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Abstract

:

This article investigates the impact of loading on the hybrid powertrain of the FCAT-30 model, equipped with a proton-exchange-membrane fuel cell (PEMFC) and a nickel–metal hydride (NiMH) battery. This study involves analyzing structural component performance based on voltage and current measurements of the fuel cell, battery, and powertrain. Tests conducted under different load conditions reveal significant differences in battery current and fuel-cell voltage, highlighting the crucial role of the battery in the powertrain. External loading induces cyclic operation of the fuel cell, generating peak power. The energy balance analysis demonstrates that, under no-load conditions, the vehicle consumes 37.3% of its energy from the fuel cell, with a total energy consumption of 3597 J. Under load, the energy from the battery is significantly utilized, resulting in a constant fuel-cell share of approximately 19%, regardless of the vehicle’s load. This study concludes that the battery predominantly drives the powertrain, with the fuel cell acting as a secondary energy source. These findings provide valuable insights into the power distribution and energy balance in the hybrid powertrain. Using a load driving profile reduced the fuel-cell-stack energy contribution by 6.85% relative to driving without an external load.
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1. Introduction


With constant technological advances and growing environmental awareness, the transportation sector is constantly looking for innovative solutions that meet the growing needs of mobility and minimize the negative effects on the environment. The share of vehicles using electric propulsion is steadily increasing in the global market [1,2,3]. Fuel-cell hybrid electric vehicles (FCHEVs) are a promising alternative, combining the advantages of electric vehicles with a proton-exchange-membrane (PEM) fuel cell [2].



Reducing dependence on fossil fuels, such as oil and natural gas, has gained worldwide acceptance. As a result, the development and intensive use of renewable energy has become an inherent trend. However, most renewable energy sources are characterized by intermittent access, which requires the development of efficient energy storage and generation systems [4,5]. Today, the use of renewable energy to produce hydrogen is gaining popularity and recognition, further supporting the development of fuel-cell technology.



Hydrogen production is expected to triple by 2050, driven by its falling cost [6]. In 2021, a total of 51,437 FCHEVs were registered worldwide [7]. There were 729 hydrogen refueling stations in operation at the time [6]. The results of the analysis by Samsun et al. [8] clearly indicate a very favorable trend in the development of fuel-cell vehicles and hydrogen refueling stations in 2021. The authors in their article [9] point out that for any vehicle with a range greater than 160 km (100 miles), fuel cells are superior to batteries in terms of weight, energy efficiency, and life-cycle costs.



A comparative analysis of internal-combustion-engine vehicles (ICEVs) and FCHEVs [10] shows that emissions, maintenance, operating costs, and efficiency are much more favorable for FCHEVs.



Fuel cells, unlike many traditional energy sources, do not emit pollutants during the power generation process. The electrochemical process in fuel cells is based on a chemical reaction between hydrogen and oxygen, generating clean electricity, with the only byproduct being water. This makes fuel cells one of the greenest solutions for electricity generation [11,12,13,14]. The battery in the vehicle performs the function of managing the dynamic response of the vehicle under varying load conditions [10].



The fuel cells used in the first prototype vehicles (in 2002) achieved a volumetric power factor of 1.0 kW/dm3 with a mass power factor of 0.75 kW/kg [15]. In the FCHV model (in 2008), these ratios were 1.45 kW/dm3 and 0.9 kW/kg, respectively. The first-generation Toyota Mirai, equipped with nickel–metal hydride (NiMH) batteries, had values of 3.1 kW/dm3 and 2 kW/kg, while the new generation of the Mirai (Li-ion battery) vehicle achieves 5.4 kW/dm3 (4.4 kW/kg excluding end plates) and 5.4 kW/kg, respectively [16,17].



