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ZUEERABERMPHMALERGE, KBEFRTHRS, WEXAEHEREX,
i H RS L B FHR PSS (Modular Multilevel Converter, MMC) HAR BB MES R, &
HERGBEMNAZZERCRETHRRLE, MXEBAMMERELAT 2. A MMC &
FUERHSBRJLTEHLE—FIIMIRARBERHEAR, REBHAFIHZFRTIRE. ML
HIBRENA. R, BEREERRABREANKIAEEN, REBHERPBRIEITIGZ
EE. FEERBRRERBEARE TREARSBEINENETE, FHREZHRRERK, &
&, RUEERERENIRRAZRBREMNFHEFHE, #—PBAUT RGETHR. LiXKE
M IhE KB EE ZI BN ER AR RVIN, RESIEXRAGEENMENBESHIEE
R, MREBRSINOIIEANEEESN, FEEFSEXRAGNBEEMGEEY, LRE
VEH R MMC BIEHEERBRRES S RGERMA RO EHER, WL MMC %
WX RAGNA R BN SRS, HRE—EMREFMERE.

¥ MMC BEHERBRBNEHRZERITAEMRELS BHL (Virtual Synchronous
Generator, VSG) feBH MM R LRk A #. FRE MMC EEERBBASHREA, T8
HEXRHENMR VSG FHEEAR, FERMNRBIRMAEAMBE LS. Bk, AXEER
EEHIA VSG BHIKRE, R Z B FRRBERE LA B (Modular Multilevel
Converter based High Voltage Direct Current, MMC-HVDC) #] VSG & #5E# TR, B
FRT:

1. SE MMC B ERBRTEL VSG BHIFNKEEH ARG RiT. BB RMENE R
WAERBER, FLlEZEA MMC A, H#1TT MMC A4 EEMNZERNE
FEE., RBEHMNRHPBEERNG I T BESMBRANTEGH3E, HPEENITKHAE
BINRITERRE, BRAMKA PLISH|IREE. thih, B TFAX=ZMTERAZERERE{L
B, HRmE/OEN, FIGEopAFRRTETAHLLEIER PR 8658 T T 50 6
2%, XFERARE AR AR AT BIEE, RN XFRKT 124885 B AR R R BURE .
BJS 7E Matlab/Simulink {5 B F §#E 7 MMC-HVDC RMEHRMHE RS, RiIiE T ATRHFEE
Y ) IE W MEADF2 1l SR B B 5 2B d .

2. 58 MMC-HVDC FHEERMBH VSG BRI RG R, HeXELR P By EE
e AR S AR E ST T S EEUMAR IR, B T VSG BRI FERHF R T
BT REMNAFN VSG BH RS, SFEEREAN VSG METEAM VSG. REFIH/PHR
NFERILT AL ERPURR,  FE0 B Ml vk 55 S 80T 7 &’ it 4
#. RIS Matlab/Simulink {f EFEX T MMC-HVDC M ERHHE RS VSG 126 FIFE
MAEEHOFEEZR, AEI T MMC 34T VSG I8, BIRBIIE T A EF
RO LB R VSG 1881 R G0 Btk .
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3. SERE I MMC REE BB VSG thiafesl, BIAE VSG MRt E KB K hiaE
#l. HEBEDREHSSARERHES. KEEHISMED RS BNERER=32. X
EHRBEWBHIZETE, ERAGHRFHETE, AR ESBRERRBLMENH
P EREHE, AMERBARANEIERAY, URERENBEEST. B&8F, &
Matlab/Simulink F#E T W3R E K AN EER, BAiE T ARS8 R HE BAE ERME.

XA HMRLZ B THRIASR: RELEH; BURD AR Bt BE: AERA
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Abstract

The status of VSC-HVDC has become increasingly prominent in the power grid, with its
voltage level continues to increase and transmission capacity to grow, especially when modular
multilevel converter technology has matured, the system capacity of VSC-HVDC transmission has
already exceeded breakthrough Gigawatts,. Therefore, the impact of VSC-HVDC on regional power
grid cannot be ignored any more. Existing MMC-HVDC projects almost use vector control
technology without any exception, because vector control has the advantages of fast power
regulation and independent control of decoupling. However, with a large scale access to
VSC-HVDC systems, the flaws of vector control technology are beginning to emerge. Access of
VSC converter station dilutes the installed capacity of the conventional synchronous generator,
resulting in the reduction of system equivalent inertia. Furthermore, the external performance of
VSC converter station shows zero inertia and damping, which further deteriorates the system
operating environment. When the sending-end grid power changes drastically or heavy load
changes on the receiving-end grid, the voltage and frequency of AC system can easily cause large
fluctuations or even collapse. However, the power of vector control is a fixed value and cannot
participate in voltage and frequency regulation of AC system autonomously. Therefore, it is
necessary to study a new type of control technology that can involve MMC station in the system's
frequency and voltage regulation with inertia and damping support, to realize the effective
interaction and cooperation between MMC station and AC system.

The above problem can be solved by designing the MMC station as a virtual synchronous
generator. Taking into account MMC-HVDC steady state current is very large, the conventional
VSG control technology cannot directly be used, and current limiting and voltage support
capabilities should be considered simultaneously. Therefore, this paper combines the advantages of
vector control and VSG control to study VSG control method of MMC-HVDC transmission system,
mainly include:

1. The design of bottom control system of VSG control for MMC station is completed. First,
each bridge arm is simplified as a voltage controlled voltage source, and taking inverter as an
example. the mathematical models of MMC ontology and AC-DC side are carried out in detail.
Then the voltage outer loop and the current inner loop controller are designed for the proposed
mathematical model. The voltage outer loop adopts the direct power calculation strategy and the
current inner loop adopts the PI control strategy. In addition, because the bridge arm uses a
simplified model of controlled voltage source, the circulation suppressor is necessary, so a
circulating current suppressing controller is designed based on the quasi-proportional resonance PR
control method in a-f coordinate system. which can avoid current coupling in rotating coordinate
system and reduce the controller's sensitivity to grid frequency offset. Finally, MMC-HVDC
transmission system is built on the Matlab/Simulink simulation platform, and the validity of the
proposed mathematical model and the control strategy are verified.

2. The design of VSG control for MMC-HVDC is completed. Firstly, the governor and
excitation voltage regulator in traditional synchronous generator are simplified and extracted in
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essence. The VSG control mathematical model is established and VSG control system based on
vector double closed loop is designed, including rectifier mode VSG and inverter mode VSG. Then,
the models of active and reactive power loop transfer functions are established by the small
perturbation method, and control parameters of rectifier and inverter station are designed and
analyzed. Finally, the main differences between VSG control and conventional vector control of
MMC-HVDC are compared on the Matlab/Simulink simulation platform, which shows the
superiority of MMC in VSG control, and the correctness of simplified mathematical model and the
effectiveness of proposed VSG control system as well.

3. The coordinated control strategy based on VSG control for MTDC-HVDC is completed,
which can be called DC voltage coordinated control strategy with the function of VSG. DC voltage
coordinated controller is divided into three parts, namely high voltage controller, low voltage
controller and VSG algorithm module. When the system power flow changes leading to oscillation
of the DC voltage, different voltage controller will be triggered, and then the coordinated controller
will choose different active current as output autonomously in order to ensure the stable operation
of the system. Finally, a four-terminal DC grid simulation model is established on the
Matlab/Simulink simulation platform to verify the effectiveness of the coordinated controller.

Keywords: modular multilevel converter, vector control, virtual synchronous generator control,
inertial, damping, voltage and frequency regulation
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1.1 FEMREEEENX

ZUERRRBAFTATNERRERE. BRHRESEERAM, FEHRITEER
BEANEZTER, FROVEMENRRHT —MEHNBERTR. FEERBEER
ERFEEARETREWNT, ERARSMATHERERAN. KEENRLELEK, L
RERHEPEHETE, FUNARTTHEROEARTR.

