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Abstract The development of high-speed trains has made the safety problem of its key components—bearings
increasingly prominent. Existing bearing models are all established under uniform speed conditions and cannot describe
the motion state of the system under variable speed conditions. To solve this problem, a dynamic model of the axle box

bearing rotor system of a high-speed train under variable speed conditions is established. The model uses angle iteration
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to calculate the total angle that the rolling elements have rotated in an uneven time, and then determines the spatial
position of the rolling elements at any time. Comparison experiments and simulations were carried out under constant
speed and variable speed conditions, and they have a good agreement, which verifies the effectiveness of the model.
The influence of outer ring fault, inner ring fault, and rolling element fault on the system stability are qualitatively
analyzed by the axis trajectory, and the reliability of the analysis results is verified by experiments. The two-
dimensional moment invariants are used as a characteristic indicator to quantitatively analyze the influence of three
types of faults on system stability. The analysis results show that under uniform speed conditions, the effects of
different types of faults on train stability are small. Under variable speed conditions, the outer ring fault has the greatest
impact when the angular acceleration is slight, and the rolling element fault has the greatest impact when the angular
acceleration is large, but the degree of impact gradually decreases with the size of the fault. Similarly, two-dimensional
moment invariants are used to analyze the stability critical state of the rotor system and determine the maximum fault
size corresponding to the critical state under different speed conditions and different fault types. The results show that
that with the increase of the speed of the bearing inner ring, the maximum size corresponding to different fault types
will decrease, and the fault size of the rolling element is mostly the smallest, indicating that the rolling element fault has

the greatest impact on the stability of the system.
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Fig. 1 Model of bearings and rotor coupling system
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» m,, m,, m,: mass of inner ring, outer ring and
unit resonator, respectively.

Xy, yi: displacement of inner ring in horizontal
and vertical directions, respectively.

, X, »,: displacement of outer ring in horizontal
and vertical directions, respectively.

K,, C,: damping and stiffness of inner ring,

2 respectively.

K,, C,: damping and stiffness of outer ring,
respectively.

Ky, C,: damping and stiffness of unit
resonator, respectively.

V. displacement of unit resonator in vertical
direction.
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Fig.3 Bearing dynamics model
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Table 3 The parameter of the unit resonator

Parameter Value

mass m,/kg 1
damping Ky/(N-m™") 8.8826 x 10°
stiffness Cp/(N-s'm™") 9.424 x 103

Table 1 Geometric parameters of the bearing
Parameter Value
mass of the inner ring m,/kg 4.63
inner ring radius 7/ mm 65
total mass of the bearing m,/kg 30
outer ring radius R/mm 120
numbers of roller N, 17
average roller diameter d/mm 26.5
pitch diameter D/mm 156.25
load F/N 7.0205 x 10

®2 HARRGRESH

Table 2 Parameter of the bearing system model

Parameter Value
axle equivalent mass m kg 274
stiffness of axle C/(N-s'm™) 2 x 10°
damping of axle K/(N-m™") 1.48 x 107
mass eccentricity of axle section e/mm 107
stiffness of inner ring C}/(N-s-m™!) 7% 10*
damping of inner ring K;/(N-m™") 3.05 x 108
stiffness of outer ring C,/(N-s'm™") 7 x 10*
damping of outer ring K,/(N-m™") 2 %10
contact damping K/(N-m™") 3.5 %10
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Fig. 4 The schematic diagram of the outer ring, the outer ring fault and
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experimental
bearing
1 —
support [,
bearing 7R
AT V

"

Bl 5 Szt & MG s A i B s B
Fig. 5 The schematic diagram of the test rig and sensors’ location

22.1 AT
F b (RIS A P % 34w = 1600 r/min, 4
7RI P A R AU A A Ay 1280

Souter = % (1 - % Ccos a) wot (®

TEALSEIGSAE T, fower = 188.87 Hz.



1844 i &5

(1) Ui 3¢

Sl A/ B A AR 5 03k P S T AR 0 v 1 43
W&l 6 s,

ML 6(a) [ Jape T mT LU S W 6 1) R 3
Mk, IR Bl A A AR AT 5 Ul RE. T 1] 6(b) FRIAN
53t 2 v W) T R TR A P B AR I A B A A
AT HRAF A VAR, R BT g o R U A 4 LA B i
THELEE R 20 0.07%, UE B T %808 4 £k il
B AIE 7 TR A AT 3.

(2) A S

R4 ot 7 S0 5 SR, il 7k o1 P R 3 ek I 3
T TGRS R (R % B ] 7 s, sz sese i e iy
S RS, 7 N T T AR GV B W
PR v 5, B LB NE TG, fEE 7(b)
A LR 21 A Pl s R AR A0 (1) JE AT, 2 A5 ARFN 4 £
AL, LA AT S 06 4 SR B A R 250 3.7%, I
BH SIZU6 2 A A1, T UCUE B A ()4 k.

