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(2) RERART, S B RERRNERT; (3) B, FRE RN, Rk 4t, 51405
BT B 2 e e B, T ST RS IR [ BOR B e B, SR, e il BRI 773k v 52
PEAR, AN BRI 51 4R 20 s 2 PR /R ok 1.

%E?J:JZE%?, 1R 2 2235 0 il A1) 422 5| R 48 R SE IR i s N 512 Wy (fault detection and diag-
nosis, FDD) 1], 737 AEL 18 5 R M BEFF e 1) 2 B 78 0~161 H i, 30A 10 i 514 FDD J59%:m]
Gy 3 Bl TR vk, B TS S W R AN T R KN 1

TEFN AT RGPV /BB A RSO, 22T FDD J7 vkl DU I ¥t i 22 A4 ik
A5V R L, T8RRI IR S ZE FDD AR 5%, SCHR [10] SR 7 — M gE LIRS, T2 ik B A K
A SRS RGN, T AT RGBCHEEA, TR (17) Bt 7 MR A ISR A, TR AL
LY B T TR B W R B s SR ) 2. ) VR 5 2 AR s A BRI AR 22 A A, SCHR [18) 5 th 17— 2K
I EE, AT DAPRIEIS K A2 5] R G 2 S U TR AR T B . SCR [14) AR AR S| RG AR L
SR W T IR R B R A U 5 R S TV, T DA R e U A% SRR s R I L AT LS RS S
IR,

FTAE T T 7k R 22 5] RGUE 5 P 2s & AN S, I AR AR A S R, B
FERC FDD AE55. JEHO Tl 1) 46 e v g RO U, 2RO iR B XL s, A AT, 12380775
Wi NIRE, 7z B 225 2400 FDD [al @ ansCk [19] ARHE IEH 50T 425 REtfE
STER I ZE R, SR T SIS R 2 SR U Yt A T B A I 5 R S T 5. SCIR [20] A S U
Bt (Fourier) AR ARSEIBUIURAS 8., BT it 1 —Ff H T2 Wriki 58 BE St S i) SRS . Dy 1 A7 Rt
D75 5| 300 8 A8 i 00 B B AR BT BB, SR [21) 4558 55 INBAR SR SR BUE 5 v (I A3
A5 B, Mk size 5] 248 FDD 1 H 1.

T HE k5) FDD 759 BAT 5y SE e . RAF A R R PRS0 A, FEIT AR 2 T A5 KRG
FDD 5 15221 qnscilik [15] R ARG F oo i S5 BN T &, BEFL T 51 25 48 5] 1A 38 W 2
R XHE S AEE T (non-Gaussian) FFPE, SCHR [11) T35 KRGE S RIPIHH, #&H THT
HARIAH I3 AT (canonical correlation analysis, CCA) )42 5| RGN T7i%. SCiHk [6,12] T T
gt Bt 7R TS RGN FDD 5.

FRTTEF, TS5 ST EAR RSN FDD i EER A A G| RRIBITERA T
PE AL, DA R X B8 T7 VR LI RT3 Ak, TR 7 0 5 B e AT R I 22 5] RS, T8
FTHLER S A ELAR XESS FEAMERANH a2 1, W2k FDD M B ar i scail. STk [5] $8 4, 5FF 3 0K
A5 RS FDD ARSI, 55 1 HERE T a7 ab 3 22 5] F 48 A 3h a8 1) K ORAIE AT LAk 21 S2
FDD HHJ; 5% 2 MHERAET, 225 RG-S IR AR RMER A, 808241 s EudE 5N
&), AT B2 W7 0 47 1)

BT AR AR A 5 A S5 755K, i ) 20 b T B A s AR B AR HMEORUE 51 42K 7] T
VEAEREAME 8 -7 . AnSCRk (23] dld Sod 5 2 I ATl S5 AL &, #1242 5] KRG shaSE
BE. 415 B A0S D SOk, BUE S0 KA (¥ s A 4 FDD BFAT (WISCHR [9, 11, 12]) AR B R AR5 Rtk
TREERAS AR L WO BrUSCEE B B8 S B8, ner AL B i A1) AR A 5| R G BhASME RERE T 5L FDD

