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Real-time simulation training system for substation based on FPGA

ZHANG Bingda, WANG Lanyu
(Key Laboratory for Smart Grid of the Ministry of Education, Tianjin University, Tianjin 300072, China)

Abstract: Real-time simulation training system for substation based on field-programmable gate array (FPGA) is proposed
in order to reduce the construction cost of substation simulation training system and enhance the quality of real-time digital
simulation. A minimum degree maximum independent set method is adopted to arrange the sequence of nodes elimination
and voltage computation, which has a good balance of computation burden and degree of parallelism. Fine granularity
parallel computing is realized by adopting a multi-input and multi-output instruction stream arithmetic unit, therefore
improving FPGA resource utilization. The simulation parameters are indirectly modified by the status word and effect word,
thus reducing the simulation time and saving data memory space. Simulation example shows that a simulation substation
with 542 nodes could be processed in an EPACGX150 chip with 40 us simulation step, according to the proposed minimum
degree maximum independent set method, instruction stream arithmetic unit and indirect modification method for simulation
parameters.
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Fig. 1 Simulation training system for substation
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Fig. 2 Circuit network node
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Fig. 3 Instruction stream arithmetic unit

X MUX. 3ds. SEdRmEEh], nTRyEAz
uli IR ARG A FOP IR AN I R s e
XFE, RS D BRI o 7 R S I R
B, AE A K E . A, HERTREXS MUX. 3%
Bl SEARMEEIRA R — &% S, BidRS
WIERHR I EAP R, T4k 0 A e L,
2N 'S 5 FPGA il 5 6%, P w78
HORHES IR HEATIE M A BRI 23 (R A7 i 2 7]
KHANEIS 16 4 8 A7 2 HEHIHER R & MR 4 IXFF,
I AR IR 2 BTSN T H D R AR B 4
AR

HARUEFR A H A 2 R AT 5 5, fE
TR mia s LWCE TH TR LI 16 77 5%
(t) OBS 1 IBS i I, H T #dliftid 1 64 A2 58 1
OWR FI TWR i [ o
3.2 BIRFHEREH

FPGA B A] 732 6 Filt, w] 4 R4 A/ HH 50T
FEART G2 AR T, iR AR RAM. A4 B
JERJZR A DI REF IO ik L HAEAZ .

— R, 6T U 1) R/ B sl ) 4
P, FHEEA T Y4 12 48 s P () 2R A A A N L
T0T 57 T sl 27 1) (R DR Bt PN 2C
RAM [ & 1M (0 X0 11 RAM A7 0 B . Rk, ¥
B 3 rp R X 0 Dl AT XA T RAM X
KTy KIE T A L, M FE L5 ) X
i 1 RAM I, F156H 1% RAM 5 7% 2145
JE AR . WA A AR X 5 XU [ RAM. [X 2 [H]
Refg U, Rl 3 ik T 3 48
i aA. A, LEXER HIEZOCH S OWR, LI
FAR2 IS AR AR AS H

Kl 3 A e il 5 B s RN £l X
A& 1 RmKE, TARIEAIE 5 Rk, BRikdst
10 ZeKER, Ikdsit 7 k. IIREEEIs
SNERPE, 9 MEdE L. 6 NMEEEE LM 3
A MUX #% A% 14 FIFO, HKEHIT# 1.

£ 1 FIFO K&
Table 1 Length of FIFO
HFE a(X3) b ¢ d e f g h i
K 1 1 1111 16 16 11 11

ZW A(X3) B cC D E IWR 1 2 3
Kz 2 12 17 24 17 2 11 16 16

Kot h Ty AR E L EE BB, HORHIAG

22ty e MR T “ o AUSIE FIFO
Fei,  HARNI B #ON FIFO B2t 1 AN ChS AN




_58- @A &R B R

1] FIFO ‘5N 1 M. 52 H ARSI T s B
O BHE 0 MUX 2485456, 52
MY HTFE A BRI H R A . S
A MUX [P X PRI LA A A i S
TR GA TR TG L, EMN 9 M O
FIFO. 6 MN5¥3E 0 FIFO st A . 5% [
— M ZANEEAE, 806 [ — RAM BUEB g4
Huhb e 584, WA S .

FETT e U R PR3 2 R0t e [ AR o B
BRI A IR R A TR AR, IR
Syt L T 2 T i B B e N B X R B N JR
THIHE2 PR AN I C R R I 5 . B 1k AT
BBIEING, AFHVFNEEE 1 FIFO 4321 (148
HILE BN R S 2dE 11 FIFO b, [Rli
WAFVFS LA RN S 2 11 FIFO 32 1)
FRASAR A .

4 (FESEEELTE

TEAR S — IR R G HAt S, P FL P S
PR TT M, FFIRIFAr FIG b iy, L RH
HARK B REAE, JFSA AR My, A BH R /)
HIBEA o S0 T A8 S 2SRV AN R 2, 3 N AR HL
BRI -

5 AT E R Al FRRE D S A YR
S S T OORAS S W B R AR e # v A
REFK . BRI IR Wb B RIAL He 25 1%
HORPIRAS HRE T SN LS, WA 2 2
IR TSI TA] . BRI, ASSCHR R A AT BE RT3
ZHI R, RAPIRS TS 1 A i) 77 s s
BRfie “UFFIOIRES . W B AN AR M 2 G R AR S
AL, I B EOIRES T, TR SR T
I 28
4.1 REF

Sk BT G20 528, BT RS HE
3 ABWME Inquiry MEHEE Data. Inquiry 171005
15 LS H0A R P PR FELRHL Ak T A B Ay AL (TR
REF), Data £ ESHT R SRR,  H.IA]
— I BB SEPMEESAT . RS 5
BRAEXTRY, BT B SHr A T35, a2 T
—FREN BB T X XHE, Inquiry THERIRS A6,
A E PRy AR hE, A B e L 4.

