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Design and Implementation of Heterogeneous Computing Platform
Based on FPGA for MMC Grid Real-time Simulation
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(1 School of Electronic Information and Electrical Engineering, Shanghai Jiao Tong University,

Shanghai 200240, China;2 Fujian Electric Power Research Institute, Fuzhou 350007, China)

Abstract; Based on the alternative circuit equivalent model of MMC bridge arm, a real-time simulation heterogeneous
computing platform based on FPGA to simulate real-time simulation of MMC-containing power system is proposed.
The system decouples the MMC circuit from the grid, and realizes the parallel calculation of the equivalent circuits of
the main circuit and MMC bridge. In addition, in order to solve the problem of multi-data set reduction of voltage
and resistors in the equivalent circuit calculation of MMC bridge arm, an improved packet cyclic accumulating circuit
is proposed to realize the rapid merging of voltage and resistance values from different sub-module strings. And
optimization strategy of FPGA system is discussed. Finally, the real-time simulation experiment on the
heterogeneous platform with MMC-based power system shows that the accuracy and simulation speed of the system
have achieved satisfactory results.

Key words: MMC; FPGA; electromagnetic transient simulation; heterogeneous computation

Vol. 35 No. 8

1 58

MMC PIHAG S B AT M0 5% | e A |
G RT Y RSO o5 B2 L R 1
R AT R B RS R N i R G &R
GLiRa E ME A AT SRR A T BR AR, XA AR

IFE HHEE: 2017—11—20; {€E HEE: 2017—12—15

MMC [T 2% R GEI R 25 05 R 1 HL ik
HAPTHEMBIIEA.

FPGA 57 H ] 5 R 01 3 A T AL A8 A
A 78 22 i T T LR A R Bz
O FH 42 il s 1 DRAP 48 P 25 S5 B/ BB A7 ) P B0 18
L A L RGO ELR A TR

EE&UWH: HEARPEREA(61306026) 5 [ ¢ HLM 2 mLEFRRHEITH (XTB17201700138)



12 P 2R SR

2018 4F

Bt R v I L T A 7 LT TS TR A A PRIy
FPGA (1585 53 53 14 AN R KU i 8 25
D ELRIFFE A

ST RES RS AN R BT 55 20 Il 28 AN TR 446
HI T R G0 P B R G THIA PR RE I B AR T3
JRA 2 H AT A RE TR I B 1 T
IR FEL W R BT A5 LT R SR AR SO B T —
AIETF FPGA 1y MMC S i it a-F 5.

2 MMC #1238

ARFR FEALG T MMC H B RS # L K
K AL | % (Surrogate Circuit) 1 85 B 258 5
MMC 71,
2.1 MMC R#&HIE

A MMC Fidhes g 1Ca) s, —H#b
S BN 2 AN A R B 2 ) E a4 AL A [ Y
n TR (Sub Module, SM) #H H. % 42 [a] I £ 1
— MR L M. Hh Ul MMC /Y B
M HL 5 L B8 6% 400 i A ] B 3 HL7E ™ H T BB A%
TR R DR H .

1 1 1
, Sm,
o U

(2)MMC =M (b)2AfF AR TS
1 8% MMC B3R &

M T AL Chalf  bridge sub module, HB-
SMO7E MMC w5l iz dnk 1(h) B —
AP 2 A IGBT . 2 A R IR AR A A
#/I\E{ﬁ%%?%géﬂﬁ MMC EEE:%I{/EE]Q‘, T, ﬂl T,
BFE. 7 Ty S8, T, Wt f i L% T
Uer TR TAE: Y T, Fii. Ty W, 4 i
HLHE R O, FASEH A 1.

2.2 FAERBER(Surrogate Circuit) I EE
MMC =2

R FHAE AR HL B AR 452 MMC B AR |

IR ey BB — o B R L A i 2k

WA MMC H fi B0 L ke, itk MMIC 7
P % P AR 40 F B i (6 7 SR e . MIMIC P o
1 FE, R A TR S [R] sh s AN MMIC 32 8% 1l 4b
FL BT 43 P DA B A AT — AN SR (B A f e 1
FRRR AR H A 0 147 A R 1) 35, 7T LA i A3 MIMIC
PR S A R A T B T A T KRR T T &
MMC 4 £ 1) FELRG 7 A0 LT IRAS0R.

