E58EE1H
20254 1R

e = B )

ELECTRIC POWER

Vol. 58, No. 1
Jan. 2025

ETERBERKRIERN MMC-HVDC &% /Y
th = 50 R 5% 1 6l 7k B

FUA, FhE, Zibm,

LARBAAZHGREF ERECLRFTHAR TR EALRE (KR AKAFE) , THEHK
2HEAMEBALEEREIRE (A RRNMFHERARIELAR) , KM
SERBEAEHEAFL (E8) F&, K M

B2, KR, A
132012;
510663 ;

510663)

i E: TR PRSI EEE R H ( modular multilevel convertor based high voltage direct current,
MMC-HVDC ) Gt 4775 /Y v s LR 5 ) 0™ 5 A i bl D RGERIE W 18170 H S, BT MMC /Y 3 35 AH 1 A
B, LT MMC 9 Z i N BE PR AL s YR, ) BELT B 43 A 4 o BR T R 4R ) 2 B0 MMC BH 0 45 1 5
W, A5 B T IAANEN | HL A B R B B R B MMC 2 A B AR R Bk, TR
IR B T v FE T 5t B 75 0 R A PN B 0 b I 4 o 0 7 SR RS B b, BRI T D SE AN FR BN I B U H U S
P 3 400 SR %, AR OB BE VA R R A R I A i, B T MMC BT RN s R, W R R O B

U6k B AE A A A 5 i 1 1 9 S b

KGR BPAZRFHA; REEDH; PRRG ; Ik

DOI: 10.11930/j.issn.1004-9649.202309116

0 3I5

Bk 2 - e i 4% ( modular multilevel
converter, MMC ) H A B AT & . fa i 35
FRELr . MR TR A R A0, R 22 U
(. modular multilevel convertor based high voltage direct
current, MMC-HVDC ) T2 0 E b4ty . B
& MMC-HVDC TFMAMT LR, kAT 2R
WIR G Fe A . 2017 4R &8 B AR K2R T 1270 Hz
ZEABIR G B4 s 2018 4R I SR E0 U TR AR I i
P &2 T 700 Hz Al 1800 kHz 22 47 1 9 35 $ 42 231,
G SEAE X R R W F 5 h KB . MMC 1 IS o1
P2 1 B B A5 1 B B A I XS MMC i s 4B BH
PURRVE R W B 101, pl T 4 o) 2R G K A o i v S
WAEH T MMC, B2 B SRS 5 5
55 e R LA A HAR, (4% R 5 & A4 4k
DR BRIk S, FEHRETH

A B AR 2023-09-25; B = HM: 2024-03-29,
2298 AARCEARERELEREAMELTHA
B (Zeplak R AR 2 2 X5 RSN E AL i 4]
# A, SKLHVDC-2022-KF-07) .

Hh s AR Y 2 B AR G 0 H R ORI R R R AR AR, iR
A RES R R G R AR AP R B AR, A5 4 3 1A
BTk ) U781, B BT 4 R B8 X6 MIMC 1) R e 1 52 i)
BLERL, BT HRG MH SR ms, & R MRk,
BA R AR MMC ;75 2 i o 1) 24 50 R i I
Mz —,

55 MMC X 22 P i i R 2w, &
g B33 57 fE E ) S MMIC s AT AR R R, S
ik [9] 2 T sl A &R H# L T MMC 19 36 25 A 2 A%
R SCHR [10] K BT A9 3l A8 R £ A5 A A Ak 1) A
B, #3 T MMC 1 dg Sl 32 M BH 4TRSS . MMC
B 25 FH A Y 8 FE DR UE A (R RS BE A9 R A b R I A
RURHC, w7 FLEE [ 00 B AT 43 B 32 PR L g 1
e te s e A B 8% ) 1 T 40 Bt MMC-HVDC
ARG R E D1,

X TAERG AR MRS, Bl E2RHA
T 91 ) it oA B T R G AR TS, SOk [16]
R ES S HME TIRG S, (HEX R
X RGEREA — 2R, SCHk [17] 8248 77
I P71 B 08 38 g (%) 41 3 0 i e . SCHR (18]
P& T TE FL AL P A BRI BEL 708 O A B R 3 1
Wi o SCHR [19] £8 75 22 A 45 1 20 19 B 25 35K

39



o B Bl

TR i 1) 22 051 B R 9 0+ 4 e

AL AR SR iR 3 1 o) S R AR AT
BAF 0 30 I8 1 5K 1 A MIMIC (% BEL G 4% 1, 4o 3 1o
TNBEJE 5 i Ty 2 A1 B 43 1] 45 48 P 7] i e 41 355 [r)
IR 2

X HRTAAAE R I B, AR SCHEST T H R4
s il IR B 45 1 4E B A MIMC A 52 37 O BEL 7t A5
B, Ay BT 25 A R R i 2 808 MMC BH
PURY 52 M R o AE HL RS IR A R R P A Y B
W] 4% 7 300 7 o W& G JE AR b, BT T R AN BRI
B U U R 0 AR 5 40 SR & . 7 PSCAD/
EMTDC H 187 45 45 3 v g 57 A R 1) 07 245
B, BGE T RGBS b B AR T 4 o
4 1E B M

