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The presented study highlights practical issues of enhancing the efficiency of operating modes in distribution
electric networks based on Smart technologies. It explores how new management principles and approaches,
combined synergistically with modern high-speed electronics, data acquisition, and processing systems,
contribute to improving the reliability of distribution networks. It is emphasized that these technologies
transform consumers into active participants, enabling flexible and interactive control of energy consumption
and distribution. Furthermore, the integration of energy storage systems through green technologies is
substantiated as a key factor in enhancing system stability and reliability. The work analyzes existing
algorithms and tools for improving the efficiency of distribution networks, evaluates the application potential
of Smart Grid technologies, and proposes conceptual approaches for consumer-driven network management.
The application of modern approaches is shown to be strategically important not only for increasing network
reliability but also for ensuring energy security and economic resilience.
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1 INTRODUCTION

Modern energy systems are actively adopting
digitalization and intelligent technologies. The Smart
Grid concept creates adaptive power networks that
integrate distributed generation (solar, wind, storage),
enable bidirectional power flows, and provide
consumers with demand management capabilities.

The integration of renewable energy requires a
transformation of distribution network management.
Traditional centralized systems are increasingly
inefficient under rising demand and reliability
challenges. Smart Grid technologies enhance system
flexibility and reliability, enabling real-time
monitoring, optimal power flow distribution, loss
reduction, and automated equipment control. They
also engage consumers as active participants and
strengthen stability through energy storage units.

A key enabler is the IEC 61850 standard,
providing a unified platform for digital automation
and data exchange in substations and networks via
protocols such as GOOSE and MMS, ensuring
interoperability and fast, reliable communication [1].

International  experience shows significant
progress in Smart Grid adoption. According to the
U.S. Department of Energy, smart grids feature self-
healing after outages, consumer participation,
resilience to physical and cyber threats, quality power
delivery, synchronized generation and storage, and
support for new high-tech products and markets [2].
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Figure 1: Infrastructure diagram of Smart Grid technology.

It should be noted that, in addition to the
mentioned advantages, the application of Smart
technologies is also associated with certain
challenges, such as the high cost of grid
modernization, the necessity of standardized data
exchange protocols, cybersecurity and protection
against cyberattacks, synchronization of distributed
generation with the grid, and the persistence of
“obsolete infrastructure” in some regions. Taking

144

10.63550/ICEIP.2026.66.75.020

these aspects into account, the study provides a
systematic analysis of the theoretical and practical
issues of applying Smart technologies to enhance the
reliability and efficiency of distribution electric
networks.

EVALUATION OF THE IMPACT
OF SMART TECHNOLOGIES
ON THE KEY TECHNICAL AND
ECONOMIC INDICATORS OF
DISTRIBUTION NETWORKS

For the purpose of evaluating the key technical and
economic indicators of applying Smart Grid
technologies in distribution networks, relevant
quantitative parameters are used. These parameters
are presented below. Smart Grid constantly ensures
real-time balance within the generation—load—storage
system:

2P D +P, O+P, ()= B, 0+p,x (1)

Here, P, — conventional generation capacity; P,

BEM

generation from renewable sources; P, — energy

P —

storage capacity; P — total demand power; P,
network losses.
Smart Grid technologies reduce network losses in
distribution  electric  networks  through the
optimization of power flows and the management of
reactive power.
P+
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Here, P,O = active and reactive power flowing

through network elements; U = voltage of network
lines; R — active resistance of network lines.

Smart Grid technologies utilize computational
methods for network management; for example, the
Newton-Raphson method can be applied to determine
active and reactive powers at network nodes:

P=YJul|u |7 cos(6, -6 +)

” (3)
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Here, P,Q, — active and reactive powers at the

nodes; |U ,-|’|U j| — voltage magnitudes at nodes i and



J; ¥, — admittance between nodes i and j of the

distribution network; &,,6, — voltage phase angles at

nodes i and j.
Smart Grid technologies contribute to enhancing
the reliability of power supply, which can be

and S

AIDI AIFI

quantified using the S reliability

indices. Here, S, - System Average Interruption

AIDI

Duration Index and S System Average

AIFI -
Interruption Frequency Index. The reliability indices
are defined as follows:
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Here, A4 — duration of outages at consumers; A —

number of outages in the distribution network; N, —
number of interrupted consumers. The lower the
S, and S

AIDI AIFT
the distribution network is considered. Smart
technologies reduce these values through automation.

