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Abstract:



Recent environmental and climate change issues make it imperative to persistently approach research into the development of technologies designed to ensure the sustainability of global mobility. At the European Union level, the transport sector is responsible for approximately 28% of greenhouse gas emissions, and 84% of them are associated with road transport. One of the most effective ways to enhance the de-carbonization process of the transport sector is through the promotion of electric propulsion, which involves overcoming barriers related to reduced driving autonomy and the long time required to recharge the batteries. This paper develops and implements a method meant to increase the autonomy and reduce the battery charging time of an electric car to comparable levels of an internal combustion engine vehicle. By doing so, the cost of such vehicles is the only remaining significant barrier in the way of a mass spread of electric propulsion. The chosen method is to hybridize the electric powertrain by using an additional source of fuel; hydrogen gas stored in pressurized cylinders is converted, in situ, into electrical energy by means of a proton exchange membrane fuel cell. The power generated on board can then be used, under the command of a dedicated management system, for battery charging, leading to an increase in the vehicle’s autonomy. Modeling and simulation results served to easily adjust the size of the fuel cell hybrid electric powertrain. After optimization, an actual fuel cell was built and implemented on a vehicle that used the body of a Jeep Wrangler, from which the thermal engine, associated subassemblies, and gearbox were removed. Once completed, the vehicle was tested in traffic conditions and its functional performance was established.
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1. General Considerations


With climate change becoming of increasing concern in recent years, vast global efforts have focused on producing renewable energy sources and reducing greenhouse gas emissions [1]. In addition to energy production, the transport sector has been a major focus of such efforts due to the vast amount of emissions from vehicles [2,3]. In the European Union, for example, the transport sector is responsible for approximately 28% of greenhouse gas emission, of which 84% are associated with road vehicles [3]. Due to this, there has been a huge industrial drive to develop low emission, electric alternatives to standard combustion engine vehicles.



Fully electric vehicles have many obvious advantages, including the absence of pollution associated with internal combustion (greenhouse gases, other gaseous and particulate pollutants, noise), lower refueling costs, and lower maintenance costs. Despite these advantages, there remain several major disadvantages to electric vehicles: reduced driving autonomy, long battery charging time, and increased cost. Further development of the electric car market is largely dependent on solutions which minimize these disadvantages. For this reason, sustained efforts are being made in research and development to obtain products and technologies to help overcome these problems and promote the use of electric vehicles [3].



One suggested solution to mitigate the problems described above is to develop hybrid vehicles which can reduce the time between two successive refueling events. The implementation of a second energy storage vector on a vehicle, which can allow the battery to charge during movement, will increase the time span between successive refueling and also improve travel autonomy [2]. One such hybrid system is the tandem hydrogen and proton-exchange membrane fuel cell. The hydrogen-based fuel cell has proven its effectiveness in storing and converting chemical energy directly into electricity, and possesses several advantages [1,2]:

	-

	
The main reaction product is water. Hence, energy production does not directly generate CO2 emissions and does not pollute, provided that the fuel hydrogen is produced using renewable energy sources [3,4].




	-

	
Such fuel cell systems have a high efficiency, [5,6] between 40% and 45% for complete systems including the electrical power consumed by ancillary equipment [7].









Due to such benefits, the world’s leading manufacturers in the automotive industry have included the problem of implementing hydrogen and fuel-cell-based technologies on their agenda.



The optimization and implementation of hydrogen-based fuel cells for electric vehicles requires further and more in-depth research, despite the dedicated efforts that have been carried out so far. In this manuscript, we design a proton exchange membrane fuel cell (PEMFC) to hybridize the electric powertrain of a vehicle. By implementing simulations of a vehicle’s performance, we optimized the design of the fuel cell system. Inspired by the simulation results, a real fuel cell was created and implemented in a modified Jeep Wrangler. The resulting vehicle was tested under standard traffic conditions. This paper presents the results of this study, which was initiated in 2009 at the Hydrogen and Fuel Cells Center of National Research and Development Institute for Cryogenic and Isotopic Technologies—ICSI Rm. Valcea.



In Section 2, we describe the chosen system structure for the hybrid vehicles studied here and the operating principles of the different system components. This is followed by a description of the simulations performed to optimize the fuel cell operating parameters, in Section 3. In Section 4, we overview the control system employed to ensure the hybrid runs efficiently. In Section 5, the results of the simulations are employed in a case study of a real vehicle, and the results are discussed. Finally, in Section 6, we conclude the manuscript with an overview of the work and outlook.