100
~ 50}
£
E
2 0
s
3
&
=50
-100 ~ . . .
0.46 0.47 0.48 0.49
time/s
(a)
25
189
20 +
378
566.2
2 15t /
2
'_Q: /
g 10}
51
0
0 200 400 600 800 1000
frequency/Hz
(d)
6 ST N K AR
Fig. 6 Simulation results under constant speed condition

£ {5 2022 5 54
é: 200
£ 100
g o
g
S 100
]
2 -200
0 2 4 6 8 10
time/s
(a)
4t \
189.7
3l 758.9
3
g 379.5 /
£ 2] /
<
1
0
0 500 1000
frequency/Hz
(®)
7 SIETHL RS AR
Fig. 7 Experimental results under constant speed condition
222 ARHHTU

AR PR VHEL AR, 1 Rl bRy il i b DAy 19-29-30)

N d
fo= —0(1 —Bcosa)

. ©)

R 4t 4 A (1) LT ST B4R 2 f, = 7.082. A
SCAS I SCHR [31] BTk IR S B 6 S35
PEICE] T AH Y. IR 1% I A i 2, oA T A SR
SRR, I /N BRI T SR AE T B R A
FARINER) T 47 AR PR E T . fESER R,
S 5250 G Al T 3 B O R — BN ),
SR 5 BT R 0, 15 5 K AFER (A4 60 s, KAE A%
A 51200 Hz.

(1) L5

AR T 0 T I SES 25 SR 18] 8 . MIE] 8(a)
Hn] LUE il A1 B 9 20 e R ) i 3 il e
TR EAHSC. & 8(b) H B Ll i Vet R IR 1T
g RGBSR 2N 5.95%.

Q) iR

AR T UL I 45 R 9 o, Hoh A
S5 5 b R ECEE B A I I A T 2R N S
I 277 B, DAGRAIE A7 B 52 56 R S5 B S5 56 71 4 il
S E 9(a) HRRTEUE H, LA A 2 in
JEE V18 R LR 26 0 58 10 A O {ELIR R T 40 5 R A 28 7



%7 W

TFARSE: A T UL R S AR T RS T 1845

Sk 1 P RS AR A ] B, 2 HORE A AR A T
B G AR 22, O RS (1 e o AN 2 A A B P iR
A5 5 PR, WORERAC. B 9(b) H, 78RR AE Ry
EU PRI RE A0 S JEA A b 24t 0 A, HL A7 B 45 SR PR
TS R LF A S5, )7 545 S5 45 R ARk

400
200 +
{T“.”
g
= 0
.2
=
5
8
2 —200
—400 .
0 20 40 60
time/s
(a)
400
Jo 2/, 31,
300 + |
3
;‘g 200
=)
g
«
100

0 5 10 15 20 25
order spectrum
(b)
8 AR LT S A R

Fig. 8 Experimental results under variable speed condition

acceleration/(m-s?)

time/s

(a)

800 \\ .

600 Jo

400 | \

200 | 1
|
, J
o .

0 10 20 30 40 50
order spectrum

(b)
Kl O AL TR I U451
Fig. 9 Simulation results under variable speed condition
TSR AR T T T AT
3 ETHOHMENARGIRE M S

RGN IR AR T R R ROEBITIR
AMRES). FEARSCH, il OBl 1 2 K R,
ZEBR, RGWATE. A RIS E PE A& R4
(R B 2 RIS BN R TR, BB WS A I, il
VNI S5 B R K il R R G Wk B i 1. R A 1) 7
% R [ (57 A% 23 ) A A A6 1) FH G ) A2 e e 5[] — A
Pl e B RT 75 30 5l o 0. % T EAR R, RGN nT
BRI A0S bRl R S50 T R AR B B 5 3 R
B BEAG 5, K I G S A i ik PEmgk . &
Rl 2B IR R 3 S A B S 45 31 T
MR R RS A55, wlv] LL22 H AN o s o T A
G AR L P ) A VR B A ) 2R e R e

SR, 3 AT T AR N IR SCREAL, JLrh Al A P
FAINIESE wy = 320 t/min?, & R F L= 1 mm, 1/ 5
I ) K 2 s, 51 =Pl S 200, A~ AR0AS {000 el 7k Y
(I ST 1 2l 7 Ak oy o 0 3208 2 s A ) 2 7 ) A e
VT BB AN 10 AT 11 s, Hof ORF
oA R, IRF 2o A Bl i, REF RoR IR 81k
ks, N IE].

M 10 Hm] DU H, 8l A7 754 P i R Ay
Pl A 5 i, Ao IR A A7 AN ) R 2 i S 3 — N 4R
Xk, SR T VT IS R AR e T R S e Kl
IR B — YR G I 2 s SO W ST R, FH
MATLAB Z: i) 25 B 1) Dh g, 7Rl 030 8 5 i Z)
HEAT b i A iff e SIS 25070 R PRI Z1. bl st el 4,
A P o (1 <l SR 57K 0.53 s, A PR Dl 0.50 s.

