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Abstract: Electric vehicles (EVs) are considered as the leading-edge form of mobility. However, the
integration of electric vehicles with charging stations is a contentious issue. Managing the available
grid power and bus voltage regulation is addressed through renewable energy. This work proposes
a grid-connected photovoltaic (PV)-powered EV charging station with converter control technique.
The controller unit is interfaced with the renewable energy source, bidirectional converter, and local
energy storage unit (ESU). The bidirectional converter provides a regulated output with a fuzzy logic
controller (FLC) during charging and discharging. The fuzzy control is implemented to maintain a
decentralized power distribution between the microgrid DC-link and ESU. The PV coupled to the
DC microgrid of the charging station is variable in nature. Hence, the microgrid-based charging is
examined under a range of realistic scenarios, including low, total PV power output and different state
of charge (SOC) levels of ESU. In order to accomplish the effective charging of EV, a decentralized
energy management system is created to control the energy flow among the PV system, the battery,
and the grid. The proposed controller’s effectiveness is validated using a simulation have been
analyzed using MATLAB under various microgrid situations. Additionally, the experimental results
are validated under various modes of operation.

Keywords: electric vehicle (EV); level-1 EV charging station; bidirectional converter; fuzzy
logic control

1. Introduction

Due to the depletion of fossil fuels and climate changes, the transportation sector
has upgraded; electric vehicles play a significant role. The electrification of the electric
vehicle (EV) battery depends on the grid condition. Thus, the renewable energy source
(RES)-powered EV charging infrastructure and its effective utilization reduces charging
costs and grid overload [1,2]. A photovoltaic (PV) system is the prime source of RES,
which provides a standalone operation at all DC power requirement applications [3]. The
RES-connected charging station offers a solution for power demand on the utility grid.
However, the problems of the harmonics and voltage fluctuations in the utility grid system
are balanced by the RES-powered balanced charging station [4–6]. Therefore, a microgrid
with RES connected charging station provides an alternative to grid-connected charging.

A residential grid-connected charging station requires at least a four-power electronics
converter. The first stage of the converter for PV integration with the DC bus requires

Energies 2023, 16, 2753. https://doi.org/10.3390/en16062753 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16062753
https://doi.org/10.3390/en16062753
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-0123-5739
https://orcid.org/0000-0003-0298-4448
https://orcid.org/0000-0003-4842-3275
https://orcid.org/0000-0002-5634-9178
https://orcid.org/0000-0002-1086-457X
https://orcid.org/0000-0003-0508-8518
https://orcid.org/0000-0003-0495-5499
https://doi.org/10.3390/en16062753
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16062753?type=check_update&version=2


Energies 2023, 16, 2753 2 of 17

a DC–DC boost converter with high gain and control. The PV with a dedicated boost
converter is used to power most commercial and residential EV charging applications.
Fuzzy systems have been used in many scientific domains since they are simple to adapt to
complicated procedures and do not require previous data as other intelligent controllers
do. Fuzzy logic control has been used in this study due to these factors. Similar to how
the charging station needs an energy management plan to manage power flow, vehicles
benefit more from fuzzy-based optimization [7]. The EV, powered by the battery storage
by RES, is more efficient and eco-friendlier when compared to other EV technologies [8,9].
The charging architecture of EVs can take supply from the DC microgrid or give supply
to the DC microgrid through the bidirectional converter [10]. Reducing the stress in the
utility grid and avoiding the usage of non-renewable sources, EVs act as power sources [11].
The EVs are charged from the DC bus; hence, it requires the second stage of the converter,
which is the DC–DC buck converter [12]. The second stage of converters at the charging
stations is DC–DC bidirectional converter (BDC) for ESU charging or discharging [13]. For
grid-connected charging, and AC–DC rectifier is connected between the utility grid and
the DC bus [14].

The EV is charged through the BDC. The advantages of using BDC are to support
the power flow between the DC bus to the vehicle (G2V) and the vehicle to the DC bus
(V2G) [15]. The BDC functions as a boost converter when the power is transferred from
the low-voltage end to the high-voltage end. A typical block diagram of the charging
station is shown in Figure 1. A charging station with a DC microgrid is supported by PV,
ESU, and the utility grid. The bidirectional AC–DC converter connects the utility grid
to the DC microgrid. The type of load connected to the DC bus determines the charging
station’s efficiency.

