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Abstract ; The health indicator (HI) extracted by the traditional phase space warping (PSW) method cannot track the degradation trend
of rolling bearings under the variable working conditions. To solve this issue, the improved phase space warping (IPSW) is proposed in
this study. From the perspective of ensuring the independence of PSW components and maximizing their information, the high-
dimensional reconstruction of the phase space phase trajectory distortion and entanglement can be avoided by the integrated average
mutual information local minimization and mutual information entropy local minimization between the high-dimensional reconstruction
components. The slow-changing damage trend item and the working condition change interference item are decoupled to realize the HI
extraction that is independent of the working condition change and reflects the fault evolution trend. Simulation and experimental signal
verification results show that the extracted HI with the IPSW method can effectively avoid the influence of speed change and track the
bearing damage degradation trend effectively.

Keywords : rotating bearing; health indicator; variable working conditions; phase space reconstruction; phase space curvature;

degradation trend tracking

BEE AT T] ARG AR RERE Hh AN RT3 R Ak, X
PEATAERORZS Wi B TR S AR T 1) e A
(1 e e P 5 U B ARAT LU & J | AT SRy VR sl
TR Bl AR A v w BE e A% Sl AR AR AR, RAOIE Al S BR IR B 3t 1 e 2 Y BEE SR Rl % 5 vk 5C

0 35

il

W H 9. 2020- 12- 16 Received Date: 2020-12-16
« Fe4TH L % 3 RBLEIE4 (51975576,51475463) 101 H ¥ B



34 U #H £ ¥ W

B4

FEOT SR AT ER R G AR I A
18 2 3 48 %X (health indicator, HI) J&JF B )5 2 TAE W
7R

Il A AMITFE 7 . HI AR 5 T T 82 BT 92 1
P PEREDLBR T HI X T AR A fUR% B IR Ak #a 3 2
A 1B R R, AR SRR IR SR AR, 9] 40 24 J7 AR AE
(root mean square, RMS) " B SR BEMS ST HLAIF 58 % 4 Y
IR SRS (RS TC I HERR T oI i e, — L%
GEARLRMERFAE , Q242 % (R PR A OCIe g A
FIRAEMS FRAE ZR 58 H 4000 368 i R 222 4k, (H = T vk i
PR R G A R, PR, AT S TR
R HI 20, RO IR b SR ER RO K Ji mx if
SR AL ]

Chelidze %" $ Hi A 23 ] 178 ( phase space warping,
PSW) 75k , R R GE 8 127 2 Bk i 5 | AR 2 ) L e
AL X — R, LB A2 R R . PSW U5 ik
AR T OUT IR Zh R HI SR A 7 —Fhogr i =% 05
B AR BZ MR A IR AT TR S
JUREF o A TR AR AR T i R R R g I
PSW ik, JuM 5" iz F PSW ik 48 T T A ik
W07 BRS04 T T BRI . Qian 51T LUAT 43 8] i A2
WRFAE , B2 1T T R Y O i, AR A
Xof A T AR TG TR R R 4 R S B R 2 TR A [
HTF Wikt it BA FIE, 2 T Sk 9 PSW 5
o Tlhan %517 Jexd JFUA{E 5 S R4S ) A4 10 ) 3
B S i AR 25 DA 2R A G as T T2 42 o 181
VR EOH N R R A5 5 100 HEA T 08 S i Al

PSW Jy ik LA A4 R 2 (8] by i 52 TF e S SR 58 TAE
X AGRE T T AR 5 45 e LR A 5, FE R AR =5 1)
2Rz BvivE S ok 503K /I (S50 s = B (30 S AT L
SAE T TR QAT e 3 B4 R AR 3 1) D7k ) R T
N B, SCHK 13-17 ) #0J2 R HIR AE i A AR TR
HEF AR S () A, F R P AR R R 4R
i TR R 2 ) ) 7 O S B2 0, B 1] S 35 AR A 4
B, SR, P8 EL AR B A DR T A0 vk AR A S R AN [
[ 2 3R I % A AR X I F) - 249 F A B B Oy 408 st e 451
AL, ARG B S RO SR ) b B3RS
BRERBEZa th W i e, AR S P B R R R B IR T
FHABTAS w25 4k 73 22 6] ) EL AR SRR BE X T H A A
S R AR A (AT &, BLIR SR G 75 A% i 4E 03 B 22 [ 1Y)
HiFERE,