MMC HJH ISR B AR RS RIS E R B TR T TR RILE. MMC ATLMRE
HE LB EELRBORABARRT, HHTORKMIMNE R T W PN =8 P RS
HWRIE). BSHERE, KRR T RERHEAREERS B SUENBERTH#E. stst, MMC
WHARTRS, RERERR, —BABFELRETINERR%E. BRTEHREHOHILA
FUEERMEBE TR, EERERYMPFHREERE TENE AN E— G ERET
MMC. FTBZEAREKNE, EREXEESHE, MMC B2 AR E R BN RAR
2K, FHETHEBERN MMC SR BB A HF R LRI,

A MMC B R0 B R A3 6 AR B ISR RN LY. KRBT U KHshas
WK, AUThE. TIhRMIBR, RBNDRNRERERETENER. BRTH
TIRM 4, REZHIBEAR—KRATHREEEH], BRI TIRR G B 3 RER R
GEEMARTL, AUEEEEBERRFALRM. b, REERRESEX I RAEHR
BAMTHERBHMT, 2HRTRAFKES ERULFRBRIGAMER NSRS, FHR
EBNRRAFREBKESNE, HRMRFBHFGERELBRNBUENEE, RHBERR
KR KBHKREHRAFBARKE, ZITERBE THRARENREET.

B, xR ERRFERAERIEARFERNREE, REF AR ERR RS OHE
AR, XM RERRARE RN ZEE A EMNZR RSB EMERR L, wHEER
REAGRE-ENRENERE, ANTRHRFETEEN, EBIMEHERAERAER
B BIMBRY, BURPENEARRSER LR B FHRELTE.

ITEEREEE VSG MBI, £ BHED BT 7 ANZEH BRI A CERAE
BRI M. B REUENTNEREHESFEERIE, HEDRARTHEEONRRY
FFE, VSG BHIBARERE. HRREHMEMEMRKA T HATE. TUBR, £
RARKER, RAERAPRSHEEEESRE—RRAESHEE", VSG Rt
BAAKERR. AT, KEHMAXEREHMLERIEM A E R m!, fimk
MAGHIEIF AR, MREETMERANAMER R NHRE T HAE L B EA S
MR R, REFMIRERXEEK, SBRAKERENRTS, IRHTEMEEGERE
C oI R R BRI B 5 R AR L E A .

B F0 MMC B FLR B H 10) VSG R RIBR AMERERS SR BUAT I HI EL R rSREa, ifi H
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TRBRHEEFEEMERNEKRSEE. £ VSG BHBART, R AMUEEBIRES R RS
PEMEEZNENRBMBEDNRATIINE, CREMBHENIRABIRY, REH
HEGREN, AATEREMANGELBEMNAOSHERE. Bil, EHMEMN. XRURR
SIS, ETEMHETEAYERREE, CERITEHFLTHEEA T EE S Bt
GRS LB MR, B MMC B VSG BB AT R . MMC BIREE KK
R BESRBE, RETHEEKR, M VSC BHEFATGEENAT MMC BHi &L
Bit, X% MMC BRI VSG BHI REWHERT — R E.

1.2 MMC #HizhlHEAR

1.2.1 RE2iFH

o IR IR BRI AR [ R R M B B ISR A T . Kb, REsRssEs
12 ] B P B IR S G S R R 2 R A AR R R E LR AR A I E LI E N
B, XERHTREENRESHRE L, EREHEEHEE, HRASHEBEAIK
B, FF HARESCIA ThThRAETThER KIS RRRIE 6 . BRI ARABE (ThE)
SRR R A R BN ISR S SR NG, FE R e AR R T RAB A B B LB R S &,
ML A G B AZ 88 TIAMEH B iR, Wit ERBRBHERREARBHIER €%
JRAEGEN BN —ERE LIRGSEER, BB RS RS IR RS .

g R,+jX,PCC Ry + jX, ==

B 11 RERHREENE

B 11 AEANARRERHERTEE, ZRHAGISHESAR: SRR, 4
Hishlgs. NSRS Mkm AR RESR. BEBEAT, AMREBRREBHARSNTRRS
FiFE, BAFERENBNBEE. BRESHITERLE , BMEEE. BRESEY dq
WER AR BAE A BT S BRMERE, HPMBEN B NSRRI RA R
REGHREREL, AT HEEDNNENENIIE. IFHEH, TBEEDIE. TE
M. ERGRE. AHENMEHEER, SARKSEEEES HhRIATI R )
BERPZFE—NTERIABHEBENERNRAN, ANREEECTHENEEREE. €XD
WEMEEDNE. EXREENTERBE. TXRBENEEDHENRERAL, &
FEHERRBRLGT, DAESH BT A TR ER. SEFEE =BT Pl
SR A . BRESEE, RV NIRRT SRR, &
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J& &L Bl BB I RGN LT R AR Bk, TERREBA RAE R IEH].

BLEArA, REZEHKTHEMSEERRAE B irERH, BRERBHIRERA HTHEM
T ESEE, EARLAMXTERGNERENERE, WAETHAGREMFHAF
Bk, FMHEBASEZHFETHHUSBRENEITLIA, NXRE, REZHERZE
TR .

1.2.2 TEiEH

HYMRBIEHIMAR, ATEHMEZREE—EMMENBERTES, 258
B ERSRIRE, BOMASEHRY TETHRMBHEROTESH FESE, HEASHIR
Bl 1-2 i

7k v i

3 . v,

T h

>
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) i
i i
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I - 1
3 o
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oV

B 1-2 TEEHEEM

HET A, TEEHIREAINIENREMNREXRB LM, RIELHEMS
EREMLEEXRBEAERE. HTERBHINAT MMC BRI, HRITFEBRIESEMN
MMEMBEMZHE ERTHEBIIER, NMRE—SFRHEMEEFETEES. B ZEE
A S 5 BMiART AL LR E — ALK BB, BRSSP sk 22 SR
T HEESIE—ERE LB RLUELE BHBOXT I ThEeRetE, BRERKE D aVLER MRS
HER ST BRI RSB H TR, TESHBINAINE X TEXEAHRESE
FH R B TIRIERE, BHXERPBRAESIARBHIE FRYERYT, FLERSBIMED
WEHFAFEN B TR BEMLEPHARAREES). TEEHEEESMERIE
ITHINEFAREREENE, FERFARRBESSHEIRTE—BURRESHLT
FIREIREEMMBIFTH. SEXTHERSARREE, SCER[22JR 1 — MBS RN T RioHI5eg, ¥
BT RENEEN, HERRRSREIERBTRNEBARRSE, BREXFIEHIHE
CURSEIEH RA R R E AR, FREBRTEBHEERR EOBREREL S,

1.3 VSG &5l

1.3.1 VSG E XTI Fn[RIE

VSG 4l A S e A K B IR AR MR THEH R M HHTP), F vSG BA
Rt il VSG B REST BB T M FEMPIRNMB S EER, SO AR BERN
TEREHEXCBER T . VSG i bt R FAE U R M S AR S GRE ATk,
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B KFEHEAT B BB AR T P IR BT PO, SCBR[29) 7 TR 5 BT R T v K ZEHF ST I A SR
7 “VISMA(virtual synchronous machine)"BiARFE, BEEEHRMETL —MER ALK, BE
UFESHH AR ERHFA B, M Bk R B HUE it BRE — e el Rk
HARN R, HAESRRIET, RGN TRZEHUETEME. R, STER[30]HHE K
%K VSG ARMIGEIN T ERM EEFM RS, B IIREFORLIMGHE AN, HEdEgE kS
PLR R F MM BRI K BN, ERIFAREMEN KB BEERTEE, WX
S EHE “VISMA T REREILE A B, A3 S F vSG Bifiis®ly T 7
ik, AFELLEIRRSEE], thEERESIRR EES, SRR R ERSENES
PEREHEIT T E T AIXT L, RIGLEXT LB B EIRIE S 7 R E RiE & BRI 5 By
R A . R, BRI R VSG FE R B IS 048 5 B RUR ST, X R E
LT VSG F R — N ERE, HLUNRGIR R E .

