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Abstract

:

Concerns about climate change, air pollution, and the depletion of oil resources have prompted authorities to enforce increasingly strict rules in the automotive sector. There are several benefits to implementing fuel cell hybrid vehicles (FCHV) in the transportation sector, including the ability to assist in reducing greenhouse gas emissions by replacing fossil fuels with hydrogen as energy carriers. This paper examines different control strategies for optimizing the power split between the battery and PEM fuel cell in order to maximize the PEM fuel cell system efficiency and reduce fuel consumption. First, the vehicle and fuel cell system models are described. A forward approach is considered to model the vehicle dynamics, while a semi-empirical and quasi-static model is used for the PEM fuel cell. Then, different rule-based control strategies are analyzed with the aim of maximizing fuel cell system efficiency while ensuring a constant battery state of charge (SOC). The different methods are evaluated while the FCHV is performing both low-load and high-load drive cycles. The hydrogen consumption and the overall fuel cell system efficiency are considered for all testing conditions. The results highlight that in both low-load cycles and high-load cycles, the best control strategies achieve a fuel cell system efficiency equal or greater to 33%, while achieving a fuel consumption 30% less with respect to the baseline control strategy in low-load drive cycles.






Keywords:


fuel cell electric vehicle; PEM fuel cell; rule-based control strategy; modeling; hydrogen consumption












1. Introduction


Scientists and politicians have been becoming increasingly concerned about the effects of climate change in recent years. The transportation industry, which now depends nearly entirely on fossil fuels, is being asked to implement a decarbonization program [1]. This approach has resulted in the introduction of incentives in the automobile industry to focus on breakthrough alternative powertrain technology [2]. In this framework, there are several benefits to implementing fuel cell vehicles (FCV) in the transportation sector, including the ability to assist reduce greenhouse gas emissions by replacing fossil fuels with hydrogen as energy carriers. The advantages of FCVs are apparent, especially when hydrogen is product by renewable sources. Since they are propelled by the electrochemical reaction of hydrogen, they enable a carbon-free propulsion, and their unique by-product is pure water. As a result, fuel cells have three times the efficiency of an internal combustion engine (ICE), since they are not constrained by the Carnot cycle. Furthermore, the FCV beats electric vehicles (EV) in terms of driving range and charging time [3,4]. However, the fuel cells can have lower power density and slower power response when compared to ICE [5,6].



Due to the slow transient reaction of the fuel cells, which must be considered to prevent premature deterioration, FCVs often integrate extra electrical energy storage. Additionally, this energy storage system makes it possible to recover energy from braking. Most of the time, the energy storage system is either a battery or a supercapacitor, but there are many different ways to put the power sources together. According to [7,8], the possible configurations of a FCV powertrain are: (1) without electrical energy storage (FCV), (2) with supercapacitors directly connected to the fuel cell (Fuel Cell Electric Vehicle—FCEV) and, (3) with energy storage unit coupled in parallel with the fuel cell through a DC/DC converter (Fuel Cell Hybrid Vehicle—FCHV). Fuel cell vehicles have a basic construction and do not add much weight to the vehicle, but because of the delayed power response of the fuel cell, they need a higher power fuel cell stack and quick hydrogen/air delivery systems in order to satisfy the power requirements. Since supercapacitors have a more significant power density with respect to battery, FCVs with supercapacitors are more efficient in absorbing the regenerative braking energy and providing power in transients [9]. However, the most popular powertrain configuration among carmakers is with an energy storage unit coupled in parallel with the fuel cell through a DC/DC converter [10]. The energy storage unit is coupled in parallel with the fuel cell and provides the transient power, thus being regulated by the DC/DC converter. This arrangement shortens the start-up time and makes it possible to recover the regenerative energy. Applications can be found in the Honda FCX Clarity and the Toyota Mirai [11].



