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Relevance Vector Machine Based Remaining Useful Life Prediction for

Traction Systems of High-speed Trains

WANG Xiu-Li*?> JIANG Bin"*> LU Ning-Yun"”’

Abstract Traction systems often suffer from many uncertainties during their running processes, such as the inevit-
able uncertainties caused by the change of loading, operation and usage conditions. In order to improve the accur-
acy of remaining useful life (RUL) prediction under the uncertain scenario, a robust multi-step regression model is
established by the improved relevance vector machine (RVM) method, in which weights and random errors are ¢
distributed rather than Gaussian distributed. Then, unknown hyperparameters are estimated by taking priors of the
hyperparameters into consideration. Moreover, the RUL is predicted by the first hitting time (FHT) method in
probability perspective. The proposed method is demonstrated by a case study of capacitors degradation in traction
systems. The results show the effectiveness of the proposed method.
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Fig. 1  The structure diagram of intermediate DC link

FESCHE A TERER M RE T, N o B T A0
W A 2 Wt 2 I 8] RO SRS T G G, o L IS & 6 R
MR AESTERERILE R, B, ASGER BT
i LR A F ORI . S HL A AR AR E YRR 5 32 3
2 AN E R 2 AN[R] 22 5] RG0SR TR
BEIR L S AEAS R G N AR AN R, P9 AR P A e
R B A SO LR A RR A s AN A i 4
() (25 VF I AT i AN R, it in il v s i, R s
A ESREL R I 24 T 22 55 S [ HRL 2 4 1) 32 1 1R 1
W R WAL TR 2 AR A A 2 R AR
B S R SR BURF AR R, SREUA R IE R A P
YEJSE: I TR) 4 P R LU AR S5 I TR 4 ) At i
IS 1) (R AR A0 s R AR AR 3, AN R O ) 10 a2
AN R W DR 2RI B PR S

2 BUEREXEENRERSHMAL
AT 2 [ 38 A A 3 1D 3B A i A 1 —

SE M2, BRSO 1B A 55 B 5 I 1]
AALIBAL R IZF WA A, He TR AL B AN [FIHE V8]
Z2 5 BB I TR B A4, B SER AR O A AL
FESLENASA T AVE E VR BRI, X AR AR
HSHGINT A0, 85 3T 2 B R s &%
e MR 2 B AT L.

2.1  ETHXEEVHISER
CUANHE — B I o s

11 Zr12 -+ TIN

€21 T2 . X2N M N
XpxN = . e R¥*

M1 TmM2 -+ TMN

Horp, M RRHEREEG N ARRBERT (8] RAE S5
B T OO FEBE Xy WIREAT K IME R 2] (24,
Lo, - ,xN] € RIXN,;H\:EP, xr; = w, 1=
1,2,--- ,N. #EFR, BRAZI{t, ts,-- ,tn} B
WS Xo.n = {21, 22, ,on}, ZETHREENL L
tn, 1<n< N B ZIBHAE 2, @857 1 - AR IH
e
Tt = $lan)e +e 1)

H 2, B, M- PHIME, Hl<n+1<N;
O(x)=[1,K(xs, 2pn_141), -, K(xi,2,)] € R*EHDN
EmE, Kz, j=n—1+1,--,n &KL,
w = [wo,wr, - wy|T € RUFDXT S5 i F i) & ) AL
A PEVLRZE e RTHUKRMIIENN 0. HEN
BYCN T IRERTH R TTE, SRR B) B & oA
PRt 55 0~ 20 PIE 2, BN 8750 A1, I B35
B Ry(r,) = ¢(xn)w, TZENBL.

