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Condition Monitoring Method for Sub-module Capacitance and ESR in Modular Multilevel
Converter Based on Multi-point Sampling of Capacitor Voltage
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Abstract: Modular multilevel converter (MMC) has been widely developed and used in recent years. As an important part
in sub-modules (SMs) of MMCs, capacitors play the role of DC support and energy storage. Thus, it is necessary to carry
out the research on the sub-module capacitor condition monitoring to ensure the safe and reliable operation of MMC sys-
tems. In this paper, an online condition monitoring method was proposed.Firstly, by utilizing this method, multi-point
sampling was performed on the voltage of sub-modules within the power frequency cycle, and then information including
the IGBT switching signals, modulation ratio, AC side current and voltage, amplitude, and phase is combined to construct
voltage and current state equations. Finally, the capacitance value and equivalent series resistance (ESR) value can be ob-
tained by solving the equations. The accuracy and effectiveness of the proposed method are verified by the simulation of
the single-phase seven-level MMC system and the hardware-in-the-loop experiment. The simulation results indicate that
the maximum absolute errors for the C value and the ESR value are 0.03% and 0.5%. The experimental results show that
the maximum absolute errors of C value and the ESR value are 1.5% and 10%, which meets the requirements of submod-
ule capacitor status monitoring.
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tion monitoring(CM)

0 3= verter, MMC)#fi 4P B BEHUL IR RE . FFISHAI
W SRR, BT IUREESNS, ST RE

REHLAY £ ¥ SF 307 2% (modular multilevel con-  AEEEEN. BELFHA. B KBRS AR, ST
FAFE T )Z KR e B R 61, 7 (sub-module,
ESRPHA: EEBMWAFRHLDH (5500-202214401A-2-0-ZN). SM)/Z MMC (3L TT, 8 azea, e

Project supported by Science and Technology Project of SGCC
(5500-202214401A-2-0-ZN).




XRA, BLH, INAY], 55 T2 RURFERBIHUL 2 BT H a7 R Fi R A5 A e K P L 007 925 5339

F2 it/ (insulate-gate bipolar transistor, IGBT)%: 1))
R HA A G 7RI AR
S BN 1/3 Fe A (R ART-), 353G B SCHE S
RERIMER, RHM MMC KA EET ;. A
AEH, HIABETFRGETHAESRRKUERGIE
30%0L-19, MMC R AR TIHEERZ, L
FABSEME VAT R, R D B TR A g iE
ATIRAS B W 7 VT R AH A 7T

H 75 2% 1 R 3 M2 I 2 K (condition monitoring,
CM) 2 FEXTRAE A A FRES RS 8 LI ER S
EHAR AT R b AR5, AT RPN
el 4% 7 iy TN S5 0T fi DR AS S B RO DAk R AT A0
HZE N RERS AR ENEMN R, R84
FEH A AR R(C). R0 B FH (equivalent
series resistance, ESR). 520 & e, S5 300FRIEHE
PSR . LE PN FH s, 38 S5 AR
stk )y C 5 ESR SN2, i il s 2 5 1 2
EARA, AT DAMRI ., e A R I RERAS o il
R RARNEAEE TEEPERENR 80%1L
ESR - AWME AR, W AIE B FF a4 pil3l,

