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Abstract

This article examines the challenges and solutions related to frequency deviation (FD) in
Continental Europe’s electric power systems, focusing on the effectiveness of Combined
Cycle Power Blocks (CCPBs) in managing these deviations. Since 2023, persistent and
significant frequency deviations (FDs) have been a concern, leading to the establishment of
a working group by the ENTSO-E System Operation Committee to develop a robust action
plan. The study highlights the necessity of employing advanced control strategies in CCPB
to enhance frequency quality and ensure stable system operation. It delves into the mecha-
nisms of Automatic Generation Control (AGC) to maintain power balance and frequency
stability through primary and secondary controls. These controls are critical in adapting to
real-time changes in load and generation, thereby securing the power system’s reliability
and efficiency. The paper also discusses the implementation of Frequency Containment
Reserves (FCRs) and their role in stabilizing system frequency following disturbances by
automatically adjusting power outputs. Additionally, the research explores the integration
of the Baltic States into the European Union (EU) energy market, aiming for enhanced
system security and reliability. After all, the Baltic States achieved full synchronization with
the Continental Europe Synchronous Area (CESA). The outcomes confirm the suitability of
the investigated CCPB for participation in AGC and FCR services under interconnected
system operation.

Keywords: combined cycle power block; frequency containment reserves; primary control;
secondary control; automatic voltage regulator; power system stabilizer; automatic power
control; saturation characteristic; frequency response; electricity market; controller

1. Introduction
Considering the events that occurred on January 10, 2019, and the fact that since

2023, Continental Europe (CE) has been experiencing consistent and repeated frequency
deviations (FDs), the ENTSO-E System Operation Committee and Market Committee
decided to form a working group to examine all circumstances leading to FD and to
develop an action plan to manage FD to prevent further degradation of frequency quality.

This article investigates methods for reducing frequency deviations and improving
frequency quality, along with the measures for its reduction. The study is based on defining
common FD goals and applying them to any synchronous Electric Power System (EPS). It
also sets quality requirements for each Load Frequency Controller (LFC) block, which must
assess the need to undertake FD reduction and quality assurance measures, for which these
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energy blocks are responsible. Depending on technological and market conditions, the
reduction and improvement measures may differ for each Transmission System Operator
(TSO), but their common goal is to reduce the individual contribution of LFC blocks to
an acceptable, regulated, and standardized quality and safety level for the overall energy
system. The article explains why the proposed method might be suitable for all generating
units participating in frequency control.

The article presents an analysis model corresponding to generator parameters and ca-
pabilities and a trading market-based FD analysis. Possible quality improvement measures
and further steps for FD reduction are discussed. The article formulates and highlights the
following issues: (1) What influences the occurrence of FD? (2) What are the conditions
for primary automatic generation control? (3) How is automatic generation management
coordination carried out in the joint EPS? (4) What are the conditions for setting active
power reserve volumes? (5) What could be the permissible zone of generator insensitivity?
(6) How is the remaining reserve power of the joint EPS determined? (7) What decisions
can be made to reduce the size of FD? (8) What is the action plan to ensure that the ana-
lyzed and proposed solutions are implemented? Frequency quality parameters in the CE
synchronous zone have deteriorated over the past few years. Continuous system frequency
measurements have shown that the frequency value more frequently and for longer periods
deviates from the average nominal value of 50 Hz. The number of deviations, which was
greater than 75 mHz and more than 100 mHz, has significantly increased. These growing
trends indicate that especially large FD numbers over 100 mHz are rapidly increasing,
while the number of 75 mHz variations has been high for some time. Last year’s statistics
show that the number and intensity of deviations have particularly increased during the
winter period [1].

The rate of change of frequency (RoCoF) has also been analyzed. It was observed that
RoCoF is increasing from values that have always been lower than ±1.5 mHz/s and has
recently reached even ±3 mHz/s regularly. All this leads to a threatening approach to the
maximum frequency fluctuation limit values, at which generators’ Frequency Containment
Reserve (FCR) function starts to operate.

A common goal for the Baltic States is greater energy supply independence through
the diversification of primary energy sources. The integration of the Baltic States within
common European Union (EU) energy market was a long-time strategic priority [2]. Hence,
to support all these goals, a project of desynchronization of the Baltic States from IPS/UPS
and synchronization with CE started when the Baltic successfully operated in “Island
Mode” to test stability before joining the CESA.

At present, the power system of the Baltic States is no longer connected to the IPS/UPS
power systems, instead participating in frequency regulation with its own demand and
generation regulation. The Baltic States have interconnectors with the Nordic countries
via Finland and Sweden, as well as an interconnector to Poland. The focus has shifted
from “joining Europe” to strengthening the infrastructure they just connected. Since the
Baltic constitutes a comparatively small synchronous area, maintaining frequency stability
requires a combination of local reserve provision and cross-border coordination through
interconnections with neighboring European systems. During high RoCoF events, the
contribution of external support may be limited by interconnector capacity, power transfer
constraints, reserve activation dynamics, and TSO coordination procedures. Consequently,
sufficient local inertia, FCR availability, and generator frequency response capability remain
key factors in ensuring the secure operation of the Baltic power system.

