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Load data restoration method for distribution transformer areas based on reference values
and an improved generative adversarial network

WANG Xiaolong, CAI Haotian, ZHANG Haobo, PENG Qingjiong, PENG Xiangang, ZHAO Zhuoli
(School of Automation, Guangdong University of Technology, Guangzhou 510006, China)

Abstract: Traditional data restoration methods are limited in accuracy for distribution transformer area load data because
they neglect external spatiotemporal correlations. This paper proposes a load data restoration method that combines
reference values and an improved generative adversarial network (GAN). First, a reference value construction method is
developed, which integrates external information with the load’s own spatiotemporal correlations to generate an initial
restoration point that approximates the true data distribution. Then, within the GAN structure, dynamic positional
encoding is designed to replace random noise, enabling the model to capture contextual information of missing data.
Hybrid residual dilated convolutions and a channel attention mechanisms are embedded to enhance the model’s capability
in extracting load fluctuation features. In addition, a multi-scale structural similarity loss is introduced into the original
loss function to optimize the training performance. Finally, validation based on real measured data shows that the
proposed method improves restoration accuracy by approximately 40% compared to traditional data restoration methods.
This work is supported by the National Natural Science Foundation of China (No. 62273104).
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Table 1 Restoration performance evaluation index for ablation experiment group 1
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Table 2 Restoration performance evaluation index for ablation experiment group 2
MAE/KLW RMSE/kLW MAPE/%
R

SE S kIRe S 7 ;LIS SE S ke W7 I8 SRS IR e L7 SRR

10% 0.6744  0.6785 0.4368 0.3658 3.0297 2.9458 1.8840 1.4876 0.3870  0.3909  0.2586  0.2394

BEHL 20% 1.2077 1.0714  0.9841 0.9462 3.9338 3.1289 2.8981 2.7894 0.6571  0.6337  0.5876  0.5668
. 30% 2.5391 2.6892 2.4978 2.4327 6.4067 6.7254 6.2768 6.2049 1.4336 1.4525 1.4004 1.3845
K 40% 3.4270 3.3659 3.2286 3.1844 7.2605 7.3288 6.8607 6.6970 1.9660 1.8977 1.7961 1.8284
50% 4.6560  4.5810 4.5164  4.4495 9.2587 8.9473 8.9745 8.6261 2.5889  2.5460  2.5255  2.5102