1 MMC 8= 1=RE

1.1 MMC W zh7SHEHE

MMC 1 AR HL 2% FH Fh 45 A an & 1 s (DU
AMRB) o B Ry B Ly 20 50 R RAE
MMC 4 ¥& i B B 45 280 s BHRT AT B rL B 5 R AN
Lg 43 5 28 38 it 2 58 W9 25 %0 L BRI AL &% Ry T
Ly 53 50 R R 25 A8 F 25 04 S5 35 A BRI R R ke AR
FEES A s ug MW ARG W R u, I MMC 3 it
-5 30 285 7% T e RO R s 5 g, O N EAE 5 0 (point
of common coupling, PCC) AL Uy A 1y 77
SR U B i o MMC AZ i i

B 1 MMC #J % e IR TN
Single phase circuit topology of MMC

Fig. 1

40

¥ 58 &

Uiy oip Mlin 03 b PR R i R ER
Wy mp Flmyg 53000 b FHVEMIEGIE S u))
Fudh 350 b TR A R R LR s uep
Moucy 730908 F o FTHERARFRH AR
ZH ;O SN LA b
AT R S SRR, AR A Cam N

Carm = Csm/N (1)
Ky Com WEAFREBWHBLE; NG HE
P AL

B T MMC B () 3 b & # N sh &, 78
#HE ST MMC R, Al 5L 00 U8 I X 3R 45 1 52
ANREZZ W o B 25 HH 515 BE A5 IR B3 X 1 AR hE Y i B
M RBCP R R R, AR R A
B R, R A Y M

BEF 2h A AT B ST dg R 1) MMC
9 10 B 3l 45 FH AR AL 091, GZ B A S MMC 19 HL /S
7 RIS
1.2 MMC = #l R4 1 dg HhiR B!

MMC ¥ 6l R G8 th BAHIR . DI IF . Hi
DAY A 00 A 00 ) 42 i g 2H A

1) AR R SEHRLIRRILR,

MMC f 3f 25 A 0 A5 50 8 37 78 5 L I H R 2R
it U 201 dg Tess A bR 2 F 5 1 MMC 42l 3=
g g 37 1E 8 A T R R A5 B Y PCC s LR
u, 1 doge [F) 25 e e A b /R (T AL b & N 9722
WA FRIR) o 2 PR R Z BN SE R ANE 2 s .

B2 BSLRRASIERLERZEMNXR
Fig. 2 The relationship between electrical coordinate
system and control coordinate system

MR 2h A AH R, MMC LA T LR
AU A EL I R, WA () N

x(t) = x0+ ) xakcostkwn) = > xgesin(ker)  (2)
k=1 k=1

Kd. Fhr “0” N TEWERSE: Tt “dk.



£118 FWESE: ETERBRRERKH MMC-HVYDC 2 4t # f & 57#R 5% 40 5% A%

qk” 7% 5 AE LA kA5 AU B 1) dg [R) A0 g e AL AR B
THd, g o WG o N ABER,
TR BEIE2 NIRRT RRN
xdzxficost?—x;sine
{xqzxgsin0+x;cose 3
{xfi:xdcose+xqsin6’

Xq

X4€0860 — xg8in6

W R ge b 2 5005 AR JE R B, X Y
A B AR 28 N
Xq2 = X5, COS 26’+x(°]2 sin26
{xqz = xgz c0s 260 — x3, sin 26 "
X = Xg2€08 260 — x4 5in 26
{xgz = xg25in 260 + x4 c0s 26

2) B H] o
BARFR B 207 N

dxpLr

dt
do

dr
A kppre F kipry 2390 4 AR BR PSR 15 9 LL A
RS H; wo 2 L AR
3) TFAM IR K H I P IR
MMC 1 Fh IR 431 % € DR 455, il A PCC
SEA IR P MEIYIR QN

C
= kipLLUpq
(5
= kppLLUp, + XPLL + W0

P= iZu;d +iglp, )
Q = igup, —igitgy
DRI A BTN
de o
E = kipq(Pref_ P); l(ciref = kppq(Pref_ P) + xp
dxq <
? = ipq(Q = Oref) 5 Lyret = kppq(Q = Oref) + XQ
7

R Pap Ouer S BUHAT S FUIC I T 19 5% 1
o 1 Ko 2351 SN ER PLBR 5 19 L () RIS 280 5
o A SN, g MRS (.

gref

1 F O P B A5 B MMC A5 A
FEVERI AR AR T d g il o i MM MG . HLTR N
WS TN

dx; } )
d_ll‘d = 'i(l(z;iref_lz)
(8)

uC

o g oy o
e = + wLgumig — kpi ({5, .p — 15) = Xid
<=

Udc

dxi
9 _ 1. _ ¢
T - kll(lqref lq) 9)
C :C (1€ :C .
e = Upg — WLsumiy — kp,(lqref— Iq) — Xig
4 Udc

e ke A kg 43 530 A 9 ER PTER AT 1Y L A5 0 RR 43
4) BRI
3k P AL A0 A 42 1 25 A5 ) MMC A A A
SRR R TR d. g oMy, MM, o B
UL 42 ) 3h 2T R A

dXcira2 . .
BT ki (icirdaref = igipgn)

2wLarmigy,, + kpia Geirdaref = igipn) + Xeird2

MS, =
d2
Ude
(10
dXcirg2 , c
P kiia (icirgaref = Lgirg)
ME = _20)Larmizird2 + kpiZ(icirq2ref - izirqz) + Xeirg2
=
4 Uge

QD)
A kpin FI kg 43 501 A A 0 0 a1 428 il 7% P IR Y 19
e FNER > S5
5) 1 RGIER
A SCRH 5 B Pade T Bl X £ i SE I 3 17 41
G o LA EIAE 5 00 o oy i M, R, M, %
B B R A B 3h A T B A