2. Structure and Operating Principles of an Electric Vehicle Powered by a Hybrid Fuel Cell Energy Source


Previous studies have investigated different means of implementing of hybrid fuel cells in the energy storage systems (ESS) of electric vehicles [8]. Based on these studies, we chose a configuration with as many advantages as possible [8]; a configuration with three energy flows is shown in Figure 1. The objectives of this hybrid configuration are

	-

	
Minimization of hydrogen consumption [9];




	-

	
Protection of the fuel cell from fast transitions of the load;




	-

	
Storage of energy in a battery-ultracapacitor assembly; and




	-

	
The maintenance of power over the load within the prescribed limits.








Figure 1. Block diagram for the chosen configuration. The system includes several water recirculation pumps (P1–P4), fan radiators (R1, R2), and two wheel-mounted engines (M1, M2). The orange track represents hydrogen-pulled, blue track represents cooling fluid, and black track represents —energy. Orange boxes are DC/DC converters and controller, blue boxes are batteries, green boxes are inverters and Powertrain System, magenta boxes are fuel cells and ultracapacitor, and the red box represents a hydrogen tank.



[image: Energies 11 01294 g001]






A hybrid system with three energy flows is built by connecting the three components of energy production and storage—the fuel cell, ultracapacitor, and battery [10,11,12,13]—to the same DC bus operating at constant voltage. The current distribution on the bus is dictated by the internal impedance of each component at any given time. The ultracapacitor, having the smallest impedance, discharges the fastest, and thus takes over in rapid transient regimes. The battery has a higher impedance than the ultracapacitor and supports higher currents for longer periods, which means it takes over in longer transient regimes, relative to the ultracapacitor. The fuel cell has the highest internal impedance and thus provides constant power to charge the ultracapacitor and batteries during periods of low energy consumption on the load. Two fuel cell assemblies (FC1 and FC2), with a net power of 33 kW each, are connected in series. To compensate for the technological dispersion, the two assemblies are independently controlled by hydrogen and an air regulator, whose flow rates are calculated according to the working parameters. The hydrogen supply is from two cylinders (H2 tank) with a capacity of 10 L and a pressure of 350 bar. Each fuel cell assembly contains an individual cooling system, which includes deionized water recirculation pumps (P1, P2, P4), heat exchangers (HE1, HE2), and a fan radiator (R1). The cooling system was designed to provide the optimum operating temperature (about 60 °C), irrespective of external environmental conditions.



A battery pack containing two 12 V batteries ensures the 12 V and 24 V supply voltages for all the auxiliary equipment of the vehicle. Taking into account low-voltage consumption of the vehicle, these batteries need to generate 3 kW of power on a continuous basis. A buck converter (Converter 3) ensures the charging of the two batteries on the DC bus.



The ultracapacitor (UC) bench is formed of five 165 F/48 V ultracapacitors and is coupled to the DC bus via the bidirectional converter, DC/DC Converter 2. The ultracapacitors are able to provide 46.5 kW of available power to the bus. The UC bench operation at 50–90% state of charge (SoC) is provided by the general control system (Control 1), which acts on the bidirectional Converter 2 DC/DC.



A 400 V/350 A battery is directly connected to the DC bus, provides an output power of 30 kW, and is one of the three energy sources of the powertrain. A charger ensures battery charging from the 230 V AC network.



The powertrain itself consists of two inverters, Inverter 1 and Inverter 2, two 30 kW AC engines mounted on wheels (M1 and M2), a traction control unit (Control 2), and a communication interface with the general control system of the vehicle. The type of motor used requires a cooling circuit according to the manufacturer’s requirements. For this reason, a second cooling system consisting of the P3 water recirculation pump and the R2 radiator provides the optimum operating temperature for the engines, inverters, and converters 1 and 2. The general control system (Control 1) is where the command algorithms are implemented; it monitors the vehicle speed and acceleration, battery and ultracapacitor state of charge, load power (driving system), and other parameters required for decision-making (currents, voltages, temperatures, etc.). The measured parameters can be displayed on a monitor.



