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Open-circuit fault diagnosis of MMC sub modules based on modal time-frequency
diagrams and the Resnet-BiGRU model

LIU Shuxi®? LIU Ke', WANG Qianyun', QU Yufei', LUO Qin'
(1. School of Electrical and Electronic Engineering, Chongqing University of Technology, Chongqing 400054, China;

2. Chongqing Energy Internet Engineering Technology Research Center, Chongqing 400054, China)

Abstract: There are problems of easy omission of extracted feature information, low diagnostic accuracy and large
computation volume in the fault diagnosis process for the modular multilevel converter (MMC) in power systems. Thus a
discretized MMC open-circuit fault diagnosis method with modal time-frequency diagrams and Resnet-BiGRU model is
proposed. From the open-circuit fault characteristics, the output phase currents and bridge arm voltages are selected as
fault parameters. The improved gray wolf optimization algorithm is used to search the optimal parameters in the process
of complete ensemble empirical mode decomposition with adaptive noise (CEEMDAN). Combined with the optimal
parameters of CEEMDAN, the fault parameters are decomposed into sensitive and high-quality intrinsic mode function
(IMF) components and reconstructed. To fully exploit the sensitive components in the reconstructed signals, those signals
are transformed into modal time-frequency diagrams using continuous wavelet transforms; the modal time-frequency
diagrams in different fault categories are input to the Resnet-BiGRU model for training, testing and outputting the
diagnostic results, so as to complete the diagnosis of the faulty bridge arms and the localization of the faulty IGBT in the
sub modules. The experimental results show that: its diagnosis of faulty bridge arms and localization of faulty IGBT in the
sub modules reach an accuracy of 98.63% and 99.87%, with high diagnostic accuracy; the diagnostic process possesses a
response time of seconds; compared with other methods, the proposed method has a higher accuracy in extreme
conditions such as small samples, data imbalance, and noise interference. The work provides a new way for the diagnosis
of power system faults.
This work is supported by the National Natural Science Foundation of China (No. 52207004).
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model

EE&WH: BRAAAFLELNE K8 (52207004) ; TR T HEFFHAHL %R E K8 (KIQN202001128)



_74 - o) R R HiEH

0 38

ARk, BEAE HL I RGN, HE 2
AR ARG 2O 2L, BIL 2 HE P4 83 (modular
multilevel converter, MMOC)# A T 58 JH B &= % 3%
Him FEFMEE U R ST D)o D ) Ze s
A 75 DL KON D BRI 1) s B R e A, IR B
TEHL T REIR A C S Rk B R AR AR AR T
AR 4 SR SIS Tz M T T R
HE MMC i PNy, s
(sub modules, SM)HIEEHFFEEI N, P A T AL
Hh T 23R A 45 B S TR R BB AR R T R R AR
SCHR[2] 95 H et g A 2B s 0 J5 R KR 7ok 1B 4 %%
it XU 7 5 4K 4 (insulated-gate  bipolar transistor,
IGBT), IGBT Wit % A 4 5 I B M AL, i
PR R BRI BER, (R IR FRL R R A A AT A
B BN R A S R BT UIERDY, T T R R AR
RIAE, FHEAAERZETET RS MMC
AR = FHANKRR -5 F R A H 30 0 77 A g A 5 ] R
YEE R KRR L AERREIBAT .

BB BL MMC 1 IGBT FF k12 W ot 7 ik
Ay 32, RIEETHER, T RARE T N TR
fe. BEEE BARARMER, ET AN TEGMENM
77 BB IARHAR T, ¥ DL TR Re N EAR IS
BWHEARG T RFEERE S S, DB O 7L
Ao RIFE AR T A=A s, @i X MMC
PRASA T QMR R R i R S A AT R AR B
HCRI R 12 W, JH A REAE S )i R S RO ARHAE
THE, EHBRE TGS W R T 1 R Ak
PR, EEALRHIE LR s Wit s 2 —, BINH
N LR aed AT s W ARG FRE TAERI T
M B B RIAT 7N T RS 5
MMC T IGBT H R W7 22 A R .

