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Automatic dryness judgment method for heat pump clothes dryers based on
multi-dimensional time series feature engineering and ensemble learning

Liao Min  Liu Yuntao Du Guoqing Shan Lianyu Zhang Shurong Zhao Jiajun

(Xiaomi Technology (Wuhan) Co. , Litd. , Wuhan 430010, China)

Abstract To address the redundant drying time and over-drying problems of rule-based threshold strategies in heat pump clothes
dryers, this paper proposes an automatic dryness judgment method based on multi-dimensional time series feature engineering and
ensemble learning. The multi-dimensional time series features were extracted according to the operating characteristics of heat pump
systems. By combining weakly supervised label generation with a dual sample-cleaning strategy involving label-purity filtering and out-of-
fold prediction, an ensemble learning model integrating XGBoost, LightGBM, and CatBoost was established, and a dual-threshold
confidence lock was further introduced to reduce the risk of false dry judgments. The results show that the proposed model achieved a test
accuracy of 91.26% and F1 score of 92. 17% on the static dataset, and the judgment accuracy of high-confidence samples increased to
96. 30% after applying the confidence lock. In International Electrotechnical Commission-load and real-load validation tests, the drying
time was reduced by 30. 9% and 22. 4%, respectively, compared with the rule-based threshold strategy while still satisfying the drying
requirements. The proposed method can effectively alleviate redundant drying time and over-drying problems and shows good engineering
application potential.

Keywords heat pump clothes dryer; automatic dryness judgment; time series feature engineering; ensemble learning; confidence
locking
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Fig.1 Principle of heat pump clothes dryer
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Tab.1 Experimental operating condition parameter settings
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Fig.2 Performance of existing drying judgment strategies

under varying load conditions
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Fig.3 Overall framework of the automatic dryness judgment method for heat pump clothes dryers
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Fig.4 Experimental test setup for heat pump clothes dryers

2 T AN A I 20 £ gt SO0 5 B X A 2 Bt
T b R Sh A AR LR, AR SCR F W sh i O b AT R
TR, 7 K BEBE N 5 ming 7E % &4 B R {571
oG EUR A SRR T R K 30 s, Bl A
Bl AL 10 SR A5, A AR 11 & R 90% o
TEMCEERE | 45 G ARG LI S TR A5, L4 H
20 2B AR, R R T 0] F Sl T4 55 B RRIE 23 (1]
WL 2R



B A, 4 T AR PR T AR S e > R T AL A S A 07 ik

K2 ZUEMFHIESE

Tab.2 Multi-dimensional time series feature classification

FHIEE 5] HREFHE FEAEH
RT3 Ji ik B Bt FAEHE S R (4 B K RF SR ]
12 fu 2 L Ak R I L R A M2 S WA 2 i Jt B AR B AR AR 2
TR H A B R AR ] AR OR I R 38 5 2 FALIR AT AR R 2
HEIR LR e R TR RS 522 S B G A A A2 AL
TR H AR R AR R G2 DS SR BT AR R 2
P BESRHIE Ve Bl R Rl R 22 ORI R FALIASCHAE T
A RG22 AT RBE S RO 22 FUWRZE A2 UK E) T
IPM Jii BZ 45 AIE AARPIRLTT M2 7 22 FAERGLstT i SR E vk

2.3 WEHARELRRE

P T 59 M PR 25 e A VA SR B S DI S R R D]
Az B, B LI TR R T, (L) BT A RE A RT3 A
PRAFETC . [, 32 A0 R R AR Ltk A% s M 7
SEMR, F 53 BEAS TR AR 25 8] v AL A7 78 B R AR 1
R e v IR B B, A SCBET T 1 XU AR AS T VR SR
W, AU DA B ] 320 55 FRREAE 223 1] 242 T 5 BRI A
JEFEA
2.3.1 ETHRE 4 E o ¥ a1 IE i R I5 iR

I T AR SCHY I P R AR SR BBORE T sl i O,
T I AEAS X, SEBRAL S N A BRI I ] SR A i X T
TN YRR 1A SRAE L, RS RIS ] ¢ S5 B AL
T I E) T (L) B DG 2R, W T IR 1) 55 s 25
1, 0,1},

