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SIMULATION OF THE INTEGRATION OF A SOLAR POWER PLANT INTO A 10/04 KV
DISTRIBUTION NETWORK USING THE SICAD PLATFORM

The intensive development of renewable energy in Ukraine and the world necessitates an in-depth study of the processes of integration of solar power
plants into medium-voltage distribution networks. Increasing the share of decentralized generation sources changes the established modes of operation
of electrical systems, makes it difficult to balance active and reactive power, affects the voltage level in nodes and creates additional requirements for
protection and automation systems. The relevance of the problem is enhanced by the fact that networks of voltage class 6 — 10 kV were originally
designed to work in the traditional direction of power flows — from the substation to consumers, while the connection of solar stations causes the
appearance of reverse flows and uneven load distribution. The purpose of this study is to model the impact of photovoltaic plants on the operation of
distribution networks and analyze the capabilities of inverters in increasing the efficiency of voltage regulation and maintaining the reliability of power
supply. The object of the study is a 10/0.4 kV distribution network with a 5 MW integrated solar power plant, reproducing a typical example of a modern
renewable source system. The main hypothesis is that the use of inverters with a reactive power control algorithm ensures the stability of operating
modes and reduces the negative consequences of fluctuations in solar generation. The work adopts a comprehensive approach including analytical
methods for calculating power flow distribution and computer simulations in the SICAD software environment. This made it possible to reproduce the
operation of the network in various scenarios: at the night minimum load, the daytime peak of generation, as well as in transient modes. In addition,
emergency situations were investigated, including a sudden shutdown of the solar power plant and the occurrence of short circuits. This approach makes
it possible to assess not only the standard, but also the emergency conditions of the system's functioning. The scientific novelty of the work consists in
the development of an approach to assessing the impact of photovoltaic power plants on the modes of operation of distribution electric networks, taking
into account the possibilities of controlling the reactive power of inverters and the variable nature of solar generation. The practical significance of the
results lies in the possibility of their use for the development of methodological recommendations for the integration of photovoltaic plants in medium
voltage networks, as well as for the improvement of inverter control algorithms. The obtained conclusions can be useful both to operators of distribution
systems and project organizations when planning the development of electrical networks, taking into account the growing share of renewable energy
sources.

Keywords: electrical distribution network; solar power plant; photovoltaic generation; inverter; voltage regulation; reactive power; computer
simulation.

Introduction. Current energy development is  generating stations to consumers. In the conditions of

inextricably linked to global environmental challenges,
reduced carbon dioxide emissions and the transition to a
sustainable economy. In these conditions, renewable
energy sources, in particular solar power plants (SPPs), are
gaining more and more importance. There has been a
steady trend in the world towards an increase in their share
of the overall generation balance sheet, which is
attributable to the environmental benefits, economic
feasibility and technical capacity for rapid deployment of
such facilities. Ukraine is also actively moving in this
direction, as the integration of renewable generation is an
important component of the state's energy security and its
international obligations within the framework of the
«greeny transition.

However, the wide implementation of SPP in medium
voltage distribution networks is accompanied by a number
of new problems. In a traditional power supply system,
power flows had a one-way — direction from large

connecting SPPs, this nature changes, which makes it
difficult to regulate network operation modes. In addition,
the generation of electricity from solar radiation is unstable
in nature, as it depends on weather conditions, which can
cause significant voltage fluctuations. An additional risk
factor is the influence of inverters on the quality of
electricity: the appearance of harmonic components,
flickers and possible deterioration of phase symmetry. All
this poses a threat to the reliability and safety of distribution
networks, which were originally designed for classic
consumption conditions.

That is why there is a need to conduct scientific
research aimed at studying the impact of SPP on the modes
of operation of distribution networks. This makes it possible
to identify potential problems in advance and find optimal
technical solutions to minimize them. In addition, the results
of such studies could provide a basis for improving the
regulatory framework, improving the planning efficiency of
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new generation facilities and upgrading already existing
networks. Also, modeling the operation of the system in
specialized software environments, such as SICAD [1],
allows you to assess with high accuracy the impact of
connecting renewable sources on power supply parameters,
ensure the stability of the system in regular and emergency
modes, and develop recommendations for increasing the
reliability of energy supply.

The practical significance of such research lies in the
creation of scientifically based methodical approaches to
the integration of SPP in medium voltage networks. This
contributes to reducing operating costs, reducing electricity
losses, improving voltage quality and ensuring stable
operation of the electric power system in general. At the
same time, the study provides the possibility of formulating
recommendations for energy companies and distribution
system operators, which will allow more -efficient
management of the process of connecting new generating
facilities.

Therefore, the scientific problem of integrating SPPs
into medium voltage distribution networks is extremely
relevant both from the point of view of ensuring energy
stability and safety, and in view of the practical tasks of
increasing the efficiency and quality of electricity supply.
Therefore, studies dedicated to simulating the integration
of SPPs in a 10/0.4 kV distribution network using the
SICAD software environment and the analysis of system
operating modes are relevant.

Analysis of literary sources and formulation of the
problem. In the work [2], a broad review study of the
development of SPPs integration into energy networks was
carried out and the main directions and problem areas of
integration were identified (in particular, issues of
electricity quality, losses, voltage modes). However, the
work is of a generalised nature and does not contain a
detailed analysis of emergency mode scenarios or an
application model for 10 kV medium voltage networks.

In study [3], the influence of reverse flows on
transformers and other network elements was analyzed
using the example of low-voltage networks, and the risks
of transformer overload with a large share of SPP were
revealed. However, the results mainly concern low voltage
networks and are not directly transferred to the features of
10 kV medium voltage networks, where other topology and
mode characteristics.

