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Review of running status monitoring techniques for traction drive systems of high-speed trains
ZHONG Maiying', WANG Qin', PENG Tao’, XI Xiaopeng', YANG Chao*, XUE Ting'
(1. College of Electrical Engineering and Automation, Shandong University of Science and Technology . Qingdao 266590, China;
2. School of Automation, Central South University, Changsha 410083, China)

Abstract; The traction drive system of high-speed trains is an electromechanical coupling closed-loop traction drive
system, and there are complex energy transformation and information transmission between such components as the
traction transformer, the traction converter and the traction motor. Running status monitoring for traction drive
system is one of the core and key technologies to ensure the safety of high-speed trains. Affected by complex opera-
ting conditions, multi-physical field coupling effects and strong environmental disturbances, the running status mo-
nitoring of closed-loop traction drive system has to solve the problems of intricate performance degradation/failure
mechanism and insufficient abnormal data samples, which have become the technical bottleneck constraining the
intelligent development of high-speed trains. This paper made an investigation of the development status of traction
drive systems modeling, abnormal condition monitoring, performance degradation trend analysis, and remaining
useful life prediction. It also analyzes the research status and challenges in the running status monitoring for traction
drive systems of high-speed trains.
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Fig. 1 Key components composed of high-speed train traction drive system
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Fig. 2 Signal flow graph of high-speed train traction drive system

75| e 3l ZR s A RS oy HL O SRR 1) £ AR B0 DR o 9 R AR 252 IO X o ALk Al A5 T 25 A0 S8 SR A AT 55 1



< 90 - b AHE KR FFIROE RHAF RO 2023 5% 2

TIRERE AR REAR B AT 43 2 TE 3 " PERB IR AL "R R 87 =Fh . 5 RGBT IR R A AS RE A e ik il I 39
B O HE TR B S PEREIR AL I IR B AT i A B B R AL S R B AT E R AR . TR
AR AR | A B R e o e ARSI 32. 3304, v A2 5] AR U 45 B AN A 5 | el LR 401 o 2 51 4% Bh R
BEHCRERY 55. 17201 1026, PRI 42 51 % 3l R GLia A7 RS M H AR AR et i R B 4 22 2238 AT i

Wit 7 ] ey ki v L AL T R AN DT R Ry T AT b s N TR e B A R A A TR S Bl
A 5| 03 1 2l 9 a2 A [RPAR 25 i S ) e L 3 52 8 25 R A AR ICE SR AN IR SR e B T 0 A2
ZE . RS A 545 By 2R 8 SR DA PR R R AT A R B AR ) DD ORI AR A R O RERE S AF R
e i A AT RESE Z Y B A R L B ER R RE IR AR S AL ML S R LB A A L

SEMPE BB AR SRS THAORT Bk o PHER SO IR55 1 T e LUAGE I 78 BB 1B Ak 40 30 1 e 5 S A L ™ L Y

M 53 A U S 000 ) SE A P 5 PR B AR R A% A SUAHEAT S DR 2 X A 20 M s o7 » )™ L 2 W S AR 25 0 1 o A A
SO 1 ) s AT i A P SR A B 10 K 22 B0 fi FREIR M » S W RS B R A AN AL RS

B2 52 S IR M A% T 00 22 W B R A L AT S At L 5t S 0 B0 058 1 910 25 22 3 AN 0 E DR 3R T 1)
AR 5| AL Bl Z GEaz A7 bR W D0 1A T Rk A SO ) 24w 8 4 A g AR B R 8K 4 is AT 5 IRBERE D) B T
A B . 10T [ 5 Bl 2 4 O B 10 1 9 AR A8 AT 5 Ak T R R R i B 2O S Y S B L A2 R IR A T 0
ZW TS %2 5145 3h R s A7 IR 2 I I 45 36 e B R AR i F 5T A

1 ERNMARAREFEEE

BET v 8 42 A2 5| 4% 2l R s AT RS W DU B B 5 0 A8 L, A BOR KRBT 23y 2 5148 3 R i 1k
AR A AL ) FR 8 e H RS WD 5 5 B2 R L G B A P BB b ke B K TR A A A IO L SR B R G is
A PR 2 0 D00 %y 0 4K 5 2 i A5 D A D T
1.1 F3|EHRFEBEITREER

1o A G A2 5 | A% By 22 B8 OB BB A i AT IR A AR A S IR 285 1 v R A R T AL A A ) o R R
DR W P M f P A A . AEMLL AR T, A PR R R R IEE BT R L AR Y g AR 2
105 18 T e R BIVERE IR AL/ R G DL R G R iR is AT RAS . SCIRLS JHE S, 1 I A0 40 E W s AT I FE 45 IR 3l U7
] B 4 JC AR R s SCHR 6 18T 58 T IGBT (insulated gate bipolar transistor) Tf 2 28 {F = 4 v, $1 Bf 245 455 0 Fn — 4
HL ) Bl A AR AR g ) ) R s SCHRL 7 T N7 1 A2 5] M ALY = 4 H 4 R R R B 37 Bl A8 A A 5 SR [8-10 141 Xf
o R R A g A% Bl 2R G O SR AR M RS O e T R AR RN S LI B B A . (HOR OB A R R
PEREIR AL/ R ST 2 T8 5 ) 4 1 S Bt 0 55 A D 0 A PAD B A% 328 BR AR S i R 8 vh I A R BRE BB AR as AT IR A L T
AT AT R 22 AT 5 T8 S At ] 1 0 2R 8 S BV A Y 52 L T BOCBE AR R AR PR RB IR AL 5 X R SR AT KA H
TR IRA T

