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Abstract

A dynamic model for a stand-alone renewable energy system with hydrogen storage (RESHS) is developed. In this system, surplus enerc
available from a photovoltaic array and a wind turbine generator is stored in the form of hydrogen, produced via an electrolyzer. When the
energy production from the wind turbine and the photovoltaic array is not enough to meet the load demand, the stored hydrogen can the
be converted by a fuel cell to produce electricity. In this system, batteries are used as energy buffers or for short time storage. To study th
behavior of such a system, a complete model is developed by integrating individual sub-models of the fuel cell, the electrolyzer, the power
conditioning units, the hydrogen storage system, and the batteries (used as an energy buffer). The sub-models are valid for transient and stec
state analysis as a function of voltage, current, and temperature. A comparison between experimental measurements and simulation result:
given. The model is useful for building effective algorithms for the management, control and optimization of stand-alone RESHSs.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction We present a model to describe the dynamics of an
RESHS. Itintegrates sub-models of the electrolyzer, the fuel
The use of a stand-alone renewable energy system (i.e. oneell, the batteries, the power interfaces (buck and boost con-
using wind and photovoltaic energy) in remote areas requiresverters) and the storage system. Interdependency issues (hy-
an energy storage device to smooth out the intermittent powerdrogen consumption cannot exceed production) are taken into
input from these sources. Recent system deditpé] rely account. Special attention is given to the characterization of
on batteries for short-term energy storage, while hydrogen isthe system’s major components in the transient state, and we
used for long-term energy storage. In these systems, the hy-use simple and realistic assumptions to describe the behav-
drogen (k) has been produced through an electrolyzer pow- ior for short- and long-term operation of the RESHS. Most
ered by the surplus energy available from the primary sourcesof the sub-models are specified by the component’s polar-
(wind turbine and photovoltaic array). When the input power ization curves characteristics (current—voltage—temperature).
is insufficient to feed the RESHS load, previously stored hy- The model is validated by comparing its output to that of
drogen is reconverted through a fuel cell (FC) to produce the the Hydrogen Research Institute’s (HRI) renewable energy
required electricity. The design, management and optimiza- system test bench, which is completely describefiB]
tion of such a system require a useful model. and whose configuration and specifications are given, respec-
tively, in Fig. 1andTable 1 A scenario built with realistic
- _ residential power consumption needs and typical power pro-
* Corresponding author. Tel.: +1 819 376 5011x3911, . . . .
fax: +1 819 376 5164. duction by wind turbine (WT), and photovoltaic (PV) array
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Fig. 1. Block diagram of the renewable energy system test bench of the HRI

2. Modeling of the components

Generally, a RESHS is designed for a nominal dc bus volt-
age, which, in the case of the HRI test bench, is about 48 V.
However, the real voltage on the dc bus depends on the oper
ating conditions of the system. When the energy production
exceeds what is needed and the battery (short-term energ

storage device) is being charged, the input power devices

tend to impose their output voltage on the dc bus. Wind gusts
can, for example, increase that bus voltage from 48V to 56 VV
in a fraction of a second. Similarly, when input energy pro-
duction is below what is needed and the load draws on the
battery, it is the battery that will impose its voltage on the
dc bus. This variability of the bus voltage is a major control
problem, as quite clearly this voltage cannot be considered
as a reliable variable to describe the evolution of the state of
the RESHS. Instead, it is the battery energy that will be used
as a system-controlling variable (see Secab).

Table 1
RE test bench technical specifications
Components Type Power (kW) \oltage (V)
Photovoltaic (PV) 1 48
Wind turbine gener- 10 48

ator and regulator
Electrolyzer Alkaline 5 26-48
Buck converter Multiphase PWM 5 26-48
Fuel cell (FC) PEM 5 24
Boost converter Multiphase PWM 5 24-48
Inverter 5 110 ac
Load 0-5 110 ac

Capacity (kwh)

Batteries Lead-acid 10.5-55 48
Storage H 125

PWM: pulse width modulation; PEM: proton exchange membrane.
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Inthis paper, most of the models are described as functions
of time, current, voltage, and temperature. For simulation
purposes, the input signals are the wind generator rectifier
output currentlgyT), the PV array regulator output current
(Ipv), and the load current)(). Due to the intermittent nature
of the renewable energy sources, sampled signals will be used
to represent all of them. This way, any energy production and
load profile can be modeled at will. In the following sections,
the models of the sub-units are presented in the order in which
they are traversed by the energy flux: battery, buck converter,
electrolyzer, boost converter, fuel cell, and hydrogen storage.