TRMME 2,40 T w F1 B FOME 22 B pR 5 m] i —
AN

%;Ba: —pw)?
Pl d) = (5) eF et

FATE H Aro FHRAE N S H w M B ALY
(1) B, WEPREARXT S 8w M B AT Ml T, 2T 5L
AR, JCHRAEATE K RFEW . T
AR KR A, FBAUE w ik AE N0 1)
Sl v A, WA R R O

! 2
[a; wi oy
p(wla) = I | o SXP <— 5 ) =
i=0

(2m) % |Afrem 2w (3)
:/H\:EFI ) a:[QO;ala"' 7al]Te R(l+1)><1; %E% A=
diag{ag, oy, -, oy} € RUFDXUHD) BAY & 1)k 50
B AEAS—FR 2 w T I ERS 2 R AL R 2 A 1,




2306 H

45 %

¥ i

DNVEEAN S o 73 3915 N2 R L HO AL 7 8w . A
FRSC ALY | FEE 2 b B 1E a0,
i -y (0 <00, ik < DET 0, T4, AR
FIRLEE wig, wit, - -+ wik (0 <00, --- ik < )T 0.
Fsg b, AR TRCE N B AR TR 2 A K &
WL R R AL 2 SO SRR BOE S 5 o
Jo BRI Z 3 A1, AH R AN E R -5 BUR M B
FAAE—E W R R, A S EBURN I 5 7046, AT
GEIE WA LIRS AN T T 2 S =it
o] P AR ] e U AMEURS. B S o K B 5
NS — T o0 An, B, AU SRR 2 0
W A & 3 A, ¢ o3 A v B o0 A B A S o S R
N FHREBEMEER R, HRa MBS o

A1 3 R 2 B0 M 222 52 bR

!
p(a) = [ F(ela,b) (4)

i=0

p(B) =T (Ble,d) ()
Hrb, T(ala,b)=T(a) b e D(a) = [;° t*x
e~tdt . BEIN, BUE 7w LEENLIR % e BRI IR

p(ws) :/p(wi|ai)p(ai)dai =

peT (a+ ;) <b+ a§>(a+;) _

(21)?T(a)

(7)
o, BN = a/b By = 2a 53 HIA 5 Hit(w;) HOAE
FERBEBE, 38 N =c/d v =2 535 R0 40

(e) UK FE RN 1 P

@R (6) Ak (7), MR Ew,, i =1,2,--,
1 B BN ZE e Bt 4315, S b, ¢ 3@
% LB T AT KR R, T [ R A AR
ek, IR R R A T K R A 4
A7 R A5 ) — A TR AR 5 S 7 2K
51 3E — B I E.

E @IS HIMmL

N T B (1), BN EE o, i =0,
Lo 1 BB AT B (2) AR (3) RBR
AR, T 2y T RS IS R o S M5
R B EON

+oo
p(xn-‘rl‘a; 6) = [ p(xn+l|w7/6)p(w‘a)dw =

2.2

141

By (1 A CL(346A 12,
() (5roaer) o
(8)

B3 (8) wh, B K, 5 B ISR I MR 5 R
Hoehial (4) A (5) 4, BETOR, W RS
AR BRI KL s, B EISE SR SRR IS 2 Mo, B i
friidl. DRI TS &, R K es A s 1,
Xt H AR BLAR B SORG K, U ALK e K i) 3o K ek

1 1 1
= —Z|In|=1 + A 1gT et =1
L 2[11‘5 + ¢ ¢|+x+l(ﬁ+

¢A71¢T) 7193n+l] + ‘

l
(a — Ina; — bay)+
1=0

clnf — dg ©
G, LRT Inay; Min g 3K — K T4k
oL 1
dlna; 2 [1— o (1 +2ii)] +a—ba (10)
0L 1
T~ 2 5~ (oo~ (2070) | +
c—dp (11)
Horp,
S=(B¢Tp+A) (12)
= BT¢ Ty (13)

T B BUE w W5 38 9 T3 22 A s 22550 L
HARRIME; D X I U TR,

oL oL " R
% =0M =0, WESHTI A
Olnq; Olnp




12 EFWAE: BT R BN RS 442 5] R G R A7 fi 2307

Yt 2a
Cop2 420

a; (14)
o n — Z”,uz + 2¢
(Tns1 — Qp)? + 2d

HAr, v =1- ;2.

i (14) & (15) HHES o, M1 8 5 &,
s Ay A%, B (12) Mk (13) ATRAE H, 48
oy, o M5 XURBERMES o, 58, AL,
3 (12) As (13) IS o M B IR NRIETE
X NTERESE o MBI HAREE, &R
ZUU Sg=b=c=d=10"*, F#ENX (4) H
X (5), R «; 5 B RIS R I 1E, SREARAN
(12) MK (13), 580, pe S BME, BN
(14) Fz (15) HEES M o, M1 8, IKIKIERE 2 o
A gisa.

