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Fig.1 Simplified model of flexible DC
distribution system
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Fig.2 Equivalent model of flexible DC
distribution system
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Fig.3 G-CPL equivalent model with a(s)
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Fig.4 Amplitude-frequency characteristics of a(s)
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Fig.5 Reduced-order model of flexible DC

distribution system

AR 2 P UL H 2R 9 1) e R A i vy A
A 0 mT AR B 5 T LR L U, B9 B R 7
RN (10) Fr7s o

d’U,,
(C1 +6C) T4

1\dU,
I'Lkp t— | +uk U, =pkU,

N | d¢# R, dt

(10)
A HARIE R R

al +br+¢=0 (11)

6C

a=Ciey
1 (12)

b=uk +—

c=puk,

PR W2 o 5 PR AR 5 R L 0 52 AR ) R
A, R A=b - dac < OB, FFAE T AT 1 %3
PSR MIF R ARG IS AR BRI 0 IR IE K
m=(13) fiom .

\ dac - b*

a):44472;447 (13)



%58

B WL AT MMC B2 R B R G (R S LA [05)

3 RFIRH VRS

R 25 2 757 43 AT A5 BN IR 7 00 R o 1Y R I8,
205 B AR AT XA 2C (14) Bros T o =g by
K ST E J IS

4uk,C, +24’;Vk'c ,Lkp+;l)
w= S (14)
4(C1 +6C)
N

HRE (14) 22 45 SCHESHON R G U W% 1Y
S IR AP SR P R A4 TR o Mk B R S
YA A Aar 0 AR S 88055 S B S 6 A1 RIER A2
FR .

3.1 FEBEEXRSIMERN 0

PLC Ry AR, AR A i 9 A A A 2 (X
(14)) , 38 3 HAR T3 o), 19 1E 53T iR 9 3R 5 1
B AHZ B O R o PR 3 OC R 1Y G5 7 1
= (15) frRs .

36wk,

C-6uk,C, +

1 2
k —
I'LP+R1)
(15)

N(6C+C,)
N

AHMEFR Q)P ST R LT CH—IRTT
R T C =R . IR R C SR
SR RIS €> 00 DX ] A0 H B S R 2 AL
553 A2 B9 B AT HIWr wp 948 Nt PRt AT A7 3]
AR5 5 5 R 28 R A DG o DA S ]
Ad(a) 38 0] LA 3], AR R 35 40 275 Ak i 2 B A
e 2B A3 TR )N
32 FHERANHIIRS RN

ZLl i, DA N Sk F AR 5 AR R 5 R i A A =X
(R (14)), 0 13 HAm S5 0, 09 1E TR 5 3R
TR FCZ A AR o P T O 2R 10 e ) e
KA (16) R,

W, =

2
1
[6,u,kiC]C— ik, +R) }N+36,Udkic2
1

wh= ; (16)
(c,N+6C)

AHERFERIF(16) 2T N I — RO R =05
BB 5N PR, T LIARE N> 0.
FEICIX ] A, A H08 B S5 P 28 AL 53 A2 B i T A
Wi o, BE A IE , PRI AT LA B ASUR 32 494 5 T
BABORIEARSE o []I BABE 5 P Ad (b) i A A4S
B, 24 TR BB NI, AR 55 49151
JEW/N o
3.3 SMEREE GBI R BRI SR B ST

YR S SR B R B, o -

1
k=
LR,

B B E AT b R s bR ALY
2 A2 FEUIEAR A SR (17) AT A5 24 (A5 4R 127 001 5 B A
W B S, AR H A7) 2R U kD = -0.059 3, AR AT iR 37 4
BAE b AL TS KAE o Yk, <k B ARSI 35 4t
SR b A3 TG A 5 2 k> kB (B 4% 35 49 % b
k, B3ERM o 25 REEN SEBR b kI BUEN K T 0,
AHMEAS RN k>0 B, ARATHR 2 99 32 B ke, P9 348 K1 ik
/No B SRR Ad () iR FT LAAS 3, Bl 35 A1 36 L 5
FREAHG I ARARR 5 A0 52 el )N Py e 32 8 4 K o
3.4 HMIRFRS REIXT R AR &0

(]34, 2 HP IR Z 850 2 20 (18) I (AR ¥
AR5 SN REOOEAE G

(17)

2

(18)