LI JEHLAE R

01343 BB |3 CPtg 3 DR

3 o]i1
63 15 0

4 ElELEH
Fig. 4 Structure of inquiry value

15 S BER B R R RE : 4% Inquiry FR1ERS
77 284 Inquiry PIRPIRES TR & 78 Inquiry
S HE I imEs 545 2] Data WHIEERIAL, B2 )5 M
Y B E T U 2 S PR

LR A2 2 R R RS e St B f ik 5
7

(1) RFFREZTT A, Bl B RAEPRET: 4.
B BN BEZ f BT T W BT OCHPIRES, € BUNBEZ
MEEMEREEPRES, D By R RS s 1
PR W R E AR

P=M+Y)C, Dy + YD, +7, 3)
A YL Y, Ya, a0l 4, B, C, D BeP Ak 1 1Y)
AL Cox NPT BCE 2R MR S5 Do N
A] R AR R .

Q) M TSR, HE B RAPIRES T
A, B, C BN RS AR RS 0. 1. 2
FIR), D BEANAZ R 28 P s RS 041 3R7R)
B P AN

P=Q2Y,+Y,Y,+D+ Y, +D2Y, +4)/6)+ D (4)
X YL Y, Y3 0 loe 4, B, C Be s KR HH RJE
e/ MA.

IR A L8 B 3 S0 AN S0 B A AH R X
fEvT ek, PrCOR L e p) 2E s i W A A ). X
FE, TG0 R S H) LR, b
TG A
4.2 FIm=F

M RR T A B B . AR RS
HRPRA B IR T . AR, 7 ha
YT G DA RS OREET A i j ) H R R
S G, G, Gyo

— IR, WS SR FNRL T IO D IR S i R
BHAR AT H L I A A 2, T A AR i s AP 5 I F
K51 D (1) L B AR AINCE AT A B Z0 8 ] AR A o Ay it
T AW EE S IRV, TR bR ik
B R I RS g, w DARCCEE LR g
SCEEHR i, HATE LA 5. Hor, AL A7
X B S H A WAE R S LA A 2w, HHUETE
& 0~15,

Inquiry et 2 R
G G G Gy

Huht: Huhl: il
11 0[3 0[11 0|3 0J11 0

u; u; u; i

Mok | ik | Mokl | ok | ok
11 011 Of11 OfIl 011 0
0

AL
30

AL
30

fir
30

AL
30
11

1
B 5 FXRAE. HERERFIMNF
Fig. 5 Effecting word of switch state and fault setting



SRMIIL, A

FETF FPGA (1977 FL i S BB I R B - 59 -

AR s A WS AR S IE IS VA B HL s S5 5 LR
WSt o, pATREW, HEZm T AL E 2 H
K6 Pras. H, “BU” ARfx i RS A diEF

A, B, C, D WEBLAT 50
G G; G Gy a B

»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»

87 )
6 X B ImTF

Fig. 6 Effecting word of magnetization zone
5 {nEXLH

Altera A 7 (] EPACGX 150 5 F 3452 150K 4
BHEIE, 360 4> 18X 18 P HiRkIILSE. 6480 Kbit
KN RAM. 8 4N 3.125-Gbps W &k 8% . A SCHE
EP4CGX150 057 EIFR T —ANE 6 AR vl 55 )11
L SEI A FHESE . (7 FAESLEEE 6 ANE 3 s
T8 A Iis 4 UL A FL SIS OO | IR B AR BA
ARG ELEE, b ] EPACGX150 L 41%[1)3%
BIR. 56% ML TR S2%IMAF R . &
TimeQuest [ HSEZPREGE, 45 EHESL A {E 200 MHz
IR Y es e

15 AR Lk R il 7 FioR, 2 B R KA
¥k SFPSZ7-120000/220, 220 kV Ml EEZ: . 4 [7]
WiZk, 110 kV A1 35 kV M3 4 RE> B 6 M43k
HATEARIAERIZ . DR T, Wik es 5 S T
SMi) . HL R FLRES H L o TR AR 5 i 3 T S [ #
ATV A R RS M B e, R oy ek 3 B, B
Z ATV R e e, A B R AR T R A ]

AT IR B B, 1 R 0E 542 Ao SRR
bk bode [0 L]
211 \212 93 Y213 \214 1241319 dyadis diie
OO T T
L] L L10kyy F( PR

TR e v e e A |

i = 2 Mol s P02
b e # O

i
_ | (I
ﬁ& %301 302% ?
3 4 \ \ I

35KV \ UL UL { {
%311 LL312 %313[_383_, L314 %315 %316
oy vy

7 AEE R EEE

Fig. 7 Main connection of substation
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Fig. 8 Current waveforms of no-load closing
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