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Abstract

:

The resilience of systems with alternating current (AC)–direct current (DC) converters has been investigated with the aim of improving switch fault diagnosis. To satisfy this aim, this paper proposes a switch fault diagnosis algorithm for three-phase AC–DC converters. The proposed algorithm operates using the phase current instead of the average current to reduce the calculation time required for fault switch detection. Moreover, a threshold point calculation method is derived using a theoretical analysis, which was lacking in previous research. Using the calculated threshold point, a switch fault diagnosis algorithm is obtained to detect faults independent of the load condition. Using the proposed algorithm, switch faults can be detected within 4 ms, which is the recommended value for uninterruptible power supply (UPS). The theoretical analysis, the operating principle, and the experimental results on a 3-kW grid-tied AC–DC converter test-bed are presented herein, which verify the performance of the proposed algorithm.
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1. Introduction


In hybrid grid systems that combine the alternating current (AC) grid and the direct current (DC) grid for compensating the disadvantages of both grids alone, the AC–DC converter connects both AC and DC grids [1]. The most important consideration point for evaluating the reliability of the AC–DC converter is resilience. Resilience is defined as its ability to maintain stable power delivery between grid systems, even during AC–DC converter fault conditions. Until now, the main causes of power electronics equipment failures, such as power semiconductor failure, capacitor temperature stress, gate driver failure, and soldering failures, have been surveyed. According to the results of surveys on installed power electronics equipment in the field, power semiconductor failure makes up a significant percentage, approximately 31% [2,3]. Among these power semiconductor failure results, several characteristics of switch open faults can be observed: (1) detecting switch-open failure is difficult, because observing precipitous variations in a system is difficult; and (2) system performance decreases owing to switch-open failure, thereby increasing the input current total harmonic distortion (THD) and the voltage ripple of the DC link. Therefore, a switch fault detection algorithm is required to improve system resilience.



In this algorithm, the fast switch fault detection is the major factor influencing the improvement of system resilience. The time required to detect a switch fault is defined differently for each application. For example, the time is recommended to be less than 4 ms in the case of uninterruptible power systems (UPS) classified as high-resilience systems [4,5]. Many studies have been conducted with the aim of satisfying this requirement, and the methods therein have been categorized in terms of converter pole voltage and converter phase current. The converter pole voltage method has the disadvantage of using voltage sensors, which are rarely used in grid-tied converters for acquiring information on the switch voltage [6,7]. In previous research using the voltage sensor, the faulty switch was detected by comparing between gate signal and switch voltage. Therefore, in order to detect the switch fault, the voltage sensors were required depending on the number of switches. However, the voltage sensing method has a faster switch fault diagnosis time than the phase current method. The switch fault diagnosis of the phase current method has the advantage of detecting switch faults without using any additional hardware [8,9,10,11,12,13,14,15].



The classical switch fault diagnosis methods using phase current are the Park’s vector approach, the normalized vector method, and the DC current method. These methods use the average phase current, which is changed depending on the switch fault position. These methods require time to obtain the average current, which is calculated by integrating id, iq per one cycle of the grid frequency and more than one cycle for fault diagnosis [16]. Additionally, the average current is used for calculating the parameters of fault diagnosis, which is the fault magnitude, the phase angle, and the normalized vector. Therefore, obtaining superior fault detection time is difficult in classical switch fault diagnosis methods, because the phase current methods require more than 16.6 ms for switch fault diagnosis in the grid-tied condition.



In order to overcome these disadvantages, the diagnosis method using the phase current without calculating the average current has been proposed [17,18,19,20]. However, these previous methods that lack the calculation of the average current have inaccurately determined threshold points, which identify switch-normal and fault conditions using values from experience without any mathematical analysis. In previous studies, under a low threshold point, the possibility of misdiagnosis increases, because it is difficult to distinguish between the varying phase current and the fault current. In the case of high threshold points, the switch fault diagnosis time is extended for reaching the high threshold point. Therefore, in order to obtain the fast fault diagnosis in all load ranges, the threshold point should be theoretically analyzed and applied based on system parameters.



