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REAL-TIME SIMULATION AND
ELECTROMAGNETIC STABILITY ANALYSIS OF
MMC BASED HIGH VOLTAGE DIRECT CURRENT
ABSTRACT

With the increasing power demands amid the rapid development of power electronic
technology, a large variety of power electronic equipment has penetrated in modern power system
profoundly. Among them, Voltage Source Converter-High Voltage Direct Current (VSC-HVDC), is
one of the most widely used power electronic equipment in power grid, the most paramount
utilization of which is Multi-modular Converter (MMC) based HVYDC. MMC has many advantages,
such as the impossibility of line commutation failure, flexibility of flow control, high power capacity
and output quality and low switch loss, resulting in its rapid emergence and roaring success.
Simultaneously however, new challenges have been brought in the realm of power system
simulation and stability analysis by high frequency switching of too large mass of power electronic
devices and the extensively hybrid AC and DC grid. In terms of power system simulation, traditional
electromechanical transient simulation is unable to reflect switching processes, and conventional
electromagnetic transient program (EMTP) is lack of high efficiency. Aiming at solving those
problems, real time simulation based on Field Programmable Gate Arrays (FPGA) comes into being
and becomes a dominating solution for the power system simulation containing lots of power
electronic devices, for it has no cost of serial or parallel communication, high speed and flexible
resource configuration. As for stability analysis, classical stability theory like small signal stability
can be implemented to determine MMC stability provided that suitable MMC mathematical model
has been deduced. So, it is the model of MMC that is the real crux.

To solve the problem of MMC EMT simulation, an MMC simulation model is proposed based
on EMTP algorithm followed with C language off-line test and FPGA real time simulation, where
the latter one is programmed in Verilog on the basis of High-Level Synthesis (HLS). Then a 4 model
MMC case is studied as a validation, where the proposed simulation method perfectly matches the
results of PSCAD, a commercial simulation application, in both normal and fault (symmetrical and
single-phase grounding) states. Aiming at the MMC stability, a small signal model is derived, which
takes circulation current and its suppression, capacitor voltage fluctuation and Phase Lock Loop
(PLL) into consideration, and is also verified by another case study in PSCAD. Therefore, the MMC
real time EMT simulation and small signal model are proven to be feasible and effective.

Key words: EMT, electromagnetic stability, real time simulation, small signal model, MMC
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545 EMTP 1EX5 % Ge 28 it Fo I EAT FRURE R A LT, R TR I pIveRE. 280, K
KRN HVDC S5y 7384 . nTRARRRIRSGE NN, S p o Sd /2 2 A Tl
I IhR A FORZF B Bl 2 1ok I 5 45 SRS, AL GE ) e A BT S BT R T
ERMIHkAR, 4 EMTP D&M Rel 2 AR H ) R FBCE A0 R ESR . B, a0
RZXHALE 3000 A TR Wisi MMC-HVDC BEAT15 B, 1 B At =20us , WISFEAT
Is P E, 7526k 600 /iDL B, (R, B0 -5 SBR i El RGUHATAS B, BEAHE IR T
AT U EOIE PAB SE R B R BIE T AR o N — /19K AR Ge ) B S 17 B4R
A S AT BRI

1.3.2 MG AL EHOR

HEE0 BN, SR OB AR SRR G (B ATH: D, BN
RGN B AT, B — A5 B D RS SEBR B R G (R0 L. % G Fa
AT B BT A48 1 EL2s (Transient Network Analyzer, TNA). TNA J&— ks sz fr B
IR Gtz B4 /N A3 B PR LS, B 5 SEhR i) RBLERINE A MR . BT
FEAEAL EE G, TNA B 58 SE R SEi 1, m] DL (8 s Mo 47 &4 R i 244 78 2 (Hardware in-the-Loop,
HIL) PGB, X HL ) SR 48 3% I RN ORAP A 3T U

RO

— e — e — c— c— —— —— — — — — — —— —— —— — — — — —— —— — —)

Bl 1-6 EHERMIEREE

SR, TNA IR RMRRME. 55—, #H@EA4ES TNA AR &, Bi&MEand
K. 2, TNA MBENEEZE, YRTENHEIREESR )G, LB )L RE A E
B TNAG 28 =, TNA KA H2RA0E DUTT B S5 rL i, AN e ] St S 2 B e 7

BRItk SN RGBS B AR R, JHMREB T TNA. Ik, &Rt
AEFEZRFNIAT I R R, R EMERER A T KR, 1R R B ATURASE] T
Uz, IEETBUR TR TNA. B, fEE P, Jorg B R0 A 70 B F 4 2 S
15 B 7 A8 B BB M ) e s fae R, T, R RESER T AR HIL £
FAJ B T 4k L AR s B IS, e e RGBT T B A 7T R RN IE R G20 E bR L,
K- SIS A BAR A I 7 FR A R DA SR gt AR LS Ty o

H AT 37 A4 8 seisk 45 B 2845 RTDSH], HYPERSIMEEIAT RT-LAB¥I=Fh., RTDS
i K RTDS AR, st L5k b i S L B BAs . RTDS & —Fh i
ARG RS ERNE AT E RGN, A A TENEO R, JZEEE R
AXAEEE R 5. HYPERSIM J&—FhdE T KB GRAT SO AL A5 SL M RS, mn
%K Hydro-Quebec A A FF K, R85 MATLAB HEATH:, Jlid Hors e s 5002 H .
RT-LAB B —Fh Tk 2% sy 4 B 5 8 T2, BNk Opal-RT Technologies 23 @ 4k Hi
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BT DACABHR I AR, R 3% B 125 B A 160 B AN a i e, A TR AT DA B e
RT-LAB X} MATLAB/Simulink #8347 05 &,

R S G B RS, BRI T R EUTE 5 A E 2S (Digital Signal Processor, DSP)
ST EAER I3, BRI RARITNENT RE, ST RGN AT I,
PUIE B = 2t 5 B e (B2, TP RGER BN ED K, TAENFIEKR
FERE, FATZEN B A A BEES 2 (RIIEAE . B Ac e 4 T ORE RS (R, TRE SN T SER
AR, BT g2 5 1R %1 (Field Programmable Gate Arrays , FPGAPY) 845 Sz
FAEM AT AR, A BIRTFE, 0BRGP AR L. EHEENE, FPGA
A CUBRBEAS R N AR R I TR, RIGHIIMTICE , sSeiltERemittb. T2, M TE5H s
BB RS, T ISEr i BEHoR, BEhE N I T ) RS BRI K. HAT, FPGA
TER RS E . SR SRR ESURI N ) 2, RS B, &
IR SEAEUR CPU A1 DSP, {H40 ¥ 7 B B A, B, SCHR[52]3 T —Fh3ET PFGA
FEL 2T A0 B T RE VR AT BT 6, SCHR[B3JIR H T —Fh 3L T FPGA BRI 28 Ha G BT A5 4)7
FORER S, SCRR[SATR T EET FPGA [ —F A5 A FEAL VY BB BT A AR,

1.3.3 MMC 1jj B AR AR

B Xt MMC-HVDC % JH T &I RGEHT IR, HESCEAMUR T E
AR PVERREA, PR S 5 0 L RE AR B BRI 35 B S B R . SRR I AR S
Bl R B, A Re ISR AR . mE MR ) RA S S E . LA MMC-
HVDC A, %} MMC-HVDC MR &, BEAFF MMC {5 BB, 8104 T LA 41
FE AN F ) MMC 1) BAR R E AT TR BT,

(1) MMC #3441 A 74 1561057]

MMC 25 EFEABLANT IGBT BT R, 11 MMC BB 1FIX L IGBT 45
BRI A o IXF RS e, (Hed TR, — BT /NI 0T, #ECAR
RN RGN AN E

(2) MMC 23 fii fh 155 74 1581

MMC ZePERLERL, (FEREARS MMC 23 VR4 AR 0L, 15 IGBT EAIFS 401k
FEEEA FTBEAG . W TSRO A 5P R MIAA, FHEL MMC 28R Egiia, 5 Bk
A BT .

(3) MMC R A% Hi, [ A5 7 59

MMC 7] A% B BHAR A MMC 23R ik — B faitk, &% IGBT B1E—A-n 48
HBH, Sl es r BN, PR AR K. KT P 2R, [/ EMTP Sk 75850, S
R R e S R, TS BN A A R e S R . XM R AR
FI05 B, [FIRS X IGBT 28 Bt — e fRE MR E, £ MMC EE & Jrh A
BRI ZHINH .

(4) MMC ~F-34){f A 774 1601

MMC ~FE R 20 IGBT FIYEAT N, RS0 MMC TR HE(E— A2k
P5ts Z R R ) A e ) R Gk A SIS S AR R S S T RS B X B
BN, HEH T 28T A, 05 RS2 8 E . MO L B s S0 1, P8
HEEME MMC RAZEB S b BAEZMNA. F5Lh, K28 MMC K495
M, dndshlseng . FRoEthss, #OR A FIER AR MMC 3H T @A

1.4 MMC EB F5Fa E M RO R TR

MMC-HVDC k2 Hh S AR f /1 R, AL L R G RG24 5 BT KBk
HEIRM—RZFER IS H 2N T, fEBRNRGENZERTEBiT. flu, BIRETRER
it 25Hz IRFPGIR Y, RAENM B RNERMOY; G5 “BHRE” LE TREYSEZRME A
it 1.27kHz 4RI 402, BRI, BF9E MMC-HVDC F A2 e M 3. 417 MMC HL i
s Mk (R 55 07 v 3 B B PL A AT RVIME 5 T vk B b

1.4.1 FHHT Mk

BELPT A ATk JEUAS T2 B 13558 VSCH R A s PR 43 #r(88HeS), (B by 13253 VSC ATAN
MMC 7£ £ L SR PN R 48 _E BA — @ ALE, Mol 2 s HF MMC ffase o
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Frefe £X%F MMC HRERS E M AT RO BEPT ks, FLRR LR . /37l 57 MMC =E LRI
BH RGAE dg FAHALER R T RO ISR, AR5 2ot S iy A 449 2 HTUg AR Y K 1% 40
AR BIE RSB AT s T MBS R AL, SR 2 NI ) R BB HEAT IS, WK
SA R, BRSSHEBR dg e S IR IE do S22 MEER, MR MMC IR
Pi. 5, LA E MMC IHBTRIACI RGBAST, FHRIH T AR ZE MR AR X RS0t T
T eI RS RN, & RGP £ A (-1, jo) MBS T R4t
FEAT PR S AN, U MMC 2R e i1, 75 ) 2k Az i IR A e v il

HAf= AR A CEH —x MMC IR FL . SCRR[66]%) i XU MMC-HVDC 5Tl
BT T @S 0T, SCRR[671FEH T —Fh 5 [N 22 B BIAS 1) MMC R A5 25 5]
BHPTBEAY, SCHR[68]EE . MMC FHPTEBL Y o0 AT HAFAESR ,  SCHR[69]-[711 R T Wik 2k
177124 S MMC A BT

1.4.2 /M3 T AT

MMC )7 ME S AR DR A 23 18] 23 ik TR 2 e 1 e Fa i M BER T B LRl & i
SR AR SR ITEREL. B, EOL dg PIAHARSR R T MMC = LS A ) 28 GEint dmidse
s SRJE, EPOTERHEEER, fERS TR ST MBS A, IS BOR A S (R A S
R B, H/MS SIS B RAEMRHERRE, K AR, R AR 2 #7E =~
P2 CRESERR/NT 00, W MMC RGuRFGER . #37 MMC FI/ME SR AT B
g MMC F L RiAR e v, 38 mT DU I I 70 4% 61 S 50O I R GURFAE A R O AE A 0, ok
6 S RS SHET . B, AME SN MMC-HVDC HL RS & M4 BT Fl RGBT )
HhHI A,

H AT 22 AR AN MMC /ME SR A — @t t,  [RIBTAEEA D ) . SCHR[75] 4 7
T MMC /MBS, FHET TR EXPIRES R R A SRR, SCER[76] 2 2.1 MMC /)
GO, B EREN MMC WERshE, THE SRR 8. SCER[77]10/ME SR8
BAREUREH, EMEORE, HHMEAR. SCHR[78]4E S KI/IME S ALK HIE 5 1F i
N, NFZSCHR 045 R 7 B A s s, AR XMEHEAT SehR N .

