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Abstract. The article deals with the simulation of the operation of decentralized energy resources (DER)
within a distribution network. The aim is to analyze the impact of photovoltaic (PV) systems and electric
vehicle (EV) technology in G2V (Grid-To-Vehicle) and V2G (Vehicle-To-Grid) modes on the power
balance and stability of a node in a low-voltage distribution system. Using a MATLAB Simulink simulation
model, several operational scenarios were analyzed — without connected DERs, with photovoltaic plant and
in last scenario with EVs connected in G2V and V2G mode. The results show that the integration of PV and
V2G systems leads to grid relief and stabilization of power conditions at the node.

1 Introduction

The decentralization of electricity generation,
specifically regarding the deployment of decentralized
or distributed energy resources, is a highly topical issue
in modern power engineering. The need for these
resources arises primarily from the declining costs of
renewable energy technologies, which has led to their
increased adoption in areas where they replace
conventional centralized systems or, in specific cases,
fossil-fuel-based sources—particularly in the transport
sector. Currently, this trend encompasses not only land-
based transport but also, to an increasing extent,
aviation. The integration of electrical energy into new
applications enhances overall efficiency and offers
significant potential for energy savings.

The concept of decentralization should not be
viewed merely as the deployment of small-scale power
sources. It must also encompass the implementation of
renewable energy sources within residential and
industrial facilities, alongside the integration of energy
storage technologies. These include electrochemical
battery storage (such as Li-ion, LFP, Na-ion, RFB, etc.),
mechanical energy storage (flywheels, gravity-based
storage), thermal storage, and chemical storage based on
hydrogen generation. [1,2]

As these technologies become increasingly
accessible, they act as power sources within distribution
networks (at both residential and industrial scales)
whose contribution is significant. Ultimately, this can
lead to a shift in traditional energy flows—moving away
from the conventional structure of transmission from
higher-level systems to the consumer—a phenomenon
that would not occur under standard operating
conditions. [3]
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Some of the most commonly used energy storage
systems today are hybrid photovoltaic systems, which
are supplemented by batteries with capacities in the
range of several tens of kWh and power ratings in the
kW range. Battery electric vehicles (BEVs) are likewise
becoming indispensable energy resources; unlike in the
past, they no longer function solely as loads during
charging. Increasingly, when paired with charging
stations supporting standards such as Vehicle-to-Grid
(V2G), Vehicle-to-Home (V2H), or Vehicle-to-
Everything (V2X), these vehicles can be operated as
battery storage units. This allows for the optimization of
a facility’s overall energy balance—specifically
regarding peak power demand—and facilitates the
storage of energy generated from on-site renewable
sources, such as a building’s own photovoltaic plant.
[4.5]

The objective of this paper is therefore to simulate
the contribution of renewable energy sources to the
power balances of a specific section of a simulated
distribution network, alongside an assessment of their
impact on harmonic voltage and current waveforms.

2 Decentralized
(DER)

energy resources

2.1 Renewable energy resources

From a territorial perspective within the European
Union, a fundamental increase in the share of renewable
energy sources in total production has been observed
over the last decade. In 2015, the share of electricity
generated from renewable sources was approximately
18%. By 2025, this share is over 25%, with solar and
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wind energy being the primary drivers of this growth.
Historically, renewable sources consisted mainly of
energy produced from biomass and hydropower;
however, regarding the penetration and distribution of
these sources within the distribution grid, they did not
exert such a significant impact. Currently, regarding the
deployment of wind and solar energy, these sources are
being installed essentially without major restrictions
(assuming compliance with the connection conditions of
individual distribution system operators) and, notably,
on a larger scale. The aforementioned shares, based on
Eurostat data, are presented in Table 1 [6]:

Table 1. Share of renewable energy sources in EU [6]

Indicator Status in Status in
cato 2015 2024/2025

Share of

Renewables in o 25.2%

Total ~17.8% (2024)

Consumption

Share of

Renewables in o ~50%

Electricity 28.0% (2024)

Gen.

Primary Biomass Solar &

Growth Hvdro ’ Wind

Drivers ¥ Energy

EU Target for 27% 42.5% -

2030 (originally) 45%

The aforementioned increase in the share of
decentralized renewable energy sources serves as a
necessary motivation to simulate and describe the
impact of these installed sources on the distribution grid,
as well as to evaluate their influence on the quality and
reliability of grid operations.