The work [4] presents a number of applied studies and
methods for assessing the impact of SPPs on medium
voltage networks (voltage analysis, losses, optimal
placement), and reveals a positive effect of local load
coverage. However, the study rarely includes a detailed
assessment of dynamic responses to accidents (sudden
generation outages) and interaction with relay protection.

The publication [5] focuses on the measurement and
theoretical analysis of the phenomena of voltage reduction
or increase during reverse flows in feeders, demonstrating
that standard voltage regulators can experience problems
with a high level of SPPs penetration. However, the work
does not cover the impact of realistic daily and seasonal
solar insolation profiles and does not make practical
recommendations for tuning inverters in 10 kV networks.

The study [6] considered strategies for placing and
selecting SPP power in the distribution network
environment in order to minimize losses and improve the
voltage profile. The usefulness of optimal placement is
shown. However, the work applies static scenarios and does
not simulate emergency modes or features of inverter
dependency control algorithms «reactive power — voltage».

Publication [7] analyzed approaches to control the
reactive power of inverters (dependency regulation
«reactive power — voltage», power factor regulation, etc.)
as a voltage stabilization tool. The effectiveness of such
methods in regular regimes has been proven. However,
many studies are limited to idealized models of inverters
and do not take into account their behavior in emergency
transitions or in rapidly changing generation modes.

In work [8], the issue of SPP modeling in dynamic
models is considered, standardized approaches to the
display of inverters and solar arrays are given. However, the
practical application of these models at the level of medium
voltage networks of 10 kV with the subject of return flows
and specific feeder topologies is often not presented in the
form of a ready-made technique for engineers.

The work [9] provides an overview of the impact of the
high level of penetration of dispersed energy sources (in
particular SPP) on the parameters of distribution networks
and recommendations for the adaptation of traditional means
of regulation. It is shown that modifying the controllers of
voltage regulators and coordination mechanisms can
facilitate integration. At the same time, the article does not
provide an in-depth analysis of specific emergency scenarios
typical of 10 kV networks with large SPPs.

In study [10], the issue of optimal placement and
power of SPPs in long medium voltage feeders was
considered and it was shown that localization and power
value significantly affect voltage losses and profile.
However, most studies use simplified or averaged daily
insolation profiles, which reduces the accuracy of the
assessment in cases of sudden weather changes and
emergency outages.

The publication [11] investigated the influence of the
choice of the SPP model (degree of detail of the inverter
and photovoltaic modules) on the results of the analysis of
the network operation; it was proved that the accuracy of
the model significantly affects the conclusions regarding
the quality of voltage and losses. However, the question of
choosing the optimal level of detail (balance of accuracy
and computational complexity) for modeling 10 kV
networks is left open.

In work [12], a comparative analysis of problems with
the quality of electricity in networks with a high level of
SPPs penetration (harmonics, flickers, full coefficient of
harmonic distortions) was performed and compensation
methods were considered, but most solutions are focused
on low-voltage networks and do not take into account the
features of protection and coordination in 10 kV networks.

The publication [13] analysed the daily and seasonal
SPP generation profiles and their impact on network mode
parameters. It is shown that taking into account realistic
profiles increases the correctness of calculations. However,
the work does not integrate these profiles into complete
accident scenarios (for example, sudden shutdown of SPPs
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during peak hours) and does not consider the impact of
additional means such as energy storage.

Study [14] examined practical examples of the
application of software complexes for the simulation of
electrical networks (OpenDSS, ETAP, PowerFactory) in
order to analyse return flows and their compensation
measures. It shows how such tools help in planning.
However, in most cases there is a lack of in-depth
validation of models on real data of 10 kV medium voltage
networks and a robust strategy taking into account inverter
adjustment during accidents.

Publication [15] presents optimization methods and
strategies for coordinating voltage regulators, including
strategies for using SPPs inverters as virtual reactive power
sources. However, the practical implementation of such
strategies in systems with communication disabilities and
old relay protection has not been investigated.

The work [16] carried out a systematic analysis of the
risks of integrating the large capacity of SPPs into
distribution networks and emphasized the importance of the
combined use of energy storage devices, adaptive settings
of inverters and modernization of protection systems.
However, practical techniques for engineering
implementation (in particular, specific settings for 10 kV
networks and validation algorithms in specialized software
complexes) remain underdeveloped.

The analysis of the given sources [2—16] indicates a
significant attention of scientists to the problems of
integration of SPPs into electrical networks. Despite the
variety of — approaches from generator placement
optimization, voltage and loss analysis, to reactive power
management and emergency mode modeling —, none of the
studies offer a comprehensive applied technique for
medium voltage 10 kV networks.

Existing robots are mostly either limited to low-
voltage networks, or only consider individual aspects
(static scenarios, individual modes, local examples),
leaving out system analysis of dynamic emergency
processes combined with features of inverters, relay
protection and energy storage.

Thus, a common unresolved problem is the lack of a
formalized model of SPP integration in a medium voltage
network of 10 kV, which would comprehensively take into
account emergency scenarios, the operation of inverters,
relay protection and auxiliary means (energy storage).

Solving this problem will allow the creation of
engineering methods to ensure the reliability, quality of
electricity and safe operation of networks with a high level
of SPPs penetration.

