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A B S T R A C T   

Currently, the technology associated with charging stations for electric vehicles (EV) needs to be studied and 
improved to further encourage its implementation. This paper presents a new energy management system (EMS) 
based on a Biogeography-Based Optimization (BBO) algorithm for a hybrid EV charging station with a config-
uration that integrates Z-source converters (ZSC) into medium voltage direct current (MVDC) grids. The EMS 
uses the evolutionary BBO algorithm to optimize a fitness function defining the equivalent hydrogen con-
sumption/generation. The charging station consists of a photovoltaic (PV) system, a local grid connection, two 
fast charging units and two energy storage systems (ESS), a battery energy storage (BES) and a complete 
hydrogen system with fuel cell (FC), electrolyzer (LZ) and hydrogen tank. Through the use of the BBO algorithm, 
the EMS manages the energy flow among the components to keep the power balance in the system, reducing the 
equivalent hydrogen consumption and optimizing the equivalent hydrogen generation. The EMS and the 
configuration of the charging station based on ZSCs are the main contributions of the paper. The behaviour of the 
EMS is demonstrated with three EV connected to the charging station under different conditions of sun irradi-
ance. In addition, the proposed EMS is compared with a simpler EMS for the optimal management of ESS in 
hybrid configurations. The simulation results show that the proposed EMS achieves a notable improvement in the 
equivalent hydrogen consumption/generation with respect to the simpler EMS. Thanks to the proposed 
configuration, the output voltage of the components can be upgraded to MVDC, while reducing the number of 
power converters compared with other configurations without ZSC.   

1. Introduction 

A microgrid is “a group of Distributed Energy Resources (DER), 
including Renewable Energy Sources (RES) and ESS, plus loads that 
operate locally as a single controllable entity” [1]. 

RES, mainly solar and wind energy, are non-dispatchable DER 
because the energy resource is uncontrollable. The electrical generation 
from RES is intermittent (generation is not possible at any time, only 
when the energy resource is available), fluctuating and uneven over 

time due to the inherent characteristics of energy resource. ESSs are an 
interesting option to help mitigating these drawbacks, increasing gen-
eration capacity and gaining energy support/storage capability [2]. 
Microgrids with RES and ESS can operate efficiently and effectively 
when the available energy and/or demand change, since RES generation 
can be stored into the ESS and the stored energy can be recovered when 
needed [3]. 

Batteries are one of the most used ESS in microgrids because they are 
cost-effective, modular and easy to implement [4]. Hydrogen systems 
based on LZ and FC are another interesting ESS for microgrids. The LZ 
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Nomenclature 

3.1 ZSC 
B and G Voltage gain factor in the qZSI and in the ZSC 
D and Dc shoot-through period in the qZSI and in the ZSC 
IBES BES current 
Iin,ZSC and Iout.ZSC Input and output current in the ZSC 
Iin and Idc Input and output current in the impedance network 
ia(t), ib(t), ic(t) Three-phase current 
ma(t),mb(t),mc(t) Three-phase modulating signals 
PBES BES power 
PH2 Hydrogen system power (FC or electrolyzer 
PPV PV system power 
Pdc Out power after the impedance network 
Pgrid GRID power 
VBES BES voltage 
VC1 and VMVDC Voltage in C1 (MVDC) 
Vin,ZSC and Vout.ZSC Input and output voltage in the ZSC 
Vin and Vdc Input and output voltage in the impedance network 
va(t),vb(t),vc(t) Three-phase voltage 

3.2 Hydrogen System 
CAP Nominal capacity of the hydrogen tank 
Ecell and E0

cell Nernst’s instantaneous voltage and standard-state 
reversible voltage 

F Faraday’s constant 
ILZ Electrolyzer current 
ke Constant (function of the entropy change) 
LH2 and LH2,0 Hydrogen tank level and initial level 
pH20,pH2,po2 Partial pressures of the water, hydrogen and oxygen 
QH2 Hydrogen generated or consumed by the FC or LZ 
R Ideal gas constant 
Ri Slope of the linear variation under given conditions (LZ 

model) 
Ri0 Internal resistance of the LZ 
T and T0 Working operation and reference operation temperature of 

the FC and LZ. 
VFC and VLZ FC and electrolyzer voltage 
Vact and Vohm Activation and ohmic drop voltage in the FC 
Virrev Irreversible voltage 
Vrev Minimum voltage in the LZ needed to produce a current 

flow 
Vrev0 Reference value for the reverse voltage 

3.3 Batteries models (BES and EV) 
Ibat Battery current 
Q Maximum battery capacity 
Rint Internal resistance of the batteries 
SOC and SOCo State of charge and initial state of charge of the 

batteries 
Vbat and Ebat Output voltage and open circuit voltage of the 

batteries 

3.4 PV System 
Gs and Gn Irradiation on the device surface and the nominal 

irradiation 
IL and IL0 Solar-induced current and solar-induced current at 300 K 
IPV PV system current 
Isat Saturation Current of a diode 

K1 and K0 Constants depending on the PV characteristic 
k Boltzmann constant 
N Quality factor of the diode of the PV model 
q Elementary charge of an electron 
TPV Operating temperature of the PV 
Rs and Rsh Series and shunt resistance 
Vg Voltage applied to the terminals of the diode 

4.1 Fitness function: Equivalent hydrogen consumption and generation 
K Penalty coefficient of hydrogen consumption 
LCVH2 and HCVH2 Low calorific value and ’high calorific value 
Lmin

H2 and Lmax
H2 Minimum and maximum hydrogen level in the tank 

P1⋯P5 Coefficients of the FC and LZ efficiency polynomic 
Pmin

BES and Pmax
BES Minimum and maximum power of the BES 

PEV Power consumed by the EV 
PFC and PLZ FC and LZ power 
Pavg

FC and Pavg
LZ average FC and LZ power 

Pnom
FC and Pmax

FC Nominal and maximum power of the FC 
Pnom

LZ and Pmax
LZ Nominal and maximum power of the LZ 

PNET Net power 
QBES,con and QBES,gen Equivalent hydrogen consumption and 

generation of the BES 
QH2,FC and QH2,LZ FC hydrogen consumption and LZ hydrogen 

generation 
Qavg

H2,FC and Qavg
H2,LZ Average hydrogen consumption of the FC and 

average hydrogen generation of the LZ 
Qeq

H2,con and Qeq
H2,gen Equivalent hydrogen consumption and 

generation 
qnom

H2,LZ Nominal hydrogen flow generation of the LZ 
RBES Internal resistance of the BES 
SOCmin and SOCmax Minimum and maximum SOC of the BES 
Umin

BAT and Umax
BAT Minimum and maximum voltage of the BES 

UBES Open circuit voltage of the BES 
Uf Utilization factor 
ηFC and ηLZ FC and LZ efficiency 
ηchar and ηdis Charge and discharge BES efficiency 
ηavg

char and ηavg
dis Average charge and discharge BES efficiency 

ηther Thermodynamic efficiency of the FC 
μSOC Charging and discharging coefficient performance of the 

