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Abstract

:

Hybrid fuel cell powertrains are a promising strategy to reduce the environmental impact of vehicles and non-road mobile machinery. To preserve the state-of-health of fuel cells, an energy storage system with sufficient power capacity, such as ultra-capacitors or batteries, should be introduced in the system to help the fuel cell during sudden and abrupt changes in power demands. However, the presence of two or more energy sources necessitates the development of an energy management strategy. The energy management strategy should properly split the power request between the different energy sources. In this paper, the design and the experimental validation of a scaled test bench for the emulation of a fuel cell/battery powertrain for a vehicular application is presented. The fuel cell is emulated through an analogically controlled DC power source that reproduces its real voltage–current curve. To split the power between the emulated fuel cell and the batteries, controlled DC-DC is used and a simple energy management strategy based on a proportional-integral controller is developed. The external load is reproduced using a load unit composed of a programmable electronic load and a power supply. Experimental tests are performed to evaluate the system behaviour and to characterize its main components. The experimental results show that the system successfully emulates the powertrain in accordance with the proposed energy management strategy.
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1. Introduction


Electrification has become one of the most-chosen paths to limit the air pollution derived from vehicles. As stated in [1,2], electric and hybrid powertrains allow for a reduction in the environmental impact of vehicles on climate change and global warming. Recently, the increasing demand for more-efficient and less-polluting vehicles has also involved the sector of non-road mobile machinery (NRMM) [3,4,5,6]. Among NRMM, agricultural tractors play an important role since they are a key element in the food supply chain. To reduce the impact of these vehicles and to be compliant with the increasingly stringent regulations, different strategies have been proposed, analysed and evaluated by studies available in the literature. Apart from electrification, alternative possible paths to follow are to adopt exhaust gas aftertreatment systems [7] or to use biofuels, such as biodiesel and biogas [8,9], instead of traditional diesel. However, these strategies do not completely overcome the problem: the adoption of complex and bulky exhaust gas aftertreatment systems is often limited by the efficiency of the system and by on-board space availability, while the use of biofuels could led to an increase in emission levels of certain chemical species. Thus, other studies focused on the hybridization of tractor powertrains [10,11,12], which allows for downsizing of the thermal engine and show promising results in terms of fuel savings and efficiency improvements. However, these studies focused on hybrid architectures in which there is an internal combustion engine; therefore, the vehicle still produces harmful products deriving from the combustion process. In this context, fuel cell (FC) vehicles have gained a growing interest because they locally produce zero emissions and their refuelling time is comparable to that of a conventional powertrain with an internal combustion engine [13]. As a consequence, several studies have been carried out regarding the development and the analysis of fuel cell powertrains, including in passenger cars, light vehicles, trucks and off-road vehicles [14,15,16,17,18,19,20,21,22,23]. In particular, off-road vehicles and NRMM may require high operational time that, considering actual state-of-the-art battery technology, may not be compatible with pure battery electric vehicles due to high charging time and low endurance. On the contrary, fuel cell powertrains could be an alternative that at the same time meets the advantages of having no combustion processes, thus zero tank-to-wheel emissions, and high productivity [24]. However, to properly evaluate the environmental impact of fuel cell powertrains, the various hydrogen production methods should be taken into account using a life-cycle approach and exergy-based analysis [25,26,27], giving particular attention to innovative, less-pollutant and more-efficient processes [28,29]. In order to avoid fast degradation, fuel cells alone cannot follow the almost instantaneous changes in power demands that are typical of a vehicular application; therefore, other on-board energy sources, such as batteries and ultra-capacitors, must be introduced [30,31]. Thus, technological efforts are also being carried out to try to improve these additional on-board power sources that are necessary for the optimal operation of a fuel-cell-powered vehicle [32]. The introduction of one or more additional power sources leads to the necessary development of a proper energy management strategy (EMS) that determines the power split among the different sources [33,34]. The development of the EMS is crucial for the optimal operation of the fuel cell hybrid power system [35,36,37]. With a view of analysing and optimizing the EMS of a hybrid fuel cell powertrain, the development of a scaled test bench for experimental measurements is an effective strategy. Vural et al. [38] tested four hybrid fuel cell powertrain configurations with different batteries, supercapacitors and power converter combinations on a test bench. As for the power sources, the experimental setup consisted of a 1.2 kW air-cooled proton-exchange membrane fuel cell system, two series-connected valve-regulated lead acid (VRLA) batteries and four series-connected ultracapacitor modules. To simulate the power demand, a DC load was used, while for emulating the braking operation, a motor/generator unit was exploited. Wang et al. [39] developed an experimental setup to evaluate the behaviour of a battery/fuel cell hybrid powertrain and a battery/supercapacitor/fuel cell hybrid powertrain, applying an EMS based on a finite state machine. Xun et al. [40] experimentally investigated the behaviour of a fuel cell/supercapacitor hybrid system under an adaptive power split control strategy. Iqbal et al. [41] explored a composite cost-optimal energy management strategy based on a load-following control for a fuel cell/battery powertrain. The EMS principle was to split the power among the two power sources such that the lower frequency part of the power demand was handled by the FC, while the higher frequency part was followed by the battery pack. Moreover, the EMS took into account both hydrogen consumption and source ageing to optimize the power distribution. For the experimental tests, a test bench was developed. In this case, the fuel cell was emulated by a programmable DC power supply, while on the load side, an electronic load was employed. An Arduino was used to collect data from the sensors in the power stage, to communicate with a personal computer and to control the DC-DC converter according to the EMS. Graf et al. [42] developed a laboratory test setup for the emulation of a direct hybrid electric powertrain. In this work, both the fuel cell and the batteries were emulated by programmable DC power sources, whose control was based on a database of their characteristic voltage–current curves. Moreover, both of the power sources were connected without DC-DC converters. It can be stated that in the literature there are many papers that have investigated the topologies and the energy management strategies of hybrid fuel cell powertrains through experimental test benches. However, little attention has been dedicated to the development of software and hardware tools for the realization of the experimental setup. As a matter of fact, most of the existing studies do not provide significant information about the realization of the experimental setups for powertrain testing. Thus, the novelty of this paper lies in providing a simple design procedure for the development of a scaled test bench for the emulation of a fuel cell/battery powertrain. In the proposed setup, the FC is connected to the DC bus through a DC-DC converter, while the batteries are directly connected. The external load is emulated using a DC electronic load and a power supply, which are both programmable. The fuel cell is emulated by another programmable DC power supply controlled so that it reproduces the realistic voltage–current (V-I) curve of a real fuel cell. The power conditioning unit is represented by the DC-DC connection, which is controlled by two signals: a voltage reference signal and a current reference signal. In order to collect data from the power stage, current and voltage transducers are exploited. An Arduino is used as control unit of the test bench due to its easy programming. After defining a simple PI-based control strategy, the system is experimentally validated. The advantages of the proposed experimental setup are the simplicity and easy availability of the required components, the safety and the modularity. In particular, since the FC is emulated using a programmable power supply, all the issues related to the use of a real fuel cell system are not present. Going into detail, the paper is organized as follows: Section 2 briefly introduces the case study and the reference powertrain considered for the bench development. Section 3 describes the test bench layout and its main components. Section 4 explains the proposed PI-based control strategy. Section 5 describes the experimental tests carried out and the results obtained for the characterization and the validation of the test bench. Finally, Section 6 summarizes the conclusions.




