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control structure
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Fig.6  Comparison of simulation results of

example 1

[1S] 7 IRTE 1 s A4 U GR BRI ele ot T i 37
WEHITE 0.9 s ZEAHE B, B M B A
VRV (R 40, FE VR A L — e

1.4 s I, MMC4 ) 2454 H -150 MW BR7AE
=250 MW, R Geli A4 D1/ T4 A T, B
B NI, B RSB 100 MW () A S i I 5K
[FIAERY T MMC1 AT MMC2 A& AR oh % A3 fa
A FESCHRL 15 ] B4 )5 N T MMC1 B3
BN, RS K MMCL #eifivh P, =247 MW, {UH 3
MW IR D E R G 4 T BT 5
SRR M5 Ry 2 Ty g il A = a2 1 2k 2 X6) 1 9 3
TASARM R A RE Sy, WS R R, R AR
PRI SR P, —P,< P, ,—P, Al {58k T 3
R ERE k> k', DI KA MMC2 7k 1
W2 BT D)2 D3RR FE /N MMCL R R 8570
FIARS- i o B g P, =240 MW, #4510 MW ()
DM BE  TOih U [FIAE A GE T S P 4H 4
A BN L e A S A T SCHER[ 1S5 ] TR O ik
TRZET/IN, BB AS VR R ) s, s 21l A s
1B, ZR 50 ) 2 i o ol B pR



28 BT HLRE BT AR

540 £ 56 6 1

5.2 Efl2. Rk LSRR

TER IR 2 0F R, B i vl MMC1 ~ MMC4 194 3
IAAEAE 4> 9K 180 MW . —100 MW . - 140 MW |
60 MW, 0.8 s iif,MMC4 FJA TIUIRIEA H 60 MW
RN -60 MW; 1.4 s BF R 56 60 MW, SC ik
CISTRTHE J5 i Al it 21 $H 3 ) 07 B 45 SR X L
mE 7 fis

300

_Ps

0.6 038 i 1}2 14 16 1.8
/s
()8t T 2T JH s B D SR

2005 0.8 I 1}2 14 6 1.8
t/s
(b)SCHR[ 15T 3277 12 14 Th 2

T T AR )

. \ —
SCRR[1S] il
0.6 0.8 1 1.2 1.4 1.6 1.8

t/s
()P J v T 1 LI N Pl R B X G
&7 R 2 T RSN

Fig.7 Comparison of simulation results of example 2

0.8 s I, BGE I 120 MW 1S3 , MMC1
FTMMC2 e [m] A HH b B, B R R, AR
7(a) 7 (b) AT, T RGN YRR K,
FESCHR[ 15 ] 44 1 T 250300 000 e 6 ) it 22 10K 2
A H T R A, BB IR MMCT AT MMC2
20 FE Ty 23R B4 2 1 10 R 7 A7 A L 00 R PR 7
I FAASHE P, =226.4 MW, 1R B AT 23. 6 MW (35
ML, RAIEATY A — 2 1) T A T I 3 2 () i el ok
FEEFHEEZE R T MMCL A1 MMC2 R 48 S22 R 44
BE R/ INEOAE T 2 250, MMCL By 3560 B /NI R 26 &
B K 0 1 T R BB, R E R P o=
208. 6MW ,JR BB 41. 4 MW 4 #a B, AH HE SCHk [ 15]
Ry 2 B FeM . D3RR 7 (e ) WA, SOk
(15 ] Tl FAfidE T — 2 A9 ELI R R Y, B
M FE R 2 194. 8 KV, LR 2284 2. 6% , et

TS B R R 196. 2 kV, H 22 %
AR 1. 9% AR EE SCHR [ 15 ] 73 B R A 22 SR T
0.7%, H7E 0.9 s B B FE B 35 2 B 5 i, imi 3¢k
[IS]EAE 1 s BE AR B RUEH, 1.4 s Bf MMC4
RFEA RN 60 MW, ZGEH B 120 MW YT
S, AR B A, FRASET MMCT Rl MMC2 #
WA BRI T e B, T I 00 P Al 0 8 1) 22 i
AIRREIRAS . ] LA 5 v B RE LT X 4
T A A= T LR S i T 4 TR R KU , A A
2T RO T T R s R 2 T R ) R AR B O T
A&, HEN R A 25 TR, B AR AR A R, R
SRl pr |V IVBY 4 5-3 A
5.3 Hf3. iR HIET

