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a b s t r a c t

This paper presents a novel energy dispatching based on Model Predictive Control (MPC) for off-grid
photovoltaic (PV)/wind turbine/hydrogen/battery hybrid systems. The renewable energy sources sup-
ply energy to the hybrid system and the battery and hydrogen system are used as energy storage devices.
The denominated “hydrogen system” is composed of fuel cell, electrolyzer and hydrogen storage tank.
The MPC generates the reference powers of the fuel cell and electrolyzer to satisfy different objectives: to
track the load power demand and to keep the charge levels of the energy storage devices between their
target margins. The modeling of the hybrid system was developed in MATLAB-Simulink, taking into
account datasheets of commercially available components. To show the proper operation of the proposed
energy dispatching, a simpler strategy based on state control was presented in order to compare and
validate the results for long-term simulations of 25 years (expected lifetime of the system) with a sample
time of one hour.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The current situation of the energy sector with a continuous
increase in the energy demand, together with the Greenhouse gas
emissions and the exhaustion of the fossil fuel reserves have
enhanced the combination of renewable energy sources for
distributed generation. This combination is denominated Hybrid
Renewable Energy Systems (HRES) or simply Hybrid Systems (HS)
which are composed by one or more renewable energy sources and
energy storage systems (ESS). ESS allow adapting the unregulated
power generated by the renewable sources to a specific demanded
power. This HS can work in stand-alone [1,2] or grid-connected
mode [3e7].

The correct design of the energy dispatching for HS is essential
for their operation. energy dispatching strategies are designed to
track the load power satisfying secondary objectives such as
keeping the charge level of the energy storage devices within their
operational limits, minimizing the generation costs, operating the
þ34 953 648586.
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system at high efficiency, reducing the fuel consumption, etc. The
papers related to energy dispatching can be classified according to
these objectives [8].

Depending on the objectives to meet by the energy dispatching
there are two kinds of simulations that can be carried out: short-
term and long-term simulations. Short-term simulations are focus
on the dynamics of the sources which compose the system and take
them into account to face the net power variations due to the
changes in load power or disturbances in the renewable energy
sources. The length of this kind of simulations goes from 200 s to
one day [9e11]. Long-term simulations are used when the main
objective is to show the proper operation of the system during a
considerable period of time (from months to the whole life of the
system) [12e15]. In this case, the dynamics of the energy sources
are neglected and they pay attention to other parameters such as
operation costs, degradation of the sources, level of charge of the
storage devices, etc. Model Predictive Control (MPC) has been
widely used in the energy dispatching design because of its ability
to deal with constraints in a systematic and straightforward
manner. In Ref. [16], the HS was composed by wind turbine, PV,
electrolyzer and fuel cell. The energy generated by the renewable
sources (both controlled by Maximum Power Point Tracking e

MPPT-algorithms) was stored as hydrogen. Depending on if the
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Nomenclature

A, B, C matrices of the HS state space model
Abat exponential zone amplitude of the battery, (V)
Bbat exponential zone time constant inverse of the battery,

(Ah)�1

c1,…,6 power curve coefficients of the wind turbine, (�)
CP power coefficient of the wind turbine, (%)
Dc duty cycle, (pu)
Elow;H2

lower heating value of hydrogen, (J/kg)
E0bat battery constant voltage, (V)

Ecyclefc energy supplied by the fuel cell which reduces the
level of the hydrogen tank from 100% to 20%, (Wh)

Ecyclelz energy supplied to the electrolyzerwhich increases the
level of the hydrogen tank from 20% to 100%, (Wh)

Echarbat charge energy that the battery must absorb with the
EMS, (Wh)

Edisbat discharge energy that the battery must deliver with
the EMS, (Wh)

Eyearbat energy that the battery is expected to deliver during a
year, (Wh)

Edisfc energy that the fuel cell must deliver with the EMS,
(Wh)

Echarlz energy that the electrolyzer must absorbwith the EMS,
(Wh)

