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Abstract

Abstract

The total electricity installation and power generation of renewable energy in
China have expanded year by year as the “dual carbon™ goal has been gradually
promoted. A number of high voltage direct current (HVDC) projects have been put
into service to address the need for electricity transmission. And the modular
multilevel converter (MMC) or voltage source converter based multi terminal high
voltage direct current (VSC-MTDC) has been widely employed in the field of
sustainable energy transmission due to its advantages of eliminating the need for
auxiliary commutation of the power grid and providing variable operation modes.
Renewable energy units, HVDC, and other asynchronous power sources, on the other
hand, are all connected to the power grid via power electronic converters and cannot
participate in the electromechanical coupling dominated by the synchronous machine
rotor automatically. Traditional control systems are incapable of responding to
variations in grid frequency. The replacement of synchronous power sources on a
large scale with renewable energy resources and HVDC reduces the system’s inertia
level and primary frequency regulation capability, resulting in a sharp deterioration in
the frequency-inertia security status of the high-proportion new energy power system.
To enhance the frequency security of new-type power systems, the development of
the inertia control capability of sustainable energy and MTDC systems to offer active
frequency support has become the top priority.

The subject of active frequency support for VSC-MTDC systems is investigated
in this work. Firstly, a general frequency response model of the MTDC system is
established to serve as a foundation for analyzing the system’s frequency operation
state and stability characteristics. Then a coordinated frequency control strategy for
the VSC-MTDC system connected to conventional AC power sources is designed.
Moreover, the application scenario is extended to the VSC-MTDC system connected
to the AC grids and wind farms at the same time, and a zoning and hierarchical
frequency support approach is provided based on the aforementioned frequency
control. Finally, a DC voltage control approach is investigated in order to address the
DC voltage deviation issue associated with the VSC-MTDC system that participates
in frequency regulation. The specific research contents of this paper are summarized
as follows:

A general frequency response model of MMC-MTDC system integrated with
wind farms is established to address the problem that existing small signal models of
wind farms, AC grids, and MTDC system cannot intuitively and effectively analyze

the dynamic characteristics of system frequency-active power-DC voltage. Hence,
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taking advantage of the decoupling properties of the AC and DC sides of the MMC
average model, the AC side of the grid side voltage sourced converter (GSVSC) and
the generators are individually modeled. Considering the losses of back-to-back
converters, AC lines, and wind farm voltage sourced converters (WFVSC), the
intermediate links of permanent magnet direct drive wind turbines (PMSG) and
WEFVSC are simplified according to the power transfer law. Based on the equivalent
models of GSVSC and WFVSC, the DC lines are employed as the interactive ports,
and the small signal model of active power components of the MMC-MTDC system
integrated with wind farms is established by the modular modeling approach. The
simulation results show that the general frequency response model can accurately
simulate the dynamic process after a small frequency disturbance, making it a useful
tool for developing frequency control strategies and studying the stability of
VSC-MTDC systems.

In order to address the issue of frequency control’s insufficient flexibility, the
key influencing factors of DC voltage deviation and unbalanced power distribution
ratio caused by frequency disturbance are quantitatively investigated, and a frequency
support strategy for the VSC-MTDC system oriented to conventional AC power
sources i1s proposed. A dynamic additional frequency control strategy for the
VSC-MTDC system is developed. The AC frequency coefficient and DC power
coefficient are intended to define the different frequency support needs of the
disturbed AC system and DC grid, respectively, and the transition factor is utilized to
actualize the combination of the two. A dynamic frequency droop coefficient is
designed to adaptively adjust the support power of the DC grid, balancing the
frequency regulation of the disturbed AC system with the voltage stability of the DC
grid. Besides, an adaptive active power distribution method for the VSC-MTDC
system is proposed. The frequency deviation of AC systems and power margin of
VSC are introduced into the DC voltage droop coefficient to dynamically adjust the
unbalanced power distribution ratio and improve the frequency stability of weak AC
systems. The simulation research shows that the collaborative frequency support
strategy can automatically adjust the frequency support intensity of VSC based on the
severity of power disturbances, achieve a reasonable allocation of unbalanced power
in combination with system operating conditions, and provide a control basis for the
construction of the frequency regulation framework of the VSC-MTDC system
integrated with wind farms.

A coordinated frequency control strategy for VSC-MTDC systems integrated
with wind farms is proposed to address the lack of coordination between wind farms,
AC grids and the VSC-MTDC system during frequency regulation, as well as the lack

of means for wind turbines to cope with wind speed changes during frequency
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support and restoration stages. A novel approach for evaluating the frequency
regulation capability of wind turbines is proposed that takes into account both the
kinetic energy margin of the wind turbine and the power margin of the converters.
And an adaptive frequency regulation strategy for PMSG is designed, which
considers system frequency evolution and the real-time frequency regulation
capability of the wind turbines. A power adaptation method for variable wind speed is
proposed to smoothly transition the power reference during the frequency support
stage and restoration stage. A zoning and hierarchical frequency regulation
framework for wind farms and VSCs is constructed, and the access principles of each
link are designed to weaken multiple frequency dips while ensuring frequency
support performance. The simulation results show that the novel frequency
responsive strategy can maintain frequency stability after the wind speed changes and
avoid multiple frequency dips.

Amid the DC voltage deviation caused by the unbalanced active power
distribution, a cooperative optimal droop control strategy of the VSC-MTDC system
with DC voltage “quasi non-error” regulation ability is proposed based on research
on the infeasibility of DC voltage non-error recovery under droop control. An
additional DC voltage controller is designed for analog synchronous machine
damping and inertia and automatically adjusts the active power reference value to
improve the DC voltage during dynamic processes. In order to minimize the variation
of VSC active power and bring the DC voltage closest to the initial value, the
reference value increment of droop control is optimized, and the steady-state DC
voltage recovery is performed in conjunction with power smoothing technique. The
control action sequence is proposed to coordinate the control logic in the dynamic
and steady processes to deal with complex situations such as continuous power
fluctuation and secondary power drop during DC voltage regulation. The simulation
results show that the modified strategy can smoothly perform the global optimal
regulation of DC voltage at the cost of the minimum power variation of multiple
VSCs and complete the ‘quasi non-error’ recovery of DC voltage.

Keywords: VSC-MTDC, wind farm, frequency control, frequency response model,
DC voltage control, droop control
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Fig.1-1 Statistical chart of installed capacity of wind generation
B 1-1 79 2010 £ 2021 FME RS BENEFRES T EC. BZE 2021 4,
AR BEIAEL 830 GW, HAk Mg EXBERHIERSH G 93 %F
7 %1, 2021 FE L BRN F1 & B EIAE] 1870.3 TWh, BEMETFTHEIEKTHAR
BRI R BREN. 2021 FEHRRN 1K B ED 273 TWh, HE 2020 FHEEKER
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& 45 %, REmERRERELENTH.
FEERAREFRATHFMAc A, KEBEYEERERET. 2020 4,
HEFIERBEENEE 72.6 GW, LDEVAEILT] 282.7 GW, RELENEE
M ENEEREHAE B &F 2021 K, NBECHRNFEE=KEH
MR, REELWEL 75%, 8. FESAOHESEMHREI2ED
Eefpldzir 4 . 60, HERE LRAEFT KD EEE 2380 GW, FE AT “ =t
X7, Wil AEN. . dh. FEREHARRREHN T 2ANT A TR
Gy KRB R AU, thah, hEERELEK, BERBREESE, L7, #
TTAN T AR A5 0 I 1 XA O A% X B TR R TR R s HE gE O SR sE I« B R
. Bos” BB, BEXKNBE2022F 6 ARMH “+HE” Hhigd,
it % 2025 %, FEMTHARERBE SHBIET 33%, HPEREREH
BT 18%, KREFEXBEEZERKRENSEIFELI,
GePERNNRKBRELRANSE, £ “XNk” BIsMBHAESI T, XS
AR RE IR kK FE K 28 o [ R ) () FLR S5 A, BT B VR R AR b X HL BT RE VR
BERKBERMEAKY, PEBRIERSLEIFGEESR T RFELE.

112 EREMNA R

1928 £, MR AT 2 ) 7k IR BY [a) 1 4% 18 &= J& E i (high voltage direct current,
HVDO#i e H AR IERE FH R EEl T RIMERABZAFKEE Gotland B H
RITREMELAEZT, HEESE -RERHGREARNEEDY, 5k K% &HE
BRI, MR E 7 oRIMRGIE TEES . ARG S. BEE 1972 F
PR BEET TEMESR, &T &% E 00 M #4357 2% (line commutation
converter, LCOR A FE -_RERBBHEARYFEDL HBEHETZHA RS0,
EITSEHEANRETE, LCC-HVDC WBEESEZNEZHEERSES,
FEZHA LCC-HVDC T4, HF, FE L1100 kV ER-Girm ERKH
TREMABEFERE 12000 MW, 25 EIHFAER KK LCC-HVDC T,

MR TR HE, LCC-HVDC AEHE. ZHEEHEMNHRTREREE
FFAE AL AT, (B2 LCC-HVDC KA M 128 daim B H ez 6l 598, KBk
T AR AR R, X — 4R HE LCC-HVDC LiER/NEEL R RRB L IEN
gftd, NMHABERSZRUS, [, WG RRGNES KERMARKS
SHERBETRE, 5T51RGMEASEKmFH. ih, R PFMBRRE
FEAE R R FRETINAME, FERRRELIIAMEMIERIZE, KT R
MR EMEHEREI., Mz FENEFRAS oA AFRIBEREH S BKRT
LCC-HVDC fJHRER[E, FREALUFEEFHB RS HERLFHNFRK.
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F& %! (pulse width modulation, PWM) Y B8 i Y& &Y #2 il £8 (voltage source converter,
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XA F M VSC #idn 2 AR B4k £ HF # 5 28 (modular multilevel converter,
MMC)231, 2010 £E2 E ) Trans Bay Cable TFER N H & F A MMC HHMIRE
TR, MHF VSC, MMC AR BER /D, S EHBRM, BIbk
THRER T REHEN TREZRMEE, KEEERA BN HER S .
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Fig.1-2 Distribution diagram of Chinese HVDC projects
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Fig.1-3 The plan of China grid-connected wind generation via HYDC
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Fig.1-4 Variation trend of equivalent inertia of grids in major European countries
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Fig.1-5 Evolution of blackout in Great Britain power grid on august 9th, 2019
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1241 £ETRMFHENERBEIEH
(1) T washout 387 2% 1 B i 5B R 35
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PRBLHERBEESRAY. —REREEATEEERRGERETHR, 0
FHABZ RGRESFRVENSE, SELEESBREPEER. =R
FWMADIEHNET, BRBERATHAAWIEPSmEhE2RETMKE
=, AT ERERSWMEEINFE TSR B ZshE&EE. AEd=4
G MNTEERE T TEHRL IR RNOSHHRIAE %, X TRABERMN
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Fig.1-6 General research structure of this thesis
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F2E aXBEFHNZinEE RS 1E NN IR
2.15|§

FIA A R EIFHE MMC-MTDC 24 H MBI EREFNMELEB LEKX
(207 77 2 e [ 45 1 B SR BE T T R JF R MTDC R SRR BT fe A EE BB,
I AT 2 e R A AT O B AR BT S B U0 BRI BE R ER AN EEN
. 1) MG ESRMTEN ASGRESERTERON, BHAKSHBEKRH
FEERE, ARTIENAHDY, 2) FFREBEHE MMC-MTDC FF MR &
RY, NEBAEERTHEAZ, BREIREEDI,

Xt EIRFER, LLE KR H MTDC & SiAa & M 20 th A0 47 38 i 245 PE T
NEARIMERSEERRAT ARG ERYESEER T, CHk[152]
ZEXNE T ERG B, A& TREEM RV RMEENRR.
XHA[1531FF MPPT FRAEHUBEIES], B T RUIRRNL A RS EER,
TER[1541E B RS ER R EM L, RIBREZHRISWESL T AEZH
SR AERY . SCRR[152-1541 3 M AE S BRI BY AL . SCRR[15515H X 37 X4 KM
PEIRHL, RIBHEEGZEREH T REW T SCE153]0 MRS ERE .. SR
[152-155]89 A & S E B R N H IR R AL (permanent magnet direct drive wind
turbine, PMSG). MHA HIRKXAL/Ms SER @ H N AREEEETRABHIM
f, Joid IR B IR KU AT 2R e AR 1 o R Atk L O RUATL ) A7 8 g o A A iR AR 4R

£ MMC-MTDC R MR EHEBET AT, DA MMC Mz 58 A7 o) &1
. 1) —REGEEFHEEBEER, LEEMRSMEDE; 2) ZKAR
Gk Z 3TN R G AT B AU, MR ESIFRT R MMC SR 5§ ZE A
U590 3) M2 THF B NS AR, SEERL TER, XTHARSEFL
Ko B BN R A B,

