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ABSTRACT : In order to achieve real-time simulation of modular
multilevel converter (MMC), an efficient MMC real-time
simulation model was proposed based on real time digital
simulation (RTDS) platform and implemented with field
programmable gate array (FPGA). Pipeline technology was
utilized to implement equivalent calculation of MMC arms. Fast
capacitor voltage balancing control were implemented in FPGA
by integrating the bitonic sorting network to avoid massive
amount of real-time data throughput, such as sub-module (SM)
capacitor voltages and trigger signals. A single-terminal 201-level
test system was built based on this model and compared with
PSCAD/EMTDC the FPGA
utilization and timing performance under different number of

results. Moreover, resource
pipelines and levels were discussed. Analysis results show that the
model has high integration level and simulation accuracy, and can
be used to simulate up to 501-level MMC with a single ML605
evaluation board. The model is suitable for building real-time

simulation platform of large-scale DC grid including MMC.

KEY WORDS: modular (MMO);
real-time simulation; field programmable gate array (FPGA);

multilevel converter

parallel calculation; sorting network

FHE . s B 2 T e 88 (modular multilevel
converter, MMC)FISER (A 2%, $&H—F3EF ) RE 5L
717 2L2% (real time digital simulation, RTDS)[1Ji5%% MMC
SEIE BRSO, JF N H B 3 T 4R AR 1T BE 1 (field

HEWMB: HEHARREIEEZ R a-[E 50 M A B 8 e IS
FE4: 10 H (U1866204) -

Project Supported by the Smart Grid Joint Foundation Program of
National Natural Science Foundation of China and State Grid Corporation
of China (U1866204).

programmable gate array, FPGA)JTF /& S8l o FRAE FH ik 42
FATEAT MMC MR 18 20 10 S5 VB, R FROBUR HE e ) 4 55
TR HL S H P R PR ), 3 S O B TR R 2 P PR R
M ST FE T AR 2 iy 201 FTI SR
4t, Ly PSCAD/EMTDC #MEHEAT 1017 300 L, IfFxs ey
HTAS R K AN B FBSP N FPGA IR 7 5 BRI i)
Ao ZiRRH, ZBRLH KBS AR AT SORE R,
FAAS ML605 JT AR B[y SE B ik 501 HEF-#dii MMC ) SE I
L, TR MMC B M SER G 20T 5 .
KA UG RS SR EC I AT R TR
Fls TR HIR M4

DOI: 10.13335/j.1000-3673.pst.2018.2240

0 5lF

R A 42 200 P 0 W 2 Y P U e v s 2
& JE H I % (voltage source converter based
HVDC, VSC-HVDC)Hi AR, #H LT 1% ¢ E i fi A
FEAEH AR R OR RS, 7] X6 A7 D FA TG D M ST At Rl 45
il 38 TR Re U A\ F I DA K ) TG I Y % 1 H A
W, b, SRR TR b 45
Ptk £ B ~F- i 2% (modular multilevel converter,
MMC) 5 il T PR FEP 3t 25 6 A T 00— S0k 1) 2
K, HEAFFRIFEAC. BB EE S =10, &
M T E KR &S HARNH, ZRE NI Z
Sk I3 TR,

SE B TR AE B8 71 77 R AR R St
FTREEALE A (hardware-in-the-loop, HIL)S25:, LAY
TETCHIAPER TR A IS AT i B v () & 2K T,
TR (5 R GEEAT 4207 IPEAE ), SR, HIL SE



%445 5 31

M

R 1091

I A DAL T 1K) X R G SE I 017 ORI 4,
NAFE R R SRR R, ks TR MMC
A& TN AL (sub-module, SM), K[
HLAUT 14 MMIC SN 75 BT K 15 22 RHE, X MMIC
SEE RIS T R TR K

