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Supervisory Control System for a Grid-Connected

MVDC Microgrid Based on Z-Source Converters

with PV, Battery Storage, Green Hydrogen System
and Charging Station of Electric Vehicles

Pablo Garcia-Trivifio, Lais de Oliveira-Assis, Emanuel P. P. Soares-Ramos, Raul Sarrias-Mena, Carlos Andrés
Garcia-Vazquez, and Luis M. Fernandez-Ramirez, Senior Member, IEEE

Abstract—This paper presents a new supervisory control system
(SCS) designed to maintain the power balance and obtain
economic benefit by selling energy to the grid in a microgrid based
on Z-source converters (ZSCs) with renewable energy, energy
storage systems (ESSs), and charging station for electric vehicles
(EV) connected to a medium voltage direct current (MVDC) link.
The main components of the microgrid are a photovoltaic (PV)
system, battery (BAT) and green hydrogen system with a fuel cell
(FC), electrolyzer (LZ) and hydrogen tank as ESSs, a local grid
connection and two units of fast chargers for EVs. Owing to the
proposed configuration, the output voltages of the components can
be adapted to the MVDC to control their output power and reduce
the number of power converters compared to the common
configuration without ZSCs. Thus, the configuration by itself and
the SCS can be considered the main novelties of this paper. The
simulation results and the hardware-in-the-loop tests show that
the proposed system (ZSC-based configuration and SCS) is
perfectly valid for the microgrid, and confirm the proper
operation of the SCS to achieve an economic benefit from the use
of the grid.

Index Terms—Charging station, electric vehicles, green
hydrogen system, microgrid, photovoltaics, supervisory control
system, Z-source converters.

[. INTRODUCTION

ight commercial vehicles (passenger cars and vans)
account for approximately 14.5% of the total EU carbon
dioxide (CO») emissions [1]. The use of electric vehicles
(EVs) and charging stations powered by photovoltaic
(PV) energy is an interesting way to reduce these emissions [2].
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Hybrid charging stations can be built by combining PV
systems with energy storage systems (ESSs), such as batteries
(BATSs) [3],[4],[5] and hydrogen systems [6][7], to satisfy the
energy demanded by the charging prolife of the EVs and the
energy generated by PV systems and ESSs (BAT and/or
hydrogen system). In these hybrid charging stations, excess PV
energy can be stored in the BAT and/or in the form of hydrogen
by the electrolyzer (LZ). The PV energy deficit can be
supported by the energy stored in the BAT and/or in the form
of hydrogen by a fuel-cell (FC). Most charging stations use a
common low-voltage DC (LVDC) bus where the energy
sources are connected [8], [9]. Power converters play a key role
in controlling these energy sources. Traditional two-stage
conversion systems based on a DC/DC boost converter and a
DC/AC voltage source inverter (VSI) are used in [10]. A
DC/DC boost converter connects the PV system, ESS, and EV
to a common DC bus, whereas a VSI connects the DC bus to
the grid [11], [12].

Impedance source converters (ZSCs) present a
configuration based on an impedance network, which allows a
large voltage buck-boost feature in a single-stage conversion,
integrating the stages of DC/DC boost and inverter into the
same converter [13]. In traditional converters, the upper and
lower devices of each phase cannot be triggered
simultaneously, whereas the ZSC can handle it because of its
shoot-through states. Furthermore, the ZSC does not require
dead time in the gate signals, which reduces the output
distortion [13]. On the other hand, the DC/DC ZSC can produce
a desired output voltage irrespective of the input voltage [14]
[15], which can be the variable voltage obtained from the PV
system, EV, BAT, or the hydrogen system (FC and LZ).
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Furthermore, two different energy sources can be connected to
the same ZSC without an additional DC/DC converter, and their
energy flow can be controlled effectively, which is interesting
for reducing the number of power converters used in hybrid
charging stations [16].