3t BRI HIE VSG BIBRE, 2EITRE T BEERHIR vSG HARB), Hbplx
B @I RERENHREER, HEKRKER Toshifumi Ise HPERNTERE. HKREH
REM VSG M BIsh ST, FEEET 65 K ayLr B SRR 8 S,
1 VSG TEHF A AR R AR SRR, RRKBEERSI TR FELS R ®
HUBIASADL, R iR b 7 [R5 038 38 A8 D20, T34 AN SR (3514 B4R 8 7 B G |l
ThRERI ThR RIE U MEELL M Th R 5 REish], BATE £ 7T G 5% IFEs 2 [/ 8 RS 8 1
WA, XKMADERARPIERE, SMBEM5BRIRI[AIF L, B ABRMMS AN RER
fit— g BB PR R S8, (BRTE KA A] A RRIR A10 H W _E A — E MEE, TRgsk
MDA FFERIZ 1T . Toshifumi Ise FIRF LR B VSG BOR £ 2 E T R KB HLILE
HABA R RG], HSE R AR A LR ED RN TR SR
SURFE, DS RENVIFRRENE. S—H W, EREEN AT, FEEZEREHIIRMAE
56 F, DA e T R dn o ETAOBSST, gk, TR 44 S8R e IR A e 4 b 88 g R 4E
STHLT VSG (9335 6l R 45R I . h4h, Raouia Aouini 25 AR Bl 150 28 SR BE A 45541 [ 3
xR B R AT VSG fBElE T, IRH T SHVDC £ H & A0AH R g 42 4 Sk 28, ¢
BNRGUE R AR S UGB E A, TR TR RO B4 St T AR B AR
B Jo £ IEEE R #E PO RI(IEEE 4-machine benchmark) R4 i iT38F, (H %R WIFEAT
BHIREE S HE A&, HEXRFREBRES TN &I L.

1.42 ERMRRIIK

EREFEREE A DEEXNET EURD BYUBBRESEARSET THA, BIHHR
th 2 S R AE R P R0 o A SR TR AT . S AE Tk K22 B0 K Bl A I A AL R 25 R s WL #4230
R ARSI T, WER T Ih IR AT . AT ST R (A AR L, e B
PiEWHR C AL RO EM RGN - JEBEGER S MTE R B 8 ORI RO R L)
LI a0, G ) I R Th 3 S0, o K iR R IR D0 Ui, FF g7
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b R A AR

THRAKBHE. #EERBRRETNAARNREHEEE ., 41N ET BB
RENOHMETREHE T T RERFEBE. BHERGH. BB BREES T
LHHBIT TRMEAMAA, HX ERFRMT T LRZRIEMMGRIEHTT, BT —
SR F M AR R .« STHR[42] B AR X 0 P 3 22 38 iR I il SRS 3 AT TR AL, (B B4 X ThE B FD
SLERERERAE. EEEEXFENAGR, FEBRHEIEXRTBEEN THMH
BHIKRE, FYTRAHEEATRANRYE, RETHHNBLBEMENRERE, FH
RESCIL TR HTh RN GBS E. ER[43R E —F B T SHER M B FP R YL 83 M
To4E T izt SKng, FEHEL KB EREHIF, WIMEFET MR T HRMEFEER
SEMBEHE. R4 BUE S BHNEREBHT T HENE, MAFREMRTE
PEZC B R A, FEE T ENRSENSRERAN HENREEHNRRBRE. X
BR[451HBVSGEABR A RGEEH T, RUUVSGHERNBR AN RLELE —MERBEED, LHRMER
SHEIMEDHSARHE EE N RS, NGEBHEEENREL. RN, XEARAR
B, KPFHAER B, BILESIMERFETIARSH L T VSGHISEH A%, FEXRKME
ARBELEGMERE@MR 7T ARROKBAIE. TER[46]6HXT I BT s MARE M &
HERFEIEEHRE AR WME HE, RE TETHERFERNEEIH A VSGLE S 4]
RO%, FHXEHRIEHEIT T HAEMETRIIE. XMMM47IEXBIT VSG/MESHE, BREHE
X VSGEIAS R4S B0 HT, BRI R ML RN, HBLRBIEAERLIVSGR
SZIYIRARAZ TS . SCER[4814R t —Fe R B L E & saURAE R F2 Hl SR RE, [FIRS 5 &
T AR RGAET R PR YE LA K IR BIBNASAFIE, BT LIRS b & KT AT A BT 5 Em
BB ESE.

£ EM RS BN RN TERENAFE, PESSEETHANS, XBHETFF
[ %4 7T F A VR O L2 TR M E R BUR MR I HF. 201348, T E B AHREH TR R /R
SOKW P # (0 B L I 45 R L), weiE, ERBMAT TRNESEFNEHERER T
500kW LR LRSS LI TF R0, 20164E4E 8, E KA ATEKILRIG RIS H b 5 )
TR AR R B LD LI IR EST, BHARZXDIS00kW, TELEVYAERRX
547.5MW, IR RFRAKRERIZER, HEEHEMATHEI T LR L By MIR
KiziT. TUEERR, BEEKISFREACIERRNER. BEMx@EREBE,
EED BB AERXBFEMMCREE RS B TR RSN S& AT, Bl
HESFEMICAERSBRER.

BARESFRT KREXTEMRD BHUEHBORM T, E N WEEIED aiLrE ]
BEARAMTERNHGSTERE 7 a2 RBMRR, BERN MY EE L 54 AR
PR N OB RE R US, B RS HHEP THTHAMEREEZE VSCGH R, K
ZHMPEREHRMOMMNSAREMNS, BHEFREPNBRENBERABRZN,
VSG AN s s R AE ., R EEESER VSG £ATH. MMC BIRM HiRHp vk
SERELE, WIXARECK, FENMRRA Y. % MMC BHIN iR VSG I, A

7



RIE A3 WA D N 20T e 1879

% AR SIR M RIS RIBH R, (E MMC B4R BRI TROE 1 VSG BRI R Wit AR %,
XF MMC B E R AU R SRR A0 E CakikiE. BEEREARNERE,
LG ERFER MMC #7i5 VSG IZBHl R k%2 —, HRALINERBMPHRFEE
F25 R4 ASAKE. Hitk, AXFEHAT/ERET MMC # VSG 25 AREF .

1.5 XRXFEMRAS

A SCERFFE MMC RIRME R E VSG BRI R AL EHENAERM. MMC BIZHE
R RERR —RBER, FREMMNASAABEREXAEERREE VvSG, Hik
MMC BRI VSG 126 F EHRBIR R M L. B, AXELEELRER
B AR B ST MMC RIS ERBIARIEE VSG BHIBAMR, KBEWIRFEEFET
P BE9E LAE:

1) BT RS RS A, HRiRTHT VSG NRRERRI RS, AE
FJE XA R VSG R EEH RS, B85 201 BFH MMC $ s HrE Btk R R 1541
AR, FELUEEHRAM MMC R, 3T T MMC RIAREEZERENZ HRMEEE
B RIEEXTH R R T BRSNS R R8s, H AP BRI R B
R HE RS, BHRAIARA PLBHIRE. o, B TEAXHERAEBEEEIER, HR
) R LER, FUILTE of 205 R TETHEHBRETR PR #HI73E R TR RIDHIES, X
FEREAE B G NESL AR AR R T LRFERS, R MIRMK T IS HI 88 XT s AR Wi VR . &G
Matlab/Simulink 17 B F & #2 7 wXTi MMC SREERBIE RS, Wi 7 TR A A A IE
B iz i R R0 2k .

2) it T MMC-HVDC M B i s B LR P LR H R % . HEAA R E E IG5
FIRTER N, XL SR 20 U ER A B o (1 R T 28 A0 JRh A VR T 883E 1T 17 18 24 AL R A B $R YL,
AL T EAUEE BB A IR AR T R R AU R ERR S R R g, B
FF AR ) s UL [R5 e LA R 4 2R B LR A0 e ML . SRS ST X 42 B A A Fds il R4
43 ) %o B wh A AR iR R S 0 4T T B0t . B TE Matlab/Simulink i ECFE XL T
MMC-HVDC ZHHRHEBE ARG H VSG EHIMEARERFINEEER, NAEIT MMC
HEAT VSG fahl i e tE, FRTIGIE T M B A 0 IERR RS R G E B .

3) EAE N MMC R EFHE VSG BB EMAEHIT . VSG BB R EE S|
8o NEEAMUER N EREE, UK VSG Bk, RAEIEHIETH, VSG #Hiyihpe B
PUFAC LI EE, EEHAEERRSGEHIEITE, iRkl Se AR E R B ELLKFE
i R A FEIR IS 2, A TEBRARKNEHRA S, ENEV RSN TE, WERZNE
SEIZAT, fF Matlab/Simulink 45221 DY B RN RIS R 7 Dh 485038 A0 K.



