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Abstract

:

The detection and location of partial discharge (PD) is of great significance in evaluating the insulation condition of power transformers. This paper presents an active dielectric window (ADW), which is a new concept of combined acoustic emission (AE) and electromagnetic PD detector intended for assembly in a transformer’s inspection hatch. The novelty of this design lies in the fact that all structural components of an ultrasonic transducer, i.e., the matching and backing layer, an active piezoelectric element with electrodes, and electrical leads, were built into a dielectric window. Due to the fact that its construction was optimized for work in mineral oil, it is characterized by much higher sensitivity of PD detection than a general-purpose AE sensor mounted outside a transformer tank. Laboratory tests showed that the amplitude of the AE pulses generated by creeping discharges, which were registered by the ADW, was around five times higher on average than the pulses registered by a commonly used contact transducer. A possibility of simultaneous detection of acoustic and electromagnetic pulses (with an integrated ultra-high frequency (UHF) antenna) is an important advantage of the ADW. It allows for an increase in the reliability of PD detection, the accuracy of defect location, and the effectiveness of disturbance identification. This paper describes in detail the applied methods of designing and modeling the ADW components, the manufacturing process of the prototype construction, and the results of preliminary laboratory tests, in which the detector’s sensitivity as well as the efficiency of the PD source location were evaluated.
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1. Introduction


Partial discharge (PD) detection based on an acoustic emission method is an important and widely applied technique for diagnostics of high voltage (HV) power electrical equipment, mainly due to such advantages as (1) the possibility of conducting measurements without the necessity to de-energize an HV device, (2) the possibility of precise location of PD sources, (3) the ease of adjustment to working in an online monitoring mode, or (4) the possibility of identifying the type of insulation defect [1]. Unfortunately, besides unquestionable advantages, the acoustic emission (AE) method has one basic weakness: The relatively low sensitivity of PD detection. This results directly from the physical nature of the PD phenomenon, because only a small part of the energy (estimated at about 5%) of a PD current pulse is transformed into mechanical energy in the form of acoustic emission waves, being mostly ultrasounds in the range from 20 to 300 kHz. The remaining part of electrical energy is transformed mainly into thermal and chemical energy [1,2,3].



Usually, with the AE method, contact piezoelectric transducers, commonly available on the market, are used. They consist of three main parts: Piezoelectric crystal, a matching layer (wear plate), and a backing layer. The ancillary components in an ultrasonic transducer comprise the housing, optional acoustic insulation layers, and electrical leads with a connector (Figure 1). For power transformer diagnostics, the users typically choose transducers with a resonant frequency for longitudinal waves of either 60 kHz or 150 kHz [1,2,4,5]. Transducers with a resonant frequency of 60 kHz guarantee higher sensitivity of PD detection. However, due to the possibility of disturbance occurrences during field measurements, they are mainly preferred for factory and laboratory use. For that reason, most users choose the 150 kHz transducers, which are a compromise between acceptable PD detection sensitivity and immunity to disturbances [2,6,7,8,9].



Ultrasonic transducers are mounted on the external surface of a transformer tank. Unfortunately, this is the main reason for low PD detection sensitivity using the AE method. Assuming that the acoustic impedance of mineral oil is equal to Zoil = 1.28 MRayl, and for a steel transformer tank Zsteel = 46.2 MRayl, then from Equation (1) for transmission coefficient T, it follows that at most 10.5% of AE wave energy passes through the transformer tank wall to the transducer, and the remaining 89.5% is reflected [10]:


T=4ZoilZsteel(Zoil+Zsteel)2



(1)







Between the metal transformer tank wall and the piezoelectric element, there is a transducer’s wear plate, a front matching layer made of a material such as high-density alumina or an alumina/epoxy composite. Moreover, the internal and external tank surface is covered with anticorrosive epoxy or polyurethane paint. In effect, the wave may be reflected again due to acoustic impedance mismatch at the interface of the transducer’s front material and painted steel wall.



For long-term installations (e.g., online AE monitoring systems), permanent mounting of ultrasonic transducers is realized by using magnetic holders [2,11,12,13]. Although they provide a very stable and durable mechanical coupling between the transducer and the transformer tank, the magnetic holders can also slightly reduce the sensitivity and bandwidth of the transducer [2]. To ensure an efficient transmission of the AE signal from the tank wall to the piezoelectric element, a wear plate is covered with a film of acoustic couplant (usually glycerin, silicone grease, or propylene glycol) approximately 0.5 mm thick. In the case of long-term installations, an acoustic couplant may be exposed to extreme weather conditions, and after some time it becomes naturally degraded and loses its initial properties. It should be underlined that complete loss and even a too thin layer of acoustic couplant can dramatically decrease the transducer’s sensing capabilities.



Contact ultrasonic transducers mounted on the external walls of a transformer tank may be exposed to a number of types of disturbances, such as environmental noises (e.g., rain, hail, thunderstorms, sandstorms, wind), oil circulating pumps and fan noises, or acoustic signals produced by switching operations in a substation. Therefore, without correlation between the acoustic and electromagnetic signals (e.g., using a high-frequency current transformer or internal ultra-high frequency (UHF) antenna), it is practically impossible to effectively and reliably distinguish between the PD and noise signals [14,15,16].



One may also find solutions where in order to increase the detection sensitivity of AE signals from PD, the ultrasonic transducer is inserted into the interior of a power transformer tank. In this case, the amplitude of recorded AE signals can be even several times higher than for contact transducers. In References [17,18], the construction of a power transformer monitoring system with a combined PD detector consisting of a piezoelectric ultrasonic transducer and a capacitive sensor was presented. The ultrasonic transducer was embedded inside the epoxy cover equipped with a screw with which the transducer was coaxially attached to the dielectric plate. In Reference [19], an interesting design of a combined PD detector, containing in its housing an ultrasonic transducer and a UHF antenna, was presented. The active elements of the detector were embedded at the end of the metal rod, which was inserted into the interior of the power transformer tank through a DN50 or DN80 oil drain valve.



