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In high-powered application scenarios, a multi-stack fuel cell system (MFCS) could have advantages such as higher robustness, lifetime, and reliability than a single-stack fuel cell system. In particular, MFCS could maintain a high efficiency and increase system redundancy by power configuration between subsystems. In order to reduce the operational expenses for systems, a reasonable power management strategy is necessary to minimize the hydrogen consumption of MFCS. First, the power-hydrogen consumption curve of the single-stack fuel cell system is discretized from experimental measurements. Next, the discrete data are reassembled by the inverse derivation of the dynamic programming method to produce a minimum solution for the hydrogen consumption in the output power range. It is found that the strategy varies depending on activated state On or Off. Finally, two power allocation strategies are developed and modeled in a lookup-table block considering the activated state. The optimal stack output power strategy is analyzed with four stacks. The results indicate that the hydrogen consumption is smaller and more efficient than the other allocation strategies. It can respond to the load demand with a high efficiency sooner than the average strategy.
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1 INTRODUCTION
Hydrogen fuel cell systems are an attractive long-term option for the environment because of their zero-emission and high efficiency. As the electricity demand has increased, fuel cells have gradually tended to be high-powered and large-sized. However, this also means that fuel cells require higher power compressors and other auxiliary facilities, leading to higher fuel cell costs. Moreover, with the current technology development, it is challenging to realize high-power single-stack fuel cells for large load structures such as trams and microgrids. With this background, multi-stack fuel cell structures are gradually coming into view (Marx et al., 2014).
The optimal efficiency range of single stack fuel cells is 40–45%, but it is difficult to maintain due to load power fluctuation. To keep the system in the high-efficiency region, increasing the number of fuel cell systems and fitting with a power allocation strategy improve Proton exchange membrane fuel cell (PEMFC) degree of freedom (Garcia et al., 2014). Under the same working condition and fuel utilization rate, the PEMFC system with a multi-stack structure can improve fuel utilization and the system efficiency (Pirasaci, 2019).
After research, the parallel structure is more suitable for multi-stack fuel cell systems. Benefiting from the parallel structure, a degradation operation can exclude the faulty stack from the multi-fuel cell system (MFC system). The stack is replaced when a stack fails (Becherif et al., 2015). The multi-stack association appears as a natural and necessary alternative for developing high-power fuel cell systems. Bernardinis (De Bernardinis et al., 2008) proposed a solution for the parallel structure of two (or more) fuel cell stacks: parallel and series electrical coupling through power converters for fuel cell systems. Numerical simulations of the assembled dual-stack PEMFC demonstrate exemplary performance. Both research and experimental validation prove the technical feasibility of the dual-stack PEMFC parallel architecture.
The power allocation for the MFC system focuses on performance consistency, efficiency, hydrogen consumption, and costs. In particular, the cost will focus on determining the efficiency of MSFC solutions. The industry will welcome MFC systems if the expenses are solved (Marx et al., 2014).
Wang (Wang et al., 2020) believe that the degradation rate of poor-performance stacks is faster and affects the performance of MFCS systems. The degree of performance degradation (DOPD) adopts a semi-empirical model to evaluate the effect of aging on stacks. Subsequently, an adaptive current distribution method is proposed considering FC performance consistency implemented with instantaneous virtual resistance calculation and the virtual sag technique of [image: image] (Wang et al., 2019a). The experimental results show that the method can protect the poor performance stack, improve the MFC system life, and have better current control and load voltage regulation capabilities. Meng (Meng et al., 2020) proposed a distributed control strategy to keep the same degradation for FCs in MFCS, which considered multi-stack fuel cells and energy storage elements as a multi-agent system (MAS). It was applied to structures of the MFC system and concluded that parallel is the best.
