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Abstract

:

In the automotive sector, the zero emissions area has been dominated by battery electric vehicles. However, prospective users cite charging times, large batteries, and the deployment of charging stations as a counter-argument. Hydrogen will offer a solution to these areas, in the future. This research focuses on the development of a prototype three-wheeled vehicle that is named Neumann H2. It integrates state-of-the-art energy storage systems, demonstrating the benefits of solar-, battery-, and hydrogen-powered drives. Of crucial importance for the R&D platform is the system’s ability to record its internal states in a time-synchronous format, providing valuable data for researchers and developers. Given that the platform is equipped with the ROS2 Open-Source interface, the data are recorded in a standardized format. Energy management is supported by artificial intelligence of the “Reinforcement Learning” type, which selects the optimal energy source for operation based on different layers of high-fidelity maps. In addition to powertrain control, the vehicle also uses artificial intelligence to detect the environment. The vehicle’s environment-sensing system is essentially designed to detect, distinguish, and select environmental elements through image segmentation using camera images and then to provide feedback to the user via displays.
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1. Background


The utilization of fossil fuels rules the world trend of energy supply, thanks to their multiple advantages, as follows: high energy density, availability, mature technology, and affordable costs. Nowadays, transport requires 27% of the total energy consumption [1], where 95% is covered with fossil fuels [2]. Transport, however, is responsible for about 22% of the CO2 emissions, 30% of NOx emissions, and 12% of total particulate matter emissions; thus, this sector can be a strategic intervention point in climate politics [3,4]. Although replacement of diesel and gasoline in mobility is certainly challenging [5,6] due to the consumption of over 70% of the total oil quantity in this field and the low number of appropriate candidates, it has to be noted that fossil fuels are widely used in other sectors, too (33% in transport, 27% in electricity production, 26% in industry, 8% in residential applications, and 6% in commercial use (Figure 1a)), the conversion of which is also demanding [7]. In addition to the environmental and economic issues, the energy transition is a political topic, as the rapidly depleting fossil fuel reserves are located unevenly across the planet [8,9].



Hydrogen can be a solution for the abovementioned problems; it has the highest Higher Heating Value (HHV) in MJ/kg of all the fuels and the product of its combustion is only water, which makes it favorable in different areas such as transport, energy storage, electricity production, and residential applications [9,11]. Hydrogen and its compounds are abundant on Earth and its utilization has the lowest environmental impacts when it is extracted from renewable raw materials using renewable energy sources, such as water electrolysis [12]. Hydrogen has a lot of potential as an energy carrier; however, its role in transport is negligible today (Figure 1b). Worldwide, approximately 90% of industrial hydrogen is produced for the chemical industry; up to 50% for ammonia synthesis; and up to 40% for the petrochemistry, with some contribution for methanol synthesis; and the remaining 10% is used in miscellaneous fields, in electronics, plastics, metallurgy, food, and edible oil production lines [10]. In 2022, global hydrogen use reached 95 Mt of hydrogen [13], of which close to 50% was obtained through Steam Methane Reforming (SMR), resulting in so-called grey or blue hydrogen, while green hydrogen represents only 4% [14]. In 2030, the annual production of low-emission hydrogen is expected to reach 38 Mt [13], in which the following two groups of tasks play an essential role: scaling-up low-emission hydrogen production and increasing the use of hydrogen in sectors including heat and power generation, transport, and hard-to-decarbonize areas such as steel and cement production [15].



In mobility, hydrogen can be utilized either in modified internal combustion engines (ICEs) or fuel cells (FCs); however, the technical feasibility and interest in hydrogen FC vehicles (FCVs) significantly overweighs that of the hydrogen-powered ICE vehicles [11,16,17].



While the vehicle efficiency of diesel, gasoline, and compressed natural gas (CNG) ICE vehicles is only 14–17%, battery electric vehicles (BEVs) and FCVs exceed 25%; however, the well-to-wheel efficiency depends strongly on the power-to-H2 process [11]. BEVs are another possible low-emission alternate to fossil fuel ICE vehicles and are reported to be more effective than FCVs (Figure 2). Currently, both technologies are affected by the high costs, limited service life, lack of appropriate charging infrastructure, and restricted availability of key raw materials; however, significant advantages of FCVs are unmodified consumer behavior and driving range, even in the case of vans; short refueling time; and stable operation at both high and low temperatures [18].