EF%t MMC /ME SHERIBF RN R R @ fH IR, ER/NMESEEER, MMC
B BLEHNIE A . CHR[161,162]45 & MMC H a4 &1 5 LA o
AMEEHE], B TR MMC MR IR RN . SCER[1631F0[164]5>
WIS T A R B AN E 3 H 4 1 MMC-MTDC REiHF A BESHE
AL, I METFOTERNEREMEINIRAAIEN, 5&E LT
MARZEEHIT RAIIE., BRIERFENEM . SC[161-164)18 58 TEEFE M
AT IR MMC-MTDC £4, RKEEXEIFHE MMC-MTDC R 415 H A # K
.
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XEETREBEHRFE. RVIRERGERBNFE BEXABSEIRSERY
RPREFIFRE R, BT TEMNES ABEFHK MMC-MTDC 24 H)ERAME
e 7 A A

2.2 MMC-MTDC R4 #hIMNEH B ITH F RN

FHERT & REFZH MMC-MTDC R 4t 75 A ¥ 1h 65 1 F1 & SR 42 4
T ATIRANFEHE/DNSFEOLT RIS i S AR R B IR AR BB

WEVSC, GSVSC,
. I =78 K=} ’ * _— o — e v,f 5
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Fig.2-1 The topology and frequency control of MMC-MTDC system integrated with windfarms

B 2-1 A& REIZ % MMC-HVDC R4 HmIPEMAMREHHER. B
2-1 t GSVSC R HMMAR 28, WFVSC RRRIZMATRLE. BIRKRNET
HANMARMERBZILCEE WFVSC, SLHIREEIXH . BHiRHMNEHMRAE T
DURHBANY, MMC BIHRLHREREMRE, MEHREFAERT S,

MMC R T dg RDB RFELIFROVAHREES . H+ GSVSCH
WA R ER A RPERANEREG A BERBEER AT ERS S —RIE
[165], E’]

KV(P f,G_P)+(Udc,ref_Udc)=0 (2'1)

¢! s

HiRBETERY

AHF Ky
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P——GSVSC HIhTh=,
Pretc——GSVSC BINThE 54 1H;
Usi——GSVSC Eifi Bk ;
Udcre—GSVSC Eifi B IETE 4 1H .

B SR 35 IR U2 R T GSVSC Toi Wi N i R SRS 19 &,

RE-DHEMER:
1 .
Pref,G -k =——K7(Udc,ref _Udc)+Kf (f —f) (2-2)
AP K—FERTERE
—RRARGINE,
f—RGFEEMA.

WFVSC 4P AR R M B EES], REHZFE B8 (phase locked loop,
PLL)E 4 K. BEMMMEZEHRIT T WFVSC MEHREHU33), KEHRE
R WFVSC ZmfumE e, 8.

Jowt = f:wf =f — Ko (Udc,ref _Udc) (2-3)
AP fowr——WFVSC ZHRMIAE;
St ——WFVSC R MIARIE 4 H;
Kowt— SRR B I H R H .

SFIEBEESG, €8 2-1 FEM PLL FIERT fowrs fo HHE. MEHGKE
FIES fows BERE RBR Uac BISERTENZS, X355 Bh IR AT IR G i Al .

HRRANMORUERBXACERBESEATEESTRSREREER
R #PFER, £HE4E3ERYLK S ShThEle, yiMiERERAEBINT)
Rh)ieel, FEIBITHREIRIESE Pecr 5T MPPT B4 KB KBTI
# Pwrrr. TEHBIRTIFN, Per BIMEBRIEEES ARV AN RIBE
APresp LASEIR TN ZR Y RUOT), APrerp B XA :

APmﬁP=KD(f._ﬂm)"Ki%w£ (2-4)
AP Ko—EHEERY
KSR R

LXMARFENENTFESBIRRMENE, GSVSC KPR 12 5] 1§ 33
EZMEBRBVANERBERKS), WFVSC MAERREGFHERBERULELRA
RZMZRFZGREZS, HERANIMAERZEDRBLESEFNA fowr
MmEERFFADEMESEH. RQ-DEQ-HIMELHHRERERT M
W ZBRM R LR, (R TERNZEMMRBIRE R, AXUK(E2-1)
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FQA)MPERBIRHENER, 44 MMCMIDC REEHHHMECEHEE, 1
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2.3 MMC K32 R G 2 Mo [y 5 BY
2.3.1 SN R 42 BY 2 57 B A
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PCOHE; it MMC EFiHEI; P AREHNIIHRBEIINE; Re. L F Rs.
Lo 53 B RAZ TR LR B F0 MMC 32 3% 1 &5 %5 B BE AN B /8%

MMC 4
—
PCC RFA/ m A
= Y YN\ - l "idg
P Uy, P, {V

F 2-2 MMC-HVDC R4 EE
Fig.2-2 Simplified model of MMC-HVDC system
ETBTHRBIRK Ps AR L {E T FRR A,
P=U,,+U,i (2-5)
RF Ur—PCCHI dBHEESE;
U——PCC if] q s EH &
i~—PCC B d i &
i——PCC ] g R T E.
BE MMC 83 E R T PCC 1) d #is KM, B Us=Us. U;=0. I (2-5)
WA
F=Ud, (2-6)
R(@2-6)f) MMC AT RITHER T ¢ MOBENTM. RE PCC A
UsHE5E, M P55 ia B IF LD,

A+ RS
kp |Va 1 igi| .. | Ps

ket~ 5o [ 171 7 [T

..............................................................

A 2.3 MMC-HVDC B I T i 1Y
Fig.2-3 Active power analysis model of MMC

R IR MMC SEEL T o g 37> B RIMEABRLT, S IR A B
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MBS EREMIL AR iv. ERII R ERPHEERT, G5 Q2-6)1RE T H 2-3
FRETF JHSEN MMC TEBNMEMATES] . B 2-3 9, ki ki F kp2y ki
53 F8 MMC ShERFO I3 P B LGB FIRR 53 REL, iaves I d HIRRIRIESMH, vl
dHA B,

MMC BT REF WER T K BYREmRB, XM EZmERMEBESE.
MMC B TR B B3R E A MTDC RAF RS ESMBEENMBERE THE
WHEAL.

2.3.2 GSVSC ARy R 45 Y

TFIEAR T Z B MMC WEREIAS, X6 MMC MEEE BN B RSN
REMEDTY, 4T MMC IR, & T2 MMC FiiEZ B R AR RE
W RNRFE . B 2-4 A MMC “FIEBERER. HF Cq A MMC HERE, it
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Fig.2-4 The average model of MMC

2.3.2.1 GSVSC s
MMC FHEER B BRI B AR .

I.= i
Udc
_p
) Iloss - Rloss ch_ (2_7)
Idc = IC _Ilcss
du, .
Ceq dtd = ]dc - ldc
itqj Tioss MMC %;&bﬁﬁ EEZIﬁ,
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Rios—— B XRFEHIE, EBERBESFTINERN 1%iHHI,
I—HRMSERZE BRIENERBR;

Ta——H L S 3052 15 IR TR B S PR B .
BH2-6)RAK(2-7), RFLREATTSE:

dAaU, . E Al
de . de,
- =811Ald1+821AUdc1— =
dt § E » ¥ C
eq,i
le = 1 2RIOSS,I s,/
L TS sitd,i0
Udc,i,O Udc,i,O Ceq,l
. 2.2
s,ild,i,o 3Rloss,iUs,ild,i,0 1
A U’ C
de,1,0 de,i,0 eq,/

RE-)F, ARTRERE; THiERFMMC RFTEXREASHRS;

RAZEYIE, FXAEKER.

2.3.2.2 GSVSC 3z a
BIERQ-2)ME 2-3, GSVSC MM B FHE .

e = Ky (Pref,G "Ps)"Kva (f‘ —f)+(Udc,ref _Udc)
k.
Iy et =(kpl +T“)e

< k.
Vu = (kpZ + "f’) (id,ref o’ )

. 1
TSI ¥R
A+ s——Laplace HT;
e—PLIZEFI/RERA .
BRCHEBENERIE, ZBSEH WS, WUHE:
(di, . , .
% =kyKy P — kKU, —ky Ky Ko f + kK K f +kgUp o
di dr dU,,
< - kU, —klest d—;+kleva d_t_kpl d_td
dv . ) di di
—‘L=ki21d,ref _kizld +kp2 dref _ pzj
d, R,
o L, L,
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Fig.2-5 The simplified model of turbo-generator
HR R B BERE .
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P,=P+R], (2-15)
#HRE-15HRARK(2-14), A5
P=P+(R,+R)I (2-16)
RIEI(2-16), FHRAMF A MITETTE, 7.
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~(02_ aid,o
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Fig.2-6 The frequency equivalent model of hydro-generator
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20 ; Rmax_open~ Rmax_close 77 B AR K FH AT TR B MK AFER; To AE FAARES
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[dax,, Axy, R, rw, dAw, L)
=— —-K + Ry ) Axy, ——OXyy ——F — e
dl TR s (Rp T) H2 TR H3 TR d[ TR
dAxy,  Axy _ Axy,
a5,
dAx
dtm =K Axy,
1dAG _ Axy,  AG (2-20)
dt I, T,
daf 2 hag-2ax, —2aP,
dr T, T, T "
ddw, _ AR, 1 C_L T | plag,
dr 2Hw,, 2H 2H | oy,
RHF xms xms xis——FEZRE.

2.4 ERNEFEER

B THEFHAR, T HEREEEKBOMAFNRNE; MERT 2L
B, TRIZERBOVTEY, BULASTERE T RIS BRE Jy H LR B 10 S5 RO R 7el,
BT TRGEER, AR ERIMSER M- EmEm, ATEER
MR ERLRBEINSFEE. B 2-7 8 MMC TEE RS REE.

dei_l/ ——————————————— de://
|

B
LL;/ Rl_” | deyi

L TR S, N e e ey Bt e ey | Ld(.',/\‘l
5 ¥
IdcirA: Ry Lk + , Ly Ry | fdeki

: Uy jk CLin
| Riwe L _ Lix Ry

LdC_I/\ o= e e e LdC_/\'I

B 2-7 MMC, FTiE E R & S5 2 R
Fig.2-7 Equivalent model of DC lines connected to MMC,

B/ 2-79, Laciv Ldcii 5790 MMCi. BIRERRM ij RIFIEPL; Ry Lyl
Cry T NBERER i PSR EME. BRMBEE: w8 MMC: FFEBIHO

28



b IR 24T

BHREE; idy N MMCZERLER i fiF MMC; BIER; wy A Gy B E.

HR¥E Kirchhoff ERFEI HIMER i FE=¥=TE, F:

di
(Udc:l = udcr + 2del IdCJ
” ’ T ode
ldc,i = Zidc,{/
2(L Qisey _ 2R, i 2-21
( dc,u+LLu) dr S Uge; T ARyl — Uy, (2-21)
didc,/'i .
2(de,ﬂ + Ll,ij) ar e T 2R, o — thy
duw )
LCI,ij ? lac i + ldc,//
ic:
L, =Ly, +1L,
2-22
K, :1+de,12; ( )
de,u + Ll,!‘/
NRXE2D)EEH:
didc,y — Udc,l de,l Z[ul,:k ] + de,: _1 ul,y
dr 2uL,  2ulL T\ L, #L, 2L,
L R R [ L
= Z[i idc,lk]-i—i = —1 .dc,u
-u:Lu k=) er L'/ lulLU A
) didc,u — Udc, 7 de,/ Z ul,/k de,; uLl/ (2 23)
dr 2uL, 2uL, 4T\ L, #,L, 2L,
L. . R R | L
= Z i idcjk +i = _1 idc,/l
#Ly G L L, \uL,
duL,j _ Iy Igei
dr Cl,u Cl,y

RQ2)YNERLE § HRHIRSEREY, SHAELENBRETMHEE

RBUERER R ETA.
2.5 WFVSC R E X 3020 = EY

2.5.1 WFVSC REIRMHRB B 5%

A SOIRAE B LA B INAUT 3R A 8 & RALEHI A Rz U7, BER KL &
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F2E FRAGMNISHIERGBRMERHHER

HERTRASN B FHERERENE 2-8@fir. BRETRHBLERKEER
M, BHSFHRERRET ZBERKRHETU. RN, ZRAUZREEEHAE
EEHIEERT, ﬁ%%ﬁﬁ%%ﬁﬁ%ﬁﬁﬁﬁ Ude,ref AR,

| / 1 |

(b) *ﬁ%ﬁ%&mﬂ%ziﬁ{ﬁﬁi
K 2-8 IR AN EHEE

Fig.2-8 The equivalent model of direct-drive wind turbine

RIERQ-HAE 2-8, 718 PCCi B IINE P M PCC 1B HIUE Pl

_Uj ref + \/Udc,ref + 4RlossUd2c,ref P 4le>ssl)si
= = (2-24)

loss

RHE(2-24), (U EHLMA R MR IR AT RfL3E, T ZEEE 2-8)F K
HRAZS, B3HE 2-8(b)E IR RN &I EER,

B 2-9 AEHIRXHLF WFVSC LS EER . XML KE PCCa BISAZE fows F
TERWREZRS . MRAVIIE P R ERETREEN P, BREILELBERIE
& PCCi:, FIFH WFVSC B ZHKMNE. 2RHF A KiHEHE, PCC: AN
;ﬁl)jljJﬁ Ps3 y‘j:

_ UJR, UR,—Z;P,(2R, + |UR,-Z2P,| 2R X, )

O R 1]*@5 {52 ] zz ¢
AF  Rw PCC2 2 PCCs HIVLEELRBR HTH ;

Xw——PCC2 E PCCs HIJCE LR BB,

Zw——PCC2 Z PCCs ML ERBMEY: Z, =JR2+ X2 .
Kl , URER T RAEER, B 2-9(a)th 7T ZBE M I 3 281 WFVSC
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Hdb B A RF T EARTT

R R R AT, URE B 2-9(b)F KPR R ABFZHRMAM WFVSC Eifi
R,

(b) HEIERHLA WFVSC fi4k FHEH A
B 2-9 HIRXHLA WFVSC RILEEER
Fig.2-9 The simplified equivalent model of direct-drive wind turbine and WFVSC

2.5.2 WFVSC K B IK X H1 &) 1k 55 2 i) pZ 4= BY

2.5.2.1 WFVSC Eiki s

WFVSC ER M EHER .
o dz;‘“' =§: 1— R‘;s;;ﬂ' — i, (2-26)
B (R2-24). (2-25)RANFH(2-26), LKL E:
daUs L=y, Ay, 4y, AU, — 2 By (2-27)
oy

R@-2DF, yLi My B EFE LK R B N(B-4). (B-5).