[l A 5 i . CARHLEL ., MyBREE M, S EOL A E MR RES AN B SOk [4] X 4251 RGEA R i b
R Wby BT 1A 5 A Blin, IRYE51 428 5] RS R AL R ) (BE ), — sl ]
W SCA TRV BRI 2R 7 A 1R ) B Bt SIS TR) R, R B4 2, ELRT SR R ). 55 DL il
(U LA R L A A s 2)) AR LL, DR BR R RE AR SRR, ELARAER AR, TR A 73 B A L
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Figure 1 (Color online) Schematic diagram of traction systems in CRH2-type high-speed trains
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PERE. W T AN 254 )l B e A B s SR 3T A7 R FDD, & SRR 55 1 3 — A HER. 95 H AT 25 5y
SCik, 3T A 1A R4 FDD P, EATIIR .

N, ASCIR W TR AR5 R4 FDD J5 %, [R5 18 7 42 5] R AN 1) j5 REACAN T 4 vl .
AT BT ITERIGUHT mAE T (1) 5 DTSR IRB 7 iEAH B, B s P 553 T LA 78 70 M
1 2R 48 T WA AN [R] I 20 18] RO AH DG, Bevtadi T 3has Tl ks ar ik 22, HRAT S T 1) e s
PERE. (2) 5 REMEANL (support vector machine, SVM) #ALL, Bk i3 F it SVM B2
SRV AT DA T 2% RS A A e AR RS 1) 8, SE IR 2 5| R G BRAE A AN S TR 00 T B A2 T It B i
Je AR AR LR S IR A B (LA AR 2Rk T ) 1 dSPACE ¥ &, 1IET T FDD
JI A R

2 TEFEIR 5 E) A

AFATE SN T RS ARG R G, M0 Ja HRAR AR A R A I B AT i, e 3t T
RIZhAHAERAY, 5] H A SR S A S Ui a2 eV e H A

2.1 F3|H%

5| KRG G DI, AN R IB AT RS R B 0 7. L CRH2 BY md 51 1) A2
IR0, HEEOEATI NG R PA5 g 25 L. 425l oo, iR . %
RAE G| R GER A L 22 [ O B Ak 0 4 1 s, e (AN PR TRIA T =22 51 L) IR AN 1 s,

N T SERHE P E MR s AT RS, 225] RG220 A RIS AL IR, i i IR AR s
FEL e Bl TP A SR IR P A AR 4 1291 ) 1 P, P R4 5] RIS R e i T ek 2
A, AR e A W ) B A B BB L O BT AR AR A L AL L s T L A AR

P SE.
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2.2 HIRER
RYEF 42 5] KRG TP, H B RGBAI AT RN N
2k +1) = Az(t) + Bu(t) + Fyfi (k) + w(k),
y(k) = Cx(t) + Du(k) + Fafa (k) + v(k),

K A B,C, D, Fy, F, HEREHERELE; 2 € R™ NRGURE; uw e R™ ARGHA; y e R NRG
it fL e R™ 5 fy € Rmm Nl w e R 5§ v e R™m NJSLE A i e i e A, HL 2

wE) ] [ Buw B |
oy | s s | (2)
Elw(k)] =0, E[v(k)] =0,

HH 0, ; N Kronecker B B i = j B 0, ; = 1, HAMIFEHR T 055 = 0.
X0 (1) IR AEE S| 28, LRI /AT ES ARG HA o 5 RS y. % EEE
o 5 N, AT SUERAERE U 5 Vi W

Uk = [UF, -+ UFI" = [us(k) -+ uy(k+ N - 1)] € RETImN,

(1)

