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Abstract—Here, the proposed work primarily focused on the 

planning of a grid-connected electric vehicle (EV) charging 

station integrated with a solar photovoltaic (PV) system. The 

foremost objective of the paper is to investigate the feasibility of 

utilizing renewable energy sources to charge EVs and to reduce 

the dependency on non-renewable energy sources. A multi-level 

constant current (MLCC) charging technique for EVs was 

implemented by considering the different states of charge (���) 
of EV batteries. Also, a constant DC bus voltage regulation-

based power management scheme was implemented for optimal 

utilization of the sources and optimal sharing of active power. 

The control technique for the proposed PV-integrated EV 

charging station was verified through MATLAB/Simulink 

results and OPAL-RT experimental results.  

Keywords—renewable energy sources, photovoltaic, electric 

vehicle, power management schemes 

I. INTRODUCTION 

One of the major contributors to air pollution is the 
emissions from traditional fossil-fuel-powered vehicles. They 
have adverse impacts on the environment. Whereas, electric 
vehicles (EVs) have zero emission and may be powered using 
renewable energy, which makes them more sustainable and 
clean. Also, with the oil reserves being depleted and becoming 
harder to extract, there is a need to switch to some alternative 
energy to run the vehicles. Hence, nowadays EVs can be 
powered by renewable energy sources (RES) such as solar and 
wind, which also promotes energy independence. Also, EVs 
have lower maintenance and fuel costs compared to that 
traditional vehicles. Because of the increasing global 
awareness, the demand for the use of EVs is growing quickly. 
Hence, a large number of EVs are going to be operated in the 
near future, which may add huge stress to the existing electric 
grid for the charging process. To reduce the stress from the 
conventional grid, RES-based charging stations for EVs have 
been opted nowadays. This RES-based charging station keeps 
the surroundings clean and also saves the cost of transmission 
as the power is generated locally. 

 Many researchers are doing research on different EV 
charging techniques and power management strategies in 
charging stations. An overview of the on-board and off-board 
charging of EVs with one-way and two-way power flow 
schemes was presented in [1]. Normally unidirectional 
chargers provide simple interconnection topologies with 
limited hardware requirements and reduce the degradation of 
battery life. Whereas in the case of bidirectional charging, the 
battery injects the required power into the grid to provide 
adequate power stabilization. A DC bus signaling (DBS) 
based smart charging station was proposed in [2], where the 
voltage at the DC bus was variable and decided according to 
the Sun’s insolation level. A multifunctional EV charging 
station was proposed in [3], where the system can run in both 
grid-integrated and stand-alone modes according to the 

availability of PV power. In [4], the authors presented an EV 
charging scheme based on inductive power transfer with a 
constant voltage/constant current (CV/CC) mode of charge 
with a wide range of load variation. An energy management 
system with PV power production forecasting capability was 
presented in [5] to control the optimal power flow between the 
grid, EV, and PV systems. Here, EV battery charging cost 
minimization is the main objective with reduced energy 
consumption from the grid. In [6], the authors designed a fast 
EV charging station with PV integration and storage devices. 
Here, the authors mainly focused to reduce the high energy 
demand from the conventional grid and to increase the 
profitability of the charging station. In [7], the authors 
proposed an approach to estimate the open-loop impact of 
plug-in-electric vehicle charging on a radial distribution 
system. This methodology utilized demographic data and 
travel surveys to predict the time and place of EV charging. 
An interval type-2 fuzzy logic-based power-sharing technique 
with EV charging was proposed in [8]. Here, a bidirectional 
power flow operation was developed for both grids to vehicle 
and vehicle to grid. In [9], a power management strategy with 
a hysteresis current controller for EV charging was proposed. 