M,
dldT = PriMyr + ProMy,
Mg = Pr3sMur + PraMy,
T
Mar = [ Mary Mara Marz  Mars  Mars ]
0 1 0 0 0
0 0 1 0 0
Py = 0 0 0 1 0
0 0 0 0 1
—30240 -15120 -3360 —420 -30
T5 T4 T3 T2 T
T
PT2=[ 0 0 0 0 1]
PT3=[:6O480T‘5 0 6720T3 0 60T—1]
Pry=[-1]
(12)

Kb My, HES RGN EGEE S, SEn
AT HL S 15 5] My; My i Pade 3T L5 1A BIR
AARH; T WIERTEE

B MMC 119 H SR o0 A5 A0 S 42 Tl R 40 455 7 Bk
S, AP I MMC &R G0 A AR 2 PR S 2 IR AR

41



o ] B % 58
1.3 IMESHEE d [ Axprp 0 O||AxpLL 0 kipLL Au;d
a|l a0 |T|1 o]l a0 |[T|o & Aus
/N Bl o8 b sC s vy B AR e R A 2 dr pPLL ’zpq )
- o 17
BRI R S AT A ML
GM M MMM ] B B ) 2 1 /M5 S B
Ucp =| Ucpo Ucpq Ucrq Ucrar Ucrp
. T . . . T d AXP kipq O APref _kipq 0 AP
i=[ig ig ], o= lcirax Leirg2 ] +
R . a . (13> dl‘ Axq 0 1pq AQret 0 1pq AQ
= M= My M
up=[ tpg Upg 1 ; 1=[ Ma M, ] . AiE _[fong 0 AP . kopg 0 |[AP
M, =[ Mg, qu 1", Mpy=[ Mp Mq2 1 Alqref 0 ppq AQref 0 ppq AQ
MMC H3 48 519 /M 5 B [1 OHMP} (18
. 0 1(|Ax
Aulgp K, Ky Kuico K2 Aulgp e
d Ai | Ku K 021 O A, HL U N B 1Y /I S A5 A Dy
dr | Aiciro Kicow 012 Kico  Oix2 || Alciro d AR
L Aiciry Kicow O2x2 021 Kicz 1l Adciro _[ ixid [ ki 0 H dref ]+[ ~Hi O H lf
[ Kuy Kumo dr| Aig | kO Kii ] Alrer 0 k_kii LA’q /
Kim Kim pi i “lsum
AM, + AM - 0 e ——
Kicom ! Kicom> 2 [AMZ] — Udcs [Aldref] + Uqcs Uqcs
| Kicom Ko AM; 0 - kpi |AGer | | @Lsum  Kpi
[ Os5%2 Osx1 Udgcs . Uges  Uges |
Ky 02x1
A A 14 oA - 0
O || Kicoude Ve (4 Al 4| Udes Axig |
[ 022 02x1 A 1 Axig
. Ua
AP Koo e PR 25 2 IR 2 U5 78 90 0 A | T e
. d
HRFMME; Ko ERE 7E SR AR RS U 0 A, _Ud:s
. . | p
Stk 2 W] 04 I 56 3R K+ BEAR 19 A T 36 2R , [Au;q]+ me, | AV
WL SCHR [20] krUdes  Udes
ST A B 7 R 1 /M R (19)

Axq | [ cosés —sinés || Axg .
Axg | | sinfs  cosés AxE
I q
[ —sinfy  —cosb || x5 _AH
cosfs —sinfy x
- SR (15)
Ax; _[ cosbs  sinbs |[ Axa .
Axf] | - sinf; cos6s Ax,
[ —sin6y  cosOs || xgs |
—cosfy —sinb [ Xgs Af

2 AP WAL AR A e T3 R B /N SRR

Axgr | [ cos26, sin26 Ax§2
Axp | | —sin265 cos26; szz
[ —2sin26;, 2cos26; XZZS AO
—2c0s20s —2sin26; x°©
L q2s
Axgy | | cos26y —sin26; || Axa .
szz | sin26;  cos26; Axg
[ —2sin26, —2co0s26s |[ xms Ag
| 2c0s20;  —2sin26 Xg2s

(16
B IR /M S HEEL

42

00 o 2 ) ) /NS R

i Axciran _ 112 0
dr Axciqu —kiiz c1rq2
_ kpiz 2wLam
Uqcs Uqcs Ai 01rd2 + Udcs
__2(1)Larm _ kpi2 Almqu 0
Uqcs Uqgcs
T
MfiZs
[ Axciran Udcs
+ AU,
| Axciqu M((;Zs de
U dcs

FEAF 45 3 A B ZE 15F 1Y Pade 3T L/IME 5

AMyr = PriAMr + PraAMy,
AMy = Pr3AMyr + Pr4sAMy,

AMqT = PTlAMqT+PT2AMqZ
AMq = PT3AMqT+PT4AMqZ
el (14) ~ (22) Bo7,

SER/ME TR,

c1rd2 AMLCZZ
AME,
qz |

1
Udcs |

200

AL Ny

2D

(22)

B Al 15 2 MMC 1Y



138 ZlEE:

2 MMC BFENMERERRE DT

21 MMC ByBE 8
R SCXF MMC 32 i I %) BE Bt 4 1 35 17 40 B
38 1o P73 L AR e 45 B MMC BY A R N SRR
R, 25 HE s B AR B MMC 1Y 22 T 00 BH Bt A5
21y
dg  _ | Zaa(s) Zag(s)
Zyhe [qu(s) Zoi(5) (23)
MR SCHik [22] AT 45 MMC 19 1E )5 BH A0 A 50
2(dequ - ququ )