(3)
Yie = [Vl o+ YT = [ys(k) -+ ys(k + N —1)] € REHDmmxN
/\q:‘
Us, = [u(k) u(k—l—N _ 1)] e lexN
us(k) = W (k — s) - uT(k)]" € RGs+DmM, "
Y, =[y(k) - y(k+N—-1)]" e R™mN,
ys(k) = [yT(k — ) -~ yT (k)] € R+
s a R (1) MBS T, TR (3) 5 (4) 85
Yk’s =D Xps + HuvsUk’S + Hw,ku,s + Vk,sv (5)
/\I:':l
Fs = [CT .. (As)TcT] e R(s—i—l)Teran’
D 0 --- 0
H, .= CB D 0 : c R(s-s—l)mmx(s+1)ml,
D 0
CA*~'B ...CB D (6)
D 0 ---0
Hy s = ¢ Do c R(S*H)mmx(erl)mn,
00
CAs~1 ... C D
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H Wis = [wg(k) -+ wk+ N —1)] € REFImN Ty, o= (o (k) -+ v(k + N —1)] € RE+DmnxN
ws(k) = [wT(k —s) - wT(k)]" € REFU™n o (k) = [vT(k —5) --- 0T (k)]T € REFD™m,

A (5) BPONAE 5] RGUH AN G SRR A, 7805 8 T A2 RS T A

2.3 [ElRERRA K A HER

BB (5) & 45 RGN SR, HAELER RN ARG BIRER Uy 5 Y. OFL 5
A, BB EA G| R A Rou s B A R Y, SO R A R R AN, R A0
SR BB EAE (NZRFEA) LA M 8, TR A R LE L g 22 S A SVM AEBEAT d 2 I
I, HH I i) R EO2 MR LA R

DRI, 2T B (R, ASSCRE SEELE H ARG R :
(1) MR SR BIRIERE Uk,s 5 Yio, SEOEERIKEN BT, T2 51 290 010 iR i) () 2.

(2) HTARRIRIRZE, WA A 2RSS A7, Wit a2 51 R geii bt A B AN i 1) B A S
VE A2 57, HL AT SEEl e i) e 2 W R .

3 mIMEPEISHEE

AT SRR A R, € T T AR ANRE; R IRIERERE S, st TR
LTI F 1) SVM 12 Wr Sk i 38 3 Bl o i el ik U7 ik i) e A e

3.1 BURIEENEFEAL

N TR HEAEAEEL (5) UL CREARRERE Uy 5 Vi, BATES RGMEERD, Hembor
X,

EXL ([28)) MARLE (1) BTN, 100 AR u, Ml 2(0),

AL, MIFERE MO8 SR sl S A2 e A% AR,

MR E 1 ATAL FREROHEER M ER (7) oL, AR EPRZERE T r(k) JRE— PR T2
51 2R G A A

5 elk) = y(k) — §(k), BHF/RR (Kalman) W HAR, 50 (5) AT RN 2

(I-HE)Yis=Ers +TEX s+ HE U s, (8)
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Hrp

Iy =107 - (45707,
D 0 0]

HE — CBxk D 0 |

D 0

| CAY'Byg -+ CBg D |
[0 0 - 0] (9)

+ | CK 0 0

e 0 o
CAS'K - CK 0

Ag =A- KC,

Bk =B~ KC,

H By 53 (3) HHEHREE XRAMARLX, K R/RK 208G a1
BT I E RIS s BRI A3 ~ 0, WX (8) MM EEAATRR N

up (k)
(I—Hy)ys = e+ [DEIL, TETL, HED | y,(k) | (10)
ug (k)
Hh T p 5 f 9nfE £ %115 £ N20)5; I, 5§ 10, N Ak, Bg, B HEAERE. WEERE M
ATt LA
M =[TET, TET, HYE, (HY —1). (11)

XN EAE U, Uy, Y, Yy, WA

UIU UP
1 Y, [UE YPT UfT} Yy YfT _ |:pr EM] . (12)
N-111p, Uy x Sy
* YfoT
K S 28 S % HAT LA A A 4 A
=128, 512 = PART, A= [Al 0] . (13)
00
1M Ja FlE I PUF E e
JN =3 2P, 1A, = [P, TFI, HE), 14)