BEOXF 2T PSW 5 125 75 AH 45 18] 544 I J0 125 3 I
SE SRR A IR 1) S2E IR K R A RS BR) A, AR SCER
2tk B9 AH 25 18] il 28 ( improved phase space warping,
IPSW) J5tk . 5 PSW J7 ik v 5 A <08 oo 4k A 73
HAF BRI ZATE T IPSW J7 k% B2 2 2 4y

Z IR AR B AR, B2 BA5 B A 0 0048
i, R EAUN ] 28 5 B U 2 802 0 T B A i S DU
[RIE, 5IAARSE ML AR 2 A5 3 o0 i 2R 47 il
A, BEMARECRERS RALWTFE X G5B AL 3 HI, 4l
HRESHIPLE T HMEI R BT P BB MR 3 (R 54 5 1 B
B2 PR AR S A Ll R A R B A 51 F TR A G
Fo T IPSW J7 LR BULSE AR 1L T il R A1 ) il
ARB HI, JF 51658 X AT O7 R IR HE 25470 L2 A
P HANSEER AR 5 3k 1 B 7k A A

1 PSW AEfEAN

BT PSW B TEAER MR G S BUR B
b ¥ Ssn Mz R A A, RERESECEL A
RAMRZ EW A OS5, X AR S ] i A2
i, l AR IBON & B A A A8 A5 (8] i8 PSS
O30 7R AT LA — 2 AR B RE S R iR 12 AR i 4 SRR R Y
FHEFEAR, PSW ik AR AT .

1) 18RI Bl )24 R G A

f—f@mﬂ(@)J) ()

¢ =¢eg(p,x)
Kb« WPEGES RGN RS0 HEAGES, J
VTR BE SR BOR T s () ARRE BREL () Flg(-) 43
B IRAR RGBS RS AR e e (0,1) HIEIT 0 BH
FH0;0 HAFIE],

2) MAS [H A

T IERAR B —HE ] 17 A5 Hh AR IBUNE: A5 Y 4 477 38 Ak
AR TR EN R R G AT S A, A G A (H)
¥4 7 vk — B 3 T 2E R ik A EE A ik, T S A fR) A
(i) Pl (N AR S50 AT AHAS R B G — e 5 5
BN d BA55 (2, ,0,,. .. ,x,]", BAKM,

%, =[x(1+(m-1)7),x(2+(m—-1)7),-,x(L+

(m—-1)7)] (2)
He, m=1,2,... ,d,
L=N-(d-1)r (3)

FH . d AR AZERL T A RIEER 1 SR 45 i 4 40 B
BE, EIRMIEERIEA S SRR WA 1R,

3) HHZS At AR AL

FEFEAGAH S (B, X R AR Ak sk T 00 A2 fb 5| /i 1)
AR AR AT AL AR AR P A BT A A R A i
gk PRI T .

(i +1)=P(x(i);d) (4)
Kb £ + 1) FRBREFPE ;& Fn18ER,

SCHRLS T rhds ), SR BRSP4 & 2t e
P, T RN 20 P A 750 Sk A A = ) 5 ) BRI BGEE

P(x(i);¢) =~ Ax(i) +b, (5)



B8 AR IPSW 5 ik MOHAEAR T AL IR SRR AR A B rh i 35

b x(i)

bt

x(1) ( ]/\VAVA\\]“UV“AV AVA\ i;/
=
x(2) A 1 M
MR TLvV\J\ANVV’VVVW
x(d) :l»f\\vmlﬁvf\ A'/\AV[\ i
(d-1)*t
(a) —4EF7 51

(a) One-dimensional sequence

Fig. 1

H 2804, 5 b, BT R EEE A LA TR

FLT I TR e ith 2 ) Rk

er(x(i)sdp)=x(i+1) —Ax(i) - b, (6)

R TSR RE D J T A A A R 22 % B
PR R £ 4% B 0] T3 910 53 i N, B, g Bk i i = A AH
2RI AERCR N, 5 BB B oy Al it A8 &, #%
A A s B Al 1 it AR B A A R S (A AR B R
I

Y=[e;e5 .. ¢"] (7)

o, & = [e,(d),ex() ey () 1.

