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MMC-based fault analysis and current-limiting control strategy for a photovoltaic
DC boost grid-connected system
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(1. School of Electrical and Electronic Engineering, Chongqing University of Technology, Chongqing 400054, China;
2. Chongqing Engineering Research Center of Energy Internet, Chongqing 400054, China)

Abstract: A modular multilevel converter (MMC)-based PV DC boost grid-connection system provides more
possibilities for large-capacity grid-connection. However, the transient process of the DC side fault of a PV boosting
system is complicated, and the fault current rises rapidly and the peak value is too high. To address this problem, first, the
fault process of a DC boost converter and MMC converter station in the case of a bipolar short-circuit fault on the DC side
of the system is analyzed, and the fault current flowing through the short-circuit point under reliable blocking is calculated
through the fault circuit. Then for the fault current of the MMC converter station, based on its control principle, an active
current limiting control strategy based on voltage variation is proposed, one which dynamically changes the reference
voltage of the bridge arm by introducing voltage variation to limit the fault current. Finally, the fault analysis results and
current limiting effect are verified by a PSCAD simulation model, and it is verified that the control strategy can
effectively reduce the opening current of the circuit breaker and the peak overcurrent of the bridge arm.
This work is supported by the Natural Science Foundation of Chongqing (No. cstc2020jcyj-msxmX0349).
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Fig. 1 Photovoltaic DC boost grid-connected system
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Fig. 3 Structure diagram of DC boost converter control
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Fig. 6 DC converter fault equivalent circuit
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Fig. 8 Capacitive discharge equivalent circuit
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Fig. 9 Block diagram of current limiting control

3.2 PRIRIZHIT B3RS
IEHIBIT P B THRREOY N, 2 RER
HOR D BN TR, H A R e AT
EAZHH L e Bl vk, 1SS IR R G LR
HRpECyIlIS
e 2R HE 5 MMC 8 L RAAL AN 6
WSS F s S A P S )
u; =U, cos(wr)
{uvj =U,, cos(wt + )
IR AT LA SR A BRI i I B B RO
i =1 cos(wt+ f3) ©)

(®)

e U’+K,US+2UU, siné
! R?+(WL)

KU, sind
U,+KuU, coso
AR5 LN RM AR B R . A
P BN e B, AT LAAS I FRITE ] e ) B AR S FL A
RIEAN

(10)
o WL
)~ tan (=)

S

[ =tan'(

| =i [0~ (O)e - (11)
BV LR RS F el R e I ER
IR I RARAE BEIRG i FHTME, A

WA TR AR T AR . AR rIR 5 2SR
HLAT B LR KIS 2R, T DA B S5 47 B H

i (AL B ) Jy

.+

@=%+% (12)
g AT R T FRoR N
b= 4 (0) i (O)e & (13)

A, R R AR A

MRA3)ATLLE H, TERRGEEHI, A9 i
23 MMC HIAC T B, 11 MMC MFE B A2
BE| b= SN RSB RS e S ) AL P 2l A O
LR, 71 FEL R 1) A ot R ) 52 T ] DL BB AN T o
PR GG N, HRE R X6 6 AR L I R BRI
T 20% MR, BB BRAES RN B RBUE K, N
0.2, EXTZRMH OERWE R RS, 75 ERU R
TR 5223 R R DURR 1) K, HUE
3.3 RAEH TR FIFE & RIE

BRI T R AR S E R & 10
Fim. BRBREINGE, BHaEEA MMC HE A
DC/DC g A8, M —MAE Sms PLN.
DC/DC A8 #uds A Hm S, B HEBASHA
TR, AH LR YR 2 e, R H
M ATy, FRenl 5, JeRAF TR EIRH
BAT. ZJEMEITRENE, PRES T AR E K
AP, LR RBEEEA RISt
K BHVEFERT IR/, BEAN I I AR Sl s TR) AT AR
UETE HL2S FE R RV 1 R B 0 22 Wi o

AR P e 5 H R A

Ja BRI
‘
&

& 10 PRI HITRIPEERIZE
Fig. 10 Flow chart of protection action under current limit control
4 {FEIIE
RBRHIE AR SO LA T R H ) R G 43 AT 7




