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Environmental fluctuations, solar irradiance, and ambient temperature
significantly affect photovoltaic (PV) system output. PV systems should be
efficient at the Maximum Power Point in various weather climates to maximize
their potential power output. The Maximum Power Point Tracking (MPPT)
technique is employed to plan a specific location that yields the maximum
amount of power. Operating dispersed alternative energy sources connected
to the grid in this situation makes energy control an unavoidable task. This
research article suggests designing a power electronics converter topology
that links sustainable resources and electric vehicles to the power grid.
There are four modes of operation for this proposed converter topology:
grid-to-vehicle, vehicle-to-grid, renewable-to-vehicle, and renewable-to-
grid discussed. The three power electronic converters and their uses are
discussed, and their controllers are also designed to maintain the energy
balance and stability in all cases. The battery characteristics indicate the
operating mode. The work primarily focuses on the converter's Triple Port
Integrated Topology (TPIT) power flow and voltage control. Here, three
power converters integrate the TPIT with three systems-the electric grid,
renewable energy, and electric vehicles-into one system. The source battery
and solar photovoltaic (PV) array cells are integrated using unidirectional
and bidirectional DC-DC converters. The future scope of the work is to
investigate the potential of adding additional ports for integrating other energy
resources, such as hydrogen fuel cells or additional renewable sources,

Abbreviations: CCM, Continuous Conduction Mode; EV, Electric Vehicle; EMS, Energy Management
System; G2V, Grid to Vehicle; ICE, Internal Combustion engine; MPPT, Maximum Power Point Tracking;
PV, Photovoltaic; P&O, Perturb and Observe; R2G, Renewable to Grid; R2V, Renewable to Vehicle; SOC,
State of Charge; TPIT, Triple Port Integrated Topology; V2G, Vehicle to Grid; VSI, Voltage Source Inverter.
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to create a more versatile and robust energy management system for EV

charging stations.
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DC-DC converters, electric vehicles, PV system, three port integrated topology, voltage

source inverter

1 Introduction

The energy crisis is currently a sever problem. The use and
extraction of fossil fuels are very costly to the environment
(Abdolrasol et al., 2021). The majority of energy produced is derived
from the finite natural resources (Barik et al., 2021). The need for
energy is growing daily due to the planet’s growing population.
Its detrimental effects on the environments need to be addressed
(Basu et al.,, 2022; Hussain et al., 2020a). Therefore, developing
new methods for capturing energy from sustainable resources like
the Sun, wind, etc., is critical (Chauhan et al., 2021). The primary
issue is global warming, which results from burning fossil fuels,
which pollutes the environment and releases significant amounts
of greenhouse gases into the atmosphere. Alternative fuels, such
as renewables or ethanol, need to be studied as replacements
(Monteiro et al., 2018; Dey et al., 2020; Yarar et al., 2023; Tiwari
and Ghosh, 2020; Dey et al., 2023). Therefore, switching to electric
vehicles from conventional IC engine vehicles makes sense. In
addition, the scarcities of fossil fuels and current energy sources’
effects on the environment have spurred research and development
into cleaner, more abundant, and cost-effective alternative energy
sources. One abundant, accessible, and clean natural energy source
is the Sun. Earth receives far more solar energy than is needed
for energy worldwide. Despite its benefits, this renewable energy
source has a high installation cost and low energy conversion
efficiency (Mazumdar et al., 2024a). Therefore, various tracking
strategies are used to optimize performance and extract the most
power possible from the solar panel. Solar power fluctuates due
to variations in temperature and solar irradiation levels caused by
variations in the energy received by Earth and the Sun’s movement.
Because of this unpredictable behavior, attempting load variation
concurrently makes achieving maximum power challenging. The
variations in air conditions impact the voltage and current generated
by solar cells. Therefore, it is essential to incorporate a storage
mechanism to integrate this renewable energy source with our
current system (Zhang et al., 2014).

