(3)Time-domain and frequency-domain analyses are conducted on the
simulation signals obtained from solving the fault dynamics equations to
optimize the feature extraction capability of the deep learning model and
improve fault identification accuracy. In the frequency domain, the fault
frequency bands derived from simulation signals are wused for
pre-processing and calibration of actual signals, allowing a more focused
analysis of signals within suspected fault-related frequency bands,
thereby enhancing noise reduction. Additionally, simulation signals are
fused with actual vibration and acoustic signals. In the time domain, the
integration of simulation signals, actual vibration signals, and acoustic
signals enables the comprehensive utilization of multi-source information,
further improving the accuracy and robustness of RV reducer fault
diagnosis.
KEY WORDS: RV reducer, needle roller bearing failure, vibration

characteristics, deep learning, fault diagnosis
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1R oAl
Pl 2-7 AR RN 4 H A TAT B T L AR 9K R
AR 15 TN

M
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N .
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3 f(n 2 yn 2]
ky=hf(t, +h,y, +k)

G, R I 07R EB A ] 5
o +é(k1 2k, + 2k, +K,) (2-24)
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TR R R S A AE i it R AT SR 2 e AL R W ANRTE R Is s S T =
KA 5 M5, Rk o hln:

0" =(x, —x)cosy, +(y, —y.)siny, —0.5E (3-1)

5% = (x, —xc)eosy, + (¥, — v )siny, —0.5E (3-2)
X, o, MRFFEAEE, B GE-3)iT 5
w0, = (1—dimcos a)%ﬁ (3-3)

E SZHATRE WIS BRI R, -4
E= %cr (I-cosy,) (3-4)
w, N n NIRRT E A, HG-5)1H 5

v, (t) = %W%H% (3-5)

TR AR A IR Zh AR 5 RV Y g 5% (14 H A9y ik A5 4 2 1) 32 A A b 48y 1 H
RAEFEROAR Y Je 7 AL ik 77 LR R WA g, om0 2 SR A AR A 5%
RIARZ PE AR 26 F i, AEZRIETE DL, 3 5 H AR I 5 R an3(3-6):

FB(EB) [ HBCB) (SHECH N (3-6)

Xrf, N BT AR, TR RA N =10/9;
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RN EATHS, AR RENR S N AMNRE b AR B, 17 X IR A 7K
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R G-6) KT BRSNS IR FRIE A Al /), et N =1, B
F;gn = kn50g11 (3-9)
K 6, RIRNR S DR fp SRR Al 13 1 A b A 1A &, s (3-10) B € -
{zﬂ-c Z,-C,|>0
é;gn _ )T p g p (3-10)
0 else

K, C, RARFFAEGEALIEINE, Z,, 25 n MRENAFIREFZESEFL 0 2 TH )
XA E, HE-1)THEA R
Lo =W —%)%’” (3-11)
KA, v, R IRRFBEAE ( IS ZIIALE A, v, 5 n MRENIRTE ¢ N 2L E A
R BRI R ISR 2 8] ) BEAE i B TE 0N
oo = HeFrgs (3-12)
A, =01, RIRENAS (R 18] 1 BEHE R A
MRS e, RN BN )T R
m, 5, —c, (b —X) +co (X, —30) = F,” siny, = f,” cosy,

+F," siny, + f,." cosy, —F,, cosy, — .. siny, —F, siny, =0

cgn
m, y, —cy (Vg — V) +cc (v, _)"C)_FE'B cosd, +fk1,jB sin@,
+F P cosy, — P siny, + F, siny, ~ foncOSY, = F, cosy, —G, =0
I 0 _(dm _d) HB+(dm +d) CB dm F -0

rrm 7 kn 7 kn B cgn

(3-13)

K, m RRANRNEFUE, F, 2R RO, HREHON:

=3 LN Ei i P e LW

2 d,. d .,
I=2m (Z) +m (2 3-15
= m (5 m () (3-15)