BT I 5SS A O 1k KB AR B 5 R
il A% e N RS 23 18] vh 8 Ok, RS SR E X
S PRI HI

iR PSW Jr AR H HI B 17 200 72 % 5 ik
OFE T H A G 38 A 25 8], SCHR[ 25 ] 98 i AH 25 6] AL
FIEA SEAECR 45 e i o, HUA — s B S P A )
B SOAS 2 58 AN AR DG, R 149 AH 23 [A] I35 RE 8% 1 AH 25 1)
XL IT . 28 SCHR IR, AH 25 8] 5544 1Y G BEAE T
HRAZERCA S} (]S 3R S8 o B v A 4ESR, BF
G R R IO AR L 5 X i i) 42 3R 24, 1986
4 Fraser SEUOTHR A TR S B ( mutual information
method, FIFK MIM ) A< SCEF XS L 58 - 1 L5 B gk
PSR HAT T Bl | 5 208 53 5 845 58 7 v LA SCAS 3C
P& 10 A B TR] 3R T

2 ETEHERFEREMNMEZERSI M
AR AR5 o0 ot o, R, 0] (LGP AR Bk

HHRERNT,
FAARPILELAR -5 B S 2350

(b) EAIFHZEM

(b) Reconstructed phase space

P AR ) AR AR

Schematic of phase space reconstruction

L
H(x,)== > P, (x,(i+(m=1)7))log,P, (x,(i+

(m=1)7)) (8)
) = = 2P, (i +me)log P, (x4
mt) ) (9)

PIAE S i sC AR BN

I('xm’xm-H) :H(xm) + H('xm+1) - H(xm’xm+1) (10)

Horr,

H(x, ,x,,, )= 2
xml(i +m7))

log,P, . (x,(i+ (m= 1)) ,x,,(i +mr)) (11)

M _ERFRET 0, I(x,, ,x,,,, ) FESE k56 F i ] 4E
IR T )RR Rt

[(T) =[(xmaxm+1)

YT

I(r)= X 2P, . (x(i+(m=-1)7),x,.,(i+

m7))log,P, . (x,(i + (m = 1)7),x,,(i + m7)) -

L

P (x(i+ (m=-1)m),

i=1

(12)

ipxm(xm(i +(m-1)7) )logzPXm(xm(i +(m-1)7)) -

L
S P (x,.,(i+mr))log,P, (x,,(i+mr)) (13)
o1 m+1 m+1

HBI(r)=00, FRpEr, Ma, ., TEEAHRE,

PSW 5 i 58 T 7 ¥ 547 8ok Al 15t AH 25 8] 5244 43 4
Z I A7 AR B Y P Z ) BAE B () ik B i/
B, DU B R 22 ) e KR B AN AR G, X A& SOk [ 13,
15,16,27 ] Rl BAF BT Ak S S5 — AR/ IMEL S 6] B 1Y
B E IR AR S S EO R A, HE, i FiE SR EH A 4
AR ANFHOC Bl LUK A2 ) 3R G 0 AR AR, 8 i
TRIE R IR, DRI, A o] 48 7 3K — P-4 2 R A SCIY
HAMRNE,



36 X

wo R ¥R

F42 8k

3 IPSW FHi%k

TG AN 23 [V FAG 7k HORTE T AR A P i 4
AW EAR R ER, m 4R AT 2 A P A
AT RE R A AR AL AL i AN AR SRR A4S, R, e
S BRSPS, % AT R 2 M B i
[l 23 EAR SRR, A 25 FE AR 48 704 22 [ Y L
HAAREE RIS IPSW J7 kit — A FAl 73 2 8] 1 £3%
B AR B 5 B SRR AR, B T4 A i 1]
AR FH DGR L W Ak T REAE 787 PR ISR 5 B IR AS . 2k
PEAF R EAE BT R AR