15 ANFETIESRXEN

HT MMC HL L 2SO LA RARR i M A B T T LA, A AR . MMC R4t
PRSI — ek R, — e R LR bR R w R BT T R (B, Bl
MMC-HVDC %5 K7 i TR N, B RGP E Ok =, REMZA
RS AN E I SARYE AR TR, &P E Gt i 7] RS8N vT R R AR R8T 1) A B 2 T
Ko XL B, SR B G BT AN R ) B BN AR E M AR ORI R . R
MRS, WA — L ) S AR

(1) £ MMC-HVDC Fy i i s #Eh, st MMC 7 B R 7ol T-RG 4, 4
WA LR s G AR T, WO BRI, RIURS RE AR E AT .

H A B4 EAR TR 32 B 2 2 1T /E MATLAB S5 800 Fh i B 464 B, 1E3E T FPGA ) SER
PiEF & B T B P B OAA — 2 LR, (RS RAHIEATZ, Wi FPGA T &I
TEAFRRE S TP R R A — AR A

(2) MMC-HVDC R G A B, AT A b MMC TR (1 1Y
PG R, X RS F A I . — e — e AR EOREA VI A R, HRER Y SO
b MMC T8O K 0 AR B AR B2

(3) 7E MMC /IME SR RS 7 T, AR MREIA . RISl Hoidmh %
SERNA R RN . X FEN/IME SRR RE AT R MMC [ Flah AR, AR
MMC FLRERSE P IR 5347

BEX 4 U AR 3 DR SR ), AR SO MMIC HEURE ) 7 SR ) EL AT LG AR e
PR R E. 1 %8, A6 MMC B HLE 45 W RN T AR TR B A TAIF 7T, 2 B3t 7 %
AR, FRISUE ARG . 25, BT O AR A HE S Y MMC R HURE R 7S 1 LA
R, IESEEH C i = AMECHRGIAIE = Verilog HEAT I E . 5, X MMC 257 dg WAH ik
ARR R T IIBCARERY, IS MBS B, T RE T . B R AR e
ST, ARy M P ANEAGEATIR AR, VAW T AT H T VR At
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ASCH ARG I 1-7 . 35— ORFE) RENE T ENIMEEER . B
P BIUH A S AR T MMC H A% 52 M 2 S5 A0k A 7S BCR, R IR 1 240 K
ERMER B SEANE ST, A MMC SER 7 B IR i E . 38— R 2
43 MMC-HVDC WAL Ry TAR AN =AY, J% MMC 2522 ) LR il SRS 34T 1
BGAUE, bl A LA S5 7™ o M B —— — A R D0 PR 2 R . SR S E e AR T R
B EARARCAEEE, REHES T IERBTAMEREI N MMC ) HRLE S5 B,
)G IR T 3T FPGA 1) MMC HLRE B A SEm 0 BAR P it . SR U= HES T MMC 3 HLEE
Azl RS0 dg PIAHTERE AL s R P IECAEY, JRHRILES. T MMC FI/ME SRR, 124
RAHERET MMC A RS PR N6 B SR 304 3 i A G5
UEFR 4y, 1 5eiEd i3k PSCAD H PR ER MMC 17 B 45 B 5 58 = 55 AT i AR AR 3k 47 56t
e, BGE T MMC R &0 AR FIER M, SREFRIH S — M EER, S TSI E A
& MMC /ME SEERIA 20, FFEE RGURFIEE /8T T MMC 1 RLRGRS 2 M

ETMMCRIEZMEREFFE
S5HEREM iR

o T MMCER B LA JRE N 41 s

g U

=5 WCHLHGE & E FVE WC/MES R

5o i @ %k

FohE RS S

J

FNE AXE RS TR RS

B 1-7 WICEARGEH



F-F MMC RETEREBRIEHIRIE

ET MMC I B i 248 (MMC-HVDC) J2& 244 H 7 H T3 AR S o o) o
H Bt 7L B P /0 B T AR SE B S — e B« #H L T1£ 4/ VSC-HVDC, MMC-
HVDC HEHEZHARME, #ll, MMC A B & FRE B G, AEEfEs VSC s %
IGBT fE e B, JHER T HREL IGBT s K M8, MMC FIEib£5m, (T Iiaxitit,
WAE S T BRI BT N RS, SN F R ESER . ARF RS A MMC S2EL T
R PR T LS VSC, W R R RE ST AR R, A TR IE AR A
IGBT Z3F I KA PG, AT R BFE AR, (A ERK. AFEEHLNDA MMC-
HVDC H2EA TAEJR BRI 264, 200 MMC #4730 AL, AR5, X MMC
WIS HAT T A BJa, R B PSCAD 5 > MMC &4, B —i%
UE MMC U2 ] SRS I b s He e 2 ek R, 9 B0 UIF T o T 42 1) D v A R 4L s
XN AR 3 3l 2 B — 5 AN SR DU 25 it HH AR ) B0 B 451

2.1 MMC ZERI T1EIRIE

MMC K &R RIZR ETiF 8 (B0 IGBT) s as B An s, AZm&
T EREE AR IR A8 5 S LR IS, RO — AT S B IR . 4586 MMC A2 il f s i AH A7
1, Al MMC & BRI A ThIh 2R #2566 MMC 22 il fE FOTRAE, T3] MMC i
IR TIIhER, SEHUHL ) RGH R g .

2.1.1 MMC b2t 5 A J5 3

WK 1-3 7w, MMC H abc = MHBE TG K. MG E R IME, 50ERER
WMIEA A . B8 LA S N AR (SM) L — AN HEKTS), St 42 il 45 N i b
I NI R G BT E R AR R o AR N BOR,  $UE B AU FE s P O e R

(Total Harmonic Distortion, THD) #k/)N.

i L) TR M A SRR A 5 A, AR SC UL B T2 B AR R B A T
B, M L& VI EklES SLov 1, & V2 isklES S2 8 0 i), B SiE, N,
TR C — W BRI E T, HOIRSTRONENIRES. 24S1 N0, S2 N1, FEH
B, FESIE, FRELEZS C# =M V2 Bl ARG D2 5538, HIRSFOANTIHUIRE . 24 S1
A S2 #RM 0 W, RPN IGBT #R#E PSS, MRASTONABRE, — M IAE 8 B AT R .
—FRRESFIREBHE 2 -1 PR

" - === - - - 7 - 1

| L lt !
I

g % | £ Ao,

s |{vi ADL i s, [[vi A\D1 s, |[vi AL, |
| —<—|\~ | ;'[.I —4—}— + —4—\:— ki |
: O——— Ii_C O_._—_I 1 ——C O=——= _ I_C |

L~ 1 | U _— 1l |
: S|\ /\D2 :I S, Ilviz A\ D2 SJ\\LZ A\D2 : I
| o==—=t——_ll S o=———=t——=1 |
L @fakes GURE @k |

B 2-1 FERT/ERS
2.1.2 MMC Z24 Bt 4 i) AR R 2
MMC 21 T3 4 P 1) 77 2 S5 B 25 G 1B 2-2 o, R A 5 9 b o3 o B 2 P 8 5
MMC FIASF AR ESE, 2 MMC B ERHLE . LI F I AL 5 s B0 48 MMC
(R, 22 MMC A8 RS B, 3 Bt s it B8 5 0 AR (0 A2 v A P AR EE o bl T30
AV AR 25 KR, ke AR 9 5 AT 3B
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Ut Uv ldc

J @ Udc
K 2-2 MMC RERERE

VSRR E U, =U,20 , MMC 225 i JEH7 B B RS2 IR U, = U, 25,
SERARGMIGN X, = oLy, BEAE BRI SRS Xy = oLy . THE, S0
P MMC [ 37

_ Yoo (2-1)
IXs +X5)
T2, A HEMIE MMC IEAKIEThZE N
S=P+jQ=Ul (2-2)
Forb T R R | (50, IR AU LR I R
{Us :Us
. L (2-3)
U, =U_coso + jU.sind
F(2-3) 1 AN(2-2), LRI N ARG, RIS ASH M E] MMC ENIE I TBIhTh&.
Uy, .
P=—2=sind
X

U (U, -U,cosd) (2-4)

© X

Hf X =X+ X5

HRAE X (2-4) o] %, J8 I 2 ] MMC i 22 3k F R AR A s RERT 41 MMC I 2
hE, JEEH] MMC %t 22 il R R U B AT 45] MMC 2B EThTh . R#E0(2-1)
At — SRR EE L& MMC DY RIZITIRE, Wk 2 -3 fi:

(1) U, S 505 1 R MMC [ RVENE I, MMC 381217, St M &
& A AT

(2) U, S JEAEE 11 RER: MMC [ HERVENE DIEhE, MMC 8381847, S ki =
F T e 5

(3) U, st JELEE I RFR: MMC M HERIRISCE ThTh 2, MMC Biiia 1T, i e ki =
F2 S e 5

(4) U, s JEAEEE IV R IR : MMC B IRISCE Thh 2, MMC Biia T, i e M
& A A

12 4t 78 |



& 2-3 MMC MR RZITHER

2.1.30 R 55y

Pl 2 -4 J2 MR P X S 1 EL A L R G4 i . RGN e it 34K F MMIC i $h, #:
TVl IR RS SRR M o PN S A RN 43 ) B B 4 AR T B 5 %
H AZ I FL AR, B 00 e i B FR AR I e . TDEAh A8 T 3 9 -5 A2 9t Fi X b 11 ) i
B, RO ASEER: A (Point of Common Connection, PCC).

L
e
s <+ 1l

pcc L ek PCC
QD o e ::ZZZZ}@{—@
TR 4578 e A IDRGE A8 R 2%

K3 = = |Fd

i ok

Bl 2-4 FAEE AR

S IR HT 2 A% O A - MMC it 1) 224> e s BT A, 43> iEBk e IGBT
PR BP0 AN AR TR B L AL, B 1-3 Fos o SRAIBREUE 2 i 4ty 5
AP R TR AR L, B ECR RE R, SR R AR TR
K. WHFURMY, - FEeRIE 29 I, Al O 2R S . JR1, BB b2 fip
) 25 M TR S P RE DR RIS, il ok 7T ORIRESIE 2 il S A i)

IR 2 s 5% PSR P B B = AR s 2 ) LA PR it A2 AL O A L 1 P I, AR
B 5 1L A R LA L A 2 o 35 AR IR AR A SR IR A5, UL RAT SRR e Thi& g
J1o NTIHARGEAREF R, ka0 h—MseHHR M A #ik.

P 3 DA 40t IR g 1 5 DR A IR A IR 22 18], LAt SRS A A It 2 A, 53K
AR R AR M S AL E MMC I Zh RS RE ). RPLas b A BRIIE A . fE1EH 84T
I, AT PR ) RPN, ARSI, REFREIRELES AN, X MMC R il A R
P AR

LI S FLR DR AIA 184, AR L b )7 30, R A LR, #od

% 13

b=l
o

78



AT BTG A% 0 A RN B LSS . MMC 2P B R BT B = R RS MR
Wtk i b AR M . 57 . BEFRNZE = Z RN SIS RAG R . XM 5 R4A 50
BinM A GG 220, B RANIER R IR B A S0 A, & A TR A A
BHIEEN, BEAh, BUEN . A TR B R IR A S R,

2.2 MMC EERIHMFERE

TF R R ERR Y 2 MMC R M I B 3 T, HLIE A AR R RN i v B B SR I T
FERH, BN E R B R 2R R, PR A — A% IR IE 5% 18 dil K
AR R A, S5rE PR B R iR . PR B 23R 5, R
OSBRI, B el HE— 20X MMC B2 B, AR 4 2 IR S e FE AT R, mI 15 3
abc ZAHAERR &R R B,

2.2.1 FFR R B

H1 T = AR H SR (4007 07 250, AL a R AR M, 57 MMC JF K i
B, % MMC [ a A B B N A A, 255 2,01 /ANTTRNE] 2 -1 FTIR 0 TR
TAEEML, A5 k DN TR SM, 1 & #HIE 5 SL=S, . Z£IE% TERE T GRARESHY)
BRikA), HFERHIE SRR AS2=1-5, .