2.5.2.2 HIRXHN T R ZER
PR EFE BTN ESEME Precr -
Py = Buppy = ko] (2-28)
XF hop— RH BRI FERE.
BRE2)RAR(2-10), KvE 1, Usc HRIE 0, AIFRNIEFEZTHE
IRt R 25 F e - Rily P
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dAi, AL dAld

(2-29)

do,, dw?, _
3k°p‘60 k“C!Jr,o + 2kpl T + kpla),,o —dtz— ACUI. - kilUsAld - kplU

AP ono—RIHFTEITEE.
RALBAERET, Precp 8 H HZEAETIZE Pymeero FIVEITI R APrerr PR HI AR,
I

* d/;
Fetp = Raprro +Kn(f —fowf)—Ki d;f

AR Purrro——NNLB RN 2 TR, BEEHEIIRERFALT DL XA
B % 338 &% Th 2 g gali0e],
¥R (2-30RNAR(2-10), F]E XL ABB EIVMIZERES 12!
di,

dr

(2-30)

=k, ) mpeTo T kilKDKowadc,xef - kilKDKowadc - kilUsid
(2-31)

)dUdc di, d’u,,

(s KK g + by Ko K, kU= ey KK g =

BRQ-10). (2-26) R-2DRARN(R-31), L4k /5 AT B LI 2B 7 28 K4 =
i R AR A

dAi,

. dAzd 7 dAUdc i
dt == ”l,iAla',i + nz,iAUdc,i +1,

dAiy,
dt’ +7,, 7 * +'15,fz d—:’ +”6,iAUdc,tef,i (2-32)
HR@2-3D)F, y1~n6,; FIHAIHES W% B R(B-12).
BEHH(2-29)F(2-32), AIBRMNIEEZEITHMEXENASZ —REFTE,
B .

dAi ;.

Slarts _ =, Aiy + 0, AU+ 0y A0, +175, s
dr (2-33)

dAU,,, dAi,, ;
4, a7 +7s, Z P + 0, AU o et s
H.
do, dwr2i 0

3kopt/a)r10(klllwt10+2k dt +kplla)r10 dt;, } (2-34)

RALIEFE BT S Kowr,i=0, MR (2-33)4b R (2-29). B BHR, 4
kopti=0, M (2-33)HAK(2-32)s RHLHLMZZREERT v, M ia; FPREFRRAR
(2-10)— % .

2.52.3 mﬁﬁmm*ﬁﬂ
HETFREREN, RARENRERES, TRERANDKENERNESL
RBETEHE, B
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2QH—t="m__"c_Degy (2-35)
dt o o
R(2-35)F P TRBER(2-17)KE, HHIHE PuN:
P, = % pSC.v° (2-36)
R p—FREE;
S—— R HR;
v X E ;

p—%RBEf, ERBIBTH p=0°;
Cr— B IR R, HE 8!

C,=cle,d+[csh —c, (2.5+B)+c,)e

= L (2-37)
A A+c(25+48) (2548) +¢,
1= o R

L v
Af R—RRER;
ci~co——H A S H, BUES WICERD .
B R(2-18). (2-36). (2-3DMAR(2-35), A/ R ST R BHLRILR LR A .

dbo,_ 0\, 66D, _ & (2-38)
dt 2H 2H 2H
R(2-38)4, 3 Fl ga B EAEA XM F B A(B-16)F1(B-17).
2.6 S NEBIHK MTDC R % £/ 55 2R 0 B 12 5

2.6.1 RGN N ERY

AR, ¥ MTDC R4 HIEA 284 8 GSVSC #l WFVSC
FREHTHITRESHTEHNE. UERKHB NED, S MTDC R SR M
BMAUKNLREE. RERESHFENT:

x=Ax+ Bu (2-39)
X x—RERE;
BEHE,;
A—RETERYIER;
B—EHIERYUERE.

u

33



¥2E FREHN L mEERGE A REwR R

2.6.1.1 GSVSC
BIER(2-8). (2-10). (2-12), GSVSC; KHMET M ALGERIZEROR
BEE X HEHE wi 3 HA:

T
xi = AY:ui Ax i ACO“ Ai ref ¢ AV‘ i Al i AU c,i
[ ‘, Gl, . z# f, 1, d, de, ] (2-40)
ui = [Awr,i AP tef,G,i Aljdc,r(:f ,i]
xi H GSVSCi N ERE, XM REBIER 4iv Bei 53 AA:
[
1-F_,. F_.K..
A,'J = _ 1 HP,i _ HP,i“*G,i 0])(4]
TCH,i TCH,i Tcn,f
[ 1 K
A4,= 0 —— - 0,4
, L TRH,I' TRH,I
[ 1 -+ D, 3
A,=|— 0 BTZ o Py
’ _2H,. 2H, - 2H,
Ai,4 =[le2 kil,iKv,in,ifbase,i lez _kil,iKv,iUs,i —kil,i:[ (2-41)
A :[les ki2,i 0 —kil,i O:I
1 R
A =0 — = 90
i,6 |: 1x4 Lm,’- Lm’,- ]
A, =|:01x5 & 52,;']
AZ4 = Ai,4 + kpl,iKv,in,iflmse,iAf,a —kpl,lKV,iUs,iAi,() '"kpl,iAi,'/
A;,s = kpz,iA:,4 - kpZ_,iAi,G
A, = [Ai,l s A3 A A A A G A,
"
F. K.,
Bi,l =[‘% lez]
CH,i
K .
B12=[£ lez:l
' TRH,i
Bi,3 = [le3]
B, =[_kil,iKV,in,ifbasc,i k.. Ky, kil,i:l (2-42)

1 B, = [OM]

B, = [OM]

B, = [O|x3]

B:4 =B+ kaiKV.in.ifbasc.iBl'.3 —k
B:..s = kpz_,.B,-'_4 —kuiB

p2.i77i,6

B;, = [Bi,l;Bi.Z;Bi,S;Bz‘t;Bi*.S ;B:.e;Bm]

:T:QEF‘ ﬁ)asc,r-—-—GSVSCi m%ﬁﬁ$ ’ fl =ﬁaase,i Wr,io
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fede s HRF AR

B (2-8)K, GSVSC WERHBERT X THB HSRETESN, RE5HR
KM HEMMAR, Hibe X GSVSC X EML&R i B REBUERE ALy N:

1
P Oxle

AG,i-L,ij,l =" C

eqi

(2-43)
Asiry = [O6x3 s AgviLia ]
Uac,i [@ GSVSC: BT Bk Bt B A K, Bl ALy FI¥E B GSVSC;
MERLREE .

2.6.1.2 WFVSC
WFVSC; B AT EE BRI x; F w53 BN :

X, =00, Dy, Mv,; B, AU,

T

(2-44)

u,=av, AU |

TR H R BEERE Aw,; [ Bw,; 5738

A, = _¢|,j_¢3,j+Dj 0., _ P, 0
. 2H 2H,

J J

A,z=[’77,j 0, m, '72,1']
‘=[0 kiz,j 0 —kiz’j O]

14 =PM LY ﬂ (2-45)

44 L. L

'm, j m,j

A/.s =[0lx3 N, 7’2,1]
A;z =Aj2 +, jAj4 +7, jAj5 +’75,jZAL,ﬁ-v,j,1
A 5 A s+k A -k A

p2,j° 7.2 p2j°7j.4

[ Aw, = I:Aj,l ; Aj,z ’ Aj,s A 34,5 ]

r
@,
B, =|ij{j" 0]
J
.2 = I:O ’76,]]
) = [le2]

B.
B
|B,,=0,.] (2-46)
BJ
B

i\ =[le2]
=B,,+k, B

p2,j" f2

W,/ [j]’ 12’ _/37 _/47 :I
AR(2-33)F Uac A ige H‘Jff%‘%ﬁ WFVSC, 5ERZRMEL, SR (2-43),
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B2E FRAEHNEHRERGBARARRHEBEE

F X WFVSC; X Hi4E 2 ij B REERE Awjrs A

[ 1
AW,j-L,(i.l =|:0,x2 _C ]

eq.j

34w L2 =M Aw joga + 15,4, (2-47)
Ay g3 =k, (”4,.wa,f-L,i/,l 1715 ;A0 )

Ay = [les s Aw 25 Aw 33 O A i ]

FIFH, AwjLy REER WFVSC HERKLHRHEE—B. WFVSG XTEHR
LB ik B RYUERER:
Ay ez = M5 Ay L
Aw, L3 = kpz, s, jAL,ij-L,ik,I (2-48)
Ay op = [leB;AW,j-L,ik,Z;AW, j-L,ik,3;02y3

AwjLx B ERSERKR § X Fm O i KRB BEMF.

2.6.1.3 HiRtk
HR&ER i FREFTERLRQ-23), HRETE ;8-
x, =iy, su, oi,] (2-49)
HREBRTLEHE, REEME 4,4:

A _l:RLU ( de.r _]] (de,: _]J 1 0]

=i T

Sl VR ul, )21,

1 1

A =— 0 —
e [c C ] (2-50)
A _[0 ( de,j _]J 1 Rl,ij[ de,/ _]Jj|

= — = M=

w #iLy, )2L, L\ uL,
Ay = (454,54, ]

HRALHE i MEBGEMESE MMCG. MMG, REXZEHOMNAEERE
A . EXERLRE ij 3 MMCi. MMC; 8 R BU5ERE AL v, F1 ALy, N

1
AL,ij—V,I,l ={01X4 2‘[‘ L :|
L)

A i—'l: A I—Vii;o x5
) L.ii—V, [L,j J, 2 (2_51)

0 1
AL’,I_V,_,’, =] Yixa 2wl
i

Ay, = [Ozxs ;ALJj—V,j,I :l
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fedh i HRFE /L F AR

BHRER ij XHERE ik I RBUERE ALyLu A
_ [de,lRLik l‘dc,l 0]

A = , ,
bt L L, 2u L L

i1 ik

(2-52)
Ay = I:AL,u—L,lk,l;O2><3:|

2.6.1.4 MMC-MTDC %%
HBIERX(2-40). (2-44). (2-49), MTIDC RGHRELZE x MIBHIE u 575

A
T
{xz[... xoxT XD xl ] (-5
uz[... W ut ]"’
BHER(2-41)-(2-52), MTDC REGREH R RBIER A M B 374
.. 0 0 0 -
0 AG,J‘ 0 0 AG,I-L,{/ AG,;-L,:k
0 0 Ay, 0 Ay,1, Aw,ia -
A=|0 0 0o - 0 (2-54)
0 AL,U-V,I AL,U—V,./ 0 Au AL,z/—L,rk
0 AL,/k—V,I 0 AL,:k—L,l_/ A/k
.. 0 0 0 0]
0 B, O 0
B=|0 0 B, 0 0 (2-55)
0 0 0 .. 0
0 0 0 0 0

RQ2-53)ZEQ2-55FIH MTDC R |AM S ER LR, HRKHATE
SR B AR RBIA . RQ-B3DHRELTBRERBRENRSEYIME x0. u. 4.
BJE, " AHMETEHENSRE x. AR PER F BT HIHINE
REZMRFHEHR, . ERMEENNRZESTNAR T A X ATEE.