In the literature, different kinds of works related to hybrid
charging stations can be found. Studies that focus on optimal
load scheduling cover most of the topic [17], [18]. Contrarily,
the energy management within the charging station still has to
be studied in depth. Improving adaptability and reliability while
maximizing self-consumption and economic profitability of
hybrid charging stations is a challenge that can be solved
through the energy management performed by an adequate
supervisory control system (SCS) [19]. Decentralized SCS
applied to hybrid charging stations were presented in [3][4] and
[20] in order to reduce the peak power generated by the grid. In
[3], the authors developed a SCS based on model predictive
control. A similar approach was carried out in [4], where the
decentralized SCS was also presented, but using classical
proportional-integral (PI) controllers to control the key
parameter of the system, that is, the medium-voltage DC
(MVDC) bus voltage. Reference [20] proposed a SCS (control-
algorithm based) to evaluate a hybrid fast charging station with
the aim of reducing peak demand during charging periods. In
general, the three previous SCS provided reliable results
minimizing the number of operations and the demand from the
grid. However, the cost of the energy consumed from the grid
was not taken into account. In [6], the SCS was designed from
a long-term perspective with the aim of optimizing the
utilization cost of the charging station for a 25 years simulation.
The results presented were satisfactory. Nevertheless, neither
the dynamic behaviour of the system nor the cost of the energy
obtained from the grid were considered. A rule-based SCS was
proposed in [21] to minimize the use of utility grid power and
store PV power when the EVs are not connected for charge. The
proposed SCS was validated by simulations using MATLAB-
Simulink models and by experimental tests in the laboratory.
The SCS maintained a constant DC bus voltage under all the
modes of operation, including cases of utility grid overloading,
low irradiation of PV systems, or temporary interruption of
ESS. Again, the cost of the grid energy was not considered, and
the results shown only covered two-seconds long simulations.
A SCS for an EV charging station with a hybrid ESS
comprising a flywheel and BAT was presented in [22]. The SCS
was based on the voltage droop control, including hysteresis
controllers, to avoid frequent switching among the control
modes. The simulation results (maximum duration of 14 s)
showed that the hybrid ESS had an obvious effect on the smooth
transition among the modes of operation, and the SCS worked
satisfactorily under different operating conditions.

The SCS in [23]-[27] considered the cost of the grid energy
consumption in the decision-making process. In [23], the
authors presented a SCS based on a leader-followers game to
provide regulation reserves for power systems. Although the
authors did not develop the SCS for charging station with a
specific configuration, the results (several hours of simulation
were studied) showed that the SCS was able to avoid heavy load
of the system. A hierarchical predictive control algorithm for
multi-port high-scale charging stations was developed in [24].

This algorithm can provide real-time energy management for
charging stations, decide charging rates for the ESS and support
the grid voltage. Up to 60 min of simulation were studied. The
results showed that the proposed SCS was able to meet the grid
constraints in terms of ramp-rate limit. On the other hand, due
to the sample time of the SCS, the peak powers of the
components and their dynamics could not be seen clearly.
Reference [25] introduced a new type of charging station with
solid-state transformer, and developed a rule-based SCS.
Despite the fact that an ESS was not included in the charging
station, it was shown that the SCS could provide bidirectional
frequency regulation throughout several minutes of simulation.
However, the lack of an ESS implies a higher dependency on
the grid to provide or absorb power imbalances between
generation and demand, which may harm the economically
optimal operation of the charging station. Two similar
configurations of the hybrid charging stations with an ESS and
PV system were shown in [26] and [27]. Reference [26]
presented a consecutive horizon-based energy management
strategy, and [27] described a SCS based on a virtual energy
hub. In both works, the long-term simulations showed the
suitability of the SCSs for the proposed configurations. As in
other references, and due to the sample time used, the power
peaks in system were not represented in the results.

All the references above have in common the overall
configuration of the hybrid charging station. In general, all
configurations include a DC bus, and the components are
connected to it through conventional power converters: buck or
boost DC/DC converters in the case of the renewable energy
generators or the ESS, and a voltage source inverter in the case
of the grid. Besides, except for [6] and [22], a single ESS was
considered. In hybrid systems, integrating two ESS means extra
complexity regarding their energy management and control,
which must be addressed by the SCS.

This paper presents a new configuration for a hybrid
charging station for EVs, where all the energy sources are
connected to a common MVDC bus through ZSCs. The PV
system, hydrogen system, and EVs use a DC/DC ZSC for their
connection to the MVDC bus. The grid connection of the
MVDC bus is achieved through a DC/AC quasi-Z-source
inverter (qZSI), which integrates a BAT without an additional
DC/DC converter. In comparison to the typical configuration
without ZSCs, the proposed configuration allows adapting the
output voltage of each component and controlling their power
while reducing the number of power converters.