From the above literature, it is found that the integration of 
EV charging stations with PV systems can offer a renewable 
energy solution that not only reduces carbon emissions but 
also promotes sustainable transportation and achieves energy 
independence. Hence, this paper is based on the design of an 
EV charging station connected to a PV hybrid AC/DC 
microgrid. Here only the grid-to-vehicle mode of power flow 
is considered by using unidirectional buck converter 
interfacing. A multi-level constant current (MLCC) EV 
charging technique according to the available ���  level of
batteries is proposed in this paper. Additionally, a power 
management scheme based on DC bus voltage is proposed to 
maintain a constant DC link voltage and provide uninterrupted 
charging of EVs during variable load and PV generation.  

This paper is structured as follows: the detailed structural 
design of the proposed EV charging station is described in 
Section II followed by the control techniques of different 
converters in Section III. In Section IV simulation results are 
discussed and real-time OPAL-RT results with explanations 
are given in Section V. Lastly, concluding remarks with the 
future field of application are given in Section VI.   

II. STRUCTURAL DESIGN OF PROPOSED EV CHARGING 

STATION 

The complete structure of the planned EV charging station 
is shown in Fig. 1. It consists of a PV array, utility grid, electric 
vehicle, and DC loads. A DC/DC boost converter is used for 
the interfacing of the PV array with the common DC bus. The 
switching control of this boost converter is done by 
implementing maximum power point tracking (MPPT)
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Fig. 1. Complete architecture with control techniques of the proposed EV charging station.  

technique for extraction of the maximum possible PV power. 
Then, the electric vehicle is connected to the microgrid by 
using a buck converter. In this paper, the EV is represented as 
a battery unit in the system. A bidirectional AC/DC converter 
is used with the connected grid to provide the provision of a 
two-way power flow in order to maintain the proper power 
balance in the system. 

III. CONTROL STRUCTURE OF PROPOSED EV CHARGING 

STATION 

The amount of power produced from PV is not constant 
every time because of the intermittent nature of the 
environment. Hence, according to the available PV power, a 
power balance should be maintained in the system for a safe 
and reliable operation. Hence, the power balance equation can 
be given as  

%&' + %( = %*+,- + %.'  (1) 

%&' , %(, %*+,- , and %.'  are the power of PV, grid, load, and

EV respectively. Depending on (1), two modes of operation 
are defined in this paper. 

1. Sufficient power (%&' > %*+,- + %.'$: In this working

mode, the power produced from PV is enough to
supply the DC load and EV charging. The additional
available power from PV is absorbed by the grid.

2. Insufficient Power ( %&' < %*+,- + %.'$ : In this

operation, the PV power alone is not enough to meet
the load demand and EV charging. Hence, the extra
power required in the microgrid is supplied by the grid
unit.

A. Control of AC/DC Converter

This is a bidirectional AC/DC converter mainly used for
interfacing the grid with a microgrid system and to maintain 
the constant voltage at a common DC link. During sufficient 
power mode, it works as a DC/AC converter and during 
insufficient power mode, it works as an AC/DC converter. For 
the switching control of this converter, the control technique 
used is based on DC bus voltage.  

�. = �-1,2 − �-1  (2) 

�-1  and �-1,2  are the actual and reference voltage at the

DC bus, and the error voltage at the DC bus is noted as �.. The
minimum reference DC bus voltage can be calculated by using 
(3) according to the grid voltage [10]. In this paper, the single-
phase grid is having 230� , hence the DC bus reference
voltage is chosen as 400�.

�-1,2 = 4√467
√8  (3) 

�(,2 = �. 9:& + ;<
= > × sin!"#$  (4) 

The reference grid current (�(,2 ) is generated in (4) by

using a voltage controller with the voltage deviation at the DC 
bus. :& and :B  are the proportional and integral coefficients

of the voltage controller. A phase-locked loop (PLL) is 
implemented to compute the grid voltage template (sin!"#$)
and accordingly, the current reference will be estimated. " is
the angular frequency of the grid. Then, the generated 
reference current and actual current of the utility grid are 
compared, and output is given to a PI-based current controller 
as shown in Fig. 1. The switching signals for �D  to �E  are
produced by using a PWM generator. 