Despite the advantages of FCHVs, more research is required to manage the flow and exchange of energy among energy storage systems. To maintain the vehicle’s equivalent hydrogen consumption and efficiency during a trip, proper control of the power and energy variables is required. Moreover, the additional energy storage system should operate at the optimum operating range, and therefore, an energy management system must be designed for it and for minimizing the overall fuel consumption. Generally, there are two major types of energy management system, namely model-based and rule-based, respectively [12,13,14]. The first category aims to determine the optimal control policy by performing optimization over a predefined driving cycle, and can be further divided into offline and online optimization. The offline methods include numerical techniques such as genetic algorithms [15] and dynamic programming [16,17,18,19,20], as well as analytical techniques such as Pontryagin’s Minimum Principle [21,22]. Instead, when implementing online optimization techniques in FCHVs, the systems can be controlled through the Equivalent Consumption Minimization Strategy (ECMS) [23,24,25,26] and Model Predictive Control [27,28,29,30]. Although offline techniques are well-suited for defining the reference ideal solution, they cannot be applied in real time on a vehicle since they need previous information of the whole driving cycle.



On the other hand, the online approaches are based on the real-time optimization of a preset cost function. They can be performed online, but need precise adjustment of the reference model and may incur high computational costs. The second category of techniques, referred to as rule-based methods, makes use of deterministic [31,32,33,34,35] or fuzzy logic [26,36,37,38,39], and constitute the most well-known way of achieving real-time management in FCHV applications [40]. They are not model-based, and determine the operating point of the power source by means of rule tables to meet the requirements of other devices (e.g., battery or fuel cell) and the driver. The rules are defined on the basis of the designer’s experience and knowledge, and the resulting energy management strategy can be executed in real controllers.



Among all the possible energy management systems used in the literature for energy and power split in FCHVs, three rule-based control strategies are analyzed in this work. Indeed, a systematic approach for assessing the performance of rule-based energy management for FCHVs in terms of fuel cell system efficiency and fuel consumption minimization is not fully addressed in the mentioned literature. This consideration inspired this work, which aims to define how much the fuel cell system efficiency can be improved and how much hydrogen can be saved by using a rule-based energy management to control the power and energy split between the fuel cell and battery. The paper presents three rule-based control strategies, namely, constant power, baseline mode-based, and fuzzy logic control-based. The performance and the adjustments of the strategies are evaluated in terms of fuel cell system efficiency and fuel consumption. The first (efficiency) is computed considering all the auxiliaries of the fuel cell systems, while the second one considers the hydrogen consumption corrected according to the requirements in ISO 23274 standard [41]. The performance of the strategies is evaluated by simulation in five different driving cycles. These include three low-load driving cycles (e.g., Urban Dynamometer Driving Schedule—UDDS; New European Driving Cycle—NEDC; Federal Test Procedure—FTP) and two high-load driving cycles (e.g., Worldwide harmonized Light-Duty vehicles Test Procedure—WLTP; and Supplemental Federal Test Procedure—US06). The fuel cell system efficiency is taken into account through a semi-empirical model that also considers different auxiliary systems such as: cooling pump and fan, water recirculation pump, recirculation hydrogen blower, and compressor at cathode inlet.



In summary, the novel contribution of this work is the analysis of three different control strategies, namely, constant power, baseline mode-based, and fuzzy logic control-based. The control strategies are compared at the simulation level considering a FCHV model including a semi-empirical model for the fuel cell system. The performance and the adjustments of the strategies are evaluated in terms of fuel cell system efficiency and fuel consumption considering five different drive cycles.



The structure of the paper is as follows. Section 2 illustrates the adopted vehicle and fuel cell system modeling approach. This section also presents three different control strategies for energy management of the retained vehicle. Section 3 presents and discusses the obtained results on five different driving cycles, both low-load and high-load driving cycles. A performance analysis in terms of fuel cell system efficiency and fuel consumption is then presented. Finally, Section 4 discusses the paper’s findings.




