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channel-attention-optimized variational autoencoder
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Abstract ; Accurate identification of residential air conditioning load is essential for leveraging their regulation potential and enabling
effective demand response. To overcome the limitations of existing residential air conditioning power estimation methods, which often
suffer from insufficient accuracy and high computational complexity, this paper proposes a novel non-intrusive neural network model that
combines a variational autoencoder ( VAE) with an enhanced efficient channel attention ( ECA) mechanism. The improved ECA
incorporates a dual-pooling strategy-combining global average pooling and global maximum pooling-to capture rich statistical information
while highlighting prominent local responses. Additionally, a compression-reconstruction mechanism is introduced: after dimensionality
reduction, fast dynamic convolutional kernels adaptively model local channel interactions, focusing on key features and assigning
appropriate channel weights. This enhanced ECA module is embedded within the VAE decoder to improve feature reconstruction for air
conditioning load estimation. Furthermore, a multi-task learning framework jointly optimizes power disaggregation and state recognition

tasks, promoting effective information sharing and complementarity to boost overall identification accuracy. An output module with post-
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processing state threshold constraints is employed to suppress interference from non-air conditioning loads. The proposed model is

validated on real-world residential electricity datasets, showing a mean absolute error ( MAE) reduction of 59.71% and 9.22% ,

respectively, compared to two baseline models across three regions, while achieving an air conditioner state recognition F1 score of

84.58% . Ablation studies reveal that the improved ECA contributes to MAE reductions of 56. 23% and 12. 47% in two regions, and the

multi—task learning framework further improves identification accuracy by 3.17% and 5.90%. Moreover, the minimally intrusive

measurement approach-training with intrusive data from only 30% of users-significantly reduces reliance on extensive user data while

maintaining high accuracy, demonstrating strong potential for practical deployment.

Keywords : residential air conditioning load; variational autoencoder ( VAE); non-intrusive load monitoring ( NILM ) ; channel

attention ; multi-task learning
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Fig. 1 Operating power curve of residential air conditioners

R 1R R RS A R R R A5 S B AR i LA
JELIS 1B AP AR BBl RV 2 PR S A0 R 45547 2 3
PRSI I EN R DR P s N e 3 S iR L SN
PRI ) URIUE 318 AT, PRI/ N RUBE || 23 ] Ty 6
b 2 B AR AR X -3

LT LR e 2 3 il R AT, 2 1A B R R AT
BedmR (1) B

P (1) =a, ()P (1) + P, (1) +e(t) (1)
KPPy (1) RRBR TSN B R T3 e (1) R
IR o, (1) € 10, 1) KRR 23 PLE ¢ IF 20 49 IF Wtk
Ao M, R A A G R R A SRR AT 23 23 14
A5 i 5 RSN KA 55

DRI IARZAE IR Py (0) , RSS2 Z 1
AR T 0 5 PRSP I 75 40 531 23 9 B —onas A7 R A
ay (), 2 25 P AL T ) v AR e T R
a, ()= 1B (1) =0, RESRHLF
PEAS P AR, S IR T I R o, eAh, &5
A B IR S A R R (At A2 e 5 R ) i — 2B H sk
SV ATATHE PR RS i T HE PR 45 2R T Oy
I R BEE 0 29 TR 78 25 98 5G] I B HE B E 25 9 1
RSl T8, TS T+ AR Ab TR

2 ETESEREFNERTHAATIEE
AKX PHREE

ARTERETH 1 WS AT T —Fh s I8 7 iy E
RAFFLTY I T A
2.1 THBEHmBR

55y H i (VAE ) J&— 0 T A8 2 HE W Y A it
BEAIHESE  UNIE] 2 7R A LA & b 2% g, (2 |x) 51
4% p,(y | 2) P

qy(zx)

K2 VAE fiE4
Fig.2 Framework of VAE

AEZE T x [RER ARz (RE R s )25 & Bl g
T it PV E RN, FH T AN 19 o0 A R A
y REABITI . WSS q,(z | x) K AT 5] x Bty
BAR Bz 0 S8 MR FT 2 07, FomE S48,
FTFIEM G0 p(z | x) o IS p,(y | 2) HRYE 2
AN NI A E TR