Nowadays, all the leading automotive companies have their own fuel cell programs, in which Toyota, Hyundai, and Honda have taken the main role [20]. Some companies, e.g., Daimler, Skoda, Volvo Buses, Solaris, have been introducing fuel cell electric buses in recent years [21] and fuel cell trucks have been developed by, among others, Scania, VDL Bus and Coach, Hyundai, and Nikola [22]. The implementation of FCVs is supported and coordinated by national and transnational projects, such as CUTE (Clean Urban Transport for Europe), JIVE, and JIVE2 (Joint Initiative for Hydrogen Vehicles across Europe) [16,23,24]. However, due to their earlier implementation, BEVs and plug-in hybrid electric cars gained a two orders of magnitude advance over FCVs regarding commercial production and their number reached 25 million in 2022 [25]. Being aware that a smart combination of green powertrain and energy storage technologies will result in enhanced efficiency and reliability [26], in our study, we provide a solution for a solar panel–battery–hydrogen FC energy system. It is expected that through the synergic combination with a mature (BEVs), an underdeveloped (solar vehicles), and an up-and-coming (AI) technology, a powerful FCV type can be constructed, which opens new pathways for the spread of climate-friendly vehicles.



Fuel cell hybrid electric vehicles (FCHEVs), which use batteries and/or ultracapacitors as auxiliary energy sources to supply excess energy and smooth the power demand fluctuation of the fuel cell, are of interest thanks to their enhanced efficiency and driving range [27,28,29]. In order to decrease hydrogen/energy consumption and extend the lifetime of the fuel cell, energy management systems (EMSs) are integrated that distribute the power load among the energy sources and can be classified as ruled-based, optimization-based, and learning-based EMSs. Recently, with the gaining attention of artificial intelligence (AI) and the internet of vehicles (IOV), interest in learning-based and cycle information-based EMSs has increased, with a prominent position of research on driving pattern recognition [30,31].



With a strong connection to BEVs, the concept of solar vehicles also exists, where solar energy is converted into electricity by solar panels and then electrical energy is stored in rechargeable battery or auxiliary systems that complement the powering of the engine. Power density, cost, and design obstruct their implementation [32]. In their experimental study of normal city operation, Koyuncy et al. showed that the efficiency of the solar vehicle from solar panel to the vehicle wheel was about 9% [33].



Solar panel–hydrogen FCVs hybrid technology does not refer to the complementary operation of these energy sources, but to the role of solar energy-operated electrolyzers within the energy system to produce feed for the FC [34,35]. Using external hydrogen would also be feasible, but research is focused on the stationary applications of any solar panel–FC combinations [36,37]. It is evident that solar-powered BEVs could be twice as efficient as solar–hydrogen FCVs, because of the energy losses during energy conversion from electricity to hydrogen and then back again. Although direct use in BEVs can be the most efficient use of solar energy, BEVs can have higher life cycle costs than solar–hydrogen FCVs [35].



As can be seen, the current level of technological maturity and the temporary presence of renewable energy make climate-friendly energy sources difficult to integrate into an overall energy system; thus, hybrid solutions usually consist only of two components. The present R&D project, in addition to developing a prototype vehicle, aims to develop software models in which the automatic operation and performance of the energy system demonstrates the potential viability of a novel, multicomponent, autonomous renewable energy system and can be applied to the design of similar hydrogen and renewable systems. The project developed an L5e prototype vehicle, of which there are more than 8 million in worldwide traffic, mostly powered by internal combustion engines. The aim was to combine a mature vehicle design with modern propulsion technology, complemented by a futuristic design. This unique hydrogen-powered, multifunctional vehicle, named Neumann H2 (Figure 3), has been developed by the John von Neumann University and was presented at the UN Global Climate Change 2023 COP28 conference in the United Arab Emirates, Dubai. The focus of the event was the “Road to Zero” campaign, which aims to make the use of renewable energy sources in the mobility and energy sectors a priority for member states to curb global warming [38]. The Neumann H2 is a demonstration and research platform. It integrates state-of-the-art energy storage systems, demonstrating the benefits of solar, battery, and hydrogen powertrains.




2. Design Principles and Methods


The mutual acceptance of car approvals originally started with the Geneva Agreement of 1958, which covered the United Nations Economic Commission for Europe (UN/ECE). It was later adopted by other countries and made compulsory. There is currently no “whole vehicle”-type approval in the UN system of regulations. Vehicles can only be approved based on individual specifications and it is up to the contracting parties (countries) to decide which specification is mandatory. The current specifications and their application are set out in UN/ECE/TRANS/WP.29/343 [39].



