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Review on Sensing Principles and Key Technologies of Electric Olfaction

YANG Aijun, PAN Jianbin, WANG Qiongyuan, CHU Jifeng, DENG Zhuoli, RONG Mingzhe
(State Key Laboratory of Electrical Insulation and Power Equipment, Xi’an Jiaotong University, Xi’an 710049, China)

Abstract: Bionic sensing technology has been widely used in power equipment status monitoring and fault diagnosis. The
electrical olfaction which integrates micro-gas sensors with intelligent algorithms can effectively assess the type and se-
verity of faults of power equipment by detecting characteristic decomposition gases from insulating media. This
technology is gaining increasing attention due to its low cost, small size, and high integration capability. Consequently,
this work focused on the background of SFs gas-insulated equipment, air-insulated equipment, transformers, power cables,
and energy storage batteries, and summarized the current research status of electric olfactory sensing technology. Firstly,
the gas production characteristics and underlying mechanisms of the state deterioration for different power equipment
were summarized, and the similarities and differences of characteristic gases were analyzed. Thereafter, the research pro-
gress and improvement direction of olfactory-sensitive materials for different characteristic gases were summarized. Then,
the packaging differences among ceramic, flexible, and silicon substrates were compared, and the direction of chip-based
and integrated olfactory-sensitive component were proposed. Finally, the signal processing algorithms based on feature
engineering and data-driven were discussed, and the application potential of edge computing technology in electric olfac-
tory intelligent algorithm was pointed out. This paper provides a detailed summary of the principles and key technologies
of electric olfactory, emphasizing the potential for technological innovation in gas analysis methods, gas-sensitive materi-
al development, sensor-fabrication techniques, and application of intelligent algorithms, and it guides the intelligent
development of power equipment.

Key words: power equipment; gas decomposition; olfactory sensing; sensitive material; intelligent algorithm
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Table 1 Relationship between transformer fault types and

characteristic gases
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Fig.2 Gas sensing process of semiconductors in aero-

bic/anaerobic environments
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Fig.5 Schematic structure of ceramic substrate
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Table 3 Comparison of performance of different materials for
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Fig.7 Typical structure of a MEMS gas sensor
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Fig.8 CMOS-MEMS integrated chip for gas sensing!!?’]
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Fig.9 MCNA framework for gas identification modell!2]



WMEZE, N, THUE, 5. Wil BRI S R BRI A

3349

5 ZEig

VER—M AR R, WS AR T
ARSI T — KRR R, fHEE
ART = SHE ST BURI R AL RS
BRI SR . (HAE, TS8R
[ipvied (i A YRS NG {1 ==t 1| B LS N R R[22
HMESE ), H TR ARATY AR A IR KT e 2
&), BT BAMBAR 5 T e AH S 98 1A -

1) AR B8 WL SRR AR () R SRt A 2
BTRFAE SR R 40 93 5 A S H g 180 & W B 12 I 1)
Wi, AR REZ RGN, a4, o
PG A R AT A TR AU . H
&, NERESPREIIRE. ERAEER, A
] B 3 B4 = A R AE o R SR L S B R
L, SR R TCIRIE T T B
%o Rk, A BB FIET 2R RS 1R
PSS RT T 10, SRAS SR B ) A S R A S AR

2) RERT N CEPE KR 1 3% % iy
TESARRUBM B, (R B S BORM ik = A B 2
MIFF R FAE . B md R E 2 4, did
BAP RV RS S BT K, R — Rl 4T 1)
W R . Hur, SEWES AR ER S
JR BR A BTG A S TR A S A A
BAN ) 732 2 1) s 2> 58 IR IE o

3) PR MAL B 32 B BRSO R
MK EILEPE 7 BHET, KZHW T A & W ol
S BRI IR TR AR CR T, 8RR A
FERRZR Z RIMPEREZE S B, M LA A Tl AE = 11
oK o WAARMSE T DK SO R85 &) 8 s A1 B
K, BT EHIEN RSN, RE 5 RIEK
TR — 1. T H., MEEIRS & MEMS T 21 06
AT, AT A S I A B AR A ) %

4) H s A 4 T i P o M R AR SRR S S i
[ BESVAAR Y . B RE ) SR I R T A A 1)
R, W AL AR I AT IR BTN B R (1 R,
DURTH R IERERE ST BEAh, B RESLAETY )|
SR TH B SE I E 6, A WG
FRIRAR I3 B, TOI JE H T A8 IR BROAR TE 25 M DU 1
T, NGRS ER, R
MELDE SRR N YT B A B R M o PR it T AR S 8%,
B A2 S PR L ) R 1B 4ERAS IR 7

(1

(2]

B3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

S22 #k References

BIREG, Gk R, BARAS, S mMSEBORIOES . BERIUIRS
JEE[T). RS TR, 2020, 36(1): 1-8.

ZHAO Zhenbing, ZHANG Wei, ZHAI Yongjie, et al. Concept, re-
search status and prospect of electric power vision technology[J].
Electric Power Science and Engineering, 2020, 36(1): 1-8.