2.1. Battery model

The battery is the main component on the dc bus, and plays
the role of an energy buffer to handle current spikes and for
short-term energy storage. Different models for batteries are
available, in particular those suitable for electrical vehicle
applicationg[5,11,12,15] For stationary applications, such
as the RESHS, the models describeflinuse many experi-
mental parameters that cannot be estimated easily, such as the
overcharge effect (though in a properly-controlled RESHS,
this effect does not happen, and hence is not included in
the model). The main parameters, which determine the bat-
tery’s performance, are its internal resistance, the polariza-

tion effect, and the long-term self-discharge rate. This self-

discharge rate is difficult to estimate, and is itself subject to
number of factors, such as the operating temperature, the
number of operation cycles, and the materials and technology
used in its manufactui®,14].
The battery voltag®g(t), which takes these three param-
eters into account is given by,
Ugs(f) = (1 +anUs,o + Ri(1)I(1) + Ki Or(?) 1)
whereq is the self-discharge rate (5; Ug,, is the open
circuit voltage (V) at = 0; Ri(t) is the internal resistanc&j,
Ki is the polarization coefficient{h~1), and Qg(t) is the
rate of accumulated ampere hourd(tf > 0 then the battery
is charging; ifl(t) < 0 then the battery is discharging. The
battery energy is then,

t
WO =Wot [ Pal)or @)
J o
wherePj, (') = Ug(t)I(t) is the input power to the battery and
Wp is the battery’s initial energy. As we will see later, the
decision algorithm (as to whether electrolyzer or fuel cell are

to be activated to rebalance the battery energy) will depend
on the battery’s state of charge (SOC), defined by,

W)

max

SOC() =

®3)

whereWmax is the maximum battery energy without over-
charge.
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v(n) Table 2
P(n) Parameter values
e(n) Wind Turbine
Component Parameters Values
Battery R () 0.076
EEEREEE l Ki ~0
Z-1 zN Qrc (Ah) 880
Qo (Ah) 880
‘ ‘ Eo (V) 48
Boost converter Ao, 1
Ago.r —0.2045
—:—’ Z1 BBO,O 1.236
: BBo,r —0.4275
: +
: . Buck converter Asuo 1
L J7ZM NN Weight ;
Update Process pp(n) > Agux —1.485
- Mel 0.7
i Z1 Bgu,o 0.057
' Beu. ~0.082
: y Electrolyzer Uel0 22.25
—Z C ~0.1765
C 5.5015
n,FC 0.45
lei,o 0.1341
—3.3189
Fig. 2. Diagram of the identification process of the buck converter parame- ,;Re;:' Lol 24
ters. ehe
PEMFC Urc 3318
2.2. Buck converter = -0013
E, —157
. . . Irc,o 8.798
When there is an excess of electrical energy in the system, Rec _204
that excess is channeled to the electrolyzer to produce hydro- Ncell Fc 35
gen. To control this hydrogen production, a buck converter
designed at HRI controls the input current to the electrolyzer | o is
cells. This buck converter is a dc voltage reducer designed
to maximize the power transfer from the dc bus to the elec- 7o | ) = Usu.out(n) Ieu.out() (5)
trolyzer cells. It uses the multiphase technique to generate nBuUsu,In(n)

pulse-width modulated (PWM) signal8]. Its models are  \here|g, oy is the input current to the electrolyzer cells,

expressed by Eq¢4) and(5), and they give the voltage and 54 is determined in the next section. The coefficients may

currentapplied to the electrolyzer cells. Considering the com- 5y, gjightly from one operating point to another, but on the
plexity of describing these circuits, an autoregressive moving whole, the model gives a good account of the dynamics of
average (ARMA) modeKig. 2) [16] for parameteridentifica- o system.