FURH A EYE, B8 a,b, ¢, d T EIATRALTT
JERIEL IR, (H, @ (4) 15 (5) i
tha,b,c,d, Tkt ofll BIHMTRAE, FSL L, ofll B35
B w FIFEHLIR 2Z e IS EL, SEPrEEAE b TS
Bl o F1 B RFEER, SO TEiEST a,b, ¢, d FIF K
PR TS BT, HAEEE 400347 IR (A
TATHI H AR RAF o M B, X a,b, e, d BAEH 2 TXF
o Fl B I S B ik 2 % RE EAT AR, BT (14) A=K
(15) 2 IEAR, AT LA BT S 1) o A B 1y
THE, 8ol 85I R 55 B bR A 252 o AT B 1)
it

3 RFHawTm

JE O Gk A G I ML SR B R S R
K, ¥R E IR R E g, bR, T AN E T
XA A5t IR, MR A JEE Hh R Tl L 3 A 7 i

TR B H R 21, 20, - -+, 20, TEBS Zt, B F5
L Al I s i ) g SN

L=inf{t;: x(tp, +t) = xnti € UYX1n} (16)

Hor, inf{} FORERMB T ¢ 210 2 )
)5 X, AR 2y B¢, (0 57 S0 A 20
RN 2 ¢, + 6 TRINME, A8 (1) B2 o
FRBE R BB, 3 AR S P N 2 B e E , A
SO R OB B R AR BT AR . A TA] 4R
e NSEBR HT h f 2 etEE fE, HiIB AR E—H
I R BREIL T D € QN E KRR, H TR
TR T E R BIE R BRETL S D B 8] L B

(15)

HE T EH X1, = {21,202, 20}, FAIL
5k R AT N

P{L < thln}’ = P{$n+l > D|X1n}’ =
1- P{xn+l < D|X1n} =

1-Plz< D — i -
NED
P> D —fnnt =
Vot

q)(gn+l) (17)
Horr, 2 IR AFRHE S A I BENLAE B @ () R brifE R
*EIE%?QE, In+l = [Ln+l - D/ 6-721+l 9 [Ln+l %ﬂ_‘_\‘%ﬁ
B 2 BIIIME, 62 R anp K722, EA1EIAT L
it (8) 83, FHL bk, BAL>0, TLLIIANF
i L IR 1 R AR A0
P{O<L<tXp}

P{L>0/X1.,}
¢<gn+l) B (I)(gn)
1- (I)(gn)
138 L B ARG, 8 P{L < X1, L >
0} 3KF4, ATk —20 k1 LB R R % T,
¢(9n+l)Ag(n + l)
1- (I)(gn)

Hrb, o() RARVFHEIES DM ME R E. M5, 7]
15 2150 2 7 i 1 S B2

P{L <t[X1.n, L >0} =

(18)

P{L|X1.n,L>0} = (19)

Jo 7 pgix,, 1z 0ydl
o px =0y dl

B R B RGAE N E 2k RS, FEMRT
L 3N I T S A S 2 AR S R 25
R R I ) 5 S SR ALAETE — i 2
VE. 970403 FERH 52 U260 RUL iy,
ik B /K FHFH Neyman & 15 X 8] L4 H
RUL Bl i B A5 1 R, Bk SzB T

1) I J7 2 5WEI S R 02 = Epa— (EL)?
Tk, (20) R R4 A A HORRUE S o

2) I T4 T Ay 40 A (R RRRAE S | Mg
m%fgxg_ﬁ¢w%%%%ﬁﬁmaﬂﬁiw
i1, M RHSE

3) B AT 1-a, FIHP{ -z <

Er —pur S TN

<zapi=l—a, REEEFEXE N EL-
on Z/z} o, RIFES 7J<L
oL,

—2zq/2, Er +

(20)

