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Introduction

Hydrogen is promoted worldwide as an ideal fuel for its inexhaustibly, cleanliness, convenience and independence from foreign control, which make it as the replacement for gasoline, heating oil, natural gas, and other fuels in both transportation and non-transportation applications [START_REF] Barthelemy | Hydrogen storage: recent improvements and industrial perspectives[END_REF]. In spite of the high specific energy by weight, the hydrogen application meets the extremely challenging in transportation and storage because of its low energy density by volume [START_REF] Mazzucco | Bed geometries, fueling strategies and optimization of heat exchanger designs in metal hydride storage systems for automotive applications: A review[END_REF].

According to the U.S. Department of Energy's Freedom Car Program targets, the ultimate targets to enable wide availability for the commercial use across all vehicle platforms are set to be 0.075kg H2 /kg system of hydrogen gravimetric density and 0.07kg H2 /L system of volumetric density [START_REF] Satyapal | department of energy hydrogen and fuel cells program[END_REF].

Current hydrogen storage methods with relatively high energy density contain compression, liquefaction, absorption and chemical binding. Among these methods, hydride storage has been of great interest as a kind of promising material for hydrogen storage applications, dues to its higher volumetric density when the weight of tank is not a major issue. In addition, the long term stability with lower pressure and temperature during operation on fuel cell vehicles is also its outstanding advantages.

The practical application of metal hydride hydrogen storage tank should be analyzed carefully, especially for the on board automobile applications. Slow charging and discharging of metal hydride hydrogen storage units limited by heat transfer is a serious drawback requiring special engineering solutions. In order to improve the performance and maintain the durability of the metal hydride tank, one need to understand:

1. How to evaluate the dynamic state of charging/discharging process of the on board hydrogen storage system? 2. What could impede these performances? 3. How the observed behaviors would change during its degradation after long term operation? Many different mathematical models are designed to simulate the reaction kinetics, equilibrium conditions, heat and mass transfer inside the tank during absorption and desorption process [START_REF] Minko | Numerical simulation of sorption/desorption processes in metal-hydride systems for hydrogen storage and purification. part i: development of a mathematical model[END_REF][START_REF] Boukhari | Numerical heat and mass transfer investigation of hydrogen absorption in an annulus-disc reactor[END_REF][START_REF] Maeda | Numerical simulation of the hydrogen storage with reaction heat recovery using metal hydride in the totalized hydrogen energy utilization system[END_REF][START_REF] Momen | Experimental and numerical investigation of the thermal effects during hydrogen charging in packed bed storage tank[END_REF][START_REF] Nam | Three-dimensional modeling and simulation of hydrogen absorption in metal hydride hydrogen storage vessels[END_REF][START_REF] Muthukumar | Thermal modeling and performance analysis of industrial-scale metal hydride based hydrogen storage container[END_REF]. The first two-dimensional numerical model is presented 20 years earlier to emphasize the effect of the shape, pressure and cooling system [START_REF] Jemni | Study of two-dimensional heat and mass transfer during absorption in a metal-hydrogen reactor[END_REF], which is widely applied in the later research.

The three-dimensional models are more exhaustively designed to figured out the permeability and the thermal conductivity of the hydride [START_REF] Akanji | Modeling of heat and mass transfer in lani5 matrix during hydrogen absorption-desorption cycle[END_REF][START_REF] Briki | Dynamic study of a new design of a tanks based on metallic hydrides[END_REF]. Dhaou et al. [START_REF] Jemni | Experimental and theoretical study of ametal-hydrogen reactor[END_REF] presented the pressure-composition-isotherm (P-C-T) curves under three temperatures of both absorption and desorption process.

