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Abstract

:

Mainstream power-conditioning devices such as boost converters are frequently utilized for developing a compatible interface between a fuel cell, electrical storage, and high power loads. The conventional power stage comprising a unique boost converter suffers from low efficiency and poor reliability due to excessive power losses, particularly in high-power applications. Additionally, the presence of high ripple contents can reduce the lifespan of the fuel cell itself. With this background, this paper proposes and experimentally validates a physical components-assisted equivalent power-sharing strategy between parallel-coupled boost converters (PCCs) that is subjected to a wide spectrum of low-voltage–high-power conditions. The operation of PCCs is bottlenecked by several practical limitations, such as the presence of inner circulating currents (ICCs) and stability issues associated with the equivalent sharing of power. To overcome these limitations, a module of reverse blocking diodes is suggested to avoid ICCs between the PCCs. Further, an equalization filter is properly placed to improve the equivalent power-sharing capability. The proposed strategy is theoretically assessed in a MATLAB/Simulink environment with a 6 kW proton exchange membrane fuel cell (PEMFC) as the main power source. A scaled-down laboratory setup consisting of an 810 W PEMFC stack, an electronic load, three boost converters, and a filter circuit is then designed and critically evaluated. A consistent agreement is observed between the experimental findings and the simulation results under realistic operating conditions.
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1. Introduction


The notion of green energy and the realization of a low-carbon economy is encouraging the widespread application of various renewable energy sources, such as fuel cell (FC) technology, in a variety of high-power (HP) applications [1,2,3,4]. The transportation sector is a prime example; here, FC technology is gradually replacing conventional combustion engines [5,6]. Another example is the integration of electrolyzer setups for complimenting the intermittency of renewable generation [4,7,8]. Essentially, these examples consist of a low-voltage (LV) power source coupled with HP load through one or more power-conditioning stages [9,10]. Modern power electronic devices, such as the boost converter (BC), are extensively utilized to implement such stages [11,12,13]. Efficiency and reliability are the two most important concerns here, especially in LV–HP applications [14,15]. Both of these concerns are related to power losses in various components of power converters, such as switching devices and passive elements [16]. These power losses can be significant enough to negatively influence the operating efficiency, produce thermal throttling, and negatively affect the lifespan of the components [16,17]. Likewise, the presence of high ripple components due to the use of a conventional boost converter (CBC) can significantly degrade the lifespan and performance of the FC itself [18,19].



To enhance the efficiency and reliability of the power-conditioning phase in FC-based HP applications, an appropriate distribution of processed power among parallel-coupled converters (PCCs) is a viable solution. A considerable reduction in power losses can be achieved alongside noticeable improvements in conditioning efficiency [17,20]. The equivalent sharing of conditioned power between PCCs can also reduce the thermal throttling of the components. Likewise, due to the inherent redundancy of PCCs, power can still be processed in the case of a fault or failure [21,22]. However, ensuring the equivalent and safe sharing of conditioned power in PCCs is a difficult task. The conversion stage of PCCs is prone to various practical problems, such as undesirable inner circulation currents (ICCs) between the converters and stability problems associated with the unequal sharing of conditioned power [23].



1.1. Literature Review


An FC generally exhibits soft electrical characteristics, meaning that the voltage varies nonlinearly according to the loading conditions [24,25]. Further, despite having a profound capability to deliver higher power, it is primarily an LV source [18]. To develop a compatible connection between an LV power source and an HP load, a dedicated power-conditioning stage is a prerequisite [26]. Given its importance, this issue is rigorously addressed in the literature. A unique BC-based power stage is proposed and experimentally validated in [25] to interface an FC with a dynamic load. Due to the nonminimum phase nature of the BC, a nonlinear adaptive backstepping controller is designed to accommodate the non-linearity of the FC and the uncertainty of the load. Similarly, an adaptive nonlinear sliding mode control is proposed in [27] for the tight regulation of a DC-bus to a desired value. In [18], modelling of low-frequency ripples in the FC current profile is performed. These ripples are produced due to the switching behavior of the conventional power-conditioning unit. It is highlighted by the authors that the low-frequency current ripples produced by the conventional CBC can significantly degrade the performance, efficiency, reliability, and lifespan of the FC. Therefore, designing a power stage with low current ripples is of paramount importance for enhancing the lifespan of FCs.