TERRUE VAE HEZE T RIS 2 B AL RAE z 19450 2
AT, B A HE B To vk SEBURE B AL, R fi ik —
(), SCHk[21] 5l ABESELE IS, ¥ z SN
z=p + 0O, WHHFEA e ~ N(O,I) BEEAJZ TN
PN RE R IR AR EE ] e Ml o ST AE 4%, IR HL, rfs:
z BT R R IE R R N T — 384w e s | i ff i 28 76
fRRE IR XM o BB VAE @ s/ MER (2) TR
ENESE || T

L=E. . ollog,(yl2)] -
BDy[q,(z]x) [ py(2)] (2)
5 1 TR BAR P IR A R 22 | S WA A T A
S HERRE ;56 2 WVE R E WAL, DL/ IMERY Kullback-
Leibler( KL) BUELTHARII ¢,(z|x) ~N(p 07 ) SR
A b 7 BRI p,(2) ~N(O,T) , b7 1E 75 78 5 22 R A
HERUFAIBT AT O, B AR B A= iRE T ;8 NS EL,
TV VAE AR AG 1R 22 5 1E W {3
2.2 HEEEFEENE

BRI AR RRIE SR G AR S AR R Bl B R
B A ORI S5 B e THA R g 22 G 22, 3l
T T R IHL A 45 1 W T ACER, 28 SR s (R B T B
TUARM S | AT $R s AR FE RS



254 f# £ ¥

a6t

SR AEGEH) ECA™ FE AL AT J A 5 R AE I A7 AE AR
B, HAVEE T 252k ( global average pooling, GAP ) 3K
WARER, 7 23 W E R A L . s, H A8
BRI A IR, BB AR T2, A7
FEA LIS T T R e DA 4 T 2 2R A R -
P MI4E > (squeeze-excitation net ,SENet ) 3T 22 JZ2 B
HL(multi-layer perceptron, MLP ) %) Hs 45 — FEAAHILI] | o 4y
NAFFE R4 2 I, FREAT T, R A8 7 K AR 48 22 A [m] i

O S — T

it e 1 BE S B A B AR B, {H SENet AR B YA A5 J% 7
B Aoy BIET K, % T A8 B R 40 - A 1 %0 8
R BRI ECA T A N FURIERTS I AR R, L)
E— AL VAE B8RS T AT BHAUE 55 RO PERE

WA 3 Fis, TR ECA 254 GAP HI4 Rkt
fk ( global maximum pooling, GMP ) , \AS [R] 4L £f) B 4= T i
HARRAE A R G 05 S A0 5 780 S 35 R A o AR %
B AREE , A2 SRS i Y e T

Cx1x1
0.11

n LSRN 4% P 3 & 5 |
F ] 0.3 F'
GAP [ v ‘_, P33
— | 0 |
v 0.18 M(F)
c o \ , N C
= 1x1 | 0.05
-> — ]
H B3 \ 0.16 |#
o " i
w GMP \ 0.12 w
Chxixl___cxix | 0.05
——————————————— Cx1x1

3 it ECA 4514
Fig. 3  Structure of improved ECA
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1417 0.06 66.14x12.55  86.12+1.68 0.287+0.150 || 9.77x1.94  96.90:2.09  0.042x0.015 || 11.1720.62  98.85x0.46  0.069=0. 014
27 0.12 235.21x7.39  28.28+1.37  0.322x0.143 || 147.25+11.79  32.81x13.61 0.777+0.095 ||198.16+5.19  10.00£1.63  0.781+0. 046
3000 0.02 196.23+13.45  30.84+0.49  2.816+0.439 || 119.25+8.62  43.05+1.06  1.737+0.168 ||136.33+6.18  40.66+0.87  2.065=0. 109
3517 0.04 142.08+12.19  45.29+1.04 1.972+0.285 || 112.5849.76  43.52+¢2.07  1.703x0.157 || 43.78+13.85 66.76x7.67  0.253x0.262
5058 0.05 148.38+11.08  15.01x1.29  0.585+0.231 || 128.57+12.53  28.73x1.38  0.719£0.235 || 92.4329.72  7.57+1.07  0.364=0. 162
5587 0.30 159.13+7.66  87.56x1.04  0.028+0.022 || 132.01£9.23  83.90+1.16  0.255+0.034 ||134.45+15.61 84.94+3.09  0.292:0. 080
WM 0.10 157.86£10.72  48.85+1.15  1.002+0.212 || 108.24+8.98  54.82+3.56  0.872+0.117 || 102.72+8.53  51.46+2.47  0.637+0. 112
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Table 3 Test results of different models in region 2

