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Abstract:



Numerous advantages offered by Photovoltaic (PV) generation systems coupled with the increasing power demands for clean energy put PV systems in the front of many research works. For stand-alone applications powered with PV systems, the reliability of the power conversion stage is essential to ensure the continuous supply of energy. Therefore, in the case of any failure occurring in the power conversion stage, it is mandatory to provide remedial actions to guarantee the service continuity of the produced electrical power. This paper analyses the service continuity of a two-stage buck/buck-boost converter with energy storage, driven with synchronous control. The initial two-stage converter is made fault-tolerant and robust to failures of its two switches by adding only one additional switch associated with two diodes. In this study, only open-circuit switch faults are considered. The proposed fault-tolerant circuit and the initial one have the same electrical behavior when synchronous control is used. The applied synchronous control in both healthy conditions and post-fault operation ensures the same functionalities without degrading the system’s performances. The proposed two-stage synchronously-controlled circuit is validated through simulation in the cases of open circuit faults on the two switches of the initial converter. The obtained results show the feasibility of the proposed functional redundancy and the continuity of operation at full power after switch fault diagnosis.
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1. Introduction


The continued increase in fossil fuel costs and the increasing energy demands of autonomous systems have led to the development of sustainable energy systems [1]. Among clean power sources, Photovoltaic (PV) solar energy comes up as a very interesting alternative for electrical power generation [2]. Indeed, photovoltaic energy has had a remarkable growth in the last few decades and a significant penetration in many applications such as telecommunication, battery charging, as well as part of hybrid power systems. To enhance the electric power availability of energy harvesting systems in different applications, the continuity of service becomes mandatory. It is particularly critical in applications that require continuous and uninterrupted energy such as medical devices, embedded systems or sensor networks. Figure 1 shows the commonly-used structure in PV systems, consisting of PV panels associated with two cascaded DC-DC converters. The two DC-DC converter circuits act as an interface between the PV source and the connected load. Moreover, within the framework of stand-alone applications, as in this study, energy storage is often included in the power conversion stage between the two converters (see Figure 1).


Figure 1. Classical structure of a PV energy harvesting system.
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In the past few decades, scientific research works in PV reliability studies have focused on storage devices and semi-conductors. Moreover, in PV energy harvesting systems, power electronics DC-DC converters are the most critical source of failures. Indeed, the most critical elements in the DC-DC converters, which can undergo a fault, are the power semiconductors, mainly the switches. According to a survey, semiconductor failure in power devices takes up [image: ] of power electronics systems failures [3,4]. The switch failures can be either Short Circuit Fault (SCF) or Open Circuit Fault (OCF) [5]. These failures may happen due to several reasons: incorrect gate voltage, lifting of bonding wires due to thermal cycling, driver failure, rupture of the switch, which can be a consequence of an SCF and electrical over stresses (voltage or current), electrostatic discharge, system transient and lightning. In practice, an OCF may be a consequence of a gating fault or an SCF. In this case, to perform continuity of service under an SCF of the switch itself, a fast fuse is usually connected in series with the switch. It is also possible to cut the short-circuit path by using an additional controllable switch in series with the switches of the circuit; this solution is more efficient to cut the SCF in terms of time performances, but it induces high additional costs and power losses. Thus, in all cases, an SCF will become an OCF after the cut of the short circuit path. For this reason, only OCF is considered in this paper. Moreover, to perform the continuity of service proposed in this paper, there is no need to know if the detected OCF results from an SCF or not.



Service continuity in power electronics converters is necessary in safety critical applications. Indeed, it allows one to avoid energy transfer cut between the elements of the power conversion chain and the damages that can result from this. Service continuity includes two steps:

	
Fault diagnosis, including fault detection and location. It is the first mandatory step for a suitable response to a fault detected in a semiconductor device. Several methods have been reported in the literature. An open and short circuit switch fault diagnosis applied to non-isolated DC-DC converters is presented in [6]. It is based on the continuous monitoring of the inductor current slope, whose abrupt changes give useful information for fault detection. In [7], fault diagnosis based on the monitoring of the primary voltage of a transformer is proposed and applied to full-bridge DC-DC converters. A DC-DC converter diagnosis method that utilizes the magnetic near field as the diagnostic criterion is proposed in [8]. In addition, a switch fault diagnosis method based on the magnetic component voltage measurement is proposed in [9].