[l Py A2 B B RN RIS 5, el 7
AR TR AL R B MMC 25208, Jfa i 2 v ek
T 2% (central processing unit, CPU)JfATHHE, B
F B A% AT B AR P 16 IR 3 T 4 A5 1) B 471 (field
programmable gate array, FPGA)SZI MMC )52
7 2L SOk [12-13] 458 B Ak 7 [ — B v 1 T
BB BRA AR B F, oS
A T XA 7 BRI L ST L A oK . (H
TABERAEFRIHZ R BT R, MBI KR
T REF A FAF . SCHR[14]K ] Dommel 5
JRBE, 0 TFRERATHEATAT I PR, A TF R
D BAE AR R HLBH BRSO i 7 L, {HBE
VAT A A 340 . SCHR[15-16] R FH R4
fHHLES, K rides s, BN, 524 3 41551
BT, JERIH FPGA JFR SIS V4, {2k
T AR AN S AR RS S, BUY
5 B AN e 75 2 5 B ML605-FPGA i+, fif
P A 1 o

BEXTLA bR, A SCHE TSI 741 H A (real
time digital simulation, RTDS)¥#i+—F MMC S
i B, Il FPGA JF & SEBUMFE 1R 4 (0 5
L, REBESEIL RTDS /NP K (2.5us) I SER {7 1T
B ORI HE 7 M 4%, 2T FPGA flAFSEIL, fg
g LA WL R ORI MMC HL 25 H, s 3891l
P, 2 A R AR SRR i A 48 ) ) S N
Mo AT T B SEILRAR, H 0 FURS
BEUS 7 PRI (AR BRREAT T 140 1) 23 A RS IE
1 MMC gk

K 125 MMC =it gik7n B8, e afs 34
AT, RAMHERICE S BT 2 M, BE
B N AN A )P S — AN s Larm
WAL R YRS FRLLAS ] TSP M R 2 1) R A ) B
i, H BRI S i bR . H o LR
A 2 M 1A% B (half-bridge sub-module, HBSM),
AP TR ) HBSM. AT 2 4
IGBT (insulated gate bipolar transistor) A2 H: Jz 3145
WM, DLACH G RE A C A, TR
3 MhizATIRAs, RIN(T, S, To5KH). 5584 (T,
KW, T, FaE)FAB(T T35 H). MMC it

2 1) AT () P N RN [k 7 AT e 00 o B 22 PSR
B, FAAORAEATREAL N AN PR LR RE B
JAESE . I MR R Larm(B 1 P AXFRIE A AH L
MR )X & e AR AT A0, AT SEIAZ B
ARG A Re AL
'ARME M, | a M, | a M,

SM, | . SM, | : SM, |

|
SMy | =1 SMy] =] smy]
I—ARM LARM I-ARM

Larm Larm Larm YRR EE T \
SMy | =SM; | SM1|\ ! A D, i
AsMz | dSMe | JsMe [\ |20 ——C:
| | | v T \
I:ISMN|HSMN||_—ISMN|\‘I_ _____________ |

1 MMC-HVDC #RiMEHIE
Fig. 1 Topology structure diagram of MMC-HVDC

2 MMC SERHMFEER

A TR AL 1 L ) T A AR AT O K
AR, RIS T I AR N B B/ T L BE Rons
A IR I A5 Ay BEAB K R FLBE, Ropro 33 155 100
T, Ron<<Rorr, AT LAITAIAA Rore NG5 K,
DI 2 FR) AP SR TR P 0o I S e BT S A B, 3 5 T
P a3 7 BB AE fRIE— @ SURS L RT3 T, K
KNS, S A SRR AT . ik
TERAS TR R A i RE T, Hooletk Ty
FEUA ()P

1
Uc(t) = EJ I (t)dt Q)

s Uct) AR R Io(t) A ditit B 25 () HL 3T

TE I 3 LR A 2L, TR (L) AT 5
B A B, AR SCR R IR BR 7 9% (forward  euler
method, FEM)ZEATEHAL, JFE K1 Lagm Ui
o) A ), WA

Uo(t+At) =U, (1) + Rl (1) 2

At
Re = ? (3)

“ARM ) - BN
0, 5% i
= 4
o) | Tarm () 5 FIBLELT o0 (1) >0 @)
[0 , F1EE BT gy, (1) <O
Kb At P K Uc()F1 Uc(t+At) 73 5ok i
2N AR — I 2 1) R S L R 5 Re AL
ZYHLBH
K4 L #r, AT DA B A AR AE B



1092 F9°55: SRBHEY W) 2% (R BN 22 F - J it s S N 017 FLAS R

\Vol. 44 No. 3

Sy ML 3 RN A TARRGS R RISE o,
K2 .

