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Abstract: Phase—controlled switching technology can remove the fault at the optimal phase of the short—circuit
current and reduce damage from the short—circuit current to power equipment. The primary challenge lies in
achieving accurate and rapid prediction of short—circuit current zero—crossing points. To this end, this paper
proposes a prediction method for short—circuit current zero—crossing points based on collaborative feature extraction
and enhancement. First, a feature extraction and enhancement module is constructed by combining a convolutional
neural network (CNN) with squeeze—and—excitation (SE) attention mechanism to highlight the local key features of
short—circuit currents. Then, the enhanced features are fed into a gated recurrent unit (GRU) to establish a temporal
model by utilizing its gating mechanism and memory capability. Subsequently, a multiple=input multiple—output
(MIMO) strategy is adopted to realize multi-step prediction. Finally, the chaotic evolution optimization (CEO)
algorithm is combined with hyperparameter optimization to construct the CEO algorithm—based CNN-SE-GRU
composite prediction model. Simulation and experimental results demonstrate that the hybrid prediction model
achieves a coefficient of determination (R?) of 93.46%, a root mean square error (RMSE) of 69.33, and a mean
absolute error (MAE) of 47.14. The model reduces the sampling duration to 2 ms with an average prediction time of
15.78 ms, representing a 97.51% reduction in prediction time compared to long short—term memory (LSTM)
network recursive prediction. The mean absolute error for zero—crossing point prediction in experimental waveforms
is 0.18 ms, with an average relative error of 5.89% at extreme values. Under simulations of different operating
conditions and noise environments, the average prediction error for zero points is less than 0.32 ms. Compared with
traditional methods, the multi—step hybrid prediction model significantly reduces prediction time while maintaining
prediction accuracy, providing a theoretical basis for precise phase—controlled interruption of short—circuit fault
currents by circuit breakers.
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S BRURH 422 b 3 I 3 e R A T 5 DU U T
T R IR AL IR B i 1) PR AR 5 i 1) Bl
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Fig.8 CEO algorithm convergence curve

19 Sk il FH A S B0 8 1 2 A BB 5 = A X
PRSP BB TR AR XS LU . B H0E s, R G 5 5 2
A5 1) 2 AR O RO e, H R AL GRU
CNN-GRU F1 CNN-SE-GRU # 5 43 5| $2 F+ 1 7.57 .
3.59 F10.37 1 43 5 .CNN-GRU BRI L5 5 T 4 12
R TCAY Ji % FL I R S AR AE T GRU 2 4 3 B9 1 3014
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A CNNJZ SR RRIE 23 e T AR, B 3R AR G AR
fEFE I T P/ B A R A CNN-GRU £5 1 (1)
89.87% 2 7+5193.09% , #2£ T+ T 3.22 4~ FH 43 45
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Fig.9 Comparative analysis of performance metrics across

different models
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Fig.10 Comparison of multi-model prediction results

254 TR 10 MR 3 T, GRU KA TR 55 1 158 24
BROR, EE 4 X% 22 40 0.3 ms, P R 22 N
2.71% ; F| FH CNN A5 B it Ji % i 30 1047 )= 3 R A1F 42
BURZ S48 X6 1R 22 FEAIKE) 0.07 ms, PS4 %5
22U R 0.66% ; #H L GRU BLAL, CNN-GRU BRI 2 1
S By o %t 1% 22 0 0.30 ms [ E 0.07 ms, FEK T
76.7%, 29 4 GRU #% RY (1) 1/4; 78 B I ALHI A T
CNNEEAE , SEHL T RAAE AL, P35 46 %5 15 25 A
X T GRU BB AL T 50%. 51 A CEO 1AL v 34T
MBEALIG , BT RE SR AR, Z o - B AR R 22
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Tab.3 Comparison of actual values and predicted values at

zero points across different models

AU {E
CNN-  CEO-
S8 FLSHH CNN-
GRU SE- CNN-
GRU
GRU  SE-GRU
¢, I 2 /ms 5.14 554 505 4.93 5.06
1, %l /ms 17.15 1739 17.08  17.11 17.14
131 %l /ms 2541 2527 2529 2511 25.24
1,AF 2 /ms 3693  37.34 3693  36.98 36.98
FHYI RS ms — 030  0.07 0.15 0.08
R — 2.71 0.66 1.41 0.60