Unlike wind and photovoltaic sources, the
deployment of CHP units in distribution networks has a
positive impact on the security and quality of the power
supply. This is primarily due to the fact that these
sources can be effectively controlled and utilized for
voltage support; furthermore, they can operate in island
mode during faults and assist with peak shaving in the
distribution grid.

2.2 Battery energy storage systems

When appropriately sized in terms of power and
capacity, battery energy storage systems (BESS) can
serve to cover load peaks or drops caused by reduced
output from renewable sources due to, for example,
adverse weather. The manner and extent to which they
influence a specific node of the distribution network—
from a capacity and power perspective—is determined
to a certain degree by their construction. A brief
summary is presented in the following section.

2.2.1 LFP and NMC based BESS

LFP (LiFePO4) and NMC (LiNiMnCoO2) technologies
represent the primary standards for battery energy
storage systems (BESS), with each offering a distinct
trade-off between power, capacity, and lifespan. NMC
technology excels in high gravimetric and volumetric
energy density, allowing for higher installed capacity
and greater peak power within a limited space, albeit at
the cost of a lower thermal runaway threshold.
Conversely, LFP technology dominates in terms of
cycle life and safety due to its robust internal structure,
which permits deeper depth of discharge (DoD) without
significant degradation. Consequently, from an
operational perspective, NMC is preferred for
applications requiring high instantaneous power
delivery, whereas LFP is ideal for stationary storage
demanding long-term stability and frequent charge-
discharge cycling.

2.2.2 Redux flow and NA-ION based BESS

Redox Flow systems are unique due to the architectural
decoupling of power and energy capacity—power is
determined by the size of the membrane stacks, while
capacity is defined by the volume of external electrolyte
tanks. This allows for flexible scaling for long-duration
energy storage without the electrode degradation typical
of solid electrolytes. Sodium-Ion (Na-Ion) technology
presents a cost-effective alternative to Li-ion due to the
high abundance of sodium. Although they do not
achieve the energy density of NMC batteries, they excel
in operational safety (allowing full discharge to 0 V for
transport) and stability at low temperatures, making
them a suitable solution for distribution grid
installations in harsh climatic conditions.

2.3 Battery electric vehicle storage systems

Electric vehicles connect to the grid through charging
stations, most commonly utilizing AC wallboxes where
the power delivery is limited by the vehicle’s onboard
charger—typically 22 kW for full EVs and 3.6 kW for
hybrids. This method presents challenges for grid
stability, including potential phase imbalance from
single-phase loading and the need for strict power
management to respect household breaker limits, which
may eventually necessitate infrastructure upgrades due
to shifting simultaneity coefficients. While DC charging
offers a faster, symmetrically loaded alternative (50—
350 kW) compared to the currently rare Vehicle-to-Grid
(V2G) AC options, the efficiency of any charging
process is ultimately constrained by the battery's thermal
management;  specifically,  performance  drops
significantly outside the optimal 0°C—40°C range, and
artificially heating the battery is considered cost-
ineffective for the overall energy system. The
connection of electric vehicles to the distribution
network in power delivery mode must be assessed
specifically regarding the potential impact of these
decentralized sources on the distribution grid. The
individual methods for connecting battery electric
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vehicles to the network are presented in the following
section. [7,8,9]

V2L,V2G and other

From the perspective of describing individual power
delivery modes from a Battery Electric Vehicle (BEV),
we primarily refer to Vehicle-to-Load (V2L), Vehicle-
to-Grid (V2G), and Vehicle-to-Everything (V2X)
technologies.

Regarding the impact on the distribution grid, the
V2G and V2X technologies are crucial, as they involve
connecting the vehicle to the distribution network via a
suitable charging station. In the case of the V2G mode,
both the vehicle and the charging station must support
the common ISO 15118 protocol. In the case of the V2X
mode, which also encompasses Vehicle-to-Home (V2H)
and Vehicle-to-Building (V2B), the installation of a
Home Energy Management System (HEMS) is
required. This system allows for intervention by a
supervisory control system if necessary, for example, at
the microgrid level. [7, 10, 11]

3 Modelled network and scenarios

To demonstrate the impact of distributed energy
resources, the simulation utilized the conditions of a 22
kV distribution network featuring installed photovoltaic
sources and battery electric vehicle charging stations.
Together with a dynamic load model, these elements
formed a comprehensive representation of a small
section of the distribution network served by a supplying
distribution transformer. The parameters of the installed
components are listed in Table 2.