R
ON
|
ue(®) JFi& ue® ()
IARM R
ON
o T o
(@) BN (b) 57i%
l ICARM
R
o + larRm n Usm i
| uety () v
ARM RON RSM
T (o (o

(c) FI8i H1 arm>0 (d) P18 Hlarm<0 (e) S HLER

B2 BANFIERAE LIRSS R
Fig. 2 Equivalent circuit of single sub-module under
different working conditions

AR, EKE 2(e) T g — TR, — M
B AN (1<iSN) TR DR S A 1 25 (RS 5 1) LB R
A Usmi 735 11 5X(5)(B) BT o

Rom-i (t) = Ron (5)
(Ug, (), #EA
0, 55
Usmi (t) = - (6)
|Uc, (), HBLHT g, (1) >0
o, 4 FL 1 Ly, (8) < O

2 8 B ARV A LU LE ST T PEAN T,
SEANEL 3 P (0 AN (R R R SRR . SR AL
B G NFALTT SR A8 Tas Da M T, PASEBLIE
W TARIRE S BRI D)% . Te Ml T I0AS 5
B T Ta i A5 5 b PO 5 U A
o IEFIBITH, Ta S, Te KW, HHRIEE N
JEMISZ R, AT S ANEAE ] o BRI, Ta KHT,
Te T, A A larm>0 I, FLUIEHE Y it 2e
Da IZEMISZ s A T 1arm<O I, RLVRLIE
AT S o

H1 T MMC R AN N A58 4 A A
B IR, HAEE 3 Uprm RAFAE T IEH 11T
LA Larm>0 SO, PRIHEAE ] 2 AOFEA L, wT L

FPGA

3 BMRTEEYREE

Fig. 3 Equivalent circuit of single arm

i 1 520 2X(5) (6) 45 21 5 AN 1 ) 4 7 45 AU L BEL
Rarm FTHLE Uarm, 20 A W128(7) (8) T o
Rarm (1) = NRgy (7)

N
[Z%WﬁL&Aﬁ%%

U arm () = I;l (8)
{Zucﬁ) bl

RQ@)FW], H A o I T A S
F A AR S ZMEA O, BRI AT LA N7 AT
. B @)ITE, MMC SANRE 2 T 2555
HLBH Rarm SR T AR FREERAN S N ST G284
[ S Rone EFLARZSHL EMHIT,
Rarm A EAE, IR (1) S A0FErE e, BRIKT
SR 7o X EE(6)(8) T LRI, PHBIIRES N Uarm
(T A 2 T PRI A BN S, Rt
X BIRAS TT B MEBE AR R I PR £EASC
S BB, R 35X I PR 3 R 2k e e A
RTDS T~ ) PB5 AbHige - HEATR AR, FERA/N
WAK(2.5 ps) THE AR 07 SRS 5 o 25 TR e 7 r
s B M B F P T SAE FPGA Wb T, HLiH5E
] kb2, RTDS 5 FPGA 2 [a)il i X i) 4% i
larm~ Non AT Uarm 58 BGEEA P BS85077 EC

T BV, FEURRT A 07 Bl A B
VERI Y T REHEAT BT, T AR SO AR
BB TR Rk . XS TR A
FBa B vk, o2 22 03 D7 R b R A 2 i i) 1)
(AR HA, DR B R AR A e B T o AT A R
B FF IR #F R Il TR AN SO I AR (Y, [N
I SR FH e SR Ji 2845 B (VA7 5 280 R BEL A i
AR o T ) KRS s A, A R T
P DTS 2 AT 5%, Pke] LS 21X (5)(7) 1M
s BT . RS AS e R I, BR TR R X A
SE IR, TR T BRI A A A AR 11, JLEU AR e 1)
R4 B BRI R /N8, o, PRI R
(B HUR A 2.5 ps, T8/ T4 A 78 PRI AR S
P I CAUE (20 ms), BRI IX — T4 L Ae i
LRUE ) o