L EPHMZE R E 500 x, 1 x, BB
B

H(x,) =~ ZL:ka(xk(i + (k - I)T))logszk(xk(i +

(k- 1)m) (14)
Hx) == TP, (5, (n = 1)7))log,P, (x,(i +
(n-1)7) (15)

FEEPAUE T 7 B S H AR BN -

Hxow) == 2 2P, Co(id (k= D)) x, (i +
(n = DT)log,P, . (x(i + (k = 1)7),w(i + (n -
1)7)) (16)

SO R o 2 (A 5P BAS B ALL_I(7) 3%
WP

ALLI(r)= Y, { > 2P, i (k= D)7 (i

k,n

(n = DP))logP, . (x(i + (k = D7) x(i + (n -
D7) = P (ali + (k= D) logP, (x,(i + (k -
7)) - zL:PX"(xn(i +(n - I)T))logQPx”(x”(i + (n -

D)} (7

FF EA A A R AT RE AL & R A osR 1 (5 B 8
R FEAL S R T B AR T BEER ML L, 40 dk =2 ) )
FEFT BRI B 0, HAR RIR T A5 B E R
P 5 B K, e, i DL R4 A B S B
ALL_H () e R R A E 1X — - 0

A2 (B 25 HAR B R R Rk

L L
ALL_H(7)= Y H(x,x,) == 2 > X P, (x,(i+
X, apx, i=1i=1

(h=1)7) 2, (i+ (n= D7) log,P, | (x,(i+ (k= 1)7),
x,(i+ (n=1)7)) (18)
H T HEAG 3 — D i 7 12 1) T K 2, Ak S0

TR QB B — B0 5 3 O A, 9 T
HER ST B 45 LA A S 1
HIVAER A ILAERR = R0 1, — B B0k L
ST

i = d(ALL_I(7)) (19)

dr

M ALL_I(7) YU AT O B {5 148 4
SHRA ALL_H(r) , WA S 38 BLRAL AR 1] 7.
FURE Y FTLUE T — B 5 0 R (LA A, 7E
KK SO T AT BT LA I S 23 B T
.

ST B RO S 0 — AR B i 5o I
ELRR LR AT, LRI T LA R S R 5 T
SRR ) T R LI 2 B 53 o
177 BRI, 2B TUR A, IS
SRR BB 5 0530 L S 55 10 L, T 30 %
BUASIE T A, TRRSCRRh, TS LT LU i 4
PR, ML IPSW 72k | ACHIK A7 2 0 2
A it 5 T T T HIAR BT SRS 4, WA T
PR TULNIE TR0 R L RSB 09 I, 7
HE A R SRR RIS T

R,(1,) = ELX()Y(6) ] = [ [ wmfile s
ty,t,)dx dy, (20)
A X (1) V() SRR B A R B T 1
1.

HAAHISE BN B REFESE T 0 5 S —
S ABEH AR | FER.

x1 HEXEEXS

Table 1 Degree of correlation

HRRER,, ARCRE B
[-1.0,-0.8) iR A G
[-0.8,-0.5) JRTE IS
[-0.5,-0.3) UIBREPS
[-0.3,0) UEEY PN

0 AR
(0,0.3] TESHHR
(0.3,0.5] IESEAHSG
(0.5,0.8] NRTE P
(0.8,1.0] E = BEAH G

H T AT T A 0 , BB AT 5C 28 e ) fELMR
XL A AR TR] e S AR SRR LB Ry X HIL Bl & 4 i,
i Tk — AL S RS T OO s A5G oy
HPEATREG . BAARR) HI A EENANT .



%2

B8 AR IPSW 5 ik MOHAEAR T AL IR SRR AR A B rh i 37

1) J T 118 1 AR A AR REIE A X 2 A R U A 3
AT , e AT LB AP E B B R AR A S A

2) A AR I AR T O AR T ) S B, X 3=
BN UGH T E B R s Al A . RIS S Tz
[i) PR A G B A AN R DG 5055 A O, DR FH - i 1E 28 47 i
AR BN A1 E S AR M A 1E HI A BEHOPR M, #54H
RARBE R SAROC S LA b W R SR B S 2 HI, £ HI
RlA BT, 5 T 00 OCHE BE R fAH O RS 43 i A 5 0 B
475 TR N IEA RS B AL E -

ZE L TR, 3T IPSW J7 ik 1y HI £ By #2 an 1A 2

NS
TREN A TH

EFBETHT R

BT

{5 B B N

AR

FHER
BA IR

ET WS

—preREaE | | !