L=%;?R(:1:0) = (I - HE)T,
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753 T R I A REL R M.
HUH TR 2 5| RS R R 5 T E SO

r(k) = Lyp(k) — M [uy, (k) y, (k) uyp (k)T (15)
NG| RGHEMRBEATHVIRDLT, o (k) B2

rn(k) ~ N(0,T —A}), (16)

I (ra (k) = (k) (I = A7) "hrn (k) ~ x*(0). (17)

BRI N o, W T2 Gt B T #e A

Jon = x2(0). (18)
530k [30) AFEZ A, AT FTRTH v R R TR R E i, PR A G| RA IR EZARE
FE. AR AT HER AR RE M, Wit T804S R G iUsrs il il ik 2.

3.2 BIRIRENEPEIS B

BB s ARG AR B S T Milhs, B 7, Hobor =1, T iRl s (17) P T2 4t
THERIIIG, AR (15) ARICHBRIRZER SN S = {(rl). ..., (rn, o br), - (e b)), B
Ny =Ny + -+ Ny NHIEFEARSAE, N, Nl 7 B 3T ik 22 8 sisis W v g, w]
W B LR A

1, ifTE]:lz{l,...,Nl},
l‘r = (19)
T, ifreFr={Ni+---+Nr_1+1,...,Ns}.

AR X 2 1% (one-versus-rest) HIJ5 2, G (19) H HIRBRAEA AL HEL 8L Tk
1 IARZEN —1, € LR H AR o8 20T e DL B0 e s 23 S 1 1

1 Ny Ny
min §||<,u||2 +Ch Z& + Co ‘ Z &
=1 1=N1+1
st L(wlr+b) >1-¢, (20)

gi 2 Oa
Cy = Cy(Ny — Ny)/Nq,

Forbr o F1 b 23 5B MBI AR 5 E; C1, Co NIETI T ¢ AaAsE, Hi=1,... Ny
MR R KL, PLA B AR (20) XA FISERS A EE s8I0 10 A 50 R I 20 0R, DUOYTisad fe Rl e
FEA SR RS R AT BEAR R, SEEL AL At P2 R #2320 (20) 1, Co WARER — SRR FEAS 1 15 11
FS
XT3 F AR R AL, SRR RE R g0 .
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Step 1. JEXMEFIE m = [my--my, |t € RY. B, BREVIRHEH €1 = G = 100,
m=1/Ng[l - 1T iR 4ELG SVM J7%, BRI SR
Step 2. HRHE 7 VR 72 FCHT 11

Ny

B sgn|(wrr 4+ b) — 1]
e = ; 5 . (21)

B e =0 B e DT RAIEZRPRFIREE, m FEAES. HIWFARYE T (22) FHmsaE, B

v mPNETTE), M sen|(wTr 4 b) — 1| = 0,
1 m§ (T —e)/e, 4 sgn|(WTr +b) — 1| £0,

Hrbi =1, Ny WAEHRZERGTH S™ = {(mir, 1), ..., (mN, 7N, L), - (g, ) ). 4
BHE C1, Oy BEHINRETIH, 658 SCA (W) Tr + brev.

Step 3. f3EIH AT J5, 7B EER E TN 1, (439 2tk B AR (20) FRARSGAET
Rl BILT R A, 5% T 1830 R 5 1 SE 3k A

m (22)

€C; new .
C’1:Z||w 1%, i=1,...,Ny,
€C; 2 . (23)
Cy = 7||wnew|| s Z:N1+1,...,Nf,
B
>~ E'jy
1/Ny, R r FEEV 1R L,
C; =
m;,  HARIE,
Ny
A=Y emax(l - (w™™)T —b), (24)
=1

Ny
B = Z cimax(1 + (W) T +b).
i=N1+1

Step 4. WHIZHL m, Cy, Co, WILKME (20) FRCALHEETH, T RS0 FDD [a] .
3.3 EMIMEREDHT

AR MARRNE S8R RS AN, g Bniih FDD 7 ek Re.

