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ABSTRACT: With the increase of uncertainty factors such as
variability of renewable energy and load randomness in power
systems, especially in N-1 contingency scenarios, efficient
large-scale repetitive power flow calculation is becoming
increasingly crucial for real-time security analysis. However,
traditional power flow calculation methods based on physical
mechanisms have higher computational costs and slower
speeds, which can not meet the real-time risk assessment
requirements. Data-driven power flow calculation methods
have faster speed but rely heavily on data quality, and the
prediction results need to be more consistent with physical
mechanisms, making it challenging to apply to actual industrial
scenarios. To address these issues, this paper introduces power
system domain knowledge into data-driven models by
constructing a deep learning model that complies with physical
constraints, thereby improving the model's performance. It
embeds the power system topology structure and physical
formulas into the deep neural network structure through a gated
mechanism and regularization strategy, enabling the model to
adapt to changes in network topology in N-1 contingency
scenarios. This paper conducts simulation experiments using
the IEEE 14-node and IEEE 39-node systems with new energy
access, investigating the model's performance in conventional
and N-1 fault scenarios. The experimental results show that the
proposed method has improved accuracy and compliance with
physical constraints compared to traditional deep learning

power flow calculation methods, and can effectively evaluate
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the system's operating state under different fault conditions,

verifying the effectiveness of the proposed method.
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4) M3, 1 M2 [FEAl L, 5N IERITEE N
IS

5) M4, A& SCEET)E 2 ZEVE NI NS B RAE
] &) DNN #i i,

6) M5, 7& M1 2L, 5IN$R4NTHENLH .

7) M6, £ M2 (A E, SIAIRFNTEEILH].

8) M7, fE M6 WA, S| NIENIzhZAm
IS

PL T, MO T B EA R, 1ENRAE
FrifE, M1 AE A R 5 R iR, M4 1N
N-1 W35 AR . MS & TGNN, M6 &
TGPINN, Z5HUIE 1 B . M7 52K H IENIEDZS

*x1 RESYH
Table 1 Model parameters

=

A TR R R R A5
— M1, M2, M3 [56, 256, 256, 56]
M5, M6, M7 [[56, 20],[256,256],[256,256],56]
g 2 M1, M2, M3 [156,256,256,156]
bt M5, M6, M7 [[156, 46],[256,256],[256,256],156]
M1 1200,256,256,1200
il 3 [ ]
M6, M7 [[1200, 80],[256,256],[256,256],1200]
M4 96, 256, 256, 56
54 1 : ]
M5, M6, M7 [[56, 201,[256,256],[256,256],56]
N-1 2 M4 [248,256,256,156]
e M5, M6, M7 [[156, 46],[256,256],[256,256],156]
M4 1200,256,256,1200
54 3 L ]

M6, M7 [[1200,80],[256,256] ,[256,256],1200]

AR 2R IR ME 1)) TGPINN . £ X ANFEIE A, HAAR
BINGSHAEME 1 Frox. AA FEI5E
Intel(R)Core(TM)i7-8700K CPU@3.70GHz 16GB
RAM AR Rt o

N T WA RIITERITERE, R LN fabnfi &
WV B BE . A (17) i S A 2 o) &5 SR A
FLSEgE BRI SR A RADM A (12)# &
BRI Dy D 2R M) D 1 9 R D) 345 77 12
PIFERE

YIRS AR BN REIR, BB 200
G A LA ORI, BRI ZR 5 it
JE, WA K. BeA, AR I ZRE A 7
GRS RS A A, X5 )55
SEPRFE R . BIAUCR X R ZE VLA Y). TEIhZR
HY RPN AR

R AE AR b N 45 SR ) A P 3 R
(relative mean error, RME)HJTH5 AU :

M

test
=1

¥, -7, |
Ryp =-=———x100% (23)

Y|
i=1
Kb M, BRI AR

BT 0 kA T 45 SR 0 o 40 ok i 7
o~ TIHAIRETH 1, M AR

Mey A
> IP-P
= —iZIM : x100% (24)
> IP]
i-1
Mo ~
z | Q[ - Qi |
o= L : x 100% (25)
2101
i=1