- 150 - B R GARY 524

TR LA PR IAE 42 ) SR, 75 PSCAD #4542 1 anf&l 1
R BRI THEH N R4, H s 30 Netk
REHIG, BMERRERICAEARREN 1 MW,
W LI ERTE R IEE MMC 3/ B AR 88 % H
MPPT ##iill, MMC #3285 K F XA BA i p 4 )
1 NERBHA IS E, £ 2 8 MMC #rii
S PAH RS
x1ERTHREGESH

Table 1 DC converter simulation parameters

2 g
Boost HL/&/mH 2
i HH 918 U B/ pF 50
FH A7 L2 /UF 20
BFBIC LA &/ 4
AR 1:10
KA /kHz 10

= 2 MMC RS

Table 2 MMC converter station parameters

ZH igic]
HE 2 #/MVA 30
HANEE SM Hs/ 4 30

B SM FL A /uF 3000
W A/ mH 50
TG P /mQ 5

BB B E/KV +30
AU HL I L /Y 35
HE S Hz 50

2k % F BT/ (mH/km) 0.56

£ 4% FL BEL/(Q/km) 0.03

4.1 MPEEESEFERE

X} B A Heas 5 MMC 25 #2897 55 1
4387, PL 20 km [ EIE 2N, WE RGiRE
BATIRN 2s B RA & B XN % s, HRA
AL T MMC H 4k

TEAR IR PTER B OL N, BB B 2k
T2 FUECA 11.2 mH), g5a R8s,
P 20(2) 15 21 B I AR 6 2 00 ks P 7 1) B VS Uy
201 kA, B4 RME 11 Fix, HATEEEN
1.95kA. [FHE, mH0(5) T LIS 2] MMC B
HLIRIEAE N 6.51 kKA, &l 12 30 st B M0 4
HLI, 1 AT B IR 6.69 kA« W3 Ik
B LIRS A 4 IR S BLAh AR — 2, Bty
T ¥ AT DAAE A BT 4 B 38 42 i SR RO ER VS A 3R
4.2 BRRITHIRIGIHE

TERETY (I AZ I 5 B 53 ) 5 2 T ek 2, L
W ELINR VR A R BRI A, e o T S FE R
215 ms. RGFEBITIE, fEt=2shEESEN

1.95

i/kA

e

1 1 1 1
1.998 2.000 2.002 2.004 2.006
t/s

11 BRI LSRR R

Fig. 11 DC converter output fault current

1
2.008 2.010

ilkA

| ———

1 1 1 1 1
1.998  2.000 2.002 2.004 2.006 2.008 2.010

t/s

& 12 MMC #57uh B 46 B s ra e 5
Fig. 12 Output fault current of MMC converter station DC side

KU T B W, AR TR 4RR 48 0.1 s 2.005 s B LI
A5 MMC b A8, 2.01 s B BEFAH N KT
Bas, 2.25s GEBIABIESY, 2.275 s JEAHIER
A 2% 5 MMC #eifiik .

Kl 13 A TCRR IS O T ) B g, A
ATLUE Y, ARBR AT s f b s iR R
meEtlE, P ETHERREN T4 31.4%.

6
sb—— T
—=— AR
4_
< 3
=
2 L0
l_
0_
-1

1 | 1
1.998 2.000 2.002 2.004
t/s

13 BRMRREHRERMER

Fig. 13 DC side current of with infinite current control

B 14 NA . CERTES]T EwTEg 8 T
FEMHEXTECE . FECRER —E B R ER T, WA H R
W i 2 PR AL T FEIR 5,64 KA FE2H 3.99 kA,
AR T 29.3%, H A FERE ST IS bk H 2% 1 REFEIG



Pigrid, 55

HF MMC REAR BT I W 28 G5 b 23 #r S PR At ) 5 s

- 151 -

T 43.1%. XTS5, BRI SRES AT LSBT Y
PREZCR, HEZRED T BRI ks 2.

