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1.1.2. TEY o AHE A AE
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dEE 7 A AWE $9 shuEA, HVDC AE Al AFE 93 v
& A ThsAel e AWE AAgolet @ S Qlth 8FE-H 8 A (half-
bridge) S ©]&3F MMC = Marquardt 5l 9J& 11¢F ¥ AtH13-15]. MMC &=
g 2 AH 9@ EAo] du22]. A, MMC 9 ¢& HBRE A9

A dd® olFofA glermw, EHA 28 At dEs =Y F SloAA

A5ere] 5 4l kv olA 5 W kv o] ol2i $AF Ak D A 1Ak
o] golalt. YwbHow FulAF MMC & 5 4~ 5 9l 7)o o] A
AAHE FEE AL, 2R A9F Fhre 28 Fos P2
HE oo, oldd Aelw &9 A% PO nEst FHES WS

SoH21). webA, o

g AW Ee) v& dF Y F A, HHE AAEHA gotx wnk g
AAEE olfE 7 AL Fdst BRE F2E JMHAEE, 7R fA4S
7P, ZF Aol kabs Bk AAl AWE AIA®S JHEAS Ed F 9dth
T3, BE FERE Q3 A 2y SHdAZ fEEith 24, MMC 9
S7HQ AF HA AAEE MBEEE BAab AAEHER 2. T 3.
gl deE AWEHAA zdE e A 9 A 33 B2 JE5d
A5k A BT £ Qe o9y Alal JFsAoENE nlwF
AFEE 5 Aok AA, o Y MEEE Aol HYE JddE FFo|E=E,
2E =Y As F4E fASE FHe pwM AsHE AWl vl PwM

Aol Fhrrh WFE vobd £ glowd dAld £HAF MMC oA



PWM glole At wi =9 dddol 7testth. 293 Fart o

ol BR 7} NHREES o|FE AY 290X aAdA s AHA

A g AA H-H B A 7AW ¥ (cascaded H-bridge converter; CHB converter)2} 3 Bl &=
MgahAT, 7 o] =9 ARw Aol £AsA ik me, S
Felo) Wl BashA 9,

AWE Axgle) ugt 7
HVDC ¢ m¢h #oke] 21§ glofdl, 71£e] AR Awet 2.0
Ei 3l AWEs W dd AnEs dAs gor, 53 99 ge

A 9 5450l g6k, MMC & o] &3 "HE[ U AJAgo] 5 B gl
—_L

oA

5
o

S AFE MMC 9 AulE 9 Ak FEEe], MMC & A
% f(medium voltage)oll 21-§¥ 7, A7) 31 vk 59 Ag7] F-sEokz 9
28 7hedol AEHYE S

SHAIRE, MMC = ZAH[E[S] 7229l S0 % Qs 7]E9 2-#4 AW o

vla) ®ze Aol Wasitis Ao

30
o
[-‘0
o
)
rO
>
[
o2
1o,
—
|
do
Ee)

2 gt AMAEEe] AL oluA FBH 4 G e AnnE A5

NAAH At 3

rUO
A

=
AR 2718 Folt % Basteh



EEud HVDC Ag€dE A|AHY AlST2

=7b 74 A 709 SuA Ad 9 mE Po] FuHe] wi Ame
Ao 55 Fejrk AAvE, A A duAe JAFs ARE AAGD
gtk wekA, HF Fd Aagel FuEy, A7 AAV DA stR wet
2

Elv]Y  HVDC(Multi-terminal HVDC; MTDC) A]lA®lo] tiqf® S

»
ik

Agkel Aol wAl At olH e HEEuE Ao oy e wEel A7
HVDC $731 Al2aglelld "EHuE d5dES B2 ozl AwsiA

FWtte]  Hydro-Quebec ¥ H|=72] New England & 9l& 3 HuEY

MTDC(1990)[19]¢} ol&&]o} EE ¢} Sardinia A4S S HVDC o Z&gA9]
Corsica 19 Elujdo] F7I2 AZd¥ MTDC(1988)[20] Al AES FAHFTE
3 AAEY dAAAE 9 Fol Aok =, FHToeE AR

NEA(Northeast-Agra) MTDC X ZAE(2016)7} ZAEATH18]. o= FHx9
+800kV/6000MW UHVDC(Ultra High Voltage Direct Current) HEJEH|Y
Al Elo|t}, o= 2 7| 3 AH o] M(rectifier station)s 7FA| 3L Q= HERE,
% HF A9 Assam A9 Alipurduar A9 ¥ HdgS Agra Al
Taot7l f1sk Al A”lo|th Agra Alell= F 71 M E EvEs A= A
2~ o] M (inverter station)©] <= Sttt

HVDC Al2AEE I9 1.1~14 of H<l vkel o] = (monopolar) -39}

B
%F(bipolar) T3, 181 F FHE A3 22 EHIT 5 34,17

~



() WA A= Feie] w3

earth return):

AW E 9

= -

A

HVDC
Converter
Station

1
J; Earth

HO-

HVDC
Converter
Station
2

— electrode

(@ A A= Feje] Wi = AJEL

1

HVDC
Converter
Station
n

Efn]do]

Py gunt

HVDC
Converter
Station
n

DC Line
| |
HVDC HVDC
Converter Converter
Station Station
1 2
|
Metallic return
—— Earth
— electrode

(b) =4 A= FEie wihd = AlEL

7% 1.1 vgE &= HVDC Al AARe A

b

o=z A

A sl
Fzolth webd, A

FE 2

% =r(earth electrode)<-

HVDC Alx®loz 79

o

5 AAlE ook dtr AlojE AF

HVDC A]~H 9]

Bl el A A shs ol

ALE 7HHe EHdo®E 4o

A% AA AR

Al2ag el Aol &2

1.1(a)} %o

- AR A

= A] A El(asymmetric monopole system with

)

rlr

32

=
A5t

il

7170

A=z

_




dejel wdd 9T AARES WA AgSEE ug SdelA g
felstth SR, OAE B A% AR 58S Ad 3 FAL

oB/1E  glomw @7 B FAA ol frelx Ao W Aok with

B
ki
i_"’
Y
u
ogh
fu)
lo
=
fu
o
v
4
>
[>
L

&l (asymmetric monopole system with
metallic return): Al AFsE A AR FE| A|AFoA HARL AL

AR BEOR AW TS ) AN R Az w3 u
2 =
_ L=

HVDC | HVDC | 3= HVDC | =
Converter ' i Converter ' i Converter ' i
Station Station Station —

1 ::E:: - 2 ::i:: - n ::i::

DC Line (Negative)

a9 12, B ©= HVDC A% AlAEe] A



3) Wd 9= Al AEl(symmetric monopole grid): ZF T Huld =A]o]
F=A(bipole)= 7H+= FHE AFYP HVDC o= AREHAINE ALY
HVDC A|A®le|A F2 ARgEe WAolny, I§ 12 8 o], 7Y
DC @2 =Z717F 2, A e SAS 7H s =2 A9 EAle] ddy o
Utk oheFd e r A HA99E AAT £ dedH, duAer I
1.2 oMl o] A5 o] DC AAHAHE sdHez HA AHE FA,
AW E 2 wHF who] =& AFUAAES JHA = F HdE(reactor) S G LH[23-25],

a9 ¢ 9 De w3 A4 Al W 2 AFE AFT 5 AUk ol

Al 2~ ®l(bipolar system) FHENS} 7HF = zpolHolth AA7FA ik Hetd

HVDC A|AEIS] el o) vk A|A'l 02 o] Fojx] it}

10



DC Line (Positive)

| T I

HVDC HVDC HVDC
Converter Converter Converter
Station Station Station
1(P) 2(P) n(P)
Metallic return
! > e S
HVDC HVDC HVDC
Converter Converter Converter
Station Station Station
1(N) 2(N) n(N)

| L aes —_

DC Line (Negative)

19 13, = HVDC AlE Al A" T4

(4) 9¥= HVDC Z1%] =(bipolar HVDC grid): HVDC & =7} ©h= A|AEl 02
TR, AW Ay ¥E dAe dd Huldo] Fudte dEol
0 o= dWHolxds uidth uwebd, Ig=e dds T fsiAE
dutxlew HE IsF& FI&te FHE AY Fuas FAMoF sk
ARl g e 2El=vt 747 wE BojX = g a§e] A7IA
4= HVDC 8= shte] HVDC Hvldel 2 719 AnEE Abgshs
A ST e
AHE 7 @ o] Aol FolAY, 1 de =4l Atarh st R A
g olojutd 5 Stk sty =o] AAsh= Aol A A9e F4

=

SojEolol BTk WA FF AAHS T F AR

4
BN
i
>,
>,
[>
juii)
Ao
>,
it
oX,
X
2
o
oX,
ftlo
Hu
X
o



¥ MBS FRel AvsA ATl Atk shbsd, Az A
A gRol U4 A= AF gr] wal A7 W] A AR Aol

dstol Al =HH HAAE Tkl AF AR 25 ¢ V] "ol

DC Line (Positive)

HVDC HVDC
Converter Converter
@ Station @ Station l
1(P) 2(P) HVDC |
. Converter | |
'll > Metallicreturn | | m (Symmetric
o monopole) .
HVDC HVDC HVDC
Converter Converter Converter
@ Station @ Station (Asymmetric -
I(N) 2(N) monopole)
I I e L . 1
DC Line (Negative)
9 14, &= 9 ok HVDC AlAElo] E3tE Al AT

(5) &= &F= HVDC AAHC] 23 T8E Fx: @)olA dyst &=
HVDC AlA® F, =i A= W4S o]g3t k= HVDC A~ #
MTDC 18] =24 g 7Fs/do] 2 FeHolt 11 1.4 ¢ o], vdd &=

A2y g = AJA"E BE ok HYDC 18 =o] dZdo] 7bssit
Hthd @ AJAES oFs HVDC 9 A|AHI 7]E FAAZQ wefA

Fdetrg 23 FxoA oiF o= AJAERY ulE] Alare] oigt ojx 7t

12



2 =A== (bipolar) HVDC A|AEIS £ vt =3 MMC
(asymmetric mixed MMC) 3] =29 ZH3IAS HESII, HVDC AlAE FE
e 2 o3|Ee A4 4 Aol WS Adtele AS BREE Stk hellA
ATl ttE A9 e A T AAE flste] HE Ew|E HVDC
Al2glo] st 4ol Frhsta Qlvk o9 7EA] EWH EuY HVDC
AAEE] FH S, %5 HVDC A|AHE- 8ol HVDC EjRjdel| F 7]

gote TEEA AAFY] AR MHAdS A FHAE T
ATk TS, S AAYES w= AAEIF] Aol Jhsste] HE EEuYE
HVDC o] &4 s, v Fe dgdFol o] A7 Ao sdol
golste] A a8s =Y F Aok AR AF AYds =Uo=ZA A
Aol ERT 7ty RS &3 g dFo]
AbaL =7} w9 T Qskth wEkA, HVD
W ASEI AWE AAC AT 5 Qe At dFS HAsE 7 Qe

58 AAAoE s meh Aln B3 A

dsted =ik ma, @
ZlEstgon, o8 Fskel wdd £ MMC S2F @5 9 s HVDC
AEIERE olye), sle]B = HVDC AlAgle] A gskglty 2 329

g B AL giAE S s des #lsty] flske, ol&A A
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B AA AR Ao # ARH AEdelde Fastar
B, A ARE xR Axgel 2 A 7 49 MMC § %
gom TS Ak We BYde AUk Td, B =9
A3 Axg v AgE $lskel HVDC HE AxdelAe] @
Agt F91 AbeA e WH B AR Aol vl Il dg BAA
slow, B4 Ang Aol Hamde olgd dgow
sreier



0

oy
g
!

o] F4xlo] itk

1

Ny

CER

ol
il
HJ

/)

ofiy

TR

vh st

AN2EI AE e

ZAHE Al2F o

i B a

9]

ol

il
ofiy
Hr

B!

oy
np
HJ

)

To

Aol A MMC Al

2 ZoAe #

A

o

A of e

Aol et

o3},

=
i

4

MMC Alofe]| tf3

s

il

%= HVDC #HA|

-
T

3 el A

R

o
e

NI

tol Bl

S

=°

E2A

10 7F4 MMC E

£

S J1FEo R & 1

Cha

oA

o

=0

-
oy
xr
g

B

<l

%= HVDC A|~®"&

e MMC 32

—

s

[€]

w3k, o] HVDC A%

o

Bk

ol
tolB.8]= HVDC

S

Hjj =] ]

34

glox M HRE)

ks

g

, 183

L
=

=L "l oF
1 = [ef

J

8

HRr o2 H T

=gt o=
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MMC =
to] 3=

)
=
35

7 4

454

AZE 2 42

A A

= 3=E

5 oA+

=
=

3

1% :[L/\

tol¥. 2= HVDC A AH

, 183 3

T OF—L
ARDE

L
=

e

3le] HVDC

Az 9

H]-§-2|

< HE
—

A3t A

4

6 “FellA

7, HA5FE AlEdol

i3
=t

5}

3l

ojiy
Plo

T A ekl 7] E Sk

6(‘}

=l
=

BoeRe o A

L —
T

7 el A
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Ay A4% H-

T

1

2o} 1 Ao

]

==
1t

o

thek AME Y] E

ot 71 B (Modular Multilevel Converter; MMC)

o

=
=

QI E](Cascaded H-Bridge; CHB)AH X

1
-

2.
B3

™ok @ ofe W o W O H e o m o o T oM ®e M o
AT T oo M M T s wm oM oW T Em oF  ofF A
i~ % . T a7 —
e v TP hEz e LT 0T
W zo R B ok = _ Kool 5 W
et < I el < = oy o e ~r KT po RO
wop Yo+ E o T o MK Y T oy <
T A A
T Py o PRy = - )
e 22! > SN W._l . = iy o <R
KT E o= mﬂwwxELMﬂaﬂW%i
= ¢ 2 5 I % yow Kol R IR S S < AT
‘Wux_ : ,LIL o 1ml., JﬁNU O# X &) AT X MVI mwo Bo 1;0 ‘.:O
‘l_,/l ‘,MI < = ™ ‘W_.o D B = el o|J < — -~
T X b3 _ T S " EE R A
mE e T o5 & o .7 o o o o T
0 - ~ T y ™ g "
A T - -
w B Jp £ ST I N A SR
o KD do ol T owm Jo W & T =
S I e S =T ooy Ao 2 a) %
T o xS g B I g MR 4o
KA up o o 5 Koo H S 0| d]ﬂ
oo o AR PR W o o o E oo @ L R
J) A - o — ooy W R oy S K ot o
T R T in 9 = IS w oz
ol T o w X X o x o o o Ao 2 o B "
& X B oMo of W o x W oy o o FF B
R = iy ! iy = ol =¥ Nk = oo
RN LR AL
Mﬁ o M DU < B ¥ o = J m ol M
i - oﬂ R muw o j = o R ] mnm 2o
Mo T < T T M om F ooy o : W 2o o m o
EE WM T I N . S
El L R o7 , = I ® W
T N o W mo =YW ) T WO
oW of R X o dp 3 ORE ST od M) T F T R ST
o B R R M T T R T K N m AK®

T
29 B

ARl o R A H AL Sl

-

R
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Smoothing reactor ~ HVDC transmission line

Arm inductors
Converter transformer

)

AC grid =

B - i
TakERE T [ kR
_ -l

:
|

I3 2.1.MMC o T%.

I 21 2 sl AR YYPoRY

4

o

e

A" gigk JfEFseltt o7 ACelolEt B = HA

34 IRF =9

A

o}

MMC

5]

B X S (submodule)> XA O F  SFE.-HEIX  (Half-bridge)s| =Y E-

B X (Full-bridge) 2] 29} 2Fa Asfr g o] ¥H A4z o]Fo|A glon,

MMC

27 A mEAAE &0 4 we SE.med qHEE /)
AxEE AwAom Agstdrh shAW, A AR Awsle A4



TAL =2 Ao Qg A RE FH= udstA AFEH Ao 2
AS 78kl MMC 9 71 AT 1 Ao

distel Agth N Ale] Aol AW Aduo] shtel Pam)s P,

oA shz-BEA

2 gl Alx A AR FAR F4E W) A% o AHEE sy

¢

sha grel s A LLeg® TAS, A1 FEL

AF QY o, 4w ¢t s ol Wt A9 FHS wH EY ol
SEEE!
MMC & § B mER pAHC 97 uEe, AxuHd s

(redundancy)e A4 =¥ T Sl EIF EES Ad A4 JHE QA
A (scalability)©] =t} zt
Fom ARFHY. 7t BRE2 A9F Al weEk gekd dds g§AE
ATH.

MMC ¢ Aloji= AW FAo] (direct modulation control)@} FFHHH Ao
(indirect modulation control)= = A W@ TH35-36]. & +=rolA= MMC ¢ "z
Al o]

AEIA W ARHow 1 HgAol AFHIL, AojHow
=

7oz we AFER6-361014 AR

UM, A A=A A

W zAofel tiste]

19



2.1. 558 v AHE (MMC) B2

T
Vw
Ly
y
Vdc
r iwl
+
-}le
\j
— - -
1% 22.MMC ¢ 7]+ 3= EE.
a4 22 & 2 HAm)= 1 /18] AWEE X &5 MMC RS YERHT

34 2R Ay 1 e AREE JdFEsHE MMC & dargo® 6 A9

Am 22 FAE 9lor, ZF Am = ZAWE FEo| FEz AdAwr) wrek

7 Arm WFE AWY BEE 7He ouA7E @A Aol fvar 7 skd
=

=
ZF Arm 2 1% 22 oA Hel ZAAY 1 /e 57 AWE EE

20



(KirchhofY) 9]

o0ou, vV, W=
E

kel

S}

]

hus

°

1o}ok

o, 712

o

PN
T

[oiz
=

b 5

IS}

2% 2.2)%

[e)
A

H}

=

o

5},

°©

@2.1)
2.2)
(2.3)

o

[e)

=

).

K

7 A

=

o

=0.

slH, (2.3)3 Zo] x

S

R
7]

Ay
ar

=

[e)
Ixu +1x
u —Ix

o 210

2 gre)

IXO
IXS

{:

R

T
RN

Ve /2= Vyy = (SLo + Ry )iy = (SLs + Rs)(ixy —ix1) = Vyg
Ve / 2+ Vyy + (Lo + Ro)iy = (SLs + R )(ixy —ix)) —Vyg =0.

x e #1HF(leg current)

AFE dvebdn Ly 9k R,

o
o

takq, x

=
=

2D (2.2)

Al
=
_/]

2.4)

T
29 B

0 jixs + (kg + Ry)iys -

R
e
21

_ (qu —Vxi )

| —

T

S

S

Al
a

s



Vdc — (qu + Vxl)
2

224)0lA  BEol, uF AFelA HiEEE T duEAsE AF

Qulezel ¢ Pueze] Awel ge Folth weh] MMC o

= (sLo + Ro)iyo - (2.5)

EMF(v,, )+ (2.6)7 Zo] Yerd 4 St}

:_(qu_vxl) 2.6
Vys 5 . (2.6)

2 (259 9% IS Y1 AFE 5HYESE A

==

o Agtel HFshi
Hg gehln 9o, ol @i ol st ¥ wRlAE U

7 St (leg internal voltage)etal *§ ™ St

Vge = (Vyy +V
Vyo = dc (;u X|)' 2.7

wekA, (2.4)8F 2.5 (2.6)% 2.0 Aol g3, thad Zo] yEd
Art.

s, + R,

Vys —Vxg :( jixs +(SLs + Ry)iys - (2.8)

w3 267 @nol o4, A o e gkl FEAte e ol

e S gk

V

Vyu _% Vs —Vxo (2.10)
V,

N z%"‘vxs —Vxo (2.11)

22
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1% 23.MMC 3|2 R EE[36].

a9 23 = EEY od AWHe 28 odM A s &AM

Aox gl BAYS otk o]F WPoR MMC HAEE LF ©

gzz SYHoR el BN £ Utk 74 9o YT & Y A

Aot AT Mo €y =8 EMF A%, 78l #d2 uF A AH 9
gto g o]FojRY, wEbA, Ao e I MHEES e uwel ol
A = Qe At Y el Slojof s

23



2.1.1. MMC & W/ Als A7 #3h mEE
Loop I _—— -
P —
* + %k F * .
1 Vusy ;Vvs —Vw ldc
VoA SV, Vo
dc /£ 5 dc 5 dc /
* + ES
Vuo Vo Vivo
) Lyy ivu 1 SL0+R0
lus SLytR; Y
Vug [Pe—= N

; —

Vs H
Vig | @ . Ve

* x * d . d .
(—Vus +Vde /2_Vuo)+(|-oa+ Ro)luy +(|—sa+ Ro)lys +Vyg

(2.12)

* * * d - d -
_(_Vvs +Vdc /2_Vvo)_(|—oa+ Ro)'vu _(LSE+ Rs)'vs _va =0.

