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ABSTRACT: Modular multilevel converter (MMC) based
VSC-HVDC technology has been developing rapidly in the
fields of wind power integration and AC grid asynchronous
interconnection. The impedance modeling of MMC is an
important basis for analyzing the origin of resonance in
VSC-HVDC system. This paper analyzed the harmonic transfer
mechanism in MMC under AC-and DC-side excitation, and
established a generic method for AC-and DC-side impedance
calculation. The frequency domain modeling of the primary
system took into account the AC/DC side network impedance.
Besides, the complete control blocks including the decoupled
double synchronous reference frame phase locked loop
(DDSRF-PLL) and the negative sequence inner loop control
were considered. The impedance of MMC was calculated by
solving linear equations, and the frequency scan of a
two-terminal back-to-back MMC-HVDC system in 1~5kHz
under various working conditions was carried out in
PSCAD/EMTDC to verify the accuracy of this method.
Furthermore, the influence of network impedance coupling,
control link delay, power level, negative sequence inner loop
control, and outer loop control on MMC impedance was
analyzed in detail.
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coupling
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To(f)==3jT(F)IS(f) + 3T, (f) -T,(£)]-

IV, (F)12 (£) =V, ()L (R)TT(F)
Tlo(f):3jT2(f)|s(f1)+3rr2(f1)_Tl(f1)]'

[V, (F15 (F) = Ve (F) 1 (F)TT, (F)
233 MR

B SA TDIh R sh o BRI
=S OYSE M7 P S kK DO e
SEA DDAl mil, d #hZ% iR

Lt () ==G, (j2nf )R () (39)
X8 B RS R s, d 22
Igref (f)=-Ggy(J2mf )V (F) (40)

X TR i, q S RN
lgrer (F) =G (i2nf )Q,(F) (41)

234 IEJF T
7E dq AR R R, 456 0(10)M1(28), 1E/74rE
o R ESEAEN IR, RN BIIE N,
K (15)1E f b ] 15
Vairet (1) = =Gipner (127F ) (1 grer (F) = 15 (F)) +
Gy (j2rf Vg (1) + @y Ly 1 (F)
Vagrer (1) = =Giner (127F ) (e (1) = 15 (1)) +
Gy (12nf W () —anLegleq ()
T A D R fl g, 5K (29)
(35)—(37). (39)F1(41), VR A ] 15
Vet (F+ ) =Ty (F)1,(F + F)+ T, (F)1,(F =)+

(42)

T (FV(F+ 1)+ Ty (F)V(f - 1) (43)
Virer (F = 1) =Tos ()1, (F + £)+ Ty (F)1,(F =)+

T (VL (F + £)+ T (FV(F - 1) (44)

Horpre

T, (£)=0.5e"%G, . (j2nf )[G, (j2nf )+
G, (i2nf )]Ts (£)=2T,(f)[Ginper (J27f ) - jar L ]

T,(f)=0.5e"%G, . (j2nf )[G,(j2nf )-

G, (j2nf)]T (f)

Tis(£)=05e7%G, .. (j2nf )[G, (j2nf )T, (f)—
§G, (127 )Ty (F)1=jky T (F)To(F)[Giger
(J2nf )= jea Ly 11 (£.)+& % T, (£)Gy (j2nf )-
(1T, (FV,(£))+0.5je % [V (0)+
Vagrer Q)T ()

T4 (£)=05e7%G, . (j2nf)[G, (j2nf ) Ty(f)—
JG, (127 )T (F)1= Kyt T ()T, (F)[Gier
(12nf )= jea Ly 11 (F)—je T, ()T, ()-

Gy (j2rf )V, (f,)+0.5je 1% Vi . (0)+
Vagrer (OIT, ()

Tis(f)=0.5e"G, ., (j2nf)[G, (j2rf ) -
G, (j2nf )]T5(f)

T (£)=05'%G, . (j2nf )[G, (j2nf )+G,-

(12nf )]Ts (£)—2T, () [Gjpper (127f )+ jerr Ly ]

T,(£)=05'%G, .. (j2nf )[G,(j2nf )T,( f)+]G,
(12nf )T (F)]+ ke T, (F)To(F)[Giper (J27F ) +
JaL 115 (£)+ e T, ()T, (f)Gy (j2nf)-
V, (£) 058" [V (0) = [ Vagrer (O)T5( )

T, (£)=05e/%G, . (j2nf )[G,(j2nf ) Ty( f)+]G,
(1208 )Ty (F )14 3K T (F) Ty (F)[Gioer (127 ) +

jaLg1l; (f)+€"% T, ( )Gy (j2nf )(1+]T,(f)-

V, (£))=0.5]8" Vogrer (0)= Vit (OIT, ()