	
Remedial actions encompass the reconfiguration of the converter and its associated control, if necessary. Several system reconfiguration approaches have been proposed in the literature, for a fault-tolerant converter with or without redundancy. They are detailed hereafter.








The classical fault diagnosis and remedial action approaches allowing one to perform service continuity of the converter under normal mode operating conditions (at full power) are summarized in Figure 2. On the one hand, converter topologies can include redundancy, where an identical operating converter topology will be operated before and after remedial actions. In this case, the post-fault control remains the same after fault diagnosis. An example of fault-tolerant operation using this approach, tested on multiple parallel-connected boost converters, is proposed in [5]. In the proposed fault-tolerant circuit, a unique redundant switch is shared between multiple identical boost DC-DC converters connected to a common DC bus. Moreover, linking switches are connected between the redundant switch and each DC-DC converter. When a switch fault occurs in one of the converters, the faulty switch will be replaced by the shared redundant switch, by switching the suitable linking switch. Then, the converter comprising the faulty switch will continue to operate at full power. On the other hand, without redundancy, to perform normal operation after fault diagnosis, both converter topology and its associated control must be reconfigured. To the best of our knowledge, research works addressing this operating mode have been reported in the literature only for AC-DC conversion, not for DC-DC one.


Figure 2. Typical service continuity approaches.
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Nevertheless, a degraded mode after fault compensation can be performed without redundancy, where the converter topology remains unchanged, and only its associated control is modified. An example of this case is presented in [10], where a DC-DC converter for hybrid electric vehicles is studied. The proposed converter is comprised of three stages: a buck, a boost and a bidirectional leg for battery charging and discharging. In this study, only OCF in the boost converter’s switch is considered. After an OCF detection, the bidirectional leg, initially used for charging and discharging the battery in healthy conditions, is also used for fault compensation. Nevertheless, the converter control is also modified after remedial actions. By these actions, the boost operation is still guaranteed, but the power exchanges with the battery are in a degraded mode. Another example of a fault-tolerant topology without redundancy, with degraded operation after fault compensation, is proposed in [11]. This topology is proposed for a three-level boost DC-DC converter and is dedicated to open circuit switch faults. The circuit must contain at least two input capacitors, and its midpoint must be connected to the midpoint of PV modules. The fault tolerance strategy requires an additional inductor and a triac added to the initial converter. The concept of the reconfiguration is the same: when one of the switches is faulty, this three-level boost converter is reconfigured into a standard two-level boost converter with MPPT (Maximum Power Point Tracking) control for only one PV module, while the other module operates without MPPT control. As a result, the converter does not stop working, although it provides less energy.



In this paper, service continuity of a cascaded buck/buck-boost converter equipped with intermediate energy storage is studied. Here, focus is placed on remedial actions based on a new and the original fault-tolerant buck/buck-boost circuit. The fault diagnosis part is not included nor discussed in this study. Numerous switch fault diagnosis studies in conversion circuits have been reported in the literature and have been the subject of intensive research. As mentioned before, faithful results have been also reported in the case of DC-DC circuits such as the ones presented in [12,13]. One of the proposed algorithms can be applied for fault diagnosis purposes of the studied buck/buck-boost circuit. In this paper, our contribution concerns “remedial actions” for service continuity at full power for the cascaded buck/buck-boost circuit under OCF of one of the two switches. To perform fault-tolerant operation, an original redundancy-based approach is proposed. Nevertheless, this approach is not based on classical redundancy where each switch has its own redundant counterpart. On the contrary, the proposed topology employs a reduced number of additional switches. A single additional switch, associated with two diodes, allows one to keep the same power performances after a switch failure of one of the switches of the two-stage converter. Even if the classical redundancy approach is not used, the same synchronous control still applies before and after remedial actions. By using the same color code from Figure 2, the service continuity approach we propose here can be illustrated as in Figure 3. Consequently, in the proposed approach, service continuity at full power is achieved by using both a fault-tolerant converter topology circuit without classical switches redundancy and the same control before and after fault diagnosis.


Figure 3. The proposed service continuity approach.
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The main contributions of the presented work can be summarized as follows:

	
First, the global service continuity of the two cascaded DC-DC converters circuit is proposed. The proposed approach allows one to ensure the service continuity of the overall conversion circuit by reconfiguring it in the presence of an OCF occurring in one of the two converters. Moreover, only a single redundant switch is used to guarantee the fault-tolerant operation of this two-stage conversion circuit and thus its overall service continuity.