2.6.2 ST NE N7 4R B3} 2 A% X FB. 37 B B 1 57 4

mT RS EERARERA, EREGHNEENTEIT R &R NS,
RAERERG 7 REBEMES KGRI R A% k. AR EELRE,
IR AR EMBLEFI 8 & ML R BA B IRRG B3 SR . B R RRRIG
MEAREKR, RFWRBENALFRETRETERFERKEN, FERERN
RIZTRE . BHEESRHMX X7 A BB AU TR K RALEAT 28 RE, A
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F2E SREGNERIERGERMERNER

TR A LS E R 77 AR DA R g L1820, B 2-10 I RR T R BB #R $h 4
R F AT 2 EEE RIS .

ReEghitrEE
B3
e ! 1 > L35 %
i 0 . - PCC,
. , o - A A
* O OEERNL = PCC,
1 ZE ey S0 7 26
o L o o
_ : ZERN2
: | . S
W Kol 7 AR A
S EEM l@ 1~ =’ — BV Paum
i | HERHIM
o 1o Blole

B 2-10 ERRZEFEER
Fig.2-10 Simplified model of wind farm based PMSG

ST E2-10 FRASHSENERRNYG, i eFERNERELERL
RIZHER Ps AT AR (Q2-24)THE . WEANRXIGSMEKE HITHE Pe AT RRA:

M
P,=YP, (2-56)
=1

REFRAKXQ-25)THRGILEELLTME WFVSC 1) PCC HIEIIThE
Ps3. TR, RAZNZEMNERRG RMHE WFVSC KHISMR S EEA, AfEHR
MEEBEBPER EHTTRB. 20BN E i 658 KAHLER & BN

. e Al N\ AY 3 3 T
FRBLHMHRE TR, RIPREEER xyp, =[00,, AL, Av,, 87, ]

B 6 FERANAZRMRES T BRI BENMERRXIGH WFVSC FPRESE
Bdh M ESENANKREIZEMN WFVSC MERBERAEMAR, B

Xr =[Xoms Xogy o Xugy AUy | o EROMITRE, A CHTIRITE M SR A
FTETEN R A Z NS HNERAS .

2.6.3 S515R M) B AR B 3 A B AL 75 38 i B P B 3 1 14 57 4

2.6.3.1 PIEE R AR FEN A Jh 32 BB B

B 2-11 A—ANFAR R 28 E B WA ML B M R, 43 SGi. SG2
M Zg1y Zea RMEFE— ZANFHEBMNEREVHET. DL MMC AR RS,
AN B M R G . MMC BIIThHERBAE, BT HEMN 1 fiEM 2 8
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HALs I RF W 2R

M PCC AR, MEDAZUHBZAMNENERER, TRANADESE
BT R AL — B SN,

PCE

i

oYolo
3»
i

B 2-11 MAR R AR E AP B M
Fig.2-11 GSVSC integrated with two individual grids
i€ K AL SGi Wiz3 T A:
do,,
dr
2 45 8L 1 R LB Bl 7 1R U8,

2H, dawy
dr

2H,

= Pm,: _})e,l - Dlwr,/ (2'57)

=F,p—F.p— Dpop
2

HD = ZHI
r=1]

2
{P.n=>.P, (2-58)
=]

1

2
1)e,D = Z Pe,l
i=1

Dy = Zle,
| =1
A Ho——[F) A SE B WS R 4 1) 4
wp—F R SEE B N E IR
Pm,p— RS (E B SR
Pe.o— 78 55 {6 AR 0 B BRI T 2K
Dp——F)if %5 E B %2 E R 5.
RASEMRYITHE T RAFHSSHEE Ward E1H)5% 775, NT0R AL
B I BRIT Ze1s Zeo BB A—NEESL Zo185), S{A K VLIS 500T R A 4T3
AFEMASEFHRZRIS), RERERE 22 PRSERBEIER, F AR
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F2E FRAGHBHTERGERRERHRE

MATIE, o REMEMRMFFE.

2.6.3.2 AP R EIEAE— 1B K

PR WA 2R A 2R AN R — N S B SR B 2-12 B s . MIARIE R A
A 43 B E MMC1 A E PCC1 ! MMC2 A ZE PCC2 B T IH#, Ps1 #0 Ps2,
RIGFIAR©2-16)7 5K E MMCi F1 MMC: £ E KRBV BB IR P
Pe2, MR BALE BRI E Pe= Pea+ Pea FEEIM RGNS HERT, 7T L% MMC1\
MMC: Fl R Bl —REE. HETF MMCi. MMC: & B# A\ —/ANhor &M E,
WAT—MREPTE, BAREAWSDRSETED 8 PER T A

MMC,

i

2-12 AP AR A8 N — DL
Fig.2-12 Two GSVSCs connect to one individual grid

M ERTAT A, ASCHTIRR N 24 Jrik, Foie i s R AR AR EA
P BN RN RRFSBEAF N BHORERER, HAURERFHEMME.

2.7 (H BRI

2.7.1 HEIER

A3 PSCAD/EMTDC L2857 7 H 2-1 FiR B8 K1 #) MMC-MTDC &
SHBEESHEBRRY, RESHNFEK 21 EX 24.

F 2-1 WFVSC fIER RIS K
Table 2-1 The parameters of WFVSC and direct-drive wind turbine

- X 15 % ¥ X 1, oy & X 13 #i—

1 2 i 1 2 # 1 2 fir
Udcrer 400 400 kV | Kewr 0.5 0.5 pu | o -5 -5 pa
fos 50 50 Hz | Kp 5 5 p.u. c4 0.4 04 pau
R« 0314 0314 Q Ki 5 5 pu | cs 116 116  p.u.
Lm 0.021 0.021 H | S¢ 1200 1200 MVA | c6 21 21 pu.
Lie 0.01 0.01 H H 3117 3.117 s c; 008 008 pu
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£2-1 (&R
Table 2-1 (Continued Table)

¥ X% % ZH X XA 72 X %

1 2 fir 1 2 # 1 2 fiz
Rioss 3.5 4.5 Q D 0.01 001 pu | ez 0035 0035 pu
Ceq 1800 1800 uF p 1.03  1.03 kg/m®| co 1 1 p.u.
kpt 001 005 pu | S 1.5¢4 15e4 m? R. 5.2e-3 52e3 p.u
ki 100 100 pu B 0 0 ° R, 0.01 0.01 Q
kp2  0.05 005 pu | R 70 70 m Ly 002 002 H
k2 100 100 pu. | e 0645 0645 pu | Rw 0.1 0.1 Q
kopt 4.5 3.5 p-u. ¢z 9.1e-3 9.1e3 pu Ly 0.02 0.02 H

R 2-2GSVSC MIZ MR LS H
Table 2-2 The parameters of GSVSC and AC system

24 X% B | BH e LY DA > e B

3 4 3 4 44 3 4
Pt -500  -300 MW | ki 100 100 pu | Trn 7.0 7.0 s
Uderet 400 400  kV | kp 005 0.05 pu | Tew 0.3 0.3 s
f 50 50 Hz | k» 100 100 pu | K 8.0 8.0 p.u
Rs 0314 0314 Q Kv 0.4 0.6667 pu | o 1.0 1.0 p.u
Ln 0.021 0.021 H Ky 0 3 p.-u. R. 5.2e-3 5.2e-3 p.u
Lse 0.01 001 H S¢ 1500 900 MVA| R, 0.01 0.0l Q
Rioss 3.2 5.3 Q H 3.117 3.117 s L, 002 0.02 H
Ceq 1800 1800  wF D 9365 5625 pu | — - — —
kpt  0.05 005 pu | Fur 0.3 0.3 p.u. - - - -

K23HREKBSH

Table 2-3 The parameters of DC lines

.
- KBS o fy
12 13 24 34
Lac,; 0.01 0.01 0.01 0.01 H
Ry 0.3 0.3 0.3 0.3 Q
Ly, 0.04 0.04 0.04 0.04 H
Ciy 12,5 12.5 12.5 12.5 uF
R2-4 RGEME
Table 2-4 The base values of MTDC system
ZH nE iy
Stase 100 MVA
Uac,base 220 kV
Ubc base 100 1'4%

41



F2E SRHEPNEREE LA ERMEHMNER
2.7.2 TR R E

=5s i, X3 1({&iE8 WF)XIEH 10 m/s BE 8.5 m/s. =20s i}, RiF
2(fEiE8 WF)REH 10m/s ZZE 8.5 m/s. KUEZIHAMRGME. HINTHE.
B BEERESEMRRAE 2-13 2E 2-15. B T A& R R MNEEE
RBE, REHEEEHYHRE THERKE, UrnSREEHES.

M WMAER  eeeeeeeeee HEESHER
- 099" . 0.99
& £
g 0.97} S 097t ‘\
0 50 100 0 50 100
t/s L 1/s
50.03
49.809
49.95
5 o
= =49 85F
< I
19,85+ ;
= 49.63 :
0 50 100 0 50 100
/s l's
B 2-13 KB I FE K . AER RS L
Fig.2-13 Rotational speed and frequency comparison during wind speed change
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Fig.2-14 Active power comparison during wind speed change
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Fig.2-15 DC voltage comparison during wind speed change
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F®2-5 REZWH ARASHBRAERRE

Table 2-5 The maximum relative error of parameters during wind speed change

5 BRAHITRE/%
b S EI% EREE) HEREE
1 0.18 0.06 0.09
2 0.18 0.06 0.09
3 0.18 0.01 0.09
4 0.18 0.01 0.09
2.7.3 ST #HI0IIE

=5 s Bf, GSVSCa WL 30 %, WFif WF2 KUE4E#F 10 m/s 7735,
#7122 8 ¥ 13 8 oh R 20 B 5K B SCHR[166] 8 37 2R i 5 7 5k R0 SCER[106] 7Y 5% 53 1R
BHiE. RILEBMR AR REME., FHTHE. ERBERSWHBKIK
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Fig.2-16 Rotational speed and frequency comparison when frequency regulation
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Fig.2-17 Active power comparison when frequency regulation
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Fig.2-18 DC voltage comparison when frequency regulation
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Table 2-6 The maximum relative error of parameters without frequency regulation strategy

X 6 2 %kfﬁﬁm%% ‘
AU E FEORE) Hift#E E
1 0.14 0.05 0.08
2 0.16 0.05 0.09
3 0.19 0.09 0.09
4 0.20 0.07 0.09

R 2-THABEE T ARSHEBE A RE

Table 2-7 The maximum relative error of parameters with frequency regulation strategy

X R 2 BKHERT R E /%
HIh&E FHEOAR) Hii®[E
1 0.12 0.05 0.02
2 0.15 0.05 0.02
3 0.05 0.03 0.02
4 0.04 0.01 0.02
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Fig.2-19 Rotational speed and frequency comparison considering DC voltage control
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Table 2-8 The maximum relative error of parameters with DC voltage control

K4S BRI IRE/%
EERRrES REGRER) HfiEE
1 0.18 0.06 0.06
2 0.18 0.06 0.06
3 0.17 0.01 0.06
4 0.20 0.01 0.06
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Fig.2-20 Active power comparison considering DC voltage control
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Fig.2-21 DC voltage comparison considering DC voltage control
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F3E HEERRFENZSHEERFINE X FFRIG
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75 RIE VSC-MTDC RANFHEINEXIRGE S, HBZRAGMERT,
NTHEZUXRRZAENAEREHREFTEER . BT TEEFIMMIMME
BEHIPFCHE S BV MB-F R, MR-ERBENEEXR, # VSC B
MIMERF), LW MIDC REMEXEZR, MTMEA VSC-MTDC RZFMEEH|
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EIRMEBEFTE, [T RS S EECE TH - SRR ERMENT 2
REGMEZIENGES, DR TXRAGHERENERNEREZLEN T
RES. EAFERSETE, IH SHEmWPMIFN T RBHEE RS
& VSC EMEBEITRE S EEXREAN AN FEINBAEEEN, WEALHINE
SELFIES FH VSCHRHETIRBERARNTRAAERBIFEHERRE.

rxt BRI, AXRHEAEMNBRIFEN VSC-MTDC RGINE X 7RIS
UM BERXRREHERENE. FRTHRBZRAGAE AV NER LM EER
SEH] VSC-MIDC R4 BENKMMELES], IBHRHTZHMTRRGET sMEE
BRIAFEIE. Rt THTRABERBETEREN VSC-MIDC R4 HER
BUTHRSEAE, CABUE A4 T 2 25 % i 3 (8) (9 43 B Le 45

3.2 RMEREFFLH T ERHIRE
3.2.1 EMRHFFFPTHTELZFELRE

3.2.1.1 TEREFNEXRE

TEBHNEHSETRENE 3-1 Fin. B 3-1@9, Pl P 3314
VSC BT EEASEMEE: HAS8E L AE 2-3. B 3-10)%F, (P!, U))
P2, UOHYAHARRBITRETH VSC BT EMAERBE.