Honda used 103 kW fuel cells in the Clarity model, for which the volumetric and mass power factors were 3.1 kW/dm3 and 2.0 kW/kg, respectively [18,19]. The system uses a Li-ion battery with a capacity of 25.5 kWh [20]. The Hyundai Nexo uses a 95 kW cell and a 40 kWh battery [21,22]. The BMW iX5 Hydrogen is equipped with a 125 kW cell and a battery with a very small capacity of 2 kWh [23,24].



The development of Li-ion batteries can be seen in terms of changes in specific energy: from 90 Wh/kg in 1990 to more than 250 Wh/kg today [25,26,27]. Their cost has now been reduced from $1000 to about $250 per kilowatt-hour (kW/h) [25,28].



A very important aspect is the study of PEM fuel cells during different loads from the perspective of optimizing their performance under different operating conditions, which directly affects the efficiency of the entire FCHEV system [29].



Optimal operating conditions for a fuel cell are crucial for its efficient operation. In this context, maintaining an optimal temperature plays an important role. Fuel cells, especially those based on PEM and solid-oxide-fuel-cell (SOFC) technology, show their best performance in a tightly controlled temperature range. For PEM fuel cells, maintaining a temperature of 60–80 °C is crucial, while SOFCs require higher temperatures, typically above 500 °C [30,31,32,33].



In addition, it is important to maintain appropriate humidity levels. Fuel cells, especially PEMs, are sensitive to ambient humidity, and ensuring proper humidity levels helps maintain proper proton conductivity, which affects the efficiency of electrochemical processes inside the cell [34,35]. The moisture content of the input gases supplied to the anode and cathode has been shown to have a significant impact on fuel-cell performance. Yan et al. [36] showed that lowering the humidity at the cathode negatively affects the steady-state and dynamic performance of the fuel cell. In the context of humidity control, in addition to the effect of humidity on the proton conductivity of membranes, it is worth noting that large-scale commercialization of proton-exchange fuel cells requires achieving higher power and current densities. Nonetheless, at high operating current densities, liquid water accumulation can lead to flooding problems and impede gas diffusion, which accelerates cell performance degradation [37,38]. Therefore, it is important to improve water management capabilities to achieve better cell efficiency.



Controlling the cleanliness of the fuel supplied to the cell also has an important role, as impurities, such as sulfur and particulate matter, can negatively affect the performance of the electrodes, resulting in reduced cell performance [39]. Ensuring the quality and purification of the fuel is key to maintaining optimal operating conditions [40]. Nonetheless, cells show great flexibility due to their ability to use a variety of fuels, such as hydrogen, methanol, natural gas, and biogas [41,42]. Despite the significant manufacturing cost of fuel cells, the benefits of this advanced solution are significant enough to make investment in them economically viable [43,44].



This research aims to determine how the external load on a chassis dynamometer affects the control strategy of a hybrid powertrain equipped with a fuel cell (low-temperature) and a nickel–metal hydride battery. By analyzing similar values of the energy stored in the battery and fuel cell, changes in the shares of energy coming from the two drive sources are identified. Due to the availability of the test object, this article examines a vehicle using nickel-based batteries. The presented research evaluates the impact of external loading on the drivetrain of the FCAT-30 model, a hydrogen hybrid vehicle equipped with a PEM fuel cell and NiMH battery. This study aims to understand the performance of structural components under different load conditions and extends the analysis to include the energy balance. The vehicle was subjected to tests with and without external loading on a chassis dynamometer, allowing for the measurement of voltage and current of the battery, fuel cell, and drivetrain.




2. Research Methodology


2.1. Study Object


This research was conducted using a model vehicle equipped with a hybrid drive system: a PEM-type fuel cell along with a NiMH battery (Figure 1). The remotely controlled 4 × 4 vehicle uses a low-temperature PEM-fuel-cell stack (Table 1) with two hydrogen storage tanks of 10 dm3 each, with a maximum hydrogen pressure of 30 bar. Mounted measurement systems allow real-time recording of typical vehicle movement parameters along with data acquisition of battery and fuel-cell voltage and current.