TR, E5F MMC RGF B A8 RS
WIREETL, E20% CEERMRESE. B CH
HIEREOT 3, BUAA W T 7] AR 4 Al sk LS
HEHREMWETTE. £ 07152 M IGBT Hk
ARERNIS) | S22 REHUE AT RIS 2 R AU
MPREBHPIRES . 58 —RITENRZ L & MMC R4t
SERREYE, R AR IR BTN CEE T
. Yun-Jae Jo 5543 [FIMYE iR N AFARHL T
PREF B AR AR S C (A, H. WANG %%
WA TR AL - A LB, fE R G Tl
R g CAED, HETHIGM T RAEHHE, 58 e
HTRGEBNNZ] . AT — D8-S T ANE R
BV N R G o X TR FH A A% T 1
MMC R4, HFESRHFIHR/RSIERR,
BUH R AE TAI A BN 4 AN A AL 20 1R A
HRY, A S = A RO 4 RS TR
fift C B o AN TR FH S5 dlT FELSP-3 T Y ] (nearest level
modulation, NLM)f] MMC £R4:, L2 B M DL
ST R IE R, BERTEAREA . A,
FrE P TR IGBT IR RN E R
MR AT S & TR BRI E C ERTT
VERA, FER R b, PP S A R AT
Haar /NS B 1 FRESTT R T8, 265 1 v

FEHx} IGBT A5 5 1 5 =k 251,

A E BT TR AR CEM
TiiF b, SRR SRS 5 — S & ESR EIH
FURLD R0, Tl ] S5 2 25 4 W AE T B U)W (] R
£[H ESR 4 Tk As, FIFZAHE T LASRf# ESR
HR7, {HAE T 285, ESR 43BN, I Bk
AFFAE SR A ESR AH PR 77 V25 A B 5 P TSR AN 5

KT, AL S MMC RAISTHHE, $2H
TG NLM 1 il (e r 25 2311 C {E AT ESR {
W T5 9% 25 R L R A AR B
(1922 A AT SEAT SR, 46 4 100 B 32 Jn 0 R 3
WRFEMEEE, WEBEEBRRE TR
KR C1H % ESR fH. 1Z7iEEA LA

D Z T EA SR RGBATIERG N, H
me%%m@ﬁ@%

) WIS FE A, TR F A AR AR S S LR FRL

f“jj, M INEE R RIS A as CfEX ESR{H, F7#
TIARRAERE,  REVS SN S RS KRS -

1 MMC REGiETHMH

MMC RS —=AAHERR, MRS N
AR TAEEL, 235l @ %8 SMn (n=1, 2, 3, =+, N),
SZMEME 1R, B 1@)F, Utk lic I MMC %
GEEL I E AT s damm s darm 1 23 0 LB AL
IHVE R iy wi(=a,b,c) R SN HEL A FL IR

THYCRHEME M, |2 > IGBT KH &I
AR AN 1A HR S AR, S5 A
1), H, BARESCN—NHEEBRE CH
S35 R B FEL B Resr P KA o s R 7R T ARER LR,
uc RN, 7EZ8 IGBT A A% Sl &
FErIEOL T, AAAPIE S ucos esr RNFEAR
225 AR 2 255 Bk L L P PS5 e RN IR R
?ﬁﬂ%@ﬂh%%?ﬁﬂ¢ﬁ%%ﬁ%%@%o

v S NEEHIBA IGBT HXHIES, S=1/0
HAW%TKBTﬁLﬁ%% Y S1=1, $=0 K,
TN, WE BRI IR, BARTE,
RTINS SR Y $1=0, S=1 B, F#
HUIbR, HBALT HBIRE.

MMC £ G 0L 1 1 07 =56 30 AR 1
1]« BT FE P R 15 . NLM A& — Tl o6 3ok 1 1
Tiid, Wi 2 fran, HEEAR R ER A8 ST i
SPIE I I 52 T, TR H PR R 2 R LR
NLM EA 8 & 4 34081,



