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Abstract

The flexible high voltage direct current (HVDC) transmission technique based on
modular multilevel converters supply an efficient and flexible solution for the
generalized interconnection, transmission and consumption of renewable energy.
However, fault control and protection of flexible DC transmission is one of the main
bottlenecks restricting its development. This thesis uses a combination method of
theoretical analysis and simulation verification to conduct a systematic analysis and
research targeting on fault ride-through control strategy of modular multilevel
converters.

To solve the problems of strong internal coupling and complicated operation
theory of convertors, this thesis conducts a deep analysis and research on the steady
state and fault characteristics of the converter. In particular, the circulating current
suppressor of the classic dual-sequence control system is optimized and improved,
which solves the problem of DC line voltage fluctuation under asymmetrical faults on
the AC side. At the same time, an iterative solution method of DC short-circuit current
is proposed, considering the influence of grid-side feed current and circulation current
disturbances which has higher accuracy than the direct calculation method.

For the asymmetrical fault on the AC side, this thesis establishes an average model
that makes full use of the control freedom of the converter and proposes a fault ride-
through control strategy under asymmetric conditions. Firstly, this strategy optimizes
the capacitor balance voltage strategy and the nearest level modulation strategy, which
improves the control capability of the converter. And based on the proportional-
integral multi-resonance control unit, it designs an inner loop controller to decouple
the bridge arm circulating current component, AC-side current component and DC
current components to ensure the quality of each component. Secondly, a method for
judging the fault duration and calculating the DC voltage correction value based on the
AC output coefficient and the DC output coefficient is proposed. Finally, a
comprehensive power outer loop controller is designed to balance the capacitor
voltages between the converter stations and the internal submodules of the converter
stations. The simulation results show that this strategy can improve the fault ride-
through capability of MMC, and it can realize that the power imbalance caused by the
fault is limited to the fault-side converter station, and the operating conditions of MMC
fault ride-through are the same as the operating conditions of power flow step.

Aiming at the short-circuit fault on the DC side of the system, a new hybrid
converter topology structure is proposed, consisting of half-bridge sub-module, full-

bridge sub-module and p-full-bridge sub-module. Based on this hybrid topology, a
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fault ride-through control strategy is proposed to realize commutation operation by
controlling the operation mode of the bridge arm. Moreover, the commutation
operation principle and control method are analyzed and studied in detail. Under
commutation operation, the converter exchanges active power with the AC system to
maintain the capacitor voltage balance, and compensates the reactive current to the AC
system, which can achieve independent operation of the converter under faults. The
simulation results show that this strategy improves the DC fault ride-through capability
of MMC and ensures the stable operation of AC and DC systems, which can achieve
the suppression and blocking of fault currents, and makes the converter work in
STATCOM mode to compensate reactive power to the AC system.

Keywords: Modular multilevel converter; Fault ride-through; Unbalanced power;
Capacitor voltage balance management; p-full-bridge submodule; Arm commutation
operation; Static reactive power compensator
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Bl 2-1 MMC 2R TN H 5 B AR E R R B (A )
AL EL S 11 9 W AR 0 R BRI S8 W8 TR VR, AR B 2-1 SR AR S R Bk mT 15

1 di
u.=u,_—Ri — (L +—L)—=
s ac s’s ( s 2 0) dt

2-1
dc dlu ( )
=u, +1L,
2 dt
K PR AS At AR L, wac=(unj-1p§)/25 j=a,b,c;

is —— HRALES P PRI, is=(ipj-inj)/25

Ude HERBREEBEESE, vac=(untup)/2;

e —— B, i=(intin)/2;



AR KRR AR

KE-DANFADHRFEAT RSN E BN ERERE K. LRI, &
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BB T, WAL E B o #2380 B R BRI = MR, /iR A

{uac =U_ cos(wt +¢,)

2-2
i, =1 cos(wt+¢,+¢) (2-2)