TRIF IR 152 T R
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Nb
mch(’g = nz_]( _F:,gn COS W}’l - f;’gﬂ Sln WVI )
Nh

mcgj}cg = Z(F;gn Sin l//n _f;’g}'l COS l//ﬂ)—'_ GCg (3-16)

n=l1

. N, dm
]cgecg - nz:l(_F;gn 7)
X, m RRFFE, G, RRFRESGET), I RRFEFRINFEE5E,

3.3 EIRST ARV IR SR S1FEE
3.3.1 ERSHHAMIRVER S F) 1 FER

TERVIBE 35 2 ) = @B R v, 5INIREH il £ 12 38 o0 il 5 48 e e 1]
(RIFE ELAE AT RS R o ST RRRE MBS, A LN B J1 A G A 5 R T IR
bt e 1) A 2 T ke ) AR M AT B AR T N, S PR A R Al A R RV R
ax sl AN ] 3-4 FioR .

&1 3-4 £ J R IRV s 2 5 7 A
555 1 R R R BT AT VR B AR AN DR SRAE x Bl ATy ik 1) L RO AE A B e Bl
BN

Nb

Xp; :ij +x, (3-17)
Jj=1
Nb

Y ==y, +.) (3-18)
J=

o, Wil REH Rl AR FIR LA 2 A IR R AL RS
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_ _ ; g _ g ; g _ _
5Hm =x_—ef sy’ X cosy +y siny —xy (3-19)

— g _ 1 9 __ g _ — -
é‘Hl_q_y =y, teb cosy?’ X sinyy —y cosy; —r Qq_ Vi (3-20)

VR AR IC 5 0 H A h Bh 0 E TT R R G R IR AT MR SE R I 5T R
i MR EEN, Hal1# i

N Ny Ny
o HB _: HB _
meHi + lekcbé‘Hicjx + Z:I¢nF}cn sin l//n + le kn COsS lr//n + kH (‘xHi - xBi) - Qx
Jj= J= n=

N N, Ny
mHyHl + EkcbﬁH + ’;wnF;;f:ﬂg Cos l//n + nz=:1 kij Sin Wn + KH (yHi - yBi) = Qy (3-21)

icjy

. N . N .
1,6, — chbé‘Hiije siny;, + 2k, Oy ecosyy +ky, (9H 0, ) =0
i=1 i=1

icjy i

LRI 152 TR -

M Ny
y o . o _ CB -
m X, Zikcb (5 L, Cosy Y +8  sin '//Hf) nzz‘,lgoann siny,

Hicj:

crgr

Ny
-2 [ cosb, + k.6, sin f=0
= :
M N,
m . +2k (5 _sing? -8 cosy? )+ >0, F cosy, (3-22)
c g i=1 cb Hicjx Hi Hicjy Hi j:n

Ny
+2 [P siny, +k,0,, cos f=0
n=1

cr cr

ty+k, 10, cosf=0

cricor

.. M
1.6, - 2ky0,

icjy

3.3.2 ERFHHEMRVEIESR RENNFEHTE
IR ARG, RVIEGE 88 1) R G080 /1525 RN

2 .
| X cosTy +y cosy siny

mi +k, Ei +7,0, cosy, —x, sina cosy,, |+kx =0
P

|~V cosa cosy; +7,0, cosy;

. .2
xs cos l//si Sin l//si + ys Sin Wsi

my +k, 2 +r.0 siny, —x sina siny, |+ky =0 (3-23)
1

i=

|~y cosa siny +r,0, siny;

1.0, +k, > +r0r—x, sinar +k,0 =T

i=]

—y, cosar+ rp@pir
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m,X, +k,x cosy sina +k,y siny;sina,

. . 2 .
+ksprﬂs sina, — kspxpl. sin” o, — kspyp,. cosa, sina,

+ky,r,0, sina, +k,x, —k,x, =0

m,y, +k,x cosy cosa, +k,y siny; cosa,

(3-24)

+k r0 cosa, —k x sina cosa, —k,

2
sp's sp~" pi pypi Cos as

+ky,r,0, cosa, +kyy, —k,y, =0

sp ppi

Ipepi + kspxs cos V/sir + kspyx Sin l//sir + ksprjvesr

—k,x,simar—k,y, cosar+k, 0 r+k,0, k.0, =0

N Ny Ny
3 HB _: HB
meHi + jzﬂkcbé‘Hicjx + ;wnﬂn s V/n + nglf;m Cos Wn + kH (xHi - xBi) = Qx