BES 
E and I maximum emigration rate and maximum immigration rate 
mmax maximum mutation rate 
Pmax maximum mutation probability 
Ps mutation probability 
S0 and Smax Number of species that gets the equilibrium and 

maximum number of species 
λ and µ immigration and emigration rates 

4.3 Control loops 
FCU Fast charging unit 
IFC and ILZ FC and LZ current 
Iref
d and Iref

q Reference grid current (dq frame) 
M Module of index modulation 
md and mq dq components of the index modulation 
Vnom

BES Nominal voltage of the BES 
VMPPT

PV MPPT voltage of the PV system 
ΔD and Do Control terms for D  
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consumes renewable electricity to produce hydrogen from water (green 
hydrogen), which is stored into a hydrogen tank [5]. The hydrogen 
stored can be transformed into electricity by a FC and also used as an 
energy source for domestic, commercial, industrial or mobility purposes. 
ESSs based on hydrogen have advantages such as long storage times and 
high capacities, as well as the potential for producing both electricity 
and heat with low environmental impact [6]. The main drawback is 
their high capital cost compared with other ESSs like batteries, although 
there are multiple initiatives worldwide to promote their development 
[78] that are helping to reduce their cost [9]. 

The efforts to decarbonize transport are promoting the development 
and use of EV, making them and their charging stations one of the most 
common loads in microgrids. Hence, the integration of EV charging 
stations into microgrids with RES and ESS allows optimizing RES gen-
eration, storing it into ESS to charge EV, while trying to make the 
microgrid as self-sufficient as possible, providing peak shaving and more 
reliability to the grid [10]. 

DC microgrids are becoming a growing solution for integration of 
RES, ESS and EV into residential, commercial and industrial applications 
[11]. Compared with the traditional AC grids, DC grids present higher 
reliability and efficiency, cost reduction and simplicity, avoiding some 
issues such as reactive power flow, synchronization, frequency regula-
tion and harmonics [12]. Hence, a microgrid for a PV based EV charging 
station was used for a workplace parking garage in [13], where the 
economic and emission impacts were studied, comparing an optimal 
charge scheduling strategy with an uncontrolled charging case, 
evidencing the feasibility of this configuration and the importance of an 
optimal charge controller. Another example of microgrid combining 
RES, ESS and EV was presented in [14], in which a fast-charging station 
was proposed with its respective optimization, in order to maximize the 
profit measured by the net present value. 

These works are based on the use of LVDC microgrids. However, 
when power and voltage levels increase, MVDC microgrids represent an 
interesting solution because they allow reducing the number of con-
version stages, and thus, minimizing power conversion and improving 
efficiency. Moreover, they facilitate the integration of large- and small- 
scale microgrids with RES, ESS and EV into the electrical grid operating 
at a higher voltage [15]. 

Traditional DC/DC converters and AC/DC converters based on 
voltage source inverters are commonly used in microgrids. A DC/DC 
boost converter connects each DC energy source and load (RES like PV 
and ESS, and EV) to a common DC bus, and a voltage source inverter 
transforms DC into AC voltage for the grid integration. This configura-
tion is based on a two-stage conversion system (DC/DC boost converter 
plus DC/AC voltage source inverter). However, single-stage conversion 
is an attractive option due to its reduced losses, low device count and 
lower costs [16]. ZSC present a specific configuration based on an 
impedance network that allows a large voltage buck-boost feature in a 
single-stage conversion [17]. 

The microgrids integrating RES, ESS and EV charging stations 
require an EMS to properly control the energy flow between the energy 
sources and the grid. A complete review of EMS strategies for hybrid 
renewable systems was performed in [18], where different control ap-
proaches were discussed, such as linear programming and intelligent 
techniques for standalone and grid connected systems. Hence, opti-
mizing the EMS can contribute to ensure a better use of the available 
resources and ensure the continuity of load supply. 

In this context, BBO algorithm, which is a method based on the study 
of geographical distribution of species, was first proposed as optimiza-
tion method in [19]. BBO can be used in several applications such as 
optimization of the fuzzy membership functions to generate a proper 
duty cycle for the maximum power point tracking (MPPT) control [20], 
the optimization of a neural network for long-term forecasting of the 
energy demand [21], and for charging pattern optimization for lithium- 
ion batteries [22], proving to be a powerful method for handling com-
plex optimization issues. 

In this paper, a microgrid composed of PV panels, hydrogen system 
(FC, LZ and tank), BES and two fast charging stations for EV is consid-
ered. The energy sources are connected to a common MVDC bus and the 
grid through the ZSC. A new EMS using an optimization algorithm based 
on BBO is proposed and compared with a traditional EMS based on 
states, achieving better results in the consumption and generation of 
hydrogen, and therefore, in the energy management of the microgrid. 
The main contributions of this paper lie in the configuration of the 
microgrid based on ZSC and in the EMS based on the BBO algorithm. 

The present work is organized as follows. The microgrid under study 
is presented in Section 2. The modelling of this microgrid is illustrated in 
Section 3. In Section 4, the proposed EMS based on the BBO algorithm is 
described. The simulation results are presented in Section 5, and finally, 
the conclusions are drawn in Section 6. 

2. MVDC microgrid with PV, hydrogen system, batteries, EV and 
ZSC 

The aim of the MVDC microgrid is to supply the energy demanded by 
the batteries of the EV connected to it. Although the system is connected 
to the utility grid, in normal conditions it works as a standalone 
microgrid. The PV system is the main energy source and two ESS, the 
BES and the hydrogen system, are in charge of adjusting generation and 
consumption, keeping the power balance in the microgrid. Only in the 
case when the power balance cannot be kept by the microgrid energy 
sources, the grid ensures it, avoiding any functional problem. 

Fig. 1 shows the whole configuration of the proposed microgrid. The 
main source of the system, the PV system, must have a peak power above 
the rated power (two fast charging unit of 50 kW each one). Thus, the 
solar panel Sunpower SPR-X21-335 (335 W) [23] is grouped in a 55x16 
structure to reach a PV peak power of 186 kW, with an output voltage of 
615 V. Besides, the charging station includes two ESSs: a BES and a 
complete hydrogen system (FC, LZ and hydrogen tank). Both ESSs help 
the PV system to supply the energy demanded by the charging station 
and stabilize the system when working in isolated mode (normal con-
dition). The BES is the Hoppecke Sunpower OPZV lead-acid battery for 
cycling applications [24], with a rated capacity of 76.45 kWh and a bus 
voltage of 615 V. The hydrogen system, which can be considered a 
bidirectional storage system, is composed of 6 Hydrogenics HyPM HD 
power modules [25], with a 66 kW of peak power, a Proton OnSite C20 
Hydrogen Generation System with a maximum power of 176 kVA [26] 
and a metal hydrogen tank of 450 kg. 