The minimum value of the DC link capacitor (�-1) can be
calculated as [11] 

�-1 = 86FGH
I
JK6LMJN6LM,O<PJQ

 (5) 

Here, � is the voltage (phase), � is the current (phase), R
is the factor for overload, and �-1,SBT  is the minimum
permissible DC bus voltage. The minimum filter inductance 
(�U) value can be estimated as

�U = √8S6LM
D4FUVW∆B  (6) 

In (6), Y, R, ∆�, and �=\ are the modulation index,
overloading factor, current ripple, and switching frequency of 
AC/DC converter, respectively [11]. 

B. Control of DC/DC Boost Converter

A boost converter as presented in Fig. 1 is utilized to boost
the PV voltage level which is then fed to the DC bus. A perturb 
and observe (P&O) MPPT algorithm is implemented in this 



paper for tracking of the maximum PV power. The MPPT is 
taking the PV voltage (�&') and PV current (�&') as input. The

duty cycle ( 
&' ) from the MPPT is given to the PWM

generator to generate the switching pulses for �&' . The

boosting operation of the converter will be decided by the 
voltage of PV and DC bus voltage as follows. 

�-1 = 6]^
DN-_^

 (7) 

C. Control of DC/DC Buck Converter

Different types of charging techniques for EV batteries are
discussed in [12] such as i) constant voltage (CV), ii) constant 
power (CP), iii) constant current (CC), iv) trickle current (TC), 
v) taper and floating charging, etc. Normally, the constant
current charging method is used widely for EV charging
systems. In this paper, a modified CC charging technique is
utilized that is multi-level constant current (MLCC) charging.
Here, the charging current for EV batteries varies with the
��� level of the EVs. The running ��� level of the batteries
can be calculated by applying the following equation. 

��� = ���BTBH − D
8`aab c �.'
#  (8) 

In (8), ���BTBH , �, and �.'  are the initial ��� value of EV,
nominal capacity of batteries, and the EV current respectively. 
The initial ���  value of EV can be found from the open
circuit voltage of the EV batteries. 

The MLCC charging method continuously monitors the 
��� levels and generates the reference EV charging current
(�.',1). The minimum and maximum ��� limits are 20% and

80%  respectively. When the ���  of batteries is less, the
charging current will be more and vice versa. The EV charging 
current is a maximum that is 9g when the ��� is less than the
lower limit of 20% . Then from 20%  to 50%  of ��� , the
charging current is set to 7g, and from 50% to 80%, it is set
as 5g. After 80% of charging, the control technique stops the
EV charging process to avoid overcharging the EV batteries. 

IV. SIMULATION RESULTS AND DISCUSSION

The proposed EV charging technique is verified by the 
results obtained from MATLAB simulations. In Table I, the 
designed parameters of the proposed system are given. 

TABLE I. SYSTEM DESIGN PARAMETERS 

PV Parameters (for a single 
array) 

29�
36.3�
7.35g 
7.84g 

Maximum voltage ( �S&$ 

Open circuit voltage (�+1)
Maximum current (�S&)

Short circuit current (�=1) 

EV Battery 

12�
16 

35% 

Nominal voltage  
Number of batteries 

Initial ���
Grid voltage, frequency 230�, 50lm 
DC bus voltage 400�

During all operating conditions, the losses in power 
because of the passive elements present in the system are not 
considered for the simulation study. 

A. Change in PV Generation

Initially, the irradiance is 1000 n Y4⁄  from 0 − 3�  and
then it is decreased to 500 n Y4⁄  from 3 − 6� . The load
requirement and EV charging power remain constant 
throughout this operation. From 0 − 3� , PV generation is

1450n and EV is charging with a constant power of 1350n.
A sufficient amount of PV power is produced to meet the 
charging of EVs. Then, the grid is supplying the extra power 
of 1100n to the DC load as presented in Fig. 2. At 3�, PV
generation is reduced to 750n , but EV is taking constant
power for charging purposes. The additional EV charging 
power is delivered by the utility grid, hence grid power is 
increased to 1850n . During these changes of power, the
voltage at the DC link is maintained at a constant value of 
400� as presented in Fig. 3. Maintenance of constant DC bus
voltage regardless of any changes in the microgrid is one of 
the prime functional intentions in a power management 
system. During this operating mode, EV is in charging mode. 
As shown in Fig. 4, the ���  of EV is increasing gradually
with time.     