A CBC generally has several bottlenecks, such as low voltage gain, high system stresses, and poor efficiency [24,28]. Cascading multiple converters in a series (for high voltage gain) or connecting them in parallel (for high power) is a convenient solution to address these problems. A general discussion on the different types of connections between DC–DC converters is presented in [29]. Further, several modularization schemes with decentralized controllers are tested under diverse operating conditions. In [30], bi-directional DC–DC converters are connected in parallel to interface an AC motor drive with an LV battery. To reduce the circulation losses in the PCCs, a feedforward current-fed control is established. A 4 kW prototype is built and tested for validating the strategy. An interleave BC (IBC) is proposed in [31] for a photovoltaic (PV) source under partial shading conditions for reducing the ripples and stresses from the system. However, only operation with a PV main source is explicitly considered. The proposed parallel power stage (PPS) is an alternative and not a direct competitor to the widely accepted and viable interleave power stage, and it aims to deliver similar advantages. The interleave stage does not require any additional hardware, which is potentially necessary for the stable and efficient operation of the proposed PPS. However, the interleave stage does require a complex control with a phase-delay mechanism as the parallel legs are operated out of phase with each other. Moreover, IBCs are usually built from ground up for a specific application or a range of applications, while several similar conventional converters can be coupled in parallel to develop PCCs, thus providing modularity and scalability.



A high-current gain step-down resonant converter is suggested in [15] for HP applications, considering an ideal DC source. A large signal criterion-based control is proposed in [32] for PV and/or battery storage coupled with PCCs. With an FC as the main power source, an IBC is utilized in [28] for interfacing the FC with a DC-bus. Similarly, a wide-range interleaved converter is utilized in [24] for FC-based traction applications. A high-conversion ratio non-isolated IBC is designed in [26] for FC-based applications. A parallel topology is utilized to minimize the ripples in the FC current. Similarly, a compact interleaved converter is developed in [33] for FC-based traction applications to increase the power density of the conversion stage and to reduce the current ripples.



To address the problems associated with PCCs, the following solution strategies have been proposed: (i) centralized control strategies to endorse balanced power sharing and a reduction in ICCs [20,34]; (ii) decentralized strategies consisting of droop controllers that do not require a central communication block [23,35]; and (iii) physical components-assisted methodologies to stabilize equivalent power sharing and improve efficiency [11,36]. To integrate various DC sources with the AC grid, an architecture composed of PCCs is proposed in [35]. A decentralized controller with a V–I droop scheme and without the need for a central communication block is considered. A decentralized controller based on an I–V droop scheme is developed in [22] for eliminating the problems associated with parallel-coupled DC–DC converters in HP applications. The controller is compared with a V–I droop scheme, and the authors illustrate that I–V droop controllers provide a comparatively faster transient response. Likewise, a decentralized control strategy is proposed in [21] for appropriate power sharing between parallel-connected bi-directional converters in grid-integration applications. A similar control strategy is adopted in [15] for equivalent power sharing between parallel-coupled resonant converters. Rather than a decentralized droop scheme, a master–slave controller is suggested in [34] to handle efficient power distribution between the PCCs. The authors of [34] conclude that for master–slave control, intercommunication between the converters is required to enable it to provide better performance than a decentralized controller, though at the cost of several communication blocks and a more complicated structure. Most of the strategies discussed here are based on flexible control/communication. Nevertheless, dedicated physical components are also proposed in the literature. An IBC is developed and preferred over PCCs in [31] for reducing the harmonics and current ripples in PV-based HP applications. An experimental setup consisting of PCCs and a passive equalization filter (PEF) is employed in [36] to study the behavior of PCCs under diverse operating conditions.




1.2. Highlighted Contributions


This paper contributes a physical components-assisted power-sharing strategy between parallel-coupled BCs. The proposed power-conversion stage is especially suitable for FC-interfaced LV–HP applications. A comprehensive comparison between the CBC and the proposed PCCs was performed to determine their relative efficiency and reliability in diverse operating conditions. The data presented in Table 1 lay the foundations of this comparison.