One practical and effective renewable energy source is solar
power technology. Vehicles are powered by solar energy stored
in a battery or other storage device. These cars run silently and
create a pollution-free atmosphere. By 2030, electric cars might
supplant all vehicles with internal combustion engines. This could
contribute to the global implementation of environmentally friendly
transport systems, resulting in a cleaner and greener environment
(IEA, 2024). In electric vehicles (EVs), a battery is always onboard,
and this can be used as a mobile storage device to help support
grid operation, even under emergencies (Hussain et al., 2020b).
Therefore, one solution is to use solar PV modules to charge a
battery (Sinha and Ghosh, 2024). Photovoltaic (PV) cells are used
in solar PV panels to transform solar light into electrical energy.
A power electronics converter rectifies the generated power for
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different applications (Ota et al., 2012; Tushar et al., 2018). Direct
current (DC) produced by the solar PV panel is stored in a storage
system or transformed into alternating current (AC) by a voltage
source inverter before being connected to the grid (Guo etal., 2016).
Solar PV is integrated into the grid, which increases system efficiency
and dependability. However, this integration creates issues for the
primary electric grid because of the intermittent nature of renewable
energy sources and other factors. These problems resulting from
the grid integration of renewable energy can arise from both the
supply and demand sides, such as solar PV and EV or household
loads (Saber and Venayagamoorthy, 2011; Gurugubelli et al., 2023a).
Therefore, it is necessary to improve energy management systems
to address the problems above and maximize energy flow by using
photovoltaic power rather than traditional energy sources to charge
electric vehicles.

1.1 Literature review

A triple-port integrated topology that connects a vehicle’s battery
and solar PV to the electrical grid is examined in Sun et al
(2019). This paper covers the control techniques for the converter’s
voltage and current modes of operation. The autonomous energy
management system is intended for a home environment, as
discussed in Ustun and Hussain (2019). Vehicle chargers that are
power-controlled and bidirectional are used to exchange energy
between the grid and residential loads, such as electric vehicles.
According to reports in Khan et al. (2018), renewable energy sources
generate energy while lowering costs. Renewable energy sources
that depend on grid-connected EVs are charged and discharged,
as described in de Quevedo et al. (2018). Dynamic pricing and
peak power limiting dynamic response techniques are explained in
Gurugubelli et al. (2023b). In Rigas et al. (2015) and Humfrey et al.
(2019), the V2G & G2V topology and its control through EMS
are covered. When used in conjunction with on-site solar PV
as a renewable energy source, the parking deck of an electric
vehicle can function as a microgrid (liu et al., 2019; Mohsenian-
Rad et al., 2010; Lee et al., 2015; Liu et al., 2013; Joarder et al., 2024;
Mutoh et al., 2006; Huynh and Dunnigan, 2016) discuss cutting
costs in residential areas like smart homes by integrating this system
with the grid and using sustainable resources. However, because
of the high cost of battery degradation in this topology (Reddi
and Ghosh, 2024; Akar et al., 2016) and its numerous difficulties
(Panda and Ghosh, 2018), the V2G topology is still up for debate.
In the future, electric cars and smart grids might be used as demand
response tools to encourage the widespread use of renewable energy
sources. A control technique that maximizes battery charging and
discharging is presented in de Melo et al. (2020), Joarder and
Ghosh (2022), Chen et al. (2020) to address the sporadic nature of
renewable energy sources. Reports of Al techniques for intelligent
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transportation systems have been reported, including EV charging
and discharging (Sam and Jegathesan, 2021; Yuan et al, 2021;
Mazumdar et al., 2024b). A novel hybrid inverter topology for
EV use that can absorb and provide energy simultaneously is
developed in Mahafzah et al. (2022).

1.2 Research gap

Despite the growing interest in Electric Vehicle (EV) charging
infrastructure and its integration with renewable energy systems,
several key challenges still need to be addressed in designing a triple-
port integrated topology for grid-connected EV charging stations,
particularly those enabling three-way power flow. The following gaps
are identified:

(a) One of the significant challenges lies in the unpredictable
and variable output of renewable energy sources. This
intermittency complicates power flow management, as
charging stations must dynamically adjust between renewable
power, grid power, and stored energy in EVs to maintain
a stable energy supply. Integrating advanced forecasting
techniques and energy storage systems is essential to mitigate
this issue, but such solutions also increase the system’s
complexity and cost.