5340 i LR AR

2024, 50(12)

lo  MI%TT BB THER

————————— r-------3

ilSMl iilSMl i
IEUSHES

Ui2| M |V |
L i i L
Udc§ ______
- 3L
BV | M,
U2l |
[SM] | [SM,

iJ_S_I\_/I_x_[J__E |SM“’J |SM\[“

(a) MMCAR G 4514
TR

(b) TR L
1 MMC #4¢ J 7Rt i ]
Fig.1 Structures of MMCs and sub-modules

Fi AT LY T A

1 52 YA il

wt

B2 il B IE T e ) 7 R A 3
Fig.2 The basic principle of NLM

TR R P 1) SR ) R T B D) B 1
TR EHET . 4B BRI PR n B, AR
TN G BORARE, BN R KB
B n AT, DU GRAIESFRR F R 11

AR AZEETF B EHDT R NLM X MMC £#4t
BATIASl. T MMC RGEAG R, AL a

FH Y I U6
Y RGAEIBITIE, AZHN L HLRA
{ua (t)=U, cos(wt +@,) "
i,(t)=1, cos(wt+ ¢,)
AH: was L FRon a HHEE. HRIEE; o=2n/ NFR
G, K =50 Hzs ov, o 0 nl AR IR
WAL, o=, o NRGINZFE .
w2 fros, IESZIRTIEA

U c
Vref (t) = mv 2d

A my KR T HE T ERN I TR
HEAMARG). R@)FrR-30,

cos(at + @, + ) 2)

N v
Mo 1 () =+ 0, (=) 3
Ll 2 Usm 3)
6, =
-0, ISkSM
2
—arccos2k_(N+l)—¢v,1+N(l_m")Sksl+N(l+’"v) 4)
m, 2 2
o, %Skﬂv

ﬁqj! Qz(x)%%/ji\‘ﬂlg X %Tﬁﬁﬁqﬁéﬁ: Usm=Uu/N,
NTREYCP B 685 kA>T R

2 FHRIRE R FRTS m i R

2.1 THEREERIE C{EM ESR EITERIE

HRSIS A5 T, ARSI SR AR AL R
WK 1O)FTRE C Fl Reer FIERERA A, T ¢ B2
B ue TN

| :
uc (Z) = Z't(:O + Z'tesr = VCO + EJO lc (t)dt + lc (t)Resr (5)

e veo FORWIIEIS ZI A S B . HFEE] MMC
ARG TR, & SRV R AL suc Fos TR #21)
KA, B su=l BRI, si=0 Rk
PIBR, sufs Bl EHE#EMN MMC RGeiEHIMSREL, H
B i RIA R

I (1) = Syl | (6)
Hodr, a MM FRI fa 1 AEHT XN

I I
= Z“‘mv cosw—?acos(a)t +o,—p)+

lale

HiA R T AR @)
I, cosat + ¢, )

Ay
XF: w=2nf, =50 Hz; ho R AN TRIRIE
@y, Fon ARG AL A FREUT ERE
B % =(0tp) o, ZEH6). K(T), KG)FEHL



XRA, BLH, INAY], 55 T2 RURFERBIHUL 2 BT H a7 R Fi R A5 A e K P L 007 925 5341

BN

045,

Z,tC(

1 2r . 0.+p
Vo t EJ.O “ Syl 1 (H)dt + Slkli\rmil(

R, =

(0]
1 22 . 0.+p

Veo + E % lannil (t)dt + lale (T)Resr - (8)
1(1

Vg +— .M, COS@
Cc 4o

B—La (sin(0, + ¢, + B)—sin(0, + 9)) +
2w

I
220 (in(20, + 25+, ) ~sin(26, + ¢, )))+ i Grh
2w > > RG]

RN Z] 6=(O+f)/w(x=1,2,3,4), HH ©
WE 6-1=T/4, u—06=T/4 H n<o<s<u, HH 7=0.02s
RNTHH I 58 X Auc=uc(ta)-uc(t)ruc(ta)—uc(t3), 1R
A(®)RIA] 153

Au, = (u,(8,) —u () + (u () —u (&) =

1 1
2;}(mvcos¢(ﬂ2—,Bl)+(A+B))E— )

)Resr

1
—2(A-B)R
(4-5)

esr

A, A B HUE B (L0)FE -
A =sin(at, + ¢,) —sin(wt, + @)
B =sin(wt, + ¢,) —sin(wt, + ¢,) (10)
KOFRE A RREL, WAL T HRBN R
B I 2 416 8 ASRFFIN A 6 (=1,2; x=1,2,3,4),