ZvmMe = - 24>
MMC T Zad + Zgg +)(Zag — Zaa)

22 ETFHERHEZA MMC RBEMESS

BT # 7 0 MMC BB R, o3 A7 AN [ 4 il
WA X MMC BEBTRRE 2 I . RS S50k
F 1R,

x1 ZREFESH
Table 1 Main parameters

28 Hife
P2 3 FL P/ V 525
S I B L AV 840
BUETIHR/(MV-A) 1250
= AR R /K V 525/437
75 He AR B E /% 14
iU RS 500
B2 B BH/Q 0.5
ME BS540 HL B/ mH 140
B T A i 45 /uF 11000
BAHFPIZ L (kyprr » KipLr) 2000, 3000
DIZRINAPIZ (kg Kipg) 03, 10
Pt #% HI N FFPIS B (Kyi hip) 0.4, 16.7
HIMHPIZ A ko« Kiio) 0.4, 40
PadejfT AL EH B[] /s 300

3 590 A0 AN ] 42 ) AR YT 1 45 ) S B A o
FEAERT, AR R[S HCF MMC ) BRI 3~
TR ATLLE H, MMC BH T 52 81 FH 56 F1 5F
DA ) 2 S N AEEAT R IR 5 43 A
B A) DL 2200 FL X MMC B BT PR A5 i 5 2 R 4b
B % R U PN B 35 R 0 MMC R R B B BEL B 4
M, H AR B R S 5 B MMC BT (B

EFERBRKEN MMC-HVDC % % 1 & & 554 3% #1051 3% B&

100
— ke p=200; — kip=500;
9% N 80 | — kpui=3 000;
g 80 g — Kipr1=6 000;
2 @ 70 F — k=9 000
= L kpu=2000; =
60 — kopry =4 000; 60
— kopi =6 000
50 50 L, TN
U 3 4 5 0 1 2 SR
Hi# /kHz B KHz
=
=

0 1 2 3 4 5 0 1 2 3 4 5

M kHz i kHz
a) BIBH oy, b) BB H k.

B 3 AEHHETEES T MMC /Rt
Impedance of MMC under different PLL
control parameters

Fig. 3

—kipg=150; — ki =550

1 2 3 4 5

M5 /kHz $EE /kHz
180 180
90 90
g o g o
z Z
-90 90 fj—
-180 -180
U 3 4 5 0 1 2 3 4 5
HiE /kHz B kHz
a) LB 4L k,, b) 5S4 ki

4 AREISNMEFESH T MMC Bt
Impedance of MMC under different outer loop
control parameters

Fig. 4

REH SN, I H 28k MMC BH 5T R 67 BHLJE A B,
A Y 5 ARG YU IR G, fEX)
3BT MMC HR s 45 BE BELB0 AR 1 Ih A ] 220 5 3 s
PRATR MMC BHUR PR F2 28 3R, 4 il 4
S SEE I ) R 2 3 IO G0 1 IR 2 DR A B i) A1 At
Bt A%, HAE 33 MMC B BT 3 6 B 5
M FZHER, FEX MMC A K 53 17 AN o) 2085

3 MMC-HVDC R 489D S SR iR 5% 4
RES

3.1 ETHERRIRT RS R
XA SCrh MMC BH 30 A7 78 19 2 A4~ 1 BHJE S

43



o B Bl

-

E b E
= 60 — kp,:0.4: a 50 1T — k=16.7;
[ — k,=1.0; I — k;=80;
— ki=1.6; — k=150;
— k=22 — k=200
20 0 n n N ) )
0 1 2 3 4 5 0 1 2) 3 4 5
B [KHz i kHz

0 1 2 3 4 5 0 1 2 3 4 5

A% /kHz i /kHz
a) LB H k, b) A SRk,

B 5 FEIAFEHSHT MMC T
Impedance of MMC under different inner loop
control parameters

Fig. 5

— k=40
— k=400

50 — k=2 0005
— kiz=4 000
40 \ \ R X )
0 1 2 3 4 5 0 1 2 3 4 5
% /kHz M /kHz

4 5

H/kHz i /kHz
a) LI 24 & b) 5 24k,

6 AEMREIMEIZH ST MMC IR L
Fig. 6 Impedance of MMC under different
CCSC parameters

B, 7E HL R A5 R B0 H 2 A BE I8 I AR I
21 R R L 108 D 2 2

AE HL R I 45 28715 43 0 B n A 1 A5 32 100 Hz
(9 1 B 2 B A0 U U e DA S S TG T B UE U A
MMC ) BEHTRE P an 14 8 s o

i 16 8 T LA Y, 38 5k A LR A A5 ER 9 B
PR PG B, T AR R G B e AR,
MMC BH #t #) F BHJE S50 B AH 48 B n A% 3 08 D% #%
B R RN, A AT 4R T vk 58 421 B MMC [

RH e HiEL .
3.2 E-THEIERGRIRT BT A IR E K%
il 5 B

it — AL MMC B BRI, SR T3 T

44

¥ 58 &

100

—T=100 ps;

90 | —7=200 pis:

—T7=300 pis:

2 80 —7-400 s
a
llleli

AHAL/(®)