Fig. 2. Different power plots during PV power variation. 

Fig. 3. DC bus voltage during PV power variation. 

Fig. 4. Change in ��� of EV during charging condition.

B. Change in Load

Fig. 5. Different power plots during the change in load demand. 



During this operating condition, PV generation and EV 
charging power are constant. The load requirement is 1100n 
initially from 0 − 3�. At 3�, the load is increased to 1650n. 
The additional power demanded by the load is met by the grid. 
Hence, the amount of power drawn from the connected grid is 
also increased as displayed in Fig. 5.   

 

Fig. 6. DC bus voltage during the change in load. 

The voltage at DC link is kept constant during the change 
in load condition. At 3�, there is a deviation in the DC bus 
voltage, but it regained the 400� after 0.2� as shown in Fig. 
6. In this mode, the utility grid is providing power to the 
microgrid, hence the voltage and current at the grid side are 
operated at unity power factor (UPF) as given in Fig. 7. This 
will improve the quality of power delivered to the consumers.  

 

Fig. 7. Grid voltage and current operating at UPF. 

C. Multi-Level Constant Current Charging (MLCC) 

 

Fig. 8. Step change in ��� of EV battery during MLCC charging. 

 

Fig. 9. Step change in EV battery charging current during MLCC method. 

As shown in Fig. 8, ��� of the EV battery is changed in a 
step manner (intentionally) to check the effectiveness of the 
multi-level constant current method. According to this 

charging technique, the reference current for charging (−	�) 
of EV is produced based on ��� of the EV batteries as shown 
in Fig. 9. In this operating state, the PV power and load 
demand are constant. Hence, the change in EV charging 
power is compensated by the utility grid as shown in Fig. 10. 

 

Fig. 10. Different powers of the system during MLCC charging. 

D. Sufficient Power Mode 

During this operation, PV generated power is enough to 
meet the load requirement and EV charging i.e. %&' > %*+,- +
%.' . Again the surplus PV power is fed to the connected grid 
through the DC/AC bi-directional converter. As the extra 
power is taken by the grid from the microgrid, the grid power 
is −	�  as given in Fig. 11. This condition makes the grid 
voltage and grid current to be operated at 180°  phase 
difference i.e. out of phase operation. The voltage and current 
plots for the grid are given in Fig. 12. 

 

Fig. 11. Different system powers during sufficient power operation. 

 

Fig. 12. Grid voltage and current during sufficient power mode.  

V. EXPERIMENTAL RESULTS AND DISCUSSIONS 

For validation of the designed EV charging station in 
terms of precise tracking of reference current, smooth 
transient, and fast dynamics response against sudden 
disturbances because of generation and load variation in the 
microgrid system, the experimental results are recorded in 
real-time in this section. A real-time simulator OP4510 is used 
for the validation of the proposed control technique, which is 
portable, compact, and provides high performance, as given in 
Fig. 13. Fig. 13 shows a complete laboratory set-up with a 
real-time simulator (OP4510), host system, and digital storage 
oscilloscope (DSO). The proposed technique is confirmed by 
the experimental results for the following situations, i) 



variation in PV generation, ii) variation in load demand, and 
iii) MLCC control technique. The main objectives of the 
explained control technique are to supply uninterruptable 
power for charging of EV, to maintain a constant voltage of 
400� at the common DC link, and efficiently maintain the 
power equilibrium in the system. 