Therefore, several scientific contributions and novelties can
be considered in the present work. The main novelties deal with
the configuration of the hybrid charging station: 1) The number
of power converters needed is reduced with the use of ZSCs,
and the impedance network of the converter creates a common
DC bus and a DC connection point for the BAT, and 2) two
different ESS technologies are integrated, i.e. a battery and a
hydrogen system. An additional novelty of this study is the
SCS. A new SCS based on the levels of energy in the BAT and
the hydrogen tank is designed to maintain the power balance in
the hybrid charging station, control the levels of energy in the
ESS, and make an economic benefit by selling energy to the
local grid.
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The remainder of this paper is organized as follows. The
PV/BAT/Hydrogen-powered hybrid charging station for EVs
under study is detailed in Section II. The SCS proposed for the
energy management of the hybrid charging station is described
in Section III. A fuzzy-logic-based system and an energy
dispatch system comprise the SCS. Section IV shows and
discusses the simulation and experimental results. Finally, the
main findings are summarized in Section V.

II. GRID- CONNECTED MVDC MICROGRID WITH PV, BAT,
HYDROGEN SYSTEM AND CHARGING STATION OF EV'S

The aim of the MVDC microgrid is to supply the energy
required by the EVs connected to it. Although there is a
connection with the local grid, under normal conditions, the
microgrid works as a stand-alone system. Only in the case
where the power balance in the charging station cannot be kept
by the PV panels or the ESS, the grid participates to guarantee
this balance, avoiding any functional problem.

Fig. 1 shows the entire configuration of the proposed
MVDC microgrid for the EV charging station. The system
integrates two fast-charging units that incorporate an off-board
charger unit with a DC/DC ZSC to control the charging of each
EV (EV charging mode 4, IEC61851-1 [28]). The main source
of the system, the PV system, must have a peak power above
the rated power of the charging station (two fast-charging units
of 50 kW each). Thus, the peak PV power is 186 kW (composed
of the panels from [29]). In addition, there are two ESSs. The
first is a lead-acid BAT, which helps the PV system supply the
energy required by the charging station [30]. The second ESS,
the hydrogen system, helps the system when working in the
isolated mode (normal condition). It provides the necessary
energy to the system when the energy generated by the PV
system and the BAT is insufficient. Thus, the hydrogen system
uses unidirectional energy systems (FC and LZ) as a
bidirectional ESS with the help of a hydrogen tank. Therefore,
six modules of the FC from [31] with a peak power of 66 kW,
a hydrogen generation system (LZ from [32]) with a rated
power of 176 kVA, and a metal hydrogen tank of 450 kg are
used in this work.

The PV system, BAT, and grid are connected through a
qZSI, which includes an impedance network and an inverter
[33]. The PV system is connected to the DC side, the grid to the
AC side, and the BAT is connected in parallel with the
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Fig. 1. Proposed configuration for the grid-connected MVDC microgrid based
on ZSCs with PV, BAT, hydrogen system and EV charging station

impedance network. On the other hand, the impedance network
is used as the common connection point in MVDC (around
1800 V) for the other ZSCs. These converters are used because
of their advantages in adapting the voltage levels and reducing
the number of power converters [13]. Thus, three ZSC
developed in [15] have been considered in this work: one ZSC
for the hydrogen system and two ZSC for the fast charging
units.

The components of the grid-connected MVDC microgrid
under study have been modelled using trusted models widely
adopted in the literature. The PV system is modelled by a
single-diode model, which uses a current source with a diode in
parallel to model an ideal PV cell, with a series and a parallel
resistance. This model is extensively employed because it is
easy to implement, the parameters can be easily derived from
the commercial datasheet, and it achieves suitable results to
represent the real behaviour of PV cells [3]. The BAT behaviour
is modelled with the model included in the Simscape Electrical
toolbox of Simulink, which is composed of a variable voltage
source with a resistance in series [3]. The FC is represented by
an equivalent circuit, in which the output voltage is calculated
from the voltage generated inside the FC and the activation,
concentration, and ohmic voltage drops. This model was
validated in [34]. The electrolyzer is modelled by a DC voltage
source with a series resistance to reproduce the electrical
performance of the device. Additionally, the hydrogen
production is derived from the Faraday’s law [35]. Finally, a
hydrogen tank model based on the ideal gas equation is used in
this work. The amount of hydrogen inside the tank is calculated
from the hydrogen flow rate [36].

The main equations of the SCS are as follows. The
maximum energy available in the BAT and the hydrogen tank
during discharging are calculated using Eqs. (1) and (3),
respectively. On the other hand, Egs. (2) and (4) show the
maximum energy that can be stored in the BAT and the
hydrogen tank during the charging process, respectively.