BOKAS, M0, RN, S TSN SCROR I T Bk
BT ALHRD]. RS, 2019, 32(9): 24-32.

ZHAI Yongjie, YANG Xu, PENG Yani, et al. Research overview on
state monitoring of electrical equipment based on computer hearing
technology[J]. Guangdong Electric Power, 2019, 32(9): 24-32.
WRA, BRfEM, 2%, T RE LA F-P B RS KDLEOL
BRI i e FE X 2B AR B B D], v LR ROR . 2020,
46(6): 1922-1928.

YANG Tianhe, CHEN Weigen, LI Zhijun. Detection of trace ethyne by
photoacoustic spectroscopy based on fiber-optic cantilever acoustic
sensor[J]. High Voltage Engineering, 2020, 46(6): 1922-1928.

dKWeE, X fH, k9, A ZETOEOEIEIRIREE LR
P BAIID]. mHEEOR, 2015, 41(3): 857-863.

ZHANG Xiaoxing, LIU Heng, ZHANG Ying, et al. Quantum detec-
tion of trace acetylene gas based on the peak area of photoacoustic
spectroscopy[J]. High Voltage Engineering, 2015, 41(3): 857-863.
ThRME, PR, SR, 5. SFe AR RA% S AL 4 iR
RE A BGERT]. EHERAR, 2020, 46(11): 4052-4060.

MA Chenxi, QIAO Shengya, ZHOU Wenjun, et al. Decomposed gases
generated by partial discharges at floating potential defects in SFs gas
transformers[J]. High Voltage Engineering, 2020, 46(11): 4052-4060.
ik, SRR, FED, & ETIGHGHNER SFe Uk AR
SHELIEMERD]. FHIEEAR, 2016, 42(9): 2995-3002.
ZHANG Ying, ZHANG Xiaoxing, LI Junwei, et al. On-line monitor-
ing technology of SFs gas decomposition components based on
photoacoustic spectroscopy[J]. High Voltage Engineering, 2016, 42(9):
2995-3002.

FRIGEIE. 25 v 25 ) F 50 HhL A P 6 ) R 4 5 A8 QR i Oy vk
WIFE[D]. EPR: EPIRY:, 2006.

ZHANG Xiaoxing. Study on nonlinear discriminant feature extraction
and pattern recognition for partial discharge in GIS[J]. Chonggqing,
China: Chongging University, 2006.

BT, #4h, £ O, % SFe ML R R ER AR
W&ZW S SIS R HEEs, 2017, 53(6): 186-190.
LIAO Jianping, CHU Jinwei, WANG Qi, et al. Application of SFs de-
composition products detection to state diagnosis of high-voltage DC
bushing[J]. High Voltage Apparatus, 2017, 53(6): 186-190.

XIAO S, CHEN Y, TANG M, et al. Characteristics of perfluoromethyl
vinyl ether: a new eco-friendly alternative gas for SF¢[J]. High Voltage,
2024, 9(3): 509-527.

ZHANG X X, LT'Y, TIAN S S, et al. Decomposition mechanism of the
C5-PFK/CO; gas mixture as an alternative gas for SFg[J]. Chemical
Engineering Journal, 2018, 336: 38-46.

LIY, ZHANG X X, ZHANG J, et al. Study on the thermal decomposi-
tion characteristics of C4F7N-CO, mixture as eco-friendly gas-
insulating medium[J]. High Voltage, 2020, 5(1): 46-52.

FU Y W, WANG X X, WANG X H, et al. Theoretical study on de-
composition pathways and reaction rate constants of CsF;N with O
atom[J]. Journal of Physics D: Applied Physics, 2020, 53(10): 105202.
Z= B, T, JAVED H, %5 2SR AT AR A AR
FERIBTAEN]. T HAEOAR, 2017, 36(8): 1-7.

LI Kang, GUO Runrui, JAVED H, et al. Study of air by-products for-



3350

i LR AR

2024, 50(8)

[14]

[15]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

(25]

[26]

mation characteristics under corona discharge[J]. Advanced Technol-
ogy of Electrical Engineering and Energy, 2017, 36(8): 1-7.

MRARIE, SRR, RWGH, &5 2T M R RHIE A7)
KR SP D] MITEMER, 2016, 1009): 69-76, 82.

CHEN Lincong, ZHANG Xiaoxing, QIU Yinjun, et al. Experiment
and simulation on characteristic decomposition components under par-
tial discharge in air switchgears[J].
Technology, 2016, 10 (9): 69-76, 82.

HALSTEAD W D. Thermodynamic assessment of the formation of

Southern Power System

gaseous hydrocarbons in faulty transformers[J]. Journal of the Japan
Petroleum Institute, 1973, 59(9): 239-241.

Koobk, ERHE, SRR, . BT ReaxFF Ml Mgl #yin
SFEIFERT]. mEERAR, 2018, 44(2): 488-497.