2. Case Study


The reference powertrain for this work is a powertrain designed for agricultural tractors, in particular, orchard tractors. Compactness and manoeuvrability are crucial for these vehicles since they have to move with agility among the narrow orchard rows. Moreover, the powertrain must also provide mechanical power to the power take-off (PTO) shaft. Thus, component sizing must take into account the limits imposed by the vehicle functional requirements. Going into specifics, the case study regards the electrification with fuel cells of a powertrain with a nominal engine power of about 73 kW. As described in a previous work from the same authors [19], the reference fuel-cell-powered powertrain is characterized by an architecture in which there are two power sources: namely, a fuel cell and a battery pack. The first one is connected to the DC bus through a DC-DC power converter, while the batteries are directly connected, as shown in Figure 1.



The reference powertrain has a nominal motor power of 73 kW, a nominal fuel cell power of about 65 kW and a nominal battery pack capacity of 6 kWh. The battery pack capacity is limited compared to the electric motor nominal power; this is due to the low on-board space availability typical of orchard tractors, which imposes constraints on the batteries’ maximum physical dimensions. To properly emulate the reference fuel-cell-powered powertrain, a scale factor is applied to the components’ nominal powers. In particular, the test bench emulated fuel cell nominal power is fixed at 300 W; thus, the scale factor is approximately equal to 220.




3. Test Bench Layout


The proposed hybrid fuel cell topology is composed of an emulated fuel cell, whose role is to be the main power source and to follow the slow-dynamic part of the load, and two series-connected 12 V batteries that have to handle the fast-dynamic component of the load. The FC is interfaced with the DC bus through a DC-DC converter that brings the FC voltage to the level of the batteries’ voltage and acts as the power conditioning unit. On the contrary, no converter is used on the battery side. Downstream of the converter, a diode is placed to avoid current flow from the bus to the emulated FC. In this topology, the voltage of the DC bus is determined by the batteries and is characterized by some fluctuations due to changes in the power demand. A schematic representation of the powertrain structure is shown in Figure 2.



3.1. Fuel Cell Emulation


For the emulation of the fuel cell, a controlled DC power supply (PS) is used. For the experimental setup, the Aim-TTi QPX1200 power supply manufactured by Aim-TTi (Thurlby Thandar Instruments, Huntingdon, UK) is adopted and controlled analogically to reproduce a real FC V-I curve. This power supply has a rated power of 1200 W and operates with a current range of 0–50 A and a voltage range of 0–60 V. The current provided by the emulated FC is measured through a microcontroller using the power supply current monitor port, which generates a 0–5 V analogue signal proportional to the current. The microcontroller translates the analogue signal into the corresponding current value, then, through a 1-D look-up table that represents the V-I curve, evaluates the corresponding voltage. In the end, the microcontroller translates the voltage value into a 0–5 V analogue signal that is sent to the voltage control port of the power supply. The microcontroller adopted is an ATmega2560, and the microcontroller board is an Arduino Mega 2560. This microcontroller is not able to generate an analogue signal between 0–5 V, but it can generate a pulse-width modulation (PWM) signal. Therefore, the PWM signal is converted into a 0–5 V analogue signal by a resistor–capacitor (RC) filter with a cut-off frequency of 48 Hz. For the FC emulation, the FCS-C300 fuel cell manufactured by Horizon Fuel Cell Technologies (Horizon Fuel Cell Technologies, Singapore) is taken as a reference. Its main properties are reported in Table 1, while its characteristic curves are shown in Figure 3.