ERR AT, B vl MMC1 ~ MMC4 A58 2
ARG AE 4 ) 150 MW, - 100 MW , 120 MW |
-170 MW 0. 8s i, MMC3 A # BB iz 17, H
T MMC3 iR 1T S E R G4 T 120 MW (1)
IR, 2 5o A A D/NFi A ), B e R
TR, D5 EES R A 8 s

300
200 ek
; 100f P
a0
Np
~100 n >
2005 038 }}0 12 14
S
()it T 2 P HH 3 ) 1) T 2R
300
P
200} Pl
% 100»—@
< of
-100 P, \PZ
2005 0.8 }}o 12 1.4
S
(b)SCHR[1S) AR 5 L M Th R Y
208t
Bt T T
/
S
SR SIFF

06 0.8 1.0 12 14
tls

()P 1 7 125 F BN B T
B8 B 3 T HATRT
Fig.8 Comparison of simulation results of example 3
HE 8 A, MMC3 3B s T S BARGE T
BRI B, 76 SCHR L 15 ] T E 45 T, L i 0
JF A 2 (D o P i R L [ )4 0l 2 I 2



SO B, e H R . % R BaHE BE Y MMC-MTDC B 3 T34 4w [ 1. W T L AEBTEE AR | 2021,40(6) 1 22-31. 29

Iy 25 B4 T O AFL O 04— 2 14 L 00 L P 98 4
FH,MMCL 3 BB A BRI D R A 48 B, B H
F9194. 8 kV IR ZEFHH 2. 6% , 75 1 s AR FIFEE
R FESE AR H R, B MMCL () 2 R 448 B
MMC2 /v, FiF LA MMC1 i) T 3 & 20K T MMC2,
MMC1 7315 8 /N B AN D 3, Sy 31 MW, {45
MMC1 T3 BRI Ty 3R A4 J5E , RT B 4 il o 6 B2 2% 1)
SERR T 00 s MMC2 43 453 388 K 1 A - £ T 2% 89
MW, B EL FETE 0.93 s BF Ik EFa e, A 196. 3
kV 225K 1. 85% , 1ff HLXT LB R 4 5t —
ik i FHBEIR 21T, RE 4T — % i ] 1 1
THIRERFRRRE 11T, Y IE A 3K B A T R
JE H BN H S BB {ERR LT SCHR [ 15 ] BT 4R
T, BRI P 4 ) 4 A R A e TR AR R,
DiTNEENA T, 25 L2 Y

6 it

(1) AR CEEA WS IR R g 32 1T —Fb
MMC-MTDC Bt T 342 il SR, T 2 2 i ol AR 3l
B D130 B S R B T 2R R, SR A5 4 ol AR
22 SR I R 1 PR O A B 7 2R 0 B0 o v
BREA ST EE(EL

(2) D5 ELAE R W], AR SCHR Y A it - 3
P SRS RERS & IO IC 2R 2 P A R bt B
Bl iR B, PR IFEO FERR R DR TR E L 1R
RER L R AR AR R I A RE D, HL B R I3
E N

(3) AHAS T G2 9 v UL PN B B L U 4 Al 1
BN AR A R A R BT TR S A T R
P Be X P, RS BRI RS
S TERE LR R P R L, 2 R G SR
M /|, 45 0 3 AL 000 L s 27 28590 B o TR 5,
HHLIE A B E B TIRES

S EZHK (References) :

[1] Hsnle, x4, E# K, % (Xiao Liye, Liu Yi, Xia
Xiaotian, et al.). i L@ T P4 RE VR B2 A 4544 10 5
F B T ) 2R 25 # 4R 2% (Investigation on architecture of
backbone transmission system for renewable-energy-domi-

[J]. BT HEGEFH AR (Advanced
Technology of Electrical Engineering and Energy) , 2020,
39 (1): 1-4.

(2] Kl f dl, B2 00, B3, %% (Lu Jingjing, He
Zhiyuan, Zhao Chengyong, et al.). Tt fii 5 B R R 5

nant power grid )

HWHAREREH® (Key technologies and prospects for DC
power grid planning) [J]. H71 &% A 31k (Automa-
tion of Electric Power Systems), 2019, 43 (2). 182-
191.

[3]Wang YZ, Wen W J, Wang C S, et al. Adaptive volt-
age droop method of multiterminal VSC-HVDC systems for
DC voltage deviation and power sharing [ J]. IEEE Trans-
actions on Power Delivery, 2019, 34 (1). 169-176.