E(rix,.,.,.501 =

oL
i)



2308 S| ] 1k 2 H 45 %
4 SCIRIESLERSH T e S S L 1S R 4
TR B I HUZERF ST R I CRE2A 4.2 IRUEIEEE

MEE Y % ASPACE 1 &, g KRB T Bl
ISR AE SR RER AL R R e 2K
LB, B B EREAT T IR, AR E
Xof ST R B E A B, B S, AT T IR A
iy PN RAIE, 5 4% SE AR O A B AL % A BH
JHER SRR RN ERAT T XL, fa @it
FERRE T ¢ oA bR 7 0 A B R B R

MR AR FHER

BATLERRINET 5T i) dSPACE “F & K4 T 13
A AR IR, BT S AR A R R A
1 TR 36 IF 3B Ab B0 A 5 v TR) B IR A b v H
Ko Ru B, B2 gy Y S i e R s B M g R 1k
R ity PR AT AR R B 2 U ML R AL 2.

M2 AT LR W, A BRSO A SR TE
IEH TAERY B b N B R IR ELE 2 700 V A4,
M b S P AR AR R A MO v R O T BRI
F i LR GZT BT, BLE ER i L RGE H B E R
BE R 225 REHENL. BT 13 4LIB L R 3%
(AU TSR, D 7 75 381 T i H R 19 R BB,
X 13 20 H50E oK fid A5 WL g LR D3 ME, 2801157
b g R A SR BB 7 i A 2 165 VA3 205 V.

MY TN S AR R AR A R R A, e TR R
FRAFAE B DLRAE R AL B I 1)y AR a3, 8 3
Han B RE ) b ity R PR P B o S AT I (]
BB TR R SRR R uh B RN
YRR RGR LI R RHIE R 5, ARE X 1341
AR RS IRIE LR AT & S S 45| &R
GRS R B L&A, K34 H TR

3 400

4.1

<

Bl |
3200+

3000

......... e
b

Z 2800

=

2 400 | Wl 5 1
it i \.f'
2200 'Jﬁu'ﬂw.‘%fmmmE
2 000 L : R
500 1000 1500 2000 2500 3000
18] /min
K2 ErmiEAPREERREEER
BT A R3S
Fig. 2 The voltages evolution from the stationary

process to the degradation process

TR (1), IEHC800 ~ 1 700 min [17F
PIWRAEAE A NEE , -5 I TP K 15 20 min
D) A5 H 5 F2 820 ~ 1 720 min K5 HLUE, AR AR
syAaalm i 13 AR EE AR B, BEE A A (14)
M (15) RN Z %, g% HE S5 H b2
VCHC R U, 7 B6E 57 A L & B K T
Rt HUE 5 SR PR EAT UL, il 4 B,

P 4 ) RS2k RoRamad 13 4o H R SRAG sk
BT RAIMEAE, RE LR DL 13 4B i I R S
J&, AN (1) 49 30 0~ 4 e, Bl 4 7]
SN, TIOIAE 55 AE S H A B B8 1R A7 TLIC.

R KA TUN

HSEHHUIZREF A (1) X1 701 ~ 2 400 min
g LS AT S TN, i JE R 5 3 T AR B A
I 18] 7300 9 A A i BEAT TN 9 7 E A ST

4.3

3 400
3200
o] e |
e L e =
lﬂ\: 2 800 o =
2600 -
9 400 - -
2900 | -
2 000 I L | . | . . .
800 1000 1200 1400 1600 1800 2000 2200 2 400
iF1E] /min
B3 bR R R SO A 2R IR AR P (W P A R A