3.2. Batteries


The batteries are the auxiliary power source and must handle the high-frequency component of the power demand. For the experimental setup, two series-connected 12 V lead-acid batteries with a capacity of 40 Ah are adopted and directly connected to the DC bus. The main properties of the batteries are reported in Table 2. For this preliminary setup of the test bench, lead-acid batteries were preferred to other higher-performing technologies such as Li-ion or NiMH batteries. This choice was motivated by their easier implementation, lower costs and simple management, which does not require a battery management system. Future improvements might introduce batteries with different, higher-performing technologies. However, the implementation of batteries based on other technologies, such as Li-ion batteries, must be accompanied by additional elements to improve the system safety and management [43]. In order to take a precautionary approach, the batteries are connected to the DC bus through a fuse.




3.3. DC-DC Converter


The DC-DC converter is a key element of the architecture. Its main roles are to adjust the FC voltage level according to the DC bus voltage level and to be the power conditioning unit. The adopted DC-DC converter is controlled by two analogic signals: one that determines the voltage reference downstream from the converter and one that determines the current reference at the DC-DC output. The two controls always operate together, and the dominant one is the more-stringent between the two. Given a certain voltage reference and a certain current reference, if the load downstream from the converter is such that at the voltage reference the current is less than the current reference, the dominant parameter is the voltage reference and the current is determined as a consequence. On the contrary, if the load is such that the voltage reference causes a current that is greater than the current reference, the dominant signal is the current reference and the voltage is determined as a consequence of that limiting current. The DC-DC adopted on the setup has two ports for the voltage reference signal and the current reference signal, which require two 0–10 V analogue signals. The Arduino Mega generates two 0–5 V PWM signals that are firstly filtered by two RC filters (cut-off frequency fixed at 19.40 Hz) and are then multiplied by two through an operational amplifier (opamp). After that, since the adopted DC-DC converter has the negative pin of the signals in common with the negative output of the power stage, the signals are transmitted to the converter using two optocouplers. These optocouplers act as analogic isolators; therefore, the ground of the Arduino is not in common with the ground of the power stage. The adopted optocouplers are the HCNR201 manufactured by Broadcom (Broadcom Inc., San Jose, CA, USA). The main operational parameters of the DC-DC converter are shown in Table 3. Since the FC voltage level is in the range 60–30 V while the nominal voltage of the bus DC is 24 V, the adopted converter is a Buck converter. Downstream from the converter, a diode is placed to avoid current flow to the emulated FC, making the converter de facto unidirectional.




3.4. Load Unit


The load unit is composed of an electronic load (EL) and a power supply. The nominal properties of the elements of the load unit are reported in Table 4. The EL must reproduce the power demand deriving from the external load. The adopted EL is the Aim-TTi LD400P manufactured by Aim-TTi. As was done for the power supply for the FC emulation, to obtain precise and fast response control, the EL is controlled analogically through the Arduino Mega. The control signal must be a 0–5 V analogue signal; therefore, also in this case, the Arduino generates a 0–5 V PWM, which is then converted to an analogue signal using an RC filter (cut-off frequency of 48 Hz). However, the load profile must be provided to the Arduino by a personal computer (PC) through a USB connection. Thus, the Arduino receives the EL analogue signal values from the PC through the USB port then sends these signals to the EL in order to emulate the power demand.



However, in order to properly emulate the fuel cell powertrain, the power requested by the auxiliaries of the FC system must be taken into account since they have a non-negligible impact on the powertrain efficiency. These auxiliaries generally include the air compressor, the cooling pump, the hydrogen recirculating pump, etc., and according to studies available in the literature [14,44,45], they usually absorb about 10–20% of the gross power generated by the stack. However, the power consumption of these components is generally dependent on the operative conditions of the fuel cell system. For the FC system considered in [45], the power absorbed by the auxiliaries was approximately equal to around 13% at low loads and increased to around 19% at high loads. Thus, the power absorption was a function of the power delivered by the stack. According to this approach, an estimation of the power absorbed by the auxiliaries of the FC system was performed during the tests and was added to the external load profile in order to consider its impact on the overall efficiency of the emulated powertrain. The estimated power absorption was determined based on the power delivered by the stack so that, according to [45], it was approximately equal to 13% at low loads, or 10–20% of the stack nominal power, and increased linearly to 19% at high loads, or 90–100% of the stack nominal power. As a consequence, the power requested by the load unit was determined by the sum of the external load, which is provided to the Arduino by the PC, and the estimated absorption of the auxiliaries of the FC system, which is evaluated at each time step by the microcontroller based on the actual power delivered by the emulated FC. Therefore, the overall power requested by the EL was expressed by Equation (1).


