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[ Abstract] With the rapid development of the power system, the large-scale integration of new energy into the grid and the coordinated
optimization of source-grid-load-storage have increased the proportion of power electronic equipment, making the stability of the power grid,
especially the assessment of transient stability, particularly important. Aiming at the problem of insufficient consideration of topological struc-
ture in traditional methods, a deep learning method based on Transformer-graph attention network (GAT) parallel feature fusion was proposed
for the transient stability evaluation of power systems. The busbar voltage amplitude, phase angle and topological adjacentation matrix were
taken as input features. Batch data were generated using the Siemens simulation software PSS/E, and features were extracted in parallel
through Transformer and GAT. Weighted fusion was carried out using the attention mechanism. The comparison results with other methods
show that this method simulates different load conditions and fault conditions in the IEEE 39-node system. The results indicate that the evalu-
ation accuracy and robustness are relatively high, and it can effectively improve the safety and stability of the power system.
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P, Transformer 3 i3 V3 25 T AILHI AT HE B 8] 7 510 v )
AR MOt , 38 FH T HL ) 2R 45 B0 285 e 1o 14 4 BREARCRS 43
Mro GAT WIFIH A FEZ ML ) R b
SER BT SO FR M CHAH B R ), AT SE B A 2 R
TR A @8, HE T Transformer-GAT J-17 ¢ 1iF fl
G IETEAN R ] R G540 A SO &
FE M lE SRS T A E R RS A PRI R A
SRy kAT N FHPE | 36 B RS FL ) R e 22 B R A T
i, RATE IEEE-39 11 SR G PR T E i ) &
295 P9 A 2 R 70 i KT 95 TR T B 1k AR A 2

1 ETHFERIAREFIREE

1.1 EFEAREE

HL T R G0 M4 AT LA B 2 4k 52 7 o5, AR 2k
B G R , 2 0 —Fh IR ) B 454, o 2
ERKIL S 544, 1 P 99 4% 2 171 > b B AE BT L
AR 8 F N, PR H ) 3R 48 X 45 5k mT DA
IR G(X,A) | X NEATSMRE, A 48k
FE I, R TR 48 S5k F T E

{A(P,q) =1, p,q iEH ()

A(p,q) = 0,758 p,q Ri%EHE

M7E GAT? dai i 51 A2 AL, A4k
TSR, TR 38 S J5 15 0 L T A i 5
M), A SRR AT 2 5 A —38 40, (H GAT A B
M 1 22 B SRR, TR S TR R ECR A S
FRIE, ABEAEREE ST AP R AR, RA MR
AIERRT SA S, Bk, SR RS B
RGBT, KRR RWmARE—
gﬂ%,‘ﬁq%?l—l:x = %xl ,xz""’x;\f} X, € R" ’/E\:DPij
TR F AR S BRIE 3R )E S AR T A
FRIEx' = (x|, x5, x),} ,x, e REAENGIH, A

ML . www. stae. com. cn



2025,25(21)

fgE—, 55 . FE T Transformer-GAT JFATHRMERE B IK B0 B ) R G S E VEAL 8947
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AL PRGOS B, SRR R AUH (nE 1
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exp{ LeakyReLU [aT ( Wx, | ij) ] }
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Fig. 1 Graph attention mechanism
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Fig. 2 Multi-head graph attention aggregation
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Fig. 4 Parallel feature fusion of Transformer-GAT
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Transfoemer-GAT J-17 il 5 155 14 1o 78 X 8 A5 4%
PR IEATINGR W 1 Fros  IE 3R 7 B R A A
RETH K,

# 1 Transfoemer-GAT FH{TRE & #&E

Table 1 Transformer-GAT parallel fusion algorithm

WA AL B AT BRRAE R 5 FIFRZE (node_features, edge_in-
dex, labels) , ¥ tA 4k Transformer . GAT %1

1. WA ABE AL 7 RURRIE A AR B2 B« Data (x = node_fea-

tures, edge_index = edge_index)

2. 5 X Transformer Fll GAT #2544 : TransformerLayer( ) Fil GAT-

Conv( )

3. F Transformer AZbFY s ARAE R , $E U 0] 5 4%#1E . FH GAT
KO F T 5 4 AE B B IR 45 #4 45R1E © transformer ( node _ fea-
tures) ,gat( node_features, edge_index)

4. ¥4 Transformer F1 GAT Y% H HEAT AT Bafl & , fusion ( trans-

former, gat)

5. PGSR 1] 4% 3% < loss (output, labels) | loss. backward ()

6. KRG IS DRSS 38 45 03 JE 4 A T B 2 B « classifier ( fusion_

out)