	
Second, although the cascaded circuits in healthy and post-fault conditions are not the same, the same control is applied in both operating modes. This unified control is advantageous for the following reasons:

	−

	
Reconfiguration time: After an OCF detection, the control used in healthy conditions is not modified; thus, the service continuity is guaranteed with high time performances; in the post-fault operation, the reconfigured converter can be reconfigured and controlled as soon as the OCF is detected.




	−

	
Reduced controller complexity: In the proposed system, the so-called “fault-tolerant control” that is always associated with fault-tolerant operation is the same as the control applied in the healthy operation mode: only the choice of the switch(es) to be controlled in healthy conditions or post-fault operation is added. Consequently, the overall controller complexity is reduced as much as possible.




	−

	
Operating point maintenance: Even if the operating circuits before and after an OCF detection are not the same, they are electrically equivalent under synchronous control. Thus, applying the same synchronous control after and before the OCF detection and the circuit reconfiguration, the operating point values are maintained, and the load is not stressed with the circuit reconfiguration changes.




	−

	
Implementation cost: From the implementation point of view, the reduced complexity of the controller used in both operating modes considerably limits the additional costs needed for its design.














In the following sections, the proposed fault-tolerant converter circuit and its associated control are detailed. Some selected simulation results confirming the effectiveness of the proposed fault-tolerant topology are provided.




2. Proposed Reconfigurable Converter and Remedial Actions


The studied PV system with a two-stage DC-DC conversion and energy storage is depicted in Figure 4. The first stage is a step-down circuit because in the studied PV system, the PV output voltage is higher than the voltage of the battery used. On the contrary, the second converter stage needs to supply to the connected load voltages, which are both higher and lower than the battery voltage. Given that the proposed service continuity approach is based on the use of a single redundant synchronous switch that can replace the two switches (one for each converter), both converters must be single-switch non-isolated DC-DC converters. Thus, given the previously-mentioned application constraints, the only choice for the first stage is the use of a buck converter, whereas the second converter stage must be a buck-boost converter. In this DC-DC circuit, the front buck converter tracks the Maximum Power Point (MPP), whereas the buck-boost one is used to control the output voltage [14]. In healthy conditions, the switches of the two converters could be controlled in the same manner by using a synchronous control.


Figure 4. PV energy harvesting system with a two-stage DC-DC converter and energy storage.
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To ensure service continuity and reduce the number of redundant switches of the converter topology studied in Figure 4, according to the classical approach, a solution could be to share with linking components a single redundant switch between [image: ] and [image: ], in the spirit of the circuit reported in [5]. To find a common node between the switches [image: ] and [image: ], they are moved toward each other while keeping the same electrical converter circuit, as shown in Figure 5.


Figure 5. Equivalent electrical circuits with common drain-source node.
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However, sharing a single redundant switch between [image: ] and [image: ] is not possible because of the opposite current directions in [image: ] and [image: ] (see [image: ] and [image: ] in Figure 5). Nevertheless, it can be seen that the drain of the switch [image: ] is common to the source of the switch [image: ]. Consequently, if a synchronous control is applied to drive the switches [image: ] and [image: ] in healthy conditions, it can be demonstrated that the structure with common node D-Sbetween [image: ] and [image: ] can be replaced by an equivalent circuit comprising a single switch S associated with two diodes [image: ] and [image: ] [15], as shown in Figure 6. Notice that the two structures of Figure 6 have the same electrical behavior, if a synchronous control is applied.


Figure 6. Equivalent synchronous switch for [image: ] and [image: ].
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To improve the reliability of the PV system and ensure service continuity of the two-stage cascaded DC-DC circuit, we propose a new and original fault-tolerant circuit presented in Figure 7 [16]. It requires a reduced number of additional components (a single switch S and two diodes [image: ] and [image: ]) compared to the original buck/buck-boost converter circuit (Figure 4), as shown in Figure 7. The diodes [image: ] and [image: ] are necessary in terms of “electrical circuit”. However, MOSFET components have effectively an internal diode, called the body diode, which is connected between the source and the drain. Thus, in practice, if MOSFETs with body diodes having adequate current and switching speed ratings are used for [image: ] and [image: ], the diodes [image: ] and [image: ] can be the body diodes of these MOSFETs, respectively. This would in practice further reduce the required number of used semi-conductors.


