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Modeling of MMC sequence impedance considering frequency coupling and impedance
reshaping with additional notch filter
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Abstract: The frequency coupling between a modular multilevel converter (MMC) and the power grid will affect the
impedance characteristics of the converter. Conventional research does not consider the frequency coupling, causing that
the impedance model is inaccurate. This is a problem for the analysis of the impedance characteristics of the system. In
this paper, a full-order impedance model of MMC considering frequency coupling is established, and then the stability of
the system is analyzed. An optimization scheme of MMC impedance based on a notch filter is proposed to solve the
stability problem of a weak grid interconnection system. Analysis is made on the reason that the traditional impedance
modeling of MMC cannot find the actual low-frequency oscillation effectively, and the generation mechanism and
influence degree of frequency coupling in MMC modeling are studied. From the generation mechanism, the small signal
model and variable relationship are established, and the full-order impedance model of MMC with frequency coupling is
derived. Based on the full-order model, a system impedance optimization scheme based on notch is proposed. This
effectively solves the problem of low frequency oscillation and stability analysis of an MMC weak network
interconnection system. The simulation results verify the accuracy of the full-order impedance model of the MMC under
coupling and the feasibility of the low frequency oscillation impedance optimization.
This work is supported by the Shanghai Science and Technology Innovation Action Plan (No. 19DZ2204700).
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Fig. 2 MMC main circuit structure

CLA A BB 9], ARG R 2 s (9 3 B 45

3 MMC HIEZETHI 54
Fig. 3 Main control structure of MMC

dq MARRZ T e H F I R R IR £ 1 D R R

ERE LU | RHH I K, MK, o MMC [ 5 4 AR
u AL dl; oy +LO%:%U® BEEA A+ i i s is MMC S0

du, D .
Cgr =M 1.2 TEEFEBAN MMC EHTEH RIS

MMC {3 Z gzl a5 e 3 pos, Hh i
BRI dg AAAR 22N A AL LR AN IR 34 HL AT

%
He LI AT TR A () e e BB, R



K, %

5 SRR i) MMC 3 B0 R A S PR Jon e 5 2 B9t 2 98 0 12 - 49 -

I LR PRI T R AT B AR Y. 52 S0k [25)
BT TE, 58] MMC RS

y=2 )
u
1
Z(f) = 3)
2Y(4,4)

A YOy MMC SRR § Afait i /M
ShE; a NERBERNNMETEE Z(,) N
MMC RZEET Y, ARQ)UHE S R 4

IT5 4 570 %  MMC S R GinE K 4 Bk,
XA IR R G AT RE My, M3 RS0
12, A1 MMC FEET Z,,,, 96 BLHUAR B PE R
RGP ISR I 520,

L MM / \

4 MMC FHZGREE
Fig. 4 Schematic diagram of MMC equivalent system

53T MMC 55 H ) FL R 2R 48 78 I 0 B (0~
300 Hz) IS ARG HLEE, 7R85 FLIN MR A0 RS
BEL T 45 20 U BELRT LR K R IR, ROR N : Z, =
R, +jmL, (w=2nf, , HH f=50Hz). I
R,=5Q, L, =03H . RGIPURREE WA 5 Fir,
PG 7153 M 55 B A AR 2 VR an B 6 s
Horbr A FRERWEAE, W AR

H1 ] 6 W41, 76 MMC 555 H I LR IB L T
£ 19 Hz 4 Z, FUTEAZ 35040 Z A 58 0, KSR
WEEFAEN 173.8°, ARKRAEIRG . IR
IRt L B IRAE AR FE 22 (/N T 180°. £5 B FTik 7y #r
A LS H, MMC R4/E 10~100 Hz Aa R AR -

PCC PR .
MMC s & =
U S, 8
DC i E : i
......... | | | |
U, ! H ’
Udc i PCC b : m_: ; b i
| H i |
AC e | | i
A R TI E
| | i |
\J'/ ‘\\ E_EI*XJ BH47 \,',

5 MMC H#MREE
Fig. 5 MMC grid connection diagram

50

g
g of p |
_Zg
=50 - .
10° 10! 10? 10°
JHz
. loop
S o
100 F
10° 10! 102 103
fHz

6 18575 A T S5 M FH IR AR E 1
Fig. 6 Traditional methods for analyzing the stability of

weak current grid connected environment

(ERAERS I F SN | B i ALY 4]
RODFRIN ML T R Ge0%5, i Biiani 7 for.
Horh iz s S MG S R R

x1 MERETESY

Table 1 Main parameters of simulation model

ZH Bl
PR HLB/mH 13.5
FL Y 25 35 L REL/Q 0.5
P [ 45 28 i R /mH 30
TR A 22
FAEH 2 /mF 7
BT E iRV 5500
AT E o R/ V 3300
B PI 24 0.00049 + 0.0042/s
FHHEHI2E PL S5 18 +180/s

PR EE PS4 20+ 500/s

=500

500 F

|
|
|
|

1 1 ! I 1 I 1 I 1
0 0 02 0.3: 04 05 06 0.7 08 09 1.0
L

t/s

& 7 RGiRs7 A R

Fig. 7 Output current during system oscillation



-50 - B 2GR 54

M 7 FEATLLE N, MMC 39 H N LR St
TEFHM RAEIRY, RERGHARE, S5E5F
BHAURR E M AT 4 AR . DA R BER oA 45
AT EMZESITUE L, ZIEMEHERERE
Batrirmiae i, SERNEBEATEE, ANaeiE
Hior b M R gk et mm K 8 ars, KRAR
I BR T S0Hz RISEAH AL, BHFEMEA
22 Hz. 78 Hz MIAEA WL . Bkl W, A%
GBI B T AR HER R BT KRG RR
PE, BT LA 2 FE AR R G (1 7 BT SR 2 #r R
GARE R T EEM .