tion is used to minimize the average quadratic error between
the real output of the buck converter and the model's. During 5 4 Electrolyzer
this process, the time scale is set to 1 s and the buck converter

operﬁting”ten_wperaturg to 2b5. donth del ai As the electrolyzer time response is sld®] compared to
T efc_) owing equation (based on the ARMA model) gives the modeling sampling time (1 s), the output voltage is given
the relation between the buck output voltage and the dc busby

voltage (transfer function),

I el(t)
(6)

whereAgy,0, Au,1, Beu,o. andBgy,1 are parameters which  whereUg o (V), C1 (V oC_l), Co (V °C‘1), lel,0 (A) andRg

have to be determined. Their values, for our case, are given(2°C~1) are parameters to be determined experimentally.
in Table 2 Ug is the dc bus voltageDp, is the duty cycle For the HRI test bench, their values are giveale 2for
andUgy out is the buck converter output voltage (and applied an operating temperatufeg(t) between 22C and 52°C. The

to the electrolyzer cells). The buck converter input voltage first two terms of Eq(6) represent the theoretical potential
(Usun) is equal to the dc bus voltage because of its direct of an ideal cell. The third term gives the activation potential,
connection to the dc bus. Taking into account the buck power while the last one represents resistance (ohmic) losses. These
efficiency @gu), the input currentlgy,in) to the buck con- parameter values vary from one electrolyzer to another. Con-

(BBu,o + Bau1z %) Dpu(n)

Uel(t) = Uel,0 + C1Tel(t) + C21In (
4
Aguo + Apy 1zt @

Iel(f)) n Rel

Uu,out(n) = Ug(n) lel,0 Tel(r)
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sidering that the output of the buck converter is connected measured on the IRH test bench are givefdhle 2for tem-
directly to the input of the electrolyzer celldgy ouft) and peratures ranging from 24€ to 72°C. Trc(t) is the operating
Isu,0uft) are equivalent tdJe|(t) andlel(t), respectively. The  temperature of the cells, which changes during the cell’s op-

hydrogen production rat&;(z) is given by, eration. The first two terms of E@10) represent the open
loop potential, the third term corresponds to the activation
: n.ellel(t) . . .
Vel = Ncellel————— @) potential, and the last represents resistance (ohmic) losses.
Ch, These parameters vary widely from one fuel cell to another.
wheren, ¢ is the electrolyzer utilization factoNcel e repre- The FC’s hydrogen consumption ratec(z) is given by,

sents the number of cells, agy,, is a conversion coefficient _ Iec(t)
(of value 2.® Ah 1~ of hydrogen)s ¢ depends on the cell  Vec = NCe”,,:CM
temperature. For alkaline electrolyzers, some stydi&s13] Chy
show thaty el is between 0.6 and 0.75. A more rigorous es- wherep, rc is the utilization factor of the FC, anblcel Fc
timate can be obtained by direct measurement of the produc-represents the number of cells. The literat{#e8] shows
tion. The hydrogen produced by the electrolyzeris stored, andthat ), - is between 0.3 and 0.6 for PEM fuel cells. A more

can be used later by the FC. The storage sub-system mode}ccurate estimate can be obtained by direct measurement.
is given in Sectior?.5.

(11)

2 4. Boost converter 2.6. Hydrogen storage sub-system

The hydrogen produced by the electrolyzer is stored in a
pressurized tank. Although the actual renewable energy sys-
tem at HRI has a compressor and the hydrogen can be stored
in a tank at up to 150 psi, the equations used will assume
Bydrogen storage at normal pressures and temperatures. The
ower balance for the storage function is given by

The nominal output voltage of HRI's fuel cell is around
24V, whereas the dc bus is designed for 48 V. Hence a power
interface is necessary between the two. In order to maximize

converter is designed with the same multiphase switching
technique and pulse-width modulated signals, as was usedp
for the buck converter. Using the same method as describeddWh,(r)
in Section2.2, the relation between the duty cydbs, and ds

the input currentg in(t) of the boost converter is given by,

= Pel(?) — Prc(?) (12)

whereW, (¢) is the energy present in the tank in the form of

(BBo,0 + Beo,127 1) Dpo(n) hydrogen,Pec(t) andPg(t) are, respectively, the FC power

Igo,in(n) = Irc Max ABoo + Apo1z-1 (8) consumption (related to theoHonsumption rate) and the
. o o electrolyzer power production (related to the ptoduction

wherelgc maxis the maximum output current of the F&go o, rate). The solution of Eq12)in the Laplace domain is given

Ago.1, Beo,o, andBg,, 1 are parameters to be determined (see by
Table 9. The output currentl§o ou) Of the boost converter
is obtained from the boost power efficienaysg)