(b) Integrating EVsand renewable energy sources into the grid via
a triple-port topology can negatively impact grid stability.
(c) Effective bidirectional power flow control between the EVs and
grid and renewable sources is crucial, but current technology
faces limitations. For example, ensuring that EVs can act as
both loads (charging) and sources (discharging energy back
to the grid or the renewable source) in a controlled and
reliable manner requires advanced power electronics and fast-
switching devices, which can be expensive and challenging to
implement.

(d) The cost of implementing a triple-port system, including

advanced control systems, power electronics, energy storage,

and renewable energy integration, is high. Ensuring the

economic viability of such systems for widespread use is a

significant challenge.

1.3 Contribution

This research presents a topology that interfaces electric vehicles
and renewable energy sources with the electric grid. This topology
operates in four modes: renewable-to-vehicle (R2V), renewable-to-
grid (R2G), grid-to-vehicle (G2V), and vehicle-to-grid (V2G) mode.
This research presents the controller topologies, power flow, and
voltage control of TPIT on AC and DC sides. The SOC of the storage
device is used as a performance indicator of the technique. This
study proposes a power converter topology that can be interfaced
with solar PVs and EVs to the electrical grid to enable bidirectional
energy exchange for the controlled charging process. Using three
power converters, the Triple Port Integrated Topology (TPIT)
integrates the electric vehicle, renewable energy, and electric grid
systems into a single system. This paper presents the development
of a novel triple-port DC-DC converter designed to enhance the
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efficiency and flexibility of DC microgrids. The proposed converter
integrates three distinct ports to facilitate simultaneous energy
transfer among multiple energy sources, storage systems, and
loads. This innovative design addresses key challenges in modern
DC microgrids, including efficient energy management, seamless
integration of renewable energy sources, and enhanced system
reliability. The converter employs advanced control strategies to
achieve optimal power flow, minimize energy losses, and ensure
stable operation under varying load conditions.

This proposed system’s power flow allows for four (4) modes
of operation:

1. The energy supplied through the renewables is given to the grid
by R2G mode of operation.

. The energy produced by renewables is given to charge the
electric vehicle batteries through R2V mode of operation.

3. The electric vehicle batteries take, or store power which is
supplied by the electric grid G2V mode of strategy.

. The electric vehicle batteries supply energy to the electric grid
via V2G mode of control.

The solar photovoltaic system (SPS) is connected to a common
DC link via a unidirectional DC-DC converter. Maximum power
point (MPP) tracking requires this converter. Power can flow from
the vehicles batteries in both directions because they are connected
to a DC connection through a bidirectional DC-DC converter.
Electricity can move from AC to DC and DC to AC thanks to a
bidirectional AC-DC converter that connects the electric grid to the
common DC connection. The future smart grid can take advantage
of new opportunities provided by these modes of operation (R2G,
R2V, G2V, and V2G), as shown in Figure 1. Complete elimination
of conventional IC engine vehicles is still impossible because of
some drawbacks EVs possess. These include energy storage systems,
charging stations, and short driving mileage because of the charging
capacity of batteries. Thus, automobile manufacturers are trying to
improve EVs with better energy management and fuel efficiency.
High-tech equipment like sensors, proper storage devices, and
efficient power electronics devices are employed to improve the
efficiency and reliability of the system. However, these technologies
make electric vehicles more complicated and increase production
costs. Therefore, there is a need for some economic technology
in society.

Asaresult, the primary motivation and impetus of this proposed
research are to maximize the energy generated by solar PV, optimize
energy balance, maximize cost benefits, improve SOC, and regulate
EV battery charging and discharging to improve battery life and
system efficiency.

1.4 Layout of the work

The paper is organized in several sections. Here, a solar fed EV
integrated with the grid is studied. A three-port integrated topology
is analysed and controllers for three converters are designed in this
study. Various MPPT algorithms are being investigated in order to
harvest the most power from PV. The variation of solar power with
changing air conditions is investigated. The extensive studies are
performed with four modes of operation of the designed system,
namely, R2G, R2V, V2G, and G2V at different conditions.
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Electric Vehicle
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Integrated
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Electrical Renewable-to-Grid Photovoltard
Grid (R2G) panels
FIGURE 1

TPIT structure for G2V, V2G, R2V and R2G modes of operation.