HEAER (18) M IEBA Mk, K B St rh ke A1 5 3%
A2 BRI AT AF 3 k> 0.570 7 1}, SN R
B ARABR 2 0 R AR OC , EL B sg v 18T A4 (d)
AT LIS 2], M ANIRFR I SR ECR W R, IR
WA I B FEE AN Tl S

4 {FEWIE

SR G UEAR SCHT AT AR S S B S PR35 003 2 [R] 56
Z B IEHIME , 7E MATLAB / Simulink 45 7 4 /& 1
JIT 7R ) 2 P LI H 2R 0 H R B S AR i R
FH BT LR AR B2 I AL T P B4 ol A 42 il SR s
4.1 BEMBHERIE

390 BA S U DR 2 T 1 LI 4 S L A L J
G-CPL 45 30 HL 25 LA B MR i 45 330 v SRR BT, 55900
SR B IR S AT X H D B R
6 FIRH s ET AS TR o

820
> | ~
™ 790 \ —
S) \/

760 : : . |

24 2.8 3.2 3.6 4.0
t/s
—— VRSB, ———— UL C = 4000 pF

————— {208 L= 6 mH

Bo TCHLTHERERERERY
Fig.6 Simulative waveforms of DC voltage with

variation of C, and L,

Fh & 6 FIIE AS BT, BRI 26 % HL LR R
J&% | G-CPL 2530 25 A M B R S5 3k b R S, R e IR
TR LT %A kAR B FIRSB BN R G IR



26} L/ AR {7 G-

F41%

AT B S M /0N | DT S6IE T R B ) 1E A2k o
4.2 HEFIEIE

(1) PR L 258 X R 3 A0 R 0 R 1)

L HRSHAAL PR ZE C 43 513000
4000.,5000 wF i 3 HL R AR 7 18 L & 7 TR .

Erh, TR R

820
>
™ 790 [
>

760 ; '

3. 3.6 4.0
t/s

—— C=3000wF, ~——— C=4000 uF, C=5000wF

D T7=0.310s,2 T=0.340s,3) I'=0.369 s

E7 TCTHWEREERERE
Fig.7 Simulative waveforms of DC voltage

with variation of C

H 7 AT, B TR A A O, HL IR
W Z 3K, 5 B R SR A A R — 2, Bk 1
KIS IERTE . 23045 R 5 B A
B, IR 1 s o AT LAAS B 3 2R 22 AR )N, [RIAEIE
TR IERYE .

®1 ECTHIRGMEISLL
Table 1 Comparison of oscillation frequency
with variation of C

P / (vad-s™")

C/wk —pwm wEE | R/
3000 20.2272 19.9659 1.29
4000 18.4456 18.4210 0.13
5000 16.9912 17.1821 1.12

(2) FREHABOHIR G 3R 5
RHRBEAAL i T B E AL
PV R T A 7 LR 75 38 O PR A IR 7 1 O

&l 8 TR o
820
>
~ 790 S
3
760 L 1 ]
3.2 3.6 4.0
t/s
—— N=4,—-N=6, N=8

D T=0310s,27T=0.2855,3 I'=0.260 s

B8 TNTHEREEHRERE
Fig.8 Simulative waveforms of DC voltage

with variation of N

H 11 8 AT LATR 3, B35 TR B B 3 ok, HE
UL IR v R IR =2 i, 55 B o T A AR — 2, B
E T IO RIERPE . 735025 4R 4 5 015 EAEL A
TR, Qs b 2R A3 B, 1l UG 3 P iR 22 1R
AN RIRERIERT T (14) R IERRTE .

(3)ANFR EL 1] 22 BOUHIE T AR R A B2
L HRSHOAAE  HNIR H ) 22 8k, 53531 B 0.05
0.15,0.25 W EL3L B A0 4R 35 155 00 AT 9 B

24 2.8 32 3.6 4.0

t/s
—— k=005, ——- k,=0.15, k,=0.25

D T7=0304s,27=0.3385,3 7=0.3925s

Ho ok FHEREEHERY
Fig.9 Simulative waveforms of DC voltage

with variation of k,

F P9 T, BB 25 AR EL ) 2R B 1k, HAiR
JE I b 2 38, FLAS AR, 5 B A Tl SR — 2,
BSUE T 20 (17) B IERRTE . 20 54 H 4R 3 A %) LA
F B, Qn bl st v 36 A4 iR, il LAAS 21 i & iR 2
AR/ TEREIER T 5K (14) IO IE A 1