This paper presents a new concept, the active dielectric window (ADW). The idea for this solution lay in the fact that at least one active element in the form of piezoelectric ceramics and remaining structures of an ultrasonic transducer constitute an integral part of a dielectric window. By placing the UHF antenna in the window, we obtained a combined ultrasonic and electromagnetic PD detector.



The general conceptual assumptions of the ADW, as well as its advantages, are in detail discussed in Section 2. In the subsequent sections of the paper, the following issues are described: The applied methods of designing and modeling active dielectric window components (Section 3), the production process of the prototype construction (Section 4), and the results of preliminary laboratory tests, in which the sensitivity of the detector and the possibilities for its application for PD source location were evaluated (Section 5).




2. General Conceptual Assumptions of the Active Dielectric Window for PD Online Monitoring and Location


Power transformer and reactor tanks, as well as gas-insulated substation (GIS) and gas-insulated line (GIL) housings, are factory-equipped in the inspection hatches. It is typically a round through-hole, around which there is a steel flange with a gasket or O-ring and a cover mounted to the flange with assembly bolts.



The hole in the inspection hatch can be plugged with an element made of a solid dielectric (e.g., high-density alumina ceramics), which in the literature is known as a "dielectric window" [20,21]. A task of the dielectric window is to enable the registration of electromagnetic (EM) waves generated by PD using the electromagnetic detectors, mostly very high frequency (VHF) and ultrahigh frequency (UHF) antennas (Figure 2). This is possible because the dielectric window, contrary to the metal housing of a device, is not a barrier for EM waves of radio frequencies generated by partial discharge.



The design of the ADW was based on four piezoelectric elements equipped in electrodes, electrical leads, and matching and backing layers. The schematic diagram of the active dielectric window is shown in Figure 3.



The ADW was designed to perform two functions simultaneously, that of a detector of AE pulses generated by partial discharges and that of a dielectric window used for UHF antenna mounting.



The possibility of simultaneous application of two different diagnostic techniques (i.e., the AE method and the UHF electromagnetic method) allows an increase in the reliability of PD detection and the effectiveness of disturbance identification, both acoustic and EM (e.g., corona discharge, switching operations at substations, on-load tap-changer operations, Barkhausen noise).



The proposed solution has other advantages as well. In regard to the fact that the ultrasonic transducer is placed inside the tank, its metal wall is not a barrier for ultrasonic waves, as it is in the case of standard, tank-mounted AE sensors. Additionally, the application of a specially designed matching layer in a transducer enables a transfer of acoustic energy from mineral oil (as well as other insulating liquids such as natural or synthetic esters [22,23]) to a piezoelectric element. As a result, the ADW should assure higher sensitivity of detection of AE pulses generated by PDs than a conventional, contact piezoelectric transducer.



An active dielectric window, depending on the indented use, may be produced in various configurations. For online PD monitoring, the simplest configuration with one ultrasonic transducer and a UHF antenna is sufficient. It allows analysis of the intensity of a PD using two methods simultaneously. Apart from discharge detection and monitoring, the ADW may also be used for spatial location of PD sources. For this task, an ADW configuration with at least three ultrasonic transducers and a UHF antenna was intended. PD location is performed using the time difference of arrival (TDOA) technique, which is based on the measurement of delays in the arrival of the AE signal to the ultrasonic transducer relative to that registered by the UHF antenna [24]. To estimate the position of the PD source, it is necessary to register time waveforms of discharges simultaneously with the UHF antenna and three ultrasound transducers. The acquisition of PD waveforms is triggered by a signal coming from the UHF antenna. In turn, in the ADW configuration with four ultrasonic transducers, for location of the PD sources there is no need for the UHF antenna mounting, because time delays are then measured relative to the transducer, which is first to register the pulse (it is a so-called “all-acoustic PD location”) [16].



The way the ADW is mounted in the inspection hatch is identical to the case of a standard dielectric window (Figure 4). Ensuring adequate tightness in order to avoid undesired oil leaks has a fundamental meaning. For that reason, at least two gaskets must be used, where a highly conductive shielding gasket is placed between the welded flange and the inspection hole cover.




3. Designing and Modeling of Active Dielectric Window Components


3.1. Mathematical Modeling of Piezoelectric Transducer Structures


Various mathematical models for ultrasonic transducers based on piezoceramic materials have been around for a long time and allow for significantly simplifying and accelerating the design process. A fundamental issue when designing an ultrasonic transducer is the knowledge of the piezoceramic behavior regarding two closely interacting parts: The front/back mechanical side of the ceramic and the electrical part. This electromechanical interaction was first introduced in the form of electrical equivalent circuits by Mason [25]. The developed model, based on network theory, separated the piezoceramic element into an electrical port and two (left and right) acoustic ports through the use of virtual concepts such as negative capacitance and electromechanical transformers. This allowed for describing the behavior of one-dimensional vibrations of a piezoceramic plate, but the introduction of "unphysical" elements into the model has become a source of criticism. Redwood [26] showed that this negative capacitance could be transformed onto the acoustic side of the transformer and treated like a length of acoustic line. Unfortunately, from a physics point of view, the model was still imperfect. Krimholtz, Leedom, and Matthaei [27] developed a new alternative model (commonly referred to as the KLM model), which removed circuit elements between the top of the transducer and the node of the acoustic transmission line. The general structure of the KLM model is shown in Figure 5.