6

5.64
— WA
— AR

3.99

i/kA

1 1 1
1.996 2.000 2.004 2.008
t/s

(a) VLR WT It 35 HLR

LOr — g
— AR
08}
3
= L
i 0.6
£ 04f
™
02F
0‘
1 1
2.000 2.005 2.010 2.015
t/s
(b) Wik #s FERE S I Th R

14 PRIEIEHI THIER 2R TIERR K
Fig. 14 Operating requirements of circuit breakers under

current limiting control

A~ JOBR L I b i A2 I N R AR AL
Bl 15 B mobs i AR Ja S ARBk D2 (1) PR 5 350
X FLIE S I S8/ N T I S5 1 38 K PR AR A A
AR PR A A S FEL R B KA IA 3 2.14 pous
(LTSS il = = = s s i 1 = B 2 - Vb
H I KA 28 5 2.89 pu.. IXEW, TEFRIE
HEsh T, MM kA RN T .

FRHE Q) AT, B F AR AR S8 AL L
HHEmARLR e, P ERMPEEZE LT
TG . DU A R R A L E E B
TR B 16 A fo e s K ML, H B AT,
Ma SRS, M AR 2.31 kA R
1.95 kA, HIABIN AT, XR0RENEE
AT T H0H]

e R A G, BEEMRMARE RN, TAE
MV FEBEIE R, TR i) 25 S F R P 2 AN
WS, BRI I 223 2 3G K 5 3 AR A
FEm . B 17 il s B E R R L
FHE AT, BRSNS e TR i 2 7 48
M 2 TR, MORIE R e TR e s Tk 5 22 1E

HIZATIRE, e T RGBT .

1.99 2.00 2.01 2.02
tls

(a) TEPR U

2.89

ip.u.
S

— AR
2F —BH
— CHl

1
1.99 2.00 2.01 2.02
tls

(b) AR
15 HREREYTR MR
Fig. 15 AC side current after fault

— B
— HhR

R HKA

C I I L L 1 L
1.998 2.000 2.002 2.004 2.006 2.008 2.010 2.012
t/s

16 HIEEHBERABR

Fig. 16 Maximum current of bridge arm after fault

1.0 —— EMif
— i
0.8
g5
<
3 06f
04F
0.2

1 1 1 1 1
1.98 2.00 2.02 2.04 2.06
t/s

17 #i&fE L ERRE R TR E

Fig. 17 Average voltage of upper bridge arm capacitor



-152-

W) &Gk B

K18 uilis e TR AA ThIh A2 . (3]
bR A I ERAINT B, AR AR AL T IR MUIRES, Xt
HsD) K S EI T BARERRE RN, Bid
AR AR OB 2 T B AR PN RE L A -

{ELIE] 18 FR 0 LA RAR W, BRILZ X R G R 15
WS, HRRTHERE A, DR BET RS A (A
FEA—H

(4]
— TR
- — HRA
3
&
= S
= R
flud NG
) . 2.00 201 2.02 (5]
1.5 2.0 25 3.0 35 4.0

t/s

& 18 #FEfE MMC MABIhIHETL
Fig. 18 Active power variation of MMC after fault

5 R4

1) BEXGAR B TT IS 00 24 i 2 e i il e (6]
Wt HA i R B, 2B R R G ) SE P B L R
HAERE, sl 7 BRI R 5, arEt—

AN IRARETE SR AU

2) 4 HH 3k 3K H 2 R T AR A R R JAT 47 Al SRS
I BN TR HECER (177 30T LA RBR H1) MMC #t
Tt FRY L5 5 P o i L s Sk A PR RS
BRI SR AZ A 1 5

3) UiALRRY, MR R,
R T AR — e HE T, AR, e
T BIR A4 1) 7V T DA 20K PR AL TS 4% £10) T i 5
R N TR P EL g TR R
SRR
(1] ¥R, £, ™IE, % RERRE R THIRAARS

T M b X 5 V48R (7). W R G E Bh4k, 2021, (8]

45(16): 2-13.

XU Xiaoyuan, WANG Han, YAN Zheng, et al. Overview

of power system uncertainty and its solutions under

energy transition[J]. Automation of Electric Power Systems,

2021, 45(16): 2-13.