Figure 1. Fuzzy-controlled microgrid-based EV charging station.

The dual-stage architecture of the off-board EV charging station architecture is pro-
posed; the first stage uses a maximum power point tracking (MPPT)-controlled DC–DC
boost converter. Depending on the reference DC bus voltage, the controller is designed
to provide a PWM signal to the DC–DC converter. When a large-scale signal is supplied,
the proportional-integral (PI) controller cannot forecast the load voltage, which lengthens
the rise time and dampens oscillation [16]. The charging stations are controlled through
centralized control when the charging station is small [17]. The decentralized controller is
more suitable when connected to different sources [18]. Battery and modular STATCOM
with fuzzy controllers are also used with the DC link powered by the PV source [19,20].
Prioritization for ESU charging or discharging at the charging station is fluid [21,22]. An-
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other useful tool for controlling the power converter at the charging station is a fuzzy logic
controller. The FLC goal in this study is to enable coordinated operation between the DC
bus voltage and the energy storage unit’s SOC (ESU). The primary innovation of this paper,
in comparison to previous ones, is the use of fuzzy controllers as a decentralized EMS to
independently control the converters of two system components and achieve coordinated
operation of the following parameters: power flow, medium voltage direct current (MVDC),
and energy storage unit (BESS) SOC.

The structure of this paper is as follows: Section 2 describes how the microgrid is
configured for the EV charging station. Additionally, this section presents the proposed
charging station architecture and its FLC control strategy for the ESU and bidirectional
converter control. Section 3 is the detailed simulation analysis of the proposed charging
station using MATLAB. The corresponding results are practically tested using the lab-based
prototype in Section 4. Section 5 concludes this article.

2. Proposed Microgrid for EV Charging Station and Its Control

The proposed DC microgrid-based EV charging infrastructure contains a PV MPPT
boost converter and BDC for connecting EV and ESU with the DC bus [23]. The DC bus
in the microgrid is powered through the PV using a DC–DC boost converter and a utility
grid using the bidirectional inverter. Depending on the solar irradiation, PV can deliver
the range of the power output [24]. The energy storage unit stores the charge for future
usage and provides an uninterrupted supply for charging. The PV-powered EV charging
infrastructure is shown in Figure 2.

Figure 2. DC microgrid-based bidirectional EV charging station architecture.
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The charging station operated in different modes based on the requirement of the
charging station. Generally, the EV charging is performed through a renewable energy
source, when the RES cannot power the charging station or is charged from the EV, the ESU,
and the utility grid. During the operation of PV to EV, the utility grid, and the ESU-based
charging mode, it is necessary to regulate the DC bus voltage [25,26]. The DC-to-DC
converter interfaces with the PV and the DC bus and uses maximum power point tracking
(MPPT) to utilize PV power effectively. The ESU regulates the DC bus voltage through the
fuzzy logic controller. The BDC operates in a boost mode when the arrived vehicle is fully
charged and is ready to transfer the power to the charging station storage [27]. The EV’s full
charge is identified by measuring the SOC values of the battery inside the vehicle [28,29].
The reference value of SOC for vehicle-to-vehicle (V2V) mode is 60% [30]. The half bridge
BDC operates as a buck mode during the charging mode to provide increased current
for fast charging [31,32]. An FLC controller using goal representation adaptive dynamic
programming is used to improve the stability of system photovoltaics. The literature also
discusses coordinated charging, which is a potential way to lessen the effect of recharging
EVs on the distribution grid network to which they are attached.

The proposed dual-stage charging station provides the option for V2V also. The
characteristics and advantages of the DC bus-connected EV charging station are as follows:

• This charging station can operate independently without receiving power from the
utility grid; the development of a ESU2G system includes the development of an
appropriate regulated power to the DC microgrid.

• A battery used as an EV provides a continuous supply to the EV charging terminals
with its PI control.

