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Abstract

In order to improve the accuracy and adaptability of estimating or predicting the closed-loop cur-
rent of MV feeders in traditional distribution networks, this paper proposes a method of predict-
ing the closed-loop current of MV feeders in distribution networks based on Convolutional Neural
Network (CNN) and Gated Recurrent Unit (GRU). Firstly, the data acquisition and monitoring con-
trol system is used to obtain and pre-process the historical load data, grid structure parameters
and operation modes. Secondly, the pre-processed massive data are constructed as continuous
feature matrices according to the time-sliding window as input. Finally, the CNN-GRU hybrid mod-
el is used to establish the mapping relationship between the input features and the loop current to
generate the CNN-GRU-based medium voltage feeder loop current prediction model, and then
realize its regression prediction. With the help of DIgGSILENT/PowerFactory and MATLAB 2020a
software, the case study is carried out in a city distribution network in Guizhou Province. The si-
mulation of the envisioned scenario and the results of three sets of six feeder loop closing tests in-
itially show the effectiveness and adaptability of the proposed method, and the related conclu-
sions and discussions are of reference value for the development of intelligent technologies for
distribution networks.
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1. 51§

N T S LR I, AR B A A e PR R (1], FRIEI R X I R 2 B b R 2 AR
T X B IR R [2] [3] [4]. AR, JTRERIBEL T BB B A A by, 2 RFE . TR ik
E 1 2 AL A R ) G AT I PR B S IR AR HEAT R AZ (5] [6] [7], K AT e B A A LAt REER B
e b, AT SEBANME BB A [8] [9] [10]. SRTT, EPAT IR A IMRAEL RN, MR EIFHT&
IS P BRGSO MENAAAE R ZE 5, AR R SRR &I i, SBUP R R 30 1E
AR F, AR, BUEFRIEN RIS LM B 1< R iatT . Ik, T
REFLIIE ¥, DRI s R 1a], SRTF LR R, BL TR AR A A AT
NHEPR, (ERC AP ZE A PR AT, 0 e 1 2 B 2R R HEAT 0 SR B T+ 73 L

FURAT, SCPrlc s M3 A N 2 AR YR 00 [11] [12] R 5E (I A2 5 7] AREAT S0 R4, EXFE2 S EEI
BAERA —EE B, AR RBERE S BERIE AR O, FER T BCH RS OE i 2 2 e
FEEME. AR, [ENANEA — eI T R A A FL A R B A 22 At B T ARE, (AR
AR AR Ho—, AWFFEN IR RAA KT, SZBRBUA B s T E B 4 5, STRR[A3]H ik 7T s
RS 5 2 525 B8 N T BEVRUR LA N R TBC FL R 52, SCIRR[14170 Bt 17 F I e P XS [ 45 R B3 AR R o DA S
X R GEEAT AN, (BRI AR X B R C F R B eV RN SRR AT i, L, SRR
ST 3L T2 A R, SCRR[L5] [16] 0 G A 7K P AEAE SR AT 24 i I Be by sl KA (B, IFR 45 &
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TR 2% PR AS E T I 0 RO Bl S A 000 o e =, AN PR PR B TN 11 B A R BV 1 A R
B, SCHR[L7] [18] 7 2 ZER FH 16 4b S B AL IR BN AR 58 PR VEAG 7 i, 2R B T Sk i ey, BN
PIESENE, DA BIRATE . SR, S EAN LJE T —Fhif et p R B IR v, KT R Lk
BATH B INEE I A BRI B RRIR R L NI R/ 384T 77 FEF AR S A PR A I 7 464
BE AL S5 0 T R PR 22

Bl 5 R AN T BE ORI K RE[19] [20], BAR £ % 4% (Convolutional Neural Network, CNN) &%
B U ESRECRE 17, 15 E ¥R 575 (gated recurrent unit, GRU) BV % | T AL BRI a] Fe 41 ) fB R g, 7
L RGP T RNENTFRAWEE R . ik, MBS M E[21] [22], ASCHEH—MiET
CNN-GRU fyHh B 45 2 & A LTI 5925 LAST M 58 T T f o9 S 2 o [ 152 9 61, DIGSILNET AT MATLAB
R2020a frI477 B34 LA S IR 910 Sl 45 SRR B 1 B 07 vE IR e . X P AN 2tk