DU Lin, WANG Wujing, ZHANG Bide, et al. Molecular dynamics
simulation of mineral insulating oil pyrolysis based on force field Re-
axFF[J]. High Voltage Engineering, 2018, 44(2): 488-497.

b, HmRs, fhkiE, &% 3ET ICEEMDAN AR E 4L K
TR A I ik b U & B TON]. IR EOR, 2024,
50(1): 210-220.

MA Hongzhong, XIAO Yusong, SUN Yongteng, et al. Prediction of
dissolved gas concentration in transformer oil based on ICEEMDAN
and time-varying weight integrated prediction model[J]. High Voltage
Engineering, 2024, 50(1): 210-220.

JEE, VL B TSR EEMEA CNN-LSTM (A7 [ 48
T AR AR BBEINT]. WA, 2024, 50(1): 263-273.
FAN Zhiyuan, DU Jiang. Prediction of dissolved gas volume fraction
in transformer oil based on correlation varia-tional mode decomposi-
tion and CNN-LSTM[J]. High Voltage Engineering, 2024, 50(1):
263-273.

P X RE VR JR) . A T A i e 3 R A 20 A AEL B S 0. DL/T
722—2014[S]. dbxt: i E R ITHRAE, 2015,

National Energy Administration. Guide to the analysis and the diagno-
sis of gases dissolved in transformer oil: DL/T 722—2014[S]. Beijing,
China: China Electric Power Press, 2015.

IEC. Interpretation of the analysis of gases in transformers and other
oil-filled electrical equipment in service: IEC 60599: 1978[S]. Geneva,
Switzerland: IEC, 1978.

LIU Y, GEYIK U, KOBALD A, et al. Overheat diagnosis of power
cable based on gas sensors: device/material exploration[J]. Sensors
and Actuators B: Chemical, 2022, 350: 130837.

HAN J, CHEN W J, YU A H, et al. Detection of semi-volatile plasti-
cizers as a signature of early electrical fire[J]. Frontiers in Materials,
2019, 6: 250.

W, MRE, WIEHE, & BT ARG IR T Rtk
FURATHERT TSR], B THOR AR, 2023, 38(17): 4507-4538.
YANG Mengjie, YANG Aijun, YE Yijun, et al. Research progress on
early warning of thermal runaway of Li-ion Batteries based on gas
analysis[J]. Transactions of China Electrotechnical Society, 2023,
38(17): 4507-4538.

YANG M J, RONG M Z, YE Y J, et al. Comprehensive analysis of gas
LiFePO4
charge-thermal runaway[J]. Journal of Energy Storage, 2023, 72:
108323.

YANG M J, RONG M Z, PAN J B, et al. Thermal runaway behavior

analysis during overheating for commercial LiFePOy batteries under

production for commercial batteries during over-

various state of charges[J]. Applied Thermal Engineering, 2023, 230:
120816.
K REURJR . BT 1k A A 7 O = 0 E SR (2023

KR )[EB/OL]. (2023-03-09)[2024-04-06]. http://zfxxgk.nea.gov.cn/

(27]

(28]

(29]

(30]

(31]

(32]

(33]

[34]

[35]

[36]

(371

(38]

[39]

2023-03/09/c_1310705209. htm.

National Energy Administration. 25 key requirements for preventing
electricity production accidents (2023 edition)[EB/OL]. (2023-03-09)
[2024-04-06]. http://zfxxgk.nea.gov.cn/2023-03/09/c_1310705209.htm.
BARSAN N, KOZIEJ D, WEIMAR U. Metal oxide-based gas sensor
research: how to?[J]. Sensors and Actuators B: Chemical, 2007, 121(1):
18-35.

HIESE. BRI A RS B I =) 080 PR -5 B3 SFo 70 A A BRI 4L 53
WD), HEPK: HERK, 2010

LIU Wangting. Study on carbon nanotubes sensor and detect SFs de-
composition components under partial discharge[J]. Chongqing, China:
Chonggqing University, 2010.

HUANG X, QI X Y, BOEY F, et al. Graphene-based composites[J].
Chemical Society Reviews, 2012, 41(2): 666-686.

CHOI W, CHOUDHARY N, HAN G H, et al. Recent development of
two-dimensional transition metal dichalcogenides and their applica-
tions[J]. Materialstoday, 2017, 20(3): 116-130.

DUAN X D, WANG C, PAN A L, et al. Two-dimensional transition
metal dichalcogenides as atomically thin semiconductors: opportuni-
ties and challenges[J]. Chemical Society Reviews, 2015, 44(24):
8859-8876.

7 e . THE-1000L TR B3N Z 4193 SFe 73 AL LR I 73 #7
% 4t [EB/OL]. (2020-03-18)[2024-04-16]. http://www.p-union.cn/
productinfo/1494170.html.

Theory & Practice. THE-1000L mobile multi-component SFs decom-
position product online monitoring and analysis system[EB/OL].
(2020-03-18)[2024-04-16]. http://www.p-union.cn/productinfo/1494170.
html.