H TransUnet AAE AR SR
g WO maE/w F1% SAE MAE/W F1/% SAE MAE/W F1/% SAE
1524 0.05 89.09£15.04  77.54%3.28  0.129+0.097 || 19.10£3.60  96.61+0.57  0.036x0.018 || 20.63+1.56  97.19+0.42  0.077=0.023
1731 0.04 63.23+14.14  86.76+2.44 0.179+0.197 || 9.57+0.77  97.670.44  0.096+0.008 || 5.96x0.86  98.03x0.53  0.034=0. 005
3687 0.06 81.79+11.27  87.50£1.57  0.109+0.054 || 20.35x0.77  95.95:0.54  0.099£0.010 || 20.92+1.97  96.94+0.60 0. 053=0. 017
3938 0.01 43.242+12.48  89.98+2.14 1.648+1.078 || 1.15£0.05  98.39+0.16  0.012x0.007 || 2.44+0.39  95.79+1.25  0.089=0. 032
4495 0.001 39.04+12.73  42.1023.35 27.393+16.074| 0.23x0.08  89.86x6.69 0.0570.045 | 0.33x0.06  87.25+4.36  0.091=0.072
5938 0.001 37.84x15.14  81.77x2.09 6.289+4.540 || 0.82+0.04  98.41x0.48  0.169£0.010 || 0.55:0.09  96.83+1.35  0.098=0.018
7114 0.05 57.65£14.79  92.29+2.37  0.184+0.149 || 5.83£0.96  99.40x0.19  0.036x0.008 | 4.17x0.35  99.22+0.11  0.010=0. 005
8061 0.03 59.77+13.92  81.41x1.85 0.325:0.286 || 6.69+1.26  96.89+0.95 0.055+0.005 || 5.14+0.80  96.51+0.97 0. 014=0.010
8342 0.07 61.85+17.90  95.01x2.83 0.127+0.118 || 10.80£1.32  97.87+0.65  0.035x0.006 || 8.29+0.80  99.70+0.04  0.037=0.009
8574 0.02 49.76+11.06  86.63x1.94 0.355:0.322 || 3.71x0.00  98.66x0.13  0.040£0.007 || 4.47+0.20  97.33+0.52  0.021=0. 009
8733 0.08 79.16+9.13  87.54x2.05 0.082+0.056 || 10.58+0.56  98.34+0.20  0.033x0.003 || 12.03+0.58  98.03+0.30  0.009=0.005
9612 0.11 95.63%13.71  89.1623.60  0.089+0.055 || 15.31x1.17  98.59+0.10  0.053x0.006 || 10.47+0.85  98.55:0.12  0.022=0. 008
WM 0.04  63.19x13.44  83.14+2.46  3.076x1.919 || 8.68+0.88  97.22+0.93 0.060z0.011 || 7.95+0.71  96.78+0.88  0.046x0. 018
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Table 4 Test results of different models in region 3