Purpose and tasks of research. The aim of the study
is to develop a mathematical model of a 10/0.4 kV
distribution network with a connected SPP in the SICAD
software environment to analyze the impact of renewable
generation on the operating modes of the system. This will
make it possible, on the one hand, to obtain new scientific
results regarding the regularities of the functioning of
electrical networks in the presence of solar generation, and
on the other hand, to form practical recommendations for
increasing the reliability and efficiency of their operation.

To achieve the set goal, the following research tasks
were defined:

e to analyse the features of the operation of
10/0.4 kV distribution networks under SPP connection
conditions and to highlight the main factors affecting mode
parameters;

e  build a mathematical model of a distribution
network with an integrated SPP in the SICAD software
environment and parameterize it based on real output data;

e conduct an analysis of normal and emergency
modes of system operation, assess the impact of SPP
generation on voltage levels, current distribution and
electricity loss, as well as develop practical
recommendations for optimizing network operation.

Research materials and methods. The object of the
study is a 10 kV voltage class electrical distribution
network, powered by a 110/10 kV substation and
containing traditional consumers and renewable energy
sources in the form of a SPP with a nominal capacity of 5
MW. This facility is typical of modern regional-level
electrical networks and allows to investigate the
peculiarities of the influence of solar generation on voltage
indicators, distribution of power flows and operating
conditions of equipment.

The main hypothesis of the study is that the
introduction of mechanisms for flexible regulation of the
parameters of inverters of SPPs allows to increase the
reliability and quality of power supply in distribution
networks. In particular, it is assumed that reactive power
regulation is able to compensate for the influence of
fluctuations in solar generation and contribute to the
reduction of voltage deviations.

A number of assumptions are accepted in the work.
First, daily consumer load schedules are considered typical
and invariant to weather conditions. Secondly, the
generation profiles of a SPP are determined by the average
values of insolation and temperature for a specific climatic
region, which avoids the need to model random
fluctuations.

Third, the SPP inverter is considered as an ideal
controlled source of active and reactive power without
taking into account internal nonlinear conversion
processes.

A number of simplifications were also adopted. The
model does not take into account fast-moving
electromagnetic transients, as the main focus is on
stationary and quasi-stationary modes of operation. Losses
in the secondary circuits of transformers and control
equipment are also not taken into account, which allows
you to focus on the analysis of the main processes in the
power part of the network. In addition, the network is
considered as a symmetric three-phase system without
taking into account the influence of load asymmetry.

The research was carried out using analytical and
software methods. At the analytical stage, classical power
balance equations, expressions for determining losses in
lines and voltages in nodes were used. To reproduce the
operation of the network in different modes, the SICAD
software environment was used, which allows modeling
electrical networks taking into account their topology and
equipment characteristics. The model displays a single-line
network diagram, includes parameters of transformers,
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overhead and cable lines, as well as loads in characteristic
nodes. Active power generation profiles and a reactive
power control algorithm have been implemented for SPPs.

Experimental studies in the SICAD simulation
software environment were carried out under several
scenarios corresponding to typical network operating
conditions: night minimum consumption, daytime peak
generation and intermediate transient modes. In addition, to
check the stability and adequacy of the model's operation,
the conditions of emergency situations were laid, including
a sudden shutdown of solar generation and the occurrence
of a short circuit on one of the lines.

Features of the operation of 10 kV distribution
networks under the conditions of connection of SPPs.
The integration of SPPs into medium voltage distribution
networks is becoming one of the key trends in the
development of modern energy. 10/0.4 kV networks were
traditionally built on the principle of «source — consumer»,
that is, they provided for the unidirectional movement of
electricity from the substation to the end users. With the
advent of distributed generation, in particular SPPs, new
phenomena arise in these networks: a change in the
direction of power flows, local overvoltages, a decrease or
increase in losses, as well as an increase in requirements for
the relay protection and automation system.

At any given time, an active power balance is
performed for an individual network node (1):

Pc(f)—&(f)=zk:13m,k (1), (1)

where Pg(t) — active generation power in the node (for
example, from the SPP);

P4(t) — active load power;

Piosi(t) — losses in network elements. If the value of
Pg(t) exceeds Pu(t), the difference is directed to the
network, creating a «return flow». It is this situation that
most often causes technical difficulties, since the network
was designed for unidirectional energy flows.

Energy losses in distribution lines depend
significantly on the current flowing through the conductors.
They are described by the formula (2):

Bos :IZ 'RA’ (2)
where I — current in the line;

R4 — its active resistance.

If the SPP partially or completely compensates for the
local load, the current at the section «substation — node with
SPP» decreases, which leads to a decrease in losses. At the
same time, in the case of a significant excess of generation
over consumption, new flow zones appear in the network,
which can increase currents and, accordingly, losses in
neighboring areas.

The most critical parameter for the reliability of
consumer work is the voltage level. In classic power
circuits, it gradually decreases with distance from the
substation. However, in the case of SPPs, the opposite
phenomenon — local voltage increase may be observed at
individual points. This is explained by the expression (3):

AU = I-(Rcosp+ X sing), (3)

where AU —voltage drop;

R and X — line resistance parameters;

@ — shear angle between voltage and current.

In the case when the consumption is small and the
generation from the SPPs is large, the voltage at the
connection point increases, creating risks of exceeding the
regulatory limits, as shown in Fig. 1.
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Figure 1 — Voltage profile along the feeder 10 kV
(nodes Ne 0...10)

The level of SPP generation is diurnal and seasonal,
due to insolation and temperature conditions. Equations
were used for calculations in the work (4):

By (t) =By -——=-1 (1), )

where  P,,m —nominal capacity of the installation,

G(t) — current solar radiation;

Gy = 1000 W/m? — standard illumination,

[(t) — temperature coefficient.