Figure 7. PV system with service continuity capability.
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Regardless of the fault location (in [image: ] or [image: ]), the same strategy for system reconfiguration is proposed. Consequently, after an OCF diagnosis and reconfiguration, the post-fault topology with the single switch S performs the same functionalities and ensures the normal operation of the system. In healthy conditions, [image: ] and [image: ] are synchronously driven to perform both MPPT and output voltage control. In this case, the control is opening the switch S, and the diodes [image: ] and [image: ] are reverse biased by the switches [image: ] and [image: ], respectively. When an OCF occurs and is detected either in [image: ] or [image: ], both switches are opened by the control and become disabled, whereas the switch S starts to be driven to replace the operation of [image: ] and [image: ]. Moreover, in the reconfigured topology, the diodes [image: ] and [image: ] are also conducting. Unlike the conventional approaches, even if a new conversion circuit is obtained after reconfiguration, the same control remains applied (Figure 7). In healthy conditions, the synchronous control based on the signal [image: ] drives the switches [image: ] and [image: ], and the switch S is disabled and open. Once an OCF is detected either in [image: ] or [image: ], the signal [image: ] drives the switch S, and the switches [image: ] and [image: ] are disabled (ordered to the opening). As a result, the PV system is capable of operating at full power after an OCF diagnosis.




3. Control of the Proposed Fault-Tolerant Circuit


In this section, the principle of the unified synchronous control applied to the fault-tolerant circuit is first described. Then, the MPPT algorithm and the output voltage control across the load are detailed.



3.1. Principle of the Control


As explained previously, the same synchronous control used to drive the switches [image: ] and [image: ] in healthy conditions is also applied to the proposed reconfigurable converter without any modification. Before the occurrence of a failure, the buck converter performs the MPPT by driving the switch [image: ], while the buck-boost converter controls the output voltage across the load by driving the switch [image: ]. After compensation of the failure, the circuit performs both MPPT and output voltage control by driving only the switch S. To ensure the uninterrupted power supply of the load, the buck-boost converter must operate in Continuous Conduction Mode (CCM). The transfer function of the buck-boost converter in CCM mode is given by:


[image: ]



(1)







Consequently, based on this transfer function, the duty cycle D of the buck-boost converter is used to control the output voltage across the load.



To track the MPP, the buck converter operating in Discontinuous Conduction Mode (DCM) is used. This conduction mode results from the unified synchronous control applied to the cascaded circuit under both healthy conditions and post-fault operation, as well. Indeed, under synchronous control of the two converters, one must operate in CCM (with duty cycle D as a control parameter) and the other one in DCM (with frequency f as a control parameter) because a single switching pattern with only two control parameters D and f is available. For continuous load supplying, the second stage, which is directly connected to it and feeds it, is naturally in CCM. Thus, under these assumptions, the only choice that is left for the first converter stage is to operate in DCM. Nevertheless, one can also notice that the insolation of the PV source varies during the day and with changing climatic conditions, causing discontinuous power delivery at the PV panel. Therefore, the DCM operating mode of the front buck converter is appropriate for the studied PV system. Indeed, in synchronous control, the two converters must have the same duty cycle D, and since this parameter is already used for the regulation of the output voltage, it cannot be used for tracking the MPP. For this reason, we analyze the transfer function of the buck converter in DCM mode, given by Equation (2):


[image: ]



(2)




where [image: ] is the equivalent load resistance of the front buck converter stage. Thus, the MPP of PV modules can be tracked by acting either on the duty ratio D or on the frequency f of the switching pattern. However, the unified synchronous control applied to both converters limits the choice of the control parameters used to track the MPP at the PV panel’s output. As mentioned previously, the studied PV system needs to ensure continuously the power supply of the connected load. Thus, the second buck-boost converter stage must operate in CCM and is controlled with the duty cycle parameter D. Since the control parameter D is reserved for the second converter, according to Equation (2), the only possible way to control the buck converter is based on the frequency parameter f.



On the other hand, the current [image: ] is the same as the current [image: ] through the inductor [image: ], when the switch [image: ] is ON. The average value of [image: ] can be expressed by (see Figure 8):


[image: ]



(3)






Figure 8. Waveform of the current [image: ] crossing the inductor [image: ] in steady state, in Discontinuous Conduction Mode (DCM) mode.
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As long as [image: ] is running in DCM, [image: ] (see Figure 8) can be calculated by:


[image: ]



(4)







By replacing Equation (4) in Equation (3), the relation between the current [image: ] and the control variables becomes:


[image: ]



(5)




from whence,


[image: ]



(6)







The advantage of using a synchronous control in healthy conditions to control the proposed fault-tolerant topology is to be able to quickly apply the same control in post-fault operation. Thus, the commutation time for the control in the OCF case is reduced as much as possible. The modes of operation of the buck/buck-boost converter must always be respected. Thus, the inductor [image: ] must operate in DCM, while the inductor [image: ] must operate in CCM.