N N, Ny
mHyHl + Ekcbé‘ﬂicjy + nz:1¢nF}ch Cos Wn + nZ::lf;czIB sin Wn + KH (yHi - yBi) = Qy (3_25)

¢ _
icjx iciy€ COSW iy + Ky (HHi - 931') =0

. N N
1,60, — 2k Oy esinyy + 2k, 0y
i=1 i=1

m X, —c, (%, —%))+co (X —x.)— F" siny, — f2F cosy,

+F," siny, + £, cosy, —F,, cosy, — f,, siny, —F,, siny, =0

cgn
oy . . .7 . HB HB _:
mryn_CH(yH_yn)+cC(yn_yC)_Ecrl Cosen-i_f;m Slnen
CB CB _: :
+F,, cosy, — f,, siny, +F, siny, - f, cosy, —F, cosy,—G, =0

1.6, - =) i (ot D) pen_do

rorn 2 kn 2 kn 2 cgn

(3-26)

_xcj (sin Bcos Bcosyy, +sin® Bsinyy)
M
mx, — ElkHb +Y, (cos® Beosyy, +cos Bsin Bsinyy) |+k,x, =0

+1.0,(cos’ fcosyy, +cos Bsin fsiny;,)

_xcj (sin Bcos Bsiny;, —sin® Bcosy )

M
m,y, + 2k, |+, (cos’ Bsiny|, —cos Bsin fcosyy) |+k,y,=0  (3-27)
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+r.0,; (cos® Bsiny !, —cos Bsin Bcosy))

.. M
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i=1

B 0(3-23)3(3-27) 5 R FEREE A

Mq, +(Kg, * Ky, + K, )q, =K (3-28)
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8, =(x, —x;)cosy, + (v, —y,)siny, —0.5E—ad (4-3)
5,,CB = (x; - xC)COS l//n + (ynr _yC) Sin !//n _05E _A5 (4_6)

4.2.2 HRHRHR) R PEIREY
AR 0 4 FH ST VR BT R ) P L, 2 it el b s IR VR R N,
AT R AR, BN IR BN R 5 Ml SR AR B AR T 23 A
8, = (x, —x,)cosy, +(y, —y,)siny, —0.5E -6, (4-7)

5nCB = (x, —xc)cosy, +(y, —yc)siny, —0.5E—ad, (4-8)

4.2.3 BLERRITEHPEIEE
PR R TR B MR A B, MR ZRE0 b — m I RIVE Wi, 42
AR o KA, BN RS AR EREE A AR Y 3 0l D
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17 GlobalAveragePool1D 1024
18 Dense Units=512, Activation="relu’ 512
19 Dropout Dropout rate=0.5 512
20 Dense Units=128, Activation="relu' 256
21 Dropout Dropout rate=0.5 256
22 i )ZE (Dense) Units=10, Activation="softmax' 10
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HUBRZS (9T AT . (ELRTE SRR TAE T, RVIBGEA I K 2 7 2 T WL 4 8,
AU ) B FCIR BI04 55 AU 25 4 M B A , T UG A 35 P 7 543 5 1
e ot TR 2 5 S BN R TS B 75 TR I DA 5 A e P i
RV 537 HR 75 W0 S 14 W 58 2
117 368 3o 8 ST RV TR 5% 1K) 50 77 25 MR T Al 5 A 8 B SR A S5 P 007 ELAR B A
AR S . AT G M T R T R TR A ER B, RS AR H
AN 5 R P B 0 3 L T 0 PRI e 7 AR, [ 6 M4 3 5 A B A R A 3
PR RN BB JI W RE, SRR B3 5 TR F R 0k 5 S 3 A AR i
SO PR 5 51 D7 V66 £ 1 7 WU R 2 M5 T R 0 LR Oy s R s
M T B AT U
{4 B TR AT LAV A CNNERLS TME 44 B h [RHE RIS, B
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GEC
Q=XW,,  O=XW, Q0=XW, (6-9)
EARF ERIERES, ST R RE, M SR A A S A
(RS
NER
A, GBA T Jd, TR S K, B S 8 Softmax #EAT A — 1k, i
BRI AR B R 10

AttentionScore = (6-10)
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AttentionScore = sofmax( AttentionScore) (6-11)
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