B N THEIA N C o R 201 INITROSMT, 4 S, =10, SM, Ry AL
N, GO HHRZS IR A 24 S, =0, SM, [ H A, T 2R I 0.4
PLEB RIS S g —RIAN, w15
dv,
e (2-5)
HV, A SM, TR AR . K Q-5) kA, BRI RN E M S E R IrE T
L 25 FE TR 22 R O R 2

N d N
kZ:;sk = CEZI\IK (2-6)

A A RS NPT RN TR A R 2, T2

N
u= Z Ska (2_7)
k=1
B MMC JEHI AT AT, TFRREERR T TR NBCR R LB, T TF 50 s 20 2
N
NS =S, (2-8)
k=1
¥R (2-8) RN (2-6) 1] 154 3]
5= Cyy 2 (2-9)
1=Cam dt

C N 2 AL ) 23 N N 23
:/H\:EP Carm :Wj‘j MMC E@ﬁ%%#ﬁ(‘k%fﬁ-, VCap :E/k j‘jﬁ%%ﬁ Eﬁ’/ﬁ'/é\ EEEO
k=1

(2-7)(2-9) g MMIC (FF % BORS 7 AR 2, MMIC R - TR o8 B T
AT/ B A 2 U (2 RS B, 78 MMC SRRz AR b, N 0% ko HL & TR By
PR BERT, FTASFFCH RS MR IERCH, TAEBBESE, LNV, = = NVy =V - TR
I 55 o RO T 255

u=S -Vcap
dv (2-10)

S'i:Carm%

2.2.2 MMC Fl 8 Ay
MNA 2.2.1 NHITFSE R, AT LAB H MMC FIJT 9% BR B&s 20 ri i . s s B &
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2-5 ffirn. Hrbugy PCC fifE, X MMC 1 5 227 &R 40 AT MLy BRAR FE R, i PCC R AL

JEBIAS I L o uy AU, Dy b AR TR A i R
BTG, Uy MBI .
AP 2R L PHAR K. P. N. O. S %)

Ry 1 Loy 737700 7 R FL EL A Pl J%
PR IR B IEAR A B AR ‘5

ip Aig N LR L g,
s ROFA L 23 T B4
M i S PCC

Up=SpVeap

1
Rarm P

Larm
R1 Lt O
Us -—i—
arm
Rarm |
4y
SnVcap *

s
]

& 2 -5 MMC B4 % &
2.2.2.1 HAHE

BE Vg B IFBERAL AL, Cyp ANTEEROLR . RYE 2.2.1 NYFTIRAIIF KB
B, Cop N B SHEMRE, H ETHEREE. Rkl

dVeap .
Carm T = Sp|p, Up = Schap
v (2-11)
Carm =Sy, Uy = SnVcap
dt
oS, f1S,, BUOMIZAH LN T 5% sk K
2.2.2.2 AT HL
XF 3 P-O-S, MR IR EE K E
d|
up+£ arm p+Larmd_pJ t =S Ydc —Ys (2-12)
[FIEE, Xf3CH N-O-S, A
d
=u, _( armlp + arm d_:J It _—Udc — U (2-13)
XF O R, MWRIEH/RERAHIER, A
ip - in = is (2-14)
4%ﬂm&amwm%ﬁjﬁQM)7@@&%%%%&:
—(u -u )+Reqs+Leq(jji:—us (2-15)

ﬁ#Rm_R+o&gWhMM0ywﬁ%&%m,L

2.2.2.3 HiHE
X P-O-N, REIFF/RE KRB EH, A

A d
(up +un)+ Rarm(lp +|n)+ I-arma

% 15 71 3t 78 W

(ip +iy) =Ug

=L, +0.5L,,, 9 MMC A% 3 ek

(2-16)



2.3 MNC B HUZHI TR A%

MMC ZE 1% B i L 2R G0 14 il 3R s 545 4] VSC-HVDC #1284, B B Rk &
o e Pl B B RIEHI A RAHIER . RANIEH EEXRBRGERIT R, KL
TAT ISR PR AR, A do PIARBREL ARAR R T SIS HH. RE
P2 RA PRI N, 8T AR R A BRI RS, MBS SRR, RH
AR H B E S LR, BAERHENRARTTF RS, ERIFRIES, R&EH MMC
& B2 A R A TR R I IR L R T .

2.3.1 RGgAEH

FHERB AN RS LI H], 7T LMEE MMC BT AT SEhrsiT F R RSB A
b AN A DR B EATC DY B SRR, F A % v R Goe B R AR 2SR
LTS B AH Lgrep A | e o
(1) A=

A IR H B AER AU MRS TR P, N |y - 265
NELBIR 73424 (Proportional-integral, Pl), HALIERECH Gy (s) =k, +k /5. PFATHE%

s " ———— i — ——— ——————— —

|

:br(i:rcl' _>®_. PI _’f{dref 1”|\:I'4’(%_‘ PI _.'ftlruf |
T— - |

|

|

|

|

I

! J

| {(k‘ P
I

__ _wEERESR OFEDIEER
& 2-6 MMC REEZRIEH] (BIH2)
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Current Suppress Controller, CCSC ) =#B43 20 . PLL FOI%I A AACH B T, i o AZ i
HL R AH Ao LI R B I 2R AE PLL Ha i AH A1 ORI b, 4 abe = AHIF I R 43 dg P9
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AL, R =AM I B IS R R 8D T dg MR s, RIS abe
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2.3.2.1 Park 22t

Park A& & —Fiul = AH abc #f 1L ARPR R AT 3] dg AR R IR, HATHAE Ry
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X AR AR AR AR, 2R

cos(2a)t) cos(2wt + — 2 )  cos(2mt —gzz)
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—3|n(2a)t) —sin(Qwt + — 7r) —sin(2wt ——7r)

2.3.2.2 BUFHIA

BUHFR R 2-9 B, HoAE R HCSE T L I FL S ug FIARE @ o BT —AS PLIR T 28,
K AS TR q BB HN 0. Y= MM FRELE Park 28 He )5 9 q #i2r &9 0 I, Park 48
800 HE B8 A RS FE FRD R A EA R L L R AR AL A

2.3.2.3 HRIREIE ]
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V—Ug =Ryis + Ly ?j_lts (2-19)
P EEAT Park AR BT HEATALTR, W3] dg A4AR AR T T MMC JF PR
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av—a%sz(agpwm(azEj

Vo | | Ys . d ooy (AP,
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Vy Uy B dl 1 Req —a)SLeq I
:>|:Vq:|_{usq}_LquLSQ}—FI:wsLeq Req }qu}

N (2-20)BEAT R E R AR e, T4 201 2-11(a) Fras i) MMC FE IR 7 B
B dg HlIFR L A S B S S, IR LIRS, RIVRTRE IR A AT
ZTT . HRZ, BRRERHISER T PLAAS, EHEIIARGEU MU, DI
K 2-11() PRI Uy MU, 5 T34k, 38T IR, BUEHRH ] 2-11(a) 1 A2 X
BT -0, Lglig Pl 0Ll T2, SCBRAL IR B 0 7Ry
Varet (s)= Ug (s)+ Gpy (S)[Idref (s)- s Ol 2 Leq Isq (s)
Vqref (5) = Usq (S) + GPI (S)[Iqref (S) - Isq (S)] + & Leq Isd (S)
PRIk, AT LA R R AR AT B EL, sl 2-11(b) s
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F=E MMC BIESHE

K MMC S5 PR BN, X ) KRG T HkER . AR50 &
X HL ) 2T OIS R A5 BB ANE 1, RO Lz Sz T WL PR TS R B ) R AR A
RyuH. MERERESERGERRT, EESKER B TR BME, BRI
UEAEHRRE, (R MK R . 25T FPGA IS 2 F  H FAL B ) R RGBT 05 110
LAEMRR TR, N FPGA B IERIHAT IR, AAEIA LW B R G HAT 284 T R85
JHH4. H FPGA hAFIEF MU, AR w SBus i, 1M EE T DSP, H Bkl E
HINRE. AEEANALBAERESHENEEEE, JHES MMC 1R S0 B
M, JFENHFIERIEBAT MM = R AR AR = s O . e, NAEEIRGEE s
2R HDL #2757 ARSI & TE, S5 MMC | FPGA 2 1 HAZT

3.1 BEESHEREARRE

HL) R AR N G A AL R A PR, T FLREE S A LU L R s B
P B T4 T P ) R T P AN AR, RO K SR O RS . AR B
LT A TS A S BRI S o R S AR, B, SRR TR S TR, e
HHFE ., HE, A SERA T S E A G I R S 0 B B,

3.1.1 MBS EMTHE T

PTG 27 5007 S0 0 B A S S L H B AT o FEAE M LI S5, 5 R T H MG 1
B R R B IOIRAS, FEE A 5 A TOE R R R, RIS A 2 BT B AN 2 1
F RN SRS I HLIRL . A T B N TAT B R S 0 LB, A2 28 709 s ik i) EMTP f)
BTy,

EMTP S0 s A ()77 i R AR SRR SR 5, 88 FH T4 X 4% A 8 o AR e R 1k i i 29
TREB B, B A X 18] (t— AL E) PIAOZE4r CRRED R, oIS 7 Rk (b B
FE, AT MR 2 B R AR R, L, 76 ac WP, BB F—A
A R 1 e BEL I 2% o AR 2% e 50 D 40 0 4, TS L P4 F Pl SR, PRG54 € I 2 PR L
RS, BT e B o S A4 BTSSR A € A R, T R o S L
YL TR A B I 2, A BRI e RS B A N 2RO, 24 At R0
NI, SRARSS RN It T AR S S E Y

AT R A n AN A, 76 %], RSN G () (nxn), AL
R ut) (Nx1), SRR TR 1) (nxD), HEEA A AEN i) (nx1), TH
B LT HIR N

G(u(t) + I, (t - At) = i(t) (3-1)
S R B N PR PR LB, F (A U K L R Y I R [ N
Uy (), LA SR A Uy (t) , WIR(3-1) 75 4Bk

{Gn(t) G, (t):||:ul(t) } N { I (t- AI)} _ |:i1(t) } (3-2)
Go(t) Gp() U (1) ] |1(t—AY) ] [iy(t)

U, =Gy (i, ~ 1 ~Gath)

Iy = (Gn - 61262_21621)u1 +G,Goal + ( s = GG 1y )

HrAOufER L, HAE (t) Ao
I A(3-3), WK R ZI A A A, HEERAR K 3-1 .