amplitude




1846 i 2 2 £t 2022 5 54 %
—5 -5
x10 6.9 10
240} 6.8}
t=053s
E ¢l
£ 25| 5 67
6.6
250}
. 65— : ,
-1 0 1 x107 B /0 >
x/m wm
() ORF (a) ORF
105 69 <10
240} o8
£
- E 67
=245
Il v
250}
6.5 :
. . . -5 0 5 %107
-1 0 1 x107 x/m
x/m (b) IRF
(b) IRF 1075
o 6.9
.18
6.8
220}
£ 67
£ ,
£ £
2221 3N
> 6.6
2241 6.5 — '
. . . -5 0 5 x107
. /m
3 0 1 x107 N
/. (c) REF
(c) REF B 11 SR A b o

Bl 10 7 Ak phi
Fig. 10 Axis trajectory diagram at the rotor

WCSICTT R0 PR IN TR, AR SE AR, P LAY
P e b s AR SR MESE AR/ 2 B AR AE AR IR B A
BRI, I 1 b VI B W (RSSO, HLBL
AR AR EEARK, Wi TR B A i R Zehe e v
ATBORREE R FEM, XA RS AT A BN 2 4l .

SRR A S R AL ISR €
Ak R IER 5y MR T DINY 7/ B e 5 S el & G el O 1
e R 2l AR A AL TR B AR R R I, A O B E )
18 B B AR B A% 1) bl 7 £ 26 FC At o ol i e e

Fig. 11 Axis trajectory diagram at the bearing

FOK, MAHRBh R RGRE PRI AR, B
(ISR, IR 51 42 22 IE AT I RS AR K, AR5
B b AR SRS DA A3 N 4 TR B IATE 2 5T

4 ETHATENRGREEEES

HAREL OIS W] DUAE @ B EVEI RGN AR
SE M, AFR X5 M A EOM, B 2 (102 i MY
T e 5 LA AR TR sl A B T R I8 sh AR e T
S, R AR AR N RFE SR AR, 1962 4, Hu B2
P TP ULAT BB AR RS, R T



%7 W

FHRRAE: AR T DU N Rl S R AR T R A 1847

7 AU R ANAZ B (R P9 AS 20 2l DA PR R B S
REPEAURS R L, A SO F T g 4. A 4 A
AR AT BB 2 SR (1 7 VAR BLE ik #t
2T DA B e sl A ks k52 4
= 2 U 1995 A2 2 L P 1 30 D0 <5 4K

WL ATRREL p(xy) K] (p + q) BIAE I ZR 2R

mpg= [ anipeyddy (10)
PR O B A 22 7% L0 B
moo = [ [ pley)dxdy (1)
P 5016y — A T B P 52 P2
mio mo
xe= 20y = 20 (12)

moo e moo
4 R AT T PSS (xp,) A BB T
P 5 A 0
tog= [ [ e ) =y ey - x ) - ye)
(13)
X g 1 A B, (R P R R AL
fri e

_ Hpq
Npg = m00p+q+1 (14)

A 25 Y Hu2) 38 M P AN, LR
AETT LN BB ALAS « ROEEAN e A8 e OR Ff A

©1 =120+ 102 }

(15)
@2 = (120 —102)* + 417,

BT ANARFAE Y R e R LR R e i A2 4L
N ORFF T, W0 m T LA IS P 1 b A A A 1 R
St () O B0 E B PR, DA R I Rl A - R
GRIBBNE E M. @) W] LA DA Sl Ca 328 1 2 15
FEEE, @) K, R R L, R G0A6 8 Vet 2.
@, T LA R VP SO0 s R FR 1, 0 K, 308
IR ZE, RGeR e ek 2E .
41 SRTATHRGREMSH

N T AL M 45 R AT B Sy, 7858 56 2 A e VF
(IR0 R BEAT 1 8 Bl LU0 0S LS. 2 IR
B 2.2.1 RIS, RGO T, mok s R AeistT i
FErb, bR PO Rl R S AT R i, D T RIS B i DL O
Fr— 8 BUE 5 BN SER ) 32 Bl e AE 1200 1/min

A1 2100 r/min Z [A]. 73 AT 4 A58, HpsiRm &
T3 59 4 1200, 1500, 1800, 2100 r/min, 4l
Wk ST 1 mm, PR ST 0.1 mm. 7571 P
e 0 P R 4 2E TR S Ll gt SR 12 R 13
FiR.

M 12 HR] BUE Y, S50 45 SR W] 8K T B 45
TR, 3K DRI kg S o S 56 v ) 1 5 RS 5 Ul B
(T R AR A T R s, A [ T 1) R 8 ARTAS %o
PRREJEAR R, JEMAL @) F1 o, HIME K. B R U,
Yl AR AT AE AN R R I, R e AR e M s Bl R L
Thm AR 2, Jr AES 45 brag AT id R v, o R A K
A A B R, PR AT R DR RE R G is Bl AR E T AN
T ™ AT BT B

55 A1 P B AN R (9 02, A Rl A B R
1800 r/min 5 (I4E 441 EE 2100 r/min B (R)4R 56K, i B
P Bl A A W I, e 8 iy R e Ase MY, X2 A
hy P B A A W I, AR P A ) T A7 4 B o i 7 e
T AN W AR, Ay, e AR (R AR Bl b AR R
JE 7 1) by A B A A b B 2l o 0L T8 1) AR
FASS BRI EBRAR, T @) FH gy (AR BEAIC. BT A
TEAN B ATIERE T SRt 2 N B i b, AE AN