L7 A 1. GDFJ-311M SFs S 4 43 fift 7= 9 i {X [EB/OL].
(2019-12-13)[2024-04-16]. https://www. hvhipot. cn/product/894. html.
HV Hipot Electric. GDFJ-311M SFs gas decomposition products
analysis device[EB/OL]. (2019-12-13)[2024-04-16].
hvhipot.cn/product/894.html.

HEARNI. 8 B A BR AR A B A /N SRR 20 0 ) < B
FEVERTA[D]. K. PR, 2017.

GUI Yingang. Gas sensing properties studies on metal doped carbon

https://www.

nanotubes detecting SF¢ decomposed products[J]. Chongqing, China:
Chonggqing University, 2017.

CHU J F, WANG X H, WANG D W, et al. Highly selective detection
of sulfur hexafluoride decomposition components H>S and SOF; em-
ploying sensors based on tin oxide modified reduced graphene
oxide[J]. Carbon, 2018, 135: 95-103.

O, R AT, S A SRR AT SFe AR
7y HaS (W B ALER B URHPE BT A )], B TR 224k, 2023,
38(13): 3606-3618.

GAO Xin, LI Zhihui, LIU Yupeng, et al. Study on adsorption mecha-
nism and detection characteristics of modified graphene sensors for
SFs decomposed component H»S[J]. Transactions of China Electro-
technical Society, 2023, 38(13): 3606-3618.

CHEN D C, TANG J, ZHANG X X, et al. WS, nanostructure-based
gas sensor for SFs
study[J].

decomposition products: experimental and

first-principles IEEE Sensors Journal, 2022, 21(22):
20171-20176.

LIU H C, ZHOU Q, ZHANG Q Y, et al. Synthesis, characterization
and enhanced sensing properties of a NiO/ZnO p-n junctions sensor
for the SF¢ decomposition byproducts SOz, SO2F2, and SOF[J]. Sen-
sors, 2017, 17(4): 913.

TR, RETE, B # % ZEARBRISKE SR RS A
SFs MRS iR 7> SO F, IBURIED]. WK, 2014,



WMEZE, N, THUE, 5. Wil BRI S R BRI A

3351

(40]

[41]

(42]

(43]

[44]

(45]

[46]

(47]

(48]

(49]

[50]

(51]

[52]

(53]

[54]

[55]

40(11): 3396-3402.

ZHANG Xiaoxing, WU Faqing, TIE Jing. TiO2 nanotube array sensor
for detecting SFs decomposition component SO>F»[J]. High Voltage
Engineering, 2014, 40(11): 3396-3402.

KIM H J, LEE J H. Highly sensitive and selective gas sensors using
p-type oxide semiconductors: overview[J]. Sensors and Actuators B:
Chemical, 2014, 192: 607-627.

BARSAN N, HUBNER M, WEIMAR U. Conduction mechanisms in
SnO> based polycrystalline thick film gas sensors exposed to CO and
H: in different oxygen backgrounds[J]. Sensors and Actuators B:
Chemical, 2011, 157(2): 510-517.

ZHENG W, XU Y S, ZHENG L L, et al. MoS; van der Waals p-n
junctions enabling highly selective room-temperature NO2 sensor[J].
Advanced Functional Materials, 2020, 30(19): 2000435.
KOROTCENKOV G, BRINZARI V, CHO B K. Interference effects
between hydrogen and ozone in the response of SnO»-based gas sen-
sors[J]. Sensors and Actuators B: Chemical, 2017, 243: 507-515.

KO K'Y, SONG J G KIM Y, et al. Improvement of gas-sensing per-
formance of large-area tungsten disulfide nanosheets by surface
functionalization[J]. ACS Nano, 2016, 10(10): 9287-9296.

WANG C, SUN R Z, LI X, et al. Hierarchical flower-like WO3
nanostructures and their gas sensing properties[J]. Sensors and Actua-
tors B: Chemical, 2014, 204: 224-230.

PATRA D C, MONDAL S P. Gold nanoparticle-modified tungsten
oxide flakes as nitric oxide sensor electrodes for fruit quality monitor-
ing[J]. ACS Applied Nano Materials, 2023, 6(4): 3111-3120.

PN 2 TT SR R F R RS AR AR IR S BB AR BT 75 [D]. 3
fi: LRI TR, 2022.

SUN lJianping. Gas sensor study of partial discharge characteristic gas
in air switchgear[D]. Zibo, China: Shandong University of Technology,
2022.

FAHR. 1 G R TR RN SnS, 2L
JERESHTFUD]. H & PEAHARA(EZR), 2020,

WANG Dongrui. Research on SnS; based gas sensors for detecting
decomposed products of air-insulated power equipment[D]. Qingdao,
China: China University of Petroleum (East China), 2020.