78 Hz
5 5 ‘
5
g
S 6r
k=1
=
=
5 4l
s 2 Hz
E) 4
s 2t I :
ol ll.llll | T all llllllllll Illllll
0 20 40 60 80 100

fHz
8 ZEIRHATH FFT 547

Fig. 8 FFT analysis when oscillation occurs

2 EEIMEFMEH MMC FRMER

2.1 MMC SnEfBEFERNER
MMC AR & AT AR 9 B sE =
M. HAr: PS NIER:; NS AfF; ZS NER;

S RREE S f PR . XU
FE RIS SRR
i T AN ~
I'/ fp’ps: fpffl :fpfzfﬁNS\ ;f,NS: f+fl :fp+2f1PS\
| —» —> [ —» —» |
| «- «- B «- ‘
v ac lope ! AC / \AC | DC AC /
(a) ZZ WA EFPRS) (b) ZZHAMA 75
S AN
. i !
i AC —|-> DC <—t—AC )
(c) ELIMA $zh

9 MMC $iFE & 5 R M E
Fig. 9 MMC frequency coupled chain reaction diagram
) 7E MMC HIAEHE T A — A% £, 1
ERFREY, AR RAELII A/, — /, 19
WIS o 1IN L S ARSI 7 A A f, B IR
WRLRI—/ = 2.f; (05 FF .

2) 7E MMC fAE s FEN—MIE R £ 1
Feiftah, XAMRBISAE RN E—A £+ £, 10
I o TR AR S AEASHIN= A — A ) B AR
REFI—A £+ 2 f; FRIEFF I o

QEMMc%Eﬁ%DEA*4ﬁ$%ﬁ%ﬁ
2, XA SAEAZ TP f) = f 57
FLFI—AS £+ f BOIE RPN o 170 1 79 /I S 25
RE R/ [ VG ot Y A 0 L D28

B BRI &, MMC REGCEAE—
$$m&ﬁlﬁT%ﬁﬁ$%AMLﬁﬁ%a%T
RSB RGN EIDRES . Hk, S — AR
R IR R A K BT R RS HER 70T MMC
RGhaE TR AT R .

2.2 EZRINEBEBH MMC IR A

HI 2.0 I BRI, £ R0 f =2 f R A AR
Zly FLRUI 2 P I BELBTE 2 7 A A IS A A PR3l v T 7
B, WU IEF SO TR Y, Bk s BRI
M MMC 223t I RE P o s Fr S D%ﬁ%ﬁﬁ%
WMILRY, « MEFPULRY, MY, HFRHTER

mﬁ@#&ﬁ%%ﬁﬁKHQMMMC$Mﬁﬁﬁ

ST 4 DNBHFU R R4 BERERR LS B RGBT -
Rlt, SRH 2x2 SRR LR R IEN MMC 38
T VREVE

L) Fpnﬂ{ﬁmd>} @
LCA=2] [T Yo || e (f, =20)

Kb L) RIERRBRG; 0, -2/) IR
L,(f,)
a,(f,)
_AG=20) )

P v, == a(f) NIEF RS

a,(f, =2/) N

Y - ’

" a,(f,) oA (f,-2f)

R T ZQMrﬁ).A .
PRI IE; Y, ZU;EB””WMJE?%

R d (f, -2f) ASUFIREI

() T IIE AR MRz 45 T 20 MMC FE Bt
(1) 4 DNICERMFRG RN, w10 Frosi/MaEs
HEEPRFIX 4 NS FNEERR, HEIFEMERE S
(¥ MMC FE$T.