24



* * k d . d -
(Vus + Ve /2_\/uo)+(|-oa+ Ro)lul _(I-sa+ Ro)lys —Vug
—(Vys + Ve /Z_Vvo)_(l-oa"' Ro)lyi +(LSE+ Rs)iys +Vyg =0.

21 (2.12)8F A 2.13) B 7 A Zol A & vk ofd A=A

2 4 gzl grel A% w A AB(ve)H A W Y AD(v)e
A
* d . d .
—Vys + (Lo —+ Ro )(lys / 2) + (Ls — + Ry )y + Vg
dt dt
% d . d . 2.14)
_(_Vvs)_(l-oa"" Ro)(iys /2)_(Lsa+ Ro)lvs —Vyg =0.
* d . d .
Vs + (Lo =+ Ro)(—lys /2) = (L — + Ryl —Vug
dt dt
. q . q - (2.15)
_(Vvs)_(l-oa"' Ro)(—lys /2)+(Lsa+ Ro)iys +Vyg =0.

2 2148 2.15), 23 v A w A BAG w AT u Ak BAll 2%
gAACT MMC 9 wE A% wolA ulglE MMC 9 S7) 2= Y
25@3F ol UER f glom, olF I# 250b)g Zol, HS s

ez vekd 5 3l

25



25. Wi Als ©elA mlEHE MMC S7HS R R R [36).

26




2.1.2. MMC ¢ & F Alg Aol &3 74

E

LoopI Loop II Loop 1

— . -
« | —t -
IVUSGQ IVVSGQ 'l' lac

. | ). |
—Viac A =V / _Vd
2 2
* %
_Vuo _Vvo
il v NsLotRop
[ZI.\' SLS'_'—RS A Y
A
Vdc
luo A4 lVO \ 4 iWO 4 A
sL,+R,
%k %k %k
Vus IVVS Vivs
1, + 4+ _— | B
-V, -V -V,
5 dc A ) dc A 2 dc
* {(t * * |
Vuo —Vvo Vwo lac
‘F F J‘) >
-

=
% 2.6.MMC A F AE o dAF

% 26 & MMC AF AE o A

FAE FZ 12,39 #aA 71235 BFAS Yehgd ey 2
(—Vys +% uc,)+(L ot Ry )iy + iy ) + (Vs + gc Vi) = Vee- (2.16)
Vg, d Vg,
(=W + =25 =W ) + (Lo -+ Ry + ) + (Vg + =38 = Vi) =Vgo-  (2:17)

27
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* *

(Vs +%—vwo)+ (Loa+ Ro) iy + it ) + (Viys 4 de

—v\fvo) =Vg.. (2.18)

e A (2.16), 2.17), (2.18)= EF T, v o] wAFQl A

—Vdc +2(Ry + I—o_)( )__(Vuo +Vvo +Vwo) (2.19)

3

@.19)°l WA, AF & dAFe] B3 2= ™ 2.7 Eol vERd

N3, 18 2.7(b)sk o] zhekste 4 QlTh A (2.19)9F 2™ 2.7 oA B

PN
T

°l,

34 @l WE AL &5 0 o] HA AofsithdE, MMC + 19 2.7(b)°l

10

e dhel ol 7 AR AL Aol

Ak Aol 545 M Sles & 5 QA Al 3 HeA olE 4

1«41« 1«4 .
Evdc EV c/ Evdc / ) lyc
Ige Ige ! igc WSLotR, 2(sL,+R,)/3
3 3 3 .
sL,+R, Vdc J_r Ve Vic
Ly by a1y 2 * *
5 Ve A 2 Vac iz 5 Ve 2 =5 (Wio *+VWo *+ Vo)
2
3 (vuo +v +VWO)v

(a) (b)

a9 27 AF AT delA BlEkE MMC S7He 2 RE R [36].

28
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2.1.3. MMC ¢ =38 5o &3k &
21 (219 (2.16), (2.17), (2.18)°] ©tislste] Aelshd, 72+ (2.20), (2.21),

(2.22)9} #th

(Lo St Ro i = 1969 = (v, — o Yoo T (2.20)
(Lo S+ Ro g ) = (1 - Yoo+ o Yo, (221)
(Lo St Ro g ) = 1y - Y0 M (2.22)

A Al AoA Bo], "z AFE DC @ AR, da Uiy A a9,
37 A uF A 3 A< (common mode component of three phase leg internal
voltages)ol F &&= L=tk x4 €8T (i) Al AFelA DC & 79
ks W ez (223)3 o] AoEn. DC @ HFe= 3 A 2wzl

sYsH E=2% pC A7 FHAak iy /3°1Th

i e (2.23)

X0,cir X0 3 .

[
b, A (2.20), (2.21), (222)F Y Fo] £3dF AogE o] &3t

g e % Q.

d . Vo Vo VL
(Lo a"‘ Ro)'uo,cir = (Vuo _W)- (2-24)

* * *
Vyo + Vyo +V

d wo 2.25
3 )- (2.25)

(Lo a"' Ro)ivo,cir = (Vvo -

* * *
Vyo + Vyo +V

d wo 2.26
3 )- (2.26)

(Lo a"‘ Ro)iwo,cir = (Vwo -

29
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3 A4 MMC oA 3 4 @l A/

Asolth mebs 34 =3dFe & A (227) 2ol ootk

%

o AzslEm PR o8 AFu

luo.cir +vocir +lwo cir =0- (2.27)

2 (227 =8dFE I9 28 ¥ Zo], MMC & waRwdoly At
o}

[ot
1t
N
52
M
<
<
@!
=
-
f
rEI
[ol
ru
ul
rr
pa
o
4
1>
%
|o
il
f
o
&
39,

Vug
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_V:o é _V;O_V\TVO é

sLo+R,
iuo cir ivo cir iwo cir * * *
. . . Vio Vo + Vo
luocir lvo,cir lwo,cir A 3
SL0+R0 uo VO WO

@ vt Qi
(a) (b)

I8 29, £3AF SHolA BHE MMC 57132 2 E[36].

_Vuo

HVDC A% AlAHA ZAFd AFE Ay HAEs uwgt AaA =

o]z 34 1 AFRE Adsttes AL 374 A RE Aot A
sdstth 2 @294 2nE FEke], 2" 29t #ol AR
SHeA HE MMC S7H 28 2a9d 4 Uty 3 o] 1§ 2.9(b)<}
o] 2reksty 32 E yehd £
37 2 i A B ks A 2.28)3 2ol Aot
V;o . Vo +v\,30 +vWO. (2.28)

Aol Hrhd AlAge Rergant webd, ARve] 4d AF A%ol

old  dwrA<¢l HVDC #}ele] Aol gt}

g
<'X'
oX
g
flo
(e}
o
l
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Aofolol gt o ANAE AUA AAT vy, T 0 o= AojFriu
BF W A% ARAC, AF @ ARAC], Lo & ANAE A Aefi
AejHow ehms] Relsle] EA Aot sk olee S

Aol Aol 7] 7re] 7hale] Gor e FEA] Wg ol
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EJMMO)S oF FHAAIE] olvA] Aloji= MMC 8-l
e 7P T Aol T oshdeltt. R Al welu AF welA
AMEHZ  Foev Fad"Es ALY YRR =2+ S3HARE
o], 6 N AWE ol qUAE Al Eist= As o HAHAH
AUA Aloje] 7 = Frh oF AIAAE YA Aol F Hixes 4
(229% Zeol, 6 78 el AA AAAE oUAE A ghez dAsHI

FA5H: Aolt,

22. 59 o AHE(MMC)S Ao+
A

Euw = E;rm
Eu = E;rm
Fu = Eam (2.29)
Ev = E;rm
Ewu = Earm
Ew = E;rm

2 (229 FEACE ts 6719 FAFH sH| ot

Eotal = 2. Exu+Ext = 6Eam.- (2.30)
X=U,V,W
EX=Ey +Ey=E>=E, +Ey. (2.31)
EX=Ey +Ey=EX=Ey, +En. (2.32)
ES) =E, —Ey =0. (2.33)
E} =E, —Ey =0. (2.34)
ES =Eyy —Ew =0. (2.35)
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AIAE &

2l (2300 MMC 9] HA
oy, (231 (232)= 7zt
A o] 8} 7]

AR el

el dla eduAg e BT FYst

9l Zajekolv, (233), (2.34), (235)= 7}

SHAl Aefetr] S Eel ol

%

us

* .
VWSIWS

R

2Vuo uo ~Vdc uo

* L * .
— 2Vyolwo = Vgl

SRS

* .
VUSIUS .

wo

* * .
_Vdclvo Vvs Vs 2Vvo Vo ~Vdc vo ~ Vyslvs-

k.
~ Vislws-

o Ml A5 2 MMC 9o Al AMAHe 2+

Pu,v,w —Vdc|dc _(Vus|us *+Vysls +Vishws )

2.2.1. MMC 9]
7t 78] AsAHel ZE2=
dEz .
PuZ: dtu :Vdcluo Vus
RZ - dEy _
dt
dEZ
Pv% —T—Vdc wo
4
Fig=3
2 (2390 wW=d™, AT

AAANEZ s A9

o

Ay wF

[e]
S 9 g Uk

34

o

B

AA ANAAE oA Ao
o thgo FAw o] mAE 4 gk

(2.37)

(2.38)

Agoln, (2.39)%

(2.39)

ZFol7F MMC 9]



J;AC Grid

Higher Power

AC Grid

Lower Power

1% 2.10. MMC A AT o= Ao o] e[36].

(a) Voltage regulation .=, (b) Power dispatch . =.
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MMC 7} AFHF

A%t Alof(voltage regulation) RT=Z F

At

ohd,

MMC

Al A" DC AHS AojetA Ha, MMC 9 AFAIE duA = i o

Fadzg oz Aot o= 19 210 vk A, MMC 7} F 3 (power
dispatchy BTz  F&sittd, MMC 9 JHSiAIH odUyAl= A{F @9
Fadg oz Ao ol AF © AFANE FI o|FoAXH, 19
2.10(b)e} %t
.k
'dg V*
* — Grid Current
v o es KE] g Pac R
Etotal = KP+T - i
log
E 3
total _ -
Pt =—Vaclgc _Evg
(a)
* Lk *
z P I DC Bus V
* + s Kj + DC dc © Bu dc
Etotal - K P + T + R(égulat(t)r
E
total R
Py :Evg lgg Vdc,rated

(b)

2% 2.11.MMC A AHAIE A Ao]7] BF oo 1336

(a) A5 At Aol = (b) 74 EE.

A A Aol 2= 8l 54 2o A AAE ouA Aejrle ==
tholoj e 79 211 I Frh B =geAe As Ay WEE 34
#Hxol q Foll FrIsatdth Wk, d F AFHe Fady FEE A AR
ol qF AFe Fady vus 9% AR Adielw



2.2.2. MMC 9] 2z}t el 1 AHAIE =] Ao
AREAQl A7 dF o AdE MMC oA 3 A dlz ASHAIE oA
9 AFAlole] G WAA Polof g},

Fo] =gk el &gk Ay wgho] o] Folxof
Sl

Zb 34 gl AEe A (2.36), (2.37), (2.38)F =HAF A (2.23)°] &) A,

SAARE XY 2 A A7 Agow tehid ot gk

s dEuZ * IdC

R = it = Ve - 3 Vus us +Vdc uo,cir - (2.40)
de> w1 * *

5 . .

Pv = dtv Z(Vdc%_Vvslvsj*'vdclvo,cir' (2.41)
dE2 w1 * *

z

. :d_twz(vdc%_VWS.WS}V(,C.WO,C”. 2.42)

2l (240), (241), 242)8 8% A WHA F & wFe AF & Alold
A A= o Ao AA AANAE oAU Aol & FaA= ghelth
Agol Faola, FANEHAAE AWMEE AA AMHAE dUAE
A Fredol A9 glermz, B A WA 7 &2 AAEo] A 0] Hrh

2] (2.40), (2.41), (2.42)°] vpAur A WHA| S Vd*cixoycir olmg, 7t

o>

b
Folug A Aga] At wBAF e 7 ARo Aojgolol

Soh wek, 2] (227)% Zol, 3 A sEHF &2 0 o=, g1 MHAE
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Vicluociroc +Vdelvociroc +Vdelwo ciroc = 0- (2.43)
e
% ¢
—Vus + ldc
1, % +
-V
2«
—Vuo
luo,cirDC CIr SL0+R0
[-Z/S SLS_'—RS ) \ Y

Vig : - .
Lyo,cirDC Y lvo,cirDC" Lyo,cirDCY
sL,tR,
% * %
VUS VVS VWS
1 & 4 1 * 1 ko
_Vdc _Vdc 7 *Vdc
2 2 5 2
* * < * .
Vuo —Vvo —Vwo lyc
—»
_——— - -
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Epeg——{ Pl
z *
Eu. fit Vie
i*
El*e g jr_' PI vo,cirDC
z *
Ey. it Vi
i .
*
Twice Line Frequency Eleg ‘_‘ PI wo,cirDC
Notch Filters 5 "
Ew, it Ve
(a) (b)

T 213,37 U AAE U A dF AlolE S Alo] &= [36].

A2 FNAAIE oA 73 Ao Y 213 I 2}
A2 AMIAIE olyux XH2 o] AMEH F7vigk do] E(update) =M,

I 2132 Zol, 3 4w AAIE olux e BEgew BhEn 4

i
do
o
Y
2
i
Jfu
kit
rlr
&

Aol A2 ANAE uAE 7|Roe 2 nxs RS 34 HEE, 39

2
o
ki
¥

2.13(a)8} #o] 2 %3 =X (notch) BEHE E¢8te] AF AEv A
Atk Az AAAE A P 3 A Az ANAE uA FEgho®
AAe R AAEER 2 244)F #Zeol, I¥ 213(b)9 A7 o
2 2Herror) ] & Fd 0 o]t
(Eieg Bt ) +( Eieg — Bt ) +( Eieg — Ee) =0 (2.44)
2 (244 A7 8 =3AF] AFAGwES do] EHAHORE 0 o

2= vt webd, AR SRS AT A2 WE dd(leg

=
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internal voltage)®] 3 A %= (2452 #o] 0 o]t} upEbA, Vio,com of 2]l

WAT oY AF @ Aol FEY Asht HHE BAL 2RFHOR

Z ixo,cirDC =0= Z Vyo.oc =0. (2.45)

X=U,v,W X=U,V,W

2.2.3. MMC °] &t 2 abed oF A =] Ao

7y A4 e b st qtell Sk d™Hel Aol vsd ol
g 5 9lvk
A

A dE 1, ,%. * . *

Pu =—= _Vdclus - 2Vus'uo Vuo us ~ Vdc us 2Vus 2Vus'uo cir - (2.46)

dt 2 3

A OGBS 1 s . 1 « dge

Pv = dt ZEVdclvs — 2Vyslyo — Vvo vs & 2Vdc vs — 2Vys = 3 2Vvs'vo ,cir- (2.47)
A dES 1k . A R v g

PW = T :EVdclws = 2Vyslwo — Vwolws = Evdclws s —= 3 2VWS Wo,Cir * (2.48)

21 (2.46), (247), (248)° EE% A T I V|ES F7] & Hgtol
0 o]B2, AF S AFsHA Ferh wepA Al 29 2B apx]ut &
o]g3to] 7} AFo] A kit st oF AIAIE oA AolE HAFZ 5

3ol AR g s el ASMAE oluA Aol AejHEE, 3 9

o

A% (degree of freedom)”} P2, PA, P & HHACRE Ay {3l

=

M
A
et
Y
u
o
12
o
M
A
et
o
i

Fosich wEbA, [35-36]0A=  AA
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EASTE MMC 9] 3 4 EE EMF & (249)9 o] vehiglth £8, &9

EMF ¢ ¥zt 9E= (2.50)7 o] & 4= it}

%
Vs =Vims Cos(apt + @)
Vys =V cos(@pt + 9 —27/3) . (2.49)

Vigs =Ving COS(@pt + 0 +27/3)

V, = Ve (@ot+0), (2.50)
Rhek MMC HiFel FIEE A cRAFE 25)d 2ol Aeshd,

(2.46), (2.47), (2.48)% (2.49)9} (2.51)°l 218 (2.52)9} 2o] =&}

%

iuo,cirAC,pos = lgirac, pos COS(@ot + @pos)
%
lo,cirAC, pos = IcirAC,pos cos(ampt + Ppos — 27 /3). (2.51)
3
lwo,cirAC,pos = IcirAC,pos cos(apt + Ppos + 27 /3)
A
I:)u,pos =—Vs IcirAC, pos cos(p — Q’pos)

A
R, pos = Vs lcirac, pos €08(9 = @pos) - (2.52)

A
Rw.pos = Vs cirac, pos €OS(® = @pos)

A @524 & 5 YRl FAE STAFE AW O s ¢ A
Aolo] HE o] g Foz 9GFL mAL F AR £HAFE 13

214 9 ol 3 Aol A b} s ok ANAY A

okl
offt

2 ZH(common error)E §Lol =5 A

2
=
*
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Luo,cirdCpos  Wvo,cirdACpos — wo,cirACpos g
-+

e
E3 % %k .
Vus% _Vvs VW% + lac
-+ % %4

A, A (2.53)7 2ol 94

ha

(2.46), (2.47), (2.48)2> (2.49)2} (2.53)°] 28l (2.54)2} o]

%
luo,cirAC.neg = lcirac,neg €O8(@ot + Pneg)
%

lvo,cirAC,neg = lcirAC neg COS(@ot + Ppeq +277/3) .

Lk
lwo.cirAC,neg = IcirAC,neg cos(@ol + Peg —-27/3)
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A
Rineg = Vsl cirac neg €0S(@neg — @)

A

Rineg = Vsl cirac neg COS(¢heg —9—27/3) . (2.54)
A

Pw,neg =V IcirAC,neg cos(goneg -@p+27/3)

22544 FdE At =8A

1 O
zFol & Aottt =, 29 2.15 & o] dAAE £=3}
oF ANAMAIE uA ] 7 s

¥+ 1Fel As @ A(differential error)E Lol ==
Ao gty

luo,cirAC,neg lvo,cirAC,neg - lwo,cirAC,neg — . -

L — -
%k £ % .
—Vus —Vys —Vw + lic

T% 205 e ghak skd el ANAE A FIE A 9y

T o=

cedRet Ay 559 d36]
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Al
a

°
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1353
2 EMF ¢} 57202 Aold w(gpes

N

E/\

=

bol 2

S

of L %]
MMC 9]

)
oI

Al
&

(2.55)

AN ool e,

9

T

(6]

3

*
> Vxo,com

_Vms I CirAC, pos

W, AR EBAFE A7 (lgrac neg )%
o,

_VmslcirAC,neg COS(C”neg - ).