2.1. Design Principles for Main Parts


L5e vehicles can be divided into two categories. The first is the L5e-A category, which consists mainly of three-wheeled motorcycles and other three-wheeled vehicles designed for passenger transport. The second category is L5e-B, which consists mainly of three-wheeled vehicles for professional use, designed exclusively for the carriage of goods. Two regulatory systems apply to the vehicle type approval process [40].



The electric drive, if it is driven by a multi-phase motor that is not permanently connected to the electric mains, shall be designed to exclude any electrical safety hazards, considering the relevant requirements of UN/ECE Regulation No 100 and ISO 13063 [41,42]. This is also applicable to high voltage components in galvanic contact with the high voltage electrical powertrain. General requirements for on-board diagnostic systems, as defined in Annex IV, point 1.8.1 of Regulation (EU) No 168/2013 [40], require vehicles of categories and subcategories L3e, L4e, L5e-A, and L7e-A to be fitted with an OBD I or OBD II port. This monitors and indicates any circuit or electronic faults in the vehicle’s emission control system that lead to the specified emission thresholds being exceeded and can indicate other faults that are hazardous to road traffic. The steering system of vehicles is considered a critical part of the main components, as it is one of the parts that can affect safety. At an international level, UN/ECE TRANS 79 and, at a European level, EU Directives 91/662/EEC; 92/62/EEC [43,44,45] contain several specific requirements and test procedures for the steering and cornering of vehicles that have been used during their development.



The braking system of the vehicle must be such that the braking power can be controlled and the driver is able to operate the steering wheel with both hands. The parking brake must also be designed to be adjustable, but it is enough for the driver to hold the steering wheel with only one hand when braking. It can be concluded that the use of the parking brake as a safety brake is accepted and permitted. The parking brake shall be operated only by mechanical components to maintain the holding on a slope.



A report from the National Highway Traffic Safety Administration revealed different risks and hazards for gasoline, natural gas, and hydrogen and highlighted that appropriate engineering controls can ensure the overall desired level of safety for both [46]. Possible sources of danger mostly result from the general structure and operation of the fuel cell vehicle, rather than from the presence of hydrogen [46,47]. Although the lower flammability limit (LFL) of hydrogen is only 4 vol.%, hydrogen does not necessarily ignite spontaneously when released at a high pressure [48]. Liu et al. urged the standard setters to fix conditions for post-accident leakage testing and unify the technical requirements of crash tests of FCVs [49]. Research from the Japan Automobile Research Institute concluded that an accidental leakage and ignition of hydrogen under the wheelbase of a passenger car with the allowable leak rate of 131 NL/min would not have a significant impact on the car or the humans around it [50]. In fact, studies show that the likelihood of ignition above the LFL is heavily dependent on the leakage flow rate, leak time, ventilation, and ignition mechanism [48,50,51]. To minimize risks associated with leaks, the storage and fuel flow management system of Neumann H2 were designed under one enclosure, complying with UN/ECE R 134 standard [52]. The drivetrain of Neumann H2 is designed to deliver category-compliant performance. It is powered by solar panels in addition to hydrogen. A block diagram of this complex powertrain is shown in Figure 4.




2.2. Artificial Intelligence-Driven Simulation Environment


As can be seen from Figure 4, complex energy management is required for the optimal operation of energy resources. Artificial intelligence is responsible for drive optimization. Furthermore, with the help of AI, the vehicle can also perform environmental recognition using appropriate cameras and image processing algorithms [53,54,55].



The vehicle has three subsystems, which also declare the three modes of operation, as follows: battery mode, hydrogen mode, and hybrid (solar–battery–hydrogen) propulsion. The systems are complemented by a solar system, which can supply auxiliary systems, like lights or computational units, etc. The system is based on a “Multi-Agent Reinforcement Learning Framework”, where different “Agents” are responsible for different subsystems [53,56,57]. This means that the change between the states of operation will be determined jointly by the Agents.



High-fidelity models were created for the different subsystems (Figure 5). To run the high-fidelity models in real-time in the car itself, Reduced Order Modeling methods were applied and LSTM Networks were trained to replace the high-fidelity models.