This paper includes details of performed on site tests and modeling studies on power
plant generators. Great attention is also paid to the performance of the Combined Cycle
Power Block (CCPB) [3–8].
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2. Structure of the Combined Cycle Power Block
Combined Cycle Technology (CCT) is widely used in European energy sectors, and

Combined Cycle (CC) gas turbines are currently among the most efficient devices compared
to old, thermal, solid fuel power generation blocks. Strict EU emission standards require
each country to increase fuel efficiency in electricity production. Most old, inefficient, and
surplus devices have been replaced with fuel-efficient CCT, which currently achieves an
efficiency of 60–70 percent. Due to high thermal efficiency, CC units achieve higher power
than usual without using additional fuel resources, thus reducing the amount of emissions
per kilowatt-hour of electricity produced, and significantly increasing the operational
efficiency of the device [9–19].

Electricity generated by Combined Cycle Power Plants (CCPPs) is traded on the
international “Nord Pool” electricity exchange. Furthermore, according to agreements,
there is trading in regulation and balancing electricity as well as participation in the regional
reserves and ancillary services market. Electricity generated by CCPP is traded on the
international "Nord Pool" electricity exchange. Furthermore, according to agreements, there
is trading in regulation and balancing electricity as well as participation in the regional
reserves and ancillary services market. The CCPB model is shown in Figure 1a. The
operational relationship between system frequency deviations and the admissible reduction
of active power output, reflecting grid-code requirements and technical limitations of
generating units, is illustrated in Figure 1b.

Figure 1. (a) Schematic representation of the investigated CCPB consisting of a gas turbine, a steam
turbine, and synchronous generator subsystems. (b) Illustrative relationship between decreasing
system frequency and the admissible reduction in active power output according to operational
constraints and grid-code requirements.

The full power of the Combined Cycle Power Plant (CCPP) turbogenerator being
analyzed is 524 MVA, with a current of 15.9 kA, voltage of 19 kV, rotor current of 2.6 kA, and
excitation voltage of 750 V. The structure of the electromagnetic model of a turbogenerator
was analyzed in [20].

In addition to main services, CCPP can also provide ancillary services. The ancillary
services include:

1. Frequency Restoration Reserve service, which is activated in the event of an imbal-
ance in the power system due to uneven electricity production and consumption or
disconnection of a production element (generator).

2. Voltage control service not related to frequency regulation and balancing, managing
reactive power and voltage. This service is activated when the EPS lacks voltage con-
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trol capacity to ensure electricity quality, i.e., when the voltage value is not maintained
within set limits.

3. Emergency prevention and recovery service designed to restore the EPS after a com-
plete disconnection (Blackout). In such cases, the CCPP is allowed, and it along with
other generators maintains voltage and supplies electricity necessary for consumers
after emergency mode.

4. Isolated operation availability service not related to frequency regulation, aimed at
ensuring that the capacities providing the service are available in the event of isolated
EPS operation.

3. Automatic Generation Control of the Electrical Power System
The purpose of Automatic Generation Control (AGC) is to ensure the continuous

maintenance of the inter-system active power balance within set limits for the EPS (control
area) and to participate (proportionally to the generated power) in the frequency regulation
of the joint system, as well as distribute loads to generators using automatic generation
control devices, which consist of primary regulators (possessed by generators) and EPS
secondary regulators that control only certain generators [21,22].

In this case, Automatic Power Control (APC) is designed for the management of
EPS inter-system power balance deviations and frequency maintenance within set limits,
as well as the distribution of loads among participating generators using primary and
secondary regulation. The stability of the EPS frequency is maintained within allowable
limits by the APC devices, addressing frequency deviations caused by mismatches between
generation and consumption powers. The power plant block operates as a generation unit
composed of several technologically linked parts, such as an electric generator, a steam
turbine, and a steam boiler (see Figure 1a). Power and frequency regulation involves
continuous maintenance of set power balances between control areas and the stability of
the joint system frequency within allowable deviations. Power and frequency regulation is
carried out by APC devices. Ensuring the proper functioning of APC, an important factor
is the droop of the electric generator. This is the generator’s power-frequency characteristic
(dependency of power deviation on frequency deviation). The droop of the generator is
characterized by the droop coefficient ks, which is calculated as:

ks = −[(∆f /f N)/(∆P/PN)] · 100, (1)

where f N is the nominal frequency 50 Hz; ∆f is the frequency deviation from the nominal
frequency; PN is the nominal active power of the generator; ∆P is the power deviation
from the nominal active power of the generator. For primary frequency control, a decrease
in system frequency results in an increase in generator active power output. Therefore,
frequency deviation and active power change have opposite signs. In this paper, the droop
coefficient is expressed as a positive quantity and is evaluated using the magnitude of the
corresponding frequency and power deviations.

The droop of the generator depends on the parameters of the primary regulator and
the operating mode of the power plant block.

The generator’s dead band (db) is the range of frequency variation in which the
primary regulator does not respond to frequency deviations due to the imperfections of its
components. The goal is for the db to be as small as possible, but not larger than ±10 mHz.
A specifically set db is defined as a dead zone, so each generator performing the APC
function must be able to set a dead zone to ±20 mHz or ±200 mHz (±150 mHz). The
insensitivity zones of the primary and secondary regulators are different.

The normal operating mode of the EPS, where the balance of active powers and other
system operating parameters are maintained within permissible deviations, defines the
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characteristics of normal operation. Normal operation is characterized by safe and risky
working conditions. Safe conditions are those where all system users are supplied with
electricity of appropriate quality, all limit conditions are ensured, the N–1 criterion is met
at all points in the energy system, and there are adequate power reserves in power plants
and transmission lines. Risky conditions are those where the N–1 criterion is not ensured
at any point in the system, as well as when generators from the power grid absorb reactive
power [23,24].