HE 3-1(@)K T REZFH L WTE:

e(t) =Ky (Pt = P) + (Userer ~Usc) 3-1)

X8 Pl BB RAENMAZERAZER, XE-DAA:

Ky (Po = P)+(Upgepr =Uq ) =0 (3-2)

’% AP= Pret— P, AUdc= Udcrer— Udc, iﬁ(3-2)ﬂﬁ9-
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Fig.3-1 The droop control
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Fig.3-2 Control block for additional frequency control
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M 3-2 &1, THREFHATHTEZH O ERBE-FHDEREE, MR
FTRE)W T EIFERE TR, FHIHHRIELE P PR HR, B

By =Py —AP, (3-4)
B ISR I N R - T RIE A E R RRRA:
AP =K. (f"-f) (3-5)
ERG-4). G-55KRAKGE-2), BEAHE.:
})\':.f —P=—KL(Udc,ref _Udc)+Kf (f._f) (3-6)
it A:
AP = —LAUdc + K Af (3-7)
KV

RP A=f—f; RG-)FHI APBIENE, —P.

ref

EXRERMSEHRFE, VSCERMVIBREFIIE PoA:

Z Udcj,o _Udc,k,O
R,
N Ude, jo—HIERZ] VSCRBRASERBEE;
Ri——¥&$E VSC fl VSCk I ELIR 22 2K sBBH

n——RFIEBE; j=1,2,", nso

BRBVIEH LR R RARIATEME, W VSC TEITHIF L
Ky AP, +AU, ;=0 (3-9)
A APo=P;, —Pjos AUscjo0=Udcret;— Udcjoe

B R (3-8)M1(3-9), FIASE T FEH#ITRMAEPY, 8 VSC-MTDC &
ZGVIERZRESENDE PLoNERBE U, oo
%1 MTDC REfe BT, A:

P,=U,. X

Jr dc,j 0

(3-8)

[Zsjl’j,o]mm =06 R, =) AP, (3-10)
j=1 j=1
:TZQEF' Pross E{ﬁw%*ﬁﬁn

e MR G SR T HRIRFE Poss fHE, WERME ST S8E
TUBHRF—H, B AUsr=AUdcj1. MRS VSC BB 515 2 -

1
APIO +APJI = _—IT'(AUch,O +AUdcl)+KfJA.fj (3'1 1)

Vvj
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AU, ="—1———[—Rm +fIKfjAf,] (3-13)
s 1 =
Dy
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MTDC R4 RNIRRMBEES HR B EHBES.
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v.AZ=1: Kv,, \,A; Kv,,
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e Ky, (Bos — K, A, Ky, Ky,
Hd VSC Ashil, VSCik. VSCn RIAEIEhUG .
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INIRTY ATV A S S (3-18)
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Fig.3-3 Control block for adaptive additional frequency control
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Fig.3-8 Schematic diagram of joint parameters optimization process
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Fig.3-10 Adaptive active power allocation method

WIE LIRS, BENEUHR,ETENZEFEERLE 3-10. B 3-10
., WEMEFLXE UH @ BRI LS ERARERETL. JTR
AGMEBRHMAILX G, HMAREGREFH, LRWRXIR. HSENR
BETERHEGFANTRRAGRIARBAMBAIE NI RBE, £ VSC EET
AN EERANRBEXRRAASNFEDRRL, FBRBETAMNEZIREER

~

60



F3E HRFERRENS REERGIME SRS

b, M3 VSC-MTDC I EETeE-
3.5 (A EIGUE
3.5.1 (HFEER

A CTE PSCAD/EMTDC E#57 T B 3-11 FiRHT 4 3% VSC-HVDC & St FY
REMEFTIREEMMEZ R B ENE RSB HERE .
VSC, VSGC,

OHO & O

LA L H
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AC; AC,

SN EERNNS

B3-1 MmRERSE
Fig.3-11 4-terminals VSC-HVDC system
B 3-11 %, ERAASHAE 3-1.

R3-1X. BERELASH
Table 3-1 Parameters of the AC/DC hybrid systems
X

2 LKy
1 2 3 4
f 50 50 50 50 Hz
Uac 220 220 220 220 kv
S 1200 800 1500 900 MVA
Pres 400 400 -500 -300 MW
Udc ret 400 400 400 400 kv
Kvp 0.5 0.5 0.4 0.67 p.u

K319, Usc ARTMEAGLHEE, SHARREALSETE, DBHHRAMEILE
BEA~ 1.2Q.

3.5.2 Bi& R i pnsaa 45 1 30 E

3.5.2.1 ThENEEIE =
=15s B, RRESR 1 RWEART 100 MW, TR RS | $1F £ & VSC Hik
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Fig.3-12 Frequency of AC; and DC voltage of VSC; during a small power disturbance
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fiH 50 Hz TFE & 49.87 Hz, MEZTHE A BN 0.13 Hzo, #t—20H, KA
B &N IR EER LR R AMBRNUE AN 0.06 Hz, HETREHINM
RIEH, AR 53.85 %. BB, KA EENMHMSEEG K VSC B &
EBWE AUs1 A 13.76 kV, HBRTHASERINMEBES] AU 8 1025kV, H
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HEMN WA NRRETERY K E AT HAR R K (5. MK
TR M AR ES, REE K K EHRMNE AT R R AR AR
BEXERE. SHEAN, BEMMMMBEHERMNERSERBHER TR
WM AR E R AR E B N, NERBEERMIEZMAR. £RMIIERD
MBRT, BENMKMMEZHEHEREZMZRAAMERFENRN, 3¢
HRMEEmE /N, FIETED MIDC RENREEIT.

3522 THEKKENMER

=15s i, THBL 1 RIBHH 300 MW, TIRRZK 1 HEfi. THERSK 2
ME £ & VSCr B HBE Udet B E 3-13.

HE 3-13 &1, VSCi AXKHAMEmRMNIESEN, REFESINEZRAL 1 &
8, i RE 48.91Hz, DABMRAB AR, RALZERFEREET. RARK
B nSRER %1 4 VSCr BRI L E B 400.20 kV FRRZE 358.98 kV, EEMHEE
BAE AUt 5 41.22 kV, HREBETHEEZEET 1030 %, &HBERHER
BERBEEREETRAR, SMRERMESESE, B MIDC RAREET
ZRTERM. R, UXREAESK 2 AR, MXRER | #HTHEIZRFIM
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Fig.3-13 Frequency of AC,, AC;, and DC voltage of VSC,; during a large disturbance
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F T B RRIR .

3.53 BENBININERSE AR
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Fig.3-14 AC system frequency in case of a sudden load increase
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Fig.3-15 Active power transmission for VSC in case of a sudden load increase

BB 3-14. 3-15 AT &1, 3 MTDC RS A B & B FHn A5 2= 45 1) 5 Bh g &
WEE, AR TR EHE KA AA B 1.09 Hz B £ 0.41 Hz, A 2N 0.45 Hz,
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XEREFMETHBRAES THRANE, ERBRERENTREALZ 2EREEN
ISR E R A FE TR, HMEBHIXE T 045 Hz, AR TXMA
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K BENMWMMEEG A ERD, ERIEBTRARSTEENFNARRSE
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Fig.3-16 AC system frequency and active power transmission for VSC when a VSC is locked
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FKRALMERMATHEE R T EEZERN, AR AB M AR 1.00 Hz.
0.36 Hz 0 0.54 Hz, AP2.AP3.AP4 535125 132.83 MW.166.56 MW 1 99.65 MW,
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g2 RZMREINEIRE.

EBNERABENMMMEERHNBENF NIRRT EG, AL KB TR
Z 0.49Hz, AN 0.48Hz, AaZER 0.50 Hz. AP2[EE 68.66 MW, AP3 N
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hWE., HREFERTHRRGEDETERZISEENELT, BENFIHE
SRR R AR AR TR R B T ERIR, A& VSC BITHF M-

HENBUNRSEFTERBEEZRRAAMEBZNEL K VSC hEH
B, shARBBRMSSERBER LG, 7547 B 5 2T MW 4% 50 R A8 33
RENFANRERBRAN AN, RIE VSC-MTDC RFETTHXIREE
7KF.
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Fig.3-17 Root locus of the dynamic DC voltage droop control with frequency response link
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MR REHEE, 00T
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% RIS T 3 R IELE.
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Fig.4-1 Frequency regulation capacity coefficients of wind turbine
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Fig.4-2 Frequency evolution diagram of AC system
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Fig.4-10 Control block diagram of hierarchical and distributed frequency regulation scheme
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Fig.4-11 Frequency regulation results of WF; with fixed wind speed when GSVSC; occurs a
small power disturbance

HE 4-11 50, EARXASE R, £ REBKSE 49.76 Hz. TfEHME
BHENE £ TEE, SR E F1 Pwi B 450 MW B BRE 495 MW A AC: 1214t
WMEXIE. ZRTPIWNEE, A ERBMESETRET 49.94 Hz. =45 s i,
o1 BRZ 0.71 pu., BEEEGIHEENBEHEKE, Pwi BHFEE 386 MW,
51 & s B&Z 49.32 Hz, SFD " E . Tk A B E NIRRT HE, Pwi 1 E 494 MW
J5, BEE o M TR FE. BABLRT 49.87 Hz, R THERMFEHF
TEAHRIT 0.07 Hz, SMEXIERAID 30 s WME 35s. R, BENFARFH HE
FEREKR A, fR/MMEA 49.64 Hz, HETAKEHRREA 0.32 Hz. B 4-11
R, BERMEBRNHIEERMIIREAIVIHEA AT R E SRR ] 457
BEKF, AEEHERTSIEE; EEEKSIREP A BE S SFD.

4.6.1.2 ESIHTIIE

=15s, AC3 ARG 100 MW, HRFHAZE. HE 4-12 &1, UHKEE ACs
WHRE ST, fIRRFER 49.52 Hz. ERMFZFHIKARS PwiiEF 45 MW S 547
RiIFT, SIRFZE 49.74 Hz. EERKELESR, REMBEHIX RIS f£

81



B4E FREJUSHEERG T RAREH REE

fKZE 49.21 Hz. M AL FETE ACs A BH BB KN, BEIERFT Pwi E 540 MW,
HBRBEEER N EEEFIHENER, WR IR RN EZHEZE 510 MW,
ZIL R f AR TRGMRBEIFTRN . I, BERAREHMEERE
TIREFEE, B/ fHAASGEFIR 028 Hz. B 4-12 %8, BENFRAY
HEEAHENERKE, REHEKRAHIIE, BERBMRETHRES, B&
RESFESH M SFD AR E, WA RN, HEERIKE " /YR N6,

R85 7P i AT R R
ST 42 42 oA 5 5

W 1/p.u.

Py /MW

1 L
0 53 110

Bl 4-12 ERHT R XIG E 2 KERRRTER
Fig.4-12 Frequency regulation results of WF; with fixed wind speed when GSVSC; occurs a
large power disturbance
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Fig.4-13 Frequency regulation results of WF; with variable wind speed when GSVSC3 occurs a

large power disturbance
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Fig.4-14 Frequency regulation results of cooperative frequency regulation scheme
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TR {E - i) U0, FEEPMIEENME IEM R, ARG IRERENT
MEEE. n NEDIEREE XA EE DR EFU, IHEZRREANT TR
B~ MBI EMATER . p N PES R T REGHPNEHAFEZE,
LRI VSC-MIDC REF EANZTRAGENIHRMF AT, RENET®
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b A RFEF L FAWSC

BT R RE
VSC n+1 e VSC,”

AC :F@]‘/’E AC,
O G {}F £
e e N et

WP] VSC] i VSCIN nl :
I 1\ ACH"I
% "‘G——— Hit M ——{%*———0—@
| %ﬁ : | :
A : % |
Jv- VSCm ) | VSCm nep IjJ

%

AC, )
{}F+@ ’

& 5-1 %%%ﬁ%ﬂﬁﬁ%%%%%ﬁﬁﬁ%%%%
Fig.5-1 VSC-MTDC system with multi-type power sources and converters

LA 5-1 ) VSC-MTDC RGP EMMiziT AN AR, BIEE3- 1T
EFFZITHE, HTELFRETEREN AR RTEREELETHN RS
fE. B 5-2 B7R T VSC-MTDC RAVIIEFRRAEN . IEEIE. ERBEBES
F=NBRFESET AT REE.