On the other side, the power demanded to charge the batteries of the 
EV is considered the system load. In this work, the hybrid charging 
station has two fast charging units that incorporate an off-board charger 
unit with a ZSC to control the charge of each EV, which present the 
following features: EV charging mode 4, IEC61851-1 [27], rated power 
48 kW, fast charging with external charger in DC, voltage up to 500 V, 
and current up to 200 A. In this case, Li-on cell batteries have been 
considered, with a rated capacity of 20 kWh. 

ZSC are used to integrate the energy sources into a common MVDC 
bus and connect them to the grid. The main ZSC is a quasi-Z-source 
inverter (qZSI) made up of an impedance network and an inverter 
[28]. This converter is used to link the PV system, the BES and the local 
grid in AC. The PV system is connected at the DC side of the qZSI, the 
BES is in parallel with its impedance network, and the grid at the AC side 
of the qZSI. The MVDC bus (around 1550 V) is obtained from the 
impedance network of the qZSI, where the other energy sources are 
connected through ZSC. Thus, three ZSC designed and developed in [29] 
have been included in this configuration: one ZSC for the hydrogen 
system and two ZSC for the fast charging units. These converters are 
used due to their advantages to adapt voltage levels and reduce the 
number of power converters [17]. 

Thanks to this configuration, the output voltages of the components 
can be adapted to MVDC to control their output power and reduce the 
number of power converters compared with the common configuration 
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without ZSC. Thus, in a plausible configuration without ZSC, in addition 
to replacing the ZSC by conventional DC/DC converters, two additional 
DC/DC converters should be included, one to control the PV system and 
another one to control the BES. 

3. Modelling of the grid-connected MVDC microgrid 

This section illustrates the modelling of the components that inte-
grate the microgrid. Nevertheless, since the novelties reside in the use of 
the ZSC to connect the energy sources to the microgrid and the equiv-
alent hydrogen consumption to manage the microgrid, the modelling of 
the ZSC and hydrogen system are developed more in detail than the 
others (see sections 3.1 and 3.2, respectively). 

3.1. ZSc 

Detailed models (or fully-switched model) of the ZSC based on 
switches and impedances can be replaced by less complex models, called 
averaged models. In these models, the impedance network, the switches 
of the ZSC, or both, are represented by controlled current and voltage 
sources, which, over one cycle of the switching frequency, generate the 
current and voltage averaged values. They can represent the low- 
frequency response of the converters in dynamic studies and for con-
trol purposes, long-term simulations, and modeling and simulation of 
large power systems, but they do not represent the current and voltage 
harmonics. 

Because of the simplicity of the averaged models, the sample time 
can be increased, resulting in a faster simulation and lower simulation 
rate (lower computational efforts), while maintaining an appropriate 
accuracy that does not affect the value of the input and output power of 
the ZSC. A comparison was carried out in [30] between averaged and 
full-switched models, with results confirming that averaged models are 
perfectly adequate for the needs of the present work. Hence, an averaged 
model of the qZSI (averaged qZSI) is used in this work to connect the PV 
panels to the grid, and an averaged model of a DC/DC ZSC (averaged 
ZSC) is used to link the hydrogen system and the batteries of the EV to 
the MVDC bus. [30] 

3.1.1. Averaged model of the qZSI 
The qZSI is modelled by controlled voltage and current sources that 

replace the impedance network and the switches of the inverter (Fig. 2). 
These controlled sources are interrelated through the boost factor (B) 
and the modulating signals (ma(t), mb(t) and mc(t)). Thus, this model is 
based on the knowledge of B and ma(t), mb(t) and mc(t). Section 3.4 
shows the control strategies implemented on them. 

Note that in the qZSI models presented, the pulses of switches are not 
considered. Due to this simplification, the data processing requirements 
are reduced notably (the time step is increased), while the final results 
are quite similar to a fully-switched model. The models presented do not 
show the behavior of the current and voltage harmonics, but they do 
represent the dynamic performance of the qZSI, which is especially 
important when the power flow among the components of the microgrid 

Fig. 1. Configuration of the grid-connected MVDC microgrid with PV, hydrogen system, EV and ZSC.  

Fig. 2. a) Averaged model of the qZSI and b) averaged model of the DC/DC ZSC.  
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must be properly managed, as in this work. 
In a lossless qZSI, the input voltage (Vin) and the voltage across the 

capacitor C1 (VC1) or MVDC bus voltage (VMVDC) are related through Eq. 
(1), where D is the shoot-through period. Eq. (2) shows the relation 
between Vin and the output voltage of the impedance network (Vdc). Vdc 
and the AC voltages are related through ma(t), mb(t) and mc(t), as 
described by Eq. (2). The values of D and ma(t), mb(t) and mc(t) are 
obtained from the control loops shown in Fig. 4 and described in Section 
4.3. These are needed for a proper control of the power flow of the 
components of the MVDC microgrid. 

VC1 = VMVDC =
1 − D
1 − 2D

∙Vin (1)  

Vdc =
1

1 − 2D
∙Vin = B∙Vin  

va(t) =
1̅
̅̅
3

√ (Vdc∙ma(t) )

vb(t) =
1̅
̅̅
3

√ (Vdc∙mb(t) )

vc(t) =
1̅
̅̅
3

√ (Vdc∙mc(t) ) (2) 

Now, substituting Vdc from Eq. (1) into Eq. (2), a direct relation can 
be obtained between the input voltage of the energy source (Vin) and the 
AC output voltage as in Eq. (3). 

va(t) =
B̅
̅̅
3

√ (Vin∙ma(t) )

vb(t) =
B
̅̅̅
3

√ (Vin∙mb(t) )

vc(t) =
B
̅̅̅
3

√ (Vin∙mc(t) ) (3) 

The voltage in the capacitor C2 (VC2) can be obtained from Vin, as 
shown in Eq. (4). In the configuration of the charging station, this 
voltage also corresponds to the voltage of the BES (VBES) 

VBES = Vin∙B∙D (4) 

The value of the controlled current source is obtained based on the 
power balance principle (Pgrid + Pdc = PPV + PBES) calculated in the PV 
side terminals (Vin). 

Pgrid = ia(t)∙va(t)+ ib(t)∙vb(t)+ ic(t)∙vc(t)

Pin = Vin∙Iin  

PBES = VC2∙IBES = VBES∙IBES  

Pdc = Vdc∙Idc = PPV − PH2 (5)  

where Pdc is the input or output power in Vdc, which comes from the 
power of the hydrogen system and the EV. 

Eq. (5) derived from the PV system side are the following, provided 
that the voltage in the BES is equivalent to Vin

.B.D [31]. 