XF  Un BRBLRBEEEM o S EIRIE;
Im —— R REAS BIEHE;
Pu MEMOLZE, ZHZEMEZE 120 F;
o —— HWEEHA.
HRB®RS, ERELHR EOERER L £ MHBTAEKY S, W ETHE
BRAHBESERSENTRES S EHR:

iy =1y /3+i/2
inj :Idc/3__is/2

(2-3)

LB RN TRENERT 200 M, HEBEUIEETIARESZ LK TE,
ETHETRENBAN G AT HB T RERE S Fox:
_ 1-m cos(6) +m, cos(26 + ¢,;,)

S, 5
(2-4)
g - 1+m, cos(8) +m, cos(20 + ¢, )
" 2
X m —— TREBEFEBLL, m=2Un/Us<1;

m2 MR AR RSB, m=2Uid/ Udcs

6§ —— HEMHA, O=ot+eu

Peir K mEMAME.

BN T FHEILB A E R, AR E S TES B A BB &gt
MAWEEMHEE. BMZITTE L FEREANOANEN NS, E¥EERTHE®R
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ducpj_ .
C 2 —szpj 05)
T
C—=8i

n*nj
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AP C— BAANFERHBARME.
ERBAKBRMFIIERT, HRXC-2)-KC-HRAR(Q2-5)TTE:
dug, _ 1y I,mcos(p) I,mcos(8) N I, cos(6+@) I,m cos(20+¢)

d 6C 8C 6C 4C 8C (2-6)
Uy I, I,m cos(p) Lo cos(8) I,cos(0+¢) Im cos(20+9)
da 6C 8C 6C 4C 8C
BRC-OFESHUNER T BAZTN, REXIBE, A:
LU, w 2-7)

Hef, Iic=3Inmicos(p)/4.

RR-NESENRERIE, EERLDA=HMXTRIE, LR FRFHM
WERIKEFER, TERAFAENERSESABETN. kK, ETHERESH
JEF A RAAL Z RS0 4 B AR MBS B, TRAA:

[ 2 _2 2P2 2 , 2
Uy = U — \/(ml6 ) P +40 cos(f+¢)+ il cos(280 + ¢,)
maoCU,, 120CU (2-8)
ﬁ -
2 _9)2 p? 2 2
Uy = Uy + \/(m, 2) P +40 cos(@+¢,)+ P+g cos(20+ ¢,)
| 6mawCU,, 120CU
X P. Q0 — #HHAXRMAETITHEMLIITIE;
o1~ 02 { =atan(0.5(2-m} )P/Q), gz=atan(P/Q);

Uco BARERESE, BRETEUSETHEME, vwo=Ui/N.
BABEEFN _FAAYKSBBEESHRBRHOENIE, LHITHE,
BAEMEREARBESFRE R KPEHSBERE TIMEZ RN KE R
T, BEAR_BEHRAENRE, B ETHBREMISEEHEMEZE 180° , =4
Z B EIMEP A E 120°
BIEEHFERAK BB BE upy=NSpucy M T HFE RN BB B E unj=NSaticnj>
Al A BB A AT T B ERIE A

-2’P* + JP+
u, =U_cos(f)+ \/(m, ) 10 cos(@ + @) + L —=— e cos(9 +@,)+
12mwCu, 48wCu,,

myP*+ 0 c0s(36- )

48aCu,

REE, RABHZRUALEEERTEHSENS, TEFEEMIH=
REFERTEMERRB I E.