(4) FNIRFR 3 22 BOGHIR 5 A5 R B 5 00

S HRNBHORA SN R 50k 5IHL4 10,
16 B EL 3t HL e 41 357 155 L A Pl 10 T o

820
>
\v 790 S
<)

760 Il Il 1 ]

2.4 2.8 3.2 3.6 4.0
t/s
—— k=4, k=10, k=16

D T=0.169s,2 T=0.221s,3 T=0.357 s

B10 TLTHERBERERE
Fig.10 Simulative waveforms of DC voltage

with variation of %,

F & 10 AT, Bl & AN IR RO R AR R 3 R, R
P I BE Z 08/ 50 T 2R (18) B Ik . 20 3 45
ST ELIR R AT B R, AR S 2 AS PIr
N, AT DS B E R AR/ [FIFEIE R T 5 (14) A9 1E
ik

5 Zig

A SO S B K, S ST T T MMC R Rk
ELURACHL R G R BUA A SEI T A A R BB
SETRER B RIIRTE T RSO RGURBHR
AP TR A5 20 N 2538

(1) LR AR 2 00 2 SRR 39 W3R 52
M AR, G HOA] 28 4005 IR IR i D 3 G B AT G, R
3 Z 05 AR 3 W B IE AR 5 5

(2) MMC 155 5 it A (B X AR AT IR 19 A3 52 Wi
K, B ARG A3 AR AR O 5



%58 ik

W AT MMC B P B H 2R S0 AR 35 B 27]

(3) FHRHA O RIIIR G R AR, HAS

BRI A G 5

(4) ELTZR BT E HLIE B G-CPLAER LA

XFACATI R 323 A0 3 5 M 4 /N o

ARG AR SO 7. (4 igp A 75 e ] LA S B L A

FICHZ S RGEIRGIURZ B C R, R X T
AGRASHEENSEN®EREA —ENSH
e

B S LA ) W 25 8 (http : / www.epae.cn) o

SE Wk

(1]

(2]

[3]

(4]

[5]

[6]

(7]

[8]

(9]

PG B, BB, A L R IC H IO B ST IR S R R LT .
H ) Bl b5 ,2016,36(6) :64-73.

SUN Pengfei, HE Chunguang, SHAO Hua,et al. Research sta-
tus and development of DC distribution network[J ].
Power Automation Equipment,2016,36(6):64-73.
NS, A R, A5 N T IR H I 8 X A AT B
Betr B )] Ay A 3k, 2017,37(10) :49-56.

SUN Qianhao, WANG Yu,SONG Qiang,et al. Analysis and com-

parison of dual-active-bridge DC / DC converters in DC distri-

Electric

bution network[J]. Electric Power Automation Equipment,2017,
37(10) : 49-56.

R 2 SRR A S oAt R L R B AR
AT Rt Semm ], B A sk ,2019,39(2):
14-20.

ZHAO Xueshen, PENG Ke,ZHANG Xinhui,et al. Stability and
optimal control of multi-terminal flexible DC distribution sys-
tem under master-slave control mode[J]. Electric Power Auto-
mation Equipment,20]9,39(2) :14-20.
k)R B2 AR S SRR LR G L R G R IR Y R
FIGHEAALI]. &S A 31k, 2020,44(20) :29-36.
YAO Guangzeng, PENG Ke, LI Hairong, et al. Reduced-order
model and mechanism analysis of high-frequency oscillation
for flexible DC distribution system[J]. Automation of Electric
Power Systems,2020,44(20) :29-36.

ALLEBROD S,HAMERSKI R,MARQUARDT R. New transfor-
HVDC-

Conference ,

merless scalable modular multilevel converters for

transmission [ C] //Power Electronics Specialists
2008. Rhodes, Greece: IEEE,2008:174-179.
Eay AR BLE S FORE PRI E 2 S R R LS TAE
gil1]. w1 A9MEBE#,2016,36(7) :169-175.