Pgrid =
Vin
̅̅̅
3

√ B(ia(t)⋅ma(t) + ib(t)⋅mb(t) + ic(t)⋅mc(t) )

Pin = Vin∙Iin  

PBES = Vin∙B∙D∙IBES  

Pdc = Vin∙B∙Idc (6) 

Finally, if the power balance is carried out, the input current can be 

calculated. 

Iin =
B
̅̅̅
3

√ (ia(t)∙ma(t) + ib(t)∙mb(t) + ic(t)∙mc(t) ) − D∙B∙IBES +B∙Idc (7) 

where Iin is the current generated by the PV system (input current in 
the impedance network). 

3.1.2. Averaged model of the DC/DC ZSC 
Fig. 2b illustrates the averaged model of the DC/DC ZSC to which the 

hydrogen system and the EV charging units are connected. This model 
consists of a controlled current source in the input and a controlled 
voltage source at the output, and it is based on the converter designed in 
[29]. The converter reaches a high boost gain regulated with a duty 
cycle, making it more suitable and providing a good control for power 
regulation. The voltage gain of this converter is given by Eq. (8). 

G =
Vout,ZSC

Vin,ZSC
=

24.8∙Dc − 0.8569∙D2
c

0.0146∙Dc + 0.3919
(8) 

In the configuration of the charging station, Vout,ZSC corresponds to 
VMVDC while Vin, ZSC is related to the voltage of the EV batteries or the 
voltage of the hydrogen system (FC or LZ). 

Finally, considering the power balance in the converter, the relation 
between the input and output current is obtained as follows. 

G =
Iin,ZSC

Iout,ZSC
=

Vout,ZSC

Vin,ZSC
(9)  

3.2. Hydrogen system 

As previously stated, the hydrogen system is composed of a FC, a LZ 
and a hydrogen tank. The LZ is responsible for generating hydrogen from 
water through electricity. The hydrogen produced is stored in the 
hydrogen tank. Then, the FC uses the stored hydrogen to produce 
electricity. 

High power density, low operation temperature, high durability, 
high efficiency in comparison to internal combustion engine, and rela-
tively good dynamic performance, are some features of FC [32–34]. For 
the present work, the FC modelling is based on the reduced model 
described in [35]. The main considerations and simplifications of this 
model are the following: 1) The incoming hydrogen and air are 
considered ideal gases; 2) the manifolds are not modeled, it is considered 
that the hydrogen comes directly from the tank, and the air from a 
compressor with stable mass flow; 3) the FC model does not use a hu-
midifier nor an air-cooler, and thus, its relative humidity is constant and 
its working temperature is optimal. 

The output voltage of the FC is given by Eq. (10). This voltage is 
calculated from the Nernstś instantaneous voltage (Ecell) and the irre-
versible voltage (Virrev), which is obtained as the sum of two drop volt-
ages Vact and Vohm. In this paper, the concentration drop voltage is 
considered null. 

VFC = Ecell − Virrev = Ecell − (Vact + Vohm) (10) 

Ecell is calculated from Eq. (11). 

Ecell = E0
cell − ke(T − T0) −

RT
2F

ln
(

pH20

p0.5
02 ∙pH2

)

(11) 

On the other hand, among the different options available in the 
literature for LZ modelling, reduced linear models have proved suffi-
cient accuracy for power dynamic studies, while maintaining lower 
complexity and computational effort than other detailed alternatives 
[36]. In general terms, the LZ is modeled in this work as a variable DC 
voltage source defined by Eq. (12). Pressure and temperature variations 
can affect the output voltage of the device (VLZ), which is computed as a 
function of the reverse voltage (Vrev), the internal resistance of the LZ 
(Ri), and the instantaneous current (ILZ) [37]. 
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VLZ(T, p) = Vrev(T, p)+ ILZ∙Ri(T, p)) (12) 

It can be seen that the terms in Eq. (12) are temperature and pressure 
dependent, which makes this model applicable to studies where these 
magnitudes are susceptible of variation without the need to modify any 
other parameter of the model. Eq. (12) indicates that, under a given 
pressure and temperature, VLZ shows a linear variation with ILZ. 

The reverse voltage is given by Eq. (13). This value has been chosen 
to replicate the polarization curve of a commercial LZ. Also, the refer-
ence pressure p0 has been chosen with the same purpose. T and p stand 
for the LZ temperature and pressure, respectively. 

Vrev(T, p) = Vrev0 +
RT
2F

ln
(

p
pO

)

(13) 

The LZ internal resistance is calculated through Eq. (14) Reference 
values are needed for the internal resistance (Ri0), pressure and tem-
perature (T0). The resistance variation with temperature and pressure is 
introduced through the coefficient dRt and the factor kLZ, respectively. 
These values have been taken from [37] and fine-tuned to reproduce the 
performance of the commercial LZ used as a reference in this work. 

Ri(T, p) = RiO + kLZ∙ln
(

p
pO

)

+ dRi∙(T − To) (14) 

Finally, the hydrogen level in the tank (LH2) is obtained through Eq. 
(15). 

LH2(%) = LH20(%) − 100
(∫

QH2∙dt
CAP

)

(15)  

3.3. Batteries models (BES and EV) 

Currently, the most used battery technology for EV is based on Li-ion. 
The BES considered in this work is a lead-acid battery because it is one of 
the least expensive and presents a good capability [38]. 

These batteries are modelled based on the model available in the 
SimPowerSystems toolbox of Simulink [39], which has been adapted to 
properly represent the V-I and V-SOC curves and dynamic response of 
the device according to the information provided in the datasheets. The 
model consists of a variable voltage source and a series resistance. 

Vbat = Ebat − Ibat∙Rint (16)  

where Ebat depends on the charge or discharge of the battery, Rint is the 
internal resistance and Ibat is the battery current. Depending on the type 
of battery, the calculation of Ebat and Rint can differ. 

Another important parameter of the battery is its state of charge 
(SOC), which needs to be controlled to avoid an over charge or a deep 
discharge. Eq. (17) determines the battery SOC 

SOC(%) = SOC0(%) − 100
(∫

Ibat∙dt
Q

)

(17)  

3.4. PV system 

The model presented in [40] is used to implement the PV system, 
since it has already proved good accuracy and simplicity [41,42]. This 
model receives the irradiance and temperature as inputs, while the I-V 
characteristics are outputted. It is composed of a diode, a controlled 
current source, and two resistances (one in series and one in parallel). 
The output current of the PV system is given as follows. 