[ 4] 5R00H, AlBFs, T (Guo Jingmei, Yu Chaoyun,
Huang Hui). % J& VSC-MTDC 325 %4 5 e 24 o i 14k
Hp 98 45 il %K W& ( Optimal coordinated control strategy
considering VSC-MTDC dynamic stability constraints )
[J]. B JEH AR (High Voltage Engineering) , 2018,
44 (7). 2181-2188.

[ 5] S, FH, FERYE, & ( Dong Huanfeng, Tang
Geng, Hou Junxian, etal.). ¥ FXE A LM H
DL PR R 0 A A SR R TS AT I LU AR 0 T R W
(Optimized power redistribution of VSC-MTDC transmis-
sions with offshore wind farms integrated after onshore con-
verter outage) [J]. HLMFA (Power System Technolo-
gy), 2017, 41 (5): 1398-1406.

[6]Cao YJ, Wang WY, LiY, etal. A virtual synchronous
generator control strategy for VSC-MTDC systems [ J].
IEEE Transactions on Energy Conversion, 2018, 33
(2): 750-761.

[ 7] 4%, #iRb:, TEM, % (Xu Dong, Han Minxiao,
Yu Sichao, et al.). ZCHLE BT MMC 2256 B W
REMA 43 AT B ] S 0% (Impact of AC background har-
monics on MMC multi-terminal HVDC system and mitiga-
tion strategy) [J]. HL THAEHTFLAR (Advanced Tech-
nology of Electrical Engineering and Energy), 2017, 36
(6): 9-15.

[ 8] Bk, Zopte, Z=TK, % (Luo Yongjie, Li Yao-
hua, Li Zixin, et al.). ZuiHZ0 M B A RS K
BRI RIS (DC short-circuit fault protection strategy of

[J]. B CH AR HOR

(Advanced Technology of Electrical Engineering and En-

ergy), 2015, 34 (12). 1-6, 13.

rB E, x| Hi#E, ®{# (Xu Dianguo, Liu Yuchao,

Wu Jian) . 253 B0 5 L R LRI WF S 4508 (Review

on control strategies of multi-terminal direct current trans-

[J]. B THE AR (Transactions of
China Electrotechnical Society), 2015, 30 (17). 1-12.

[10] F #y 21, & K&, ¥y, % ( Wang Yuhong, Li
Tianze, Zeng Qi, et al.). SEPRiz T8I EIER VSC-
MTDC #ift T FE45 1] 5 #  (Novel droop control strategy
with dynamically corrected operating point for VSC-MTDC
system) [J]. B HLEF AR (High Voltage Engineer-

multiterminal-HVDC systems )

—
o
[

mission system)



30 T BB B B R

540 £ 56 6 1

ing), 2018, 44 (7). 2133-2142.

[11] Xiao L, Xu Z, An T, et al. Improved analytical model
for the study of steady state performance of droop-con-
trolled VSC-MTDC systems [ J]. IEEE Transactions on
Power Systems, 2017, 32 (3). 2083-2093.

[12] R5LME, 228, F%ME, 5 (Zhu Honggi, Li Yong,
Wang Ziya, et al.). 75 JE B Ui L JC 22 815 (1 MMC-
MTDC ¥ I8 T 2 45 il %5 B ( Coordinated droop control
strategy considering indifference regulation of DC voltage
for MMC-MTDC system) [J]. B3 H3hfbisess (Elec-
tric Power Automation Equipment), 2018, 38 (7).
196-199, 213.

[13] Fofiid, FHR7, P EM, % (He Jinghan, Wang
Zhenji, Luo Guomin, et al.). i&HF VSC-MTDC &4t
P4 E R B R 20 A XA KM% ( Hierarchical distrib-
uted control of voltage and active power for VSC-MTDC)
[J]. BMHEAR (Power System Technology), 2018, 42
(12): 3951-3959.

[14] XEEE, i, FB—1M, %5 (Liu Haiyuan, Yang Bo,
Guo Yinan, et al.). i T RHAH BRI I P 1) MMC-
MTDC XK F [ @R T 486 5w (MMC-MTDC dual
factor adaptive droop control strategy for large-scale renew-
able energy integration) [J]. HEMBIL TR (Pro-
ceedings of the CSEE) , 2019, 39 (3). 793-802, 958.