-

0]
gl

)y
)

—Vins IcirAC,neg Sin((”neg -9)

o]
A
W
A
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A
Pcom
P
bk

T[li_

A
S
¥

A
o

IcirAC,p059 IcirAC,neg > Pneg o] F3A Aloje] 9
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MMC 2] AC & Aloj 2} DC ¥ Alo], 18]1 £33 dFo 93 MMC WH 3

A7t BE SR oz Ralsle] Aeld 5 vk

> iio,cirAC =0=> ) V;o,Ac =0. (2.56)

X=U,V,W X=U,V,W

pa” 15 i
com air.pos__Ix0,cirAC, pos

0—( PI
v
Ecom Vs

A ms
Euvw, fit X p1/3 Vine
(a)
+{0 A*
EX 3 P o *
u, it VUSVVSVWS =
E— S A -
com +10 A Juvw L d ocirnegl g | Iuo CirAC,neg
EA + — PV 4 " Ref. o é
v, flt 7 P1 - d .| Making |8 Ivo ,CIrAC ,neg
A Rt q A = 2 > I*
Ecom +¢O pA* I:)q lgo,cir,neg E wo,CirAC,neg
En fit O Pl Y
w, flt "
A
Ecom
(b)

1 2.6, g b b oFo] ASAIE olyvA #F Alo] E5[36]:

(@) YA &% 22k Alo)7]. (b) ANUA 25 22k A7),

flskol ¥ 2.16 3 ol A7IE AL F vk AMAHAE Ak Tl
deor s, A b std o elyA Aele VEY AREE

THFHOL B wATHE /5 JRES AAT H AojHofl et



12
0,
M

=]

Q.57 (2.58) £ AA
ido,cirAC,neg + jiqo,cirAC,neg =

Lk
Iuo,cirAC,neg
LK
Ivo,cirAC,neg
.k
Iwo,cirAC ,neg

B Z(reference making block)¥} 3t W3 I F(transformation block)

O =S
s st

P + Py

FHAF AYe W] A4 2

o

_Vms
1 0
1 B

46

23 18 2.16(b)9

opt+p) _

_%
Ido,cirAC,neg

K
Iqo,cirAC,neg

A" B

o 77 4

(2.57)

(2.58)



2.3. MMC ZA Ao]7] +%

M
Vs vs,ws

-

Upper and lower arm balancing controller — Differential error

(0% Pl | )

G

Upper and lower arm balancing controller — Common error

L
_xo,o__‘>o

Leg balancing controller.

1% 2.17.MMC AA Alo}7] S5 %[36].
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MMC
o

L=

T

]_

| A7) EFEE Yekdoh vk, MMC 7} 54 (power dispatch) =%

A

°©

T =+
|

[¢)

g EMF A&, T1¢3

=

&
L

=92l MMC

o171 9]

A5 Ak Aol (voltage regulation) F ==
o A

bd =tk MMC 7F A Sg

A

2.17
7l 2| A E]

715 W73
(feedforward)=

H
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7l 2l A E

%
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s

S

¢

E

A 71E

¥ EMF 74|
wkol M #]-4 -3 % (Proportional-

=
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#1712

U A
Alo71¢] =¥ MMC
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A @zt EMI 9]

=
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42 AEA dg HEOE PR Al FowH, AojHi d1 R At
ol 0o HEs F}.

xF
2 Ecom, fit Ex = 2Erated PtZtaI
it e

s uvw Eq fit _+%0 . P
Ev ae— Pl _'_/__’CT?_”do,cirDC

s, Eq fi +v0 -
Ew, flt dq,com PT = V* 97 ' Iqo,cirDC
dc
(a) v
A A% % us,vs,ws
A Ecom, fit +¥Y P o
Eu.fit — Pl (~ / COT= ~ |ldo,cirAC
uvw E +v0 PA Circulating ™
E A d, flt — PI > _/_ d | Current
v, flt A A* | Reference |* .
A / Eq. it _-I-%O = — P Making | 40,CIrAC
— ™ > - > >
Ew, fit q.com
(b)
i* V* V* V* V*
dgo,cir dgo uo> Yvo> Ywo
* + + Ker | Kcers ’| dg
ldgo,cirDC A -\ Kep + S +52+wg 7 ow 777 g
LK H
ldgo,cirAC ldgo,cir
(©)
% 218 £3AT Al E % AAFHEA dqg RS o] FIAF

3

M

Aol7] B2E[36]: (a) @1 AANAE A FF A7) (b) s o

AHAE ATA FE A7) () PIR =37 Ao} 7].
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29 AUA o] Aol AR wF AW AF FAre £RHF L
ol FFANT A% Ade AN, A% 2P AP
e,

A% EHIY Astoa MMC 7} I8 2,19 9 AE A AF A=

o,

L skofof
St 7HE e u, MMC & %3 EMF &= (2.59), (2.60)3} o] z}z} A

VJS: :Vr;s sin(aw,t + ¢\7 )
V\j—s* =VnJ1rS sin(w,t + ¢\7 -2 /3). (2.59)
Vs = Vi Sin(@pt + @ +27/3)

VJS* =V s sin(awpt + @, )
Via =Vis Sin(a,t +dy +27/3). (2.60)
Ve =Vims sin(apt + ¢y —27/3)

Tt =FdFE 26)F (2.62)8F Hol, 77 AR dAEo=E
vebd = Qo
.k .
ILTCBK,CirAC = It;rirAC sin(w,t + ¢|+)
i\fsécirAC = ldirac sin(wpt + 4" —27/3) . (2.61)
it

+ . +
ws,cirac = lcirac sin(@ot + ¢ +27/3)

ilj_gk,cirAC = lgirac sin(@pt +¢)
i\7s,cirAC = lgirac Sin(awpt + ¢ +27/3) . (2.62)

.k

s cirac = lcirac sin(@ot + ¢ —27/3)

webA, MMC ¢ =8 EMF ¢ =72 Ao ofs, A o3t shd ¢
Atelo] Aol E 9% ¥ (2.63)3 o] W Mt AR Aol

ojst AH I (2.64)8 o] AR AL R Aol ok AdH, (2.65)%)
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gol A Aok gdE Asrel ok AH, 2]l (2.66)7 Eol g

++A +¥o ¥ + 1+ + +
R =—2vslyo cirAC‘ De Vs lcirac cos(dy —47)

A k. *
P++ =-2 \;—s o chC‘ c Z_VntslérirAC COS(W _¢|+) . (2.63)
A LR
P++ = 2V\7—VS vJ\r/o CIrAC | 5 = _Vr;slarAC COS(W _¢|+)
k. _k — —
PuJr = ZVJS luo mrAC‘DC Z_VntslcirAC COS(W -4)
ko _k —_ —
R = 2wy C,rAC‘ = Vil girac cos(@ — 4 +27/3). 2.64)
A_ _ _
Pu~ 2sz Wo.CirAC | 5 = ~Vinslcirac cos(¢y — ¢ —27/3)
— A k. 3k — —_
R " =—2Vs 'Jo cirAC‘ DC =- mslérirAC cos(d, _¢|+)
—+A _ _* * _ —
R o= Vs v+o chC‘ c == mslgirAC cos(g, _¢|+ —-27/3) . (2.65)
—+A T _ _
IDWJr = VWS'\?\L/o,cirAC DC Z_Vmslc;LirAC cos(¢y _¢|+ +27/3)
__A k. _k _ _ — —
R T =—2vs Iuo,cirAC‘DC = Vs lcirac cos(d, — &)
A k. ok _ ., _ _
R =2Vl cirAC‘ c = Vs lcirac cos(dy, =& ) - (2.66)
A R - _
Pv © = 2sz Wwo,CirAC ’DDC = Vs lcirac cos(@, — &)

A e A =T 4ol MMC =9 EMF o 91743

rir

S
2

SFEE AT A9(g, =¢"), 2.63)°A4 (2.66)° &3, 1ac, lgues ¢ ©
% st oFe] AHATEH oA ztelE AlE F ole 3 MY AREE
Feeh A (2.63)0l4  (2.66)> FAHZEA dq0 ol A A (2.67)lA]
(2.69)8} #o] Yetd 5 Sl

i

)

o
rﬁ

O]

A

=
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dEqm  d 1
Poom = — = (B + By +E)
1 A p—~A A p—A A p—~A
ZE(PU++ + Pu + PV++ + PV + PVTI'+ + PW ) (2.67)

= _Vr;s I<;rirAC COS(¢V+ - ﬂJr) —Vins lcirac cos(@, — &)

e+ e+ e+ je+ e~ e e— je-
=—(Vms d lcirac,d *+Vims,q lcirac,q T Vims.d lcirac.d +Vims glcirac,q)-

dE§ d 2 A 1 1
T 0 a3 3w
2 i _ 1 _ _ 1 _ _

= _Vanrs leirac cos(4 — ¢\7) ~Vins IérirAC cos(q, — ¢|+)

e+ je— e+ je-— e— |+ e— e+
= _(Vms,d IcirAC,d +Vms,q IcirAC,q +Vms,d IcirAC,d +Vms,q IcirAC,q )

PA = quA _i(ﬁEA _ﬁEA)
@ dt od 3 3"
3 3

= (RTEHRT =R 4R (2.69)

= _Vr;s leirac sin(4 — ¢§/+) ~Vins I(;ri rac Sin(g, — ¢|+)

e+ je- e+ pe— e— e+ e— e+
=—(-Vms glcirac,d +Vmsdlcirac,qg +Vmsglcirac,d —Vms.d lcirac,q)-

21 (2.67), (2.68), (2.69)% 223 A2 (2.55F HwsIE W, MMC =9

EMF 9] o2& po., P, Rpol @ A gt 4, A% 29

07
uj
=2
2
rir
1
N
(@)
-
R
(@)
X
R
(@)
N>
=2
>
<
<
O
i
L)
ool
<
]
1o
12
03
B
oX,
M
5
(e}
o



AHAA Vi =007 Aostta /A ek whebd, A (2.67), (2.68), (2.69)

21 (2.70)7} o] dH(matrix) FEE obA] YERE 5 QI

A e+ e—

I:)com Vms,q Vms d Vms,q IcnrAC ,q
A e— e+

Pd ==| Vs g 0 Vms,q IC|rAC d | (2.70)
A e+

Pq Vms d _Vms,q 0 ICIrAC ,q

%, 4 @0 web A o st kol ASAE ouA AolE MMC

gormw, wAisjop 4

b

=9 EMF 9 «3dFe w9 dgerw R4S
=

AFE 24 @Iy ol Aakd & ity mI, 2 27D)9

8 4 2] (determinant)=> (2.72)¢} #T}.

* — *
IgiJFAC d Vs, q) ~Vips. qus d Vs, qvnﬁs q Pc%m
1 _ _ A%
IC|rAC d |~ B _Vrg;rquﬁs q Vms dees ,q (Vms q) - (Vms d ) P - @271
— A*
IC|rAC ,q Vrgér qus d (Vms q) (Vms q) Vrﬁs des ,q Pq
Vni;—q {(Vms q) (Vms d ) - (Vms q) } (2.72)

UM, AT A vAE, AE FE Y v, MMC & &3 EMF &

thelstdA, ozt 8™ (diagonal matrix) FE|7F FH ™ 2] (2.55)¢ dAETS &

kA, AlQkE A

] 2
Ao ER AT SWE ARelM dZAE AT =T A"E



W
e

X

i

3

0

-
il
TR
ofiy
Hr

Line Freq.
Notch Filter

Line Freq.
Notch Filter

4
Ecom

Line Freq.
Notch Filter

Line Freq.
Notch Filter

0= 7]

R
TR
(o

3s
2s

Outputs from positive-sequence
current controller

Outputs from negative-sequence
current controller

e+* e+*
<3wh <3m, AHOV
4 e+* .
v A +
_Uoos _o__‘>04g N — _coh:>o
Joot —m 2s e
™ € - 3 IV._,.\_WQEO
| & = lwo,cirAC
m AN QHV n:>ObA 0)
oo |[ B9 . )
i —»luo,cirAC
- cirAC,d e ot 2g _-*
A* o e-* = ™ w > .<.W_n__.>o
_UQ 4 4 _n:>o q lwo,cirAC
ml* ml*
<3m_g <3mb

ofiy

19 2.20. A
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A

10w 71 % XLPE (cross-linked polyethylene) %<

o

QTR 1 Tt T

2 HE AR Ha gk olel weh XLPE d<d AlolE

A o
= —

>g—

Aell wlsiA

il

a3l
o

73 ok 28y obAl S XLPE ¢ AghE At AV =, 7f

o|J

NI

;OL
o

F Aoz AA®E Fer7t A%l w2l HVDC

]

A

o A4

5

|

A

AT

<7k AL

, AlelE mAo]

oF

=

A% #o7t Fus

—

NI
)

o
ﬁo

=
T

|

DC fault blocking 2] 2}

9%

=
=

S A

H

t DC fault ride through(FRT)

-
o <

o] 7}

ok
=1

i

HVDC

3

A

o] =
T

Aol

frelshehe

Ado]

AC network)®]|

(passive
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whebd], A5

FRT 59 &5 Fodo] tF5 Uk

v

Abazel golshAl thA 2 o 3= AE AME A AE

e

ZollM= F=(bipolary HVDC & A A®S 943 MMC ¥ W
Al 2" lol dste]  =ositk. 3.1 FolAs e AIAEE] V)] =
@G (monopolar) HVDC Al AELES 93k o2l MMC Hd=EHd X9
disliA vlweta, A5 o Abae] diAebs Z4zbe] WY TA ddE
AMegith 32 delMs 31 dolA vugd MMC AW

3292 (Topology) IV & W= HVDC % A|AEle] A &3le] A3k}
33 deMe g5 Add Aads 7PEE EA v AEeol diske]
ot mpAg o g, 34 HolMe AFIA A4E HVDC 7F =3t

slo] B 2] = HVDC Al Ao A 3] 2] v o] Agof tjsle] =2jdtt}
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3.0, AF AR WA W I MMC #)

3.1 AoAE v HVDC A% A|AHES 7h%

oL
ot
o o
ke
)
[-‘O
<
<
@)
>
L)
('
r (

AlE o el A =old k= HVDC Al~E

d1ate], AR A ALl FAskE widE @5 AARS 7o

O

718 Al xR U @G AA"dE FdeA 484 ¢ Sk
MMC A3 A AL X . H3X] 3F 7|HFC 2 o] Fo]x HBSM-MMC

A &Elo] Hxw 3grEe] 7[E FEE wdEo] gith. HBSM & 7HAE

MMC £ 79 3.1 3 Zeo] zt sham)e 95 =9 A4S L F e
SFE_H g2 A B Y5 (half bridge submodule; HBSM) & ©] 5oz gt}
HBSM 322 A9A Al MBEE AfFd uE &3 A4 Ad #

3.1 39 2ot

Sl_l D1 N
I\
> \VC

VSM sz_[}Dz .

1% 3.1.HBSM-MMC 9] MH R 5 3|2 4.
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¥ 3-1HBSM 9 =7 %

Vsm

Ism

+

+

S2

S1

Normal mode

Block mode

R

3t MMC Al 2~E] Aol o)

Fek Abael o
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- -

F&t E = (blocking mode) 9]

HBSM-MMC 57} 3 2%,

HBSM 7|9t &= MMC AlA"e AR o Ak A, 74 Fe) &9 7k 3
4 Hdsgto]l 0 o]mE MMC %8 EMF & @437 93 Afwes EA45A
deth wEbA, AR @2 Ao Aol HBSM-MMC & Alol& E3to] Alx
= 9%+ Fault Ride Through(FRT)7} o3t} whebx, AlarA]ef

MBRE Ao Aolgo]l AdEth Aoy Ak Fel= ¥ 32 9 2ol

I
d
i
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S7Hde® toloet ARy Iz FASFE2 Aln AHFY oA}
ol Huh40]. =, AFd &= Aka Al

A2 #HE HNER aFdn AR dAgh Aeld ostel te]leEvb

of AFE H¢to] =S Z 0 o] HAY

of #F Z7](DC circuit breaker; DCCB)E A X|slo] Alal AFE
AT % 9oL}, DCCB o T 7%l obd Ay AAY Swe)y
AL EARCHALAIAT. WA, ARG Al HAE dsA:

ql
AF27](AC circuit breaker; ACCB)E & Al7]& Zlol 7Hg A3 Aola (st

ARk, Antdor wRY 7 ADG7|(ACCB)S Alal Al g 2 S
L£L7F =222 ACCB 9 #& o] MHEES HAH A9A] o]
S0 r we AR EEA Ha ol Al AFVE FET-HIAES

T AR 9 W™ tho] @ “(anti-parallel  diode)?l ¥

o

t}o] @ ©(freewheeling diode)® RF & 27| H P2, NBEEES 54 1%

tlo

LAAA AL A F AVIEo] 2be e g St ¥ 32 9o MERE
oA Kol @ AP AEE &FE-BBlA] IR oty A9A9)
WHEE dobM Abal £3he] MA| A (surge current)€} ThE O] AbaL HRE
Atolg] ~H 2 E 27 st MEREES WA A9AE BRo vl kARl o

PHow o WY telest BEW £ glou wR W AR/ AF dow

m

Solrle BAE HAsA RanE, AR B AR/ T A

)
ol

s Westa AAAe. mebd, AR Abae] gk MMC

=
T
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AZsRe) AR IR O] b 2 BEE AR AL Al MMC A29 A S
wEey, mH 457 ARdor Ta Sojzkx @A s otk

ARl oA -2 DC fault blocking *21[51-55,58]% DC fault ride through (FRT)

4241[48-50,57,59-65]°] F 7HAE W= 4 dlth

® .
@ (S
@ \
(a) B

R kT



5
=

1) DC fault blocking *2]: DC fault blocking

)

>,

\ |+
J

’IL

Y4
+|\|

+ 1

1% 3.3.DC fault blocking 2] F+ 7}4]

T

\| *+

+

(@) W7 AF7F 0] ofd

w07k W

9}
THEo] W H
ol o

(b)

37, (b) 1L

=
T

[e)

1o

ol fsiM AA F 7hA
Tl v v

7k &8 Se17kA ol
#Zol, Aold Akt Al g



tho] @ =)o} 7l 9] Al E]

=
T

W vole =g

[e=]
s

Al

29

AFE AASE YHolth

Atal Aol MMC 2] Alo]

WiFEO] kA F(weak grid)ell 1AE 739~ STATCOM(static compensator) & 2]

sheh

=
[}

=7}

55208 4o 7}

P22 ARALA

T =]
& °

7}

=]
=

+

T\

T\

]

A
&

HO]—

713 3.4. DC fault ride through
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2) DC fault ride through(FRT) ¥2]: ©]2$t DC fault blocking ¥ ¢ A4 -&
HetelHA sAle]l AHE HVDC A 2¥e] S A7) fdl 55220 DC
FRT & 91§ 3|22l 5o] A5 $tvh 7|24 2% DC FRT WAl A7

A A AR Abn ARE Aelstel FA% AR S oAs,

2
k
2
b
X
lo
l
N
ofr
%
o
o
v
ke
&)
>
=
)
=2
k
<
<
@!

aFd FEdy A

a5l A AR U Aol B @@ Al Fhsstel, AR sk o
A& A7Eo] hsstolo @k o]F gIste] MMC AARE AR
4 87 A AAeNA oV AA Freolok s FAle] wFw gl
§49 5 AES ¢ AY §Hel shsslel @k odw el b

x4 slEuors= F-HIA (full-bridge)d| 28] ABRES 7|§to=

F
AFd Ads S5HACE AT = glon, 53] AR deks 4o 44
At &9 A7 A7 AT 4 QJerz ule He AFu A
o] 9J9& 7p7t}h &AWk, HBSM-MMC ©l B3] ABEEE o] F w59
g A9AE Fer stk w@ilo]l it ol MMC AAEE 7HA

Zrhw ohdel, A4 AR o AR T oulge AY x4

MMC ¢ At A diAE mEske BA6l wgT £d4d We ndw

Aol sz st thgt A7 wel Aol g
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TZE 7= MMC dEgHsg G

—
SM<typeA>| [SM<typeA>| [SM<typeA>
1 1 1
SM<typeA>| [SM<typeA>| [SM<typeA>
! ! !
| | |
SM<typeA>| [SM<typeA>| [SM<typeA>
SM<typeA>| [SM<typeA>| |SM<typeA>
I [ I
i i i
SM<typeA>| [SM<typeA>| |SM<typeA>
| I I
SM<typeA>| [SM<typeA>| |SM<typeA>
a9 35 WF 4 7 E2E 7HE MMC dERgE A
T deM= 2" 35 ¢ #Zo], MMC 9 A it sk ¢F e

e7h A P22 AAE MMC AR ZAo dielol w@ AEd

= AeA i

oty
il
oF
1>
rlo
=2
o
»
«
8
8
(]
-
g
o
o,
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1) 3] Z%2 Symm.<I>:
Symm<I>2 1% 3.6 ¥ o], HBSM 9 3std A9 F 9
ALOIHAHE A2 dhd Wgko g shek Ay Ao WY A4dste] F7)sh

3|2 FZE JHA= MMC 3 212 o] ths1].

