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Abstract — The anticipated proliferation of electric vehicles
(EV) and plug-in hybrid electric vehicles necessitates rapid
charging rates. Higher recharge rates result in increased
power requirements that cannot be met by the electrical grid.
This project details the modelling of a multiport converter-
based EV charging station that is integrated with PV power
generation and a battery energy storage system. In this
project, the control scheme and combination of photovoltaic
power generation, electric vehicle (EV) charging station, and
battery energy storage (BES) provide enhanced stabilization,
including power gap balancing, peak reduction and valley
filling, and voltage sag compensation. Due to the matching of
daily charging demand and appropriate daytime PV
generation, the impact on the power grid is consequently
reduced. MATLAB/Simulink Simulation results are
presented to validate the benefits of the proposed multiport
EV charging circuits with the PV-BES configuration in their
various modes.
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. INTRODUCTION

The escalating cost of petrol and growing apprehensions over
the environmental impact of fossil fuel-powered engines are
compelling the contemporary automotive industry to explore
alternate solutions aimed at mitigating fossil fuel
consumption. In addition to the ongoing investigation into
bio-fuel powered engines, several electric vehicles and hybrid
electric vehicles are emerging as feasible alternatives to
potentially replace or mitigate the existing fleet of fossil fuel
propelled vehicles. While electric/hybrid vehicles currently
available in the market are being promoted as a means to
decrease reliance on fossil fuels, there are various promising
technologies being showcased that leverage power
electronics for battery charging from the utility through plug-
in vehicles. Additionally, these technologies can also function
as distributed resources, enabling the transmission of power
back to the utility through vehicle-to-grid capabilities. This
study provides a comprehensive analysis of several plug-in
vehicle topologies, with a specific focus on the power
electronics components necessary for their operation. The
discourse encompasses the emerging V2G technology, as
well as considerations pertaining to economics and
compliance prerequisites for enabling vehicular grid
connectivity. To facilitate a comprehensive understanding of
the power electronics necessary for electric and hybrid
vehicles, it is essential to first familiarise oneself with the
various types of these vehicles.

The increasing concern regarding the reduction of
fossil fuel consumption and environmental pollution has led
to the emergence of electric cars (EVs) as a viable alternative
to conventional gasoline-powered automobiles. The

proliferation and growing adoption of electric vehicles
necessitates the widespread deployment of charging
infrastructure, owing to the inherent limitations in electric
vehicle battery capacities. Nevertheless, the presence of a
significant number of directly grid-connected charging
stations, particularly those that offer rapid and superfast
charging capabilities, poses challenges to the stability and
dependability of the power grid. These challenges manifest in
the form of peak demand overload, voltage sag, and power
gap concerns. Researchers have made efforts to include
Photovoltaic (PV) generation into electric vehicle (EV)
charging infrastructure. However, it is worth noting that the
integration of PV technology remains a very small
component of the power supply for EV charging stations in
current research studies. The increased need for fast charging
during daylight hours might be attributed to the significant
advancements in photovoltaic (PV) generation. This
technology enables efficient power use during peak hours by
generating ample electricity during the daytime. In relation to
the intermittent nature of solar energy, the use of a battery
energy storage (BES) system can be implemented to
effectively control the direct current (DC) bus or load voltage,
mitigate power imbalances, and enhance the stability of
photovoltaic (PV) power generation. In light of the
advantageous characteristics of high-power density and high
efficiency exhibited by multiport power converters, the
decision has been made to utilise a multiport DC/DC
converter in the context of this project's EV charging station,
as opposed to employing three distinct DC/DC converters.
Among the above stated studies, the charging station
architectures can be categorized into two distinct topologies:
those utilizing an alternating current (AC) bus and those
employing a direct current (DC) bus. The selection of a DC
bus charging station is motivated by the need to enhance the
utilisation efficiency of solar energy and reduce the costs and
losses associated with converters, given that both
photovoltaic (PV) output and battery energy storage (BES)
can be considered as sources of direct current (DC) power.
When comparing isolated multiport converters to non-
isolated multiport converters, it is seen that the latter, which
are typically formed from buck or boost converters, exhibit a
more condensed design, increased power density, and
enhanced efficiency in comparison to isolated multiport
converters. Consequently, in this project, a non-isolated DC
bus configuration utilising SiC switches are employed to
enhance efficiency and mitigate power losses.