A protection module ensures the security of the equipment and operators in the event of hydrogen leakage in the vehicle, the reduction of insulation on high-voltage lines, or major deviations in the values of some functional parameters from a preset range.



Generated power transients at the fuel cell output are relatively high, with only 2 s for a power excursion from 10% to 90%. However, operating with large and fast transients in a load power is likely to drastically reduce the service life of the fuel cell, mainly due to failure, by various mechanisms, of the cells’ membrane–electrode assemblies [14,15,16]. Fuel cell hybrid propulsion systems allow, by adopting appropriate energy management strategies [17,18,19,20,21], the use of the fuel cell as a stationary power generator. The energy stored in the battery systems and in the ultracapacitor provides a double benefit; preserving the life of the fuel cell and achieving a better dynamic response to load variations, as shown in Figure 2.


Figure 2. Current distribution for the three directly connected power flows.
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In Figure 2, charging regimes of 40 A, 150 A, 250 A were simulated and the current distribution to the three sources (battery, ultracapacitor, fuel cell) demonstrates several rapid 2 s load peaks up to 150 A and 250 A, respectively. During these peaks, when speed and acceleration was constant, ultracapacitor, battery and fuel cell contributed to the power flow. During the long-term charging at 40 A, the fuel cell ensures the main power flow, charging battery and ultracapacitor.



One problem that arises when connecting a hybrid system made up of a fuel cell, battery, and ultracapacitor to a bus is that the power distribution must be synchronized such that all components generate a constant voltage on the bus, and therefore a corresponding power on the load.




3. Simulating the Electric Vehicle Powertrain


Modelling plays a significant and important role in designing a hybrid electric propulsion system with fuel cell. In this regard, we used the program Simulink package, allowing dynamic modelling of the behavior of the vehicle, the introduction of variable parameters (speed, torque), as well as the European extra-urban driving cycle (EUDC) profile and duty cycles acceleration from 0 to 100 km/h in 30 s. Fixed-pitch simulation was selected at a time step of 0.0001 s, the step being at least one order of magnitude smaller than the constants in the model. MATLAB/Simulink allows building component blocks (see Figure 3) using the Mask option.


Figure 3. The complete model for powertrain simulation.
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To model and simulate common electric vehicles, several design parameters are required. For this study, we modeled a vehicle with a 2100 kg mass, a 2.5 m2 front area, and a 0.6 m wheel diameter. For performance characteristics, we adopted 0.3 for the aerodynamic coefficient, and 0.001 for the coefficient of friction. In our model, the vehicle did not have recuperative breaking. Starting from these features, the electric drive motor was designed to respect certain driving cycles of the vehicle: the European extra-urban driving cycle (EUDC) and an acceleration cycle from 0 to 100 km/h in 30 s.



Figure 3 shows the complete simulation model of the drivetrain. The driving cycle was configured from the vehicle driving profile block, and the entire propulsion system was controlled and monitored by the Control System. All data were viewed on the monitoring panel. In the simulations, the input data of the energy management system were the current and voltage of the load, and the state of charge (SoC) of the battery. The output data were the control signals of each DC/DC converter. A snapshot of the simulated vehicle is shown in Figure 3.



Figure 4 represents the run at the standard, extra-urban European Driving Cycle with acceleration and decelerations to thresholds of 70 km/h, 50 km/h, 100 km/h and 120 km/h and final deceleration from 120 km/h, to 0 km/h in a total of 400 s total cycle length. Taking into account the EUDC driving cycle, Figure 4 and Figure 5 show the simulated vehicle speed and resulting power distribution by the various components of the powertrain, respectively. To meet the speed requirements of this cycle, it was necessary that the engine power be a minimum of 48 kW [22,23]. The power requirement was distributed to meet current engine power needs, and the power distribution was made according to the voltage on the DC bus (battery voltage). For example, if the voltage was over 415 V, the battery could support the power demand; however, when the voltage dropped below this threshold, the ultracapacitor would operate, since it has the capacity to support power peaks of up to 40.2 kW. It is worth mentioning that in this study, the fuel cell was operated in steady state for acceleration zones where the extra power required is supplied by the battery and ultracapacitor, while in the cruise/deceleration zones, the fuel cell assured the charging of the ultracapacitors up to 90% state of charge (SoC).


