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Abstract

:

Benefiting from self-healing features, metallized film capacitors (MFCs) are widely employed to compensate reactive power (VAR) and thus improve the performance of AC systems. To ensure the aforementioned functions, self-healing testing is a compulsory quality inspection for every type of MFC. In 2014, the International Electrotechnical Commission (IEC) issued a standard that recommended a general and instructive test procedure based on audible noise or ultrasound signals. However, more details relevant to this high voltage (HV) test were not provided. In this paper, we focused on the ultrasonic detection technique to reveal the self-healing characteristics of two typical MFCs. By launching a series of HV tests with star and delta MFCs, the waveform features, discharge energy, and spectrum distributions were analyzed. It was observed that the partial discharge always occurs before self-healing discharge with the same spectrum features ranging above 40 kHz. To solve the entanglement of these two discharge processes, a relative amplitude difference method is proposed. Based on the experimental observations, a detection algorithm incorporated with the ultrasonic emission sensors, preamplifier, and high-speed A/D converter was developed to assist the self-healing performance test.
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1. Introduction


Metallized film capacitors (MFCs) are widely used in reactive power compensation and the improvement of power factors. The key property of MFCs is the spontaneous extinction, named “self-healing”, of a local electrical breakdown due to defects or micro-voids, and this property can prevent the device from being destroyed by such discharges [1]. MFCs with poor self-healing characteristics can fail to heal and increase the danger of explosion in MFCs. As a result, self-healing measurement of MFCs is essential to eliminating poor-quality products and maintaining safety.



The reliability of capacitors is important to the health of power electronic systems, so their degradation models and lifetime predictions have been investigated [2,3,4]. After investigation of the self-healing process, the most preferable type for completing self-healing and its favored conditions were given [5]. The contributing factors to self-healing, including the sheet resistance of electrodes; the interlayer air, pressure, and temperature dependence [6,7]; and other dynamic characteristics [8], were investigated to evaluate their effects. Models were built to describe the destruction [9,10,11] and the clearing mechanism [12] in the self-healing process. To evaluate the self-healing performance, measurement systems with AC supply were used to measure the properties of individual self-healing events [13] and identify self-healing [14]. These results can contribute to shorter development cycles of MFCs. Measurements with the AC power supply mentioned above are limited since the AC current can cause dangers of explosion. V. Belko detected self-healing by voltage change on electrodes with a DC-based detecting system [15]. The results were vital to MFCs’ degradation and aging laws, but this measurement method cannot count the self-healing events. Another DC measuring method based on the leakage current was proposed [16]. Although the results can be used to predict the lifetime of MFCs, such a small current is easily affected. An effective method of self-healing detection based on ultrasound has been suggested [17]. However, no quantitative data of this method have been reported. The objective of this research was to detect self-healing events using the ultrasonic method and provide some experimental data for engineers as a useful reference.




2. Self-Healing Detection with Ultrasonics


2.1. Typical MFC Structures


A typical MFC consists of the capacitor elements, wire, stuffing, wire terminals, ground terminals, discharge resistors, and a metal shell, as shown in Figure 1. Groups of capacitor units constitute one MFC, while a unit consists of several cylindrical capacitor elements. The stuffing improves the medium compressive strength and discharge property. The discharge resistors release the residual voltage after powering off. The metal shell protects the inside items and radiates heat as well.



One MFC consists of three phase units, while a phase consists of one or more cylindrical capacitor elements. The phases are connected by two main methods: Δ connection and Y-N connection. Figure 2 displays these connections. In Figure 2, L1, L2, L3 stand for three live wires with different phase values respectively and N represents the neutral line. As shown in Figure 2, phases in Δ-connection capacitors are connected end to end, while the phases share the same end with a neutral line in Y-N-connection capacitors.



Figure 3 shows the structure of one capacitor element from three views. Centered on the insulated mandrel, the metallized films are wound into the cylindrical elements. The metallized films are composed of thin layers (tens of nanometers [18]) of metal, known as the metallic coating, evaporated onto the surface of polymer films [19]. After that, thin layers of metal (metal spraying layer) are sputtered onto both sides of the cylindrical elements and become the electrodes.



Table 1 summarizes the materials most commonly used in MFCs, although different producers may have their own suppliers for these materials [18].