In [28], an IBC is utilized to interface an FC with a DC-bus for electrical traction applications. The overall harmonics profile is lower, and this enhances the overall reliability. Likewise, in [26,33], compact and high-voltage gain IBCs are developed and tested under various HP scenarios. The proposed power stages reduced the low frequency ripples from the FC current profile, thereby enhancing the lifespan of the components. However, an effective comparison between a CBC and an IBC power stage with respect to efficiency and reliability is not performed in any of these works. An experimental setup consisting of PCCs and a PEF is employed in [36] to study the behavior of PCCs under diverse operating conditions. Here, a comprehensive comparison is performed between a CBC and PCCs. However, the behavior of an FC is emulated using a programmable supply, and the actual nonlinear characteristics of an FC are not considered. In [18], the negative effects of low-frequency ripples on FC reliability and efficiency are comprehensively studied. However, whether an appropriate solution composed of PCCs could reduce these ripples is not considered. Compared with the already existing studies, this paper makes the following contributions and improvements:




	
An efficient and reliable module of PCCs is developed. The proposed module is specifically suitable for FC-based HP applications under a wide range of LV conditions.



	
The practical shortcomings associated with PCCs, such as ICCs and stability issues related to equivalent power sharing, are properly addressed using hardware compensation.



	
A dedicated structure of reverse blocking diodes (RBDs) is incorporated for suppressing the ICCs. In addition, an equalization filter (EF) is correctly placed to promote uniform power sharing between the interconnected converters.



	
A graphical comparison is established to quantize the key performance indicators (efficiency and power losses) of the proposed PCCs under diverse HP conditions.



	
The equivalent power-sharing capability and superior efficiency of the proposed PCCs is appraised by an experimental setup consisting of a proton exchange membrane FC (PEMFC), an electronic load, three converters coupled in parallel, and an EF circuit.








The rest of this paper is organized as follows: Section 2 details the system topology and the components used. The numerical simulations and a corresponding discussion are presented in Section 3. The particulars of the experimental setup along with the obtained results are given in Section 4. Finally, our conclusions and perspectives are presented.





2. System Modelling: Components and Topology


An LV–HP setup consisting of a PEMFC stack was established in a laboratory. The complete topology with the associated components is presented in Figure 1. The major attributes of the developed PEMFC-based setup are presented in Table 2.



The studied topology consists of the following components: (i) a Ballard’s 810 W PEMFC stack; (ii) a power-conditioning unit consisting of three BCs coupled in parallel; (iii) an equalization filter combined with reverse blocking diodes (RBDs); and (iv) an electronic programmable load. Numerical simulations are also performed in MATLAB/Simulink using a scaled-up version consisting of a PEMFC (6 kW) and other components from the MATLAB/Simulink built-in libraries. The details and specifications of the components utilized in both the simulations and the experimental setup are presented in Appendix A: Table A1.



2.1. PEMFC as Main Power Source


A PEMFC was given preference owing to its compact size, high power density, low operating temperature, and rapid response time [18,33]. It generally displays a soft behavior that follows nonlinearly decreasing voltages rather than the power drawn from it [24,25]. In a static FC model [37], the non-linear polarization relationship between the voltage and the current of the FC is mathematically defined using Equation (1).


   V  f c   =  E 0  −  V  a c t   −  V  o h m   +  V  c o n    



(1)




where    V  f c     is the FC stack’s voltage and    E 0    is the no load voltage (Nernst voltage).    E 0    can be calculated using the relation given in Equation (2), which shows that    E 0    is dependent on the temperature of stack    T  f c     and the partial pressure of hydrogen    P   H 2      and of oxygen    P   O 2     .


   E 0  = 1.229 − 0.85 ×   10   − 3      T  f c   − 298.15   + 4.3085 ×   10   − 3    T  f c     I n    P   H 2      +  1 2  I n    P   O 2         



(2)







Following Equation (1), besides    E 0   , the voltage of the FC (   V  f c    ) stack is also dependent on three separate voltage drops, mathematically expressed in Equation (3).