AR AR

F2E BERUSHFRA[AFERRITH]

2.1 5§

T MMC F5R M E ik B SOR R hi e B SRR — IE KRR R, EEERPEM.
RLERGHBURSAREEFNETAHNERR, WEBHRAHRE, FHRERX
REREMGESE T HREME. ERASEFRILBOERRA T HRRBHBAETE, ME
AT, B RS, RRAERINENE, ANIESAAES A REERET
B AR MMC ) VSG I EEE T RERFIHRS B BENEHEH, T#
F%E MMC MIBEEE RS R AR LA VSG 3HIA9ER, thRMAR LXK MMC %
MR BEHTEN VSG 327 NATIR. FHik, FEHEEEN MMC SUERRY KR A
S|P TEEHITHI R, IR W AF M S84E A/ XX MMC B VSG 5l B9 /2 126 41

2.2 IR SHRFHRRF[PVBFIEE

2.2.1 MMC FKEHFERER

MMC SR F F R e SR BEAD £ Bk LG S8 L A AR SR RARRY, 2890 _E VD@ 19 hnk Bk T4tk
HERKNEENEABESREMNRKREE, 3 B EBH K 3T B E T RRE T AR v IE5X 8 .
MMC § W R A EH T (Half Bridge Sub-Module, HBSM). £#iTHR (Full
Bridge Sub-Module, FBSM) M ZREFH A BT (Clamp Double Sub-Module, CDSM),
ERT PG BE M EERES, BEEETEREELR, BiikiFELES XA FBSM
1 CDSM H13# A% . HTFERBRIHARAABTHF AKX L FERE N ERKEER, Z—Eﬁtﬂﬁm
LR BRI, BT FERBEREERE 4.

MMC &k 2-1 s, BURAEEN SN, BRMERRST AR, 44 ‘iﬁﬁ}’i%
K. Hep, SHAL. THESDSH N NTEREBRMBR, BARBRBIUR, iy, e, TnER

BREGIRBE, uy NERMBE, iy~ in. uy -~ u, ABE. THEBERAFEREE
(k=a, b, ¢), L, AHBEPIE, i . e FHFTRMMC EMEEBRMEE, R . L Ak
REEBREBEDT, R . LABMENEG, RASHEENEIDEMTITIRIET AHLRE
4 % (Point of Common Coupling, PCC) A FHEM, u, APCC Rk, MPLATIE

PRASOE ERAER B A E 4 MMC SR, RAXAIFEHEN TERERSK
KEHREBR LA, SREUHANFHSFHEN TR, TRABHFEEIN— I HEE
#IE B (Voltage Controlled Voltage Source, VCVS) FIHBHA LR BB EL, VCVS K E
Pl v 2tk ) 1 K 2258 B HLF % (Nearest Level Modulation, NLM) 724, RACERFE
HRAREE, Uk L M A R A .



EERiAIUPS N R VA

B 2-1 WA MMC 4R ER
T MMC =R, o5t . THBERERBETE, LB

di, Uy,
¢, + (Riy, +L d‘“ )+u, %:o (2-1)
di u
e, —(Ri, +L b —u., + ac =0 2-2
k ( kn dt ) nk 2 ( )
FraQ@2-DAQ@-2) M, JETE R R B R E KRR A
Il\'p-i/m :I'k (2-3)

TREELHLEE abe ZTHTARKR RN I MMC I 3ECEC - B
v,-e, =—(Ri +L L
ALE L
Vi = %(unk —”p/\') (2-5)
MMC P e LA T U BERE R PE, 13241 abe AAR R R BUBE i oK B A2 Il 43 #h
0, RLE Ay D AR b AR, A (2-4) NRE 1T CQ2-6) IR M ZE IR park A4 4t £ 8 4t

.qu = 7;3 erahc (2_6)
H P g P ek U

. 2( cos)  cos(@-27/3)  cos(f+2n/3) 2-7
W2 T 3\ =sin@ —sin(@-2x/3) —sin(()-i— 27/3) .
MR 2 0(2-6) 1] LATH 31 dq SR b =N MMC $07 gl
1 d'd(l) )———(JLI () =v () —ey (1)
2 ds 2
Ldij(1) R -
E ;lj’ +j1'q(])+—CI)L1.d(,):vq(t)_eq(t)

AR L BE AL O R TR e, M, WIS IE X 3K e, o fE3E 4T S AHEA (Phase
Locked Loop. PLL)ZERHT, MiZiki4m BB d B B IE N EEBASITEH. B4, ™
B0, aX(Q2-8) A s IR A iz 17 8l F e AR B SR R RO R, S i R A Ak
{‘/Jis‘lllﬂ'{'li‘Jv VBRI N AT e U\G’Ifwx/l»nlh/\h orhrilgt, 1Q-8) IR LT

Wi

GUFAr W HIE (0 2ey e R is Fridong sz =3 A,
i1 mJ SRQ=8 Mzl D g e AT

Hy
SO U ot fr o
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Hedb s IR L AT T

[Ldi*() R. 1o, N
<5;—t+?d+(t)—5m1,zq () =v,* (t)—e, ()

Ldi®) R, .1 ., . .
B th o (t)+EwL1d O =v, ®)—e ()

(Ldi7 @) R._. .1 .. _ - -
| _z__idtLh.z_,d O+ oLl ()=, (O—e ()

Ldi” () R _ | - -
\5' th +5lq (t)—Eled (t)=vq (t)—eq (t)

R(2-9)F(2-10)B) dq 4P R TH MMC IE. FiF B R BUEEBR. XF(2-9)f1(2-10)F#
TR, BNQ-1DFR-12)FT7RH dq eI R T MMC R 5 R aE =
'—1- (sL+ R)i,j*(s)— 1 oLi*(s)=v," (s)—e,"(5)
< f f @-11)
\E(SL + R)liq“(s) + 3 wLiy"(s)=v,"(s)—¢e,"(s)

(2-9)

(2-10)

l (sL+R)ij (s)+ l wLi $)=v, (s)—ey (9
2 2
1 : : (2-12)
5 (sL+R)i, (s)- 5 wLiy (s)=v, (s)—e; (s)
B E(2-11)F0(2-12)7] LAR 2| B 2-2 FiafI 45 HiE R
e .

A& 2-2 MMC SUR S ¥ RIS HE I
CLESHTF#ESRE MMC EARTHH¥ER, BT MMC ASAKERE, FREER

MMC FiE%. HRARGHFFES . R, MMC ERBRRBANEIERR RS, BLUK
RAGHNHARSRBITREABORA, FHENNBIEARHERYREABEY, WAXK
%8 MMC 55 B % R R HE A KRBT, B 7 Z 0173 83 MMC XERMKBEERE.

2.22 MMC ZERMEFER

MMC AR N TREBRBRMOZ O E, REREGNIMEPZTERMASKN P
i, T LSRR 8% SS IR AN PRI 2 R ThER RS, PTLUE S MMC RERMIE R & %
CARE F 40 A, I AR Th 3P i A AL A HE

Xt 21 PR PEs ) BB 1T 4L, DASHRR AR T R BIEAT S04 . RTLAR Bl 2-3



AR RER 2B

B/ B S5 2 R B 5 F

ey UzLs
_.+.._.rvv\_.>_ Z‘ |4 Zs la U,ZO
_— MMC:D—*——ED—@
- P~
F, P+jQ

23 B
& 2-3 ' MMC #3814 PPC RAXHKAKENTIR, RMBRERREANU,, X T
FLAH LR U, #B AT & M A, Z, F1 Z B R 2 5  F um ee M2 BB, o N MR A,
MR e B B A B AT LUR B i S A Th R Rk 5
o U,£8-U,Y
§=P+jO=UI —Upéé( 7 e )
B A LI/8 3] PCC SHME hDRFTIHIE S HRN

(2-13)

U, cosa —U, cos(a + J)

Z
. _ (2-14)

U, sina ~U, sin(a + )
Z

s

P=U,

Q=UP

Hr
a=arctg(wLl,/ R)
{Zs = JR + (L) @1
H(2-14)F B, MMC # RIS R R L H AT ITHERNTI IR K/NIR T PCC S
REMBERRE (BRERE), MAZMERMERAY. EXSHERT, MMC MURIHK
B B AL BELAR S TR AR AN FHERLAN X >> R, BISXMMBHiAa~n/2, BMEH
FEPLBAL A Z, = X, Q- 10)RRHHEAAIN BN

U, sind

XS
Uy, ~U,cosd -16)
Q=Up——Xs——

By EFATA, AR & A B R AAKRIE R T, A N IERRDEERRT S,
SWIERHET MMC BFEEIETER, S HIERRETEFTEN, RZMWETERRK
B, Up—-U,cosd FIR/PRIERRE T MMC RHEIRWIINTHEM K/, Hitk, TLLE
A FE 5 B R O FAR £ B W] CASE IR RThThR AT ThR M, XFEwI BT
RIEERAIER . 1E dq RFELIRRT, REBENIHEERIL, MMC BRREMEMNZ RS E