HE 10 Al%n, A3LER: fi(point of common
coupling, PCC)4t f MMM Y (f) =

R £ R HIHREN I, () - A1FE 10 B AT



kFEE, & BRI MMC 7 RRPTEAR S M i FG i #s B bt B B 7 % - 51 -
e (f,) > Y, (f,) > —>i,(f,) = NM 1, NM, 1, NM, I,
\“’{Y o TR 8C(s+jw) 8C(s—jw) 4C(s—2jw)
=t e _i+ NM M, NM M, NM,M,
2 8Cs 8C(s+jw) 8C(s—jw) 8C(s—2jw)
10 MMC S/ M5 SHEE 4 - NM,  NM, | NMM, _
Fig. 10 MMC frequency small signal block diagram ° 4Cs  4C(s+jw) 4C(s—jw)
. ‘ o . NM, __NM,  _NMM, NM M,
e Sy JTiL HTREIY, (f,) FIFFAE, PCC 4k 4Cs " 4C(s—jw) 4C(s+jm) 4C(s—2jm)
%Fﬁifp—L‘ﬁ%%*ﬁﬁ%ﬁ‘ﬁjﬁiﬂ%ﬁé(/‘p—2f])oiX 4 NI . NM,I, NM I,
ARSI 22 L BT A 7 A R AR 1 H ' 4Cs 8C(s—jw) 8C(s—2jw)
Wsha, (f, -21), BIERAZLY, (f, -2/) ¥t — L NM.M, NMM, NM,M,
A " 22~ . - Y
BREETAEL(f,) -« MR 10 7T LA 32 FEAR 2 A 8Cs  8C(s—jw) 8C(s—2jw)
N e v T e IR NM M NM M NM
2R IS MMC 22 7S L0 g e S e e e
i (f) 1 s—jw, s —2jw, s
Zyme = ;(f; =Y % (5) NM, N NM M, NM M,
P e 4C(s—jw,) 4C(s+jw) 4C(s—2jw)

:_thj’ YC _ _an(jrp)Zgan(f;g _2ﬁ) i
1+Y,(f, -2/)Z,
R ()R (4), TSR Y, .« Y
Y« Y, WRIEA, 2 alnse)—RO)PrR.

Udc + BI (2 + QPLL])

Y, = (6)
pp LU
: 02 = 2‘411Qg11 deAlZ 2‘113 ac

Y = Udc + B1 (2 + QPLLI)
" _2A2]Qgi2 + Uchzz + 2A23 ec

— Udc + Bz (2 + QpLLz)
" _2A31Qgi1 + Uch32 + 2A33 oc
Y = Udc + Bz (2 + QPLLZ)
" ((s=2jw)LU,.
(IOd - 2A41Qgi2 + Uch42 + 2A43 oc

2
(€]
H(6)— (O T R BUH IR TR N
Oy = M T ()Kiy + 1Ty (9)H,
Opi1r = =3 T ($)Kig + LT (9)H,
Horr,  H OIS PLSHIME ISR A R
RIS TR AN
Qgil =H, +jKid 3 QgiZ =H, _jKid
it (TEZNE N el A R IS
Qgc =H + chd
Hrf,  H ORPEI GG E PLAZ W% R4
2 (6) F1 2 (7) v i & AN 4% 1 875 5 i 1) &R

0

®)

_ NM,J, NM I, NM,1I,
' 8C(s+jw) 8C(s—jw) 4C(s—2jw)

2 (8) A1 3 (9) r i 1k - A>3 1) 419 2 i 1) &

_ MM NM,I,  NM,I,
* 8C(s-3jw) 8C(s—jw) 4Cs
4o NL o M NM. I,
Uo4C(s-2jw)  8C(s—jw) 8C(s—2jw)
_ NM,M, NM .M,  NM,M,
27 8C(s—2jw) 8C(s—jw)  8Cs
_ NM\M,  NMM, NM,
5T 4C(s—jw) | 4Cs  4C(s—2jm)
NM, NMM,  NMM,
4C(s—jw,) 4C(s-3jw) 4Cs
_ NM], NM,I,  NM,I,
T 8C(s—3jw)  8C(s—jw) T4
_ N LMy, NMLM,
? 8C(s—2jw) 8C(s—-3jw)  8Cs
4= M, NMI' .
4C(s-2jw,) 4C(s—3jw)
NMM, . NM,  NM,
4C(s—jw,) 8C(s—2jw) 4C(s—jw)
NM\M,  NMM,
4C(s—3jw)  4Cs

Hor: NOYBME TR R CO TR RS E:
wo=2nf,s [ =1,e%: [,=1_,“: M,=M_ " ;
M,=M,_,e": I, .~ I8 A EFERH
HLIRLE 50 Hz #1100 Hz &M m EWRE: M, « M,
SR A R ERVE RIS S 7E 50 Hz A1 100 Hz A&
R EIEE: o o, 700008 A M EWVE S R



-52- B 2GR 54

7£ 50 Hz F1 100 Hz &R =AM -y, 39008 A
A _EMREEHIME S2E 50 Hz 11100 Hz AL EAE £

I Ja #(6)— ROV (GS) T, BIA 15 2% &
AR MMC BRI A 3.

3 EEIMEBAHE MMC FREM ST

3.1 MMC SiRB A AMERTAEWIE

1(a)— & 112 AINIEFFESTZ, - #E
nz, Mz, « SFFHLZ,, 1 MMC %t BE T 22
W R R AL R

RIS 2 )5 1 MMC FRETANE 12 s,
Horh 2L e 260 MMC FEBT, 3 6 5 BBl 243140
gif. W 12 BT RE L, FHEHEREN
MMC  BHFUMHERES SRAE il B (K5 e el 9 B A
Bl — Bk

50
g of
=
-50
_ 100r
= 0
-100F ©
100 10! 10? 10°
fHz
as}
=
=
. 100F
5 0 |
-100 560060000
10° 10! 10? 10
o
z
=
_loor
N 0
100+
100 10! 10% 10
fHz
(©) Znp