7. HERLEAG RAPRAI SR

1.5 REHEESHEIERN

Transformer B Z2HEE 4 )2, HEE 1L E80%
B4 BORIZYERE . BN 128, i M 2% K/
BN BZAERE R 2 A%, BRI MK 2 )2
PEER I, 280 2 S FEEE R 1
SV IR) AL, 45 1 SRR AR T — B, S X A
AR 180 R TF Transformer, P88 4 A>3k DUIKG5E
FRARV ZZREVE . T SRR IE LR Ry 2 IR TE R ST HLTH]
AR PR FH Leaky ReLU AE g d8is ol 5 vl L 36
SRR AE LM R ORGE T, RRAE Rl A B H LG Ty
Ko RHERE I 7 R Rl A Transformer F1 GAT
PEMCHRAE . 1 5 AL RE T 1 A [R5 B AR A 1Y)
SRR OR FR T 205 8, AL 28] Adam (adap-
tive moment estimation ) fff, b %% , ELA B 4f 1) e S
FERRREYE, AR R (R 5SARE),
5 5% oK BUAd ] 22 SUIR 45 2K (cross-entropy loss) o 27
2 FHL0. 01, YN LR 43 (it & K/ ( Batch Size ) 04
256, R B HE 22 45, IR B 48 K A% Batch Size ) DA
I T, IR ECN 30 7, 111 Dropout £ AK
(BL0.3) B IE RS LA

2 FHERMEREISIRIE

2.1 #F{EtgE

Bl e PO R T
RETEL L AR 0E 3 B gt | LA R ) 580 & R 58
(wide area measurement system, WAMS ) ") FI AH &
W2 #IC ( phasor measurement unit, PMU) BY) 72 &
KA T, 3 2 TR K sh T sk i i ) R Gk

T ARl T T DI GRS & S e |
2% RSB SFR A B R B 2y ) AR MU 3K B T
VE IV H ) 2R G R SRR E A b, o g R
BB AT ISR, . RGERIE S B A RRE
PE 22 ) B e 5 O 28, 7R 2R 0 T B B, il it J A 90
WIZRPIF R MU C RS WAMS/PMU I 5%, TR
AT SRR VPAL S Sy RS E 5 ) R S
M

R RGESRENR T R sh D MmiasEn
A, HE SOh S R G R AR RS  #5 R B LAY
IR (8,) REME AE 5 10— BUE T, W FE ) R 58
PN NEESTRER ., Mk, B RTE S RE
FARTERA RIS G , TR BALZ DR A A
-y, S EOILAL R AR D) () AR RS O,
MIEARERSR , HTRGER D L EHUINE, 78
I3 AL | 3R 40 1Y B2 HL e L Bt 5 B AR ek
MBS , BT LA 2R Gt 4% BE 2 HL TS I B A £ 0] LR AE
L RS ST R IE R
2.2 EHEREFIEIKE

HAORGESRERNERE 2R T T
RIS E . T ACH T RS P W R I 22 9L 3h
KA JE T D)0 108 S F8E R 8L (transient stability
index, TSI)"*

180° - |Ag,,, |
" 180° + |AS,, | ®)
K(9)h: As,, MEEPIG KB HLAY AR D)
o A7 | A8, | > 180° U TST <0, BERF AT DU RE
GRS, 2 RGRE
2.3 FhERRIERE

HL ) 2R G0 A5 AR [n) AT LB — A )
IR, RO/ 1 [RIASE, 1 2o ol 8 A58 HI 6 15 21 B9
FRERRZS 0 RN RAShR A, X I HFs i — &
T LARAE A ) R GRS RFIE S &, SRR 154
FRAF AR B RT LA 2R Ge A e MEHEAT A T
oyl HI AR IR RPN 2 i,

TER A 58 2 1 43 M7 (transient stability assess-
ment, TSA) 1, B3 & 5 R AR AR A Z (0] 1 A - £ (7] 5
SRR RTERYH 2 — o RASE A XA Y f 1 7y
PELLK 5 22 03 F AT RE 7 A2 B2, BR T 78 A2 A
FEARI B SO R ARSI R I T LA 5 | A

R2 REBEME

Table 2 Confusion matrix

TSI
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A FEAREA B FIUI ME A >R (true negative rate, TNR)
1 F\-score (F,) RIPALBLRIPERE, F, J& oA A
BEHMIZE B ¥ehn, LA, 456 AR R R (accura-
ey, A) VA SBT A5 e BEAS (1 T HEA % (true positive
rate, TPR) = AT DA 2 T PR R B R, B

I F8hRE LT,
TN
INR = TN x 100% (10)
R = TNR (11)
TP
TPR = oo U X 100% (12)
N
P = oy ey X 100% (13)
2PR
= K X 100% (14)
A IP + TN % 100% (15)

" TP + FP + TN + FN
2.4 TSA EEiRE

FELIRD M B RN G e LRI E, 35 435 4
A o LA BN BT AR AE A0 B | 3 o B S R E S
WA, 75 BB BT X R 8 Bs 254, 280 B s Ak P 2
Jq 5 b A TR A Transformer-GAT Ff474F
fEG A BLRL, YA 2 b J5 , RAFRE AL, Z IR 7E
PMU 7E 28R AR 1 S B 1 R U1 250 i B AL A
ISR IEE R G EE AR, MEWRE S
iR,

e TER T

PMUSRSE £ 4

FIWTE AR E
P A bR
(TSA)