3 LAHAEMRAIZEH R E FPGA 2

3.1 ETIEHFM A EIEH R

MMC (¥ ELIEMN i B A 23 HIAE 2% 7B h K
ARSI EE, TR R B MMC BE
AT EE RIS, WK 4 PR, TR R
T RIBCHE T HE e AL BT 2, 42 R i) [A)—
I 2R AR B BT AT 5B L A i A TR, JFAR



9445 31 L

R

1093

B
g
| wrammtirips |

%‘1ﬁhb %

FEANon A HELA L FEANon A FEL 2 HL s
SAT G TR, i TR

B4 ETHFNBREBENERHAE
Fig. 4 Sorting-based capacitor voltage balancing
control method

35 LR 2 A S T A Now A BF S 1
T a7 107225 3% TR i R 55« A
Feoh, HOFER A TR, HARR B
AT TR PGIATHEIE AR AESE K B TSR
[, DBk, e, 5T R4 SR I T AL
MMC S 07 20 5B SR 1 9

HE M 4% 2 Kenneth E. Batcher T+ 1968 4E4 H!
AR Rk 3T IT 5005, Lk X4 Batcher #F
{E41E I M 25 1 Batcher XURHEFE 4522, BRIk
3 S ) 1 B0 S B, A T ) H R
Hag.

V] 5 SR 2% 1 R R P il e
LR AT A 0 B AT LU, IR BN 0 2
B 7, REHE Py 10 P 5 LR T
ZIAT5E . W 5 BiR, — M 8 A TERITE
FEERAL, Zoit 6 AT HeERER 5 B ) 25 )
MG, i N AT I R RN,
TFHEIFMZ E 5 FEATHE, JEHIE 41 FPGA
PSR HOE T . B, %18 MMC o 2
P — SO B 7 AR SCR XU HE
S8 ST TR 2 L P (3
A RN A R
A A
I 4 I
| | |
AN TR ]
N VAAVWASN VAA ]I/
step; step, steps stepy steps steps

E5 MiAHFMEREREE
Fig. 5 Schematic diagram of bitonic sorting network
H1 3 199 226 1 P S ORI AT i N Bl A
$d g 2 R R RERS, DR 0 4% D R K
TAE T SEBRMVE RN, H W TR
AR, THIZ KT 52 bn LA i IR R B Ab T . XA

| —1
1

AR
l\

@ dn o B

PN P

o P >
LN

0 ~NOoO OB WN

[« IO N R ER R O VI N

NP wooo -~ o,

\\ 4 |
|

b B 7 A RE s CRUE S H A HEFPTHF 512 T i N A
a2 0 SR TG 5, A TS AR AR
FPEIRIIRIIAR R, AT A2 IEH 1 A
FL S HE e 4 R L R
3.2 ETFHITRKERARHHETEER

N RAE FPGA REAF IFAT Ak F53 Ai 2 A7 (AR
B, ARICRAIE T IAT IR GBI o 5
fihe. AR R 7 — S B2 i m
4, BALE n DR m A2 EIHTIHE,
BRI PR n A7 R U SRR 52 P PR K T
Ao AL FE 7 3 HE 5 8 1o B 1 Ak i 3 29,
K HBUIRESAE N — BlEF IR I BNIRES, W27 41
Ja, (8 A(9), Hrt Uarmi 2 1 Z5iUKE
TREPEE RIS, Uswi K2R | 40K P o j
AN FRERIGAER A, 1<ism, 1<j<n,

U pau (1) = ZUARM-i (t):ZZUsmfu t) (9)

K6 5 m TR E I TH R FERUK N
i, R 50(2)—(4) BT RS T AR F A
s, FFRRAEE(9) B N15 2] Uprm—i(1<i<m).