«_H
AT
=
an

(3-3)
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& 3-1 EMTP E:h 2R
3.1.2 o T REEUE R T vk
HL ) R G oo E T DU 45 sE WA Rk o 5 FE i
dx(t)
= f
a O (3-4)
X(ty) = %,

TR RG, o TR G-4) TR Mg, DAk HEUE T BT, Bt 7
FAREAT R AR . AATIGEAHRRE S BRIk bk B b VLA BEJE R V55 4 Bl L IR &
S FRBUERRE, FEHE S HANNR ZEMEERE . KRB 3 iRz,
P e, EAEARIRAS I AR AT R P~ A A R B BRIk bk &7~ E Ul IR, Hit
FOREEEARTHE L, BHCERIE2AE 2 T B SRR B A H S B TR I A3, TR IE— &
FEEEREDL T, I BUE SRS 0.
3.1.2.1 Wik
R P2 B B AR R 23 7 RR AU v, kAR =N
X(t+ At) = x(t) + F[x(t),t]- At (3-5)
HAWHRZERN
8, = X(t+ At) = x(t) — F[x(t),t]- At (3-6)
¥ (B-6) T x(t+ At) fE t bIHATRENEFF, A

- (A)"
X(t+ At) = x(t) + ;TX( () (3-7)
Horp x™ () A x(t) B nBr S8, B RG-T)RN(3-6), TR ARk i 72
(an? o A"
6= (t)+n§Tx< >(t):o[(m)2] (3-8)
3.1.2.2 KRRk
B SRR L2 5 BRI ML, B F[x(t + AL), t+ AT RACE: x/(t) , Hs kR F:
X(t+ At) = x(t) + f[x(t + At), t + At]- At (3-9)
HARWHR 2N
0, = X(t + At) — x(t) — f[x(t + At),t + At]- At (3-10)
B FIX(t+ Ab),t+ At 7E t 2SS BT, 19
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— VAR LI CU e
f[x(t+At),t+At]_x(t+At)_x(t)+nZ:2:(n_l)!x (t) (3-11)
¥R (B-7)B-1D)RAK(3-10), 5B ERBLIL M ABR 2=
__(At)2 vy oAD"y ey 2
0= X020 =0 (07 (3-12)

3.1.2.3 BB
Ra B IER F FIX(E + A, t+ AR F[X(1), ] ARG KA Es x/(t) , Fikfohg N

X(t + At) = X(t) + F[X(t + At),t + At] .%+ f[x(t),t]-% (3-13)
Sy = X(t+ At) — X(t) — F[X(t+ At),t + At] -%— f[x(t),t]-% (3-14)
BR(E-7)E-1D)RAK(3-14), BB AR 2
__(At)3 @ O N=2)A)" )y 3
= X0 X (=0 (A’ (3-15)

H3R(3-8)(3-12)(3-15) T BTG Hi , WCHLHEFIBRIK B 45 AT O (AY? | Mt 2, e

SR EAT Of (A0 | i, LT S02% A MARAY. (R, ZEIRIRATH: f Sty

(W RGEF TR, RABIRES P ERERY, HEEMES I 3.1.2.4 /M.
3.1.2.4 BHJEEATEIL
BELJE B T i i B s R B vk A B B TR OB T, b BB BRI E N o
BB RN E R 1-a), K 0<a<l. Ya=1, BEBBEREERERE, 2a=0,
FEJE BRIV RN R s vk . B N

X(t+ At) = X(t) + F[X(t +At),t + At]- (L+ a)%+ f[x(t),t]- (1—05)% (3-16)
Mo<a<1Bf, FREETEIERE 2 iz z, B
2
S, =ad, +(—a)d, = —a% X''(t) + o[(At)?’] =0 [(At)Z] (3-17)

TS T BB TR I B IR -
At =t +nAt, x(t,)=X,, neN". H4 f[xt,)t,]1=f,,neN. fEHHEEIER, IR
BERT, fxt) ] f[xt).tg]. Eig b, HEGEARNMAH fIx(t)tg 1371/, H
BT RARETCIE R, R aefl FHSEbr LA &R RA B SEON f, = f[x(t),t ] #E4T1%
R WA ALK
At At
X, = X4 +7(1—a) f, +7(1+ a)f,  (k=1) (3-18)
o (3-18) LA 1FF:

2
f.=p01_ +E(X” —Xy1)

2
= ﬂz fn—z +A_t[(xn - Xn—l) + ﬂ(xnfl - anz)] = (3-19)

2 n-1
:an fO +E E ﬁk(xn—k - Xn—kfl)
k=0

ﬁ*ﬂ:—;z, f,%0-

BT, f, BERG A EF =4"f . Ma=08p=-1 (BRHK, F=(-D"f,
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KGR, WRAESMERY . M a=10 =08, F=0, LK. H0<a<1ll-1<B<0
B, FONIEE-ET 0 MEEIRY . B, BRUBEEHERY, REETIRG, —K&
I BELJE A L1 T 2 B 4R 5 P VE

3.1.3 AT A Y

£ MMC o, HIRH . HUERT FZE ) = AN AR BT o IR B REA TR IGBT S A 44
BT MMC (TR R o BRI, MMC R B 2T 2505 B LR, 76 T A o i il i psi
IS A JT RR BB T T, S BEA T AR 2R AT B sk, BRI S R A TR
Wb AR

3.1.3.1 HFHMT B

R ST 2 ) PR I B0 I 3-2 o, MR I s A

u)=R-i(t) (3-20)

& 3-2 HFETTH

(3-20) A TET EARKOT AR, Bt A HE EL A FEL R T A AR
3.1.3.2 HLERA 1 B AR
PR TG 1 EEL B BN ] 3-3 s, FRURK B i J I 5 it SL FL O — o S RO B, B

ua):ngg (3-21)
Xt 20 (3-21) 5 B s URb vk i T S ik, wT PAAS 3
Ko:é%uayna—An+§%ua—An (3-22)

m%ﬁ@nmﬂ,%@ﬂ%%ﬁ%*%m%%%%,ﬁ%%%%ezﬁw%%%ﬁ%
J(t—At) =i(t—At) + Gu(t — At) o XTI ZIREL, J, (t—At) N E—B 2 8E, RIC &

|— ———————— — e em— c—— e— e— — G ————— 1|
| ]

L i |
| 4 4 10 P _
o_m_>_o o—> —> o |
| Jn(t—At
— v S| NI

(@) K T T (b) LR A7 FLASE Y
Bl 3-3 R R H A AR

3.1.3.3 HZERIT EHAETY

FLA AR R 1
mpc%%- (3-23)
X (3-23) i FH e Uk Ly 3t AT d ik, mT DA 2
u(t) = R.i(t) +U,, (t — At) (3-24)

\

\¢&:%”Uﬁpmymﬂumwuwﬂooﬁﬁﬁmﬁﬁﬁw,%%ﬂ%%*ﬁ%@
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HUEEAT AR, HARRCEN R, A RHIEIE U, (t- At) .

I_ ———————— T—-———————— — — — 7
I

| _ U (t—At)
|+ |C|: _ | 10 R +/\- —l
| o Il »—0 | o—p—] } o |
<« U |
A e— w T

(@) & otk (b) 25 17 EARL Y

K 3-4 AKX HEESEER

3.1.3.4 RL 3B 475 FL AR 7Y
RL 3% & MMC M E RO R 7, b A k4TS . RL SZEEHIAR 224N

u(t) = Ri(t) + L% (3-25)
KBBR8, @28 TEHE, A
i(t) = Gu(t) + J, (t — At) (3-26)

-1
ﬁﬂlﬂG:(FH%j ; Jh(t—At)zc;-u(t—At)+G(%—R)-i(t_At)oZEMEE@, RL 37 it m]
PARIS ARSI, G AT 3, (t— At) 2 A2 S AT

e e e e e e e e e e e e e e e e E— E—— —— —— —
(a)RLZ % (b) LB AT B A
&l 3-5 RL 323 K L e 25 0 ELAR Y

£ MMC St Fs i 1o, SR (3-26) 5 4 AT S i = P AR AU IR . 9 T AR
HIBUE IR, B RER T B JE B TR RL SR 07 FRE R . K5 30(3-25) F1 F (3-16) £ 4T
BT, AT LS B A5 R S AT Y -

-1
G=|:R+ 2L } (3-27)
1+ o)At
oy lma 2L-R@-a)At .
Jn(t At)_1+aG u(t At)+—2L+R(1+a)At i(t—At) (3-28)

3.2 MMC BH(E HE

X MMC (178, AR 20 (2-5) M - oAl o i FE AT d A, A L my g — 2
A 3.1.3.3 /NI R HL 2 O B R A5 BB AR R AT 2R 28 SRS LA R Y RL SZ %, W]
KH 3.1.3.4 /NI RL 2% FIRLE S BT Ik, MMC A8iids B 2 5,
RN ERZIt, 7 DAL A i H BR324 PR 4 i B 26 P i, 08T FH 4% r A AR A e
B, JFEEEH RS, WSS MMC B BEE S H . REEH RETLHE D78, Bk
AN R EA A I ST MMC 3 A B,
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3.2.1 MMC 1] {8 2515 EAR Y

3.2.1.1 FARH A ) H T 2 A

TS AR — MR 2R k FARECA ], HE S A AR R S AR . 5 IGBT Al
NAE R FIE AR A v, BUER RN TS K. AT A, eI S R R
N, ATCARRG . TRt R, A E T RERIHE BN it) . 1% PRI TG 5O S ()
TR Z¥ C i R B Uy (t)

S, () =0 B, AP, HRit) R4 S2 8 V2 f)SEdEf r, i 3-6.

S () =10, FHRELBEAEHRN, i) MUAL S1 8L VL (B r, EERE TR
BelgsC, Wl 3-7. #R4E 3.1.3.3 NI FTHE S A SR p SR RS, TR EE—
FHLPH R, A2 4% FU R R U, (t— At) IR G, Hop

R - AU
¢ 2C (3-29)
U, (t—At) = R_i(t — At) + ug (t — At)

TRBAEBELN:

Ug (1) = Ri(t) + U, (t — At) (3-30)
I {‘""‘""‘""‘""‘""7
| +| IC |
| SJ vi /A\D1 I | ] 7!
| N o — wl) — |
| LIS S— ::C | |
| L — L e CR— |
| U S V2 Z& D2 | — 0 |
I ~a | |<— U(t) 4" |
| - O I I
L Y _____ ]
___________ §I_3f i‘ﬁiﬁ%%?& Sk(t)=0
| |
| R Uk(t_At) |
| x — ANy

D1
|t °—/' ——cl L i 1 C Vo
I —+ 1 | I
u S, |[Vv2 D2
R S — wo —
e l—  uo —
L e o L ___ ]

B 3-7 FREHRSER Sk(t)=1
¥ LARBRIE LA —, R4 U u, (8) TTRIE A

Uy (8) = 1-i(t) + Sy (g (V)
Ug (t) = RS, (£) -i(t) + U, (t — At) (3-31)
U, (t—At) =R.S, (t— At)-i(t — At) + ug (t — At)
R (-3 — ARG R, IEHEF SH(E) =S, (t)
U (t) =[r+S (DR ]-i(t) + S, (U, (t - At) (3-32)
HURR(3-32), T3 TR R RIS R R (TELBRD, ] 3-8 Fir:
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S /s
| P + I
I N I
| S \V\l /\ D1 |<— Uek(t) —>| |
: +o———% E:C P ((Y I Sk(t)Rlc Sigu\k(_t_m):_) :
| s N N |
o | NN 50w — |
:_ e’ l——  uo —

_____________________________ d

() Sk A>T (b) T LAy FL AR Y

&l 3-8 TAHRHEEE 07 B
MMC B —/ M LB TR N A TR A G, URAE t I %1, TR A 3 R <5k
HLEE N T AT RS R A T S5 R A FR IR, JEL A I s R S5 2 BEL 20«

N
Ugg (t = A8) = Y S, (U, (t - AY) (3-33)
N “ N
Rg® =D [r+ Sk MR ]=Nr+R. > S, (t) (3-34)
k=1 k=1

3.2.1.2 MY ) HL ML A

MMC IEH TR, 7Rt Z], — U Tt T Wi 3-9 oS04, w5, M
(3-33)(3-34)%F N A FREHRAA AT AL RS2 25, K6 A HL A 304 7 25 20 L B Reg AR
BRI R, BT A RE, FIHR(E-25)(3-26), #F (Reg + Ry ) 58 R L., 4HLARAKT RL
SCEE AT VEIEE RN

R |

T oale

-

5 i e T o

oo ____o__
(@) FRLHREERY (b)RL SZi% 55 4%

A 3-9 BB S EHEE
3.2.1.3 MMC [ B B8 25405 EL A 7Y
H1T MMC A& ZAAXTFR, #CRG MMC (#— AN B TEHEAT 2047 . AT b R
MV TR 3.2.0.2 /N R VEIEATEERL, A MR T (BP RL 2 #%), WTH 3.1.3.4 /)
T AT . MMC % (8 fi g & 3-10 Fis
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us(t)