In the KLM model, VIN and IIN are respectively the voltage and current applied to the piezoceramic that produces the resulting acoustic forces F1 and F2. The variables U1 and U2 symbolize the particle velocities at the respective faces of the piezoelectric crystal. The particle velocities inside the crystal are denoted by VB and VM, where the subscript B indicates the backward-traveling acoustic waves propagating toward the backing layer, and the subscript M indicates the forward-traveling acoustic waves propagating toward the matching layer (the plus and minus signs in the superscript mean the left and right halves of the piezoelectric crystal, respectively).



The input parameters include the thickness of the piezoelectric material d, the area of the electrodes A, and the acoustic impedances of the main transducer elements: The piezoelectric crystal Z0, backing layer ZB, and matching layer ZM. Furthermore, the model consists of input electrical reactance X1 and input capacitance C0. The acoustical side of the KLM model is coupled to the electrical side by a transformer with a turns ratio (1:φ). This transformer converts the electrical signal into the appropriate acoustic values. The equations for these parameters are given below:


Z0=ρcA=Aρc33D,



(2)






C0=ε33SAd,



(3)






X1=h332Aω2Z0sin(ωdc),



(4)






φ=ωZ02h33sin(ωd/2c),



(5)






h33=ktc33D/ε33S,



(6)




where ρ is the density of the piezoceramic material (kg/m3), c is the velocity of longitudinal acoustic waves (m/s), c33D is the elastic stiffened for constant electric displacement (N/m2), ε33S is the clamped (high-frequency) dielectric constant, φ is the electromechanical transformer ratio of the KLM model, h33 is the piezoelectric constant (V/m), and kt is the electromechanical coupling factor.



Based on the value of the acoustic impedance (in Rayl or Pa·s/m3) of piezoelectric crystal Z0, matching layer ZM, and backing layer ZB, the input impedances for both layers can be calculated as follows:


ZIN,M=Z0ZM+jZ0tan(ωd/2c)Z0+jZMtan(ωd/2c),



(7)






ZIN,B=Z0ZB+jZ0tan(ωd/2c)Z0+jZBtan(ωd/2c).



(8)







According to the transmission line theory, the value of the input impedance of the electrical two-port can be determined from Equation (9):


ZIN=1jωC0+jX1+Zaφ2,



(9)




where Za is the impedance seen looking into the acoustic transmission line,


Za=ZIN,MZIN,BZIN,M+ZIN,B.



(10)







ZIN corresponds to the real impedance measured by the impedance analyzer. The minimum impedance frequency on the Z(f) plot is the resonant frequency, at which the piezoceramic element vibrates most readily and most efficiently converts the electrical energy into mechanical energy. In turn, the maximum impedance frequency is also the antiresonance frequency.



In order to determine the pressure radiated by the ultrasonic transducer, which is excited by the voltage VIN, it is necessary to determine the particle velocities U1 and U2:


U1=−IINφ(ejkd2−ΓMe−jkd2)ejkd−ΓBΓMe−jkd(1+ΓB)



(11)






U2=−IINφ(ΓBe−jkd2−ejkd2)ejkd−ΓBΓMe−jkd(1+ΓM)



(12)




where k is the wave number in the piezoelectric crystal, and ГB and ГM are the current transmission coefficients given by


ΓB=Z0−ZBZ0+ZB



(13)






ΓM=Z0−ZMZ0+ZM



(14)







Replacing IIN with VIN and solving for the pressure wave leaving the surface of the piezoelectric crystal gives


P1(ω)=ZBVIN(ω)φZIN(ejkd2−ΓMe−jkd2)ejkd−ΓBΓMe−jkd(1+ΓB)



(15)






P2(ω)=ZMVIN(ω)φZIN(ΓBe−jkd2−ejkd2)ejkd−ΓBΓMe−jkd(1+ΓM),



(16)




where P1(ω) and P2(ω) are the pressure waves radiated from the back and front faces of the piezoelectric crystal, respectively. The pulse–echo response can be calculated using the inverse fast Fourier transform (IFFT) of the pressure to generator voltage (PGV) transfer function. The PGV is a function that allows the determination of the pressure propagated from the piezoelectric crystal to the matching layer and subsequently to the medium:


PmPin,front=∏n=1n=NZin,n+1Zin,n+1cos(ωd2c)+jsinZnsin(ωd2c) if N≥ 1,



(17)




where Pm is the pressure propagated in the medium, Pin,front is the input pressure from the first front layer, Zn is the acoustic impedance of the front layer under consideration, and Zin,n+1 is the input impedance of the following layer.



All structures of the ultrasonic transducer used for building the prototype of the active dielectric window were designed based on the calculations and simulations performed with the KLM model.




3.2. Matching and Backing Layers


The matching layer in the ultrasonic transducer performs a similar function as the antireflection layer applied to the surface of lenses and other optical devices to reduce light reflection. This element enables acoustic emission wave transfer from a medium, in which the transducer is in contact with the piezoelectric crystal. The greater the role of the matching layer, the bigger the difference between acoustic impedance of the piezoelectric crystal and the ultrasonic medium is.



If we assume that Z0 is an acoustic impedance of piezoelectric material, Zoil is an acoustic impedance of transformer oil, and ZM is an acoustic emission of a matching layer with thickness l (in which the wavelength at the frequency of interest is λl), then the transmission coefficient T for propagation from the transformer oil to the piezoelectric crystal at normal incidence is given as


T=4Z0Zoil(Z0+Zoil)2cos2(2πlλl)+(ZM+Z0ZoilZM)2sin2(2πlλl).