Zhang (Zhang et al., 2021) proposed an improved overall efficiency maximization strategy (I-OEMS), which predicts the load variation and controls the output power of the subsystem in a gentle loading manner, ensures that the system efficiency is close to optimal and reduces hydrogen consumption, and improves loading conditions to protect the stack. Francisco (Lopes et al., 2016) used NARX and NOE neural network modeling to predict stack performance. The controller is designed with efficiency maximization for the power allocation strategy. The model still performs better against lower currents with nonlinear ranges and peaks. Marx (Marx et al., 2018) analyzed the nonlinear programming by the KKT (Karush–Kuhn–Tucker) approach, which obtained an analytic solution to MFC system efficiency. Also, it provides a simple and effective solution to power allocation. Compared with average and daisy-chain strategies, better results than the existing strategies are obtained. Zhou (Zhou et al., 2022a) investigates a two-stack optimization problem with an efficiency and remaining useful life (RUL) factor-based power allocation. A heavy vehicle with a full load of 40t has experimented with the results of optimal configuration with three to five stacks. Compared with single FCS, MFCS has more efficiency and longer RUL as the number of MFCS stacks increases. Fernandez (Fernandez et al., 2019) updated the real-time ME (maximum efficiency) and MP (maximum power) of each sub-stack through a multi-physics model integrated with a semi-empirical model using as few sub-stacks as possible to satisfy loading power. Three scenarios measure the method, and it was found to be more efficient and less hydrogen-consuming than the average and daisy-chain strategy. Han (Han et al., 2017) separated the MFC system into main and sub-stacks, controlling the auxiliary stack On and Off by determining the threshold value after an efficiency optimization allocation strategy. The proposed efficiency and transient optimization strategies can significantly reduce fuel consumption and keep the output power of both stacks in the high-efficiency operating region. Bouisalmane (Bouisalmane et al., 2021) developed a power allocation strategy utilizing a particle swarm intelligence algorithm (PSO). Experiments were conducted with two output powers in 25–280W and 25–320W, and the results showed that the proposed method has the best performance in reducing hydrogen consumption. Macias (Macias et al., 2018) used a semi-empirical model combined with the ARLS algorithm, introduced adaptive parameters to realize online control of the MFC system, and solved online the maximum power and optimal efficiency of each fuel cell. The required power, MP, and ME points of each PEMFC are used as input to determine the output power of each PEMFC. Wang (Wang et al., 2019b) utilizes forgetting factor recursive least squares (FFRLS) to control minimum hydrogen consumption in a dual-stack system online. Reducing the effect of initial data on recursion by adding forgetting factors is validated by building a two-stack fuel cell system.
Calderon (Calderón et al., 2020) proposes a generalized state space model for MFC systems, where the power allocation is based on the degree of stack degradation, combined with an MPC controller for reducing the system degradation. Jian (Jian and Wang, 2022) presents a fuel cell electric vehicle (FCEV) power system model to MFC systems to increase system redundancy. A rule-based energy management strategy (REMS) is proposed to enable the MFC system to operate in an efficient region. Li (Li et al., 2021) proposed that an increment-oriented power distribution strategy to achieve the online collaborative performance enhancement between fuel economy and durability for the parallel multi-stack architecture. Andujar’s (Andújar et al., 2022) MFCS-based solution built with an air-cooled multi-stack fuel cell (ACFC) provides greater flexibility, robustness, and resilience to hydrogen systems at a lower cost and also allows the power to be adjusted to the power required by the microgrid. Zhou (Zhou et al., 2022b) made a decision model of MFCS stack allocation, and the related power management for the application of heavy-duty commercial vehicles is established with an integrated optimization index of efficiency and RUL and co-solved by iterative and heuristic algorithms.
In summary, most of the existing algorithms have the following disadvantages: 1) strategies based on metaheuristic algorithms may fall into local optimal, 2) most power allocation strategies have not considered the differences in power stack characteristics within a multi-stack system, and 3) most power allocation strategies were comparable with average and Daisy chain, but without comparison between optimization strategies. In this article, we aim to find the optimal solution under minimum hydrogen consumption conditions.
Many scholars have adopted the DP algorithm to solve the discrete problem of energy management (Cardozo, 2015; Cheng et al., 2015; Zhang and Xiong, 2015; Liu et al., 2017), which finds the optimal one after comparing all possible suboptimal solutions by traversal. In this study, the single-stack fuel cell power-hydrogen consumption curve is discretized. The final model is a lookup table of power-single stack power, computed by the DP algorithm to find the power strategy for the minimum hydrogen consumption. The resulting power allocation strategy is expressed as starting with a few power stacks to satisfy the power demand, consistent with (Marx et al., 2017). This strategy avoids excessive auxiliary losses and delays the stacks’ degradation. MFCS allocation is through online interpolation and search.