2. AMERHFHED TS ST RIERTITHR G
2.1. EMERMEES

FENMPEE IR PN 2 7, 1 e 75 20 E S R I REAS ARHE AN AR 28 . B3 BRI 10
TSR /DN R RS, R ERAG LUR LA T : R EERTE , AR LT HLIT 3K
YRR SEERLST . REEMIEAT I A B REIE AR/ NCL R AL B A MECH R ARG, Bd5 %
RO MR E AT A ARSI AR DR UL RS S A DD SR R D DR 5 NI EmESE, &
TEERELLE . S RIERA., SRR B LR R BR VI L85 . AL B 2 & IR A 5 et Bk
) Fr P FL AT RE A PRI B RIS T I AL ) FRIAL Niogp LA S B R ER K P 2 1 (U FRIAL A, 1B, IR, #5 |
B = AN R AR Y S PR IR T O AR 2

FBREBWEH BRI DN T EZR R, ASCERRIEP R SHBZMin bkiEE. B
S BHERBHIT. Bk fmTh R BN Bt A MR T i 05, SRR
jij\j:

hoop (£) = F{P (1), Q(1).U (1), H (1), 1 (t-1)} (1)

Rof: 1, (6) 207 LI ZIATR A P(t) F07 2 AT S TITIAS Q(t) 20 tINZI AT
WIS U ()R I 2T PIR LR IR, | (t—1) Fm B A VR AT M 20 BRI P
H (t) 77 t 220 5 ST S A

2.2. EIERENITSRHE

B 7B EMRRS I, —BAESMIT RS A (R 0.01s), FRBgHuR & HIBCR &
hofar g, HamoRA BB R IR

Ly =Kl @)

A Iy AEILR IR E BI loop WA LTS B K AP R, — L 1.62 [23].
HRR A I i s — B R OR P SR IR 4%, T ob i BRI S 2N I, Frblphid
FEL YA 3 BT TGN PR AL W R4 (R LR ORGP 1 B) 7 AR SR, T AR 2 FL AU 20 R s FEL 70 32 BT R 47 (Y
FLR AR 1 B AT B PRIt H it PR (R HLRE CRAP 1 B F= AR 52, (BN T Be % i KRR PRI 2R 2R 1%
JEHS R B RO AR (BRI F ORI 1 B SR AR 3P 45 % .
I, =K.l 3)

act.l — " “rel "k.max
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act.Ill :K_ re K L.max (4)

re re

A K NTEEREG W 1.2~1.3, lmex AERKIZAT 7 ST AL BEEE A = ARKE RS LR, ey N BR
RPN, Ko ATTSEREL B 1.25~15, Ky NEHEZNRH, —BH 1.5~3, K B4k H &R [ &
H, W0.95, Ny max NIEFIBATIN A B GUAT LR, 1o S4B ARENAE IR, oo A=BURIEIE IR,
BT RMAG Ja GRS LT AN L 28 1Y) e K SR VI BEATE I PRGOS AR i ORI B e M8, B 3o ol AL
AN T I BR P AT T R 37 2 5 BRI RE S A B o

3. &#F CNN-GRU HiREZ SRR FNARE

Figure 1. The structure of CNN-GRU
1. CNN-GRU £5#4

()T VR G AT RS2, TEPR 2R SO J2 (117 L 1T H 48 IR 288 o) 28 S W U 1)
P LR AT ISR, IXFERI A4S B AR R BRI OC RTINS BRI S HR . AR b, RS
—REs FA R, HPENLE % IS0 T — N EA . Rt ]k SRECH: B el A E
IRR) 28 i AR ) FL TN AN AL . HAT, O TR R HLAR 5 23 RN B 2 21 AT [l A Tt A Y A K Ji 8
12 4% (Long Short Term Memory Neural Networks, LSTM). CNN. GRU %Z. HA1, CNN =& —FEZEriin
W2, 8T A 2 ARSI EE , AN RS GRS S S5 [24] . BB AR J= R TR A6 Hah 57
BURHIE &, IREEZIREER M A TERLR, ik 2R RN S B GRS 4, M SE Bl A\ s
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e 2 [A] 38 4 e R ARG EL . T GRU J& LSTM MIZ% [ —FhAgfh, & — Pk 57 (75 3R 22 )
28 [25] R FIEIEISAE R E S5 T 0 TSR], R T AR SRR 2 I 2% (recurrent neural network,
RNN) Sz [ A 38 rhh B2 SR ARG FE A I 1 ), USCSIOA B SR . AHEL LSTM =AM S5 S 80E /D, R4
THERIIZRIT ], GRU #Z 0 NS M A S AL B . BUF R % A-1 o . 80E R 3L
AR A2, A-3.