(2-9)
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R, +85 A HEERIEBEATG:

2 _2 2P2 +4 2 2
. —I—Udc+ 9 +\/(m] ) o cos(20+ @) — P 0
2 12maCu,, 24maCuy, 240Cu,,

cos(20+¢,)

(2-10)

MR, BT RBRTHERBABIE, TBIHTHE R LR B R LR

HAHBE. 55, ZfHARBEERN _EGRAFEESESSENE R E &M

AR, St R EHHRRE MEST X RO REN, RFEERLTE=
BHAE S E. Bit, ETFTHBNTERRESBETHTARSE:

even

odd
Uy =g+ Z} &, cos(nat +¢_ )+ z; g, cos(nwt + ¢, )
n= n=
(2-11)

even odd
Uy = Uy + D &, COS(nat + ¢, )~ 3 &, cos(not+¢@,,)

n=2 n=l

KXF én n (X B2 B IR SO IR AE 5
Pen nh ﬁ\%/’é‘i EE.EQ‘(‘&B‘J*H&% o

=R AEBELE S EMESF XBHORBEENFEMA RS E, W

BRI RAN:
i, = %+w§£§i' cos(nat + =) (2-12)
n=4
Xt & n (X IR S IR 1E ;
¢n —— n RBTB WSROI A .

BANZFHHFRMEEGE, ZEARERSEHER, BR _FMAXER
FMEFBRTENRSBEHBFEE=EMEE, NEHIFRSTENARFE.

XfTHRART, BTHRRBREBRANZREREBRERELEFE LHEHEES,
HABEENHZEMMOESE. EXELESEF, FRLEMPSE ETH
BRAAALHAR, BEEMHLE ETHRBHEAMER. X TF=M85, HREFREK
HRBENEERBEEHERE, MRRESMMGEEBENSETHEMER.
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2.2.1 BABATHETTE

USAO Ls Rs PCC Lv Um
W MMC | U,
L Lo L _
L
2-3 MMC R4 54 E

MMC K & 3L o Ol % H E R BIm AT e, BHN(2-10)AT 41, & = &5

TINH I ERAN, ATBEFEEERSENLIHTHERNKEN:
u=u, -9 (2-13)
6 NmwCu,,

HT m=2Un/Usc<1 BARXMEBERGIL, m=2U/Use Tm ZEH A FEH
WHBERE L, Fk—&ER TR m<<m. AELIER, €L A-As A
EAMEBRNI: ARRFEHEDTH(m) ARBELRHT, A TERRRBT
EH m A FRRERNT, A TAEE m. TUEH, BEHEZKNMNEFE Al
>A>As. Wi, RE-DB)FHELX A FEMHLETREBEERSYEF 28 .

A E mi1=0.9, ARAEFRANEI 6T 280 FARINE, prbiAsthd s
T3 20 B R AT T = A S R AR R B . ) B AR A B AT RN
oF

J14P? +4Q my\|P* +Q*
U, =i —~———=cos(6+¢,)+ ——————cos(f+@, +@,)+
@ 540CU, " 540CU, 2
P2 2 P2 + 2
VI D o0s20+0,)+ "2 cos26+ g, - Ey+ TN 2D 3010, +0,)
120CU,, 8aCU,, 2 540CU,,
<
\/1 AP* +4Q° my P> +Q*
U =i, +~—— = cos(@+¢)—————=cos(0+o. +¢,)+
w At oy, T T ey, SO Pt 0n)
P2 2 P2 2
YO 020+ 0,)+ 28 cos20+ g, - )-TNE *L (3040, +0,)
120CU,, 8CU,, 2" 540CU,
(2-14)

XF o1v 02 SIREFREHLLA, gi=atan(0.59P/Q), gr=atan(P/Q).
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16a)Cuc0Lo ( (DC") 240 ZC L ( (ocn' ¢2)
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2 2 2 2
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2 2
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(2-17)
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EXH YD #8NBETERN, = REFEESESHERPMNAHEEMAR-.
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A EAMIE TN, HEXEREE RS IA T RG] 485

2.3.1 RMAITFEPE NERBER ZEHTENIBRERITE

B 2-11 MMC 223U AN K FR bl B2 5 A 45 24 L 2 B (A )
2 AN A A X RR AR A, 67 R A i A 2 A R R A R A R AR AL
H DU HL I, DL 2R BE B B 5 p s, R 3R I 2% MU (R FF = MR B A R, &2
It [ B e g g O E R A A ] AR A

=U' cos(8")+ U~ cos(O~
uac m ( 1 ) m ( 1 ) (2-18)
I.S = [lTl COS(Q]+ +¢)
X U, U, —— DA AR IEF G R4 B 081E
0 —— THETFTAIR, L5 RHEF.