R N | | :

FES=EmRs = [T mxabmtm

gy | | ORRERE | Lo

AR, ) : i

| RRERR | e [ memn |

Voo - |

B2 JET IPSW J5ikhy HI PG e
Fig.2 HI extraction process based on IPSW method

B Xof A 50 B M s TS P VR st il R A DR 2 R B
[P0, e F A 25 (] il AR b4 i, Bl A A B RE A R AF IR 1k
I HL, 5 PSW J7ik AN [E 52, IPSW J5 15 7F A %5 [A]
AT FEREAE 135 N A E T OB E O S8, A
T PR R T R A L TR T T EAE G
MRS R HI, JE— 242 T T 07 I R

4 {FEFMELIGIIE

4.1 THEHETHHREERWERERAES

A Randall 452 & 57 (1% il 75 S P81 4 s 1 A5 TR0y
1), 25 R AR 5 | AR T 0L A 520, A I 56 iF A SC i 2
IHEA R, 8T X R UEAS SO iR B 1, 5] A
RMS, DL K PSW J5 L3 HI,

SRR B R R 2 ek Ok

x(t) = i [A, * cos2mf, (iT +TL.)][e_B(t_iT_mcos(ZTg’”(t -
iT-7))] +n(t) (21)
o, ToAEEE R EI . AN 3 BER K T sEE N TR
FE1R), DTS AR 5 () 05 B 5 A, o ol iR AE AR 4k, 9
3 A, LRI R R Tl A R B K

B BIA, =a xexp(bxt") +d, G50 0E 4 s, RSN
PSR ), f, = 0 Hz, B R i) &1 45 4503 £, =2 000 Hz,
iT + 7, FRE § WL & AT 20 n (o) Fongrs | el
W HE Ry 20, 05 BT 50 s, BRBC AR S LR 0 B A B it
BPIEIE 5 PR,

2200
2 000

1 800

38 (r/min)

1600

1400

1200
0

10 20 30 40 50
B 8] ¢/s

(CIRINESU G <k

Fig. 3  Variation trend of rotation speed

0 10 20 30 40 50
EINA

B4 Wl

Fig. 4 Variation trend of amplitude

0 10 20 30 40 50
B[] /s

K5 ARG RS SR LR 5 I R
Fig. 5 Time-domain waveform of simulation signal of bearing

outer ring fault at variable speed

T O 208k 1 R FAA) A 2 [ A A HE R, AR IO
AR A5 L Bl i A LE R AR AN 6 (a) B, 6T
— B ROk RIS R WA 6 (b) B, AT IS N E fi
AR ALEECH 4.,

ST R ) 2 LA Bk AR A B 2R
P HAF BAEAN RIS [ SE R R i A2 A 3, 45 S aniel 7 e



38 %/ X F % W 428

100
- 80
e
60
2
5 40
3
R 20 m
. e
5 10 0 5 g
BN RN g
(a) NEHRAGEBCT Py 48 (b) —Hr 5%
R B ESS (b) First derivative
(a) Variation trend of pseudo nearest neighbor
point ratio under different embedding dimensions
6 R AZER T ILEE R s 10 15 20 25 30
Fig. 6 Embedding dimension optimization results B AIEESR
7 AR TR E R T AP B B B
IR BT B S EOE AR BT 2 BAE BR AR /ME SO i Fig.7 Variation of average mutual information under
FIFIRIAESR 7 U, THEARIBCT 1 A5 R R A /ME different time delay