1K 0.7263 0.6233 0.7230  0.6078 3.4158 2.9408 3.5426 2.8957 0.5017  0.4561 0.4888  0.4438

S 2R 2.4398 2.2166 2.0582 2.0203 8.8965 7.3446 6.8778 7.2867 1.1829 1.1404 1.1112 1.0451
Bk 3R 3.5851 3.7523 3.7403 3.5423 10.5502  9.9566 9.9353 9.7353 1.8176 1.7987 1.7980 1.7787
4K 43349 43615 4.1806  4.2757 10.2014 103976 10.0410 10.3657 2.7211 27096  2.6718  2.6543
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Fig. 6 Restoration effect at 30% random missing scenario
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Fig. 7 Comparison results of model error under missing condition
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Table A1 Detailed network parameter settings of dynamic position coding module
TR TR SRR E NS i b SRSk G = e S B
F— R B BN 3, WKERN 1, EHRN2 [58,2,144] [58,8,144] ReLU BN
RAHRETE B F R B BN 3, WKER2, HERN2 [58,8,144] [58,16,144] ReLU BN
HE R AR BRN 3, WIKENS, HAEN2 [58,16,144]  [58,16,144] ReLU BN
—EHM GRZN 1, HAENO, SKAI 58,18,144 58,4,144 ReLU —
kL A %;Fﬁ% 7‘%* WJ E?E‘JJ /k{J [ ] [ 1 e
B EER BRI, HREANO0, BKAI1 [58,4,144] [58,1,144] — —
2 ERE C HBREN3, HRAN L, BKAI1 [58,16,144] [58,1,144] — —
% REERHESEHUZ
A
A E ( B Yot 1 i
i ma C_ I 7 RS
TSR FRE 128x32 /' 12832 = fi il =
il - o, - O JR—
128x4x144  128x32x144 128x3px144 128x32 128x32  128x16  128x32 128x32 128x144x1
Al ERRESEE
Fig. A1 Structure of generator
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i i i N B
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i ] i ’ [ conv Bk 1
i J 4 BN,ReLU
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i T BRI
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. . . . . " a2, N
Fig. A2 Hybrid dilated convolution with CONV J?mﬁj\ﬁ
triple-scale receptive fields Wik RS
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Fig. A3 Structure of residual hybrid dilated convolution
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Table A2 Detailed network parameter settings of the generator
LR T SHE HINGESE 4R Bom R H—1675 5%
N 1 G B3, HAA L, BKA 1 [58,5,144] [58,32,144] Sigmoid BN
F— BB BRZA 3, EKER L, HrN2 [58,32,144] [58,32,144] ReLU BN
o R LN 3, EKERN 1, HErN2 [58,32,144] [58,32,144] ReLU BN
%E"Im = =R E N BRWEN 3, IREN 1, R 2 [58,32,144]  [58,32,144] ReLU BN
e E— AR NI, s 551 S
BERENSY N 5 1g2mot1 —
LRPEIE 2 BNSEREA 16, HiHHAERE R 32 £
ot FE— B BRE=3, Hr=1, PK=1 [58,32,144] [58,16,144] ReLU —
s R BRE=1, Hn=0, SK=1 [58,16,144] [58,1,144] Sigmoid —
F A3 PRI IF M S EIRE
Table A3 Detailed network parameter settings of the discriminator
PR TG S E NG FE i 4 b SEgEaRd 465 2
2 1 B BRZAS, WMaR2, PKHR1 [58,2,144] [58,16,144] ReLU —
I RS2 BZE 1 4EERE HBRZNS, HR N2, HBKN2 [58,16,144] [58,32,72] ReLU BN
H=2E 1 dEERE RN S, HREAN2, HKN2 [58,32,72] [58,64,36] ReLU BN
Wik 2 — [58,64,36] [58,64,1] — —
=
PRI AT HINGEST 64, 4R 1 [58,64] [58,1] Sigmoid —
Misg B

7R B1 S0%FEHLER K T AREKE n 0 k BYZIRBER M REIEAR
Table B1 Completion performance evaluation index of
constraint effectiveness at different sequence

lengths at 50% missing rate

n #k K/ MAE/KW RMSE/kW MAPE/%
1 5.9602 11.3471 3.4610
2 5.6796 10.8325 3.2856
3 5.5603 10.6128 3.2106
4 5.5272 10.5487 3.1842
5 5.5416 10.5769 3.1932
6 5.5532 10.6017 3.1977
7 5.5530 10.6326 3.1938
8 5.5677 10.6744 3.2007
9 5.5854 10.7042 32115
10 5.6091 10.7341 3.2248

MZE Bl AfLAEH 2 n F1 k BB RN 4 WL
Biif. —HEUEWE 4, FraEhieiry 205
W, RP\LHRBRMZ T,

RN R PR, RSB ERRT IS,
* B2 HHHESEUR M R e, EBRRN
RN T P37 ZE /. SRR B2 IR H I
MSHHAATRI, BAEREAREN 0.6009. I
— AU ) N T Y T 2508 0.0094; 1 S L A3
N 2.85%. ZLERKITEFTIEBESET KL MG
BT 7% P () o PR ASC AT o

K Bl NESHIBUEME R, e,
M/ NER /N (min_cluster_size)H 90 HAZ O 14T &

H(min_samples)BL 15 I, 7% N 5fef 7 Z2{H 5 B B
flt; % 1 (density threshold) B R it K sl /vy
SHISS R KR, EEEEEE L, SRUEE
(Manhattan) F1RK [< 25 &5 (Euclidean) L T )t 55 K FE
B5(Chebyshev); 1 il (8 € P42 R BO JRERL
REEmE, R BRI
% B2 HDBSCAN #B&#
Table B2 Parameter settings of HDBSCAN