SU Y J, CHEN S, LIU B H, et al. Maxwell displacement current in-
duced wireless self-powered gas sensor array[J]. Materials Today
Physics, 2023, 30: 100951.

CHU J F, WANG Q Y, YANG A J, et al. Method of sieving the optimal
NO: sensitive material[J]. Sensors and Actuators B: Chemical, 2023,
375:132929.

WANG Q Y, LI HY, CHU J F, et al. Real-time monitoring of air dis-
charge in a switchgear by an intelligent NO> sensor module[J]. ACS
Sensors, 2023, 8(12): 4646-4654.

BRI iR U AR R AR RS W AL (D). Kb
2011.

ZENG Liping. Research on fault diagnosis of oil-immersed power

HRRAE,

transformer[D]. Changsha, China: Central South University, 2011.
ST, AR A T A U R ST A D). iU P REOR,
2021.

XI Denglin. Research on detection system of hydrogen in transformer
oil[D]. Wuhan, China: Huazhong University of Science and Technol-
ogy, 2021.

KOCK A, TISCHNER A, MAIER T, et al. Atmospheric pressure
fabrication of SnOz-nanowires for highly sensitive CO and CHjy detec-
tion[J]. Sensors and Actuators B: Chemical, 2009, 138(1): 160-167.

L . T A BRI AR A5 il o VA A % IR AT 52 (D]
Jent: LILRIIRE, 2016: 1-27.

[56]

[57]

(58]

[59]

[60]

(61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

(70]

(71]

JIANG Jun. Dissolved gases detection in power transformer oil based
on optical sensing techniques[D]. Beijing, China: North China Electric
Power University, 2016: 1-27.

CUI H, ZHANG X X, ZHANG G Z, et al. Pd-doped MoS: monolayer:
a promising candidate for DGA in transformer oil based on DFT
method[J]. Applied Surface Science, 2019, 470: 1035-1042.

LIN H D, GUO J C, YANG D Y, et al. Pd/C-based sensor for gas
sensing in transformer oil[J]. Catalysts, 2023, 13(7): 1113.

LEE J H, PARK M S, JUNG H, et al. Selective CoH> detection with
high sensitivity using SnO> nanorod based gas sensors integrated with
a gas chromatography[J]. Sensors and Actuators B: Chemical, 2020,
307: 127598.

JIANG Z K, CHEN W G, JIN L F, et al. High performance acetylene
sensor with heterostructure based on WO3 nanolamellae/reduced gra-
phene oxide (RGO) nanosheets operating at low temperature[J].
Nanomaterials, 2019, 8(11): 909-929.

MFMG, EOCE, AR, & BT R B IR A PR U
FEAR B 2% SnPs L LRI R A PR RE BT AE[0]. v [ AL AR A4,
2023, 43(5): 2040-2049.

LIU Yupemg, HOU Wenjun, ZHOU Qu, et al. Investigation on adsorp-
tion and sensing performance of characteristic gas in oil on
palladium-doped SnP; monolayer based on density functional theo-
ry[J]. Proceedings of the CSEE, 2023, 43(5): 2040-2049.

ZHANG H, ZHANG Z B, LI Z, et al. A chemiresistive-potentiometric
multivariate sensor for discriminative gas detection[J]. Nature Com-
munications, 2023, 14(1): 3495.

ZHANG H, LI Z, YU A H, et al. Detection of 2-ethyl hexanol and
dioctyl phthalate with potentiometric sensor based on ordered ZnO
nanorods sensing electrode[J]. Materials Letters, 2023, 330: 133330.
LI Z, HAN J, CHEN W J, et al. Detection of vapors from overheated
PVC cables with modified sea urchin-like ZnO for fire warning[J].
Sensors and Actuators B: Chemical, 2022, 350: 130841.

YIJ X, CHEN W J, HAN J, et al. Sensitive and selective detection of
plasticizer vapors with modified-SnO> hollow nanofibers for electrical
fire warning[J]. Sensors and Actuators B: Chemical, 2019, 287:
364-370.

LIU Y Y, CHEN S Q, XIAO B, et al. Ultra-large Sn;O4 nanosheets
with Sn?* defect for highly efficient hydrogen sensing[J]. Sensors and
Actuators B: Chemical, 2024, 401: 135025.

SUN J Y, ZHANG W B, JIANG X Q, et al. Optimizing the perfor-
mance of a Pd film-based room-temperature Hz sensor by eliminating
the clamping effect with Cr nanoparticles[J]. ACS Applied Nano Ma-
terials, 2024, 7(4): 4051-4058.

LU Y, ZHANG S Q, DAI S L, et al. Ultrasensitive detection of elec-
trolyte leakage from lithium-ion batteries by ionically conductive
metal-organic frameworks[J]. Matter, 2020, 3(3): 904-919.

LI X, KANG N, WU M, et al. Diethyl carbonate (DEC) gas sensor
based on CeOs loaded In2Os hollow spheres for thermal runaway mon-
itoring of Li-ion batteries[J]. Japanese Journal of Applied Physics,
2022, 61(10): 107002.