2 System descriptions and modelling

The integration of solar PV and electric vehicle with the electric
grid is done by using power electronics converters (Chauhan et al.,
2021). The TPIT algorithm uses three converters to interface three
port with the common dc link.

o A unidirectional DC-DC converter to connect solar PV to
the dc link. In this study, a boost converter is employed to
implement the P&O algorithm.

o A bidirectional DC-DC converter connects the battery
modelled as the EV’s storage element to the common dc link.
When the battery sends power to the dc link, the converter
operates as a boost converter; when power is stored in the
battery, the converter acts as a buck converter. Power can flow
in both directions with this converter.

o A bidirectional AC-DC converter is provided to linkage
between electric grid with the common dc link. This converter
allows the operation of V2G, G2V and R2G modes. Power can
be taken or supplied to the grid according to the demand.

The TPIT algorithm with grid, renewables and electric vehicle is
as shown in Figure 2. The four modes of operations are shown: R2G,
R2V, V2G, and G2V (Ota et al., 2012; Tushar et al., 2018; Saber and
Venayagamoorthy, 2011). The integration of grid with solar PV and
EV is done by using the classical approach as shown in Figure 2A.
This approach uses an AC-DC converter and then DC-DC converter
for interfacing the grid with the vehicle or PV. The concept of
common dc link is not implemented in that approach. This approach
uses a greater number of converters which increases the system size,
it’s cost and losses. The proposed approach as shown in Figure 2B,
first converts AC to DC by using a converter and this dc forms
a common dc link from which all other elements are connected.
This approach ensures that lesser number of converters are used,
and also the efficiency and reliability of the system is more over
the classical approach. As the conversion takes place in lesser time,
the harmonics injected to the grid current will be comparatively
less and a common constant dc voltage can be obtained at the dc
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link where other dc loads can be connected directly without using
another AC-DC converter (Sun et al., 2019).

The modelling of the solar PV is done here and MPPT algorithm
is implemented by using a boost converter. All the three converters
are designed along with the controllers such that the energy is
balanced in the system.

2.1 Modelling of solar PV panel

Photoelectric processes are used in solar cells to transform
the Suns light energy into electrical energy. These sun-
facing PV
unit known as a PV module. PV clusters are formed by

cells are joined together to form a larger
connecting these modules in series and parallel (Tiwari and
Ghosh, 2020; Mazumdar et al., 2024a).

The output current mathematical equation of one PV equivalent

model is represented by Chauhan et al. (2021) as in Equation 1:

Lok 1) _ V+1IRs

I=Iph-Ir(eT
P r(e Rsh

1
where V is the output PV voltage, I, is the saturation current, I, is
the photocurrent, g is the charge of an electron, k is the Boltzmann’s
constant and T is the temperature. MPPT is the maximum dissipated
power point on the current-voltage curve. The optimal efficiency
is defined as the maximum power to incident light power ratio
as shown in Equation 2.

Pmax
Nypax = Pmin x 100% 2)

where n, .. is the efficiency, Pmax is the maximum power and Pmin
is the minimum power.

2.2 Modelling of DC-DC power converter

Consider an ideal lossless DC-DC power converter. This
converter is believed to be in continuous conduction mode (CCM)
with a constant duty-cycle (D). The output and input voltage
and current levels vary, but the total input power is always
equal to the total output power. P;, = P, irrespective of the
duty cycle (Khan et al.,, 2018).

Equations 3-5 show the relationship between the DC-
DC power converter’s output voltage (V,) and input voltage
(Viy), as well as the
current (I,) and input current
duty cycle D (Mahafzah et al,, 2022).

relationship between the
(I,) as

output
a function of

Vo Io 1
Vin AD) Tin D) (3)
_vin, _Vo
nT gin T Io @
1
in = Zo (5)
AD)?

The inputimpedance Z;, depends on the duty cycle D and output
impedance Z,,. For different DC-DC converters, f (D) is different and
hence the operating region is also different.
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(D) Flowchart of perturb and observe method.