Urc(n)Igo,in(n)
T Ust) ©)  with

Wi, (s) = w + Whiy, (13)

IBo,Out(’l) = 7IBo

. . . V. i
whereUrc is the FC output voltage, angho is determined  p_ ) _ el(s) AH: Prc(s) = Fc(s) AH
by direct measurement (and found to be >95%). %5

where Ve and Ve are, respectively, the production and the
consumption rates of H Wy, , is the initial hydrogen en-
ergy stored. Under normal temperature and pressure condi-
tions[9], V7 is equal to 22.4Imoll. AH is the enthalpy of
hydrogen (“high heating value”H = 286 kJ mot1).

2.5. Proton exchange membrane fuel cell

According to referencg$-8], the proton exchange mem-
brane (PEM) FC reaction time constants during transient pe-
riods (<50 ms) are smaller than the simulation step time (1 s).
Hence, the dynamic behavior of the FC is given by its polar-

Ization curve 3. RESHS simulation

Irc(t
Urc(t) = Urco + E1Tec(t) + E21In < ()>

Irco A model of a RESHS has been developed based on the
Rrc above equations for its sub-units. The simulation block dia-
) Iec(t) (10) gram is given irFig. 3. As mentioned earlier, the simulation
and sampling time step is taken as 1 s, Bng'the total num-
whereUrc o (V), E1 (V°C™), E2 (V°C™1), Igc o (A), and ber of steps for one complete operation period. The principal
Rec (2°C1) are experimental parameters whose values asresults of interest are the output currents of the buck converter

+
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@ rent at the dc bud ), the PV array regulator curren(),
the load currentl()), the electrolyzer cell temperaturég()
| (which is relatively constant: 28C) and the FC cell temper-

ature {Trc), which varies linearly from 25C to 35°C with
< a slope of 3.3CsL. The simulation outputs are (as men-

| Initialization of parameters

Y
T TR SO O S——— T tioned previously) the buck converter output current (same
as the electrolyzer input currentlefj, the boost converter
v output current Iigo,ou), and the battery energy\(t)). All
| Q(n) estimation | these signals were also measured on the actual HRI operat-
v ing test bench to permit comparison of the simulation output
Q(n) normalized estimation with reality.
¢ The electrolyzer and FC regulators work so as to bring the
battery energy\M(t) back towards its reference valu@eft,
DC bus voltage (Us(n)) calculation wheneveM(t) gets beyond a pre-determined range bounded
v by Whi andWq, bracketingW,e. The electrolyzer, which
Estimation of W (z) and W.. (o) n=nt1 IowersW(_t) by convertin_g the excess _battery energy into hy_-
" B drogen (i.e. when the input energy is greater than what is
v needed by the load), is powered on whit) > W, and is
Energy stored in batteries (W(n)) stopped whelWs is reached. The FC, which raisé4t) by
¥ converting hydrogen back into battery energy (i.e. when the
H, production and consumption rate input energy is smaller than what is needed by the load), is
[ powered on wheiW(t) < Wiow, and is stopped again when
Hydrogen energy stored in a tank Wet is reached. The system starts with an initial enafdgy
T > Whi (Wp is estimated to 42,240 Wh), usually Af,;. In
Calculation of buck and boost converters duty cycle by using a the first Siml'”ationwref = 42,218 Wh' and/Vhi and Wiow
RESHS control system algorithm are at 42,240Wh M/ref + 22 Wh) and 42,196 Wh wref
— 22 Wh). The control range thus extendstt®2 Wh around
* Wief.
Igo,0u(n) and I, ;,(n) calculation
' - 4.1. Input signals

Figs. 4 and Hresent typical WT output and load current
(two of the simulation input variables). It can be noticed that

the system operates during 7 min. There was no significant

power available from PV array when running this experience.

Fig. 3. RESHS simulation block diagram.

4.2. Electrolyzer
and of the boost converter, and the energy stored in the bat- The electrolyzer, which is fed from the buck converter, is
tery. The boost converter output current depends of course ON. it operate at a nominal input power of 1500 W when it is
the details of the models of the boost converter and of the FC.

