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Abstract

:

In this paper, a new method is presented for sensitive quench detection in high-temperature superconductor (HTS) rotating machinery. The normal zone propagation velocity of an HTS is about 1000 times slower than that of a low-temperature superconductor. Therefore, the propagation of normal zone resistance, which occurs when the HTS transits from the superconducting state to the normal state, is also slower. Thus, it is difficult to detect the abnormal signals by voltage measurement using voltage taps. Moreover, the monitoring signal includes noise generated by interaction between the HTS rotating machinery and the industrial environment. Therefore, when quenching occurs in the HTS rotating machinery, a thermal runaway occurs in the hot spot. Furthermore, the magnetic energy stored in the HTS coil can damage the machinery. For these reasons, a new method is proposed for sensitive quench detection that reduces the noise generated from the power supply and from the HTS rotating machinery, using both an RLC resonance circuit and fast Fourier transform analysis.
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1. Introduction


Many research groups have studied quench detection methods for low-temperature superconductor (LTS) systems using voltage taps to measure abnormal voltage signals. However, quench detection in high-temperature superconductor (HTS) coils is more difficult to detect than that of LTS coils. The normal zone propagation velocity (NZPV) of an HTS is about 1000 times slower than for an LTS coil. Therefore, thermal runaway can occur in a hot spot and damage the HTS coil due to stored magnetic energy before the resistance generated in the normal zone can be measured. For these reasons, various quench detection methods that do not use a traditional voltage tap have been studied [1,2,3,4,5]. Ravaioli et al. proposed a quench detection method based on the change in stray capacitance between magnet elements when quenching occurred [1]. This method comprehensively determines whether or not quenching occurs due to factors such as cryogenic fluid boil-off, variation of the dielectric properties of the insulation material, and thermal expansion, which changes the local distance between a coil and metal parts. However, because there is drift for a long time when the quench signal is measured that corresponds to the change in capacitance, the reliability of the quenching detection is decreased. In addition, the capacitance monitoring system is temporarily interrupted by circuit transients, which is a drawback in quench detection. Other quench detection methods that do not rely on voltage taps have also been studied, including such as acoustic emission [2,3], telemetry [4], and strain gauges [5,6]. A universal quench detection technique was proposed by Nanato et al. with active power detection using a central voltage tap [7,8]. With this method, a central voltage tap measures the voltage imbalance with a reduced noise signal achieved using a low-pass filter (LPF). However, this method has the limitation that it can cause a short circuit to a large magnet when high voltage is applied. More studies to improve the reliability of quench detection by reducing the electromagnetic noise continued to be conducted by Nanato and Nakamura [9]. This technique is related to noise reduction through inductive voltage cancellation of the HTS coil, and can increase quench detection reliability through the cancel coil and LPF. However, in order to cancel the inductive voltage, an air-core solenoid coil must be installed. Hasegawa et al. proposed a new method using LTS wire as a quench detector [10]. That is, when an LTS is installed in the stabilization layer using epoxy, it is attached to the REBCO coil again, and when a normal zone is generated in the REBCO coil, current is passed through the stabilizer layer, which causes quenching in the LTS wire. Finally, the abnormal signal of the REBCO coil is indirectly detected by the LTS wire. However, to utilize this method, the REBCO coil must be impregnated with the epoxy surrounding the LTS, which may limit increase in the coil volume. In addition, LTS quench detection by heating the epoxy should be preceded by quench detection for the REBCO coil. However, extension of the quench detection time causes fatal damage to an HTS coil because of its slow NZPV. Furthermore, quench detection in HTS rotating machinery is even more difficult. This is because the monitoring signal of the HTS rotating machinery contains noise due to interaction with the industrial environment. For these reasons, in this paper, it is proposed that a new method for sensitive quench detection in HTS rotating machinery using an RLC resonant circuit is utilized. The RLC resonant circuit acts as a band-pass filter and reduces the influence of noise in the detection of quenching [11,12]. The feasibility of the proposed quench detection method is confirmed by simulation results and equivalent circuit analysis. The simulation results are also verified through experiments.