K P Q73 ER R B R LI N D) 2 R0 6 4 1)
R EAF R E | ASWIRAEA A D)2 A e T )
Z, BPY-P°. 09 -0P: P. QR H
FA, P I LR A TE A9 B 28 AR FE AR I A T
DHFMTIE, WANXQ) Q) AT, Hhdk
R R 7 2 A8 22 I 285 B 1) 300042
3.2 E{HIEAER
3.2.1  ARAIPERERT L

2 EE IS TN EIR I SR A5 R . SRS
SEOCRE, EEE 1 PEAER IS ST, M6
HIAERT R ZE A 0.081%, M1 FIAXTRZ N 0.083%,
PR ) TR AR s ELFE A ThE ORI TC Th 2 3 (1)
HBEBO L, M6 A IhZARIEE %K 0.023%, T
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R2 EBHIHET M1, M6 f M7 §9#HR TN R
Table 2 Power flow prediction results of M1, M6 and M7 in
conventional scenarios

, XY FAR BAR
—_— - RE% HERY%  EHEER%
Ml 0.083 0.226 2.080
Hl 1 M6 0.081 0.023 0.037
M7 0.080 0.021 0.034
Ml 0.297 1.257 3.817
i 2 M6 0.310 1.059 0.799
M7 0.260 0.715 0.641
Ml 2.073 12.224 15.459
3 M6 2.071 7.991 8.214
M7 2.018 7.812 6.722

AR FBE RN 0.037%, T(KT M1 [ 0.226%F
2.080%. M7 HIAHXTIRZAN 0.080%, M7 A T2
WEHRM LI FEFIE RSN 0.021%
0.034%, HUf3 7 EEALHILE R . 7ER ] 2 1 FL
Y, M6 AN IR ZE N 0.310%, g 2T M1 1)
0.297%; TR T IE N TRBHAS IIA KR 3 M7 AHXT
WEH 0.260%, T MI ) 0.297%, H M7 HH
MAKREE RN 0715%, LHAKREHE RN
0.641%, LT M1 H) 1.257%F1 3.817%. LEHH 3
TN S, M6 AR ZE N 2.071%, A
DNAVRA TGN AAGE S TE O 7.991%. 8.214%,
BT M1 H) 2.073%. 12.224%F1 15.459%; M7
AR R ZE A 2.018%, A DL R AL T2 i 15 1%
A 7.812%- 6.722%, B T HEARLHIRCR .

Ui B BRI T % 56 R TGPINN 72473 —
St 7 T AT DA R AF (SR 3,  HOR A IE M I Bh 7
BRI 2 50 () TGPINN 7] LS S 47 (1 £ 30

F 34 N-1 350 TR T S 5645 R o 7554
1 /) N-1 #fE3 5, M6 IAIXHREZE N 0.174%,
W& T M4 BRI 1R 2 0.186%, (HAEAG LI R AT
A RHEEE M L, M6 RIBE LA REEER
0.157%, LIMAREEHEN 0.171%, &L M4
1 1.119%F1 2.618%. 15681 TGPINN 7E fRiE/EEAL

#3 N-1HFEART M4, M6 1 M7 BEIR AL R
Table 3 Power flow prediction results of M4, M6 and M7 in
N-1 fault scenarios

“p sk ﬁjﬂzig ﬁw’]ﬁ TanJf’J%
REY% HEEY%  EEER%
M4 0.186 1.119 2,618
A1 M6 0.174 0.157 0.171
M7 0.168 0.098 0.123
M4 0.296 11.644 12.055
Hil 2 M6 0.280 0.682 1.985
M7 0.138 0.690 1518
M4 7.432 20.910 18.241
Hl 3 M6 7.156 8.580 10.769
M7 6.892 8.077 8.193

T, AREMR. M7 BUS 7R
TR, FIXHEZE N 0.168%, 4 IThRMI T Th=R
FIE T TSN 0.098%A1 0.123%. HE—HH4KHL T 5)
A IIA SR W (A RO  AE 545 2 1 N—-1 iz s s,
M6 (& T FR AL T M4, H M7 B8 T E L1
TR R, FIXHRZE N 0.138%, LI RMICIHL)
HEE BTN 0.690%. 1.518%, &t T M4 )
0.296%-. 11.644%. 12.055%. TEHH 3 i) N—1 #k
Wizt M6 ST br FIFEAE T M4; M7 HL
BT BATMBR, MXFIREN 6.892%, LK
MENAFRIEEHNAN 8.077%. 8.193%, witT
M4 1] 7.432%- 20.910%F1 18.241%.

