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Real-time simulation algorithm design of a virtual synchronous grid-connected inverter system
based on a CPU-FPGA heterogeneous platform

WU Pan, WANG Keyou, XU Jin, LI Guojie
(Key Laboratory of Control of Power Transmission and Conversion, Ministry of Education
(Shanghai Jiao Tong University), Shanghai 200240, China)

Abstract: With the wide application of power electronic devices in power systems, the demand for small time-step (< 2 1s)
electromagnetic transient real-time simulation increases. While a CPU is unable to meet the demand alone, there is a trend to
complement it with a Field Programmable Gate Array (FPGA). A CPU-FPGA heterogeneous computing platform available
for real-time simulation of virtual synchronous grid-connected inverter system is built. Within it, the circuit part on the FPGA
is implemented with an optimized Electro-Magnetic Transient Program (EMTP) algorithm. Constant admittance switch
modeling, branch division with parallel processing and high efficiency matrix operation are used to improve real-time
performance. The control part on the CPU adopts virtual synchronization control and designs a data interaction interface for
asynchronous communication with the FPGA. A small step real-time simulation of the grid-connected inverter system is
conducted and compared with the results of a Simulink offline simulation. At the same time, the real-time performance of the
platform and resource consumption on FPGA is analyzed. All results above can verify the accuracy and effectiveness of a
real-time simulation of the virtual synchronous grid-connected inverter system based on the proposed platform.

This work is supported by National Natural Science Foundation of China (No. 51877133).
Key words: grid-connected inverter system; real-time simulation; virtual synchronization control; electromagnetic transient
simulation algorithm; field programmable gate array

0 a|= HorE T RERG Zefeiairl. &G
= WA A O R AR PP R R, DA AREE R

X R SAS RN . A, PUERIfE EJTE TS CIRARIBE ) RS 7 e, HAR
P R HEORIE 2. B, BEESINEK
HeUiH: BRAAAFELTAE K8 (51877133) SERG AR ERCR B WA A8 E Ry




-86- ® ) ERGEY DM

A, REIE N H ) TR R B A, B TS
BV E N o BT R ROR] D I I AR A T
P 1] 5 WS R I O BRI S, AT AR A S ) 5 R
PR ERMESE, BGRERA .

B F R A BB G s R 2 118
RSB SRR TSR, DL A% CPU A B
HIG. B mABER BRI RIIEIN, B
M) AT SR P 97 1 5% B U ST S s AR (R ORS A e
21581, Ty SNy B P SRR o s, HAER A
FNRTEAB K, 4 CPU M kA KIS fH .

7, UL RTDS. RT-LAB A4C B WAk Sy
15 BAAT AR H D UERAS T 2 N AR, BT
R FPGA S HL 77 ML T35 4 1 /N DA S 4
.o fHLL CPU, FPGA HA T HERE 158 mIFFATHE .
IREEUK RSN S, FiEE B SN KSR
FLSEEL. FESREET FPGA (IS s, EW
SREHMFETT . SCHR[11-12)82 1 T3dEH T FPGA
1) 5 29 4 FEL % (Associated  Discrete Circuit, ADC)
FEORAERY, 2B B AT R BERT G SYE FEA R
(R, A5 BT B EMTP B0E 152t MRS . SCilik
[13-141RH /MK ADC FFRBAL, R THT
FPGA [FISEI i BAys [ PRI 70 D) D e PR 25
oy A AR IS G YRR IeIZE L s N, A
A FPGA-RTDSES, £ FPGA JFf4T1820145 404
SR, T FPGA [P H8 7 HE 7 SEmH 7 HADAFAE LA R
@ 1) f£4: ADC H B RAE m i s E T,
AR EIF OB IS, M™Em i BRE A 2) 1%
4t EMTP 5L ATRERE &, MELURTE FPGA =i I
TR S 3) T AT P& IEHI RA N £
FEMEFISE 24, 7F FPGA | [RII S2Hi B Bk 545 1] 2
GUIIND R SE A B, K AR O R PR 15 ECAASE

e B S 1 M AR 88 R G0 U A 25 1%
IR I E A S 1EENE, A0k RGEEHE S
HLER AR T I AR NS KT, JR3ET
NI-PXI RSG5 T —M CPU-FPGA AR T-&
T FIR RS 5 B st Horp, XL )
i, FPGA HLESH KA T EMTP JfZEsI,
FIFHT™ X ADC JFoe i, SEdR2 IFAT 4038 S 40
FEALIRAE T SRR A A SR B CPU #HHl304>
KA BB, Rt 73T PXle BZHI%
WA HY N5 FPGA T R b 5. &Ja, Exfix
T IE AR 28 KRG AT EBI 30T, 5 Simulink 2528147
HARXT LG, R 6 Sent R S5 FPGA L BTJA
THFE, IR T BT AF & SEIUE LR D I A 3
F G S B A R .