DONG Yunlong, LING Weijia, TIAN Jie,et al. Control & pro-
tection system for Zhoushan multi-terminal VSC-HVDC[J].
Electric Power Automation Equipment,2016,36(7):169-175.
LS, BRI TR R O D R G REIR T
SaLER1]. pIER LT RAER,2020,40(22) 1 7185-7201.
JIANG  Qirong, WANG Yuzhi. Overview of the analysis and
mitigation methods of electromagnetic oscillations in power
systems with high proportion of power electronic equipment
[J]. Proceedings of the CSEE,2020,40(22):7185-7201.
P, WRAE AR, A M G L R S A M B AR
SKEEML ] BRI RS A 3K, 2019,43(23):90-98,115.
PENG Ke,CHEN Jiajia, XU Bingyin,et al. Key issues of sta-
bility and control in flexible DC distribution system[J]. Auto-
mation of Electric Power Systems,2019,43(23):90-98,115.
RN, 20, Y, 45 AR B AC L RGO IRAL L BT S5 A
THTELT ], IR, 2017,41(10) : 3358-3366.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

LIN Gang,Ll Yong, WANG Ziya,et al. Resonance mechanism
analysis and active suppression method of low-voltage DC dis-
tribution system[J]. Power System Technology,2017,41(10) :
3358-3366.

E—JU, B, 3855 . K 5 2 0 TR R A 155
PRI N HARAR S R e e A [0 ). T A ML AR A0
2020,40(5) : 1485-1498.

WANG Yifan, ZHAO Chengyong, GUO Chunyi. Transfer func-
tion model and low-frequency stability analysis for PMSG-
based wind farm interconnected with flexible-HVDC system
[J]. Proceedings of the CSEE,2020,40(5):1485-1498.

HU J,ZHU J,WAN M. Modeling and analysis of modular
multilevel converter in DC voltage control timescale[J]. IEEE
Transactions on Industrial Electronics,2019,66(8) :6449-6459.
ol , m AL, e, A5 LIRS  mR n BELJE 47 il 4 =%
PEELU L R IR (], W A S ki, 2019,39(3)
45-50.

NI Binye, XIANG Wang, LU Xiaojun,et al. Low-frequency os-
cillation suppression using flexible DC grid based on state
feedback supplementary damping control[J]. Electric Power
Automation Equipment,2019,39(3):45-50.

XU L,FAN L,MIAO Z. DC impedance-model-based resonance
analysis of a VSC-HVDC system [J]. IEEE Transactions on
Power Delivery,2015,30(3):1221-1230.

Lyl T, RO T, A . TR A AR 2 A MMC-
HVDC ARG B ARG I ik L], W) A3 ki #2020, 40
(9):184-190,210.

MA Wenzhong, DING Anmin,ZHOU Guanyu, et al. Supercon-
ducting magnetic energy storage device based DC oscillation
mitigation method in MMC-HVDC system [
Automation Equipment, 2020, 40(9):184-190,210.

WG SR, X R, SRS, A5 L TP 2 (A AR R A X MMC-
HVDC RG/MESHBELT]. s EBHLT R 4R ,2018,38(10) :
2999-3006.

YU Yuexiao, LIU Tianqi, WANG Shunliang, et al. Small signal
modeling of two-terminal MMC-HVDC based on AVM model
[J]. Proceedings of the CSEE,2018,38(10):2999-3006.
PRI, JB IS ON A R R g (M. b AL
Tl At ,2013:73-78.

BRA )R, R, A B L AR S L S
FELT). LT B4R, 2017,37(12) :3372-3382.

LI Yunfeng, TANG Guangfu, WU Yanan,et al. Research on
modeling analysis and damping control of DC power grid[]].
Proceedings of the CSEE,2017,37(12):3372-3382.

RN RN AR . TR I R Z R R
FABASREAT]. hE R LT R4, 2016,36(19) : 5145-
5154,5395.

YUAN Xiaoming, CHENG Shijie, HU Jiabing. Multi-time scale

voltage and power angle dynamics in power electronics domi-

Electric Power

nated large power systems[J]. Proceedings of the CSEE,2016,
36(19):5145-5154,5395.

T3 8. MMC B o R e ) RS A R R e R e AR BT (D ).
DL AR RS, 2018,

WAN Min. Modeling and stablility analysis of modular multi-
level converter in DC voltage control timescale[D]. Wuhan:
Huazhong University of Science & Technology,2018.
ZEEAR, L SR T A TR PR e ) DG SRR AR B Y
Zi[T]. i, 2015,32(10) :1-14.