3.2. Maximum Power Point Tracking Algorithm


To optimize the efficiency of the PV system, it is important to produce the maximum output power of the PV modules by applying so-called MPPT algorithms. In healthy conditions, the buck converter of the electronic circuit studied in this work is dedicated to this function. Several algorithms for maximizing the electric power produced by renewable energy have been published in the literature [17,18,19,20,21].



Due to its ease of implementation, the Perturb and Observe (P&O) MPPT algorithm is used in healthy conditions to track the MPP of the available electrical power [20,22,23,24].



Figure 9 represents the P&O algorithm, where the evolution of the generated power is analyzed after each disturbance of the voltage of the source. The voltage of the source is disturbed during each cycle, and a frequency variation [image: ] is applied to the control variable f (Figure 9).


Figure 9. Perturb and Observe (P&O) MPPT algorithm.
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3.3. Output Voltage Control


The regulation of the output voltage is carried out by adjusting the duty cycle D. As mentioned before, we chose that the buck-boost converter operates in continuous conduction mode to ensure a continuous supply of the load. The transfer function of the buck-boost converter under CCM is repeated here:


[image: ]



(7)







Based on Equation (7) for a quasi-constant [image: ] battery voltage, regulating the voltage [image: ] amounts to regulating the duty cycle D. The regulation of the output voltage [image: ] goes through the small signal modeling around an operating point of the circuit [25]. Thus, the electrical quantities are considered as purely continuous (operating point) with a small variation around them. In other words, an electrical quantity [image: ] is the sum of a continuous component Y and an alternating component [image: ]. The equations considered are those involving the current [image: ] and the voltage [image: ] over a switching period. When the switch [image: ] is ON ([image: ]), we have:


[image: ]



(8)







When the switch [image: ] is OFF ([image: ]), we have:


[image: ]



(9)







By combining Equations (8) and (9) over a switching period [image: ] and applying the small signal modeling approach developed in [25], with [image: ], [image: ] and [image: ], the following transfer function linking the alternating components of the output voltage to the duty cycle is obtained:


[image: ]



(10)







The output voltage can be regulated with a single feedback loop. Figure 10 shows the block diagram of the output voltage regulation of the buck-boost converter. A comparator is used to compare the measured output voltage [image: ] with the value of the reference voltage [image: ]. A corrector is used to minimize the error [image: ] between [image: ] and [image: ]. The output of the corrector is the duty cycle D.


Figure 10. Block diagram of the regulation for the output voltage for the buck-boost converter.
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Finally, based on the switching frequency f (fixed by the MPPT control for the buck converter) and the duty cycle D (fixed by the output voltage regulation for the buck/boost converter), a single switching pattern [image: ] (see Figure 7) is produced by a unique Pulse Width Modulation (PWM) block to perform both MPPT and output voltage control in healthy conditions, as well as in the post-fault operation.





4. Rating of the Inductors [image: ] and [image: ]


The converter must operate in synchronous mode during both healthy conditions and post-fault operation, which imposes constraints on the inductor [image: ] and [image: ] values. For this reason, the rating of the inductors [image: ] and [image: ] must be done accordingly.



The limit between continuous and discontinuous conduction is determined when the current through the inductor [image: ] crosses zero just at the time the switch [image: ] switches to the ON state. That is when [image: ] (in this case, we have: [image: ]), as shown in Figure 11.