 

Fig. 13. Real-time experimental set-up using OPAL-RT. 

A. Performance during Change of PV Generation 

 

Fig. 14. PV voltage and current for variable generation. 

 

Fig. 15. Experimental result of different power under variable PV generation. 

 

Fig. 16. Experimental result of DC bus voltage and different EV parameters 
under variable PV generation. 

The PV generation is changed by shifting the solar 

irradiance from 1000 n Y4⁄  to 500 n Y4⁄  at point #D. The 
respective change in PV voltage and current are shown in Fig. 
14. During this operating condition, EV is charging with 

constant power and load is also taking constant power from 
the system. Due to the decrease in PV generation, power 

supply from the grid is increased at #D to fulfill the EV and 
load power. These power plots are shown in Fig. 15. 
Irrespective of the change in PV generation, DC bus voltage 
remains constant as shown in Fig. 16. At the point of 
generation change, there is an undershoot appeared in the DC 
bus voltage, but the undershoot is settled within very less 

time. Respective EV voltage, current, and ���  are also 
shown in Fig. 16.  

B. Performance during Change of Load Demand 

Here, the system performance is checked for variable 

loading condition. At point #D , the load in the system is 
increased as shown in Fig. 17. As the PV generation is 
constant during this operation and EV charging power is 
constant, hence the extra power required by the load is 
supplied by the utility grid as given in Fig. 17. Because of the 

load change, there is a voltage undershoot occurred at #D in 
the DC bus voltage as shown in Fig. 18. But within very less 

time, DC link voltage is recovered to 400�. The terminal 

voltage, charging current, and ���  of EV battery are 
presented in Fig. 18.  

 

Fig. 17. Different power under changing load condition. 

 

Fig. 18. Experimental result of DC bus voltage and different EV parameters 
under variable PV generation. 

 

Fig. 19. Grid voltage and current working at UPF. 

For a reliable operation of a grid-connected microgrid 
system, grid voltage and current are required to operate at 
UPF. This will enhance the power quality features of the 
microgrid. In the proposed control technique, grid voltage and 
current are operated at UPF as shown in Fig. 19.  
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C. Performance in MLCC Method 

The control technique used here for charging of EV is the 
multi-level constant current. To check the efficacy of this 

technique, the ��� of EV battery is changed intentionally as 

given in Fig. 20. Initially up to #D, the EV  ��� is less than 

20%, hence a charging current of 9g is taken by the EV. 

From #D to #4, the ��� of EV set as 50% and according to 
the MLCC control, the charging current of EV is decreased 

to 7g. Again after #4, ��� is increased to 75%. Hence, the 

charging current is decreased to 5g. All these changes in EV 

��� and charging current are shown in Fig. 20. In this paper, 

the charging current is taken as – 	�. During these changes 

the voltage at DC link is retained at 400� as presented in Fig. 
20. Due to the change in charging current of EV, the power 
drawn by EV for charging is decreased in step-wise, but the 
PV and load powers are constant. Hence, to keep the power 
equilibrium in the EV charging station, the power drawn from 
the grid is also decreased step-wise as presented in Fig. 21.  

 
Fig. 20. Experimental result of DC bus voltage and different EV parameters 
in MLCC method. 

 
Fig. 21. Different power in MLCC method. 

VI. CONCLUSIONS 

In this paper, an effective multi-level constant current 
charging method is proposed to evade from overcharging of 
EV batteries. The PV system is always operated at MPP for 
optimal utilization of renewable energy. Also, a power 
equilibrium is maintained irrespective of any changes in the 
system. By showing both real-time simulation and MATLAB 
simulation results, the proposed technique is verified. By 

integrating EV charging with PV microgrids, this system has 
the potential to contribute to a cleaner and more sustainable 
transportation system, and also promote the use of renewable 
energy resources. Further research and implementation of 
such systems can play a vital role in driving the adoption of 
EVs and renewable energy technologies, thereby paving the 
way toward a more sustainable future. 
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