The direct level-1 EV charging station consists of three different converters: A boost
converter from the renewable energy source side, a bidirectional converter from the vehicle
side, and an inverter for utility grid integration. The charging station is connected to
different types of loads. The different loads depend on road transportation; electric bikes,
e-rickshaws, and EVs are connected to the charging station. Based on the battery capacity,
the charging station can control its charging. With the FLC control strategy, the bidirectional
converter provides a regulated voltage to the DC bus and provides controlled charging for
different types of electric vehicles.

2.1. Fuzzy Logic Control in ESU

The independent fuzzy logic control was developed to control the BDC in the vehicle
and ESU side [33]. Using established procedures and knowledge, all DC loads in the public
charging station were connected to the standard DC bus voltage levels for DC microgrids
in residential buildings that were located between a distributed generator and the loads.
Voltage values ranging from 12 V to 800 V have been suggested in the literature due to a lack
of standardizations. In order to simplify the systems and cut losses, standard voltage levels
for DC distribution systems are created. The present typical voltage values of 300–400 V
electric vehicles may serve as inspiration for these DC voltage levels, even though some
efforts are still being made to build these standards, based on the above criteria DC bus
voltage is set as 320 V [34].

The different energy storage system with the renewable energy source-connected EV
charging station DC bus voltage are controlled through the distributed bus signaling (DBS)
method. A particle swarm optimization (PSO)-based approach is used in the EV charging
station [35]. Decentralized energy sources in an EV charging station allow easy integration
of power sources by forming a medium voltage microgrid [36].

This control strategy aims to provide the regulated output to the DC bus through ESU.
The comparative analysis of the literature studies is provided in Table 1. The proposed
fuzzy controller permits a good response, according to the comparison analysis. The
quickness, stability, and dependability of the system will improve.
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Table 1. Different fuzzy logic control at the charging.

Ref. No. Controller Proposed Contribution of the Work

[37] FLC AC microgrid voltage and frequency under different system load operations and
different solar irradiation

[38] Droop Control Energy management system algorithm for a residential hybrid microgrid system and a
real-time monitoring platform

[39] FLC The fuzzy-based scheme enables the storage to charge or discharge within the safe
operating region.

[40] FLC Making the best choice feasible with the aid of a fuzzy logic controller to deal with
smart charging.

[41] FLC Reduced steady state error response time of the charging station

For the control strategies, the output power is considered as the reference for the
EV and ESU side power converters. The main objective of the fuzzy logic controller is to
control DC bus voltage and SOC ESU. The fuzzy logic controller used for the ESU is shown
in Figure 3.

Figure 3. FLC for ESU power control.

The following inputs are given to the fuzzy controller SOCESU, the cumulative error
of DC bus voltage. The rated DC bus voltage is set as 320 V; the error is calculated by
comparing the measured value with the reference. The error and the differential error of
the inputs are taken as the normalized value between −1 and 1; this corresponds to the
−30 V and +30 V. The SOCESU is the normalized value for fuzzy between 0 and 1. There
are seven membership functions assigned for the error and cumulative error: Negative
high (NH), negative medium (NM), negative low (NL), zero (Z), and positive low (PL),
positive medium (PM), and positive high (PH) are shown in Figure 4a. The membership
function of other input is SOCESU and rangers are assigned as low (L), medium (M), and
high (H) is shown in Figure 4b. Based on the above input fuzzy values, ESU power is
normalized between −1 and +1. The fuzzy membership function of PESU is assigned as
negative high (NH), negative medium (NM), negative low (NL), zero (Z), positive low
(PL), positive medium (PM), and positive high (PH) and is shown in Figure 4c. The ESU
connected to the charging station is charged when the SOC values are low. The charging is
considered unfavorable. The ESU delivered the power to the charging station when the
SOC was medium, high value, and the discharging was positive.

The rule base of the fuzzy logic controller is developed based on the ESU SOC, and
the corresponding is shown in Tables 2–4. The control differs based on the ion of the SOC
level; when the SOC is high, the ESU is able to supply the power to the DC bus to provide
the deficiency. During the time of discharge, ESU power is positive; similarly, when the
value of SOC is low, ESU charged from the DC bus is considered as negative.
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Figure 4. Membership function of input and output: (a) PESU, error and cumulative error; (b) SOCESU

(c) PESU.