2. Analysis of a New Active Quench Detection Method for High-Temperature Superconducting Magnets


2.1. Concept of the Proposed Method


The quench detection method proposed in this paper has the following advantages. First, due to the transfer function characteristics of the resonance filter, the noise amplitude of the measured signal can be reduced. Second, because the proposed method detects abnormal signals in the frequency domain, it can compensate for the disadvantage of slow NZPV in the HTS. Third, the quench detection time can be shortened by adjusting the window size of the moving average when performing the FFT analysis. Figure 1 shows a flow chart of the novel fault diagnosis method for a HTS field coil of a superconducting rotating machine.



Figure 2 shows an equivalent circuit of the proposed quench detection method. The circuit consists of a superconducting coil part, a parallel resonant circuit part, a voltage measurement part, and a quench detection part. In the equivalent circuit, the superconducting stator coil is described by Lins and Rθ, which indicate the self-inductance and azimuthal resistance, respectively, of the superconducting stator coil. The self-inductance of a superconducting rotor coil is LB, which is electromagnetically linked to a superconducting stator coil. The term Vac represents an alternating voltage source used to transport the alternating field to the superconducting stator coil [13,14]. Here, Rdiv is a resistor for adjusting the magnitude of the voltage induced in the superconducting stator coil and Idc is a current source for applying a direct current to the superconducting stator coil. The term RR is the radial resistance of the un-insulated coil [15]. Here, Cvar is a variable capacitor for tuning the resonance frequency and Rext is a resistor for measuring the voltage of the circuit. The terms Lins, Cvar, and Rext are the components of a parallel resonant circuit with a stator coil in superconducting state. The resonance frequency of the circuit is tuned to be equal to the rotation frequency of the rotor coil.



Figure 3 shows an equivalent circuit to explain the method of detecting the quench through Rext when Rθ is generated in the stator coil. The currents flowing to the stator coil and Rext are called i1 and I2, respectively. The sum of the two currents is the same as IT, and I1 is equal to IT because the impedance of the stator coil is zero when the stator coil is in superconducting state. However, as the stator coil transits from superconducting to normal state, Rθ is generated, so that I2 flows toward Rext.



Therefore, the voltage across Rext is measured, then the quenching can be detected by performing FFT analysis because the amplitude of the transfer function is proportional to that of the output voltage.




2.2. Simulation Results


Figure 4 shows the equivalent circuit for the simulation of the proposed quench detection method.



Electromagnetic force (EMF) and noise signals were applied to the input source of the rotor coil where the EMF signal is the alternating field component generated by the interaction between the rotor and stator coil. The resonance frequency of the circuit was tuned to the EMF signal frequency. A noise signal is an unpredictable noise component in an industrial environment or measurement system. The quench was assumed to occur after 60 s based on the voltage signal measured at Rext. The quench was generated by heating of the nichrome wire of the heater trigger. The stator coils tested in the simulation were insulated (INS) and not-insulated (NI) coils, respectively.



Table 1 shows the specifications of the simulation parameters and Figure 5 shows results of the FFT analysis of the voltage signal measured at Rext using the INS coil. As shown in Figure 5, although the amplitude of the EMF and the noise signal are the same value at the input source, the amplitude of these signals measured in Rext are not the same after performing the FFT analysis. This is because the resonant frequency of the circuit is tuned to the frequency of the EMF signal, so the maximum value of the transfer function curve appears at the resonant frequency of the circuit (Figure 6).



Therefore, the amplitude of all other components decreases, except the signal corresponding to the resonance frequency [16,17]. However, unlike the result for the INS coil, the noise signal is not filtered using the NI coil, as shown in Figure 7. Therefore, as can be seen in Figure 8, to confirm the reason why the noise signal was not filtered, an equivalent circuit analysis was performed. Figure 9 shows the equivalent circuit using the INS and NI coil. As shown in Figure 9, when the stator coil is NI, there is RR, which is the contact resistance between turns of the coil. Moreover, the amplitude of RR is several mΩ, so that the combined resistance is decreased compared with that of the INS coil. The band-width of the transfer function is inversely proportional to the amplitude of the resistance, therefore, the noise signal was not filtered when the NI coil was used as the stator coil.