ERL I RS AN R 2 A A OGEAR RIS (10) e MORERE, AT ORAIE 1 S DAL A s
PERE.

B G| RGAFAERE S 5k (sl (1) Pron) i, TRk EE SN

7"7'(]9) = es(k) + HFl,sfl,s(k) + HFQ,sz,sf(k)v (25)

HrpERE Hp, o 5 Hp, o ATRGES (6) 21 (9) 7538, 7230 (25) ) e, BOBED T ZUE T RENLATE A, M
Hp, s f1,6(k) + Hpy s fo o f (k) BT ZPET RGAFAE R0, Rz gl Rg R REREE £ ., W B
TN 7 (k) = es(k) + Hp, s f1,s(k). BTASCBOHIINE TR0 %08 T KRGS TERE, MUER—
TARRE/ O T, #5 RGN u REASXS I (25) IR ZEE T IE BT
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KM T2 Giik &, WA

T(rr (k) = es(k) " (I = A7) Fes(k)

(26)
+ (Hpy s f1,5(k) + Hpy s fo,s f(R) (I — A7) (Hp, s f1,5(k) + Hpy s fo,5 f ().

X (12)~(14) ML RED R, AT A BRMNTRIE (26) X B A b AR 4 .

AR2 2 (20) KT ETTE T HIZR, AT DUGRAIE A REA A TN | 4 28R A B i KUK I AT REAH ),
MNTH SE B B A8 R B 12 W ROR.

3 (23) g5 T AR T A ENE I, ARAE S (20) SR T AR R T AR, AT A

N-
(AU’_'AH)E:i;1§i47
~ =
Nl Zi:fN1+1 fz

PRI, AR ST 3 m] LI 15T KU A5 2%, A7 R A A AN 24 4 ) 7

ASCFTBEH I EEE SVM & T2 02K (SR T 2) Tulh, 7525 FEREACA A i (1 3L Atk _F AT
Bl 5 ] T2 W i e T 1, SEILSE G B2 PR RE . EARE R AR (1) 2 A SR,
FER A (23) AR AR BEATIR E, LA G i T K S B R s R 2L (2) mefulE T i
FI IR G2 WriRZE B OUHOR, MU MREI2 WoRs BRI, 3030 BAT RO 2 DU SIS 47 1 2% 2
BEJT; (3) Fricit Ik il AARIE 2 W 45 2R, SEBL o iz A MR RE A 27 S 1R e W) 4 o,

1, (27)

4 SKIEOSIE
ASHTHE SEAE PRI P B SE 58T & BT EREIEN, TR R IEASCHT R 111 FDD J5iZ%.

4.1 HREFANRSIRE

R A AR 5 RGN MR R R ) 2, FUE T SCER [27) s fEE 2 BrR il
CRH2 Bl S| E 5| REGT 6 L, M 350 s ZJEIENLCLT 4 Rl

(1) A FHALAR RS b, HIREEA £ = 10 AL

(2) H 4% HFWiZ 20% SRR O AR E A HEE f.

(3) HHIA)FE R ) LR f A IR B, BN f3 = 25 V.
(4) HFEAL R HTALWE fq, HAREN fa =[5+ 0.5(¢ — 350)] rad/min.

T LA 4 Bl k4 FIRER AR, PR A0 fo KA MINER Iz (% T HoAth e, e 24
O WU I B B SR A AE 22 . AR DCB R 4 P AR I LU 5:1:3:5.