As can be seen from the illustrative daily schedule
(Fig. 2), the maximum generation occurs at noon, while in
the morning and evening hours the power of the SPP is
practically zero.

1000
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Figure 2 — Daily SPP generation profile

Modern SPPs inverters have the ability to regulate
reactive power, which allows you to stabilize the voltage in
the network. One common control law is described by the
equation (5):

0=K,(U, V), 5)
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where
the inverter;

U,.r— voltage reference value;

U — actual voltage value at the node;

K4 — adjustment factor.

The use of such an approach allows a significant
reduction of overvoltages, which is confirmed graphically
in Fig. 1 (green curve).

Thus, the impact of SPP on the 10/0.4 kV network is
determined by a number of factors:

e the ratio between local consumption and
generation;

e  parameters of electric lines (supports R and X);

e features of daily and seasonal generation
profiles;

e  algorithms for the operation of inverters, in
particular their ability to regulate reactive power.

Taking these aspects into account in the modeling
process made it possible to adequately assess possible
problems and find ways to solve them, including
optimization of modes, selection of inverter settings and
use of regulatory devices in the network.

Construction of a mathematical model of a 10 kV
distribution network with an integrated SPP in the
SICAD software environment. The development of a
mathematical model is a key stage of research, as it allows
you to reproduce the real conditions of operation of the
electrical network and conduct a further analysis of the
impact of renewable generation on its operating modes. In
the work, the construction of the model is carried out in the
SICAD software environment, which provides a wide
range of tools for modeling energy systems.

The choice of this tool is due to its ability to
comprehensively model electric power systems, take into
account nonlinear characteristics of equipment, calculate
stationary and dynamic modes, as well as the presence of
specialized libraries for modeling renewable energy sources.
The steps of the simulation process are presented in Fig. 3.

0 — reactive power generated or consumed by

Stage 1: Formation of network topology

v

Stage 2: Tasking network element parameters

v

Stage 3: Modeling of a solar power plant

v

Stage 4: Validation and calibration of the model

Figure 3 — Stages of the modeling process

Stage 1: Formation of network topology. Based on
real output data (single line circuit, power lines parameters,
transformer substations), a model of a typical 10/0.4 kV
radial type distribution network was created. Fig. 4 is a
general view of the circuit in a SICAD environment.

The model includes a 110/10 kV central substation
from which a number of distribution feeders are fed. For
the study, one of the feeders was chosen, to which a SPP
with a capacity of 5 MW was connected at a point remote
from the power source. This configuration allows the
clearest analysis of the influence of distributed generation
on the voltage profile and the distribution of power flows.

Stage 2: Tasking network element parameters. For
each element of the model (air and cable power lines,
transformers,  switching  equipment),  parameters
corresponding to real operating conditions were set:

e  for power lines, active R and reactive X supports
per unit length are specified, taking into account the wire
brand, cross-section and gasket configuration;

e for substation transformers, the rated power,
short-circuit voltage, idle loss and short-circuit loss are
specified;

e the load in the network nodes is set in the form
of active P and reactive Q power graphs, reflecting typical
daily consumption profiles.

Fig. 5 shows the parameterization window of the
elements in the SICAD software environment, where the

characteristics of one of the transformers and the 10 kV line

are given by way of example.

v ]
S0m 21 o
}—L‘. o
200® o
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Figure 4 — Topological diagram of a 10/0.4 kV distribution network in the SICAD software environment
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Figure 5 — Entry window for element parameters in the SICAD software environment

Stage 3: Modeling of a SPP. The key component of
the model is the — SPP generation object. Her model at
SICAD was implemented based on the following
principles:

e  power source: SPP is presented as a controlled
source of active power, the operation of which is described
by equation (4). The model generates an active power
profile based on a given daily solar insolation schedule G(t)
and a temperature coefficient f(t), which allows simulating
the real variability of the generator.

e inverter: An inverter model with advanced
functionality was used to convert direct current from
photovoltaic modules into alternating current. The inverter
can operate not only in the set active power mode, but also
has the ability to adjust the reactive power Q according to
the control law described by Equation (5). This allows the
effect of the inverter control system on voltage stabilization
at the connection point to be investigated.

e  protection system: The inverter model also
includes standard protection functions, such as
disconnection when voltage or frequency exceeds
permissible limits, which is important for the analysis of
emergency modes.

In the SICAD software environment, the possibility of
downloading daily insolation profiles was implemented,
which made it possible to create a realistic generation
scenario.

Stage 4: Validation and calibration of the model. To
ensure the adequacy of the obtained results, the model was
tested. At the calibration stage, the mode of normal
operation of the network without SPPs was calculated. The
obtained values of voltages in nodes, currents in lines and
power losses were compared with the actual operating data
of the corresponding distribution network under normal
operating conditions. The discrepancies were minimal
(~2 %), which confirmed the correctness of the given
network parameters.

A comparison of the measured and simulated voltage
values is given in Fig. 6 and in Table 1. The analysis of the
results shows that at night and in the morning hours, the

deviation of the model from the actual data is minimal and
does not exceed 0.2 %, which indicates the high accuracy
of the reproduction of modes under low loads and the
absence of SPPs generation.
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Hour of the day

Figure 6 — Graphs of measured and simulated voltage values in
the control node

During the daytime period, especially in the interval
from 10:00 to 14:00, there is a maximum difference
between the measured and calculated voltage values, which
reaches 1.5-2 %.