Gemini povedal

This MATLAB/Simulink model represents a
comprehensive three-phase grid-connected photovoltaic
(PV) power conversion system designed for analyzing
energy flow and control stability. The primary power
stage integrates a PV array with a Voltage Source
Inverter (VSI), followed by an LCL filter optimized for
the suppression of high-frequency switching harmonics
to ensure compliance with grid power quality standards.
The control architecture is based on a Synchronous
Reference Frame (SRF) strategy, utilizing a Phase-
Locked Loop (PLL) for precise grid synchronization
and dq0 transformations to decouple the control of
active and reactive power via dedicated PI controllers.
These controllers generate the reference signals for the
Pulse Width Modulation (PWM) generator, which
drives the inverter’s power electronic switches. The
distribution side of the model incorporates a dynamic
load for simulating variable demand profiles and a
22kV/400V power transformer that facilitates the
interface between the low-voltage generation unit and
the medium-voltage distribution grid. Comprehensive
data acquisition is implemented through high-voltage
(HV) and low-voltage (LV) measurement blocks,
allowing for the real-time monitoring of voltage
transients, current waveforms, and active (P) and
reactive (Q) power distribution across the Point of
Common Coupling (PCC).

Table 2. Parameters of installed components

Component Description
Photovoltaic 80 kW, 18 parallel strings, 25
System modules in series, MPPT
algorithm
EV System 4 x battery 360 V /30 Ah
(10.8 kWh), G2V or V2G mode
control
Buck-Boost DC-DC converter, enables
Converter bidirectional flow between the
EV and the grid
Dynamic Range: 0.8-1.4 MW
Load
LCL Filter 5 mH + 6 pF, for improving
current quality from the inverters
PWM Inverter control (PV, EV),
Generators operating based on PI control
Three-phase Power 100 MVA, 50 Hz,
Source voltage 22 kV (15.5 Vrms)

3.1 Components of modelled network

The photovoltaic system in the simulated model serves
as the primary renewable DC source with a total
capacity of approximately 80 kW, consisting of 18
parallel strings of 25 series-connected modules; this
system, together with electric vehicles (EV), reduces
reliance on the upstream grid and enables operation in
both parallel and island modes. The electric vehicles
themselves are modeled as flexible loads or sources
featuring a 10.8 kWh battery (360 V, 30 Ah), which,
utilizing a Buck-Boost DC-DC converter and an SOC
control algorithm, can operate in charging mode (G2V)
or supply energy back to the grid (V2G), thereby
assisting in voltage stabilization and consumption
optimization. The connection of these low-voltage
components to the distribution network is facilitated by
a 250 kVA three-phase transformer with a fixed voltage
ratio of 22 kV/400 V, which protects the circuits and
ensures energy balance. Power quality and the filtration
of high-frequency switching harmonics are ensured by a
passive LCL filter (5 mH/6 pF/5 mH) combined with
three-phase inverters controlled by PWM generators,
utilizing switching frequencies of 10-20 kHz for precise
active and reactive power control in compliance with the
IEEE 519 standard. Realistic grid behavior is verified
within the model using a dynamic non-linear load with
variable demand ranging from 0.8 to 1.4 MW to
simulate daily consumption fluctuations, while the
entire system is powered by a source with parameters of
15.5 kV, 50 Hz, and a short-circuit power of 100 MVA.
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3.2 Scenarios

Three scenarios were chosen to simulate the impact on
power balance at a specific reference node of the
distribution grid. Scenario 1 acts as a baseline for
comparison, without any connected distributed energy
resources. Scenario 2 introduces a photovoltaic (PV)
plant, which contributes positively to the power
generation. Scenario 3 adds electric vehicles operating
in both V2G and G2V modes alongside the PV plant.
The simulation aims to verify voltage levels and
evaluate the power balance at the chosen node. In this
mode, two vehicles are connected in charging mode and
two vehicles in grid-supply mode. However, they utilize

o
o
g
= )
)
Fig. 1. Model schematics from Matlab Simulink environment.
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Fig. 2. Profile of power drawn from the distribution grid
different profiles designed to simulate realistic

operational patterns of such connected vehicles.

4 Simulation conclusion

Scenario S1 (Reference State) This scenario serves as a
baseline in which decentralized energy resources (DER)
are absent. Total energy consumption is covered
exclusively by the distribution grid, resulting in a
negative power balance and significant current loading
on the high voltage (HV) side. The simulation indicates
that long-term operation in this mode would lead to
increased losses, a risk of thermal overload of
equipment, and reduced voltage quality under real-
world conditions. Therefore, Scenario S1 is crucial for
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comparing and quantifying the benefits of subsequent
modes utilizing PV, G2V, and V2G technologies to
relieve the system.