MEESTRHE T2 FoRFE, SCHR[S18 i PR i 5
A 0 I HOMY 22 FLT- 100 A 8 B i o 7 4 B i
HEAT THFAESREL, HAEACEE R Hh A7 AR AT ki DA
AR FREURAE [ 0] 8. SCRR[6]5K FH 9 5 FEL o3 Ay
7%, AHT T MMC AR R g, JEeAk
AR AT WA, H 2 AN ] e = A A AL PR 7
IRVEBEINS S X Fh v R Be S I i e pre s iy e v 1
e o W R AR I ARG B, U TE IGBT Rk
W R e A EARAE— e R R SCHR[ 7145 & 4
2S5 ik (empirical mode decomposition, EMD)j#
ITHRHESEEL, ToHR AN NBOEBIME, s BiiiE,
{2 EMD J& T A0 ff, & HIBESRS, f#i2
Wk 52 BI52 . NfEDE EMD AR, SCHR[8]A

MG LIRS 7 AR T IR RIRBUE S HFE, RIFE
EMD HJ&At EANAN 1 BN 0.7 ZE 18 € 1 E g
BAE L AR P R B NINI SN e s, S 30E
TR IR ZBOR . SCER[9]18 I /N EL 7 i
B IS BORFIE RS VR 908 S 4L, EAR /N A RE
@M, AR BRI S R . SCER[1015E
T MG AR RS O il R IR AE T I PR
SR, A S A AR RCR, (H XY
O T 2 SRR E I 2 B E 2 . STBR[11]
M S e R 5 4 4R G 4 B A8 ) fif (complete
ensemble empirical mode decomposition with adaptive
noise, CEEMDAN) 5 i X _F 3R 75 7 I A J2 A HS 2t
BE, RS T AR B E S SN i
15 21 E 4 ik 22 0] ZBEAS T [ A B4 2R U (intrinsic
mode function, IMF)} &, Al RARASTRS . EHMR
FERAF I 5 e, e TR, ERZTT 5T
LNNBIHRZZH, TUNEEGR, 5 T RHEE .

MBAHZ W FoRE, FETIRE Y TR
RS DR LA SR VR 1) -5 e A ) 55 A O Q0T ) L ik
RIUML TZ N o SCRR[ 1218 AR IR ae AR B SR 4R
SM HAH K FH 45 G —4EBIRMZ I 4% (convolutional
neural network, CNN)>KX} MMC #1721 5247,
B4 SM B gy, SRAEMEE R B
RENEH ETES, FH CNN BRI “Y4ifE
BRAE” S BRI T . SCHR13 1A — st 2
TRIZ R 7y B AR 48R 7y B S BERR S 1K SML WA
SHRHE, EAEBARII SR b O R SN T
S, THENLN B BRIEH AR UK . STHR[14]42
T BT DR AT B SR W, T
T YRR FES IR A TS, ) A 280k o RO
A SRR AT R UL s B R A M R 45 ) s,
B N i W BN — 4RI P8, ok sa e
MR RFEAR R BB B SCHR[151% SM A HL RS
o Z EEBIE RS, IR H shgmig 4%
AT INZR S, (HHENEEROR 24, JIHIEEL
Bl Z, HEEAK, SERHREA . SCER16]
HIHT B 29 i 25 MIB RN 2 A SM R R
NP2 5 A SRR A HE AT SR IO 0 MR s b AT 12
Wr, A2 WS, 5 SM HuEid 2R EROR.

LELEPE, ASCHR Y — Mk TR A S Tk
ZEM 4% (residual network, Resnet)— XU [a] | ] #2 G H.
Jt(bidirectional gated recurrent unit, BIGRU)f !
WIBT 7512 B9, RAHT MMC fEIE% 5 7 IR
B THEARBTEE, RABREBA X I &5
) B A S AF R B, K HAE N Ja S
MRS W I R Bl R, SRS Sud KR