AR PN AL 3 B EAR B, O T S I S B
PEERA AT A5 RE A A AR A5 RV UE Ko B EAR B Ak, JREZS SN 8 s,

HHIAR 2R
2 2 2
=2 - ® =
o0 = 0 =0 =0
-1
2 1 2 -2 -2 D |
Yy -1 -1 3 . .
: x() x(i) x(i) x(i+7)
(a) I 1) S 3 =0 FRF oF JB2 9 2 49 A 222 () 32 (kI L 4% B 449 0)
(a) The corresponding reconstructed phase space trajectory obtained under the time delay =0
(the mutual information entropy is 0)
HHIAR 2R

3
o 2 ¥ _ —
Lo %o 5 i
=l 0 -t
21 0 12 -2 2 B :
Wy 2 10 0 2 ' 0 ) 100 200 300
< x(ﬂ x(i) (i) X(i+7) imﬁ%}?%

(b) e TF) S 7= 1 e %o 2 i 2R A 2 TR 0 e T g 4 B LA R R 0 A
(b) The corresponding reconstructed phase space trajectory and the mutual information

entropy distribution of the reconstructed components obtained under the time delay 7=1

HAARZ A
©, ! ! )

5 0.10
= 2 ~2 &
Lo g . =
£ %o &, 420.05

P ) 2 )

a0 1 - )

@211 0 ) o 2 0 2 0 2 100 200 300
x( x(i) x(i) x(i+7) BEHSERS

(c) Fi TR S 3R r=2 B of 7 Fy B 449 A 222 [F) 3 K 4 B 45 R A 40 A
(c) The corresponding reconstructed phase space trajectory and the mutual information

entropy distribution of the reconstructed components obtained under the time delay =2



552 19 B8 AR IPSW 5 ik MOHAEAR T AL IR SRR AR A B rh i 39

HHIHZE R

s B A
Hhap, PH=7.383

0 2 100 200 300
x(i) x(i) x(i+7) B RTFS

(cly FF [ 328 308 =3 e o 2 ) S g A 2% ) 3 e T4 43 Bk £ R 400 A

(d) The corresponding reconstructed phase space trajectory and the mutual information

entropy distribution of the reconstructed components obtained under the time delay =3

4 4 4
19 H=7.411
g 2 :§ 2 ii 2 ﬁ
"0 %o ) d&o,os
2 2 .2 X4
0 2 0
A o2 A 100 200 300
(i) (i) wEiy) BRI
(e) e [A) 3B o= I e o7 FR) B 449 A 25 ) $u 325 K B 44 43 B L4554 0 A
(e) The corresponding reconstructed phase space trajectory and the mutual information
entropy distribution of the reconstructed components obtained under the time delay =4
4 . . VY 7o
0.10 SRagr H=7.439
0 2 9 2 ® 2 8
i Q & 0
=0 For =0 =
i
2 -2 22
0 2 0 2 0 2 100 200 300
x(i) x(i) x(i+7) BEHSRTFS

(F) B TR SEE 3 =5 I 3% [ FR) 26 A 2 ) L3 e T g 43 B L5 R A 4 A
(f) The corresponding reconstructed phase space trajectory and the mutual information

entropy distribution of the reconstructed components obtained under the time delay =5

Hi5 BMSA

1
S‘ 0 o = 0
';:/-1 K/ -‘E 0 5
= &
) =-1
1
*{,0 -1 0 1 2 -2 2
2 - 0 0 2 0 5 100 200 300
X x(i) () x(i+7) HEWSRFS

() I ) S =6 i 0 7 F) B 44 4 2 IRV 602 e T 43 1 LA R A 40 A
(g) The corresponding reconstructed phase space trajectory and the mutual information

entropy distribution of the reconstructed components obtained under the time delay =6

B8 N[l A AE SR AR 4 R R 2 ) s LA % o) 2 A AR A1 s L
Fig. 8 The reconstructed phase space trajectory and the mutual information entropy distribution of the reconstructed

components under different time delays

L8 (SR b SRR A AR (SO AR HE 35 2 0 ) T M A 2 ) O 7
B2 AN, BHRVAER SE 51 1~ 6 BEXERLAO (5 MR R SRS — s R i A S AR A 0

A :5.780 7. 4207, 383 7. 411.,7. 439 7. 407, 3 ST IESE A7 ok 8 7l e s
FCHRT 25 VAR BL00 B UL I AE R 7 A 2 BN AR, B A O I S 45 S 9 () A
BEFL L (R, BT AT, 55 M BRI P o(h) B, WL 3 WA MR T B AR 5 4 i P
. HAZS T T LA T, A S BT 2, B0 R ACRRAR (LB, B BT, Ok T H I T 3
A LA 0 TR S, DR TS BRBEASHSE ) RS, YT 4 RS AR i it 5 R