Table 2. Fuzzy rule base: P ESU when SOC of ESU is low.

D
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r

Error

NH NM NS Z PS PM PH

NH NH NH NM NM NS NS Z

NM NH NM NM NM NM NS Z

NS NH NM NS NS NS Z Z

Z NH NM NS Z Z Z Z

PS NM NM NS Z Z Z Z

PM NS NS Z Z Z Z Z

PH Z Z Z Z Z Z Z

Table 3. Fuzzy rule base: PESU when SOC of ESU is medium.
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Error

NH NM NS Z PS PM PH

NH NH NH NM NM NS NS Z

NS NH NM NM NM NM NS PS

NS NH NM NS NS NS Z PS

Z NH NM NS Z Z PS PM

PS NM NM NS Z PS PM PH

PM NS NS Z PS PM PH PH

PH PH Z PS PM PH PH PH
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Table 4. Fuzzy rule base: P ESU when SOC of ESU is high.

D
iff

er
en

ce
in

Er
ro

r

Error

NH NM NS Z PS PM PH

NH Z Z Z Z Z Z Z

NS Z Z Z Z Z PS PM

NS Z Z Z Z Z Z PM

Z Z Z Z Z PS PM PM

PS Z Z Z PS PM PM PH

PM Z PS PS PM PM PH PH

PH Z PS PM PM PH PH PH

A fluctuation in the DC bus voltage caused by fuzzy logic control grid management is
required, and its controller rules are designed with this foundation.

2.2. Bidirectional Converter and its Control

The EV battery charging input power is given to the battery through the bidirectional
converter. It operates in both boost and buck mode. The basic half-bridge bidirectional
converter is operation in continuous conduction mode (CCM). The different converter used
for the EV battery charging the bidirectional converter operates in boost and buck modes.
The converter operates in buck mode during ESU charging or boosts while ESU supplies
power to the charging station.

During charging, the charger follows a constant current and voltage charging, and the
duty ratio dv controls the buck mode operation of the charger, as shown in Figure 5.

Figure 5. Bidirectional converter constant current (CC) and constant voltage (CV) control mechanisms
for charging an EV battery.

The EV battery is charged by giving the charging converter a constant voltage and
constant current control. Figure 6 illustrates how constant voltage charging is performed
using an external voltage loop control and fast charging with an inner current loop control.
The battery is charged if the current flowing into it is positive (Ibatt > 0); otherwise, it is
discharged. The energy management controller supplies the battery with a controlled
supply based on the battery current’s sign (Iref). The battery is charged if Iref > 0 and
drained if Iref 0.
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Figure 6. Controller for an EV battery.

A charging converter operating mode changes based on the SOC and sign of the
reference current (Iref). Depending on the switch control signal, it can be operated in either
the constant voltage or constant current mode. When the switch is open, the charging
station converter operates in constant current charging mode; when it is closed, it operates
in constant voltage charging mode. This charging controller operates in two loops; the first
loop is the faster current loop control, and the second loop is the outer voltage loop control.
Based on the battery reference voltage and reference current, it can operate in constant
current and constant voltage mode. If the EV battery SOC is less than 70% charging, the
converter operates in constant current mode. Otherwise, it will be operated in constant
voltage mode. In addition, bidirectional converter efficiency is increased through regulated
charging and discharging of the current.

3. Simulation Results

PV of 5 kW is used to power the DC bus to charge the EV and 33 kVA energy storage
unit and the electric vehicle at the charging station. The DC microgrid of 10 kW modelled
in MATLAB/Simulink corresponding topology is depicted in Figure 2. The charging
station consists of PV, utility grid, and ESU that are used as the primary sources for
supplying the charging power. Considering the variations in SOC of ESU, the series of
events that characterize the microgrid operation is simulated. Simulation parameters
of the charging station taken for the simulation are given in Table 5. The fuzzy logic
controller is implemented, and the corresponding gains are determined using the standard
linearization procedure.

Table 5. Simulation parameters.