(18)







Transmission coefficient T takes values from the range between 0 and 1. When T = 1, theoretically lossless transmission of acoustic energy from ultrasonic medium to the piezoelectric crystal occurs. In order to meet this condition, the thickness of the matching layer l has to be equal to λ/4, and then Equation (18) reduces to the form


T=4Z0Zoil(ZM+Z0ZoilZM)2.



(19)







Equation (19) is equal to 1 if the acoustic impedance of the matching layer is the geometric mean of the impedances of transformer oil and the piezoelectric material,


ZM=Z0ZM.



(20)







Assuming the acoustic impedance of the chosen piezoelectric material equals 31 MRayl, and mineral oil is ~1.28 MRayl (at a temperature of 25 °C), then the optimal value of matching layer acoustic impedance should total 6.30 MRayl. The material used for its manufacturing ought to be oil-resistant, mechanically durable, and resistant to temperature changes. Unfortunately, acoustic impedance of all durable and chemically resistant plastics, such as polyamide (PA6 or glass fiber-reinforced PA66), acrylonitrile butadiene styrene (ABS), or polyoxymethylene (POM), is definitely too low (<4 MRayl). To overcome the limitation of the available materials, base resins such as epoxies or polyurethanes are often filled with high-velocity (e.g., alumina, v ≈ 10,500 m/s) or high-density (e.g., tungsten, ρ ≈ 19,250 kg/m3) powders to fabricate 0–3 composites with the required properties. The elastic properties of such a two-phase composite can be estimated using the Devaney and Levine model, which is based on a self-consistent formulation of multiple-scattering theory [28]. According to this model, the bulk modulus K and the shear modulus G of the composite are given by Equations (21) and (22):


K=K1+φ2(3K+4G)(K2–K1)3K+4G+3(K2–K1)



(21)






G=G1+φ25G(3K+4G)(G2−G1)G(15K+20G)+6(K+2G)(G2−G1)



(22)




where K1, G1, K2, and G2 are the bulk and shear moduli of the matrix (epoxy) and powdered material (filler), respectively. The density of a two-phase composite material is calculated as the volume averaged density,


ρ=φ1ρ1+φ2ρ2



(23)




where φ1, ρ1, φ2, ρ2 are the volume fractions and densities of the epoxy and filler, respectively. The longitudinal velocity VL and shear velocity VS of the sound wave are directly related to the mechanical parameters K, G, and ρ of the composite:


VL=K+43Gρ



(24)






VS=Gρ.



(25)







Finally, the acoustic impedance for the longitudinal sound wave can be calculated as follows:


ZL=ρVL.



(26)







The acoustic impedance values of epoxy/alumina and epoxy/tungsten composites were calculated from Equations (21)–(26) and are presented in Figure 6 and Figure 7. The parameters used for calculations are collected in Table 1.



The characteristics presented in Figure 6 and Figure 7 show that for the formation of composite materials with an acoustic impedance equal to 6.3 MRayl, one should use approximately 0.16 pu volume fraction of tungsten or 0.38 pu volume fraction of alumina powder. Obviously, regarding low attenuation, the alumina powder is a proper material for manufacturing the matching layer. In turn, an epoxy/tungsten composite, due to high attenuation, is an ideal material for manufacturing the damping layer. In the case of the described PD detector, the backing layer performs four functions: (1) It loads the piezoelectric element, which contributes to reducing its resonance (quickly dampening vibrations), (2) it absorbs the backward-directed ultrasound energy and attenuates the acoustic signals from the housing, and (3) it extends the bandwidth.




3.3. Piezoelectric Element


A piezoelectric element performs the function of a receiver (or transmitter) of ultrasonic signals in a transducer. It is typically made in the form of a disc, cylinder, or ring, and its upper and bottom surface are covered by a thin layer of conductive material, which performs the function of an electrode.



In the proposed ADW solution, a disc made of high-purity lead zirconate titanate (PZT) is an active element. The properties of the ceramics used in this study correspond to the general properties of the PZT-5A (Table 2).




3.4. Frequency Response Modeling of the Piezoelectric Transducer


When starting the frequency response modeling, as a reference point an acoustic emission sensor type PAC R15D (Physical Acoustics, Princeton, USA) was selected, with a resonance frequency of 150 kHz. It has a very good sensitivity and frequency response over the range of 50–400 kHz. The R15D is a differential sensor designed for applications where high-background electrical noise is a major concern. Currently, the R15 series family of AE sensors is one of the most commonly used piezoelectric transducers for PD detection in power transformers.



For designing the transducer components, the following assumptions were made:

	
The first resonance frequency should be similar to the PAC R15D sensor, approximately 150 kHz;



	
The bandwidth should range between ~100 and ~300 kHz, with a central frequency of ~200 kHz;



	
The frequency response curve in the working frequency range ought to be possibly the flattest;



	
To improve the efficiency of energy transmission of the acoustic signal from the oil to the piezoelectric element, the acoustic impedance of the matching layer should total 6.3 MRayl;



	
Because it was earlier assumed that the standard window made of ceramics would have a thickness of 20 mm, then therefore the height of the piezoelectric element should not exceed 15 mm (the remaining space was intended for matching and backing layers).








The assumed resonance frequency and bandwidth in the above specification are compliant with the IEC [11] (p. 28) and IEEE [2] (p. 12) recommendations regarding the selection of AE sensors for the detection of partial discharges in power transformers.



Frequency response curve modeling was made using the KLM model, a detailed description of which was presented in Section 3.1.



The values of geometrical and material parameters, for which both the assumed resonance frequency (145 kHz) and the flat shape of the frequency response curve were obtained (Figure 8), are summarized in Table 3.