This is explained by the influence of solar generation,
which is characterized by high dynamics of changes, as
well as simplifications in the mathematical model (linear
characteristics of elements, averaging of the insolation
profile, etc.). In the evening, the error gradually decreases
and stabilizes at around 0.5 %, which is again consistent
with practical observations.

Thus, the mathematical model built in SICAD is a tool
that reflects with sufficient accuracy the behavior of a real
10 kV distribution network with an integrated SPP. It takes
into account key factors: generation-consumption ratio,
line parameters, variability of SPP generation and inverter
functionality.

The presence of such a model created the basis for
conducting a comprehensive analysis of standard and
emergency modes of operation of the system.
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Table 1 — Comparison of measured and simulated node voltage

values
Time Operational Simulated Error, %
value, kV value, kV
00:00 9.78 9.77 —0.10
01:00 9.80 9.82 0.20
02:00 9.82 9.84 0.20
03:00 9.85 9.87 0.20
04:00 9.90 9.95 0.51
05:00 10.00 10.05 0.50
06:00 10.15 10.30 1.48
07:00 10.25 10.42 1.66
08:00 10.35 10.52 1.64
09:00 10.40 10.55 1.44
10:00 10.38 10.48 0.96
11:00 10.32 10.38 0.58
12:00 10.25 10.28 0.29
13:00 10.15 10.20 0.49
14:00 10.05 10.08 0.30
15:00 9.95 9.98 0.30
16:00 9.90 9.92 0.20
17:00 9.85 9.87 0.20
18:00 9.82 9.83 0.10
19:00 9.80 9.81 0.10
20:00 9.78 9.77 —0.10
21:00 9.77 9.75 —0.20
22:00 9.76 9.74 —0.20
23:00 9.75 9.73 —0.21

Analysis of the operating modes of a 10 kV
distribution network with an integrated SPP. On the
basis of the developed and validated mathematical model,
a comprehensive analysis of the standard and emergency
modes of operation of the 10 kV distribution network with
an integrated SPP with a capacity of 5 MW was carried out.
The purpose of the analysis was to quantify the impact of
SPPs generation on key system parameters such as voltage
levels, current distribution, power loss, and to identify
potential safety and reliability issues.

The analysis of normal mode of operation was carried
out for various combinations of consumer load and
generation from SPP during characteristic daily cycles.
Two characteristic scenarios were considered:

1. Winter evening maximum consumption mode.

2. Mode of the summer maximum of energy
generation by power plants.

The SPP has the most significant effect on the voltage
distribution along the feeder. As can be seen from the
simulation results presented in Fig. 7, in the night minimum
mode (without SPP) there is a classic profile with a smooth
voltage reduction from the substation (node NeO — 10.5 kV)
to the end consumers (node Nel0 — 10.15 kV).

During the daytime period, when the generation of
SPPs reaches maximum values and consumption remains
relatively high, at the point of connection of the station
(node Ne7) there is a noticeable increase in the voltage level
(curve 3). In this mode, the voltage value approaches the
upper limit of the permissible range, which can lead to a
violation of the requirements for voltage regulation in
distribution networks and create an additional load on the
electrical equipment of consumers.

SPP 10.7 kV (State Standard of Ukraine)

Voltage, kV

0.6 7 8 9 10 11 12 13 14
Network nodes

Figure 7 — Voltage profile along the feeder of 10 kV for different
modes of network operation in the summer:
1 — mode of night minimum load (without SPP generation);
2 — daytime load mode without SES generation;
3 — day mode with maximum SPP generation (without reactive

power regulation);

4 — day mode with maximum SPP generation (with reactive
power regulation)

The increase in voltage is explained by the injection
of active power from the SPP into the distribution network,
which leads to a decrease in the current coming from the
substation and to a change in the distribution of power
flows along the feeder. With a significant share of local
generation, this can cause a voltage rise effect, especially
in nodes located near the connection point of the generation
source. Activation of the reactive power control function of
the SPP inverter (curve 4) allows you to effectively
compensate for this voltage increase due to the
consumption of reactive power from the network and
maintain the voltage level within the permissible regulatory
values.

The effect of SPP on voltage losses is nonlinear and
strongly depends on the ratio of generation and
consumption. The results of the calculations are presented
in Fig. 7. As can be seen from the table, during the daytime
peak of consumption, losses without SPP increase
significantly due to an increase in load currents.

Connecting the SPP allows you to significantly reduce
these losses (by almost 40 %), since the station provides
local coverage of the load, reducing the currents flowing
from the substation. However, in a scenario with
overgeneration (for example, on a day off when
consumption is low and generation is high), it is possible to
increase losses on certain sections of the network due to
reverse power flows.

The simulation confirmed the phenomenon of reverse
power flows. During daytime hours, when the generation
of SPPs exceeds the consumption in the L17 section, the
excess electricity starts to flow to the higher sections of the
network and to the 10/0.4 kV buses of the substation.

This leads to a change in the direction of the current
in these areas. Although this phenomenon is expected, it
requires verification of relay protection and automation
settings designed for unidirectional flows.