Echarnet total net charge energy, (Wh)
Edisnet total net discharge energy, (Wh)
ESS energy storage system
F Faraday constant, (C/kmol)
HC control horizon
HP prediction horizon
HRES hybrid renewable energy systems
Iph solar-induced current, (A)
Iph0 solar-induced current at a temperature of 300K, (A)
Isat saturation current of the diode, (A)
i* battery filtered current, (A)
ibat battery current, (A)
ibatt actual battery charge, (Ah)
ilz electrolyzer current, (A)
K Boltzmann constant, (JK�1)
K0 constant depending on the characteristics of the PV, (�)
K1 constant depending on the characteristics of the PV, (�)
Kb battery polarization constant, (V/(Ah))
k sampling time
MH2

total hydrogen mass consumption, (kg)
MPC model predictive control
MPPT maximum power point tracking
N quality factor of the diode of the PV model, (�)
nH2

produced hydrogen, (mol/s)
nlz number of electrolyzer cells in series, (�)
Pfc fuel cell power, (W)
Pload power demanded by the load, (W)
Plz electrolyzer power, (W)
Pnet net power, (W)
Ppv power generated by the PV system, (W)

Prnw power generated by the renewable energy system, (W)
Pturb power captured by the wind turbine blades, (W)
Pwt power generated by the wind turbine, (W)
PEM proton exchange membrane
PV photovoltaic
PWM pulse width modulation
Pcharbat battery charge power, (W)
Pdisbat battery discharge power, (W)
pH2

hydrogen partial pressure, (Pa)
pH2O water partial pressure, (Pa)
pO2

oxygen partial pressure, (Pa)
q elementary charge of an electron, (C)
Q battery capacity, (Ah)
qH2in hydrogen input flow to the anode, (kg/s)
qH2out hydrogen output flow to the anode, (kg/s)
qH2reac hydrogen flow that reacts in the anode, (kg/s)
qO2in oxygen input flow to the anode, (kg/s)
qO2out oxygen output flow to the anode, (kg/s)
qO2reac oxygen flow that reacts in the anode, (kg/s)
Rbat battery internal resistance, (U)
Rp PV parallel resistance, (U)
Rs PV series resistance, (U)
SOC state of charge
SPWF series present worth factor
Ta aerodynamic torque acting on the blades, (Nm)
Tpv PV operating temperature, (K)
Tref aerodynamic torque reference, (Nm)
umin lower constraints for the model inputs
umax upper constraints for the model inputs
Vact fuel cell activation voltage drop, (V)
Vbat battery voltage, (V)
Vconc fuel cell concentration voltage drop, (V)
Vfc fuel cell output voltage, (V)
Vg band gap voltage of the semiconductor used in the PV,

(V)
Virrev fuel cell irreversible voltage, (V)
Voh Fuel cell ohmic voltage drop, (V)
Vpv voltage across the solar cell electrical ports, (V)
vt wind speed, (m/s)
Wu input weight factors
Wy output weight factors
x, r, u, y model states, setpoints, manipulated variables and

model outputs
ymin lower constraints for the model outputs
ymax upper constraints for the model outputs
hF Faraday efficiency, (%)
hH2

hydrogen system efficiency
hbat battery efficiency
hHS HS efficiency
l tip speed ratio of the rotor blade tip speed to wind

speed, (�)
lO2

oxygen excess ratio, (�)
r air density, (kg/m3)
ut rotational speed, (rad/s)
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renewable power was higher or lower than the demanded power,
the electrolyzer or the fuel cell worked. Both, the fuel cell and the
electrolyzer, had a MPC which generated their reference current
subject to their dynamic constrains. The objective of the strategy
was to meet the load demand taking into account the dynamic
limitations of the energy sources but it was not shown if the
strategy is able to maintain the hydrogen level in the tank. Vahidi
et al. [17] studied a simple HS for stand-alone applications
composed by a fuel cell connected to a load by a DC/DC converter.
The fuel cell was assisted by an ultra-capacitor which was directly
connected to the DC bus. A MPC generated the reference current of
the fuel cell in order to ensure an optimal distribution of current
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demand between the two power sources and maintain the oxygen
excess ratio of the fuel cell and the ultra-capacitor SOC within their
operational limits. The simulations carried out lasted around 20 s
and showed that the HS met the control objectives. Kassem et al.
[18] presented a system composed by wind turbine and synchro-
nous generator driven by a diesel engine for stand-alone applica-
tions. The synchronous generator was directly connected to the
three-phase bus and the wind turbine was connected to it by
means of an uncontrolled rectifier-inverter (AC-DC-AC). The MPC
controlled the diesel motor fuel flow rate and the synchronous
generator excitation voltage for regulating the load bus voltage and
frequency. The simulations exhibited the ability of the controller to
compensate both the wind power oscillations and load distur-
bances. Another example of MPC for HS was presented in Ref. [19].
In this case, the HS was composed by fuel cell, electrolyzer and
wind turbine, and the MPC objective was to generate the water and
air flow rates of the fuel cell to keep its temperature and oxygen
excess ratio within their safety operation ranges. However, some
devices and design, e.g. hydrogen storage, power management and
inverters, were not taken into consideration.