   P  t o t   =  P  E M   +  P  a u  x  F C      



(1)




where   P  t o t    means the total power requested by the EL,   P  E M    means the power requested by the electric motor of the emulated powertrain, and   P  a u  x  F C      means the power absorption of the FC system auxiliaries. As for the power supply of the load unit, the adopted PS is the EA PS 2042-10 B manufactured by Elektro-Automatik (EA, Elektro-Automatik GmbH & Co. KG, Viersen, Germany). This unit must be introduced, since during regenerative phases, the external load is negative and it delivers power to the DC bus. Therefore, the role of the load-unit power supply is to emulate these regenerative phases. However, the EA PS 2042-10 B can be controlled only through USB communication; therefore, it is controlled directly by the PC instead of the Arduino.




3.5. Transducers


The transducers adopted in the setup are two current transducers and one voltage transducer. The selected sensors are the CAS 15-NP current transducer and the LV 25-P voltage transducer, both manufactured by LEM (LEM International SA, Meyrin, Switzerland). The transducers’ main properties are reported in Table 5. The current transducer generates a voltage output signal that is directly read by the Arduino. As for the voltage transducer, it is connected to the positive and negative terminals with a predetermined resistance and generates a current signal with a nominal value of 25 mA. To read this signal, the Arduino monitors the voltage drop caused by the generated current over a 150  Ω  resistance. As for the experimental setup, the current transducers are supplied directly by the Arduino through its 5 V pin, while for the voltage transducer, an additional dedicated power supply is required. As for the monitored parameters, the voltage transducer measures the DC bus voltage, while the current transducers measure the battery currents and the load current.




3.6. Control Unit


The control unit is composed of an Arduino Mega 2560. The microcontroller has to:




	
Read and translates the measuring signals from the transducers;



	
Control the power supply in order to emulate the behaviour of a real fuel cell;



	
Control the load unit in order to simulate the external load and the auxiliary power absorption;



	
Determine and perform the power split between the batteries and the emulated fuel cell by controlling the DC-DC converter;



	
Communicate with the PC in order to receive the EL control signal values and to send the data collected by the transducers.








A schematic representation of the interactions between the control unit and the other components of the test bench is shown in Figure 4. PS control ports and PS current monitor port refer to the ports of the PS used for the FC emulation. As described in the previous sections, the Arduino can generate 0–5 V PWM signals but is not able to generate analogue signals. Thus, the Arduino generates the PWM signals with a duty cycle that is proportional to the desired signal amplitude; then, they are converted to analogue signals by filtering them through RC filters. Moreover, the analogue signals to the DC-DC are analogically isolated by means of two optocouplers in order to separate the ground of the power stage from the ground of the control stage. In addition, the signals to the DC-DC are doubled since the converter requires 0–10 V signals. As for the signals coming from the transducers and the PS current monitor port, they are 0–5 V analogue signals that can be directly read by the Arduino.



As for the USB connection with the PC, a MATLAB script is used to send, receive and save data. More specifically, to avoid problems in the EL control timing, when receiving data from the PC, the Arduino generates a buffer to temporarily store the next commands for the electronic load. In the performed tests, every 1 s, the PC sends to the control unit the next 20 EL control commands, which are stored in a buffer by the Arduino and then sent to the EL every 50 ms. This rate was considered sufficiently short for a proper emulation of the external load. The MATLAB script is also used to control the load unit power supply by USB communication. Figure 5 shows the experimental setup of the test bench.





4. Energy Management Strategy


The adopted EMS is based on a PI controller. Only proportional and integral action were considered sufficient for the case study of this paper. In the emulated powertrain, the FC is the primary energy source and must follow the low-dynamic part of the load. Thus, the EMS was developed such that the FC follows the load demand with a slow time of response. From the measurement of the batteries’ current and the load current, the control unit evaluates indirectly the current provided by the emulated fuel cell downstream from the power converter (IDC-DC). The PI controller evaluates the current reference signal (IDC-DC    r e f   ) to the DC-DC so that the batteries current is equal to zero or the power delivered by the emulated FC corresponds to the power demand. As a consequence, the adopted EMS behaves as a charge-sustaining strategy with low reactivity. If the external load power demand is negative, as during regenerative braking, the PI setpoint FC current is set equal to zero. If the external load power demand exceeds the power capabilities of the emulated FC, the reference current for the PI controlled is saturated to a value that corresponds to the nominal power of the emulated FC. The PI gains can be set such that the response time is slow, allowing for a significant reduction in the FC output power oscillations. However, a tuning procedure for the determination of the PI gains must be performed. Figure 6 shows a schematic representation of the control strategy for the current reference signal. As for the voltage reference signal, the value is set equal to the maximum allowable recharging voltage for the batteries. According to this, if the load demand drops abruptly so that the current provided by the emulated FC would exceed the maximum charging current for the batteries, the voltage reference becomes the limiting signal and the current does not exceed the limit.