Ipv = IL − Isat

(
eq(Vpv+IpvRs)/(NkTpv)

)
−
(
Vpv + IpvRs

)/
Rsh (18)  

IL = LL0
(
1+K0(Tpv − 300

)Gs

Gn
(19)  

Isat = K1T3
pve

− qVg/kTpv (20)  

4. Energy management system (EMS) based on biogeography- 
based optimization (BBO) 

In the microgrid, a proper energy management is crucial to use the 
energy sources efficiently and reduce the use of the local grid. In this 
sense, the terms ‘equivalent hydrogen consumption and generation’ 
form two important aspects to be considered in the energy management. 
Minimizing the equivalent hydrogen consumption and maximizing the 
equivalent hydrogen generation the ESS can be used longer (more effi-
ciently), thus limiting the use of the grid only in certain situations. To 
achieve this objective, an EMS based on BBO is developed. BBO is used 
as an optimization algorithm to solve the objective function, and 
thereby, achieve the optimal operation point of the ESS. Note that if 
there is an excess of the energy from the PV system, the objective of the 
BBO is to maximize the equivalent hydrogen generation, whereas if 
there is a lack of energy to be injected to the EV, the objective is to 
minimize the equivalent hydrogen consumption. This lack or excess of 
energy is called net power (PNET), which can be obtained as the differ-
ence between the power generated by the PV system and the power 
consumed by the EV. 

PNET = PPV − PEV (21) 

As it will be explained later, the EMS must discern between positive 
and negative values of this term. 

Next sections illustrate the functions to be optimized, which are 
solved by BBO to achieve the optimization of the energy flow in the 
charging station. An introduction to BBO algorithm is also shown in this 
section. 

4.1. Fitness function: equivalent hydrogen consumption and generation 

In the microgrid, the hydrogen system and the BES can be used to 
generate or absorb energy (energy from PNET). 

If the BES supplies energy, the SOC decreases, and thus it will be 
recharged from the energy provided by the FC or the charging station in 
order to keep a desired SOC. In the event of a future lack of energy (PNET 
< 0), an extra hydrogen consumption could be needed to produce the 
power demanded. If the BES is recharged, the SOC increases, and the 
BES will be used more often in future to provide energy, resulting in a 
saving of the hydrogen consumption. Due to this fact, when a new en-
ergy surplus occurs (PNET > 0), the electrical energy consumption in the 
BES is transformed into equivalent hydrogen. 

The equivalent hydrogen consumption is composed of the sum of the 
FC hydrogen consumption and the equivalent hydrogen consumption of 
the BES.

Qeq
H2,con = QH2,FC +KQBES,con (22) 

The hydrogen consumption of the FC is given by Eq. (23), where ηFC 
is approximated by the fourth order polynomial shown in Eq. (24). 

QH2,FC =
PFC

PCIH2∙ηther∙Uf ∙ηFC
(23)  

ηFC = P1⋅P4
FC +P2⋅P3

FC +P3⋅P2
FC +P4⋅PFC +P5 (24) 

Eqs. (25)–(27) show the expression used to obtain the equivalent 
hydrogen consumption of the BES. 

QBES,con =
PBES∙Qavg

H2,FC

Pavg
FC ∙ηdis∙η

avg
char

(25)  

ηdis = 0.5

(

1+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
4∙RBES∙PBES

U2
BES

√ )

(26)  

K = 1 − 2μSOC
[SOC − 0.5(SOCmax + SOCmin) ]

SOCmax + SOCmin
(27) 
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As described in [43], the equivalent hydrogen consumption depends 
on the power and SOC of the BES. Besides, since the future operating 
points of the FC and BES are unknown, the average hydrogen con-
sumption of the FC (Qavg

H2,FC) and the average FC power are needed (Pavg
FC ). 

The term K is a penalty coefficient used to change the equivalent 
hydrogen consumption of the BES according to the deviation of the SOC 
from the desirable value. The charging and discharging performance of 
the BES can be introduced by adjusting μSOC, which presents a value of 
0.6 in this work [44]. 

On the other hand, the equivalent hydrogen generation is calculated 
as the sum of the hydrogen generation of the LZ and the equivalent 
hydrogen generation of the BES. 

Qeq
H2,gen = QH2,LZ +KQBES,gen (28) 

Eqs. (29) and (30) show the expressions used to calculate the 
hydrogen generation of the LZ. As in the case of the FC, the LZ efficiency 
(ηLZ) is approximated by a fourth order polynomial. 

QH2,LZ = max
(
|PLZ | − B∙qnom

H2,LZ

PCSH2/ηLZ
, 0
)

(29)  

ηLZ = P1⋅P4
LZ +P2⋅P3

LZ +P3⋅P2
LZ +P4⋅PLZ +P5 (30) 

Regarding the equivalent hydrogen generation of the BES, analogue 
expressions to the equivalent hydrogen consumption are used. 

QBES,gen =
|PBES|∙Qavg

H2,LZ

Pavg
LZ ∙ηchar∙

ηavg
dis (31)  

ηchar = 2/

(

1+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
4∙RBES∙PBES

U2
BES

√ )

(32) 

Next sections develop the fitness functions to be optimized by the 
BBO. In this algorithm, the habitat suitability index (HSI) is equivalent 
to the fitness function. This term is explained in section 4.2. 

4.1.1. Equivalent hydrogen consumption minimization 
A positive PNET means that the BES or the FC have to generate extra 

power to provide the power demanded by the EV. In this case, the fitness 
function tries to minimise the equivalent hydrogen consumption given 
by Eq. (22), which includes a penalization (third term) associated to the 
use of the grid or the non-compliance with the first restriction (Eq. (34)). 
The penalization corresponds to the maximum value between QH2,FCand 
K∙QBAT,con. 

HSI = min
(

QH2,FC +K∙QBES,con +max
(
QH2,FC,K∙QBES,con

) ⃒
⃒

Pgrid

)
(33)   

Subject to  

PBES +PFC = PNET (34)  

PBES ≤ min
(

Umin
BAT

(
UBES − Umin

BES

)

RBES
,Pmax

BES

)

(35)  

PFC ≤ Pmax
FC ;

⎡

⎢
⎣

Pmax
FC =

LH2

Lmin
H2

Pnom
FC conLH2 ≤ Lmin

H2 (10%)

Pmax
FC = Pnom

FC conLH2 > Lmin
H2 (10%)

⎤

⎥
⎦ (36) 

The first restriction (Eq. (34)) makes the power balance among the 
components of the charging station possible. The second (Eq. (35)) and 
the third (Eq. (36)) restrictions limit the power to be generated by the 
BES and the FC, according to the BES SOC and the level of hydrogen in 
the tank. Note that, in the case of the BES, the SOC depends on the BES 
output voltage; and in the case of the FC, the level of hydrogen must be 

known. 

4.1.2. Equivalent hydrogen generation maximization 
When PNET is negative, the BES or the LZ have to absorb the surplus 

power from the PV system not used by the EV. In this case, the fitness 
function tries to maximize the equivalent hydrogen generation given by 
Eq. (28). Again, a third term associated to the use of the grid is included. 
The non-compliance whit the first restriction is penalized as the mini-
mum value between QH2,LZand K∙QBAT,gen. 