Therefore, in this paper, the switch fault diagnosis algorithm adopting the threshold point calculation method is proposed for overcoming the drawbacks of previous switch fault diagnosis methods using the phase current on a grid-tied AC–DC converter. For improving the fault diagnosis algorithm, the phase current and the current ripple are theoretically analyzed for determining the threshold point. The calculated threshold point is applied, thus the diagnosis algorithm can shorten the switch fault diagnosis time to 4 ms or less, which is the recommended value of UPS. To verify the superiority of the proposed algorithm, previously studied algorithms are analyzed and compared with the proposed algorithm, and the experimental results during the switch fault condition are presented.




2. Switch Fault of the Grid-Tied AC–DC Converter for Hybrid Grid Systems


Figure 1 presents a hybrid grid system that contains a basic AC–DC converter for power transfer in each grid. In this system, the rapid switch fault diagnosis of the AC–DC converter is required to improve system resilience. In this AC–DC converter application, several studies have been conducted on tolerance operations, which is used to improve system resilience after fault diagnosis [21,22,23]. Among the methods proposed in these previous studies, the exact location of the fault switch is rarely required for tolerance operation; most tolerance operation methods only require the fault leg, which consists of the faulty switch. Therefore, for tolerance operation, the fault diagnosis algorithm must only identify the fault switch leg without considering the fault switch location.



The phase current of the AC–DC converter before and after the switch fault is presented in Figure 2. If the high-side switch of the converter fails, the phase current of the negative side is not controlled, as shown in Figure 2a. In contrast, when the low-side switch fails, the positive current is uncontrolled, as shown in Figure 2c. According to the switch position, the equivalent circuits of the switch fault condition are presented in Figure 2b,d.



When the switch fails, the slope of the phase current on the fault leg is changed by (1). The phase current is decreased until reaching nearly zero after the switch fault [24,25,26]. The characteristics between the normal condition phase current and the fault condition phase current should be identified for progressing the phase current diagnosis algorithm. The magnitude of the phase current changes depending on the grid frequency, and the phase current crosses the zero point periodically without the switch fault condition. Therefore, the average current is used in the switch fault algorithm, because it is difficult to compare characteristics before and after the switch fault. This algorithm uses the difference in the average current between the switch fault section and the normal section for switch fault diagnosis.


diadt=(van−SEDC+−(1−S)EDC−)/La



(1)




where S = 1 if Sa.high or Da.high ON, S = 0 if Sa.low or Da.low ON




3. Operational Principle of Proposed Fault Diagnosis Algorithm


3.1. Limitation of Previous Counting Method


As shown in Figure 2, the phase current reaches zero in the zero crossing of the normal condition and the switch fault condition. Therefore, using this characteristic of the phase current in the switch fault condition, the faulty leg can be detected by obtaining the time difference of the phase current that is nearly zero between the switch normal condition and the switch fault condition, as shown in Figure 3. Under the switch normal condition, the fault counter operates for a short time, as shown in Figure 3a. Under the switch fault condition, as shown in Figure 3b, the fault counter is operated for a longer time compared with the switch normal condition. However, the threshold points for distinguishing between the switch normal condition and the fault condition are not clearly determined. In order to determine the switch fault using this method, it is necessary to set the threshold point to classify the fault count as a failure. If this threshold point is inaccurately determined, the following problems occur.



Previously researched threshold points, which are determined by using parameters that are rarely used or are difficult to obtain in the AC–DC converter, cause a high threshold point or a low threshold point, as shown in Figure 4 [17,18,19,20]. Figure 4 was simulated by PSIM, which is software for power electronics simulation. Figure 4a presents the case of a high threshold point, which is used to avoid the misdiagnosis of the switch fault. In this case, switch fault detection requires considerable time, because the fault count must exceed the high threshold point. In the case of a lower threshold point that is used to reduce diagnosis time, the fault detection algorithm also reacts sensitively in the non-fault condition, as shown in Figure 4b. It is also theoretically difficult to distinguish between the variation in normal count value that depends on the load and the count value variation that depends on the switch fault.



Therefore, to implement a robust and superior fault diagnosis algorithm, the threshold point is continuously calculated by real-time data, regardless of load variation; the threshold point should be derived from the theoretical analysis. Thus, if the parameter used to calculate the threshold point is independent of the load, the fault diagnosis algorithm can cope with the variation in load conditions. However, in previous studies, the method to determine the threshold point has rarely been investigated, although this is extremely important in a switch fault diagnosis algorithm.