Figure 11. Limit between continuous and discontinuous conduction modes for the inductor [image: ]. CCM, Continuous Conduction Mode.
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In this case, the average current flowing through the inductor [image: ] is given by:


[image: ]



(11)




where the expression of [image: ] is given by Equation (4). Therefore, in order for [image: ] to operate in DCM, the following condition must be verified:


[image: ]



(12)




where [image: ] is the average current flowing through the inductor [image: ] at maximum output power. Therefore, the range of values of [image: ] ensuring the operation of the buck converter in DCM is defined by:


[image: ]



(13)







Similarly, the charge current [image: ] at the limit of continuous and discontinuous conduction (for minimum output power) is given by the following equation:


[image: ]



(14)




where the expression of [image: ] is given by:


[image: ]



(15)







Therefore, the inductor [image: ] operates in CCM if the following condition is verified:


[image: ]



(16)







Therefore, the range of desired values of [image: ] is defined by:


[image: ]



(17)








5. Simulation Results


5.1. PV System Modeling


The studied system has been modeled and successfully simulated with the MATLAB/Simulink (R2014a, MathWorks, Natick, Massachusetts, USA) environment. The load of the PV system (Figure 7) is a resistive load with a nominal 20-W power operating in the range of 5–15 V. Hence, the range of variation of the load resistance is defined according to this buck-boost output voltage range and the power supplied to the load by the PV source. Given the focus of this paper on service continuity of the two-stage cascaded converter, a fixed operating point is considered. Therefore, the load resistance has been kept constant during all simulations, and its value is [image: ]. On the other hand, a classical electrical model of the PV module used in all simulations consists of a current source in parallel with a diode D and a series resistance [image: ], as shown in Figure 12 [26]. The resistance [image: ] is introduced to take into consideration the voltage drops and internal losses due to the flow of the PV current [27].


Figure 12. Equivalent circuit of a PV cell.
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The I–V curve of a PV cell obtained under uniform solar radiation and given temperature conditions can be expressed as [28]:


[image: ]



(18)




where [image: ] is the current of the PV source, [image: ] is the diode current, n is the idealizing factor, k is the Boltzmann’s gas constant, [image: ] the absolute temperature of the cell, q the electron charge and [image: ] is the dark saturation current, which depends on the temperature.



The simulation parameters for the PV modules and the buck/buck-boost converter are given in Table 1 and Table 2, respectively. The choice of the values of [image: ] and [image: ] is based on Equations (13) and (17). In all simulations, we considered two PV panels connected in parallel, each panel supplying a nominal power of 10 W under Standard Test Conditions (STC). The chosen PV panel values for simulation purposes are based on commercial BP solar SX10M PV panels [29]. Thus, the maximal power that can be supplied to the resistive load is 20 W.


Table 1. Parameters of the PV modules.










	
	Elements
	Value





	
	[image: ]
	1.2 A



	
	[image: ]
	17.5 V



	PV
	[image: ]
	1.5 m[image: ]



	
	[image: ]
	[image: ]



	
	n
	[image: ]



	
	[image: ]
	[image: ] A








Table 2. Parameters of the buck/buck-boost converter.










	
	Elements
	Value





	
	[image: ]
	15 [image: ]H



	
	[image: ]
	100 [image: ]H



	DC-DC
	[image: ]
	100 [image: ]F



	
	[image: ]
	22 [image: ]F



	
	[image: ]
	12 V









A lithium battery simulation model proposed in [30,31] is used in this study. This model is shown in Figure 13. Equation (19) expresses the relation between the output voltage of the battery and its different parameters. It is given by the following expression, where s is the Laplace variable: Equation (19) expresses the relation between the output voltage of the battery and its different parameters. It is given by the following expression, where s is the Laplace variable:


[image: ]



(19)




with [image: ] the output voltage, [image: ] the no-load voltage, [image: ] the charge/discharge current and [image: ] the internal resistance. The parallel circuit [image: ] ([image: ] and [image: ]) models the charge transfer between the electrodes and the electrolyte. The capacity of the capacitor [image: ] is large enough for the voltage [image: ] to be considered as quasi-constant.


Figure 13. Electrical model of the battery.
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The numerical values of the battery parameters used in simulation are given in Table 3. We chose to fix the nominal battery voltage at 12 V. This battery voltage is lower than the MPP output voltage of the PV panels used, hence the use of the buck converter as the front stage. On the other hand, it can be lower for the load voltage whose range is 5–15 V. Thus, by using the buck-boost converter as the second stage, the resistive load can be correctly powered in the range 5–15 V.


Table 3. Numerical values of the battery parameters.





	Parameters
	Values
	Description





	[image: ]
	12 V
	Open-circuit voltage of the battery



	[image: ]
	1 m[image: ]
	Serial internal resistance



	[image: ]
	1.5 m[image: ]
	Parallel resistance



	[image: ]
	4581 F
	Parallel capacitor









For a reference load voltage fixed at [image: ] V, the duty cycle D is equal to [image: ] (see Equation (7)). Thus, the numerical application applied to the transfer function given by Equation (10) gives:


[image: ]



(20)







The synthesis of the corrector (transfer function [image: ] in Figure 10) was done using the tool Sisotool, by analyzing the Bode diagram of the function [image: ]:


[image: ]



(21)







Simulations are performed in two different open circuit switch fault cases, first in the switch [image: ] and then in the switch [image: ], under the same operating conditions.