2.3 MPPT technique—perturb and observe
technique

The maximum power point (MPP) of a PV module is tracked
using MPPT algorithms (Mazumdar et al., 2024b; Mahafzah et al,
2022; Mazumdar et al., 2024c). This point is tracked using a variety
of techniques and algorithms. The algorithm choice is dependent
on its time complexity to track the MPP, implementation cost of
algorithm and its ability to follow MPP when the atmospheric
conditions such as irradiance and temperature fluctuations. Some
MPPT techniques include fixed duty cycle technique, constant voltage
(CV) method, incremental conductance method, and perturb and
observe (P&O) method (Mazumdar et al, 2024b). Among these
methods, P&O method is the most commonly used algorithm as
discussed in this work.

The Perturb & Observe strategy is the most common and
simplest way for MPPT. The PV panel voltage is sensed using a
voltage sensor in this manner. As only one sensor is required, the
implementation cost of this algorithm is less, and the complexity
is also reduced. This algorithm takes less time to calculate the
maximum power, but when it gets close to the MPP, it continues to
perturb in both directions and does not stop at the MPP.

The weather influences the open circuit (OC) voltage and short
circuit (SC) current, causing the maximum power to fluctuate. As
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the sun’s irradiation increases, so do the OC voltage and SC current.
A voltage controller can be used to maintain a constant voltage at the
output despite changes in irradiance and temperature.

The Perturb and Observe technique remains a fundamental
method in MPPT, valued for its balance of simplicity, effectiveness,
and cost-efficiency.

2.3.1 Overview

« The P&O technique is an iterative method used to maximize
the power output of a PV system by continuously adjusting the
operating voltage or current.

o It works by perturbing (i.e., slightly changing) the operating
point of the PV system and observing the resulting change in
power output.

« The main objective is to track the Maximum Power Point
(MPP), where the PV system operates at maximum efficiency.

2.3.2 Working principle

1. Perturbation: The technique involves incrementing or
decrementing the voltage or current of the PV module by a

small amount.
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FIGURE 3
TPIT strategy to linkage PV and EV with the grid.
2. Observation: After the perturbation, the power output of the » Low Cost: It is cost-effective, making it suitable for small-scale

PV system is observed. PV applications.
o If the power increases, the perturbation moves in
the same direction (e.g., if the voltage was increased, it~ 2.3.4 Disadvantages
continues to increase).
o If the power decreases, the direction of the perturbation

o Oscillations around MPP: The method can cause the

is reversed. operating point to oscillate around the MPP, leading to minor

3. Repeat: This process is repeated continuously to maintain power losses.

operation at or near the MPP. « Slow Response: In rapidly changing environmental conditions

(e.g., fluctuations in sunlight), the P&O technique may respond

2.3.3 Advantages slowly, causing temporary deviations from the MPP.
o Incorrect Tracking in Complex Conditions: Under certain
« Simplicity: The P&O technique is relatively simple to implement conditions, such as partial shading, the P&O technique might
and requires minimal computational resources. track a local maximum instead of the global MPP.
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DC-DC-converter controller for V2G and G2V modes.

2.3.5 Applications

o The P&O technique is widely used in small to medium-scale
solar power systems, including standalone PV systems, hybrid
systems, and grid-connected solar inverters.

2.4 Triple port integrated topology (TPIT)

Figure 3 displays the circuit diagram for the TPIT. The dc
link is connected to the power grid via the bidirectional AC-DC
converter. The bidirectional DC-DC converter connects the electric
car batteries, whereas the unidirectional DC-DC converter connects
the solar PV panel. TPIT unifies all of these converters into a single
common dc link while preserving the features of each converter. The
operating mode of the system determines the direction of power flow
in each converter so that the voltage of the dc connection remains
constant. This topology has four distinct types of operation.

I. R2G mode: The power generated by the solar PV is sent into
the grid via a chopper and then to a DC-AC converter in
this strategy.

II. R2V mode: In this mode, the battery of the electric vehicle is
charged using the PV power that is generated. By permitting
current to flow, the bidirectional converter raises the SOC and
charges the battery.

III. V2G mode: In this mode of operation, the grid receives the
necessary power from the electric vehicle. The system’s supply
is guaranteed to remain constant in this mode.