WANG H J, XIONG R, CUI Z, et al. Ultrasensitive detection for
lithium-ion battery electrolyte leakage by rare-earth Nd-doped SnO:
nanofibers[J]. ACS Sensors, 2023, 8(4): 1700-1709.

SU H Y, YANG H M, MA C F, et al. High response and selectivity of
the SnO; nanobox gas sensor for ethyl methyl carbonate leakage de-
tection in a lithium-ion battery[J]. ACS Sensors, 2024, 9(1): 444-454.
ZHANG E P, YAN W J, ZHOU S Y, et al. Fe;O4@uio66 core-shell
composite for detection of electrolyte leakage from lithium-ion batter-
ies[J]. Nanotechnology, 2023, 34(13): 135501.



3352

i LR AR

2024, 50(8)

(72]

(73]

[74]

[75]

[76]

771

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

LIANG Q H, ZOU X X, CHEN H, et al. High-performance formalde-
hyde sensing realized by alkaline-earth metals doped In,Os nanotubes
with optimized surface properties[J]. Sensors and Actuators B: Chem-
ical, 2020, 304: 127241.

WATSON J, TANNER D. Applications of the Taguchi gas sensor to
alarms for inflammable gases[J]. Radio and Electronic Engineer, 1974,
44(2): 85-91.

CHEN Q D, ZHANG Y, TANG M C, et al. A fast response hydrogen
sensor based on the heterojunction of MXene and SnO; nanosheets for
lithium-ion battery failure detection[J]. Sensors and Actuators B:
Chemical, 2024, 405: 135229.

TANG M C, ZHANG D Z, SUN Y H, et al. Chemiresistive detection
of SO; in SFs decomposition products based on ZnO nanorod/MoS;
nanoflower heterojunctions: experimental and first-principles investi-
gations[J]. Sensors and Actuators B: Chemical, 2024, 403: 135170.
WA, MEMS MOS S f& &4 KR DIFE R BEF LT % [D)]. &
JE: P EBREEARK S, 2021,

XIE Dongcheng. Study on low power consumption and array of
MEMS MOS gas sensor[D]. Hefei, China: University of Science and
Technology of China, 2021.

JAANISO R, TAN O K. Semiconductor gas sensors[M]. Amsterdam,
The Netherlands: Elsevier, 2013.

SHARMA S, MADOU M. A new approach to gas sensing with nano-
technology[J]. Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences, 2012, 370(1967):
2448-2473.

GAO X, LI F, WANG R, et al. A formaldehyde sensor: significant role
of p-n heterojunction in gas-sensitive core-shell nanofibers[J]. Sensors
and Actuators B: Chemical, 2018, 258: 1230-1241.

WANG J X, ZHOU Q, WEI Z J, et al. Experimental and theoretical
studies of Zn-doped MoO; hierarchical microflower with excellent
sensing performances to carbon monoxide[J]. Ceramics International,
2020, 46(18): 29222-29232.

JARE G, T IRACKA R & 8 A A & S5 1 IR SR M UM A%
JERASHTFUD]. e \ARIRRS:, 2023

FAN Shuxing. Study on low temperature flexible gas sensor based on
carbon nanomaterials/metal oxides composite structure[D]. Jinan,
China: Shandong Normal University, 2023.

PAWAR K K, KUMAR A, MIRZAEI A, et al. 2D nanomaterials for
realization of flexible and wearable gas sensors: a review[J]. Chemo-
sphere, 2024, 352: 141234.

ALRAMMOUZ R, PODLECKI J, ABBOUD P, et al. A review on
flexible gas sensors: from materials to devices[J]. Sensors and Actua-
tors A: Physical, 2018, 284: 209-231.

BAG A, LEE N E. Recent advancements in development of wearable
gas sensors[J]. Advanced Materials 2021, 6Q(3):
2000883.

CHEN WY, JIANG X F, LAI S N, et al. Nanohybrids of a MXene and

transition metal dichalcogenide for selective detection of volatile or-

Technologies,

ganic compounds[J]. Nature Communications, 2020, 11(1): 1302.
ZHAO Y X, SONG J G, RYU G H, et al. Low-temperature synthesis
of 2D MoS; on a plastic substrate for a flexible gas sensor[J]. Na-
noscale, 2018, 10(19): 9338-9345.

WA, £, RHIE, & —METRTEBEIHREEES
FLRER D). AR SR, 2020, 33(2): 186-193.

SHEN Linwu, WANG Yitao, LIANG Zuyuan, et al. A flexible hydro-
gen sensor based on electron tunneling mechanism[J]. Chinese Journal
of Sensors and Actuators, 2020, 33(2): 186-193.

ZHAO Y F, FUH H R, COILEAIN C O, et al. Highly sensitive, selec-

(89]

(90]

(o1]

(92]

(93]

(94]

[95]

[96]

[97]

(98]

[99]

tive, stable, and flexible NO; sensor based on GaSe[J]. Advanced Ma-
terials Technologies, 2020, 5(4): 1901085.