2. Methodology


This section describes the powertrain, the fuel cell system and battery models adopted for the simulations. The design of the three proposed energy management strategies is also presented in this section.



2.1. Powertrain Model


The architecture of the vehicle used in this work is reported in Figure 1.



Table 1 summarizes the main parameters of the FCHV vehicle.



According to the configuration shown in Figure 1, the electric motor supplies power to the wheels through the differential. Additionally, the electric motor may function as a generator, recovering energy during braking. The car has three manual-shifting gears, and regenerative braking is available exclusively in the lowest gear. The electric motor is linked to the direct current bus (DC-BUS) through an electronic converter. The fuel cell is the primary energy source for the FCHV and supplies power to the DC-BUS through the boost converter. Instead, the battery stores the energy recovered during braking and makes up for the instantaneous power demand when the fuel cell power is insufficient.



In this work, the vehicle dynamic model considers the power dissipated in the rolling resistance of the tires, the power due to the aerodynamic drag (   P  a e r o    ), the power needed for overcoming the road grade    P  g r a d     and the power (   P  a c c    ) to accelerate the vehicle equivalent inertia    m a   . Thus, Equation (1) details the requested electrical power:


   P  r e q   = f m g v + 0.5  ρ  a i r    C w  A  v 3  + m g v t a n  ( α )  +  m a  v    v ˙   



(1)







Then, the demand torque at the motor is:


   T  r e q   =  P  r e q    r  w h e e l   /  (  N v η  )   



(2)




where    r  w h e e l     is the wheel radius,   N   is the gearbox ratio, and  η  is the transmission efficiency. The demanded torque is corrected to respect the motor characteristic curve. Specifically, below the base speed the motor can provide up to the peak torque. Instead, at speeds greater than the motor’s base speed, the torque is limited by flux weakening, in this case the motor characteristic is well approximated by its maximum power. Furthermore, the motor speed is limited by its maximum speed, imposed, among the others, by the rotor mechanical strength.



To ensure that the power delivered by the fuel cell system and the battery satisfies the driving cycle power demand, in the present work, the battery power is defined as follows:


   P  b a t t   =  P  r e q   −  P  F C    



(3)







2.1.1. Battery Model


In this work, a lithium-ion battery is considered and modeled via an equivalent circuit model [42]. As depicted in Figure 2, the model is composed of three components: a voltage source    V  O C V    , which represents the open circuit voltage (OCV), a resistor    R 0   , representing the internal resistance, and one RC network, which is connected in series to describe the dynamic behavior of the battery. The nominal parameters of the battery considered in this work are reported in Table 2. The parameters vary with State of Charge (SOC) and temperature (T). Moreover, the thermal behavior of the battery is modeled via a lumped thermal capacity model.



The terminal voltage    V  b u s     is computed by applying the Kirchhoff’s voltage law:


   V  b u s   =  V  O C V   −  R 0   i L  −  V  R C    



(4)




while the load current    i L    is given by the Kirchhoff’s current law:


   i L  =    V  R C      R 1    +    C 1  d  V  R C     d t    



(5)




and thus


    d  V  R C     d t   = −    V  R C      R 1   C 1    +    i L     C 1     



(6)







The SOC is equal to:


  SOC =   A  h  n o m   − A  h  u s e d    (   η  C o u l o m b    )    A  h  n o m      



(7)




where   A  h  u s e d     is equal to the integral of the current over the entire simulation time. Specifically,


  A  h  u s e d   =  η  C o u l o m b   ·   ∫    t 0     t 1     i L   ( t )  d t  



(8)







Then, the internal battery temperature is calculated by considering conductive and convective heat transfer:


   m  b a t t    c p   (    d  T  c e l l     d t    )  = h A  (   T  a i r   −  T  c e l l    )  +  R 0   i 2   



(9)




where m denotes the battery mass,    c p    the specific heat capacity,  h  the heat transfer coefficient,  A  the surface area for heat exchange, and    T  a i r     and    T  c e l l     denote air and battery temperatures, respectively.