The next key indicator is demanding
management (Demand Response). The Smart Grid
regulates load based on price signals:

P =P@)-a-AC(t) (5)

Yiik o

Here P(t)— base load; AC(¢)— tariff change;

a — demand flexibility factor.

By using this indicator, it is possible to
regulate consumption in Smart Grid networks when
prices increase.

Thus, in this study, the expressions (1) — (5) are
used to evaluate the key technical and economic
indicators of distribution networks with Smart Grid
technologies.

3 PRACTICAL ISSUES OF

reliability indices, the more reliable

APPLYING SMART GRID
TECHNOLOGIES TO IMPROVE
THE EFFICIENCY OF
DISTRIBUTION NETWORKS
AND EQUIPMENT
Modern energy systems require  significant
modernization to address current challenges.
Advanced  management systems  enhancing

automation and reliability are needed, transforming
the grid from a passive to an active element. Network
parameters change in real time depending on load,
renewable generation, topology, and weather. High-
speed electronics and intelligent systems providing
real-time operational data are essential.

In renewable-based networks, energy storage
devices are widely used, and consumers actively
participate in  distribution and consumption.
Contemporary power systems face challenges such as
limited transmission capacity, partial control,
inadequate voltage and reactive power regulation, and
inefficient power flows. Reliability is a critical global
issue, as outages can cause substantial economic and
human losses [3,4]. Experts predict that energy
supply quality and reliability will become the primary
industry challenge in the next 20 years [5-7].

Over the past decade, Smart Grid technologies
have been adopted to enable centralized control, real-
time monitoring, and reduced demands on automated
protection systems. According to the European
Technology Platform, a Smart Grid efficiently
coordinates network elements, power plants, storage
devices, and consumers through bidirectional
communication [8,9].

Smart Grids address conventional network issues
such as high transmission losses, reserve maintenance
difficulties, and prolonged outages, leveraging
modern monitoring, control, communication, and
ICT technologies to optimize energy use and enhance
system reliability and efficiency. Key features include
self-diagnostics, self-healing, rapid outage detection,
fault management, load forecasting, comprehensive
metering, dynamic tariff regulation, and integration
of advanced equipment and services [10].

A comparative overview of conventional and
Smart Grid networks is presented in Table 1.

Table 1. Comparative Features of Conventional and Smart
Grid Networks.

. Smart
. Conventional .
Comparison factors Grid
network
network
1. Consumer electricity networks
1.1. Automated energy
consumption
management system No Yes
involving consumers in
operational control
1.2. Intelligent
electricity metering | Insufficient | Everywhere
systems
1.3. Voltage regulation in the
and reactive power | Insufficient required
compensation system amount




Practically
nonexistent or
insufficient

1.4. Local (renewable)

X widely used
generation sources Y

1.5. Communication
interface with a unified
control center

No Yes

1.6. Energy-efficient
intelligent technologies
in power supply systems,
including "Smart Home"
— "Smart City"

Yes

2. Distribution networks

2.1. Automatic control
systems for ensuring the
balance of active and
reactive power in nodes

insignificantly | Everywhere

2.2. Monitoring  of

electric power quality Yes

negligibly

2.3. Centralized
automatic control

systems of consumer
load

No Yes

2.4, Presence of
controllable network
elements that change
network parameters

negligibly Yes

2.5. Monitoring and

control  systems for Yes

power supply reliability

4 ENHANCING THE
OPERATIONAL EFFICIENCY
OF DISTRIBUTION
NETWORKS THROUGH
CONSUMER PARTICIPATION

Technological and structural changes in the energy
sector, especially the growth of renewable sources,
require new management approaches for distribution
networks. Traditional centralized control loses
efficiency under variable generation and fluctuating
loads, making Demand-Side Management (DSM)
and Demand Response (DR) increasingly important.

Modern consumers, enabled by ICT, smart
metering, and monitoring devices, can now track
consumption, respond to dynamic tariffs, and even act
as producers, forming the “consumer-active
distribution network” model. Consumer participation
optimizes load distribution, reduces peak demand,
minimizes losses, and extends equipment life,
providing technical and economic benefits. Peak
reduction  stabilizes  voltages and prevents
overloading, while dynamic tariffs lower overall
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energy costs. Active consumer engagement also
enhances network resilience, ensuring continuous
supply during emergencies [11].