2 MULTI-STACK FUEL CELL SYSTEM MODEL
In this article, the MFC system was designed based on the T-1000 PEMFC system from Troowin company, which has a cooling system and anode oxygen consisting of an airflow generated by a fan to the side of the stack. The FC-related parameters are shown in Table 1.
TABLE 1 | Parameters for model calibration.
[image: Table 1]Figure 1 shows four stacks’ experimental values. FCs have different peak powers due to different degradations, as shown in Figure 1A. The hydrogen consumption curve of each stack is fundamental to search for the optimal power combination under minimum hydrogen consumption, as shown in Figure 1B.
[image: Figure 1]FIGURE 1 | PEMFC characteristic curve on experiment data. (A) Polarization curve and power of stacks. (B) Hydrogen consumption of PEMFC systems.
The MFC system’s conception is parallel. Fuel cells connect to the bus through a DC/DC converter, which then connects to the load. The MFC system power allocation strategy regulates the output power of each subsystem through the DC/DC converter.
2.1 PEMFC system model
Under the normal operating conditions, the output voltage of the fuel cell is less than the theoretical Nernst voltage [image: image] due to fuel cell activation loss, Ohmic loss, and concentration losses [image: image]. The charge double layer effect is added using the proposed structure in Musio et al., 2011a. The general equation for calculating the FCS output voltage ([image: image]) is as follows:
[image: image]
where N is the number of cells, [image: image] is the reversible cell potential (V), [image: image] is the activation loss (V), [image: image] is the Ohmic loss (V), and [image: image] is the concentration loss. The [image: image] is determined by
[image: image]
where [image: image] is the stack temperature (K), [image: image] is the hydrogen partial pressure in the anode side ([image: image]), and [image: image] is the oxygen partial pressure on the cathode side ([image: image]).
2.2 Polarization loss
2.2.1 Activation loss
Activation loss indicates the slowness of the electrochemical reactions on the electrode surface, which is the function of temperature and current. Also, it is divided into temperature-dependent activation loss (Vacc1) and current and temperature-dependent activation loss (Vacc2) based on (Cheng et al., 2015).
[image: image]
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where [image: image] are empirical parameters, CO2 is the oxygen concentration (mol cm–3), and [image: image] is the FC current (A). The equivalent resistance of activation ([image: image]) corresponding to [image: image] is obtained by [image: image].
2.2.2 Ohmic loss
Ohmic loss includes the resistance of the film resistance, the conductive resistance between the film and electrode, and the electrode resistance (Kristianda, 2018). The Ohmic loss is expressed by
[image: image]
where [image: image] is the internal resistance (Ω) and [image: image] (n = 1 … 3) are empirical parameters.
2.2.3 Concentration loss
Concentration loss [image: image] is the result of the reactant diffusion hysteresis phenomenon caused by
The differential concentration among main gas and reactant concentrations on the electrode catalytic active surface (Musio et al., 2011b; Kristianda, 2018), expressed by
[image: image]
where B is empirical, J indicates the current density ([image: image]), and [image: image] is the maximum current density [image: image]. The equivalent resistance of concentration ([image: image]) is obtained by [image: image]. The charge double layer phenomenon, which is formed along with the porous cathode and the membrane when sudden significant changes happen in a short time, is obtained by (Salim et al., 2015)
[image: image]
where [image: image] is the double layer charging effect (V) and V is the capacitance (F), which can be in the order of several farads since the PEMFC electrodes are porous. By taking the double layer effect into account, the output voltage of the FCS needs to be reformulated as
[image: image]
2.3 DC/DC convert
The fuel cell output characteristic is soft, which shows that the voltage decreases gradually when the output power increases. A DC/DC convert is adopted to fix the voltage. The fuel cell output power indirectly controls the output voltage and current of the DC/DC converter. The control strategy is based on De Bernardinis et al., 2008; Becherif et al., 2015; Abuzant et al., 2017.