5. Experimental Tests


To evaluate the behaviour of the test bench and to characterize its elements, a few experimental tests were performed. The tests regarded the analysis in terms of efficiency, a simple thermal analysis, the comparison between the real FC curve and the emulated one and the behaviour of the bench under different load profiles. In the following subsections, the results and the considerations obtained during the tests are presented and discussed.



5.1. Fuel Cell Emulation


Firstly, the fuel cell emulation was validated by comparing the emulated curve with the real FCS-C300 fuel cell curve provided by Horizon Fuel Cell Technologies. As described previously, the control unit evaluates the current delivered by the power supply through its monitoring port and then, after calculating the corresponding voltage, sends a signal to the PS control voltage port. The PS translates this signal and sets the output voltage in accordance to it. Figure 7 shows the comparison between the emulated FC V-I curve and the real FC V-I curve. The real FC curve was obtained from the datasheet of the fuel cell. It can be stated that the two curves are very close; thus, the FC is properly emulated. This test was repeated at least twice at different time periods in order to verify the capability of the system to provide approximately the same FC curve. Repetition of the test showed that the system provides approximately the same FC curve, with a max deviation of around 0.9% in terms of the voltage difference between the test repetitions. However, the max deviation was recorded at low loads, where the V-I curve slope is greater, while for medium–high loads, the difference was reduced to around 0.6%.




5.2. DC-DC and Diode Efficiency


The converter and diode assembly is characterized by a certain efficiency, which is a function of the output current and the output voltage. To measure and map the efficiency, a dedicated test was performed. Figure 8 reports the efficiency measured during the test of the converter and diode assembly as a function of the load current. The test was conducted by connecting the PS for the emulation of the FC to the input side of the power converter and the electronic load downstream from the diode; thus, the batteries were not included in this test setup. The output voltage of the converter was set equal to the nominal voltage of the test bench DC bus. The efficiency was measured at different load currents. During the test, the power supply followed the emulated FC V-I current so that the efficiency was evaluated with the proper input current and voltage to the converter. For each efficiency point, the system was brought to the regime. At low currents, the efficiency increases with the load and reaches its maximum of about 93% at approximately 4.5 A; then, it starts decreasing. However, the efficiency is more than 88% for almost the entire load spectrum.




5.3. Thermal Analysis


To evaluate the temperatures reached by the components, a thermal analysis test was performed. Since the most-critical elements of the bench are the power converter and the diode, the analysis focused on monitoring their temperatures during different levels of power flow. The tests were conducted with 100, 200 and 300 W flowing through the converter and the diode. The ambient temperature during the thermal analysis was equal to approximately 25 °C. For each level of power, the thermal regime was reached. A thermal camera was used to record the temperatures of the components during the test. The camera adopted wa the FLIR E4 manufactured by Teledyne FLIR (Teledyne FLIR LLC, Wilsonville, OR, USA). Figure 9 shows the images collected with the thermal camera. With 100 W of power flow, the maximum temperatures recorded were about 43.6 °C on the DC-DC converter and about 37–38 °C on the diode. With 200 W of power flow, the maximum temperatures reached 51 °C both on the converter and the diode. As expected, the maximum temperatures were recorded in the case of 300 W of power flow and corresponded to approximately 67.5 °C. This temperature was recorded on the diode, while a slightly lower temperature of about 60 °C was observed on the power converter. Moreover, with the increase in the load current, a rise in the wire temperature was noted. However, the temperatures reached during the test were considered acceptable.




5.4. Step-Load System Response


Tests were conducted to evaluate the system response to a step load. As described previously, the batteries must handle sudden changes in the external load, while the emulated FC has to follow the low-dynamic component of the power demand. Since the power split is performed by the power converter, the behaviour of the energy sources is determined by the energy management strategy. As described in Section 4, the EMS proposed for this preliminary test is a PI-based strategy. Thus, different parameters of the PI controller determine different time responses of the emulated fuel cell. To highlight this behaviour, the tests to evaluate the system response to a step load were performed with different parameter values of the PI controller. The external load power consumption for this test was determined as follows: from t = 0 s to t = 10 s, the external load was equal to zero; from t = 10.05 s to t = 100 s, the external load power was equal to approximately 50 W; from t = 100.05 s to t = 190 s, it was equal to 330 W; from t = 190.05 s to t = 280 s, it was equal to 50 W; and in the end, from t = 280.05 s to t = 370 s, it was equal to zero. However, the total power requested by the load unit is equal to the external load plus the estimated power requested by the auxiliaries of the FC system; thus, during the tests, it reached a maximum of approximately 390 W. This load profile is not realistic, but the aim of this test is to highlight the system behaviour in response to a high and sudden load variation rather than to a realistic load profile. The value of 330 W was chosen since it corresponded to the maximum power requested by the external load in the scaled reference powertrain. Figure 10 shows the system response to a step load with different PI gain parameters. The external load profile means the current requested without considering the FC auxiliaries’ current absorptions, while total load current means the overall current requested by the load unit during the test; thus, it comprises both the external load and the FC system auxiliaries’ absorptions. It can be stated that the power fluctuations of the emulated FC can be significantly reduced with proper tuning of the PI controller. On the contrary, if the gains are not properly tuned, the system may not be stable, and this translates into some oscillations in the power output.