SIJI:} DI |,

t T~ Ve

VS|\/| izsﬂl:} D2 -

- T1

1% 3.6.Symm<I>% MERE 32 4.

Aol E AlYAHE FUhetelof stz 32 ERAYE ST
Atolg] 28 Alol® F7187F HAostthe ©Ao] Utk oS Heshr] 8

Ao Atelgl A E A 93, MMC o wiwte] A5 Alolg|AE|E ot

ARAL Ao w2 dud A FRE RSN AFE p-3ske WY R TH52]
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3] 272 Symm.<I>+= DC fault blocking & 7}s3ltt, STATCOM E. = 5 2)0]

25 E W ohe Be dudA B ddd wR S 0% 2 457}
YA B3, okt BF AT Wl AP JFS A 5 vk w0l

2) 3244 Symm.<II>:
|22 Symm<Il>= 1% 3.7 ¥ Zol, F e AE AZ4¥E HBSM
shbe] HE A9AsE F oS trole=E FUbsE Fxolw, CDSM-MMC

(clamp double submodule MMC)2}3L & & t}h[53-56].

DI‘6
| SIJ D1 N + D3 |_S3
Ism
) AV, ssJ[}DS Vo=
S2 D2 | - -

1% 3.7.Symm<I>°] NERE 3|2 4.
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¥ 32Symm<II>g NBERE 3729 53 ¥

S1 S2 S3 S4 S5 ism Vsm
1 0 0 1 1 =+ 2V,
Normal 1 0 1 0 1 + V.,
mode 0 1 0 1 1 + V.
0 1 1 0 1 + 0
Block 0 0 0 0 0 + 2V,
mode 0 0 0 0 0 - -V,

A A AdE S5 & He Al7|BR =712 ddy F /9 the)leT=

AAATE At o8l =FEA dorg HH AdE F JHe] HBSM ¥
2tk mebA, HBSM-MMC 9} A8t F st 8500 23k &4o] 37} #n.
A5G Al A= S5 F B9 Z(tum-off) AFITh o] A E 32 & ol
A% Wl detel AGAE Aol AupE 2 we] D wRw
AFE 0 22 W 5 Qv 2% Symm<l>i= DC fault blocking =

7Fs3sly DC FRT += &7Fsskth HH, [56]914+ 25 % pole-to-pole AFal
Alel Symm.<II>¢] STATCOM EE= &% ¢ug]FS AlRbskitt. sk, Abal
Aol STATCOM &2t 33 Ao wid dF7F Ardoz =9
o7k AV st mebA, % DC FRT 7} &7bsstn®, A

A &' ot gk 2] gof SHAZE Qlo], # =l A= DC fault blocking ¥t 7}5 3t
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3) 3|22 Symm.<III> & Symm.<IV>:
3292 Symm <>+ 1% 3.8 3 o], 7 71 #d A4 HBSM o F
Me] Ay AAE F713E Fxo]H, CCSM-MMC (cross connected submodule

MMCQC)2Fal = A tH57-58].

1% 3.8. Symm<I>%] A BERE 32 4.

E 33Symm<I>g ANERE 32 FF %

S1 S2 S3 S4 S5 S6 Ism Vsm
1 0 1 0 1 0 + V.
1 0 1 0 0 1 + -V,
1 0 0 1 1 0 + 2V,
Normal 1 0 0 1 0 1 + 0
mode 0 1 1 0 1 0 * 0
0 1 1 0 0 1 + -2V,
0 1 0 1 1 0 + V.
0 1 0 1 0 1 + -V,
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4 A Alelle ABRRE 28 Aol 5 719w, = £, £, 0 9

Aers 7hxTh mE S5 9 S6 AE AYAE xdketo] BE AolEo]

I3 330b)2 el e wH Al AFE 2Esich B E 3.3 of A
Kol MEEES] 44 A W

Aol = STATCOM #7©] 7hsstrt. wheba, wiFe i
A% 7Fsst2E DC FRT 7} 7hsdh g z2w2loln, shA|wh, 712 A43h
S5 9 S6 A AfA o= ABEE AMAAE AL 297F Ae]= %, HBSM-
MMC 9 = 2902 Wiste] 2 ¥lE 7HA = A9AE AREstolop @b

ol QT
|53

| s4

% 3.9, Symm<IV>9] MBEREF 3|2 4],
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¥ 3-4Symm<IV>9Y MERE 329 53 ¥

S1 S2 S3 S4 S5 ism Vsm
1 0 1 0 1 + V.
Normal 1 0 0 1 1 + 2V,
mode 0 1 1 0 1 + 0
0 1 0 1 1 + V.
Block 0 0 0 0 0 + 2V,
mode 0 0 0 0 0 - 2V,

T, 719 3.9 oA Eo], Symm.<IV>iE Symm.<II>9] Zekslyd 3] 2 o],
3LCC-MMC (3-level cross connected MMC)2}al == TH58]. &, A8 A91# S6
tile]  Hole=mey7t AW e TFEolth A & A=
A
ARl AlellE S5 Y A9A7F © 9 HH, ol ¥ 34 9 o], AR

g oJste] ARAE Aol HEEE £ wol AU RHY AFE

]E

o 29 Aol 39 AW, F N, V., 0 9 AE AT F R

0°% W& 4 Stk 3294 Symm.<IV>E DC fault blocking & 753k} DC
FRT += &7}53tth Symm<l>3 wizb7ix &2, 712 A43sE S5 2 D6 o=
AMBEEE MAAE et 2 w7 AE|EE, HBSM-MMC 9] 8 X904
kel 2 viE 7HAE voletel AY AQXAE AREstojof dthe wWhilo]
o] 8] EA) st
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S5 D5
D3 3] .
7~ Ve
D4 S6J D6 -
% 300 Symm<v>9] AHEE 37 TA.
¥ 3-5Symm.<Vv>9 ANERE 329 FZ =
S1 S2 S3 S4 S5 S6 . Vart
1 0 1 0 1 0 - V.
1 0 1 0 0 1 - 0
1 0 0 1 1 0 - 2V,
Normal 1 0 0 1 0 1 - V.,
mode 0 1 1 0 1 0 + 0
0 1 1 0 0 1 - -V,
0 1 0 1 1 0 + V.,
0 1 0 1 0 1 - 0
Block 0 0 0 0 0 0 + 2V,
mode 0 0 0 0 0 0 - -V,
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3|22 Symm.<V>E= ¥ 3,10 3 o], skbe] Qe HBSM ¥ FBSM =
1:1 o v&2 A2 F-F°]H, hybrid MMC[59-63] Ei= SYM-MMC(SYmmetric
Mixed MMC)[64, 87-88]2} =¥ttt =, A4 AZ ¥ HBSM ¥ FBSM & 3&ft}9]
MBRE AR FFsit o] I 2WAS AR &Ae] vt JHE Ao

Ao dxnt AF Alal x| 7 ojE® HBSM-MMC £} DC FRT 7}

7bsEkA R 2zke] A4 7 HBSM o 2 wlo]m &£2o] & FBSM-MMC <
AE wotel ES Axgelrh symm<v=o] &Y A% N, V, 0, Ve

o] 4 /e de Ake 7R webA, AR e 4 WHRI7E A elA
0 7HA FRE= gAlo mwid A o] ThsstER AFT ARl A
STATCOM EE= F2zo] 7bgshm, DC FRT 95 7Hth shAwh, AR
FA Aol A} 0 Alolel X8k ZF kel HBSM ¥ FBSM 9]
AAAE Age] EFFPo] A7]= FAHl Utk o] dAlel gk uFEE
3.1.2 AelA AAEHA vEgrh FaEd [62]olA = ol FAE s AEsH]
el 72+ +o] HBSM 7i<=¢t FBSM 7i<F9 nl&S 24 3ol HBSM ¥}
FBSM Atole] AASAE et &3S s &skqlth o] A2 e FBSM
AFel vlES 58 sl 29 #s =49 W W= AY £8I3e

FBSM 7] oy x| wEto g WA= wholt). 3Fx|Tk o] w2l FBSM ©]
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N D3 SSJ D5 N

_V, 7~ V.

- S4J D4 S6J D6 -

1% 3.11. Symm<VI>% AMHEE 32 FA4.

¥ 3-6Symm<VI>9 AMEERE 379 & ®
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FA7 dojubA H= FelE FBSM 3 HBSM 7+ A<t &3 o] dhAysic}.

Upper Arm Voltage Reference of u-phase [V] Upper Arm Current(x100) [A]

200K P P& 7\ N o
o /SN /NS NN/ 7/ \
x N AN SO AN AN
NS NV VARV AR GV,
Average of Upper Arm HBSM Cap. Voltages of u-phase [V]
Average of Upper Arm FBSM Cap. Voltages of u-phase [V]

2.4K

il o s wnya wilye wnile Wi w e weliy
s LN/ \/ N/ N/ NS NS

A4 W/ A4 \/ AV

2K

Lower Arm Voltage Reference of u-phase [V] Lower Arm Current(x100) [A]

7N, P . Y LN 7N

200K [/~

o N/ N NS NS NN\

o N AN NN AN AT
\/ N/ \/ \/ \/ \/

Average of Lower Arm HBSM Cap. Voltages of u-phase [V]

Average of Lower Arm FBSM Cap. Voltages of u-phase [V]

-100K

2.4K

2.3K
ok o\ TN N TN TN
oK \J/ \J/ \S \V/ ~ \
2K
16 1.62 1.64 1.66 1.68 1.7
Time (s)

9 325 138 3229 1.6 oA 1.7 % Atol9 gt 113,
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o
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00kV(Ip.u)ol A 100kV(0.25p.u)E FFUS o,
Symm.<V>9] AlEdold A}E dedt AFd AYE 025putA
w$EOo R, oF Aol &1 Fite]l ¥ AXA Hrt webA, FBSM ¥ HBSM

Afole] B o] AskEan, oF Aol kel TtellA FBSM 3 HBSM ARo] 9]
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B33 wAo] st F7] oA EFE3E| o]Fojx A Tatng, 18 326 I}
ol Symm.<v> A|AE O] FBSM ©] AsfAIE Fsto] wHAketA €k o] gt
AN Symm<v> AHWE AAgo] AR HQE Alo] Al g v
= 7Hds= AS BoF 1 glon, olF WAEY] fleiA MEEE

=

Aol AMAE Y 2712 s)gok s 5o ulg 2 BA= AR

107



400K
300K
200K
100K

0K

-500
-1000
-1500
-2000

2K

oK it
-2K |

400K
200K
oK

-200K

2K
1K
oK
-1K

DC Bus Voltage [V]

IV
Al oo

DC Bus Current [A]

mw-m"m

U-, V-, W-phase Currents at AC side [A]
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i

Upper Arm Voltage Reference of u-phase [V] Lower Arm Voltage Reference of u-phase [V]
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|
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]

Upper Arm Current of u-phase [A] Lower Arm Current of u-phase [A]

|
MNWU\
(T

Average of Upper Arm HBSM Cap. Voltages of u-phase [V]
Average of Upper Arm FBSM Cap. Voltages of u-phase [V]
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o MM
2000 fYVAEVVEVEVVEVLY A
1500 YWWWWWWWWAY 'Aﬂv/mvnuhun M
1000 V U
Average of Lower Arm HBSM Cap. Voltages of u-phase [V]
Average of Lower Arm FBSM Cap. Voltages of u-phase [V]
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2000 |V YVAAAA
2 L4474 MAMAN vnvnvnun Aftnn
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% 326, FFE AdS IpuolA 025pu = FFAS

Time (s)

Algdeld A3 9.
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DC Bus Voltage [V]
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200K
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DC Bus Current
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U-, V-, W-phase Currents at AC side [A]
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Upper Arm Voltage Reference of u-phase [V] Lower Arm Voltage Reference of u-phase | V]
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B Ao wgd 93 9w kS HVDC AlAEle] Ag shse HA9

MMC 3 =2W2aes Axsrz] 9ste], 3.1 Ao =93 MMC #A

1
2
riot

AaRlEel gk vas s 3 o= AN dgE MMC
Adewsr =24 F, gEmA]l 10 e Szl g vas £ 3-8 3
2ol st depdigich. 3 WA vl FEL 27] MMC 2291 HBSM-
MMC & 7]E2® sto] o i gelr F7hee RbeAl Jjaolth
M shdel o 9 Al AR Jehdigla, A9 o) WE
thol =5 e IGBT & YERAth ©714 Symm<l>9 A%, F7t=
A A= A9 Aol MBEE AAAE Hdete] 2 w7t AU PR, HBSM-
MMC ©] A= 294 uigke] 2 WS 7Hs A9AE AREstelof Stk

ol vk F WA v P A AAE Ao i AlbE

294 Fo5E MER £F S0 AvE £29 fREe 4w

mebA, g4 T Al BEeke wrEAl g bae A3 #-lo] Sl
gkolth. o714, IGBT ¢+ ZF:E t}o] @ E(clamp diode)= T34 ¢k H4E

astelch, A WA Bl FEES ARW Ax A Abn AR oA by

o|

al
oAH-Z AT v WA vw dES HFT A2l Al STATCOM R =2
Fzele] nF AlFd Fadgs FEsY uid A A7t 7 A

o= wwatgrt FuEd [56]°14 Symm.<ll>2] STATCOM REE= &%

111

.-"\.\.I -II'



Ajkst ot STATCOM &4b& g sAldl wid A77F AFde=
Y Sol7ks EAIZE BAstER AA AJAF ZH gl 3lo] STATCOM
RE A Jbs oRE wuaddlth Symm<v>E 312 oA AFEHRE,
NEBEZ oUx EFFo] LA Bt npAHo g AFd Alx
*, A4 24 5 52 Al 545 vwskelth DC fault blocking BF 7Hs g
WA Abal Aol dubRoz  AWE Aeldo] AdE i, wWH

2717 AR Al AE A 7)E A 535 =gt} sFA| W, FRT 7

mN

7hedt B RWAS AR Al AR ATEtA ¢Folk HER, AR B
2 AR v bdeka w2 g, Aba 35 Al dHAE A ek
B M AF MdRzel W I(travelling wave)s FABH7] flete] AFw
AkE AT 71&7(amp) 2= MM S7FA 7] Zlo] el shh48]. whEbA,
ARl 35 Al AR A A &3] sbeet slEubAlo] Abal 3 E A
AAe A Asymm<I>9 FS-, AFS AL Al FRT 7} 7FesbA|L,
UFBSM > 7lo|® Atehe Aejel4] HBSM % &t ®, Al 338 & A

71s gel Ao s Hsta 3 EAZe] =" vk G s 7RI

Y b3 HVDC AEAEE 94 Mad oz Adud Aaw 3 AuHow
g AAAC L eA e HzwAelga & 4 gt
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=
or
o

3-8 MMC A3l A|AHE v

ar

MMC Type Classic Topology Symmetric Arm Topology Asymmetric Arm Topology
Symm. <[> Symm. <[> Symm.<IV=> Symm,<V> Symm. <VI> Asymm.<I> Asymm, <ll>
Submodule Type HBSM-MMC FBSM-MMC Symm. <I>
CDSM-MMC CCSM-MMC 3LCC-MMC SYM-MMC UHS-MMC UHA-MMC ASYM-MMC
Extra semiconductors
compared with HESM-
M IGBTs
MMC
: i 0SN1GBTs | (which should | 0.5N IGETs 055N IGBTs OSN/IERT: LRSS
average number per ;
2 R 0 2N 1GBTs 2N thysistors ‘ have twice ‘ N IGBTs + % E:
arm) ’ )
N diodes collector-to- | 05N diodes 0.5N diodes N hoides N dicdes
(#IGBT means IGBT
emitter voltage)
with anti-parallel
diode)
Semiconductors in
current path
N 2N N 15N 15N 15N 15N 15N 15N 15N
(average number per
arm)
DC fault blocking
Mo Yes Yes Yes Yes Yes Yes Yes Yes Yes
capability
DC FRT capability
No Yes No No es No Yes No Yes Yes
(STATCOM mode)
Low Voltage Operation Mo Yes No Mo Yes Mo Imperfect Mo No Yes
Imperfect
Good Good Good
Post Fault Mot Good Mot Good Not Good . Mot Good (simple, Not Good Mot Good .
(fast dynamics (fast dynamics & (fast dynamics
Characteristic (complex) (complex) (complex) {complex) but not (complex) {complex)
& flexible) flexible) & flexible)
flexible)
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A+

ASYM-MMC

Els

WE=LE-

A<
A

4. HVDC

<"l
™

4.1. R1thd @ AgE HVDC A5 Al

ASYM-MMC ¢] #

4.1.1.

A, FBSM °&

d

%

s

9

7oA ASYM-MMC

Feg 2 AoA

A

}A 5k, ASYM-MMC =

S

et

vele 9 Aols %ds

. =

HBSM-MMC

o+

A

71

Fol, 19 317 & 19

S

51)4

o2

H

by

ek,

o AN DL

=
=]

44 Alo] g

1% 4.1 oA Vdcuipﬂ' Vdcuinjq'

4.1

VdCU =VycU p +Vdcu n-

ok, (3.12)8F (3.13)9

I ohA) LhER o),

AHE (4.2)° 93

o A

T -
RN

& 91, (43)%h (44)

4.2)

4.3)
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21 (4.3)3} (4.4)°l 23le] MMC

* * * *
~Vxo =VdcU n T Vxs —

o) wR}

(4.4)

AFT Ao)E SR, o)

AREA QL MMC  Alojst sdstch gk, NSHATE] ol qA]  Alo]=
MMC ¢] 3|z W2le] we} 2ol & 7k
idc
- -
— . A
@ Vs VO
V rated Vdrcated + . Vdrcated +
) / dc — 2 7
* *
V 0 —Vvo 0 —Vwo 0 *
: . Vdcu p
Lyy Ly -
lus \ 4 A 4
i l _ +
E < » . VdCU
A l. ‘
é ws +
A Lui lvl Y Il Y
VU VV VW
s * *
I Vus Vdcu n
Vrated + Vrated + Vrated

|||

19 4.1. ASYM-MMC 9] 57} 3= %,

o AMIAIE YA Aoj:=
Aojel #1 AMIAIE A Alof, 18laL

22 Aol A2}
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A Z s S otk x e e obat shek kel {91

AF AR 45), 46)7 Lol vl = gtk
dE; d(Eg +E
sz =Py +Py) _“x _ (Exy x1)
DC DC  dt dt DC
DC

~(Vgeu p +Vdeu n)xocir *1dc) — Vxslxs-

dEuA| _d(Exu_ExI)|

DC ( XU Xl )|DC dt ‘ dt
DC

P2

oc

X . % * .
~ =2Vyslyocir + (Vacu p —Vdeu n)lde / 3-

A7 Aok Aol e 2 Fd nrol Ax AIAIE A Ao 9]

SR EE

R

(a)

116

$Ht 2pe]

(4.5)

(4.6)

%
Grid Current V,
Vector %HS’VS’WS
Controller



ES .k
) P, | DC Bus
* > 2 KI N DC & dC urren
Eiotal ?? (e ’%3 ’T "l Regutaor |
Etotal B 3.
g'a9  Vgeu

(b)
1% 42, ASYM-MMC 9] 214 A A U2 Alo]7] B2 tholo] 13

(a) A7 A Alo](Voltage regulation) 5. =, (b) = (Power dispatch) 5. =.