P=U,

S=P+jO=UI"=1.5(uy + juy Wiy — ji) (2-17)
HIFe)

12



AR ER L AR

P =1.5(tyi g +tpeig)
{Q =1.5(upg iy — updipq)
TR, BFBRLOEDENTINNER LB ER T T BRS B i, MEIH SRR
GBI REH, XFEETETERBREH. EHR, B PCC ABEER, FNEREd
B (RedMu, AF) ERE q B (BEHu AT, ERAREHEBFLIIIE MR
i, BRIE dq MBI AR AR
ERMERFERGY, ERBENBHAAEE. RENERBERRLARBIETEE
THIRTIR. *FH& 2-34 MMC ERM RS, #PMEBH. =8F VSC B EERNRE % —
MIXEEA, HRBERERFRROBFEEMR, 458 2-1 M1 2-3, 778 MMC #it
HiBE

(2-18)

( 2 .2 diy
udc=upa+§-thc+§L

+u
& ™

+uy 2-19)

Uge = Upe +§Ridc +§Ldld°

dr +u,,

Xt R (2-19)4 abec = AHEFIIE R BB FHE R B E
1 2 . 2 _di
Uy = > (upk+uM)+§R1dc+-§L c;‘;°

k=ab,c

(2-20)

RIBTH R P E R LI MMC ST BEEKEN, TRHQ-20)07LIBFIE 24 B
R MMC BB EFHESHER
iy 2R /3 2L,/3

& 2-4 MMC SRR

B 2-4 hC NEHHEE, Cy=6C/N,, CARANTHIREAE, N, ABHERANTHR
B, u AFEBRATEROEFEEERTENSH, i AEAZZRRBHER. BEE
ZHEAREEESNEELSNSHREE, 22 KO8, WLIRE MMC BRI EHER

FRERCE R T AR EN RS RE, RAESR, EXHFEIEYY, HEXRE
BEER AL, M KRS . RAEEBERBEESNGRRSERE, X208 84A
Po=uy iy, KAEMRWAN, BERSTERMUMERES TRITSHXAZRAMNGE I
hE. B, MRRARABERES, WE=P, Blugd, =15, +ui), TR MMC f

13
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S WP 2T ke DA

EXRALNER RGBS T NNLRREIL TER, X2 MMC #HTHIRERIERER.
Et, MMC M # B ELELE VY. MMC 2ZHARBEREANEEETRE
BH RGAVERSCHE, EHIEER LIRS BRI L.

23 BBRK SR TR

MMC R H RIS 25 R SR S M IR 12 884 Rk,  Hhohafiz il 88
REFRTRARGNELSEH TR, HEEARSHBABRTREZFIES, AR FET
BHHRABRAHZRBESEELEEE BiR, NAENEHBAAMEN, REHNFE
SRS RAEBRRSERSME, WIFRHFHCALI d BBRM q HERS H5HSH
HRKA B BTXMASIARRNREERAFMMERR, BIRERTRESRNS
ASEPR A2 R A X R e

2.3.1 MMC SpEME SIS T

£ MMC BIEHERBMERAT, ST RMNTHEERITHRERNAIIRKIZHZE
REE—MERSIR BRI ER RN, BNEURFEEELDENEERBE. EXLHY
ZMEEDE. EXRBEMEEREE. EXREBENEENRNUMESES, &
ZERHAEGHTANERTERBE LN S ESER, HHBERBRHHBFRT —REREX
WAL . EREWHEHTANEE, DAELFE - INRAGBH KRG ERBE 4R
RGEMBE. WTF LR —FpEH R, HTUE—RRAINQE-22)FE 2-5 B

ig* = Gy ()M, *~M,)
{isq*qu(s)(Mq*_Mq)

KA iy * o i, * 0 HRRI IR 80 d B q BIEBRRSEE, Gi(s). G,(s) N PI
W, G =k +k/s, kL AUBIRE, kK ARAEE M,*. M, ABAEDDES
BHENSESENRBONEER, —BATDIRMERBE, M *. M 3HAEHHE
KEHBHSEEMRBOMEE, —RALNIENMZRABE. SFHZHIBEA PR
e, SIATRSHT, RIS ESFENTHERSN, ERENEMTEH RS
SHRTHRERE, BHERFAZ A PLHATSRNIEH REK.

(2-22)

k
‘ B f——
kp 4

k& P

P 2-5 PI BUAMERE Bl 88 45 -TEAE
BT ERFIA PN SR THIN R IEHI 8348, 0T LURIE SN 2 H BN RS2 Kt

14



b R 2R 22 4R 3

HARXEHBNSERRAA, RXRTRSIFERIREFENFSERARAL, TR
PLA 4, TRAEEDFEHIFE. BHX(2-18)7 IABERSFIBIT ATEHL
Py =1.5U o] g0 +Urniplg0)
{Qo = 15U 0T — Uiod )
TR “0” RFAHNRBEE, ERIBEBITR Uy =Uygcosdy» Uygy=Uysing, T
A LU#E PCC i dq MRS B

1
Ty = E—Ug(%Updo + U p0)

(2-23)

| (2-24)
IpqO = 1.5U§0 (R)quo _QOUde)
FIARQ- 24T E AR 8K d B q HaRsEE, 6
1
i ¥ = ——s—— (U P*+u O%)
L LS rul) M 025

1
i *:-—.—— u P*.._u %k
* l.5(u§d+u§q)( s de )

Sy S50 PCC SRR u, B d 500 g 0408, P*. O ABINHIHINER
FENDEIG M, HERQ-25BBIFTRL 0SS HI 28 W HAEE

P*l

up i pd isd *
— R E—
/S (2-25) -
g u I
————P ____>pq e -

o+

B 26 BTN BR SNERIS 6 SR 4 HgHE B
2.3.2 MMC AT HIg8 1t

& 22 MMC S ECA R R BRI dq 3R TRIRRAFERS, EXMBRAIIEE
WM ORERS I BHI SR LN SE AR, RO BETHITHME, AT TR
SINEFREMEER Sy, o, MBEWABE0.50Li" . 0.50Li", XA PLIATES, 1RIE
R @-11)7T LAR B s = 38 O IE P AR &

. . ] s l .+ . .+ .+
vy ¥ =gy -—_2-(014’4 + E[kdpl(ld *—ig") + kg .[(ld "=y )dt:l

I ] (2-26)
v, *=e, "'_z-a)l'id+ +E[kqpl(iq+ *_iq+)+kqi‘j(iq+ *—i;)dl]

q

M, R H SN T RmALR N



ALy KSR - AL 3

- S I - oy -
vy *=¢y +—2-sz +E[kd"2(ld *—i )+ kmj'(lnl *—iy )dt]
(2-27)

- | -1 cm s sy s o
v, *=eq ——2-a>L1d +E[k‘“’2(zq *—zq )+kqi2j(zq *—zq )dt]

R (2-26)RQ2-27)R KW BRIZHFBHIE. AFREHISHER

A

L

(b) R EBRLFEHIZER
B 2-7 AERRIEH R ER

B 2-7 3t REK) MMC $E R R 2-2 Fros, SEBR X EFF M FiEhl 55N &
AMETUS, dq FERAES SCHLEM, AN BRREHSBHDOTREE dq BSEERRES
SRS IR S WAETIIRER . 540, AERMEA PN ERERD T EEBK
BRATEH S, WRERASHEAHITERBERE, BTYHANGRENTE, B
BHEEH RAEANEBS dq BEH LR RFEBR/NIBAE, XN FEENE ESARREIRRFHTIL
Y, IHAIRFIMARER, FEELR.

2.4 FERW B PR ESRIIAR

MMC #EA &R R, ESENEMNSE RN —EAE, ERRDE
A& RE MMC RERSIHR. FROFERN 7 HERRNERRNRERNORE FH
ERHHIEMT IGBT Kk #, BHRSMEMREW. BRitzsh, HRETRRMESR MMC SR
ThERAERARKS), MERARRBORESZRT. FEL, RASERTEMNS MMC AEH
RELERN, BERERE MMC HREEARERAR, FHRAIEIK MMC RESHTEEER
AR EEFEARITEY AR THRATEIEEREHFFREENBLT, KN
HRAFZEHEEEREALE.
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SBREZT dq BREBEHIE SR 2 RiEES B, T Pl 3HISBEEN=4ER 2 KiGES B
FTRBRERES, NS 2 FIMIhEES.