Fig. 3
voltages during the capacitors' degradation

The mean amplitude of the upper and lower

3000 | ; ;* ELE

0 500 L —— LR AL
. | " e S
< S VAR
1 2 600 PSR * PURHLIEBER
& - ST

I

2400 1
2200 |
2000
900 100011001200 13001400 15001600 1700
IS 18] /min
B4 @B A TIE 5 RS AT TR
Fig. 4 The comparison between predicted values and

the actual values in the modeling process



12 34 EFWAE: BT R BN RS 442 5] R G R A7 fi 2309

FTTE R AR, R B AR (AR). AE SR
) AL VA M SR A AL (SVM) Tk 5 AR
(T AT LUK,

B B RY e — AR R R A T O V5, AEA
X, EAREH RSB TER: 1, =t
S bt e Ho, CREHR; p RIHG 6,2
TIEREL e RIMEN 0 AREZEN o BB 22 {H.
R ) FH A I T 0 98 A 7 i R AT TN . S 1) B
WU PR A TN 2y = o(zn)w + e, FoHT,
o() REEREL w RINEFE; e RHMEN 0. brifEZE
N o BENLRZEE. A5 GiAE 5% m) NS A 5 SCHE 1R
TNV TE AL, H 2 AH O ) FE A LASE B 4 37 A
B UL B AE SR R AR w i 2 X (3), AL
SO A 5% m] AL T R A 2 2N (3), 180 2 X
(4) A2 (5). BEFARE XS T sy L He s AR AR 45 HA A
R IZE, N T A S B SR, B o
B 0.3, H BARA R 2 p 500 2, R 5050
HNe=0,¢ =1.022 M ¢o = 0.994. L EF [ E AL FH <
Iea) B LA S (R 5K ] S AL R S B R e 1.

RS HE LR BBIRL S, B k)
BEAT F AR 7 i TI0I , 5 A PO Ry 0f bGP B 5 o,

Bl 5 o ) S 2k 35 R s TS 21 1) ) R 75, K
LR SEBRI R T A dd, B 5(c) A1 5(d) HEE 4
9 2 AR BAS XA IR, A SCEEKFRH
95 %, BT B B H 775 R SCFF R ENLITEE AR
MEZ A B2 H R DA 7%, B BLIE 5(a) F 5(b) A
ARG XA TR, g2 E 4 47 Bl i i
MWHE, nTUUEH, B 5(a) HILRZE RIF, B 5(b) Al
5(c) WeshtEECR, HE 5(c) 7 1 820 min Fff i BV H
BEXIE, B 5(d)MH SR RVM 773, T4
B R Ao LB EFEXEN. AT EINER
Hh IS UE A SO TR R, R 2 X EE T 4 R
R TRINE 5 L SHE A ) 2407 iR 2 (Root mean
squared error, RMSE) KAHXFH){WZ (Relative
average deviation, RAD). M\ 2 {2 & A Hz
T E TG NI TT AR R 208 AR P ¥ (w22 E3)
T Hoft 3 Fh7v2.

4.4 BHEMERR
A T 3 A A0 e oA UL T AR K BT
®1 BEHER S HIUE

800 — 800 g = ryu .
700 ARty 100 = SR
600 600
E 500 E 500
£ 400 = 400
200
= 100 = 100
-100
—100 —200
1700 1900 2200 2400 1700 1900 2200 2400
B 1E] /min 18] /min
(a) 2T AR 7730 RUL il (b) 251 SVM J732:) RUL il
(a) The AR based RUL prediction (b) The SVM based RUL
prediction
1000 PN ?88 — TR
800 b — F . — R
. W = 600 T
é 600 ol 1B é 500 o_- R
=~ 400 ~= 400
e b |2 300
E 200 .4 2 200
0 100
0
—200 -100
1700 1900 2200 2400 1700 1900 2200 2400

fF[A] /min I ] /min
) BT RVM J573K RUL Bl (d) 56 ACCHEH 71
(c) The RVM based RUL prediction 7 RUL Tl
(d) The proposed method based
RUL prediction

K5 R E S B ExT e
Fig. 5 The RUL comparison between the predicted
values and the actual values

* 2 FRFEMBIITAIRZE (RMSE) JAHNFH
% (RAD) EL#Z

Table 2 The RMSE and RAD comparison of RUL
between different methods
AR SVM RVM BUERVM
RMSE (min) 1.6860 3.5654 2.3905 1.4586
RAD (%) 29.6802 35.8900 20.3468 11.3533
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