<104 X107

7.8 6.780
—&— experiment

£ simulation

7.6 6.775
Fe—

7.4 6.770

6.765

4

4
%
",
i)
!
)
'\\ f

7.2 . . . .
1200 1400 1600 1800 2000
angular speed/(r-min")

‘ X108
40 10 2.45

—&— experiment

—&— simulation

2.5 - - - -
1200 1400 1600 1800 2000

angular speed/(r'min")

B 12 AP R A o0 gl R

Fig. 12 Results comparison under the condition of outer ring fault



1848 Wij 2 Eitd 2022 45 54 %
o <10+ R FEE AR AR . o1t T 00, 75 D3 B B, 90 %%
— & experiment . (A9 0 3 5 el K, LA ik R e i A e Ml e 2 L (R I

7.8 £»— simulation 6.785

$ 76 /xﬁ:f;@h\i 6.780 &
M
7.4q 6.775

1200 1400 1600 1800 2000

angular speed/(r'min")

%1078 x1078
4 e 2.46
g
SN s
3 2.44
q —&— experiment
£ simulation

1200 1400 1600 1800 2000

angular speed/(r'min"")

13 APl e AF R B 2R

Fig. 13 Results comparison under the condition of inner ring fault

JEA R W ETER R, & Ui Sl S A W T
42 THRTRATHREREMSH

R AR AT I R P 2 S kAR,
AR RGN ZRS WA T2 445 14T 3
(R 0, PR AT 0 0 Sl A e 1 R B AGE PEREAT
GYHT. 3 ARSI P R P R SRR B A R A%
PR BEAT 7 B, Al P BT A IR B2 N 0 AR Ak &
500 r/min?, 73 5l SR A5 7E S A AL R 14k ) FT g0y 1
i, BhAKL o Ao, HIME 55 A D0 1) OC &
Kl 14 IR, ¥ 14k o) B g, IAES A D00 FE 19 56 &R
Wi 15 Pros. fedE R e h, b TR DT,
X @1, type,location Al @2, type,location VSENEEVE &SGR
[ 57 B L BRI @) T @y I, FoH type = {ORF,
IRF, REF}, location = {rotor, bearing}. 141 ¢ pearing
FTRAE AR AL B BNE ) @) TIE, 9 1RF rotor 12 ANTE
P BB 4 A1 2 - A Bt o BRI 1) gy (P

M 14 FHATLAE Y, 04 pearing 1 @2 pearing TFPEF
03 JEE AR R AR R, 3 TR kg 2 2l T e 2 76y
HNARKRARE bsgme 1 =il s S8 28 i Ak O B ade 1)

x107
— — —-ORF -
80+ IRF r’J
P
m=m = = REF 'f

0 100 200 300 400 500

angular acceleration/(r-min2)

%1078
5.0
—— —-ORF /-
IRF L XY
458 o o REF " ’
Ve
40t /4' w7
’ 1"
o e
s 35¢ ‘/ ~/
4 R4
7
sof S e
’ P
~
a7
2.5
2.0

0 100 200 300 400 500

angular acceleration/(r'min?)

Kl 14 HhR LA OBUIE o 71 o, IH
Fig. 14 Values of ¢, and ¢, of axis trajectory at bearing

%107
72
— — —-ORF 1
IRF ’l \‘
7.1 | mmm = = REF
1 N\
I
1
I
1
I
]

) 100 200 300 400 500

angular acceleration/(r-min?)

15 B 7R o) B o, FIME

Fig. 15 Values of ¢, and ¢, of axis trajectory at rotor



FRARAE AR T W A AR e 1 R SRR

1849

%7 W
X107
— ——=-0ORF === mm REF
291 IRF N
" I ‘\
\
28F 7\ o [}
! \ ’ \
,' \ I ‘
s 27h I N,
I \ ' \
' /
I
26
*
258 '’

100 200 300

500

400
angular acceleration/(r-min~?)
K15 B OB o) Rl o, MM (45)

Fig. 15 Values of ¢, and ¢, of axis trajectory at rotor (continued)

RIS ARBEI, o) F o, IIEH SRR
(¥, BE IR Bl Al b 70 B BOGH il AR R 48 (1 B e
S e e KR R sl RS 28 T e, 2 R A
TEAI R W IR, i b 2 o328 JA ST 1R 32 B2k E )
— 5 Tl AR ARl ok RS, 1) b s i B A 16(a)
B, AU IR R BOORE JSE AT AS IS R RE P A e 184,
NIy 53 SR R ) A g, FROAELE LR Y BB 2
NIEER, B LAFEIERT BL, A el ke il A& R gk
58 T RIS L PR Pl g i BE K.

FERE T Kb, =Tl B SRS 28 G R M 1) 52
BTk, AN L P Rl s TR B A X 1
(K1 @y AT o (FIELBE A T S AR AL IR I e 3807 7 1 AL

%1073 x107°

one-way impact

x/m

100 r/min® 300 r/min®
(a) AP W
(a) Outer ring fault
x107° x107°
240} ~240{ /
[
g 2451 g 2T \_
= P = &
il . 250} =
—2.50 @ =
s = . ) ) ) =255t _~ ) ) )
—4 -2 0 2 4 x107 =2 0 2 x107 —4 -2 0 2 4 x107
x/m x/m x/m
3 r/min? 100 r/min? 300 r/min?