TERCHE B 2l i B Ty 1D, DG AR i AT B0 H 1 5 & M M 2 R MR TR B 2 ) U Gk R O B B T
O3 ARAF I TR BE AR IZ AL HE T i . SR o o B 4] 42 K o MR AR )R] Ak 7 0E B s AT IR AS L IR i e se R Ak / &
RORE A 32 B 02 AR e 8 T 00 R R B Ak 3] 7 R R ISR AR B AT RE AN A A TR B
AR IR AR A0 AN [F ) 33 V8 TR A [R) 26 280 O [R) R 2 VR AR aR AL /R RIS 00 . A8 SE PR A 1 B b, i Bk )
RS W5 B vk 52 B0 P BB IR Ak / SR SBOREAS B i A R 2 . TR BIF R A R A L R R A e )
Xf A2 5L 3 RS2 W) P s AT IR SR B I AT RS I A 208
1.2 FS|EHRFRERSENSBEILE

D) o 9 4 22 5 | 4% 8l R Tl 2

[ 4h 2% % A6 B8 [E 75 111 (Siemens) | H 2% 1] 165 (Kawasaki) , % [ B /K 9738 (Alstom) . 76 BE 5 [ 5 &k %
B A CCAF) S5 T FL R0 44 125 928 4 i 1 7 O W B AT SR A2 51 R T e T — R 91 v 4 42 42 5 4% 2 3R 48 i e
LW IE . SCERC 1T JTE Alstom B8 N WFSE T 9 75 4 A0 AR M2 K s SCRC 12 78 CAF B8l R % 1T
Y G AL B T B2 W s SCHRL 13 PREAZ 0020 i 5 BE AL AR AR OT 1 256 T T4 51 28 TR g il il iz . 7 LR
BT R SR N IR TS AL R R 2= R R SR G T ZE RN B I L E R ST A R A



bl B4 - e LS R A G R B R RS TR I HOR 2334 « 91 -

Fl RS B DU 5 ZE AR I A PR ED R S AT TR 8 4 ) 20 R0 2 5 | s ) 2R G 5 B S 1 R i
B T Ji A 5 12 W F 9, BRSO IS R o SR C 19 DRE S8R5 ) S WL 32 1 FH T 22 5] 728 T 48 0B 12 T
50 5 SCHR 20 48 H — Ff 35 e e 22 43 % 25 1) 7258 0 4 JF 3465 550 A 00 0 9% 5 SC ik [ 24-25 14 455 0 i s 2 W7
L T 22 5| A8 W A8 B B2 IR s SOk 26-27 JZE SIS IR S AE SR R L W98 T A2 51 A8 Ui 4% IGBT Bk i2 I 5 i
D538 s SCHR[28 136 T ToMFIR 5% 25 B Fl6 1 WL 2% J7 A AF 58 1 42 5| B LI 32 W7 5 SCRRC29 4 Xt 42 5
LA /N 4 3 P A O T 25 114 55 02 DK 9k

BLAN #4515 3h R GEMLZE R R 12 W7 7 T, 32 R A I 45 TR B3 2 20 L BE ML AR R, S 4R 1) R HILAE
PR30 1R i 4 2k B JR AT AR R AT ) 20 4025, ST Al 7 32 DB R Ik RE DA 5 SCRRC3 1]
FH 6 B 2 I 45 ST Sl 7R R AR 2 I s SCHRC32 14 s — b ME AR =X W & B ML A0 R B3 2 ) O vk 38
A TR ) AR BRI A 0 S AF BT B e ML SRR 12 W s SCHER 33 I8 5 T ik F B AL AR bR 1 JE 5 HL
P VR Bl il 7 A R 12 T

R » 785 81 42 22 5| 4% 5 2 G5 ik 812 T 0F 9 3 A X B — IR A% T T S 5 4 AL R A R S AN [ IR
B T T 22 515 3 2 G2 B W B2 B ) 5, 32 2 2% R A% T 00« 22 49 B 37 4 6 V6 R LA S PA) 0 e i A2 47 46 TR R 3
i) BRAT 7 1 ME LA 2 o R 8 222 5 | % 3 RSB A TIRAS M A 750K - R 402 SR8 T 1 TR IR AR AE .

2) B 3K 2 M2 Wy vk

5 5 T A AT AR R A 5 R B B0 9K B vk G T ST R SRR AR AT AR, 0T s A S A B RO S R L ST
ST AR N BB P2 IR BR A I R ERE ., BB Z TG TS PR LA 2
o HH L ZI0GH M ik B AR R 22 AR B 22 IR) R S 3 a2 718 e B AR 4 [ o 4 A 31 i e s ) AR
TR G2 88 J5 R P ARRAE Se 1 i 0 T 500l 2 5 S 0 SCRE36 T4 % A R A T ML ik o o 3%
25 ) ) 3% 22 70 A 5 A5 A s 18] O v RS A S B T B0HE SR B A B R RS I 5 4 B . AR OR L B N TR RE
AR AR K L FALE 2 2 2 W B sh il SR mTiE A e A S 2 — R r ik R L F K-k
ARET DL 7 X 45 8 Sl i REALDT g R 4 T R R S PO R AL AR AR A k. Scilik[22 ] B 4
7 Hb 3 AT T 50N O B v B A B A5 A 5 R G0 B S W B R BCRE A5 R 4 B R G AR IR B 4R —Fh
B B SR ) ALY S5 PR R A T 5 12