It is clear that the use of MPC has been focused in energy dis-
patching with short-term objectives according to the previous
classification. There is a lack of works which propose energy dis-
patching based on MPC with long-term objectives.

This paper presents a novel energy dispatching based on MPC
for an off-grid HS based on wind turbine, PV panels, hydrogen
system (composed by FC, electrolyzer and storage tank) and bat-
tery. TheMPC generates the power to be generated/absorbed by the
hydrogen system each hour, taking into account the power limi-
tations of the controlled sources (fuel cell, battery and electrolyzer)
and keeping certain levels at the battery SOC and tank hydrogen.
The study of the energy dispatching is performed throughout 25
years, which is the estimated life of the HS.

This paper is organized as follows. Section 2 describes the HS
under study. The modeling of the components is detailed in Section
3. Section 4 explains the energy dispatching based on MPC applied
to the HS, which includes a subsection showing a simple ED used to
validate and compare the results obtained with the energy dis-
patching based on MPC. In Section 5, the simulation results are
presented, and finally, the conclusions are established in Section 6.

2. Off-grid HS under study

The HS under study is located in Algeciras (Spain), and it pre-
sents the configuration shown in Fig. 1. The new energy dispatching
developed in this work is validated for this HS.

In this HS, the main energy sources are the wind turbine and PV
panels (renewable sources), whose operation is assisted by the
battery and hydrogen system (composed by fuel cell, hydrogen tank
and electrolyzer) working as backup and storage systems. In the
hydrogen system, the fuel cell is supplied by the hydrogen provided
by the tank, which is filled by the electrolyzer. The energy that
flows among the energy sources is controlled by DC/DC converters
which connect them to a common DC bus. In this HS, when the
renewable energy is higher than the energy demanded by the load,
this energy excess can be stored as electricity in the battery or as
hydrogen in the tank (produced by the electrolyzer). On the other
hand, when the renewable energy is lower than the demanded
energy, this energy deficit can be supplied by the battery and/or
fuel cell.

The sizing of the HS was carried out using Simulink Design
Optimization of MATLAB [20], taking as main premise that the fuel
cell must be able to provide power for one year without interrup-
tion. This premise results in the HS oversizing, whichmust be taken
into account since the excess of generated power involve that the

 

 

energy dispatching must be designed in order to avoid overcharges
in the ESSs.

The sizing method was detailed in Ref. [14] and compared with
other sizing methods for a similar HS. The sizing results provide the
nominal power of the HS components which fit with the available
commercial components summarized in Table 1.

3. Modeling of the system components

This section describes the modeling of the hybrid system com-
ponents. The models, implemented in SimPowerSystems of MAT-
LAB, were designed from the commercially available components
shown in Table 1.

3.1. PV panels

A single-diode model was chosen to represent the behavior of
the PV panels. The elements which compose this model are a cur-
rent source with a diode in parallel which models an ideal PV cell
together with a series and a parallel resistance. The use of this
model is very common in different works [21,22]. Moreover, it eases
finding its parameters in the commercial datasheet [23]. According
to this model, the output current of the PV panel is [24]:

Ipv ¼ Iph � Isat
�
eqðVpvþIpvRsÞ=ðNkTpvÞ�� �Vpv þ IpvRs

��
Rp (1)

Iph ¼ Iph0ð1þ K0ðT � 300ÞÞ (2)

Isat ¼ K1T
3e

�
�qVg

kT

�
(3)

As shown inFig.1, aDC/DC converter connects the PVpanels to the
DC bus. This converter is controlled by using a MPPT algorithm. The
MPPT algorithm is responsible for calculating the PV voltage corre-
sponding to themaximumpowerpoint dependingon irradiation and
temperature conditions. The PV converter controlled by this MPPT
algorithmvaries the voltage of the PVpanels according to the voltage
defined by the MPPT algorithm in order to make the PV panels work
at any time at the maximum power conditions. The MPPT algorithm
consists in a fractional open circuit voltage algorithmwhich controls
the voltage of the PV panels to be proportional to its open-circuit
voltage. A PI controller generates the duty cycle of the DC/DC con-
verter from the comparison of the current PV voltage and the open-
circuit voltage. Themain advantage of this algorithm is its simplicity.