50
m
= 0
= Znn
O
_50 1
100 10! 10? 10°
fHz
_ 100 S‘@-@-@—@—@—
N 0
-100
100 10 102 103
f/Hz
(d) Zun

11 MMC ¥ BRI RO IR IR Fh L R SRLE R

Fig. 11 Theoretical curve and sweep frequency results of

MMC output impedance

A/dB

Wi

103

fHz

12 FEINEIBE FH MMC fEiE
Fig. 12 MMC impedance diagram considering frequency coupling

X IR A 2 5 I MMC MU (Z,,) Atk
JAE SRR A ISR (Z) X EeaniE 13 fir
N, HE 13 ATUVE , ASCHTE LB A SRS
AR MMC 3 1 BH PR g 5 2L AR ) e MMC
R R, B8 4 Hb A B0 MMC BRL470f £ BELJE [X [,

A/dB

ook T N Tesme]

N 0
1007 R . T<sme
10° 10! 102 10°

fHz

& 13 AFEEES AR
Fig.13 Comparison of results between two impedance
modeling methods

3.2 MMC SERBEHN T REREML T
FE 2.2 TIEIRHE AN 3.1 07 B RS



K, %

5 SRR i) MMC 3 B0 R A S PR Jon e 5 2 B9t 2 98 0 12 - 53 -

b, ATRLEE 14 kT Racfae . HohiEt
i 28 RN X BEPT, 20 28 R s % FR AR A 10
MMC FH#T k.

60 |

40f
20}

A/dB

W)
(=]

—

10° 10! 102 103
fHz

14 EEINEBEH MMC I2EM DT
Fig. 14 Stability analysis of MMC considering frequency coupling

MWL & 14 ) Bode BEIRTLLE Y, Z,, F1 Z, 1E

22 Hz. 64 Hz. 129 Hz AMFTERS 55 B ARAIHE
I MTRT AL, TEIX = Ab IR AR FE ZEAE 43 ) 187.3°,
138.2°, 30.24°, MfamEAIE A1, DR 1 S8
ST RS SE 22 Hz AR AR . X 55 17
R S IR FRT A sh SR — 2, 3 2DAEe 74
AW MMC HAUE R G R ot B AL g7
TR INHER .
NG UEASE R P 1E i 1 AR R AR 1 1
T THTIH 5 o B 4 ) s S BORVRE - H I 2 BN
MMC BEHTIS2ME .
3.3 MMC SAEIBEYR NEHIAHTRERE M
BIF2 0 43 4
3.3.1 HLYRIAAS [R5 5 R B BB B 52 1 20

@ W10 Hz
g 2 NS 1z
OF |[——w#ani2m
,20 1
100 10! 102 10°
fHz
070 F _____________ @_‘_{’l_ﬁ_ﬁm_,
L D e
100 10! 102 103

Sz

15 BRIFAET TR MMC 6 a2 m
Fig. 15 Effect of current loop bandwidth on
MMC output impedance

M 15 GEERATRA, RFIA A ] 4 5850 MMC
55 L X LI AR G FH BT AR - #E 18~50 Hz SBLHY
TE VRN AR AEL A L 1) A%, RS RE e e ) i
e MTT 1S K A7 BE B [X 18]« £ 60~70 Hz ST %6 32 1k

X BELT B B JE X 18] R 52 i mf DL 28 AN Th . 76 180~
200 Hz A e ARt BT 57 BEJE [X. [ {520 m] A
BWEATE, AH A2 BEHT AR ALK B R A5 A o

ATDLE H, 2 HE I PN A ) ) sl s 9 R AR
ARARIy,  Fsgm i S B JE X (8] E EAE 20~50 Hz [X
[E), 2 HL 2R 1) 7 9 A8 K m] LY/ RGEAE 20~
50 Hz B JE X 8], A IT3E K R G fa e vk
3.3.2 FRyfa il d5 A Rl il oy e ) A A BEAT 0 52
Gl

MEL 16 FTEUE H, A8 FR FL il &8 4 i)
e AR, MMC % H BEHTEE 0~10 Hz 1)
SBRERFE S A /R, 2470 T80/ N 2 7E
0~2 Hz WAb-THFHJE X [a]; T 7E 10~100 Hz 471 FH
JEIXTEI N, AR e ol /N 2 (6 75 6 B g X ) 36 K,
EP=3: NN EE N Wy 7 N s B2 ok il ez kil
P R AR, 7 180~200 Hz 1 B R AL Al
PRSP () 5 i B AR mT DL 20, FLRH AT 7 B X
LR = e Ll e s e Ve o O (=TS

60
% 40k
< 204 i %925 Hz
oH 1 5 NS Hz
i N1 Hz
,20 T 1 1 1 1
22 23 24 25 26 27 28

-

A/dB
)
S

10? 103

X T T T

W)
(=}

-100

N—

102 103

T T
r)

—_
(=]
>

10!