/AU s N
0 0 %—V Uarm-m
— — + Fr—
—
RS 7 A 2
_0> N Fri(=1) —| > « Ucmi-Ucmn
— =1 Fu(<1) >
AL AN Y
{_’ A 100MHz

\ Gatep-Gatemn /
6 BAFIKKMIIER
Fig. 6 Calculation framework for single pipeline
Kl 6 1 Py Al Frp BN GREER 1, HAEIAE T
AR I 220 B DR A =24 i I 2200 6 PR 7 1) 6
PR 2 f R AT PIAL 3, FREATHE . ORFFDA T
T TS AT A, AR ueE )y n] 2
FZCHRLT]. B 7 KRB K K, R
B A TRIHTTEE M AN Il ) e e ok 5, Ak
AN I AT LSE BN — A AR A
TUHEA B L TR 2L M+n—1 />IN ] 35

1 2 H+1 M+2 n-l n M+n-1 M+n
A I_f L _ 4 ) I_f L__f I_f __F\_f_\_f_\_
. A . . . .
Uct ! Lot !
] Lot :
Uco | |

[ Us |

B 7 Wk&itERBETEE
Fig. 7 Schematic diagram of pipeline calculating model



1094 545

B Ry P 45 TR DAL, 22 ST S5 24 SIS )y LAY

\Vol. 44 No. 3

3.3 ERBELRM

R 3.1, 3.2 WHTiR, ZRE MMC My int K £k
TH AR ORI I X HE 7 0 248 1R 38 He s R B, ]
DAAS 341 ] 8 i ) MMC R s k- b 42, %ot
T 3 IR HE N ) FPGA SKARTR Yo & 6 SRR
T 8 K EHE TR, BEANMYE IR AR S A8 ) 58 4
A, B FPGA JFAT 58I 6 MR (1SR fift v 5

HEABLLLAZ 100 MHz (I BhOKs)) o 2855 K 26
Ab R 1R R F 2 L A N B
BB P A Ry . o, IMTIRK LS H S
RUEHE R W9 285 () 50 4 N B B ORH 25, T A 75 5
J R FL 2 F S T DL L N B P I 4, AN
Sk A AF A AT BOE W, IXREI AR B 7 X RES
A R BB ) FPGA . fil k(s
5 AR R M R U ) R R R 4 E
ST BRABCE Bl R IS, AN
W, RN RN ST S . R, AR

A O)THEAF R Uprm IR1E RTDS, H T8 HH
SR . GRS, RS TR R R 2 H R TE
11 AN A . FPGA 5 RTDS 42 Ho Iarm A1 Uprm
BIATEA |EEE-754 FRUER) SRS BEVE A5, 1 YT
KARYIKH 2 s BB s B, B RS
PR, ARREIY b K B Is AR P A AR AR
R FERRE 2 3. R, 28525 IR ARG
HFPGA FRUETHAE, ASChE niseRA 24 7, 1
R ) 8 A6, /INEES 23 16 47« 1] 8 H Float2Fixed
F1 Fixed2Float 437l A AH N RIVT SUEE T8 e R s
FoSAEL, b4, RTDS 5 FPGA [0 il 5% 1
AR AR 64 A 32 A AEAI s AR R, R T
Kl 8 155 2 RSN B AR AR, ] DL
FPGA Pl () A% f: (n 7 RSk LR RS o fl R 92
555 fFi6 2 RTDS ufy, F-Trrdibfint, 4fdhas
FFFF R AR o

/ CHIF IR
/~ CHH_ AR
7~ BAI F AP
/~ BALL B
/1 A FHRIEN
e AR

SM1;-SMy,

SM2;-SMzn

IARM AU -
—, € »| Float2Fixed > gk BARM—l |
e i AR . Fixed2Float |——

UarMan

Gate,;-Gatey, L
cat Gate,-Gateg, ! YeuUewn
ate o i k15 : Uca-Ucan
g | SMps-SMu Tl R W,
Gateml‘Gatemn Ule'UCmn ’ /
i 2 5 5 A HEFF L5 0% |« 100MHz L/
\ IarM Non /7

El8 FPGA REUE(KMREHER
Fig. 8 Integral calculation framework for the FPGA model

P9 S AT AR RR N e 1, FPGA AR
R fERTIF A ns 44, BB AR UEAEREAS RTDS /b K
P SE RO E AT LR T BT LA A 5 RTDS 2 ]
PEHEAC H . FPGA [1sKkfi#=z RTDS x5, RIEEA
RTDS /MUK SR AR —U, i flifs 2 A ff T
TRFFIFRLD . S AR n] e & 45 T b K AT —
(B 9 B AEE 7.5 ps $AT—IR), filE(5 9 %547
AR OIS S RS, T2 a5
E R
4 {FEIIESMHgES T