Il. DESIGN ASPECTS

Electric vehicles (EVs) are widely regarded as the
forthcoming paradigm of transportation, with a projected
estimate of 500 million EVs anticipated to be in operation by
the year 2030. The primary factors that propel the adoption of
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electric vehicles (EVs) are their notable efficiency and
complete absence of tailpipe emissions. Nevertheless, the
sustainability of electric vehicles (EVs) is contingent upon
the utilisation of electricity derived from renewable sources
rather than relying on power generated by fossil fuel-based
facilities. The solar charging of electric vehicles (EVs) has
garnered significant attention in recent years due to its
environmentally friendly and sustainable approach to EV
charging. The objective of this thesis is to create a solar-
powered smart charging system for electric vehicles in
workplace settings, with a focus on achieving high efficiency
and vehicle-to-grid (V2G) capabilities. The thesis comprises
three primary components, namely system design, power
converter, and smart charging algorithms.

A. System Design:

The present study focuses on the system design of a solar
electric vehicle (EV) charging station, with the aim of
identifying the optimal design for the photovoltaic (PV)
system to effectively fulfil the charging requirements of EVs.
The design primarily concentrates on the Netherlands and
takes into account the diurnal and seasonal fluctuations in
solar patterns, utilising data sourced from the Dutch
Meteorological Institute. Despite the somewhat reduced sun
insolation levels observed in the Netherlands, a 10kWp
photovoltaic (PV) system is capable of generating an average
daily output of 30kWh. This quantity is deemed adequate for
covering an annual distance of 55,000 kilometres through the
utilisation of a Nissan Leaf electric vehicle (EV). The energy
yield between summer and winter exhibits a disparity of up
to fivefold, a phenomena that remains unaffected by the
implementation of a sun tracker. As a consequence of reduced
insolation, it is possible to undersize the PV converter rating
by around 30% relative to the PV array. This undersizing
leads to a mere 3.2% reduction in energy loss. This study
proposes the implementation of Gaussian EV charging
schemes as a means to align the charging of electric vehicles
(EVs) with the generation of photovoltaic (PV) energy,
thereby mitigating reliance on the conventional power grid.
The utilisation of a localised storage system was discovered
to be beneficial in effectively regulating the daily fluctuations
in solar energy, although it demonstrated minimal impact in
mitigating the larger-scale seasonal variations in solar energy.
In conclusion, various methodologies for establishing a
connection between a solitary EV-PV charger and multiple
electric vehicles within a workplace setting are put out. One
primary advantage is the facilitation of charging
infrastructure sharing, resulting in decreased costs and
reduced space requirements for electric vehicle (EV)
charging systems within parking areas.

B. Power Converter:

At present, solar electric vehicle (EV) charging stations
utilise the 50Hz alternating current (AC) grid for the purpose
of power transfer between photovoltaic (PV) systems and
EVs. Nevertheless, this approach lacks efficiency and cost-
effectiveness due to two primary factors. Initially, it is
important to note that both EV (Electric Vehicle) and PV
(Photovoltaic) systems are inherently based on direct current
(DC). Consequently, the conversion of DC to alternating
current (AC) introduces superfluous conversion stages and