F5T CNN s SURFESR IAE 77, DA K& GRU ZEI PR N B s 1248 i vERE IR 3, 5 S & 3R s i I
FEME, (EBVILA B BUAE FLRR . ARSCHEE T —FF%ET CNN-GRU [26] [27]1)A& L IR, AT
HoAL TR, AR BB TS &, B ZRiesios B . HAR R gE R ] 1 s

4. FFEREMERE TN R

Pt s 2 poR, BFEB AN AIEL TR A TR . ERLilgdEd, shREA
DU E B IR AR T A o AR 12 5 SR A ()48 AR SRR TR F A 114 7 sk 0t B 07 L BHE R SR AR AR,
Wili% CNN-GRU & H HIGE B AL o Lok, A4 3REUHHE 5 DA R RE AR 2RI 4 M 258, S0iESE,
MEREE, FIAH CNN AT YIZREE R EAR 3T R SR DGR ICE R L T sy 45 A, P N2 GRU #4774
PR AR AL N Sk, IEACE TR S5 E B0 2 A I BRI TR . 5E, IR T & PR i il
BRI, Beit AR F S EEIE SR CNN-GRU & 3F B BRI 55y . fE2k B i F v, 72k
it SCADA (Supervisory Control And Data Acquisition) £ ¢ 75 £k K45 & PR3 28 6 B 30 =5 St i il o AN 5
LR R SEHE, XS A PR BT TR RELR T R S Anr FBT RE SR FE B 00 . LR, R A B 4R )N b
(AR AR ot 05 A R A 2 A T e g 00 sl 5 k1] X ] P4 P A A LR T o L LMD IR R

1) AHDFFMME: ARSI NIUERREINLE, SWERIERA, e Rgma il
VRIS RIS B, o S0 B2 A 1) B 110 vy H A o s P L 3 A7 07 =X

2) B RAE: 1E SCADA %5 R G0 R HUT s At , V5 F e Fio o 18] P52 0 L 208 s AR A% e 245 55 Pl DR 5 44
ZHREAT T RBE, KA AR . AR S ARG IR R S i A

3) B TALTE: X P7 LB AT ARG v, ARG R, B E T E R, RS
BT A — 4 3 0~1 HIVEREI X IA], 2 BREH i AL IR, R A A R 0 s AN A e [ 28]

4) PRGNSR, L T I RSO 1 7 VR AL B E T A, TR RN GRE s, AE s B AR A 45
R RE L, T CNN SIS, RIRE, 2ERE, ULBRBK, BRSNS ENSE,
DUk BITEAC TIN5 5, AR & PRV ESEARL BT A S 125 T CNN-GRU VR BE 22 IR, SEILA H L il
MRETSPIIIEER, Az B LA PR Ho I 2 2 T A Y

5) GFRHAELL T : SRICLI S O, R SR s T 0 BB Fee 7 gy T AR 23 A X LR
JIECHET, T B 4 UIZRIF I B B TS R I R By B M5 A e 3 F0U DA R AN [R] 67 B 45 A e J F 245
R, AFEDE A Hin. 5148 B B i LA IS =R R, B 1AL 1B 1 Hoop:

6) frthgE R R Jext TG R R IA—1, 1520 R TIE, R 302) v B R R I s o
dr B, ARIE R (@) MG K E KX LA IR LR B i KR VPRI B, DA Sk 38 B 45 i &
IR B o

AR, AIIVE-E R R T R, 278 SCHR[29], 1535 5 HiR % 22 (Root Mean Square, Error, RMSE),
P54 %} % 22 (Mean Absolute Error, MAE), 4%} 1 7% % (Mean Absolute Percentage, Error, MAPE), L\
R E 1 7 #(Coefficient of determination, R2)%&/E AHERITEFEAR. o, R2 A FHERIMERELLEL, 1Z4RHriR
il 1 ROAAERZBRGT . [FIRT, DM E A P B IRSEAN I 20 0 T 2, IR E AT T 4 LE iR 2 (Absolute
Percentage Error, APE)E Jy s TN HERA VE IV PR . IR TR AR ARSI SR IA W e A 20 A-4 3] A-8.
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Figure 2. The flow chart of the proposed methodology
2. FrR A ERAZE