0 1 2 3 4 5
% Kz

7 T [EHEHI R T AT MMC 89 R

Fig. 7 Impedance of MMC under different control
link delays
0 kg
ol — IPMRmIE:
m [ — mE
@ 0 I BELIE
BE
T 60f
50
0 1 2 3 4 5
i /kHz
180

a 0 ANy 2
5 _
790 _____________ =
BB JE X 1K
~180
0 1 2 3 4 5

PR /kHz

& 8 E JE A iR I T b A0 iR 0K /8 5 MMC B9 FR it
Fig. 8 Impedance of MMC after adding a filter to the
voltage feedforward link

HL HE T 5t 20 5 R0 FL T A B 1 0 T IR 3 0 R e
(LAFRRA “ORMmE 17 ) o A0 i 5% m i) 45 il E
KA &L 9 BTz o FL S i 458 26 19 >R D 2 B {1 e o 38
# Kppp, F UL PN 0 BRI 38 8 0% 2% Kgppo MMC 1)
BH B4 P 4 15 10 TR o

MR 10 AT LA H, MMC /Y BBt 5 P A5 3
ROk, H IR X i s 2 R A ICEOR B
4 HL 3 P R I L B R AR k=105 B SR IBOZ R s R
SRAT LA R R RREE, H MMC 19 B3 4%
FEFE OB JE AR BE . B AR AT DL o A A 1 28 S L
TH BRI KU, AR AR 52 2% 22 Ui 2 46 TP R SRS 4 ik
TS H ik, TERS K, HEH#—LHR
P8 R G A M n IR 1 400 SR e



138 ElIEE

S|_|
8

§:|_|
5

9 EE,//lLWﬂ;M'HJHIZH)EH'D

Fig. 9 Additional damping link in the current inner loop
80
o 70t
<
@ ool .
[ - — W TR, k=1.5;
— SKHEL, k=15
50 — SFHEL, k=12
45
0 1 2 3 4 5

F#% /kHz
135

/()
[ S
wn O W
.
|
/1
|
|
|
|
|
|
|
= )=
\.
|
|
1

FiF /kHz

B 10 B8 A ERMT A 8 5K 28 /F MMC 9 PR
Fig. 10 Impedance of MMC after adding a filter to the
current inner loop

3.3 THESMERPBH AN B AR B i B 15 B R 5% 40 o 3R g

TESRME 1 BOFERE L, 48 1 T AN B I B R
FL I B A A 4R v 1 SR (R SCRR O < Hemg 27 ) .
A ) SR ) U AE P AR AT 11 B

Ot [
Tge Prer

11 DIRINFMIMEREBRRIRET
Adding DC current feedback link to the power
outer loop

oI AN O I = R N 2 N e = R N T
il 28T MMC (9 BHLHT R M DL KRS A DD 5%
(B & A2 B BR A2 AL J5 R S8 Ry G A R e it 4 n & 12
i

HE 12 UEL, RGN e — Lk
Tk W 2 X R GRS BCER AR, T8 A R A 4
il 2 BOF ¥ RE A Ak B v AR GE e v R B i B E

Fig. 11

: ETFERERKE MMC-HVDC % 4t 1Y 5 571 5% 110 1 5% B

— SRWEL, k=1.2; — SREE2, k=1.2:
— WML, k=155 SRI&2, k=1.5;
— WK1, k,=22; — SREZ2, k,=2.2

H BB X35

FF /kHz
a) A A I EHIZHCT MMC ISR

/m
< s kp=13: 1,50
@ 60 IR, =23
= — GRWED. =13
s k=23

— TCA
— HNE2

FL/(°)

3.0 3.5 4.0
A% /kHz t/s
b) ARSI BHCT ©) RINSFERE2 )5 DR ER T
MMC (B U FITHTIE AT I 2

12 ThESIAMMERERR R
Fig. 12 Adding DC current feedback to the power
outer loop
ﬁ,EEﬁ%ﬁﬁ AN, TERE R 2 5, &
4 1) sl 2 e Ve RS 2 B AR T

4 {FEWIE

Sk 36 UE AR SCHEARE K A 4 SR W 1 1 B A 2K
P£, 7E PSCAD/EMTDC H#4 & 3% T & 1 fr @ 7 1
HL RGBT A AR, R SRR LR 1,

41 IRIFMMC 2B ERME

Sk 36 UF BEL T ASE TR 0 T B 1, AR SCR A R R E
A3l R i BEL T4 4 5 I 4 [0, 5000 Hz] 43 Bt T
MMC B HL 24250,

MMC A9 3 e B BT REPE th 26 5 58 o BE P4 4 vk
BE B PTREE M & A B 13 Fros . Al LLE W,
2R PHBT AR PE T 2 AW &, 2 ) B BT
U RE 55 I i e AE MMC Hh s A3 B 1 B 470 4 2 o
4.2 B HRE I H S A B R

Shy 56 AE BT 4 R 3 10 TR W B A RhE AR SOt
2 G A R BB ) A v 2 BEOCR [18]

45



o B Bl %584

90 300
— BRIHBT
80 - BT Z 200
% / =] 1
= . = 100 53
g // 0 A " "
60( __— 0 10 20 30 40 50 60 70
A , , , , ) WV
0 1 2 3 4 5 a) TLUEBL
% /kHz
250
180 = v 20
~ % ﬂ'““j?f"_/_‘__‘& ---------- ]i 125
& 0 / ' B
T 1' AR 00 10 20 30 40 50 60 70
180 : : A Al B R
1 2%1 3 4 5 b) HLFE 45 B0 98
rA”/kH
: 300
. 2 200
13 MMC RIPR 7 15 B o
Fig. 13 Impedance model of MMC # 100
0 I I I I I I I
T Le 5T G S B 2 4 R s
B RL A CHFBEFALES, Hoh: R=0.1Q, R=1Q, 2oL

L=L,=0.05H, C,=0.6 uF, C,=0.1 uF, MM} I i .