AT '51 SRS
(PI.O.'de.!.O)

A 5-2 T EZHIZT R
Fig.5-2 Motion of operating point of the droop control

VItEREN, TERFHNBEEETRAE 2 HHSER 1, EHTER
W& BFERIFFAE, 18 VSC-MTDC REGSLFr TAETIEAT A 1. Bhbf FE w2 -
1
}:O =E_(Udc,refl dc10)+ ref,i (5'1)

Vi

A Po—FERESKH VSCGHRB IR, i=mt+l, m+2, -, mtn;
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%58 HRBEELESIEN MIDC RZ4 R T RS HEE

Useo— IR VSCHIEIRAE; imm+1, mb2, -, mtn.
A, VSCiHIBINTRIERIRRA:

py=y s (Ud;”‘) m (5-2)
2 ”

)

F  Udjo——5 VSCHIER VSC KV ERBE;
Ri——¥a vk ij BB B i=1,2, -, mtntp; j=1,2, =, m+n+p.
FHEEVR v /1AL APwe, EINERGERIIRAT, NRGKEFHEHIS
MESTHES2HHETR 1BTEHE 1 BHEEITA 2. HE-FEHEN
G-DATHRE R
1

F,= K_v, (Udc,ref,i - Udc,i,l) +h, (5-3)
HH P DhEREEK VSCRIBIIINE; APi1= Pii—Pio; i=m+1, m+2, -,
mtn;

Uldc,ia DhHEEER VSC R ERMBEE; AU,;,1= Udc,i1— Ud,io; i=m+1,

m+2, -, mtn.

AG-2)BH:
E,l =Z Udc,i,l (Udc,i,l - Udc,j,l) (5-4)
Py R,

EELETHMERT, TNERBELERBE, ERERAKHE 52
FREZETR 2 BHEBITA 3, HELRUBREET. £65E 5-2 FTHEMLFIT
KRR, REKRTEMLE 1 EF P HFH AP, SCER[146]R0R B LA B BE, R E
THERBENLEBIE. BiZBEERL ERARTRSEIR, FEMESE .

BRERATLUBEEBITTENTA 3, FREHEAEDEEH HREFAE.
P TEML 1 B TE P MAEAFRE, RGC-DAEA:

F,= _I_(Udc,ref,/ —Uyg,2 ) +Fy, +AF (5-5)
Ky,
XH P HARBRER VSCHRBRERFINTHE,; i=m+l, m+2, -, mtn;
Ute,0—ERAEE VSC:RIRESERBIE;: i=m+l, m+2, =, mtn,
MR, RGE2DMWHER:
P,,z =Z Udc,:,z (Udc,:,z -U, dc,/,z) ( 5. 6)
ey R,
HF VSC HiziT R 2 ABZEBITA 3, R(5-7)FI(5-8)RAL:
F,=P,=F,+AF, (5-7)
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Elem HRFH L # MR

RF  i=mt+l, m+2, =, mtn.
Useiz =Ueso (5-8)
A =1,2, -, mtnip.
HRE-DRG-HRAR(E-5)F(5-6), FIF:

1
R N A

[} ref,i
V,i

+AF, (-9

U,,
s10) (5-10)

(U, . -
R,z =E,] =Z Udc” -0 ( d;,o
i#j

ANG5-9)EAG-3)MEME. WNE 5-2 75, B THEEIREMEH ks, AT &R
NPEIHE, REHEITA 1 EFHEEZTA2, B P # Pi. R(G-10)5RK(5-2)
LS HMELHEA, BEMSHNET Pof Py, HSEHE—HERELN, R(GS-10)
5RGE2MEFE, RERBREETTETA 3 WBEARIL.

BIE LR, B TEMETHE AP, ZPIHEERE, VSCEEEEHE
TH2MEKEZTA 3 MESIEERE 52 PRML 4 BT TEML 2, HIE
ETEME 2HMTEREETA 3, HEXREEFTA 4. HHETHREZN I
RBRT, BEMBENEEBIELELNR.

5.3 BrEHL 4L T E T HI SRR
5.3.1 ik TEIZH

LLBHEERELSENE AP0 FRTEMNL 1 RETEREELERBIE
i, REBRKRETHES2HHEITH 4, SEERSETEIFERE. §5F
A R, AR SR — PR RS B LR B A B IE R T 1 B P4 s B [E AR AL T R
K. B SANTEERDIRIBLEEE, #18 VSC-MTIDC R4+ & VSC
FHEAT SR EIE T A 3 MIBKIREE B &/, THASSI D R/ D ERBEEIE
B ER.

53.1.1 ik B
#4531 (5-5), MR R/PINEREEBERRNK B IR, AFHFHN
KA KIEE R RE F RN(5-11):

m+n

m+n+p
F=min{ Z (Udc,,-’z—Udc,i,O)z-’_ Z {|:

i=1 J=m+l

1

K—-(Udc,refj - Udc,i,Z ) + R—efj + ARefj]— Pj,]} } (5‘1 ])
Vi

AF APrer—B j M T EUEH DRSS HEEE; j=m+], m+2, -, mtn.
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%55 BERBVEELESIERS MTDC R4 HHRL T 265 5Kg

53.1.2 HREH
AG-1DFHRUERE F ERNFH LN TAREMY:

(1) VSC ThEF 4
Nt TR REIRMGFIE IR, HRBEBEWNEHIIERFAZE, {1

P,=P, (5-12)

i
K i=1,2, =, m,m+nt+l, m+nt2, -, mtnt+p.

T P45 v % R i 2 T EBAThETGRE, B

(UL -U. ..
: (Um,-—Udc.,»z)+me-+APm-=ZU"°””( waUnia) (13
KV,i ’ g ! ixf R,j
NP i=mtl, m+2, -, mtn.
(2) ERMZgEETE
ZVSCEAERMNEN O ERTES TEHRMELRRFE, B
"&F (Ud '2_'Ud ‘2)2
2 By=2 = (5-14)
i=1 ’ i<f Ry

(3) VSC ZEA R
H VSCHERITIERZIHBMEAERS], B

P +00 <S8, (5-15)
AF Q2 HRAER VSCHRBRESLINIThE,;
Svsci—— VSCHIAE.

(4) BRAR
H B ThRERUSIN 41, Dbr KZEERRRH P2 M 0i2 R

F, _[us,i,d,Z Ugigr ] Ljaz (5-16)
Q,',z us,i,d,Z —uS,i,q,z ISJJI,Z

Kb wsivo—EHRWAESF VSC MM B EK 4 358
Us,ig.2 HRAERE VSC:MUEER q Hag;
Is,id2 HRIRER VSCi MM B R K d #0 &
isig2——BEWMAEJE VSCi IR TR ¢ ¥4 & .

l.s,i,d,Z\ is,i,q,2 % E :

.2 .2
‘,ls,,,d’z i 00 Sy (5-17)

AP Ivwi—— VSC R B BEE .

5.3.1.3 i Z*
RE-IDEG-1NAEARELEMRR AE, BHEFX C THMRG-1D)F F A
TR MR, EARGEANR/MM—. AXRHAEEL2RRSHEN EE TR
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HALR A RF BT FEAIR

HFEFEVSIEAT I . ZHEFRATURMGUE S BRI AL R EA B A7, B
EHAR-FUREN S MR, AR KE R RBRITEAI RN IR ARG R E
My, SIAZHARRREMHSHFIEIFmMRE S . HURBRELE 5-3.

,,,,,,,,,,,,,,,,,,,,,,,,,

& 5-3 AR g R
Fig.5-3 The solution process of optimization
% VSC-MTDC RAHAREREE, BAZ VSC HUHE P, HRLE
FE Usc,io LA RFE T 2 RH Kvy, URG-1D)RBIR, B (5-12)-(5-17) 84K,
KA REREEFRFEEHTHRAMA. AUUTBTEHNIRESEHEEHRR
{8 APresy, MTIE MTDC RERP LM E R B ERKLEBEMYREFNES).

532 RSFBYVIMAGE

¥ APret, BINZEFHUIERIESE, MATHE 52 PRTEML 1 B
SFRETERMLE 3. MINTIRBLSEWENBER, BT PLEHSEARKEMN
K. ZWT Pl ZH|8SmEAEE, VSC TETEMENRNIIRESE, WL
KEPIEHBHMERT, NBITR 2IEE ML 5 BERST TEML 3, Hil
ETEMK 3 EHEEITAS, NIZHEREEBE. ZdBETEBLKE
hEME, BRMREETRE. ATHSERERSTRIRESI RO R T,
AR E—FMRERESFENERTE, BELAWT:

0 1<t
* A‘Prefl
AP = —t’-(t—tl) 1, <t<t, (5-18)
274
APret, t2t,

AP AP —HRAETES T ESEG RG-S EEE R LORE;
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#5E HABEAELEBIEN MIDC 24 R T EIEH Heg

tH B LR IEeiE
r——BE A KB IEE .,

MU T EZEHIE VSC-MIDC ZRAXFRSFHITERBERT, FER
ZRERERBIHZRERS FIEBR A EMNEREMG . AXRIE VSC HFREE
FIFE dUa/dt REAZRAWRERBTERAIRE. R TERFES, WRAR
(S-19MFEZE S FETE dUs/dt BB NRE:

i Udc(l)_Z:c(t—Al)|<M (5-19)

i=1

AP A—FRFEPK;
M—iR/MRIESL, ASCKHA 0.05.

210 MEKH dUs/de BEITEE RANEZ N TF MEF, A RG#EAN
BRE, BENMNERBRZERGEHNE. RGEHERES FESRBNRS
B iE, BB KEEALGERESFEVIREENRGNE 1, BaIERBEEILE.

FR, HERBEKEIEREIENEERETE, MTDC REi6GEH 45
B EA R, &S5 RIENSE, B UURS VI HE 6 B R A 2 K5 . £EE MTDC
RGENBEKERBT VSC FTEXRALME AT, MXHARA KB
R 8 FE AU, E AR EIRES FIg VIS 12 e ] ) FR i B
ANS5s, Blh—n=5s.

Bl 5-4 HERBEEEISEF TEHRSFNEELAEENZNRIEE.

B s-4 B RELEEERER
Fig.5-4 The schematic diagram of APres

M BRI, i NFPERKNBINTIRESEEE AP M 0 T8, UL APrerd/
(=R, KUY KERIBE APrei, # VSCHEE 52 hyBEEis, |
BITR2ESENZETA 4 BRTEREINRBASENKERBR AT

5.4 MIMERBERESFSE

XML TEEF REERGEEANRERSEHTERBERTH A,
At T B 0 E I BB 35 1) 28 (additional DC voltage controller, ADCVC)3¥ &
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HAh i R FE L E AR

EZHFTRERPHEREEKE. BEHED KEVBREMERHES, B2Hm
BHABEEHS, DERBESLE AU NEN, BIHEAB T R4 E Y
E. BRI IRPREIIERESE, BOERBEZLIEE. ADCVC
mEH S HmE 5-5 Biw.

+wy e/
1) K+1/Ts—
. l

d.ref

|
I
|
|
|
|
|
I
|

& 5-5 B b0 EL IR FR 42 ] 2%
Fig.5-5 The additional DC voltage controller
& 5-5 4, ADCVC Sl HIThRIE LS EIEE APrcv PR ARR, 77A1E

Xﬁ%ﬁ'ﬁf&%%%% APrcf,m *ﬂ%ﬁﬂlﬂﬂ}ﬁ%@@% APref,UDs 11‘%2\:—&5&5‘:
(5-20)F1(5-21):

dAU,,
dt

AP,

EHIR R

u = Ky (5-20)

A+ Kur

AP,

ref])

w = KupAU,, (5-21)
AP Kuo—FHHERE.

CAE i 8 & T B& A% B8 ADCVC BIMER o bR AUsc RIE, dAUs/dr A IE,
MBI B APrecut NS PH R B APresup N IE, & R APresufEF T VSC
TEES, MLYTHE -2 PR TERIBKRE EFE, AIBHERIIRES) R E R
BN AUse, MERGERABEKF.

R R AEBER], dAUs/dt BK, FERIREIIRILE APrecu tHELK,
WEHVIHITTIRER S IFRTE. IEIBRLERE, dAU«/dr RN 0, APretul
HAE, FHESERBEEHNRESNSEIEDIREER, TRHHEAFTRINE
WHEE. REATF APretui, FHEEIFEHE APeivp EINB I BT BB HEF
£, AMUERISIETHNERBETHBEYE, CEXHRHRSEREE.

5.5 B HI R g

5.5.1 EHIER 7

B 5-6 AU RN T ELH RERISNERFE. SRUBREREDRN
HEENIE. EREEHT), REFRZ ADCVC UEHNFEE VSC HiR
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5% HABEELEBIEN MIDC R4 hRMRA T EEHHEE

BEKF; BATRAFIANRSE, WY ADCVC, 3% VSC FIHIIEHKLSE
B3 ALHE ADCVC il 8] APresy MIVIGATE S MH P 2 F; RN T E
BRI EBRNFERSE, FRELERSFERVHRTZHEITERBEIRT;
FRESEPREEFH -RIIENS, NERBERAAVTEZEERE, BUWE
¥ /8% ADCVC.