The development of the control algorithm was carried out in the MATLAB Simulink/Simscape R2023b simulation environment. The deployment of the neural networks made by MATLAB Compiler SDK to build Docker Images initialize the ROS2 Nodes that contain the different agents. Nvidia Orin was chosen as the central system controller (Main Control Unit—MCU) for the computational platform. The advantage of the hardware next to its computational capability is that the algorithms can be easily deployed directly from MATLAB or by Docker Containers. Since the hardware has enough I/O, there is no obstacle to read and write CAN bus or other protocols; thus, ther is no need to introduce additional translation systems between the Control MCU and the MCUs of the subsystems.





3. Results and Discussion


3.1. Structure of the Prototype


The main challenge of the suspension design was to provide the vehicle with the usual handling of passenger cars, by changing it from what is usual for typical three-wheeled vehicles. The 3D model of the manufactured design can be seen in Figure 6. The trail is an important parameter for the self-steering of vehicles, as the higher this value is, the greater the force that will keep the wheels straight. However, as the value increases, the force to steer away from the straight line also increases. The camber angle determines the traction of the wheel. The steering angle affects the turning circle of the vehicle. The larger the steering angle, the smaller the arc the vehicle can turn. Due to the one-sided suspension, the steering angle is 30 degrees symmetrically per side, which is less than that of a standard vehicle of the same size. The turning radius of the vehicle with the chassis geometry used is 12.1 m. The rear wheel inclination is −0.83 degrees when the wheel is in the unloaded position and −1.33 degrees when fully loaded. This means a −0.5 degree wheel angle change, which significantly improves vehicle stability when cornering. By parameterizing the swingarms, another very important chassis geometry adjustment can be achieved, called wheel alignment. The degree of wheel compliance is important for the steerability of a vehicle, as it can improve the straight-line stability of a vehicle to a large extent.



The braking system must provide a deceleration of at least 5.8 m/s2 according to the EGB 13 standard [58] and has been installed in the vehicle accordingly. The cargo floor can be loaded with two standardized pallets placed in a row to provide the intended functions (Figure 7).



The battery pack is a self-made lithium-ion type with a capacity of 4100 Wh and a mass of 28 kg, which includes the case and Battery Management System (BMS). The nominal voltage is 44.4 V, maximum voltage is 49.8 V, and minimum voltage is 32.4 V. The chosen electric motor type is an Engiro 205 A, with a nominal power of 11 kW. It is an air-cooled, permanent magnet synchronous motor with a voltage range from 48 V to 200 V. The cargo box is covered with 3 Longi Solar LR5-54HIB 405 Wp solar panels. The combined power is 1200 Wp.



On the side of the composite cabin, the prototype has two ZED 2i cameras which offer CUDA acceleration, leveraging the power of the used NVIDIA Orin GPU to accelerate depth computation and object detection. The prototype vehicle produced and its interior surfaces are shown in Figure 8.




3.2. Hydrogen Storage, Fuel Delivery, and Fuel Cell Subsystems


Hydrogen accumulation in the cylinder enclosure is monitored by a hydrogen detector that is located above the hydrogen container. Interestingly, international standards differ in the alarm threshold of the hydrogen detector. For example, Chinese national standards specify to alarm the driver when the internal hydrogen concentration reaches 2 vol.% and to shut down the gas supply when 3 vol.% is reached [59]. However, the Road Transport Vehicle Act of Japan and UN/ECE R 134 standard valid in the EU sets the threshold for alarms at 4 vol.% [47,50,52]. The alarm threshold in Neumann H2 is set at 2 vol.% and gas supply shut-off is at 4 vol.%. The parts are included in the fuel system, which is shown in the flow diagram in Figure 9.



The C1-31316-X1-type (WEH GmbH, Illertissen, Germany) fueling receptacle fits the SAE J2600:201510 standard, making the car compatible with public fueling stations [60]. The fill line is well protected from reverse flow, as the fueling receptacle and the shut-off valve both act as check valves. This is further strengthened by the dedicated check valve between the receptacle and the hydrogen tank valve. Possible contamination in hydrogen gas is filtered in two places. First, in the fill line, the fueling receptacle includes a 50 micron filter, which is followed by a 0.1 micron high-capacity coalescing filter. Second, the supply line of the fuel cell is protected from possible debris coming from any component behind it with a 7 micron tee-type filter.