(b) A8 b
(b) Inner ring fault

x10°°

x/m x/m x/m
3 r/min? 100 r/min’ 300 r/min>
(c) WA AW b

(c) Rolling element fault

16 =l Inisk S 1 7 A o 32

Fig. 16 Axis trajectory at rotor under the conditions of three angular accelerations

0




1850 i 2

Eitd 2022 45 54 &

TR INIE FE N T IXAME, 91 0RF.otor 71 @11RF rotor
HRT 01 REF.rotors — 4= 4 A1 II3H FE R T 1K AME I,
®1,0RF,rotor Al g 1,IRF,rotor #AN T ®1 REF rotor: XK, AE
AR I B TR, A1 Pl e 0 P Bl e o 2R G B
S8 PEIR B2 WA AR, T PR A8 i A I 0, SR Bl A
TR 0T 2R Gt A 5 P 0 5% A K, (HLS 3K P 52 1 B 4
NI R (R T i, 5 M KT S5 R RS . T R A Al
AFAE VR Bl PR MR I, il 028 S L il BT LA @, A
oy WAER o, 11 BE A A1 0 B 1R T v, e 22
W Sz ) — DXk, TEARAS T R AR 5T AR 4k, R K
@1 @y MEZH T B Ha TP A X o, 105, 3L
AL RO I TR AR IR FEE K24 28 200 r/min?, 8 0] BAf 2]
LIRS 8.

M TP RRIX NI, EEL T =R A
FE ) T (wae = 3, 100, 300 r/min?), 27 T 76 AR
B S AF TG A0 B, W 16 TR, kT A
PRI A7 B I TB) KR 80 R 22, g B Bl Lol 1 2
INFIAJIEK 52 10 s.

MEL 16 hnl LU, 2 A o R N i
(3 r/min?), Fli 7R & BBl g R 2 A 5 152 2[R — 7 1) A
I e, B ) ek, 5 850 Al O BIZEAE [F)
— AN R, AR RR RN R RS2 B T
—EFR LI REA, JIT LAY N @) T gy BIESSECK.
KA, Sl AR A7 P Bl s RN VR Bl AR SRS IsF oo 2 a8
PRSI, AT LA @) B g, ME BN, R
IEIN 3% 1 R G RS E PR . R, 7R 44 T, Ab
BRSO E ¥ et el b AL

B £ D034 R 3 K (100 t/min?), R ki 5 |
(147 SR 1] oo o O TR (10 55 M 88 3% 9 ARG il 7k
A5 7E A1 P8 s A P BT e B il o 2l B S &
R DX, HERE IR p FIT gy FOAR AR ELE /N, (H Y
B ZRAEAE VR B AR I, Sl OBz AR A AN RN, B 5
i 5 R TR, R FRORE FSE AN o R 5 5 iy, Ho) B 17
@1 Al gy ME W EL K. RICAEZ T UL T, W3l ki
B T R G PRI K.

TE A I AR FRAE — M S/KTI (300 1/min?),
T RS IR N R B R R S R A5 AR
SE IR P, TR T 48—, 1K AE 15l oL BT o)
(1) o, Fl gy BIEAR 2242/, Wil 15 Fras. R, 24450
FRAFAE TR B AR MR i, Ll o ue 5 04 i, e s
DX 35l 1 0 Bk AR B AL AIG, BT AL XS BT 0y FH g IR
HAREOR. RICTE AR ST N, IR SR T 5 1 R 4R
T P T 5 1 A2 B KT,

5 REMIEFIREDIH

FIR SN ZEAR AT I R, R T R RESs
KA, S B R UK R TR Ak s AT 5, BE
TAFZE. P, B € ) ZE A R FE S — T RE I T g R F
F1R) 7 e A W e RS LA 8 ) S B TR A 3. AR
HH DR AE AN B AT, AR P e ST VRN B
KR, BT ZR S8 1R RS P I DR A BT Xt I 1) g i L
PO T AR A A R, R G AR YA, P LA AN
W1 2 48, BRI RS e PRI SRS, e 45
(RS P I SRS R 3 B OV BRI R B, — e AN AR R
AR 5t i — ORI TG AR 4 P PR (B A 5 B N 1)
R AR Z B = 1) B AT LUE H, o) AT g, 1
AR, WA TEAL L, o) ARFIEFRFR.