x4 ARRBRERELESTUELL
Tab.4 Comparison of actual values and predicted values at

extreme points across different models

T
CEO-
S8 HSE CNN- CNN-
GRU SE-
GRU SE-
GRU
GRU
PJA 436.69 47620 42022 43455  437.00
P,JA -243.61 -234.02 -232.66 -226.03 -231.20
PJA 412.07 455.63 401.69 423.60 41547
YRR 22 A — 30.89 12.60 10.42 5.37
SRS FIAT R 221% — 7.85 3.60 3.50 2.00

KB T AR, b CNN-GRU BRI AL T 9.09%, ~F-1
ZEXTIRZEIE AN T 0.01 ms;

H ] 10 136 4 7] %01, GRU BB B A 4b - 45 246 %o
22 A B 30.89 A, S KA X R 25 O 7.85%; 51 A
CNN B, A0 TR0 (8 4% {8 750000 14 7 S 2 3 7, P39
YRR AL E 12.60 A, F-HIAHRHR 2% 2 3.60%,
HH L GRU S TRUAK (B F50I0KS B2 42 T+ T 54% 5 Al & E 3
JIALH ) CNN-SE-GRU 5 78 5 1 (L $50 0 7 180 30—
WARTE 4 X PR 22 FEARE 10.42 A, P-4 AHXT R
% B & 3.50%, #H Ht CNN-GRU #5547 /)N & 32 T}
CNN-SE-GRU #8254 CEO It b 307k Ji5 A {8 3 )
eI RIEHE T, L RHRZENN 5.37 A, SFH AT
WA 2.00%, M CNN-GRU BRI T} T 44%

R T 2D Ay B A A A gk R A T Y 7
PR, 2R SOR S 90 05 % 2508 647 300 UE , 3000 25 S 4n
P11 7 . HG BB S0 4 Oy SR B 1) Y S 6 R D
(s SERSFAN N 50 il b -Rey U RIL TNV €T
R AT EE R, o B, B R R T 8 R AT 8y

Aub ST AP AN (SR A A . A R T S 6 U
TEE S SGRAE R ZEN g e R R 5 K 6w,
0, B 20 b S AR 22 e R, iR 5 3.67%, T ¢, o 2
AbZF S AR 220N 0.06% , T B o 2 55 -1
X IRZE A 0.18 ms, FIIFRTRZE R 1.45% s M KAE
P2 P4 [1)F B AR 25 H A /IME P1LP3 AbSF- 24 40 X
R ZEFRAR T 58%, DA AE 85 14 F A X 1R 25k
5.89%; 45 A E 11 FER S AT, B A RIE Y2 5 4
XFIRZEFE 0.2 ms KL, HARAE W 28N, 56IE T2
A ASE AR TN i B L 9 2ok 2 A P A

600
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Fig.11 Hybrid model predicted experimental waveform

x5 EAEUTNIRERETRIRE
Tab.5 Zero—point value errors in experimental waveforms
predicted by the hybrid model

2R HYAH/ms  FUE/ms  ZXRE/ms FIXHR /%

£, F 2 10.89 10.49 0.40 3.67
1, %) 20.81 20.68 0.13 0.62
£, Z| 30.81 30.83 0.02 0.06

*6 ESEAMTMNLWEHRERE
Tab. 6 Extreme value errors in experimental waveforms

predicted by the hybrid model

SR HESEHA O BUIME/A  aXFREA HIRHRE/%
P, -531.90 -484.54 47.36 8.90
P, 516.24 500.63 15.61 3.02
P, -527.84 -487.35 40.49 7.67
P 519.14 498.56 20.58 3.96

Li L RTIE, GRU B BRA HE il BRI A SR O
Z 45 A CNN AR U I L L Je AR AR I, 35 1
FAESRIBCSCR , PR T T AR (R AL ) PO 5
SE {E B AL CNNJZ S U Ryl A Ak 2 BEA
P TR R BRI TR, o T e N 22, (H
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1 2 AL TR 22 AT 1K . CEO P Ak 3 vkl i Ak
HESEL, WAL REA B AR, WM T AR
Pedi, TEOR 472 s T0RG B2 (9 [l i), 2 1 B (B 93
M EE 1, BE T 3 F CEO ik i) CNN-SE-GRU #4
A E S 1 rL Y2t IO AT 55 v ) MR
222 Meik Mo

JL B R AR, B A U AR A G AR 4 R
P12V Z i TR L R R R A A A T Y R
VR 5 T AT (165 gt A 42 DR BB AL R ) S B, SR LA
B B) B L0 B 0 22 A i, 0 A o G I B A
YT .