HEAbR AR ER L 2R

&k T BRI SRR BN
S - 1—m; cos(6,") —m, cos(6; )+ m, cos(6; + ¢, )+m, cos(6, +¢)
7 | 2 (2-19)
S - 1+m; cos(8)+m; cos(6; )+m; cos(6; + .. )+m, cos(6; +¢_)
n 2

AP i 05 — DHARTRE —FHIEFMAFSEMEA

HTAMRYEE T RREEM T AFERAS R, BT AFRRBERK
MXREERATPREE ZMF/ALEFTE, T 2.1.2 WP =AML EHHF
FAMEIEE, AME ZEHEFRR, T REERESFHELB/ I _EHIER
SE. FHkRQ-6)TH—FF K-

(duyy 1y Imy cos(p) 1,my cos(¢”) _
da 2C 8C 8C
Iy;my cos(8) s cos(8] +¢) _Lugmi cos(é]) L Lamy cos(6 +¢7,) LLams cos(6 +¢5)
2C 4C 2C 8C 8C
1,m; cos(@; +¢) I,m; cos(6; +¢) L cos(6; +¢;,) N 145m; cos(6; +¢7,) N
8C 8C 2C 2C
I_m; cos(6 +¢,, +9) N 1_m; cos(6; + ¢, +¢)
J 8C 8C
duy, _Tiy_1,micos(p) I,mycos(e) N
a 2C 8C 8C
L <O50) I cosOy +0), lug COSE) L cos(B +053) T cos@ +0L)
2C 4C 2C 8C 8C
1,m; cos(6; +¢) I,my cos(6; +¢) N I,ym; cos(6; +¢7,) N Lygm; cos(E; +¢5)
8C 8C 2C 2C
1,m; cos(6) + g, +9)  I,m; cos(6] +¢, +¢)
{ 8C - 8C

(2-20)
RN ¢ — XRBEEFNAFFENMEME.

RIEKXE-20)T 57, EREANHYEE BEEENBHERNT HHER
SE. BT E. BERERFSE. _SAEFSEM_EREFSE. HP
HERSEE=HT NG, F1EEBERSESREAN _ KBS, HXPEXHE
EREFRMAFARMLERX, XH:

I _my cos(@,) N I m; cos(pg) N I m cos(g;) ~0 (2-21)
8C 8C 8C

ZRAERNIEFMAFRI=MBAER A, Bt s 5B ENIEFBRE
FHREHERSECNERE, AHRUET =ZHXRIE NS ERIFEMHESE,
MABREERSEDNRAERERN, BERE=THELHIIEZNFEHE, AFEH
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cos(8’+¢,.,) +

acl

Bac2 COS(& +(pac2) + ac3 COS(93 +¢ac3) + AB
L L @2
Uy = EUdc By, cos(0; +@y,) + By, cos(6; +¢,,) + B cos(6, +@,5) +

de3

Bdc4 COS(0++¢dc4) + dcs COS(Q +¢dc>) + A

i Bans Baen 3 90 9 S FR e AN LA B IS X ) B ROMR{E, n=1,2...;
Pacn~ Qden 73 59 D9 A it F s A0 LA B L X 1 4 B AR A A o
WRIEA(2-22) I &0, BFE TR A E E B EE AP RIEAR, E8H
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AR 22 JO0 P32 ) RO Fe BB A0AE T MR SR, W T A E F I R
i, COHBRERBIR T ESpsh, ZHER 2-12 PR,

.ref
-ref 0 cira
eir s

chr V—J 'ref lCira

MAX beith 100HZ
A LA
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