RER. BEW/MXene B AFHEH 2 K HFAEAL AL RERT FE[D].
K& #phoReE, 2023

ZHAO Lianjia. The preparation of polymer/MXene composites and
studies of their flexible sensing performance[D]. Changchun, China:
Jilin University, 2023.

B i TiCoTy SRR RS ANZ ER HBTA[D]. K& K
R, 2023,

XU Hao. Research on integration and human-machine interaction of
Ti3C, T, based sensor[D]. Changchun, China: Jilin University, 2023.
ZHAO Y X, ZHANG H H, ZHANG S C, et al. Toward highly trusta-
ble miniaturized semiconductor gas sensors[J]. Matter, 2022, 5(7):
1985-1989.

HSUEH T J, PENG C H, CHEN W S. A transparent ZnO nanowire
MEMS gas sensor prepared by an ITO micro-heater[J]. Sensors and
Actuators B: Chemical, 2020, 304: 127319.

CHU J F, YANG A J, WANG Q Y, et al. Multicomponent SFs decom-
position product sensing with a gas-sensing microchip[J].
Microsystems & Nanoengineering, 2021, 7: 18.

CHU J F, WANG Q Y, LIU Y'Y, et al. Fault diagnosis of SFs-insulated
equipment by micro gas sensor array[J]. IEEE Transactions on Power
Delivery, 2023, 38(1): 222-230.

KONDALKAR V V, PARK J, LEE K. MEMS hydrogen gas sensor for
in-situ monitoring of hydrogen gas in transformer oil[J]. Sensors and
Actuators B: Chemical, 2021, 326: 128989.

SU H, WANG Y K, XU F, et al. Dual-gas sensor based on the Pt
NPs/AlGaN/GaN high electron mobility transistor for H> and NH;3
gases detection[J]. IEEE Sensors Journal, 2024, 24(1): 92-100.
WENGER M, WALLER R, LORENTZ V R H, et al. Investigation of
gas sensing in large lithium-ion battery systems for early fault detec-
tion and safety improvement[C]//Proceedings of IECON 2014 40th
Annual Conference of the IEEE Industrial Electronics Society. Dallas,
USA: IEEE, 2014: 5354-5659.

FrEEET, TROCEE, BOKRME, & BEMAESE MEMS SR
RETT TR RR]. MELSR, 2024, 38(1): 22070075.

YIN Jiaqi, SHEN Wenfeng, LU Dawu, et al. Advances in MEMS gas
sensors based on metal-oxide semiconductor materials[J]. Materials
Reports, 2024, 38(1): 22070075.

S M. TR MEMS AL REEITA[D]. 1i%: LR TRECR
2%, 2019.

Al Zhizhou. Study of silicon-based MEMS gas sensor[D]. Xi’an, Chi-
na: Xidian University, 2019.

[100] GARDNER J W, GUHA P K, UDREA F, et al. CMOS interfacing for

integrated gas sensors: a review[J]. IEEE Sensors Journal, 2010,
10(12): 1833-1848.

[101] FEHIXE. 2% RH ARIIAEHCT IR ALK 43 (HDC1080DMBR)

[EB/OL]. (2016-01-27)[2023-03-16]. https://www.ti.com.cn/product/
cn/HDC1080/part-details/HDC1080DMBR.

Texas Instruments. 2% RH low-power digital relative humidity sensor
(HDC1080DMBR)[EB/OL]. (2016-01-27) [2024-03-16]. https://www.ti.
com.cn/product/cn/HDC1080/part-details/ HDC1080DMBR.

[102] 2 8 8t~ 7). i — R B COr f% & 4% [EB/OL]. (2021-10-01)

[2024-04-16]. https://sensirion.com/cn/products/product-catalog/SCD41.
CO, sensors[EB/OL].
(2021-10-01) [2024-04-16]. https://sensirion.com/cn/products/product-
catalog/SCD41.

Sensirion. New generation of micro

[103] PERELLO-ROIG R, VERD J, BOTA S, et al. CMOS-MEMS VOC

sensors functionalized via inkjet polymer deposition for high-sensitiv-



WBEE, UL, RO % BRI S X R T LR 3353

ity acetone detection[J]. Lab on a Chip, 2021, 21(17): 3307-3315.

[104] YANG A J, WANG D W, WANG X H, et al. Recent advances in
phosphorene as a sensing material[J]. Nano Today, 2018, 20: 13-32.

[105]HU W W, WAN L T, JIAN Y Y, et al. Electronic noses: from advanced
materials to sensors aided with data processing[J]. Advanced Materials
Technologies, 2019, 4(2): 1800488.

[106] BUSHDID C, MAGNASCO M O, VOSSHALL L B, et al. Humans
can discriminate more than 1 trillion olfactory stimuli[J]. Science,
2014, 343(6177): 1370-1372.