Enst B RIMMER BRI
By EE 7 ey o ksl TEEH
g, % BEPRES TR
ERRERET — iy
=] '
- PRS0t A 0 B SEREES
- B8 R 2R
as B34 %
EE AT IR S = |73 E T IAE
EHMBE RS EE e
L - =
AR
& 5-6 = HIBIER P
Fig.5-6 The action sequence of controllers
o
5.5.2 BiRITHIER

B 5-6 AR FTIR A& BB ESN A IEGE /18 VSC-MTDC RER 411 [
RIS RIEH S E . BT Uretn M freem 230 FT IR NS m & WBAE SR 6
{22 I L R R (B A AT 2R 45 4 MH

EEBRT, RERAEROKERBITHRIKKR S SR, FEEME M
FPELTRENIERESE. XRNBEEBENARESE. ERBENED
RESE, REERASBIHFERBEMNBEIDIREHERRERETER B
ZRERE, NMEIB LW T —&biEs.

LEFEIEGEH EYE, FES TEEWEREER, HARFED
B, ATHEMRSIIEPHEREEKFE, B3 ADCVC, &£ TFEEHFINT
REASELBMERREMERIIREE, BN TEHL, KR PER
BERENE®.

ANTRIERFEHNERMNEBERE, hERAEHRERREER. BE
ERBELHNEHNS VSCEUNIERMEREERERMNE RESH, UR(G-11)
KRB, RAUPFESRNIIREBELSEEE, FUAGI1ONELERKNT, B
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HIbRARFE L2

HERBBIRSEAPL TRETEW. EFHUENEST, REEFRRWEEGIHT)
ERHB/ADAKIFR, BRMEBETFRIFEIERNERSBEERIIRE,
MTTSER MBI BRDHEREERMEBILE.

R BEBENRSRANDESEAEME

O | e i it M S —
B AP; AP;
Prcf./\‘ L/vref.m .fref.m (—‘vdcﬂrcf.l £ (/ch.rcfr/ e
U N I Preti _ _ _ || Prety
| — — AL
5 @) @) 7% | | 2%

B | =Y it A L T i e
U_'EL: bk Bim| A | i 2| ¥ P | 4
Vi | < < : & [ | =X
=3 ; e e e Ol

: P \Ysex P |Usem Pi| Udc, P | Uy, :

e A T e S B S T S -

. Sy Ey— Y oy ___

| HiR Mz e

B 5-7 e R AR AL 3% o S

Fig.5-7 The cooperative and optimal control strategy
A A
5.6 (HEIIE

ARFFEE 3-10 V%G VSC-HVDC AR5 EARRER L, x4k v E IS
KEMAREHTTHERIE. ATAXEARENGESEHEIZRAZE N
ZHITEA VSC-MTDC RGRFHIHM, MGt E FHIRML. AT LG
HE, KE3-10 F VSC1 IRATI R SE TR E D E S RERH AL
FIFTREIRIZ IS . VSCay VSCs M VSCa ¥ 0 R AT EIZHFIHPHE I, HRE S
WAMRAHE T REHBH. TESHENKR3-1. R5-1 AMTEXRANERSE
ERY i

RS- EBIERAMERBREREN T

Table 5-1 DC voltage regulation method when simulation

EHIER B=RYNNE R RS FEER
B 1 AT iR (VARI 96 L B R O B R A4 B AR) ATk
B’ 2 P 7
B3 BRI EI x
B 4 BRI 7x
B S A T7 ik P
B 6 BRI IR 7

B 7 AT IR (CAMR PR B o B 9 B R AR AL B AF) A ILTT %
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%5 % HABEATEBEN MIDC R R T 5%

5.6.1 VSC B EREBEEDRICIE

# VSCi-VSCs FIF THThEY K 1.8 & LLIIIE VSC BB M th R T &S
Hll M B8 . BER VSC1-VSCa B Pres 53 B8 720 MW, 720 MW .-900 MW -540 MW,
£ =15 s B, VSC1 BTHIHES%EHEH 720 MW R ZE 620 MW. MTDC R4
REE, E30sHBEERBERATUMEBIETEEFHERNERBERS .

5.6.1.1 ERBEKREL R

£ 0.9-1.1 p.u. WBEMLAE B Usc F1 APres FIFIME, ERACHEBITIREHEMR
WRBER 1. 5THEBLSE. B 5-8 AR 203 2 REFIHERTE, BEE
AR E SN, g P EZEHRET 0.0173s, Wik TR ERPES.

0.05

0.02r

I} ) /b

&
o

20 2! 22 23 24 25 26 27 23 29 210 211 212 213 214
AL RE/ R
& 5-8 thikiz 4TI )
Fig.5-8 The run time of optimization

5-9 F1E 5-10 "R K ERI . FH VSC-MTDC RGHRE-

0_ #a1 2 =-eeeee- B3 -)(——- TR —--- s #E6
73 790 727
\ - vl'
- \ . 74859 i T
\
= 670 \ = 745 H
& \ L 1,
\ § S,
\ Y IR
— - - —— - - —— - N
610 ' 700 L
15 30 3 30 45
~ t/s 1/s
=700 . 3 -480 1309 i
84 | \ i\A \ i
" b5 1
= . i = 513 +5b————, I\
=-800t . ¢ |1 e e 13515 <2 o T
& -854 A & "
- 29 w7"\ e '™
/ o T e,
\ T RS S S e
900 =— : 550 L s
5 30 45 15 30 45
t/s

B 5-9 VSC EHMH & b
Fig.5-9 Comparison of the active power of VSCs when the load of VSCs are heavy
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AL ARFFE L H AR

JkV

I/dr

UdgealkV

J 38” 1 ]
15 30 45 15 30 45

ey s

Bl 5-10 VSC B B HREXT
Fig.5-10 Comparison of the DC voltage of VSCs when the load of VSCs are heavy
B 5-9 A& 5-10 T4, R T EEH(ER DGEERIEREE, B
BERBYIRMES 167 kV BE—EH4ER, THREEIATES, #t—FEBL
R EH 5 EER B EMR G| K %Ra01E.
MRAARXEHERBERTHER, & VSCHEAFTREEHEINIIER
FaSE MR 5-2.

RS2HNEEHEGEK VSC HYThE
Table 5-2 Active power of VSCs after DC voltage regulation

X 35K \

L5 ZH AL
1 2 3 4

P 620.00 753.04 -852.39 -512.12 MW

Pi2 620.00 752.85 -852.59 -512.33 MW

I\ 1
B er 0 0.025 0.023 0.041 %
P2 620.00 715.52 -787.67 -540.46 MW
3 .
L er 0 4.98 7.59 5.53 %
P2 620.00 71546 -787.62 -540.50 MW
4 .
B’ er 0 4.99 7.60 5.54 %
s P> 620.00 752.85 -852.59 -512.33 MW
er 0 0.025 0.023 0.041 %
B 6 P2 620.00 749.84 -850.41 -511.58 MW
T
er 0 0.425 0.232 0.105 %

HES-9fEFS-20/4, IRREEREMRBEREFEHER 1. 3. 4. 5. 6
F B Ploss 23 Bl 2H-8.53 MW, -7.93 MW. -7.39 MW. -7.34 MW. -7.93 MW,
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%55 HERBREELEBIER MIDC R REL T ESHIHEE

-7.85 MW, JEERIIIERZGH Poss HFTRZIAETL 13.95 %, HHAZET
B Poss RIFATHREREGEN.
M, RIEE 5-104%i VSCEHRBEERSH, FRNEK 5-3,

R5-3HRBEHABGEH VSCEREE
Table 5-3 DC voltage of VSCs after DC voltage regulation

B BN X8 i
1 2 3 4

Usoo 39995 40009  397.66  398.06  kV

B 1 Uge,i2 399.82 400.10 397.69 398.12 kV
er 0.032 0.002 0.007 0.015 %

R 3 Use,iz 402.04 402.24 399.99 400.30 kV
er 0.523 0.537 0.586 0.563 %

ﬁiﬁ4 Ugc,i2 402.07 402.27 400.02 400.33 KV
er 0.530 0.545 0.593 0.570 %

ﬁi‘t 5 Ude,i2 399.82 400.10 397.69 398.12 kV
esr 0.032 0.002 0.007 0.015 %

*ﬁiﬁ6 Udc,i2 401.23 401.51 399.11 399.54 kV
ér 0.320 0.355 0.365 0.372 %

WIEE 5-10 MR 5-3 HRHE, TRERIBREEN AU, TREXALF
EAMTEREERBEN AU, SRR REAED 1.41 %, WH
& VSC EBERSZNKRE R IEHAR.

BEES-9F5-10, RAERN 1 #TEHRBEREY, § VSCUARET 0.05%
Py FIThEZSIARN, LT MIDC REWERBE “HELE” BT, U2
HBTF Udcio AT R EARET 0.04 %. MHEIR 3. 4% VSC2. VSCs 1 VSCq
WREAB TELRHBERTR T VSC: XM R ERFIER. XBEHE
REERATHFR, FBZHE=0BANFEIRELRHE VSCs Ry, RHE
T T EEHZPHEGLFRABERNFEHENRLS.

H— B ERG-1DPH FIRBAT RS TERAEBEDIRRBEN P4
RAHEREEELERN Fu DUFEFIITERX 10)MERX 6 9ZEH, .

m+n

K=Y (P,-P,) (5-22)

J=m+l

m+n+p

Fo= Y (Uspr—Uspo) (5-23)

i=l

W (5-22)M(5-23), X 1. 5§ Ff FutRE, 45105 0.12 1 0.02,
TR 6 XIRIH FeF0 FusrBR 14.45 01 7.95. HB THR 6, B 1. SH F
M Fu BT 99.17 %F0 99.75 %, BIASCHILTHE T EEHILLE VSC 1R
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HAh AR FE AR

PMOTHERHARMER T EBERGERBEENEREE “HELE" B,

5.6.1.2 FEMESH
ME S5-9 mH, R 5 MER 6 EERBERTEEBERIET KE THE A
. MFHFELABHRBFF @), €XHPTaEER T A:
_ |x(t)mx—x0|
B x|
XF  x(Oma—x ()N E IR PRI R KE;
xo—x(DHIHILH1E -

r x100% (5-24)

RS54 FRAEATHRERTIEMT R
Table 5-4 Comparison of surge with different modes during DC voltage regulation
B ZH P Ps Py HAT
X0 753.04 -852.39 -512.12 MW
x(Dmax  756.06 -848.58 -509.88 MW

1
B r 0.40 0.45 0.44 %
¥(max  782.05 -816.76 -490.03 MW
5
L r 3.85 4,18 4.31 %
x(Dmax  781.64 -—811.64 48742 MW
6
Bt r 3.80 4,78 4.82 %

RIEE 5-9 FR(5-24), ATHBR -4 NERBERATEREP VSC ThEME
RE. HERS-4AH, BN 1 W3IANATERMHNTERE MIAET 045 %,
RS M6 2BKT 3.85%F1 3.80 %. BT 5. 6, B 1 frhd i %
KBt 88.16 %, WEAAR(GS-1)MFIFHEABRRBE RN XE T BZ/EH.

5.6.2 AR AN EREEFTHREIE

& 3-10 Wh EER P HEL VSC [ EE N 1.2 Q, HETZHFERMm D
B, 245 % 26 2% s BH VA = 20 Q, SR 57 2% B% FE H 8 KB A i[RI 4k 458 o 12 66
B 5-11 1 5-12 43 B Fe £k % H FH 8 KBS B9 VSC B ThIh A E it B SE Rt fE .

R 5-5 L BR B BCKHT B9 VSC HITh R
Table 5-5 Active power of VSCs when the resistance between VSCs is large

X 8K .

B ZH L XA
1 2 3 4

P,y 300.00 417.83 —422.38 -259.59 MW

P2 300.00 41698 —423.33 -260.56 MW

er 0 0.85 0.95 0.97 MW

A1
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# 5% HABERITEBIEN MIDC R R T EEHRE
e ——————————————————————————————————

K55 (&R
Table 5-5 (Continued Table)
X 35 .
B SH L::R V2
1 2 3 4
P2 300.00 391.13 —406.29 -255.13 MW
6 .
[ er 0 26.70 16.09 4.46 MW
P, 300.00 416.49 —423.32 -260.62 MW
B 7 g
er 0 1.34 0.94 1.03 MW
5| B2
B 370
<
330
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Fig.5-11 Comparison of the active power of VSCs when the resistance between VSCs is large
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Fig.5-12 Comparison of the DC voltage of VSCs when the resistance between VSCs is large
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B 5-11 PERBEREWNSNANIERSERMENRELE 5-5. EX
1. 6. 7T TRRERBERANEN Pos HETIHIERLFH Pos, HTRESE
it 1715 %, FEIEP Pos RFAZRHRERMKIEL. HERX 1. 6. 7HEXK
BN RREDHAN 0.97 MW, 26.70 MW F1 1.34 MW, #R 1. 7B KITHE
RE AR 6 17 3.63 % 5.02%, RAMNX 6 AR THRBERATN, 24
T ERFE T EERITEIHAKF.