4. Fabrication of a Prototype Active Dielectric Window


4.1. Dielectric Window


The dielectric window was made using extrusion technology with high-strength aluminous porcelain. The parameters are listed in Table 4. This material was chosen according to its numerous advantages, among which the most important were high-temperature resistance, high electrical resistivity, very good chemical resistance to mineral oil, high hardness, easy surface treatment, and low cost of fabrication.



In the next stage of the prototype ADW production, four radial holes for piezoelectric transducers were made. The shape of the cross-section and dimensions of the ADW are presented in Figure 9.



Before starting the fabrication of the ultrasonic transducers, the front side of the dielectric window and hole walls were covered with ~1.8–2-mm acoustic insulation layer (Figure 10a). The layer performed the function of an attenuating barrier of both transverse and longitudinal ultrasonic waves as well as transformer tank vibrations, which could excite piezoelectric elements. Polyurethane elastomer was chosen as an attenuating material, because it has very good sound attenuating properties [29,30,31] as well as high mechanical and thermal durability (Table 5). In order to increase the efficiency of sound attenuation during the mixing of the two components (polyol and isocyanate) of polyurethane together, small air bubbles were intentionally added to the mixture (Figure 10b). This way, a porous material with very good sound attenuating properties was obtained [32,33]. The measurement results showed that covering the dielectric window with a 2-mm layer of porous polyurethane elastomer caused attenuation of longitudinal waves by 25.47 dB and transversal waves by 24.98 dB on average.




4.2. Ultrasonic Transducers


In the next ADW production stage, the main ultrasonic transducer components were placed in previously drilled holes. These components included piezoelectric ceramics and matching and backing layers. The parameters are listed in Table 3. A technical drawing with the dimensions is presented in Figure 11. The prototype was equipped with four piezoelectric ultrasonic transducers, allowing for, besides online PD monitoring, localization of the position of a PD source by estimating the time difference of arrival between registered UHF and AE signals. As was mentioned before, the ADW may also be made in a simplified version for continuous (online) monitoring of partial discharge intensity. In this configuration, the dielectric window has no acoustic insulation layer and is equipped with only one ultrasonic transducer.



Having fabricated the ultrasonic transducers, their calibration was carried out according to the ASTM E976 standard (the so-called “face-to-face” test) [34,35]. Figure 12 presents a typical, representative frequency response curve, the shape of which largely coincides with characteristics predicted by the KLM model (see Figure 8). According to the adopted project assumptions discussed in Section 3.4, a relatively flat curve in the range between ~120 and ~270 kHz was obtained. The central frequency amounted to 195 kHz, whereas the first resonance frequency totaled 134 kHz, which means that it was 10 kHz lower than the one predicted by the KLM model.




4.3. AE Signal Conditioning Unit


In order to design a low-noise AE signal amplifier, in the first stage of design, the analysis of parameters of the newest available on the market operational and instrumentation amplifiers was carried out, and the most important requirements were defined, such as low voltage noise (<10 nV/√Hz), simultaneously with high gain (G ≥ 100), wide bandwidth (≥500 kHz), low current consumption (<10 mA), and a high common-mode rejection ratio (CMRR > 80 dB). Products of the leading manufacturers currently offering the most advanced electronic components, including Texas Instrument, Analog Devices, Linear Technology, and Maxim Integrated Products, were considered. Eventually, the high-speed instrumentation amplifier AD8421BRZ by Analog Devices (Analog Devices, Norwood, USA) was selected. AD8421BRZ is a low-power (2.3 mA maximum supply current), extremely low-noise (3.2 nV/√Hz maximum input voltage), and ultralow bias current (<500 pA) instrumentation amplifier specially designed for a broad spectrum of signal conditioning and data acquisition applications. Furthermore, AD8421BRZ is one of the most robust instrumentation amplifiers on the market. It features a high electrostatic discharge (ESD) protection rating of 2 kV human body model (HBM), and overvoltage protection (OVP) of 40 V from the opposite supply rail.



At the instrumentation amplifier output, an active bandpass filter (20‒500 kHz) based on Sallen-Key architecture was placed. Both the low- and high-pass sections had the structure of a fourth-order Butterworth filter with unity gain. The ADA4898 (Analog Devices, Norwood, MA, USA) op-amp, belonging to the so-called class of ultralow noise operational amplifiers (noise <1 nV at 100 kHz), was applied as an active element.



At the filter output, the operational amplifier AD813ARZ (Analog Devices, Norwood, MA, USA) performing the function of a voltage follower was applied. Its task was to buffer the output and matching output impedance of the AE signal conditioning unit to the impedance of the coaxial cable (50 Ω). Low current consumption (max 8 mA), low voltage noise (2.9 nV/√Hz), and wide bandwidth amounting to 80 MHz (3 dB, G = 1 V/V) were the most significant parameters recognized during the amplifier selection. Moreover, the output of AD813ARZ could drive capacitive loads (>1000 pF) directly, without parasitic oscillations. Coaxial cables of high quality are characterized by low capacity (approximately 50‒70 pF/m), and therefore for the signal transmission from the amplifier to the signal acquisition unit one may flawlessly use long cables, even more than ten meters in length.



A schematic diagram of the AE signal conditioning unit and its frequency response curve are presented in Figure 13. The measurement results showed that the level of noise at the output of the measuring channel with 40 dB gain and with connected ultrasonic transducer did not exceed 1.6 mVp-p.