FE TR A I R R 20 MIMIC B o fige it
FE R NI TP -

(1) = Hi B 1 A (B A S 2 4 11 F B SR i 5

(2) ST AR B A5OSR i % P SRR fi.

3 EF FPGA ff§ MMC B#it+E £ & 224

wit

B MMC (g H R 458 ] D i B R R 4 A5 15
R =R S R e 2 NS -2 RS WA 7 s 1 2
Ha KK IR 245 M0 5 L 30 L O 0 58 3 HL N SR R
KRB B8 A5 Kk T LA SR AT AR X it A 15 L5
. RN A MMC L 5 B0 N B
AR AT AR AR AR B 1 05 LA Rl MMIC i
B RS A T e 4 i B — SRR A flh
3.1 & MMCHBEMNERNZSHITEFEEN
AR &t

WE 2 Frzs . MMC SMil i B3 L RN 58 3
PRS2 T AT Linux k55 0 EAHLEA T 05 2t
BT MMC 75 2 0 B 5 31 T FPGA L5 [R] B
ED5 L MMC H & 1) FPGA E4ME T —A4~ MMC
Pl gkt AT MMC A R (RSl R (5 5
147 il
3.2 RMFEBLSMEELSR

S & [ 25 48 AL FPGA LU J MMC
s i e B YR SE 1 AR S [ — st A ) . 38 L
HitEP KN T.FPGA FRit AL KR t. T=kt,
Ho b Ry E R 4t T i), EAHLE T T,
+T B ZIRA KM 5 B 1 FPGA GHET T,
et B Z /N AN 0 05 FLECHE. BUES _EABL A FP-
GA 33 SFP 410 1 -7 YCEF 8 15 » S B H R K/
AR R A AR s AN sS4, 5 IR, FPGA W43
AT 5 —A> SFP #2100 2 #z210 MMC 5l #% T, + T
B 2N B Ml & A5, A3k TR LT RS S8 S
MMC =il g8 F Tt 58 To + 27T B 20587 19 filk & A5
SHH.

JIifi SFP JE4F3d {545k FH Aurora Y3l 3CHF 5



AL 45 HE T FPGA (5 MMC S2i 07 B S H B & B35 M Se i 13

Efrl

PCI# )t
G0
SFP1

FPGA

SFP2

|:> SFP2| Ahi%
Eeiilk

1
1
' MMC
1
1

_______________________

B2 MMC Rt 8T & mmkst
G/s HtE s 2.
4 MMC #E& % FPGA LKL

KRG SE T HEEL 50 ps, k B 25, B 20
ps. FE T FPGA 1) MMC #; 5 11 5580 80 45 [ 50
ps TR AT ALY 47 FARCHE A0 MIMC #5821 fink &
BT RE L 2 ps WP RGBSR 25 25 4> t 2P
(AR FL B (7 BB I Il & 25 VL, 2 MMIC [
25 A U 2 R A3
4.1 MMC H&EitERiE

HRAE R T R A H I 1 1 25 40 MIMIC A2
B MMC B8 B iR e b sl 3 s iy 4 A4
ARk ST TR A TR

R B LB SR A 5

I 2 F RO R R B

AR 3 MR 1 R R AR A

S A BNk F R S I P TR M

ABR AR b — B R A S U
FNEERCL G L SRR FREH Y R AYFF OCAR
A Status, AR HE 2 B 19 SRS T BT A~ T4
H N EB LR Uneg FTHLBH Runeq.

SR R AHRL 2 A 45 A MIMIC A5 380 o, 4]
[ MR A5 1 7 A B AR I B — A A B — A T
. o TR TR, &2 TR YR
AT B R e H T B R AT S O SR 2P 2 8
IR 1 SRR Uneg M1 Rone TR FHEHLE B
(AR A Status AN [F] s 43 4R 3G SR Usow

A S A LB R » Fe AP o ARR T HEER I T 6
REE.