2.1.2. Fuel Cell System Model


This study considers a PEM fuel cell system derived from [43] and implemented in the Advisor™ 2003 simulation tool embedded in MATLAB® software. It is a quasi-static and semi-empirical model that considers the main electrochemical, fluid-dynamic, and thermal properties of a fuel cell system. Air and fuel supply, fuel cell stack, and coolant loop, as well as humidification and water recovery, are all included in the retained model, as shown in Figure 3.



Table 3 shows the fuel cell system specifications.



In the air supply sub-system, a model of a twin-screw volumetric air compressor is employed, and its characteristic map is reported in Figure 4. The compressor is supposed to be load-following with respect to the fuel cell system, and thus its pressure output rises as the fuel cell system load grows to deliver the appropriate operating pressure. Separate humidifiers are used to humidify the intake gases. An amount of moisture from the exhaust is collected and reused for humidification purposes once it has been cooled in the condenser. It is important to manage the fuel cell system’s water balance by using water reservoirs, humidifiers, and a condenser to collect exhaust water from the fuel cell stacks and humidify the in-coming flows. The cooling system maintains the fuel cell at optimal operating temperature and releases the heat excess.



The electric power output from the fuel cell stack is computed as:


   P  F C   =  V  c e l l   · I =  V  c e l l   · i ·  A  c e l l   ·  N  c e l l    



(10)




where    V  c e l l     is the cell voltage,  I  is the cell current, and  i  the current per cell area,    A  c e l l     is the cell area, and    N  c e l l     is the number of cells in the stack.



Except for the air compressor, the parasitic power of the fuel cell auxiliaries is computed by applying Bernoulli’s equation,


   P  c o m p o n e n t   =  m ˙   (  Δ p + ρ g Δ z +   ρ Δ  v 2   2   )  ·  1   η  c o m p o n e n t      



(11)




where   m ˙   is the fluid flowrate,   Δ p   is the pressure difference between the pipe inlet and outlet,  ρ  is the fluid density,   g   is the gravitational acceleration,   Δ z   is the height difference between the pipe inlet and outlet, and   Δ  v 2    is the fluid velocity contribution.



The overall power loss due to the auxiliaries is given by:


   P  a u x   =  P  c o m p r e s s o r   +  P  c o o l i n g   +  P  h u m i d i f i e r s   +  P   H 2  , r e c i r c    



(12)







The fuel cell system efficiency is defined as:


   η  F C S   =    P  F C   −  P  a u x      n   H 2    · L H  V   H 2       



(13)




where    n   H 2      is the hydrogen consumption [kg/s] and   L H  V   H 2      is the hydrogen lower heating value [kWh/kg].





2.2. Energy Management Strategies


To properly determine the target power split of the different FCHV power sources, e.g., fuel cell and battery, it is crucial to design a suitable and reasonable system control strategy. This section presents three different control strategies, namely, constant power, baseline mode-based, and optimal mode-based, for the retained FCHV.



2.2.1. Constant Power


The constant power control strategy enforces the fuel cell working as a range extender for the vehicle. Specifically, the vehicle’s propulsion is mostly delegated to the battery, but the fuel cell may provide extra power to keep the battery charged and boost the vehicle’s range. Since the sizing of the energy storage components did not change, the most convenient level of power delivered by the fuel cell was set on the basis of the mean requested power during the different driving missions. In particular, two different power outputs were set for the low- and high-load drive cycles to complete the drive cycles while reducing fuel consumption properly. For the reasons mentioned above, the power delivered by the fuel cell was set constant at values equal to 5 kW and 12 kW for low-load driving cycles and high-load driving cycles, respectively. Moreover, a charge sustaining mode (CS) was considered for the battery operations.