3. Experimental Results


An experiment was performed to verify the simulation results of the proposed quench detection method. The experimental set-up used for the verification is shown in Figure 10.



As in the simulation, the amplitudes of the EMF and noise signals are the same values in the experiment. This is because the resonance filter results in a reduction in the amplitude of the noise component, as is the case with the simulation results. In addition, a heater trigger using nichrome wire was installed on the outmost turns of INS and NI coil to cause quenching. The heater trigger was turned on after 60 s from the start of the voltage measurement. Table 2 shows the specifications of the superconducting coil parameters and values.



Figure 11 shows the experimental results. As shown in Figure 11a, the voltage signal measured at both ends of the Rext in the time domain. Moreover, in Figure 11b and c, are shown the results of the FFT analysis of the experimental results for 0.5 s in the superconducting and normal state, respectively. However, as can be seen in Figure 11a, although quenching was generated after 60 s, it was difficult to detect the quench in the time domain. The reason for this is that the HTS does not show a significant increase in resistance compared to an LTS, even though a quench occurs. However, comparing the amplitudes of the EMF signals in Figure 11b and c it is possible to confirm that the quench occurs. Moreover, as confirmed from the simulation results, the amplitude of the noise signal decreased due to the effect of the resonant filter. However, in an industrial environment, noise having various frequencies can be included in the measured signal. These noise components should be reduced in the conventional quench detection method. However, because the method proposed in this paper uses only the amplitude change of the EMF signal corresponding to the resonance frequency, these noise components are not considered. This is because the amplitude of the noise components is smaller than that of the EMF signal due to the characteristics of the transfer function of the resonance filter. Therefore, only the frequency component corresponding to the EMF signal is measured to detect the quench. Figure 12 shows the results of FFT analysis using a 70 Hz signal corresponding to the resonance frequency of the circuit. As shown in Figure 12, it is possible to distinguish between the superconducting state and the normal state based on the 60 s when the heater trigger is turned on, so that the quench can be detected. Another advantage of the proposed quench detection method is that the quench detection time can be reduced by changing the window size (N) corresponding to an integer multiple of the EMF frequency at which the FFT analysis is performed. That is, by increasing the number of FFT analyses that can be performed at the same time, it is possible to increase the probability of detecting a quench signal.




4. Discussion and Outlooks


The quench voltage of the INS coil used in the experiment is 1.3 mV based on 1 μV/cm because the total length of the superconducting tape wound on the INS coil was 13 m as shown in Table 2 [18,19,20]. In Figure 12a, when the INS coil is in the superconducting state, the standard deviation is 0.8 mV, which is 0.5 mV less than the quench voltage. Also, in Figure 12a, the number of points is 600 and 153 in the superconducting and normal state, respectively. Table 3 shows the confusion matrix based on the results in Figure 12a.



As shown in Table 3, false positive rate is a ratio that is mistakenly determined as quench when the INS coil is in a superconducting state. Also, true positive rate means the ratio of determination as quench when the INS coil is in a normal state. Therefore, this results mean that the percentage of false alarm is 4.5% when the INS coil is in the superconducting state, and the percentage of detecting quench when it is in the normal state is 100%. However, when the quench voltage is set to three times, the percentage of false alarm converges to 0% [21]. Also the sampling rate for data acquisition was 1 kHz, so resolution was 10 when the window size is 100. Here, the window size is a minimum value in which the spectral leakage does not occur. In this case, the quench detection can be performed every 0.1 s [22,23]. However, the quench detection time can be performed faster depending on the resonance frequency, sampling rate and window size. Therefore, the effect of applying the proposed system to the INS coil has been confirmed. However, it is necessary to examine further the applicability of this method to the metal clad superconducting coil and the LTS coil [24,25].



It was confirmed through experiments that the quench detection method proposed in this paper can increase the reliability of quench detection compared to a system that detects abnormal signals in time domain using a conventional voltage tap. We also confirmed the advantage of reducing detection time, which is one of the most important factors to consider in designing the quench detection system. However, in order to apply this method, a capacitor having a capacity that can be tuned to the resonance frequency of the system is required. In addition, when this method is applied to a system other than HTS rotating machinery, an additional AC source is required to satisfy the resonance condition.