4.4. UHF Antenna


While designing the active dielectric window, it was desired to simplify all its components. Therefore, a circular microstrip antenna (CMA) was selected as a radio frequency (RF) detector. This choice was determined by such factors as simple design, low fabrication cost, and ease of assembly in a dielectric window. This antenna type (also called a disk sensor) is commonly applied in online PD monitoring systems for GIS/GIL [17,20,21,36,37]. The limitation of a circular microstrip antenna is relatively low gain and a narrow bandwidth. Therefore, if a first priority is obtaining the highest possible PD detection sensitivity, a CMA may be replaced by one with modern, broadband construction, e.g., a fractal antenna [38,39] or a modified planar inverted-F antenna (PIFA) [40].



A schematic diagram of a circular microstrip antenna fabricated for the prototype ADW is presented in Figure 14.



The fabrication of the antenna FR-4 laminate was of height h = 2.45 mm and relative permittivity εr = 4.4. The diameter of the ground plane amounted to l = 120 mm. The antenna was designed in such a way so that the resonant frequency fr(110) for the dominant TMz110 mode would be equal to 1000 MHz. The radius a = 41.04 mm for the circular patch was calculated using Equation (27):


a=F{1+2hπεrF[ln(πF2h)+1.7726]}1/2



(27)




where


F=8.791×109frεr



(28)







The antenna was fabricated with PCB technology and equipped with a type N connector. The housing was specially designed and manufactured from polytetrafluoroethylene (PTFE). It performs the following tasks: It protects the antenna from accidental damage and corrosion, adequately positions the antenna in the dielectric window, and ensures durable mechanical connection of the antenna with the inspection hatch cover. Figure 15 presents a picture of the antenna and its housing.



Having mounted the antenna in the dielectric window, the measurements of the voltage standing wave ratio (VSWR) and input impedance, which allowed confirmation of the proper fabrication of the detector, were carried out. According to the measurement results, the measured resonant frequency fr(110) for the dominant TMz110 mode (Figure 16a) was equal to ~1 GHz (exactly 1000.95 MHz). The best impedance matching (very close to 50 Ω) was obtained for the feed point offset Sf = 14.8 mm (Figure 16b).





5. Laboratory Tests of the Prototype Active Dielectric Window


5.1. Sensitivity of Detection of AE Waves Generated by PD


An evaluation of the PD detection sensitivity in the ultrasonic range was carried out in a shielded high-voltage laboratory. The oil-filled model of a transformer tank with dimensions 1200 × 800 × 750 mm was used for the investigation (Figure 17a). The modular structure of the tank top cover enabled easy tank configuration adjustment to the selected measurement scenario. The tank may be equipped with maximally five UHF antennas: Two on the top cover, one on the side wall, and two in the oil drain valves (Figure 17b). If necessary, the inspection hatch with a welded flange may be replaced with an ordinary cover (without a hole).



An electrode system (Figure 18a), in which the creeping discharges were generated on a pressboard sample with a diameter of 100 mm and a height of 3 mm, was placed in the oil-filled transformer tank (Figure 18b). These types of discharges were selected due to the fact that together with turn-to-turn discharges, they are the most dangerous defects that typically result in catastrophic failures at normal operating conditions [41,42,43,44,45].



In order to evaluate the PD detection sensitivity, the AE pulses generated by creeping discharges were registered simultaneously with one of the transducers of the prototype ADW and the reference contact piezoelectric sensor type PAC R15D with 40 dB preamplifier type PAC 2/4/6. Both investigated and referenced ultrasonic transducers were placed 392 mm from the source of discharges (Figure 18a). During the experiment, the level and intensity of PDs were monitored according to the IEC 60270 guidelines using a standard wide-band electrical detector type Doble PD-Smart (Doble Engineering Co, Boston, MA, USA). The inception voltage of creeping discharges amounted to Ui = 19.6 kV. The AE pulse registration was performed with a voltage of 21.3 kV, at which repeated PD pulses with an average value of apparent charge qavg = 356 pC (qmax = 2017 pC) were generated.



The results of the test confirmed, as predicted by the KLM model, a few times higher sensitivity of the ultrasonic transducer optimized for work in transformer oil compared to the popular contact transducer mounted on the transformer tank. A comparative analysis of 250 pairs of AE waveforms showed that the amplitude of the signals registered by the ultrasonic transducer of the ADW was 5.8 times higher on average than that registered by the reference contact transducer PAC R15D. The comparison of the exemplary time waveforms is presented in Figure 19.




5.2. Test of the PD Source Location Using the Active Dielectric Window and TDOA technique


Location of the PD sources in power transformers is usually carried out using the time difference of arrival technique [16,46] or the standard auscultatory technique (SAT) [47]. In addition, research on the application of the direction of arrival (DOA) technique and sensor arrays has been carried out for several years [48,49,50,51,52].



The measurement procedure of TDOA requires using at least four ultrasonic transducers (so-called “all-acoustic measurements”) or replacing one of the ultrasonic transducers with the UHF antenna (so-called “mixed acoustic-electromagnetic measurements”). In this second approach, time differences in acoustic wave arrival to particular AE sensors relative to electromagnetic pulse registered by the UHF antenna are estimated (Figure 20).



Coordinates (x, y, z) of the PD source are calculated by solving the system of equations below:


(x−xS1)2+(y−yS1)2+(z−zS1)2=(voilt1)2(x−xS2)2+(y−yS2)2+(z−zS2)2=(voπilt2)2,(x−xS3)2+(y−yS3)2+(z−zS3)2=(voilt3)2



(29)




where x, y, z are unknown PD source coordinates in space; xS1...3, yS1...3, yS1...3 are Cartesian coordinates of the AE sensors S1...S3; t1, t2, t3 are measured absolute arrival times; and voil is the propagation velocity of acoustic waves in transformer oil. The above nonlinear system of equations can be solved with one of the direct (non-iterative) solver algorithms [53,54] or with a least square iterative algorithm, the efficiency of which strongly depends on the initial values selected by the user [16].