The generator’s automatic device (primary regulator) controls the amount of energy
supplied to the turbine according to the frequency deviation of the generator’s shaft. It
forms the generator’s static characteristic. If it does not regulate the frequency, the primary
regulator stabilizes the power generated by the generator. The primary regulator can
operate both with and without a secondary regulator. Automatic power adjustment by
the primary regulator according to a predefined frequency and power dependency is
primary regulation. It stabilizes the frequency with a certain generator droop. A generator
capable of performing primary regulation function must have an active power change
range. The change range for primary regulation power adjustment is within which the
primary regulator, upon experiencing a frequency deviation, can automatically change the
generator’s power in both directions (reduce or increase it) [25,26].

Regulation ‘ahead‘ is the stabilization of sharp steam pressure before the turbine, acting
on the turbine control valves. This regulation method ensures the work of the primary
regulation by eliminating the result of primary regulation during the transition process, the
duration of which is determined by the dynamic properties of the steam boiler. The power
plant block temporarily (10–20 s) changes its power during frequency deviations.

Regulation ‘after‘ is the stabilization of sharp steam pressure before the turbine, acting
on the fuel supply valves to the boiler. This method allows the generator’s primary
frequency regulator to operate. The power plant block changes its power during frequency
deviations. An EPS, in which no power plant block operates in the ‘ahead’ regulation mode,
has the best self-regulation properties for frequency deviations, thus most effectively and
economically ensuring system frequency stabilization.

The remaining reserve power, consisting of controlled active power, is used to elim-
inate (compensate for) deviations in the control area’s active power balance. The task
of supporting reserve powers is to continuously ensure the required volumes of pri-
mary and secondary regulation reserve powers when these powers are used to maintain
frequency stability.

The coefficient of power dependency on frequency (λ) characterizes the frequency-
response characteristic of the joint EPS or control area. It represents the amount of active
power change associated with a given FD and therefore reflects the self-regulation capability
of the EPS. The coefficient λ is expressed in MW/Hz and depends on the aggregate droop
characteristics of generators and frequency-sensitive loads. The joint system coefficient λJ

is calculated as:
λJ = ∆PJ/∆f J, (2)

where ∆PJ is the active power imbalance of the joint system; ∆f J is the correspond-
ing frequency deviation of the synchronous system. The control area coefficient λCA

is determined:
λCA = ∆PCA/∆f J, (3)

where ∆PCA is the active power deviation of the control area, determined from the
net interchange power deviation; ∆f J is the corresponding frequency deviation of the
synchronous system.
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The power plant block (generator) located in the joint EPS, whose automatic generation
control is coordinated with the control of other blocks of the joint system, must ensure
the execution of the planned (set) schedules of total active power exchanges among all
system blocks (generators) and participate in eliminating frequency deviations in the
EPS. Services necessary for ensuring the proper functioning of the electric power system,
which are provided to electricity consumers together with electricity transmission and
distribution services, are called system services. System services determine the quality of
electricity supply. System services include frequency stability, voltage regulation, reliability
of electricity supply, as well as system maintenance and management.

3.1. Conditions of Primary Automatic Generation Control

All generating units connected to the power system should be capable of participating
in primary frequency regulation. This is a necessary condition for connection to the EPS.
If a generator does not meet the requirements (the thermal power plant unit operates
in ‘ahead’ regulation mode), it can pose a risk to the safety of the EPS (control area,
control block, or joint energy system). The primary regulator can be turned off in a
thermoelectric power plant only if, according to the specific operation of the thermoelectric
power plant working in a combined heat and power generation mode, there are no other
technical possibilities to regulate the temperature of the supplied thermoelectric water. The
temporary exclusion of an individual generating unit from primary frequency regulation
does not automatically reduce the overall frequency resilience of the control area, as the
required FCR volumes are determined and maintained at the system level by the TSO.
Nevertheless, extensive exclusion of generating units from primary regulation may reduce
the aggregate frequency response capability and should therefore be carefully considered
during reserve dimensioning and operational planning [27–29].

New or modernized generators participating in primary frequency regulation must
meet the following requirements:

1. The primary regulation range must be implemented within 30 s and must not be less
than ±5% of the nominal generator power (when the generator is operating at any
working point);

2. The reserve of primary regulation power must be restored within 15 min., assuming
that the system frequency has reached the set value during this period;

3. The insensitivity zone of the primary regulator must be ±10 mHz, with the possibility
of setting the dead zone to ±20 mHz.

The droop coefficient ks of the generator’s primary regulator must be set according
to the requirements accepted by the EPS, i.e., within 2–8% range. Primary regulation is
activated only for a portion of the EPS generators according to the actual active power
mode conditions; all other generators capable of participating in primary regulation merely
maintain constant power according to the load schedule.

3.2. Coordination of Automatic Generation Control in the Joint EPS

EPS can function as a separate control area, entering into the control block of neigh-
boring countries’ electrical power systems, or as an autonomous part of a neighboring
countries’ control area. The contribution of each control area to the joint system’s frequency
control depends on the control area influence coefficient Ci. It is calculated as:

Ci = En/EJ, (4)

where En is the annual electricity production value of the n-th control area; EJ is the annual
electricity production value of the joint system.
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The power dependency on frequency coefficient of the control area, δCA is calculated as:

δCA = Ci × δJ, (5)

where Ci is the control area influence coefficient; δJ is the joint system’s power dependency
on frequency characteristic.