SMi-n

(a) MMC (b) MMC H 1% 87 25 17 EL A Y
& 3-10 MMC 5 EER (D
Bl e, LR P LA A B A B R I U gy (t = AY) , 30BN Rgp o Regp 517 1
B, FUBCER IS IR RL 30, SLVS A i SATHLIRIE D Gy Al Jpy (L= AL . LIRS T

FRA p B N, BIER TR UM . G, I D, (t— At) o ae Tl RL SR iy i
{8 41 SRR, 4% R A B B R AR, AR

1 1 —
é\ Uup(t) =EUdc _Ueqp(t_At) ’ UdOWn (t) =_EUdc +Ueqp(t_At) ’ Rp - Rarm + Reqp ’

Ry = Ry + Regn o T RS54 FlL 3 RIS P25 Y T 467 A5

1 1 1
2L 2L 2
Gp:(Rp+—Aat"”j ,Gn:[Rﬁ—;{mJ ,GS:(RS+A—L;J (3-35)

I (t—A) =G, l:(%—Rp]ip(t—At)+Uup(t—At)—ut(t—At)}

I (t—AL) =G, |:( ZALtn

—mjua—A0+ma—An—umma—Ao} (3-36)

J,.(t— At) =G, K%—stis(t—At)+ut(t—At)—us(t—At)}

3.2.2 IEH BT 5N
MMC IEHIZATES, 7 B 3-10(b)BE TR . ARHEFE/RE R, e H
GplUyp (1) —u (] =i (1) — Iy (t — AL)
Gplu (t) = U goun (O] =1, (1) — Iy, (t - AY)
Gy[u, (t) —us ()] =i () — Iy (t — AL)
i (1) =1, (t) —i, (1)
1 7. 70(3-35)(3-36)(3-37), filf5

(3-37)
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Gy, (1) + GU (1) + GoU gouen (t) Jpp (t = At) = Iy, (t = At) — Iy (t - At)
G, +G, +G, G, +G, +G,

i (3-38) X [E1(3-37), BT SRARAS BZAH IO BT FLiAL | ()~ iy, (8) FAZ AL R i (t) o

3.2.3 AU = AR PR B A L

PAE 3-10 s RGN =ARFEHNG], HESF GO T AR A . W = A3
BLXAR, 294 Ree #BEHTAT Ry =107°Q s A 1T LA SHERR S, A4 T Ry =1IMQ . fi ik
RGP R A BRI Ry, » U L, » W RE R S5 AT R IR SR A R, = R, — Ry,
L, =L — Ly o B—AH 47, Bl 3-10 2240 & 3-11(a) ffroas i = ARt r s 18] o e rp iz ]
ki g=) EE*JEVg , X HB LI ig, MMC Hr8 o S r) L 2% s ) FRIRE A i 80T F H R [ A
RN -

B TIFAR 5 B 2 T 1 3-11 () A2 TR U 10 5 (L H 5 A LA VAR g

-1
2
G = (Rsl + Aitlj , Gy = (Rsz + Aitz) (3-39)

Jhsl(t—At)=GﬂK2:31 Rslju(t At) +u, (t — At) —v, (t— At)}

U (t) =

(3-39)

(3-40)
Jher (t— At) = G, K 2;2 Szj ig (t— At) +ug (t — At) — v, (t - At)}
HAtEEE L 3.2.2 /NiHE, AR EE.
%
Jp(t=At)

y ip(t)
pui(t)
 in(t)

Im(t—At)

(a) MMC = AH42:4h (b) MMC {5 EL 7Y

& 3-11 MMC FIEE BB (HkE)
X T S A F B B AT 40T, T AR 3

GplU p (1) —u ()] =1, (1) — I, (t — AY)

Gp U () —Ugown O] =1, (t) = Ipn (t — AY)

Gy [Uy (t) — vy (O] =1(t) — Jpey (t — AL)

Ggp[uy (t) — vy ()] =i (t) — s (t — AL) (3-41)
v, (1) =i (R,

i(t) =i, (t)—i,(t)

is (t) =iy (t) —i(t)
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ﬂiﬂ’ZGtus (t) + GpU up (t) + GnUdown (t) + ‘]h (t - At)

= G, + G, + (% + 4,)G, (3-42)
IR U (6) 7T L — 59 5
Vg (0) = A () + A0, () + 5[yt~ AD + Iyt~ AV (3-43)

Heomm 36 =6y +Gy+CGy, MSME L =G, /G, 4, =0, /G 4 =G, /G s
WA Iy (= At) = Iy (t = At) = Iy (= At) + A Jpp (t = AL) = (4, + 4 ) Iy (- AY) o UL RS FLIE
i, () =V, /R, .

3.2.4 ST AR B

FRARRE ARG 0 0 0 5 = AR I 2 7V R e o TlbEAE, SRATE] 3-11 177
EAT U R AT ARREAE, 3 IR S AT IS DL AR R AT L

33 ETEEREEHE{AER

BT FPGA ML A SEN T R RS K, HETEZAWMITE. — Mg s N T
WitE, XML AKERT TRt PR BRI, aTREEE. H—Mo7
HERETEEREG S (High Level Synthesis, HLS) #EATIT %, X R0 11 E 8 m 20E = (o
Citd) Wi ARG T, KORYAE 1O A8 B, AR E & AN a5
T HLS [ AL A G B RS B AR, Wi 3-12 s

______________ 1
|
cillid [=F [T wr |
S S L E N |
| ’/J>|
| ! ! |
| CHi & CLitr |
| Vivado |
|| HLs
| C-RTL —2) VHDL/ |
| P EpH —| Verilog |
] |
| m=[| IP |
I =m |
| J

B 3-12 BT HLS L B THRE

B, WEMMANE I RGHAT CIBES i H. CiES BB &0 HEIER N
3.1 /NN EMPT &k, 78 HLS it fEr, C RIS ERASH I N /IAE S,
B ARG IR AN, RS RE S R W AR . R, DAUERT C ARAYEE T
ik, BITAAR, R C RIDMIEITE RSB RG LB ST N.

C ARt J5, BRI FUAm A Lia, X5 HLS e b . HLS 4niF a8 & 5il
A CARETNZ BB IISE, XS N E50 (HLS 25598 B AN, m—
A C FBRBON MRS R ) — AT, B0, C &%k void func(double x1, double x2,
double* y1, double* y2) s 2= 25 & A A x4 H1 x2 Jofi N y1 Al y2 Jyfn e a5 4y . 5
HERZ, SHLS SR CTZERE, HA% CREFHERE main(), 123 REh i
MBI — 20T R

7E HLS RO R, JFR & W] DR YE 75 20 C ARG % BREE 23 (Directive), LIRS
B 1) iz B P AR SRR % . B B 20 SR 22K (Pipeline) %40 4> %I (Array
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Partition). % YRR 72 (Resource)%s . Pipeline £ s 1A {1 &5 M TE LMY BRBAT MR 5 RIS, T
—MrBMIZH O, —MRAT CIEHE- I, Array Partition 1] DL s 4E 54 #4
6 E HIYERE R IT, T — 4k C 34 int Matrix[2][31% RS — 46/ (4T) JEIF, WL
H Matrix_O[3]#1! Matrix_1[3]. Resource 24 n] 45 & Wi 2544 b7 F A0 1), Bl ml 48 52
A% Matrix &7 1 35 11 RAM.

RRLGEASERE, FEMAT C-RTL WA B (Co-simulation) K 3GHIE HLS 4 i1 AL i)
IERfTE . HLS T B2 B3k C AR MNR SO (testbench) ¥4 o NTEERIAE =, 5 EB s
PR ARSI F G B

e, HLS T RSP i A7 A n) RTL ARRY SRR 1P, TR R 3l v] LATE FRE 7 245 S
PiERE AT . BT A C FRRECT NI 1P AT IERRA, TFRE B ERET
FPGA [ HL LB 75 SES 11 AT -

3.4 MNC SERFH B HORZFFIG

TP HLS SERH BT, AN LD MMC A, SEBL MMC IE®IE1T
I LRI SER B FR05 B MMC 4585 1 3-10 MRl HasH KRR RS SR FH HZHIE
P, WRYLR FHED AR R B TR, 5 2.3.3 /NARE . MMC K07 B EERL Y 3.2 /N
W BT 771
3.4.1 R Rt
MMC L AR P fE a0 3-13, EEAFELL RS
(1)AZ I L YR ) 4 B
ZAEEL A T AR R A AR I IE5% BB AL, ST MMC JR AS T R JR U » A T 3 e Sk
fE, IR A ARGAER, WA
Ug, (t) = v/2U, sin(at) (3-44)
be PR AR Ui fE 120 B .
(2) B8z H s 4l
ZAEYO B RS S TR, ARG A Y. TIIER, N RGN E
M FFERE Ap o
(3) W F2 AH Y
WA REEERFAAM o Ap . TRBEA B RS B, did-FE ).
BRI~ iy s o) 5 8 i e B AT B e I 8 P AR T R, SRS AR ) = A R AT LA, F
AT EIMTF G S . K = AEIEFIRER A ARSI, WH s & a #HA
Upg (1) = %sin(wst + Ap) (3-45)
be PR K Ui i 120 B .
(4)MMC SRk R 5 25 L % A i
ZHLHOR 3.2.1.3 N IIENE, HH MMC ASANHYE TR 2H (4 38 25 7 25 300 R Y5
ENER =N
(5) L% SR it
AR X (3-38) I LB SRR A I, SR sl s, T SRAZ YRS s AR AZ S ]
HLIT
(6) FELZ5 FAL R BE BT
PR AR AL AR, R (3-31), BT TR B e AR R R L AR A
RO EIRAE, DMELE T — B DT R
QS
AR AR BT T B AS UL L VR A H BRI TH A TE D DO 2R, S N LR IR FELE U, ~ Ugy
Uge BABAZTR I i ~ gy~ I » FTHCNEDIIIZE P AEIHIIER Q. H

P= usaisa + Ugp isb + uscisc (3-46)
Q = (usb - usc)isa + (usc - usa)isb + (usa - usb)isc
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S
 E3I13MMC XMHEBRRFRER (CEE)
3.4.2 mEIRGEE SRR Bt
FESEIL C B HRER, TN T &R IERMVERATIE, PAEM A SR )
HEVERA R . ERERAEE )G, 7 2 M Vivado HLS T H#AT & RN & . fE45E
FIERE S, N TR E TR RS, FF N m A RIS M A W B 2R AN DL =
BB X — B S Z IR ER G B, i m B kR E S R AT A
fE C i E Y, IZMRE R B X T A B B AARARRY SEIIL 5 2 BURRE A D«
void phase_shift_HLS_3ph(
[¥mmmmmm e input ----------eeoan-- */
ap_uint<1> PI_enable, ap_uint<16> k,
float mr, float shift,

float vc_p[3][MOD_NUM], float vc_n[3][MOD_NUM],
float i_p[3], float i_n[3],

| |
| I
| - |
| t=0 |
| |
| v ¥ |
| i L R T |
| Y Y |
|| R AR t=teat ||
| v | f |
| | B AR kS I
| ! N |
| 2 |
I | :
|

| |

MMC
WA AL
&

float saw_table[101],

[¥ommmmm e output ----------c-eoo-- */

ap_uint<1> gateP_p[3][MOD_NUM], ap_uint<1> gateN_p[3][MOD_NUM],
ap_uint<1> gateP_n[3][MOD_NUM], ap_uint<1> gateN_n[3][MOD_NUM],
float modulation_p[3], float modulation_n[3],

float PI_O[3], float PI_1[3]

)