HSI = max
(

QH2,LZ +K∙QBES,gen − min
(
QH2,LZ,K∙QBES,gen

) ⃒
⃒

Pgrid

)
(37) 

Subject to: 

PBES +PLZ = PNET (38)  

PBES ≤ − 1∙min
(

Umax
BES

(
Umax

BES − UBAT
)

RBES
,Pmax

BES

)

(39)  

PLZ ≤ − 1∙Pmax
LZ ;

⎡

⎢
⎣

Pmax
LZ =

100 − LH2

100 − Lmax
H2

Pnom
LZ conLH2 ≥ Lmax

H2 (95%)

Pmax
LZ = Pnom

LZ conLH2 < Lmax
H2 (95%)

⎤

⎥
⎦ (40) 

In this case, the maximization problem is also restricted by the power 
balance, Eq. (37), and the maximum power that the BES and LZ can 
absorb, Eqs. (39) and (40), respectively. 

4.2. Biogeography-based optimization (BBO) 

Nowadays, as it occurred with other intelligent techniques such as 
genetic algorithms (GA), particle swarm optimization (PSO), or fuzzy 
logic; biogeography is starting to be applied to solve engineering prob-
lems. There are two important definitions in biogeography: habitat 
suitability index (HSI) and suitability index variables (SIV). 

A high HSI implies that many species can emigrate to nearby habi-
tats, and a low immigration rate, since the habitat is already saturated. 
Otherwise, SIV represents the terms that describe the habitability of a 
habitat. In an optimization problem, HSI is the dependent variable and 
SIV is the independent variable. 

Fig. 3 shows the typical immigration and emigration curves of a 
habitat with a maximum number of species Smax (see curves at straight 
line). λ and µ are, respectively, the immigration and emigration rates. If 
there is no species in the habitat, the maximum immigration rate I is 
obtained. Similarly, the maximum emigration rate E, occurs if the 

Fig. 3. Model of species for a single habitat [19].  
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habitat is supporting Smax species on it. So is the number of species that 
gets the equilibrium between λ and µ. 

In BBO, a feasible solution is represented by an island composed of a 
real number of SIV. The suitability of an island is calculated as the 
measure of the HSI. 

HSI = f (SIV1, SIV2,⋯SIVn) (41) 

High values of HSI are better solutions that low ones. Therefore, the 
aim of BBO is to maximize HSI considering all the SIV. The following 
equations can be given for the Kth species from Fig. 3. Note that if E = I, 
both rates are related as μK +λK = 1 [19]. 

μK = E
(

K
n

)

λK = I
(

1 −
K
n

)

(42)  

where n is defined as Smax. 
The probability that a habitat contains certain number of species, S, 

is expressed as follows. 

PS(t+Δt) = PS(t)(1 − λsΔt − μsΔt)+PS− 1(t)λs− 1Δt +PS+1(t)μs+1Δt (43) 

The first term of Eq. (43) represents the probability of S species at 
time t and with no migration, the second term is the probability of S-1 
species at time t and one immigration, and the third term is the proba-
bility of S + 1 species at time t and one emigration. 

In BBO, as in other algorithms, a vector of SIV represents a popula-
tion of candidate solutions. The exchange of information among the 
habitats is related through the migration rates (µ and λ), which are 

controlled by the island modification probability. 
In biogeography, abrupt changes in the HSI can modify a certain 

habitat. BBO simulates this effect as mutation rates, which are obtained 
using species count probabilities. The likelihood that a certain number 
of species (Ps) exist is necessary in the probabilistic operator to know the 
mutation probability. Solutions with low Ps will tend to mutate to other 
solution. On the contrary, high Ps solution are less likely to mutate. This 
fact can be modelled by the mutation rate using the following equation. 

m(S) = mmax

(
1 − Ps

Pmax

)

(44)  

where mmax is defined by the user. 
A synthesis of the BBO algorithm is illustrated as follows: a) define 

the BBO parameters, such as Smax, E, I and mmax; b) initialize a random 
set of solutions to the problem and calculate HSI for each solution; c) for 
each habitat, calculate S, λ, and µ; d) modify habitats (migration) based 
on λ, µ, and then, mutation based on probability; e) go to step b) for the 
next iteration if needed, and if not, SIV with highest HSI is the final 
solution. 

4.3. Control loops 

Fig. 4 shows the control loops implemented to manage the reference 
powers generated by the EMS based on BBO, denoted as BBO-EMS 
(Fig. 4a), to generate the MPPT power for the PV system (Fig. 4b), and 
to charge the BES of the EV (Fig. 4c). 

It can be observed in Fig. 4a that the BES power is controlled by 
means of the shoot-through period of the qZSI. This term is calculated as 
the sum of other two terms in order to achieve a fast response of the 

Fig. 4. Control schemes implemented for the ZSC: a) qZSI (battery control) and DC/DC ZSC for the hydrogen system (FC and LZ), b) qZSI (active and reactive power), 
and c) DC/DC ZSC for the fast-charging units. 
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system. 

D = ΔD+Do (45)  

where ΔD is the output of the BES current control loop, and D0 is defined 
by Eq. (46). 

Do relates the input voltage of the qZSI (VPV
MPPT) with the nominal 

voltage across the capacitor C2 (nominal voltage of the BES, VBES
nom). 

Note that, for a certain irradiance, D0 is a constant term. Therefore, ΔD 
moves around Do with the aim of controlling the desirable variable. 

D0 = Vnom
BES/

(
2∙Vnom

BES +VMPPT
PV

)
(46) 

Moreover, the hydrogen system power (FC or LZ power) is controlled 
through the duty cycle of the DC/DC ZSC. If Dc is known, the boost factor 
of the converter can be calculated (Eq. (8)) and therefore control the 
hydrogen system power. 

The three-phase modulating signals (ma(t), mb(t) and mc(t)), and thus 
M, are controlled to regulate the active power generated by the PV 
system and injected into the grid through the qZSI, as shown in Fig. 4b. 
The reference value for Idref is provided by a PI controller in the outer 
control loop. This controller is in charge of maximizing the power 
generated by the PV system by acting on the PV generation voltage 
(MPPT). The reactive power has been set to zero (Iqref = 0). The inner 
loops are the current control loops, where two PI controllers regulate the 
d and q components of the grid current by means of the d and q com-
ponents of va(t), vb(t) and vc(t). A detailed description of these loops can 
be found in [45]. 

Fig. 4c illustrates that the current needed to charge the BES of the 
EVs is controlled through the duty cycle of the DC/DC ZSC (similar 
control to that used in the hydrogen system). 

The charging process of the EVs considered in this work is based on 
two modes or stages, called constant current mode (CCM) and constant 
voltage mode (CVM). Once the EV is connected to the fast-charging unit, 
the charging process starts in the CCM, in which the EV is charged with a 
constant current (previously imposed depending on the type of BES) and 
the voltage of the EV increases gradually. The process switches to the 
CVM, when the BES reaches its nominal charge voltage. In this mode, the 
EV is charged keeping the voltage constant, and therefore, the charging 
current gradually decreases. The charging process is finished when the 
current is lower than a 5% of the charging current for a pre-set time (5 
min). 