This study uses DC/DC converters in parallel architecture as power converters, as shown in Figure 2. This architecture makes the overall system more flexible and enables individual control of each fuel cell stack for energy management. In power calculations, the boost DC/DC converter is treated as a constant efficiency expression, as follows:
[image: image]
where [image: image] is the load power, [image: image] is the efficiency of the DC/DC converter, which is regarded as a constant of 0.98, and [image: image] is the output power of the PEMFC system.
[image: Figure 2]FIGURE 2 | MSFCS architecture.
3 MFC SYSTEM CHARACTERIZATION
3.1 Single-stack system characterization
The efficiency of the PEMFC stack is given by Eq. 12:
[image: image]
 [image: image] is the efficiency of the stack, [image: image] is the stack power, [image: image] is total hydrogen energy consumed, [image: image] is the stack output current, [image: image] is the cell voltage, F is the Faraday constant, [image: image] is the heat value of hydrogen, and n is the number of atoms involved in chemical reactions. (Please note [image: image] / [image: image] = 1.482V when [image: image] = 286 kJ/mol). Since the FC’s voltage decreased as the stack power increased, DC/DC converts match fuel cells as an essential electrical component. PEMFC system efficiency inevitably contains the DC/DC convert energy loss. A PEMC system consists of a stack, controller, and dc/dc convert. Eq. 11 is modified based on the system structure as Eq. 13:
[image: image]
 [image: image] is the PEMFC system efficiency, [image: image] is the accessory power, [image: image] is the stack efficiency, [image: image] is the accessory efficiency, and [image: image] is the DC/DC convert efficiency, set to 95% for calculations. [image: image] / [image: image] = 1.254V due to air-cooled FC.
[image: image]
 [image: image] is the total amount of hydrogen energy consumed (J/s, W), ∆H is the high heating value of hydrogen, I is the current, n is the number of atoms involved in the reaction, and F is the Faraday constant.
3.2 MFC system hydrogen consumption and efficiency
Eq. 14 extends to a multi-stack with the following expression:
[image: image]
The efficiency of the dual-stack fuel cell system is shown in Eq. 15
[image: image]
 [image: image] indicates the total power of the dual-stack fuel cell, whose value is [image: image] ; [image: image] and [image: image] indicate the distributed power and the system efficiency of fuel cell system n, respectively.
4 DISCRETE OPTIMAL STRATEGY
After discretizing all fuel cell subsystems of load-hydrogen consumption, the DP algorithm is applied to get the power allocation matrix under the same load conditions, consisting of each subsystem’s power and the hydrogen consumption. The DP algorithm avoids being trapped in the optimal local solution and is combined with the lookup table in Simulink to implement online interpolation for strategies. For the MFC system power allocation strategy, the hydrogen consumption of the MFC system, which is taken as a state variable, the hydrogen consumption–power curve is divided into steps of 0.5W, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Dynamic programming algorithm.
The subproblem after splitting cannot form a square array similar to Yan et al., 2020 due to different degradation degrees in fuel cells. The constraints for the power and hydrogen consumption shown below should be satisfied.
[image: image]
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where [image: image] is the hydrogen consumption of No. k, [image: image] is the total load power, [image: image] is the output power of No. k, and [image: image] and [image: image] are the subsystem output power lower and upper border of No. k, respectively.
Subsystems have two states: On and Off. The state On represents that the stack is activated, and the hydrogen consumption at power output and the auxiliary consumption is also considered, especially at [image: image]. Although consumption is minor, it still affects the power allocation strategy under low power; the state Off denotes that the fuel cell is not activated and without consumption, as shown in Table 2.
TABLE 2 | State machine control strategy.
[image: Table 2]There exist critical points [image: image], which indicate that MFCS and its degraded system have the same hydrogen consumption. A degraded system represents an MFC system with fewer activated stacks. When the MFC system’s power is equal to [image: image], fewer stacks are activated to delay FC degradation as much as possible. This phenomenon is most pronounced when the subsystem state is Off, and the value of [image: image] will change as the subsystem is activated.