B 16 FRITHIZRAE T MMC ¥t PR H A2
Fig. 16 Effect of different bandwidths on the output impedance

of MMC under circulation control

25 BRI, IR A 58 AR R GEFHLPT B
BEJE X TR g R M ] DA, AN i R GEARE P



_54 - )RR HEH

3.3.3 B AN [R5 58 % #  BE B B 52 1 20 v

ME 17 BT ES R CUE N, S8UH T
Pt o R A AR LIS, MMC (R34 S BRLZE 0~10 Hz
AB IR AR B R AR Ak, TR R T L
BHAM, fEIX BN BB b T 7 B X [A]
FEAL T 6 BHJE [X 8] N Y] 22~60 Hz. 70~80 Hz DL % 5
BB, BRI AR LT A 2 kb T 47 BH JE X ]
i {EE T Wt 8

60F " ' 1
o 1
g b ——— A0 Hz |
< — %A1 Hz

Us A9 40.1 Hz 1

-20 T .
100 10! 10 103

f/Hz

wob —4 I . . Tesme]
—100F “““ ‘\ ﬁﬂﬁﬂii
100 10! 103

fIHz
17 SHERAREITHIEXT MMC itk R A 200
Fig. 17 Effect of different bandwidths of phase locked
loop on MMC output impedance

DI AEERARY], B To0 RGUHTT X
[EE R AR R, LA ARG e MG i -
3.4 MMC SEBEYN FEHSHRFIRE M

AR
3.4.1 FRAH R & BTS20 2 B
oA TR L A R/ 7 LA R AN 18 TR

60
40+
% 20+ C=7mF
= ok C=3mF
C=9 mF
,20 1
10° 10! 102 10
JHz
100 b oo 7
s
~100F7 . 3 AN { e
10° 10! 10? 103
fHz

18 FARIREL A TR MMC it PR A9 #2010
Fig. 18 Influence of submodule capacitance changes

on MMC output impedance

M 18 ffh B & R T LA H, 24 MMC (7
e L A R AR AR ALY, MMC f % HS BEL 0 e 12 4
PEFIAR AR PETE B 2 A8k . T AR
TAEAS N, RGEPHBIAE 20~60 Hz 17 FH JE X [7] 4>
AR/ 7E 70~80 Hz 41 LB [X [8] 2 Bl 5 T 1 b L 2%
AR /NI /DN s TTE BB, TR AR N 20

R X TR RN =, Fod ik B e X [a]
(PIAL B ) e A B R AR AR

R RRY, FHREIBFEL, KRRE 20~
60 Hz &b BHJE X (A1 &3 K, 8/ RGufa e .
3.4.2 MY LB R B BHL IR 2 e 2y A

ME 19 i LSRRI LA, 2 MMC [
T E B R AR AR AN, MMC (% H BELA7 IR A 4
AL A A B A 2 R AE R . 7E 20~
60 Hz. 70~80 Hz Alsi#i B i i e X (Al Y, 47 fH
JEIX A TE VR A X ] K /N A B 2 A IH B A1k

/ 60F T T T T T T
- 40—
|| ——L=13.5mH |
g 20 ——L=6mH
0| ——r=23mH 1
,20 fn L 1

10 20 30 40 50 60 70 8090
fHz

\
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

30 40 50 60 70 8090100,
fHz )

A/dB

Wi)

|
l
100 100 o2 103

& 19 HrE R LRR MMC it A F200
Fig. 19 Influence of bridge arm inductance change on

MMC output impedance

VIS RARW], M HURAE — e T I Y A2 1
XA TE R X (A3 R AT AT L2 AN

CLEAT A RARW], MR PRI HLITE ]
BRI 8510 98« DR BN B B 0] 2
FEREE 5 ) MMC it BRSTA —E 520, (HA2RY
Wi A A2 BLEE DR $F R Ge A € B AT N 3 R e dik
Yo BIULASCER T — R ke as Uit R SepHLoT
LA IR K T

4 IR BRI iR v

4.1 P asFRME
I 3.2 WX H AR RN MMC BEPiErE



K, %

5 SRR i) MMC 3 B0 R A S PR Jon e 5 2 B9t 2 98 0 12 - 55 -

HIAs e Mo AT, AT AR H R G0 R AR 4R35 (M A0 R 7R
22 Hz hb, TAE 3.3 FH0 3.4 FHwFs d, KA
25 1) 25 S HOREE AR H B S HOA 2 DU ik FE vp
IR, DRI A SR FH B8 X0 45 e A Bt A T 8
B HIRE A, MR B 22 Hz R .
Rt 2% 1A 328 BR B X (10) BT

s+ w?

— cof 10
§7 26w, .5+ (10)

K wy =20f s foor NBRBATER (A S ZED
MG A 22 Hz, FTLAXEL £ =22Hz); &N
B 25 I BELJE R A B AR IR BHLJE REOM B B 33 11
W 20 Bis o

GNF

A/dB
Lo
=3 =1 =3

[
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

100 10—~~~ 102 10%
fHz

5] 20 Pei 2RHYPE e R B X Beas AR AU 2

Fig. 20 Influence of damping coefficient of notch

filter on notch filter

5B R JE FE AR /INEL 2 3 N R (1) b
BUA R e L, AT DA A 0 R
(2) B INFE B 225 1 MMC FEBT IR AR 45 1 7 LB X
B ZR /N (3) M INRE D 28 )5 1 R G0N A% AR RS
TEo LEAFEELLLE 3 NN, Gl R sEG, 3 Fh
FHLJE &% MMC BHITEBL R WA 21 . WE
21 ALVEH, £=02 BRI BHJEX &N, HAELR
FE R GuRe HURTHE T SO A, (R RR A 15
SER, AR BB R E=02.