They also proposed an analytic expression of the equilibrium pressure by polynomial interpolation based on experimental data. As a deterministic factor of the reaction direction, equilibrium pressure shows a great dependent on temperature and hydrogen concentration. Based on the analysis of equilibrium pressure, a deep discussion was made on the effect of operating parameters, including hydrogen flow, temperature of the cooling fluid and volume of metal in the tank [START_REF] Busqué | Mathematical modeling, numerical simulation and experimental comparison of the desorption process in a metal hydride hydrogen storage system[END_REF][START_REF] Minko | Numerical and experimental study of heatand-mass transfer processes in two-stage metal hydride hydrogen compressor[END_REF]. The mass and heat transfer during operating process are simulated to analysis the effects of these parameters to the efficiency of the reaction and supply capacity of the hydrogen storage system [START_REF] Souahlia | Experimental and comparative study of metal hydride hydrogen tanks[END_REF][START_REF] Chibani | Simulation of hydrogen absorption/desorption on metal hydride lani5-h2: Mass and heat transfer[END_REF].

However, in the practical application of the hydrogen storage system with metal hydride, an extremely meticulous mathematical model with numerous complex elements is unnecessary, for which could lead in excessive calculations and errors. Meanwhile, although the previous studies show great performance in simulating the dynamic response of the absorption/desorption process and evaluate variables of reaction kinetics, the proposed models are just validated in simulation and laboratory experiments. The real operation condition of the on board hydrogen storage system is not fully considered. Furthermore, the effect of the parameters on the efficiency of both absorption and desorption process is highly demanded in practical application. This paper presents a dynamic modeling process for the embedded metal hydride hydrogen storage system. Starting from a real operating database and the dynamic response model, PSO is used to identify and investigate the parameters of this model. The modeling method is detailed in section 2. The Section 3 is delicated to validate the proposed model through a comparison study between simulation result and real measurement data. The last section gives a rapid summary of the main contribution and some prospects of this paper.

Modeling process

Since the metal hydride hydrogen storage tank used on the vehicle is a seal container filled with unknown material and structure, the tank is a like gray box in our model with uncertain parameters. Thus, PSO method is applied to identify the parameters of the model. The databases, which are used for the parameter identification, are recorded from laboratory experiments and real operation separately.

Studied system and applied databases

The test bench in laboratory is used to detect the features of the metal hydride hydrogen storage tank used on the operation vehicle. The results of the laboratory experiment is collected in the similar way of D. Chabane did [START_REF] Chabane | A new method for the characterization of hydrides hydrogen tanks dedicated to automotive applications[END_REF] for both charging and discharging process. The database collected in the test bench includes the surface temperatures, the inlet pressure of the tank, the hydrogen flow rate and the mass of hydrogen absorbed or desorbed [START_REF] Zhu | Estimation of the state of charge of a hydride hydrogen tank for vehicle applications[END_REF]. shown in Table 1. The hydrogen storage tanks on vehicle have undergone several times of charging and discharging process while the vehicle 5 is considered as the reference vehicle without any operation. More details of the database about hydrogen storage system can be found in [START_REF] Zhu | Estimation of the state of charge of a hydride hydrogen tank for vehicle applications[END_REF].

Fig. 1 -Schematic of hydrogen storage and application system on tested vehicles.

Fig. 1 shows the detailed schematic of the on board hydrogen storage and application system including metal hydride tanks, fuel cell, temperature control system and the sensors of each significant parameter. Two commercial metal hydride tanks are connected in parallel to provide hydrogen to the fuel cell.

The heat exchange system is applied to control the thermal condition. This schematic also presents the configuration of the mathematical model used in our study, which will be discussed in Section 2.2.

Dynamic model of the system

In this study, a mathematical model is used to describe the dynamic responses of the embedded metal hydride hydrogen storage system. In this system, circulation liquid channel is arranged around the storage tank as part of heat exchange system for thermal control.

In order to design a simplified model for practical use, the physical properties of the system are assumed to be stable. Hydrogen is considered to be an ideal gas and the metal hydride characteristics such as thermal conductivity, porosity and volume remain constant during reaction [START_REF] Busqué | Mathematical modeling, numerical simulation and experimental comparison of the desorption process in a metal hydride hydrogen storage system[END_REF]. The following equations with the symbols in Table 2 represent the mass and energy transfer during operation process. The model is developed incorporating the mass conservation and thermal energy balances in the hydrogen storage system [START_REF] Bao | Three-dimensional modeling and sensitivity analysis of multi-tubular metal hydride reactors[END_REF][START_REF] Cho | Dynamic modeling and simulation of hydrogen supply capacity from a metal hydride tank[END_REF][START_REF] Kyoung | Three-dimensional modeling and simulation of hydrogen desorption in metal hydride hydrogen storage vessels[END_REF][START_REF] Chabane | Energetic modeling, simulation and experimental of hydrogen desorption in a hydride tank[END_REF].