5. Conclusions


In this paper, we proposed a new quench detection method for HTS rotating machinery. In the HTS rotating machinery, unpredictable noise components are generated by the interaction between the HTS rotor coil and industrial environment. For sensitive quench detection, these noise components act as inhibitors, therefore, an RLC resonance filter was used to reduce the influence of the noise components. That is, the amplitude of the noise signal (except for the EMF signal) can be reduced as shown in Figure 5, using an INS coil. However, the quench detection method proposed in this paper is difficult to apply to the NI coil because of the wide band-width of the transfer function shape as shown in Figure 7 and Figure 8, respectively. Moreover, in order to overcome the drawback of quench detection due to the slow NZPV of an HTS, FFT analysis was performed. As shown in Figure 11 and Figure 12, we confirmed that quenching can be detected in the frequency domain through FFT analysis by comparing the amplitude of the transfer function. Moreover, the quench detection time can be shortened by adjusting the window size of the moving average filter. As a result, it is expected that the new method can be applied to HTS rotating machinery for sensitive quench detection.
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Figure 1. Flow chart of novel fault diagnosis method for superconducting rotating machine. 
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Figure 2. Equivalent circuit of the proposed quench detection method. 
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Figure 3. Equivalent circuit to explain the quench detection method. 
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Figure 4. Equivalent circuit of the simulation for verification of the proposed quench detection method. 
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Figure 5. FFT analysis results using the insulated (INS) coil. 
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Figure 6. Transfer function shape of the resonant circuit using the INS coil. 
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Figure 7. FFT analysis results using the not-insulated (NI) coil. 
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Figure 8. Transfer function shape of the resonant circuit using the NI coil. 
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Figure 9. Equivalent circuit to explain the filter characteristics according to the shape of the transfer function: (a) INS coil and (b) NI coil. 
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Figure 10. Experimental set-up for verification of the simulation results. 
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Figure 11. Experimental results: (a) voltage signal measured at Rext, (b) FFT analysis in the superconducting state, and (c) FFT analysis in the normal state. 
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Figure 12. FFT analysis results of the electromagnetic force (EMF) signal (@70 Hz): (a) N = 100, (b) N = 500, and (c) N = 1000. 
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Table 1. Specifications of the simulation parameters and values.
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Parameters

	
Values






	
VAC

	
EMF

	
Peak [Vpeak]

	
0.5




	
Frequency [Hz]

	
45.42




	
Noise

	
Peak [Vpeak]

	
0.5




	
Frequency [Hz]

	
20




	
Rdiv [kΩ]

	
1




	
RR [mΩ]

	
0.4




	
Rext [Ω]

	
5




	
Idc [A]

	
70




	
Rθ [μΩ]

	
10




	
LB [mH]

	
11.4




	
LINS [mH]

	
0.123




	
LNI [mH]

	
0.125




	
Mutual inductance

	
0.04
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Table 2. Specifications of superconducting coil parameters and values.
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Stator Coil

	
Rotor Coil




	
NI Coil

	
INS Coil






	
IC (@ 77K, Self) [A]

	
<80

	
<65

	
-




	
Coil Type

	
Single Pancake

	
Solenoid




	
Turns

	
30

	
-




	
I.D. [mm]

	
65

	
100




	
O.D. [mm]

	
80

	
83

	
120




	
Inductance [mH]

	
0.125

	
0.123

	
11.4




	
Time Constant [ms]

	
70

	
400

	
-




	
Insulation Material/Thickness [mm]

	
-

	
Kapton/0.05




	
HTS Tape

	
Type

	
SuNAM 2G HTS Tape




	
Width [mm]

	
4

	
12




	
Thickness [mm]

	
0.25
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Table 3. Confusion matrix of quench detection.
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Condition Positive

	
Condition Negative






	
Predicted Condition Positive

	
True Positive (=153)

	
False Positive (=27)




	
True Positive Rate (=1)

	
False Positive Rate (=0.045)




	
Predicted Condition Negative

	
False Negative (=0)

	
True negative (=573)




	
False Negative Rate (=0)

	
True negative Rate (=0.955)












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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