The main reason for incorrect estimation of the coordinates of the PD source results from the assumption that the AE wave arrives at the transducer along the shortest geometric path (direct path in oil) [2,55]. This assumption is true only in the case when the transducer is in front of a defect. In practice, to the transducer first arrives the wave propagating along the shortest acoustic path (fastest path) (Figure 21) [56]. This is due to the different propagation velocities, which were, approximately, voil = 1450 m/s in oil and vsteel = 5100 m/s in steel, at 30 °C.



The propagation time for the direct path is


t=X2+Y2voil



(30)




and for the fastest path is


t=Yvoilcosα+X−Ytanαvsteel



(31)




where α is the critical incidence angle


α=sin−1(voilvsteel)



(32)







In the case of the prototype ADW, due to the application of an acoustic insulation layer and a remaining oil gap between the dielectric window and the tank, the possibility of structure-borne wave registration was reduced (Figure 22).



Laboratory research experiments that allowed pre-evaluation of the effectiveness of the location of PD sources using the ADW were carried out in the measurement set-up, the schematic diagram of which is presented in Figure 23. During the investigation, the creeping PDs were generated at the same electrode system as discussed in Section 5.1. The edge of the HV electrode (PD source) was located at the point with coordinates (0.6, 0.4, 0.5). AE signals were registered using three ultrasonic transducers of the active dielectric window with coordinates S1(0.924, 0.4, 0.72), S2(0.996, 0.472, 0.72), and S3(1.069, 0.4, 0.72). Time differences of arrival t1, t2, t3 were estimated between the onset of the UHF pulse registered with the circular microstrip antenna and onsets of the AE pulses registered by ultrasonic transducers S1, S2, and S3, respectively. In Figure 24, exemplary time waveforms with marked time differences of arrival of the AE signal to ultrasonic transducers are shown.



Figure 25 presents graphically the obtained results of the PD location, whereas the results of the statistical analysis are shown in Table 6.



The obtained results confirmed the possibility of efficient use of the ADW for the location of PD sources. The average location error did not exceed 1.5 cm (3.0%). For comparison, the standard location, i.e., with a UHF drain valve probe, and three contact piezoelectric sensors of type PAC R15D with coordinates S1(0.924, 0, 0.36), S2(0.996, 0, 0.432), and S3(1.069, 0, 0.36) were performed. Due to that, the location of the contact transducers on the x axis was identical to the transducers in the active dielectric window. A detailed schematic diagram of the measurement set-up configuration is presented in Figure 26. In turn, Figure 27 shows exemplary PD pulses with marked time differences of arrival of the AE signal to contact piezoelectric sensors.



The obtained results of the PD location are presented in Table 7 and Figure 28. As one may notice, location with the contact transducers was fraught with much higher error. The highest average (20.8%) and maximal (27%) error were observed for the coordinate Z (in the case of the ADW, it was 3% and 9.2%, respectively). Such a large location error was due to the fact that the contact transducers were located at a high angle to the PD source (> 50°), and therefore they first registered the ultrasonic wave propagating along the shortest acoustic path, whereas approximately its half went to the steel transformer tank. In turn, AE sensors in the ADW, which worked directly in oil, first registered (according to the TDOA method assumptions) the wave propagating along the shortest path in oil (direct path). It should be emphasized that for very small angles, i.e., when the contact transducers were located almost opposite to the PD source, location errors were small, comparable to ADW.





6. Conclusions


This paper presents a new concept of a combined AE/UHF partial discharge detector produced in the form of a dielectric window and designed for assembly in the inspection hatch of a transformer tank. The proposed PD detector, named an active dielectric window, is characterized by a simple design and low fabrication cost. The main innovation of the proposed solution lies in the fact that ultrasonic transducers were built into the dielectric window and optimized for operation in mineral oil. For that reason, the matching layer of ultrasonic transducers was made of specially tailored epoxy/alumina composite with the acoustic impedance equal to the geometric mean of the impedances of transformer oil and piezoelectric ceramics. Such construction facilitated the transfer of the acoustic energy from the liquid medium to the piezoelectric crystal. In effect, it allowed for obtaining a high sensitivity of detection of the AE pulses generated by partial discharges.



Preliminary laboratory tests showed that the amplitude of creeping discharges registered by the ADW was 5.8 higher on average than the amplitude of pulses registered by general purpose contact AE sensors type PAC R15D. The test of the possibility of ADW applications for PD source location using the TDOA technique was similarly positive. Time delays in the acoustic signal arrival to the ultrasonic transducers were measured relative to the UHF signal registered using a circular microstrip antenna placed in the dielectric window. The ADW was designed in a way to maximally limit the possibility of exciting the ultrasonic transducers by the structure-borne waves propagating in a transformer tank wall. This goal was achieved due to the oil gap between the dielectric window and flange, the rubber gasket with sound-attenuating properties, and, most of all, the covering of the window surface with polyurethane acoustic insulation layer.



The results of the laboratory test showed that the average error of the PD location using an ADW amounted to only 3%. For comparison, the measurement with a standard AE system with contact transducers was fraught with an error of over 20%.