(45)
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X T8 B H R A A, 1657 20(29) (35)

(37). (40)FN(41), LRVRTE AL Hr] 15

Vet (F+ 1) =T (F)1,(F+f)+T0 (F)I,(F =)+
T (FOVE(F + 1)+ T (FVL(F = £)+T,,(F)V (F) (46)

Vger (= 1) =Too (F)1, (F + F)+ T (F)1,(F =)+

Tos(FVE(F + 1) +Toe(FIVL(F = ) +T(F )V () (47)
Hor:

T (f)=05e7%G, . (j2nf )G, (j2nf )Ty (f) -
2T () [Gipper (127F ) — jeoy L ]

Tpo(f)=-05e7%G, ., (j2nf )G, (j2nf )Ts(f)

Ty (f)=-05je %G, (j2nf )G, (j2nf ) Ty(f) -
Tkt o ()T () [Gipper (1278 ) — jea L 11 F,) +
e T, (1)Gy (j2rf )(L— JTo(FIVL(Fy)) +
0.5j6 1% (Vger (0) + JVigrer (0)T5( )

T, () =-05je7 %G, (j2nf)G (j2nf)T,o( f) -
Tkt T ()T, ()G (127 ) = jeoy Leg 115 () —
je 1T ()T, (F)Gy (2 WV, (f,) +
0.5j6 7% (Vi (0) + JVer () T4 (F)

Tps(f)=-05e'"G, . (j2nf)G, (j2nf)T,(f)  (48)

T, (f)=05e'%G, . (j2nf )G, (j2nf )T (f) -
2T, (F)[Gipper (J27f ) + jeoy L ]

Tys(f)=05je' G, (j2nf )G, (j2nf )Ty(f) +
ikt To () To(F)[Gipner (127F ) +i ey L TS (F,) +
1T, ()T (F)Gy (J2nf )V, (f,) -
0.5j&"% (Vogrer (0) = [Vagper (O T5(F)

Tp(f)=05je'%G, . (j2nf )G, (j2nf )T, () +
Tkt o )T () [Giner (127F ) + jer L 11 (£,) +
el T, ()G (j2rf )L+ JT,(f)V; () -

0.5]j&"% (Vgrer (0) = [Vager (DT ()

T,,(f)=05e71"G, . (j2nf )G, (j2nrf)

2.35 M N FR R

15 dg 2BAR R R, AR A f+2f FIRsh & 2t

ANFI Uy NI, U(L6)7E f+2f ARl 15

Vet (F£21)=G, o [i2n( f £2 ]I, (f £2f,)+

inner

Gyl[i2n(f £21)) Vg (f £21))—ay Lo Iy (F£21)) (49)
Vs;ref ( f+2 fl):Ginner[jzn( f+2 fl)]|c7q( f+2 f1)+
Gylj2n(f 21 )N (f £2f)+a Ll (f£21)

BRAL30(29)H1(35), ZRVR 5 [ A4 AT 45

Vaer (f + 1) =Ty ()1, (f + f) +
Too (FVo(f + 1) + T (F)Vo(f - 1)) (50)

Vaer (f = 1) =T ()1, (F + £) +
T (FVs(Ff + £) + T (FV(f =) (51)
Horpr:
Toe (1) ==2T,(f+ 2 f){Gpe [127(f+2 )]+ ey Lo}
T ()= Gy [j2n(f +2£)IT,(f +21,)[1-
TV, (B K T (F 42 )T (F):
{Ginper [127(F +2 1)1+ jay L} (1)
To()=—jei% Gy [i2n(f +2 L)IT,(F +25,)
TV )= I T 42 )T, (1):
{Ginper [127(F +2 1)1+ jay L} (1)
T (F)==2T,(f -2t {G; e [12n(f-21))]-jar L,
T (f)=je "% Gy [j2n(f -2 )T (f -21,)-
To(F)VS (f)+ ik T (F =2 f)Ty(f)-
{Gimec[120(f ~2 )= jr L} ()
Toa ()= ket Ty (F =2 1) T, (F {Gjoper [1270-
(f-2f)]-jal H (f)+e Gy -
[i2m( =2 I (F —2 60+ T, (FV, (1)

2.3.6  Hum]

XFELFR 2, BNy £+ 26 FISRZN f+4f, LD
SFEAESFIB R, WA RINH G2
Horp RN £+ 4f) YR w0 B4 5 A8 f+6f /&,
R 2 R RTEE . Bk, RAESRN f+2f, %
FETEN, HRHE(7)T15:

I, (f £2f)=1,(f £2f) (53)

SRy A A, REPEN T dg 7o &

g (1) =€21% 1, (F +21,) +e 2% 1, (f ~21,)
g () = §e20% 1,(F +218,) — je 2% 1, (f —21,)