AR 3 MR b — I B B O
U am AR 42 VRS U L v 31557 O 7
5 H AR T Ui FNAEZCHL L Lo WHPEL 5 T
s B3 TR T RIS R 1.2 5K i 58 4
A7

AR A 5 EAR I 1 TN AD BOB R i 10 S AR T
Usne_amm SR L s Uscor g PABE R (g KT
BT SR Uy PSR AL L I
2P 1 R 3 MR U - IR 4 A BRI IR AT
.

SRR A BB RN R R
P B AR — AN R AU R R H 2T 6
T—ANEK BRI

/}H‘a%—ﬁ\ﬁ'\fﬁﬁtﬁ'ﬁ \

B 3 MMC #&7%E FPGA FRyitERE

4.2 FEBBEBBEEGHFR

FEAIR 2 1108 U FIR o WIE R, T ZE XS
Status A A B FEEHS HHATE I BT Usow M
R o AT R 5E 22— 30 M LT b FACH 2550
B Usow G TERRIEE T, —MITE 2
8 640 MR, Hizx RS A v s i
Uit FE B BSUERG B2 15 o0 3 B T T X AR R G811 1
RBCG I o B Ak.
4.2.1 FHRBEESIF RS

T ARG I R R Tk A B8 1 26 R
1 7 2. R SR AR A S AT 5 R AR A8
Z/0 320 ML, LRGN FPGA FFRF 6%
FH & Xilinx 23 7] #y Virtex-7 VX690T FPGA,
A 693,120 4~ LUT F1 3600 4~ DSP. Virtex-7
VX690T Hy¥ s ik 4% TP BT I FE 19 ¢ 5 5 42 B
w1 R,



14 P 2R SR

£ 1 Virtex-7 VX690T RYiZEMNESE IP FiFHEER

P e 45 Data Path Dlay/ns
R DSP LUT & 1R

/MHz Logic route
1 0 329 100 3.458 5.812
2 0 326 200 1. 221 3.552
2 2 222 150 4.731 1. 415
3 0 330 250 1.338 2.272
4 0 337 250 1. 349 1. 979
5 0 341 333 1. 299 1. 389

FPGA R HI4345 150 MHz iyt 4h , 7] i /25
KM A K TEIRE] 2 ps  Z55K 1 pmias 1P
(A5 S AR R R R L 6 FHAEIR Oy 2, DSP
O BYINE s TP, B2 R AT , W20 R fin vk
e IP FH WA LUT 4 326 X320 = 104 320,640
NFRREIFIEIRHy 2X10 = 20 cycles. fIEH i)
RS IR I H 2 HAE T RER LUT B, &%
ARG R ME LA 2 2R

TNARR R BR R 47 5 JF 355 I 640 4>
BEHG I R 1Ak g, SR HH 38 48 38 U 3
Jng] T 640+1=641 cycles, M LA & /N AN Bsf 2
2 ps LR,

PR A SO & B IH AR AT S e I e A T4 s
KT AT o34 EI F LA LGS 43RG I S
H 640 DB IR TR g 5 -1 00y 4 45 4
160 AR FIEER 20 )7 X531 & B B3
I3 i JE FRREX 4 AR AT I 5 0 15 3
ARG I R 2R T b — A E I
640 DT RIRE I AT 42 = 6 Mk, 57
FEIR N 160+1-+4 = 165 cycles, X F—/~0 4 2
ps WA BT LI 42
4.2.2 FRAREGFTEREI

ARG EEA AN [A] Status R B 54 B 53 5]
BT PGP 38 000 340 55 240 e g U B A B 1Y
FRLHCRZS. AR A B 7R R 285 5 ik e i
1) F AR R WA e B A TR 2R 220 T2
o e SRR ] A R 2 138 A3 Aok A1 . 3X
Je— M ZHAREIRA B e AR T —
P SCasE 9 23 H AT B4 28 00 Pl B R b B b R O 2o A
ST LRGN R IE AN A 4 Frs.

A LRI B0 i 3 — A PO
. — A MUX £l #8 F1 n A>T BLHGH 4> il FIFO
AR (n g FREHUIR SRR R A B0 Hep SxFIFO
REM A FRIYCIRE R Sx 1y 40 Fn ) FIFO, 4
S2FIFO R FHILRAS A S2 /&R 43 F i) FIFO.