3.2. Wind turbine

The selectedwind turbine [25] uses a turbine of two blades with
fixed pitch angle and coupled to a three-phase synchronous
generator with permanent magnets.

The model of the wind turbine is based on its steady-state po-
wer characteristics. The turbine output power is given by the
following equation:

Pturb ¼ r

2
pR2v3t CPðlÞ (4)

The output of this model is the mechanical torque of the wind
turbine which depends on the turbine output power and speed:

Ta ¼ Pturb
ut

(5)

The electrical power system of this model is composed by a
three-phase synchronous generator with permanent magnets, an
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inverter and a DC/DC converter, all of them modeled as average-
value equivalent models in SimPowerSystems [26].

Similarly to the PV panels, thewind turbine generation system is
connected to the DC bus using a DC/DC converter controlled by a
MPPT algorithm based on torque reference. In this case, the MPPT
algorithm makes the wind turbine to operate on its maximum CP
for any wind speeds in the below-rated wind speed region by
controlling the duty cycle of the DC/DC converter (the variation of
the duty cycle produces a variation of its rotational speed). A PI
controller compares the reference torque (generated by a look-up
table) to the current torque in order to generate the duty cycle of
the DC/DC converter.
Table 1
HS components.

Parameter Value Component

Photovoltaic array power 1.62 kW 9 � EOPLLY 125M-72 180 W
Wind turbine power 1.50 kW 1 � Bornay 1500
Battery capacity 8.91 kWh 6 � BAE SECURA PVS

Solar 660 (in series)
Fuel cell power 1.20 kW 1 � Heliocentris Nexa 1200
Electrolyzer 0.48 kW 1 � Hydrogen Generator HG 60
3.3. Hydrogen system

3.3.1. Fuel cell
Proton Exchange Membrane (PEM) fuel cells, due to its effi-

ciency and good dynamic behavior, meet really well distributed
generation demands [14]. The selected model of PEM fuel cell is a
simplified version of the model presented in Ref. [27] and whose
validity was demonstrated in Ref. [28]. This model has also been
widely used to evaluate energy management strategies for hybrid
vehicles [29e33]. According to this model, the fuel cell output
voltage Vfc is given by:

Vfc ¼ Ncell$ðEcell � ðVact þ Voh þ VconcÞÞ (6)

Ecell ¼ E0cell � ke$ðT � T0Þ �
R$T
2$F

ln

 
pH2O

p0:5O2
$pH2

!
(7)

Other fuel cell components are the compressor, humidifier, and
air cooler. The detailed description of this model can be found in
Ref. [28].
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3.3.2. Electrolyzer
The model of the electrolyzer is composed by a resistance. The

hydrogen produced by the electrolyzer depends on the current in
this resistance and it is calculated using the Faraday's law [34]
which is given by

nH2
¼ hFnlzilz

2F
(8)

Considering that the electrolyzer temperature is constant, the
Faraday efficiency is the following [34]:

nF ¼ 96:5eð0:09=ilz�75:5=i2lzÞ (9)

Combining Eqs. (8) and (9) leads to a simple model of the
electrolyzer.

3.4. Battery

The use of batteries as energy storage devices for off-grid power
supplies is widely extended [35,36]. Lead-acid batteries present a
good performance for this kind of applications and its low price in
comparison to the rest of battery technologies [37] was determi-
nant for selecting them for this work. The battery model was taken
from the SimPowerSystems toolbox of Simulink which corresponds
to the model presented in Ref. [38]. This model is composed by a
variable voltage source and a series resistor. The variable voltage is
calculated using the following expression:

Vbat ¼ E0bat � Kb$
Q

Q � ibatt
ibatt � Rbatibat þ Abat expð � Bbat$ibattÞ

� Kb$
Q

Q � ibatt
i*bat

(10)

3.5. DC/DC converters

Finally, different PWM-based DC/DC converters [39], summa-
rized in Table 2, are used to connect the different energy sources to
the DC bus. These converters allow controlling the energy flow
between the sources adapting their variable voltages to the con-
stant DC bus voltage.