5.2. Simulation Results: OCF in the Switch [image: ]


In healthy conditions, the switches [image: ] and [image: ] are synchronously controlled, the switch S is open and the diodes [image: ] and [image: ] are reverse biased. An OCF is generated by simulation on the switch [image: ] at time [image: ] s. This failure results in a disconnection between the PV source and the battery. The simulation results of the electrical power P delivered to the load, the switching frequency f, the output voltage [image: ] across the load and the duty cycle D are presented in Figure 14 around the OCF occurrence. The fault is supposed to be detected by a suitable fault diagnosis algorithm. The simulated time to detect the switch failure by the fault diagnosis is fixed to 30 [image: ]s [6].


Figure 14. Open Circuit Fault (OCF) in the switch [image: ] at [image: ] s; from the top to the bottom P, f, [image: ] and D.
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Before the OCF occurrence, the maximum power produced by the PV modules is equal to [image: ] W. In steady state, the MPPT control parameter f oscillates around 50 kHz. Once the OCF is generated, the electrical power quickly decreases, and the switching frequency f is disturbed, trying to track a new virtual MPP even if the operating conditions applied to the PV system have not been changed. The output voltage reference is fixed at 15 V. Both [image: ] and D are slightly perturbed by the OCF. After reconfiguration, the switch S is driven, the system returns to its normal operation and service continuity is successfully performed without any performance degradation.



The currents of all switches and diodes, before and after the OCF generated in [image: ] at [image: ] s, are shown in Figure 15. It can be seen that before the failure, the currents [image: ], [image: ] and [image: ] are zero. After the reconfiguration, the currents [image: ] and [image: ] become zero since both [image: ] and [image: ] are switched off and disabled. On the other hand, the switch S is turned on, while the diodes [image: ] and [image: ] become conducting.


Figure 15. OCF in [image: ] at [image: ] s: currents in the switches and the diodes.
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Currents flowing through the inductors [image: ] and [image: ], before and after the OCF, are shown in Figure 16. The current [image: ] drops to zero during the disconnection time between the PV and the buck converter, while the current [image: ] is not modified by this failure. The current [image: ] is slightly disturbed after the reconfiguration of the converter, but returns quickly to its initial waveform. Figure 16 illustrates that the operating modes of inductors [image: ] (DCM) and [image: ] (CCM) are respected.


Figure 16. OCF in [image: ] at [image: ] s: currents flowing through the inductors [image: ] and [image: ].
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5.3. Simulation Results: OCF in the Switch [image: ]


The switch [image: ] is also susceptible to an OCF. In this case, the converter reconfiguration technique discussed in previous section is applied. Thus, after the detection of the failure in [image: ], the two switches [image: ] and [image: ] will be opened, and only the switch S will be controlled. An OCF is generated on the switch [image: ] at time [image: ] s. The operating conditions are the same as in the previous section. Under this OCF, the battery is disconnected from the load during a short time. Figure 17 shows the waveforms of P, f, [image: ] and D around the OCF generated in [image: ] at [image: ] s.


Figure 17. OCF in the switch [image: ] at [image: ] s; from the top to the bottom P, f, [image: ] and D.
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The electrical power generated by the PV modules is not modified. The duty cycle is first disturbed, thus affecting the output voltage. After the converter reconfiguration, the system returns to nominal operation, and the output voltage is again correctly regulated.



The currents through all the switches ([image: ], [image: ] and S) and the diodes ([image: ], [image: ], [image: ] and [image: ]) around the OCF are shown in Figure 18. It can be seen that before the fault occurrence, the currents [image: ], [image: ] and [image: ] are equal to zero. After reconfiguration, the currents [image: ] and [image: ] become equal to zero since the switches [image: ] and [image: ] are switched off. Then, the switch S is controlled, and the diodes [image: ] and [image: ] are no longer reverse biased.