Parameters Value Unit

Utility grid voltage (Egrid) 440 Vrms
DC bus capacitance (CDC-Bus) 1000 µF

PV power (PPV) 5000 W
DC bus voltage 320 V

EV battery power 1.0–6.6 kW
EV battery voltage 48 V

Power ESU 33 kW
ESU voltage 48 V

Maximum output current 20 A
Peak efficiency 96% %
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During PV to EV charging mode, charging is achieved by providing regulated voltage
and current to the EV battery when the PV produces an output of 2 kW due to moderate
irradiation. During this condition, DC bus obtains the power of 1.9 kW (±5%), and 320 V,
5.5 A and is regulated in the DC microgrid. The regulated output voltage of 320 V is
maintained at the DC bus and is used to charge the EV. The charging current with reduced
ripple is shown in Figure 7b. The regulated output achieved through the controller is
operated to charge the EV battery under constant current and constant voltage charging,
while maintaining DC bus voltage from the ESU fuzzy controller provides a faster settling
time. Without a fuzzy controller, the settling time was observed as 0.8 s, while the fuzzy
controller settling time was observed as 0.3 s.

Figure 7. Simulation output of charger output current: (a) Without fuzzy controller; (b) with
fuzzy controller.
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The DC bus mainly utilizes the power from the PV and ESU, because of the charging
of EV mainly uses RES. During various values of SOC of the ESU, the DC bus voltages are
analyzed for system performance. When the SOC of ESU is zero (ESUSOC = 0%) and the DC
bus voltage of 325 V is measured due to the PV source, the DC bus voltage is maintained at
319 V during 0 to 1 s. The DC bus voltage is dropped during 1 to 2 s, and the PV is turned
off; the DC bus voltage is dropped below the required DC bus voltage from 2 to 3 s. After
three seconds, the ESU and PV sources are turned on, returning to the stable 322 V state
and maintaining their voltage stability. Similarly, the different values of SOC of ESU are
demonstrated and shown in Figure 8.

Figure 8. DC bus voltage at different values of SOC of ESU.

During vehicle charging, BDC operates in buck mode. During level one charging, PV
voltage is given as 5 kW and is shown in Figure 9a. The MPPT-controlled PV-connected
DC/DC converter is connected to the DC bus. The DC bus voltage is maintained as a
regulated ripple-free value of 320 V. The EV connected to the DC bus with a SOC value of
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59% is shown in Figure 9a. The bidirectional converter that is connected will be operated
in buck mode to charge the EV, which gives the output voltage of 48 V, as shown in
Figure 9a. When EV to ESU is in supply mode, the corresponding output values are
shown in Figure 10b; the corresponding vehicle discharge voltage and DC bus voltage are
maintained as 300 V while ESU power is measured as 1.2 kW.

Figure 9. (a) PV to EV charging mode; (b) EV to ESU charging mode.

During the condition of utility grid overloaded, PV is not producing any output, and
the SOC value of EV available at the charging station is above 90%; the EV battery supplies
the power to the DC microgrid. The EV battery supplies the power to other EVs, and the
corresponding output is shown in Figure 10a. When PV and ESU values are less than the
reference level or cannot supply the power to the charging station, EV is charged from the
utility grid, and the corresponding output is shown in Figure 10b.
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Figure 10. (a) EV 2 to EV 1 charging mod; (b) ESU to EV charging mode.

From the simulation results, the proposed level-1 standalone charging station is
operated regardless of the various value of SOC of ESU. Based on the different modes of
the power flow at the charging station, the measured values and summarized simulation
results are shown in Table 6.

Table 6. Simulation results.

CS Parameters PV to EV EV to ESU EV 2 to EV 1 ESU to EV

SOCESU (%) 50 30 30 30
SOCEV 1(%) 40 80 35 40
SOCEV 2 (%) 60 90 90 85

VEV 1 (V) 48 48 46 48
VEV 2 (V) 48 48 48 48

VDC BUS (V) 320 300 300 320

As can be seen, the decentralized nature of the proposal control mechanism prevents
the information from being sent between the DC/DC converters, and the DC bus’s voltage
level determines the charging station’s working point. The DC microgrid-based charging
station worked independently from the source, and the management of sources is per-
formed based on the DC bus voltage. It is observed that the DC bus voltage is regulated in
all cases.