A M2l <k Afole] AMAE o] F& A o]

e
(8]
0%
)
N
o
5
0%
lo

34 " AAAE UA] Fk S AAFe R ALEY, 3 A #H
AAAE oA FEEs FAsA Aloler] A MMC  WE9
A7) AF AEOR AojHArt. 2 IFI X (notch) TEE 1
AHAIE =] gl o EAstE AdEEe] 2 mxT AR Wk U E

A7l Alestar A5 AdEnt Alofstr] f el

117



.k
> S—>lyo,cirDC

* %
’ (Vdc_p+Vdc_n)

.k

legt
zﬂ—’-’?—’e -® &—> lyo cirDC
Ey fit * .

’ e (Vdc_ P +Vdc_n)
legt L%

Twice Line Frequency lwo.cirDC
Notch Filters EX ’

w, flt * *
(Vdc_ p + Vdc_n)

19 43.ASYM-MMC ¢] 37 @7 AAHAE oudA] #8 AoE $3 Ao

223 AeA 7lwdlo], Adw SR e Y o sd o dY

olo] WE o] e FOE FFE v

R [e}

lo
=
8
=
S
o
=
(¢}
S
Pt
23
2
b
ui

=
wrgstolol STk 1% 44 oA mEol, Aua s 4o AW A% 3

zpol & Aof7]e] A B Fow HAs o Ao F54S FEAIZT

118



* * kK
A |

@, 223 AolA J1ET AW o s o] ANNE AIAY 5
@ Z(differential error) H/4S 3 A4 =3 F Alo7l= 71E2 MMC

Aol sk EAshey, wabA, oA

ol
*‘?
2

o]71= 1% 2.16(b)2 2T}
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4.1.2. ASYM-MMC 9] At &3 #] o]

b ArelAd 53] EAVE He ARYE AR A A diA A
AEFS HVDC AlAHEeA, 83l 53] HEE WY HVDC Al ~EollA
P o Fes 1y 245 F odtdelth. ARY Al diAdE Aln

2] (isolation) 2} 3l Ax(clearance)E &St HFS 7 of st} A [ AlaLd

M

gl

e WAAD Ad sEHEs B &S 7IES MMC EZEA= AbaL

.

T

s 98k R AEVI(ACCB) Ee HRF A"RV|(DCCBE LR

l"

§ITH40,77-78]. ACCB  #HAe] =" 7[A%4 & £& A3l, AkaL
AFeziEe & At ARE AWEH AATE dArlor sbd, 53] o]+
Y Erd AAdelA= oS AZen ARE AR #l AlnE
EZAOoZ #S 4 9l DCCB 2+ 7IA14 A 5F Act7](mechanical DCCB),
=A 25 27 (solid-state DCCB), “1#] 1, 3FolH el = A F ZH7](hybrid
DCCB) w°l vt sHAIE, o] Adr|=2 tii4er 7242 =d $54, &
S5 &, v g FAES 7HA AL Qlth43-45].
=

3.1 HellA 7]

oA Hole 4= Qv ARt Abal Fote] AWEE wH AlEel g
Alojol Aol E7Fsstth. Wk, 53] o] AARHES Wi AEol oFsh
Asd A v =g siek o]# 3 DC fault blocking H21S 712 MMC

A 2Ee] SAE ZEE7] 984 FRT 715S THI8H] 8 S0

A=l ghrh80-81].
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Atarel gifte]l SA H7F HA Ee 974 (permanent)] Al HEE
Alolg Atarst e, 7l AR 21h= SRSl

= A= +
olglg 7t¥ A& Abas AR

Ata=

o N

47do] ¢l (nonpermanent) A}ilo]|T},
A4 A 54 GE (%, lightning strike)H 23 Y57 -
Aoz Aehf%, flashover)eltt <9t 737t
AIZE el sjidTh
AEe] Tes TrIsleA dHE
AA A1 FRT 7552 0l w9 F238th ASYM-MMC +

of thaiAx 3 el

T R olef gt
2
-

ok
N
2L du
A
>~
>,
k=
T
o
o
atll
[-‘O
ok
!

FRT
7HA =

o7 thEglet,

EEZRA T o EA 1 FHe Vs

o
kit

ASYM-MMC + FRT 7]&%
HAE 7HER AR Abare] I

A Aojet W
SHAo0R & CweEbA, 1R AlE
3] 35 3} 7besteh 2

HVDC A]A~®E°] FRT & 3

AL Aol AR
H‘;g_ =
A7) o] =R Aba

Al o]

Aol ASYM-MMC 7%}

NAAE I8 45 9 o] 3 71A 9

GA R A3 TH75-76].
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DC line fault Normal
detected? operation
A
Stage 1 | Yes
v v
Reducing Fault arc

DC voltage | |extinguished

Power
$ # ramp up
STATCOM | | peionization ?
mode |
. DC link voltage
* * rebuildin
Verification of £

DC fault clearing

No DC fault Yes
cleared? Stage 3

Stage 2

1% 45.DCFRT & 918 #lo] AAX &5 % (flow chart).

Al fE AdY dFo] ErbsRE, AEY fad{F AvEs 0 °o=%
Aoslop k(i =0). B, AT FEAF AT FALHL 22 @S
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k)
pal

b},

o7 Ala Ao} ARAE JFA 1 1o wEl AEHow EEo]ok

F o Alo] &R o] F oz HVDC

gE o] Aold

o

=
RES

S|
=
T
u

%
oF

oy

ASYM-MMC

Al

0

A
)
To

o

4

STATCOM ©°. 2 A

2) 2 &+ (Stage 2):

717}

Mo

=]

<3}

ol F(arc)7} AEEIL O]

, At wglel

o]

[}

=

%1 1 3] & (deionization)

oW

Fol AbaL

S

=z]
=

B

o
o

7}

Aol A7]9k

ofiy

o

3& Al

&

4, 21

b
<]

257

9

fol o}

°©

[e)

=

3

Hl A
AA7A] 71L& 7] (ramp)E T A4

=

A5 Ao HEI; (travelling wave)d]

3) 3 ©7(Stage 3):

g ol A

.

=2

]

S

oV oA FE

oro.
xu]'a

A

1R

Z_]
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ste=, A 7lE g AME Ao AFE7F =k

S

-

o

ASYM-MMC
°] 7}

Foh48, 82].
-MMC 9]

9

Hhe 4

hie

sk ASYM
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4.1.2.2. ASYM-MMC & Ala A #438 Ao} dud&

= AeM= AR ARl Aol ASYM-MMC Alojel] tfsle] =2 3keh. WA,

ASYM-MMC A &89 3 Aloje] thsto] 7]sstth A F Aol Alofl&=
A Aol 0 ofAY AA ghel w& wig A2 e VPHER A{d
Ast RS olgske #d Alo7t AR o] Fo A A A=tk 2 (4504
ol # AMAAE oz 73 Aol AR Hehe olgste AR
AR FAAFE Alojste] B4y B Hd89S AR, AR Alx
Alefli= o]E diAE F U= Aol Wol AQstth 2 HolM= AbaL A

A AAAE eluiA #F AolE siste] Ash FEM AR FUW T
744 Ao W Ak,
D A A
Ak FUMS MMC mF 2 Aol §4 A% kshs etk
Fdshs $4 A4S @nT wol vpehd 5 ok At Aol mFwel

ohar 7pgskd, A S (4.8)7 2k

Fol'
N
mlo
of
Oll

o A
H

ro

1__

<

e com = Voo Sin(at + ). (4.7)

Xs,com

i = I, sin(wt + @)

i = 1_sin(ot+¢- %”) . (4.8)

I =l sin(ot + @+ ZT”)

A @sel dal, FA §A A% 4 AR pEE Ahe @499 2
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uyVv _inj T com's

Px %V I, cos(p—a)

\ com IS

1 27
Pignj =EV cos(g/)—a—?). 4.9)

wyV _inj T com's

1 2z
P —V ol cos(p—a+—
2 ( 3)

[q—a»/q’ Vcom‘ﬂ} aE Zﬂoaé‘}oi Eﬂ.j_ 4 7H§H/\]E1 OﬂL‘]X]—Eé- ﬂ}?_}—%‘e]— /.',: 011;}‘

2499 Al oA 1™ 46t ol dL 7+ JUXA

Adojutrt. o]#d FA HAY FAHS ol&d @ AMIAE
3

A3 A 0] o E55E 19 4.6(b)o LERAATE
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-
Vxs,com

Reference
Calculation

Twice Line Frequency T
Notch Filters EW, flt T T T

ius Ivs Tws

(®)
T 46 ARG AR A, A FAHE o148

ha

ASYM-MMC ¢ 97 ANFAMAE =] 73 Aol
(@) “lvux wg A (b) Ao B5 tholoj 1

Fitel 9w AFE T8k w1 1t AASAIE U A

ol
FYE ol Ao] Welth. FYshE PR ARHE @107 2k,

sin(wt + f)

us,neg s ,neg

i sin(wt + § + —) (4.10)

vs.neg s ,neg

i sin(wt + S — —)

ws,neg s ,neg

AT A4S @13 ol ekl & vk Aold J1F e A% Aol

tf &t PLL(Phase Locked Loop)< ‘&3to] 47 gt
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Vyg =V, sin(at)

V,, =V, sin(at _ZT”) . (4.11)

. 2
Vg =V, sm(a)t+T”)
2 @s)el gal, FdE AT A AE dste] vtEs dEHE (412)9)
2t

1
IDu?Cfinj = Evg Is,neg COS(¢ - ﬂ)

1 2
ID\/ZC Cinj T Evg Is,neg COS((D - /B _T) . (412)

1 2
PWZC _inj 2Vg Is,neg COS((D - ﬁ + T)

—

T,q—fi}-}ﬂ’ Is,negﬂ- ﬂ% Xﬂ](ﬂé‘}-oﬂ, Eﬂj_ 7k 7H§H/\]E‘] ﬂ]]#X]% j]l_%]—‘:‘_:} le %]:]—

21 (4.12)9] dgel el a8 479t 2ol "z ZF oyA wdlho]
oJojytrt, oleldt AR AHF FUWE o] &3t w1 AMAE oux £
Aol E555 1% 47l eI
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Lys neg

e Y]
Il ws,neg \ ‘.

% %k
V V V
, Us . vs Vdc_n
Vdc_n# Vdc_n dc n
% k
_Vuo _Vvo 9 +
[

i

* %
Vde_p Vdec pAVde p:
% * % v
“Viog Vo Vwo dc_p

Reference
Calculation

Twice Line Frequency EZ t

Iuss ,neg

> Ivs ,neg

’ IWS ,neg

= tholo] e

Notch Filters w, flt ? ? ?
Vug Vvg v
(b)
% 47 AR AL AL ARF FYHE o] 83 ASYM-MMC ¢ #1
ANAAE A=A 78 Aol (a) NIA w3 A (b) Ao £
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4.1.3. ASYM-MMC A| & do]A
ASYM-MMC ¢] Alo] dual&S A=st7] 98t 138 4.8 I o], 400MW
MMC AlAELE 718 s PSIM AlE# oS T3l & AlEdol Aol =
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AHAIE oA #d Aoje HdF BAAF AL 2ol HBSM-MMC 9
Aolel wdstnz 2 Ao Ao duElFS wETH whebA, B doA g
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DC bus voltage [V]
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A~ H[25]1=

<

oA FxF Mgt 7 b PEEa(z,)E 28 411 9 5718
bl z,/3 & UERITL

HA A E

< star-point reactor (SPR) A
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=

I

HA A
AAL( Zgy )= (A13)7 o]

e,

e 5 gl

Zgpr = Repr + joLgpr.

Zp & AR 219 A AgE AR 99
A5 ghele] AAARAS ofu gy,
Z| = R| + ja)L| 4.14)
Zi Vp Zp
4_—_'_—_7
Vrated +A C 1 . \yfated
Vdc_ > /_ llneg dc
Zy1 /3
Fault
Zspr Vrated +
Vi ZZ2
_ T
ChneI

a9 411 AF AR 37183 ASYM-MMC 7]t

0 = PTPHVDC A AH 571 RdE,
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@ aba A9 H2Y whg SAE Auur] gstel, 13 411 9 2ol

=
=
ARG A E YT, AL Al 57FE RS a9 412 9F o] YERSIT

I |
...... - AN
Loopl Z'?___glme
It Loop2 \ G
VAR) 2 +Yp : vip+in
_____- I \
Cline
Loop3

1% 4.12. ASYM-MMC 7|4t tf% ©&= PTPHVDC A|~El 9]

ot

A Al AT AR e 57 maE.

AL Aol Atz AAL VEoR T 57 gl dudAE 7, o7
ebeE Z, = @158 Zol, <l dIdast o dydAE gt
#ow e 4 it

Z1=2yq/3+Z =R+ joL ;. (4.15)
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Astel AR ARES Vo 2 Aojhrh 1Y 412 9 s swow
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2tZ2tA~ W3 (Laplace transformation)¥} 7] 23] &3 W& (Kirchhoffs law)=
ol &3t 32O i W3 545 AFEr 2% 412 9 Loopl, Loop2,

Loop3 ol 93}, 212} (4.16), (4.17), (4.18)9] EFZetAs g2 S 98 4 Qo

1 V rated drated
+(R|_1+SL|_1)Ip(s)+Vp(s)=; 02

+ (R +sL I, (s) +V,(s). (4.16)

n (S). 4.17)

2Z51¢(5)=V,(s)-V
1Vrated
S R HSLLD () +Vp (9) =~Zapr (1p(8) + 1 (5)
1Vrated

+ (R +SLL) I (8) + Vi (8) =—Zgp (15(5) + 1, ()) (4.18)

& (Vp(8)+Vn(8)) = —(2Zgpr + (R +5LL)) (15 () + 15 (5) vrateOI

A e Adsh ARol Be DTels wE AL @19)sh 2ok AR A E

Akl 271 w2 AbaL o] FAAE #elmE 7 AHuAE Y x7] At

e viaed oo giy

Vdrated
15 (8)—1£(8)=5CineVp(8) = CiineVp (07) = SCiineVp () — ¢——Cline
(4.19)
rated
[0 (8) + 14 (8) = SCyineVn (8) = CjineVn (07) = SCiineVn (8) + —=—Cline

2l (4.16)-(4.19)9] 4 B9 2& o] g5},
(42007} o} o714, Ak HAE 9k
Z|, =kz, | = 7}433dtt.
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1+k 1 1+k 1

SCine +—— —-sCpippg ——— ——————— C,.. .\ rated

line K RL1+S|—L1 line K RL1+SLL1 Vp(S) lineVdc e
SRS SRV S YOl I S,

e 2Ry +52Lgp, " 2Ry +52Lgpr $ 2Zgpr +(Ryy +5Lyyp)

(4.20)
A @20 WP HAstel, P Lo ARG wele] ANAE AL

@21)3} ol 78 & glrk

Vy(s)
[Vn(s)}
k(R +sLyy) 2Rgpr +82Lgpy
1, rated SCiineK (RL +5SL 1)+ (1+k) 1+52RSPrCIine+522|—5prC|ine Cline 1
5 Ve ) k(Ry; +5Lyp) 2Rgpr +52Lgpy _s(stpr+S2Lspr).
SCiinek (RLy + Ly )+ (1+K) 14 52R0y, Ciing + 5% 2Lgpy Ciine
(4.21)
2l @2D)= olgsky, 4 5o AFw e AMAAE A4 Az

(4.22)9} (4.23)3 o] AEd F UL, FA AREHE e (4.24), (4258

wol gelahgir.
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kCjine (RL; +5L11) 1

P 2 SkCIine (RLl + SLL1)+(1+ k) S(1+ SstprC"ne + 522L5prC|ine)
LR
2L,
2 2
(S-F RLl j + 1+k _[ RLI j
2L KCiineLL1 | 2Ly
2
J Lk _( R, j
_ lvdrcated + RLl kCIlne LLl 2 LLI
2 2 2
2 5L 1+k [ Ry (SJF RLIJ L Ltk _( RLlj
Lt kC”ne LL 2 LLl 2 LL] kCIine LL] 2 LLl
2
B
\/2Lsprcline
2
s SZ+SRSpr 2Cjine 1 N 1
\/Lspr \/2 I-sprCIine \/2 I-sprcline
2
L L spr
=lvdrated S+ap + R Dn _ (a)n )
5 'de 2 2 L 2 2 N[
D R e R i R
4.22)
V (S)__lvdrated I(Cline(RLl"'SLLl) 1
nl>)= c
2 SKCiin (RL; +sbLyy ) +(1+k) s(l+sZRSp,C"ne +522L5prC"ne)
2
spr
=_lvdrated 5"'05['1_ + Ry a)ll"n_ n (wn )
o de 2 2 L 2 2 [
ook (o} 20 oo 2o
(4.23)
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oL - Ru
"L,

(4.24)

a)L—\/ 1+k
! I(ClineI-Ll

Al
A

(4.22)8} (4.23)=

epEets

2
_[ RU] _\/ 1+k —(aL
- n

2|-Ll kCIineI-Ll

oSPT = 1
N = ——
\IZLSprCIine
Rspr ZCIine.
2 LSpr

spr_
o=

3

(4.25)

I3} (Laplace inverse transformation)=

o] g3ko], A7t A (time domain)®] 21O % UERNW 77 (4.26)3 (4.27)%

2}
L.
e " cos(wrt) +

1\, rated
vp(t)za e |

(e

1=

L.
e ! cos(wht) +

V(1) = —lvdf,f“‘*d
2 1
+41-

(e

99 29 AFL 9ol
AlEeel A Aatel vl sttt

Ru ot L
— e sin(wpt)

L1%n

e sin(of 1= (6P t+ 9™

R et L
— ¢ " sin(opt)

Lyon

e U i@ 1= (Pt + %)

)2
MATLAB & ©]|£3}¢]
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Positive and negative pole voltages
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Positive and negative pole voltages
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b Lo s NDE pole-to-pole voltage reference)

«——V» (DC positive pole to ground voltage)

Fﬂ*%u-:‘“-m

":---v,, (DC negative pole to ground voltage)
$[100V/div] _
1 [60V/div] «— U-phase voltage to ground (measured value)
WA
RVAVAIRY \ \J VA \ /
\/\/UUJ\JJJHUUJUU !
u-phase voltage to ground (reference value)
miv] — DC pole-to-pole fault
TI% 46 A AL A AR Ak S
40 dn) we wE Age A8 As 4y,
99 416 oA mEol, AW Aw w4 ARl A7 eele] A