Figure 18. OCF in [image: ] at [image: ] s: currents in the switches and the diodes.
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Figure 19 shows the waveforms of the inductors currents [image: ] and [image: ]. The current [image: ] is not disturbed by the occurrences of the OCF, while the current [image: ] drops to zero because of the temporary disconnection between the battery and the load. After reconfiguration of the converter, the PV system returns to its normal operating mode. As in the case of an OCF in [image: ], the inductor [image: ] operates in DCM, while the inductor [image: ] operates in CCM.


Figure 19. OCF in [image: ] at [image: ] s: currents flowing through the inductors [image: ] and [image: ].
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6. Discussion and Conclusions


In the previous sections, we have presented an original approach allowing one to guarantee the service continuity at full power of a cascaded DC-DC circuit, under both OCF and/or SCF, as well, bearing in mind that in all cases, an SCF after the cut of the short circuit path will be considered as an OCF. In healthy conditions, the cascaded circuit behaves as a usual structure where both stages are single-switch non-isolated DC-DC converters, the first one performing a MPPT operation, whereas the second one is continuously feeding the connected DC load. The non-isolated DC-DC converters used can be of any type: a buck, a boost or a buck-boost. In the considered application, the first stage is a buck converter, whereas the second one is a buck-boost converter. Nevertheless, depending on the application requirements, any other combination of single-switch non-isolated DC-DC converters is possible and may be used.



In a general manner, the new fault-tolerant design approach proposed in this paper is based on the use of a redundant synchronous switch. The design of the fault-tolerant cascaded circuit consists first of moving the two switches of both non-isolated DC-DC converters towards each other while maintaining the same electrical behavior of the overall circuit under synchronous control, as depicted in Section 2 (Figure 5) in the case of the buck/buck-boost circuit. Thus, in the resulting equivalent circuit, the two switches share a common node (gate, drain or source). Whenever two switches share a common node, they can be replaced with an equivalent synchronous switch. Here, a common drain-source node is shared between the two switches of the buck/buck-boost converters, and the equivalent synchronous switch for this structure is presented in Figure 6. To obtain the final fault-tolerant conversion circuit, the suitable three-port equivalent synchronous switch from Figure 6 composed of one switch and two diodes is added to the initial DC-DC circuit as the redundant counterpart, which will be used to replace the two main switches in an offline scheme. In the OCF case occurring on one of the two switches of the DC-DC circuit, both switches [image: ] and [image: ], usually controlled in healthy conditions, are forced to be opened and will be functionally disabled. However, the single redundant switch S is then driven to ensure the service continuity of the fault-tolerant circuit. The new conversion circuit after remedial actions is different from the one before the fault diagnosis. Nevertheless, the two topologies (in healthy conditions or post-fault operation) have the same electrical behavior, and the same synchronous control can be applied to both of them.



Finally, the effectiveness of the service continuity of the studied buck/buck-boost converter under synchronous control has been validated through simulations. Because of the applied synchronous control, only two control parameters are available: duty cycle D and frequency f, requiring different conduction modes for the two DC-DC converters. This means that one converter must operate in DCM, whereas the other one in CCM. In our application case, we have chosen to control the first stage buck converter in DCM and the second stage buck-boost converter in CCM, mainly for output voltage regulation and continuous load feeding purposes. It is clear that the use of a first stage buck converter introduces some additional PV current ripples, worsened with the DCM mode. Nevertheless, in the same spirit of the presented approach, another first stage non-isolated DC-DC converter (boost or buck-boost) can be chosen to avoid these drawbacks, if allowed by the application requirements. Similarly, as for the first stage, the choice of the second stage non-isolated DC-DC converter can be reconsidered. However, the main goal of our contribution was to present a new fault-tolerant design approach applied on two cascaded DC-DC converters, illustrated in the case of a buck/buck-boost converter, but not exclusively limited to this combination.



Moreover, it should be noticed that the presented switching frequency-based MPPT introduces also some drawbacks. Indeed, the same switching pattern (D,f) is applied to both switches and introduces additional switching losses, mainly because it is not possible to control the second stage switch operating in CCM at a frequency f as low as possible independently, f being fixed by the MPPT algorithm. Thus, no additional fault-tolerant control block is required. Consequently, the proposed PV system with service continuity capability can operate with the same performance after an OCF, without modifying the control strategy used. To overcome this drawback, one solution could consist of applying an asynchronous control in healthy conditions and the synchronous control detailed in this work only in post-fault mode. In this case, the fault-tolerant control would be more complicated than the one presented here, but would allow controlling the two converters in healthy conditions with different frequency values. This scenario is one for future work, on which we are currently working.
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