Motivation mechanisms—dynamic tariffs,
financial rewards, tax incentives, or support for
technical devices—encourage participation [12—15].
Energy storage at the consumer level (home or EV
batteries) allows energy to be stored and fed back to
the grid, balancing intermittent renewable generation.

Intelligent grids rely on prosumers—entities
that both consume and produce electricity—creating
polycentric networks with multi-directional power
flows [16]. Energy routers, using adaptive algorithms
and power electronics, optimize power distribution,
simplify connections for distributed generation,
ensure high-quality electricity in Smart Grids, and
reduce the risk of damage and data loss in critical
infrastructure.
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Figure 2: Block Diagram of the Network Structure with
RES.

MODELING RESULTS
CONFIRMING THE
RELIABILITY IMPROVEMENT
OF SMART DISTRIBUTION
NETWORKS

5.1. Load Regime Analysis

To confirm the advantages of implementing smart
technologies mentioned above, modeling studies
were conducted for a real distribution network in both
conventional and smart-transformed scenarios. The
network schematic for both cases, developed in
DIgSILENT PowerFactory, is shown in Figure 3.
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Figure 3: Schematics of the Existing and Planned High-
Power Distribution Network
a — Existing distribution network schematic;
b — Distribution network schematic transformed based on
smart technologies.

As shown in Figure 3, the existing 6/0.4 kV
distribution network with 28 transformer substations
of various capacities supplying a total demand of 12
MW (Figure 3a) was replaced by five dual-circuit
35/0.4 kV digital substations with the same total
capacity (Figure 3b). This transformation led to
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improvements in the reliability and quality factors of
the network.

Voltage profile analyses for feeders under
more than 50% overload conditions in both scenarios,
conducted using DIgSILENT PowerFactory, are
presented in Table 3 and Figure 4.

Table 3. Comparative Voltage Profile Analysis of Feeders
in the Distribution Network

Name | Network | Unom, U, U, Name | Network Unom, | U, | U,
PDP kV pu. | kV Determined | kV kV | p.u.

35/0.4 | Sariqaya | 35,0 | 0,977 | 34,2 | 3323 Sariqaya 6,0 53 | 0,876

kv

N4

35/0.4 | Sariqaya | 35,0 | 0,977 | 34,2 | 3328 | Sariqaya 6,0 530,877

kv

N4

35/0.4 | Sariqaya | 350 | 0,978 | 342 | 3329 | Sariqaya 60 |53 0878

kv

N3

35/0.4 | Sariqaya | 35,0 | 0,978 | 34,2 | 3335 Sariqaya 6,0 53 | 0,880

kV

N3

35/0.4 | Sariqaya | 35,0 | 0,982 | 34,4 | 3336 Sariqaya 6,0 5,3 | 0,880

kv

N2

35/0.4 | Sariqaya | 35,0 | 0,982 | 34,4 | 4448 Sariqaya 6,0 5510915

kv

N2

== Smart Grid Nodes

—m— Existing Network
Nodes

Figure 4. Voltage Profiles at Distribution Network Nodes
for Both Scenarios.

According to IEC 60364 and the Electricity Usage
Rules approved by the Cabinet of Ministers of the
Republic of Azerbaijan, permissible voltage drops in
the network are 3% for lighting and 5% for power
lines [17-22]. Analysis shows that under more than
50% overload, the voltage drop at the end of feeder
TM3323 in the existing network reaches 12.4%,
whereas in the proposed future 35/0.4 kV digital
substation scheme, the voltage drop at the 0.4 kV bus
of the final transformer is only 2.4%. As seen from
Table 3 and Figure 4, voltage profiles at network



nodes are significantly worse in the conventional
network. Implementation of smart technologies
maintains voltage levels within permissible limits. In
the 6/0.4 kV scenario, voltages at the 6 kV nodes of
the distribution network were

0,882-U ., 0,878-U _,0,880-U,
0,915-U, , while at the 35 kV buses, the voltages

n

0,997-U,_, 0,978-U,_ vo 0,982-U

respectively. In other words, the voltage profile has
significantly improved.

and

were

nom

5.2. Investigation of Network Voltage

Stability

For the voltage stability analysis of the distribution
network, two nodes were selected, and their
characteristics were determined under stress
conditions for both scenarios. The stress was applied
over a load interval of [1...3]. The U-P
characteristics of the existing and transformed
networks are shown in Figures 5 and 6.