X DREAS X B B A hn 2 y, 2 B R e 2
RIS 7 1A R SRR A0S B I 50% I R il
b/ e

1 N
y, = ]I(N;zm. > 0.5) (2)

WL RV S PN € AT T

ORI AR UF 5 T, ..., I, B 11 PR [ P62
BT 2 FIRAS R A ISR AR A X B
TR FUIRES  RAAE DR HLbR 2 AR AR

R, 1A B 28 4l i 43 45 (Label Purity Score,
LPS) AT R ik o 7 L LPS, A F1 Py 3 528 1]
f R e

1 N 1 N
S, = max N;zw, 1- N;z” (3)

S, MR N EE RN EA]

FE R I 25 B B, 8 Al R R AE R B, AR B
LPS=B MFEAIE AYIZRAE . 25 W 7] i DR AR A 1 11
WhRZE B2 — Bt (2 TR L g) . A

B 3% 15 ) B R AR — B i 1 (R R S
= 2] WA A AN T AL .
2.3.2 EF OOF % X Fill f9 454075 %

TE 58 bR 28 28 B 0 8 5 L B 4 A T e AR AR
BB AE S AR AR RRAE 25 () TR — S FEAS . Gk
T AR B A T 8 e B i B A LA R e AN T
ML ik — AR TR B, AR S5 AT OOF
A8 SCFRUIN P 355 15 SR e, 1) P ASE AR 1) S 9 ABE 23 % 55 M
BERZE AT HRIR T

ELA b, B 22 20 FE i 5 18 s 5 D, R 3 b K
ANHJF T4 . R XCGBoost 1F AR AR I 4T K37
A& Y : 75 kYR A, R K=1 4D F IR
AL IF XTI AR 0SS kA AR A THERE . T T AR
J& , BIAT3RAS 2 AR () Ol AR R P (y=1lx,) o

TEMCEER b, 28 SO PR S5 FE M {H e=0. 2 LIFG
PREA X ], AR T RER P & FEUR A 0.5
BF 3T (R ASORYT X 358 (0. 5—€, 0. 5+¢) P, W0 52 I AR AR A
Ik X 53 FEARSOAE AR AR 25 W s, T DA R o e A
(1) e BT BV VR AR D, T RR R

Do =(x,y.) € D, [P, (y, = 1]x,) <

(05-e VP, (y,=1lx,)=(05+¢)}  (4)

2.4 FITHRB SRR
2.4.1 £REFE S RE
BEXTRCR T AL A S AL 55 b Z4ERFIE AR
P B T 00 A2 AR MR A 0 R 5 S5 A, ARSI
XGBoost , LightGBM Fl CatBoost 3X 3 Ffi 4 J& $1& T #4f 452
R R e 26 o, JE R R A P TR . 3 28 1Y
T T A AR AR AR, A B0 A AR 2 M DL g
VMG REVE , [R]IE R R AR 0 AL ) A Y 22 A
A —E BAME & AT 28 AL RIE A
Sl H T R R Ja TR T U SRR A B B S T T
W Y 0 2 AR A UL 1) Py 5 2R A Y
J— 5 J—



%

2

(EAE 2R, 0 AR 4 e 4 R 2 A BEURR, DR
ARSCRXAF RN TR E AL B — b Bl

B U R R 8] 5 B B A= 45 020 ZETE
VeI RIS P AR 1) i X, 28 1R 3 I AT B A R S HE
HL, 73 50k R B R Py Py Pey s AT B R4
JRSRIZ , 22id EAG B U i e A TR 2 o

FAFER X | |
I
_________ L R S —
XGBoost i i LightGBM i i  CatBoost
{X.6,} b {X.0,} P {X. 0.}
R S S S
PXGLS{pl} i PLGB{pZ} i Pcm{ps}
"""""""" I~
1 -y p%
Dl s
R L 155
B
HF4584 | Dry(l) Unknown(-1) Wet(0)
B 5 SRR

Fig.5 Architecture diagram of the ensemble model
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Tab.3 Performance comparison of different drying judgment models
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Fig.6 ROC and PR curves of the ensemble model
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Fig.9 Predicted probability distribution of the ensemble

model
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Tab.4 Drying judgment test results under standard IEC load
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1 983 98 58 969 -1.42

1 1966 109 66 1898 -3.46
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Tab.5 Drying judgment test results under real load
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