3.3. Setting of Active Power Reserve Volumes

The methodology for setting active power reserve volumes is designed for planning
and ordering the volumes of Frequency Containment Reserves (FCRs), Frequency Restora-
tion Reserves (FRRs), and Replacement Reserves (RRs). FCR is an active power reserve
that can be utilized to maintain the EPS frequency in case of a power imbalance. FRR is
an active power reserve that can be used to restore the nominal frequency of the EPS, and
in a synchronous zone consisting of more than one power and frequency control area, to
restore the planned power balance value. Frequency restoration reserve can be divided
into automatic frequency restoration reserve (aFRR) and manual frequency restoration
reserve (mFRR).

RR is an active power reserve that can be used to restore or maintain the required
level of frequency restoration reserves, preparing to compensate for additional system
imbalance. FCR is automatically activated at full capacity in power generation or power
storage facilities when a frequency change of ±200 mHz occurs, within a period no longer
than 30 s. aFRR is automatically activated within a period not exceeding 5 min. mFRR
is manually activated within a period not exceeding 15 min. RR is activated upon TSO
instruction within a period not exceeding 12 h.

The setting of FCR volumes is conducted in accordance with the ‘Proposal of All
Continental Europe TSOs for the rules on setting FCR volumes according to Article 153(2)
of the European Commission regulation (EU) 2017/1485, dated 2 August 2017’, which
was approved on 7 September 2018, under the provisions of Article 5 of the European
Commission regulation (EU) 2017/1485 [30].

In accordance with the provisions of this regulation, the ordering of a generator’s
FCR volumes in the EPS is performed when the system operates synchronously with CE
electrical networks.

3.4. Effects of Frequency Deviations on Market Participants

Synchronous generation is designed and adapted to operate efficiently and safely
within a limited operating range characterized by frequency and voltage. Frequency limits
of rotating electrical machines raise significant concerns because deviations from the normal
frequency range can cause damage or disrupt stable cycle operation of the generation.

Considering the operation and management strategy of such generation sources, other
limitations may also be observed. The Network Code on requirements for grid connection
of generators [31] allows power plant blocks to reduce active power output due to technical
limitations associated with smaller frequency deviations, as illustrated in Figure 1b.

Although the Network Code permits larger frequency deviations under certain oper-
ating conditions, it remains important to evaluate their impact on both the power system
and individual generating units. In the case of Combined Cycle Power Plants, frequency
reduction affects not only the control system response but also the physical operating
conditions of the gas turbine. As system frequency decreases, the rotational speed of the
turbine-generator shaft is reduced, leading to a lower air mass flow through the gas turbine.
As a result, the available turbine output power decreases naturally, even before any gover-
nor action takes place. Therefore, the reduction in power output during under-frequency
operation is not solely a control-related issue but also a consequence of the turbine’s physi-
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cal characteristics. Any attempt to maintain the original power output at reduced frequency
requires additional energy input and must be evaluated with respect to the operational
limits of the generating unit.

The proposed control enhancement does not seek to compensate for the inherent
reduction in compressor mass flow during under-frequency operation by exceeding turbine
thermal limits. Instead, it improves the dynamic deployment of available reserve capacity
and governor response within the manufacturer-defined operational constraints, including
firing temperature, thermal stress, and ramp-rate limitations.

3.5. Defining Maximum FD Targets and Expected Frequency Quality

The proposal by ENTSO-E requires investigating and determining what maximum
FD value poses a threat to the security and stability of the EPS and what size of FDs can be
considered acceptable and safe. The work aims to verify whether the proposed solutions
are suitable and effective in reducing the size of FDs to an acceptable level.

The proposal for an acceptable FD size becomes clear only after recognizing that
completely eliminating FDs is realistically impossible, as there will always be discrepancies
between the system balancing schedule and the constantly changing load size.

The first objective is setting the maximum FD value: Analyzing a systemic disturbance
that occurred in the CE synchronous zone and triggered the FCR, FD cannot decrease
more than to 49.8 Hz, which means that the frequency fluctuation must always be less
than 200 mHz. In the event of a systemic disturbance in the CE (double power plant
shutdown), the reserve of the FCR function is about 3000 MW. Under standard condi-
tions, this causes a quasi-static frequency deviation (3000 MW/27,000 MW/Hz), which is
111 mHz. However, as the load/consumption (increasing/decreasing), and the size of the
active power designated for EPS regulation (increasing/decreasing) changes, the FD will
be larger. Considering these variables, the proposed frequency deviation should be within
the 100–120 mHz range. The overall FD limit should be 120 mHz. To ensure the 125 mHz
limit, the absolute frequency deviation caused by FD can never be greater than 75 mHz.

The second objective is related to the quality goal stated in the System Operation
Guideline (SO GL): Article 127 and Annex III of SO GL set the parameters defining fre-
quency quality in CE, establishing ±50 mHz as the standard frequency variation range,
which cannot be exceeded for more than 15,000 min per year. This measure includes both
FD and frequency deviations due to EPS supply disruptions. Considering that statistically
there are about 100 major systemic failures and about 2500 FD incidents per year, the
majority of the allowable 15,000 min. will be consumed due to FD’s impact on the system.
Given that there are 7 significant FD’s daily, the duration of FD over ±50 mHz cannot
exceed 5 min for each FD incident [32].

With the introduction of the quarter-hour Market Time Unit (MTU) in the CE,
Intraday–Market FDs decrease as the hours change, but FD slightly increases each time the
quarter-hour changes.

4. CCPB Unit Investigation Procedures for Model Development
In order to improve existing mathematical and digital models of the power plant,

several field investigations were performed on the investigated generating unit operating
within the power system. This article is prepared to describe the purpose of the investiga-
tions, available information about CCPBs, the analysis approach and stages, as well as the
investigations to be performed in detail.