5.5. Dynamic Stress Test


The dynamic stress test (DST) is a widely adopted driving cycle used to evaluate various battery models and state-of-charge (SOC) estimation algorithms [46,47,48]. The DST is defined by a 360 s sequence of power steps with seven discrete power levels, as shown in Figure 11. Even if this cycle is mainly used for testing batteries, the authors deem it useful for evaluating the emulated powertrain behaviour and also because of the lack of standardized drive cycles for agricultural tractors. The power sequence is composed of discharge and charge phases; thus, the load unit alternated between sequences in which it required power and sequences in which it provided power (as happens during regenerative braking). The results of the DST are shown in Figure 12. For the test, the PI gains adopted were derived from the step-load system response; thus, the configuration with Kp = 1 and Ki = 0.2 was adopted. It can be stated that even if the system was characterized by step-load variations, the emulated fuel cell did not have sudden changes in the power output. At the end of the test the FC was still providing power since the integral part of the PI controller was still discharging.



Figure 12 also shows the reference batteries’ SOC variation. Additionally, in this case, the total load power corresponds to the sum of the external load and the FC system auxiliaries’ power absorptions. This plot was obtained by considering the scaling of the nominal capacity of the reference powertrain. At the beginning of the test, the batteries discharged since the FC requires a certain time to reach the average power demand. Then, the FC starts recharging the batteries during low external power requests. Actually, the proposed PI-based strategy behaves similarly to a charge-sustaining strategy with a slow time response.




5.6. Real Work Scenarios


Since the reference powertrain is designed for agricultural tractors, tests regarding real work scenarios were performed on the test bench. Tractors are multi-purpose machines; thus, they perform several different tasks during their operative life both regarding field activities and road transportation [49]. For the real-work-scenario tests proposed by the authors in this subsection, the attention focused on five different tasks regarding both handling trailers and the use of attached implements through the PTO. To determine the load profiles, data were collected from a real agricultural tractor powered with a 73 kW diesel engine. In detail, the measurements were conducted on a Antonio Carraro TRG 10900 equipped with a Kubota V3800 engine whose characteristic curves are shown in Appendix A. To characterize the work scenarios, data were collected from the CAN BUS network using a USB CAN analyser connected to a personal computer installed on the vehicle. In detail, the attention focused on the monitoring of the following parameters: vehicle speed, engine speed and engine load. Engine load must be intended as the ratio between the actual torque delivered by the engine and the maximum torque at the actual engine rotational speed. From the engine load data and the actual engine speed data and knowing the torque–speed curve of the diesel engine, it was possible to evaluate the power delivered by the engine. As for the bench tests, the power profiles obtained from the experimental data collected on the tractor were scaled in accordance with the scale factor of the test bench. Additional details about the data acquisition system were described in a previous work from the same research group [50].



5.6.1. Handling of Trailers


As for the handling of trailers, two different conditions were considered: a 0–40 km/h acceleration test with a fully loaded trailer (6000 kg mass) and road transportation of an empty trailer. Figure 13 shows the experimental data for the road transportation test of an empty trailer, while Figure 14 shows the experimental data for the 0–40 km/h acceleration test with a fully loaded trailer. Both tests were conducted on a flat, paved road. At the beginning of both tests, the vehicle was in neutral gear. As for the empty trailer test, the acceleration phase was characterized by three gear changes around 6, 11 and 21 s. Additionally, in the case of the test with the fully loaded trailer, the same three gear ratios were used, with shifting at approximately 4, 10 and 18 s during the acceleration phase. During both tests, the PTO was disengaged. It can be stated that the proposed work scenarios were characterized by sudden variations in the engine load due to acceleration, deceleration and gearshifting phases. Thus, the authors deemed that these profiles were suitable for testing the system in order to evaluate the capacity of the load unit to reproduce the power demand of the work cycles and to analyse the behaviour of the EMS in terms of the power split between the emulated FC and the batteries.



However, it is necessary to point out that since the load profiles were extrapolated by monitoring a diesel-powered agricultural tractor, no regenerative braking was considered since the minimum value for the external load power was equal to zero. Figure 15 and Figure 16 show the results of the proposed work scenarios on the test bench. Additionally, in this case, the total load power corresponds to the sum of the external load and the FC system auxiliaries’ power absorptions. Analysing the results, the following elements were outlined:




	
The load unit successfully emulated the power demand with a good level of accuracy;



	
The proposed EMS was able to reduce the fluctuations to the power output of the emulated FC.









5.6.2. Use of Attached Implements


To perform on-field operations such as soil tillage or the application of fertilizer, implements are attached to the tractor and powered by the engine through the PTO. Three different tasks involving the use of PTO implements were considered: the use of an atomizer, the use of a shredder and the use of a rotary harrow. Figure 17 shows the experimental data recorded on the traditional tractor for the three proposed tasks. The rotary harrow implement was the one with the highest peaks in the power demand, while the shredder was the one that required the lowest power, showing an average engine load of around 50%.