A static analysis of the energy flow (Figure 2) shows comparable values for the energy stored in the battery and hydrogen tanks, with a difference of about 20%, in favor of the NiMH battery. The battery used directly interacts with the energy management system, unlike the hydrogen energy, which is converted to electricity using a PEM fuel cell.



The detailed scheme of the system is shown in Figure 3. The vehicle was propelled by the Mabuchi RS-540SH-7520 electric motor, operating within a voltage range of 4.8–7.2 V. The motor attains its peak efficiency of 67% under the following operational parameters: P = 63.2 W, n = 19740 rpm, I = 13 A, Mo = 30.6 mNm. The metering system incorporates a fuel cell, battery, and energy flow controller from CREA Technologie. Owing to proprietary “know-how”, the complete system control details remain undisclosed. Arduino circuits were employed to manage the energy flow. The hybrid system is dependent on the chemical-energy battery, and its functionality is possible without the fuel-cell system. As depicted in Figure 3, there is the capability to recharge the electrochemical battery. Measurement data can be directly showcased in LabView or, alternatively, stored on an SD card for subsequent offline analysis on a computer.



This implies the possibility of a much higher load on the battery compared with the fuel cell. It follows that the share of the battery in variable load situations should be greater than that of the fuel cell. The energy flow diagram indicates a parallel drive system, which directly affects the voltage and current values in the results.




2.2. Chassis Dynamometer


Tests on the operation of the battery and fuel cell under varying load conditions were carried out on a chassis dynamometer (Figure 4). The dynamometer model used in the experiment has two axles, each equipped with two rollers. Load generation for the drivetrain is carried out through a friction brake, which acts directly on one of the rollers of the vehicle’s rear axle. To ensure an even load on all wheels, the axles are connected by a toothed belt. The load generated is transmitted as the force with which the friction lining is pressed against the roller in direct contact with the vehicle’s tire. In the context of the analysis, the load on the system is expressed in the basic SI unit of force (N). The movement of the friction lining is controlled by a servo motor, and the force is measured by an additional sensor.



Electrical parameters and some mechanical parameters are recorded using the measurement system. The measurement frequency was about 50 Hz during the acquisition of all 10 measurement data (Figure 5). The program allows recording electrical parameters while visualizing the values of excess voltage, battery current, and driving speed (set using the Setpoint function—Figure 5). The software was developed in the LabView environment using the Arduino platform. Data recording takes place on an SD card mounted in the vehicle, but the application functions wirelessly, using Bluetooth data transmission.





3. Scope of the Study


Research on the FCAT-30 vehicle’s powertrain was carried out in two variants: (a) without external loading and (b) with external loading. The load was introduced by using a chassis dynamometer. In the first variant, the rollers were not additionally braked; the load resulted solely from the moment of inertia of the system driven by the dynamometer.



Tests on the hybrid model vehicle were carried out according to the profiles shown in Figure 6. These profiles are shown as a function of percentage of elapsed time due to the different durations of the test. The no-load speed profile includes several jumps in speed on the chassis dynamometer, initially with an increasing and then decreasing trend (see Figure 6a). The profile with external load included only an incremental increase in driving speed (see Figure 6b) with a simultaneous cyclic increase in load. In both cases, the driving speed was limited to 6 m/s, and the maximum external load occurring was 6.2 N. The test durations without load and with load were 100 and 140 s, respectively. The goal was not to directly compare the two tests but only to evaluate the behavior of the drivetrain (energy flow) under these conditions. For this reason, differences in distance or test duration were ignored.




4. Hybrid Propulsion Research


The speed profiles presented earlier (Figure 6) clearly show the differences between external load and no load. Eight parameters were measured during the tests, and their course as a function of test duration is shown in Figure 7. A direct comparison of the results for the two cases analyzed (with load and without load) reveals significant differences in the values of battery current (I_BATT) and cell voltage (U_FC).