Y AR ST R () B Jom e 2 s %) B 9 5 VR R —
i FH 0 BRINRE 38t 2% ) 7 vk AT e L, W 22 B
Horh Z, g JIPRIN B8 BT DRI S i 1) PEL BT = 2 45
B Zynea JIBEINTT IEJE 3 28 )5 0 P U 8 45

Zynione N INBE R RS S5 B ST LR . A 22
R ULt ASSCHIT R BRI i s A B B 28 7 ik
T XTI, BOREAR -

s0r T T T A AR Attt

60k

40+ g
——F=02

20r | _——Z%-0s ]

of iy 1

——£=08

I

|

I

|

I

|

| L

: 10 20 30
| fHz
|

I

|

I

|

I

|

I

|

I

|

A/dB

40 50 60 70 80 90

OETE

100 F
= OM
o d T ]

10 20 30 40 50 60 70 8090
fHz

A/dB

W)

100 1

|
|
|
|
|
|
|
|
1 14)2 103
|

——— 4

[ 21 3 MR A MMC FETELER
Fig. 21 Impedance reshaping results of MMC with

three damping coefficients

801
60
% 40E
= 201 ZniMceq Znmcd
728 i ZyMeNF )
100 10! 102 103
fHz
100l Tsmpe” ' I
100k = ~ |
“Hipe” )
10° 10! 10? 10°
fHz

22 M3 hnBEIK 25 5 M NS IK 2R 5 SR RIS EE
Fig. 22 Comparison of additional notch filter and
additional filter methods

4.2 MitnpEE Rz fEHY MMC FERISFM RiaEM
S
BRI B % s 7 32 1) o BT A2 B a1 23 B
L 4.1 XTRE I AR A R A I MMC
P BHAURRLIAE 7T, 15 BB In B 2% )5 i MMC B
UL Ay IR )i TR 5 B T B 8 28 2 I O I



-56 -

W) R GRP bk

A A e 759

R

dq

abe

fo

______________________________

&1 23 FANPEK 2R FE4ZHI R A B L B
Fig. 23 Position of the additional notch filter added in the control
FSMTEEY - BEFIILEY, WS
%‘% anNF > ﬁ?@%j—t% YnnNF i/)jﬁa‘éo

Udc + Bl (2 + QPLL

)

Y =
" _2A31Q

= (11)
PNE(SLU
% - 2A11an + Uchlz +
2A13Qgc + AIIGNF
B (2

Y;)nNF = Udc + 1( + QPLLl) (12)

_2A21Qgi2 + Uchzz + 2A23Qgc + GNFAZI
Udc +Bl(2+QPLL2) (13)

gil + Uch32 + 2A33Qgc + A31GNF
Udc +B1(2'+QPLL2) (14)

Y =
N (s = 2jw) LU,
2

_2A41 gi2 +

Uch4Z + 2A43 gc + A41GNF
AR (1) — 2 (14) 22 il B o B 5 4% I 1)

MMC % YT, & 24 Bow,
B B Bea 8 4% J5 10 MMIC BT

I Zy s R

fHz
24 BINBEIK 2R AR MMC

e ha] 2R 7

Fig. 24 MMC output impedance after adding notch filter

i 24 ¥ Bode B UG Y, FYINBE B A A

] Zypone T Z, 7E 22 Hz\ 74 Hz\
AR e AR A EE S AT R A

76 Hz. 402 Hz 4t
TEIX = AL HIAAL

W ZE RN 104.4°, 74.7°, 77.8°. 48.68°, HH
g AE T A, RGAELL L 4 MICRIIA S K

AR, BB IR K E

MK 25 Bxfegs Rl DS E H, I
Weds 2 5, 1E 20~60 Hz B 2R St (1A 4 B 1 £ FH
JE IX 8] B 5/ £ 70~80 Hz A1 180~190 Hz #MEL
A BE S X 8] 4% 58 i Bk o[RBT E 2 R AR RS 1)
22 Hz $iZAb, RGFHPT RO A B B e &,
M AELS MMC 55 H I 5 2R 40 F0 R ) FE B 78

)
3
<
_2 1 1
0100 10! 102 103
fIHz
100l $“ﬁﬁﬁh‘5" |
< o}
= N~
~100F . ‘ $WLUL‘
100 10! 102 103
fHz

& 25 MimnpesK 28 H1/E R ARG A mATEL
Fig. 25 Comparison of system impedance before and

after adding notch filters

M 26 ATLLEH, 1E 0.2s H M5 KGR ER
Yis TE0.5s TN T BOMPE s, IR g,
RAMELLT 02s WEASHIEZ G, EHIHNT B
(AR R IRAS,  UE BH BN e 5 28 1 77 20 nT DR 4 Ho 41
R R A