WCEAE TN wo(f) = 100, 600, 1100, 1600,
2100 r/min, 73750 N3 324748 JE 16.59, 99.53,
182.46, 265.40, 348.34 km/h. #f& U~ 24 0 ~ 3 mm,
KN 0.0375 mm. LAAMERSE 490, 1930 T 01, 0REotor
AR, W& 17 ok,

Forh, ZE#EH R 2100 t/min I, 43 PIAN G SRR A,
TS TRREER, 78 SR R U ORI, 4R SRl
R RS BRI BRI, OB N N 17 ] B
F i, B L A R, AR E PR I SRR )
INAEE N YN I NS oy R e MU TN IS
Wi 5 ot 2 ) B v, A AR R ) R W) A 2
AR, AH 23X M s ma L2 2% B ARZe v, 15
FESEE AR (B0 1600 r/min), s RS RAE AN ST
o TH RSB 0T I e RSN I R

Fo SR RIRE IR 732290 BT R A7 P Pl
IV INENT T VT A PR NSO INA =N AN
~t, W3k 4 o,

ML 17 F1% 4 ] U il 7 i T 7R 4w /K
ST, SR JIT e SO VR IR SR R R A . 7R TR
—REURAETT, AR R R A B K, TR S)
NN DN LSS 2N (R 3T & 3 Lol N N e
B % 7 7 R e e e MR s e A R IR AE T A T
T, FERHIRAR I, Fee P FUIR A X Y. 1) $5e K A1 Pl
R AR LR/, i T3 A58, M A R IB AT IR
NS X A A7 Ll e RO ) S SR AT RS RT 41, it
AT A2 I B &1 P i e o 3R e e 1 s K. M 81 4
IEAT LRI, e S T I S DR I 0t I (19 ) 4
W ROST S50, -t A TR IE R 3l A4 2R e e e 1
AN



%7 W

FHRRAE: AR T DU N Rl S R AR T R A 1851

x107*
7.8t
- 0.5 mm

P

0 0.5 1.0 1.5 20 25 3.0
fault size/mm

(a) 100 r/min>

x107*

7.76 ¢ 1.33 mm
s 774+
7.72 -

0 0.5 1.0 1.5 20 25 3.0
fault size/mm

(b) 600 r/min
x107*
7.430 t
0.84 mm
SN
7.425 ¢
0 0.5 1.0 .5 20 25 3.0
fault size/mm
(¢) 1100 r/min
—4
7.466 (10
7462} 1 mm
SN
7.458 ¢
0 0.5 1.0 1.5 20 25 3.0
fault size/mm
(d) 1600 r/min
-4
7.540 /10
0.76 mm 1.1 mm
s

7.535| \

0 0.5 1.0 1.5 20 25 3.0
fault size/mm

() 2100 r/min
B 17 RS T 01 ore oo BB R O E B

Fig. 17  Variation of ¢, orp rotor With fault size at different ro-

tating speeds

x4 FRFBRZHTREMIRF RS R HAMERT
Table 4 Maximum fault size corresponding to stability critical

state under different speed conditions

Bearing angular speed/(r'min”")

Fault types
100 600 1100 1600 2100
inner ring fault 0.99 0.76 0.65 0.91 0.53
roller fault 0.42 0.78 1.03 0.68 0.23

6 %R

(1) 2 TPl y) 2 R 5 1 R GE8) 5%
R, R A Ay BEIBARIR A E TR S IR AR RN
Z )25 18] 1 B4 . AR MATLAB 545 21 703

FE ) T UM AL R T 00T I 3R 3 i . 38 3o A
(RSBl AR S0, B TR R 00N (AT R

(2) R Bds 73 B 1 ARk L D el e
AR B VR Xk il 7R e 1 2R G e VE R . 3
LA PR A AR SR AT T R

(3) M e ANARH R € o> Mt 1 A Rl e
PN R i B R 2 A i Rt Al AR e 1 R U RRUE TR K 5%
Wi o3 AT 45 SR W, A8 7 Al A N RN, A B
BT 28 G 1 (R S M 0K, i 2 Al A T S v
I, IRBN AR R GERE M AR,

(4) WHIE T AR AR5, e R4t
Fei i M1 SR A8 0 L PR s K il i JOST . IR SRR
WY, R e TS AT AR g I, BT SR 2 PRV B0 A W o R
SFRUD.

2 F X M

1 ARBEHR, T 57, R 4. 25 FEARRIL BN S H — e s 2 1k
W Bl T AT )24 254, 2020, 52(5): 1245-1254 (Fu Peilin,
Ding Li, Zhao Jizhong, et al. Frictional temperature analysis of two-
dimensional elasto-plastic wheel-rail sliding contact with temperat-
ure-dependent material properties. Chinese Journal of Theoretical
and Applied Mechanics, 2020, 52(5): 1245-1254 (in Chinese))

2 BN, FRLLIC, AR WAE. SRRl AR 2R 7 AR A I
FRRFST. HUBE R 23R, 2021, 57(12): 153-160 (Li Defa, Qi Hongy-
uan, Hou Dongming, et al. Research on acoustic emission detection
mechanism of axle box bearing state of EMU. Journal of Mechanic-
al Engineering, 2021, 57(12): 153-160 (in Chinese))

3 Rai VK, Mohanty AR. Bearing fault diagnosis using FFT of intrins-
ic mode functions in Hilbert—Huang transform. Mechanical systems
and signal processing, 2007, 21(6): 2607-2615