Currently, the research, whose aim is to evaluate ADW usefulness in online PD monitoring, is being carried out. In September 2018, two units of ADW were on a pilot basis installed on a power transformer 110 kV/16 kV working in the brown coal mine “Belchatow”. At the same time, research work is being carried out aimed at (1) developing a dielectric window with ultrasound transducers with a lower resonant frequency (approximately 60 kHz (this should guarantee higher sensitivity of detection of high-energy partial discharges)), (2) the construction of a dielectric window using materials with better sound-dampening properties (e.g., porous ceramics or nanoparticle-reinforced polymer composites), and (3) improving the acoustic separation between the piezoelectric element and the dielectric window.
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Figure 1. Schematic diagram of a contact piezoelectric transducer mounted on the surface of a power transformer tank. 
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Figure 2. Inspection hatch in the power transformer tank: (a) Dielectric window; (b) ultrahigh frequency (UHF) antenna (partial discharge (PD) detector) installed in the dielectric window; (c) inspection hole cover with electronics in the enclosure. 
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Figure 3. Schematic diagram of the active dielectric window: (a) Top and cross-sectional view; (b) isometric view of the front and (c) the back side of the active dielectric window (ADW). Indications of structural elements: 1 = active dielectric window; 2 = ceramics; 3 = matching layer; 4 = piezoelectric crystal; 5 = electrodes; 6 = backing layer; 7 = electrical leads; 8 = UHF antenna (PD detector). 
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Figure 4. The method of assembling the active dielectric window in the inspection hole. 
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Figure 5. General structure of the Krimholtz, Leedom, and Matthaei (KLM) model of the piezoelectric transducer. 
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Figure 6. Effect of alumina volume fraction on acoustic impedance of a composite material. 
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Figure 7. Effect of tungsten volume fraction on acoustic impedance of a composite material. 
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Figure 8. Modeled pulse–echo waveform (black) and frequency spectrum (red) of the transducer with a quarter wavelength matching layer made by an epoxy/alumina composite. 
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Figure 9. Technical drawing with the dimensions of the prototype active dielectric window. 
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Figure 10. Active dielectric window with acoustic insulation: (a) Photograph of the front part of the ADW covered with a ~2-mm layer of polyurethane elastomer; (b) microscopic photo of the cross-section of a polyurethane sample with air bubbles (visible here as white areas). 
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Figure 11. Structural elements of the ultrasonic transducer built into the dielectric window: (a) Technical drawing with the dimensions; (b) photo showing backing layers and electrical leads embedded in the prototype ADW. 
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Figure 12. Typical acoustic emission (AE) waveform (black) and frequency response (red) registered during an ultrasonic transducer calibration performed according to the ASTM E976 standard. 
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Figure 13. Four-channel AE signal conditioning unit: (a) Schematic diagram with pictures of the fabricated PCB boards; (b) frequency response curve. 
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Figure 14. Schematic diagram of a circular microstrip antenna. 
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Figure 15. Photos of the fabricated circular microstrip UHF antenna for PD detection: (a) Front view; (b) antenna housing; (c) antenna fixed to the inspection hatch cover. 
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Figure 16. The measured parameters of the fabricated UHF antenna: (a) Voltage standing wave ratio (VSWR); (b) input impedance. 
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Figure 17. Oil-filled transformer tank: (a) Photograph of the test stand in the shielded high-voltage laboratory; (b) schematic diagram: 1 = inspection hatch with UHF sensors (or plain cover), 2 = inspection hatch with the dielectric window made of poly (methyl methacrylate) (PMMA), 3 = oil drain valve. 
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Figure 18. (a) Schematic diagram of the measurement system for evaluating the sensitivity of PD detection in the ultrasound range; (b) electrode system for creeping discharges in oil (PD source). 
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Figure 19. The comparison of the exemplary time waveforms registered by the prototype ultrasonic transducer of the ADW and reference contact piezoelectric transducer type PAC R15D. 
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Figure 20. Schematic diagram of the absolute acoustic arrival times (t1, t2, t3) to the PD onset (electromagnetic PD trigger signal). 
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Figure 21. Model of propagation of acoustic waves from the PD source to the contact AE sensor. 
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Figure 22. Structural solutions (acoustic insulation layer and oil gap) used in the prototype ADW, reducing the possibility of structure-borne wave registration. 
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Figure 23. The measurement set-up for testing the effectiveness of a partial discharge source location using the prototype ADW. 
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Figure 24. Typical time waveforms with marked time differences of arrival of the AE signal to ultrasonic transducers. 
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Figure 25. Graphical presentation of the results of PD source location using the prototype active dielectric window: Pseudo-3D plot and projection of solutions on the XY, XZ, and YZ planes. 
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Figure 26. The measurement set-up for testing the effectiveness of partial discharge source location using a UHF drain valve probe and three standard contact piezoelectric sensors. 
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Figure 27. Typical time waveforms with marked time differences of arrival of the AE signal to ultrasonic transducers. 
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Figure 28. Graphical presentation of the PD source location using a UHF drain valve probe and three piezoelectric contact transducers: Pseudo-3D plot and projection of solutions on the XY, XZ, and YZ planes. 
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Table 1. Properties of the materials used to design the matching and backing layer of an ultrasonic transducer.
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Parameter

	
Material

	
Symbol

	
Unit




	
Epoxy

	
Alumina Powder

	
Tungsten Powder






	
Density

	
1094 a

	
3670

	
19250

	
ρ

	
kg/m3




	
Bulk modulus

	
5.1

	
165

	
310

	
K

	
GPa




	
Shear modulus

	
1.5

	
124

	
161

	
G

	
GPa




	
Longitudinal velocity

	
2550

	
9487

	
5221

	
VL

	
m/s




	
Shear velocity

	
1174

	
5813

	
2892

	
VS

	
m/s




	
Acoustic impedance

	
2.79

	
34.8

	
100.5

	
Z

	
MRayl




	
Particle size

	
N/A

	
1

	
0.6‒1

	
D

	
μm




	
Purity

	
N/A

	
≥99.9

	
≥99.9 b

	
‒

	
%








a At 25 °C; b based on trace metals analysis.
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