The investigations described in this article were designed to understand and replicate
the dynamic behavior of all power system-related subsystems of the CCPB. The analyses
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were used to determine system characteristics and to verify the developed mathematical
model through digital simulations.

The plant data is split into two groups: generator and excitation data, and turbine and
governor data. The information collected from the plant operator is presented in [20].

The methodology of analysis signal injection to the control loop is one of the critical
points of the investigation. Separate methodologies are applied for voltage and frequency
control systems [33].

4.1. Signal Injection to AVR

The idea in Automatic Voltage Regulator (AVR) analysis is to create a disturbance via a
signal injection to the AVR summing point. Through this connection, an appropriate signal
can be superposed on the AVR voltage set-point and a sudden change in the AVR voltage
set-point can be created (see in Figure 2). However, whenever relevant, signal injection
can be realized by manipulating V set-point or voltage measurement signal. Alternatively,
internal signal generator(s) of the excitation system can also be utilized [34–38].

Figure 2. AVR test configuration showing the voltage set-point signal injection point used for dynamic
performance assessment and model validation of the excitation control system.

For the CCPB investigations, the voltage set-point was modified using the following
signal-injection methods and equipment:

1. The main function of AVR is to automatically maintain a set output voltage of the gen-
erator. The main purpose of an AVR is to control the output voltage of a synchronous
generator. This is very important in ensuring stable and constant power regardless of
changes in load or input power.

2. Signal injection device connection to spare A/D converter input with gain and offset
(see Figure 3). A signal injection device is used to inject a specific signal into a system
to analyze system responses and to facilitate system calibration and tuning. The
signal generator is the main component that generates the injected electrical signal.
An interface or output module adapts the signal to be injected, ensuring that it is
compatible with the system in terms of voltage, current, impedance, and connection
type. Many signal injection devices have control interfaces that allow you to inspect
signal properties such as amplitude, frequency, or waveform.

3. A signal measuring instrument is needed to analyze electrical signals and is used in
electronic testing. The main function of a signal measuring instrument is to accurately
measure and analyze the characteristics of electrical signals, such as voltage, current,
frequency, phase, and waveform. This allows you to accurately understand how
the devices being analyzed perform under different conditions. When AVR system
internal data logger is not sufficient, configuration given in Figure 4 will be utilized.
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4. Field voltage (EFD) is the voltage applied to the field windings of a synchronous
generator. EFD regulates the strength of the magnetic field created by the field wind-
ings. By regulating EFD, the magnetic flux of the rotor can be controlled. When
changing generators, EFD can regulate the output voltage and respond to changes
in load. It ensures that the generator maintains the required voltage, regardless of
load fluctuations.

5. A Power System Stabilizer (PSS) is a critical component of power systems. It in-
creases the stability of the power system by suppressing generator rotor oscillations
by modulating the generator excitation control system. The PSS monitors signals
that indicate the dynamic behavior of the power system, the generator rotor speed
and the power angle. It processes these signals to identify oscillation modes that
may affect the system stability. Based on the processed signals, the PSS adjusts the
generator excitation control to neutralize the observed oscillations and effectively
suppress them. The PSS sensors monitor various parameters such as rotor speed,
electrical output power and system frequency. The controller processes the sensor
inputs and determines the appropriate response. The actuator is part of the generator
excitation system, regulated by PSS commands to change the EFD. The PSS works
in conjunction with the AVR. While the AVR maintains the generator output voltage
within the desired limits, the PSS focuses on increasing system stability by improving
the suppression characteristics.

 
Figure 3. Hardware configuration used to inject test signals into the excitation system during AVR
and PSS investigations.

Figure 4. Alternative measurement arrangement employed when the internal excitation-system data
logger does not provide sufficient signal acquisition capability.

4.2. Signal Injection to Governor

Like AVR investigations, Governor (GOV) investigations also require a signal injection
to frequency and active power control loop. This can be realized via introducing a signal
injection in the controller either internally utilizing the available testing function of the
plant SCADA/governor, or via an external analog signal that will influence the speed
measurement. Different signal injection possibilities may be observed depending on the
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controller structure. However, for analysis purposes, Type 1, or alternatively, Type 2 or
Type 3, as given in Figure 5, are preferred.

Figure 5. Alternative governor signal-injection configurations used for frequency-response investiga-
tions and turbine–governor model validation.

The dynamic model implemented in MATLAB/Simulink R2026a consists of intercon-
nected governor, gas turbine, steam turbine, generator, excitation, and frequency control
subsystems. The model parameters were derived from manufacturer documentation, com-
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missioning data, and field measurements. The resulting model was validated against
step-response tests performed on the generating unit under different operating conditions.

Step-input signals were selected exclusively for system identification and model
validation purposes, as they provide a repeatable excitation of the governor–turbine control
loop and allow direct comparison between measured and simulated responses. They
are not intended to represent actual frequency variations occurring in interconnected
power systems.

Model validation was performed by comparing measured and simulated responses
with respect to response initiation time, rise characteristics, settling behavior, steady-state
operating point, and overall dynamic response shape. Validation was conducted using
field-test data obtained during AVR, governor, and frequency-response investigations.
The observed agreement between measured and simulated responses was considered
satisfactory for the intended governor, AVR, PSS, and frequency-response studies, con-
firming the suitability of the developed model for dynamic performance assessment and
frequency-control analysis.