Referring to Equation (4), the power delivered by the battery is equal to:


   P  b a t t   =  P  r e q   − 5   k W  



(14)






   P  b a t t   =  P  r e q   − 12   k W  



(15)




in low-load and high-load drive cycles, respectively.



The fuel cell is set to idle during vehicle operation until the battery reaches the lowest desired SOC. Then, once the fuel cell is powered, on the power output is kept constant and equal to the selected value for the remaining simulation time. In this way, there is always enough power from the fuel cell to recharge the battery.




2.2.2. Baseline Mode-Based


The baseline mode-based control method takes into account a variety of operating modes depending on battery SOC and power needs. The fundamental concept of this power-oriented control strategy is as follows: the fuel cell system is designated as the primary power source, and its output power is controlled to a certain amount in order to match the vehicle’s driving power needs. The fuel cell system is turned on for practically the whole driving period, except for possible initial cold start and when there is minimal driving power demand and the battery pack is at a high state of charge. During the control strategy design, the battery is considered to operate in CS mode and to achieve smooth fuel cell power output transitions, the prior state is checked, and variations are limited. The logic of the baseline mode-based control strategy is shown in Figure 5.



In Figure 5, in the green region, the fuel cell is always on, while in the red area, it is always off. The orange region is a transition zone in which the fuel cell retains its on/off state based on its prior condition. During braking, kinetic energy held in the translating mass of the vehicle is stored in the vehicle by using the traction motor as a generator. In this way, braking torque is provided to the wheels and is used to recharge the battery. The target power of the fuel cell system is calculated as:


   P  F C   = 0   i f    {      S O C ≥ S O  C h    a n d    P  r e q   ≤  P  F C , m i n         S O C ≥ S O  C h    a n d    P  F C , m i n   <  P  r e q   <  P  F C , o n     a n d   F  C s  = o f f       S O  C l  < S O C < S O  C h    a n d    P  r e q   ≤  P  F C , o n     a n d   F  C s  = o f f        



(16)






   P  F C   =  P  r e q   −  P  b a t t     i f    {      S O C ≥ S O  C h    a n d    P  F C , m i n   ≤  P  r e q   ≤  P  F C , o n     a n d   F  C s  = o n       S O  C l  < S O C < S O  C h    a n d   0 <  P  r e q   <  P  F C , o n     a n d   F  C s  = o n        P  r e q   >  P  F C , o n         S O C < S O  C l           



(17)






   P  F C   =  P  F C , m i n     i f    P  r e q   ≤ 0    (  r e g e n  )    a n d   F  C s  = o n  



(18)




where   S O  C l    and   S O  C h    are the minimum and maximum desired values of battery SOC,    P  F C , m i n       is the minimum power deliverable by the fuel cell system,    P  F C , o n       is the power at which the fuel cell is started, and   F  C s    is the fuel cell working state at the previous time step.



The main baseline mode-based control strategy parameters are reported in Table 4.




2.2.3. Fuzzy Logic Control-Based


The optimal mode-based control strategy improves the technique presented in the previous subsection by introducing a fuzzy logic technique to control the power split between the vehicle’s battery and fuel cell system. The structure of a fuzzy logic controller is shown in Figure 6. It is divided into three parts: the fuzzification module, the rule-based inference engine, and the defuzzification module.



Fuzzification is the process of converting input into fuzzy subsets. The subsets comprise certain input ranges and membership functions that define the degree of certainty that the input belongs to a given range. The outputs of this block are then sent to the inference engine along with the fuzzy rule base to create control actions. Finally, the defuzzification module processes the output of the inference motor by means of membership functions which determine the output in physical terms.



There are two input variables and one output variable in the retained fuzzy logic controller in the present study. The input variables are the power request and the state of charge (SOC) of the battery while the output variable is the amount of power required to the fuel cell. The power from the battery is then found as the difference between the overall amount of power required by the FCHV and the power generated by the fuel cell system.