      V  a c t   = A · l o g      I  f c   −  i n     i 0             V  o h m   =  R m     I  f c   −  i n           V  c o n   = B · l o g   1 −    I  f c   −  i n     i  l i m           



(3)




where    I  f c     is the current delivered by the FC stack,    i 0    is the exchange current,  A  is the slope of the Tafel line,    i  l i m     is the limiting current,  B  is the mass transfer constant,    i n    is the internal current, and    R m    is the membrane and contact resistance.



In Equation (3), the polarization relation between the FC stack’s voltage (   V  f c    ) and its current (   I  f c    ) is generally divided into three parts: (i) Activation region: This occurs at low current density and is mathematically explained using the Tafel equation denoted by    V  a c t     [37,38]. The voltage in this region decreases exponentially due to the slow chemical reactions that occur at the electrode surface. Depending on the operating temperature and pressure, the type of electrode used, and the catalyst used, this region is more or less wide; (ii) Ohmic region: This occurs at intermediate current densities. In this region, the voltage is proportional to the current density, which is denoted by    V  o h m     [37,38]; (iii) Concentration region: Due to the high current density demanded from the FC stack, a sharp decrement in voltage is seen in this region. Mass transfer effects dominate in this region due to the limited access of reactant gasses, and the stack’s performance therefore decreases significantly. The relationship in this region is governed by    V  c o n     [37,38]. In context, the polarization curves of both the 18-cell Ballard’s 810 W PEMFC stack (experimental) and the 6 kW PEMFC (simulations) are presented in Figure 2a,b.




2.2. Limitations of CBC


As PEMFCs are LV power sources, a BC is frequently utilized to couple the FC with rest of the system. A generic circuit diagram of the CBC is presented in Figure 3. The operating efficiency and voltage gain of the BC are the two most important performance indicators to consider while regulating the output voltage at a desired value. Regarding efficiency, a major portion of the power losses in BCs are derived from switching phenomena and conduction losses in passive elements [16]. In particular, power losses in passive elements such as the inductor are common when using a CBC for HP processing. Thus, the realization of HP conditions can lead to a reduction in conversion efficiency and voltage gain during the power-processing phase due to excessive power losses.



  G ∈   0 ,   1     is the switching sequence or duty cycle. An average CBC model for the whole switching period is given in Equation (4) [16].


      V L  = L   d  I  i n     d t   =  V  i n   −  I  i n    r L  −   1 − G    V o         I c  = C   d  V o    d t   =   1 − G    I  i n   −    V o   R      



(4)







By considering the inductor’s current (   I  i n    ) and the capacitor’s voltage (   V o   ) as two active states, the converter model can be modified as follows:


        I  i n    ˙  =  1 L     V  i n   −  I  i n    r L  −   1 − G    V o             V o   ˙  =  1 C      1 − G    I  i n   −    V o   R        



(5)







In a steady state condition, the derivatives of the states are zero. Consequently, Equation (5) is as follows:


        I  i n    ˙  =  1 L     V  i n   −  I  i n    r L  −   1 − G    V o    = 0          V o   ˙  =  1 C      1 − G    I  i n   −    V o   R    = 0     



(6)







The relation between voltage gain ( K ) and admittance gain ( Y ) can be extracted as follows:


        V o     V  i n     = K =  1   G ′    1 +    r L  / R     G ′  2                 I  i n      V  i n     = Y =  1    G ′  2  R   1 +    r L  / R     G ′  2            



(7)




where    G ′  = 1 − G  . Similarly, current gain ( J ) can be extracted as follows:


      I  i n   =    V o     G ′  R   =    I o    G ′            I o     I  i n     = J =  G ′      



(8)







The efficiency ( η ) of the converter, considering the inductive resistance (   r L   ) of the input side inductor, is calculated using Equation (9).


  η =    P o     P  i n     =    V o   I o     V  i n    I  i n     =    V o   G ′   I  i n      V  i n    I  i n     =  1    1 +    r L  / R     G ′  2         



(9)







Following Equations (7) and (9), both voltage gain and efficiency are modified when inductive resistance (   r L   ) is considered. The modified expressions are now dependent both on ratio    r L  / R   and on  G . With these modified relations, and with different load resistance ( R ) values, the variations in  K  and  η  are shown against different values of  G  in Figure 4.