Eg = ERST - (SOC = SOCpyi) (1)
EEZ‘TI'T = Egg? : (SOCmax - SOC) (2)
Egés = Ly * Qtank * LCVhz  Npc (3)

ES5%" = (100 — Lyy) - Qeank - LCVia/N1z “4)

where Ep,7"°" is the capacity of the BAT in energy terms, SOC
is the state-of-charge of the BAT, Ly, and Qi are the current
level and the capacity of the hydrogen tank, respectively; and
LCVpy; is the low calorific value of hydrogen. In the BAT,
SOCpae and SOC,;, have been set to 95% and 30%,
respectively. The rated power considered for the BAT in the
SCS is 36.9 kW. In the hydrogen system, the maximum and
minimum levels are 100% and 0%, respectively. The nominal
powers of the FC and the LZ are 77 kW and 144 kW,
respectively.

A new term is defined, the State of Energy (SOE). It is
calculated as the ratio of the current electric energy available in
the ESS to the maximum electric energy that the ESS can store.
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For the proposed SCS (explained in the following section), the
SOE provides, with a single term, real information about the
current level of BAT SOC and Lp».

SOE = (Efi5 + Egar)/ Qeank * LCViz * e + ERGT) )

III. SUPERVISORY CONTROL SYSTEM

In the MVDC microgrid, the PV system operates at the
maximum power point regardless of the SCS. Because of this,
the power generated by the PV system rarely matches the load
demanded by the EV. Subsequently, the ESS (BAT or hydrogen
system) must work to reach the power balance. In this context,
the net power (Py) can be defined as the difference between
the demanded load and the power generated by the PV system.
The net power can have both positive and negative values.
Positive values mean that the ESS (or the grid) have to inject
extra power into the EV, whereas negative values mean that
there is excess power from the PV system that must be absorbed
by the ESS (or the grid).

The SCS developed in this work corresponds to an
improved version of the simpler SCS presented in [37]. In this
case, unlike the previous version, the SCS incorporates the cost
of the energy exchanged with the grid (Cga) to determine the
operation mode of the MVDC microgrid and, therefore, the
final power to be absorbed or generated by the hydrogen system
and the BAT. By means of the fuzzy logic system described in
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Fig. 2. Implemented control scheme: (a) SCS, battery control (from the D
control of the qZSI) and hydrogen system control (from the D control of the
hydrogen DC/DC ZSC), (b) MPPT of the PV panels and reactive control (from
the M control of the qZSI), and (c) control of EVs (from the D control of fast
charging station DC/DC ZSC)
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Fig. 3. Membership functions. a) P, b) SOE, c) Cgis, d) S, and e) K.

Section IIILA, Pyes is generated from Cigig, Prer and SOE to
make an economic profit from the use of the grid. Besides, the
SCS presented herein identifies two extreme cases in the system
operation which were not addressed in the previous version, i.e.
low SOE with power demand and high SOE with power surplus.
In [37], the SCS generated the power reference of the ESS
regardless of the energy cost, and the extreme cases of SOE
were part of the general system operation.

The main objectives of the SCS proposed in this work are to
ensure the power balance within the system and to make an
economic benefit from the use of the grid. To achieve these
goals, the proposed SCS comprises two subsystems. The first
subsystem is a fuzzy-logic-based system that modifies the value
of P, depending on the price of energy when using the grid.
The second subsystem carries out the energy dispatch among
the components of the system (BAT, hydrogen system, and
grid).

This section also presents the control loops developed to
control the powers generated by the SCS (Fig. 2).

A. Fuzzy-Logic-Based System

This system modifies the value of P, used in the energy
dispatch system to make an economic benefit from the use of
the grid. As shown in Fig. 2a, the output of this system is Py,
which is also the input of the energy dispatch system. Thus, Pyes
can be defined as P, once modified by the fuzzy-logic-based
system.