Additionally, the number and shape of the membership functions for each of the fuzzy variables are crucial for increasing fuel cell system efficiency as well as preserving battery charge status, which are critical in a fuzzy logic-based energy management approach. Figure 7 depicts the membership functions of the input and output variables, respectively.



Figure 8 presents a representation of the rule base for the inference motor. This is designed to minimize fuel consumption and maximize the fuel cell system efficiency, while having the net energy drawn from the battery over the drive cycle be as close to zero as possible.






3. Results


The presented rule-based control strategies aim to maximize fuel cell system efficiency while minimizing fuel consumption. This section presents the results of the evaluation of the performance of the obtained techniques. Firstly, the performance of the proposed methods was evaluated on the basis of simulations by means of two homologation driving cycles, e.g., New European Driving Cycle (NEDC) and Worldwide harmonized Light vehicles Test Procedure (WLTP). Then, a detailed sensitivity analysis was undertaken to evaluate the fuel cell system efficiency and fuel consumption for the various control techniques in three low-load driving cycles (e.g., FTP, NEDC, UDDS) and two high-load driving cycles (e.g., US06 and WLTP).



3.1. Simulation Results


This section presents the results of the simulations conducted on two standard drive cycles and discusses the performance of the aforementioned control strategies. All the control strategies were implemented in the MATLAB/Simulink environment, while the plant model was modeled in the Simulink environment. When running all of the simulations, equal battery SOC values were imposed at the start and end of each driving cycle.



Figure 9, Figure 10 and Figure 11 present the results for the NEDC drive cycle. Each figure shows the reference speed profile (grey solid line) and SOC profile (green solid line) on the left y-axis and the fuel cell power (red solid line), battery power (dark green solid line) and compressor power (black solid line) on the right y-axis.



Figure 9 presents the constant power control strategy. The fuel cell is kept idle until the SOC reaches the minimum allowable value. Starting from this instant, the fuel cell is turned on until the end of the cycle, and the delivered power is equal to 5 kW.



Figure 10 presents the baseline rule-based control strategy. The fuel cell is kept idle until the SOC reaches the minimum allowable value stated in Table 4. Starting from this instant, the fuel cell is turned on until the end of the cycle. The delivered power varies accordingly to the rules reported in Figure 5. The fuel cell compressor power is always below 100 W.



Figure 11 refers to the fuzzy logic control strategy. In this particular case, the fuel cell is immediately turned on, and the provided power is computed according to the rules reported in Figure 7. In contrast to the previous control strategies, the SOC profile is stable around 60%, which is the initial SOC value. Since the fuel cell is used more dynamically, also the compressor power increases up to 1.5 kW.



Figure 12, Figure 13 and Figure 14 present the results for the WLTP drive cycle. Each figure shows the reference speed profile (grey solid line) and SOC profile (green solid line) on the left y-axis and the fuel cell power (red solid line), battery power (dark green solid line) and compressor power (black solid line) on the right y-axis.



Figure 12 presents the constant power control strategy. The fuel cell is kept idle until the SOC reaches the minimum allowable value. Starting from this instant, the fuel cell is turned on until the end of the cycle and the delivered power is equal to 12 kW. Figure 13 presents the baseline rule-based control strategy. The fuel cell is kept idle until the SOC reaches the minimum allowable value stated in Table 4. Starting from this instant, the fuel cell is turned on until the end of the cycle. The delivered power varies according to the rules presented in Figure 5. The fuel cell compressor power is always below 100 W.



Figure 14 presents the fuzzy logic control strategy. In this particular case, the fuel cell is immediately turned on and the provided power is computed according to the rules reported in Figure 7. In contrast to the previous control strategies, the SOC profile is stable at around 60% for almost the whole cycle. Since the fuel cell is used more dynamically and the drive cycle is more expensive in terms of requested power, the compressor power increases to 2.5 kW in the last part of the drive cycle.