1 ETF NI-PXI B8 CPU-FPGA B#itEE L

B R S B A, i Simulink
PSCAD %, —igfr7Ei@A Nl CPU I, HAR
RREE G THE T L5 IR B, Mz
T, AP BT B R, R
AR 5 B S T H 5T & 1R AT %
11.CPU H1 FPGA Wi HH B ITHIXT L, Wk 1 Fis.

1 CPU 7 FPGA Z2Haxttl
Table 1 Framework contrast between CPU and FPGA

s kSR RIS EG
cPU DRI O T (B2 =R/ bl
SR, 84T A TR e G

g HEDBEL W ERMCKR, AT
AT RIS
Ty, AT FiI 8 Jefi e "

AL, FPGA EAAbHEFVRFAEM B, BH &
K SHE B R E SRS EAT S 1 CPU & &
WMIEEERERE A BEREAK, MiEHEEER
AT EAT S o AR SCHFFE AR D AR 38 &
GU ST B, AR AL A AR BRTE N I P b FL R A
B B NP KIS, 1M b 204 s 4 i Ay
MR, HEFRESNGHER, F#H LRPF
THEATS, FAHE &I —F CPU+FPGA 41t
I SER B A

5 [ [E 574X 3% /> 7] (National Instruments, NI)FT
R PXI R4, & — P& PXle B 28, ik Ax{ CPU
B ZS AT B FPGA BRI Bk F &, RistE
Al ks, arsEtkm. T NI-PXI P&, A
F& 4218 F T R 400 [R] 20 I W AR 2% 22 40 S B
CPU-FPGA ®MiTHF &, WK 1 Fix.

Pl 1 A I 3 AR 2R B SCHR[21-23] i KB 4L 1R
SR AR, SRS IR foane MIEH G
HIE Uapes FIAL fane 1E IS, 456 VIS T34
% Prets Qrery 1E dq A4%5 R NEHTREREEES], frt
WIS ZR TR PWM P H1E Mowmo

FTE 2 13E T NI-PXI ) CPU-FPGA S 1f &
P& 1 EATHL PX HLAR A FAH ¢ S B R 4 % o
Kl 1, HLFE CPU =il #s (NI PXIe-8135)iz 1Tl
Ay, PiEAKECH 100 ps; HLAE FPGA HEHL(NI
PXle-7975R, Kintex-7 XC7K410T)%: T4k EMTP
LTI KA RIME R, iEP KA Las,
DL A BT 5 S SR s AL AN AT 5 CPU
5 i 2R AT W AN I FE A0 H, BT RE RN
500 ps, AT R; SRR FPGA 10 ik
BEAT S T LI B P A il (PT 3 «



HE M

I

I

I

L

(| - — =

L — MU

i o ] i [ Pu ——

- T | 0u | it

| HEh o o | [ deme | ue [ BOF T€ RAIR

: i‘i Vgl [ et | s R o O

g .

¢ s
E1 &

F [2:
I R ERE
m TCP/IP
T L2 RE
{ihea

AT EMRESH ML TS R G SLAHFER CPU-FPGA RHEE

Fig. 1 CPU-FPGA heterogeneous platform for real-time simulation of virtual synchronous grid-connected inverter system
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% 4 CPU-FPGA & sRTiERE
Table 4 Real-time performance of the CPU-FPGA platform

b2 FPGA LB 7> CPU %l
FH I Ius t£4 EMTP Ak EMTP i
T 1, 1.20 0.17
TS Ling 485 0.18
AR AYA 4.45 0.14 89
T Vo 0.90 0.11
TEH Ny 0.75 0.07

HA — 0.07
=M 0.00 0.26 1
Mgt 12.15 1.00 100

* 4, FPGA R 73 mR L4 EMTP
A EMTP SEBAEXT G, P T8 AR IR AT B 5
P, BTN H R R, SERHN R,
ANTH R SN PR EER, BB I BEl L 3R = FPGA 4%
WA ARG, SEOUEREROR . MEEZ N, Ab)E Sk
BUUFATR s, BT S0 IR AT A B 5 R i
SRR, BRI ORI, A N Ty
K, HEA M, W2 7 SErEEsR. CPU
PEMIHR 007 FL R RE B A 2 PR, BE 9 A2 S LA 3K

2) GRIRTHAETE B

FPGA BH R 73 NiZ 4 i  RAM A7 A DSP48
Feidids =y, & 5 NiAk EMTP iR TG FPGA
BRIRVH BTG DX L

% 5 FPGA SiFRHFEIFRRIEL
Table 5 Comparison of FPGA resource consumption

PRI E FrF 148 EMTP At EMTP
TR BB 63 550 47.30% 38.00%
BB P G AR 508 400 17.00% 14.60%
iR LUT 254 200 29.10% 25.30%
RAM Ht 795 11.40% 11.40%
DSP48(25x18) 1540 4.60% 8.10%
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