Average-value equivalent models (composed by current and
voltage sources) represent these converters in this work. This kind
of model reproduces the dynamic of the converters for large sample
times.

4. Energy dispatching

4.1. Energy dispatching based on MPC

The energy dispatching based on a MPC scheme generates the
power of the hydrogen system (PH2

), which can be positive or
negative depending on if it is the fuel cell or the electrolyzer which
operates. Fig. 2 shows the overall scheme of the proposed control

 

 

Table 2
Summary of the HS DC/DC converters.

Power source Converter Energy flow (From / To)

PV Unidirectional e Boost (PV / DC bus)
WT Unidirectional e Buck (WT / DC bus)
Battery Bidirectional (Battery / DC bus) e Boost

(DC bus / Battery) e Buck
FC Unidirectional e Boost (FC / DC bus)
Electrolyzer Unidirectional e Boost (DC bus / Electrolyzer)
strategy. As can be seen, a subsystem calculates the reference
powers for the fuel cell, electrolyzer and battery from the PH2

generated by the MPC and the net power. This net power is defined
as:

Pnet ¼ Pload � Ppv � Pwt (11)

where Pload is the power demanded by the load, Ppv is the power
generated by the PV panels and Pwt is the power generated by the
wind turbine.

According to the expression (12), if the sum of Ppv and Pwt is
higher than Pload, there is an energy surplus that must be stored as
electricity in the battery or as hydrogen generated by the electro-
lyzer. On the other hand, if the sum of Ppv and Pwt is lower than Pload,
the system needs to discharge the battery or activate the fuel cell to
meet the power demand.

With regard to theMPC, a linear time-invariant model of the off-
grid HS under study is required as the first step for designing the
predictive controller. The state-space model of the system was
obtained using the Simulink Control Design Toolbox. It allows to
linearize continuous-time, discrete-time (which is the case of this
work), or multirate Simulink models. The linearization point of the
model corresponds to a steady-state operating point of the model
which occurs when the system is in equilibrium or trim condition
which means that state variables that do not change with time. The
resulting time-invariant model is in state-space form. Simulink
Control Design uses a block-by-block approach to linearize the
models which individually linearizes each block of the whole
model and combines the results to produce the linearization of the
specified system. This model has one input, the power of the
hydrogen system (PH2

), which is generated by the predictive
controller. The model outputs are: 1) the power generated by the
controllable power sources (Pgen), which is the sum of the powers of
the battery, the fuel cell and the electrolyzer; 2) the battery SOC
(SOC); and 3) the hydrogen level (H2,level). This linear model is
obtained by using the Control Design Toolbox® of MATLAB. The off-
grid system can be represented by a state space model which has
the following form:

	
xðkþ 1Þ ¼ AxðkÞ þ BuðkÞ

yðkÞ ¼ CxðkÞ (12)

where k is the sampling time, A, B, and C arematrices of appropriate
dimensions, and x, u, and y are the model states, manipulated
variables, and model outputs, respectively. After linearizing and
discretizing, the following space model is obtained:

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

y ¼ 
 Pgen SOC H2;level
�T

u ¼ 
PH2

�
A ¼

2
43:359e�31 2:29e�34 4:503e�30

�1 0:03567 4:901e�5

�0:07455 4:904e�5 1

3
5

B ¼ 
�1 2:29e�34 4:503e�30
�T

C ¼
2
4 �1 �0:9643 4:901e�5

�6:827e�31 7:706e�6 �0:1515
�1:407e�27 �0:01588 0:213

3
5

(13)

Once the model is defined, the controller is designed. The main
objective of the predictive controller is to hold the outputs y at the
reference values (or setpoints) r by adjusting the manipulated
variables (or actuators) u. The predictive controller generates the
manipulated variables predicting the future behavior of the system
using the off-grid HS model mentioned in Section 3 and shown in
Fig. 2.



Fig. 2. Overall scheme of the energy dispatching based on MPC.
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The model predictive controller is designed to minimize the
following finite horizon control and performance index:

min
u

JðxðtÞ;uðtÞ; tÞ ¼

8>>><
>>>:

PHP

k¼1
Wy

h
yðkÞ � yðkÞref

i2

þ PHC

k¼1
Wu

h
uðkÞ � uðkÞref

i2 (14)

subject to :

	
yðkÞmin < yðkÞ< yðkÞmax
uðkÞmin <uðkÞ<uðkÞmax

(15)

where Wy and Wu are the input and output weight factors for each
variable, and HP and HC are the prediction and control horizons,
respectively.