In Figure 4, a constant    r L    value is considered, and load resistance varies according to the relation    R 1  >  R 2  >  R 3  >  R 4   . Reducing the value of  R  in the ratio    r L  / R   decreases the voltage gain and the efficiency of the CBC at a specific value of  G . Practically, this statement can be attributed to two factors: (i) a higher  G  value means that the switch is on for a major portion of the switching time, passing current (   I  i n    ) through    r L   , which results in higher losses, poor efficiency, and lower voltage gain; and (ii) the decrease in the  R  value results in the extraction of more power from the source to meet the higher load current (   I o   ), therefore decreasing the efficiency. It can also be observed from Equation (7) that regulating the output voltage (   V o   ) at a desired value with a continuously decreasing source voltage (   V  i n    ) requires a higher value of  G , which results in poor efficiency. In brief, both the efficiency and the voltage gain of the CBC are equally influenced by variable conditions at the load and source sides.




2.3. Equivalent Power Sharing between PCCs


CBCs are limited by lower voltage gain, poor efficiency, higher losses, and higher ripple contents in HP applications. To address these concerns, a unique power-conditioning stage involving PCCs was proposed. The proposed conversion stage has the capability to provide high voltage gain, higher efficiency, and lower ripple contents. The characteristics of the PCCs are vital in HP applications as they must match the soft behavior of the PEMFC stack. The applications of PCCs are very diverse, e.g., the power-conditioning units in fuel cell hybrid electric vehicles (FCHEVs) [39,40,41]. In LV–HP applications, instead of processing power through a CBC, a practical solution is to equally split the load power between the PCCs [29,30]. The purpose of splitting the power between the PCCs is to process small shares of the load power through individual converters, resulting in less stress on the components and a decrease in the power losses. The reduction in power losses results in improved electrical efficiency, and the reliability and lifespan of the components are thereby enhanced. Splitting the current also yields lower inductance sizes which reduces the cost, size, heat dissipation, and losses. The performance-limiting constraints associated with PCCs considered in this paper are as follows:




	
An unwanted mismatch between the outputs of the coupled converters, leading to an unequal distribution of load power.



	
The presence of inner circulating currents due to mismatched outputs. These circulating currents pose a serious threat to the safety of the converters and further deteriorate their power-sharing capability.



	
Frequent deviations from the voltage requirement (   V r   ) at the load side due to unbalanced power sharing and the presence of circulating currents.








Rather than the flexible control structures often proposed in the literature [21,22,34,35,36] for addressing the aforementioned PCC-related problems, this paper proposes a mixture of decentralized dual-loop controllers and physical compensation. The proposed topology is illustrated in Figure 5 and is as follows:




	
A complete control structure (CCS) is formulated consisting of decentralized dual-loop controllers for the tight regulation of output, as is illustrated in Figure 6. Without needing a common communication block, the decentralized controllers work independently for each coupled converter to produce regulated output, thus minimizing the problem of the unbalanced sharing of load power.



	
To protect the interconnected converters against inner circulating currents, a network of reverse blocking diodes is provided after the PCCs, as is shown in Figure 5.



	
An equalization filter is designed and properly placed between PCCs and the HP load for facilitating both the equivalent sharing of load power and the regulation of the output voltage, even in the presence of a slight offset between the output of the coupled converters.










3. Numerical Simulations and Discussion


The numerical assessment was performed in a MATLAB/Simulink environment for validating the viability of power sharing between the proposed PCCs under various loading conditions and a wide spectrum of PEMFC voltages (soft behavior). The studied system consists of a PEMFC stack (6 kW) as main power source. The 6 kW PEMFC stack is coupled to an electrical load via three boost converters (connected in parallel). The load profile (uneven incremental/decremental slopes) was designed according to the nominal rating of the PEMFC stack and the electrical demand that could be expected from an automotive application while keeping the DC bus regulated at 75 V. The specifications for the remaining components are given in Appendix A: Table A1. The components were connected together to form the topology illustrated in Figure 5.