Finally, the power allocation strategy is shown in Figure 4. The MFC system consists of four fuel cells with 1 kW rated power. However, the maximum power presented is not the same due to individual stacks’ degradation. The load power starts at 0W in steps of 10W and gradually increases to the peak (3470W).
[image: Figure 4]FIGURE 4 | MFCS power allocation strategy. (A) Activated state of systems 1–4 is Off. (B) Starting state of stacks varies with [image: image]. (C) Activated state of systems 1–4 is On.
Figure 4A shows that for all subsystems, the activated state is Off. The power allocation strategy reallocates power with the start of the subsystem at 10W, 860W, 230W, and 530W, as shown in Figure 4B. Although the peak power of FC2 is higher than that of FC3 and FC4, characteristics are better for FC3 and FC4 in the low output range than for FC2. The activation loss transforms to concentration loss, and the output power of FC2 gradually exceeds that of FC3 and FC4, with the load increasing. Figure 4C shows that all subsystems start in the standby state after one start-up. Contrary to other essays, the MFC power distribution curve is not smooth by DP programming. It is attributed to the inverse derivation process of dynamic programming considering hydrogen consumption combinations for the optimal value.
5 THE FAULT STATE
This approach also allows searching for the optimal power allocation solution when the power stack is faulty, enumerating all the situations with fault and reperforming power allocation of the MFC system with degradation. Stack No.4 is assumed to fail, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Power allocation strategy with FC4 fault. (A) Activated state of subsystems 1–3 is Off. (B) Activated state of subsystems 1 and 3 is On. (C) Activated state of subsystems 1–3 is On.
Figure 5 represents the degradation strategy with FC No.4 faults. The peak power decreases from 3470w to 2670w. The parameters of output power and hydrogen consumption are set to 0 for stack 4. Finally, the solution procedure in Section 4 is repeated for the three stack optimal power allocation strategies.
6 SIMULATION RESULT AND DISCUSSION
In this section, the proposed strategy is compared with the average and Daisy-chain strategies for hydrogen consumption and system efficiency and applied to the two load cycles for the three strategies to investigate the effect of activated state on power management. Finally, a shift in strategies for the MFC system occurs when one of the power stacks fails.
6.1 Power allocation strategy introduction
6.1.1 Average strategy
The distribution strategy is characterized by the same output power from subsystem fuel cells. It is expressed explicitly as
[image: image]
where k is the count of the FC subsystem and [image: image] is the total load power.
6.1.2 Daisy chain
The distribution strategy is characterized when the maximum output power is reached in the first fuel cell subsystem, and the following stack will be activated until the entire system meets the output requirement.
6.1.3 Performance of different strategies
The MFC system has the lowest hydrogen consumption compared to the other two algorithms (average and Daisy chain) as shown in Figure 6A. Interestingly, the strategy mentioned in this study will achieve the maximum efficiency point earlier than the average and has the same maximum efficiency as the Daisy chain. It is not necessary to activate all stacks when degraded MFCS can satisfy the load power and reduce the additional loss of electronic auxiliaries the same as the Daisy chain. Second, this feature can facilitate the development of hybrid energy power allocation.
[image: Figure 6]FIGURE 6 | Comparision of different strategies. (A) Fuel consumption. (B) System efficiency.
6.2 Power distribution comparison
In this section, the load is running for 1,020 s in 10-s steps. The load is cycled twice to verify the effect of activated state for power allocation, as shown in Figure 7. [image: image] starts from 0 and gradually increases to the peak demand (2500W) with two cycles. The strategy proposed in this study is compared with the classical allocation strategies: average and Daisy chain applied too frequently varying loads for hydrogen consumption and system efficiency.
[image: Figure 7]FIGURE 7 | Demand power of the whole FCS.
Four sub-systems have the same power values everywhere in average strategy, as shown in Figure 8A. Notably, the average distribution strategy determines the peak power of the worst-performing stack. Therefore, the MFC system must change the maximum power from 3470 to 3200W in this paper. The power lost is not tolerated in the actual system. In the Daisy-chain strategy, the No.4 stack is static. The peak power of 2500W is less than the activation power of the fourth stack. However, FC1 and FC2 have reached their maximum capacity during this load response, as shown in Figure 8B.