The objective function is subjected to a set of constraints, con-
sisting of the input and output upper and lower limits, which are
summarized in Table 3. The output power upper and lower limits
(ymax, ymin) are defined by the maximum operating powers of the
fuel cell and electrolyzer.

The controller ensures that the two requirements are met: 1)
track the load power; and 2) keep the battery SOC and hydrogen
tank level between their reference values.

The MPC is completed with two auxiliary switches which
disconnect the renewable power sources (PV and wind turbine)
when the battery SOC is higher than 95%.

The MPPT controls of the PV and wind turbine are considered
independent of the energy dispatching.

To validate the energy dispatching proposed in this work, a
simpler energy dispatching based on state control is presented in
the next subsection.
Table 3
Summary of the controller parameters.

Controller parameters

Control interval (h) 1
Prediction horizon (intervals) 3
Control horizon (intervals) 2
Output constrains Type Range
Load power generated (kW) Level limitation [-3000,1800]
Battery SOC (%) Level limitation [20,95]
SC SOC (%) Level limitation [20,95]
Input constrains Type Range
Hydrogen power (W) Level limitation [-480,1200]
Reference values
Load power generated (kW) Pnet
Battery SOC (%) 60
SC SOC (%) 60
4.2. Energy dispatching based on state control

This energy dispatching uses a simple state-machine control to
determinate the power of the battery, fuel cell and electrolyzer
depending on the net power, battery SOC and hydrogen level. The
flowchart presented in Fig. 3 shows the different operation states.

Three levels of battery SOC and hydrogen in the tank have been
considered (high, H; normal, N; and low, L). The changes among
these levels are performed by using the hysteresis cycles shown
Fig. 3.

Both energy dispatching have switches to disconnect the
renewable power sources and to avoid overcharges of the storage
units.

5. Simulation results

The control strategies presented in this work were simulated for
25 years (the estimated lifetime of the HS) with a sample time of
one hour to evaluate and validate the performance of the proposed
energy dispatching based onMPC. The sample time of one hourwas
chosen since it is short enough taking into account that the
objective of the paper is to check the performance of the strategies
along the whole lifetime of the system (25 years). The HS model
and control strategies were simulated in Simulink-MATLAB by us-
ing its discrete solver.

Fig. 4 shows the sun irradiance, wind speed and load power
consumption profile used in the simulations. The solar irradiance
and wind speed data were collected hourly from a weather station
located in Algeciras (Spain) during a year. The load power con-
sumption profiles were collected hourly during four different days
corresponding to different seasons (as shown Fig. 5). Each one
represented the typical power demand for each season and was
extrapolated over the period of time corresponding to that season.
Finally, they were extrapolated over the lifetime of the HS.

Figs. 6 and 7 show the power of the controlled power sources,
battery and fuel cell/electrolyzer system, for both energy dis-
patchings, during one year of operation (specifically the first year
of operation). It can be observed that the hydrogen power varia-
tion is lower for the energy dispatching based on MPC, and
therefore, its battery power range is higher. Furthermore, the
resulting hydrogen power profile is more symmetrical which
means that the fuel cell and the electrolyzer operate under similar
power requirements, far from their maximum power limits. This
fact represents an advantage since the fuel cell efficiency is higher
for low power demands. In the case of the energy dispatching
based on states, the hydrogen power varies in a higher range: the
electrolyzer is off during more time, its maximum power is
reached frequently, and the fuel cell operates at higher powers



Fig. 3. Flowchart of the energy dispatching based on state control.
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which means working at lower efficiencies compared to the case
of the MPC energy dispatching. With regard to the battery power,
represented for the first year of operation in Fig. 7, it is shown that
the magnitude of the battery discharge power is higher for the
MPC energy dispatching which produces a higher variation in its
SOC (it reaches a lower value) and leads to a more frequent
operation of the battery in the charging mode. Therefore, the
battery operation time is higher for the energy dispatching based
on MPC than for the one based on states.