R B F AR AR T 00 22 U5 A1 I 8 L SR A RO S 78 43 45 B 28 100 52 i) 080 3R 3y 125 G
FHREE BT L0 T TR S 5000 (0 12 7 T S PR32 8 4 2 e 55000 10 1 R AR Sl A B e DA 5 S [l R 1
T ASTRRE 3 A A [R) 2 B R0 A [ 0 B AR Ak / R ROIRES - A BB A Ui e 72 5 15 3h R 40 57 IR S 1 s it
A ) 5

3) TR () 5 1 AR G 2 W O vk

TR TR ) 95 1) 7R G0 50 12 WK RN R A T TR U1 45 A P s R e P e R 2K T e TR A 2
A= 07 AR s Mo FPARZSAG T 5 2 R as O ik BB i . SIF I R GEAR LG . P 3R 5t R 47
2 () SRR A S R A 40 T Ak S5 R A A TR A2 W O i 2 Bk R, AT ERAS 1 BIF 9 R T A S L L
S A i AR 22 7 AR AR S R A AR BT R AR SCHRC A4 4R S — R R AT A R 5 L 2 )
FRGE A 1 12 T 3k 5 SRR [45 148 H — b 386 T A 0 A A SO0 T 28 114 30 s A6 0 7 % 5 SR (4.6 14— P AR R 1
BN ASGAE R GEN 22 MR [ 35 N R M2y 1% 5 SCHR (A7 18 Y — P 1% 8 o 250000 B4 T S 4 Mgk R Vi) R k114 R
R 75 3% 5 SCRRCA8 I8 1 BUAT T Pk ke s A 250 15 30 I 12 W Dy 12 %) Jg R 3 M 366 T o) 0 1149 PAD B 92
RGBS WIRESL . EAh o SCHRC49-50 8T X 7 Ao a2 1 14 DA A 4 o) 2 96 3 1 g e, R PR IS st 45 1 #4519 Your-
la ZHA 7R S H LI 1 52 B, $2 1 — b 3 T R A% R AE 15 B 8 AR R A 1 M B 3K 3l P S Wl I A 0 5 4 s
il 7 1%+ 3 3k g N7 e M I 5 P AR S M o R G R e 2 R I B G R L AR T A AT A AR (0 A T R B
5 AR 4 I AR BT RE S o R O R R B R AR LM B AR G AR M I AR AR G o e A R
0 ARAT P P45 1) 2 0 50 1 32 T 1) BIF 9 6 AS B0 & O T e P ) 72 5 AR v A P 42 ) 2R 8 T 8 PR R 12
(R BIF 5 2R A LA 38



« 92 . b AHE KR FFIROE RHAF RO 2023 5% 2

1.3 FES|EHAGHBRUEBRRFREFEGTNSH

1) PERER R A AG 11 5 a3 b 7 1

AT M RE IR AR A Ak 1T B e 4 B0 Ty v 32 2500 15 3 2R sqcpIL RS AR iy vk R B Ok 8h Jr T K. H
e, B0HHE B Bl ik 1 3 AR T U 4 SR B0 AR L R R b AL L IR R B B 43 Bk SR 4 A B BeRY L Sk
[52 48 th—Fh B T Siamese 2% (1) filt B R AL 2] Tk il 2 51 A 24 55 2% 2 SR 3R T T AR A A 2 B 1) 53
£ Rk 5 SCHR53 3 ok 42 AR AR ML R W 0 AR o TR0t — i 1 5 L B T /INVEEAR I B I A T
PE 5 SCHRLS4 38 ) —Fh 3% F 2 Bl 22 43 1010 00 B JUURE 45 26 B 7 35 5 SCRL S5 48 Hh — i 22 4 3 3 e S HE B,
Ry T HLAR 2 2 HAR I H Tt Ay A RS Al AR R A B S 0 I RO 5 SCBR 56 045 5 R B 2 2] g2 2 Lk
WO AERORIGR T 5T 5 22 4 A5 5 10 00000 it 5 48 50k 3 (m] A AR . b 3R 5 VA 38 R 25 O [F] L% &R
Sk R AR Ak /R RO Ak AR S L Tk S G B A A AR AR S M R AR A A RS R A T PRz Ak
FARGER .

2) 4 73 A U Ty v

BEXT 22 00 1 A R TR 4% 7 i S0 [ 880 SR (57 19 b — o 5 R B 3 1 A 7 [T U R % 1 S0 7 vk 5
SCHR 58 IR BL ) 171 4 06 24 B0 UK 2l (19 3 8% 2 20 O 3k Ak T AS T8 00 T il 7 8 2 7 i 00 Ak 11 45 21 5 STk
(59 2 H — Bl 35 T 25 A fa FE 118 2000 £t BRECIR 45 1B Al 72 B R Ax 5 i B A Al 110 125 5 SCIRL60 DRE 48 113 7 4 ol
o7 FH T Sl R Ak B BRI 20 BT L ISR A A B0 AS (R B BE T 1 0 4% 75 i o0 A1 s SCHRC6 1 8 7 1 30 25 5 14 ) 22 57k
BB AR A I AR LR M AR b i R B AR, BE % 11 38 N b T BT 28 5 T80 4% 75 i () A S5 40 A 5 SCHRL62 148 —Fh %5 &
P 1l 28 8 PR A S B A P %) 8 4 2 i TO0I 5 3 o AEL b 9 O R B 5 TR AE AE DL B P R IR R B L X LA
AT REARAFE 53 B AN E— IR AT I 55 52 5 250 1 1 3R 4 243 i 0000 TG 12 A 280 DR A [ e % 00 20
FEGE T 142 545 8 2 G0 AR AT RS PRAL )
1.4 FS|EPFRERSENHNR 5 EIERR