[image: Figure 8]FIGURE 8 | Power strategy Comparison. (A) Average strategy. (B) Daisy-chain strategy. (C) Dynamic.
The power allocation results for stages 1 and 2 are different, as shown in Figure 8C. Stacks 1–4 are activated at 22s, 181s, 60s, and 141s when the subsystem transforms to state On, followed by results in Section 3. During the transition from stage 1 to stage 2, the MFC system fuel consumption is not 0 when [image: image], indicating that all subsystems are on at the initial state, and there is auxiliary power consumption, although the system does not perform external output.
A comparison of hydrogen consumption versus efficiency for the three strategies in the MFC system is shown in Figure 9. Interestingly, the Daisy-chain strategy has the fewest activated stacks, but its system hydrogen consumption is the most. Power consumption of the fan, controller, and other auxiliary components increases with increased [image: image]. Therefore, the corresponding system efficiency is also the lowest, as shown in Figure 9B.
[image: Figure 9]FIGURE 9 | Comparison of different strategies. (A) Comparison of hydrogen consumption. (B) Comparison in system efficiency.
The hydrogen consumption and efficiency of the MFC system with strategies are shown in Table 3. The discrete optimization strategy has the best performance, saving 2.35% in hydrogen consumption, increasing the average efficiency by 2.3169% compared to the average strategy, reducing 12.4% in hydrogen consumption, and increasing the average efficiency by 0.51% compared to the Daisy-chain strategy. The Daisy chain has the same maximum efficiency as the discrete seeking strategy because the system corresponding to that point activates one stack with operational efficiency, which shows that the discrete seeking strategy adopts advantages of the Daisy-chain method.
TABLE 3 | Performance of different strategies.
[image: Table 3]6.3 Stack failure response analysis
It is assumed that the controller disconnects the failed stack and switches the power allocation strategy from four-stack to three-stack when one stack fails. This is represented in Simulink as a switchover for lookup-table modules.
The strategy proposed has a positive performance effect on system failure. According to the approach in Yan et al., 2020, assumed No.4 stack failed. The outcome of power allocation is a failure of the No.4 stack at various times, as shown in Figures 9, 10. In case 1, stack No.4 fails at MFC system start and has no operation, so [image: image] as shown in Figure 10. In case 2, stack No.4 fails at the 700th second, and subsystem 1–3’s output power is higher in stages 2 and 3. It indicated that the No.4 stack is turned off on failure. The remaining subsystems increased the output power to satisfy load and ensure system stability after recalculating, as shown in Figure 11.
[image: Figure 10]FIGURE 10 | Stack No.4 with fails at the MFC system start.
[image: Figure 11]FIGURE 11 | Stack No.4 with fails at the 200th second.
7 CONCLUSION
This study discretizes the load-hydrogen consumption curves of the single stack. It adopts the DP algorithm to obtain the power allocation strategy of MFCS with hydrogen consumption as the target in a backward derivation. It is found that the activated state of the single-stack system impacts the power allocation strategy because stacks do not respond to the load power when it starts up but still consume power when it has to maintain the controller and the fan operation, notably existing in water-cooled stacks. Therefore, two types of strategies are formed when the stack start-up state is considered in the study . Finally, the controller disconnects the failed fuel cell subsystem and then switches the power allocation strategy when one FC fails.
All the abovementioned operation processes are done in Simulink, and this MFC system is composed of four fuel cell subsystems, and the FC parameters are experimentally measured. The simulation results show that the power allocation strategy proposed in this paper has less hydrogen consumption than others, which is only 90.42983g, and the average efficiency is 45.881% and is the highest. The same maximum efficiency as the Daisy chain is available due to the avoidance of additional auxiliary losses by starting fewer fuel cell subsystems in the low power range.
However, this strategy cannot control MFCS online because FC decreases continuously with the operating time and frequent start-ups. This means that the FC’s maximum power and load–hydrogen consumption curve constantly evolve. Nevertheless, the power allocation strategy with the DP algorithm provides a reference for other methods as an optimal power allocation strategy.
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