3.2. Proposed Switch Open Fault Diagnosis Algorithm


The threshold point should be derived from theoretically derivable parameters of the AC–DC converter, and the parameters should be calculable without load variation. The current ripple, which is usually measured with the fundamental phase current for current control, is a suitable parameter for calculating the threshold point in grid-tied converters, because the current ripple does not change according to the variation of the phase current. The current ripple is only designed to satisfy 5% of the total harmonic distortion standard using the designed filter and considering the relationship between the modulation index (ma) and the damping ratio of the filter. Figure 5 presents the simulation waveform of the current ripple with respect to load variation in the grid-tied system. As shown in Figure 5, the current ripple is constant regardless of the phase current magnitude. Therefore, the threshold point can be calculated using the current ripple for switch fault diagnosis.



To determine the threshold point using the current ripple, the magnitude of the current ripple and the time the current remains nearly zero should be defined depending on whether this occurs before or after the switch fault. Figure 6a,b present a phase current considering the ripple on the AC–DC converter before and after the switch fault condition, respectively. In Figure 6, the switch fault is detected by ψ, which represents the magnitude of the current ripple, and τ, which represents the time during which the current was near zero. To calculate τ, the instantaneous phase current value that contains the maximum current ripple should be determined as (2). For considering the maximum current ripple, the harmonic current from switching is approximated using the filter damping ratio ζ in (2). It is difficult to obtain τ directly using (2); therefore, the maximum current ripple +ia and the minimum current ripple −ia are derived by approximating (2), as shown in (3) and (4), respectively. Finally, τ is calculated by the time difference when +ia and −ia are equal to zero, as shown in (5).


ia(t)=ia.max*sin(2πfrt)+ζia.max*sin(2πfswt)



(2)






+ia(t)=ia*sin(2πfrt)+ζ ia.max*



(3)






−ia(t)=ia*sin(2πfrt)−ζ ia.max*



(4)






τ=sin−1(ζia.max*ia*)πfr



(5)







In order to use them for switch fault detection, the parameters ψ and τ need to be theoretically defined. ψ can be defined by considering the maximum current ripple as 5% to satisfy the THD standard. If the general expression of the phase current is zero, ψ can be calculated as 0.05 times the maximum phase current calculated using (2). τ can be calculated continuously by using the time difference of ±ia reaching zero, as shown (5). In the case of a switch normal condition, the time that the phase current remains in the ψ region is shorter than that under an abnormal switch condition. When the switch fails, the time that the phase current remains in the ψ region exceeds τ, which represents the value when the switch fault is detected.



A flow chart explaining the proposed algorithm considering the above-mentioned operation principle is presented in Figure 7. In this flow chart, the fault counter is operated when each phase current is measured within ψ. If the counted time from counting the fault counter, which represents tψ, exceeds the τ, the faulty leg corresponding to the fault condition can be detected. The fault counter is reset when the phase current is no longer in the ψ region and before it reaches the τ region. In the counter reset case, the AC–DC converter is determined to be operating under normal conditions.



Using the proposed algorithm, the simulation is conducted as shown in Figure 8. In the simulation results, the switch fault can be detected by the proposed fault diagnosis algorithm using the variable threshold point in the full load condition. In particular, the fast fault diagnosis can be performed by the decreasing τ according to increasing the loads compared between Figure 9a,b.





4. Experimental Results


To verify the performance of the proposed diagnosis algorithm, experiments are conducted on a 3-kW prototype test bed, as shown in Figure 10. The parameters listed in Table 1 are used to design the converter and conduct the experiments. The switching frequency is selected to consider the frequency specifications and the losses of the applied IGBT. The filter inductor and the filter capacitor are designed for satisfying the THD standard. The DC link capacitor is constructed for demonstrating the DC grid. In order to exclude the influence of time delay on the fault signal injection and the fault diagnosis, the interruption time of the microcontroller is determined to be 100 µs. A module-type power semiconductor with three legs is used, as shown in Figure 10. To improve the objectivity of the experiment, the switch fault is demonstrated during the converter operation.