2.2. Self-Healing and Ultrasound Emission


Normally, there are some defects, such as micro-voids and air gaps, in the metallized films. A localized breakdown appears due to these defects as the applied voltage increases. The stored energy discharged from the breakdown will cause a high temperature. The film is punctured because of the breakdown. The heat vaporizes the thin electrodes at the defect site. An event of self-healing or partial discharge is the interruption of the plasma of the breakdown arc whereby the site becomes electrically isolated at the end [20]. Self-healing appears at the sites of micro-voids, while partial discharge appears at the sites of air gaps, and their dissipated energy for the breakdown differs.



The pressure from the discharged heat and electric field force will push the bubbles inside MFCs to expand and shrink and change the partial volume. The dense–sparse waves (known as the sound waves) generated from the volume change are detected outside the capacitor. According to the method suggested by IEC [17], the sound waves are mainly in the ultrasonic frequency band (40–80 kHz).



The ultrasound waves propagating inside the MFCs include longitudinal waves and shear waves. The former have the same direction for particle vibration and propagation, while the direction for shear waves is vertical. The ultrasound waves generated from the inside discharges of MFCs are longitudinal waves, and they will refract and reflect at the interface between different media.



The ultrasound waves will be reflected by the capacitor elements, the metal shell, cable lines, and other parts of the MFC and received by the acoustic emission sensor attached to the shell at the end. The possible propagation paths are shown in Figure 4. The received ultrasonic signal is composed of the first-arrival signal    x 1    and multi-reflected signals    x 2   .



Figure 5 shows a received ultrasonic signal inside a sealed container. It can be seen that the amplitude of the reflected waves is much smaller than that of the first-arrival waves, and the main energy of the ultrasonic signal is determined by the first-arrival waves. Thus, only the first-arrival waves are mainly calculated.



The propagation path of the first-arrival ultrasonic waves is given in Figure 6, and it can be seen that the initial ultrasound wave    P 0    is refracted into two separate waves—longitudinal wave    P  0 t     and shear wave   S  V  0 t    —after traveling through path    x 1    with a horizontal length    x 1 ′   . At the same time,    P 0    is reflected at the interface and generates two separate reflected waves—reflected longitudinal wave    P r    and reflected shear wave   S  V r   . The ratio between the maximum amplitudes of the refracted and incident waves is known as the refraction coefficient and depends on the acoustic impedances of the two materials (stuffing and metal shell),    Z  s , m s   = ρ c  , where ρ is the material’s density and c is the speed of sound in the material [21,22]. The refraction coefficients of the refracted longitudinal wave and shear wave (   T P   ,    T  S V     respectively) are calculated as follows:


   T P  =   2  Z  m s   cos θ    Z  m s   cos θ +  Z s  cos  θ p     



(1)






   T  S V   =   2  Z  m s   cos θ    Z  m s   cos θ +  Z s  cos  θ  s v      



(2)




where  θ  is the incident angle, while    θ p    and    θ  s v     represent the refracting angles of the longitudinal waves and shear waves, respectively.



With regarding to the attenuation in the stuffing, the refracted longitudinal wave and shear wave can be described as follows:


   P  0 t   =  P 0  ·    e  −  α s   x 1       x 1    ·   2  Z m  cos θ    Z m  cos θ +  Z s  cos  θ p     



(3)






  S  V  0 t   =  P 0  ·    e  −  α s   x 1       x 1    ·   2  Z m  cos θ    Z m  cos θ +  Z s  cos  θ  s v      



(4)




where    P 0    is the initial sound pressure of the source and    α s    is the acoustic attenuation coefficient of the stuffing.    x 1    is the length of the travelling path.



According to Snell’s Law, the angles    θ p    and    θ  s v     can be described as


   θ p  = arcsin (  v  p m   ·   sin θ    v  p s     )  



(5)






   θ  s v   = arcsin (  v  s v m   ·   sin θ    v  p s     )  



(6)




where    v  p s     and    v  p m     represent the sound velocities of longitudinal waves in the stuffing and metal shell, respectively, while    v  s v m     is the sound velocity of the refracting shear waves in the metal shell.



The attenuation and time delay in the metal shell can be ignored since the thickness is normally less than 1 mm, and the total sound pressure    P  t o t a l     received by the acoustic emission sensor can be described as


   P  t o t a l   =    P  0 t  2  + S  V  0 t  2     



(7)







It can be concluded that the sound pressure of received ultrasonic signals is determined by the initial sound waves caused by the inside discharges and the acoustic properties of the stuffing in MFCs.