Further, the dual-loop complete control structure (CCS) is presented in Figure 6. This structure is very commonly used among researchers [42,43] and is considered a well-established approach. Compared with recent and advance nonlinear controllers (which generally perform better) [44,45], the utilized CCS does not require a mathematical understanding of the model and is easier to implement. The CCS also provides reliable performance, subject to how well the gains of the PI controllers are tuned and how well the overall closed loop is designed. Another feature is that both output voltage regulation (   V r   ) and input-side current tracking (   I  i n     r   ) are a simultaneous functionality of the CCS, thus facilitating equivalent sharing among the parallel converters. In this work, the gains were tuned using the heuristic knowledge of the authors, and the performance was found to be satisfactory under a range of tested operating conditions. However, the gains may require retuning if the operational environment changes significantly, highlighting the shortcomings of PI controllers.



Several performance criteria, such as PEMFC voltage (   V  f c    ) and current (   I  f c    ), electrical efficiency ( η ), regulation of the output voltage (   V o   ), and ripples in the output (  Δ  V o   ), were graphically compared for the studied power-conditioning stages. A comprehensive analysis of the results was performed to highlight the benefits and drawbacks of the proposed PCC structure compared with those of a CBC. The simulated and analyzed case study consisted of a randomly changing load with unequal incremental and decremental slopes.



Figure 7 presents a graphical comparison between a CBC power stage and the proposed PCC stage. The corresponding current profiles are displayed in Figure 7a. A small portion with the highest variation in load (highlighted with a star) was selected to provide a comparison between the studied power stages. The attributes which were effectively compared are the electrical conversion efficiency of the system (Figure 7e), the regulation of the output voltage    V o    at desired value    V r    = 75 V (Figure 7c), the ripples in the output   Δ  V o    (Figure 7c), and the PEMFC profile, including its current (Figure 7b) and voltage (Figure 7d).



As Figure 7b,e illustrate, within the selected region, the PEMFC current in the proposed PCCs is up to 25% lower than that of the CBC, which results in a 17% higher conversion efficiency in similar operating conditions. The proposed PCCs also regulate the output    V o    at the desired value with reduced ripple contents compared with the CBC (Figure 7c), which indirectly reduces stress and enhances reliability. Mathematically, to regulate the output    V o    at the lower PEMFC voltage value of the CBC (Figure 7d), a higher value of  G  is required, resulting in a higher PEMFC current (Figure 7b). The higher current value increases the power losses (   P l   ) and consequently reduces the conversion efficiency (Figure 7e). The drastic increase in efficiency is linked to an equivalent power distribution, significantly reducing stress from conversion stage and reducing power losses.



In Figure 8, an overall summary of the simulation results is presented. The load power is equally shared and conditioned by three coupled BCs. The efficiency of the proposed PCCs is significantly higher, particularly at higher load currents. When the load current is 72 A, the proposed PCCs provide an approximately 18% higher conversion efficiency and lower losses compared with those of the CBC.



As Figure 7 and Figure 8 show, it is evident from the simulation environments that if the performance-limiting constraints affecting the PCC, such as inner circulating currents, the tight regulation of output voltages, and the equal sharing of the current, are properly addressed; a significantly efficient power-conversion stage can be achieved, particularly favorable for fuel cell-based high-power applications.




4. Experimental Setup: Results and Discussion


A scaled-down experimental setup was established to validate the practical feasibility of the power-splitting strategy between the proposed PCCs under variable loading conditions. A PEMFC stack (18 cells, 810 W) was used as the main power source. An electronic load was connected to the PEMFC stack via the proposed PCCs and an equalization filter. Table A1 (Appendix A) can be consulted to check the list of components and their individual specifications. The experimental setup is shown in Figure 9. Unlike the numerical simulations, the objective here was to regulate the output (   V o   ) at 45 V ± 5% while the load (   I o   ) incrementally varied from 1 A to 9 A.



The steps being followed throughout experimental validation were as follows:



Step-1: The parallel-connected BCs were tuned individually to provide a regulated 45 V ± 5% at the output (   V o   ). The equalization filter (EF) was appropriately placed after the converters. The PEMFC stack (the fundamental power source) and the electronic load were connected to the power stage. The connection diagram shown in Figure 5 was followed to complete the connections.