The fuzzy-logic block has three inputs and two outputs. The
inputs are Py, the SOE and the price of the energy when it is
injected (sold) or absorbed (bought) by the grid, Cgis (Fig. 3).
The outputs are two constants, K and S. K considers Cig and
allows calculating P,e s from P, whenever the SOE is not
excessively high or low with the goal of obtaining economic
benefit by selling energy to the grid. S is used in extreme cases
of the system (with low SOE and P, >0 or high SOE and
P,<0). Fig. 3 shows the membership functions of the fuzzy
logic system. A Mamdani-type inference is used, and 27 rules
define the behaviour of the system (Table I). Finally, Fig. 2a
illustrates how Py sis calculated from Py, S and K. According
to this figure and the rules implemented, it can be observed that
if Pne>0 (power must be generated by the BAT or the hydrogen
system) and C,y is favourable, the fuzzy-logic-based system
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TABLE I. RULE BASE FOR THE FUZZY LOGIC SYSTEM.
Inputs Outputs
SOE Poet K
NB
PB
V4
NS
Z
Z
PS
NS
Z
NB
PB
Z
Z
Z
V4
PS
NB
V4
V4
V4
Z
PS
NB
Z
PB
NB
Z

Cerid

MMM M|z Z22Z2ZZz2ZZzZZZZzZ|Cccccacacca
asfienes gkl ol ol o |enijes flan i k-l ol Sl o [<=fanesi k- d I Dl &
NZONZONZOINZONZOINZIINZOINZ TN ZT
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increases Py to inject power into the grid and obtain economic
benefit. Similarly, if P,.<0 (there is an excess of power to be
absorbed by the BAT or the hydrogen system) and Cgig is
favourable, the fuzzy-logic-based system decreases Py in order
to absorb power from the grid and facilitate a higher charge of
the ESS. Eq. (6) shows the calculation of P,.s when S is
activated (positive or negative values), and Eq. (7) if it is not.

Precy =S | Pretl (6)
Pnet,f = Pnet(1+K) (7)

Finally, with the aim of avoiding the continuous operation of
this system, and therefore an unnecessary computational load
for the SCS, it has been considered that the fuzzy-logic-based
system modifies the value of P, to Py.revery 10 s. This means
that, every 10 s, the system reads the values of P,.;, SOE and
Cagria, generates P, s and maintains the value during that period.

B. Energy Dispatch System

The input parameter of the energy dispatch system is Ppey.
This system has two main tasks. It has to decide whether the
hydrogen system or the BAT (or both) generates or absorbs the
net power; and it has to control the hydrogen tank level and the
BAT SOC. The SCS applies a proportional distribution of the
net power between the ESSs by considering the maximum
available energy and the maximum energy to be stored in the
BAT and the hydrogen tank (Ef%, ESher, EAS, EGAT). In other
words, the difference between the current value of the SOC and
the hydrogen tank and their minimum and maximum values

(previously defined) are transformed into energy terms (Egs.
(8)-(11)).

If Pueiy> 0, the expressions implemented by the SCS are as
follows:

) Edis
KgﬁsT = Fdis BATEdis ®)
Bar T Enz
K =1 - K& ©)
Ppar = min(quaTx: (o Pnet,f) (10)

Py, = min(PI%ax' KI%S *Prets» Prety — PBAT)

an

where KZ%. and K are the proportional constants for the BAT
and the hydrogen system (if Ppers> 0), while PFLF and Py
are the maximum power that the BAT and hydrogen system can

generate.

Eqgs. (8) and (9) calculate the proportional constants of the
BAT and the hydrogen system, respectively. Egs. (10) and (11)
determine the BAT and hydrogen system power, respectively.
It is important that these expressions are implemented exactly
in this sequence.

Similarly, if Pes < 0, the expressions are as follows:

char Egat”
Kpar' = m (12)
K§3°" =1 — Kgad" (13)
Pyar = max(PEAT, KSAT + Prer) (14)
Py = min(PRY™, K3 * Pret , Poet — Pgar) (15)

where KShe" and KSR are the proportional constants for the

BAT and the hydrogen system (if P,..s < 0), while PJ4#* and
PIE™ are the maximum powers absorbed by the BAT and the
hydrogen system. Again, as in the previous case (Py.,/>0) and
for a proper operation of the SCS, these expressions must be
used in this order.

Finally, in any previous case, the grid power (power to be
injected into the charging station or absorbed by the grid) is the
difference between the net power and the ESS power.

(16)

Pgrid:Pnet_PHZ_PBAT

C. Control Loops

The control loops used to control the power generated by
the SCS, output power of the PV system (maximum power
point tracking, namely MPPT), and power demanded by the EV
are shown in Fig. 2.