TR 56 0F 2 FEE 5 B AR 78 R T sk Bl (i 22 - Bt . AR el 9 A8 AT 1 Ak L BRI e AR L 4
SEL AR I AN A R L B0 E B [ L T AT R R R A B A S BRIE AT 2 20 A S G 1 L S L i
B 05 E AEAL o BEE B B R S Se N T g e A R 2 A R I B8 4 s S L RHBT RO 7S A R A R R Y
it B R A B R 40 38 o AL B A% R R AL 28 B S B A S RBLE S . 256 ok B RSl 5%+
FBR B R 580 CAT B - IR ER QL A I 32 AR A 5 A5 00 R FRR B0 L B v R AHLIE AT et R AR E K
AR TG HEP TR

il R R A A A ] SR E AT R TR [ W R A = A G AE AT bR 0 A ) R AE HE R G T A
Mo SCERL63 I T —Fh 2t A8 sl RGeS W 05 BV 6 5 SCERL64 JRE @ 1 sl 91 247 56 38 22 2 M S PR AG 4
HVG H FEE IR R (D 217 Rt MR e . 78 SR & 0 16 7 5 S 0E s B ARG BRA
) Ay R R TR AT A A KB A S AR I RS R 2 TR R O A A A R R R AR T RE 1Y
By A 1 5 i TN 5 g B A R R G0 s R KR T B ) v A 2 A R AR G R K S 5 T O
TSR T R EAFGE  WE B & 0] SEBL 36 Fh AR R 17 Fh AR A R G TR A SRR L S A R 2 R 1k
(03 B T A D RE 0 (H R A X RGO A MERE IR SR UE . R H R LY IE R T &5tk sh Rtk s
R AL R R A W T A5 T B W oK 5 2018 AR A= Rk U HL g BL G BF O BT 4 — R 1k 3 BB B 4E T 5 FORE-
SEEN™ A 82 B 22 40 5 s 55080 15 8 4R 500 1) D& 3K BT L R 2 DR e PR A (H R AR X R GE P ok
SR ) 2 R S S W, R R 2 IRAR 00 L 22 1 D AR T A B 2R 0 O A 1 g AR Ak f AR AL | A R A
BRI 3 A A S M LA R X 2 51 A% Bl R e s A7 RS W 5 3k v I 5 36 B oK

2 F5|EE ARG TR B T T I B Bk A M R

F 7 3R ] L 5 3 2 0 SR W o 5 ) 22 A ML) o ke =2 T 1) = 2022 4 R Bt ) 38 A7 AR 25 0 AR e L 2
GIE B R G as AT R A W0 2 Bl 1) 249 785 3 81 7 42 5| % 8l AR G ia A ] S PR 4R s i B, WY T A 51 AL B R Siiz
FrPERE TN S S B AR B AR JE B . (HUR, QR AR P RRIB AL/ R R T B 2 MLBL A 2%, AN TR) R e 4 11 4



bl B4 - e LS R A G R B R RS TR I HOR 2334 + 93 -

Fay A2 1) SRS IR A% 00 AR R A [ 5% B o 7 4 8 1B A T A R A/ 2 A5t B 2 BN [+) 1) 400 30 ol 583 1 IR
SZRENE S I AR PR AT N SRR AT 3B AT PR RE RS A [ i ROG B ERR i AT RS R R . AR
X L8 BT BRI SRR VB A MR SR AT PERE R A2 SR BT A0 2 AR A B 2 I VR TR 4% %
SRR BEIR fb /R AR Y ™ A BE S X R SR aE AT RE LR ek LT EE ) (9 52 i) S5 6 DR U (45
XF RIS TIRAS (A 5 L Bl R GEIE 17 VE RE B9 e DU AR 2 B st o fer DA rb 425 4l L SRR A2 W i 2 A T
UL Z W) B R A A R 22 5 4% 3 R 58 5 W RS 2 AR I v TRU M B I A e B R v s AR - o) IR YL 22
HANH E PR RS R T P B A 51 AL Bl 2R G aa A7 DR S W I AT SR T W i 22 PR AP SR . F2 B BAE

D) FERFEREE R M R T RGP B SE R TR 3 ) R 4 5 4L 3 R G BE AR B BEARE AT
RS 2 E R R GENERE L TCR AR BES 4 s AT AR R G AT RS HEAT S MR . 4 7 O B B AR
PEREIR AL/ R L H s A RS I D A BE il . (B2 Wy PR 5 1 T S B B 00 M RE AR AL /2K S8 PL B A2 2%« 1]
P AR G872 S ] 55 4 5 o e o A i v AL o A MR BRI ARSI AL T AR N A e 2 R B A2 5L B R GLis AT
ARZEAT A LBE A 1 3R 55 AL 73 R 25 42 51 % 3l AR G0 5 DR 25 D00 B A PR 25 P 17 SR A R Bk