The battery SOC and the hydrogen tank level are depicted in
Fig. 8 for the whole life of the HS. Due to the fact that the battery
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Fig. 4. Collected data for one year: a) Solar irradian
and hydrogen system power variations are higher for the energy
dispatching based on MPC, its variation range of SOC and hydrogen
tank level is wider (around a 40% for the SOC and a 60% for the
hydrogen tank level versus a 25% for both in the energy dispatching
based on states e neglecting occasional peaks). Apart from that, it
can be noticed that, for both strategies, the variations in the battery
SOC and hydrogen level increase as the time progresses (although it
is more noticeable for the energy dispatching based on states).
These variations across the time are almost negligible for the bat-
tery SOC, but they are notable for the hydrogen tank level. With
regard to the variation range, it is shown that, for both strategies,
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the hydrogen level varies much more than the battery SOC,
reaching low hydrogen levels. The battery average SOC is kept
around 74% for the energy dispatching based on MPC and around
85% for the energy dispatching based on state control, with higher
variation ranges for the first one. The hydrogen average level of the
tank is higher for the energy dispatching based on states, approx-
imately 81%, whereas, for the MPC based energy dispatching, it is
around 53%.

Finally, Fig. 9 shows the efficiency of the HS, hydrogen system
and battery which are calculated from Eqs. 16e18 [14]. The
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Fig. 6. FC and electrolyzer powers for: a) Energy dispatching base
resulting HS efficiency for the strategy based on MPC is 69.45%,
which is noticeably higher than the resulting of 54.8% for the
strategy based on states, and thus, achieving a more efficient
management of the energy sources of HS.

Focusing on the backup and storage systems, the hydrogen
system efficiencies are quite similar (31.98%), and the MPC strat-
egy presents better battery efficiency compared with the states
strategy (72.61% versus 60.38%). This improvement in the battery
efficiency is a consequence of the symmetry of the battery power
profile in the MPC strategy which means that the upper and lower
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terms of Eq. (18) are closer and the fraction is nearer to 1 than in
the states strategy in which the lower term is higher (due mainly
to the difference in magnitude between discharge and charge
powers). In the case of the hydrogen system efficiency, although at
first glance it would seem that the MPC strategy should have
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Fig. 8. Battery SOC and hydrogen tank level for: a) Energy dispatching
better efficiency due to a higher symmetry of the hydrogen system
power profile, in the states control the charge power magnitude is
higher than the discharge but its lower operation time compen-
sates this difference leading to an efficiency similar to the other
energy dispatching.
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based on MPC, and b) Energy dispatching based on state control.



Fig. 9. Efficiency of the: a) HS; b) hydrogen system; c) battery.
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hHS ¼

Z
cycle

Ploaddt

Z
cycle

Prnwdt þ Elow;H2

Z
cycle

MH2
dt þ

Z
cycle

Pbatdt
� 100

(16)

hH2
¼

hlz;conhfc;con

Z
cycle

Pfcdt

Z
cycle

Plzdt
� 100 (17)

hbat ¼

h2bat;con

Z
cycle

Pdisbatdt

Z
cycle

Pcharbat dt
� 100 (18)

where Pload is the power supplied to the load, Prnw is the power
supplied by the renewable sources, Elow;H2

is the lower heating
value of hydrogen, and hlz,con, hfc,con, hbat,conv are the efficiencies of
the DC/DC converters corresponding to each source.
6. Conclusions

The main contribution of this work has been to present and
evaluate an energy dispatching based on MPC for an off-grid HS
integrating wind turbine, PV panels, hydrogen system and bat-
tery. In this HS, the renewable energy sources generate the
maximum available power, whereas the energy dispatching is
responsible for controlling the operation of battery and hydrogen
system.

In this energy dispatching, the predictive controller determines
the power of the hydrogen system (positive for the fuel cell and
negative for the electrolyzer) taking into account the power
generated by the controllable power sources, the battery SOC, and
the hydrogen level. The battery power is obtained from the differ-
ence between the net power (load power minus PV power and
wind turbine power) and the hydrogen system.

The energy dispatching based on MPC was validated by com-
parison with an ED based on state control. The simulation results,
obtained for the estimated lifetime of the HS (25 years), demon-
strated that the energy dispatching based on MPC achieved a
higher global efficiency of the HS, assuring the off-grid load support
and keeping the battery SOC and hydrogen level between the
desired operating limits.
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