4 Ieci~ Terj N

%(mﬁosgp(a)@z—wtjl)+(Aj+Bj)), e
Iy = 7 (11)
ﬁ(mv cosga(a)tj2 —a)tﬂ)—(Al. +B‘/.)), i
—%"’(A/.—Bj), A
[E&i: I (12)
?(AJ_B/')’ AR

{Aj :sin(a)tj2 +¢i)—sin(wl‘j1 +9) (13)

B, =sin(@t,, +¢,) —sin(wt 5 + ¢,)
T T AR i (14) s -
{zw I}FIW} )
IEC2 IERZ Rcsr A“cz

Bl B 4% C {5 ESR B RMAN:

{ X Mz ][] 5
Rcsr IECZ IERZ Ach
22 FIRERKIRE

FETRER IS, 38 A P PR s R A T X A
Yert B RUE(TRHER G, TR D 21T (18
AR UL BN P RN S SR A 3 B A AR R
%, 5% C AL ESR AL 54 Rk,

AT AR IR 8 PR T S AR (15),
DA NV BB R 22, ROR 2B TTFEUNN s
D) RIS K — 25 H 5 fe

x, =Ax,_ +Bu, (16)

2) YT RER S
P =AF A, +0 a7

3) EBHY A8 7T FE(BLE)

PC,
TeRC R “8>
4) JEWAGTHTT Rk 220 1 B R AE)

X =% + K.y, —C,%) (19)

S) VEBLIITIRIE EHIE G 2R AR T
i#%)
P =(I-KC,)P, (20)

R Ay B FRH N s G S WA
0. R 43 i R 7 5 R R P O M KB s 6
TAFR x ARG, BN ERRRER KR
RRB IR, P RBITREMIIENE: TR &
H k%l

AR, AR LR % K ESR
P, KRBT, A WG, Ba NS
e, JURAEIE Co SO p R (14) R, B
R BB HIRQD. R

1 L P M Au 1
] sl e e
M=|:[EC1 1ER1:| (22)
IECZ IERZ
Arfs P S RFERE B 7 L SCSEI AR R S 1

3 HEASIRLNE

NEGAIE AT B M I T 2 A, BT TR
5SS I0iE . AR A A -G HS MMC 4t 1
il 773 )3z F 56 F f  HE 6 NLM 1 1) 56
3.1 fHESH

7E SIMULINK Hi#&% T HAH-EHSF MMC &
P, BRSSO 1. B 3 ARSI e 7

1 (RS

Table 1 Component parameters of the simulation model

BRI S5 Kl R ) EACE
RER/RIUEENENIRY 0.4 e H B/ mH 7
TR 6 W 2/ mF 10
FHLHL L 25 /mF 6 HH/Q 2

FHiY ESR/Q 0.015 PiEEKSs 1x10°




5342 i LR AR

2024, 50(12)

PR, AP R PSR . FAEI .

WK 3@)fR, BT & TR A2 SRR
NERAHRZE C 5B Rese MR BRAH A
NI R Hp AR e F R R R R R AT A
o FERSPEEUDIESL T, BT R R R
HIEEARR T HPECR, Wi 3(b)FR, FHEH
R TE SEAEM B AFTEZE R, RSB~ E T
MR IRAR . ZENH 2 2.1 19 RAE A B OL T, 598
T AR 2% C 5 ESR T8 5.

PEISFEF, MR RAESE ~100 kHz.
FRE 2.1 7% C{EF ESR AE TSR B, 7EF B A
o— NN\ N
60 . . . . .
ok N\ NN
60F

80P ' ' ' T SM3
60F

" 1 L 1 n 1
80-—»—/\/—/\—/—/\_/_[,\/—//\§M4
60
SOT—/—’\_/_f\/—/r\*—/\.—NMS
60

L " " n " L 1
O NN\ \sMd
60

TR RV

tls
(a) T8 A5 DI T A R H U T
ik =Kk

B HLIR/A
W
f =]
[
!