-
Tl
S2FIFO

o (Femse) L

U E

x| [|p}—{p :
Usmeq |2 N SGFIFO
-

B4 BgriysrATEIN R N i

ST ANEH B0 B R AT AR 4k - (D K ER
by AR PO 43 R0 BRI 5 (2) AR 43 RN A R R A
. MUX1 T B AL 28— (1) & K 4k
iy A )RR 2 2 S B ER 4 A MUXS T 7E
(L) By BB 5 AN 72 25 1 2 WA T B HOR 25 1 356
A3 AL MUX2 1233 2 (1) (2) Hrdg i T 2840 145
HUIRZS B0 43R0 A5 0 A0 25 1902 5o 4s -
Ui B AR 2SR 7] 358 3 .

I 2R FH 3 2HAG B0 320 W 6 1) 5 O BV REAR Oy
160+nX (2+1)+4 = 164+3n cycles, X ZGIHFH
5 FRIR S By F LG BT L R A T A O B
iR H 179 cycles.

4.3 FPGA REFE5RIFEHNBMEMLL

T FPGA () MMC 3R RIIL & 6 A4
ERLRY, Q2R A& M 58 4 T AT i SR ROR 1Y AR
BRI RE . R UL R 0] R b R AT 5 Y
TE . AL RO RMBEINN Ui g R o
il Status SEHE AT OB A WA E (DO W
ATLICR T 520 B8 (2) AH A 9 43 4 A IF AT K it
TR, XA AT LK A5 R (1) 3 /K 28 1) i A SiE 3R 52
2 BRAE 2P IR (2) vh. B IR (D 7 Z M AR
B SER A Hp 8 4EIR 17 cycles. 575 46, 6 A4
FHMAIRG) (DS BEAR LM EZ A
BAE A PRk AT DR ) — 2 i K AR Y 5
BB A TR (3) (DO U H BRI =40
MK AZER Ry 6. LB (D) 5D (2 B )7
AT WO R AT AR B R RCLE AP BR (2) rh. 2R R (4)
PR THEAEIR K 50 cycles. BEAN/INME KT EAL 2R
B SEIR fy 179+ 17+ 50 =246 cycles. % J&
REHP 150 MHz, WL F FPGA (1 /N KAl &
Gl HA KT AP (1/150) X246 = 1. 64 ps
W T/NERAN 2 ps BB ZTIR.

5 fREWIE
FPGA 1% - & % F it 2 Xilinx /A @ [ Vir-



% 8

ZRHEGL A T FPGA 1) MMC SR 5 HAAG T 6 A9 B0 S e Bl 15

tex-7 VX690T FPGA, Ik % %% & H Intel (R) Core
(TMD) i7-4900 CPU@ 3. 60 GHZ 4b#i#§. MMC 3£
I FLS AT B AR 55 s R MR 50 s
05 B A5 FPGA /N B R AMIR T 2 s 09015 FLINE
NP RAMERE AT 25 AN A 5 R A R AN
A5 P 5E A

BRI MMC s 25 AN 1E] 4 Brs. B
IE i o 150 KV, BFE i il WiE (Ho8 1. 15
kAL BB HUECY 48 mH, TR A {H Y 120 pF,
FEAHEE TR 640.

Pl 5 iz B AE MMC it g 1 AR 38 i
FL PRI ) B RO s AR £ A BB, R
MMC i th B8 I BT AR 430 1E 5% 8 5 BRI I
JEARAT I T35 F FPGA 1§ MMC 52t 5 5214
FE AR IERTE.

f\ ?{?& ARAARAKARMA A P\/'\ AAARA
] VAT A YA ARV AVRVRTATATATATATAVAYRAVRTATA
AR R AR R
Hu:l\l\.J\,I,‘H:‘.H
L L O O O O

@ AR A! ]
E0.0lwlf'il\‘ll“l‘lrlf‘f[ AN AN AR ANATAY,

TRIRTRTRTRIRTRIRTRIRIRIRTAY ;(I TRTRIATAY !
' R R A i\
SERERERERRRNNY
i -‘”I Vl'\ \ “‘I‘l{‘ A “lll Iell II f"p “n lf‘ \i“ l‘ “‘ ll“ I" \ I‘.' 'I|‘
A Y IAYAY] \ { \/ YAY | Y
(VY Y Y VY Y Y Y VY Y Y Y YWY
1 1 1 1 1 1 1
0.16 0.8 020 022 024 026 0.28
It I8

|}
Iy

tHiL ]