An L028-type (Luxfer Gas Cylinders Ltd., Nottingham, UK) composite overwrapped pressure vessel with a seamless aluminum alloy liner was used for fuel storage. This type of gas cylinder is called type 3, with the specifications of 28 L water volume, 350 bar nominal working pressure, and a capacity of 0.7 kg of stored hydrogen. The storage tank was type approved according to the EC 79 standard, which has since been withdrawn, but meets the requirements of the R134 standard in force [52,61]. The tank valve is mounted directly on the container that integrates an excess flow valve, a manual and a solenoid shut-off valve, a bleed valve, a thermally activated pressure relief device, a pressure transmitter, and a temperature transmitter. All electrical devices (e.g., solenoids, transmitters) and their connections comply to the ATEX standard [62]. The live port of the tank valve that is directly connected to the cylinder was used to connect a high-pressure relief valve set to 380 bar and a high-pressure emergency venting solenoid. This solenoid is an extra accessory that is not part of the standard hydrogen system, but it can justify the defueling of the fuel system by the pilot in case of emergency resulting from the prototype nature of the vehicle. The emergency venting solenoid is independently powered by a 48 V backup circuit to make its activation possible even if the main circuit is shut-off.



The output port of the tank valve continues in an LW-TS414-type (Pressure Tech Ltd., Derbyshire, UK) two-stage pressure regulator that reduces the inlet pressure to a stable 0.5 bar, which is the operating pressure of the fuel cell unit. The fuel cell is protected from overpressure with a low-pressure relief device set to 0.7 bar. Two manual valves are placed on the low-pressure line. One can insulate the fuel system in case of fuel cell maintenance and one can be used to discharge hydrogen from the low-pressure port for the sake of safe replacement of the gas cylinder. Solenoid valves on low-pressure fuel lines are responsible for supplying and purging hydrogen gas. Unused hydrogen is released to the environment and is not recirculated to the anode inlet, but this will be later optimized [63,64].



As the main power source of the Neumann H2, a Horizon H-5000-type open-cathode Polymer Electrolyte Membrane (PEM) fuel cell was chosen. The reason of choice was that this system offers the smallest number of peripherals, which was a main concern during the design. The nominal power output of the stack is 5000 W (72 V at 70 A), running on 99.995 vol.% pure H2 gas. The cathode air supply is provided by four fan blowers, which are both responsible for supplying oxygen and cooling the stack at its nominal temperature of 65 °C. Air is aspirated through an airbox, which includes a cathode air filter that catches gases that can poison the catalyst in the fuel cell. The complete drivetrain is shown in Figure 10.




3.3. Artificial Intelligence-Driven Energy Management System


MathWorks’ fuel cell electric vehicle reference model [54] was utilized as the basic model for development. A barrier to real-time energy management systems is the runtime of the model (Figure 11). By profiling the solution, the most time-consuming module is the Electric Plant that includes the simulation of fuel cell, battery module, etc.



To reduce computational time, a Reduced Order Modeling method was applied to the Electric Plan. An LSTM network was trained for both the input and output of the Electric Plan. The dataset was generated based on the WLTP Class 1 cycle (Figure 12).



Various neural network architectures with different numbers of hidden layers were employed between 10 and 1000, with spacing of 10. Training of the LSTM Network happened with the following hyperparameters on Nvidia RTX4090 (Table 1).



In terms of performance and accuracy, the following architecture proved to be the best (Table 2).



Deploying a relatively small and shallow network allowed us to accelerate the running time, reducing the total time from 27.601 to 0.042 s. It means that by deploying that LSTM network to Nvidia Orin, it is capable to run in real-time. The dataset contains the following inputs and outputs (Table 3) that were used for training the neural network. The comparison of the simulated and the predicted current of the fuel cell based on the ROM method is shown in Figure 13.




3.4. Deep Learning for Environment Recognition


Two ZED2i stereo cameras, Nvidia Orin, and two displays, along with the necessary software environments, were used for the environment perception model. From the software side, ZED SDK 4.0, Python 3.11.2, and the default Linux (Ubuntu 22.04.02 LTS) features (bash scripts, services, etc.) were used in this project. The A2D2 Dataset [66] was used for training, along with the ResNet18 layers architecture. The input received 512 × 512 images. The environmental detection is shown in Figure 14.



The system’s desired behavior has the following rules:




	
The viewer must be full screen.



	
The viewer must start on system boot-up.



	
In case of any issue with the USB connection, the program tries to restart itself.