ARICKH 201 1 MMC R S8 50iE FT & 11
FPGA 1 BLAR Y, 3l i X Bl oAE 26 FN 2 2R A B 45

2.5us
|

IARM( larm laRM larm
Now UARQNON Uarwm No Unarm Non Uarm
wewe ] [ [ [y
Uc Uc
larm Gat(; (IARM
NON NON

g | | Lo

RTDS |

o>

B9 AR FE
Fig. 9 Time sequence diagram of the model
BAIE TSR WIAR S AT IR AR G ER R L
MR A T T T SR o 534k, XS Ear T T AN
SPAE AFTHCSFECT FPGA IR R A 75 Y5 1)
IS DL



9445 31 L

R 1095

4.1 FER%

EUE FPGA BRI BURGE, ASCAE RTDS
SEIN A EIREE K PSCAD/EMTDC 3£k 4)f IR EE
35 T 10 Fron i) 201 HLFP MMC IR R 4
AR RGBS HNE 1. MMC XA EHIZR
A Lo D40, BaEEsnmA 200 MW
K1 0 Mvar.

10 201 B EuH MMC R R4
Fig. 10 201-level single-terminal MMC test system

F1 201 BFE MMC HERSSH
Tab. 1 Parameters of the 201-level single MMC system
AR HNARS
BIEWAE  RIEHR  RES Hi H H

ke A VEEN R ZRBHIBH  ZRBRHUE

SNMVA k/kV Xtlpu  Upc/kV  Rpe/Q Lpc/H
500 230/225 0.10 +200 1.0 0.1
LI FRG MMC
TR WAL FEEC RE BRARE ek

RGOE AEF ST A RERHGT TR e
Us/kv Zs/Q C/mF LARM/mH %I N Ron /Q
230 0.1+j0.314 6.6 50 200 0.01

Kl 11 kS LSRG T 5 I SEIIE s AR
¥ F Xilinx 23 7] Virtex-6 %41 ML605 £ 1T & 4%,
7t Xilinx ISE 14.7 S£EIF KL N Verilog
HDL ffi R4 8 5 I RSB 3 T iR S (B v 5
R, A HL e FPGA B R4 H i MMC R4 .
FPGA 15 RTDS 2 [A] 38 x4 X TG 41 5 a7 18 iH
HEHz

RSCAD-RTDS : Xilinx ISE

Az HL EHTT RIS

11 ERFEREE
Fig. 11 Configuration of the experimental platform
42 (HERERIE
421 Wl
Bl 12 o e S 7 LA RO B, K
N BRI AR MR R B R

FAS A5 W A AH B o BTARIRAS T Dh T R e
fE 4 200 MW, JCLh V) 264858 {54 0 Mvar. 71 t=2.0s
I, A5 DD 3R e (200 MW, - [R] I FR s
A E N 2000 MW/s. MK 12 aTRLAEH, HTA
ThIhR 7 e Ay, T L ORSE f i
MBI R R . FPGA RiALURI PSCAD ()
PR RIL TR AES, W BRI TR E
5 0.21%.

——PSCAD/EMTDC -<- RTDS/FPGA

A HLIR KA
o
o D

|
o
o

o
o

HURHLTKA

-0.6

200

A it HLE KV
o

7 I ‘ f
-200 ‘

1.8 2.0 2.2 2.4

t/s

B 12 #RRFEAELERITL
Fig. 12 Simulation results comparison of power flow
reversal

422 AU A AR

WIHIBATIRAF b, RIFEAE t=2.0s i, 7E& 10
PRV A T 2 N 5 TN A FH 2 st e, 482 1 1)
2s, & 13 M AHN 1 B B Lh i . sk A0
A FHHL RS, A AR R A LG T 1 48 AT I B
WK RN, s, H
A5 B oy B AR RS AR, BV AR
(134 7 MR 22k 0.35% .
4.2.3  HSURR R % R