S HAFE ZHEE SR RIEH
H/INEKR/Nmin_cluster_size) 90 [40,90]
10 5 AT JE 4 (min_samples) 15 [10,35]

['Euclidean’,
[ 55 JiE 5 (metric) Euclidean 'Manhattan',
'Chebyshev']
TR D) 53 S
. 'eom’ ['eom’, 'leaf']
(cluster_selection_method)
€ P R % (alpha) 1 [0.5,1.5]
fi /)N BRI
B BB RR 0.3 [0.25,0.35]

(cluster_selection_epsilon)

e B3 fl, ANFEIAGH SRS XHE B IR
IBI46 7 A BA B2 520 . Kaiming 1IEZSHILRL™
TR A I o3 A FARCE AR A R AR TE Vi
W XL RILER IR IR T RIRE X 73 AN A B 1]
ME N, BERIRETRE LT XME, NE
IR T BARIRC A AHELZ T, Xavier WJ4616.
ERBIAG AT B A A E A 2, Sz
Xof BRI (8] ;T X4 B AT o el BRIURAL, HAL
H AT 58 A IO S BRAN R I 18] 5 22 5
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Fig. B1 Effect of HDBSCAN hyperparameters on within-cluster load variance
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Table B3 Weight distribution under different initialization strategies at 50% random missing rate
JRUBHIUEAL Xavie HI4H1L Kaiming #1614 BEALYIEG L W
T2 0.0686 0.0694 0.1043 0.0373 0.0000
R/MA 0.0000 0.0000 0.0000 0.0074 0.0417
RKRMHE 0.7240 0.8631 0.9936 0.1577 0.0417
LA 0.0093 0.0150 0.0001 0.0360 0.0417
T 5 2.7503 3.4418 3.7441 0.8387 0.0000
U RE 10.8144 17.4217 17.9121 0.2282 0.0000
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Table B4 Restoration performance evaluation index of different initialization strategies at different missing rate
TERETR bR (S /b BLAIAH 1k Xavie HI4H1L Kaiming #2646 BENLYIAR 1L FYIH
10%Bf LR K 0.2494 0.2404 0.2394 0.2414 1.8632
E\are 50%BEHLERK 2.7204 2.7509 2.5102 2.5829 10.2539
RS PRITN 1.2300 13239 1.0451 1.0665 3.2168

IR B4 15 H ARG RIS S 45 5ok
%A, BN ReLU B35 o B0 i1 Kaiming® )51k
RIS BE 5 AL B gD B A e R VTR IRAS -

B, (12512 0ifbr LR EN T HMREEHS,
JUHAE R AR AR SRR 5 P A e P B o,
L T AR LA B R Ik RE iz aE

ME B2 "] UE R IH— b2 S ERE S A A 35F 115%
WL, REEFR2FEA XA, PR CLX 5 S -
KL E . A, 7E S0%BENLEL R 50, H MAPE 2s)

N 2.7487%, BEREIRTIH )RR, £ BS
I XA FIRZ K 2R 20 B 0 LE sk Be R B, TR A K
FAV[1,2,5]7E B HLER 2% 53 Sk 2k I 5 N R
BB A R . 1% 5A R84 T [2,4,6] 81
[3,6,9155 4L & (MM RS, FAIR [ IRSE BFESL
o R, MET1,3,515% 7%, [1,2,5E4075fife O o0l 0.1~0.3 0.3~0.5 0.5~1.0

B R AR (8] A5 B 4~ /N IR 3R AR B 1 5% REX

Btar B AN 5 A R RE RAi B2, T e bR & B2 RIA—UTHENENEN TR

MK % B 0g T KRR R B 2R /1. SRR R Fig. B2 Dynamic weight distribution without normalization

% B5 TNEIFAKRE S T=RERMEHIE SRR IEREIEIT

Table B5 Restoration performance evaluation index of dilated convolutional networks’ reconstruction under