	
Both displays must be in lain orientation with the corresponding viewer windows.










4. Conclusions


Being inspired by the technical challenges in the field of green powertrains, we report a study on the technical feasibility of an AI-controlled complex solar panel–hydrogen FC–battery energy system, embodied as the Neumann H2 L5e vehicle. Feasibility was demonstrated for a double wishbone chassis, with a 5 kW PEM fuel cell as the primary power source, as well as 0.7 kg of stored hydrogen in one 350 bar type 3 compressed gaseous cylinder. The fuel system was built in one enclosure with the cylinder, according to the R 134 standard. The energy system is supplemented by 1200 Wp from solar panels, which can provide propulsion and supply auxiliary systems through a lithium-ion battery with a capacity of 4100 Wh. The energy system is controlled by an artificial intelligence-based system, which enables a range of 250 km with a maximum speed of 60 km/h. Overall, this study found it feasible to design, build, and operate a three-wheeled vehicle powered by a combination of hydrogen fuel cells and solar panels, thus providing a real, user-friendly R&D platform for the development of combined climate-friendly energy system constructions in mobility.
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Figure 1. Current applications of fossil fuels (a) and hydrogen (b). Data were adopted from [1,10]. 
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Figure 2. Recharging time, range, emissions, and well-to-wheel efficiencies of ICEVs, BEVs, and FCVs. Data were adopted from [11,19]. 
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Figure 3. Digital model of the Neumann H2 prototype vehicle. 
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Figure 4. Neumann H2 prototype vehicle powertrain block diagram. 
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Figure 5. Artificial intelligence-driven system schematic. 
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Figure 6. The front (a) and rear (b) chassis of the vehicle. 
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Figure 7. Main dimensions of the Neumann H2. 
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Figure 8. The built Neumann H2 prototype vehicle. 
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Figure 9. P&ID of the fuel system (high pressure fuel lines are marked with red, low pressure fuel lines are uncolored). 
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Figure 10. Neumann H2 hydrogen fuel cell electric vehicle powertrain system. 
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Figure 11. MathWorks’ Electrical Plant of fuel cell vehicles [65]. 
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Figure 12. MathWorks’ WLTP cycle for fuel cell electric vehicle: a schematic model [65]. 
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Figure 13. Comparison of simulated (blue line) and the predicted (red line) current of the fuel cell, based on the ROM method. 
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Figure 14. The process of environment detection on the vehicle. 
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Table 1. LSTM Network Training Hyperparameters.






Table 1. LSTM Network Training Hyperparameters.





	#
	Hyperparameters
	Setup





	1
	Number of Epoch
	1 × 105



	2
	Gradient Threshold
	1



	3
	Initial Learning Rate
	5 × 10−3



	4
	Learning Rate Schedule
	Piecewise



	5
	Learning Rate Drop Period
	1 × 104



	6
	Learning Rate Drop Factor
	0.6










 





Table 2. The applied neural network architecture with different numbers of hidden layers.
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	#
	Name
	Type
	Activations
	Learnable
	States





	1
	sequenceinput

Sequence input with 5 dims.
	Sequence Input
	5(C) × 1(B) × 1(T)
	-
	-



	2
	fc_1

800 fully connected layers
	Fully connected
	800(C) × 1(B) × 1(T)
	Weights         800 × 5

Bias          800 × 1
	-



	3
	relu_1

ReLU
	ReLU
	800(C) × 1(B) × 1(T)
	-
	-



	4
	1stm_1

LSTM with 800 hidden units
	LSTM
	800(C) × 1(B) × 1(T)
	Input Weight   3200 × 800

Recurrent      3200 × 800

Bias        3200 × 1
	Hidden

State Cell State



	5
	1 stm_2

LSTM with 800 hidden units
	LSTM
	800(C) × 1(B) × 1(T)
	Input Weight   3200 × 800

Recurrent      3200 × 800

Bias        3200 × 1
	Hidden

State Cell State



	6
	relu_1

ReLU
	ReLU
	800(C) × 1(B) × 1(T)
	-
	-



	7
	fc_2

8 fully connected layers
	Fully Connected
	8(C) × 1 (B) × 1(T)
	Weight          8 × 800

Bias           8 × 1
	-



	8
	regression output

means-squared-error
	Regression Output
	8(C) × 1 (B) × 1(T)
	-
	-










 





Table 3. The input and output signals of the ROM model with model accuracy prediction.
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