2) A5 AL Bl R GEABAT IR A I R T 2 4 A% IS 7 RGN 5 A A A R S M o R A 4 IO 5
Qb PR BER S S2 BN 2R G A AR D0 S22 W A O ATE 55 G045 S AR IR AN L S DR 298] U520 B R PR RE SR 1k /
RABCRAG T o SR o 8] 40 A7 o 7 o SR 4 3 10 K 22 D f B 1) s A bR 2 BBl » S0 A RE AR U /€ T
DU 1 /0 i R SIS R B — PR RE AR A / 2R BN A T8 70 B » 38 A PR I 19 5 DR 2 R L BNV AR Tl
Y A BRZE B RAE D) AN GBI R DD IR B G D SRR R R GBI RAS L L S RS
A KB A / 2R BCIR 25 DAl A5 A8 R

3) A AR Aa A R IRBE IR A A% L W as AT P BR BUR 2 9 A B B AR Bl iR L ol SR ST B 45 4
FREIE 57 T R E A A KA AR K E N B R GRS SN R R o [R]  8) ARA TE  E B)
75 |0 i) 3l 9 SR A SO S SR AR IR A O T ZEBEALA B E VRN R R A S L S R R
AR S I 1 D00 P B A REAR AL / 2 SSCIR 2 S B A A A LB AL 2 0 L A [ IR A% T2 00 T 1 RE 1B AL AR 1 I
AR AN S M R R P RE AR b / R RO ST RS 8 1 . S BRI R A AR A

DRLIH o T T ey 3 A7) A 2 xas A7 AR RE AL R 7 5K L AN Rl IR A T 20 22 W) B0 R A0 T 1 i 3 9] 42 42 5
1 3l 28 G Az A PR W 00 -5 300 3 6 A7 T W 7F 22 B AR A, O 2 i T 3R v R A K axas AT IR RE T
AR A DR T I A R R R S . O 2 IR T O 2 W B8 A A T 3R 22 5145 3 R G is AT IR AT o i
158 @Bt A T o0 25 A T A2 5146 3h AR Go M B PR S IR SR RE I s © 22 MR B8 T 00 1 P 3R 42 5| R 4L 57 # RS
SEF I s D 2 W) B R G TR 2 515 3h RGO HERF AR IR AR A T O Z IR L0 T &5 1E 3 R4
BT RS REVEAL s © 22 51 4% 3 R Geas 47 R A8l I A I 5 R IE B AR

3 i

14 391 2 A 2 Aol SR FH % o 1 R PR AR A M A A I ) A2 2% Al A8 00 T 22 L A A R e R A A 2 A
AR B AT A PR A (HX SEHORTE AR 20 T X SC BB A [ R AR AR AL AN R s A7 R O 5 A R R Sk fE R
Ze ] SR AV DR R RE L IR ASE A il (1) 1) S0 A AR LS W) F) 20 BT AT A TR TR AR A R 22 A ) e B
P BOX LR TG I8 B TUYIRICR - 1 1) 2 MR B T 00 P 30 7% 5 4% 3 2R Ggis A7 R A I A9 28 G 1k HEOE R i R
WAEATHRIE . w5 222 51 15 3 R G a A IR W EOR B BT BRI T B KRR 4251 A 2 [ Pray
ARUFFEHTNT . A2 5142 8 RGTB AR I 4R TH i 9 42 4 2eam A7 7K1 38 58 AR A BE ) R Bt e o 47 4 i
P i 38 V) it ik R R B AR S 68 T AN [ N ER 25 L T AR 2B W LAY T S M SR R
B ) R Sk 4 3 [ g Je 9] A 5 B 2l Y 22 (R R AIL AR | R v v 81 R i ) 2 P s S d I T
14 BEAE LAt FEAR SCHE

S E
(1] ER. 2. BT 5. 320 EF£5 2R H 5N KGR ] 424 5 &% .2018,33(5) :841-855.