3. Ultrasonic Features of Self-Healing Events


3.1. Experimental Setup


According to international standards [17], an experimental system was built to detect self-healing discharges; Figure 7 shows its setup. In the system, a series of high voltages are applied to two of the electrodes of the tested capacitors by the adjustable DC power supply. Then, the ultrasound waves generated from the discharges are received by an acoustic emission sensor. The acoustic emission sensor is a commercial device (SR 40 M) with maximum sensitivity of 75 dB. As reported in reference [17], the central frequency of the MFC self-healing signal is at around 60 kHz, which is located within the frequency band of the employed sensor (15–70 kHz). It is anticipated that customized ultrasonic transducers with larger frequency range, i.e., spiral-shaped ultrasonic sensors, could perform better in sampling the discharge signal [23,24]. The ultrasonic self-healing signal is amplified 100 dB by the preamplifier, and this analogue signal is converted to a digital signal by the data acquisition card with a peripheral component interconnection (PCI). The host computer is responsible for the processing and counting of the ultrasonic self-healing signal. In this paper, dry-type MFCs with different inside connections and values of reactive power were compared and measured. Table 2 gives the basic electric parameters of these tested MFCs.




3.2. Ultrasonic Time-Domain Features in Self-Healing Detection


With increasing applied voltage, the received ultrasound waves were recorded as shown in Figure 8. The test procedure can be manually divided into three stages, namely, the beginning stage, the partial discharge stage, and the self-healing stage.



3.2.1. Critical Voltages for Self-Healing Discharges


The three stages in self-healing detection can be differentiated by the operating voltages. The applied voltage was raised to 1000 V firstly and then raised at a lower speed, as shown in Figure 9. The beginning stage was defined below 600 V. When the voltage approached 600 V, partial discharges occurred, and the detection moved to the partial discharge stage. The self-healing discharges did not occur until the applied voltage reached 1400 V.



Partial discharges still happened occasionally even after entering the self-healing stage, so they could not be distinguished from self-healing discharges by the applied voltage. The same measurement was repeated with at least 10 different capacitors. However, the critical voltage of partial discharge was randomly distributed within a range from 600 V to 700 V. This voltage uncertainty was also observed in the self-healing stage.



The measured Δ-connection MFCs had nominal voltages (   U N   ) of 450 V, while those of the Y-N-connection MFCs were 250 V. The values of nominal reactive power for the tested MFCs were 10 kvar and 30 kvar, respectively. In the measurement, as shown in Figure 7, high DC voltage (U) was applied to two of the electrodes of the tested MFCs. For Y-N-connection MFCs, because of the parallel structure shown in Figure 2, the voltage applied in each element of the tested phase was equal to the applied voltage U, while that for the other two phases was zero. For Δ-connection MFCs, the value of voltage applied in each element of the tested phase was equal to the applied voltage U, while that for the other two phases was U/2. Figure 10 presents the critical voltages of each element in the measured MFCs.



Since every element in the same MFC has the same production, the critical voltages of self-healing remained at the same level for different elements in the same MFC, apart from the Y-N-connection MFC with capacity of 30 kvar. Besides this, the critical voltages of the Y-N-connection MFCs were lower than those of the Δ-connection MFCs with the same capacities. The critical voltages are related to    U N    (approximately 3   U N   ~4   U N   ) and are within the range of international standards [17]. This voltage level (3   U N   ~4   U N   ) can be used as a safe reference value for testing the self-healing property of MFCs.




3.2.2. Time-Domain Features of Self-Healing Discharges


At the beginning stage, the signals were mostly white noise for different MFCs. Ignoring this noise, we mainly focused on the ultrasound signals.



• Time History of Received Ultrasound Waves



Due to design and manufactural differences among the tested MFCs, different time histories of ultrasound waves could be received when partial discharges occurred. Figure 11 compares these time histories of a Y-N-connection MFC and a Δ-connection MFC. A cluster of partial discharges occurred intensively in the Δ-connection MFCs when the applied voltage reached the critical voltage of partial discharge, as shown in Figure 11a. In contrast, partial discharge only occurred occasionally in the Y-N-connection MFC, which means fewer air gaps. According to the waveforms in the expanded scale shown in Figure 11b, the received ultrasonic partial discharges in the Y-N-connection MFCs contained several reflected waves, while first-arrival waves predominated in Δ-connection MFCs.



