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Fig.1 Structure schematic diagram of
gradient acoustic metamaterial
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Table 1 Structural parameters of
gradient acoustic metamaterial

F5  HfF/mm || PS5 HA/mm
1 5.00 16 16.25
2 5.05 17 17.80
3 5.20 18 19.45
4 5.45 19 21.20
5 5.80 20 23.05
6 6.25 21 25.00
7 6.80 22 27.05
8 7.45 23 29.20
9 8.20 24 31.45
10 9.05 25 33.80
11 10.00 26 36.25
12 11.05 27 38.80
13 12.20 28 41.45
14 13.45 29 44.20
15 14.80 30 47.05
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Fig.2 Gain characteristics of acoustic metamaterial
under steady-state acoustic field
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Fig.3 Gain characteristics of acoustic metamaterial
under pulsed acoustic field
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Fig.4 Time domain waveforms and acoustic field
distribution of the frequency corresponding to the peak
gain under 10 cycle pulsed sound wave conditions
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Fig.5 Time domain waveforms and acoustic field

distribution of the frequency corresponding to the peak
gain under 40 cycle pulsed sound wave conditions
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Fig.6 Acoustic metamaterial experimental testing
platform under insulating oil environment
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Fig.7 Gain characteristics of gradient acoustic
metamaterials for 10 cycle pulsed sound wave
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Fig.9 The time domain waveforms of the sound wave
corresponding to the peak frequency gain
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Fig.12 Time domain waveforms comparison of sound
waves before and after metamaterial enhancement
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Acoustic detection method of partial discharge in oil-paper insulation
enhanced by gradient acoustic metamaterial

ZHOU Junjie, WU Zhicheng, WANG Shaoqi, ZHOU Chunyang, ZHANG Qiaogen
(School of Electrical Engineering, Xi'an Jiaotong University, Xi'an 710049, China)

Abstract: The detection of weak acoustic waves excited by partial discharge (PD) in oil-paper insulation is considered as a
critical challenge in transformer condition monitoring, while existing high-sensitivity acoustic sensing methods are constrained
by the low signal-to-noise ratio (SNR) of the acoustic waves. In this paper, an acoustic enhancement detection method based on
gradient acoustic metamaterial (GAM) is proposed, achieving compression and amplification of broadband acoustic waves and
providing a solution for improving the SNR of weak PD acoustic signals. The GAM is constructed using 30 circular plate units
with diameters increasing according to a quadratic function. The thickness of each unit is 1 mm, the gap distance is 1 mm, the
minimum diameter is 5 mm, and the maximum diameter is 47.05 mm, with the overall structure's maximum size being less than
6 cm. Numerical calculations of the acoustic pressure amplification effect of the GAM reveal that although the gain factor is
reduced by the limited acoustic impedance difference between the GAM and the insulating oil, the amplification bandwidth is
broadened, enabling the enhancement of broadband PD acoustic signals. By integrating the acoustic sensor with the end unit of
the GAM, narrow-gap acoustic field detection and structural integrity of the GAM are simultaneously achieved, and the
enhancement effect of the GAM in insulating oil is demonstrated experimentally. A gain effect is exhibited by the GAM in the
frequency range of 45 kHz to 200 kHz, with a peak gain factor exceeding 3. Finally, the results of needle-tip PD show that the
detected acoustic wave peak is directly enhanced by the GAM, and the frequency content within the GAM amplification band is
significantly improved, thus achieving enhanced detection of PD acoustic waves. This study represents acoustic metamaterials
to enhance acoustic detection, which is considered highly significant for the early detection of PD.

Keywords: oil-immersed transformer; oil-paper insulation; partial discharge (PD); acoustic sensing; gradient acoustic

metamaterial (GAM); sound pressure amplification; frequency characteristics

(3 XX)


https://doi.org/10.1016/j.apacoust.2024.110209
https://doi.org/10.1063/1.3254243
https://doi.org/10.1063/1.3254243
https://doi.org/10.1038/ncomms6247
https://doi.org/10.1109/TPWRD.2019.2903927
https://doi.org/10.1109/TPWRD.2019.2903927
https://doi.org/10.1109/TPWRD.2019.2903927
https://doi.org/10.1109/TDEI.2024.3397235
https://doi.org/10.1109/TDEI.2024.3397235
mailto:junjie_zhou_c@163.com
mailto:junjie_zhou_c@163.com

	0 引言
	1 梯度声学超材料理论设计
	1.1 梯度声学超材料理论
	1.2 绝缘油中梯度声学超材料结构设计
	1.3 梯度声学超材料增益特性仿真计算

	2 梯度声学超材料增益特性实验
	2.1 实验测试平台
	2.2 超材料声压增益特性

	3 梯度声学超材料对局部放电声波的增益
	3.1 局部放电实验设置
	3.2 局部放电声波幅值的增益
	3.3 局部放电声波频率的增益

	4 结论
	参考文献