Agkol Loop2 o Sla|A WAH L, olF AA Axge LuEre] osto]
kit o el AFHAE Aol -150V( VA /2 )7 S et o] e

s
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UERHAl H 3, o= 11 416 9 ofdl dHel A ] u-Ade wE dskE
& S Aok HA o] e R JAske G A AR
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2 AoA #43 ASYM-MMC 7|¥F tf% = PTP HVDC A|AElS
ASYM-MMC 2] &3 58 =9 A7 AEo v o=z I, Ak Ao
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LEES MMC27]= 87 A8E Fwdhe w54 Al (power dispatcher) . &
e wE, 74zt AAEE HAE TElw 49 HAAE M=
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AFE-EF O 24 A F% Pole-to-Ground APl Aleoll AFaivp wEAISE =9 ASYM-

MMC 7} Al RE® ZZ3dA] STATCOM 7]15S E3] wF A%

72
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=AM FEEE T dgd HVDC AlAES 7FE% ASYM-MMC 9
T2 st HESHH. 421 AoA Aas ko], ASYM-MMC 9] Zge 4
ek ke Zbzb vl HBSM ¥ ©el FBSM 5% o] fojxE R A HFEI]
wjxlell et el A HEZF Fasith & HoxAE [79]e14] =% 2 E
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WHT AFIL(REE busbar fault)ys A ZESH Alare]|m =) J&5ZA AlFil(permanent
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Vi _ peak :\/Eug

Vy peak =V3Uyg . (4.28)

Vi peak =0

AWE 5 R AL A 5, 5 ms el AW E S Alo|" S A o,

o]F A ms (F 3~5cycle) el wF{F AH7|(ACCB)7E ZEdtel. whebA,
ZAHE el Al H S (fault protection)s $3te] wWR/E AFLE 1Est A]AH
detuly AAZE BQskal, 2 AeAe & =Rl oled AA A eA
TR ¥m ol F AJAHEHIQRI HBSM-MMC, SYM-MMC ¢} ASYM-
MMC ¢}e] stetEle] tfet Wl 245 Yoty £9, ASYM-MMC ©] &=
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Atal F Alol”o] xpdEE, 28 419 oAk o] mwFw dgo] L9
Hd @& 7FE o, s F ¢ HBSM 9] Alo] ] AE

tole=s Fol 2 AF7F sEY. o] A1 HAFe LE2A IR

o
o
vs)
;ﬁ
lo
2
o
i

Qe @) Sl AdHh ool sk gl el AV )
429)9 ol ZAlgtel UErd 4 qdn. Ea ARw A%e Ao
FAET gom, Ad ok MkE (43007 o] AR

Aeks W grolo

i
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2
2
>
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L
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Askel =717 Eepxinh

= z
—
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Ls + Larm
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Ls + Larm

Pk qtel A
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)
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whel ok 19 420 3 o], AHE

ge AA AnE

e
=]
=
v
ofX
=

Eostdvh. =5 A2 o ARGk ol AFw AU 10kV o], MMC
WHEE A7 A rms = 50kV o]th 02 XA w A A Abart @A el

Ims o]Fel AWEL Alo|go] ket Ak B o]F 3 cycle ©] A
Al el Al wFAE7](ACCB)7F ZHEste]l ifd-s w8 shtkal 7Hg sl
1% 421 & HBSM-MMC 9] ZIHY &5 i w
Algdeld A3 stgolnt. Al wgwe] &7 A7k MMC =
Askat wirwk Hskel ok AHsiAIE HSke] W3t

WAskd, 1% 418 I (4.28)3 o] Abavp EASHA] oFS AlEe] A

&l
i
rﬁ
il
ki
B
ot
£
>
&
N

V3l Sobeeh whebA, u, v e X el o A2 29 421 9 FWA
#33 ZFol, 70.7kV(= 50kV x+3 )9 AAY HUAEZ spHTh wHS
AFe] A9 atel] oslA 27 419 9F o], stwk kel HAFE AUAEHE
AA @3 gole =g Falo] 32r e hut ¢ke] Y At wshe
A9 gk @, g ¢ dAFe ANAEE AYER AT ke
ANAEE AN A el A= Hdl A @307 2, o=
6 /M ABERE A A2z 77 421 9 WWHA 333 go] ud
Ak ol AFAIE A (43Dl gEte, 22.56kvV 9] S 7HXITh o= A
NAAAIE A ASke] 1.35 vie] Fholl sidevt. & AlEdlo]delX = HE
Qate]l F= A200A 8k 2ol Ly & L9 @& LA A8

ol«
3t
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upper

L
:[Vdcu Wy 2 J/N _ (4.31)

S + Larm

= (100+ 70.7 x%) /6=22.56[KV]
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AC grid line-to-line voltages (UVW) [V]
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MMC AC line-to-ground output voltages (UVW) [V]

pesisr g NAYATANA
RVAVRYVAVAVA!

Cell voltages in U-phase [V]

— W-phase to ground fault occurred & MMC IGBTSs blocked 1ms after the fault

— ACCB opened
HBSM voltages in Upper Arm
v
f v H;SM voltages in Lower Arm
0.15 0.2 0.25 0.3 0.35

Time (s)

719 421, HBSM-MMC 9] w7 H A Abal Algdold Ax »+4.
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2) SYM-MMC:

P A N Negative peak:
LEd LEd V=-V,

| + J J J
évch7 %l
i %]
Ty
VdCU A
= I-arm
i N i J
i +
%Vch_n Jéi Jéi Jéi
] %Tg Y
J&] T A&l A& i
\ A /

1

¢

Alolg At B2 o

o @S 7H
?]¥ 11 FBSM

F e R R

-

9] SYM-MMC &7} 3|2 %.

T

gol AuEE, 1% 422 oA o] wHT Mol Fe

o, stk oF AF7F EeA shet kel FBSM o AAIHE
o] AMAAIE Ak el 4329 ol Vy o @S shxth

e AR FAHI oz Ak oF ML (4.33)%

Vacu n = V- 4.32)

VdCU p szCU +Vm. (433)
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o
=

i

A @.33)0llM Bl

,d
=2
i)
A
s
&Y
2
rlo
»
il
i
&Y
a2
=
<
3
o
in)
o

& JHAA Ha, o= @28)7 Zo] FANE wH ALY 3 ue #e
7Rt} o)l okx  AAF3d HBSM-MMC 9F H PSS w, ABRREEO

ANAE ] Aol Agte arh Vet oz e Row,
Vieu +Vm

Ls + Larm
Wt FAE op1dtkE wilo] itk

1% 423 2 SYM-MMC ¢ ZHH & wi9e w
Al E ol A3 oty Atz F mHwe] EEHr] HA7kx MMC =
wipeh At wRw dokel] ok NsjAIE Ayl WEE u#sith a9
423 o FHA 383 o], 70.7kV(=50kV x+/3 )2 A HAHE spx.
ok, Wk AFee] deiatel oeid 1" 422 ¢ o], ddk ¢
AFE FBSM 9 AHAIE S AUa (4.32)9 Agow FAPL 3dH, A

e AF+ FBSM ¥ HBSM 9] = MBERES] A EHE Al (4.33)9]

shek Qrell del= A9l (4.32)= 3 7He] FBSM ¢] Hsir[Elelnt He]= =
(4.34)° osto] 23.57kv 9 #s 7HA AL, o= A AHEAE HF A9
141 W9 e 7k e oF ARFE HBSM 9 AAUAEHE AuA ¢
tho]l e =2 T552E HBSM NHAIE] A¢te] wish= A9 gty &, et
ol A= AUl 433)2 6 /MY Ee AIAIHO AyE=R (4.350
oste] 28.45kV 9 k& 7HA L, ol A AUAE A Akl 1719 FE

Z7Re oleet A2 1 423 o] vl A AlEdold A3t vty A g

160

.-"\.\.I -II'



|
VEesmM = Vgeu n/ Nessm
=V / NEegsm (4.34)

=70.7/3=23.57[kV]

upper upper

VERsM ~ VHBsu

=V, /'N

vp (4.35)

=(Vch +Vm)/ N

= (100+70.7)/ 6 = 28.45[kV ]
ARTL Alel FAE = A2 AlAEE] A HME A9 (modulation index; MI)ell
ojsto] AAQHT. Mt WE AFTt FasE AL A SAEHE A9
2717} AR 2 AlEE ol M+ 0.82 2 4733t
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MMC AC line-to

-ground output voltages (UVW) [V]

AvAviNA

AT
VAW

f
W W W

\WVRVRVR

FWW W

MMC AC phase current (UVW) [A

]

f

L

NI m

it g e b g b PP

Cell voltages in U-phase [V]

—» W-phase to ground faul; occurred & MMC IGBTs bl;cked 1ms after the fault
7\

[

1Y
— ACCB opened \_ %

All S

voltages in Upper Arm

4~ FBSM voltages

in Lower Arm

| —

A\

I e =t

/\(HBSM Vo

Itages in Lower Arm

W)
s

0.15 0.

1% 423.SYM-MMC ] w2 A At Algdlold 43 343,

2 0.25 0.

Time (s)
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3) ASYM-MMC:

3-1) Case I (BAA %2 ool FBSM, 11¢tsk 9] ololl HBSM < W %] &}

I8 424 = 42 Fol HAAE VIFoR 4o AAE JMAE F(positive
pole)?] ASYM-MMC = 4%t ¢Fo] HBSM ©. & 3}t ¢Fo] FBSM O & o] Fo] %]
Atk A, = Fe AAE VLR 59 AHAE 7HAE =H(negative pole) ]
ASYM-MMC & Atgh ¢to] FBSM O &, 3}k ¢Fo] HBSM O.& o] Fojx] gt}

1% 424(a)F % =(positive pole)dll AFE-EiE ASYM-MMC °] 3| 2ot}
Abal F Alolgo] xdwEw 7% 424(a)9 #o]l mFY Hgto] 29 Hu)

@ 7ba w, she o ) FBSM o AsiAE A Fel s Aba g

N
A5F7h AR Vi < 2V ). R, el o= edghe] oA shd

Vieu p *Veew +Vin- (4.37)
hA, 1% 4.24(b)F & —r(negative pole)°l AF8-¥&= ASYM-MMC 3| =]t}

HAAE 71FC0 2 oF F9 ASYM-MMC ¢} tf &9l Fxolm 2 17 4.24(b)ol

FAG AP o AR Egor & w, ¢ =9 ASYM-MMC ¢ €27}

S8t
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9 425 = 19 424(a)2) ASYM-MMC ¢ #AHE = mFwe w A HXA
AtE Bk Algdeold Ad gtolth Al § wiwo] REjEr] A7bA|
MMC 5 IHFY Ay nid detel ot e Age] WIS

ek she oF Ue] FBSM o AMAIE Aol el sl Abn AR}

AgtE B2 skek ko] ASAIE Aol WEe A9 vk @, e ¢k
A AAAEE ARz Ad o ASAHE SAAZE e el

A= Hol A9 438)% 21, ol 6 M ABERE AfAEH Hdejns
9 425 & vUliAl 9@ Zol, u A A kel ASAE A (4.38)°
oJshoq, 28.45kV &) gk 7Y o= A ANSiAIE FA AdSke] 1.71 ¥l ghell
3| st

(4.38)
=(Vgeu +Vim)/ N

=(100+70.7)/ 6 =28.45[KV]
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Lo+

Vaeu_p| J J

J J J Negative peak:
V=-Vy,
+
vy Yo =

deU™§ 1 — (~

- Larm =
EEERTCY & Ik

+ = N —~

Vg o IES g LFICH| |

IR iy ]

Y JE A&

yYv . .

_1
(a)
-

Vch _p
- J J
¢y JIFJ

>
L [ [
L L
Al
vin
vl
L L L
L L
|
Al

PAl

Positive peak:

/I
o

Vael k[T e 1=
- H arm -
3 i

AY|
N
7

AV
/!
Al
7

P
» "
ivchnJ 4

(b)

¥ 424 AWE S IR AR AL Alo]Y Abd RE o] §-9]

ASYM-MMC 7} 3|2 % (Casel).

(a) ¥F°l S(positive pole)s 18 3] 2. (b) =2 =(negative pole)= 138t 3] %.
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MMC AC line-to-ground output voltages (UVW) [V]

IS AW 4

44

/

/

I

A
A

/mﬁﬁ
YAV}

MMC AC phase current (UVW) [A]
fi
A J!
I
L
|
Cell voltages in U-phase [V]
— W-phase to ground fault occurred & MMC IGBTs blocked 1ms after the fault
/" —»ACCB opened
{ u"HBSM voltages in Upper Arm
FBSM voltages in Lower Arm
H H ]
0.15 0.2 0.25 0.3 0.35
Time (s)

2% 425 ASYM-MMC &] w2 A Atar Algee]d A3 3438 (Casel).
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3-2) Case 11 (FAH %9 ¢ro] HBSM, 1w %2] <to] FBSM & HjX| &}

TX):
% 426 = S5 Foll AAE VIEoR 4 HHE THAE= F(positive
pole)©] ASYM-MMC = At ¢Fo] FBSM © 2 3}tk ¢fo] HBSM © 2 o] Fo] A

Atk A, 5 Fol HAE VIFoE 9 AYE 7HA+= F(negative pole) ]
ASYM-MMC += 4+¢t ¢to] HBSM © 2, 3}¢k ko] FBSM O & o] o]z it}

IH 4.26(a)= % =(positive pole)ell AFE-E:= ASYM-MMC $¢] 3|®ojt}.
Abar 5 Alolgo] AdE, 19 4.26(a)2 ol wHE Hekol 59 Hu
e 7HE W, vt o Jle] HBSM o Abolg]AE(9t IGBT o 994
tho] e =5 Fato] & ARF7F ZEL o] Alal AR @A F2o dIHx

a6l SJew Awd 4 ek oo

v
12
=2
!
L)
rlr
!
rl
o~
2

o

(4398 ol FAtetel yERd 4 gtk msh ARd AgS A=
FAEH Qormg Aok o AL (44007 Ho] AHHF

Hghe W gholt.

av)
)
rl
=
X
ol
o,
v
o2

L
Vieu n ® Vi —am (4.39)
- " Ls + Larm
Vg o <V +V, —am (4.40)
dcU _p ~ VdeU mL+L . .
s T Larm

24399 @400l Bzol, o AIEXA( Ly )8 LFEDS S
AIEA(Lg)ell <JaiA ek 9 shek el Aels dske A717F depxivh
o] #EL HBSM-MMC 9] (4.29) ¥ (4.30)% FL 3},

hA, 1% 4.26(b)F & =r(negative pole)°l AF8-¥&= ASYM-MMC 3| =]t}

AAE 7|Fo 72 9k =2 ASYM-MMC ¢ thE Aol F-xo]= 2 13 4.26(b)el
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o, oF o] ASYM-MMC ¢} 97}

(4.40)3} 211, o]= 6 /M2 MERE A EH AdEE 19 427 9 YA

gy ol u A A 9 JHIAIE A @.41)l olEke], 22.56kV 9]
#e 7Y ol A AFHAIE A ALY 135 we #s Rt =

Algol s HAE flstol F5 A2 olMet 2ol Ly ¥ Lo #=

FaAskA APk

upper
Veesm ~Vaeu _p /N

= (Vdcu +Vp, LL¢]/ N

S + Larm

(4.41)

= (100 +70.7 X%J /6=22.56[KkV]
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9 4260 AWE S aR Ao Al Alo]” Apd B E o] 59
ASYM-MMC &7} 3| Z% (Case II).
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MMC AC phase current (UVW) [A]
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Cell voltages in U-phase [V]

— W-phase to ground fault occurred & MMC IGBTs blocked 1ms after the fault
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FBSM voltages in Upger Arm

4
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HBSM vo
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3 0.35

1% 427.ASYM-MMC 2] wAF HA Atz AlEdold Ay 38 (Case D).
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Aot 2 v e TS M EE MMC AA Al HE Z71E faksio)
web, ASYM-MMC += Case II 2] 7%< A58 Z29] 9lof] HBSM, 1ot¢th

0] el FBSM < Wl x| 3k= Zo] &l FAdolgt & 4 3l

O:

T, ASYM-MMC += HBSM-MMC ¢} 22 AWHE =A2] &AFok Al o #]
o] EAE R o AyelAl I7|E HA3E £ Quh gk, A

el AL oF A% ANE Folq WA ARS ©S dHAL 5

—

A= F7hARl Aol Stk F, F 9HYEX( Ly )7F AFE ST
PALDA( Lol wls ez 22 gs 7HEs AAS & ern=
(4398 (4.40)0l o8] ek Sholl dele A= HAas & 5 Qv o &
de] Algeeld 23 (Lym=Ls)ol vlsiA A ske] AjeiAlE zste]
sAHEE AY AVE 2 For 2d F Anh ol#d AHeld ASYM-
MMC 7} AbaL B3 Sref|A v sttt

R, kel M AEE SYM-MMC 9F Hln S welk, MEEE /A E <
A A77F Aow, mR7IAIZ ASYM-MMC 9] §F QIE' Al H7|E

Hagtgozd AME ] Aol Bo SHelM HE fesith wEhA, ol %
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4.2.3. ASYM-MMC 7|RFE] <= A4S HVDC AlAH
AlEdlo] A

B Ao AFW AMLE 71g3E PSCAD AlE#HOIAS F3ate], Ala
Aojo FaiA =23t ATETE 422 HolA =93 AyE, 1™ 428 &
d= FTol HAE VIFoE 49 HLE 7HA= =(positive pole)®] ASYM-
MMC + 5t o] FBSM S & 3shet ¢te] HBSM ©O.& o] Fojx] it} dh,
= ol AAE Vo ®R 59 HYE 7FAE =(negative pole)®] ASYM-
MMC & A< ¢bo] HBSM ©.& 3jgt ¢to] FBSM O & o]Fo]#] it} 19
428 oA st @ AAELES 200MW o A4 A dEsES JAERE,

F= YW HVDC AAES F 400MW ©] A7 M8 dEsEs 7hrh 2

(i
M

o] ok HVDC AAHEl AE#HOALE T8 429 9 o], TA A=

}

OE
1>
o

AHESHE X E-AlF 2 7] A7FE HVDC AlAEE 7HEo = shr I %-
A5 HVDC #2 ° IF 7A%EI HVDC Aol el AFsE F
Abgsta, AFE AWHER ASYM-MMC 2 A 8le] PSCAD Al E o] &

AT ASYM-MMC ¢} 2 5F 2}lo] A g4

r1r
1
fu
@
2
)
iy
_O‘L
32
=
re

—

Al EYol o= HVDC &elo] H=9o 3 B2 9 o]

o)
o
o,
2

3] = (lumped constant circuit)®] FJE|ZE Al & o] H Gk qhek AA k2l
TPEA 3 A4 3] Z(distributed constant circuit) ® Al Ed o)A S St
AWES) Aba A B4 B4 o8 A% Azel wEskel A%st B4

Sognh B owRedn asEd BR S4el Azded wos

AAsHernz, Ao AT do A2E ol &3t AlEeold skl
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Smoothing
Reactor

HVDC
Transmission line

Metallic return
cable

=
=
w)
o

Island

D
D
D
QD

laimiial Laimigl
IS LS

HVDC |
T

ransmission line
% 429 AlEHO| A AREH

AE-AF 27] A7 HVDC A 2~H 7iE k.