[107] DUTTA L, TALUKDAR C, HAZARIKA A, et al. A novel low-cost
hand-held tea flavor estimation system[J]. IEEE Transactions on In-
dustrial Electronics, 2018, 65(6): 4983-4990.

[108] XU M, WANG J, GU S. Rapid identification of tea quality by E-nose
and computer vision combining with a synergetic data fusion strate-
gy[J]. Journal of Food Engineering, 2019, 241: 10-17.

[109] EKLOV T, MARTENSSON P, LUNDSTROM 1. Enhanced selectivity
of MOSFET gas sensors by systematical analysis of transient parame-
ters[J]. Analytica Chimica Acta, 1997, 353(2/3): 291-300.

[110] CHU J F, LI W J, YANG X, et al. Identification of gas mixtures via
sensor array combining with neural networks[J]. Sensors and Actua-
tors B: Chemical, 2021, 329: 129090.

[111] SHANG C, YANG F, HUANG D X, et al. Data-driven soft sensor
development based on deep learning technique[J]. Journal of Process
Control, 2014, 24(3): 223-233.

[112]HAN L, YU C C, XIAO K T, et al. A new method of mixed gas identi-
fication based on a convolutional neural network for time series
classification[J]. Sensors, 2019, 19(9): 1960.

[113]PENG P, ZHAO X J, PAN X F, et al. Gas classification using deep
convolutional neural networks[J]. Sensors, 2018, 18(1): 157.

[114] ZHAO X J, WEN Z H, PAN X F, et al. Mixture gases classification
based on multi-label one-dimensional deep convolutional neural net-
work[J]. IEEE Access, 2019, 7: 12630-12637.

[115] YANG G, SONG R J, WU Y, et al. An algorithm based on transformer
and temporal convolution network for early identification of ternary
gas mixture[J]. IEEE Sensors Journal, 2023, 23(19): 23753-23764.

[116] PAN J B, YANG A J, WANG D W, et al. Lightweight neural network
for gas identification based on semiconductor sensor[J]. IEEE Trans-
actions on Instrumentation and Measurement, 2022, 71: 2500908.

[117]REN W J, ZHAO C H, NIU G Q, et al. Gas sensor array with pattern
recognition algorithms for highly sensitive and selective discrimina-
tion of trimethylamine[J]. Advanced Intelligent Systems, 2022, 4(12):
2200169.

(LI8] fof A, XUBASE, XU, S, FCKY B IR aa kS i RFE

RIS IHOCEREORBI AT BT HAEHHAR, 2024, 43(D):
95-104.
HE Nan, LIU Hongjing, LIU Hongliang, et al. Research on edge-side
simplified feature set extraction and short message transmission
mechanism for partial discharge of distribution network equipment[J].
Advanced Technology of Electrical Engineering and Energy, 2024,
43(1): 95-104.

(11914 W, x| &, WHZ8R, 5. “Wils ) RGE AR AR SR
R LR BARG AL, 2024, 48(6): 1-12.

LI Peng, LIU Nian, HU Qinran, et al. Commentary on special issue of
reviews on key technologies for digitalization of new power system[J].
Automation of Electric Power Systems, 2024, 48(6): 1-12.

[120] spoe@ g 2 MG BN ZE RS AE. I ERE BRI

[EB/OL]. (2022-01-19)[2024-04-16]. https://www.cac.gov.cn/
2022-01/19/c_1644194876070929.htm?eqid=c89fa0ef000cc29d00000
00364476b7a&eqid=c901965900049¢85000000036497bac0.
Office of the Central Cyberspace Affairs Commission. The 14th five
year plan for national informatization[EB/OL]. (2022-01-19)
[2024-04-16].  https://www.cac.gov.cn/2022-01/19/c_1644194876070929.
htm?eqid=c89fa0ef000cc29d0000000364476b7a&eqid=c9019b59000
49¢85000000036497bac0.

(1217 54T, £T RK3399Pro A AT IUAN T R G0 7¢ 5 2B [D].
P REATHIREOR S, 2023
GU Yuxuan. The research and implementation of human detection and
counting system based on RK3399Pro[D]. Nanjing, China: Nanjing

University of Posts and Telecommunications, 2023.

MEZE

1986—, %, M+, #iz, T
TFENFE S BRRS I Faefe k. MEeE
W77 TR BT 7 AR

E-mail: yangaijun@mail xjtu.edu.cn

YANG Aijun
Ph.D., Professor
REURIECTIE 1)
1993—, %, ft, giEiddR, s
TN BRSNS s W, e
AL BT TH AR A A
E-mail: jfchu93@xjtu.edu.cn

CHU Jifeng
Ph.D.

Corresponding author

Reptg
! 1963—, 4, i+, #2, He

FENGAEIE R KARERIT RS, B
DIV RS MR T T 7L AR

E-mail: mzrong@mail xjtu.edu.cn

e »

.

RONG Mingzhe
Ph.D., Professor

Weks I 2024-04-28  ERIE 2024-07-26  Zk DA




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