Two key emergency scenarios were simulated to
assess the stability of the system:

e  disconnection of SPP at the peak moment of
generation;

e  short-term locking on one of the lines supplying
the feeder.
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[Summer maximum power generation by power plants V]

Voltage drop dU
N¢  LinelD N2 of pole for Voltage drop dU, % Voltage drop dU, V Voltage level, V Deviation from the
the mos] distant rated voltage, %
connection
1 L18 37 0.1 0.22 21917 -0.38
2 L17 36 0.12 0.26 21913 -0.4
3 L16 35 0.12 0.26 21913 -0.4
4 L15 34 0.07 0.15 219.24 -0.35
5 L14 33 -0.25 -0.55 21994 -0.03
6 L13 32 -1.6 -3.51 2229 1.32
7 L12 31 -0.24 -0.53 219.92 -0.04
8 L11 30 -0.19 -0.42 219.81 -0.09
9 L9 28 -0.09 -0.2 219.59 -0.19
10 L8 27 0.04 0.09 2193 -0.32
1" Ly 26 0.06 0.13 219.26 -0.34
a
|Winter evening maximum consumption mode ~
Voltage drop dU
Ne  Line ID N? of pole for Voltage drop dU, % Voltage drop dU, V Voltage level, V Deviation from the
the mos} distant rated voltage, %
connection
1 L18 37 0.49 1.08 21831 -0.77
2 L7 36 0.88 1.93 21746 -1.15
3 L16 35 1.07 235 217.04 -1.35
4 L15 34 1.2 2.63 216.76 -1.47
5 L14 33 2.06 4.52 214.87 -2.33
6 L13 32 25 5.48 21391 237
7 L1z 31 262 5.75 213.64 -2.89
8 L11 30 2.79 6.12 213.27 -3.06
9 L9 28 3.06 6.71 21268 -3.33
10 L8 27 3.44 7.55 211.84 -3
1 L7 26 3.51 7.7 211.69 -3.78
b

Figure 7 — 10/0.4 kV feeder voltage losses for the summer maximum mode of SPP energy generation and in the winter evening
maximum mode of consumption

A sudden shutdown of a SPP with a capacity of 5 MW
during the period of maximum generation leads to an
instant shortage of power in the local area of the network.
This causes a sharp voltage drop at the connection point
(L13) — to 2.5 %, as shown in Fig. 7. Such a voltage
fluctuation can lead to incorrect operation of sensitive
consumer equipment. Simulations have shown the need for
fast-acting sources of compensation (such as energy storage
systems or other generating capacity) to maintain stability
in similar situations (Fig. 8).

Short-circuit modeling confirmed the correct
operation of standard protections. The SPP inverter
protection system ensured a quick disconnection of the
station from the network in the event of an accident, which
prevents feeding of the damage point. After eliminating the
short circuit and restoring the voltage, the inverter model,
which meets modern requirements, demonstrated the

possibility of automatic re-engagement with the required
time delay.

11.0 {Disabling SPP
10.8 | 10.8 kB i
10.6 | Standard operating '
» 104 | mode with SPP {|Rapid fall
< 102 |
gn 10.0
= | Restoration
=3 | O (O I | o~ i W el S N
g; Gradual voltage restoration
90 0 02 04 06 08 10 12 14 16
Time, s

Figure 8 — Dynamics of voltage change in node Ne7 during
sudden shutdown of the SPP (t=0.6 s)
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Based on the analysis, the following practical
recommendations were formulated for operators of
distribution systems and project organizations:

1. Mandatory use of reactive power regulation mode
(O(U)) by modern SPP inverters. This is the most effective
way to prevent overvoltages at the connection point without
the use of additional expensive equipment.

2. When planning new SPPs, it is necessary to carry
out detailed modeling not only of regular but also of
emergency modes to assess the impact on the quality of
electricity and the stability of the network, especially when
connecting high-power stations to weak networks.

3. Consideration of the possibility of installing energy
storage systems in places of concentration of solar
generation. Energy storage systems will allow you to
smooth out the generation schedule, accumulating excess
energy during the day and giving it away in the evening, as
well as provide quick compensation in case of sudden
shutdowns of the SPP.

4. Adaptation of relay protection schemes taking into
account the possibility of reverse power flows and the
peculiarities of the behavior of inverters in case of accidents.

Thus, the simulations carried out in the SICAD
software complex clearly demonstrated both the positive
and potentially negative impact of solar generation on the
10/0.4 kV network operation modes. Positive effects
should include reducing power losses and maintaining
voltage during peak hours. The main problems are the risk
of overvoltage in the mode of excessive generation and
voltage fluctuations during sudden changes in the modes of
operation of the SPP. The proposed technical solutions,
such as the use of inverter control functions, allow to
effectively minimize these risks and ensure stable and
reliable operation of the power system with a high share of
renewable energy sources.

Discussion of research results. The obtained
simulation results in the SICAD software environment
confirm that connecting the SPP to a 10 kV network
significantly affects its operating modes. Attention is drawn
first of all to the appearance of reverse power flows (Fig. 6,
curve 2), which is explained by the excess of generation
over local consumption according to balance dependence
(1). This phenomenon fundamentally changes the
architecture of distribution networks, which traditionally
functioned according to the «source—consumer» scheme.

Analysis of voltage losses showed that in the case of
SPP operation during the daytime period, losses decrease
from 0.88% to 0.12% (Fig. 7, L17), which is
quantitatively confirmed by the ratio (2). The decrease in
losses is explained by the decrease in currents in the branch
«substation — node with SPP», since part of the load is
covered locally. At the same time, when generation exceeds
consumption in adjacent areas of the network, an increase
in losses is possible, which indicates an ambiguous effect
of SPP integration.

The most critical result is the appearance of
overvoltages in the connection node (Fig. 6, curve 3),
which is explained by dependence (3): with low
consumption and significant generation, the voltage in the
node Ne7 exceeds the permissible level. This creates a
threat of violation of regulatory modes of operation. At the

same time, the application of inverter regulation of reactive
power according to algorithm (5) made it possible to keep
the voltage within the normative limits (Fig. 6, curve 4).

The proposed solution therefore provides effective
overvoltage compensation without the need to install
additional equipment.