Step-2: Variable loading conditions were practically emulated using an electronic load, and the equivalent sharing of the load power between the converters was examined. In the case of any discrepancy, protection against ICCs was provided using RBDs. These discrepancies were further remedied using an on-board decentralized controller.



Step-3: The effectiveness of the EF in assisting the equivalent power sharing and regulation of the    V o    at the desired value was studied and recorded. The main parameters of the PEMFC stack, such as    V  f c    ,    I  f c    , and    P  f c    , were carefully recorded. It was ensured that the control board provided adequate control signals to the radiator of the FC and to the electronic valves that regulate the power output of the PEMFC stack.



Step-4: The performance of the proposed PCCs is presented and analyzed in Figure 10. The feasibility of the power-splitting strategy to offload stress from individual converters and increase conversion efficiency under HP conditions was validated.



Note: It was observed that the practical performance of the PCCs was very sensitive to the difference between the outputs of the connected converters and could be bottlenecked by the inappropriate placement of the EF. Furthermore, the presence of the RBDs enhanced the protection required for the reliable operation of the PCCs.



As Figure 10 shows, the processing of HP through the proposed PCC invoked higher current from the PEMFC (   I  f c    ), a trend revealed in Figure 10b. In the particular case of higher load power (   P o   )@   I o    = 9 A, the current extracted from the PEMFC (   I  f c    ) was in the vicinity of 40 A, which is relatively large, and, if processed through a CBC, would significantly reduce the efficiency and consequently the service life of the components. Since the load power was shared by three interconnected converters, reasonably efficient operation was obtained, even when significant load power was processed at a lower PEMFC voltage    V  f c    , as is shown in Figure 10a,b.



A one-to-one comparison of the efficiency of the proposed PCCs during the simulations (Figure 8) and the experimental validation (Figure 10) indicates that the efficiency of physical model was generally lower than that recorded in the simulations. This can be attributed to the presence of various losses in the real system which were not considered in the simulations. However, the overall trend was the same in both the simulations and the experimental studies, as the results are in consistent agreement for both the simulations and the experimental validation. Accordingly, the distribution of a substantial amount of power through multiple converters, particularly under low-voltage conditions, if properly managed, can increase efficiency and reliability considerably. The converters would thus be subjected to less electrical stress, which would reduce thermal throttling and extend the lifespan of the components.




5. Conclusions and Perspectives


This paper has proposed an efficient physical components-assisted equivalent power distribution strategy between parallel-coupled boost converters. To achieve a balanced sharing of power between the interconnected converters and to enhance operational safety, an equalization filter was provided in conjunction with reverse blocking diodes. The proposed topology is particularly suitable for applications with high power loads. For example, traction motors derived from low-voltage sources, such as FC-based energy systems. The feasibility of the proposed power-sharing strategy was initially assessed using simulation environments developed in MATLAB/Simulink. The simulations revealed that with the proposed strategy, an elevated operational efficiency of approximately 16% is achieved under high-power operating conditions compared with a conventional boost converter. The performance of the proposed stage was also experimentally validated using a setup consisting of a programmable load, an 810 W PEMFC stack, three boost converters, and an equalization filter. Several real-time scenarios were imitated by manipulating programmable devices, and the findings were critically analyzed under varying operating conditions. A consistent agreement was observed between the experimental validations and the simulations under variable operating conditions.



Our main remarks and recommendations concerning the proposed configuration are as follows: (i) the appropriate functioning of the proposed strategy is dependent on the tight matching of the converter’s duty cycles; (ii) the precise placement of the equalization filter is necessary for facilitating the equivalent sharing of the load power between the parallel-coupled converters; (iii) the reverse blocking diodes play an important role in enhancing the protection against inner circulating currents; and (iv) the closed-loop regulation combined with minor manual tuning ensures that the converters continue to operate in close proximity and meet the steady voltage requirements. The results obtained through the simulations and the experimental setup clearly demonstrate the reliable and efficient operation of the parallel-coupled converters under high power loads using the proposed power-sharing strategy and filter topology.
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Nomenclature