An opposite pattern was observed in the stage of self-healing. Figure 12 presents the ultrasound signals generated by self-healing discharges. Self-healing discharges occurred intensively in Y-N-connection MFCs, which means that more similar defects existed in the Y-N-connection MFC than in the Δ-connection unit. As shown in Figure 12b, the reflected waves were an important part of the ultrasonic self-healing signals in MFCs with Y-N-connections, while first-arrival waves were the main components in such signals for Δ-connection MFCs. Obviously, the shapes of the waveforms cannot be used to distinguish self-healing discharges from partial discharges.



• Amplitudes of Received Ultrasound Waves



As shown in Figure 8, the amplitude of white noise at the beginning was normally less than 2 mV, while the amplitudes of partial discharges were normally below 100 mV. The received ultrasound waves generated by self-healing discharges were several hundred millivolts and even beyond 1000 mV. This provides important information to distinguish the partial discharges from self-healing events. In this paper, the total energy of received ultrasonic self-healing signals was used to measure the amplitudes of received signals; the total ultrasonic signal energy value    W  U S     can be calculated as follows:


   W  U S   =      ∫   t 1     t 2      U 2     ( t ) ·  C X  d t  2   



(8)




where    t 1    and    t 2    are the starting and end moments of self-healing, while U(t) is the received ultrasonic self-healing signal, and    C X    is the capacitance of the tested phase of the MFC. For Y-N-connection MFCs,    C X    can be described as    C N   /3 since all three phases of this kind of MFC are connected in parallel and voltage was applied to only one phase in one measurement event. However, for Δ connections,    C X    is equal to    C N    because voltage was applied to all three phases at the same time, as shown in Figure 2.



Figure 13 presents the energy of ultrasonic self-healing signals received in each element of Δ-connection and Y-N-connection MFCs. The values of reactive power of the tested MFCs were 10 kvar and 30 kvar. The value of    W  U S     is different in each element in the same MFC, though it is related to the applied voltage. According to Figure 10, high voltage caused high    W  U S     values in the different elements of the same MFC. Since the energy of the ultrasonic self-healing signal can represent the self-healing energy to some extent according to the Energy Conservation Law, and each element shares the same structure and material parameters except for the applied voltage, the relationship between them can be described as follows:


   W  U S   ∝  W  s h   ∝  U a    n   



(9)




where    W  s h     is the self-healing energy,    U a    is the applied voltage, and n is the exponent parameter that differs from literature data where n is no less than 2.2 and reaches 6 or even 7 [15].



For MFCs with different connections, the self-healing energy was unpredictable, while the self-healing energy of 30-kvar MFCs was much lower than that of 10-kvar MFCs. It is difficult to predict the self-healing energy, as the interfacial pressure, metallization thickness, applied voltage, and other contributing factors are interrelated in the self-healing process [12].





3.3. Ultrasonic Frequency-Domain Features in Self-Healing Detection


To extract the spectrum features of interest, a digital Butterworth filter was used to filter the noise out of the frequency band (40–80 k). Table 3 gives the main parameters of the filter. The frequency band in Table 3 is larger than the band suggested by IEC, since it can keep the filter signal undistorted. The power spectrum was calculated by the maximum entropy method (MEM). At the stage of partial discharge, the power spectra of MFCs with different connections are shown in Figure 14. The partial discharges had the same frequency band as the filter. The partial discharges of Δ-connection MFCs had a frequency peak at around 108 kHz. There was no other difference between the frequency-domain features of partial discharges for the different MFCs.



Figure 15 presents the power spectra of self-healing discharges in MFCs with different connections. The frequency bands remained the same as those for partial discharges. However, the peak frequencies of the ultrasonic self-healing signals varied remarkably: 54 kHz for the self-healing signal in Δ-connection MFCs, but 108 kHz for that in Y-N-connection MFCs.





4. Self-Healing Detection Software Package


To the authors’ knowledge, there is no commercial software specially developed for MFC self-healing testing. According to the general instruction of IEC [17], and based on the time-frequency features observed in this work, a self-healing detection software package was developed. The process of the main program of the detection software is shown in Figure 16. First, the parameters of the filter are set, and other parameters related to the counting are then input. After that, the input ultrasonic signal is filtered. The autocorrelation of the filtered signal is further used to remove noise, and the counting of self-healing events is then carried out. At the end, the number of self-healing events is outputted as an important reference to evaluate the self-healing property of MFCs, as required by the international standard [17].