40

fiC % 0 %

e B4

E 10 F1 11 s, TWiE, 3ETFA G Mk bR Bl &,
FRIBUHT 3 AR A S5 5% AR A O AH DG 2580, 45 SR 2 i

0 20 40 60

SOC/ &N
(a) ETPSWAH BRI
DT IERRHEE ()
(a) Multi-modal smooth orthogonal
eigenvalues obtained based on
PSW method

10?

SOV/TEE

-
<

o

Ly 2
20 40 60
SOC/ &N
(b) FEFIPSW I ¥A3REL
1 2 LA P IE STAFAEAE (£
(b) Multi-modal smooth
orthogonal eigenvalues
obtained based on IPSW method

Bl O WIRR T T 3RHR 2R 0 TE SR AE fE

Fig. 9 Multimodal smooth orthogonal eigenvalues obtained by

the two methods

-0.1

soc,
(=}

-0.2

0 500
By B B

1000

0.1

-0.1

soc,
f=]

0 500
B By BN

1000

0.2

0.1

soc,

€

-0.1

0 500

0.2

soc,
(=}

t

-0.2

0 500

1000
BB LR

1000
Bl B EAN

10 HT PSW J7 ik AR MUY T 4 Bl
Fig. 10  The first four modes obtained based on the PSW method

soc,
o e
S 2
o w (=}

0 500
B By TR

1 000

soc,
e o
o —_— [’S]

-0.1

0 500
Bl By L B

A 11

1 000

Fig. 11

020
0.15
g 0.10
w2
0.05
0
500 1000
AR B RN
0.10
0.05
o
2 0
-0.05
0.10
0 500 1000
BHEBU RN

FET IPSW J5 I EREUAHT 4 BiBds
The first four modes obtained based on the IPSW method

K2 B4MESTESEENEXRY
Table 2 Correlation coefficients between the first four

order modal components and the rotational speed
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Fig. 12 Failure degradation trend tracking results of bearing

outer ring at variable speed

LIRSS AT R Ak R ER AR 1T, RMS DA
K PSW 5 ¥ 42 U HI 52 3 28 Ak 52 e 4 K T & T
IPSW J7 k32 I HI RE 98 5 4 H WG & 15 5 B i 3 Ay
BSCHE R e AR S XS HIT PR ES 52
4.2 THIET SR EIR L BRERSSNME S IIED 7

R T 2B B UE AR SO R A R 32 TR S
HRCBRE S 0 S T DA Uk, I Bl Rl R S 5 T B
13 Fim o ASUR SEBG R BEAE A B R A1 B 5 2
BRSO AR R IR AR Tl S A A
T EAORR RS R, BARE SN ER 3 R, RAET
K H 50 s, 8 3 MEEEAR AR b, JHb RT10 s B
F 0.2 mm SRS, HE] 30 s BHERET 1.1 mm s
PFREL, 5 10 s B FET 2. 0 mm 5B 4R B, A0 B4
BB B AN E 14 (a) FroR, [AIE, S50 75 18 T %
ACTEIE 1l 20 s E0di 5% 808 900 r/min, 5 20~ 30 s, %
HEE N 1200 r/min, 5 30~50 s #5538 E N 900 r/min,
AU AR BL R 14(b) o K25 B Bl R B s 40 &
TE— R A i Al PR R A B, TR R ani&l 15 R



552 19 B A IPSW Oy ik B HAEAE T LR Sl R IB AR 2R B Ay 2 41

B3 RlREROT I G

Fig. 13 Bearing fault simulation test bench

R Rl e 3 b YR R i N 3 e Y
BANE 16 (a) BT, 2T —Bir 5 B0k RS R W
16(b) iz, AT F 16 L E L A HERC 4. 2T
PR B -4 AR B AR I K R R A [ I (] 3R R
A5 SR S 2R 17 s,