Figure 11 shows the waveforms obtained using the fault diagnosis algorithm according to the injected fault signals, which operate to stop the switch. Figure 11a,b show the proposed fault diagnosis waveform with a light load condition and a full load condition, respectively. The fault signal flag indicates the time of the fault situation. The fault detection flag means the time of the fault detection, which is obtained by the proposed algorithm. Before the fault occurs, the value of the fault counter is maintained under the threshold value. After the switch fault occurs, the fault counter exceeds the threshold value, and the switch fault is detected, as seen by the increase in the fault detection flag. The switch fault is detected within 4 ms, as shown in Figure 11a,b. Thus, using the proposed algorithm, switch fault diagnosis can be achieved within 4 ms.




5. Conclusions


In order to achieve fast switch fault diagnosis to improve the system resilience of AC–DC converters on a grid-tied system, a switch fault diagnosis algorithm using instantaneous phase current is proposed. To this end, the characteristics of the phase current are analyzed to calculate the threshold point that represents the value for a switch fault or no-fault. Using the proposed threshold calculation method, the time to fault diagnosis is effectively improved without the magnitude of the phase current. From these results, the proposed algorithm can achieve the fast switch fault diagnosis and can satisfy the recommended standard of UPS without any extra hardware. The proposed fault diagnosis algorithm is verified with simulations and experimental results. A 3-kW experimental test-bed is constructed to implement the actual switch fault condition.
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Figure 1. Alternating current (AC)–direct current (DC) converter for considering switch fault in the hybrid grid system. 
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Figure 2. Current characteristic and equivalent circuit in the switch fault condition: (a) phase A high-side switch fault simulation waveform; (b) equivalent circuit of phase A high-side switch fault; (c) phase A low-side switch fault simulation waveform; (d) equivalent circuit of phase A low-side switch fault. 
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Figure 3. Principle of previous switch fault diagnosis algorithm: (a) switch normal condition; (b) switch fault condition. 
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Figure 4. Problem of inaccurate threshold point: (a) problem of high threshold point; (b) problem of low threshold point. 
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Figure 5. Phase current waveform in a grid-tied AC–DC converter: (a) phase current in the light load condition; (b) phase current in the full load condition; (c) fundamental current waveform in the light load condition; (d) fundamental current waveform in the full load condition; (e) ripple current waveform in the light load condition; (f) ripple current waveform in the full load condition. 
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Figure 6. Principle of proposed switch fault diagnosis algorithm with threshold point calculation: (a) τ of switch normal condition; (b) τ of switch fault condition. 
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Figure 7. Flow chart of the proposed fault diagnosis algorithm. 
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Figure 8. Simulation waveform of the proposed algorithm: (a) Fault diagnosis operation in the light load condition; (b) Fault diagnosis operation in the full load condition. 
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Figure 9. Variation of τ according to the load condition: (a) small τ in full load condition; (b) large τ in light load condition. 
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Figure 10. 3-kW experimental test-bed for fault diagnosis of AC–DC converter. 
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Figure 11. Experimental waveform of switch fault diagnosis: (a) switch fault diagnosis with proposed algorithm at 1300 W; (b) switch fault diagnosis with proposed algorithm at 3000 W. Time: 10 ms/div., phase current (ia): 5A/div., fault signal flag (sig.fault): 1V/div., fault detection flag (flagdetection): 1V/div., fault counter flag (flagcounter): 1Vdiv. 
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Table 1. Parameters of 3-kW AC–DC converter system.
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	Parameter
	Value
	[Unit]
	Parameter
	Value
	[Unit]





	Input voltage, Vin
	220
	[Vrms]
	Filter inductance, Lf
	3.2
	[mH]



	Output voltage, Vout
	380
	[Vdc]
	Filter capacitance, Cf
	4
	[uF]



	Grid frequency, fgrid
	60
	[Hz]
	DC link capacitor, Cdclink
	2
	[mF]



	Power rate, Prated
	3
	[kW]
	Threshold time, τ
	0.3–1 * margin
	-



	Switching frequency, fsw
	15
	[kHz]
	Magnitude of current ripple, ψ
	1.1
	[A]











© 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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