Transformer-GAT
HATRHERL AL
g

D | Akl
CiWIES

5 TSA R
Fig. 5 TSA flowchart

3 IEEE10 #139 T EZZEE G S

W H] IEEE10 B 39 5 5 R 58 B BEAT 317
W39 KL (W), RGP A 10 5 KA, 46
FREm R BRI RN 2 ), R R 6 i, A
Pytorch TE%*%@/%E%Q ] £ AL 74 , i1 50
13th Gen Intel © Core™ 19-13900HX F1 NVIDIA Ge-
Force RTX 4060 Laptop GPU,

©

—30 37 I

28 29
2 v —27 JIL
1+ I 38
-

? T

G
I-E 4 14 - 24 36
5 13 23
B : -—J-IZ l 19 i
11,

K6 IEEE39 il RGTHiTMA
Fig. 6 IEEE 39-bus system topology diagram
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R B HL ) R G0 BRI PE ] PTI A+
FERM) PSS/E, ZERAFREa % i AT A it
LA RSy B, )z T R R B 1T
AT, PSS/E AN S HFd o EE H - L im
(graphical user interface, GUI) % & 45 Fiz i1,
WAL Python B3 01, AT LA F shith & AL B 5 5
FEREAS NI 7 i P b 0645 K 1 0 LA

TERIEL RGBT T, L 5% B KM
AT KO YL 70% ~140% , % H Bl F1 Bl
LA, D B 3 s RIRAE 0. 1 s BF RS A
A =R B R, IF 3 il #E 0.2.,0.3.0.4.0.5 Al
0.6 s B UIBRECRE , SR B REVLAR ML, BEHU R &
A R A RIDIBRET 3 AN B ] 5 07 BLA5 215X 3
A2 39 AN SR L AR Z B AUAE A BUE . A
TR IEAE B AR LERE Oy 39 x 2, HRZAAREIT 000
AFEA P 5 3 215 AN RRREEA, Y ZREE ANl
AR 7:3 431,

il PSSE AR il A8 S 8, 1 22 ad B SRR E
FIWrA A TSI X B A FaE MR AT BAn%s, IR 4L
PR, T LA I — 1 e B IEEE39 35 i (1 34
AR LR I R 1 IS 235 ) 1 S 42 4 B 3 o % B3 A0
VEATALEE | DR R F R & PyTorch HEZE | BT DL B4 4L
P e ik B 20, NS E AT AT DAAE R Trans-
former A1 GAT FATHFE il AR BY 5 A
3.2 EIMRENTEE AT
3.2.1 HFATA B 47 Xad ik

A6l F Transformer-GAT Ff 17 45 1F Bl &, 7F
Transformer Fl1 GAT 884777 20, Ik b 1 Rl 77 =K, an
K7 B,
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Fig. 7 Serial configuration of Transformer-GAT

TE B 1) 52 05 ok 8 25 5 7 B9 S i A Trans-
former FEHY A F A 1o 26 M DL SOTE pRBUR S AR N
GAT BRI A | [FI BT, HL T 3R 48 4 D45 40 SR 45 56
Pl — AR GAT A4 A | 5 283 1) 2 5[] A2
LA K softmax % H A SRAELHff o R R BT RAR

W 3 frsR, Transformer-GAT FEATHEAE & 4%
RIRGUERGR (A) 7E 98% L b TR, F, 4R (R)
FIHER (P) HBTE 96% LA I, #H#X T Transformer FI
GAT HFATHA T i — 22 a8 Tt, LS TR HE FaR
25 b MK 4% BEAREIA 2 2% iR ERRE—F,
T Transformer A1 GAT 8347 77 1 v AiE A% 6 1 72
HfE R e Rk, R BEE A g i TR Re T RE,
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Table 3 Evaluation results of two models

HEETRY A/%  F,/% TNR/% TPR/%

Transformer-GAT
FEATHRAE LA
Transformer Fll GAT H 47 96.27 96.23  95.38  96.55

98.73 98.01 97.73  98.28
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Fig. 8 Confusion matrix
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A, B U 28 W 4% ( convolutional neural network ,
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Fig. 9 Comparison of model convergence
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Fig. 10  Prediction accuracy of six models
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Table 4 Evaluation results of model approaches

FiAl A/%  F\/% TNR/% TPR/%

CNN 88.20 87.34 88.41 86.34

RNN 90.70  89.05 90.21 91.27

GCN 91.98 90.36  92.08 91.13

Transformer 94.33  93.69 94.32 93.97

GAT 94.65 94.95 93.14 94.13
Transformer-GAT

PN 98.73 98.01 97.73 98.28
IATHHE RS
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Fig. 11  Comparison of model performance

metrics after adding noise
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