TEZREH, gateP_p[3][MOD_NUMI& 444, Fam—# L () #E L CF) IGBTH
A5, BE N0 8 1. (B2, R IFEAMA CiEE B int 88!, Wi Vivado
HLS &[T A C il S mAEifE, A E S @ L ap_uint<1>$dE 2K, £R 1 AR5 %
#. {fFH Vivado HLS ) CiB & B a2 2 ap_uint<1>, GEWE 5 Hhds i B 2820 S5 47
B, WABIEAIE, FEERRE, VivadoHLS T HAEmFEMEESHIE T, 240 HLS &
SRR AR RGBT R T IR, AR T ss R

AT IR 8 AR BUH ) SR N 5, B R RN S HAR R ) S Hfe 3, A8y
gateP_p[3][MOD_NUM] % % 4H & B T % 4 4> % (Array Partition) 29 3, ¥ H 4%k 50 K
gateP_pO[MOD_NUM]. gateP_p1[MOD_NUM]F1 gateP_p2[MOD_NUM]=He 7. £ 3-1 A
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Vivado HLS A sl 6 T 20 1) RTL 4k, wT W Z4EBUHB R 70 0 3 LNAE, T N A7
B ERIHREZE . s Renm . 5 R 1555
F 3-1 4B gateP_p I RTL A
RTL Ports Dir Bits Protocol Source Object C Type

gateP_p O V _addressO out 4 ap_memory  gateP p 0 V array
gateP_ p 0 V_ce0 out 1 ap_memory gateP p 0 V array
gateP_ p 0 V_we0 out 1 ap_memory gateP p 0 V array
gateP_p 0 Vv _dO out 1 ap_memory  gateP_p 0 V array
gateP_p 1 V addressO out 4 ap_memory  gateP p 1 V array
gateP_p_1 V_ce0 out 1 ap_memory gateP p 1V array
gateP_p_1 V_we0 out 1 ap_memory gateP_ p 1 V array
gateP_p 1 Vv dO out 1 ap_memory gateP p 1V array
gateP_p 2 V _addressO out 4 ap_memory  gateP p 2 V array
gateP_p_2 V_ce0 out 1 ap_memory  gateP_p 2 V array
gateP_p_2 V_we0 out 1 ap_memory  gateP_p 2 V array
gateP p 2 V d0 out 1 ap memory gateP p 2 V array

11 = A7 40 {E ve_p[3][MOD_NUM]&E, M+ EAHEIX BAER H OO, MM 23 E
Array Partition 2y ATHR 5y, R ERERIELIR (Resource) >Kfi5 7 H b7 A6 LR -
M I e K, AR EEMERE 5SS L, MNI%ZBEN ROM, WK 3-14. =4
LR g RNk 3-2 s, S5

@ vc p

% HLS RESOURCE variable=vc_p core=ROM _1P_BRAM

% HLS ARRAY PARTITION variable=vc_p complete dim=1
® vcn

% HLS RESOURCE variable=vc_n core=ROM_1P_BRAM

% HLS ARRAY PARTITION variable=vc_n complete dim=1

B 3-14 A FBIRLIR
F 32 Z#8HH ve p I RTLIRE

RTL Ports Dir Bits Protocol Source Object C Type
vc_p_ 0 addressO out 4 ap_memory ve p 0 array
vc_p 0 ce0 out 1 ap_memory vc p O array
vc_p 0 g0 in 32 ap_memory vc p O array
vc_p_ 1 addressO out 4 ap_memory ve p 1l array
vc_p_1 ce0 out 1 ap_memory vc_p_1 array
vc p 1 q0 in 32 ap_memory vc p 1 array
vc_p_ 2 address0 out 4 ap_memory ve p 2 array
vc_p_2 cel out 1 ap_memory vc p 2 array
vc p 2 g0 in 32 ap_memory ve p 2 array

XHRFAR P BEAT RIS, & EAE AR LG, P a. by ¢ B, XTIz AL,
A E T ERKLR (Pipeline),  FF T AIAR QB PY U SR RIS TR] e B 1. HLS TR
FERPZARBAT AL R R, 2 REAEAR SR SRR 1 1N BRI RELT . 2R
RN 3-3. HRWTAL %A AR FHAT KT 2 135 e, L H AR 1
AN B EIR REAT R — RGP, (ESEBR ARG 30 AN A AT N — O 5L IR
RIMRK o WRASHAT BRI, BEATHAT U, B KOG AT 576 75 2 3x 135 = 405
ANEEH A, (HEERAKGE)E, R 194 AR B E BRI 5E R, FFASPEME T 52.01%.

& 3-3 RIAKIAARE

Latency Iteration Initiation Interval Trip Pinelined
min max Latency achieved target Count P
194 194 135 30 1 3 yes
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3.4.3 IREMLAIE T

76 3.4.1 ANV R SEBUR S AR, @I HLS T HHET 4G, IHFRINEEMEELR, &
AHEREEAL N Verilog 15 5 B2 IP, X FE O FE E—FidkT T itie. BN, F
SEW E FAEF T, T SR R IP HEATSEEI4E,  HRTE DT BB KA SR HRAT B
I AT RS, I BERAEA R BRI PAT A = A v 58, il i & BE R s N g S TR],
R S L A 177 v AP SE 45 3. A SR A FRARZS AL (Finite State Machine, FSMD - 177 7%
FATHEEHAT IR, K E A IR FSM 1%t

£ Vivado HLS &3 IP 1, TiE TH T 5 FARIED, HAE A : ap_clk.
ap_start. ap_rst. ap_done %%. ap_clk Jy%i A [, AN #1{E 5 CLK BN, v IP f2ft
P, ap_start A GG I, 4% 5] IS RLE] R PR, 1P JTUE T ap_rst AR, &
N7 ap_done A 1, BRUCHIRHSPRIHE, 24 1P ThEe P AT e e, frt m-r. i)
EANHI Bl BALE S AEA 1P B0, RIATSER FSM BEit, IERf R SN ThRg b,

MAMBEAE S RST FAKET, 7 L NEAL(RESET)IRA . EHLIRASH, &8k
Wi r, H ap_start v BERAR, TR EAD K At =508 FITHEES ontl FITHE0h BB A
B B hnes ent2 TS % .

2 RST A8y B ~F i, FEF#EANEE (INC) A, FEiZRET, ont2 B 1, FoRi
NN ="M B,

THER HIE e G, B ANBEBEEGPRES (VOLT) . fEZREY, HE A k]
ThREHIAT -

BHEEEERPAT SRR, BPEANBEBARFGIRES (PS). ZIREH, R HEIEAE
FSCRR B FE AR R 11X P AN ThEEHE FEAT AT, XA T EATHAT, REREARIE 5 75 2 1 i B &
HA%C. T R A R 1 Th B PR AT A ) LSS It FR VR S RE A, W AR R S5 s, kil
NiZ% PS IR 5E Ko

WM TG, FRFEEN MMC 84/ 6 350E BURES (GEND. 1ZIRFEH, MMC
TR H A [ R4 e S Ak e R AN F BEAE T S R, DB AT R — 2D (W R SR AR

HECRIIRES (NET) A1, W AR A0 S B i i 5

BRI TE G, FEF N AR EHRAS(UPDT). RS H PR F 25 U DL L
HA Y e SR R R AR BT .

FeteE, BEEHATIRTERSG (PQCAL). ZRET RGHE LI 535
Bro BEEEE)E, BEFEHNSEAIRS (WAIT), EF| ent2 tH40# At , WAIT IRE& AR,
FHEN INCOIRES . B, FFEE R —/MFEMER . RSP 3-15 s, fEIZRESHL
PIRE T, SAThesiiz Kl 3-13 Fros i BT IEFPAT, JFH, 2 A A E
WAL R RS FIHATHAT, AR TIREETRE.

Not done

rst | RESET [0 Inc voLT |

a p_done_VOLT' |
T ap_done_PS

INOt done

PS

A4

A

Wait_until_50us
Not done
Y
GEN J

WAIT |
ap_done_Rvmmc

ap_done_PQ y
Not done 1 el Not (|:|one

Not done | |
ap_done_UPDT ap_done_NET

' |
' |
' |
' |
' |
' |
' |
' |
' |
| |
' |
' |
: Not till 50us |
| :
' |
' |
' |
' |
' |
' |
' |
' |
' |

v
g
-
Y
c
°
Q
—
7



SUE MMC B/MESIRE

AME SRR RGAE T A ) TAED, R MMC #/ME SR, & MMC
HUBRSE PE AT L TFBr. MMC WERT 1 2 W HRENASIERE, €115 MMC HURBARR E ME 3
PIMISR. ST, BUA IR Z MMC /IME 5 CIRZSZS (8D AL, ELRms 25 1 v TR] i
SM HLUZ IRl BL R PRI 2545 MMC 2225 F2%),  BLH s S AL i MMC oA
M, R ARG BHEE SRR EE MR T — R E . AESH LR T MMC /M5
SR, JFEIE T HRESRLRE, @ T MMC VEAME SR,

41 IMESHERIEA

L 2R e A AR T AR RN 1 o D5 RE AT 38, BRI e AR Lk Iy RE AT 2
Pt WA, (B2, 2 REHERSBAT RMHL 2 21BN TN, RG2S v R
W, N RGRBARER NG T Z R VA S RN, Bk, X MMC, WI{ER
€ TR RACREAT /NI EAL, @A/ME SR, B MMC BPIREE N x, BIAE U,
HEN y, AR PRS2SR MMC /ME S

ax] [A B[ Ax
e ol o
Hrr AB,C, D 9 R] ELAE RS -

A:a_x, B:a_x, c:ﬂ, D:ﬂ
OX ou [5)4 ou

MAR@-D) TR, HFE AN MMC RHERIFE, ORI T MMC s s 1
4.2 MMC /MESHEBEIME

MMC F HLBR Fdss ] R ALAE 2.2 F1 2.3 AN/ N A T, AT iR
HOSEAE b, 25 RE A H R AR 1~3 YU AR S R Y 1~2 YR, PL—FF MMC )
SEHUCNBY, S MMC 1E dg A86r R FRME SRR, PHFE MM ER S &, S IEE Y
w5 PMEMS, HIM = s (UERAERE) M EFVE BN R BEHE
RIS i L T ) 35 U W 40 B W 5 MR B 2R AL BI088T b A4 1) 20 B T A 1 35 A
N B EME AR DS id abe ABFR R FIITFER, WY E IR a #H.

4.2.1 MMC == Hi PR Ao

MMC L N RIFFREEECN
b :;Ji—uifsin(wt+al)+ﬂ°" sin(et + a,)

U*m U m m (4_3)
. :ﬁ+in:sin(a)t+a2)+ ;
HrUgy RERBESHME: U, %%, BATU L U, sin(ot+ o) #6535 51285 H 0
IS EHE, Uy sinQot+a,) FaniEhl gt i —fMS % Ek, oA PLL AHEE.