As in the previous tests, the power profiles were extrapolated from the engine load and the engine speed knowing its characteristic curves. Then, the power profiles were scaled to the power level of the test bench and were performed. The results are shown in Figure 18. Analysing the results, some considerations can be made. Firstly, with the proposed EMS, the high time of response of the FC caused an initial drop in the SOC of the reference powertrain batteries, which was more than 10% for all the tested scenarios. Thus, future work should deeply investigate the EMS in order to reduce this effect. Secondly, for implements that require very high power, such as the rotary harrow, the FC system cannot provide enough power to satisfy the power request during the most-intense work conditions. This can be attributed to the efficiency of the DC-DC and to the power absorbed by the auxiliaries of the FC system, which can reduce the effective power that the FC delivers to satisfy the external load demand. However, in this paper, the power absorbed by the auxiliaries was estimated according to studies available in the literature; thus, a deeper investigation with further experimental data should be conducted.





5.7. Hydrogen Consumption Estimation


In order to implement a real FC on the test bench and to size the hydrogen storage system, an estimation of the   H 2   consumption must be performed. Since the proposed layout is designed considering the fuel cell FCS-C300 manufactured by Horizion Fuel Cell Technologies as a reference, its consumption curve was used for the fuel consumption estimation. This curve was obtained from the datasheet of the fuel cell stack and is shown in Figure 19. Considering the power delivered by the emulated FC during the considered tests, the instantaneous and cumulative hydrogen consumptions were derived. Table 6 shows the results in terms of max and total consumption of hydrogen for the performed tests. Figure 20 and Figure 21 show the results for the real work scenarios in terms of hydrogen consumption. Assuming that the efficiency of the FC system adopted in the test bench is similar to the efficiency of the real FC system for the tractor, the hydrogen consumption can be scaled up to the consumption of the real FC tractor by multiplying it by the scale factor. According to this assumption and considering a medium work condition such as the use of a shredder, to guarantee 4 h of endurance of the real hydrogen tractor, approximately 7 kg of hydrogen should be stocked on-board. Considering stocking the hydrogen in gaseous form inside cylinder tanks at 700 bar, an estimated volume of about 200 L is required. In accordance with the actual state-of-art of hydrogen storage systems, a mass of around 120 kg is estimated for the tanks.





6. Conclusions


In this work, the development of a scaled test bench for the emulation of a hybrid fuel cell/battery powertrain was presented. The realization of this test bench was motivated by the need for proper instruments with easy implementation and component availability and with the ability to emulate the behaviour of the powertrain under certain external load profiles and with different EMSs. The paper focused on the design process and on the main practical challenges that can occur during the realization of the test bench. The topology under investigation was composed of a battery pack directly connected to the DC bus and an emulated FC connected to the DC bus through a DC-DC converter. As for the battery pack, two 12 V series-connected lead acid batteries were adopted, mainly because of their low cost and easy integration with the system. The fuel cell was emulated through a programmable power supply, while the external load was simulated using an electronic load and an additional power supply for the regenerative phases. The power conditioning unit was represented by the DC-DC converter, which was controlled by an Arduino microcontroller according to a PI-based energy management strategy. The microcontroller also had to programme the PS for the emulation of the FC so that it followed a real FC V-I curve to communicate with a PC for data logging, for determining the external load power demand and to control the electronic load. Instead, the load unit power supply was controlled by the PC through USB communication since it did not have the possibility to be analogically controlled. To monitor the main operating parameters of the test bench, voltage and current transducers were adopted, the signals of which were collected and translated by the microcontroller. To experimentally evaluate the behaviour of the system, a few tests were performed. Firstly, the FC emulation was validated by comparing the emulated FC curve with the real reference FC curve. Secondly, the DC-DC converter and diode assembly efficiency were evaluated. The results showed a peak efficiency of around 93%; however, the efficiency was greater than 88% over almost the entire load spectrum. Moreover, a thermal analysis was performed to monitor the temperatures reached by the components. The highest temperature recorded was approximately 67.5 °C and was reached with 300 W of power flow from the emulated FC, which corresponded to its nominal power. To calibrate the PI controller gains, a step-load system response test was exploited and a dynamic stress test was used to evaluate the behaviour of the system under discrete power level variations. Finally, two tests were conducted based on real work scenarios obtained by monitoring a real agricultural tractor with a 73 kW diesel engine. The results showed that the load unit successfully managed to perform the external load profile, and the power conditioning unit was able to split the power between the FC and the battery pack according to the EMS strategy and within the constraints regarding the low-dynamic behaviour of the fuel cell. Moreover, an estimation of the hydrogen consumed in the case of the implementation of the real FCS-C300 was performed, showing in the proposed test scenarios a peak virtual consumption of 4.2 × 10    − 3    g/s. Thus, it is possible to assert that the system successfully emulated the powertrain according to the following aspects:




	
The load unit was able to reproduce the power absorption with a good level of accuracy;



	
The power conditioning unit was able to perform the proposed EMS;



	
The control unit managed to monitor the main operational parameter of the system and to communicate with each subsystem.