. 94 . b AHE KR FFIROE RHAF RO 2023 5% 2

JIANG Bin, WU Yunkai, LU Ningyun,et al.Review of fault diagnosis and prognosis techniques for high-speed railway trac-
tion system[ ] |.Control and Decision,2018,33(5) :841-855.
(2] 2% .58 FARARKELERALRAL L 2L LREHALT]F BKH%,2015(12):77-81.
QIN Yong.MA Hui,JIA Limin.Development trend of advanced rail transit system and active security technology[ J].China
Railway,2015(12) :77-81.
(3] whme. @ F . L&YW . F HRRABETRAE LS ARMBAHA[T]. 8 3L FIR.2022,48(1):152-161.
LIN Peng, TIAN Yu, YUAN Zhiming,et al.Operation and maintenance of high-speed railway signaling system: Hierarchi-
cal structure model[ J]. Acta Automatica Sinica,2022,48(1):152-161.
(4] 2tk sh £ M7 RARE R AT ] 4 E A E £ 45,2013,33(5):80-85.
LIU Shijia.Statistics and analysis of traction system faults for electric multiple unit[J].Railway Locomotive and Car,2013,
33(5) :80-85.
(5] x| 2 A AR A M. 5 THFAEHENE FMERHEAREEN P oA [1] w2 LXK FFHK.2015.35(11D);
1135-1139.
LIU Yumei,ZHAO Congcong, XIONG Mingye,et al. Application of extension theory to monitoring the running state of the
high-speed railway’s gearbox[]J]. Transactions of Beijing Institute of Technology,2015,35(11):1135-1139.
[6] TANG Y Y,MA H.Dynamic electrothermal model of paralleled IGBT modules with unbalanced stray parameters[ J].IEEE
Transactions on Power Electronics,2017,32(2) :1385-1399.
[7] XU X,GEBJ,TAO D J,et al.3D temperature filed of high-temperature gas cooled reactor cooling medium drive motor and
ventilation structure improvement[ ] ].IET Electric Power Applications,2018,12(7):1020-1026.
[8] YANG C H,YANG C,PENG T.et al. A fault-injection strategy for traction drive control systems[J].IEEE Transactions
on.Industrial Electronics,2017,64(7):5719-5727.
(9] & . BF RAES. F.ARNEREEMNAZAAKTEEAFALRER]]FEAHRS A5 8H5,2020,50(4):465-482.
YANG Chao,PENG Tao, TAO Hongwei,et al.Review of recent research on fault injection for high-speed train information
control systems[ ] ].Scientia Sinica Informationis,2020,50(4) :465-482.
[10] PENG T,TAO H W, YANG C,et al. A uniform modeling method based on open-circuit faults analysis for NPC-three-level
converter[ J ].IEEE Transactions on.Circuits and Systems II: Express Briefs,2019,66(3) :457-461.
[11] BUSTOS A,RUBIO H,CASTEJON C,et al. EMD-based methodology for the identification of a high-speed train running
in a gear operating state[ ] ].Sensors,2018,18(3) :793-809.
[12] FERNANDO G,JON D O,JAVIER P,et al.Integral sensor fault detection and isolation for railway traction drive[ ] ].Sen-
sors,2018,18(5):1543-1562.
[13] DAI C X,LIU Z G,HU K T,et al.Fault diagnosis approach of traction transformers in high-speed railway combining ker-
nel principal component analysis with random forest[J].IET Electrical Systems in Transportation,2016,6(3) :202-206.
[14] A AL, LR ATH. SR EL LR RAGIREL BRI A s FR,2018,44(7):1153-1164.
ZHOU Donghua, JI Hongquan, HE Xiao. Fault diagnosis techniques for the information control system of high-speed
trains[J]. Acta Automatica Sinica,2018,44(7):1153-1164.
[15] WANG S,CHEN M W,LI Q Z.et al. A unified fault-location method of autotransformer traction network for high-speed
railway[ J ].IEEE Transactions on Power Delivery,2021,36(6) :3925-3936.
[16] Mm. 5k FE2\EDEZRERERSEMNEREFTEAA[D]. KA FHKF.2019.
GAO Li.Research on monitoring and early-warning method of health status of high-speed train traction transmission sys-
tem[ D].Changchun:Jilin University,2019.
(17] Fitw RS REL FATHREEBERARLAGREART EAALEEN Ao BnH 2R PR Al Az
R .2020,46(1):47-57.
YIN Jintian, XIE Yongfang, CHEN Zhiwen, et al. Fault tracing method based on fault propagation and causality with its
application to the traction drive control system[]].Acta Automatica Sinica,2020,46(1):47-57.
(18] MEM . Bk A5 GENFFINERE S EBRERSL B F []]. A 315K .2019,45(12):2294-2302.
TAO Hongwei,PENG Tao, YANG Chao, et al.Joint fault diagnosis method of multiclass faults for traction rectifier in
high-speed train[ J]. Acta Automatica Sinica,2019,45(12) :2294-2302.



Pl 2 B4 - R B R A 5 | 4% Bl R R as AT RS M AR 2 « 95

=2

[19] 2Fm. £R . BT = A TMEa T HI £ £ ZAMAFFTML]] A HHFIR,2019,45(12):2303-2311.
WANG Xiuli, JJANG Bin, LU Ningyun.Relevance vector machine based remaining useful life prediction for traction sys-
tems of high-speed trains[ J].Acta Automatica Sinica,2019,45(12):2303-2311.

[20] YANG C,GUI W H,CHEN Z W,et al. Voltage difference residual-based open-circuit fault diagnosis approach for thee-
level converters in electric traction systems|J |.IEEE Transactions on Power Electronics,2019,35(3):3012-3028.

[(21] FRA . 2 EF BRRE.F. —FHRNENH ZLREENFE]] P EAF .42 84%,2020,50(4):483-495.

GUO Tianxu,SANG Jianxue, CHEN Maoyin,et al. A fault detection method for a braking system of high-speed trains[J].
Scientia Sinica Informationis,2020,50(4) :483-495.

[22] £ . K ExE, 8 . FHERDSENEDSES ZAWEES [T P EHF 42 845,2020,50(4):496-510.
JIANG Bin,CHEN Hongtian, YI Hui,et al.Data-driven fault diagnosis for dynamic traction systems in high-speed trains
[J].Scientia Sinica Informationis,2020,50(4) :496-510.

[23] CHEN H T,JIANG B, LU N Y.A newly robust fault detection and diagnosis method for high-speed trains[J].IEEE
Transactions on Intelligent Transportation Systems,2019,20(6):2198-2208.

[24] ZHANG K,JIANG B, YAN X, et al.Sliding mode observer based incipient sensor fault detection with application to high-
speed railway traction device[ J ].ISA Transactions,2016,63:49-59.