AR 2 R SEEeF & ARSI A2 5] RG LR AR RO B, 2 U iR 5 = AR Byt el
BENRAMNIE U, R SR EERN RS 5 v, B¥erEEE N = 5000,s =
5. HESLZRR) M FHR R I BME D BRI 1 R,

X T LR (B R A, T I I R W 15 2 A SR 2505 5 AT SR e P T IR R, AT SE IS
Z PP bR I RE SR, S P BRI 2 B,

BT ELED 1 e XS E 5 5EE 2 IS8 0ssERE, BTt f7E4 FDD SR & 3
FioR.
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Figure 2 (Color online) Platform of fault injection and diagnosis for traction systems of high-speed trains

Bk 1 BAHANE

1 ARIRA TN N, s, BEEAKRE U SHrh AR v;

S (14), 1BE) M FERE;

RIER (15), ® BB WSRERE S r(k);

W (17) G, HARMEI (18) 152 A T SRS I 1.

= WwoN

B 2 BRI IUEE

10T T AR, @ (15) £ 30 FTE R AR RS
 SRH X 2k, G SGHERI2 W B AR R AL (20);

 RIEZWHRZ, R E AR m;

c I (23) R TTE T

o PEBGHT A R W T

Tt W N

Bk 3 /848 FDD Hk

TEEE LR B o A y;

- AR (15) B3 AT 215k %,

ARIERN (7)) FRIGTE, TSI, MRS T, R EEE 125, AR BT,
o DIREMITR Z N 2 35288 RN, Fr w28y HR IS 1 4D

—

=W N

4.2 HEERMSCIGLER

K 3.1 AN Bh A SR UK Bh S AS I 72z, X FTE N 4 Rl A g5 R A 3 iR,
Hrh S22y T2 Gt i, 20605 2k Ak ) 1 41

2 350 s VEN HLAL AR Ak £y B, T2 D RE T DA S B ER JR 4 1 dA  4 R

T 350 s VEANRIENLE A fo, T2 76 BRE MU B 22 ik 5h, 58 i T b 2Rt 72 5 %
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3 (MERFE) 3 4 MERERNER. (a) BIE f1, BEERMZEAR 100%, BFEIRBEAR 0.3%; (b) BFE f2,
HIFERINZR A 59.69%, HIFEIRIREAN 0.92%; (c) ¥FE f3, MPERNER 99.46%, BPEIRIREHR 0.77%; (d) &
& fa, HPEHRMZER 71.5%, HFEIRIRER 0.23%

Figure 3 (Color online) Detection results for 4 types of faults. (a) Fault f1: fault detection ratio is 100%, and false alarm
ratio is 0.3%; (b) fault fo: fault detection ratio is 59.69%, and false alarm ratio is 0.92%; (c) fault f3: fault detection ratio
is 99.46%, and false alarm ratio is 0.77%; (d) fault f4: fault detection ratio is 71.5%, and false alarm ratio is 0.23%

GUREAVERER ARSI EE R, th T B R € EThas, BoRZHC i B, Soth agse o
R A A 55

2 350 s VEN HLIRAR KA fo I, T2 W (A0 B R TT DA SEBINS E Rk b A AL 55 HLAASE
ARG, BRI TERE.

AR SRR A R, AR R S I AR R, AT B A 5] RG] 2R AT BOR
FEREROIATT. W& 3(d) B, ettt BUBORMEN. X T B3R, B 507 A Se e s il
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Figure 4 (Color online) Diagnosis results using (a) traditional SVM and (b) the proposed modified SVM
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Abstract Traction systems are an important aspect of high-speed trains, and their reliable operation is crucial.
With data available from trains, this paper proposes an optimal fault detection and diagnosis (FDD) strategy for
dynamic traction systems. Based on the established dynamic model, using sensor measurements, a correlation-
aided subspace identification technique is proposed to formulate residual signals and corresponding test statistics
for fault detection. Then, a modified support vector machine (SVM) is designed for optimally solving the diag-
nosis bias caused by the difference in the apparent probabilities of multiple fault scenarios. The feasibility and
effectiveness of the proposed optical FDD performance are illustrated in the CRRC experimental platforms.

Keywords high-speed trains, traction systems, data-driven, fault detection and diagnosis, FDD
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