5. Results and discussion 

This section has two objectives. On the one hand, it clarifies the se-
lection of the values of the main parameters of the BBO and demon-
strates the output values of the HSI are correct (Section 5.1). On the 
other hand, it shows the performance and technical viability of the BBO- 
EMS applied on the microgrid described in Section 2, and assesses the 
suitability of using ZSC for this kind of application (Section 5.2). 

Furthermore, the EMS presented in this work is compared with a 
simpler EMS already developed in [46]. In [46], the EMS was applied to 
a hybrid system with two renewable energy sources, a BES, a hydrogen 
system and a AC load connected through an inverter. It was adapted to 
the configuration of the MVDC microgrid under study in this work . Both 
EMS are assessed to quantify how good the proposed EMS is when 
compared with one previously applied to a similar microgrid. The EMS 
used in [46] determinates the reference power for the hydrogen system 
and BES proportionally to the hydrogen tank level and the BES SOC, 
achieving a very effective control of these parameters (LH2 and SOC). 
This EMS tries to optimize the energy available in the hydrogen tank and 
BES but without considering the total equivalent hydrogen consumption 
and generation. The comparison is carried out through a 1200 s simu-
lation under different conditions of sun irradiance and considering the 
connection of several EVs to the charging station. In the study, the 
proposed EMS is denoted as BBO-EMS and the EMS based on [46] as 

PRO-EMS (proportional EMS). 
The configuration of the MVDC microgrid used for the comparison 

has been included in Section 2. The PV system has a peak power of 186 
kW, which is reached with a 55x16 panel structure. The BES has a rated 
capacity of 76.45 kWh and a rated power of 180 kW. The hydrogen 
system is composed of six FC with a peak power of 66 kW, a 176 kVA 
electrolyzer and a 450 kg metal hydrogen tank. The MVDC microgrid 
has two fast charging units (EV charging mode 4) with a rated power of 
48 kW each. Finally, the power of the grid is limited to 100 kVA in both 
directions (rated power of a typical transformer), although, as it will be 
shown, this value is never reached. The rated power of the system has 
been set to 186 kW (peak power of the PV system). Hence, the per unit 
values shown in the figures of this section were obtained from this value. 

5.1. BBO selection of parameters 

The value of the main parameters of the BBO, such as, “mutation 
probability”, “number of iterations”, “population size” and “number of 
elites”, were selected after carrying out a sensitivity analysis based on 
the Monte Carlo Simulation. For this simulation, a scenario of 50 s was 
created. The EMS based on BBO was implemented for each possible 
combination of “mutation probability”, “number of iterations”, “popu-
lation size” and “number of elites”, and finally, the sum of HSI (Eq. (33)) 
was evaluated. In this sensitivity analysis, the range of values considered 
for each parameter were the following: “mutation probability” [0.02, 
0.04, 0.06, 0.08]; “number of iterations” [5, 15, 25, 35, 45, 55, 65, 75, 
85, 95]; “population size” [10, 20, 30] and “number of elites” [1, 2, 3, 
4]. The results of this simulation reflect (after 480 feasible combina-
tions), that only the number of iterations affects the final value of the 
sum of HSI. Table 1 and Fig. 5a show the sum of HSI (in pu) versus the 
maximum number of iterations with fixed values of “population size”, 
“mutation probability”, “number of elites” that minimizes the compu-
tational effort. It can be observed that from 75 iterations on the sum of 
HSI reaches the same value. It can be understood that the best value of 
the HSI has been achieved. Therefore, the final combination of param-
eters considered for the simulation showed in the next section was: 
“mutation probability” =0.02; “population size” =10; “number of elites” 
=1 and “maximum number of iterations” =75. 

Finally, Fig. 5b shows the error of the HSI (defined as the best value 
in one iteration minus the best value of the previous iteration) versus the 
iterations for the selected combination of parameters. This subplot 
represents the first four times that the BBO is executed in the simulation 
carried out in Section 5.2. It can be observed that the error con-
verges to zero as the 75 iterations are completed, when the optimum 
value of the HSI is reached. According to the previous results, it can be 
concluded that the BBO parameters selected are correct and that the 
BBO-EMS works properly. 

5.2. Technical viability of the BBO-EMS 

Fig. 6a depicts, in per unit, the power demanded by each EV and the 

Table 1 
Summary of Monte Carlo Simulation.  

Maximum 
number of 
iterations 

Sum of HSI. 
Eq. (33), pu 

Population 
size 

Mutation 
probability 

Number of 
elites 

5 1,17 10 0,02 1 
15 1,12 10 0,02 1 
25 1,10 10 0,02 1 
35 1,07 10 0,02 1 
45 1,07 10 0,02 1 
55 1,02 10 0,02 1 
65 1,02 10 0,02 1 
75 1,00 10 0,02 1 
85 1,00 10 0,02 1 
95 1,00 10 0,02 1  
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total power required by the charging station (sum of the EVs). This 
charging power corresponds to a fast charge of the EVs, and thus, the 
nominal power is 48 kW. The first EV is charged from 2 s to 570 s, the 
second EV is connected at 580 s, and the third EV at 580 s. The SOC of 
the BES of these EV are shown in Fig. 8b and 8c. Note that, although 
there are two fast-charging units, three EV are considered. The first and 
the third EV are connected to a fast-charging unit, and the second EV to 

the other one. 
The power generated by the PV system is depicted in Fig. 6b. It also 

shows the net power, PNET, difference between the PV power and the 
total power demanded by the EV (black dotted-line in Fig. 6b). These 
parameters are inputs of the EMS. Positive values correspond to power 
to be generated by the hydrogen system (minimizing equivalent 
hydrogen consumption), while negative values represent power to be 

Fig. 5. a) Sum of HSI vs maximum number of iterations, and b) error of HSI vs iterations.  

Fig. 6. a) Power demanded by the EV, and b) PV system power and net power.  
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absorbed (maximizing equivalent hydrogen generation). The maximum 
power generated by the PV system is almost 1p.u. (at 600 s), which is 
approximately the rated power of the MVDC microgrid. This peak power 
is injected into the system, and if there were no EV connected, the BES or 
the hydrogen system would have to absorb this power. 

Fig. 7a represents the powers of the hydrogen system (FC and LZ), 
BES and grid with the BBO-EMS. It can be observed that the grid is used 
to control the voltage of the system generating (absorbing) those peaks 
of power that neither the hydrogen system nor the BES are able to 
generate (absorb), as illustrated in seconds 580 and 850 approximately. 
The power balance is mainly controlled by the EMS. The PNET with both 
EMS (BBO-EMS and PRO-EMS) is represented in Fig. 7b. In both cases, 
the tracking of this power is quite accurate, which verifies that both EMS 
can be applied to the microgrid under study. Nevertheless, around the 
second 580 and at the end of the simulation, the PRO-EMS cannot follow 
appropriately the dynamic of PNET. This fact penalizes the equivalent 
hydrogen consumption and generation (Fig. 8a). 