L
A1

5 ZmEMAOMSLEE
Pl 6 W] T M f B B 55 007 FL T T A B4
528, AT LABH 2 A UL 3] . 1 BT FIRHR S iy 2L
AR SCIE LE. I ELOT AR R A9 I CPU 353 i
H R EE T FPGA 1 53 M THRF 5 19 60 4. 1l
T FPGA WS & m DL R 05 J i K 5
B ELI AR 5 8L

{7 LT LI K/ s
2

8 16 3.2 6.4
B U K/ s
B 6 CPUF&METF FPGA RMFAMHEEETLL

VA B HAS R A SCH R H 19 2E T FPGA
1) MMC 52 i 05 B0 53 49 °F 5 BE 8 A S X &5 A

MMC {4 e ] BEAT 07 5L 5 ELG 2 L 8 A 5
I A K.

6 HRIF

A T — TR S MMC 1
RIPETF FPGA MR S SRR G, £
BANH T TV 6N REHM A FPGA L2
BN F B B S AR O B X INE K
475 B F B v R A5 JE SR R AT T VR 9 4 . T
X LR A I 300 2 8300 4 TR B SR ) 8, AR S
P T —Fh R G 43 LG BR B0 H R AL B A
. IR EE A HE 1 —28 FPGA I35 B8 IR 4 8
RS RS20 T FPGA E ARG/ KA 28
(TSI 3 29 o). o 0 B2 R BGE T A SCRT
P A RGBT S BT B B S S S
P AZILTF FPGA WY HLREE 05 B M1 6 78
PR B S A [ 6 0 B0 R R A
(%) HEL B Do 2% S IR IR 55 2 - /N T R Gext FPGA
TR AT AE , P 1 R S S BT Y
AR s AT R 25

B3 30K :

(1] 3RS )t 2ol . 5. Sl I FHORTER fE
H IR ety 1 LD L A L AR 2 4R 2010, 30 (4)
1-7.

[2] Tu Qingrui, Xu Zheng, Xu Lie. Reduced switchingfre-
quency modulation and circulating current suppression
for modular multilevel converters] J |. IEEE Trans. on
Power Delivery,2011,26(3) :2009-2017.

[3] Parma G, Dinavahi V. Real-time digital hardware sim-
ulation of power electronics and drives [ ] ]. IEEE
Trans. Power Del. , 2007, 22(2). 1235-1246.

[4] Dufour C, Belanger J, Lapointe V. Fpga-based ultra-
low latency hil fault testing of a permanent magnet mo-
tor drive using rt-labxsg[ J|. IEEE Powercon, 2008 ,
84 (2-3) :161-171.

[5] Matar M, Iravani R. Massively parallel implementa-
tion of ac machine models for fpga-based real-time sim-
ulation of electromagnetic transients[ J ]. IEEE Trans-
actions on Power Delivery , 2011 , 26 (2) :830-840.

[6] Chen Y, Dinavahi V. An iterative real-time nonlinear
electromagnetic transient solver on fpga[]J]. IEEE
Trans. Ind. Electron. , 2011,58(6): 2547-2555.

(7] SHES, BRIIRI, 208, 5. FPGA SRR & KL
R AL HE B S fE A, 2016,3(7):6-11.

(T 4% 20 )



20 P 2R SR

2018 4F

TELLUR A - ()2 T 5 80t 4k 4 ) fee pIG ik »
T 2 HEBOR BRI AR AU Sk s A SRt P 3 B3 U
IBAT I BRI R I E]. 25 R 38 45 A ) 3 oy 2
AR AN Bk S Y BT LA 390 T L% JE X2 0k
PEAT oA . (2) AR SCRE B T 1V 2 pR RO AN E
ARG 55 BRI A ORF — E i) S . AL BB R
SR AT LU e DU I 38 1) 5 5 (H R 2R i 45
AR T HA— LIt 75 TS O HER R A REA 2
FRACHY  BERFIX A ) A5 3 5 B4R 5 B4 19 3 Y
JEE PRECR O 1253k

B3 30K :

[1] Han Jiawei, Kamber. $#EZ01 & 58 A M. &
B, W/ bt ALBECO i it 2008.