Figure 4. Vehicle speed profile for the European extra-urban driving cycle (EUDC).
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Figure 5. Power profile for the load (black) and the three system components—the fuel cell (FC, red); the battery (Bat, blue) and the ultracapacitor bank (UC, yellow)—on the DC Bus for load power demand coverage on the EUDC.
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In Figure 5, in the acceleration zone, the fuel cell is in equilibrium (e.g., between 30–60 s, the power is provided by battery and ultracapacitor). Equilibrium fuel cell output happens when battery voltage drops below 415 V, and it can no longer support the power demand, and the ultracapacitors are discharged. For example, during the 60–120 s interval, we have a speed cruise, battery and ultracapacitor that do not have the ability to support engine power, at which point FC is out of balance. In the 200–270 s interval, the fuel cell is back in equilibrium.



In order to provide a driving cycle with acceleration from 0 to 100 km/h in 30 s, as shown in Figure 6, a propulsion engine with power of at least 85 kW is required. The power profile (FC/Battery/UC) on the DC Bus to cover the load power demand for such a drive cycle is shown in Figure 7.


Figure 6. Vehicle speed profile to accelerate to 100 km/h from rest in 30 s.
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Figure 7. Power profile for the load (black) and the three system components—the fuel cell (FC, red); the battery (Bat, blue) and the ultracapacitor bank (UC, yellow)—on the DC Bus for coverage of power demand on the load for an acceleration cycle from rest to 100 km/h in 30 s.
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4. Power Management Strategy in a FC/Battery/UC Hybrid System


In order to ensure the efficient operation of the fuel cell (FC), the battery, and the ultracapacitor (UC), while taking into account their constraints, an energy management system is required. The main objectives of the energy management system are

	-

	
to guarantee low hydrogen consumption [24,25,26],




	-

	
to increase the overall system efficiency [27,28],




	-

	
to ensure the battery SoC remains in a narrow operating range [29,30,31,32], and




	-

	
to increase component lifetime [33].









These objectives are achieved by controlling the power flow to each of the three sources in order to meet the load requirements through their associated converters, using a particular energy management strategy (EMS). In the case of the given application, the control strategy was based on a state machine (SM) map strategy [34,35]. The management strategy was designed to meet several requirements: to preserve the fuel cell lifetime by avoiding an insufficient supply of reactants (fuel cell starvation) and by limiting the supplied current rate to a maximum of 40 A/s [17]; for efficient battery system operation, the battery SoC was kept above 60% at all times. The voltage on the DC bus (or UC SoC) was regulated by controlling DC/DC converter 1 of the cell [36,37,38].



The employed control strategy, based on the state machine map, consisted of eight states, as shown in Table 1 and Figure 8. The fuel cell power is determined by the battery state of charge and the required load power (Pload). As shown, the output of the algorithm is the reference for the fuel cell power. Both this quantity relative to the fuel cell voltage and the efficiency of the DC/DC converter lead to the value of the fuel cell reference current. To determine power of fuel cell, we used an emulator. The state of charge is measured by the Control System using a method known as Coulomb counting. Required load power measured torque transducer [39,40,41].


Figure 8. Control strategy based on the State Machine map.
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Table 1. State Machine Map. The inputs are the battery state of charge (SoC) and the load power (Pload). Additional parameters include the maximum, minimum, and optimum fuel cell power (Pfc); and the charging power Pcharge.





	If SoC > 90 & Pload < Pfcmin
	Status = 1
	Pfc = Pfcmin



	If SoC > 90 & Pload[image: ] [Pfcmin, Pfcmax]
	Status = 2
	Pfc = Pload



	If SoC > 90 & Pload ≥ Pfcmax
	Status = 3
	Pfc = Pfcmax



	If SoC [image: ] [65.85] & Pload < Pfcopt
	Status = 4
	Pfc = Pfcopt



	If SoC [image: ] [65.85] & Pload[image: ] [Pfcopt, Pfcmax]
	Status = 5
	Pfc = Pload



	If SoC [image: ] [65.85] & Pload ≥ Pfcmax
	Status = 6
	Pfc = Pfcmax



	If SoC < 60 & Pload < Pfcmax
	Status = 7
	Pfc = Pload + Pcharge



	If SoC < 60 & Pload ≥ Pfcmax
	Status = 8
	Pfc = Pfcmax










5. Case Study: Electric Vehicle in Fuel Cell/Battery/Ultracapacitor Hybrid Topology


In order to test the simulations described in the previous sections, a case study was performed in which a fuel cell hybrid system was employed in an electric vehicle. The case study vehicle used the body of a Jeep Wrangler, from which the internal combustion engine, its associated subassemblies, and the gearbox were removed. The total weight of the removed equipment was approximately 650 kg, resulting in a body weight of 1200 kg. Figure 9 shows images of the studied vehicle.