[2] JHIA, BRBE, £75, % KOGHANK G AR R

G TSR] R EH A, 2022, 55(1): 75-83. (9]

JING Tao, CHEN Geng, WANG Zihao, et al. Research

overview on the integrated system of wind-solar hybrid

power generation coupled with hydrogen-based energy

storage[J]. Electric Power, 2022, 55(1): 75-83.

HEE, HOGE, BmTh, S5 KB BGROGEAR T
RIRE R BEALRD. REEAR, 2022, 4303):
392-404.

XIAO Yao, NIU Wenze, WEI Gaosheng, et al. Review on
research status and developing tendency of solar
photovoltaic/thermal technology[J]. Power Generation
Technology, 2022, 43(3): 392-404.

KREA, IR, M™IE, S5 T i Pk i & T i
A BE VR T HL IS AT R B [I]. B RG R H ],
2022, 50(2): 176-187.

ZHU Yanming, XU Xiaoyuan, YAN Zheng, et al. Prospect
of renewable energy integrated distribution network
operation in the power internet of things[J]. Power System
Protection and Control, 2022, 50(2): 176-187.

FROBTE, RXEE, BRBK, S OBrBeIR 2 BN EIRE
HHEGZ R M ] mAEERAR, 2017, 43(4):
1121-1128.

ZHANG Xinyan, ZHAO Liwei, ZHAO Lifei, et al.
Contrasting analysis on multi-infeed VSC and AC grid-
connection of new energy[J]. High Voltage Engineering,
2017, 43(4): 1121-1128.

i, MEE, X, & OREG =0 E B RS
WA R Ve R A B SRS (0], v R R AR, 2021,
57(6): 179-188.

HAN Wei, YANG Ruizhang, LIU Chao, et al. DC fault
characteristics and fault current suppression strategy of
three-terminal hybrid HVDC system based on LCC and
hybrid MMCJJ]. High Voltage Apparatus, 2021, 57(6):
179-188.

JERK, 3%, WM, 45 BRI T 3T AR b A
B MMC #elfiuh Ea R RIS [T]. B RG R 512
], 2023, 51(9): 56-64.

TANG Xin, HUANG Sheng, PAN Yibin, et al. C Active
current limiting strategy of an MMC converter station
based on AC side energy feedback under a DC fault[J].
Power System Protection and Control, 2023, 51(9): 56-64.
WER, Wic, K, S5 5T B s R AR
MMC-MTDC Hi &t R4 77 R[] ARG S
1, 2022, 50(14): 151-160.

YANG Zhiyong, YANG Bingyuan, REN Yongfeng, et al.
Transmission line protection scheme of MMC-MTDC
based on single terminal high frequency current[J]. Power
System Protection and Control, 2022, 50(14): 151-160.
EE, e, R, 55 AT B0 W LR
M DC-DC e it[J]. HJHAER S TIME,
2022, 43(5): 148-155.

TANG Zhiyang, HU Jian, JIAO Ticao, et al. Design of

bidirectional DC-DC converter for DC microgrid



Pigrid, 55

F+ MMC DGR BT I R S

e ) b7 S PR AL ) S - 153 -

[10]

[11]

[12]

interconnection[J]. Power Capacitor & Reactive Power
Compensation, 2022, 43(5): 148-155.

4 H, EBIZ, FWH. ERERBIE ISR & B R A
i DC/DC B 33[J]. HEH ], 2021, 54(10): 46-54.
QUAN Yue, WANG Zhiyuan, LI Binbin, et al. A High-
voltage large-capacity DC/DC converter integrated with
the function of DC circuit breaker[J]. Electric Power,
2021, 54(10): 46-54.

s, 2B, SN, & TR E-FE gk 2
AR AR R JTVAD]. M S TSR REYE, 2022, 38(7):
9-15, 24.

NI Hanwen, LI Geng, BAO Gang, et al. A modulation
method of modular multilevel converter based on energy
balance[J]. Power System and Clean Energy, 2022, 38(7):
9-15, 24.

BREL, B, AT, & RGO K BRI
e s ] X S UE N (0], B0 R G E Bk, 2022,
46(14): 150-157.

HUANG Xinke, WANG Huan, ZHOU Yu,
Development and empirical application of megawatt-level
DC

et al.

medium-voltage photovoltaic  grid-connected

converter[J]. Automation of Electric Power Systems, 2022,

46(14): 150-157.