5. RIS
51 BIEAEEHEEE MK

IR FTEE 7 A R, DASt M 3 AT G I R R AR A ARS8 5, R DIGSILENT @57 7 —
AMUFHE 3 R AN RIS B 1) 6 2% 10 KV 152k L F M i Ak R AL . AR R4S 4 500 KV AR H
Ui, 16 220 KV A8 FL o ARAE ATHA 10 KV D528 TR A EASTRN ) Ak @A 9T, ST 10 KV BRERSK ] = Bt i
TS ERE[17], i mE R KENE 2 =1, Bazht, Bo2/\ T T =B55E, Hihe
Fdon B B E A3 fos . BHIZAH G527 7ok B 110 kV A2 Hiuk ZCB Hil SFB. 4 | 3K IUANFli2
1777 T G F LT BT R AN SRR A, n 2% SCER[30](5 B DIGSILENT %Ki SCADA &4t
T AR I S e B s . I DIGSILENT A8E40L 11 MhoAS 1] (1 4F 47 4 2041 (GO, G1, G2, G3, G4, G5, G6,
HO, LO, L1, L2). gkt far th e (VA VEMIE, 438 4 AT, Al TAEHMAE TAE D4k, JF
TAEH o AN H, BEAN =T Fmr 35 B =AY H A i e, & 2= g — 208 g H
A A TAEH - &, FNMHE GRS NES - 4, FERHAR S AEE - 4. N FRZE
IR ) A e AN 1 FTR .
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Table 1. Definition of seasons
#z1 TEHHEX

FA TR eisH e hh #ilH Hil
e 1 +—H 20 =H
HE 21 =H 14 A
EES 15 HH 14 LA
ZE 15 JuH 31 +A

ARSCRAEE T A VA G REZR 1) 7 S SR s, DA R 2 AR AR b e NI e Rk i Bidls . ok o
TR 2B RS R P A ORI 10 Ry, OB A2 SRR AT EEEET T B (3 M —1k,
M 73 I B IRV A 15 20 1 4F Ster o0 A i 2R IXFE, I 73 B4 s 4 5 e ok e it . Horpr, —
AN BRI REZR 6 faf B — AN SUBRDBAR g 2k &) 3, & 4.

W B A AR BB S5 5 O\ DIQSILENT #4 2 (ATC i X (a7 4k R G B e, A5 B v s A5 0 ELBEER,
RIS 124707 P REAR S . SR SRECR 1247720 35,040 MREHLEEAS LA R bR4S, i N AR
TEELHE E S A G ThIh A, TCIhIhE, BIEHEMEE, MEa i, mEIrhfieg, % 86 4
WA, AR AT AL, PR A R . ISR A R 8:2 K4y, B4 28,032 A
BENUREAE N B RIIIZR5E, Hrh 7001 MERRIELNARFEA . MR E MATLAB 2020a H4i 5
AT
5.2. EASEHE

N T HRBAEFHERRIGERP K, YIRESIR, /R IR, BORERZE, LU% GRU [EIA
FEREERER SR, W 2 gk, ST, AWNE, SR&HEHENSE, RS
* 2

120

40

0 5000 10000 15000 20000 25000 30000 35000
KHE5E/15min

Figure 3. Load curve of a bus

El 3. KA mEhs
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Figure 4. Active power of a photovoltaic station

B 4. RAMRKBINRERL

Table 2. The parameters of the CNN-GRU model
7% 2. CNN-GRU #RIZEHS H R

e S UAAS
LN 86*1*1 /
HBRUE 1 3*1 2*1
FEJALE 1 2*1 2*1
EBIE 2 3*2 2*1
AL Z 2 2%1 2*1
EHE3 3*1 2*1
AR 3 2x1 2*1

GRU1 128 /

GRU2 64 /
EERE 1 128 /
EERZ 1 64 /
EERE 1 3 /
[e] U4 4 ) 2 3*1 /

DOI: 10.12677/aam.2022.117512 4877 IR Esid


https://doi.org/10.12677/aam.2022.117512

By &

AT S IR E R TG I, S IREREE TR Niggp AL ST BRI AN S 1A LU IB A, XA A
TRAIE oo A TR 158 2235 i BESR BRI AT o JHCJ5E R BR7E TR NRFIERAE T 1A 5 1B & 2 11 B AL 4 A B I
KT RIS, oo A0 T &M R, FEEIPERRAK. Fit, Ass@dfshl s, wEARR%
R, DU RIS T EE Nioop A7 A FRLIFE TR 15 22 X5F Ll SR, H 4Hff s TRUMUASE 284 o ¢ 45 K S0
FHICSZIONT b L2 3.