____________________________________

T W
Al

26 MifnBEsK B FEHY MMC ¥t Bii
Fig. 26 MMC output current after adding notch filter

5 Z5ig
1 SR A B 5 I 2 5 1 43 BT ) AN 2 R AR



S s

5 FE SRR B 1) MMC BTS2 B0 e 5 s FH e = 28 7 1%

- 57 -

BB S E T BAERR A 10 B, A0 MMC
TEAER A RS T RAT T REMERAL, JEHEH BN
BB PRI vk, RS R

1) R REREA RN MMC B 5%, ARE
BT ARSI BAZTE PR, SE A BETE A R0 bR
PR B J5 1%

2) I HT MMC SR A I R BN E, 5
I MMC SRR G 1 4 DAL, IE5 BRI R
BT, DAREIR TR R B RN 5

3) 25 FEATR AR B N (AR AR v, fi MMIC
J BB AR A T RS 5 RERS A RO AT AR IR 3 R AL,
TR b S BR 2 R 5

4) 15 % FEAR AL A1 MMC BRI IERl |, $2 0
TR RE RS AR TR, REA SUE R MMC
555 B A B PR

15 B 25 FEBGAIE T A R P J7 3k 1) I M A0
AR
& ik

[1] LIN Hongfei, LU Jing, ZHAI Dongling, et al. Comparative
analysis of impart of wind farm side MMC with different
AC voltage control strategies on the stability of MMC-
HVDC connected wind farm[C/OL]. [2021-10-14]. Online
Conference:  1039-1045.
document/9654089.

(2] i, AR, EREIE, S HETIEPRAEEEE MMC
WEEH Bt o RS TE B R AE MEHT[)]. B
i 77, 2023, 51(3): 87-95.
FANG Hui, ZHOU Jingsen, WANG Haozheng, et al.
Impedance modeling and stability analysis of MMC

https://ieeexplore.icee.org/

based back-to-back HVDC transmission system based on
harmonic state space[J]. Smart Power, 2023, 51(3): 87-95.

[3] FI, T3, FR % —FHA MMC FHBRm K

TS S = B B F R B BT HLEE )], L) R G R
P56, 2023, 51(1): 81-92.
WANG Chen, WEI Ziwen, WANG Yi, et al. A novel MMC
parallel dual-port submodule and its three-stage fault
current blocking mechanism[J]. Power System Protection
and Control, 2023, 51(1): 81-92.

(4] %, T2E, Wl BETESRD 80 A ik
AER MMC MR R[], 7] RGO S5,
2022, 50(23): 28-40.
WANG Jin’an, WANG Yunxin, XU Jianzhong. A time-
domain analytical model of MMC-DES based on modal
division[J]. Power System Protection and Control, 2022,
50(23): 28-40.

[5] LIU Hui, JIANG Dong, CHEN Jianan, et al. Common-

mode voltage reduction for MMC with consideration of
dead zone and switching delay[J]. IEEE Transactions on
Power Electronics, 2023, 38(9): 10947-10961.

(6] PNV, XI<xdE, BEWk. 5T B In ot A s I 4% 1)

A ELUAU A AR G v R 9 0 R SRR (0], R R,
2023, 51(10): 85-92.
SUN Yinfeng, LIU Jinxin, LIANG Dong. High frequency
oscillation suppression strategy for flexible HVDC system
based on improved active filter[J]. Smart Power, 2023,
51(10): 85-92.

[7] YANG Dongsheng, WANG Xiongfei, NDREKO M, et al.
Multi-frequency state-space model of MMC-HVDC
system for design-oriented stability analysis[C] // 2020
IEEE 9th International Power Electronics and Motion
Control Conference (IPEMC2020-ECCE Asia), November
29-December 2, 2020, Nanjing, China: 961-965.

(8] MR, ABHER, MXUK, & 41X s SR i A

Nk B R SRS i A S AR T )],
HUL AR 244R, 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]. Proceedings of the CSEE, 2020,
40(15): 4805-4820.

[9] ZHENG Junchao, ZHANG Chi, CUI Yu, et al. Accurate
modeling and fault analysis of MMC-HVDC system
connected with offshore wind farms[C] // 2021 IEEE
Sustainable Power and Energy Conference (iSPEC),
December 23-25, 2021, Nanjing, China: 770-774.

[10] WANG Can, XU Jiexiong, PAN Xuewei, et al. Impedance
modeling and analysis of series-connected modular
multilevel converter (MMC) and its comparative study with
conventional MMC for HVDC applications[J]. IEEE
Transactions on Power Delivery, 2022, 37(4): 3270-3281.

[11] XIE Xiaorong, ZHANG Xu, LIU Huakun, et al.
Characteristic analysis of subsynchronous resonance in
practical wind farms connected to series-compensated
transmissions[J]. IEEE Transactions on Energy Conversion,
2017, 32(3): 1117-1126.

[12] LIU Huakun, XIE Xiaorong, HE Jingbo, et al.
Subsynchronous interaction between direct-drive PMSG
based wind farms and weak AC networks[J]. IEEE
Transactions on Power Systems, 2017, 32(6): 4708-4720.

[13] WEN Bo, DONG Dong, BOROYEVICH D, et al.
Impedance-based analysis of grid-synchronization stability
for three-phase paralleled converters[J]. IEEE Transactions
on Power Electronics, 2016, 31(1): 26-38.