Tests of the drivetrain with no load show small changes in the battery voltage (U_BATT) in the range of 7.0 to 7.6 V, with simultaneous changes in the battery current (I_BATT) in the range of up to 5 A (see Figure 7a). Under load, the voltage change is similar, but the current change ranges from zero to almost 15 A at the highest brake load (see Figure 7b). These changes are proportional to the strength of the brake load.



At no brake load, a fuel cell operating at about 8–9 V generates about 1–1.5 A. When loaded, the voltage values of U_FC are much higher, exceeding 13 V, and the current is about 2 A at the minimum voltage value of U_FC.



In both cases, the output voltage is close to the voltage U_BATT, and the current I_OUT is related to the sum of both intensities: the battery and the cell. In the case of additional load with force F, cyclic operation of the fuel cell is observed, manifested in the absence of current (i.e., no-load operation). In this case, the resultant current intensity is close to that of the battery.



According to the analysis shown in Figure 7, noticeably higher current values are obtained from the battery than from the fuel cell. This suggests that the fuel cell is not the main source of energy for vehicle propulsion. Such operating conditions differ from standard powertrains, such as in the Toyota Mirai [15] and Hyundai Nexo models. According to the research described in [45,46], the fuel-cell energy contribution is significantly higher, which is a direct result of the high-powered cell compared with the low energy of the battery.




5. Power Share of Propulsion System Components


An analysis of the power transferred to the drivetrain, broken down into the power of the battery, the cell, and the output power of the system in no-load and external-load modes, is shown in Figure 8. The power was calculated as the product of the voltage and current on each component. Under no-load conditions (Figure 8a), the powertrain obtains a maximum of 40 watts from the battery and about 12 watts from the fuel cell. Loading the system (Figure 8b) increases the power of the battery to 90 W and the cell to a maximum of 15 W (continuous power). Finally, without load, the system obtains about 50 W of power, while during load, it obtains about 90 W.



Under no-load conditions, the power is the resultant power of the battery and the cell, with the battery contributing significantly. During load, the battery’s share also dominates. The fuel-cell share in both cases remains at about 15 W.



The fuel-cell value of 15 watts represents 50% of its claimed power. Under no-load conditions, the fuel-cell share is 12:26 W, which is less than 50%. At high vehicle speeds, the share drops to 12 W out of 50 W, or 24%. So, the fuel-cell share is not particularly high. With an external load, these values max out at a ratio of 15 W to 90 W, which is 16% (at maximum load, t = 85%). At low load (t = 5%), the values are 15 W to 28 W, respectively, which is 53%. The described method of controlling the hybrid powertrain makes it possible to protect the fuel cell from power peaks that can contribute to the degradation.



The conclusion is that the drivetrain mainly uses battery power at significant vehicle speed, with the fuel cell acting as a secondary drive source. Nevertheless, the system controller always uses both energy sources: the battery and the fuel cell.




6. Analysis of Fuel-Cell Operation


In the current chapter, operating conditions were analyzed for the fuel cell only, ignoring the other components of the drive train (Figure 9). No load (Figure 9a) results in small changes in the fuel-cell voltage. During the no-load operation of the cell, there is a noticeable drop in current between the peaks that occur, probably related to the drop in ionic conductivity. The decrease in conductivity occurs with the accumulation of water and nitrogen in the anode channels, which are removed when the anode is flushed with hydrogen. The flushing phenomenon is accompanied by the aforementioned voltage and current peaks, which occur cyclically, and loss of hydrogen [47]. The same phenomenon occurs when the vehicle’s drivetrain is externally loaded (Figure 9b). This process has also been described by other researchers [47,48].



An externally loaded fuel cell exhibits sequential operation, which is manifested by the existence of a specific operating frequency. This can be compared to a PWM signal, where most of the time is active time. This means limiting the voltage while maintaining a high value of the fuel-cell current (Figure 8b). Visible current peaks appeared only at a low F-force load during the initial phase of the test. The sudden increase in voltage at no load on the cell (I_FC) is consistent with the polarization characteristics of the PEM fuel cell. This is related to the losses occurring in the cell during operation at different load states [49].