F= A4 HVDC AlEolA AFd AR S 2osto] 33tk
™
=

AFIL A ARl 2919 ol H(are)7t A
A

oy
Iz

(deionization)S ©] T AJZFE AubF o ® ok 300ms ©]I[81],

AlgE ol 300ms = 7RG SESAvE B, AR Aol HAWE e Aad

=
=
Attt B A EgoldoaE At B J)E A{FE 1.25kA
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o8
K
fu
ot
s
_O|L

2
o

A A TS Ackstep)d} AAHramp)e] F 7HA
AAHramp) FHEHE ARFE A FEO A= AR 150ms =
Ak eh81]. ol st AlEH IS Foto] AR At thA sl lolA
ASYM-MMC 7} - 9= #<lstalx} bt
2 AlEHoIANA = FF T Fe (positive pole)] A

2ostqitt 1.5 = AlFelA AR AlE Eostglon, AF Al Uy
Alell AfFe At ARE HAEeHE A7 A AlolE FaskE MMC (voltage
regulator)= AFE HAYS ov 2 FASL, 9 ERERE sFsE MMC
(power dispatcher)= A7 AiF A= 0 &= Aojsto] A7 Alal AR{FE
oAgt. gl Res ME OE 2

Bosto], 2o & Algdeold Ay 33 E vluwstal st

BP9 Well(legend)i= =3t Zo] E7IESITE U, V, W 9 3 dow

L

o] Fo]7W MMC % i AHS (Vus, Vvs, Vws)E E7]381%1 21, MMC 5%
AT (Tus, Ivs, Iws)=, MMC A 47+ (Tuy, Ivy, Twu), s $Hd F+=
(Iul, v, Iwl), A b A4AFH L (Vuur, Vvux, Vwu*), stk &b At A5
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Asymm Upperinv 1 : Graphs
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Asynm LowerRec : Graphs
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Asymm UpperRec 1: Graphs
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MW2HVCable Sea: Graphs
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Asymm UpperRec 1: Graphs
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Asynm LowerRec : Graphs
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Mv2,HVCable Sea: Graphs
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MMC DC Bus Voltage Reference[150V/div| (mid-point of y-axis is 0V)
DC Bus Current[10A/div] (mid-point of y-axis is 0A)

|—> DC Pole—to-Cround Fault occurred
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-
[500ms/div]

[100ms/div]

O 530 AR A A FUME 48 A 3w oA,

203



MMC DC Bus Voltage Reference[150V/div] (mid-point of y-axis is 0V)
DC Bus Corrent[10A/div] (mid-point of y-axis is 0A)

'—b DC Po]e-to-Ground Fault occurred
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\IMC DC Bus Volta;,a RtiLI’EﬂLEI]HO\M"dl\] (mid-point of y-axis is 0V)
DC Bus Current|1 7| (mid-point of y-axls is 0A)
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MMC DC Bus Voltage Reference[150V/div| (mid-point of y-axis is 0V)
: : \/div] (mid-point of y-axis is 0A)

|—> DC Pole-to-Ground Fault occurred
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[500ms/div] FRT period

AC Grid Current (' VW) [15A/div]

MMC Common-mode Voltage [2V/div| (mid-point of y-axis is 0V)

ST Zoom-in I |

AE A7 9 54 A (common mode voltage).
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MMC(Upper Pole) DC Bus Voltage Reference[150V/div] (mid-point of y-axis is 0V)
DO Bus Current[10A/div] (mid-point of y-axis is 0A)

|—> DC Pole-to-Ground Fault occurred

] |

y . FRT period

[500ms/div]
MMC(Upper Pole) Leg Energy (UVW) [2J/div] (mid-point of y-axis is 81J)
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MMC(Upper Pole) DC Bus Voltage Reference[150V/div| (mid-point of y-axis is 0V)
DO Bus Corrent[10A/div] (mid-point of y-axis is 0A)

l—b DC Pole-to—Ground Fault occurred
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(mid-point of y-axis is 50V)

Lower Arm(HBSM) Avg Voltage [2V/dlv] (mid-point of y-axis is 50V)
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M MC(lJppel Pult) D(, Bus Voltage Reference[150V/div] (mid-point of y-axis is 0V)
DC Bus Curvent[10A/div] (mid-point of y-axis is 0A)
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A M= 138 510 3 o], ko] = (positive pole)oll HFT ALLE F 0|5}
Ads TP

Upper Pole DC Bus Voltage(Sensed)[150V/div] (mid-point of y-axis is 0V)
Upper Pole DC Bus Voltage Reference|[150V/div] (mid-point of y-axis is 0V)
Lower Pole DC Bus Vo]tage(Sensed)[ISGWdlv] (mid-point of y-axis is 0V)
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Ground(Metallic return) Current [10A/div] (mid-point of y-axis is 0A)
Upper Pole DC Bus Current [10A/div] (mid-point of y-axis is 0A)
Lower Pole DC Bus Current [10A/div] (mid-point of y-axis is 0A)
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[*] SRF: Synchronous Reference Frame.
MMC(Upper Pole) DC Bus Voltage Reference|150V/div] (mid-point of y-axis is 0V)
DC Bus Current[10A/div] (mid-point of y-axis is 0A)
AC grid D-axis current Ref. in SRF [10A/div] (mid-point of y-axis is 0A)
AC grid Q-axis current Ref. in SRF [10A/div| (mid-point of y-axis is 0A)
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Fault detection cycle end
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AC Grid Voltage (' VW) [40V/div] (mid-point of y-axis is 0V)
AC Grid Current (1'VW) [15A/div] (mid-point of y-axis is 0A)
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Upper Pole DC Bus Voltage(Sensed)[150V/div] (mid-point of y-axis is 0V)
Upper Pole DC Bus Voltage Reference[150V/div] (mid-point of y-axis is 0V)
Lower Pole DC Bus Voltage(Sensed)I lS[Ide] (mld-pmnt of y-axis is 0V)

[500ms/div] Zoﬁ)m -inl

Ground(Metallic return) Curr’s.m [IOAldiv] (mld pomt of y- axis is 0A)
Upper Pole DC Bus Current [I 0A/div] (mld -point ny axis is OA)
Lower Pole DC Bus Current [lOA/dw] (:m:d -point ¢)fy -axis is OA)
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Positive Pole DC Bus Voltage(Sensed)[150V/div]| (mid-point of y-axis is 0V)
Positive Pole DC Bus Voltage Reference[150V/div] (mid-point of y-axis is 0V)
Negative Pole DC Bus Voltage(Sensed)[150V/div| (mid-point of y-axis is 0V)
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Ground(Metallic return) Current [10A/div] (mid-point of y-axis is 0A)
Positive Pole DC Bus Current [10A/div] (mid-point of y-axis is 0A)
Negative Pole DC Bus Current [10A/div] (mid-point of y-axis is 0A)
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[500ms/div] Zoom-in II] i_ii___iZoom-in?]V

Fault detect(loff > 134)
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— |

[10ms/div] DC pole-to-ground fault occurred Zoom-in 111
Fault cleared
-
-—
[20msfdw]‘ Zoom-in IV
9 517 %8 AR AL Al = stojB e = AIARNY] A Rd A

222



[*] SRF: Synchronous Reference Frame.

Positive Pole DC Bus Voltage Reference[150V/div] (mid-point of y-axis is 0V)
DC Bus Current[10A/div] (mid-point of y-axis is 0A)

AC grid D-axis Current Ref. in SRF [10A/div] (mid-point of y-axis is 0A)

AC grid Q-axis Current Ref. in SRF [10A/div] (mid-point of y-axis is 0A)
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AC Grid Voltage (' VW) [40V/div] (mid-point of y-axis is 0V)
AC Grid Current (I VW) [15A/div] (mld pmnt of y-axis is 0A)
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Positive Pole DC Bus Voltage(Sensed)[150V/div] (mid-point of y-axis is 0V)
Positive Pole DC Bus Voltage Reference[150V/div] (mid-point of y-axis is 0V)
Negative Pole DC Bus Voltage(Sensed)[150V/div] (mid-point of y-axis is 0V)
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[500ms/div]
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Zoom-in |

Ground(Metallic return) Current [10A/div] (mid-point of y-axis is 0A)
Positive Pole DC Bus Current [10A/div] (mid-point of y-axis is 0A)
Negative Pole DC Bus Current [10A/div] (mid-point of y-axis is 0A)
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T A A (6.9 V, o A717F AAE A STkl 1 62(a)¢
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=
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MMC 7|®F HVDC
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2ol

o

(6.2)8} #ol, 3 3x3 FA

2 EMF +

2
he Helz vebdo
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(6.3)

I, sin(at — ).

3
2

I><sSVM

230



21 (6.3)91 4 B0l AF2o A7 SVM = A 83HA] ooks ufo] uls), ok

134% FAdE AL L F Uk F MMC 9§ AY FPom A

AME wRT A 2719 Erhs 4 AR AE gaAAH, o AR
27 Em§ ZolEth wmebd, AWE Yo £E &do] ZolEum, Wz

whebd], &4 A FYol MMC o AL S5 9FE Asino] §stol
ABEE ANAE 8% 409 £ A% AolE A% A Y Aekle

internal voltage)©l| thalo] [91-92]& FZ3ste] 7]& St}

D ABEE AGAE §F A6 vA s 9
=& Aste], (62)F AT A(Ve )T 7183 A WMz AF(m ),
SVM o 4 Aeh W Af(mg, )2 A drehiE, 649k 2ok 01714,

AHAE dZAAE Ag AT - AU (v, ) =gt

Ao
+ Vch
XuSVM —

B XS
_ Vaeu
Vyisym = ; + (Vys +Ven)
Vgu V | |
Vxusvm = % _%(mo sin ot + Mgy sin3mt)
= (6.4)
Vch Vch

v = + m,, sin wt + Mey, sin 3wt
XISVM 2 NE (Mg sV )

\Y/ 2 .
Vyusym = 32U [1——m0 sinwt —

2 U 3

2 .
= (1+—mosma)t+

NG

Mgy sin3a7tj

2
N

_ Vdc
Vyisym = )

Mgy sin 3a)tj

2
3
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, LR A" AR Aol Fdsith: (6.5 (6.3)°] wEh &

. V
Vch Idc = %Vmo I mo COS¢ = % mO ;C ImO COS¢
L 4idc (6.5)
™ 3m,cos@’
i 1.
Luswm = % + 5 Lissvm
i, 1.
XISVM _? EIXSSVM
i | (6.6)
=1+ sin(wt —
s = m, cos g ( ®)
_ i .
I ==01- sin(awt —
asvm = 73 ( m, cos ¢ ( (/7)j

wekA, 647 6600 Sd, dw o s gk MR F719) ey
Wehs vebd gl

1 o .
AE)?L}/M (ot) = ;IO thuSVM Iusum d (@)

V. iy o
Vel (41 2o ot Zim, SMJ(H

60 1 3 V3

3 sin(wt — qo)]d (wt)
m, cos @

2
. 1+ sin(at — @) ———=m, sinwt —
ZMI” My COSP V3 cos
6w

sin ot sin(wt — @)
d(wt)

. 2m . .
_2 m,, sin 3wt ————sin 3wt sin(wt — @)
NG m, cos ¢

B

i m, cos
Vch Idc 0 4

[cos(a)t — @) —cos (/)] + % m, [cos ot — 1] +

NEEE

1 3
—sin(2wt + @) — —sin(4wt — @) ——sin
2m, cos¢[2 ( ?) 4 ( 2 4 gpﬂ

[sin(2a)t —@)+sin (o]
2cos@

60 | % m,, {_%(cos(:’)a)t)—l)‘F

(6.7)
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1 ot .
AESVM (at) = ;J.o Vsasvm hxisvm d(et)

Vil et 2 . 2 . .
== 1+—m,sinwt + —m,, sin3wt || 1- sin(wt — @) |d(wt
6w JO N N m, cos ¢ (@t ~9) ()
. 1- 3 sin(wt — @) + 2 m, sin wt — sin ot sin(wt — @)
Vaul [ My cose V3 cosp d(at)
6w *° 2 . mg, . .
+—=my, sin3wt - sin 3wt sin(wt — @)
3 m, cos ¢
3 [cos(a)t—(p)—cosgo]—imo[cosa)t—l]+ ! [sin(2a)t—(p)+sin(p]
Vg | Mocosg NG} 2cos @
6w 2 3

+—=mMmy, —%(cos(3a)t) - 1) -

3

2m, cos @
(6.8)

wE, mmE 98 & A FUol Qi AR(my, =0)9 Fd e

ere] 7)o

719 oy x WIE (6.7)F (6.8)= ©]&3te], vy o]

AES () =~ [ v, i, d (@h)
In) 0

1 (6.9)

2co

Vi 2
_ Vaculae | _ [cos(a)t — @) —cos gp] +m, [COS ot — 1] +
6w m, cos @

[sin(2a)t —@)+sin go]}
S

AB} (o) = [V, d(ot)

1 (6.10)

2cos@

Vch Idc +

6w { m, cos @

[cos(a)t — @) —cos go] -m, [cos ot — 1] +

[sin(2a)t — @) +sin go]}

233

J’ﬁ.! _CI:I ; 1_-_] i

1. 1. 3. '
—sin(2awt + @) — —sin(4wt — @) ——sin
h ( ®) 4( ¢)4 wﬂ

re]



% 10° Energy variations per upper arm
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2) Al W A A7)l n A= Fk
7 ko] Yol MErE MY AL FH(sorting) darE]Fel €5k

BE oAstel #¥ Aojdny MRS W, 74 49 AREH= ouA=

_l

thS3 Zoh ol= Ad 9 ostdk of BE e A5 spAY Vo9 AV = 7z}
Zy okol Al St Fo wy A Aot W H s YERAT
1 e 1 Vv Y
Eum == NCpy (V. + AV, ) # —NC,y | ~2- + AV, | . (6.11)
2 2 N
b AMUA wFel #e AL (6.1 2ol ZAFE 4 ot
Vch tva tva v
AEarm = NCceII N +Avc AVc cheIIVchAVc' (612)

2 (6.12)E ol g3, (6.4)2 thAl vERiE thg} g
VyusvMm Z%[l—%mo sin a)t—%msv sin3a)t)(Vch + NAVCU)

1 2 2
\Y; =—| 1+—=my sin @t + — Mey, sin 3wt |V, + NAV,
xISVM 2( \/5 0 \/5 SV j( dcU cl)

AE,,

(6.13)
CeenVacu ]

1 2 2
v =—| 1——=m, sin ot ———=Mey, sin3wt || V, +N
XUSVM 2( \/g 0 \/g SV J[ dcU

1 2 2 AE
v =—| 1+—=mgsin ot + ——mey sin3awt || Vi + N—X
xISVM 2( \/§ 0 \/§ SV )[ dcU Cce“VdCU ]

21 (6.13)9] A/t oF Aste] s Aetd (6.14)3 Eroh
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VyusvMm T Vxisvm

N N (mo sinat + Mgy, sin3a)t)
=Vyoy +————(AE,, +AE, | —— AE,, —AE ).
v ceIIVch ( - " ) \/5 CceIIVch ( - X )

(6.14)

A 6.14)014 Al RA FE /et el AIAE oy A WEe Aol E
e E R, o= A A gt A Gl mlal] FA1E 5 Sle el

_1_:[:__
webd, oA e sk oFel AHSAY oA WEe el #g

Aojm g g2 oy W AgEoz A3 AFo Hte] A= JTFS
ey 2Ll
Vg =N (AE,, +AEy ) (6.15)
2CceIIVch

rhe

=9 2 FoA AFst AWM FEA O] (direct modulation control) 2] 2]
BT, A (6152 ASE AR o JAYH gaiA =3 AFE DAAAA
A d@S olFA "nh webd, o] ol FAeFH Fow, mriA R
ZFH WM ZA|o]  (indirect modulation control) W21o] Ao %  (6.15)%] #to]
Aeas gdIdAE 9 dz iR Adsh el Festh whebd, A

Aghe FUsHE Al AR o s g oA WE YRS 67)%

) [sm(2a)t (p)+sm¢]
AESM 1 AESM _ Vawly | 089 (6.16)

6w _m—s\/{— sin(2ot + @) — lsin(4a)t -Q)— Esin (o}
m, cos¢g | 2 4 4
s, maE gall FA A Fhol A AS(my, =0)9] A g} et

(o]

o,
1o,
2
i
)
=)
offl
oX
M
r

> (697 (6.10)° °J3ked, (6.17)9F o] ek 5
Al=s
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Vi . .
AE) +AE} = dC#I‘k[sm@wt — @) +sing). (6.17)
6wcos @

x 10° Energy variations per leg

! ' ; ] w/ offset voltage
: : : ] w/o offset voltage
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7 = HVDC AlAwlofA] Ay oz ALg-5i= HA A|AFS Wi whof
A AT = star-point reactor (SPR) HA| A|AEI25]3 zig-zag WY7]E o] &3

HA Al 2~E23]0] T

A B C Ae

%:
2

(a) (b)
1% 6.5.HVDC A A~E2] tfxEA e HA AJAH 32,

(a) star-point reactor 42| A|A~E) (b) zig-zag HL7] HA Al AHL

719 6.5(a)i= SIEMENS A}9] star-point reactor %] A]A~EIQ] F|Z T o|t}, o]
A AxdlE FAske JIYEE v & e JHHER
e vl & YA AE 7HA 3, AT Aiel el s dddes e
AIAAE 7Fh WA, star-point reactor 7§ A] WAl IFekstal A A A Q1
A Al 2" ol

I% 6.5(b)v zigzag WH7] HA AAE JEREE UERT dRbAow
zig-zag A WAE AL&steE ARV FAHL AN FEHNE 7
e W AREeH, HAXgow FE AMEEY. T zigzag AA WAS

ol g3tol 3 4 4 HA AN FHN FPR 23t AFE A
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dskel ALHAE @tk Zigzag WePE 7Rm AR GAE
Bl o4 9ueagt mold Rk AwHOR W MY P4 o7
AF7E 34 AR ok 1% e A W, o gudze A B4

dajdxol ok 100 ®we] AV]E JHXIth o]& o] &3tY] zigzag WATVIE

Adujidarnto] RolA Hoh dwrxog wWhr|o] FA JdIdAe AT+
47 A2 0.1~02 WiE w9 22 ghs 7FRITH23]. 2" 6.12 A FA
A A& (neutral grounding resistor; NGR)> 3 4} g AlFef X2 Al 59|
B s Aol A= AFE AdsAY Az A A9 dF T

AAst7] 93t Fxlojt). Ik Al At FUo THME NGR 9 Fto]

N
o
7
_—~

94 Ala"e] Gt dugart g Forg At F9 Aol
Ao YepA "ok ol st dHeA & W, NGR #e AAE W

Zig-zag WSt71E o] &35t HA A AHe|A NGR & o 450 =4
EAo] starpoint reactor 9 FAFESIEE, B Ho|xE UlF ©W=F HVDC

Aladel A A or AREHE= SPROHA AAEE THESY =9E
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T d, 19 69 & JEwr 1y
SR E , M%7 2 259 e A4l
B B ] ko= 7 (open)d HEIE Ko]A
ok 13 6.9(b) b 2R 3 Aol EAlsks dadAaso] 7+
HE T2

%
A VSﬂ
- __@_. B
Z,/6
Zspr[ io - ZBG
il

I% 6909 B kEv SUHCE HA AF #HI AdAuAE
4 A=

Vago S ARE B wmEY G AU vgg, o YL 247

PIEALE Zgg ZHal sk, MMC

Z] olo

w3 v

(6.18)7 (6.19)¢} o] AxbeEth SPR A AIATE] PI-A(Zg, )= T1H

6.9 ol 2l (6.20)3 .