Compared to known works, where SPP are considered
exclusively as sources of active power without taking into
account the regulatory properties of inverters, the obtained
result shows a significant advantage. In contrast to the [6]
approaches, where the installation of additional
compensating devices is proposed, it is shown in the
present study that by using QO (U) — the adjustment of the
inverters (Figure 6, curve 4) can stabilize the voltage
without significant additional investment. This becomes
possible thanks to the features of modern inverters, which
combine the functions of energy conversion and regulation
of network modes.

The simulation of emergency modes confirmed that
when the SPP is suddenly disconnected, there is a sharp
voltage drop of up to 9.4 kV (Fig. 7). This is explained by
the instantaneous lack of power in the local part of the
network. The identified effect indicates the need to use fast-
acting backup sources or energy storage systems to ensure
smooth modes. Thus, the study confirms the relevance of
using hybrid solutions «SPP — energy storage» to increase
the reliability of the network.

The results of the work allow us to conclude that the
identified problems — of reverse power flows, overvoltages
and voltage fluctuations — have been confirmed and
partially solved. In particular, losses were reduced thanks
to local balancing (Fig. 7), overvoltages — thanks to inverter
regulation (Fig. 6, curve 4), and the impact of emergency
modes — was partially minimized thanks to the promising
use of energy storage devices (Fig. 8).

At the same time, it is necessary to note the limitations
of the study. First, the use of averaged insolation profiles
and simplified equipment models has conditioned
deviations between the estimated and operational voltage
values Table 1, reaching 1.5-2 %. Secondly, the work does
not take into account the influence of harmonic components
and flickers, which are significant factors for assessing the
quality of electricity. Thirdly, only typical emergency
scenarios are considered, while more complex
combinations are possible in real operation.

Disadvantages include the lack of analysis of the mass
connection of several SPPs in one feeder, as well as
insufficient consideration of the impact on relay protection,
which may not work correctly in cases of reverse power
flows.

Further development of the research should be
focused on three areas: firstly, on modeling the integration
of energy storage systems, which will allow smoothing
generation profiles and ensure reliability in case of
accidents; secondly, on taking into account harmonic
distortions and issues of electromagnetic compatibility,
which determines the quality of energy; thirdly, on the
development of adaptive relay protection algorithms for
decentralized generation conditions.
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It is these directions that will ensure practical
suitability and expand the limits of application of the
obtained results.

Conclusions. As a result of the simulation of the
power flows in the 10/0.4 kV network with the SPP
connected, it is established that there are return flows in the
daytime period when generation exceeds consumption
Figure 6, curve 2. This allows us to explain the change of
the classical architecture «source—consumer» to a
decentralized structure with two-way energy movement. A
distinctive feature of the result is the possibility of
quantifying such flows (up to 1.2 MW in the hours of
maximum insolation), which confirms their significance
for the modes of operation of the network.

The analysis of electricity losses showed their
decrease during the day from 0.88 % to 0.12 % (L17) due
to the local coverage of the SPP load. This indicates an
increase in the energy efficiency of the network in the
presence of generation. The difference from the known
results lies in taking into account not only average, but also
local losses in different parts of the network, which made it
possible to detect their possible increase in cases of excess
generation. Thus, the result is explained by the change in
the direction of currents in the branches of the network and
their uneven distribution.

A voltage deviation in the SPP connection node (L17)
was detected, where the voltage exceeds the standard level
by 0.76 %. This is explained by low local consumption with
significant generation. Unlike existing approaches, where
overvoltages are proposed to be compensated by additional
devices, the obtained results showed that the application of
inverter regulation of reactive power ensures that the
voltage is kept within the normal range without additional
investment. The advantage of the solution is to use the
standard capabilities of the inverter, which makes it more
economically feasible.

Modeling of emergency modes showed that with a
sudden shutdown of the SPP, there is a sharp voltage drop
to 9.4 kV, which is explained by an instantaneous power
shortage. This allows us to conclude that it is necessary to
integrate fast-acting energy storage systems. Unlike known
studies, where similar effects were not considered, this
work obtained a quantitative assessment of the voltage
change during an emergency shutdown. The advantage of
the result is its applied nature, which allows taking into
account dynamic risks when designing networks.

It should therefore be noted that the integration of
SPPs into 10/0.4 kV grids, despite a number of challenges,
has demonstrated substantial potential for improving
energy efficiency and reliability of power supply. The
proposed approaches to loss reduction, voltage stabilization
and compensation of emergency modes using inverter
regulation and energy storage systems provide competitive
advantages compared to known solutions and create the
basis for the further development of intelligent distribution
networks.
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MOJIEJTIOBAHHSI THTETPAIIII COHSIYHOI EJEKTPOCTAHIIII B PO3NOALILYY MEPEXY
10/0.4 KB I3 BUKOPUCTAHHAM IIVIAT®OPMMU SICAD