B P R B 2 ARG 2R 1 15 TR 1 KM KRB E FFT 5347

A SR {' I 7k Fig. 15 FFT analysis of valve side AC voltage of
AR B 1 B MMC 5 58 3t & 40 09 B P Re 1 2 & Condition 1

ZERME 14~16 s .

600
400

120 z 200
100 S|
H 200
g ig L o 2.62 kHz gl :‘6188 I I I I I
= et *?&ﬁfm,ﬁ e 090 092 094 096 098 100
= e S 1 Tot ISR s ts
L — Ilg >
28 ALy a) IR
0 i 2 3 4 5
4% [kHz
180 Q
9% QIS /{0"\ e
=
N ~89.8° —89.8°\/ s
-180 : : 5 5 . : b) FLE RSB g€
S /kHz A
z — B Af;
14 T 189 MMC 3255 R & M BR 4L # —CHl
Fig. 14 Impedance of MMC and AC system of =
Condition 1
SV N ey tls
RERGIRE, W KB AN S3RAEL, WAL
2.6 kHz 7247 (ARG B4 £ LR T35 95 2 B (G 16 TR 1MWNZREE
T b Y e N SEG Uk Vs K o Fig. 16 Val ide AC volt f Condition 1
WMUEWE RS, GBI R AR, B RECH 9 alve side A% vollage of Londition

20K A, BIEA 1 KkHz ARG IS ; 24k RLMCIHBRH R, Hb: R=0.1Q, L=0.05H,

BUMHRIE 15, REMRGHLE R, JiEY  C=035pF. 250 1R GEIN 6 4R 7 B4 ) Rk 3K

S5 S BT il £ G B A B AR — B W& 2, T MMC 5323 & 40 1Y BR T REME S f 45
TH2: BEWMARGENEMHILEE N 14 RWE 17~19 iR,

46



£118 FWESE: ETERBRRERKH MMC-HVYDC 2 4t # f & 57#R 5% 40 5% A%

140
=
= — LREG
o 1.35 kHz
20
0 1 2 3 4 5
#i% /kHz
135 g
- oLI
o 45| 88
g o
EY
=20 *39.9°
~135
0 1 2 3 4 5
% /Hz

17 TR 2 I MMC M3 R RS RI M it
Fig. 17 Impedance of MMC and AC system of

Condition 2
300
>
3200 26 27
E 100
0 . n )
0 10 20 30 40 50 60 70
WKL
a) KK 1
300
>
IE200
= 100
0 ! ! ! ! ! ! )
0 10 20 30 40 50 60 70
U
b) 5iH%2

18 TR 2 BRI 2Z R £ FFT 5347
Fig. 18 FFT analysis of valve side AC voltage of
Condition 2

t/s
a) M 1

—C#

0.90 0.92 0.94 0.96 0.98 1.00
t/s
b) HENE2

B 19 TR 2 MMz Res E
Fig. 19 Valve side AC voltage of Condition 2

TE R B WS 1, MMC 19 17 BEJE 45 B A
SEATH R, WNE 17 Fis, MMC BHBT A 76 A 32 i
RS BHHUAR AL 22 K T 180°H 43 By, LA, R A2
MHEER ARG IS, BB 27 K &E4, A
R 1.35 kHz ZE A7 4R % B4 5 224 SR IR il 5% s
20G, REMIRGIMELIWH R, Ui HEE R 5 MR
P 1 2 1 BS 4 AT A — 3K

5 4iE

1) DpRANIE | HLUIE N IR B 8 il B AE 5 X
MMC BH Bt R M 09 52 w4 K, s BB Tf 20
FE R ISR T B0 O Dk 2% AT LR R G AR
PE, B IC L 58 2 TH R R G TE IR G XUR o

2) FEF S ER T R R A P BRI DR IR R
I 781 56 w& BT DL B MMC BE 3T 119 £ A~ 17 BE 2 45
B, BRZITENRENSECH — K,

3) Ty F A IR RN B H O R A5 iR 3 4 i O
W HE 2 MMC (19 17 BH e RE PR, KR EE e R 40
MRCEME, AT RENRE M, I Bk
T+ 2 G 11 3h 25 e N

S % UMk -

(1] TR, BESebk, SR AR, IO i 4 2 ek i v DG BB R K i
SR [J]. PR AL TR0, 2014, 34(29): 5051-5062.

XU Zheng, XUE Yinglin, ZHANG Zheren. VSC-HVDC technology
suitable for bulk power overhead line transmission[J]. Proceedings of
the CSEE, 2014, 34(29): 5051-5062.

(2]  STT, BN, B A5 w5 LT RE AN i T B ) R

GLIY 58 WUIR 5 WF T 255 [9]. P U PL TR 2 4, 2020, 40(15):
4720-4732.
MA Ningning, XIE Xiaorong, HE Jingbo, et al. Review of wide-band
oscillation in renewable and power electronics highly integrated
power systems[J]. Proceedings of the CSEE, 2020, 40(15):
4720-4732.