R E, 5

FT RSN AU Resnet-BiGRU 8 ) MMC 1~ BEHT BE 4512 Iy

%(the improved gray wolf algorithm, IGWO)flift
J& CEEMDAN S5 AR il 2 805 585 )
fi ARUR HAR B IMF &, R &SES T EA S
RS, ¥ IMF 73 &7 2 s, LN
ok FH OB I A, $RTHRESR I P RE
i, 454 Resnet Hyt5 BiGRU T R4 i
WA, DURORIE R 7 KIS B2, e bt
MMC ' IGBT JF#g i 2 Wi FE AL RE ). S8
FWZIT R D R R, RALZ T S e
HEEIR, AR E ASRALE, A D, EAY
Al R P S A A AT AT B s R

1 MMC BEF D R4S 21E

8 9 Tl bR 2 6 = MMC
SNEERIE | R, MMC 45— b e B NV A T
Yerty bR BB, E R o ] e B A
MR BIE 5 . u, Mi, (= A,B,
C) 4 A AL 460t FE AR AL L AR e
U Uy NEROVEIE: [, N RO o, A
w, b FHRERIE, i fli BN E. T
WFBF M. J R AR TR, S T AT,
TR IGBT, u, N TR A IR

1 MMC #h$ME
Fig. 1 MMC topology diagram

MMC 1E# TAERF SM L i I A B A2 dnk 1
PR

F 1, EREC TR 2 N MMC AR o,
FlAGH AR S A A SM s bIRR, R4 % H
JEZ B EERCA 0. fEIEH TAE N MMC BAHF
BRI A S TAER), HBEAGEREENU,, -
9T R MMC A% I E R S = s, RE

- 75 -
TRIERES SM I TF ORI & BERIHAT
F 1 SMHER i REEE
Table 1 SM current i flow path
M T, T i AR BARE TEFRMN
1 ook >0 D,-C 7 I
2 B <o C-Ty JHCH EEIN
3 W JF >0 T, 5% VIkk
4 W <o D, 5% VIkk
5 W W >0 D,-C 7 ikt
6 W W <o D, B Rk

MMC P T 85 R A TF R s, 7E%R 1
2 X MMC I& e A T, 5 K4
TR, /63 1 il 3 F 2t MMC i G .
W 2(a)FT7R, T FAEH TAE R 28 NAZ IE & U,
BT, FF 2% M R B K > 220 AR D, 43 R
ANEEA T, BN IEH u, ST u, s B 2(b)
WY T, RAEFF RS, RS EE RE D, B
BN H I 2 B S N BE A T, 55 B AT B
o, BZIER u, BTy, .

IEH

fid > e »

(a) TITBR (b) T,JT##
2 FHERP IGBT ARIFFEEHFE TR TR
Fig. 2 Working conditions of IGBT under different open

circuit faults in the SM

fE IGBT KA Hbs e, b u, ¥y o 7 1 1
W, , LA R u, 1E ARSI S s AL 4R
B, {HIE MMC HFEgE 2, Bllu, fE R
BAEE SR, SSEEdEE R, R FI R 2
STRERU S AR RO S 1) . DRI R R BT
BEAK AR RMAE S E, DDt EE.

MR IGBT BT B b by, &S 8AE
W BN 25 jAH B R A,
ZME S HIEMER Y &, HPSENRKEN
1E, M5 KCL fEHE, = HH /e AT 2 i ) 3L B it A
#o 0, HABFIA S I ER =, SMENT.
M A MR R AR B R R = A RS I S 2R
J M MR R A R I I A AR A, BPAS R AR A
IGBT FF#§ BRIy, i —AH ey o] T i b fe i
BT, AR A FL AR A R T DA 7 3 ELAA



- 76 - B 2GR 54

W . £ MMC TAE RS, R B
B AR — S FRIR T IR R, B TRLERK
TFFRARES S MMC i il SIS A REME o FE B AR TR
HR, FRBREIT R 5 S EE R, AT
PR A BRI, AN R bR AR B R AR H s 2
Pa A 2R, T EARAS T BBl RS L ) ot
RS BRI R AP SRS N, A
AL T IGBT HE AL -

gi b, AR E R AR S
M 5 AT B s IGBT HIH s IR AL &

2 MMC #PEiZ i E AR E L

2.1 IGWO-CEEMDAN &%

CEEMDAN 7E X} # [543 5 347 H 38 B4 fi
SHAFARE NN, BENLME KSR, AT RES i
B 45 5 A R AN S , N IE%E % CEEMDAN fltft 2
B, $EH IGWO SRSk F RS20