4 FrEME, KK, BIOCYE, SOl 26 MR e b i NS RS AR R
ol A RS T R TR RS L AR B 5 bk, 2021, 40(2): 81-90, 118
(Qiao Zhicheng, Liu Yonggiang, Liao Yingying. Application of im-
proved wavelet transform and minimum entropy deconvolution in
railway bearing fault diagnosis. Journal of Vibration and Shock,
2021, 40(2): 81-90, 118 (in Chinese))

5 Cvetkovic Z. On discrete short-time Fourier analysis. /EEE transac-
tions on signal processing, 2000, 48(9): 2628-2640

6 Mclnerny SA, Dai Y. Basic vibration signal processing for bearing
fault detection. /EEE Transactions on education, 2003, 46(1): 149-
156

7 Li YB, Xu MQ, Liang XH, et al. Application of bandwidth EMD
and adaptive multiscale morphology analysis for incipient fault dia-
gnosis of rolling bearings. /EEE Transactions on Industrial Elec-
tronics, 2017, 64(8): 6506-6517

8 Shang ZW, Liu X, Liao XX, et al. Rolling bearing fault diagnosis
method based on EEMD and GBDBN. International Journal of Per-
formability Engineering, 2019, 15(1): 230-240

9 EE, MAEE, REMEE. FET LU0 /N RN E 5 Rk R
B 4R 30 5 phdi, 2021, 40(16): 261-266 (Wang Qian, Tian Mugin,

Song Jiancheng, et al. Feature extraction of vibration signals based


https://doi.org/10.6052/0459-1879-20-122
https://doi.org/10.3901/JME.2021.12.153
https://doi.org/10.6052/0459-1879-20-122
https://doi.org/10.3901/JME.2021.12.153

1852 Vi 2

Eitd 2022 45 54 &

—

on empirical wavelet transform. Journal of Vibration and Shock,
2021, 40(16): 261-266 (in Chinese))

HANT, LT, RIS, BT 2 2R R o R 2 M
24 TR Sl A SRS W k. BUBRCT RS2 4, 2021, 57(1): 148-156
(Dong Shaojiang, Pei Xuewu, Wu Wenliang, et al. Rolling bearing
fault diagnosis method based on multilayer noise reduction techno-
logy and improved convolutional neural network. Journal of Mech-
anical Engineering, 2021, 57(1): 148-156 (in Chinese))

Sun JD, Yan CH, Wen JT. Intelligent bearing fault diagnosis meth-
od combining compressed data acquisition and deep learning. /[EEE
Transactions on Instrumentation and Measurement, 2017, 67(1):
185-195

Shao HD, Jiang HK, Zhang HZ, et al. Rolling bearing fault feature
learning using improved convolutional deep belief network with
compressed sensing. Mechanical Systems and Signal Processing,
2018, 100(1): 743-765

McFadden PD, Smith JD. Model for the vibration produced by a
single point defect in a rolling element bearing. Journal of sound and
vibration, 1984, 96(1): 69-82

Rafsanjani A, Abbasion S, Farshidianfar A, et al. Nonlinear dynam-
ic modeling of surface defects in rolling element bearing systems.
Journal of Sound and Vibration, 2009, 319(3-5): 1150-1174

BRAL. i R S WL RE NI G 30 ) 2 R S 3R 3 43 . D) 2% 24,
2010, 42(3): 548-559 (Chen Guo. Coupling dynamic model and dy-
namic analysis for whole aero-engine. Chinese Journal of Theoretic-
al and Applied Mechanics, 2010, 42(3): 548-559 (in Chinese))
WKL, S0, AR RAE. BNl S IR ) K SORIA S R 4880 )
ZEREVERE ST, WLBE T RE 2241, 2016, 52(21): 87-95 (Cao Qingsong,
Guo Xiaobing, Xiong Guoliang, et al. Study on Dynamic Character-
istics of High-speed Train Rolling Bearing with Pedestal Looseness.
Journal of Mechanical Engineering, 2016, 52(21): 87-95 (in
Chinese))

Wang ZW, Zhang WH, Yin ZH, et al. Effect of vehicle vibration en-
vironment of high-speed train on dynamic performance of axle box
bearing. Vehicle System Dynamics, 2019, 57(4): 543-563

XK, 5 Ak, M. & AR I SR B R R T R R
L VLB )y AT A AT HUBR TR 2441, 2018, 54(8): 17-25 (Liu
Yonggiang, Wang Baosen, Yang Shaopu. Nonlinear dynamic beha-
viors analysis of the bearing rotor system with outer ring faults in the
high-speed train. Journal of Mechanical Engineering, 2018, 54(8):

Shouguang, et al. Advances in key mechanical parameters for reliab-
ility assessment of high-speed train bearings. Chinese Journal of
Theoretical and Applied Mechanics, 2021, 53(1): 19-34 (in
Chinese))

TR AR, ) )% T %2 76 22500 K2 AR AL, 1988: 52-56 (Ni
Zhenhua. Vibration Mechanics. Xi’an: Xi’an Jiaotong University
Press, 1988: 52-56 (in Chinese))

Qin 'Y, Cao FL, Wang Y, et al. Dynamics modelling for deep groove
ball bearings with local faults based on coupled and segmented dis-
placement excitation. Journal of Sound and Vibration, 2019, 447: 1-
19