Similarly, the electrolyzer current is closely associated with 80
the details of the buck converter and of the electrolyzer. In
this diagram@Q(n) represents the accumulated ampere hours |
in batteries. 60 L i m‘l ‘L
\ ’ |
L (

f

L L
3 | ity

70 +

4. Experimental and performance analysis

Current (A)

!
|
a0k

The models of the sub-units described previously were \ﬂ, | f At
used to put the RESHS system through a typical run (the 20 IJ\ V\ 1 Al \
values of the parameters of the various sub-units are found ;| M ‘u"'wﬁll.
in Table 3. In order to reflect the variable nature of the ac- ! V
tual WT and PV array power variations, the simulation inputs % 100 200 300 200 500
were subjected to relatively large ripples, and the simulation Time (s)

outputs were monitored closely to determine the stability of
the model. The simulation inputs are the WT generator cur- Fig. 4. Currentwr(t) from the wind turbine through the rectifier module.
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100 ; : i ; 18 : - - :
90 1 16 —— Simulated data -
ﬂ I Measured data ‘
80 | . ]
70 ‘ | 141
}"} 60 | ﬂ LW . 12t
= ‘H =
£ s0f " \( wl,f < 10
S — L
© 40;\ : | H \* o
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20 ‘.\ f & \‘ \ | \\ Kﬂ\ 1 6L
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0 ! 1L_| , . .U !u ! . 4
0 100 200 300 400 500 5|
Time (s)
0 T T 1 'l
Fig. 5. Profile of the load current. 0 100 200 300 400 500

Time (s)
running. When the simulation starts, the electrolyzer is oper-
ating according to the control strategy described aliéige 6 Fig. 7. Comparison of the simulated and measured current of the boost
compares the experimental and the simulation results. TheConverter output
difference between simulation and measurements is around . | - f the dc b
8.5%. This result shows that the models of the buck converternOt very sensitive to reasonable variations of the dc bus
and the electrolyzer are relatively realistic. The steady—statevonage'
difference between the two (&t 65 s) is due to the inaccu-
rate estimation of the initial energy of the batteWj in Eq. 4.4. Buffer energy
(2) (it turns out that the model of the energy buffer is itself ) ) ] ]
dependent on the initial energy stored in the battery). In spite 1 he overall quality of the simulation of the operation of
of this, the start—stop sequences of the electrolyzer are theth® RESHS is judged by examining the time-evolution of the

same for the simulation and the experimental measurementsPuffer energy (). Fig. 8gives the measured and simulated
results. Front=0 stot = 65 s \W(t) decreases quickly, because

4.3. Fuel cell (1) insufficient energy is available from the wind turbine and
the PV array (se€igs. 4 and § and (2) the electrolyzer is
For the FC and the boost converter, the simulated and""ning and withdrawing energy from the batteRyy(. 6).
experimental (measured) currents are perfectly matched WhenW(0) reachesie att = 66's, the control program
(Fig. 7). The deviation between the two is less than 29, Shuts the electrolyzer ofi(t) then starts to rise (frorm=
It tuns out that the boost converter output current is 66S 1ot =135s).Figs. 4 and Show that there is a surplus

80 ; ‘ ; . x 10"
4.225
70t |
—— Simulated data 4,224 —— Simulated data

60 —— Measured data . —— Measured data

50 | 4.2231
< =
= 40 = 4.222] .
Q - FC operation
5 30 =

[5]
o c 4221} >
\ w EL operali
20} |
422 |«
10+
il i e AR S 4219t
v
-10 L I L L 4218 ) ) A )
0 100 200 300 400 500 0 100 200 300 400 500
Time (s) Time (s)

Fig. 6. Comparison of the electrolyzer current simulated and measured. Fig. 8. Battery energy\(t).
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power on the dc bus during this period, and this surplus is 8400
transferred into the battery. Fromr 136 s tot = 200 s,W(t)
decreases again due to the high load curreigt. ©) and the 8200
insufficient energy supply from the wind turbine. 4t 295 s,
W(t) reaches the threshold valifé,,, at which the control 8000