f£48 GWO FERIET KERTIRBEN 5 T5
WEAT N, &Pl i LR IR 2 R G R R
T AR RERE . GWO IR BEEER N IE 4TI,
MHEERE—E N, o3BT AT
BETEME R, B ENP R, ERM allH
hBh A s S =2 NS, EIRM o JRATB IR
a4, [FR SRR EMEIIR; SIREN o ],
B T B AR B E RN, 2B P A
GWO FiEB R RN — ANETEMR, b o RN
— I ARAE, B IRAN S IR A B A AR AR AR R
iR, o RNFELM. GWO HIEAF F&—/ANHE
Wit B8 a R B IRAN & IR AL B A AL AT
FOER R EARRIER . BSMSEHENE, LA
A SR BAE SCRR[1 7] © A FEIA 21 .

MMC FFE& R A 2 HAFAEA LS B LS
BT IS W, 5B CEEMDAN k¥
MMC H 35 5 0 NN [F R B R 1) IMF 43 &

MR ZE 5y &, (RIS RTE B AR5 5 a4 IMF 7y 830
Hid%, mIaefFreE o, FIAMECRE-0EEE
AT R R &, PR B BUSE IMF 2y &8 T e 82 T
MG TR I ¢ R B U R T DAk
H B A A B A 2 A By Y IMF 4 &, 77
{8 5 3 e E (PSS I 00 ] A 3 SRR AR B o

ILZEF 7 CEEMDAN 515 [ I 75 R 45 AL
B AEINRE N BRI BRI OET, sz
PIEREbRAE. (H MMC #f5E(E 5 BA 3R 2 449k
AL, R B — S LR G TRERE S,
SENRI R EEIRZE, SEUH IMF &9 &
HHB Sy, HUBSRSME . 4% GWO Hik
EFRBMSES, BT IRMRER =22 AL,
FEAE AT R H R FRE 22 R 14 1R ik 2R Bl = 50 e
S I 731 o 11 1 N ik B S i T iR S
FETH IGWO ALK . BIF FH AV & 5 775
A S FE AT JE IR AL T B AR AL B RAMA AT R
—UER, DA R s AR A, IRm AR R
RIRES T KMITE T 5l AL 4 GWO Hikr,
BEla. BAIS ZREH R EAN
X, . =X@t+D[1+ ZqCauchy(O,oj) + A,Gauss(0, )]

(1)
Arb: X, ATRER G REIAIE; 2 M4, ik
REERTARESEL, 44 WU 4, BRI, AARAT5%
R A ARRAS s o AFREZE REL Cauchy(0, o)
1 Gauss (0,0 53 0 k] 78 F = 1 4 A FE L AS & .

N T BAEA ST IGWO FyE Rk, KA
AR RO IGWO 5%, 54 GWO 5k, ki
FHEAR AL (particle swarm optimization, PSO) %% Al
Jik 4 $4 K (sparrow search algorithm, SSA) & vk 34T
TR TR % B 25 BRI R R 50, 14X
ZH0N 1000, 1E S BRECN B/ INEARS, & REN
AN EVI BR E 35 14T 10 IRGFHARIRES, — ke &
FVEAEAS R R 2 e Sl 26 an P 3 B

best

10° -1000

—— PSOKI%
-2000
100 —— SSAKLi% L

GWOSLE s 3000

=

—— IGWOHLi% F=

2.0F

=4000

103 =

TENLE R

-8000

10*20

~_ 2 5000
10710 - 2 \ z
1 @ -6000 | i
1015 =7000 \ 0.8}

0 100 200 300 400 500 600 700 800 9001000
IRARIREL
(a) F1It b6 $

——PSOHi% —— PSO%.i%
—— SSA%LE 1.8 —— SSAKLE
GWOZTi% 16 GWOSik
—— IGWO % . —— IGWO Ik
@ 14
1.2
2
9 1.0
0.6 /\
0.4
0 100 200 300 400 500 600 700 800 9001000 0 100200 300400 500 600 700 800 9001000