3 (52)

(54)

A5 3R(L7) B BB

{Vcird (f)= _Gcir (j2nf) leirg (f)
Vcirq( f)= —Ggir (J2nt) Icirq( f)

IR VLR A, AT IA AN &40

Vcref(f +2fl)=_Gcir(j2nf)|u(f +2f1)
Vcr(-zf(f _2f1):_Gcir(j27’ff)|u(f _2fl)

(55)

(56)

gi b, KR, SUTNEREER], PR AR
ANF@27)F, B ek R G — IR &R S Sk
(RIS
2.4 MMC FRin@RAi+ERR
WG Bk, #r A 28 NMEE LTS
TR
AXx,=B, (57)
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42 %

Ao FEFE A MR REG ME B, AR
GUE I R X B TR
o =[1,(F), 1, (f, + £ 1,(F, = f) 1, (F, +21),
L (F,—21),1,(f, +3f),1,(f, -3f).V, (),
V, (f, + £).V, (F, = £V (F, +26).V, (f, -
26).V, (F,+35).V, (f,-31).VE (). VE (f+
fl)’vczu( fp - fl)’VCEu( fp +2 fl)’vczu( fp -2 fl)!
V& (F, +35),VE (F, —3f), N, (), N, (f, +
f), N, (f, = f). N, (F, +21), N (f, —21),
N, (f, +3f), N, (f, =3 (58)

KRIRLNETTREA (BTSRRI xp, FELEE STt
/INME SR BT AR 2 MMC FHPT .
3 MMC 3. BRMEIHE

MMC EFAM . 323N E /7R B v 40 B
HALH) MMC BHpUE o SRR, R ATV
A
3.1 ERMMRERItE

NG SR BN Vo(Fo) N 7E B
R

27,0 (T + 1))
N CrEA)
trf "u\'p 1

2Z,(F, - 1)
NN
Vdc(fp) :Vp(fp)_3zdcg(fp)|u(fp)
ﬁqj: Zacgp\ Zacgn ﬁ%”%i?ﬁ%éﬁﬂzx ﬁ?ﬁﬂjﬁn
Zeg SIELULIN X 25 B AT o
FAGEYRAX(L9)Hr, AT LAk — P4k 6115 2

1(f)+ Vu(fp) _

j2TCfp I-arm + Raxrm + gzdcg( fp)
Vo(p)
j4mf L + 2Ry + 320 ()
RGN K(20)+, AT LA — DAL fai 5 21
I (f, + f)+V, (f, + f) /[12n(f, + f) -
27, (f, + 1)
[
RGN, wT RAE— DA 15 21
Iu(fp - fl) +Vu(fp - fl)/[JzT[( fp - fl) :

2Z f—f
(Larm + 2Ltrf) + Rarm + ann( pz l)
| Kyt |

(59)

(60)

1=0 (61)

(Larm +2L[rf) + Rarm +

1=0 (62)

¥ RGN R (Q27), I (22)—(26)
(60)—(62) &t B H1)xi(B1)—(B16), 1 LIF3H|
A, F B, I EAAIE. Bisk D Pyl 7 RIER
hEFE N MMC BG5S A AT B, 44
B, HARMSE T kA, KRG
lu(fp), I MMC FEFLBEST AT Ak a0 R

Zueso ) =20 7 (1) (63)
AR TH S
3.2 TRMEFMERHE

MPEAZ M B0 IE o ME BB Vaep(fo) i

IIESH

f=f-f
2Z s ()

Kar 1 (fo)

2Z o (f, —21))

Kt 1, (F, —21,)

Voo (Fy = 1) = =8, (T, = )1, (T, - 1)

¥ (6HRAXQ9Y . 715

1, (F) = ) +V, (F, — f) /[j2n( £, — )L +
Rarm + gzdcg( fp - fl)] =0 (65)

Fe A (Ga) NS 0) T B i 5L
1(f,) Vulhy)

" 127 (L +2Ly1) R 2Zegn(Fo ) [k
Vi (F) Ky
321F, (L 2Lt )+ Ry +2Zeg (£, )/ Ko P
R (GA N QL) F, AT — L A
I (f,—2f)+V,(f, —2f) /[j2n(f, - 21,)-

27 f —2f
(Larm +2Ltrf)+ Rarm +%
trf

53(63)ZL, MMC (22 L I F B P 5
mh:

Vo () = Vi (1) +

acp

(64)
V,(f, -2f) =

(66)

1=0 (67)

k;fvacp( fp)
21,(f,)
3.3 XnMisaFrrEiitE

BAE AN B 0 TR AME S BN Vae(fo) I
JIESR

ZMMC-an( fp) == - Zacgp( fp) (68)

fof+f,

27,00 (1)