[14] HRA. BERHAC R M SRR [D]. M e



-58-

W) R GRP bk

[15]

[16]

[17]

[18]

[19]

[20]

[21]

TR#E, 2019.

FENG Junjie. Analysis on the resonance characteristic in
DC distribution network[D]. Guangzhou: South China
University of Technology, 2019.

VG, G, ALIER, S5 B TIRAE TR 5% R ik
BG5S A RO 2 Hr 7500 AR, 2020,
44(2): 621-629.

LI Chongtao, ZENG Feng, DU Zhengchun, et al.
Calculation of frequency domain impedance of PMSG

based on state space and its sensitivity analysis method[J].

Power System Technology, 2020, 44(2): 621-629.

JERR, HER, MW, . B T AT R R
1 MMC #efitid Esh RG], ARG R 5%
1], 2023, 51(9): 56-64.

TANG Xin, HUANG Sheng, PAN Yibin, et al. 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.
SUN Jian, LIU Hanchao. Sequence impedance modeling
of modular multilevel converters[J]. IEEE Journal of
Emerging and Selected Topics in Power Electronics,
2017, 5(4): 1427-1443.

BOE, R, KRN, . T RERHBEESRIR MMC
He ki B P A K SRS E A 3 (0], b B R AR 2
1, 2023, 43(11): 4273-4284.

HUANG Tong, CHEN Xin, ZHANG Donghui, et al.
Impedance characteristic and integration stability research
on modular multilevel converter with consideration of
DC voltage controller[J]. Proceedings of the CSEE, 2023,
43(11): 4273-4284.

O, BRET, SRARE, & BIEHILATRIEHI MMC-
HVDC H WF e 734 L Bl e 45 L [9/0L].

Fp [ F L T FE 243 1-14[2023-10-24]. https:/doi.org/10.

13334/1.0258-8013.pcsee.221806.

HUANG Tong, CHEN Xin, ZHANG Donghui, et al.
MMC-HVDC integrated system stability analysis and
impedance optimization method with consideration of
voltage feed-forward control[J/OL]. Proceedings of the
CSEE: 1-14[2023-10-24]. https://doi.org/10.13334/j.0258-
8013.pcsee.221806.

WANG Xiongfei, BLAABJERG F. Harmonic stability in
power electronic-based power systems: concept, modeling,
and analysis[J]. IEEE Transactions on Smart Grid, 2019,
10(3): 2858-2870.

AR, ALHE, A5/, S5, 25 RS R A 208 FF
REHRAY 2 RSP AR A BELTT R AR R A E 1k e (0],
FLHL T RE 43R, 2020, 40(9): 2866-2877.

DU Chengmao, DU Xiong, ZOU Xiaoming, et al.

[22]

[23]

[24]

[25]

[26]

Impedance modeling and stability analysis of grid-
connected modular multilevel converter considering
frequency coupling effect[J]. Proceedings of the CSEE,
2020, 40(9): 2866-2877.

PEf, B0, El, 5. AN Nk B H R
VA8 9IR  A5E 2R S T B 3l ) 2 AR FH ) o8 BT Ak (1],
HLEEAR, 2023, 47(8): 3206-3220.

PANG Bo, GUO Chunyi, WANG Xiao, et al. Influence of
wind power access on coupling oscillation modes
between converter stations in MMC-based HVDC grid
and quantitative evaluation of interaction[J]. Power System
Technology, 2023, 47(8): 3206-3220.

ERER, IR, XE, 55 BB A RN SR
P LI A P R SR R A R S B (D], R R G E Bk,
2023, 47(10): 164-173.

WANG Zehao, WANG Juanjuan, LIU Yuekun, et al. High-
frequency resonance suppression measure for MMC-HVDC
considering frequency coupling effect[J]. Automation of
Electric Power Systems, 2023, 47(10): 164-173.

BRpr, FHAE, 2850, 5. RAMBYU I IE R M
WA R E A LAR ] E L TRRESR, 2018,
38(7): 2082-2094.

CHEN Xin, WANG Yuncheng, GONG Chunying, et al.
Overview of stability research for grid-connected inverters
based on impedance analysis method[J]. Proceedings of
the CSEE, 2018, 38(7): 2082-2094.

IMEE, ZH, XN, 2 MMC B0 08 6 5 BH P
AR E A HD). BB RGP 5, 2023, 51(5):
117-127.

SUN Weijun, XIA Xiang, LIU Gang, et al. MMC-based
cascaded converter impedance model and stability
analysis[J]. Power System Protection and Control, 2023,
51(5): 117-127.

A, TREF, B, 5. MMC-HVDC #4i/Ms5
FHATER AR Je A2 MR M (D). M7 R, 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].
Technology, 2021, 15(7): 1-10.

Southern Power System

Ifs HER: 2023-08-01;

&EIHER: 2023-11-27

UEEAEMIE

RFAE1975—), B, i, slHdk, AT @A

Bl H T ARG L L %, E-mail: zhyhdq@126.com

Bl F(1999—), F, MEARGA, AR @ A MMC [

FIEAER IR H 7%, E-mail: ppic8879@163.com

(¥ B eH)