Figure 9. Electric vehicle in hybrid topology. 1 indicates PEM fuel cells hydrogen supply system, 2 indicates command and control system, 3 indicates PEM fuel cells air supply system, 4 indicates primary cooling radiator, 5 indicates secondary cooling radiator, 6 indicates cooling agent storage vessel, 7 indicates PEM fuel cells stack, 8 indicates coolant agent expansion tank, and 9 indicates car bodywork.
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The electric propulsion system installed in the vehicle comprised:

	
two fuel cells each with 33 kW of power, connected in a series;



	
a 30 kW rechargeable battery pack;



	
five 48 V and 165 F ultracapacitor units connected in series;



	
a power distribution unit (PDU);



	
a unidirectional converter for connecting the fuel cell to the PDU;



	
a bidirectional converter to connect the ultracapacitor to the PDU;



	
a 24 V auxiliary battery charger (2 × 12 V);



	
a main battery charging module from 230 V (AC);



	
two 33 kW electric motors mounted on the rear wheels;



	
two motor inverters;



	
command and control modules for the propulsion system;



	
two 50 L at 350 bar hydrogen cylinders; and



	
auxiliary equipment (water pumps, vacuum pumps, temperature sensors, hydrogen sensors, etc.).








Figure 10 shows the experimentally determined power distributions of the completed vehicle. Measurements were made using a National Instruments data-acquisition system.


Figure 10. Power distribution for state machine control strategy in the case study vehicle.
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From the experimental results in Figure 10, the following can be mentioned:

	
The urban cycle driving autonomy was 2 h 20 min at an average speed of 45 km/h.



	
The extra-urban cycle driving autonomy was 2 h 50 min at an average speed of 70 km/h.



	
The maximum imposed speed was 120 km/h.



	
The vehicle, upon departure, reached 100 km/h in 38 s.








Clearly, the tested vehicle performed as expected. The power calculated for simulation of the vehicle was 100 km/h in 30 s and experimental results was 100 km/h in 38 s.



From the beginning, there was a difference in power output between versions resulting from simulations and what is actually performed by the vehicle. In the configuration, real consumption of self-sustaining vehicles mention energy needs for power subassemblies components, pumps circulation of coolant for steering and brake circuits and signaling lights, etc., introduce consumption of significance to be taken into account. Also, a more detailed analysis includes the vehicle power management algorithm, depending on which functional parameters are obtained for the three energy streams, but this is the subject of a work underway, in which different management algorithms are considered [42].




6. Conclusions


This paper presents a study on the implementation of hydrogen fuel cell technologies in electric vehicles. This approach originated because the use of hydrogen as a fuel produces no pollution while providing in-situ power generation through electrochemical conversion. Additionally, hydrogen fuel cells can efficiently convert hydrogen into energy and be used to recharge batteries and ultracapacitors, improving the time between refueling. The results presented here lead to better knowledge of the technology and enable a solution to the practical issue of energy management in a hybrid fuel cell electric vehicle.



The hybrid electric vehicle developed here is not state-of-the-art, but rather, demonstrates the capabilities and functionality of the technology. The result can be considered innovative from the point of view of both the proposed technology and the expected results—the production of a hybrid series car with the ability to travel in traffic with a degree of autonomy is comparable to classic combustion engine vehicles. The power calculated for simulation of the vehicle has 100 km/h in 30 s and in experimental results has 100 km/h in 38 s.



It is likely that at this time, the investment cost of these vehicles is too high when compared to classic vehicles. However, it should be noted that this area is making very rapid progress. For example, the price of a PEM fuel cell has decreased by one third over the past ten years and is expected to be 20% of the current value (per kW) in 2020. Thus, once this technology is ready for deployment in real scenarios, the costs will be competitive. In addition, the economic advantage of the proposed solution is its versatility in employing hydrogen fuel cells in vehicles in several ways, each being suited to particular conditions and subject to the provisions of national standards and regulations.
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