[25] ZHANG K,JTANG B,YAN X,et al.Incipient voltage sensor fault isolation for rectifier in railway electrical traction sys-
tems[ ] J.IEEE Transactions on Industrial Electronics,2017,64(8) :6763-6774.

[26] CHEN H T,JIANG B,LU N Y,et al.Deep PCA based real-time incipient fault detection and diagnosis methodology for
electrical drive in high-speed trains[ J].IEEE Transactions on Vehicular Technology,2018,67(6) :4819-4830.

[27] CHEN H T.JTANG B,DING S X, et al.Probability relevant incipient fault detection and diagnosis methodology with appli-
cations to electric drive systems[ J ].IEEE Transactions on Control Systems Technology,2019,27(6):2766-2773.

(28] Z=WL £ . AETF . F. 5 5 £5] AR FHLF S UM AT AT T LA, 2019.

[29] ZHANG K K,JTANG B, YAN X G, et al.Incipient fault detection for traction motors of high-speed railways using an inter-
val sliding mode observer[J ].IEEE Transactions on Intelligent Transportation Systems,2019,20(7):2703-2714.

[30] JIANG H M,CHEN J,DONG G M, et al.Study on Hankel matrix-based SVD and its application in rolling element bearing
fault diagnosis[J].Mechanical Systems and Signal Processing,2015,52:338-359.

[31] LU QD,YANG R,ZHONG M Y, et al. An improved fault diagnosis method of rotating machinery using sensitive features
selection and RLS-BP neural network[ ] ].IEEE Transactions on Instrumentation and Measurement, 2020, 69 (4):1585-
1593.

[32] LU C,WANG Z Y.QIN W L,et al.Fault diagnosis of rotary machinery components using a stacked diagnosing autoencoder-based
health state identification[ ] ].Signal Processing,2017,130:377-388.

[33] CHEN S Z,YANG R,ZHONG M Y.Graph-based semi-supervised random forest for rotating machinery gearbox fault di-
agnosis[ J/OL].Control Engineering Practice,2021,117.D0O1:10.1016/j.conengprac.2021.104952.

[34] DING S X.Data-driven design of fault diagnosis and fault-tolerant control systems[ M ].London:Springer-Verlag,2014.

[35] QIN S.Survey on data-driven industrial process monitoring and diagnosis[ J]. Annual Reviews in Control.2012,36(2) ;220-
234.

[36] WANG Y L.MA G F,DING S X,et al.Subspace aided data-driven design of robust fault detection and isolation systems
[J].Automatica,2011,47:2474-2480.

[37] ZHOU Z,WEN C L,YANG C J.Fault isolation based on k-nearest neighbor rule for industrial processes[ J |.IEEE Trans-
actions on Industrial Electronics,2016.,63(4) :2578-2586.

[38] CAI B P,LIU Y,XIE M.A dynamic-Bayesian-network-based fault diagnosis methodology considering transient and inter-
mittent faults[J].IEEE Transactions on Automation Science and Engineering,2017,14(1) :276-285.

[39] YIN Z Y.HOU J.Recent advances on SVM based fault diagnosis and process monitoring in complicated industrial proces-
ses[J].Neurocomputing,2016,174:643-650.

[40] L1J P,HUANG R Y,HE G L,et al. A deep adversarial transfer learning network for machinery emerging fault detection
[J].IEEE Sensors Journal,2020,20(15) :8413-8422.

(41] £ A . B8@,. 5/ .5 —HAATRELBZI N ARD B ARTPHEEL LN F R[] a3 FR,2022,48(1):302-



. 96 - b AHE KR FFIROE RHAF RO 2023 5% 2

314.
MAO Wentao, TTAN Siyu,DOU Zhi.et al. A new deep transfer learning-based online detection method of rolling bearing
early fault[J].Acta Automatica Sinica,2022,48(1):302-314.

[42] DING S X.Model-based fault diagnosis techniques: Design schemes,algorithms,and tools[ M].London: Springer,2013.

[43] A R4 2 F ATH. AR ALK ES B K LZR[T]. A HFR.2013.39(11):1933-1943.

ZHOU Donghua, LIU Yang.HE Xiao.Review on fault diagnosis techniques for closed-loop systems[J].Acta Automatica
Sinica,2013,39(11):1933-1943.

[44] ZHONG M Y,.XUE T.SONG Y,et al.Parity space vector machine approach to robust fault detection for linear discrete-
time systems[ ] ].IEEE Transactions on Systems,Man,and Cybernetics:Systems,2021,51(7) :4251-4261.

[45] LIU Y,WANG Z.HE X,et al. A class of observer-based fault diagnosis schemes under closed-loop control; Performance
evaluation and improvement[J ].IET Control Theory and Applications,2017,11(1) :135-141.

[46] XA %, 4, £, F X BFHERE A% S8 A& B IATEHEAME B[] A S FR,2022,48(1) :207-222.
WEN Liyan, TAO Gang,JIANG Bin,et al. A multiple-model based adaptive actuator failure compensation scheme for non-
linear systems with dynamic mutations[]].Acta Automatica Sinica,2022,48(1):207-222.

[47] WANG Y F,HE P,SHI P, et al.Fault detection for systems with model uncertainty and disturbance via coprime factoriza-
tion and gap metric[J |.IEEE Transactions on Cybernetics,2021,52(8):7765-7775.