The equivalent hydrogen flow (consumption and generation) with 
both EMS is illustrated in Fig. 7a. Negative values are associated to the 
generation of equivalent hydrogen flow (negative value of Pnet), and 
thus, the more negative the value, the more hydrogen is generated. On 
the contrary, the consumption of the equivalent hydrogen is associated 
to positive values of Pnet. Throughout the simulation, it can be seen that, 
with the BBO-EMS, lower hydrogen consumption and higher hydrogen 
generation is achieved when compared to the PRO-EMS. The final values 
of the equivalent hydrogen generation and consumption are provided in 
Table 2. Moreover, the BES SOC, the hydrogen tank level and the EV 
battery SOC are shown in Fig. 8b (BBO-EMS) and Fig. 8c (PRO-EMS). As 
expected, the EV battery SOC have the same values with both EMS, since 
the power demanded by these batteries during their charge is considered 
an input of the system regardless of the EMS. On the contrary, the BES 
SOC and the hydrogen tank level depend on the EMS. Although they 
follow the same trend, it can be observed that with the PRO-EMS the 
hydrogen tank level becomes low before the BES SOC. Thus, during the 
last 100 s of the simulation, the BES has to generate all the power 

demanded, and the equivalent hydrogen consumption is significantly 
higher than with the BBO-EMS. 

Finally, Fig. 9 shows the main voltages of the microgrid station and 
the switching indexes obtained with the BBO-EMS. The BES and PV 
voltage, and VMVDC are illustrated in Fig. 9a. The voltage of the EV 
battery and the hydrogen system voltage are represented in Fig. 9b. In 
these figures, VH2 denotes the combination of the LZ and FC voltage. For 
negative values of the net power, VH2 corresponds to the LZ voltage (the 
FC is disconnected) and, for positive values, VH2 corresponds to the LZ 
voltage (the LZ is disconnected). The switching indexes of the qZSI, D 
and M (shoot-through duty cycle and index modulation) are depicted in 
Fig. 9c. Moreover, Fig. 9d shows the duty cycle of the DC/DC ZSC, (Eq. 
(8)). Note that, although there are two fast charging units (two con-
verters), three EVs are connected to the charging station. A value of zero 
in these indexes imply the lack of an EV connected to the converter. If 
the D of the converter of the hydrogen system is zero, it means that 
neither the LZ or the FC are connected. 

Table 2 shows the final results corresponding to the total consump-
tion and generation of hydrogen (in kg) with both EMS. The sum of the 
HSI, the total equivalent hydrogen consumption and generation (Meq

H2,con,

Meq
H2,gen) and the total hydrogen generation and consumption (Meq

H2,con, 
Meq

H2,gen) are provided. Note that the difference between the sum of HSI 
and Meq

H2,con(M
eq
H2,gen) resides in the penalization term. According to these 

results, it can be stated that the BBO-EMS is perfectly valid for this kind 
of application. Moreover, as it was expected, comparing the sum of HSI 
and Meq

H2,con/Meq
H2,gen in both EMS, it can be seen that the BBO-EMS ach-

ieves quite better results, since the BBO algorithm optimizes these pa-
rameters to manage the energy of the microgrid. Hence, the sum of HSI 
and Meq

H2,con are 33.6% and 16.4% lower respectively compared to the 
PRO-EMS. Similarly, the sum of HSI and Meq

H2,gen are almost twice as 
much in comparison with the PRO-EMS. On the other hand, the results 
illustrate that, with the BBO-EMS, the hydrogen consumption (QH2,FC) is 
almost 40% lower that with the PRO-EMS. This fact also affects to the 
hydrogen generation 

(
QH2,LZ

)
, since the electrolyser has to produce less 

Fig. 7. a) Hydrogen system (H2), BES and grid power with BBO-EMS, and b) Net power generated with both EMS.  
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hydrogen to supply the demand from the FC (− 43.2%). 

6. Conclusions 

This paper presented an EMS based on a BBO algorithm applied to a 
microgrid that integrates a novel configuration with ZSC. The main 
contributions of this work were: 1) the design of a EMS based on BBO, 
which considers the concept of equivalent hydrogen, and therefore, 
optimizes the generation and consumption of equivalent hydrogen in the 
microgrid; 2) the development of a microgrid composed of a PV system, 
BES, a complete hydrogen system (FC, LZ and hydrogen tank), a local 

grid connection, and two fast charging units for EV, which are connected 
to each other by means of a configuration that integrates ZSC and 
MVDC. Additionally, the EMS was compared with a simpler EMS already 
applied on a similar configuration of hybrid system. The simulation 
results showed that the new configuration based on ZSC is perfectly 
valid for this application, since several conventional DC/DC converters 
were saved. Furthermore, it was proven along the simulation (perfor-
mance under several conditions of sun irradiance and the connection of 
three EV) that, although both EMS can be used in the charging station, 
the EMS based on BBO achieved better results in the equivalent 
hydrogen consumption and generation, which implied a less depen-
dence on the local grid. 
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Fig. 8. a) Equivalent hydrogen flow with both EMS, b) BES SOC, hydrogen tank level and EV battery SOC with the BBO-EMS, and c) BES SOC, hydrogen tank level 
and EV battery SOC with the PRO-EMS. 

Table 2 
Total consumption and generation of hydrogen with both EMS.   

BBO-EMS PRO- 
EMS 

Consumption 
[kg] 

Sum of HSI (Eq. (33))  4.463 
(− 33.6%)  

6.725 

Meq
H2,con (sum of Qeq

H2,con, section 
4.1.1)  

4.392 
(− 16.4%)  

5.525 

MH2,FC (sum of QH2,FC, Eq. (23))  1.969 
(− 38.9%)  

3.224 

Generation [kg] Sum of HSI (Eq. (37)) 13.556 
(+94,3%)  

6.982 

Meq
H2,gen (sum of Qeq

H2,gen section 
4.1.2)  

13.690 
(+95.5%)  

7.001 

MH2,LZ (sum of QH2,LZ, Eq. (29))  1.373 
(− 43.2%)  

2.414  
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[38] Dufo-López R, Cortés-Arcos T, Artal-Sevil JS, Bernal-Agustín JL. Comparison of 
lead-acid and li-ion batteries lifetime prediction models in stand-alone 
photovoltaic systems. Appl Sci 2021;11:1–16. https://doi.org/10.3390/ 
app11031099. 

[39] SimPowerSystems TM. Reference. Natick, MA: Hydro-Québec and the MathWorks. 
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