The current–voltage characteristics of the fuel-cell stack differ in the case of no load and with external load (Figure 10). Operation of the cell without a load (Figure 10a) causes small changes in voltage and current. The points with voltage U_FC below 8.4 V refer to the purging of anode channels and activation of the fuel cell, while the rest correspond to typical operating conditions. The operating points of an externally loaded cell are shown in Figure 10b. In this case, the points above 8.4 V are characteristic of the fuel-cell activation and termination states. The applied load increases the load on the fuel cell, increasing the current. The apparent voltage step changes are due to the dynamics of the load and the adjustment of the fuel-cell operation.



Static loading of the cell would result in typical cell operating conditions and result in a current–voltage characteristic in which each load point corresponds to a single voltage value. However, the dynamic nature of the fuel-cell operation means that such static characteristics are “filled in” by dynamic changes in the operating conditions. The lack of current (Figure 10b) indicates typical no-load operation under dynamic conditions since the change in recorded voltage ranges from 9 V to about 13.5 V, which exceeds the rated voltage of the cell used.




7. Battery Operation Indicators


A partial analysis of battery operation is included in Chapter 4. The voltage–current characteristics of battery operation are shown in Figure 11. Operation without an external load on the drivetrain is characterized by slightly higher voltage values and significantly lower current values (Figure 11a) than with a load (Figure 11b). The no-load characteristic is only a part of the typical current–voltage characteristic of a battery. As a result of applying a variable external load, the drivetrain makes significant use of the energy provided by the battery, resulting in a significant increase in the operating field to a current I_BATT of just under 15 A. There are battery charging states in both tests, but they represent a negligible part of the characteristics. It should be noted that the model system tested is not equipped with braking energy recovery.




8. Indicators of Hybrid Powertrain Operation


The operating parameters of the hybrid powertrain are shown in Figure 12. Analysis of the no-load powertrain (Figure 12a) shows that the battery contributes almost 75% (maximum). However, its share is always greater than 50%. The battery share is much higher at high speed than at low speed. During the early and final stages of the drive at no speed, the battery was recharged, as indicated by the negative value of the battery share.



Battery charging conditions were not recorded under vehicle load conditions (Figure 12b). When the fuel cell is deactivated and the anode channels are purging, the battery share is about 100%. As the external load increases, the share of the cell decreases, and the share of battery power increases. As the load and speed increase (in both the initial and final phases of the test), the fuel-cell share drops below 50%. The higher the load, the higher the share of the battery. At high external load, the fuel-cell share decreases to around 30%.



An analysis of the total energy consumed is shown in Figure 13. Under no-load conditions (Figure 13a), 2254 J of energy was consumed from the battery, while only 1343 J was consumed from the fuel cell. This shows that the average proportion of energy from the fuel cell is 37%. Despite the lack of braking of the dynamometer rollers, i.e., no external load, the vehicle consumed a total of 3597 J.



Under the load conditions of the vehicle’s drivetrain (Figure 13b), the consumed energies from the battery and the cell are 5277 J and 1251 J, respectively. This means that the fuel-cell share is practically constant and does not depend on the vehicle’s load. During the load analysis, the fuel-cell share decreased significantly and is only 19%.



The study concludes that the battery predominantly drives the powertrain, with the fuel cell acting as a secondary energy source.




9. Conclusions


	
The experimental study presented here concerns the evaluation of the effect of the load on the drivetrain of the FCAT-30 model hybrid vehicle, equipped with a PEM fuel cell, on the performance of selected structural components. The voltage and current of the battery (BATT), fuel cell (FC), and drivetrain (OUT) were selected as the directly measured parameters analyzed. Based on the measured parameters, the performance of the components was evaluated, and the analysis was extended to include the energy balance.