The state equation in the tank is assumed to be the ideal gas equation:

P = ρ g RT (1) 
Based on the continuity of metal hydride, the the mass flow rate variation of the desorped hydrogen from metal hydride:

ṁMH = (1 -ε) ∂ρ g ∂t (2) 
where ṁMH = m M H /V M H . Due to the mass conservation of gaseous hydrogen, the mass flow rate of gaseous hydrogen in the tank varies as:

ṁH2 = V tank V M H -1 + ε ∂ρ g ∂t (3) 
which is composed by two parts. During the charging process, the hydrogen is pushed into the tank and absorbed by the metal hydride, the mass flow rate of gaseous hydrogen ṁH2 = f in -ṁMH . When discharge the tank, the hydrogen is released out, which causes the reduce of the mass of gaseous hydrogen. Meanwhile, the desorpted hydrogen from metal hydride leads to the increasing of the gaseous hydrogen mass. Thus, the mass flow rate of gaseous hydrogen in the tank during desorption process can be expressed as ṁH2 = ṁMH -f out .

The hydrogen mass flow rate from the metal hydride ṁMH is dominated by the equilibrium pressure, the computation of absorption and desorption process can be obtained in Eq. 4 and Eq. 5:

ṁMH = C a exp - E a RT ln P P eq (ρ s s -ρ s ) (4) ṁMH = -C d exp - E d RT P -P eq P eq (ρ s s -ρ s ) (5) 
The applied equilibrium pressure could be fitted from the P-C-T curves of the metal hydride tank [START_REF] Dhaou | Measurement and modelling of kinetics of hydrogen sorption by lani5 and two related pseudobinary compounds[END_REF] and be formed as:

P eq = f (r)exp ∆H R u 1 T - 1 T r (6) 
in which r represents the hydrogen to metal ratio:

r = H H max = 2(ρ s -ρ s 0 )M M H ρ s 0 M H2 (7) 
The energy exchanges between tank and circulation liquid, which could be expressed as:

V tank V M H -1 + ε C pg ∂(ρ g T ) ∂t + (1 -ε)C ps ∂(ρ s T ) ∂t = Q + ṁMH ∆H (8) 
The overall heat exchange between the metal hydride tank and the circulation liquid is developed based on the energy balance. The amount of heat transfer can therefore be expressed as:

Q = Q l ṁl c p,l (T l,in -T M H )(1 -e -A ) (9) 
The temperature of circulation liquid changes after heat transfer:

T l,out = T M H + (T l,in -T M H )e -A ( 10 
)
where A is the heat exchange coefficient.

The above equations are applied in our study as a gray box model with unknown parameters.

PSO-based parameter identification

PSO algorithm is an evolutionary computation for obtaining an optimal solution by searching the best position in space, which is inspired by social behavior of flocks of birds and fish looking for food [START_REF] Thangaraj | Particle swarm optimization: hybridization perspectives and experimental illustrations[END_REF]. This process proceeds through information sharing and collaboration among particles. Observers found that every bird could find its new direction and position to search for the food by the best position of each particle P best and the information of the entire group G best . The fitness function is defined to evaluated the current position of particles based on the goal.