JEARIKEL
(b) F2ill e £

IERIREL
(c) F3A R %

[l 3 TS 4L BA R I 8 B ROt

Fig. 3 Convergence curves of different optimization algorithms on test functions



R E, 5

R T RIS E 5 Resnet-BiGRU HE% [ MMC T-BEH T 1% W 14 e - 77 -

B3 b, EPXAEINGRER L, 240 B RS iR T
GRS, IGWO Sk IRk B & /b 1, I
SOEEH; PSO. SSA 1 GWO HiEWr s th & A
)0k b £ b B AR R B g, BT B A
ZEREN R R A H B = 4 R I RE ARG
RILB S B = 5 R ae I &, IGWO &
RIS 2 2GR R R, ARk T R
RfRI R, DMEGk SR MAR, BT SRS
. HIAER, IGWO Bi5 T8 e e Siom B A 2 i
SRS BB T HAR S, R IGWO Sk -1
MRS R4, "WTHT CEEMDAN HIZ4(3F
fltHF . IGWO-CEEMDAN T HIA D IR R ATid .

(1) #it CEEMDAN Bk R, [H
B HIAGE4 IGWO AT EERLEL . IR S BT
ERIREL. RACSE w A N [TEHE .

(2) BEHLA B IRBEVR s 25 A IR Ak A4
FRAFEANYERE, AR WILaE w M N, RS E
FIMIUE(E W A1 N it 5 CEEMDAN 5355 i IMF
Iy RIS N R B, AR IE SRR B R AR 1 8
INFEARIE R RAE

(3) TF AR IR IE ST, RS B FE (1 K/
BERIFEER 3N o IR B IR & TRAT o JRIX 4 4
SEOR, KPR AR T ALBRSERT, R ATV
38 S SRS R AR T AL B R, FFER AR
AR

(4) W RIEARREBUR T RV IREL, W4 R F-eid
T, BRI H(W, Ny ) BN, GREE3 2
DR EEIER S =8

(5) FERAFII(W s Noo ) FA MMC RS 5
) CEEMDAN 743 fifg ik #2 v, AT A5 20400 5t H U2
IMF /)&,

2.2 EARSAESE I E L

& 252 7N I A8 ## (continuous  wavelet transform,
CWDTEAE B G SR , SFES AN
A R 4 ), 5 BN R A SR EURFAE P e
AR, 25 IGWO-CEEMDAN 3% J5 1] LA 21
RPN R, N4 A5 5 3 AR AU LI TR ) EAA
NOEASES IMFL. IMF2. - IMFK, BEfRAEJELG
FEIITER M, ORI AR (SR E e

TE CWT ih 2 Hh I 4364538 1 /) 1 25 o B0 B AT
B (1 e 20 BT MMC MRS 5 77 A s
eI Morlet /NEARAL, {HILHR SR I P AR 5,
AT AT B 5L T IR H 5 50 Morlet /N B R 2L
FAHEE T Morlet /N HA BN TS 19 H &N, &
FH T RS A A B SR B = 1S 5, 524U Morlet
NI BB e R A K Q)P

a)(t) _ (an )O.SGZinFcte—tz/Fb (2)
K o) WIRAE; F O F, 53500097 56 K+
i R .

¥ IGWO-CEEMDAN L it s 515
FIFUR B IMFL, IMF2. ---. IMFK &,
¥ IMF1. IMF2. ---. IMFK 4> &E34T B DU 5
E5aigE. DEMESIEN CWT BN, Ak
TSI, DABLASE I N G 2 MMC 2 i
UL LN
2.3 Resnet-BiGRU 1REIHE %

Resnet 15 A5k 72 HU% o 25 14 (1R P 2 5 I 285 3
M, MHETIREMNZS, EHA 2 IR M g5
FHE, XA HARLENERIRGE 1 A 25 TR FE 1)
BT RS R, IX PR A T R T R R T
TERD S m) A 5 T R v mT B HH B PR 9 O ) R

EI X MMC 78 & A B 5 SRR 1 HELE 5 40
P B B R P REE, B RNN ] DUSE 4 il
PERAEFAR B I P A OCME, RN T 51290 500
[EAH BB R . GRU fEN RNN Bt hiAs, AMY
PRFFXTIN s U R, MHEET LSTM, 7RI
M SR R FRTHERIIZR A5 DL B AR I A XU
ST E BB AR . GRU BEALZ WA 4 Fios.