	
It was pointed out that there is a variation in power distribution with respect to the applied load. When operating the system without an external load, the cell generates an approximately constant power of about 12 W during the test, which is between 20% and 50% of the power transferred to the drive, depending on the speed of the vehicle. The use of an external dynamic load results in cyclic operation of the cell with a peak power of 15 W, where the fuel-cell-stack contribution ranges from 0% (off state) to 38%.



	
Regardless of the test conditions, there is a process of flushing the anode channels, manifested by momentary jumps in cell voltage and current. For dynamic load conditions of current decay (deactivation of cell operation), clear jumps in cell-stack voltage from 8.5 V to 13.7 V were recorded. The no-load fuel-cell-stack operation area was indicated as a voltage below 8.4 V for no-load operation and above 8.4 V for the dynamic-external-load test. The results of the analysis of the energy flow within the NiMH battery indicate a small share of charging from the fuel cell with current in the 0–2 A range. The external-load test significantly increases the power demand, which puts a significant strain on the battery, which is the main energy source.



	
Analysis of the energy balance shows that there are no situations where the drivetrain uses only the fuel cell, except at the beginning and end of the test, where the wheel speed is 0 m/s. For the no-load test, the drivetrain consumed 3597 J, of which 37.3% was energy from the fuel cell. For the external-load test, the vehicle consumed 6528 J, of which the energy of the cell accounted for 19.2%. It was noted that there was no significant effect in the way the drivetrain was loaded on the amount of energy produced by the fuel cell. In the overall balance, the difference between the test with and without load was 6.85%.
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Figure 1. FCAT30 hydrogen model of hybrid powertrain with NiMH battery (photo owner). 
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Figure 2. Diagram of energy flow in a hybrid drive system. 
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Figure 3. A view of the components of the hybrid propulsion system, including the data acquisition and visualization system. 
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Figure 4. View of the chassis dynamometer with its most important components. 
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Figure 5. View of the chassis dynamometer software screen. 
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Figure 6. Vehicle speed profiles on the chassis dynamometer: (a) without load and (b) with load. 






Figure 6. Vehicle speed profiles on the chassis dynamometer: (a) without load and (b) with load.



[image: Energies 16 07657 g006]







[image: Energies 16 07657 g007] 





Figure 7. Test results of measured quantities during hybrid drive tests: (a) without load and (b) with load. 
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Figure 8. Magnitudes of cell and battery power during speed profile analysis: (a) without load and (b) with load. 
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Figure 9. Changes in voltage and current of the cell under operating conditions: (a) without load and (b) with load. 
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Figure 10. Voltage–current characteristics of the fuel cell: (a) without load and (b) with load. 
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Figure 11. Voltage–current characteristics of the battery: (a) without load and (b) with load. 
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Figure 12. Power shares of hybrid drive system components under operating conditions: (a) without load and (b) with load. 
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Figure 13. Changes in energy of the battery and fuel cell under operating conditions: (a) without load and (b) with load. 
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Table 1. Vehicle model technical parameters.
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Parameter

	
Unit

	
Value






	
Fuel cell




	
Fuel-cell type

	
–

	
PEM




	
Number of cells

	
–

	
14




	
Power

	
W

	
30




	
Hydrogen pressure

	
MPa

	
0.045–0.055




	
Cell-stack mass

	
g

	
280




	
H2 flow at maximum Ne

	
dm3/min

	
0.42




	
System efficiency

	
%

	
40 (at max power)




	
Battery




	
Type

	
–

	
NiMH




	
Max output voltage

	
V

	
7.2




	
Electric capacity

	
mAh

	
4200




	
Hydrogen storage




	
Tank capacity

	
Ndm3

	
2 × 10




	
Purity

	
%

	
≥99.995




	
Form of storage

	
–

	
AB5—metal hydrides




	
Tank pressure

	
MPa

	
3.0




	
Tank dimensions

	
mm × mm

	
ϕ22 × 88
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