MMC L NHrERIHIRAN

. | 1. . .
i = _%JFE I sin(et + £,) + |, SinQRat + S,)

(4-2)

S

cir

sin(et + o)

lie 1 o
i, = _%—E I sin(wt + B,) + 1, sin(Rat + 5,)

o g AEFHT  gsin(ot+ ) NAZRMET, g, sinQat + £,) 9N
MRAER(2-11), M2 SR Vg « MR Y FLUFR U 35 2
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av,

Carm % =S,ip, Uy =S Ve (4-5)
% Ha Vg ) 1~3 B R, ]
3
V Vcap de T cap_ack Sin(ka)t + ek) (4'6)
k=1

4.2.1.1 MBS HEE
¥ 20(4-3)(4-4) RN (4-5), FIFRLAIZEA XL, 7S]

dVeap .
Carmd—:Splp:AﬁcJ‘_Ai"_AzJ"ABJ"AA (4-7)
Horh g g BRIk Oy (BRI & A

Ucirlcir ref Is Udc dc
=———COS(o ﬂ —— COS(x ﬁ
Ajc 2Um ( 2 2) 4Um ( 1 l) 6U

*

Uil . U lge
A =—%Ssin(wt + ) + L sin(wt + o)
4, 6Un,

u. | |
+—9s cos(wt + a Yeer Leir cos(mt + a
20 ( 2= B) - U (ot + B, — )

m m . (4_8)
A, = —Msin(Za}t +a,) +Mcos(2a}t +aoy + f) +Msin(2a}t +13,)
U, 4u,, U,
A = MCOS(?:a)t +oy+ ) - Yarls —4rs cos(3wt + a, + )
2um 4,
|
A =- 2°'ij n:" cos(4at + o, + S,)
(1) Hig®E
Eﬁ’/ﬁ\'lﬁ' EEAJ—E/JE{JI \% cap_dc {Wi/%fjﬁ 75‘%33
chap dc 1 Ucw'cw U | U |
g _ - Zeireir oog(g _ ref’s —ref s 5o _ Xdc'dc 4-9
Pl dg &R N, 118
chap dc _ UCII’d cird +UC|rq cirg Urefdlsd +Urefq|sq _U;cldc (4_10)
dt 21U, 41U, 6TU,,
(2) FHin &
EE%?'/E'\ EEHSE@%%E \%Vcap ac]_ﬁﬁ/%fb ﬁ%f
av y
Peap acr _ A _ Ysels sm(a)t+ﬂl)+—Uref lac sin(@t + o)
dt T 47U, 6Tum
| | (4-11)
+—9 cos(wt + o Yeet o oot + a
4TU ( 2 ﬂl) 2TU ( ﬂZ 1)

m m

Xt bR E AT R(2-17) R Park A8 ¥, W15
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chap 1d U;c Is dc ref
— - ng +—-"-sina
dt p_ta 4TU o 6TU !

m

Umrls Ureflur
+——CO0S( ————C0S a
U, (2, - 1) 21U, (fr — )

I U
dc sq dc refq
0S 3 —

4TU

(4-12)
chap_lq

dt

+ Ny 19 = cos 3,

m m

Ucirls H ref ICIr
+———-=SIN(« —T& G gjn a
4TU (@ =A) = 2TU,, (f, = 1)

RALESS
dvcap 9 _ U;clsd N gcU refd + Ucirg lsa +Ueirglsq _UredeCird *+Urerq leirg + WNogp 14
dt 4TU,  6TU,, 41U, 2TV )

" (4-13)
chap_lq _ U;c Isq Ich refq Ucirq Isd -uU cird Isq u refq Icird -uU refd Icirq
= + + + — WNeap 14
dt 4TU,,  6TU,, 47U, 2TU -

(3) ,14_5 /\E'
EEA'/G\’/l_Tz'\ %Rﬁgﬂ'fgﬁﬁ/\ivcap ac2 ﬁﬁ/@fb ﬁ%f
chap ac2 AZ Urefls U I Ul .
— e —1s cos(2mt + o + f3,) + —9C sin(2amt + —drde gin(2ept + 4-14
at T 41U, ot +ag + ) 2TU, ( B) - 31U, (2ot +a,) ( )
X 2 (4-14) F = AR 4 iﬁ(z-ls)ﬁﬁﬂ@ﬂ%ﬁ Park 2 Ht, W1
dv,

cap_2d Udl Ufl U'Id .
T—Z Neay 29 = 2TCUC” sin g, + 4_|[eus COS(al-f—ﬂl)—#Slnaz

m

av Uyl u ml U m| (#15)
cap_2q d f H ir “d
TR +20N gy 29 = 2TCUC” cos B, + —4_;9U *sin(ey + f) + —%cosa,

m m
GAEEGES

AVeap 24 _ U;clcird +Urefq|sq ~Uteralsa Ui lac +2aN 5y 54
dt 2TU,, 4TU U )

X " " (4-16)
chap 2q _ Udclcirq _ Urefd sq +Urefq sd Ucirq Id —2aV
dt 2TU,, 4TU

(4) =550y &
EE'/G\'IE'\ EEJ_\‘EKJ {%iﬁ \Evcap acSﬁﬁ/%fb ﬁ%f

dVCﬁP ac3 AB Ureflcn Ug !
R cos(3awt + & + —4'S cos(3wt + ar, + 4-17
dt T 2TU,, Qat+ay + ) - 4TU Gt +a, + ) ( )

m m

F A,

Viap ac3 = Vay SiN 30t +V;, cos 3ot (4-18)

(4-17)(4-18) i X 73 7l =k 7, ﬁﬁmnSa)ﬁﬂcosSa)ﬂﬂh?iﬁﬁ , 193

dVSx :3(0V3y Ucwd sq +U0|rq sd Urefd cirq +Urefq cird
dt 41U, 2TU,,

dVSy _ —3(0V3X n Ucirdlsd _Ucirqlsq _ Urefdlcird _Urefqlcirq
4TU, 2TU

(4-19)

m



4.2.1. 258 HLA
F K (4-6) 10N (4-5), FIHREL U, FYFES S5 Uy
Vv U,V

cap ch ref

U cierap_ acl

sin(ot — a,)

Uy = ——==—"sin(wt + o) + —— o= L sin(wt + 6,) +
m m
U .V V. ) Vo U
— I oo5(wt + 6, — ay) +ﬂcos(wt —a,) -
U, m
25t FE A Park A8, A
u __Vcap_chrefd Udc cap_1d Ucnqvcap 1q +Ug
L u, U, U,
Urefq cap_2q +Urefd cap_2d VSXUcirq +V3yU i
U, U, U
u :_Vcap_chrefq Udc cap_1q l-chd cap_1q -Ug
PLa U, U, U,
Urefq cap_2d Urefdvcap 2q +V3><Ucird VSyUCIrq
U, U, U,
iz (2-15) 75
U upl + Leq d eq is
TR A IR Y dg 2 2
dl R 1
dl, R 1 1
R I

4.2.1.3 HERR
KA (4-21), R LR [ A A B
\/ V

cap_ch cir sin(2a)t n 052) 4 cap_aclU ref

m m

sz =

*
U chcap _ac2
+ _— =

m m
223t 540 Park AR 4,
V. U

cap_dc

. V, U
sin(aot + 6,) — ;XT’chos(Zwt —oy) +

cos(2at + 6, + o)

cird +Udcv cap_2d Urefqvcap 1q Urefdv cap_ld

VSyU ref .

V, =
P2 U 20, 20,

m

V

cap_dc™cir
v _ p_ q

Ug n Udcvcap 2q Urefdvcap_lq +Urefqvcap d

SV 20, U,

m

K (Q-16) e fFhisr&H
di
2V, + 2Ly dct"+2R

bR & T A Park AR 345 23R dg 7 &=
dl R

Hlcird _ _ “tarm

dt Larm

dICirq :_Rarm 20l

cird T 2001

cirq cird —
dt Larm

4.2.1.4 HinHEE
FRELU, [0 E 2 BT A5

% 48 T 4t

arm CII'

cirg

1

arm

1

rm

=0

—V,

—YV

p2_d

p2_q

(4-20)

(4-21)

(4-22)

(4-23)

(4-24)

(4-25)

(4-26)

(4-27)

(4-28)

(4-29)

(4-30)

(4-31)



UgV Ve, U Ve Uei
o = dcVcap_dc _ cap 1 ref COS(HI _051)+ cap_2™cir COS(HZ _az)
- 20, U, o
(4-32)
Udcvcap dc _Vcap_ldUrefd +Vcap qurefq i Vcap_ZdUcird +Vcap_2chirq
2U,, 2U,, 20U,
X (2-16) MBI A
2 dl
2up_dc - 3 arm I-arm dc Udc (4'33)
HERMFFRIET, 1y, =0, muzﬁmz@zﬁ
_ Udcvcap_dc _ Vcap_ldUrefd +Vcap_qurefq n Vcap_ZdUcird +Vcap_2chirq (4_34)

U, =
dc Um Um Um
4.2.2 MMC 5l R G At

4.2.2.1 HIRKR B2
PR O B ) 5% £ 7 B R s

1 Vde - Tyer +
Use = = H,mfﬂg} »| 1
l+7s -

% L — | L

]"q _ sl -

frmef—>é PI

E41%ﬁ%§%ﬁ%
P R R A L VA P R MHn4+so&Eﬁ%EW%ﬁ%wm,?%
T

dVdcm U de ~ Vdem

e . (4-35)
ﬁEﬁ%E%%,&ﬁﬁ%&=!@mﬁuwm,ME%%E%%%%@%

d -

d_)il =Vgem —Uge (4-36)

dx

d_t2: arer — s (4-37)

dx

d_'[S = Iqref - Isq (4-38)
Urefd :Usd _a)OLI +kpz(ldref - Isd)+ki2X2 (4-39)
Urefq = U +apLly +k ( gref — s )+ kiSXS (4-40)

4.2.2.2 HiFHIR
BRI R T an i 4-2 Fiow
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| P — 0_ — — — _&)0 ______ -
&l 4-2 BiAHEF
% x, =j Ugdt, T4 PLL okt A
dx
_4:U5q
dt (4-41)
o=, —KUgy —KiX,

4.2.2.3 ANH] 2
R 2310 7 BB 0 o

Ukird

U, cirq

&l 4-3 PR
B Xs =j ligdt~ Xg =J. lggdt » T2H

dx

d_t5 = Icird’ Ucird = kpcir I<:ird + ki(:irx‘s - 2(05 Icirq

o (4-42)
6

E = Icirq' Ucirq = I(pcir Icirq + kicirXG + 20,1 g

4.2.3 MMC F)/MzE 5157
HRAE LA B MMC 2 L DLRAS B RS 4T, RGAPIRAEZE BN AX = [AV,,, Al AX]",

HegagkmEN Vcap :[Vcap_dc Vcap_ld Vcap_lq Vcap_2d Vcap_2q V3x V3y] , U EN
I :[ISd ISq Icird Ic|rq] ’ %L{ 't-EIJ /% é}ﬁ I_EIU %j“j XC Z[Vdcm Xl X2 XS X4 X5 X6] ) /% é}ﬁ Eg iﬁj)\%y‘j

u=[Ugy Usq U;c Iqref]T’ iﬁﬁ%ﬁyﬂ%c w]T o T5&, MMC /M5 SN

bﬂ :LA:\ cﬂbﬂ (4-43)

Hv A B,C,D AR ELEERE, ¥Rl H 4.2.1 f14.2.2 /N TR S H
K g X ¥ p ¥

ox’ ou -~ ox - au

(4-44)
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BLE HEXBSIH

AEE AN S BN DY AR Y MMC B A EAE AT MMC /M3 SR 3k
ITIBAT~ A HTAEGAE . A T 38UE MMC FLRE B 205 B B () AE R v, ARG EET C i
S, SRS 2.4 N R R fK) PSCAD 1 B 45 TR . X ECR) T A3 IE H 8
AT~ SN = A FEHO AN AE LN B A R = I 0L . XL &5 SRR B, C #2745 PSCAD
3, XIRAE T MMC 15 BT I IE R . 2 )5, 7 C PRl L {EH Verilog &5
B MMC IE# 124715 L iE4T FPGA SERF B, 2455 PSCAD 455 e — 2, FF7E PUAth
MMC S AR A LAl e MMC #-47 T &, DAER AR B MMC %t FEL
THD FI52M. MMC /M5 518 MATLAB £ 51z 8 T HAASLH, HE5 PSCAD fj B45H
BARFR—8, Biir 7/AME SRR EfME. &E, EAMSSERMER E, /i
T RGRHIEHE SFEER R R

5.1 BEESHENENKAS T

KT 3.2 N HEHT MMC RS BB, KBHA CIESFEM, K CiEs
BRI HLE RS PSCAD BT X . X LN G IER BT AT FREE A a AH SRR F2
SALHR 4 FAg MMC fOfa s . FEMEER . S SBERR. REEIHEE
&, 2JE, £ CiBSEMRFEM B, 4 Vivado HLS T Hit7m Z kg A, IR 3.4
AN H AR AR AR ZSHLEBEAT Verilog 15 5 S230,  JR4EXT 4 B MMC 1IE% 1847150
f) MMC #iiH HERIZh%, 5 PSCAD #H Txtth. LidxttbE R, CiEE#AFi B FPGA
S BRI PSCAD i —8. &5, FIH FPGA SLif i B XTIt 4 £ MMC A1 10
B MMC IE % Z1TH ot L, WS FREER A N S MMC i HE 95 % o3 5 () 52 T

5.1.1 MMC HLLE A5 BRI IE

AWK 3.2 N TIHRIH T MMC HREET S BB ET CiBF S, ¥ CIESE
R4 15 4 itk MMC ) PSCAD 1/ AR HEAT X FEL o TR TARRL N E#iEiT. &
T =M RR B2 A a FH ER AR BE

MMC FIAH IS HLEE 5-1.