It is worth emphasizing that the autocorrelation is calculated after filtering of the ultrasonic self-healing signal. The autocorrelation calculation method can be described as follows:


  R x x ( t ) = x ( t ) ⊗ x ( t ) =    ∫  − ∞   + ∞     x *  ( τ )    x ( t + τ ) d τ  



(10)




where x(t) is the input signal to be calculated and    x *   ( t )    is its conjugate signal. The autocorrelation of the typical ultrasonic self-healing signals in Figure 12b is shown in Figure 17. The autocorrelation results and their envelopes drawn with green and blue lines respectively are references for the identification of one event of self-healing discharge.




5. Conclusions


In this paper, an ultrasonic detection technique was employed to reveal the self-healing characteristics of two typical MFCs. It was observed that partial discharge always occurred before self-healing discharge with the same spectrum features ranging above 40 kHz. Although the operating voltage was applied phase by phase, partial discharge occurred intensively in the Δ-connection MFCs and more reflective waves were recorded. In contrast, the ultrasound generated by self-healing events in Y-connection units was more intense, which came from the first-arrival waves. To the best of the authors’ knowledge, the only parameter discerning self-healing events from partial discharges is their discharge energy, which is reflected in the amplitude of the ultrasound wave. Based on the general instructions of IEC, and the time–frequency features observed in this work, a practical detection system was developed and tested successfully.
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Figure 1. Structure of a typical metallized film capacitor (MFC). 
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Figure 2. Connections of MFCs. 
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Figure 3. Structure of a capacitor element of an MFC ((a) expanded view; (b) sectional view; (c) front view of the MFC). 1—metallic coating, 2—polymer film, 3—insulated mandrel, 4—metal spraying layer. 
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Figure 4. Propagation paths of ultrasound waves in an MFC. 
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Figure 5. Ultrasonic signal inside a sealed container. 
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Figure 6. Propagation path of ultrasonic waves. 
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Figure 7. Experimental system setup. 
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Figure 8. Typical signals in different stages of self-healing detection: (a) beginning, (b) partial discharge, and (c) self-healing. (1—MFCs with Δ connections; 2—MFCs with Y-N connections.). 
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Figure 9. Typical process of applying voltage. 
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Figure 10. Critical voltages of Δ-connection and Y-N-connection MFCs with different values of reactive power. 
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Figure 11. Waveforms of partial discharges in MFCs with different connections: (a) total shape, (b) shape of a single discharge. 
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Figure 12. Waveforms of self-healing discharges in MFCs with different connections: (a) total shape, (b) shape of a single discharge. 
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Figure 13. Received signal energy values of Δ-connection and Y-N-connection MFCs with different values of reactive power. 
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Figure 14. Power spectra of partial discharges in MFCs with different connections. 
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Figure 15. Power spectra of self-healing discharges in MFCs with different connections. 
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Figure 16. Process diagram of the main program in the detection software. 
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Figure 17. Autocorrelation results of typical self-healing signals. 
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Table 1. Material properties of MFCs.






Table 1. Material properties of MFCs.





	Part Name
	Material
	Density [kg/m3]
	Sound Velocity [m/s]





	Stuffing
	Microcrystalline Paraffin
	910
	2210



	Polymer Films
	Polypropylene
	900
	2475



	Metallic Coating
	Aluminum/Zinc
	2700/7140
	6305/4216



	Spray Layer
	Zinc
	7140
	4216
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Table 2. Electric parameters of the tested MFCs.






Table 2. Electric parameters of the tested MFCs.





	
Connection Type

	
Nominal Reactive Power     Q N    [ kvar ]   

	
Nominal Capacitance     C N    [ μ F ]   

	
Nominal Voltage     U N    [ kV ]   

	
Nominal Current     I N    [ A ]   






	
Δ

	
10

	
157.3

	
0.45

	
12.8




	
30

	
471.6

	
0.45

	
38.4




	
Y-N

	
10

	
509.6

	
0.25

	
13.3




	
30

	
1528.7

	
0.25

	
40.0
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Table 3. Parameters of the digital Butterworth filter.






Table 3. Parameters of the digital Butterworth filter.










	Parameters
	Value
	Unit





	Type
	Band pass
	



	Sampling Frequency
	500
	kHz



	High cut-off Frequency
	120
	kHz



	Low cut-off Frequency
	20
	kHz
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