(3) EFERMBYNI RS, FEREANTHERE, FE—ENEBARMN, FES
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FEHATHE PR IZHIAT, T Gops (s) BRI L 2 5505 BSOS BIER, K, G &
BARRRZH B IEERNIEBNER, 20, 8P OHE, B 2 8. B8 LTt
2SR AN E Sy
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RIPUE M, AHEISE ST RRE T LE LB K, DRATERIRIE 2 BHLUSINEHR S B%E
B, by TREWMFERGSWNENLTHEBFEHZEUA. BTE 2 FHLMEHE,
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B PR 2l 8 20038 28 00 < O [RIRY PRAR 7 $2) 8350 s PR R BURE, R/EEMR op 245
ATHHRIAEAESE, RELER Clark EREBREHHFRILERESHE, HiEE
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My |={ M, cos(8-27/3) (3-1)
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TRFERERABR LN SERAZT R IEE . BERREABENR, BB L,
EFHRABEAR, BBRIYNL. FRTUGEESAMEX R

A L M M Mg\
6| | M L M Ml
ol M ML oM 2
¢ My My Mg L )\
—RIBERT, ETFSERH=HABREFENKRE, NF
i, +i, +i, =0 (3-3)
ZREEHFE, HEFRIG-3)N, REFRKERUVFETSRARBE
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Vape = ~Rip _._f:ati =—Riy. — L, %*‘em (3-4)

RPFEFRTF: L=[L-M L-M L-M[, e AHTHTEHIMILHE. BT
o) B R sh 34 7= A RN BB A, FEELFID b, AREFATH BB MR-
BN e, REXNRESGHS, WRG2)PEE—FIN AR %tﬂ@fﬁ%iﬁ#}

e

al

e = OMigsin@—M; %cosa (3-5)
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sinf=(sin@ sin(6-27/3) sin(8+27/3))", cos@=(cosf cos(9-27/3) cos(6+2x/3))"

Rl R AL R 4 AR B L TR EMER TR EM RN BB T EN
*, BAG-HFGE-5), MBI FREFZURFENTENE. BTENTERREMH
EXEMHSMRREABRERFETA 2. 3 WA s MEEE, BMEE QKL £EY
mT xRS S MR, RMELE MMC FEBLFE BE6e, FARORER
FPREHABIRONBEDMBBES KR, TULANET 2 MEBEETECERES, #
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Z¥, N-m-s/rad, o, NEMAER, ONFETHAE (AAMAB). EXFREMTS, BEX
MBAFESNFERT, ERUMABE. DEARENETRAERE=5REEHER /NG
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=P —-F -Dw-w,)
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R A DR P E R R RE TREREFERSN, RN EEKFRRTRNINEF
s . R R TENBRB I HHFRFELS, SR BNRETEZNTINHRE,
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BAMKERGHZ O, TRPEZXHARENMYEN RS, HIAREYIREOT: &
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ENFECEBMARKSY, NTISERAEMER, HMRERHBSABRRNBE, REEE
WHREHREENE K. ERMEREFAEREURALETES, TUREERE
BRI — P ERRERTRETR, REAN
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B, TABHAGERTERNREFER. XG-9)KY, MM ERWKBEIERIELNE
feity, TR REENER), Ri4bab3E ey LAR] Rk i ok e B om B Bk i f% il . SEBRIB LR —
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H, #MBRIHRNFERRAAS RN, XERRPAKBINERTIRE, EPENSE
BAThFE PR PCC st MIh RN E M, Hit8iaRE . BURSKENSHERA> 4T

26



LRIV T B VA7

B T BUERAEA, FeTtRkER % 7 SUH KR IR MR 5 R RS RIR W .. B IhIh
R-ETHBOELTGNSET—F, ERERURASHEHMNERN, ERTFTTRE—
EREHRENEE, BitBRFH AR TS5 aMEMK G, XEREHERFAAELEK.
FEREHBKEIBENEERE —ERXMHAEERE, R, BRASEHIGELRD S
VUG, BREHSHMNMEEFMAGEHM, B
(1) By SmE N B MR AR R ;
(2) SRt s 3 P e L 0 e AR i T — 3K
(3) Ui P L LR R0 e ) e R 7E A R BT IR . AR AL — .
HEAPEAHOFMQRBR LA, REQFRERRHFHR, RIEFFMIILE B s: i Ef B
EREBEZR AU 5, TFHMadrdd B iEE T LLRR A
J- AUy
Z+2Z,
HopHm s EEE A B NE R EE - RER D, THEBMED, EFRRRXEER
TELBEETFE, FUBARG-15TLES, EMER/DEEEREHNSERB KR T RT,
AR R R RIR . BAMEAMISRE, FHRARME/D i, FEWRHEEME
T, AR HE 3-4 FoREITEND A A MR ] 38

l| k,/sl

(3-15)

34 BRI A
HhBREEEARAE CFdHRER q i) % PCC AREERIFELIFET, B

FHENMBMSEETHTHE, mANRSEEZT P BHISEATRRD HAMBHE, X
BETLUmERCMEGE, J|RERBENENBERL G, BAREMRASHEMAMERT
IBR, RJE B TR ES S MR EEIT .
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it HiER] UL E B R ER SRR, T H KR TR A K H E R Z i 5K,
REBHERESTHER.

3.4.2 BRULEMIRILRIER RS

X FHAK VSC-HVDC RE BB RS, NERR2BHITTN, —wiEhl Rofed
hE, B—nEHERBERRIERGEEBTHORIE, ETHRK 1 ARH S b LR
AR RN NRE REERNBMIETHERRAE. AR ELNFLENRAT A
RMETHThFRES], FTUBRMEENED B LIS RAHREE. R4 0B8R gL
[F] 5 BN IR A e R A KM LT EHI A -G . BRMENRZENES, FI)
WESEZEHERBEESRIE, DELARERRESEEMNBERTHR, RELT
Pl 4| B = H R B s Bir, BJa@EdRESHEHRERNER B ERRENFTIHTHE
SEBN, TIHTHERBEFERELE XM . BRSEUR D 26 RE5HER RLE 3-8,

F 3-8 BEEL VSG HIHEE

BT B SCAR R BEAR Y 3 A A ) SRS WRTH I IR AR R ik Ju s, BRI LB
ZHl RG> EHSNEREFHIX A, TECRAESMARERERZHES, SEER
RRERITRARSERN, XM ERAARKINR, RehEamEM, mREREM
EmZREAMBERIIREHFAERRARRMAER, RGERRAEREEHBSETRR, FE
EENNMEMASHENRAE.

3.5 ERIRGS S

AGEHBSHAOTRLAREER R RRREESTHR, SENERSESHGTH
RS IRm RAREBTHBMEMRF RFNZN. 2SR, ARUM VSG BRI REETES
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BUb R AR AFEHEE Pl S5, BESESEAEESY. AESaENENAERY. €4
RHEE PI S U LA R[S H. Hb, FRHEISSHIEE S L FLER PR 5418819
RAEMET L, A8 2 EWHXMSHIET T RIEMT, HARE RN LS
FORTH AT IR, AT BT R A sk et 5t H 2B 41 5 S50 T R 4.
3.5.1 MTWIHEBHZIT

ARSI, WS EORTTR A SRR NaIARE, BEERBITLEeE
AR AE T HRRE, ST RRBRERLSET.
3.5.1.1 HBARAFEbISE2 8%t

B PO BRI SR ARE AN B S tH 22 R LI TR BB AR E A4, RIS R4k dq Wi
MR RMTIRARL dq PR REBTLEES. —HRERT, RAEMFLER, ERAFBREA

T Pl EHSZHEBERKNE. R, FA—F2Ed q #89 Pl SHHEEHERFE, WNFE
BRI A

kioooow ooy 1
vy =¢y+(k;+ f)(ld *—iy)— 5 wLi,

L : (3-19)
v, =e, +(k; + f)(iq *—i) -3 wli, K
HEG-19)Z1L2-9)FTR AR A G 7T LA B F B N IR 53 R L
2k ;s +ky)
(3-20)

LS+ (R+ 2k )5+ 2k,
M ZERRIHIES LB TEREL, @ R/L=k /k;, WEAERr=05L/k,,, BF
H(B-20)F M — M 515 F 5

2k, 1
ini = E—= (3-21)
Ls+2k, 75+l

FELIAL PO ERERT 8] 3 BORK /N T 3T i RIS 85, 55 B M — BN T GRAE R SR8 E 1B 1T T B
BUNIHRE. AEEBRRATFNEIT TR 0, (RENAERc, o,7=1) J5, BIATHEEH
AR N EEBIRR S B B