3.2. Control Strategy Performance Analysis


To visualize the above results more effectively, it is convenient to show more precisely to which degree the different control strategies improve or deteriorate the FCHV performance in terms of equivalent consumption and fuel cell system efficiency. To this end, three low-load drive cycles and three high-load drive cycles are considered.



The equivalent consumption is computed on the basis of the ISO 23274-1 standard. Unless the energy battery fluctuation at cycle start and end is more than 1% of the energy associated with fuel used throughout cycle, the standard does not require any modifications to the observed fuel consumption (e.g., hydrogen usage). Thus, the equivalent fuel consumption is given by


   m  f , e q v   =  m   H 2    + s ·  m   H 2     



(19)




where    m   H 2      is the hydrogen consumption and   s   is the corrective factor for the battery and is equal to the ratio of fuel cell energy fluctuation across the whole drive cycle to battery energy variation at the start and end of the drive cycle.



Figure 15 shows the equivalent fuel consumption per 100 km for each control strategy in six different drive cycles. The constant power control strategy is the one with the highest fuel consumption, up to 108 L/100 km in the US06 drive cycle. Then, the fuzzy logic control strategy performs better when compared to the constant power and baseline rule-based control strategies. Nevertheless, when the WLTP drive cycle is considered, the results are comparable.



Figure 16 shows the equivalent fuel cell system efficiency for each control strategy in six different drive cycles. The constant power control strategy shows quite high fuel cell system efficiency due to the low compressor use. Afterwards, the fuzzy logic control strategy shows improved fuel cell system efficiency when compared to the constant power and baseline rule-based control strategies. The fuel cell system efficiency increases by 33% in low-load drive cycles and 12% in high-load drive cycles. Nevertheless, when WLTP drive cycle is considered the results are comparable and it is coherent to the results reported in Figure 15. Please note that despite the reduced regenerative braking when the fuzzy logic control strategy is applied, the better efficiency given by this control logic leads to a decrease in energy consumption as shown in Figure 15.





4. Conclusions


In this paper, the design and assessment of three different control strategies for energy management in FCEVs was presented. The study was specifically conducted to define how much the fuel cell system efficiency can be improved and how much hydrogen can be saved by using a rule-based energy management strategy to control the power and energy split between the fuel cell and the battery.



Specifically, the novel contribution of this paper was the analysis of three different control strategies, namely, constant power, baseline mode-based and optimal mode-based, in an FCEV using a semi-empirical model for the fuel cell system. The performance and adjustments of these strategies were evaluated in terms of fuel cell system efficiency and fuel consumption. The results were obtained on the basis of simulations of five different drive cycles.



A passenger FCEV was modeled via a forward approach. The fuel cell system was modeled by means of a semi-empirical model in consideration of both the influence of different auxiliary systems and the thermal and water management of the system. To guarantee an adequate power and energy split between the fuel cell and battery, three control strategies were analyzed. The first one imposed a constant power flow from the fuel cell, while the remaining two implemented rule-based control strategies. The results showed that in both low-load cycles (FTP, NEDC, UDDS) and high-load cycles (US06 and WLTP), the best control strategy maintained a fuel cell system efficiency equal to or greater than 33%, while the fuel consumption was 30% and 20% less with respect to the baseline control strategy in low-load and high-load drive cycles, respectively.



This work proposed a systematic approach for assessing the performance of rule-based energy management strategies for FCEVs in terms of fuel cell system efficiency and fuel consumption minimization. The methodology could be further improved by adding consideration about the FCEV lifetime components, with the purpose of making this platform more affordable. Then, an extensive experimental validation phase on real FCEVs could be performed. Nevertheless, the proposed methodology is general, and can be applied in a wide range of energy management scenarios in FCEVs.
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	PEM
	Proton-exchange membrane fuel cell
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	Internal combustion engine
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	Electric vehicle
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	NEDC
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	WLTP
	Worldwide harmonized light-duty vehicle test procedure
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Figure 1. FCHV powertrain architecture. 
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Figure 2. Schematic of the retained equivalent circuit model. 
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Figure 3. Schematic of the retained fuel cell system model. 
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Figure 4. Twin-screw air compressor map. 
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Figure 5. Baseline mode-based control strategy logic. 