BS5-12PERBEEZUERE 5-6. FRRETH VSCERBEZHES
BEMMAXREANET 9.98 %. BEELBHEEMEA, BRAERBETLERN
NHERER, B LERBEZHENRFRSH -3, A& VSC HR
BETHE—BMNBRERIERHK. EX 6 8 AU FHEM AU FHEL
HIXHR ZERIL 40.08 %, THER 1 U8 033 %, HAELKKBER KA, XA
ER 6 HITHEHRBEREN, TEREERAERAN ZVHRESMHIE.

R 5-6 LBBEABRANERBELHE

Table 5-6 The variation of DC voltage when the resistance between VSCs is large

X 15
B S8 ¥WE B
1 2 3 4
Foagic] AUgc,in -18.35 -1593 -16.55 -1591 -16.69 kV
A4k ér 9.98 4,53 0.81 4.64 - %
AUgc,z  16.33 16.18 17.11 16.92 16.64 kV
. .
L= er 1.83 2.74 2.86 1.71 - %
AUdc, 22.92 22.18 24.52 23.88 23.38 kV
mRe ~
er 1.95 5.11 4.90 2.16 - %

RIER 5-5. 5-6 P EERX 1. 6 FRH Fp M Fu, B 18 FpA Fu
AR 6 # 0.26 %H 2.93 %, 5F 5-5. 5-6 MG RAEY S . WHELL
HEEEREENELRER), FAER 1| #TERBERY, TREBED
DENEHEREMRBEKREER, HABMTFEN 6.

R5-TVSCENMHBEESSEELR

Table 5-7 The comparison of DC voltage of VSCs with reference value

X i N

SH [EE B
1 2 3 4

B 4.08 7.26  -13.94 -10.03 kv

AUg,2 R 6 10.67 1326 -6.53  -3.06 kV

R 7 7.22 10.37  -10.65 -6.77 kv

EWH—FHA T UARRERBEAR B0 RAMAL T EZEH @R
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NHERE. R 5-7TAZBHRTE VSC B AUac,iz. IR S-7TWH, ER 1. 6. 7H
Fu 43514 364.31, 341.70 #1319.01. B THENX 1. 6, #R 7§ Fu o BIFERK
12.43 %F1 6.64 %, RAERBEERIORFEREE.

A ERXTE 5-2 HIEREFITERIE. B 5-13)-(d)KIKRA VSCs KT =-
BE=ZZE. WR-BEETE. d B3 PIL MAMNLIRTERBUER (Pres
+AP"— P) Kv+ (Ude,ret — Uac) = 0 i+ H).

Bt 1 L e 56

Uges/'kV
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375 410 1= 25 33
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0.8
g‘u 051 ]
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S 0 7 &
a,
0 :
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(c) d4h FRPIE N (d) SEFr FTERHL

B 5-13 T EETRELKIE
Fig.5-13 Verification of operating point of droop control

VSCHBEAIRETIEITR 1L, VSCI R TREETEME | BahRiziTH 2.
B 6 B ERBEKEMBER, d#F PLEAKRENEK, W/EE PI{EA
TZEEHWST 0; fERFAIS L, VSCifE =30 s B RADNERMWE, REBERE
ZIRE; EP-UsFH L, VSCGHETH 2EBERRKIML 2 ST TEH
&2, BISTEMR 2BIELBITA 4. FTFHENX L, PIEMARNESIERETMT
B 6, VSCITE P-Us FH EEBERDMHIME | WHTTEL 3 HTEITA
5EEfeE, MR AR LE P A U FRAVNERS. BS-13 WERIIHE
5-2 PR EEHIEZET REBN SR IEHRN.

5.6.3 FBER L WS E U ERBERHHREIE

£ =20s B, VSCiEIhEFE I T, ADCVC B3, RESERERBI
HABERAY, REaRSETHILE 5-14 F1H 5-15.
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Fig.5-14 Comparison of the active power of VSCs when the unbalanced active power varies
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Fig.5-15 Comparison of the DC voltage of VSCs when the unbalanced active power varies
dynamically

HE 5-14 FE 5-15 741, B ADCVC MR 1 A#R 6 WA THThED
L F—, BERBEFAEEEZES. ML VSC: AF, & 20s 3| 30s FIEhE
BREP, BR 1K Ui AN TER 6 fIEF, #ARSEREHERST K
Udes 535020 388.07 kV F1382.32 kV, #HE5.75kV. TR RFITES, &£
RERESE, BRAMMERBEEHFRAHENAES NN EREESHAE
MNFHER 6, BWIET ADCVC BIF .
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5.6.4 2 SR RE B 1R FR IR E

£ 1=20s if, VSCi B IIIHEM 400 MW T, =22 s B [EZE 300 MW ¥
HREEAE; =30sh, B—RARBERERS): 1n=32sH VSCIHEUHER
KT, 15=34s BTFEZE 250 MW FHFRIFAE,; 6=38s i, BE_RERBEERE
JB B FF IR 5E R«
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Fig.5-16 Comparison of the active power of VSCs in case of secondary power drop during DC
voltage regulation
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Fig.5-17 Comparison of the DC voltage of VSCs in case of secondary power drop during DC
voltage regulation
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FiR. # a8, B3 1A 8 RFEFSNME—F, 7 nBfE@& VSC HEZIR T,
B 1 ZBEARNE - RERBEREIBHEEET, NEHELSESLRE,
MENA 8 RF n WEAF WD RBAEHAUE - RERBEKE. HE 5-16
A, TAEATE VSC FUURNSITHEEL—. BB 5-17 7T/, T
WR uZE s B VSCIIIETITHE, B s & tt RS, UK 6EHE
“RERBERTEE, BEX 1 U HHERTER 8. WEERUH, X
F 551 WHIEHISNMERF, EREIEPEENE K TE MTDC 24477
RER S EREEKF.
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Fig.5-18 Small signal stability analysis results of Kyp and Kur

HE 5-18 (a)%1, Kup FF7E 4 NEFRA, HPBEMLTHRELH L, BE
Kup IR AW R T SR T A M e ia s T m . B ANR AR T L5
TR, BEE Kup R AK it B AL L PENARERS, WRBEERN
19 pu.. E5-18 OERT KulIREESTER, ELUT Ko, KuBIRER
FEH BN F—XF K FLHxI AR &S . BEE Ko S8, XX3FRE R S
BHANAEFE, MNRBEARN 1pu. BS-18 I MTIHRBEEERERH,
ADCVC ¥xf Zgiizhifagrd—gim, REFTERERASTREREHE
BE ADCVC ¥ .

5.6 WHIMTEMAERY, AR EEFHRFEERRMRA T =25 5Kk,
HEEITEFFHADCVC AR L VSCHM B EEBEKFE.SIATRERE,
ERE T EEH SRR F TN EN, B REERBEI RIS EEE,
HRARFEIERRE, £HRIENRELHTIERSMIBRPETIRT, FRx
NERBRMERBEERY.
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5.7 XEING

X T EEHMEARFEH IR EA N ER B ERBEBPIIRET A HEE,
AVRH—FEABESNSEIEN VSC-MTDC R4 th M AL T 55 KK
ZWwmT:

(1) BRATERHIKN VSC EHAFEIIEZREFREE, EX&4RFS
I ERSHITR TRERMNES T ABENRBEZVHREITREEE 7L
BoE— RN, A 3CGEH TRADERBUNEEERBELE R T HATITHE.

(2) EEAT R K UBEABGETER, ERT —HEBFEREEM
Bk B8 8 LT &S0 T E#EH], R VSC B TR E R B KRR
& IE R4 1R R .

(3) PSCAD/EMTDC WFERIEZEREH, MUKW TEEHNEFINNERES
EW LSBT VSC IR R/MIBEREERML AT ER, ADCVC 7FH MK
EFHESTBPHERBEKFE.
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FoE FILERE
6.1 FELFEW

A% VSC-MTDC RARIMEBE XN X EHEX —RBERAHA. HE,
RETERBEZMNEMBIELN MMC-MTDC RZE A HRm MR, FHZ#E
MM A REME-FUNhE-BERBENSFRFE, HEHBA T EEER /MR
shfaEM; AR5, FHERE THRE MR BIRFHGEER VSC-MTDC Z4Hh E 4R
RIBHIEMS, AFMB N RARME NN, BERE THBIER B RS
ik, BRI VSC-MTDC RS MEF R T EFENERBERZE N E. &i0WF:

(1) AT KRBT MMC-MTDC £ 408 4R mNBR, M T30
MR AL, B BUARZREE . AL, HRAEThEEB RN MMC FIHEBET
BHRMEREAE A, SLIT MMC-MTDC R4&HWE W REAITER IS
T, BE B REF L 2 FhIh R /N3N R T 19 MTDC REHIME-F I HR-HiRLH
JERIBhAS R AR . B BRI SRS T MEmNERN MTDC R4 T A
FUASURD X 28 ¥R $h AR AL (0 3&E B 11 o R, A9 e R 8 Y W] R 75 Sk A RUULA MMC A
FEEMOENEREF TR, A MMC-MTDC R4#EHFARKMESHEEE S
frigfta LA,

(2) AR R A F R A VSC-MTDC REER LM, A& VSC
L S B AT S das ] SR A0 MTDC RS ENAH RSB H k. B o &
A0S B RN 00 R R A BOE R, BOR T AR N R BT B M4 B R
Z. HRBETEREAASFEESRMNESER. Hit, £ FEThEREBR
T, B IE R0 R AR R R I N 4 R SR AR AT B IR 4R B R R AR
A, BENRTMETERY, RIETHEXESEREBERENNSYE: &£
AFEIhE B H . B1E M A I E 5 B AR I Im b SE N E 17 75 LRI 23R
RGMEREN, SIS HABERBEETERE, B4 T IERBED MR EE
FF XM ARG HABAFEINE.

(3) AXREERELM VSC-MTDC A% th FISRR 6 HIE, 88 Kl
& PR 3 ) SRBE . UM AR KGR Ty 2 3 R 7 vk e 43 4 43 IX (1) o () 400 45 ol 5
B . B XT RGEA R BRI R 5, XL B &SR E R E RRHE
ARAFI KM SE I W AT GE 11 3h 25 2 XALIR A Th 2, $ 18 A3 2R S 38 8 5 R0 < 48 I (]
B R o TR AT A2 RO AR A )3 8, AR KR Th #0E B 7 R R 1T T
TR IR R K S BTV Dh R YR AL, RIE T RS E IR B = AR A . it
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b, ESXBHESEEHBRT ZELXK VSC-MTDC RZHFE IRIESR,
B T SR RBIEAF R K R ERHE THEZ KT .

4 EXRHEFPERBEATEZIER VSC-MTDC A4 R T E=EH]
WS, MR ERLHERBENSIETRTNRSKE. BT EHAEERILHT
EHRBELZERTHAATH, URNHBDPNERBEE ESLAEIRE
T HRRA T EES, HFRHIHFERSEFRESE, KR TREAERBE
PBRRIKE. Bet, SERTHRIMERBERHEE, KUFRDRKBIEREER
ERNERETERHDIRRBSE, BRTHSTEIET TEEHEEATERSE
ERA . st RbEHEERFIRsIENRESIEPRRHTI®RESR, U
X FEEBEE T REEDSRAEIRPIE_RTRET R R.

62 TERE

BEE “XUB” BiRRZE SR, KB, SREFREERARERET RN
FWAF, VSC-MTDC REHREMBEARRBFELBKNEEEAFERZ—, &F
BRI AHEEANNS R THE A RRBIIR. &3CE% VSC-MTDC R4 Mm%
EHTEHERAR, BT —EHMBRERE, EEMRIEMT:

(1) AXEIINESRBZHMMC-MTDC R4BEHMEMNERNEERTH
R, AAGRBRNE—. REAFAREXRIEAPMBRIOE RS E
FHBE S, BUAMATERXNYERRERNEE, SRas2ZMRILEY
RIRKE X R .

(2) AXREHERBIZHE VSC-MTDC REHFEISFRRZHIFIE, THT R
PLEO BE AR RY, BRHISS T RN ERKESIAKIE KT k. BRZA
KA TEIE MR B LB = %2 58 vT R I 4L BB RE BRI Y 9 A, UK E XML B & 5hak
BT RN EGERE. HEBRERPKBRARETRE, kXA BEMEE
EREREARRAES, ANBY. MEERIER VSC-MTDC Z4A&MIMRMEE
R ERNESTREMNRERBEGRBNRGMER .

3) AXREMNERBEESSBIER VSC-MTDC R4 R TEZHIE
SR A MR ERSHHEFIEFINEREE, BRZFEHET THEH, X
BEKBRERE. #— P REMHTERHXBENRBEBRARRNE AR
A .
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