(48] R o S B if iy b5 B A4l o) — AT AR R [T, B h AL $ 4. 2021.47(5) :1035-1042.

ZHOU Kemin. A new framework for fault diagnosis and fault tolerant control[ J]. Acta Automatica Sinica,2021,47(5):
1035-1042.

[49] LIL L,LUO H,DING S X,et al.Performance-based fault detection and fault-tolerant control for automatic control sys-
tems[ ] ]. Automatica,2019,99:308-316.

[50] LI L L,DING S X.Gap metric techniques and their application to fault detection performance analysis and fault isolation
schemes[ ] ]. Automatica,2020,118:109-119.

[51] LETY G,LI N P,GUO L,et al. Machinery health prognostics: A systematic review from data acquisition to RUL predic-
tion[ ] ].Mechanical Systems and Signal Processing,2018,104:799-834.

[52] JANG J,KIM C O.Siamese network-based health representation learning and robust reference-based remaining useful life
prediction[ J J.IEEE Transactions on Industrial Informatics,2022,18(8) :5264-5274.

[53] PAN Y,JING Y T,WU T H,et al. Knowledge-based data augmentation of small samples for oil condition prediction[ J/
OL].Reliability Engineering and System Safety,2022,217.D0O1:10.1016/j.ress.2021.108114.

[54] ZHANG M,KANG G Q,WU L F,et al. A method for capacity prediction of lithium-ion batteries under small sample con-
ditions[ J/OL]J.Energy,2022,238.D01:10.1016/j.energy.2021.122094.

[55] RAGONE M, YURKIV V,RAMASUBRAMANIAN A, et al.Data driven estimation of electric vehicle battery state-of-
charge informed by automotive simulations and multi-physics modeling[ J/OL].Journal of Power Sources,2021,483.DOI;
10.1016/j.;powsour.2020.229108.

[56] Fu. @6 HJ 5 40455 o TR 4 B 45 My i o7 sk A 2w A [(D]. 36 3¢« 3 % 3038 K %2, 2021.

WANG Feng.Research and application on methods for constructing prognostic health index with complicated degradation
signals[ D].Beijing : Beijing Jiaotong University,2021.

[57] DING Y Y,JIA M P,CAO Y D.Remaining useful life estimation under multiple operating conditions via deep subdomain
adaptation[ J/OL].IEEE Transactions on Instrumentation and Measurement,2021,70.D0O1:10.1109/TIM.2021.3076567.

[58] CAO Y D,JTA M P,DING P,et al. Transfer learning for remaining useful life prediction of multi-conditions bearings based
on bidirectional-GRU network[ J/OL].Measurement,2021,178.DOI1:10.1016/j.measurement.2021.109287.

[59] WANG C S,ZHU Z H,LU N Y,et al. A data-driven degradation prognostic strategy for aero-engine under various opera-
tional conditions[ J].Neurocomputing,2021,462:195-207.

[60] LIU S J,FAN L X.An adaptive prediction approach for rolling bearing remaining useful life based on multistage model
with three-source variability [ J/OL]. Reliability Engineering and System Safety, 2022, 218. DOI: 10. 1016/j. ress. 2021.
108182.

[61] PANG Z N,SI X S,HU C H,et al. An age-dependent and state-dependent adaptive prognostic approach for hidden nonlin-



P22 B A - A 4 A 5 A B R GRaa AT RS D B AR 25 97 -

=2

ear degrading system[J ].IEEE/CAA Journal of Automatica Sinica,2022,9(5):907-921.

[62] 364,40 & 4. ) gk, & F B HAT B AR ALe I H A AR A F TN 7 =[] B3 F4R.2019.45(5) :941-952.

SHI Quan, HU Changhua, SI Xiaosheng, et al. Remaining useful lifetime prediction method of controlled systems consider-
ing performance degradation of actuator[J].Acta Automatica Sinica,2019,45(5):941-952.

[63] TRE. HIZAL KGE BANEREDZAGF EHEar AL]] P B4EH5,2008,29(4):96-102.

DING Rongjun, GUI Weihua, CHEN Gaohua. HIL Rea-time simulation of electric locomotive AC drive system[]].China
Railway Science,2008,29(4):96-102.

[64] ot 6 HR.HAK.F. RN EATHZTLRSFEHF AT R & R4 AFR.2014,26(10):2340-2344,

LI Xiao,SHI Guoliang,GOU Xiantai, et al. High-speed trains running Bioge system security state assessment simulation
platform[]].Journal of System Simulation,2014,26(10) :2340-2344.

[65] YANG X Y,YANG C H,PENG T,et al. Hardware-in-the-loop fault injection for traction control system[ ] ].IEEE Journal
on Emerging and Selected Topics in Power Electronics,2018,6(2) :696-706.

[66] WA, %k Akl . 5. 5HE5 £ £ 45 R GEEN XS BiEt A-F S]] A TR, 2019,45(12):2218-2232.
YANG Chao,PENG Tao, YANG Chunhua,et al.Fault testing and validation simulation platform for traction drive system
of high-speed trains[ J].Acta Automatica Sinica,2019,45(12):2218-2232.

[67] hix fe #if 3B KA H AR S5 e &[] ]38 542 BH K .2019(D) . 1-6.

FENG Jianghua. Technical evolution and intelligent development of rail transit equipments[]].Control and Information

Technology,2019(1) :1-6.
(A= % 3 A% )