# 5-1 MMC RZSHR
S HH
i FPK At 50us
FRIEAHN 4

BT 7 & S 3.5MVA

AL ELBH R, 3mQ
TIIRZ R U, 3.6kV(rms)
RGN A, 60Hz
TR C 4000uF
*{F% EE‘@@ I-alrm 2.4mH

A AL H R L 2mH
HHEEU 7.2kV

T He b AL BH Ry (IE ) IMQ
T Hz b L BEL Ry (B et ) 0.01Q
A e e R A VAR T L RE R 1.5mQ

A e B ALY ) LR Ly 1mH




5.1.1.1IEWBITHN

(1) fia s

HFIEHHN T, MMC ZAHXARIE T, MUt a AfH B R R 4706 b . B 5-1 24 0~0.2s
WA, MMC 22t B s (P s s D) IvE . MEFRRTCLEH, £ 0~0.06s Fif
W, CIBEFES R PSCAD 45 A/ VR, H1E 0.06s LUE, RAAEIFRE, Cif
= 5 PSCAD iR L m I —8, REATES . Fah PSCAD 1 CiE =17 EABIEE 4 5
&l 5-2 F1E 5-3 froc. WA rT DUEMTE i R B RS, BUR(E S A2 — 8. 1X9)

SPIGUE | AT ) MMC B 637 25405 LR TR 1) AR A v o
5 \ \ \ \ \ T T
PSCAD
4+ — C B
3r | 1
1H F 1 y
<
<0 T
} -1 | )
|
2k a
! |
A i
0 0.02 0.04  0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
t/s
& 5-1 MMC R BEE (afd)
Main : Graphs =
PPOLL = Qs m|s =\ [

-3.0

-4.0

3'0 -M
|
2.0 19 ;

AR A AR
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e
pe—
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Te—
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252 U1 3t 78 Tl



Ut/ kV
o

-3

4 | | | | |
0.5 0.51 0.52 0.53 0.54 0.55 0.56 0.57 0.58 0.59 0.6

t/'s
& 5-3 MMC ZZiifH Bk (C)

(2) 22T I HLIR

K] 5-4 3 MMC ZZ L3¢ Bt (a #H) RIS . 78 0.0255~0.125s B [A[ B, C i H 2
[P R 5 PSCAD 455 R /D mz, (HEAEHMFE. ERREEREZE, WENHEIR
WA 5E A HL A, X — R0 A ST HH B Y (1) TR 7 - 161 5-5 A1) 5-6 4371 PSCAD
A C FE TS I I W R I e i ], mTLUE H C F2/5 F1 PSCAD 45 R s — 3.

7 T T

PSCAD
c -

| |

|
0 0.05 0.1 0.15 0.2 0.25 0.3
t/s

& 5-4 MMC FHMER (a )
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& 5-5 MMC FHM R (PSCAD)
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SV
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REAL-TIME SIMULATION AND
ELECTROMAGNETIC STABILITY ANALYSIS OF
MMC BASED HIGH VOLTAGE DIRECT CURRENT

Key words: EMT, electromagnetic stability, real time simulation, small signal model, MMC

The 19" century has seen a series of breakthroughs in electromagnetic theories which leads
human beings to an unprecedented age of electricity. Since the first commercialized thyristor was
manufactured in 1957 which marks its origin, power electronic technology has started a continuous
and thorough evolution in traditional power system monopolized by three-phases Alternating
Current (AC). From then on, an increasing number of novel power electronic equipment has
penetrated in the generation, transmission and distribution segment of power system profoundly,
making the previous AC grid become a power electronics dominated modern power system.

One of the most widely used power electronic equipment in power transmission system is High
\oltage Direct Current (HVDC), which involved conversion between AC and DC. Compared to the
old AC power transmission, HVDC has larger power capacity, longer transmission distance and
better economy. Rudimentary HVDC is based on thyristor to form Line Commutated Convertor
based HVDC (LCC-HVDC). Despite of its great success and wide application, LCC-HVDC has
several apparent drawbacks such as line commutation failure and bad need of AC filter and reactive
compensation equipment. Driven by the invention and development of Insulated Gate Bipolar
Transistor (IGBT), Voltage Source Converter based HVDC (VSC-HVDC), also known as flexible
DC transmission, came into being and eradicated those defects of LCC-HVDC along with additional
advantages such as the ability to control active and reactive flow separately and the competence in

Fig.1 Typical VSC-HVDC
However, traditional 2 or 3 levels VSC (see Fig.2) has low power quality and is not suitable for high
voltage scenarios unless direct serial structure of IGBT is introduced, which in the meantime brings
the problem of complex control strategy.
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Fig.2 Traditional 2 or 3-level VSC
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Thanks to the invention of Multi-modular Converter (MMC), a brand new form of VSC, the
shortcomings of traditional VSC can be overcome. The core of MMC is a serial structure of sub-
modules (SM) in each of 6 arms divided into three phase units, as shown in Fig.3. There are several
typical topologies of SM, such as half-bridge SM (HBSM), full-bridge SM (FBSM) and clamp diode
SM (CDSM), among which HBSM is most commonly adapted.

_|_

| Phase
| unit

Fig.3 Topology of MMC and SMs
MMC has a great many advantages which is nearly impossible to be surpassed by traditional VSC.
Firstly, the SM serial structure eradicates the active IGBT voltage balancing problem existed in VSC.
Secondly, the levels of MMC overwhelm VSC, thus the Total Harmonic Distortion (THD) is much
lower than VSC. Thirdly, the switching frequency of every IGBT in MMC is lower than VSC, so
MMC has lower switching loss. Lastly, MMC has higher voltage tolerance. Compared with MMC,
traditional VVSC is literally an underdog.

Like any technology in the world, MMC is inevitably a double-edged sword, especially in
aspects of power system simulation and stability. Because of its limited frequency range and
accuracy, electromechanical transient simulation is unable to simulate the high frequency switching
process of IGBTs which demands a much smaller simulation step. Conventional off-line
Electromagnetic Transient Program (EMTP), which is based on differential equations of power
system components and nodal analysis, also failed to simulate a grid with MMC containing too
many SMs, for the simulation process is ridiculously lengthy. As a feasible solution, real time
simulation does not have the problem of off-line EMTP, because it is synchronous with time line in
real world and can form a Hardware in-the-Loop (HIL) simulation, as showed in Fig.4.

Developer HVDC demo

3

Real Time Simulator

Physical

Server | Ui
WIEIM Interface

|

Fig.4 Hardware in-the-loop Real Time Simulation
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However, analog Transient Network Analyzer (TNA) is difficult to maintain and Digital Signal
Processor (DSP) which is the basis of Real Time Digital Simulation (RTDS) is not quick enough.
Furthermore, the parallel computation methodology in RTDS creates great communication cost,
which is heavily against simulation efficiency especially in small step cases for HVDC. Free of
communication cost in parallel computation, Field Programmable Gate Arrays (FPGA) is a more
powerful computation tool. Though DSP has not yet been replaced by FPGA and such researches
are not mature, it is foreseeable that FPGA will play a critical role in real time simulation.

Power system instability problem is another detrimental phenomenon derived from the
introduction of MMC. It has been reported that a 25Hz sub-synchronous oscillation and a 1.27kHz
sup- synchronous oscillation was observed in some MMC-HVDC projects, which threatened the
safety and stability of power grid. Classical stability theory such as Lyapunov’s Theory and small
signal method can be adapted in the analysis of those MMC accidents, however, those oscillations
will still remain enigmatic and insurmountable without a proper MMC mathematical model. Some
of the present models which omit several key dynamics are too simple to analyze MMC instability,
others are too complex, impossible to be utilized in practice.

Aiming at those problem originated from MMC, this paper discusses the real time simulation
and stability of MMC. In the first part of this thesis lies the EMT simulation model of MMC with
its realization in both C language and Verilog, a kind of Hardware Description Language (HDL)
executed in FPGA. The MMC EMT simulation model inspired by classical EMTP algorithm, which
derives a Norton or Thevenin numerical equivalent circuit of components and solve the network by
nodal analysis method, use a Thevenin equivalent circuit to simulate an MMC arm and a Norton
equivalent circuit to depict AC grid. This model is useful in normal state and AC fault state, where
damping trapezoid method is used to suppress numerical oscillation in AC fault state. The EMT
simulation model of MMC can be illustrated by the equivalent circuit in Fig.5 and Fig.6.

.~
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(a) MMC (b) EMT Model of MMC

Fig.5 EMT Simulation Model of MMC (Normal)
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(a) MMC with grounding falut (b) EMT Simulation Model

Fig.6 EMT Simulation Model of MMC (Fault)

As for MMC stability analysis, a small signal model of MMC is conducted, which
comprehensively considers crucial MMC interior dynamics such as circulation current and its
controller, capacitor voltage fluctuation and PLL. Based on the switch function average equivalent
model, an MMC main circuit model is deduced under dq two phase rotating axes, and then MMC
control system model is derived directly from the block diagram of MMC controllers.

In order to verify the proposed EMT simulation program, a four-SMs-per-arm MMC model is
built in PSCAD, a widely used commercial simulation application, and three cases are studied,
which is normal state, AC symmetrical ground fault state and AC single phase ground fault. The
proposed MMC EMT model is primarily programmed in C language to make an off-line test. Then
a High-Level Synthesis (HLS) tool is deployed to generate Verilog modules, which can convert C
code to HDL and significantly enhance development efficiency. In the end a finite state machine
(FSM) is used to schedule multiple Verilog modules and finally form the real time EMT program.
Additionally, the comparison of MMCs which has 4 and 10 SMs per arm respectively are carried
out based on the real time EMT program.

Another MMC maodel containing main circuit, dg decoupled current controller and circulation
current suppression controller and PLL is set up to verify the proposed small signal model. A step
function stimulation is exerted on DC component of total capacitor voltage, which is one of the state
variables, to get the step responds of state and output variables. MATLAB symbolic toolbox is
applicated to obtain MMC small signal model, which can avoid the ordeal and great endeavor to
calculate and simplify lots of equations by hand.

The following conclusions can be made from those case studies.

(1) The C language off-line test and FPGA real time EMT simulation results are in accord with
PSCAD outputs, which verifies the EMT model and HLS based methodology.

(2) Damping trapezoid method in the proposed EMT model can effectively suppress numerical
oscillation. In AC fault cases, when damping trapezoid method is replaced by implicit trapezoid
method in order to observe, significant numerical oscillation in the MMC output voltage curve can
be observed, which does not match the PSCAD results. However, when using damping trapezoid
method, such oscillation is fleeting and virtually invisible.

(3) The MMC which has 10 SMs per arm generates AC voltage with lower THD than that with
4 SMs. That is to say, the more the number of SMs per arm, the higher the power quality.

(4) The step response of small signal model and PSCAD is generally consistent, which prove
the validation of the proposed MMC small signal model.

(5) The MMC stability can be determined by eigenvalues of the state matrix derived from small
signal model. All of those eigenvalues have negative real part, so the MMC-HVDC system is stable
according to Lyapunov’s Theory. However, when a control parameter is amplified by 100 times, the
real part of some eigenvalues become positive, and the g-axis AC current curve becomes divergence,
which serves as an evidence of the link between positive real part eigenvalues and instability.
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