Figure 5. Baseline mode-based control strategy logic.



[image: Energies 15 02004 g005]







[image: Energies 15 02004 g006 550] 





Figure 6. General architecture of the fuzzy logic controller. 
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Figure 7. Membership function of fuzzy logic inputs (   P  r e q    , requested power and SOC, battery state of charge) and output (   P  F C    , power to be provided by the fuel cell system). 
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Figure 8. Tridimensional representation of the fuzzy logic rule base for the inference motor. 
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Figure 9. Simulation conducted on NEDC driving cycle with constant power control strategy. 
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Figure 10. Simulation conducted on NEDC driving cycle with baseline mode-based control strategy. 
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Figure 11. Simulation conducted on NEDC driving cycle with fuzzy logic control strategy. 






Figure 11. Simulation conducted on NEDC driving cycle with fuzzy logic control strategy.



[image: Energies 15 02004 g011]







[image: Energies 15 02004 g012 550] 





Figure 12. Simulation conducted on WLTP driving cycle with constant power control strategy. 
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Figure 13. Simulation conducted on WLTP driving cycle with baseline mode-based control strategy. 
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Figure 14. Simulation conducted on WLTP driving cycle with fuzzy logic control strategy. 
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Figure 15. Comparison of equivalent consumption per 100 km [L/100 km]. 
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Figure 16. Comparison of fuel cell system efficiency [%]. 
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Table 1. Main FCHV parameters.
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	Item
	Parameter
	Value
	Unit





	Vehicle
	Mass
	1191
	kg



	
	Cargo mass
	136
	kg



	
	Aerodynamic drag coefficient
	0.335
	-



	
	Rolling resistance coefficient
	0.013
	



	
	Frontal area
	2
	    m 2    



	
	Weight distribution (front/rear)
	0.6/0.4
	-



	
	Center of Gravity height
	0.5
	m



	
	Wheelbase
	2.6
	m



	
	Wheel radius
	190
	mm



	e-motor
	Continuous power
	45
	kW



	
	Peak torque
	240
	Nm



	
	Peak power
	75
	kW



	DC-DC
	Efficiency
	0.95
	-



	DC-AC
	Efficiency
	0.95
	-
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Table 2. Nominal battery parameters.
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	Parameter
	Symbol
	Value
	Unit





	Type
	-
	Li-Ion
	



	Mass
	    m  b a t t     
	27.5
	kg



	Nominal capacity
	   A  h  n o m     
	6
	Ah



	Nominal voltage
	    V  n o m     
	320
	V



	Number of modules
	-
	25
	-



	Heat exchange area
	A
	0.032
	    m 2    



	Specific heat capacity
	    c p    
	795
	   J / kgK   



	Heat transfer capacity
	h
	5
	   W /  m 2  K   
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Table 3. Fuel cell system specification.
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	Parameter
	Symbol
	Value
	Unit





	Max. output power
	    P  F C , m a x     
	50
	kW



	No. of cells
	-
	300
	-



	Fuel cell stack mass
	    m  F C     
	100
	kg



	Active area
	    A  c e l l     
	280
	     cm  2    



	   H 2    pressure
	-
	350
	bar



	Hydrogen lower heating value
	   L H  V   H 2      
	33.3
	kWh/kg
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Table 4. Baseline mode-based control strategy parameters.
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	Item
	Parameter
	Value
	Unit





	Battery
	    [  S O  C l  , S O  C h   ]    
	[0.55, 0.95]
	-



	
	   S O  C 0    
	0.6
	-



	Fuel cell
	    P  F C , m i n     
	7
	kW



	
	    P  F C , o n     
	10
	kW



	
	    P  F C , m a x     
	50
	kW
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