4.3. Unit Active Analysis Stages

The analysis stages are given step by step here:

1. Saturation characteristics investigations. This analysis is to determine and validate the
generator saturation characteristic (open-circuit generator characteristic) and shall be
conducted with the unit operation in field current or field voltage control mode. Unit
rotates at nominal speed with no-load condition and with the generator main breaker
open-circuit characteristic [39–42]. Status of PSS is Off. Frequency measurement is
used in PSS. The equipment uses the estimation of rotor speed based on compensated
frequency for the PSS channel VSI2. The algorithm calculates the frequency of the
phasor VT + jXq × I. Initially excitation is set to zero and initial terminal voltage level
is zero. The excitation was progressively increased, and the armature terminal voltage
was observed. The points where armature voltage equals in p.u. to (0, 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.94, 0.96, 0.98, 1, 1.02, 1.04, 1.06, 1.08, 1.1)
rated voltage were taken. The shaft speed signal was also acquired and used for the
correction of voltage.

Base quantities for modeling studies are: Stator voltage (VT) → 1.0 p.u. = 19.0 kV;
Active power (P) → 1.0 p.u. = 524 MW, Reactive power (Q) → 1.0 p.u. = 524 MVar; Field
voltage (EFD) → 1.0 p.u. = 187 V (based on air gap field current at rated stator voltage and
field resistance 0.2212 Ohm at 100 deg); Field current (IFD) → 1.0 p.u. = 845 A (based on
air gap field current at rated stator voltage); Set-point voltage → 1.0 p.u. = 100% = 19.0 kV.
This p.u. convention is used by most standards and power system analysis software tools.
Adopted p.u. base values are shown in Figure 2.

The open-circuit characteristic was obtained at rated rotational speed under no-load
conditions. The open-circuit saturation characteristic analysis results are given in Table 1
and Figure 6.

Table 1. Open-circuit saturation characteristic measurement data for the investigated 524 MVA
synchronous generator.

IFD (A) 0.0 650 680 700 725 745 780
VT (kV) 0.0 14.75 15.09 15.60 16.09 16.56 17.10

Vagl (kV) 0.0 14.75 15.24 15.69 16.25 16.70 17.48

IFD (A) 800 820 840 860 885 940 980
VT (kV) 17.55 17.95 18.21 18.61 18.97 19.66 19.95

Vagl (kV) 17.93 18.55 18.83 19.28 19.84 21.00 21.97
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Figure 6. Open-circuit saturation characteristic of the investigated 524 MVA synchronous generator.
The measured terminal voltage and air gap voltage characteristics are used to determine generator
saturation parameters for dynamic model development and validation.

2. Full-speed, no-load AVR investigations (step response). Step-response investigations
are conducted to check whether the AVR is well tuned and to verify its simulation
models. AVR includes the PSS function as well. Step-response investigations are
not applicable to analysis damping of inter-area oscillations. AVR was set to voltage
control mode [43–47]. The voltage was set to 1 p.u. It was changed to 0.95 p.u. in
a step (−5% step). Next, after a pause the voltage set-point was changed to 1 p.u.
(+5% step) in a step. The same was repeated with 10% step. Further, voltage set-point
was set to 1 p.u. The voltage set-point was changed to 1.02 p.u. in a step (+2% step).
After a pause, the voltage set-point was changed to 1 p.u. in a step (−2% step). It was
performed for two cases: PSS Off and PSS On.

The step response was investigated under full-speed, no-load conditions. Figures 7 and 8
show the results of 5% and 10% steps, respectively, on AVR set-point under full-speed,
no-load conditions.

3. The load was set to 40 MW for the on-load step-response analysis: the unit active
power output was set to 40 MW and reactive power between 0 and 22.25 MVar. Status
of PSS was Off. The voltage set-point was changed by +2% in a step. After a pause,
voltage set-point was set back to normal in a step.

The generator synchronized at low load (2% step) and response on AVR set-point.
Figure 9 shows the results of the 2% step on AVR set-point at low load (40 MW).

4. The load was set to 180 MW for the on-load step-response analysis: the unit active
power output was 180 MW and reactive power between 0 and 22.25 MVar. Status of
PSS was On. The voltage set-point was changed by +2% in a step. After a pause, the
voltage set-point was returned to its nominal value in a single step.

The generator was synchronized at medium load, and its response to an AVR set-point
change was evaluated with the PSS enabled. Figure 10 shows the results of the 2% set-point
step response at medium load (180 MW) with PSS On.
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Figure 7. Response of the AVR system to a −5%/+5% voltage set-point step under full-speed no-load
operating conditions. Measured and simulated responses are compared to evaluate AVR tuning and
validate the developed model. The results demonstrate stable voltage regulation and satisfactory
agreement between field-test measurements and simulation results.

Figure 8. Response of the AVR system to a −10%/+10% voltage set-point step under full-speed
no-load operating conditions. Measured and simulated responses are compared to evaluate AVR
tuning and validate the developed model under larger voltage disturbances. The results demon-
strate stable voltage regulation and satisfactory agreement between field-test measurements and
simulation results.
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Figure 9. Response of the AVR system to a ±2% voltage set-point step under low-load operating
conditions (40 MW) with PSS disabled. Measured and simulated responses are compared to assess
AVR performance and model accuracy under synchronized operation. The results indicate stable
voltage control and satisfactory agreement between field-test measurements and simulation results.

Figure 10. Response of the AVR system to a ±2% voltage set-point step under medium-load operating
conditions (180 MW) with PSS enabled. Measured and simulated responses are compared to evaluate
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AVR and PSS performance and validate the developed model under synchronized operation. The
results demonstrate stable voltage regulation, effective damping characteristics, and satisfactory
agreement between field-test measurements and simulation results.