Thus, the proposed experimental setup could be a useful instrument to evaluate the behaviour of the powertrain during investigation of different work cycles and with different EMSs. Moreover, the emulation of the FC allows for a reduction in terms of complexity and safety issues. However, there are some limitations of the proposed test bench that can be overcame in future work. Firstly, the emulation of the FC does not take into account some aspects that are typical for a real FC system, such as membrane drying or flooding, which could affect the dynamic behaviour of the system. As a consequence, future upgrades to the test bench could include the implementation of a real FC system in order to introduce elements related to hydrogen storage and reactant adduction systems. Other future work might regard performing more tests derived from real data collected on-field, including work activities with attached implements, and a deeper investigation of the EMS, introducing optimization algorithms and penalty factors related to the charge/discharge current and SOC level of the batteries. In addition, the modularity of the system allows for the introduction of other power sources, such as supercapacitors, or the substitution of the lead acid batteries with higher-performance batteries, for example, Li-ion batteries. In the end, the realization of a test bench with a scale factor of one could be an object of future works.
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	Nickel-metal Hydride



	NRMM
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Figure A1. Engine torque and power curves. 
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Figure A2. Engine brake-specific fuel consumption (BSFC) curve. 
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Figure 1. Reference fuel-cell-powered powertrain schematic representation. 
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Figure 2. System layout. 






Figure 2. System layout.
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Figure 3. FCS-C300 characteristic curves. 
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Figure 4. Control unit scheme. 
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Figure 5. Experimental setup of the scaled test bench. 
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Figure 6. PI-based control strategy for the current reference signal. 
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Figure 7. Emulated FC V-I curve vs. real FC V-I curve. 
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Figure 8. DC-DC converter and diode assembly efficiency. 
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Figure 9. Images collected during the thermal test with the thermal camera: (A–C) correspond respectively to 100, 200 and 300 W of power flow. 
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Figure 10. Step-load response test results with different parameters of the PI controller. 
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Figure 11. DST power profile. 
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Figure 12. DST results in terms of power distribution and reference batteries’ SOC variation. 
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Figure 13. Experimental data for the road transportation of an empty trailer. 
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Figure 14. Experimental data for the 0–40 km/h acceleration test with a fully loaded trailer (6000 kg mass). 
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Figure 15. Experimental results on the test bench for the road transportation of an empty trailer. 
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Figure 16. Experimental results on the test bench for the acceleration test with a fully loaded trailer. 
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Figure 17. Experimental data for the three attached implements. 
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Figure 18. Experimental results on the test bench for the PTO tests. 
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Figure 19. Fuel cell FCS-C300 hydrogen consumption curve. 
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Figure 20. Estimated hydrogen flow and total consumption for the FCS-C300 during the handling of a trailer work scenarios. 
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Figure 21. Estimated hydrogen flow and total consumption for the FCS-C300 during the work cycles with attached implements. 
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Table 1. FCS-C300 main properties.
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	Number of cells
	60



	Rated Power
	300 W @ 36 V



	Voltage range
	58–30 V



	Current range
	0–9.3 A
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Table 2. Single battery main properties.
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	Battery technology
	Lead-acid



	Nominal Voltage
	12 V



	Max discharge current
	340 A



	Capacity
	40 Ah
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Table 3. DC-DC converter main properties.
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	Nominal power
	800 W



	Input Voltage range
	20–70 V



	Output Voltage range
	2.5–58 V



	Max Input current
	20 A



	Max Output current
	30 A
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Table 4. Load unit element main properties.
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Aim-TTi LD400P






	
Nominal continuous power

	
400 W




	
Max short-term power

	
600 W (max 60 s)




	
Voltage range

	
0–80 V




	
Current range

	
0–80 A




	
Operative modes

	
Constant current; Constant power; Constant voltage; Constant resistance; Constant conductance




	
EA PS 2042-10 B




	
Nominal continuous power

	
160 W




	
Voltage range

	
0–42 V




	
Current range

	
0–10 A
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Table 5. Transducers’ main properties.
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CAS 15-NP






	
Measurement

	
Current




	
Measuring range

	
−51 ÷ 51 A




	
Supply voltage

	
5 V




	
Accuracy

	
0.8%




	
Output signal

	
0.375 ÷ 4.625 V




	
LV 25-P




	
Measurement

	
Voltage




	
Measuring range

	
10 ÷ 500 V




	
Supply voltage

	
±12 V




	
Accuracy

	
0.9%




	
Nominal output signal

	
25 mA
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Table 6. Fuel cell FCS-C300 estimated hydrogen consumption during the proposed tests.
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	Max    H 2    Consumption (g/s)
	Total    H 2    Consumption (g)





	DST
	0.0015
	0.1895



	Handling empty trailer
	0.0016
	0.1612



	Handling loaded trailer
	0.0011
	0.0391



	Work-cycle atomizer
	0.0037
	0.5242



	Work-cycle shredder
	0.0023
	1.098



	Work-cycle rotary harrow
	0.0042
	2.1723
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