S KBE BHER TR R AR g 43 Hr Bt BE v, [ iR s ).
9 ¥ mE BB K 2%, 2007 (Wu Feike. Analysis on contact stress of
tapered roller bearings and crowning design. [Master Thesis]. Hen-
an: Henan University of science and technology, 2007 (in Chinese))
Ma L, Zhang JH, Lin JW, et al. Dynamic characteristics analysis of a
misaligned rotor-bearing system with squeeze film dampers. Journ-
al of Zhejiang University-Science A, 2016, 17(8): 614-631

Cui LL, Zhang Y, Zhang FB, et al. Vibration response mechanism of
faulty outer race rolling element bearings for quantitative analysis.
Journal of Sound and Vibration, 2016, 364: 67-76

RE, BRI, 2B AR T Al BLE i v BT, Bk, 2008,
9: 1-5 (Wu Hao, Wang Jianwen, An Qi. Calculating method for
damping of cylindrical roller. Bearings, 2008, 9: 1-5 (in Chinese))
Huang Y, Lin JH, Liu ZC, et al. A modified scale-space guiding
variational mode decomposition for high-speed railway bearing fault
diagnosis. Journal of Sound and Vibration, 2019, 444: 216-234
Urbanek J, Barszez T, Jablonski A. Application of angular—temporal
spectrum to exploratory analysis of generalized angular—temporal
deterministic signals. Applied Acoustics, 2016, 109: 27-36

el B, S I, 2R AR BT I AT RS LL 4 BT (1 A i Al 7
AR I 732, R Bh 5 i, 2020, 39(3): 205-210, 226 (Gao Guan-
qi, Huang Weiguo, Li Ning, et al. Fault detection method for vary-
ing rotating speed bearings based on time-frequency squeeze and or-
der analysis. Journal of Vibration and Shock, 2020, 39(3): 205-210,
226 (in Chinese))

Yang Y, Peng ZK, Meng G, et al. Spline-kernelled chirplet trans-
form for the analysis of signals with time-varying frequency and its
application. IEEE Transactions on Industrial Electronics, 2011,
59(3): 1612-1621

17-25 (in Chinese)) 32 Hu MK. Visual pattern recognitions by moment invariants. /RE
19 Mishra C, Chakraborty G, Samantaray AK. Rolling element bearing Transactions on Information Theory, 1962, 8(2): 179-187
fault modelling to develop a diagnosis scheme for oscillating and 33 T i, SE#Hif, EEEE. S5 T 00l HU ASARKR P B 5 DT RS,

—

non-uniform shaft rotation//The First International and Sixteenth Na-
tional Conference on Machines and Mechanisms, Roorkee, 2013:
86-94

Mishra C, Samantaray AK, Chakraborty G. Bond graph modeling
and experimental verification of a novel scheme for fault diagnosis
of rolling element bearings in special operating conditions. Journal
of Sound and Vibration, 2016, 377: 302-330

I8, e, PhEOGEE. A TR R ] SE A O T S w
FHEJE. %R, 2021, 53(1): 19-34 (Wang Xi, Hou Yu, Sun

TR 5 A YL, 2020, 39(2): 124-127 (Ding Yue, Wu Jingjing, Ji-
ang Yi, et al. Fast image matching algorithm based on improved HU
invariant moment. Transducer and Microsystem Technologies, 2020,
39(2): 124-127 (in Chinese))

TR, SR, MRIG NI T R AN AR R = A N R E 4R
B MO 22254 (T2, 2012, 42(2): 446-450 (Guo Zhe, Zhang
Yanning, Lin Zenggang. 3D face feature extraction based on exten-
ded 2D invariant moment. Journal of Jilin University (Engineering
and Technology Edition), 2012, 42(2): 446-450 (in Chinese))


https://doi.org/10.3901/JME.2021.01.148
https://doi.org/10.6052/0459-1879-2010-3-2008-706
https://doi.org/10.3901/JME.2016.21.087
https://doi.org/10.3901/JME.2018.08.017
https://doi.org/10.3901/JME.2021.01.148
https://doi.org/10.6052/0459-1879-2010-3-2008-706
https://doi.org/10.3901/JME.2016.21.087
https://doi.org/10.3901/JME.2018.08.017
https://doi.org/10.3901/JME.2021.01.148
https://doi.org/10.6052/0459-1879-2010-3-2008-706
https://doi.org/10.3901/JME.2016.21.087
https://doi.org/10.3901/JME.2018.08.017

	引  言
	1 轴承模型
	1.1 轴承转子系统耦合模型建立
	1.1.1 转子(车轴)系统模型
	1.1.2 轴承系统模型

	1.2 角度迭代法

	2 轴承模型的验证
	2.1 系统参数
	2.2 模型的仿真和验证
	2.2.1 匀转速工况
	2.2.2 变转速工况


	3 基于轴心轨迹的系统稳定性分析
	4 基于二维不变矩的系统稳定性定量分析
	4.1 匀速工况下的系统稳定性分析
	4.2 变转速工况下的系统稳定性分析

	5 稳定性临界状态分析
	6 结论