4. Hardware Implementation

The experimental validation of the proposed off-board charging topology of a labora-
tory prototype is shown in Figure 11. The proposed charging station uses a PV of 240 W
(18 V, 13.34 A) to charge the ESU of 48 V and 50 Ah and two EV of an EV battery capacity
selected as VEV = 48 V, IEV = 3.5 A through the converter topology. The specification of the
experimentally validated charging station is shown in Table 7. The experimental results
were obtained in a laboratory environment for both DC–DC converters.
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Table 7. Parameter of the experimental setup.

Parameters Bidirectional Converter

Input voltage 320 V
Output voltage 48 V
Output power 230 W

Switching frequency 18 kHz
Duty—cycle 80%

The Li-ion battery used for vehicle storage and the parameters of the battery pack
used in the experimental setup are shown in Table 8 and highlighted in red in Figure 11.

Table 8. Parameters of Li-ion battery as ESU.

Parameters Value

Number of cells used 325
Number of cells in a row 25

Number of rows 13
Nominal voltage 48 V

Maximum voltage (charge mode) 52.1 V
Nominal capacity 50 Ah

Figure 11. Experimental setup.

In the dual-stage charging station, PV delivers the power with the maximum output of
the PV panel, which is 220 W (VPV = 18 V, IPV = 12.3 A). The DC bus voltage is maintained
at 220 V by supplying power by the PV alone using the DC/DC converter. The output of
the EV side-charging bidirectional converter under buck mode is maintained at VEV = 48 V,
IEV = 3.5 A and is shown in Figure 12a.
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Figure 12. (a) PV to EV charging mode; (b) PV and ESU to EV charging source.

At the time different sources, such as PV and ESU, power a charging station, the DC
bus voltage is measured as 220 V to 230 V at a given PV input of 18 V, and the corresponding
value of ESU is changed 0 V to 12 V. During the time of different sources charging EV, the
charging current is maintained based on the required value.

The experimental results in a single-phase grid utility grid to vehicle mode are shown
in Figure 13a. It is observed that the G2V mode microgrid current is measured as 6 A; this is
used to charge with the current of 5 A. The utility grid is connected with the source current
of the total harmonic distortion of 3.5% and a power factor of 0.9. In addition, a utility grid
during overloading conditions without ESU supply is shown in Figure 13b.

Figure 13. Experimental result: (a) Utility grid to EV mode; (b) different utility grid condition.

Microgrid voltage is measured at different utility grid conditions: when the grid is not
overloaded, and when the utility grid is overloaded, the charging station cannot receive
any power from the grid. When the utility grid is deficient in supplying the power, the
charging ESU and EV supply the power for charging.

The efficiency of the proposed charging station has achieved a maximum of 95%
with an increasing power input. The output power is taken from the charging station
ranging between 130 W to 240 W and is considered for efficiency calculation. The proposed
FLC controller provides the charging control with lesser commutation loss and ripple-
free output for the continuous charging profile. The efficiency of the charging station is
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graphically represented in Figure 14a. The percentage of charge and the corresponding
voltage is shown in Figure 14b.

Figure 14. The efficiency of charging station: (a) Simulation; (b) hardware.

The efficiency of the charging station was achieved at 95 percent as experimentally
under the level-1 charging. The efficiency through simulation study has been calculated at
97.4 percent at maximum power conditions.

5. Conclusions

The proposed EV charging station in the DC microgrid is designed with a PV array and
a local energy storage unit to provide an uninterrupted and reliable power supply. In this
work, to guarantee reliable charging, two control strategies are designed to control the grid’s
DC bus voltage and manage the available power to the EV charging plug spot. The fuzzy
logic controller regulates ESU’s charging/discharging voltage through the bidirectional
converter to facilitate the charging requirements. An intelligent charging station has been
developed based on fuzzy logic control, which is the bidirectional power flow between
EVs’ batteries and the grid during peak, standard, and off-peak hours. The overall control
strategies are handled under various practical conditions, such as low irradiance of PV and
single-phase utility grid overloading. The MATLAB simulation model designed for higher
power rating, hardware implementation of a charging system with high gain boost, and a
bidirectional converter provides better voltage regulation and improvement in charging
rates. In addition, the laboratory-scale experimental prototype results are matched with
simulation outcomes.
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