incurs losses. Additionally, the incorporation of both electric
vehicle (EV) and photovoltaic (PV) systems necessitates the
utilisation of two distinct DC-AC inverters. This requirement
leads to an augmentation in both the cost and physical
dimensions of the power electronics. Therefore, an
appropriate resolution would be to employ a unified converter
that effectively charges the electric vehicle (EV) from the
photovoltaic (PV) source on direct current (DC), while
simultaneously necessitating only one shared inverter for
both the EV and PV systems. This thesis presents the
development of a 10kW three-port converter with an internal
DC-link, designed to facilitate the charging of electric
vehicles (EVSs) using both photovoltaic (PV) sources and the
alternating current (AC) grid. The charger possesses
bidirectional capabilities, enabling the use of vehicle-to-grid
(V2G) technology, which allows the electric vehicle (EV) to
supply power back to the alternating current (AC) grid. The
converter has the capability to facilitate four distinct power
flows, namely PV-EV, EV-Grid, Grid-EV, and PV-Grid. A
comparative analysis of various topologies, including power
density, efficiency, controllability, and component count, has
revealed that the most appropriate topology for the
photovoltaic (PV) system is the interleaved boost converter.
Similarly, for the electric vehicle (EV) system, the
interleaved bidirectional flyback converter is found to be the
best choice. Lastly, the two-level voltage source inverter is
identified as the optimal topology for the grid port
application. In order to get elevated power density and
efficiency, the converter incorporates interleaving, silicon
carbide (SiC) metal-oxide-semiconductor field-effect
transistors (MOSFETS), SiC Schottky diodes, and powdered
alloy inductors. The electric vehicle (EV) charger exhibits a
modular architecture, allowing for the operation of multiple
10kW power modules in simultaneously. This configuration
facilitates the seamless scaling up of power capacity to reach
a maximum of 100kW.

C. Smart Charging Algorithms

The concept of smart charging involves the strategic
management of electric vehicle charging power, with the
ability to regulate both its intensity and direction to suit
various purposes. Presently, the prevailing smart charging
algorithms exhibit a tendency to concentrate on a limited
number of targets, hence yielding only marginal reductions in
overall costs and generating a multitude of charging profiles
for a given electric vehicle (EV). This thesis introduces novel
charging algorithms that incorporate many applications to
facilitate the charging process of electric vehicles (EVs). As
a consequence, the cumulative advantage of including each
application leads to a substantial reduction in overall
expenses in comparison to previous algorithms. The charging
algorithms employ mixed integer linear programming
techniques to regulate the charging of electric vehicles (EVS)
by taking into account many factors such as photovoltaic
(PV) prediction, EV user preferences, multiplexing of EVs,
vehicle-to-grid (V2G) demand, energy pricing, regulation
prices, and limits imposed by the distribution network. The
proposed algorithms demonstrated significant cost reductions
in two case studies conducted in the Netherlands and Texas.
Specifically, the net costs were lowered by 32% and 651% in
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comparison to uncontrolled charge and average rate charging,
respectively.

D. EV-PV Charging Station:

The EV-PV charging station employs a power converter and
charging algorithms that have been created to enable the
direct charging of electric vehicles using solar energy, as well
as the ability to supply excess electric vehicle power back to
the grid. The process of solar charging electric vehicles (EVs)
leads to the attainment of a net zero level of carbon dioxide
(CO2) emissions, as well as many advantages such as reduced
fuel expenses, tax incentives, and less reliance on
photovoltaic (PV) feed-in tariffs, in comparison to
conventional gasoline-powered vehicles or EVs charged from
the grid. The use of direct current (DC) for charging purposes
results in a reduction of conversion stages and the
corresponding losses, in contrast to the utilisation of
alternating current (AC) for charging. The use of suggested
intelligent charging algorithms effectively mitigates the
overall expenses associated with electric vehicle (EV)
charging derived from photovoltaic (PV) sources, while also
postponing the need for costly improvements to the
distribution network. The EV-PV converter that has been
created exhibits much greater peak efficiencies (95.2% for
PV-EV, 95.4% for Grid-EV, 96.4% for PV-Grid) as well as
improved partial-load efficiency compared to currently
available alternatives. Despite its bidirectional power flow
capacity, the power density-of the converter is 396W/I, which
is three times more than that of current solutions utilising Si
IGBT technology and AC power exchange. The charger
demonstrates compatibility with the CHAdeMO and CCS
electric vehicle (EV) standards, as well as the associated
requirements pertaining to electromagnetic interference
(EMI) and grid integration. Experiments have been
effectively ‘conducted utilising a CHAdeMO compatible
Nissan Leaf electric vehicle (EV), whereby the EV was
charged using photovoltaic (PV) panels and afterwards
discharged electricity back to the grid through vehicle-to-grid
(V2G) technology.