P FFk TransUnet AAE AR
i B MAE/W F1/% SAE MAE/W F1/% SAE MAE/W F1/% SAE

1642 0.20 195.45+11.16  78.34+1.45  0.140+0.041 || 47.16x1.87 95.05+0.44  0.0060.002 || 56.77+7.15  92.59+1.18  0.071x0.018
2335 0.19 199.66+12.19  84.99+1.24  0.138+0.029 || 78.20+9.76 95.53+1.33  0.124+0.012 || 40.49+5.23  98.43+0.35 0. 048+0. 019
2818 0.39  131.99+19.32  92.72+1.64  0.058+0.027 || 28.88+0.93 99.44+0.14  0.027+0.002 || 36.96+6.00  99.52+0.06 0. 022+0. 012
3039 0.39 347.83+19.88  77.59+1.35  0.029+0.019 || 194.92+13.81  90.73+0.44  0.117+0.014 ||128.47+14.78 94.11x1.57  0.035+0. 014
3538 0.15  94.85+12.85  90.76+2.75  0.164+0.073 || 14.42+1.08 98.26+0.40  0.042+0.005 || 17.11+2.03  98.78+0.10  0.053+0. 009
5746 0.21 105.86+15.26  93.51+1.56  0.032+0.018 || 35.38+2.35 98.26+0.26  0.062+0.006 || 24.73+1.88  98.99+0.16  0.047+0. 007
6139 0.15 245.32+£10.89  68.93+0.75  0.069+0.030 || 131.43+24.34  84.89+2.61 0. 171+0.070 ||204. 76+24.98  81.29+2.61  0.270=+0. 080
661 0.26 173.33£10.87 84.66x1.06 0.174+0.035 || 41.97x1.05 96.82+0.22  0.031+0.010 || 48.10+5.55  95.40+0.94  0.054+0.019
7719 0.26  323.91£25.45  70.89+1.27  0.070+0.025 || 84.22+7.76 88.36+1.87  0.074+0.011 || 77.76+10.40 92.47+1.19 0. 041+0. 014
7951 0.12 309.17+19.21  57.01+1.61  0.897+0. 188 || 157.34+5.05 74.03+1.36  0.435+0.032 ||147.03+4.64  76.36+0.87 0. 404+0. 037
8386 0.09 104.91+10.77  82.59+2.08  0.108+0.079 || 23.19+1.35 95.65+0.48  0.035+0.002 || 17.10+1.38  96.22+0.62 0. 014=+0. 006
9019 0.15 100.66+12.87  88.48+1.77  0.077+0.071 || 21.64+1.05 98.12+0.14  0.053+0.006 || 20.93+3.11  98.06+0.34  0.033+0.021
9922 0.09 768.61+£26.77  28.24+0.48  1.238+0.106 || 703.93+29.23  15.26+2.23  0.370+0.064 ||519.83+48.20 29.59+3.42 0. 144=+0. 061

PIE 0.20 238.58+15.96  76.82+1.46  0.246+0.057 || 120.21+7.66 86.95+0.92  0.119+0.018 |{103.08+10.41 88.60+1.03 0. 095+0. 024
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Fig.5  Air conditioning power decomposition curves of different models across various users
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Fig. 6 Power and energy consumption curves of variable-frequency and fixed-frequency air conditioners identified by different models
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Table 5 Ablation experiment results on model structures

FEiE [ihéiid HIX 1 HiLIX 2 X 3

Al ¢ ECA Mt MAE/W F1/% THE/ % || MAE/W F1/% HFETHE % MAE/W F1/% $ETHE %
V. —  — — 103.43:10.91 47.34%7.24 0.00/0.00 |[19.58+10.25 91.91x5.66 0.00/0.00 || 126.27+37.82 88.71x2.71  0.00/0.00
VoV — —  98.86+7.80 52.38+2.22 4.42/10.64|[10.18+1.98 96.13+1.07 48.01/4.59 || 121.50+10.44 87.77+0.86 3.78/~0.01
vV V. — 103.68+13.38 52.41%3.66 -0.24/10.70|| 8.57+1.59 96.73x1.02 56.23/5.24 || 110.52+15.16 88.35+1.51 12.47/-0.01
v oV V' 109.07+13.55 51.35£3.74 -5.45/8.47 ||10.2121.98  95.50+0.97 47.85/3.91 | 125.05+17.98 87.10£1.44 0.01/-0.02
vV VoV 102.7248.53  51.4622.47  0.69/8.70 || 7.95+0.71 96.780.88 59.40/5.27 || 103.08+10.41 88.60=1.03 18.37/-0.01
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Fig. 8 State identification accuracy and reconstruction error

under varying intrusion ratios
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Table 6 Comparison of computational resources among

different models

o E~ighy eS| "AFY BN
/10° /min MU /Mb
TransUNet 13.53 6. 12 2.58 54. 89
AAE 1.82 26. 07 2.79 7.13
AR SRR 1.99 34.13 7.35 7.93
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