1545 t=2.0s I, 76 10 FRyE: O He I ol 2 7
TG N KRR 7K P i e, 80 P AR R G
FUE—HPE T 3 kA BIMEN, B
Tk, AHDN BT A T L UL 14, BT DL
B, MR R ARG, TR A I e R
PR LA L RO PR B bl T RN A
2 2 IS e Ty, PR A S N e A
EH, MMC BRI I 2] A AR .
U7 B R R R 3 TR 220 2.12%. AHER
THT 2 Mg, BRI % ] (1) 47 B35 22 AR
B, ARATAE AT H 2 A



1096 Eafs SRR 7 09 2% (R RSEH AR, 22 RT3 i 0 S ) 0 LA 2R Vol. 44 No. 3
—— PSCAD/EMTDC === RTDS/FPGA —— PSCAD —e- FPGA

5 1.0 T T T T g 14 T T T T g
e . I 2 13/
= [ ==t i 1
*,.’QI I -E 1.2 /
= X I ]

-1.0 : = 11 : ]
< 0.10 i T T T T T ] 0.1 i ]
=< L | g r 1
2 [ = ]
= - Z 0 :

0

200
z 2
= :
2 04 =
5.1 i
oo [T - o k=

1.8 2.0 2.2 2.4 0.3 0.4 0.5 0.6
t/s t/s

B 13 M A BB E A R b
Fig. 13 Simulation results comparison of phase-A
line-to-ground fault

s = PSCAD/EMTDC --- RTDS/FPGA

,45

B i kA

-12 |
20

10

0

LI LKA

200

WHLE/KY

.

A8

200 | : : : : :
18 2.0 22 24

t/s

E 14 EBEiRMXREESIERELS Rt
Fig. 14 Simulation results comparison of DC pole-to-pole
fault

424 MHBHEIIRE

AN R s, AW 1000 Q [ fE3)
LB AR 2R FE . ] 15 B A 8E sh7e
HL IS R0 S0 SN L, B AN B2 Rk A A B
MR SMy HLZ L S o A A AR L AT AR A i
HE . AT CUE 2], 28 & G0l i 3 2)) f B0
TARE AN TR R A TR L, R
MR, ASSCHERUF] PSCAD R4 EL45 B i — 5L,
PR FE PR R 4 AR R 25 R 0.11%.

RO ATUL L 4 B TO0 R L as R, AR SCdR
H 1) MMC SIS {5 BTSSR 6 88 RS A AU 7 45248 T4
FHIEATRAE, R E TR
4.3 FPGA %iR{E A KRBT 145

H T B SCTIF R MMC B[

E 15 MAPIEEFTRTESR
Fig. 15 Simulation results comparison of block charging
mode

BE, ANTTTEAIRTLL T AEA RIHATRK LA E AN
PP IO AE A B2 08 7 PG ORI TR PR R, 230l
2 K 3 Pron. o, R 2 WWE FEIAEN
H9 200, FEATHKZEAZ m 4300 1. 2. 4 W4
o R INHATRIKEA K m b 4, W FHIRA
#0 N 7E 100—500 PRI SE R . Bl ot IR A4 2
1745 (Resister). k£ (LUT). Bk RAM(BRAM)FI
DSP48EL L 4 Wi T %455, HA&TEIIE N FPGA
o VAT AT 2 S5 IR SEBR A R 2R o IS TR) 1 g
B R AR (10 U1 B I 1) R HE P BB (1) HE e B[] o
Fz2 ARIRKENET FPGA 1EELER 5 F & Bt 8] 14 RE
3 bk (N=200)

Tab. 2 FPGA resource utilization and calculation latency
comparison under different number of pipelines (N=200)

P T DR U o 1) e
MKk
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1 28 33 2 2 2100 12810
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4 50 77 2 9 600 4010
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Tab. 3 FPGA resource utilization and calculation latency

comparison under different number of SMs per arm (m=4)

i T D5 I T 4 i
A¥N Resister/ LUT/ BRAM/ DSP48E1/ iHAI Hipt
% % % % [al/ns  [Al/ns
100 41 60 2 9 350 2370
200 50 77 2 9 600 4010
300 59 90 2 9 850 6980
400 59 91 2 9 1100 6980
500 59 93 2 9 1350 6980
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