I11. SYSTEM DESCRIPTION AND PROPOSED TOPOLOGY

The charger should possess several desirable characteristics,
including power bi-directionality for both vehicle-to-grid
(V2G) and grid-to-vehicle (G2V) operations. Additionally, it
should have a power factor equal to one, enabling efficient
power transfer. The charger should also be capable of
performing power control, ensuring optimal charging
performance. Furthermore, it should have a low impact on
power quality (PQ), minimising any potential disturbances.
The charger's construction and topology should be simple,
allowing for ease of use and maintenance. Lastly, it should be
compatible with regular 16 A single-phase plugs, ensuring
widespread compatibility. The charger in question does not
support fast charging capabilities. It is recommended to limit
the power input to a maximum of 2.3 kW (10 A, 230 V) while
using a single-phase household-type connection. The
definition of this power range is established according to the
standards set by the European Union and the limitations
imposed by the power grid. This is because higher power
ranges have the potential to adversely affect the low voltage
(LV) grid in terms of power quality (PQ) and energy

management system (EMS) needs. The primary emphasis of
the suggested design pertains to the voltage level of the
battery pack, specifically targeting L-category vehicles
encompassing motorcycles, mopeds, quads, and minicars.
However, it is worth noting that the applicability of this
design can potentially be expanded to encompass alternative
voltage levels.
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Fig. 1: showcases two distinct layouts for multiport
converters: (2) the standard architecture of electric vehicle
(EV) charging stations integrated with photovoltaic (PV)
systems, and (b) the proposed architecture of multiport
converter-based EV charging stations combined with PV
and battery energy storage (BES).

A. PV System Modeling:

@ y 3 v

Fig. 4: Model of Solar PV cell

The photovoltaic (PV) system comprises
photovoltaic arrays and direct current (DC)/alternating
current (AC) converter modules. When semiconductor
materials are exposed to sunlight, photons with energy
exceeding the band gap energy of the semiconductor are
absorbed. This absorption process leads to the generation of
electron-hole pairs, the quantity of which is directly
proportional to the intensity of the received radiation. The
equations for calculating the output current are determined as.

I=1, -1,
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Where
Ip =I [exp —1]
T
Then equation (3) becomes
¥
I = Iy =T, [exp -1]
FF ] A_VT
The I-V characteristics of a solar cell are given by
V+I*Rs
I=[exp(———F-)-1]--
Ipp—Ig *Vr
¥
P = V{lx —Ip[exp( -1
Vr

The current, denoted as Ipv, is generated as a
consequence of the interaction between incident light and the
diode. Conversely, the reverse bias saturation current,
referred to as 10, is the current that flows through the diode
when it is subjected to a reverse bias and is influenced by the
temperature of the diode. The incident light directly affects
the current output of the cell. The current-voltage and power-
voltage characteristics of a photovoltaic (PV) system exhibit
variations in response to changes in cell intensity and
temperature. Additionally, these characteristics display non-
linear behaviour, further contributing to their variability. The
influence of air conditions on the power output of a
photovoltaic (PV) array is apparent based on the observed I-
V and P-V characteristics.