Energy (Wh)

program turns the FC orfF{g. 7), to supply the required en- : ? : : 3 5 :

ergy from the stored hydrogen. Beyohda 350, the WT 7800\ 777777 kakaka LLLLLL
,,,,, Vo cvosnlboe o VMETPOOWR. vt G0 s

about 25 A and the FC current at only 17 A, and hev(® 600| - \\ ______ L d L e |

decreases again due to the net 8 A drawn from the battery. 1 ; : ]

seems to be less than 2%. This is a good indication of the |

reliability of the models. i

current is essentially zero, while the load current remains at
The difference between the simulated and the meastied e i\ L L s L L]

e O 5 7t S SO N A
wser FC > |
i H H i 7000 1 ' L L H N =)
5. Residential energy consumption scenario ¢ ito BaE B I B BE Ton a
A realistic scenario of the energy consumption of a resi- Timects)

dence is now developed. The values used for the power PrO-£ig. 10. Battery energyV(t): Wi = 0.7%inax, Wiet = 0.70Mna Wiow =
ductions of the PV array and of the wind turbine are typical g 650,
for our region. The net dc bus power, that is the algebraic

sum of powers from the PV array, the wind turbine, and the  The evolution of\(t) is displayed inFig. 10 When the
load (this one negative) but without the contribution of the system startg €0 s)W(t) is at 0.7%Wmay, and the electrolyzer
FC and of the electrolyzer is shown kig. 9. It stays, on is running Fig. 11). The battery energW(t) decreases (see
the average, negative untiF 3800, and slightly positive  Fig. 10 because, again, the net powg&ig. 9 is negative
afterwards. Positive power values mean that excess power iSthe consumption is more than the energy production) and
available at the dc bus, while negative power values meanspecause the electrolyzer is also running.tAt 990 s,W(t)
that there is a power deficit at the bus. The simulation of this reachedMes = 0. 2Wmax (Fig. 10, and the control algorithm
scenario covers 2 h (72005s). stops the electrolyzeF{g. 11). Fromt =991 s tot = 2995 s,
The electrolyzer and FC model parameters are again givenneither the FC nor the electrolyzer are operatifig(11),
in Table 2 while their on/off control criteria are similar tothe  andW(t) keeps decreasing, since the net power on the dc bus
previous simulation. The target valWees is 0.70Mp. The is negative during this periodF{g. 9). W(t) keeps decreasing
electrolyzer is started whewW(t) > 0.75Nmax and stopped until, att = 2995 s, it reaches the value Wy = 0.65Vmax,
when W(t) < 0.70Mmax. The FC is started whel\(t) < at which point the control logic turns the FC on, and energy
0.65Vmax and stopped whem\(t) > 0.70Nmax. The maxi- flows back into the battery from the converted hydrogen. The

mum capacity of the battery\nax) is set at 11kWh. The  FC is operating from then until 6900Ei¢)s. 10 and 1}, at
initial battery chargeWp) is set at 0.7%max-

1500 T

3000 : - - - T T - —— Electrolsyer consumption
' I | : ' , | — FC production
2000 . : 3 .
1000 THi
=3 =
£ , 3
g s ! !
£ -1000 o | |
500 ' |
-2000 [
| |
-3000 | :
: ! |
-4000 | L L L | L L I |
0 1000 2000 3000 4000 5000 6000 7000 8000 0 : R " i , ‘ Lo
Time (s) 0 1000 2000 3000 4000 5000 6000 7000 8000

Time (s)
Fig. 9. Net power on the dc bus without the contributions of FC and elec-
trolyzer. Fig. 11. Power of the electrolyzer and the FC.
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x10* plified model is used for the battery, with parameters easy to
158 ' ' ' ' estimate, and tested with all the other system components.
1561 | The validation of all component models is based on a 10-
/ stage algorithm that develops their dynamic evolution during
1,64+ 1 the course of the simulation. Comparison with experimen-
| / | tal data Confirms the_it the_se models give reali_stk_: and r_eliable
= results. The simulation gives an average deviation estimated
= 1_5/ | at less than 5% compared to an actual test-bench generator,
3 even in the presence of strong fluctuations of the primary en-
S:: 148, 1 ergy input sources. A second application of the model was
1 a8l to simulate the power scenario for a residential application,
with power sources typical for our region. The results confirm
144} \ ] again that the model can describe the behavior of a RESHS
in a realistic way.
142} \_
407 1000 2000 3000 4000 5000 6000 7000 8000 Acknowledgements

Time (s)
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Fig. 12 shows the equivalent evolution of the energy of
the stored hydrogen. The initial stored energi( ) is set References
to 15 kWh. Itis obvious that when the electrolyzer is in oper-

Fig. 12. Energy of the stored hydrog#f, (7).
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