DA b33 B T 0 30 3h A N BUR BE 5F TGPINN . )
PRI RO 3, R TIINA FE AP B B — S U
[, ¥ T SR LS Y& AR AR NS5 R
FE [ () DNN SRR

Ak, 3. 4 Fras, AHEGT R RUEGE X3
J7i% M1, TGPINN S % 5 i F A Tl 458 22 43 A 50
RIS o H AR SR BN 5 VAR T pi R R B AR

0.05 —
—MI
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R %

1 2 3 4 5 6 7 8 9 10 11 12 13 14
RS
3 Bl ENREERESITRE
Fig. 3 Statistical error of voltage amplitude for each node
in Example 1
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Fig. 4 Statistical error of voltage amplitude for each node
in Example 2
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T S HE B SRR I, T VE AR B A
FREL ) R GE A BRI, DRG0 1 s ) o) i
ZE K. MHEZF, TGPINN 4 &4h Mg B Ay
LT, AR AR DG R ) R G N R
HEATHI T, BERS 5 U MR AR Y s 2 8] R AH B A
F, BESRGLEE M. R AR I T

322 JHmRSELG

ARSI FEEAHA: 1) IENA T A
YIEIHLEE; 20 ENIEhA AN ZR5RES ;s 3) #ith
FIEELH], PRSI IME BRLE . A5G UE LA
O R R

1 B IE I 20 .

FEH AR TN 5, 4 M2 5 M1 7L
B, SRk 4 Pron. RG] 14, M2 B R
2249 0.085%, M1 AR R %8 0.083%, — 3 Filill
FEEERIUALL, (H2 M2 B ES F N 0.021%,
TIEHE RN 0.045%, THT M1 1 0.226%F1
2.080%. FEEM 2 B, M2 [IARHRZE R 0.375%,
W& 2T M1 BIFHIAHRE 2 0.279%, 1HAE M2 ()4 Bhid
BRAE 0.632%, LIEEZERN 0.771%, @ik T
M1 [£) 1.257%F1 3.817%.

gx b, RA N7 K N BL S50 1) A
B OR, RERE AR B N A R AR R e A DL
[[V¢/CyrekE LB A

x4 ERFHET M1 M2 FRFNER
Table 4 Power flow prediction results of M1 and M2 in
conventional scenarios

S04l sk AT FILH TR
REY% /% HHE%
M1 0.083 0.226 2.080
1
o M2 0.085 0.021 0.045
sl Ml 0.297 1.257 3.817
]2
M2 0.375 0.632 0.771

20 1ENIRENZS AL SR w50 o

M3 7E M2 [FZERE 51N T IE M I sh 2 k)|
ZRoRNE, IXFRRRE DA TR R AR
gERNR 5 fin.

B, M2 MR ZE . AL HET R
AR TC D) i 15 25778 0.085% . 0.021%F1

X5 EHIFET M2 1 M3 ERTUNSE R
Table S Power flow prediction results of M2 and M3 in
conventional scenarios

. XY HIZR RIhZR
i % . o e
R Z/% HEEHRY,  HEERY%
M2 0.085 0.021 0.045
1
M3 0.083 0.027 0.054
M2 0.375 0.632 0.771
Hpl 2
M3 0.310 0.404 0.583

0.045%; M3 [AEXTIRZE. AIAREE R LT
INAHEE R 510N 0.083%. 0.027%F1 0.054%.
DA E BB AE — R L ) R Gid 5t T M3 5 M2 il
MRS AL, B 2 b, M3 RIFHGHREZE . H I
W R R IhARIEE R 55508 0.310%-
0.404% F1 0.583%, fER KM BT M2 1)
0.375%- 0.632%F1 0.771%. LL_E 15 B 7E B K AR
P RGEET, M3 X T M2 FEY R 1)
FERE LE—eidt.