B. Different Modes of Operation:

1) Mode 1: PV to EV

In this particular operational state, the switches Spv, Sh1, and
Sb2 are deactivated, whilst the switch SEV is activated, as
depicted in Figure 2a. Consequently, photovoltaic (PV)
technology enables the direct transmission of power to the
load, as seen in Figure 2a. The differential equations at this
particular stage can be formulated in the following manner:

X . (Il‘(‘fl i
ipy = Cq +igv
dt
, dvca  UBat — Vo2 |
Cs = — L2
dt ry
.~ dvcs | VEV
gy = U3 T
dt RE\'
iL3
ve1 —ves = La——
dt
LL2
Ly—— =—ves

dt
The variables C1, C2, C3, L1, L2, L3, and rb in

Figure 1b represent the capacitance values of the photovoltaic
(PV) port capacitor, the battery energy storage (BES) port
capacitor, and the electric vehicle (EV) port capacitor, as well
as the inductance values of the PV port inductor, the BES port
inductor, and the EV load port inductor. Furthermore, the
symbol "rb" denotes the resistance that is equivalent to the

combined resistance between the battery voltage (vBat) and
capacitor C2. Moreover, the variables iPV, iEV, iL2, and iL3
represent the corresponding output current from the
photovoltaic (PV) panels, the current of the electric vehicle
(EV) load, the current passing through inductor L2, and the
current passing through inductor L3. Furthermore, the
variables vC1, vC2, vC3, vBat, and VEV represent the voltage
across capacitor C1, the voltage across capacitor C2, the
voltage across capacitor C3, the output voltage from the
battery energy storage system (BES), and the voltage
supplied by the charger, correspondingly. The calculation of
the duty cycle of the switch Strategic performance variability
(SPV) can be attained by the application of the following
methodology:The determination of the duty cycle of the
switch is the process of calculating the ratio of the switch's
on-time duration to its total period. Strategic performance
variability (SPV) can be attained by the application of the
following methodology:
e 1
Vey  1-D,,

The variables VDC, VPV, and Dpv denote the DC
link voltage, voltage of the PV array, and duty cycle of switch
Spv, respectively.

Mode 2 refers to the process of converting battery
energy storage (BES) to electric vehicle (EV) power. When
the Spv and SEV components are activated and the Sb1 and
Sh2 components are deactivated, the Battery Energy Storage
(BES) is discharged to the Electric Vehicle (EV) load, as seen
in Figure 2b. The differential equations in this particular
mode can be mathematically represented as follows:
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Where vDC refers to DC link voltage, which equals
to the voltage across capacitor C4. The duty cycle for switch
Sh1 can be obtained wi]th: 1

Vw1 Lha

The variables VDC, VBat, and Dbl correspond to
the DC link voltage, voltage of the battery energy storage
(BES), and duty cycle of switch Sb1, respectively.

Mode 3 involves the transfer of power from
photovoltaic (PV) systems to battery energy storage (BES)
systems. When Sh2 is on while Sbl, Spv, and SEV are
deactivated, the Battery Energy Storage (BES) system is
charged using the surplus energy generated by the
Photovoltaic (PV) system, as depicted in Figure 2c. The
differential equations in this particular mode can be
mathematically represented as follows:

Py =
o
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The duty cycle for the switch Sb2 can be obtained with:

1', 3w
The variable "Db2" denotes the duty cycle of the
switch "Sh2". D. Alternative Modes: Photovoltaic (PV) to
Battery Energy Storage (BES), Grid to Electric Vehicle (EV),
and PV to Grid The operational principles of several
modalities, including as photovoltaic (PV) to battery energy
storage (BES), grid to electric vehicle (EV), and PV to grid,
are being examined. Furthermore, the analysis procedure
used for Modes 1 to 3 can be similarly applied to represent
the differential equations. The subsequent part will include a
comprehensive examination of the simulation.
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Fig. 2: illustrates the various operating modes of a multiport converter. In mode (a), the electric vehicle (EV) charging is
powered by the photovoltaic (PV) system when there is a enough supply of solar energy. In mode (b), the EV charging is
supported by the battery energy storage (BES) system during intermittent periods of PV generation. Finally, in mode (c), the
surplus solar generation is utilised to charge the BES system.