As the flowchart shown in Fig. 2, PSO algorithm is applied for the parameter identification in our study. For the purpose of identifying the parameters in the Fig. 2 -Flowchart of the applied identification method with PSO algorithm.

on board metal hydride hydrogen storage system, the parameters are considered as the particles. Thus, the optimal particles' position represents the results of parameter identification. The fitness function is determined to evaluate the accuracy of parameters. Fitness is the errors between model simulation results and real operation data. Generally, the optimal parameters are obtained when the fitness value is small enough. As a consequence, the fitness function is

F = 1 N N i=1 f (S(i), E(i), Φ) 2 . ( 11 
)
Where S(i) and E(i) represents the dynamic model simulation results and the related measurement results from the real operation database respectively. Φ =

[M M H , C ps , ∆H, ρ 0 s , ε, A, C d , E d ]
is the set of parameters need to be identified; N is the size of the simulated and experimental data.

In this work, the calculation of fitness F is divided into two parts: physical characteristic measurement of the tank and dynamic response simulation of the operation system, which is shown in Fig. 2. The first part is the measurement of physical characteristics analysis of the tank, which corresponds to the equilibrium pressure. From the database of the laboratory test, P-C-T curves of the tank could be extracted for identifying the parameters M M H and ∆H of equilibrium pressure P eq . The second part is the investigation of the dynamic model of the embedded metal hydride hydrogen storage system. The behaviors of this system can be observed from the database of the real operation test. By combining the mathematical model of the dynamic response and the equilibrium pressure obtained in the first part, the fitness value F of the current parameter swarm can than be calculated.

The previous performance of particles is evaluated by fitness. The parameters will be updated and the procedure of PSO will loop to fitness calculation, unless the end criterion is satisfied. The end criterion is generally set as the fitness falls below the threshold, or, the iterations exceed the maximum number. Finely, the optimal parameter swarm can be obtained as the identified parameters.

The result of the parameter identification based on PSO algorithm will be discussed in next section.

Results and discussion

The proposed method for parameter identification of the embedded metal hydride hydrogen storage system using PSO algorithm is verified through the analysis of the dynamic model and operation data. The results are evaluated by the fitness value of PSO and the errors of variables. This process is implemented by MATLAB software [START_REF]MATLAB, version 9.0 (R2016a[END_REF].

P-C-T test results

In order to verify the equilibrium pressure model of the tank shown in Eq. 6, the database of the laboratory experiments is investigated. hydrogen concentration, which is consistent with the equation of P eq in Eq. 6.

The effect of hydrogen concentration on equilibrium pressure has been approximated by a ninth-order polynomial function as part of Eq. 6:

f (r) = p 10 + p 9 r + ... + p 1 r 9 (12)
This polynomial function is fitted depending on the identified parameters of the tank and the database of P-C-T curves from laboratory experiment. Table 3 gives the coefficients p 0 , p 1 , ..., p 10 of f (r), which are calculated when the optimal parameters are obtained in this study. 

PSO-based parameters identification results

In the initialization, the particle swarm is defined under the request of parameter identification for the onboard hydrogen storage system. As discussed in Section 2, the performance of the studied system is directly affected by the hydride material, the structure inside the tank and the efficiency of the heat exchange system. Therefore, the particles are defined to be the parameters given in Table 4. Among the parameters, M M H , C ps and ∆H are the significant properties of hydride material, ρ s 0 and ε describe the internal structure of the tank, and A represents the effect of the heat exchange system. In addition, C d and E d signify the direction and efficiency of the reaction. As a more complex procedure associated with the whole operation of the vehicle, the desorption process is the main object of our analysis. PSO algorithm is applied to identify the parameters of the dynamic model of desorption process due to its robustness to control variables and high computational efficiency. For the purpose of accelerating the convergence speed and optimization rate, the range of the parameter is narrowed based on the prior information from experiments and literature, which are presented in Table 4. The end criteria of PSO is set as maximum iteration number reached to avoid over calculation. 4 also gives the results of the parameter identification of the hydrogen storage system using PSO algorithm, which are shown at the last column.

Among the database of real operation, 14 qualified desorption process are tested and the average value of these 14 set of identified parameters are adopted as the final result. A discharging process on a real operation vehicle is taken as the example to present the results and discussion in detail. The vehicle was operated in 3rd July with the atmosphere temperature of 27 • C. This process lasted for about 1.6 hours until the hydrogen is fully released from the storage tank. The metal hydride tanks applied in the operation test are brought from the market with limited information. The tanks are bottle-shaped with the weight of 19kg and the volume of 4L. The on board hydrogen storage system is equipped with two tanks in parallel with the hydrogen capacity of about 300g, and a temperature control system designed as the configuration shown in Fig.