1
Ua [P-u] a)
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Figure 5: U — P Characteristics of the Nodes in the
Existing.
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Figure 6: U = P Characteristics of the nodes of the
transformed network.
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As seen from Figure 5, a and b, during the loading
of the existing network nodes, the voltage values at
the nodes in the U — P format were as follows.

[0,95 — 1,0]

[0,951,6]

[U - P]M = and

[0,87 — 2,0]
[0,8 — 3,0]
[0,93 - 1,0]
[0,9 > 1,15]

[U - P],, =
[0,78 — 2,0]

[0,64 —3,0]/
For the considered scheme, the voltage collapse
corresponding to the loading value P = 3,0 occurred
at 0.8 and 0.64, respectively.



As seen from Figure 6, a and b, during the loading
of the transformed network nodes, the voltage values

at the nodes in the U — P format were as follows.
[0,98 — 1,0]

[0,96 > 1,6]

[U > P]., = and

[0,94 — 2,0]
0,9 — 3,0]
0,99 — 1,0]

[U—)P] =

b

[
[
[0,97 > 1,6]
[0,96 — 2,0]

[0,93 —» 3,0] /,

As can be seen in the transformed state of the
distribution network, even at the most critical loading
point P = 3,0 , the stability of the nodes with respect
to voltage is not violated, and the network continues
to operate normally. Compared to the existing
network, the voltage stability margin of the
transformed network has improved by 12.5% for the
schemes in Figure 5,a and Figure 6,a, and by 45.3%
for the schemes in Figure 5,b and Figure 6,b, relative
to the critical loading point P = 3,0 . The studies have
confirmed that similar results are valid for other
nodes as well.

6 SIMULATION MODELING OF
DISTRIBUTION NETWORK
OPERATING MODES

6.1. Simulation Models of Distribution

Networks

For the purpose of analyzing the operational
efficiency of existing and transformed distribution
electrical networks, simulation modeling for both
variants was carried out in Simulink at voltage levels
of 6/0.4 kV and 35/0.4 kV. The simulation schemes
of the variants are shown in Figure 7 and Figure 8. As
seen from Figures 7 and 8, both in the existing and
transformed networks, a wind power plant with a
capacity of 12 MW and a solar power plant with a
capacity of 10 MW are considered.

As seen from the Simulink model of the existing
6/0.4 kV distribution network (Figure 7), the
renewable sources and the system are connected to
consumers later through a 6/0.4 kV distribution
transformer from the 35 kV network. The 35/0.4 kV
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distribution network equipped with SmartGrid
technologies, on the other hand, is connected to the
system via 35 kV lines and supplies electricity to
consumers directly through a 35/0.4 kV distribution
transformer without the 6/0.4 kV transformer (Figure
8).

As shown in Figure 8, a 2nd generation FACTS
device, namely a STATCOM unit, is used to
compensate for the reactive power demand of the
network.

Figure 7: Simulink model of the 6/0.4 kV distribution
electrical network.

Figure 8: Simulink model of the 35/0.4 kV distribution
network with SmartGrid technologies.

6.2. Simulation Modeling of Steady-
State Operating Modes of
Distribution Networks

6.2.1 Simulation Results of the Operating
Modes of the 6/0.4 KV Distribution
Network

Computational experiments were carried out on the
Simulink models of both the existing and SmartGrid-
equipped distribution networks using the MATLAB
software suite. The experiments were performed for
both steady-state and fault (short-circuit) operating
modes.

Figures 9 and 10 illustrate the results of the
computational experiments for the steady-state mode
in the existing 6/0.4 kV distribution network with the
inclusion of solar and wind power plants. As seen
from Figure 9, depending on the variation of solar



radiation, the active power delivered from the solar MW. The reactive power, however, is of opposite

plant bus to the consumer and the system ranges from sign, meaning that reactive power flows from the
1.5 to 6 MW, while the reactive power delivery system into the network. This is necessary to cover
remains around zero. The active power decreases the reactive power demand of both the wind unit and
from 7 MW to 1.5 MW as the radiation drops over the the network.
time interval of 0.4—1.15 seconds. The curves of current and voltage variations

A similar behavior is observed in Figure 10 in . P.Q (MW) ,
terms of voltage and current variations. With the ) \j
connection of the solar panel, the voltage regime —¢
stabilizes approximately within 0.8 seconds, and the 1 _.Jf_______._.