IV. RESULTS OF THE SIMULATION

The Simulink tool within the MATLAB software is employed
for conducting simulation analyses of the proposed system.
The photovoltaic (PV) array is represented by its classical
equation. The multiport converter is represented in the model
using power MOSFETS, inductors, capacitors, a solar array,
and relevant icons sourced from the SimPower Systems
Block set within the Simulink library. The controller is
constructed by utilising a pulse width modulation (PWM)
generator, a pulse generator, logic gates, a comparator, and a
multiplier, together with the proportional-integral (PI)
controller that is accessible in the Simulink library. The
schematic representation of the suggested simulation block
diagram is depicted in Figure 3.
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Fig. 3: Simulation Diagram for PV based V2G System

Fig. 4: The simulation results of (a) PV Voltage (b) PV
Power.

The objective of the BES regulator is to effectively
control the power differential and support the load voltage, as
depicted in Figure 4. When there is sufficient solar
orientation, electric vehicle charging is facilitated through the
utilisation of photovoltaic panels. If there is an excess of
photovoltaic (PV) generation, the battery energy storage
(BES) system will be charged and the surplus energy will be
consumed locally. In situations where photovoltaic (PV)
systems face limitations such as partial shade and other
intermittent conditions, battery energy storage (BES)
solutions emerge as a viable means to address the power
deficit that arises between PV systems and electric vehicle
(EV) charging.

Fig. 5: presents the simulation outcomes pertaining to
electric vehicle (EV) charging. Subfigure (a) displays the
terminal voltage of the EV charger, while subfigure (b)
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showcases the demand and consumed power associated with
EV charging. The modelling findings pertaining to the
terminal voltage, demand, and used power of electric
vehicle charging are illustrated in Figure 5.

Fig. 6: displays the simulation outcomes of the Battery
Energy Storage (BES) system, specifically (a) the terminal
voltage of the BES and (b) the output power generated by

the BES.

During the time interval from 0 to 400ms, the
electric vehicle charging demand is seen to be minimal,
whereas the photovoltaic power generation is found to be
sufficient. Both PV-to-EV and PV-to-BES modes are off,
causing the surplus PV power to charge the Battery Energy
Storage (BES) system. During the simulation period ranging
from 400ms to 700ms, the photovoltaic (PV) boards are
capable of generating a power output of 5.7 kilowatts, which
is sufficient to fulfil the required energy demand for electric
vehicle (EV) charging. Therefore, the framework operates in
PV-to-EV mode without the need for charging or releasing of
the Battery Energy Storage (BES). Following the 700ms
charging request increment, the photovoltaic (PV) boards are
unable to provide the complete 7.7kW charging power
required when subjected to an irradiation level of 500.
Following this, the Battery Energy Storage (BES) system
commences the process of discharging and providing Electric
Vehicles (EVs) with a power output of 2 kilowatts (kW)
while also offering voltage support, as depicted in Figure 6.

V. CONCLUSION

This study presents a proposed methodology for a multiport
converter-based electric vehicle (EV) charging station,
incorporating a maximum power point tracking (MPPT)
integrated circuit (IC) technique. The charging station is
designed to utilise photovoltaic (PV) energy and a battery
energy storage (BES) system. The suggested control
architecture involves the utilisation of a Battery Energy
Storage (BES) controller. The BES controller is responsible
for initiating the discharge of the BES when the photovoltaic
(PV) system is unable to provide adequate power for local
electric vehicle (EV) charging. Conversely, the BES
controller also triggers the charging of the BES when there is
surplus PV generation or during periods of low power grid
demand, such as during nighttime. Consequently, the
integration of electric vehicle (EV) charging, photovoltaic
(PV) generating, and battery energy storage (BES) systems
contributes to the bolstering of power grid stability and
reliability. This study examines several operating modes and
their associated advantages. Subsequently, simulation and
thermal models of both multiport converter-based electric
vehicle (EV) charging stations and the suggested silicon
carbide (SiC) counterpart are built using Matlab/Simulation.

The simulation results indicate that there is potential for
enhanced efficiency in PV-to-EV mode, PV-t0-BES mode,
and BES-to-EV mode at nominal operating circumstances,
when compared to Si-based EV charging stations running
under identical conditions.
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