[15] Fiwer, BR5, W%, 5% (Wang Yuhong, Chen Yong,
Zeng Qi, et al.). iEHF VSC-MTDC Kl T 2 4 il
(Tmproved droop control strategy for VSC-MTDC) [ J].
LR R (High Voltage Engineering), 2018, 44
(10) ; 3190-3196.

[16] Fliess M, Levine J, Martin P, et al. Flatness and defect
of nonlinear systems: Introductory theory and examples
[J]. International Journal of Control, 1995, 61 (6):
1327-1361.

[17] Markus E D. Differential flatness based synchronization
control of multiple heterogeneous robots [ A ]. TECON
2018-44th Annual Conference of the IEEE Industrial E-

lectronics Society [ C]. Washington, DC, USA, 2018.
3659-3664.

[18] Zf5fh, KRE 5, ¥ (Cai Weiwei, Zhu Yanwei,
Zeng Pu). ZARIEAT T 28 1) AT LA HLE0 R 1Y
W J5 ik ( Differentially flat method of attitude ma-
neuver trajectory planning for space vehicles under multi-
ple constraints) [ J]. zh 122 562 (Journal of
Dynamics and Control) , 2018, 16 (2) . 115-120.

[19] Renaudineau H, Lopez D, Flores-Bahamonde F, et al.
Flatness-based control of a boost inverter for PV microin-
verter application [ A]. 2017 IEEE 8th International Sym-
posium on Power Electronics for Distributed Generation
Systems [ C]. Florianopolis, Brazil, 2017. 1-6.

[20] Thounthong P, Sikkabut S, Poonnoy N, et al. Nonlinear
differential flatness-based speed/torque control with state-
observers of permanent magnet synchronous motor drives
[J]. IEEE Transactions on Industry Applications, 2018,
54 (3).2874-2884.

[21) R¥, ZEnFE, ELW, % (Song Pinggang, Li
Yunfeng, Wang Lina, et al.). 3T F 0 B8 A
Hefb 2 o - 0 3 8 5 0l #8 5231 ( Differential flatness
based design of controller for modular multilevel convert-
er) [J]. EMEEAR (Power System Technology), 2013,
37 (12) . 3475-3481.

[22] RV, B, JHPRIB, % (Song Pinggang, Dong
Hui, Zhou Zhenbang, et al.). 3T fx 58 i BL 8 AY
MMC-MTDC B T % 45 i 5% & ( Direct power control
strategy of MMC-MTDC based on optimal power flow )
[J]. 1 ABILiZ % (Electric Power Automation E-
quipment) , 2018, 38 (6): 183-189.

[23] KHmn], Fier, 222408, % (Zhu Ruike, Wang Yu-
hong, Li Xingyuan, et al.). VSC-MTDC & 4 B i B &
HIE AR P ] R (An adaptive DC voltage droop
control strategy for the VSC-MTDC system) [J]. &
4 H s ft ( Automation of FElectric Power Systems ),
2015, 39 (4): 63-68.

MMC-MTDC improved droop flat control strategy considering power margin

SONG Ping-gang, YANG Chang-lan, LONG Ri-qi, LEI Wen-qi, ZHENG Ya-zhi
(School of Electrical and Automation Engineering, East China Jiaotong University, Nanchang 330013, China)

Abstract; Aiming at the power coordinated control and DC voliage stability of the multi-terminal direct current

transmission system ( MMC-MTDC) based on modular multilevel converters, the differential flat control (FBC) the-

ory is introduced on the basis of improved droop control, and an improved droop flatness control strategy is proposed

with consideration of power margin. The strategy considers the real-time power margin of the droop control station
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under different operating conditions, and reasonably shares the unbalanced power in the system according to the
margin of each converter station to avoid the converter station being fully loaded. At the same time, the differential
flat control theory is introduced to design the current inner loop controller to replace the direct current control of the
traditional current inner loop. The controller consists of two parts; expected feedforward control and error feedback
compensation. Feedforward control produces the dominant control quantity, and error feedback compensation elimi-
nates the influence of system model uncertainty and internal and external disturbances, and corrects the control
quantity to accurately track the expected value effectively, that improves the system response speed. Taking a paral-
lel four-terminal MMC-MTDC system as an example, the simulation results show the effectiveness of the proposed
control strategy.

Key words: modular multilevel converter; multi-terminal DC transmission; improved droop; differential flatness

control theory; power margin