1.

Fig. 4 to Fig. 6 show the comparison between real operation data and simulation results applying the identified parameters. Since the hydrogen flow discharged from the tank is controlled to be relatively stable for the protection of fuel cell, the performance of the system can then be evaluated by the variations of pressure, temperature and hydrogen capacity. Before operation, the state inside the tank is stable and under equilibrium.

The hydrogen under gaseous state satisfies to the ideal gas state equation P V = nRT . Thus, at the beginning of the operation P 0 = k * M ass 0 * T 0 , where P 0 , M ass 0 and T 0 is the initial value of pressure, hydrogen mass and temperature respectively. The range of coefficient k is [0.0012, 0.0015] tested by all the discharging process in the database of operation.

At the initial stage of operation, the discharging process is dominated by the differential pressure between hydrogen tank and fuel cell. The pressure of the tank drops rapidly due to the release of gaseous hydrogen. The dehydrogenation reaction starts until the pressure reaches to the current equilibrium, and this stage is considered as response period. During this period, the state of the metal hydride inside the tank changes form seal equilibrium to desorption equilibrium.

According to the analysis of the database, the response period lasts for about 1000s, no matter of the initial hydrogen capacity inside the tank.

Since the proposed model mainly focuses on the reaction process of the metal hydride with some idealized hypotheses, the response period is not simulated comprehensively. However, this period is relatively short to the entire operation process. The model with identified parameters using PSO algorithm in our study can be applied to describe the dynamic response of hydrogen discharging process.

Fig. 5 shows the variation of temperature for both circulation liquid and tank during operation. The dehydrogenation reaction inside the tank is an endothermic process. Hence, the heat exchange system is used to improve the efficiency by providing high temperature circulation liquid during operation.

After heat transfer, the lower temperature circulation liquid is exported. As a consequence, the temperature of the tank is increased. The simulation results

show the consistency with the real operation data.

In addition, in our operation test, the circulation liquid of the heat exchange system is also used to fully discharge the tank. When the hydrogen concentration decreases and the pressure drops to a value lower than what is required by the fuel cell application, the higher temperature liquid is brought into the The simulation results show the same tendency with the operation condition.

The deviation is the consequence of the location of temperature sensors. The temperature in the dynamic model is assumed to be the internal temperature of the tank, while operation database is measured by the surfaced sensors.

Fig. 6 presents the operation data and dynamic model results of the hydrogen mass inside the tank. In order to protect the efficiency of fuel cell, the discharging process is suspended when the hydrogen pressure is too low. Thus, the tanks are not totally discharged.

Effect on vehicle design

As a parameter expresses the operation of heat exchange system, A represents the heat exchange coefficient. During the discharging process, the heat transmits between hydrogen tank and liquid circulatory system, which affects the temperature variation rate and the reaction speed inside the tank. Under The efficiency of heat exchange system mainly affects the temperature variation of the tank. Fig. 7 shows the results of this analysis that the temperature of the tank could be dramatically different when the parameter A is modified.

When we design and manufacture a fuel cell vehicle, the applied hydrogen storage tank is generally commercially available that it's inappropriate to open it up or modify the structure. What we can do is improving the efficiency of the tank to achieve its best performance during operation. Under this situation, the design of the heat exchange system is of great significant. The optimal heat transfer coefficient A can be realized through modifying the flow rate or change the liquid of the circulatory system.

Conclusions

Since the metal hydride inside the tank is unknown, it has been considered as a gray box for the modeling process. The PSO algorithm is applied to search for the optimal parameter set to identify the missing parameters. For all the operation conditions with different environmental temperatures, the simulation results of the dynamic model with the optimal parameters show a great agreement with the real operation data, and the errors are lower than 9%. This deviation, between simulation result and operation data, is mainly caused by the activated heater. It can be reduced through two strategies: The first one is to include the heater in the model by considering the heat conduction. The second strategy is to improve the current control algorithm to smooth the pressure waveform at the end of the discharging process of the tank.