ZS
pr * *

Ven = Vep. 6.18
Zopr +Zo/ 6+ Zpg shen (6.18)

VaGg,0 =
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Zse .
Ve g = — Ve 0. 6.19
B0 2 ¥ 2016+ Zg (6.19)

Zspr S L Zspra- (6.20)

rlr

SPR ¢] 39 A5 2kQle] dudse) vl v F ghs TPAEE[2S
93], (6.18)% o] MMC W irwtel Fd& FA At Aol yetyA =i
(6.19)8} Zo] AFel= vepbA] Sk vk ARk pole ¥ A Afo] e
AlolEolv 7y Az &g A AHAIE 7 SASHA FAY T ghol wi-¢-
Arhd, = SPR HA| AlAHo] g F PR AIEAE T A vk,

Fs &4 AGS ARl vehl Ak AR g et §4 A4S

SR AF AT FGFE wEH F Uk 53], zigzag MYVIE o] &%
A A2aE e A23]de HA AR"e T4 A4 ATNGR)S 4dd] &
gtoz AASHA gevd, SA A T Aol AR pole 3 A Akol 9]
A NAARIAR Qlete] A HARTE AEd SFor sEA HEE F
A Age] AAe] ol& aefstoiof gt}

., FuF7E g2 aF A% ddoly wR{ A% H(isolation) 59

5207 AME-¥3= back-to-back(BTB) HVDC A|A~EI9] 7F$- %2 MMC 9

o

Agwo] 2HS Pz Povw AP oled BT Alswe] A
AF GAF Ateld AsRAst W AB od FAR gol, Fw

A Agko]l AFES pole-to-ground Aoz LERE 4 Qlt) whEba], BTB
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2 =%oAi=  point-to-point  HVDC & A|AES 7HFste] =95

YPatnz Jhy A2 T AT wjd AolEo dIUAE u#ste] A

o

A%t 9 AR MMC o g W 9 £ A2 A F4 A

#9) 7bsgel daA AEstn.

Z
S
-
* P * F * lgc
“Vsn1 ) Vil Vel
. 0z . WZu . WZu Zy;
Luul Lyul Lyul
Ve
Zy;
Zspr ’
Y z
-

% 6.10. 5 FAER 1St

point-to-point MMC HVDC A|A~E¢] 57} RdE,

T AARAE D SAHRE UEit B A4 9vuag

= Tl
gy, MY, A HF A4 3] Z(lumped constant circuit)® X3 3} T
Az A5 =2+ FX A5 3| Z(distributed constant circuit)®] TAFFE]E,
T T 3 XT3 AFFolHE F Al FAef st mdolg) g

Atk ¥ 69 9 L WA oR ¥ 6.1l(a)E nHF FAER 1y
point-to-point MMC HVDC 9] zteFsltel 7R dlsg-& yetda, 19 6.11(b)=

old) Wil FEle 57 Ry tEdth 18 611 oA v 3t v, & 247
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ARk 318 8k point-to-point MMC HVDC 2]

pFEtE 57 RdH @)y A JEe 571 ZEE(b).

olF MFo R 7 wEe APL FUW S ALY wA How ehiw

= (6.24)-(6.26)TF o]

I>

621623 2Th o714 AF el 9w

gele = ok
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27 . .

i= 2 +Zc +2Z4 Vsn1 = Vsni- (6.21)
-Z *
Vp =V, = TR izzspr Ven = 0. (6.22)
V) =Vgny — Zc Vent & Vana.- (6.23)
Z +Z¢ +2ZSpr
Z) = Zgmooth + Ziine- (6.24)
Z =2,/3+Z. (6.25)
Zc =1/(JoCiipe)- (6.26)

A (622014 mEol, AR glo A ARARA AR gyHow

W 2 AURAE AL GA Axue alN (Zgy >>Zc) ARw

A FA A

JeR A

A A E O FEFe HshA k=i,

Aol

e

g A% ¢ 4 oAn

pole-to-ground A

(6.23)0ll A 2} 7ol ol
Zc &

$
aUE dehtbA fo Ammom Hd Mwe

A Age AT
it A HA A|AHSY Jdudiartt wj$ Howmzg 3F|gAe RHAS

3, g4 A FAS ARl IFS A vHA Ghre A @
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HVDC A]Ed#o]ds 335+t
E

HAl A 2~EE star-point reactor (SPR)$} zig-zag W1 712 F 7HA 2 FAd 351

AEeoI NS e WA SPR Al2wle] AFFE E 617 2k

=

# 6-1 Al &)l AHEE SPR 9] AR

Quantity Values
Inductance of Zgppy 6500 H
Resistance of Zgp 7700 Q
Resistance of Zgpr) 4000 Q
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vaeu p (DC positive pole to ground voltage) [V]
vaeu » (DC negative pole to ground voltage) [V]

204K

202K

200K [Tl Pl O ANy g b

198K

196K

Vaeu (DC pole-to-pole voltage) [V

—_

410K

A00K {1t st54s g 0yt A0y VOO0 A g S Pon g i MMt oy,

390K

U-phase arm voltage references of VR (upper Arm, lower Arm) [V]

350K

300K [ W W W Wat Was Wad Nt Wan W an Was e Wt W Wan Wat
o IRV AR VAR VARYARYARYARYARYARTARYARYARYERYIRVERVARYARYARY
ocoul I A VYV Yy
ot I W N Y R S Y| S I
oo L O S L L O O O L W A O L Y L VY L
SOl VA VR WV A WV VR O W VR Vv WA W L W 0 AW W WV WP W W

U-phase arm voltage references of PD (upper Arm, lower Arm) [V]

300K [N A A

MANARRERRARARARE AR
AMAAMAAAAANAA AR AN AN

S AUV BV A WA WY AU AWY AUVA WA WA WA WA W AWAUFANA WA WA WAY

Ground current — star-point reactor [A]
Sum of currents in stray capacitors [A]

0.015

oor NAAAAAAAANAAAAAAARARAANAARRARRARA
ooos AN AAALAARAAAALNAANAR AN AN A
o UMY AN Y AL VL L L
PRI R RIRIR IR RIRIRIRIRIRTRIRIRIRIRIRIRIRIRTRIRITRIRIE
OOlVU Vv v v v vy vy v v vV vy vy Vv v vy vy
2.78 2.8 2.82 2.84 2.86 2.88 2.9 2.92

719 6.12. Star-point reactor A A|A~E] ARE Al <]

A A 79 ABUA A} 33,
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1% 6.12 & star-point reactor A A|AEL ARE Aol FAl At F¢]

Algdlold Ax solnt. 11 6.12 o A ®A gy F AR g2 47

A7 pole-to-ground AL pole-to-pole A= YEFATE 6.2 HoA
A8 %0l, pole-to-pole A EERE o}y e} pole-to-ground HStelA % F st
3 x93 Aol YEhA ket Al WAl v WA 9g S A4 AR
% v A

d¢k Aol Al A~Hl(voltage regulator; VR)©.%2 F&3t= MMC ¢}
Al 2~ (power dispatcher; PD)©. %2 FZ3ki= MMC o] u A & Ak A5

UERdY & & RF 3 uxatE F]IEel] wiEel V1Ev i ARl

AF7E s8] dxsie, 1 Faes 739 Fao] 3 6l 180Hz ¢

A& o]

2
¥ 6-2 Al E#o) Ao AFEFE zig-zag WYY AAF E

Quantity Values
Rated power of transformer 4 MVA
Excitation impedance (single transformer) 722.03 mH
Leakage impedance (single transformer) 6.8 Q/108.3 mH
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240K
220K

200K

180K

160K

500K

450K

400K

350K

300K

400K

300K

200K

100K

0K

300K

200K

100K

A At = AlEe o]

vaeu p (DC positive pole to ground voltage) [V]
vaeu » (DC negative pole to ground voltage) [V]

‘MI“I"“ A il ) \‘ \‘\ \“ ‘ ‘ ‘ ‘ “

V4u(DC pole-to-pole voltage) [V]

U-phase arm voltage references of VR (upper Arm, lower Arm) [V]

U-phase arm voltage references of PD (upper Arm, lower Arm) [V]

2% 6.13. Zig-zag A7 E ol &gt HA AIAE AFEALE]

2o

252
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204K

202K

200K Tty A ey P o

198K

405K

395K

350K
300K
250K
200K
150K
100K

50K

350K
300K
250K
200K
150K
100K

50K

vaeu p (DC positive pole to ground voltage) [V]

Vo (nh nacatitva me
deU n (1L TNICZAtive po

V4.v(DC pole-to-pole voltage) [V]

U-phase arm voltage references of VR (upper Arm, lower Arm) [V]

Pt

e

U-phase arm voltage references of PD (upper Arm, lower Arm) [V]

/
\

2.82 2.84 2.86 2.88
Time (s)

19 6.14. Zig-zag AT E o] &3t HA AAE AFEA] S

A At = AlEdeld A3 JPNGR & & A7)
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6.3.2. MMC A A =4 A3 43

&4 A 79

N
4
olr
oX,
=
r o)
B
i,
o
1
1o
o
ofl
o
o
)
ol\

8] $19) %5 C <

MMC A58 ol 83kol, &4 A3& Yol

|

R . o

18 6.15. Ado] AFEH SPR EO HA Al AHEL

¥ 6-3 4 Ao AE3 SPR Y AASF B

Quantity Values
Zsprl 150 kQ
Zspr2 200 Q

AA SPR A AAEE Bosr] f8te], FaAHCME 11" 6.15 9

o), ust A

e

ol gatith. Aol AHER BA AxY APEE E 633
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2ok AR A 2~ES] FE2 Transbay cable project [93]0] AF8-%¥ SPR Al AHE 9]
s Faste], d¥ ¥ (per unit)yS ©] g3t 7l YIT A (base impedance)E

710w AAE ST

Vv (DCipole-to-pole voltage)
WV *(DCipole-to-pole voltage reference)

Y vau » (DC positiveipole to ground voltage)

wVacu » (DC negative pole to ground voltage)

1 [100V/div] —>SVM is applied!

1 [50V/div] u-phase voltage toiground (reference value)
/ u-phase voltageito ground (measured value)

/

B —

[10ms/div]
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¥ & APSIM AEHOIA ARSF

A.1l. ASYM-MMC A|AEl AEdgo|A

M1 M) g A
[SM] [SM] [SM]
[SM] [SM] [SM]
M1 M1 [3M]
[SM] [SM] [SM] N
\ AN J\

V ) Vdc §

= M1 [BM] [5M] ;
M) M) [5M] |
SM] [SM] [SM]
[SM] [SM] [SM]
[SM] [SM] [SM] Y

I3 A.1.ASYM-MMC A Ed#o]Ad 3 2%,

E A-1ASYM-MMC A|AEl AlEg o] ALgd AR

Quantity Values
Number of submodules per one arm 216
Rated module capacitor voltage 22kV
DC bus voltage 400 kV
Capacitance of module capacitor 4.5 mF
Inductance of arm inductor 15 mH
Resistance of arm inductor 367.0 mQ
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Sampling frequency

10 kHz

Rated MMC AC output voltage

(line-to-line rms)

180.5 kV

A2 AWHE F nFDF Al (busbar fault) Al &E# o)A

.

5SM] OM] M

M M) M)

M OM] ©5W

SM] [SM] [3M]

M) M) GV
u N M —1
Vv M —
V hr \ )

= |Sl|VI| |SII\/I| ISI\/II

M O] BV

SM] O] 3V

[SM] [SM] [SM]

] M [3M]

L

9 A2 AWHE F uFT Al AlEHolA 3 ZEE.

¥ A2 A”E & 339 Al A EF oA ALY AT

Quantity Values
Number of submodules per one arm 6
Rated module capacitor voltage 16.67 kV
DC bus voltage 100 kV
Capacitance of module capacitor 4.5 mF
Inductance of arm inductor 3.6 mH
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pus Suong

AC equivalent inductance 3.6 mH
Sampling frequency 10 kHz
Rated MMC AC output voltage

50 kV
(line-to-line rms)
Line-to-line voltage ratio of transformer

1:1
(primary : secondary)

A.3. 3lo] B8] E HVDC A|AHEl A EH o)A

Smoothing
Reactor

DC line

-D-

s

12-pulse
LCC

Vneulra/

-0

5

DC line

~ Lyemmc

:: + LS S s
5 S s
[y, OM] BM] [
Yoo oo ©

Vie i

.t B W
G G G
VIIC_IIE: E:l E:l
GM] M) [BM]
\ - B S S

5

I9 A3 A 9= dlel BT HVDC A|AE AlEHolM 3 RE,

# A-3 3to]lB = HVDC A&l AHE-E Al

Quantity Values
Grid line-to-line voltage 144kV
LCC side
Leakage inductance of transformer 13.8 mH (0.15p.u.)
(1 pole)
Inductance of smoothing reactor 150 mH
MMC side | Number of submodules per one arm 216
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(1 pole) Rated module capacitor voltage 2.2kV
Capacitance of module capacitor 4.5 mF
Inductance of arm inductor 15 mH
Resistance of arm inductor 367.0 mQ
Sampling frequency 10 kHz
Rated MMC AC output voltage
180.5 kV
(line-to-line rms)
Rated DC bus voltage 400 kV
DC line Rated DC bus current 1.5 kA
Transmission line inductance 20 mH
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HVDC A|AHE Al Edo]X

% B.PSCAD AlE# A AR
015
H ©

=

i=]
B.1. %= A

ASYM-MMC ASYM-MMC
{Upper Pole: Rectifier) (Upper Pole: Inverter)

FESHE

HV Cable (Land)  HV Cable (Sea)  HV Cable (Land)
12km 101km 12km

) — | . I@
MV Cable (Land) MV Cable (Sea) MV Cable (Land)

AC_Grid | ASYM-MMC 12km 101km 12km ASYM-MMC AC_Grd1l
{Lower Pole: Rectifier)

= I L} {1 —
HV Cable (Land)  HV Cable (Sea)  HV Cabie (Land)
12km 101km 12km

o] AlEdeld 3RE.
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¥ B-1 &5 AE HVDC AlEdH o)A AHE-E AT

269

Quantity Values
Rated power of MMC 200 MW
Number of submodules per one arm 130
Rated module capacitor voltage 2.2kV
Rated DC bus voltage 250 kV
Capacitance of module capacitor 4.5 mF
MMC side Inductance of arm inductor 10 mH
(1 pole) Resistance of arm inductor 100 mQ
Sampling frequency 3.125 kHz
AC grid side voltage (primary side of Tr.)
154 kV
(line-to-line rms)
AC converter side voltage (secondary side of Tr.)
123 kV
(line-to-line rms)
RIine I—Iine I—Iine I:eline
2 2 2 2
T CIine
1% B2.HVDC ¥ =19 AT d5 3= 57F 4



¥ B-2 AE-AF HVDC#2 A|AHS] 18 Ao]E(HV Cable) A<
Rline [Q] Lline [mH] Cline [HF]
HV Cable
AE 0.2112 1.494 10.8
(Land) 12km
HV Cable
Cla=; 2.02 13.191 43.43
(Sea) 101km
HV Cable
A5 0.2112 1.494 10.8
(Land) 12km

3

B-3 ZZ-A|F HVDC#H2 A|AH S FEHAZ Aol E(MV Cable) AlFF

Rline [Q] Lline [mH] Cline [“’F]
HV Cable
A5 0.3396 1.085 2.52
(Land) 12km
HV Cable
Cla= 2.858 9.13 21.21
(Sea) 101km
HV Cable
A5 0.3396 1.085 2.52

(Land) 12km

B.2. %F= 3lo]B I T HVDC A|AH Al E#o]A
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Asymmetric mixed MMC
(Upper Pole: Rectifier)

@',

AC_Grid |

SE

[FBSM
[FBSM
{FasM
[FBSM
[HBSM
HBS|

[ .
HV Cable (Land) HVCable (Sea) HV Cable (Land)
12km 101km 12km

Asymmetric mixed MMC
(Lower Pole: Rectifier)

L+
MV Cable (Land)
12km

MV Cable (Land)
12km

MV Cable (Sea)
101km

SE

[HBSM
HhEsM
[HBSM
[FBSM|
[FBSM|
FBSM

N e e I

HVCable (Land) HVCable (Sea) HVCable (Land)
12km 101km 12km

Lce_

-O0—O

LCC_grid |

LCC_grid Il

gojd 3z k.

29 AR

2] = HVDC A]A

r= sfolu

o
o

19 B.3.
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¥ B-4 = dto]BI = HVDC AlEZ oA AHEE AR
Quantity Values
MMC side | Rated power of MMC 200 MW
(1 pole) Number of submodules per one arm 130
Rated module capacitor voltage 2.2kV
Rated DC bus voltage 250 kV
Capacitance of module capacitor 4.5 mF
Inductance of arm inductor 10 mH
Resistance of arm inductor 100 mQ
Sampling frequency 3.125 kHz
AC grid side voltage (primary side of Tr.) 154 kV
(line-to-line rms)
AC converter side voltage (secondary side of Tr.) | 123 kV
(line-to-line rms)
LCC side AC grid side voltage (primary side of Tr.) 154kV
(1 pole) (line-to-line rms)
AC converter side voltage (secondary side of Tr.) | 123kV
(line-to-line rms)
Inductance of smoothing reactor 500 mH
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B 2 c %2 AYAE ARSF

A

'-.'.:'-I_s —
h Starting resistor b

=4

1% C.1. ©= HVDC AlAES 93 4 23 A E.

I T T )
[ sM ] [ sm ] [ sm ]
[sm] [sm] [smM]
[sM] [sM] [sM]
[sM] [sm] [ ]
[sM] [sm] [sM]
kk o [sMm] [sm] [sM]
Isolated DC 330V S ¢
Supply T g I
I [sm ] [sm ] [sm ]
| | [sM] [sm] [sm]
Ov]  [3v] [v]
(M ] [sM] [3v]
[sM] [sM] [3v]
v [m]  [v]

19 C2. ¥ HVDC AlAHS 3 4 AY 325,
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¥ C-1 9= HVDC AlAHEL g3t

4 A M AR

Quantity Values
Transmission line inductance 20 mH
Transmission line resistance 0.5Q
Transmission line capacitance 1.5 pF
Number of full-bridge modules per Arm 6
Rated DC bus voltage 300V
Rated DC bus current 30A
Rated module capacitor voltage 50V
Capacitance of module capacitor 5.4 mF
Inductance of arm inductor 4 mH
Resistance of arm inductor 5 mQ
Sampling frequency (MMC) 10.0 kHz
Rated MMC output voltage (line-to-line

rms) 110V
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Abstract

With an ever growing population and rapid urbanization, the electricity demand in
urban areas has risen significantly over several decades. As more people are becoming
aware of environmental issues, the renewable energy technology has been dramatically
developed and increased. The renewable energy generations like hydro, wind, solar and
waves are normally not located close to the place of the consumption. Therefore, the
technology to connect mass amounts of renewable energy though long distances
transmission cable to load centers is very important. According to such demands and
needs, a high voltage DC (HVDC) technology has been rapidly developed and HVDC
transmission system has been widely installed. The advantage of HVDC is that long
distance transmission is more efficient because of no charging current to the capacitance
of a transmission line contrast to the alternating voltage like HVAC.

Recently, the DC voltage of the newly constructed HVDC systems has been increased
remarkably. Therefore, the overhead transmission line is more suitable because of easier
insulation of the cable compared to underground cable. However, the ability of DC fault
management is essential to VSC, because the overhead line is liable to hazards from
lightning discharges.

In this thesis, based on the detailed comparisons among several multilevel VSC
converters for HVDC transmission system, a promising asymmetric mixed MMC
(ASYM-MMC) topology is introduced due to the cost saving, less loss, DC fault ride-
through capability, and free and quick DC bus voltage regulation. And, this thesis
includes overall control algorithm that covers the AC and DC output components as well
as inner energy balancing of ASYM-MMC. Especially, the control algorithms under fault

situation have been proposed to deal with the black starting and DC fault ride through.
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Through the algorithms, ASYM-MMC topology could be applied to converter systems
for asymmetric monopole, bipole, and hybrid HVDC transmission systems.

To demonstrate the validity of the topology, the theoretical analysis and realization
with simulations have been performed. Furthermore, the availability of modified
modulation scheme using AC offset voltage injection method has been analyzed in the
view point of its effects on AC and DC grids.

Finally, to verify the feasibility of the ASYM-MMC circuit and its control scheme, the
full scaled computer simulation studies and experimental results with a scaled version of

the ASYM-MMC in laboratory have been provided.

Keywords: Multi-terminal HVDC transmission system, Modular multilevel

converter, bipolar HVDC system, Asymmetric mixed MMC, DC fault ride through

Student Number: 2013-30261
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