(2] P53, XIAS, BT, BEAEURO] i,
2008, 19(1). 48-61.

[3] Xu Jinhua, Liu Hong. Web users clustering analysis
based on k-means algorithm[ C] // IEEE 2010 interna-
tionalconference on information, networking and auto-
mation. Kunming, China, IEEE, 2010.

(4] WHIHSE, EHIR. R/ 22 0w 56 B2 o i K-
means Fk[J]. HEHLLRE, 2014, 40(8):205-211.

[5] Goyal M, Kumar S. Improving the initial centroids of
k-means clustering algorithm to generalize its applica-
bility[ J ]. Journal of the Institution of Engineers,
2014, 95(4) :345-350.

(6] JRKAE. A BT % B A 2K PO ke
means BiE[J]. PHEHL TSR, 2014, 50(20):
135-138.

(7] BROGTF, B3y, R, —FhE e A PO Fn
K-means 5 ¥ [J]. T & ¥l & 4. 2012, 33 (6):
1320-1323.

[8] Deb S, Yang X S, et al. Towards enhancement of per-
formance of K-means clustering using nature-inspired
optimization algorithms[ J ]. The Scientific World Jour-
nal, 2014, 564-829.

[9] Yang X S, Deb S. Cuckoo search via Lévy flights [C]
// NaBIC 2009: Proceedings of the 2009 World Con-
gress on Nature & Biologically Inspired Computing.
Piscataway, NJ: 2009. 210 - 214.

[10] BiARAE. E e — Rty K H ] THEL
TAESRIL2007,43(21) : 170-172.

(11 B R kit — bt i 3 A0 K B{E TR & 2K
k)] B 5FER#HR,2010,32(1) : 92-97.

[12] XA M B Levy RATRHMER S iE 5T ). &
HER G F4R,2013,8(3): 240-246.

[13] Yang X S, Deb S. Engineering optimization by cuckoo
search[J]. Computers & Operations Research, 2013,
40(6): 1616-1624.

[14] WhHs, ARAAR, £ K. BT HE K-means JEITEE AL
HELT]. FPRAHLLAR 5 . 2014,50(21) ¢ 125-128,

[15] FZEdk, F U A — 30, Bk 7 47 S 1 R Bk
L)1, ®AF2#4R,2013,23(11) : 2687-2698.

(167 ok ERR, SR, oA WA 73 3 R Bk .
PRl 5L, 2014,29(4) . 617-622.

L17] XBHEYE A K AL. —Fh A & AP KA 48 548 R 5 0k
L] HHPLTAR SR 2013,49(10) : 68-70.

EE B

MEME B3, (19900 ARG A WESE T I T2 AT B
PE42 4. E-mail ; sunwp244372610@163. com.

&= 5, (19800 R TR, BT T A RS 1R,
RiB4E B, 1959 4 Wi A S0 BF 5805 oA 2Ky
R €T Erat TR W o

(L35 15 70

(81 Z=E, MIEMT, KER. WL REME SR S
TR AR TERC i P g O LRSS LD ] Wil S A0k,
2016, 53(17):85-91.

(9] JhpE, RE XA, B8 il 2 o 74 it 25 Pl
PiEJrkl)]. RS AL, 2014, 38(24):56-61.

[10] Zhuo L, Morris G R, Prasanna V K. High-perform-
ance reduction circuits using deeply pipelined operators
on FPGAs[J]. IEEE Transactions on Parallel & Dis-
tributed Systems, 2007, 18(10):1377-1392.

EEE T

TR W, (19935 W W g A WESE T 1 Ok LR A
EUFIRE RN, E-mail ; 448134158@qq. com.

BAE 5, (19800, Fi, RIAFSE 5L, WFSE T [0 Ml AE &
4t . VLSLAF i 45

WA 5, (1986-), i+, TRV, HF 55 07 1 i 1 R4
.