TR O35 BLAR R Al /ML 4B 358 N EE 4G 734 1Y
HAZEM . b 1~ 5 00 A B AF B A  50 h
3.4536.5.9156.6.310 6 .6.404 8 .6.322 5, FETFALF
5, 24 XIS TR RE IR R R A5 18] 2545 AR B SR
P, AL AR 7 = 4,

FETRTIA T 12 500 B A AR BOR IR [E] 238 w] 3R
FH Z S A S ) TS 25T AT HE AO4R L, BT
T I SRS gt T 1%, AR I a7 e PR I 2% B A 285 X
FYF- i IE SRR (LSS SR AN 18 PR

x3 HEHEER
Table 3 Information table of fault parts

£ UL B
[ VN A= Hhrk s
HOUGREE 0.3 mm
AL (FERE) 0.2 mm 1.1 mm 2.0 mm
R BT
£ 25
£ 1400
% 2.0 21200
15 £1000 } \
gl,o 800
§ 05 # 00
X 0 400
10 20 30 40 50 0 10 20 30 40 50 -4 . L L . . . . . . .
WS s 0 5 10 15 20 2? 30 35 40 45 50
() HCBRBIRE A3 (b) BT L
(a) Failure bearing degradation trend (b) Variation of rotating speed IZI 15 %Eﬁﬁ&l‘ﬁi&'ﬂﬁ%%ﬁﬁjﬁ&%

Kl 14 BlRERHE (B 5 LR AR LT O
Fig. 14  The bearing failure degradation and working speed trend

FTE 18 RT3 A2 o e F 0 14 1E 52 73 it A
(EAREL T HARBES I BEX AR LB N 5 . o T XL
IIMTE 3 BB o B Sy RS R 4 B RS
SR BRI R ANIE 19 FFoR, AT LUK LS 4 B
RS C A AR BGRIIB LSRR . BT AR
TR HIAGAEEEN, BT RG 3 By A2 & Fy R AR S 50 b
ARIBIGEH Y HI, FBCAT 3 Bk 255 5% A5 5 19 TLAH

Fig. 15 Time-domain waveform of bearing degradation trend

KERBAR IR 4 s, R 4 thaf g | 3 B as
T 2 YRS AR Ay ) 2 O S A DG LA
R A G ARG 56 3 IS o i S A L B R OE
SHAHSG, R, BEF HI @l 0] ol e X n 1Tl 26
2 YA SOC, 555 3 B4t SOC, W5 1 By
B A SOC, @l B N AL,

S Bl B, 51 A RMS  PSW 7 ik k47 X}
LT, £ HI IH—fbZ5 R an &l 20 Prs .



42 %/ X F % W 428
80 0.10 010
= 60 0.05 0.05
E Y’ (G
> 40
pi g 0 2
g 20 005 -0.05
-0.10
0. -0.10
0 2 4 6 8 10 0 z 4 6 8 10 0 500 1 000 0 500 1 000
N TN WA BT R R BT R
(a) NEHRANLES T 5 (b) —Hr 5% .,
A0 5 H IR a3 Bl 19 T 4 s sria

b) First derivati
(a) Variation trend of pseudo (b) First derivative

nearest neighbor point
ratio under different embedding dimensions

K16 iR ALERFIE R

Fig. 16 Embedding dimension optimization results

=358

S A

I AT ZESR
Bl 17 AN[RIR R]SE R T 1P 2 AR B AR A il
Fig. 17 Variation of average mutual information under

different time delays

SOV/ERH

SOC/TEHN
B 18 it IE3CHHIE(A

Fig. 18  Smooth orthogonal eigenvalues

0.10
0.05
0.05
o) o)
5 0 S 0
|75} [75]
-0.05
-0.05
-0.10
0 500 1 000 0 500 1000

BARBU BN HIRBU L RN

Fig. 19  The first four modal components

Table 4 Correlation coefficients between the first four

order modal components and the rotational speed
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