[3] REL M SR, SRAME, 45 RV E AR A R S M]. 2 Bz JEst: Al
BTl H Ak, 2017

[4] ZOU CY, RAO H, XU S K, et al. Analysis of resonance between a
VSC-HVDC converter and the AC grid[J]. IEEE Transactions on
Power Electronics, 2018, 33(12): 10157-10168.

[5] LIYF,AN T, ZHANG D, et al. Analysis and suppression control of

47


https://doi.org/10.1109/TPEL.2018.2809705
https://doi.org/10.1109/TPEL.2018.2809705

(6]

(7]

(8]

[9]

[10]

[11]

[12]

48

o B Bl

high frequency resonance for MMC-HVDC system[J]. IEEE
Transactions on Power Delivery, 2021, 36(6): 3867-3881.

2, SRARNE, R4, 55, 2 BB A i R G R B R R
W PEAG 7% (1], R, 2023, 17(12): 1-9.

LI Qing , ZHANG Donghui , CHEN Ming, et al. Calculation method
for high frequency risk assessment of VSC-HVDC in multi-infeed
DC transmission system[J]. Southern Power System Technology,
2023, 17(12): 1-9.

FF F M T AN I IR BEL e s i SR B S () ELAE
¢ [D]. dLat: AL IR, 2021

WANG Yu. Research on active damping control and real-time
simulation of high frequency resonance in grid-connected VSC-
HVDC system[D]. Beijing: North China Electric Power University,
2021.

JOVCIC D, JAMSHIDIFAR A. Phasor model of Modular Multilevel
Converter with circulating current suppression control[C]//2015 IEEE
Power & Energy Society General Meeting. Denver, CO, USA. IEEE,
2015.

HAD, KUTFHE, RERIF, 45, SE T ShAAR B B A% R B M AR R AL
22 WP I A 38 B O BELpT AR T ik (00, R L TR R AR,
2020, 40(15): 4791-4805.

ZHU Shu, LIU Kaipei, LI Yuye, et al. AC/DC-side impedance
modeling method for modular multilevel converter based on dynamic
phasors and transfer function matrix[J]. Proceedings of the CSEE,
2020, 40(15): 4791-4805.

BIRA, MDA, 2, % MMC B R GEShAS AR LA G — A
I7 B BGBATRFENT (0] T E AL T A2, 2016, 36(20): 5479
5491, 5724.

LU Xiaojun, LIN Weixing, AN Ting, et al. A unified dynamic phasor
modeling and operating characteristic analysis of electrical system of
MMCIJ]. Proceedings of the CSEE, 2016, 36(20): 5479-5491, 5724.
253, BRI TE, B, 2. MMC-HVDC RE0/Ma 5 BT K
SEVESMT [1]. BT LR, 2021, 15(7): 1-10.

LI Qing, ZHANG Liansheng, MAO Chizu, et al. Small signal
impedance modeling and stability analysis of MMC-HVDC
system[J]. Southern Power System Technology, 2021, 15(7): 1-10.
TR, SRH R, BRUK, 5. B0 o m IR Il A 22 M B R
RO BLYUR B A S5 R 2T (0], P LB R A 4R, 2020,
40(15): 4805-4820.

FENG Junjie, ZOU Changyue, YANG Shuangfei, et al. Accurate
impedance modeling and characteristic analysis of VSC-HVDC
system for mid-and high-frequency

resonance  problems[J].

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

¥ 58 &

Proceedings of the CSEE, 2020, 40(15): 4805—4820.

TR, BRI DEUE, 45, AR 0 SR X S M L T R SE
AR RE R R 25 5 AL (9] P A HL TR SR 4R, 2022, 42(8):
2873-2889.

YU Haotian, LYU Jing, LI Xuan, et al. Comprehensive evaluation of
impact of high-frequency oscillation suppression strategy on the
dynamic performance of flexible HVDC transmission system[J].
Proceedings of the CSEE, 2022, 42(8): 2873-2889.

R, A, FARR. SRR A BT I I R b e R v T
#7732 (9. AL TR, 2022, 42(22): 8053-8063.

PENG Yi, GUO Chunyi, DU Dongye. Research on medium and high
frequency oscillation suppression approach based on impedance
tuning in flexible HVDC system[J]. Proceedings of the CSEE, 2022,
42(22): 8053-8063.

SAE, R, AL, 5. SURELX U R G v i S HOHR S
RSB (7] LSRRI, 2017, 44(7): 98-107.

WU Wangping, XIE Da, ZHAO Zuyi, et al. Analysis of influence of
doubly fed wind power system PI converter control parameter on
oscillation mode[J]. Electric Machines & Control Application, 2017,
44(7): 98-107.

SR¥a, FRUEF, BAL I VR PO P R SR B AR S L R
RS TR [J]. #L ) R SE F Bk, 2018, 42(14): 139-144.

GUO Qi, GUO Haiping, HUANG Libin. Effect of grid voltage feed
forward on VSC-HVDC stability in weak power grid[J]. Automation
of Electric Power Systems, 2018, 42(14): 139-144.

MAN J F, CHEN L, TERZIJA V, et al. Mitigating high-frequency
resonance in MMC-HVDC systems using adaptive notch filters[J].
IEEE Transactions on Power Systems, 2022, 37(3): 2086-2096.

ARE PR, EHEN, b AR, S5 T N 9% B I 0K 4 1) MMC-
HVDC 245 B i 4 40 1 SRS (7). W00 A ki 4, 2023, 43(4):
10-15.