Table 3. The prediction errors about I, under different conditions
% 3. TEISBT AR loo TMIRER

HeAbHE AR MAE/% MAPE/% R%% RMSE
12 5 0.70 13.62 87.70 0.0127
24 5 0.79 16.51 86.93 0.0131
32 5 0.77 14.47 87.06 0.013
64 5 0.98 19.93 80.76 0.0159
64 10 0.93 16.55 85.60 0.0138
64 15 0.84 16.16 84.49 0.0143
64 20 0.68 13.48 89.79 0.0116
128 15 0.652 11.32 88.63 0.0236
128 20 0.14 3.64 90.20 0.036
128 25 0.17 3.30 99.68 0.002
128 30 0.25 4.6 92.36 0.004

B 3T, MiEfCEK Kk 25 Wk, A A 128 I, R2 fEIAE] 99.68%, HoAth Tl TR 15 22 AH Xt
BN, SRS R 8 B A K 25, HEARFR KN 128. WIEASA IR 0.002, L2 1ENML RECH
0.0002.

53. (TE&GROH

NP R e, Al 7 H L, I GRU, CNN 5 S iR E4T 1 Hiti 45 R H .
=AU R AR R I ZRERAEABEAT ISR, R A R R Bt [A) — L2k & A LR BEAT TN . =t
BRI 7 ARTE B A KdfE , 2o CNN, GRU M8 B35 2 2 B A — B R I 22 Je AU AT B CNN-GRU
WU ARTA] o AR IR P8 AE 28 T I £ O AE A, RIFEDINE (BR8N 15 72 8h s oL T, FUUREA Y
96 1~

5~7 G AR LA, 1B F oo TN A SR o [FJIF,  ARSCTIUI s 22000l T3¢ 4. R (2)%7 57
Pr =AW S IR, SRS ANE), @), S3FERIEE, B4 B HindiR 1B EE
IR ATREAS, AT RV N o (H2 0 A B0 LU IA DARCREE T DG AL & R B Nyoop BIFE T 43 IS B (2
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R E. B, BRI BOZ AR A BT S RAE,  BETE I R B B 45 S AT I AE 7 A {1
PRI BOIEAT B R B R AR

HIZE 4 AT, 6T 1A A B, =R T 45 3R 5 5 B SIS PR B R Z2 A K, HERR PRI LT
HX T loop CNN. GRU LAz CNN-GRU #574[f) R2 {H 53514 79.91%, 87.7%, 99.68%, FH T firfesi
YRR M AL PR TR 12

0.70 T T T T
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045 B
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Figure 5. Prediction results from different models about IA
5. TREIHEEIE 1A FUNEER
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Figure 6. Prediction results from different models about IB
[ 6. TEIMRERY 1B FUNEE
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Figure 7. Prediction results from different models about I,o0,
B 7. FEEREI |0 FUMLE R

Table 4. Prediction errors of different models

4. FRIEETNRE

Tz FEhn
b= !

MAE/% MAEP/% R2/% RMSE
CNN 0.92 0.89 99.30 0.0122
1A GRU 0.98 1.62 99.12 0.1366
CNN-GRU 0.29 0.48 99.93 0.0038
CNN 0.89 3.4 99.31 0.0123
1B GRU 0.81 3.22 99.36 0.0119
CNN-GRU 0.19 1.03 99.97 0.0022
CNN 1.37 28.46 79.91 0.0163
lioop GRU 0.7 13.6 87.7 0.0127
CNN-GRU 0.17 3.3 99.68 0.002

5.4. SEMER 4R

N HE— PR SRR A R RE R, A BB CNN-GRU BT e 17 5t 58350 i i FL R AN [
Al 3 41 6 SRR AN . S5 AATIRTVE, ARG )5, i SCADA R EGt3RIUH
REHG L, ZRBHA, AL A IR, IR, AN R, #H1T A
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o E

LRI 2, X 3 41 6 &Mk &I, BOCRE Ve i it 1A, 1B, RFEIDRE
FIERLE AL BRI Dioop, TN ZE H = ZHBER 1A, 1B TOME 5 SEME XS b, W& 5.

Table 5. Comparison between predicted and experimental values of loop current
5. AERFUMMES SSMETEE

EIRE & I EIA TAE/A APE/%
ZDX IA 198 190.38 3.8
FHX IB 110 100.73 8.4
ZTH IA 240 225.06 6.2
FPX IB 39 41.6 6.2
ZXH IA 280 288.39 2.9
FYX IB 102 92.84 8.9

M1 5 AT, IX 3 40 6 SRR AR R TINE R 4606 1 70 LE IR ZE I7E 109 AN, I 3RHA 1 P fe At
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Figure Al. Basic unit of GRU network
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