P.Q (MW) | |
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Figure 9: Variation curves of active and reactive
power in the steady-state regime of a solar power
plant in a 6/0.4 kV distribution network
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Figure 12; Variation curves of voltage and current
in the steady-state regime of a wind power plant
in a 6/0.4 kV distribution network

Figure 10: Variation curves of voltage and current

in the steady-state regime of a solar power plant in are shown in Figure 12, and as can be seen, the mode

a 6/0.4 kV distribution network stabilization occurs within approximately 2 seconds.
current recovery occurs similarly to the changes in 6.2.2. Simulation Results of the Operating
active power. Modes of the 6/0.4 kV Distribution

Network

Based on analogous reasoning and analyses, we
can present the results of the computational After studying the steady-state regimes of the existing
experiment for the steady-state mode at the wind 6/0.4 kV distribution network, the results of the
power plant buses. As seen in Figure 11, the mode simulation reports for the transformed 35/0.4 kV
stabilizes approximately after 2 seconds, with the distribution network with SmartGrid technology are
active power output of the wind plant reaching 11 analyzed. The computational experiments were
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carried out based on the distribution network
simulation model shown in Figure 8. In Figure 13, the
variation curves of active and reactive power in the
steady-state regime are depicted, while Figure 14
illustrates the variation curves of voltage and current
in the steady-state regime.

As seen from Figure 13, the active power
transmitted from the busbars of the solar power plant
to the system settles after approximately 0.1 s, then
decreases to 1.6 MW at 0.4 s and remains at this level
for a duration of 0.55—1 s. Within 0.15 s, it rises again
to the level of 1.6 MW, where it stabilizes. The value
of the reactive power, after a transient process lasting
0.12 s, stabilizes at zero. The reactive power required
by the grid is supplied through the STATCOM
device.

Analogous reasoning can also be made for the
voltage and current values at the busbars of the solar
plant (Figure 14). Thus, the voltage and current
values settle in a shorter time — the voltage in
approximately 0.05 s and the current in 0.03 s. This
indicates that the operating mode stabilizes more
quickly compared to the existing 6/0.4 kV network
scheme (0.8 s versus 0.05 s).

P. () (MW}

A

Figures 15 and 16 respectively illustrate the power
output, voltage, and current variation patterns of a
wind power plant in a 35/0.4 kV distribution network.
The analysis of the obtained dependencies once again
confirms the advantages of a Smart Grid-based
distribution network.

7 CONCLUSION

1. Modernization and efficiency improvement of
distribution electrical networks is possible not only

P.Q (MW)
20 P
l—o
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5
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Figure 15: Variation curves of active and reactive
power in the steady-state regime of a wind power plant
in a 35/0.4 kV distribution network with SmartGrid
technology.

through the renewal of technical equipment but also
<104 Va (V)
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Sakil 14: Variation curves of voltage and current in the
steady-state regime of a solar power plant in a 35/0.4 kV
distribution network with SmartGrid technology.
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Figure 16.: Variation curves of voltage and current in
the steady-state regime of a wind power plant in a
35/0.4 kV distribution network with SmartGrid
technology.



by changing management principles. Traditional
centralized systems are insufficiently effective in the
face of increasing energy demand, the instability and
uncertainty of renewable energy generation, and
reliability issues. Therefore, the implementation of
Smart Grid technologies should be considered a key
solution for ensuring energy security, improving
reliability, and strengthening economic resilience.

2. Actively involving consumers in the energy
management process—transforming them from
passive users to active participants through DSM
(Demand Side Management) and DR (Demand
Response) approaches—plays a crucial role in
reducing peak loads, optimizing energy flows,
improving power quality indicators, and minimizing
losses. This process should be supported by dynamic
tariffs, incentive mechanisms, and energy storage
technologies.

3. Since the voltage stability indices of existing
distribution networks differ significantly from IEEE
standards, the introduction and integration of
SmartGrid technologies emerge as an important task.
The study of voltage stability in existing and
SmartGrid-enabled distribution networks confirmed
that the voltage stability reserve is significantly
increased.

4. To evaluate the efficiency of SmartGrid-
enabled distribution networks, computational
experiments based on Simuling modeling were
conducted for steady-state regimes of both existing
and transformed networks integrated with wind and
solar power plants. The results confirmed the
relevance of creating SmartGrid networks and
gradually transforming existing networks through
modernization.
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