Frontiers in Energy Research

IV. G2V mode: When the vehicle’s required power is not supplied
by solar, the grid meets the surplus power requirement via this
operating mode. The alternating current power from the grid
is converted to direct current and used to charge the battery
through an AC-DC converter. In this instance, the battery’s
state of charge (SOC) rises.

3 Controller design

PI controllers are provided for controlling the voltage and
current of the above-mentioned power electronics converters in this
proposed work. The IGBT switches are controlled from the output
of PI controllers such that the voltage and current error leads to zero,
i.e., the voltage and current follows their respective reference value.

3.1 Bidirectional DC-DC converter

Two operating modes are provided for this proposed
bidirectional half-bridge DC-DC converter controller system. These
modes are known as G2V and V2G mode. In G2V mode, this
chopper functions as a buck converter. The current is flowing in the
direction of the battery. The converter functions as a boost converter
in V2G mode.

The V2G and G2V chopper controllers are based on two PI daisy
chain topologies, shown in Figure 4, which can provide effective
power level control for each operation mode. First, the power level
is controlled by stabilising the DC bus and the battery voltage

07 frontiersin.org


https://doi.org/10.3389/fenrg.2024.1440258
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Tiwari et al. 10.3389/fenrg.2024.1440258

Single Phase PLL
V2G Inverter
Vac Vin wt sin |
No | I
Single Phase PLL

Condition
Statemen

’ I PWM AC-DC
[ VAC VIN wt Generator

VBus_ref

PI

G2V(Controlled Rectifier)

FIGURE 5
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TABLE 1 PV panel specification.

Specifications Values

Module 1Soltech 1STH-215-P
Series connected modules per string 6
Parallel strings 10
Irradiance (W/m?) 1,000
Temperature (°C) 25
Maximum Power 12 kW

TABLE 2 Battery specification.

Battery specifications (lithium-ion) ‘ Values
Nominal Voltage 100V
Rated Capacity 10 Ah
Initial State of Charge (%) 80
Battery Response Time (s) 15

for V2G and G2V, respectively. The voltage error is fed to the PI
controller V2G or G2V through two differential comparators that
compare the reference bus voltage (Vg ) and battery voltage
(Vpa)- If Vg rer is more than Vg, (i.e., voltage error is +ve) the
PI controller associated with G2V mode will operate otherwise
PI controller associated with V2G mode will work for-ve voltage
error (i.e., Vpyg of < Vpy). The Energy Box (EB) is in charge
of controlling G2V/V2G operation modes by sending instruction
signals to the charger controllers. The EB takes advantage of
consumers customary flexibility in load operation scheduling to
achieve targeted demand response actions and optimal worldwide
control of energy resources. The voltage controller’s current limit
output response is determined by the ratio of the available power
signal from the EB to the measured Vy,,. As a result, this controller
dynamically limits the current reference (I ) based on the available
power signal. Following that, there is a differential comparator that
compares I, to battery current (I,,), and the produced signal is sent
through the current controller. The current controller can control
the inductor current of the chopper for maintain the regulation. The
C class chopper is a DC-DC converter, which allows operating in
the first two quadrants (i.e., positive voltage and positive & negative
current). Handling the ratio relation between the chopper sides is
possible through a pulse width modulation (PWM) signal, where
the drive (T,,) and cut-off (T 4) times form one switching period
(T) for each power switch. The voltage conversion ratio of this circuit
is given by the duty-cycle of the converter.

- For Buck mode of operation (S2 is OFF, D1 is OFF) Vg, is
expressed as in Equation 6:

VBat =Dx VBus (6)
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Where, D is the duty cycle as in Equation 7, Ty is the ON time, T is
the switching period, V3, is the battery voltage and Vy, is the bus
voltage.