Fig. 2a shows that the power to be generated (absorbed) by
the BAT is controlled by the shoot-through cycle (Dy), which
is applied to the qZSI by the Z-Space Vector Modulation
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(ZSVM) technique. This parameter is obtained from the sum of
two terms (AD + Dy) to achieve a fast response of the system:
Ds¢ = AD + D, 17
where AD is the output of the BAT control loop and D, is
defined by Eq. (18).
Thus, for a certain irradiance, D, remains constant, and AD
moves around this term to generate Dy, and control the BAT.
On the other hand, the output power of the hydrogen system
is controlled through the duty cycle of the ZSC (Fig. 2b).
Do = VS / QRS + VAFPT) (18)
The active power generated by the PV system injected into
the grid and the reactive power are controlled by modifying the
modulation index of the qZSI (M).

The direct current reference (iq.s) is provided by a PI
controller in the outer control loop, which controls the PV
active power generation. The reactive power reference is set to
zero (unity power factor), so that the quadrature current
reference is set to zero (ig,~0). The inner loops are the current
control loops, where two PI controllers regulate i; and 7,. A
detailed description of these loops can be found in [38].

Finally, Fig. 2c illustrates that the current needed to charge
the EVs is controlled by the duty cycle of the ZSC (control
similar to that used in the hydrogen system). The EV charging
process is based on two modes or stages. The charging modes
are called the 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).
In this mode, the BAT voltage increases gradually. When it
reaches its nominal charge voltage, the process switches to the
CVM. The charging process is completed if the current is lower
than 5% of the charging current for a preset time (5 min).

IV. RESULTS AND DISCUSSION

The aim of this section is to illustrate the suitability of the
SCS applied to the MVDC microgrid for the charging station
under study with the configuration based on ZSCs. In this sense,
several case studies were considered: 1) General system
operation in Section IV.A; 2) extreme cases in Sections [V.B
(low SOE with power demand), and IV.C (high SOE with
power surplus); 3) comparison with the simpler SCS presented
in [37] in Section IV.D; and 4) verification with experimental
validation through a Hardware-in-the-loop (HIL) test in Section
IV.E.

A. General System Operation

The general operation of the SCS and its viability for the
hybrid charging station is evaluated through a 1200 s simulation
under variable sun irradiance, with the connection of several
EVs to the charging station and considering the energy cost
when using the grid Cg.¢ shown in Fig. 4d. With the aim of
testing the SCS, Cgna is considered to change every 10 s.
Moreover, the SCS developed in this work (denoted as F-SCS)

is compared with a simpler SCS already presented in [37], in
which Cjiq is not considered (denoted as Ref-SCS).

Figs. 4a and 4b depicts, in pu (power base, 180 kW), the
total power required by the charging station (sum of the EVs)
and the power demanded by each EV. These powers correspond
to a fast charge of the EVs, which implies a nominal power of
50 kW. The first EV is charged from 2 s to 570 s, the second
EV is connected at 580 s, and the third EV is connected at 580
s. The BAT SOC of the EVs is shown in Fig. 5b. On the other
hand, Fig. 4a shows the power generated by the PV system,
while Fig. 4c shows P,.;and P, ;. The differences between both
terms are due to the operation of the fuzzy-logic-based system.

Fig. 5a shows the hydrogen system (denoted as H2), BAT,
and grid powers. Negative values indicate absorbed power (LZ
in the case of the hydrogen system), and positive values
correspond to generated power (FC). The main purpose of the
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Fig. 4. a) PV system power and power demanded by the EVs, b) power demand
by each EV, ¢) net power and P,.,r, and d) energy cost when using the grid.
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Fig. 5. Results with the proposed SCS: a) Hydrogen system, BAT and grid
power, and b) BAT SOC, hydrogen tank level, state of energy, and BAT SOC
of the EVs
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voltage, b) hydrogen system voltage, and EV BAT voltages, ¢) D and M of the
qZSI, K and S (outputs of the fuzzy logic block) and d) duty cycles of the
DC/DC ZSC.

grid is to maintain the power balance in the system and obtain
an economic benefit by selling energy to the grid. For example,
at approximately 580 and 850 s, there is an excess of energy
(Pner<0), and it can be observed that the fuzzy-logic-based
system modifies the power used by the energy dispatch system
(Prery is closer to zero and there is less excess of energy) with
the purpose of charging with lower power the BAT and
hydrogen system and injecting power into the grid, taking
advantage of the energy cost. Similarly, if there is a lack of
energy (P..=0), the fuzzy-logic-based system defines Py to
absorb (or inject) energy from (into) the grid, and takes
advantage of the energy cost again. In any case, the grid must
compensate power peaks that neither the hydrogen system nor
the BAT can generate (absorb). Fig. 6 is equivalent to Fig. 5,
where the results obtained from the SCS proposed in [37] are
illustrated. As demonstrated in that study, this SCS is also
perfectly valid for this configuration of the MVDC microgrid
for the charging of EVs.