IHTeHCHBHUIT PO3BUTOK BiTHOBIIIOBAHOI €HEPreTHKH B YKpaiHi Ta CBiTi 3yMOBIIIOE MOTpeOy y IIMOOKOMY JIOCHI/UKEHHI NPONECiB iHTErpalii COHIYHHIX
€JIEKTPOCTAHIIN Y PO3MOALIBYI MEpexi cepeiHboi Hampyrd. 30UIbIICHHS YAaCTKU ACLEHTPATi30BaHUX JDKEpeI IeHepallil 3MIHIOE YCTaleHi PexUMH
POGOTH ENeKTPHYHUX CHUCTEM, YCKIAJHIOE OaTaHCYBaHHS aKTHBHOI Ta PEaKTHBHOI ITOTY)KHOCTI, BIUIMBA€ Ha PIBEHb HANPYTH y BYy3JaX i CTBOPIOE
JIONATKOBI BUMOTH 10 CHCTEM 3aXHCTY Ta aBTOMATUKH. AKTYaJbHICTh MPOOIEMHU IiCHITIOETHCS THM, IO Mepexi Kiacy Hanpyru 6—10 kB cnouatky
MPOEKTYBAIKCS VTSl pOOOTH Y TPaIMIIHHOMY HAIPSIMKY MOTOKIB MTOTY)KHOCTI — BifI MiACTaHIIi O CIIO)KMUBAYIB, TO/I SIK MiTKITIOYEHHS COHSYHUX CTaHIIN
CIPUYHUHSE MOSBY 3BOPOTHUX IIOTOKIB 1 HEpIBHOMIPHHH pO3MOALT HAaBaHTaXEHHS. MeTOI0 JaHOTO IOCHTIIKEHHS € MOJCIIOBAHHS BIUIHBY
(OTOENEKTPHYIHHX CTAHIIH HAa POOOTY PO3MOAUIBYNX MEPEX Ta aHaJi3 MOKIMBOCTEH 1HBEPTOPIB Y MiBHINCHHI €(pEKTHBHOCTI PETyIIOBaHHS HANPYTH
il i ITPUMKH HAaZIHHOCTI eekTponocTayanHs. O6’€KTOM AOCIiKeHHs € po3moaiabsya Mepexa 10/0.4 kB 3 iHTerpoBaHOI0 COHSYHOIO EJIEKTPOCTAHIIIEI0
HOTYXHICTIO 5 MBT, 110 BiATBOPIOE THIIOBUI MPHKIIA[] Cy4aCHOI CHCTEMH 3 BiJHOBIIIOBaHMUMH [pKepenamu. OCHOBHA TiloTes3a MOJsrac B TOMY, IO
BUKOPHCTAHHS i{HBEPTOPIB 3 aJTOPHTMOM DEryJIIOBaHHS PEaKTHBHOI IOTYXKHOCTI 3abe3nedye CTaOLIBHICTh PEXUMIB POOOTH Ta 3HIDKYE HETATHBHI
HACJIJIKK KOJIMBaHb COHSYHOI reHepaiii. ¥ po0oTi 3aCTOCOBaHO KOMIUIEKCHUH IMTiAXi[, 1110 BKJIIOYA€ aHATITUYHI METOIU PO3PAXyHKY MOTOKOPO3IOILTY
MIOTY>KHOCTI Ta KOMIT I0TepHE MOJIENIIOBaHHS y IporpaMuoMy cepenosuini SICAD. Ile mo3BommIo BiATBOPUTH poOOTY Mepeski y pi3HUX CIEHAPIsX: IpU
HIYHOMY MiHiMyMi HaBaHTa)XEHHs, ICHHOMY MiKy I€Hepallil, a TaKoX y NMepexiJHux pexnmax. JlolaTkoBo KOCIiKyBaIMCh aBapiiiHi cuTYalii, cepes
SIKMX PANTOBE BiJKIIIOUCHHS COHSYHOI €JIEKTPOCTAHIIIT Ta BUHUKHEHHSI KOPOTKUX 3aMUKaHb. T akuii MiIXiJ 1a€ MOXKJIMBICT OLIHUTH HE JIMLIE IITATHI,
aje i aBapiitai yMoBH (QyHKIiOHYBaHHS cucTeMu. HaykoBa HOBH3HA pOOOTH HOJITae y po3poOIeHHI MiAX0 Ly X0 OLIHIOBAaHHS BIUTUBY (DOTOCNEKTPHIHIX
@NIEeKTPOCTAHLIH Ha PeKUMH POOOTH PO3MOIITEHUX EIEKTPUYHHX MEPEX CEepeHbOI HAPYTHU 3 ypaxyBaHHSIM MOXKIUBOCTEH KEPYBaHHS PEaKTHBHOIO
MOTYHICTIO IHBEPTOPIB Ta 3MiHHOT'O XapaKkTepy COHsAYHOI reHepauii. [I[pakTuuHa 3Ha4yL[iCTh PE3yJIbTATIB MOJIArA€ Y MOXKIIMBOCTI iX BUKOPUCTAHHS 151
PO3pOOKM METOIMYHMX PEKOMEHMAANill Mmoo iHTerpamii (OTOSNEKTPHYHUX CTAHIIH y Mepexi cepelHbOi HANpPyTH, a TAKOXK UL BIOCKOHAICHHS
ANTOPUTMIB peryJroBaHHs iHBepTOpiB. OTpHMaHi BHCHOBKH MOXYTh OYTH KOPHCHHUMH SIK OIEpaTopaM CHCTEM PpO3MOALTY, TaK 1 IPOEKTHUM
OprasizawisiM IpH IJIaHyBaHHI PO3BUTKY €JIEKTPUUHHX MEPEXK 3 YpaXyBaHHSIM 3POCTaHHS YACTKHU BiJJHOBIIOBAHUX JDKEPEIT €HEpril.

KirouoBi ci10Ba: po3nozineya eNeKTpUIHa Meperka; COHIIHA eICKTPOCTAHINIS; (POTOCNIEKTPUIHA TCHEePALlis; IHBEPTOp; PEryIIOBaHHS HANPYTH;
PEaKTHBHA MOTY)KHICTh; KOMIT IOTEPHE MOJICTIOBaHHSI.
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