Ton
D= 7
T @)
1. When S1is ON and D2 is OFFE. Vy, is expressed as in Equation 8
dI,
Viar = Vus = LE (8)
2. When S1is OFF and D2 is ON. Vy,, is expressed as in Equation 9.
dI,
Vba=-L—> ©)]
- For Boost mode of operation (S1 is OFF, D2 is OFF). Vy,, is
expressed as in Equation 10:
VBat:(l_D)XVBus (10)
1. When S2isON and D1is OFF. Vy,, is expressed asin Equation 11.
dI,
VBat = LE (1 l)
2. When S2is OFF and D1is ON. Vg, is expressed as in Equation 12.

dl;
dt

For the designing of the converter, Vg, = 240V, Vg, =100V,
f=20kHz, dI; =10% of I} , r; = 0.1 Q. Inductor L and capacitor C is
designed, considering both modes of operation as buck and boost.
The deigned values are L = 3.3mH, C = 50uF.

For the designing of voltage controller, transfer function can be
derived in Equation 13:

VBut = VBus -L (12)

V;.(1=D)—I,(sL+r;)R;

Gvd(s) =
LCR;s* + (L +R;r;C)s+ (r, + R, (1-D)?)

(13)

For the designing of current controller, transfer function can be
derived in Equation 14:

V4 (CR;s+1)+I;(1-D)R;

Gid(s) = 14

) LCR;s* + (L +R;r;C)s+ (r, + R, (1-D)?) s
L Gvd(s)

Gvi(s) = Gide) (15)

From Equation 15, it is understood that when inductor current
(Ip) or battery current is positive, it behaves as a boost converter and
the battery will get discharged. When inductor current or battery
current is negative, it operates as a buck converter and the battery
gets charged. Figure 8 shows the control algorithm for the controller.
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3.2 Bidirectional AC-DC converter
controller

The AC-DC converter is also controlled by using PI controller.
When the converter behaves as a controlled rectifier, a dual loop

Frontiers in Energy Research

controller is designed such that the dc bus voltage and the ac current

is regulated as shown in Figure 5. The dc bus voltage is controlled

by the outer loop and gives the reference of ac grid current. For grid

10

current regulation, a phase locked loop (PLL) is implemented which,
along with voltage controller output gives the current reference.
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SOC level and power flow during R2V mode.
4 Simulation results and discussions flow is interpreted as negative (sign convention). The battery is
charged at various rates betweent=0and t = 0.6 s.
4.1 Bidirectional DC-DC converter ii) When the converter is used as a boost converter, power is given
to the dc side and the battery is depleted, as shown in Figure 7
Bidirectional converter operates in two modes. fromt=09stot=15s.
i) When the converter is used as a buck converter, power flows When the battery does neither store nor deliver energy

from the dc bus to the battery. As demonstrated in Figure 6,  between t = 0.6 and t = 0.9s, the current is zero and the SOC
the battery charges and the SOCrises. In this mode, the current is constant.
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Grid voltage and grid current in V2G mode.
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4.2 Battery charging from solar PV with
varying load

MATLAB/Simulink is used to model the three-port integrated
design that links solar PV and electric vehicles to the grid.
In order to evaluate the power flow in the proposed system,
a variety of dc loads are applied across the dc connection
in this section. The specifications of the PV panels and
battery used in the system design are displayed in Tables I, 2.

Frontiers in Energy Research

13

This section looks into how battery power fluctuates under
different loads.
Case I: When load is varying and PV generation is constant

In this situation, the atmospheric conditions under which the
power is created are kept constant. Figure 7 depicts the effect of
changing the load power in three levels on the battery power. When
the load power is less than the generated power, excess energy is
stored in the battery. As seen in Figure 8, the battery characteristic
fluctuates with the amount of energy stored or provided by the
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Power flow during R2V + G2V mode.

battery. As the battery charges, the SOC rises. In this mode, the
current flow is initially negative and progressively increases to zero.
The battery voltage gradually decreases from 101 V to 100.5 V until
reaching 100 V.
CaseIl: When generated PV power is not constant and Load power
is fluctuating

The load is not changed in this scenario, but the irradiance
level is reduced from 1,000 W/m2 to 5,00 W/m2 at t = 2's. When
the irradiance is cut in half, the PV power is similarly cut in
half, as illustrated in Figure 9. To supply the excess demand, the
battery gets discharged and supplies its stored energy from t =
2's. The load power demand is 10,000 W and tries to maintain
constant. When the load power is greater than generated power,
the excess energy is supplied from the battery and load power is
maintained fixed.