M8 Bk

Us 1 . 1 . 1 . L . I
6.10 6.12 6.14 6.16 6.18 6.20
tls
(b) THYE R R Y

2401 RN

100F A2 37 0 BB, 37

-100[ , s 1 " 1 " I " 1 . 1
6.10 6.12 6.14 6.16 6.18 6.20
t/s
(c) 2y M L & BBV U

B3 BAH-GH T MMC B H 4G R
Fig.3 Results of the single-phase seven-level MMC model

BB, EHCRFER 2 6 (=125 x=1,2,3,4;
g=1,23, =+, G) Wl & F M tp—tns=tut—1p=T/4 ,
to8—t718=tus—138=T1, tE—t1:8=Th, ;8T —1;8=T3 Xf T
Puda R KA i B AT R LR, W 3RS G40
C {1 ESR 18, FFilid-R/RSIEBCRMEE . Hrh
T NTHEY: G=0.(T—T/4Tr-T))/T5), Te NTHE
BN K. G & FE B A R T 545 27
PSS FEAT B, 1EH 77=0.001 s,
Tr=T5=5%10"*s,

£ C{EF] ESR R THES R, PR,
AN L IR AR S S 0 T R T R
HAE 1% F g S DU, T FESERR .

N TR SMI Y C {51 ESR B W45 5
e 4 Frox, HrE 4@). 40)70 0 g T
BLER WSTIME DUEE 1 000 AN SRRE S EUAE 1 R4
R, WSUETHE ZHE 5B E 5 H 2
K2PR. Hrh, FREHCEAL C IR NRZE L]
EH/NT 0.03%, FHEHeAE R4 A 6 FL R ESR {7 il i
ZLIHEINT 0.5%.

6.5

ﬁ 5.5
® 5

ESR{E/mQ
(3] S
[ -] s o

|
N
S

1000 1500 2000 2500 3000
RS/ €4
(a) /K 2 I ATCSESRYE W 45 5

0 500

6.002
s 3 T e g b
E 5998}
o
& 5.995
e
5.9921
15.20F
e
g 15.00(
i 14.80
~ L
B 14.60
14.40F, , . . . . !
0 1000 2000 3000
& K H
(b) £ /R 2 3P J5ECSESRYE M 45 R

T

K4 TR SMI ) C {EA ESR 8 i 45 R
Fig4 CM results of C and ESR for SM1



XRA, BLH, INAY], 55 T2 RURFERBIHUL 2 BT H a7 R Fi R A5 A e K P L 007 925 5343

R2 TR, ESR U7 RS NISE R iRz

Table2  CM results of C and ESR and the error based on the
simulation model
C ESR
TR
WEMME/mF  AXHREZE/%  BWIEmMQ HIRZE %
SM1 5.999 6 —0.006 7 15.014 0.0933
SM2 6.001 2 0.020 0 15.023 0.1533
SM3 5.999 9 —0.001 7 14.993 —0.046 7
SM4 5.9993 -0.0117 14.986 —0.093 3
SMS 6.001 3 0.0217 15.032 0.2133
SM6 5.998 7 -0.0217 14.931 —0.460 0
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Table 4  CM results of C and ESR and the error based on the
experiments
C ESR
TR
WEM{E/mF xR 2% WE/mMQ MR RZE Y%

SM1 5.945 0.35 18.08 -5.24
SM2 5.969 1.03 16.09 -9.51
SM3 6.098 1.21 15.51 -8.22
SM4 5.935 -1.35 16.50 8.48
SM5S 5.816 -0.73 17.81 -9.55
SM6 5.719 -1.07 22.03 9.44
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