[13] ALOTAIBI S, DARWISH A. Modular multilevel converters

[14]

[15]

[16]

[17]

for large-scale grid-connected photovoltaic systems: a
review[J]. Energies, 2021, 14(19): 6213.

T, BEK, AR, & BT MMC FREHL6R
LR G R — iR TTER L [J/OL). Mk as: 1-13
[2023-07-11].http://kns.cnki.net/kcms/detail/61.1127. TM.
20221206.1825.001.html.

WANG Feng, XIA Binbing, GOU Yating, et al. MMC-
based electric-thermal regulation method for large-scale
PV collection system[J/OL]. Hige Voltage Apparatus:
1-13[2023-07-11]. http://kns.cnki.net/kems/detail/61.1127.
TM. 20221206.1825.001.html.

g, mTE, FH, & OURIFN R G B
PEAENVEL S O A TR S R IS D). B RS RS
L, 2020, 48(12): 13-22.

ZHENG Tao, HUANG Yuyuan, ZONG Wei, et al. Second
harmonic generation mechanism of a photovoltaic grid-
connected system fault and its influence on transformer
protection[J]. Power System Protection and Control,
2020, 48(12): 13-22.

LIU Y, HE B, BIAN C, et al. Research on dual-mode
fault suppression strategy of AC isolation and current
limiting based on hybrid MMC[J]. International Journal
of Emerging Electric Power Systems, 2022.

TR, PREERS, BOCR. FET IGBT i Y a5

[18]

[19]

[20]

[21]

[22]

[23] #

[24]

WAR ST TSR AT R[]
81-88, 116.

ZHANG Chengming, CHEN Dezhi, ZHAO Wenliang.
New loss calculation method of rectifier and inverter
based on IGBT selection[J]. Smart Power, 2022, 50(4):
81-88, 116.

PN, Flidhdh, XRIE, S5, B R R LA
SRS R[], I RGEE ML, 2021, 45(2):
173-183.

HE Zhiyuan, LU Jingjing, LIU Tiangi,

technologies and prospect of fault current suppression in

BEH T, 2022, 50(4):

et al. Key
flexible DC power networks[J]. Automation of Electric
Power Systems, 2021, 45(2): 173-183.

Vs, MRS, &, & FETHME MMC fZRER
It HE R BR A A LR IR [T]. W R G AR S 45,
2021, 49(21): 175-186.

CHEN Lei, HE Huiwen, WANG Lei, et al. Review of the
fault current limiting approaches for a flexible DC grid
based on a half-bridge MMCJ[J]. Power System Protection
and Control, 2021, 49(21): 175-186.

YN, g, R, 6. RHRHBERASZREGH
MMC A FEHEEAG[I]. IS5 1XER, 2023, 60(9): 88-95.

Al Xiaoqing, YUAN Xufeng, XIONG Wei, et al. Reliability
evaluation of hybrid MMC for flexible DC distribution
system[J].
2023, 60(9): 88-95.

B, PO, AR, S TR A R SRR
oW T AT (3] b E R OML D RE 2= 4R, 2020, 40(11):
3527-3537.

NI Binye, XIANG Wang, ZHOU Meng, et al. Research
on the emergency current-limiting control in VSC-HVDC
grid[J]. Proceedings of the CSEE, 2020, 40(11): 3527-3537.
GAO Y, HAN Y, ZHANG J, et al. Study on fault current
characteristics and current limiting method of plug-in
devices in VSC-DC distribution system[J].
2019, 12(16): 3159.

BUEH, 2R, e, & skILRIEE R B MR
B TR S 5 R E LA )], B RS E Bk,
2018, 42(24): 196-202.

GUO Xianshan, LI Tan, LI Gaowang, et al. Fault
ride-through strategy and protection setting optimization
of converter valve in Zhangbei VSC-HVDC grid[J].
Automation of Electric Power Systems, 2018, 42(24):
196-202.

B, BN, XEHE, 55 R RERICE RS
WU BRI 2347 SO B 4R [J]. A R HOR,
2021, 47(1): 205-213.