4.3 Different operating modes of TPIT
algorithm

The three power electronics converters which interface PV
panel, EV modelled as Battery and Electric Grid are connected.
This algorithm allows the system to operate in different modes. The
basic four modes are R2V, R2G, G2V and V2G mode. The operating
characteristics for all the modes are analysed in this section.

Mode I: R2V Operational mode

In R2V mode, the power generated by solar PV is stored by

the vehicle’s battery and grid does not supply or take any power.

Frontiers in Energy Research

As the grid does not play any role in this mode, the grid current
is zero. The Battery stores the PV power and as a result its SOC
increases. The energy is transferred from the solar PV to the EV
battery directly. There is no power exchange, interaction or impact
on the grid.
Mode II: G2V Operational mode

The car uses grid electricity when in G2V mode. The
bidirectional AC-DC converter acts as a regulated rectifier,
converting grid ac power to dc, which charges the battery via the
DC-DC converter and steadily raises battery SOC. Figure 10 depicts
the power flow balance for this mode. As the grid supplies power,
the grid current and voltage are in phase.
Mode III: R2G Operational mode

Solar PV power can be fed into the main power grid in this mode.
The AC-DC converter functions as an inverter, converting direct
current power from the PV to alternating current power. Because
the power flow is in the direction of the grid, the grid current and
voltage are out of phase, as illustrated in Figure 11. In Figure 12,
the electricity supplied by the grid is considered positive, while the
power taken or stored by the grid is considered negative. Because
the complete PV electricity is delivered to the grid, battery storage
consumes N0 power.
Mode IV: V2G Operational mode

When in V2G mode, the vehicle’s battery sends power to the
grid. This kind of functioning might be used in future smart homes,
with the car supplying electricity to the home in the event of a power
outage. As power is supplied to the grid, the grid current and voltage
will be out of phase, as seen in Figure 13.
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Mode V: R2V + G2V Mode of Operation

Aside from the fundamental four modes of operation, these
modes can be combined to generate other modes of operation such
as R2V + G2V and R2G + V2G. The solar PV and grid both
deliver power to the car in R2V + G2V mode of operation. As
seen in Figure 14, the grid voltage and current are in the same
phase, showing that the electricity is provided by the grid. Figure 15
displays the power balance of the system. Because the PV power
exceeds the grid power, the excess power (after transferring to the
grid) must be transferred to battery storage.

5 Conclusion

The novel triple-port DC-DC converter developed in this paper
represents a significant advancement in DC microgrid technology.
By facilitating efficient and flexible energy management among
multiple sources and storage systems, this converter addresses
the critical challenges of integrating renewable energy, enhancing
system reliability, and improving overall efficiency. The proposed
design and control strategies offer a promising solution for
modern DC microgrids, paving the way for more sustainable
and resilient energy infrastructures. Detailed simulations and
experimental validations underscore the converter’s effectiveness,
demonstrating its potential to transform DC microgrid applications.
The system is designed, and the different modes of operation
are analyzed for the system. A control algorithm is studied that
interfaces renewables and EVs with the electric grid. The three
power electronic converters are discussed, and their controllers
are designed to maintain energy balance and stability in all
cases. The battery characteristics indicate the operating mode. The
phase between grid voltage and grid current indicates whether
power is supplied by the grid or drawn from it. Integrating
solar-fed EVs with the electric grid results in optimal system
performance, contributing to a greener environment. The R2G
and R2V modes of operation ensure the proper utilization of
generated solar power. The G2V operating system makes the system
more reliable and provides a continuous power supply that is
ensured even during the night or cloudy days. V2G operating
mode allows the vehicle to provide power to the grid when
needed, which helps make the grid an intelligent grid. The control
and power flow algorithms have been analyzed in this research.
The triple port integrated topology ensures the proper power
flow between the source and load during different conditions.
A triple-port converter integrates three different ports (typically
for renewable energy sources, energy storage, and loads), which
requires complex control strategies to manage simultaneous power
flow. Achieving seamless coordination between these power paths
adds complexity to both hardware and software design. Control
algorithms must dynamically balance power among the three ports
while maintaining efficiency. This often requires more sophisticated
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