Kyt 1, (F5)

%(%+2Q):E§ﬂiﬁifﬁl
Kol (F, +21,)

Vi (F + 1) ==3Z,0, (£ + T, (£, + £,)

Vs(fp) =Vacn(fp) +

(69)
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R A (69)NK(19) . Fitt— DAL 21
,(f, + f)+V, (f, + f) /[i2n(f, + f)L, +

(f,+f)I=0 (70)

3
Rarm + E chg

(69N (Q0), Arit— DAL 2]
1, (f, +2)+V, (f, +2f) /[j2n(f, +21,)-

27 o (T, +21))
I ktrf |2
#(6YRAX @Y, AT#E— P15 5]

v, (1) _
jZTEfp ( I-dl’m+2 I-(rf )+Rarm+22acgn( fp )/ | k'rrf |2
Vacn ( fp)/ k;f
jZTEfp ( Larm +2 Ltrf )+ Ralrm +22acgn ( fp )/ | ktrf |2
55(63)#1(68) 254, MMC [AIAZ il 671 /5 BEL L
THEWR:

(Lirm+2Ltrf)+Rarm+ ]:0 (71)

1,(F,)+

(72)

k r Vacn( fo)
ZMMC—acn( fp) = _thIT)p - Zacgn ( fp) (73)
ulTp

4 {AEMIES 2

R B8 UE AR SC R BE BT B 2 A R R
Watk, A/ PSCAD/EMTDC H i FH B 4477 B4
AR T BB TR AL AT I, FF a7 AN [F) 2 i 32
F%F MMC 22 EL I BEL 3G 0 540 o
41 FERS

1 H R SR P 5(0) R XU S 51 R4
VEMSHLI 5 E. MMC1 22 il N &l 5(a) it

SRS
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o o

] Fi. &
l
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Fig. 5 Study system
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Fig. 6 Positive-and negative-sequence AC grid impedance
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Fig. 7 MMC DC and AC impedances with and without considering grid impedance coupling
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Fig. 8 MMC DC and AC impedances with different control link delay
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Fig.9 MMC DC and AC impedances with different operating points
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Fig. 10 MMC DC and AC Impedances with and without negative-sequence inner loop control
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Modular multilevel converter (MMC) has the
merits such as high efficiency, good output waveform,
and it is easy to expand. In recent years, MMC based
VSC-HVDC technology has been developing rapidly in
the fields of wind power integration and AC grid
asynchronous interconnection. However, several sub
synchronous and high frequency oscillation accidents
have been reported in the recent MMC-HVDC projects
during commissioning or operation.

Impedance based frequency domain analysis is an
effective tool to study the broadband oscillation in power
electronic interconnected system. The impedance
modeling of MMC is an important basis for analyzing
the origin of resonance in VSC-HVDC system. In the
existing MMC impedance modeling methods, only the
MMC converter itself is taken as the object, and the
connected AC/DC network impedance is ignored, or
only the fundamental equivalent impedance of the power
grid is used to replace the whole frequency band
impedance, resulting in inaccurate calculation results.
Besides, the control system considered is not
comprehensive, especially ignoring the influence of
positive and negative sequence separation and negative
sequence inner loop control.

This paper first analyzes the harmonic transfer
mechanism in MMC under DC-side, AC-side positive
sequence and AC-side negative sequence excitation, and
then establishes a generic method for DC- and AC-side

impedance calculation. The frequency domain modeling
of the primary system considers the AC/DC side network
impedance. Besides, the complete control system
including the decoupled double synchronous reference
frame phase locked loop (DDSRF-PLL) and negative
sequence inner loop control are considered. By solving
the 28-variable linear equations, the MMC impedance is
calculated according to the applied small signal
excitation and the current response at the same
frequency. The accuracy of the proposed method is
verified by the frequency scan of a two-terminal
back-to-back MMC-HVDC system in PSCAD/EMTDC.
The investigated frequency range is from 1Hz to 5kHz.
And the impacts of network impedance coupling, control
link delay, operating points, negative sequence inner
loop control and outer loop control are analyzed in
detail.

Fig. 1 shows the comparison of MMC impedances
between the frequency scan results and the calculated
results by the proposed method. It can be found that the
frequency scan results almost coincide with the
analytical results. The AC network impedance has
certain influence on the MMC DC-side impedance at the
around of fundamental frequency 50Hz. And the DC
network impedance affects the MMC AC-side positive
sequence and negative sequence impedances at low
frequency range (< 20Hz).
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Fig.1 MMC DC and AC impedances with and without considering grid impedance coupling