R T R UE R A AT i 2 A P B e
P UGt 1 B L 52 G RS R I 2k 00— S 40 12
25 ) 660 B s A T 2 mis (20 4 SRARE S5 Tl o >
36 ms B Y 5 Bl JE X F0I 3 0 AT 2R AR (AT
B, RAAE O R S 25 B S et s A
B B A 2 a5 T 45 A i SRE R, B TIE AR AR T
12 PR

GRU 25 £ 4k 7K LSTM I 4% i s 55 1 71 B4 )
BF, WD T R ] LSTM B A 36 13 F ) i %
SR, T Ao (] 37 B TR A R P 4
G 220 WO BL R R H 2 6 A Z 4 (MIMO ) 35 %
U A 1] 5 g S i ()25 R T4 B A A O, B A
i A2 %3t GRU 2P 84 23T — IR e85
B I i 1 2220 T 45 2, kA T 3 05 T e ) 1% 25
SRS T WA R P12 g I A LSTM
U5 S WS 5 5 AR MIMO 56 WS T30 300 2H %5 % Ha,
it 3k a5 A T B ) e A

LA 12(a) 1 LSTM 5278 326 U1 55 s A A Fait 0 el
[B] /N 700 ms, P35 0000 B (8] 2A 635 ms, FE AR T
BF )58 Ry 435 (81 12 () B2 A B A ) MIMO SR i-F-1
TN B[] 2R 15.78 ms, Fe/N U B[] 54 14 ms. AH L2
LSTM #2738 5 T30, 52 5 55 80 22 25 F ) 7 3 FE el
FEAIR T 97.51%, 1 WLEET MIMO SR 1Y & A 220 T
DAY S J T TN B[R], B0IE T iR R T i
it S AR
223 & pHSHT

SEBR T 0L R SR 45 R I S TR R i A A7
S 2 5 R I e )L AR SCAR BE R 7 T S 8K
T F AL R R R 25 U U A3 e R A AR &
A JE 4 ok U B, A A 140 2L B I PR R
FEA . B 13 8 G 2245 TSR 4 428 55 T 5% 22
AT O, AT R 45 2 A TN R 22 47 0.63 ms
AN, 25 8 3 A0S i iR 25 5 K, 3858 0.39 ms; &
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Fig.12 Statistical analysis of model prediction time
S ARSI TN R 2 /N AR 0.14 ms, DU
SMACE- N 5% 22 54 0.26 ms.
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Tab.7 Short circuit fault sample parameter setting

28 HUE TR A FBR
TR T BEVRAELA /A 310 340
TR B IR A A 0.14,
SR T IR {E A YA 0.054,
R U A i R A /A 0.034,
FAE @/rad 217
AT /ms 60 120
ARG f1Hz 49.7 50.3
{5 M SNR/IB 20 50

] 14 MR 5 140 41 f B e A T 25 58, 4 A 4 1

TR R Y o e R R I R R A AR TR
B0 2% B SR {8 A R0 5 2 1 52 e, AT A
B, SRS BORE T E SO R 22 TR
0.3 ms LAIN, TMi# {8 Bl i 22 5 4 S 500% A0 AH e
Ao, BARIRZETERIFE 10~40 A, SEHHUNIRZ LK
20 A BRI 14 (c) B & Az AR A Bl A8 0 25 05
TIN5 22 5 ) Fe /N, AR AR BE S 0.11 ms, 171 14(b)
JE 1A 3 W {1 A8 e o 25 o 0 S il e A, R Ak
i5#]0.16 ms.