	
Abbreviations




	
BC

	
Boost converter




	
CBC

	
Conventional boost converter




	
CSS

	
Complete control structure




	
EF

	
Equalization filter




	
FC

	
Fuel cell




	
FCHEV

	
Fuel cell hybrid electric vehicle




	
HP

	
High power




	
ICC

	
Inner circulating currents




	
IBC

	
Interleave boost converter




	
LV

	
Low voltage




	
PCC

	
Parallel-coupled boost converters




	
PEF

	
Passive equalization filter




	
PEMFC

	
Proton exchange membrane fuel cell




	
PV

	
Photovoltaic




	
RBD

	
Reverse blocking diodes




	
Notations




	
      V  f c   ,    I  f c   ,    P  f c       

	
PEMFC parameters




	
      V  i n   ,    I  i n   ,    P  i n       

	
Source parameters (in: input)




	
      V o  ,    I o  ,    P o  ,   R     

	
Load parameters (o: output)




	
     K ,   J ,   Y     

	
Voltage, current, and admittance gains




	
  G  

	
Duty cycle




	
η

	
Conversion efficiency




	
    r L    

	
Inductive resistance




	
    P   r L      

	
Power loss




	
    V L    

	
Inductor voltage




	
    V r    

	
Voltage reference




	
    I c    

	
Capacitor current
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Table A1. Specifications of the components.






Table A1. Specifications of the components.





	
Component

	
Experimental Setup

	
Simulations






	
Source

	
PEMFC stack (18 cells, 810 W)

	
PEMFC stack (6 kW)




	
Load

	
Electronic load (4 kW)

	
Controlled current source




	
EF

	
FWD

	
RHRP 3060D

	
0.8 V-drop model




	
  L  

	
2700 μH

	
20 μH




	
  C  

	
4700 μF

	
250 μF




	
RBD

	
RHRP 3060D

	
0.8 V-drop model




	
BC

	
    r L    

	
1800 W, 40 A

	
0.05 Ω




	
  L  

	
1000 μH




	
  C  

	
2200 μF
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Figure 1. The proposed topology consisting of a PEMFC stack as the main power source. 
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Figure 2. The nonlinear relation between the voltage and current of the PEMFC stack. (a) Polarization curve of 810 W PEMFC stack. (b) Polarization curve of 6 kW PEMFC stack. 
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Figure 3. Electrical circuit diagram of the boost converter. 
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Figure 4. Performance indicators of the practical CBC. (a) Efficiency. (b) Voltage gain. 
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Figure 5. Complete topology of proposed power-sharing strategy. 
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Figure 6. Complete control structure consisting of dual-loop controllers. 
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Figure 7. Case study for numerical simulations. (a) Profile and selected area under observation. (b) PEMFC current. (c) Load voltage. (d) PEMFC voltage. (e) Electrical efficiency. Note: A small portion with the highest variation in load (highlighted with a star) denotes the key area of interest. 
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Figure 8. Overall summary of simulation results. 
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Figure 9. Experimental setup for proposed equivalent power-sharing strategy. 






Figure 9. Experimental setup for proposed equivalent power-sharing strategy.



[image: Energies 16 04915 g009]







[image: Energies 16 04915 g010 550] 





Figure 10. Real-time operation of proposed PCCs in PEMFC-based HP applications. (a) Losses and efficiency. (b) Current sharing and efficiency. 
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Table 1. Qualitative comparison between the studied power-conditioning stages.
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	Attributes
	Conventional Boost Converter (CBC)
	Parallel-Coupled Boost Converters (PCCs)





	Efficiency
	Poor due to higher losses
	Enhanced due to power sharing



	Reliability
	No backup in case of failure
	Redundancy



	Placement
	Informal
	Challenging in confined spaces



	Protection
	Not required
	Required to protect against ICCs



	Control design
	Simple for regulation output
	Sophisticated
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Table 2. Major attributes of the proposed PEMFC-based setup. (Note: the sign ↓ indicates that the efficiency in general is inferior).






Table 2. Major attributes of the proposed PEMFC-based setup. (Note: the sign ↓ indicates that the efficiency in general is inferior).





	
0.7–0.8 V per cell (validated) => Stacking in series for higher voltage

Variable high current => Capability to drive HP load




	
Problem

	
Proposed solution




	
Higher losses and poor reliability in power conditioning => Efficiency ↓

	
Splitting and processing the power through PCCs
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