{kp,- =0.50,,L
(3-22)
ki =0.50,R
3512 iBREFEMILIT
WRIEER-16)AA B EZRBM Z AL MM A hEETFWT
P=3U, U,sind (3-23)

ZRE 3-8 K G-NERHE FRAE I UEREMBAE, ZRIEMESER, §
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£REHME-2)FRER R ARSENNsEZ M, &)
T, =T,+AT,
I, =14+ Al
w=a,+Aw (3-24)
F =P, +AF,
0=06,+Ad

TRARBTR, EMBEMRASZHRN EEREELRAD, BN AsInG =~ 6,, HA
MBS EN Mz, WUERZEL DN TFIRTRER
(AP, = AT, 0, +T yAw ~ AT, @,

AP, = AT .0, +TyAw ~ AT @,
dAw
< J‘—d;—-=ATm '—AT‘; —DPACD (3-25)
3U U
AP, = —P S AS
L X

$

BRI A RE R 28 1 255 IR Dh D R AR KR &R, FrUAG-25) R R HEMUBERT R
&7 EEEEZRAXI A TR, R\ LT LB E s B AEHER
1

PR Y

Dy

b
P

AT, ] Y RINEREZAR A

1
@ Js+D, s
B 3-9 SR/ DMABhHIEHIER
B B 3-9 BEAES/ DR A E R REBEREARXA
AP, 3U,U,
AP, JX,w,5* + X D,y +3U,U,
B, FESRATLBREE L RE M RGrELE 1, B(3-26)7 0] LB RIXT B FF R

o)
Y

H (s)=

(3-26)

WU, 11
XwD,s J
P

M EXTT &L, HIHRFHRARGE =B LHET . BT BRI —HrORIER S,
FRERTHSEONBESH o MBS H S, AN TALERSH, BIRSEVHEE
T U RER R, HABENASANSE 8. Kk, RS HMEE, o
URESIRmENEE (HEFIE) RERRE, XA

AT AP

P Ao @, 27N
FE/E R 5D, IR/ BERE SRS IRREGE 1R/, 1 A2 S B FE A X 4028 A T 2 35 51 Vi Rl

H(s)= (3-27)

+1

(3-28)
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BIRUE . (GBI, S J A D HE TS BNEIRE £,
1 D

o = Z”P - b (3-29)

x24T, 21J

£ o, MR T, BERTEURDRE JRKFHLRENRE. IEHRER, J#
R, BEBHTALEK SBOACHEETE, RGMALBER), HAERESHIF
REEFEBARKR. 2AG-2NRFHIFTHEERBUB A HLEE N 1, BIF
uU, 1 1

X.onDy 221, [anf.J 1 D) +1 )
RPN DR RGRESR, R|EAG-30)RBEHRES

1 (3-30)

|H (27,

J= D, ( 30U )31 : (3-31)
27 f, 27rfCXsa)0Dp
KE3NFREARZIANBEARERI B DTE
e 3-32)
° 2 X,w,D, (

HEXWMES, HBIERRREREN, BIHRENT, LN —FREFRTEER, A
TRIEESR L UGS — RN EURNIRE, SULMETRRRAME, FHREMEM
wEN

2 =180°+4Hp0(j27rfc)=90°—arctan27;)i (3-33)

p
BREREBIBMEMNBEERA Y, MHEMBERTERLE
}/I 2 ymin (3'34)
R (3-33)# A TN(3-34), BIEHNREHIVETCE

T2 cor 3-35)
> CcO ; -
2 f },mm (

4

AE-3PRUFEFIBRENTENMEZRTRAGHRUBE, EXBRABULARNEESH
MR, =HHKFARE 7 FHHREARELE.

35.1.3 AER[RSHILT

WRIEQ-16) K Mt SAZHE M Z FEMN =L R ESmT
U, -U, cosd

X

S

[l 238 S 5T R — 4, BRI SENNSERZM, MENABMEE
PRI JLFREEARAE, 28% M HEh o b

Q=3U, (3-36)
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0=0,+A0
U, =Uy+AU, (3-37)
0=0,+A0
HE-3NAHTEAB-36), HEEBAER DMK ELRER
AQ:Xi[(zupo —U, ¢056,)AU,, +U g0, sin §,A5] (3-38)

3t ERGH TR E, BTRANS . ASBBRD, ELIAASNG ~5,, cosd =1, BT
LLit— BN AU, U, sin5,A6 =0, RE-37)fEHN

AQ= % (U, —U,)AU, (3-39)

BB IS RN 02 PCC RPN BEREMEWE, ELNAU=E, AIRRES/D
s FIER

AG 3 AE 30U, -U)| AQ
. w20 —U) >

s+k X

u S

F 3-10 WAESS/MESHEHIER
B 3-10 RRHIRE % A& R BUR B 22 Rk N
3k,(2U,, - U,)AU, | X,

H,(s)= (3-40)
s +[k, +3k,(2U,, ~U,)AU, ]/ X,
R B-40)FR IR RGEx MBI TT I BG4 3E R BRIEX A
_3QUu-U)k, 1 _3QUy-U) 1 1 ]
Hop(9)=——% T X G (3-41)
ku

q

AT B HHFTAERGEE LR, SIAT FEZRG MKk, A EXATH, K
ThEFTHRIABE M HFAFTN—-REERS TERTHSHEELINERY
RB k AEERWRE k. X, g B THAAERE, G /KRET —MKEEERFHE
FRE £,

o, G
Joa = 2277: - 27rlT____q - 27rqK (3-42)
G, TTULE X ATLIhThEmEM PCC SR EREMRERILE, FTURRAR

9,
G =_A_Q.=_Q_n.f_/'.’_ (3-43)
TTAU U, b%

HF a% . b% SHATNNRWETEEQ, METHENZREEREREEU, KBS
tb. sE-41)FRIB ISR S AR IR LTI AR H G R KE 9 90°, B AT TR IS 48 A AH
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NAEER/MEN90°, BRTHERBEERE, 2G-4)FRHIEILIAEBITH 48 R BB
etk HZERIE N 1

|H 27 £0)| =

3(Up-U) 1 1 ~
X, G JerfKIGY+l
P £ AEDIFEABULIE . X HE DRI T LR R A T &, Ak sazEAR
BT, BNHFXNHE 2 AN ERT XH, EAEIARFRHFET IR
ST, RS ITMES LL-40dB/10 54T %, TGTHEFLA-20dB/10 55 T /&, ElA
TREBETHIHX RSN, EohIREE RN A DR AER— %, RER
(3-43)d] 8

1 (3-44)

__G [3@Up=U)s (345)
21f,, X,G,

REE-45)APRE ATHEERMEL: 1)/ TE, DEDFNFEBILIAR, £HR
W3R TE, RC-2)RFHFETREN AT 2 5508 1710, BIRIRME K EEE; 2)KT
F, BUEQG4S)RERZTHKE, AT THILETHIHE 2 Fbkahxt i B R, Ri%E
BIINITHABUESR 7 Sk 2 fE45A01/10 LA R TH ThEUE .