5. (225 MW) Frequency step-response analysis (df = ±200 mHz / 50 Hz = 0.004 p.u.).
This analysis is to determine complete governor and turbine response dynamic charac-
teristics under different loading conditions. Unit was in regular control mode in which
FCR service was provided. Analysis was repeated at low load and high load. For
the low-load condition, unit initial power output was Pmin. + FCR, where Pmin. is the
minimum stable active power point. For the high-load condition, unit initial power
output was Pmax. − FCR, where Pmax. is the maximum generation level observed in
the saturation analysis.

At first, the speed droop value (R) was set to 4%. Frequency-signal injection mode was
turned on. A frequency deviation signal of +200 mHz (50.2 Hz) was applied. Frequency
deviation signal was restored to zero value.

Next, the speed droop value (R) was kept the same (4%). Frequency signal in injection
mode was kept on. The frequency deviation signal of −200 mHz (49.8 Hz) was applied.
Frequency deviation signal was restored to zero value.

The investigation was performed by introducing a step change in the measured
frequency signal while the unit was under isochronous mode of operation. This was
implemented via introducing a signal injection in the controller either internally utilizing
the available testing function of the plant governor, or via an external analog signal that
influences the speed measurement.

Third, the speed droop value (R) was kept the same (4%). Frequency-signal injection
mode was kept active. Constant 50 Hz signal was injected as a frequency measurement (or
an equivalent action depending on the signal injection type). The controller was switched
to isochronous operation mode. +200 mHz frequency deviation was injected in a step (or
frequency measurement value was changed to 50.20 Hz) to the controller and was paused
until the unit output power increases by more than 5%. Without waiting for stabilization,
−200 mHz frequency deviation step was injected (or frequency measurement value was
changed to 49.80 Hz) to the controller. Constant 50 Hz signal was injected as a frequency
measurement (or an equivalent action depending on the signal injection type).

The results show that the unit power controller responds properly to frequency devi-
ations at high load. However, as the maximum load level is reached, the response slows
down as the unit responds in an upward direction. Even with this impact, the complete
frequency response was activated within less than 30 s. Results of frequency (±200 mHz)
deviation step response are shown in Figure 11.

A dynamic model of the turbine–governor system was developed in MATLAB and
validated against field-test measurements. Results indicate that the model represents unit
behavior in case of disturbances.

6. Frequency-domain investigations were performed to evaluate the dynamic charac-
teristics of the AVR and PSS of the investigated 524 MVA CCPB. The objective of the
analysis was to assess the damping performance of the excitation control system and to
identify the frequency ranges in which the PSS contributes to oscillation suppression.

The investigations were conducted under high-load operating conditions with the
generator synchronized to the power system. A white-noise signal was injected into the
AVR summing junction, and the resulting input and output signals were recorded for
frequency-response analysis. The frequency-domain characteristics were obtained using
Fourier-transform techniques. The tests were performed separately with the PSS disabled,
enabling us to evaluate its influence on system dynamics.
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Figure 11. Response of the CCPB governor and turbine control system to a ±200 mHz frequency
step disturbance at 225 MW active power output. Measured and simulated responses are compared
to assess the dynamic frequency-response characteristics and model accuracy. The results confirm
correct governor operation, timely frequency-response activation, and satisfactory agreement between
field-test measurements and simulation results.

The frequency-response analysis allows the identification of local and inter-area oscil-
lation modes and provides information on the effectiveness of the excitation control system
in damping electromechanical oscillations. The comparison between the PSS Off and PSS
On operating conditions is presented in Figure 12.

Figure 12. Frequency-domain response of the AVR/PSS control system of the investigated 524 MVA
CCPB under high-load operating conditions. The analysis was performed using frequency-signal
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injection to evaluate the damping characteristics of the excitation system. The responses obtained
with PSS enabled (blue) and disabled (red) are compared, demonstrating improved damping of local
oscillation modes and enhanced dynamic performance when the PSS is in operation.

The results show that the AVR is properly tuned and provides fast and stable voltage
control. As shown in Figure 12, the PSS significantly improves the damping of the local
oscillation mode occurring around 1.1 Hz. Furthermore, improved damping characteristics
are observed at lower oscillation frequencies. In the frequency range between approximately
1.5 Hz and 2.1 Hz, the influence of the PSS on damping is limited, with no significant
improvement or degradation of oscillatory behavior observed.

7.(a) The load was set to 380 MW for the on-load step-response analysis: the unit active
power output was set to 380 MW (ramping rate 20 MW/min.) and reactive power
between 0 and 22.25 MVar. Status of PSS was On. Change voltage set-point by +2%
step was made. After a pause, the voltage set-point was set back to normal. 1/fα
type noise signal for frequency range of 0.1–4.0 Hz with amplitude in range 1–3% was
injected to the injection point.

7.(b) On load step response analysis: Status of PSS was Off. The voltage set-point was set
to +2% by a step. The voltage set-point was set back to normal after a pause. 1/fα
type noise signal for frequency range of 0.1–4.0 Hz with amplitude in range 1–3% was
injected to the injection point.

Figure 13 shows the obtained results of the 2% set-point step response at high load
(380 MW) with PSS On and Figure 14 with PSS Off at same load level.