R T AR TR R PR R, AR ST 140
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Fig.13 Statistical analysis of prediction errors in the hybrid model
1.0 e 30 1.0 —— _
0 B %R - e WA IR 2 oL ® B % iR s .- HIRE |35
5 IR 5
425
g 0.8 - . /’_—" '\“ = é 0.8 =
w07 N LT . ®om oo7 i
?{é‘ Rer \ -420 g ?ﬁ oK
= 061 . 2 = 06 =
1= e 115 B X =
E 05| IR IRl % 0.5 5
B 04 EoH 04 oo
i 110 @ i o
w 03[ X o 03 X
0.2 5 0.2
0.1 0.1
0 0 0
60 70 80 90 100 110 120 310 315 320 325 330 335 340
FEPH H/ms JEI Iy TR AE/A
(a) ZEBH 2L (b) JA R 53 BE R E
1.0 45 1.0
B = i --e- B RN % iR % --e- WEiRE
09 | i s 420
g < g U TN =
i "o o7k o ! N
i g 3 FRNE E R
= 2 z 06 ) ¢ =
= 2 5 R J 10 F
B BB 041 N et B
g o oy vt =
i = o 031 =
0.2 ik
0.1
0 1 2 3 4 5 6 49.7 49.8 499 50.0 50.1 502 503
L R R A A S frad RGNz
() Ji I e & R AL (d) RGehi

A 14 F AR R £ 050
Fig.14 Impact analysis of prediction errors in the hybrid model
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Fig.15 Analysis of noise effects on the hybrid model

S BT AE AR R el 5 R A 43 i
B AH A A5 S B0 A B0 TIOORS B # hfee , F
TR 25 2 I 7E 0.32 ms LAY, F B AR AR BE
KA, KRBT & AR AS [R) i B i 0 I R o
T e U A 5 1) 3 I
& 8 Shy AN [) J B P 9T T 0 B2 T 7 SR A B 1) %
HOX R T TR 22 4T He, T, A E AR
%, CEO-CNN-SE-GRU % 4 #5% 78 15 I 34 32 76 AR IE
TR B B RIS, 4850 T SRR ] 256 240 R m
P 1 T R R I A U () PR R
#8 FEFNE LR AT

Tab.8 Sampling time and prediction error of different

prediction algorithms

BT L A s T A9 REER [ /ms TR R 2E /ms

IR/ 7 22 (WLMS) 332 10 +1
DR P R B 10+2/f, +1

N A (RLS) Sk 15 +0.2
B PR A 14 0.51

> LA 83 T v 15 +0.2

WHE R IR 2RIk 4 +0.5

KAWL (LSTM) 145 3435 3 +0.5

CEO-CNN-SE-GRU & A #1 #i
UKGERES

3 &g

A SCH H —Fh 3L T CEO 4k 9 CNN-SE-GRU
O AR i P U 3 S A TR U v, L S AR
SEA YR T 5 A BRI Ao R PR R A
M, FEEE N

1) CEO-CNN-SE-GRU & & #5 U4 SR A 1sf (1) 4
JER 2 ms, YT AL G TN J5 2 R A B TR) A K TR
FOL ;S TS0 B 8] A 15.78 ms, A EE LSTM ¥ 45 136 I
TR 77 92 PRI RE I B AR T 97.51% ; B6A1E 1 52 A B Al
Rt 1 P o 2 e SO g PR

2) CNN A5 e iy 51 A 2 5 10000 152 22 B AR T
76.7%, SE {FE IHLHIE R TR A T EE ST, CEO
Sk — DR T O B, AR R A
& T AR R 2 TF 2 0.934 6, % GRU BB TH T
7.57NE 45, RMSE I MAE P20 2788 30% ; SE36 I
T 2 2 5 T - 5 246 X 15 2% 4 0.18 ms, P34 A XS 5%
25N 1.45% , WAH 2 - AR R R 2558 5.89% 5 Bk T
FEAE PR B2 5 3 5 25 S 50U A 3 A i o L O
F i AT 55 v B HER P

3) B AR AN R R S U8R A0 SR o
(B RN SRR AR A T 2 R R e, S X R 2 7
0.32 ms DA N 5 78 20~50 dB M PR5E T RECRFR4 = T
DK, BB T AR AN ()3 Bt T 450 T Jo B L I %
S TRUIN A B 3 O, 8 A T B G I L 0 DB
e P P P AL S A
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