YANG lJinggang, XIAO Xiaolong, LIU Ruihuang, et al.

Electrical Measurement & Instrumentation,

Energies,



- 154 - B R GARY 524
Characteristic analysis and chain overvoltage suppression converter based on Boost isolated full-bridge topology[J].
for bipolar short circuit in photovoltaic MVDC collection Acta Energiae Solaris Sinica, 2016, 37(3): 752-758.
and integration system[J]. High Voltage Engineering, [30] skidsc, Bk, FhgHE, 2. SeRibiCER G Al
2021, 47(1): 205-213. b 1) R A O RBCRAN T HE[T). B RGE &K
[(25] HHZE, BALM, T3, % SRERICERF LI H &b 22K, 2022, 34(2): 116-121.
T o0 B 25 A i 1 ) R e S FEL R AR 0], = R ER, ZHANG Bowen, YAN Long, LU Linghui, et al. Single-
2022, 48(4): 1375-1384. pole grounding fault identification method for photovoltaic
TIAN Yanjun, GUAN Shiqing, WANG Yi, et al. Voltage power station collection system based on Pearson
stabilization control and short circuit current suppression correlation coefficient[J]. Proceedings of the CSU-EPSA,
of switching capacitor in photovoltaic DC collection 2022, 34(2): 116-121.
system[J]. High Voltage Engineering, 2022, 48(4): [31] ska&TF, #EH0y, S, & EH TR ERAEE
1375-1384. a )RR W L O 97 N (7). K BH RE“E 4R, 2022,
(26] Z=EEK, B F, ¥ &, 5 ETHEBEEHN 43(11): 68-77.
MMC B 52 56 =3 RV 7 ik (0], M EIAR, 2021, ZHANG Xinyu, FAN Yanfang, MA Jian, et al. Fault
45(1): 144-152. diagnosis and protection strategies for photovoltaic DC-DC
LI Guoqing, YANG Yong, XIN Yechun, et al. Active converters[J]. Acta Energiae Solaris Sinica, 2022, 43(11):
current-limiting method of MMC to handle DC short- 68-717.
circuit based on bridge arm voltage control[J]. Power [32] X4, 20K, WA, & FHERRANL R RY
System Technology, 2021, 45(1): 144-152. KEH ARG R HEMEAR, 2021, 45(9): 3463-3480.
(27] 5K, VR, 3o, &, BT REAEPN MMC 2. LIU Haijin, LI Bin, WEN Weijie, et al. Review and
T R g AR ) 7 VR[], R E L AR R, prospect on transmission line protection in flexible DC
2016, 36(8): 2103-2113. system[J]. Power System Technology, 2021, 45(9):
ZHANG Fan, XU Jianzhong, YUAN Bin, et al. Over 3463-3480.
current suppression control for AC and DC faults of
modular multilevel converters based on virtual impedance[J]. Wi A 2023-05-22; {&E1HEA: 2023-08-25
Proceedings of the CSEE, 2016, 36(8): 2103-2113. & ﬁf'\m ) i .
[28] ZHAO P, GUO F, WEN A, et al. A method of suppressing PRAf B (1968—), 3. %’U}‘i,‘ AL FIE, igjﬁ%ﬁ
overcurrent in DC microgrid based on virtual @A B ARERSIN. HRRALCRATHEH. F5RE
impedance[C] // The 16th IET International Conference 5155 % 2; E-mail: chenxingang@cqut.cdu.cn
on AC and DC Power Transmission (ACDC 2020), A (1998—), <, MEMAL, ERMATOAL
July 2-3, 2020: 2038-2044. FEL W 894k 47 542 4], E-mail: 460791112@qq.com
[29] #9ESR, W fh, E3F, %, 3T Boost WEITHEIMK B (1988—), 5, BEAEA, HE, ERAATE

FeAR B H AR A T 5 SCI ], OKBA R F 4R,
2016, 37(3): 752-758.
JU Changbin, FENG Wei, WANG Huan, et al. Design

and implementation of photovoltaic DC grid-connected

Ao ARG ALK KNS ML B . E-mail: mazhipeng@
cqut.edu.cn

(% £Hm)



