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The article addresses the analysis of voltage stability in power system of Georgia
under conditions of renewable energy integration. The inclusion of renewable
generation significantly changes the dynamic characteristics of the power system and
makes it more difficult to maintain voltage within acceptable Ilimits, which Is
particularly critical in low-inertia systems. The presented analysis is based on both
simulation modeling and analytical methods, taking into account the network topology,
generation structure, load characteristics, and the effectiveness of existing control
mechanisms. Main objectives of the study are the identification of critical voltage
points, the investigation of the dynamics of voltage dips and recovery processes, and the
evaluation of the stabilization potential of existing regulation means. Special attention is

185



3 3MJOS

given to identifying voltage stability risks under high shares of renewable sources and
defining mitigation measures. The obtained results provide both technical
recommendations and practical approaches for the operation and planning of Georgia’s
power system.

Keywords: dynamic characteristics, generation integration, control mechanisms,
system stabilization, simulation modeling

Introduction. The Georgian power system is relatively small and largely
dependent on hydro resources. Approximately 74% of the country’s installed
capacity is associated with hydroelectric power plants, which results in
generation being highly reliant on hydro stations. At the same time, Georgia
experiences a steady increase in electricity consumption, with total demand
growing on average by 4.3% per year (GNERC 2022). This trend is expected to
impose additional stress on the grid in the future and necessitates optimal
allocation of system resources (Baki¢ 2020).

The planned integration of solar and wind power plants into the Georgian
power system, on the one hand, increases generation capacity, but on the other
hand, reduces the overall system inertia. Moreover, power plants based on non-
traditional renewable energy resources (solar and wind) practically do not
participate in reactive power balancing and voltage regulation within the
system (Kundur ... 1994). These challenges are wide-ranging and, in addition to
the above, create power quality issues, including sinusoidal waveform
distortions, asymmetry in three-phase systems, and rapid voltage fluctuations
(Arziani ... 2025).

In the event of significant load changes in the system or emergency
generator outages, a high share of renewables gives rise to a new type of
dynamic voltage problem, which requires specialized analysis and the effective
integration of supporting resources (e.g., BESS or capacitor banks).

The Georgian power system can be provisionally divided into eastern and
western parts, with the system’s dividing node being the ,,Zestafoni 500“ kV
substation. Western Georgia is characterized by a surplus of active power,
whereas eastern Georgia experiences a deficit. From the perspective of reactive
power, the western part of the Georgian power system is balanced throughout
the year. On the other hand, in the eastern part, a reactive power deficit is
observed during the summer period. This problem becomes particularly acute

under isolated (islanded) operation conditions.
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The electrical connection between the eastern and western parts of the
Georgian power system is weak. Specifically, in the event of an emergency
outage of the high-voltage line of this connection, the N-1 criterion is not met
in certain operating conditions.

In low-inertia systems, voltage stability issues become particularly critical
and problematic. In a power system, active power imbalances almost always
lead to reactive power imbalances, which in turn cause voltage fluctuations
within the system (Anderson ... 2003).

Based on the above, it is necessary to conduct a voltage stability analysis for
the Georgian power system, which involves:

e Assessing the dynamic voltage stability of the power system under

characteristic load conditions;

¢ Identifying voltage drop and fluctuation challenges under high

renewable penetration conditions;

e Determining the required capacity of reserve and supporting resources;

e Ensuring supply continuity and system stability in the context of power

system development and the integration of renewable energy sources.

This analysis will serve as a basis for optimized power system management,
facilitating the efficient integration of solar and wind energy, as well as
ensuring reliable and secure system operation in the coming years.

Voltage Stability Criterion. Voltage stability is the ability of a power system
to maintain voltage within an optimal range under any dynamic or static load
changes (IEEE/CIGRE 2004). Ensuring voltage stability is important both for
reliable system operation and for the integration of inertial and non-inertial
resources. In low-inertia systems, voltage drops occur more rapidly, and
recovery mechanisms are less effective. For this reason, voltage stability analysis
should take into account:

¢ Consideration of the network topology and the functional parameters of
transmission lines;

e Assessment of the interdependence between generation and transmission
lines;

e Modeling the dynamic characteristics of solar and wind power plants;

e Simulation of the network under both normal and contingency load
conditions.

Various mechanisms are used to enhance voltage stability:
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e Automatic Voltage Regulators (AVR) — maintain generator voltage at
nominal levels;

e Battery Energy Storage Systems (BESS) — provide active and reactive
power to support voltage stability (U.S. Department of Energy (DOE)
2013);

e FACTS devices (SVC, STATCOM) — manage reactive power in the

network and ensure voltage stability (Hingorani ... 2000).
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Fig.1. Voltage Stability Criterion.

The main condition for voltage stability in a system is that, at any bus
under operational conditions, an increase in reactive power injection should
result in a voltage increase at the same bus. If, in any case, an increase in
reactive power causes a voltage drop, this is considered a condition of voltage
instability.

In short, the overall system stability is defined as follows:
e The system is stable when the Q-V relationship is positive at all buses
(Q - reactive power, V — voltage).

e The system is unstable if the Q-V relationship is negative at even a

single bus.

Thus, in practice, stability means that an increase in reactive power always

contributes to a voltage rise at any point in the system.

. A d
S, = lim2==59
AQ—04V ~ dv
AV—-0

The voltage stability analysis of the Georgian power system can be
presented in the following stages:

Operating Condition Description. The Georgian power system is operating
in islanded mode. Under the peak summer load, the total system demand is
2,384 MW, generation is 3,129 MW, and exports to Turkey are 700 MW.
Renewable generation accounts for 25% of the total. Voltage regulators are

active in the system.
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Contingency Scenario Modeling
Outage of the Ktsani Substation Reactor (without battery)
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Fig.2. Voltage Magnitude at Ktsani 500 kV Substation.

The graph shown in Figure 2 indicates that, when the reactor is out of
service and no battery is installed, the system cannot maintain voltage stability,
and there is a high risk of system collapse.

Outage of the Ktsani Substation Reactor (with battery)
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Fig.3. Voltage Magnitude at Ktsani 500 kV Substation.
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The graph shown in Figure 3 indicates that connecting the battery
significantly increases the system’s voltage stability potential, ensures rapid
damping of oscillations, and maintains voltage close to nominal values.

Analysis of result. The voltage stability analysis of the Georgian power
system demonstrated that integrating batteries significantly enhances system
reliability and ensures stable voltage. Without batteries, several buses exhibit
substantial voltage variations, indicating potential instability. Notably, eastern
Georgia is weaker in terms of reactive power generation compared to the
western region. During the summer in islanded mode, it is advisable to place
batteries specifically in eastern Georgia, where their impact most effectively
strengthens system stability. Ultimately, batteries can be considered a key
component for ensuring both power system stability and the integration of

renewable energy sources.
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