[E 4 GRU EALEH
Fig. 4 GRU basic structure

B4, GRUFERE T, 558z, e
G B R E RS AME, 2, 2B EER
T ARATE 22 2 mi i TR . 24 GRU ] ¢ BT
FIN x, FOHT— I 205 b, NN,

r=cW. x,+W,h_ +b) 3)
z,=oc(W_x, +W_h_ +b,) 4)
h, =tanh(W, x, +r, O h_W,, +b,) %)
h=(1-z)0h_,+z, Oh, (6)

K w oW, W W, W, W, b . b
by, 5NN [ 5 A 8 X 6% (18 AL R R 2 ARl L 1)
O NERIZH; oM tanh NETEEEG B, FIERD
BogsCiR A s, B BT — I 2 BEEUIR A -
BiGRU HZEEAS WA 5 . Kl 5 H BiGRU



-78 - B 2GR 54

P /NMER T ) GRU $otdi Rk, —F s
IR e A BAASRE P BEEH . &%
TR 245 SR AT 4 H e R XS B 4 B A7 A
o, DAIMaE B AR A f SO v A

X Resnet &5#4, BAR T DLZHR B < (A1 1 P
TERER, HIEVER A FAH MMC A 1 e 7
FEME; T — BiGRU 4544 S8 T PA78 70 A il £l
P 2 (B I PR, (R T s o R i s R e
RAEA R . BARSCE A FH A, ¥ Resnet HLITAHI
BiGRU HITAHZS A 112 Wi A ] 6 Frs .

layerl layer2

Xent

5 BiGRU ZA%EH)
Fig. 5 BiGRU basic structure

@
(313,512, (JILSIZ.('HLSIZ
5.5 LD | Droupout
lim\"
(313,1,
- 512)
e

Flatten &£ “f

| EsiA

T 1
! o H
: AN Z A )
K |
| ' |
| H 1
| b
) ] )
: >. .. 32 | : H
| | :
| ' i

[y

|
) ol BN
ReLujz
bR A
M BiGRUJZ

B rcz

6 Resnet-BiGRU E A& Z#
Fig. 6 Resnet-BiGRU basic structure

Resnet-BiGRU #:H t AFUREEL , Resnet Fibk 5
BiGRU A il o 18 I 45 AR HAT] 20 2 BB S B At
B RRE, B 51N 4 > Resnet fEBE, F| FANE 4
S5 SR AL AN [ BRT B SR DA b Sk 27 > AN [R] A E R
AN, AR AR (1) 5 S BE 1A B BRI IG 08,  RT AR
FE SRS T By I PR H: B Y R AR NE S ), ks
ANAEFIERL A JE 3 N2 BiGRU AL, R0 ¥29
R {5 S B I SRR, e SR AS R B AR
1, x4t Resnet MZETEACFRBNZS P HIH A E .
Resnet 5 BiGRU #HZS A, H7EREAR Rl G 45 Y v gt
TR AT, ROFHPERS, MEESH
A P H R X BB B A B AR AL I P AR AIE 145
B, DR R Sios B2 . LA R i SGdiz
Aet, HE— D E MMC M2 W e v .

Resnet-BiGRU 152 1Y G 2% fiff 1 55 ¥ 2R AT g [l
B PEKTA 2 [ E SCORBE. $E R (2 AL
e SRR B SR P

3  MMC &fEi2RiE
NSEEL MMC HR i St i 112 Wi 5 7 A e i

IGBT Ef, B H —Fh MMC s sifie Wi i,
AR ATk

() RIFSWEE, DJLESF MMC Nzt
%, FIHSLE-F G 7 M EITIRE, WA
VR A S R AR R 1 EAT R, KR i
Wb (1) JFL GRS 5 T2 MMC R AR O )
CLECRR AR 2 W G, TS50 -7 A UMY vh
17 FhF B IGBT i21TIRAS, XA IGBT
M LS, BEATRAEE, R HAR Y E e IGBT
R IGE S

(2) B i Ml AT IA—AAREE, AN A2 )
T R 3TV ) REAE SR S ) R
A, BRFEMEHEREEA 1 AE LGB IEFEA 2.