Scenario S2 (PV Integration) The results of Scenario
S2 confirm that the implementation of a standalone
photovoltaic system can significantly reduce the load on
the upstream grid. Local generation not only effectively
covers local consumption but also enables reverse
power flow. Although higher currents occur on the low
voltage (LV) side, voltage stability is maintained, and
the distribution system remains in balance. This scenario
demonstrates the direct contribution of photovoltaics to
the energy self-sufficiency of the node, the reduction of
transformation losses, and the conservation of
distributed power, even without the need for additional
support elements.

Scenario S3 (Hybrid Resource Coordination)
validates the high degree of adaptability of the
distribution grid when deploying coordinated
decentralized resources. The dynamic switching of
electric vehicle modes in synergy with photovoltaics
resulted in a decrease in current on the LV side,
indicating the efficient consumption of locally generated
energy. The simulation demonstrated that such a hybrid
configuration has no negative impact on voltage quality
and does not burden the HV branch. The combination of
PV and V2G/G2V technologies enables real-time
optimization of energy flows, thereby increasing system
stability and reducing demands on the upstream grid,
which is a necessary prerequisite for the development of
Smart Grids.
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Fig. 3. Voltage waveform for Scenario S3

As illustrated in Figure 3, the voltage waveforms
exhibit slight harmonic distortion due to the operation of
power converters and the dynamic switching between
G2V and V2G modes. Furthermore, it is anticipated that
the magnitude of these phenomena may increase with
the rising installed capacity of bidirectional charging
stations.

5 Conclusion

The primary objective of this research was to analyze
the operational dynamics of decentralized energy
resources (DER) and their influence on distribution
system stability. Through comprehensive MATLAB
Simulink modeling, the interplay between photovoltaic
(PV) generation and electric vehicle (EV) integration—
operating in both Grid-to-Vehicle (G2V) and Vehicle-

to-Grid (V2G) modes—was examined. The findings
confirm that the strategic deployment of PV and V2G
technology effectively mitigates grid stress, leading to
enhanced power balance and improved stability within
the low-voltage node.

Scenario S3 (PV system, G2V, and V2G)
represented the most complex configuration. In this
mode, the dynamic switching of electric vehicle
operating states resulted in current spikes and power
fluctuations. Nevertheless, voltage levels remained
within permissible limits. The power balance remained
stable within the 3540 kW range, with the combined
operation of the PV system and two EVs in V2G mode
significantly contributing to meeting local demand.
Following the transition of the EVs to G2V mode, the
instantaneous current draw decreased from 100-110 A
to 70-80 A, and the grid power import dropped to 20
kW. Based on the results, The photovoltaic source
significantly contributes to reducing the power load on
the distribution grid. Under favorable conditions, it can
cover local consumption and facilitate reverse power
flow to the grid.

Electric vehicles in V2G mode enable flexible
energy flow management, which can be utilized for peak
shaving or enhancing grid stability.

Conversely, the G2V mode imposes significant
demands regarding instantaneous power loading and
places increased dimensioning requirements on the
distribution network, particularly on the Low Voltage
(LV) side.

Scenario S3 necessitates sophisticated control
strategies but offers the highest degree of flexibility and
the ability to actively influence the node's power balance
in real-time.

From the perspective of the Distribution System
Operator (DSO), the integration of Distributed Energy
Resources (DERs) can significantly influence energy
flows and assist in operational optimization, provided
that appropriate control strategies and coordination of
DER elements are applied. A critical factor remains the
impact on voltage quality, particularly during frequent
mode switching and in the presence of nonlinear loads
(e.g., inverters).

Based on the findings presented above, it can be
concluded that the integration of decentralized energy
resources into the distribution grid offers substantial
potential for improving power balance, alleviating load
from the upstream voltage system, and supporting grid
stability. The simulation scenarios demonstrated that
photovoltaic systems and electric vehicles with
bidirectional power flow capabilities (V2G/G2V) can
significantly affect the operating conditions at the grid
node and may become key elements in the transition to
intelligent and flexible energy systems. However, their
effective deployment requires advanced control
algorithms, technical resource coordination, and a
rigorous analysis of economic and regulatory aspects.
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