Figure 13. Response of the AVR system to a ±2% voltage set-point step under high-load operating
conditions (380 MW) with PSS enabled. Measured and simulated responses are compared to evaluate
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AVR and PSS performance and validate the developed model under synchronized operation. The
results demonstrate stable voltage regulation, effective damping characteristics, and satisfactory
agreement between field-test measurements and simulation results.

Figure 14. Response of the AVR system to a ±2% voltage set-point step under high-load operating
conditions (380 MW) with PSS disabled. Measured and simulated responses are compared to
assess AVR performance and validate the developed model. The results demonstrate stable voltage
regulation and satisfactory agreement between field-test measurements and simulation results, while
highlighting the influence of the PSS on oscillation damping characteristics.

The agreement between measured and simulated responses was evaluated by compar-
ing the principal dynamic characteristics of the generating unit, including response time,
settling behavior, steady-state operating point, and overall response shape. The comparison
demonstrated satisfactory agreement between measured and simulated responses across
the investigated operating conditions, confirming the suitability of the developed model
for frequency-response and control-performance studies.

8. Turbine and governor system model validation investigations. Model validation was
performed to assess the capability of the developed turbine–governor model to repro-
duce the dynamic behavior of the investigated CCPB under representative operating
conditions. The validation focused on the response of the turbine control system to
changes in active power demand, valve position, and frequency-control signals.

The investigations were conducted under synchronized operating conditions over
a range of loading levels. The turbine control system was tested in valve-position con-
trol mode and power-control mode to evaluate the relationship between control com-
mands, valve movement, and resulting active power output. For steam-turbine operation,
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the boiler control system was configured to follow turbine demand under coordinated
control conditions.

The validation procedure consisted of applying incremental changes in valve position
and active power set-points, typically corresponding to approximately 5% changes in active
power output. The resulting responses were recorded and compared with simulation
results. Particular attention was given to valve-position saturation effects, governor non-
linearities, and possible mechanical backlash within the control mechanism.

The investigations also assessed the relationship between valve position and effective
flow area. This analysis enabled the identification of saturation regions where further
increases in valve position no longer produced proportional increases in flow or active
power output. Such characteristics were incorporated into the developed model to improve
its representation of the actual generating unit.

In addition, synchronization and loading investigations were performed to evalu-
ate turbine–governor behavior during power-output changes. The measured responses
were compared with simulation results with respect to response initiation time, transient
behavior, settling characteristics, steady-state operating point, and overall response shape.

The comparison demonstrated satisfactory agreement between measured and simu-
lated responses across the investigated operating conditions. The obtained results confirm
that the developed turbine–governor model adequately represents the dynamic behavior
of the investigated CCPB and is suitable for frequency-response, reserve-provision, and
control-performance studies.

5. Discussion
The analysis conducted in this study emphasizes the critical importance of effective FD

management in the European power grid, particularly focusing on the application of CCPB
as a strategic component for stabilizing frequency deviations. The findings demonstrate
that persistent and significant FDs have been a growing concern in Continental Europe’s
electric power systems since 2023, necessitating improved control strategies and enhanced
coordination mechanisms among energy blocks to maintain grid stability.

One of the primary solutions explored in the study is the deployment of AGC, which
effectively balances power generation and demand in real time, thereby mitigating FD
impacts. The integration of AGC with primary and secondary control measures enhances
system reliability, ensuring frequency quality and reducing deviation risks. The research
further discusses the implementation of FCR as a proactive measure for frequency stabiliza-
tion post-disturbances. By dynamically adjusting power outputs, FCR provides a buffer
against unexpected frequency drops, maintaining grid stability.

The study’s results suggest that advanced control techniques, coupled with strategic
infrastructural adjustments, are vital for reducing the frequency deviation incidents that
have become increasingly prevalent. Enhancing the coordination of power reserves, op-
timizing control of CCPB, and integrating robust frequency management strategies are
fundamental steps toward a more resilient and stable European power grid.

6. Conclusions
This study investigated the dynamic performance of a CCPB under frequency-control

and voltage-control conditions relevant to interconnected power-system operation. Field
investigations, signal-injection tests, and model-validation procedures were performed to
assess the performance of the governor, AVR, PSS, and FCR functionality.

The results demonstrate that the AVR provides fast and stable voltage control. The
frequency-response analysis confirmed that the PSS provides effective damping of local
oscillation modes around 1.1 Hz and improves damping performance at lower oscillation
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frequencies. For oscillation frequencies between approximately 1.5 Hz and 2.1 Hz, no
significant influence of the PSS on damping characteristics was observed.

The governor system was found to provide a well-tuned response to frequency devia-
tions and active-power set-point changes. The investigated CCPB was capable of delivering
the required response in both directions within the specified activation time of 30 s under
high-load operating conditions.

The conducted investigations also confirmed the suitability of step-response testing
and frequency-signal injection methods for the identification and validation of governor
and excitation-system dynamics. The results indicate that clear and repeatable test signals
are required to accurately assess the dynamic characteristics of the generating unit and to
establish reliable model validation conditions.

The validated CCPB model and the obtained field-test results provide a basis for
assessing generating-unit participation in frequency-control services, including AGC and
FCR provision. The study demonstrates the capability of the investigated unit to satisfy the
technical requirements associated with frequency-response and reserve-provision services.

The results presented in this work relate to generating-unit performance and control-
system validation. The study does not quantify system-wide impacts such as reductions
in frequency deviations, RoCoF, ACE or FCR activation frequency, which would require
dedicated power system-level simulations involving multiple generating units, network
constraints, reserve allocation mechanisms, and operating scenarios. Such investigations
are considered a subject for future research.
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