3.5.2 ERuhBE6%t

BRuGEE REME R EH REAN T EXHETADRARBHOAR, KRRKBHRER
HAXH, FTUBRENSHEE T RN ARRHT, EREFMSISHRTTUSBYERES
¥itfT. BRUKSEDEOERBEEHRTE, FEEL DAY HITEA IR
THME, BAMKNETIRELSER

M‘Z—‘I" =P, — P, +k, | (0, - w)dt — D(w—y) (3-46)
FRER T EREMED EHIEHOSE G, Wi, BREXPRAIDIE P, NiZ

BOE. FRPIEIRS S WE RS E %, A USRI B R EE S MU HIER

AP,

m S Aw 1 A o 3UpUs APe
Ms® + Ds+k, s X, >
Pl 3-11 ik o/ Al et AR
e 3-11 18 2 BRIk 3 28 /N IR 45 38 iR BUeRiE X
V.U, 2
Ho()=2de o Ps =G (3-47)
P AP, MXs*+XDs+ Xk, +3UU, s +2w,s+0;

B FRG-AYNI R I ARG @ R, UAEABEREG, RUESHEZH REH
fEEEEER, o, NERIRGAHME, SAMELWL, X
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[ 3U,U,
G=——P°
X, +3UU,

Xk, +30,U,
lo, = [=2 e (3-48)
Mx,

§=2 |
2\ M(Xk, +3U,U,)

RIEG-) T BEEERH M MESE D
M= Xk, +3U,U

2
Xswn

M(X k +3U U (3-49)
ez [FEETT

X,

s

#GRP BB TRIBERSR, TEMFESNHHEELADTTUNRLLAR. £LEXE
Freh, ATPRNERFEEERTE SRR, FWEEW £=0707, BEMARAKRER
THAG AR R RS AR AR EE N S EMB AR, RRBMIEAEE N TR
REEAMSEE, SERHAERBLBHROERTH R, REHUTHELAXEEH

U2
Req = S‘:

RPUAHEREE, S\ARRUETE. MRASEEFEGE, ERMERMNERL R

DEFWMTEFHLAR

(3-50)

Idc - Udc _ dUdc
R, ° dt (3-51)
R: = Udcldc

K c AERAEE, C,=6C/N,, CHRNTHRBE, N, AHETHERY, TR
AT UBRA RN ER A E RN R R E

dAU,, 2,
AP, = ~C =l g - R:q" AU, (3-52)
KEGSHANBHERBERDEMDEESNEZ M AMERRHEFRIER
AUy =- Reg AP, (3-53)
Rreq Ceq UchS + 2L]dco

kidc 3UVU) _ RNQ _

’ ’ kpﬂc +T o MX,ss2 + X, D5+ Xk, +30U, o R ClUus+Wyy .

B ap, AP 8V,

A 3-12 HfBEEREHER
WBHE R G-47)F1(3-53) 1T LL1R 2 B vh E B L R I H 8 s e B, il 3-12 Fras.
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125 I HE ] v A (D EE R BB R B0 28 -1 OB ALV ) B S E 75 i 4 A\ Th B R
T, HERIERSEBREAR EEREY

B(s bs+b
Hs)=2D - __2%0
A(s) a,s" +a,8° +a,s" +as+a,

(3-54)

A
(b, = 3U U U R oo
by = 3UchUpUsthqkidc
a, =MX ereququcO
{a,=2MX U, + X ,DR,.C. Uy, (3-55)
a, =2DX Uy + (XK, +3UUDR  CoiU s
a = 2(X k, +3U,U U+ 3U U U R o Ko
% = 3UsenU U Reeokiae

PRER A& 12 R B AR 1E 2 TSR DU 5 12, SRERFIE 7 12 A(s) = 0 S IER BB AL R &
ZREBRITHRR, E-53)% BB IRETTE L R R IE R

BUgnUpU R o (koS + ki)
S(MX s* + X, Ds + Xk, + 3U, U YR CogUyeoS + 2U 40)
_ GR., o, (Kpae$ + Kiae)
s(s* +26w,5+ 0 YR CoyS +2)

RIERG-56)E H T LB REBHRE - B E, B 3-13 for.

Lowt,, 7 ]

H (s)=

(3-26)

B 3-13 BT IS8 RSB AT ik 22
BRI BRI A RERRR R 0, = kg / ko WEH/D, BRBERGHFAHEARE

WMEBK, BEEHERE, ERMNEESHNEE: WREERH M BUEL K, BARK
GPE o, 2EHREBULENE o, , BEENMT o, IXRERTIETREAFE. ERo, RS
AT E R PR ERE, RBEHHEIR, ETENE o, & RERHLMLHEESINE
N, Bt MOBUE R R B RIRGIE o, MM TEIESE o, WFEFHE
Xk +3UU,
M<—— T
Xw;
W4 10(3-56) 7] EAZF BT 38 R 48 A A £ A E M)
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C.. o,
7, =90°+arctan % _arctan 2—550—“—% — arctan ReaCaa? (3-58)
o, o — 0, 2

EBILAR o MBS MR TR, ARBEROETBHSHAEAREIN, SFFH
RIS RBE N 1, WF
GR.,@}

kg +J wckpdcl

o) = Vo ||i@.)? + 26,0, + 02| jReCoy, +2] - ()
SRAR b T BAG R B R R B LIRS B B
- o, \[(a): -20} 0} + @, +4&E 0 ) R% CL L +4)
e GR, @\ + o] (3-60)
kg = a’ukpac

3.6 fHEWIE

#£ Matlab/Simulink P& T EHIF L BHEHI MF % MMC-HVDC RHEERMIBERE,

REFESHMTER:
£ 3-1 MMC-HVDC E%&#

ZH HE ZH e

BRI U, /kV 230 HBEU, /kV +200
HEBES, /MVA 600 B/ km 100
R £ /12 50 FHEREE N 200
FF KRR /Hz 8000 FREREBEEC/mF 10

ZFEAH/ Q. mH 0.1/5 FrEEHV Q. mH 0.1/70

XT3 REW RS E I E: WA EHLE 1ms, BIAT3E 1000radss, i
B Pl BHIS8k,;=73.6% k;=167¢ BNBMEIEML IHz, BIBMHHIHREN 50%,
D, =151981.78N -m-shad ; ELFTEEFZS, AHFEN RBRANZHEEENRENE, &
RAGAI AR 30°~70° Z R AN(E, SRR ERADNT 45°, A DB ERER
7 4.92< f, <6.96Hz, B f, =6tz , i+ H B J=236523kg-m>; HMEBEEZEN 10%, LI
HEFE 50%, G, =15974.93A; EINHASH K: NE45HRSATELERRA 03750, ARR
TR H G S, T BULIE M LA Rt R — L, B f, =2Hz,
HHBK=T7499As, #TIHHBB L =00013, k,=2061. HAKIHBE, SHBHH

AR UEE TITh RIS AL TR ) 1518 ik BB Rk X
43.71
0.015565” +s
1.17

0.04851s +1
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H (s)= : - 3-63
o8 = 5 085 24,625 + 37665 + 800005 (3-63)
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51 BXTAERES

A XERT MMC BEHERBRRSRERHIIFEERNE AR, FRET MMC BIEHE
RBR MBI E L BRI R, TERRARTCEENRSBIEHARNEEEES
S, BHRKAEWRITNSERITNSH, TERENT:

1) B THEILE B P EBRIRSNEEER, H& TR RSE R MMC BHF
S HEHGEEEHRE. BANRARTERVBER BRER, FUEEERE
Bib % B PR NG, FHHT T MMC MAGEXBEMTERMEEER. RE4H
R H BB R T R R U 1 48 . S 75 Matlab/Simulink {5 B P G 38 T ikt 3% MMC
FUHERBBRR, RIETAREEER N ERENZH REHE R

2) ¥t T MMC-HVDC R B i BB Bl E S iRl RS . B AXES RS By
ERARAY o BRE SS B A R B B8R AT T & LML A AR IR, BOL 7 BRI s S A A
H T 2T B BRI KB ELD Bl RE, SERRERA SRR By
TAREX R ELS . AR RU OB AERIMNEH RS, 55 B0 85 Rl Bk 2
HISHHIT T Wit 9. BUJAFE Matlab/Simulink 15 B F & Xtk T MMC-HVDC B E# S
ARG+ VSG BHMEMRRERHNEEER, B T RSB NEH KA IEf.

3) IRBH TR L H MMC R B R EA SRS BRI ER B E AR . R
BEREH SR LA ARENMRERNEHE, BEREREEKPRME RS,
BEEARMAIRREALY, RERENIREZIT. B/5E Matlab/Simulink 17 EF & K1
T A SR E R ER .

52 T1EREE

1) MMC-HVDC E#LEP BHiEF R G, HRRITHFEMAMEEERS, MRATREFHRIR
TP T A& IR AR BT ED LR R 5 BE R A BIThAE. LB L, fERERAKER
BENAEME, BF BT, MFEMEGR. Bik, BB RZETREN
e R LR MMC BRI sz mE A — PR .

2) AERA TP H MMC-HVDC &2 MMC-MTDC §1E#LEH B hlisH], AEFAm sk
e, RRMAGHXAREBNARE, MARLFT KREARESHE. BARGRSGEHAER
B BPlE, &FESHRITTERMERES RBIESHRTTERE, BAIHKRE KR
RS RS R RN R BNABTHE REEE& R E.

3) B EMMEREE T R ME SR TR ZHAT, G ER B K2 imiubis
Hl A VSG i, MBFESHERAAFSRBL, ERERAMERSFERTHIETER] P
FImt e, LAEB BN EZEETREIB I — D RE.
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