19.8%

EE1/%

different combinations of dilation rates

MAE/kW RMSE/kW MAPE/%
BRI B
[2,4,6] [3,6,9] [2,2,5] [L3.5] [2,4,6] [3,6,9] [2,2,5] [1,3,5] [2,4,6] [3,6,9] [2,2,5] [1,3,5]
10% 1.1447 1.1146 1.1354 1.1020 4.6280 4.4260 4.6421 4.4237 0.6992  0.6932  0.6920 0.6773
B 20% 22728 21838  2.2593  2.2243 6.2961 6.0580 6.4220 6.2074 1.4014 1.3152 1.3442 1.3487
30% 3.4812  3.4400 3.5566 3.4581 8.3952 8.2603 8.4884 8.2992 2.0626  2.0584 2.1184  2.0733
R 40% 4.8628  4.7572  4.7289  4.9301 9.8853 9.7709 9.6868 10.0659 2.8532  2.8185 2.7909  2.8852
50% 6.1919  6.5911  6.4927 6.3206 11.3147 119103  11.7425  11.5493 3.7380 3.9519 3.8828  3.7868
1K 12456 14584 1.2455 1.2696 6.1626 7.2111 6.2280 6.3399 0.8310 09384 0.8367 0.8426
HEH: 2K 29037 29127 29525 29525 10.7859  10.5667  10.9085  10.9085 1.4441 1.4683 1.4706 1.4706
e 3K 3.9388  3.8697 3.9998  3.8307 11.3291 11.362 11.5335  11.2856 23500 2.2764 23648  2.2595
4K 6.0790 62964 6.6008 6.2356 15.1914 15.5412  16.8387  15.4531 3.5259  3.6561  3.6604  3.6595
* B6 PSEIG 9 E R Uk R BB g 1 L,=wlL +wL +L, (BS)

B,

Lo=L +L +L, (B1)
S 10 BEE AR B AU S A0 (B2) T o
Ly=wL +wlL +L, (B2)

SEOG 11 VOB AR R BB s 3 (B3)—
H(BS)F7m o

wo=—" (B3)

(B4)

NS IE AR SC T $ 45 R AR [ 38 B SRS ) 5 2
Ve, RS EERCE . S A S OCHR[18] s i
ITXTEL. SRR W], ARSCHRISEZ 5 R YR
RARBR IR E TE SR, JEHAE 20% 5 30%f8
LR ZTR, H MAPE B CT X T, ek T
ZNZAS VR BERCE (B A A SRS ) 2R B R
T 58 AT S AR IE 1A SCROTH I IE s R, HAE Mk
FNHIES B SCAR. iR R A ik SR
EFATANE, FEE TR RS
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Table B6 Completion performance evaluation index of different loss-weighting strategies
bty MAE/LW RMSE/kW MAPE/%
B N , N N N N

55 9 S5 10 B 11 K% 9 S5 10 B 11 K59 S5 10 S 11

10% 0.6699 0.7003 0.7083 2.9074 3.0882 3.0761 0.3976 0.4111 0.4180

B 20% 1.4781 1.4767 1.4590 4.7747 4.7012 4.6304 0.8086 0.8314 0.8240

Bk 30% 2.6900 2.5151 2.4484 6.4394 5.9190 5.9794 1.5543 1.4729 1.4170

40% 3.8342 3.7478 3.4744 7.7803 7.6801 7.1740 2.2558 2.2020 2.0512

50% 4.7925 4.6977 4.6409 8.1151 8.8340 8.9306 2.6814 2.7980 2.6212

1K 1.0064 0.7108 0.6909 4.7120 3.3564 3.2914 0.7044 0.5268 0.5087

pU sy 2R 2.4067 2.4039 2.2555 8.0460 8.2831 7.5347 1.2512 1.2182 1.1866

[N 3R 3.6511 3.8879 3.5979 9.9983 10.7175 10.0825 1.8443 1.9026 1.8209

4K 4.1403 4.8280 4.6409 10.4037 12.1190 10.2663 2.7364 2.8388 2.7230
SEH [8] KA, A, BT, S UMY R AR
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