Kl 5. B 6 M 7 73l s 17w ER R
B LRI D 2 A 1 15 LA A 2 Bk 4R i)
AR, o, M3 TR SRS a0 A
X3P, NEHRERESE L ¥y 1000, 7ET)
A1, M3 FIEN U E R 0, 1@ MSE & &
BB TN BEAL, TR TR L5 ML MR, ¥
WEMRT M2, 1EA IHZAFITC N2 o ()38 57 7 T
FIAJe M2 Il R0 H0E 2] 1000 F&F, B I
SRECEUIEE N, M3 IEMI A EIZ S, TR
BIJ7 R ZEYERETE S ML AR (/KPR R, 328 e
DT BRI HLRIEE O, &R

— Ml
— M2
M3
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2.0
1.5 el
1.0
1600 1800 2000
0 500 1000 1500 2000
PR
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Fig. 5 Comparison of mean squared error loss during

training
200
— M1
175 1 — I\]\;[[%
150
125
=
2100
"
751
50 T
. bl
UL (it oll
0 . | " tpriakietil ol s " At ]
0 500 1000 1500 2000

Ygrie %
6 MNEHEHPAIAREL B RITLE

Fig. 6 Comparison of active power constraint violation
during training
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200 E— £7 N-13HFT M4 F M5 FBRHUMZER
175 71\1\/}[% Table 7 Power flow prediction results of M4 and M5 in N-1
150 fault scenarios
15k I 255 %$01500~2000 o ik AEXTF35 HINAHR TR
2ok RE%  EER%  EER%
z M4 0.186 1.119 2.618
F 5 1o 5 1
M5 0.173 0.296 1.926
50 0
¥ 0 - 20 12 M4 0.296 11.644 12.055
25 M5 0.112 5.137 8.149
o ST B
0 500 1000 1500 2000 -
P44 323 HATHEEXS L
E7 iR XA RELS BRI 97 HeE B AT TGPINN (R0 AT 3, A

Fig. 7 Comparison of reactive power constraint violation
during training

I EL AT M2,

g b, RN IREhAS ARG T DUE— 0 4 e
DTSSR R o P AN RS e

3) NI A R .

Wz 6 fiw, fEFEMERmNS ST, 51
HMS AR ZE . A DA RIS R ALY 2 R i
BHRNHN 0.091%. 0.283%F1 1.912%, 5 M1 K
0.083%-. 0.226%-. 2.080%FKIAHIT. & Hl 2 H M5
HIFHAT R ZE . BN RIE S EM I RiEE 25
A8 0.268%- 1.836%F12.947%, .5 M1 1] 0.297%-
1.257%F1 3.817%FRIMAHIT . LL_E U BAFE 5 3% 5
T AAXAE FH Rl P FME ST 45 W 4 ZR R AN 2
AL

£ 6 EHUFET M1 K M5 ERTUNLER

Table 6 Power flow prediction results of M1 and MS in
conventional scenarios

, WS B EAR
- i v RN R
M1 0.083 0.226 2.080
i 1
M5 0.091 0.283 1.912
M1 0.297 1.257 3.817
Hp 2
M5 0.268 1.836 2.947

mFE 7 s, 16 N-1 M7=, 561 $
MS FIARXHRZ N 0.173%, B IWARIES KLY
AIRIET R AN 0.296%F1 1.926%, ¥IftT M4
] 0.186%- 1.119%F1 2.618%. Hf 2 # M5 IAH
XRZEN 0.112%, A DL HUE T R AL R iE T
F RN 5.137%8 8.149%, XL M4 1] 0.296%.
11.644%7F1 2.055%. LA E 3080 N-1 35 Rk &b
SR TIEM LS TGNN  E S0 fff 1 A4 B AL
— 2 BRI T EAF RS . TGNN 7EAREE S
I RGN N-1 sz et RIUE H 8, 114845 68
30 I 2% S PPN AL B G BRARFAIE, T L IS RS [
A AT R AR DL B S AR AS AN e 1, 52
DU RGNS, BT B — M il

WEFMG R BWAFEE T, St 7R
ALEL 10000 ZHIm A A B v SORERT, 45 R
K 8 FiTa o Ml 20 )5 N 2 i 72 (M0) BA R A% B B
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