The main voltages of the system are presented in Figs. 7a
and 7b. In the case of Vi, this voltage is a combination of LZ
and FC voltages. For positive values of the net power, Vi
corresponds to the FC voltage (the LZ is disconnected), and for
negative values, V2 is the LZ voltage (the FC is disconnected).
The switching indexes of the qZSI, Dy and M (shoot-through
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Fig. 8. Low SOE and P,.>0 a) grid power, PV system power, power demanded
by the EV, P, and P,z b) BAT SOC, hydrogen tank level, SOE, and BAT
SOC of the EV, . and b) value of S.

duty cycle and index modulation, respectively) are shown in
Fig. 7c. Moreover, Fig. 7d shows the duty cycle of the DC/DC
ZSC. Note that, although there are two fast-charging units (two
converters), three EVs are connected during the simulation. In
these cases, a value of zero implies that there are not any EV
connected to the converter. Similarly, if the duty cycle of the
converter of the hydrogen system is zero, neither the LZ nor the
FC is connected. The outputs of the fuzzy logic block (K and )
are shown in Fig. 7c. K modifies its value, and therefore, Pet
changes depending on the value of Cg.iq (Fig. 4¢), and the use of
the grid improves. In contrast, because the SOE does not reach
the extreme case in which S can be activated, its value remains
constant throughout the simulation.

B. Low SOE with Power Demand (Ppe>0)

This section shows how the SCS solves the situation of the
MVDC microgrid when the SOE is low and there is a small
power demand (P,.~0) simultaneously. Fig. 8 shows a 40 s-long
simulation specifically designed for this purpose. In general,
other SCS in the literature would avoid a further decrease in the
SOE. Nevertheless, the SCS proposed herein, since the value of
P, can only be relatively small in this situation (see Table I),
not only avoids a further reduction of the SOE, but also charges
(if possible) both ESS and, therefore, increases the SOE. In Fig.
8a, between 12 s and 28 s, P, is positive, corresponding to a
power demand of 0.08 p.u, approximately. Until 12 s, Py is
negative and the SCS works as mentioned before. At 12's, Ppet
becomes positive, and from 20 s on, S is activated according to
the fuzzy logic rules (Fig. 8c) and P, becomes negative
instead of the positive values of P,... Despite the value of Py,
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demanded by the EV, P, and P,.; b) BAT SOC, hydrogen tank level, SOE,
and c) value of S.

the SOE increases instead of decreasing (Fig. 8b). Note that the
SCS updates Pyer every 10 s, and therefore, at 30 s, S is
deactivated.

C. High SOE with Power Surplus (Pne<0)

This section corresponds to the opposite case studied in
section IV.B. With a high SOE and P,.;<0 the aim is to avoid an
increase in SOE, despite the fact that there is an excess of power
(again, relatively small as in Section IV.B.) S is activated
between 10 s and 30 s (see Fig 9.) Therefore, the SOE decreases
owing to the SCS and the fuzzy logic rules. During the first ten
seconds there is an excess of power (P,<0). At 10 s, the SCS
detects it, and because the SOF is high, S is activated and Py
changes to a positive P, Because of this value of Py, the
SOE decreases and the SOC of the EV increases as usual despite
the excess of power,. Finally, at 30 s, the SCS detects that P,
is positive, S is deactivated, and the SCS works as explained in
Figs. 5-7.

D. Comparative Analysis

Table II illustrates the comparison between the SCS
presented in this paper and the SCS developed in [37]. This
table compares the economic benefit of both SCSs and the
minimum and maximum values of SOE, SOC and Lg. The
economic benefit is calculated by considering the energy

TABLE II. COMPARISON BETWEEN BOTH SCS

Term F-SCS  REF-SCS

Economic benefit (€)  166,10€  -6,65€
SOCumin (%) 34.4 37,1
SOCmax (%) 89,6 93,7
Lit2.min (%) 23,1 29,7
Lit2.max (%) 65,9 77,7
SOEnmin (%) 15,4 21,6
SOEmax (%) 77,7 84,3

injected into the grid as revenue, and the energy consumed from
it as expenditure. The results show that a total economic benefit
of 166.1 € is obtained with the SCS presented in this paper (F-
SCS), while this value is practically zero with the other SCS
(Ref-SCS). In the F-SCS, the BAT and hydrogen system try to
inject power into the grid to generate more revenue, and in the
Ref-SCS, the grid only has to generate or absorb the peaks of
power that neither the hydrogen system nor the BAT are able to
balance. The use of the grid by the F-SCS makes the SOFE, and
therefore, the SOC and Ly have, in general, lower levels than
those of the Ref-SCS.