LI Xialin, WANG Chengshan, GUO Li,et al. Review on key
technologies of DC microgrid stability control [J]. Distribution
& Utilization,2015,32(10) : 1-14.



D ® 0 & % L B ®41 %

[21] GUO L,LI P,LI X,et al. Reduced-order modelling and dyna- % A&(1983—), B, L AGHA, 8
mic stability mechanism analysis of MTDC system in DC vol- H¥ W B EEE TR TEHE
HAfE 2% 5 %464 K 24 (E-mail:
pengke@sdut.edu.cn) ;
A AT (1997 —) , %, L Rl ITA A

tage control timescale[J]. CSEE Journal of Power and Energy
Systems , 2020,6(3) : 591-600.

EEGA | & 42 (1997 —. :

g{»‘ 1%;‘(1995*),%,mé!ﬁ%k,zﬁfﬁ?%i,i—g‘m ﬂ:ﬁ%i,ii—ﬁﬁ%ﬁ@ﬁﬁﬂﬁ'ﬁi%@‘J‘#ﬁ
R h R RE R R GRS A5 4 ) (E-mail: x w  2#A(E-mail:liuyinggil46@163.com).
zhang17862327873@126.com) ; (4mig F#)

Low-frequency oscillation mechanism analysis of flexible DC
distribution system based on MMC
ZHANG Hao,PENG Ke,LIU Yingqi,JIANG Songhan
(College of Electrical and Electronic Engineering,Shandong University of Technology,Zibo 255000, China)
Abstract: Taking the master-slave controlled flexible DC distribution system as the research object,the high-
order mathematical model of flexible DC distribution system under DC voltage time scale is proposed in
time domain. Furthermore,the order of mathematical model is reduced by introducing impedance coefficient.
By analyzing the reduced-order mathematical model,the influences of control parameters and circuit parame-
ters,such as the capacitance of sub-module and the sub-module number,on the system oscillation frequency
are studied, and the low-frequency oscillation mechanism of flexible DC distribution system is revealed.
Finally,a simulation model of flexible DC distribution system based on MMC (Modular Multilevel Converter)
is built by MATLAB / Simulink,and the simulative results verify the correctness of theoretical analysis.
Key words:modular multilevel converter;flexible DC distribution system;DC voltage time scale;reduced-order

model;second-order differential equation;low-frequency oscillation
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Table Al Basic parameters of source side for flexible DC distribution system

HIUE SCT L us 380 V
HE B Uge 800 V
BRE S5 AL LIRS L 4 mH
SAZEL TR C 3000 pF
P RN N 4
HIMZBHEH R 05Q
ELU R LR Liine 0.25 mH
LA ER HeAlIRR 3 2B Ckolki) 0.1/5
CERTTNIEZN LIRS R B (kolki) 2.56/126

F A2 ZHEEREBERFOTNELSLY
Table A2 Basic parameters of load side for flexible DC distribution system

B3| S8 #fd
DC-DC fL Al H B Ry 250
-CPL %% 23
- G (:+ FRHEE Cy 3000 pF
HE B AT LR Uload 400 V
(fefj)ll EEF&‘ Llcad 4 mH
EEREEDN HLAIIAR A R B (Kplki ) 0.1/4
IR ELN HeBIIAR A R B (Kplki ) 0.25/250
8201
EIlGE =
810[ — — = UM Ly IMH
S NS R1Q
I 800
Mi_.ﬂ 7901
m 7801
7701
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Fig.A5 Simulative waveform of DC voltage with variation of L, and R
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Table A3 Comparison of oscillation frequency when changing N
FewmsiR/ (rad - s)

=

N BBl e PRI
20.2272 19.9659 1.29

6 22.0369 21.9602 0.35
24.1112 23.1957 3.79

F AL T K IRHIAERTLL
Table A4 Comparison of oscillation frequency when changing k,
PRI (rad - s1)

k - — REI%
’ RS HHAE
0.05 20.6147 21.0152 1.94
0.15 18.5556 19.0086 2.44

0.25 16.0238 16.0102 0.09
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Table A5 Comparison of oscillation frequency when changing k;
FRHIRS (rad - sT)

ki - — 1R221%
' {5 EAE A

4 17.5784 17.5681 0.04

10 28.4331 29.1314 2.46

16 36.9973 37.2644 0.72
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