(3) K (2)H R A B 1 Jir 46 IR A 508 A0 i 4
1 R AR 4T IGWO-CEEMDAN, 75%]— 27
UK HAL G IMF 435, J04 IMF 2 &3 T E R,
KEMESIEN CWT N, LRSI, X
TS I B AT A 31 /5 45 38 M R 12 I B R
1 AR IGBT &AL BHE4E 2, W4 1 Fidi £k



XA, 5

FT RSN AU Resnet-BiGRU 8 ) MMC 1~ BEHT BE 4512 Iy

- 79 -

2 FENLRIZ UINZREE . SoUESEATIASE, =FH 4R
AKX o WL TN 2B E 17 2 501 Resnet-
BiGRU #A AT I 25, 5N ZRE A, B
UESEAR S AT B TR I0AE, AR CR AL LE |
gRdRE R, TERES ANWIEETE, T A R A
S . ANGPEREEREG, KIgsE
RERAE, T a8

REE T RE L

Iy SEALEBRES W OREEHF 2 5 @ RGBT E

LN (e

YIIHLCEEMDANSM#ESEW. NIIE A1
IGWOIFhBERR . AR S 25

BIGEAIRBE AL bR

i IFVRAIE SRS

SRR RIS R [ IGWO-CEEMDAN/} it
B e LI S
— 12 )
TR e
g | | ERRER AR T
e i
[ MmO I TP R S8 i
A IMF 2 B
JEAT A

(4) F I S N B Q) DR A AR, Sof s
PEREHEITIEAY, FF VA5 45 R B I RS T 5 5
REIRE JIFEARIE BB, 53R [ (3) P AT A5
NG ERAE, BB RRA S — e bsitE, N
PEZ T I 25 R R A AR Y, i 8 m] K 12 B 2R A Y
FENFSZBRE MMC TAEAE = AT E L2 T .

Bl 7 iz oA MMC #5512 R 1

ke

—>| BESE

HEES
Resnet-BiGRU ! M
TRAFIIZREE R

L
2 0

SRS IIMMCH H = H
HLIL S L

7 MMC &2 R R AZE
Fig. 7 MMC failure diagnosis overall flowchart

4 SRS

4.1 MMC I3 CEIPEI2 T S E A B iEEFIE
TR ARSI IR R, IR Matlab/
Simulink & %t 7 =4 MMC #%t, &K
8 Hin (ISl L) °F 65 (real time semi-physical
laboratory, RT-LAB) K IGIEFT#&H# MMC KRG HIAl
1T, @I 8 FRPE AR ISR BoR g R 505 5
TR, I o R — B, RIS H T
FEEM MMC RGUESLBRNH A — & el 171
MMC RG0S5 AW 2 Fios,

- (e — &\ '...“
RT-LAB i.\
OP5600

[ 8 IE MMC RGA{THIT 7260 RT-LAB
Fig. 8 RT-LAB to verify the feasibility of MMC system

AR ) T REAAR RS S K Ik 3 o,
o1 C_down FoR C HTFHE, SM, T ARAEZE 84
TRPLES 2 4> IGBT.
*2 MMC 24855
Table 2 MMC system partial parameters

ZH HUE S5 s
FRLHL KA 48 FR A L/mH 15
BHRBEHIE U,V 800 FERINE f/Hz 1500
ME B L/mH 4.7 A5/ Hz 50
TR C/mF 3.5 ZE 3 PIkW 20
Bk HL L R/Q 15 WL m 0.95

*® 3 HIEXAHAITENKE

Table 3 Failure category sample labels and quantities
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Fig. 12 Decomposition results of the IGWO-CEEMDAN algorithm in partial failure categories
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Fig. 24 Testing of the confusion matrix under the small samples
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