E. Experimental Validation

Hardware-in-the-loop (HIL) allows testing and verifying
the SCS in electric power systems, smart grids, and microgrids,
without the need for complete system hardware. In HIL testing,
a real-time plant emulator acts as a digital twin of the power
system, whereas the control system is integrated into a digital
board with a similar architecture as the final board to be used in
the real system.

This section presents the results obtained from the HIL
experimental validation. Fig. 10 show the setup built for the
HIL configuration. It can be observed in the configuration used
that the plant (grid-connected MVDC microgrid) and control
run in real time in an OP4510 simulator from OPAL-RT, which
is also used for monitoring the most relevant parameters in real
time. The SCS is implemented in a dSPACE MicroLabBox
unit, and dSPACE ControlDesk is used to monitor the signals
of interest. In addition, a Yokogawa DLM4038 oscilloscope is
used to capture and depict the most representative parameters
in real-time (Fig. 11.) Fig. 11a shows the main powers of the
system (Ppy, Ppar, Pm2, Pgriaand Pgy). These signals have been
reduced to obtain values between -10 V and +10 V with a scale
of 1 V/div. The EV power and PV system power are represented
with an offset of -5 V. On the other hand, Fig. 11b shows the
main voltages of the qZSI (Vius, Vv, Vie, and Vpar), the SOE
and the indexes of the ZSVM technique, M and Dy. In this
figure, in order to show all parameters in a single plot, the
following setting has been reproduced: The voltage signals
have been scaled down to obtain values between -10 V and
+10 V with a scale of 1.25 V/div (offset of -5 V). The SOE has
been scaled down to obtain values between -10 V and +10 V
with a scale of 1 V/div (offset of -4 V). M and Dy, have been
scaled down to obtain values between -1 V and +1 V with a
scale of 625 mV/div (offset of -2.6 V). The time scale is set to
50 s/div for all the signals in both figures.
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Fig. 10. Experimental setup implemented in this work
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These captures show the first 500 s of the simulation with
F-SCS. Thus, it can be verified that the PV system power and
power demanded by the EV in Fig. 4a correspond to the shapes
of the dark blue and pink signals of Fig. 11a. The same fact
also occurs with the BAT, hydrogen system, and grid power in
Fig. 5a and the red, blue, and light blue signals in Fig. 11a. Note
that the difference between the PV system power and EV power
is distributed among the BAT and the hydrogen system. In
addition, between 75 s and 125 s, instead of using the ESSs to
absorb the excess of the PV system power, the grid absorbs
power to improve the economic benefit of the charging station.
Regarding Fig. 11b, it can be observed that the main voltages
in the system are properly regulated under variable sun
irradiance; and the SOE, M and D are kept within adequate
values, corresponding to the results registered in the simulation
of the F-SCS. The results illustrate that the F-SCS works
properly under the HIL experimental setup.

V. CONCLUSION

This paper described and evaluated a new SCS applied to a
MVDC microgrid based on ZSC for an EV charging station.
This work presented two main contributions: 1) the
configuration of the MVDC microgrid by itself based on ZSC
(composed of a PV system, BAT, hydrogen system, and grid),
and 2) the design of the SCS based on a fuzzy-logic-based
system to optimize the energy available in the hydrogen tank
and the BAT, while maintaining the power balance and
obtaining economic benefit from the use of the grid.
Additionally, the SCS (F-SCS) was compared with a simpler
SCS (Ref-SCS) previously presented in [37].

The results showed that the configuration proposed for the
MVDC microgrid and the implemented SCS were perfectly
valid for this application. In comparison, the economic benefit
of the F-SCS was significant. Furthermore, the configuration
allowed working with high levels of voltage (reducing currents)
and reducing the number of converters used. Moreover, it was
proved that the SCS maintained the power balance of the
system, controlled the BAT SOC and the hydrogen tank level,
and avoided the continued use of the local grid.
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