The model of metal hydride hydrogen storage system with identified parameters is now ready to be used to estimate the hydrogen capacity and evaluate the degradation degree of the tank. Another interesting application will be the energy management of the system associating the metal hydride tank and fuel cell generator including heat exchange smoothing and aging aspects.
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 5 Fig. 5 -Real operation data of temperature and simulation result with optimal parameters
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 6 Fig. 6 -Real operation data of hydrogen mass and simulation result with optimal parameters
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 7 Fig. 7 -Simulation results of temperature when the heat exchange coefficient is different.

  

  

Table 1 -

 1 Mobypost project database profile

	Vehicle cycles (n) H2 charging time (h) Discharging time (h)
	1	8	14.81	17.82
	2	22	148.26	177.14
	3	14	27.78	99.63
	4	22	57.09	178.21
	5	0	0	0
	6	27	51.51	266.18
	7	16	35.51	126.23
	8	8	15.41	55.41
	9	1	0.63	7.04
	10	13	23.6	115.49
	The real operation database applied in this study is collected from Mobypost
	European project. This project is aiming to develop a novel sustainable mobility

Table 2 -

 2 List of symbols

	Nomenclature		
	C a	Constant for hydrogen absorption rate	1/s
	C d	Constant for hydrogen desorption rate	1/s
	C pg	Specific heat of hydrogen	J/kg/K
	C ps	Specific heat of metal hydride	J/kg/K
	C pl	Specific heat of circulation loop liquid	J/kg/K
	V	Volume	m 3
	E a	Activation energy for absorption	J/mol
	E d	Activation energy for desorption	J/mol
	∆H	Enthalpy of reaction	J/kg H2
	M M H	Molecular weight of metal hydride	g/mol
	M H2	Molecular weight of hydrogen	g/mol
	m M H	Mass flow of hydrogen desorbed/absorbed from the	kg/s
		metal hydride	
	m l	Circulation liquid mass flow	kg/s
	f in	Flow rate of hydrogen input the tank	kg/s/m 3
	f out	Flow rate of hydrogen output the tank	kg/s/m 3
	P	Pressure	P a
	R u	Universal gas constant	J/molk
	ε	Porosity of metal hydride	
	A	Heat transfer coefficient	
	ρ s 0	Density of empty metal hydride	kg/m 3
	ρ s s	Density of saturated metal hydride	kg/m 3
	Subscripts		
	eq	Equilibrium	
	tank	Metal hydride tank	
	l	Circulation liquid	
	r	Reference	

Table 3 -

 3 The polynomial function coefficients of equilibrium pressure

	Coefficient	p 1	p 2	p 3	p 4	p 5
		0.0191	-0.3869	3.3691	-16.5014 50.0302
	Coefficient	p 6	p 7	p 8	p 9	p 10
		-97.2922 121.3925 -93.9727 41.5605 -5.6286

Table 4 -

 4 Optimal parameters with PSO method

	Parameter	Symbol(Unit)	Range	Reference	Optimal value
	Metal molecular	M M H	[200,600]	[28, 29, 30]	417
	weight	(g/mol)			
	Metal heat	C ps	[100,400]	[28, 29, 30]	285
	capacity	(J/kg/K)			
	Reaction	∆H	[2E7,4E7]	[28, 29, 30]	30605000
	enthalpy	(J/kg H2 )			
	Empty density	ρ s 0 (kg/m 3 )	[7000,7400]	[20]	7144
	Porosity	ε	[0.2,0.7]	[22, 31, 32]	0.4
	Heat transfer	A	[0.1,0.7]	[22]	0.3524
	coefficient				
	Desorption rate	C d (1/s)	[2,15]	[10, 22, 33]	10.82
	constant				
	Activation	E d (J/mol) [15000,30000] [10, 22, 33]	21682
	energy				

Table
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