LI Guoqing, WANG Yanxu, XIN Yechun, et al. Multi-band
resonance suppression strategy for MMC-HVDC based on additional
cascaded notch filters[J]. Electric Power Automation Equipment,
2023, 43(4): 10-15.

ZHU S, LIU K P, QIN L, ef al. Reduced-order dynamic model of
modular multilevel converter in long time scale and its application in
power system low-frequency oscillation analysis[J]. IEEE
Transactions on Power Delivery, 2019, 34(6): 2110-2122.

214 5F. MMC-HVDC 2 ¢ 19 H 5 43U4i% 39 e s 1 5 0 35 410 il 5
W [D]. Ak RALHL I KA, 2024.


https://doi.org/10.1109/TPWRD.2021.3049973
https://doi.org/10.1109/TPWRD.2021.3049973
https://doi.org/10.1109/TPWRS.2021.3116277
https://doi.org/10.1109/TPWRD.2019.2900070
https://doi.org/10.1109/TPWRD.2019.2900070

F13

LI Shangxuan. Stability and suppression strategy of mid- and high-
frequency oscillation in MMC-HVDC system[D]. Jilin: Northeast
Electric Power University, 2024.

[21] ZHU S, LIU K, LIAC X, et al. D-Q Frame Impedance Modeling of
Modular Multilevel Converter Based on Dynamic Phasors[C]//2019
4th IEEE Workshop on the Electronic Grid (eGRID). IEEE, 2019.

[22] ZE A, B0, BN, A, S AT T v I 4 e M B AL i A
I A8 S RO B 5 SRR R R i (0], b L R
%, 2023, 43(24): 9682-9696.
LI Yunfeng, ZHAO Wenguang, HE Zhiyuan, et al. Analytical
calculation method of outer loop controller parameters of HVDC
converter station connected to weak AC grid and analysis of limiting
factors[J]. Proceedings of the CSEE, 2023, 43(24): 9682-9696.

[23] BRAEIT, b, Ehid, % ERXGREHE SVG Mgk
SERTSINE (3], RGP SRR, 2023, 51(1): 52-62.
CHEN Jikai, ZHU Shiqi, WANG Ruiquan, et al. Analysis and
suppression of chained SVG high-frequency resonance in a cluster
wind farm system[J]. Power System Protection and Control, 2023,
S1(1): 52-62.

[24] HUANG T, YANG F, ZHANG D H, et al. High-frequency stability

analysis and impedance optimization for an MMC-HVDC integrated

ZWEE: EFERBRKRZEA MMC-HVDC % 5t #9 o & 35 4% 3% 0 # 5% B
s

system considering delay effects[J]. IEEE Journal on Emerging and
Selected Topics in Circuits and Systems, 2022, 12(1): 59-72.

[25] W7, Lo, EMisE, 45 T4 K K HSS i) MMC 52 FL i)
BEFCEAR [7]. 7 7 LA, 2024, 18(3): 119-128.
TAO Jun, WANG Liqgiang, WANG Shunliang, et al. AC/DC
impedance modeling of MMC based on complex vector and HSS[J].

Southern Power System Technology, 2024, 18(3): 119-128.

EE BA:

Fab A (1982—) , B, 4, &, WEHARLEF
M, AFEZHAAMECER, MELEREBITRELEEKE
M 5 AW E AR, E-mail: xinyechun@163.com;

Fehdr (1999—) , B, S+ s, AFELRAR
By 4k 35 A7) R 9 A %0, E-mail: lishangxuan99@163.
com;

Eatje (1993—) , B, @fz4h4, WEHRTL, A
FEHARMEEAIT, E-mail: yxwang@neepu.edu.cn;

K@i (1988—) , B, Md, BTN, KFL
AERGyH RS, HERIFRETEEHAR,
E-mail: zhuyih@csg.cn.

(% B  FiF)

Mid- and High-Frequency Oscillation Suppression Strategy for MMC-HVDC
System Based on DC Current Feedback

XIN Yechun', LI Shangxuan', WANG Yanxu'!, ZHU Yihua?3, YU Jiawei??, CHANG Dongxu?3
(1. Key Laboratory of Modern Power System Simulation and Control & Renewable Energy Technology, Ministry of Education (Northeast
Electric Power University), Jinlin 132012, China; 2. State Key Laboratory of HVDC, China Southern Power Grid Electric Power Research
Institute Co., Ltd., Guangzhou 510663, China; 3. National Energy Power Grid Technology R & D Centre, Guangzhou 510663, China)

Abstract: The serious mid-and high- frequency oscillation issue in modular multilevel convertor based high voltage direct current

(MMC-HVDC) systems poses a significant threat to the normal operation of power systems. In this paper, we firstly established an

AC-side impedance model of the MMC based on its dynamic phase vector model. Secondly, we analyzed the impact of control loops

and control parameters on MMC impedance characteristics using the impedance method, and identified the power outer loop, current

inner loop and control loop delay as the main factors causing MMC to present negative damping characteristics. And then, based on

an analysis of the limitations of existing oscillation suppression strategies that are based on voltage feedforward loops and current

inner loops, we proposed an oscillation suppression strategy that adds DC current feedback to the power outer loop, which can

greatly eliminate harmonic components in the system and improve MMC impedance characteristics. Finally, the correctness and

effectiveness of the theoretical analysis and proposed suppression measures were verified through electromagnetic simulation

software.

This work is supported by Open Fund of State Key Laboratory of HVDC (No.SKLHVDC-2022-KF-07).
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