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Abstract: The growing integration of renewable energy sources, particularly photovoltaic
(PV) and wind power, presents challenges such as reduced system inertia and increased sus-
ceptibility to inter-area oscillations. These issues, coupled with stricter regulatory demands
for grid stability, highlight the urgent need for effective damping solutions. This study
proposes a novel method for detecting and mitigating inter-area oscillations using a power
oscillation damping (POD) controller enhanced by applying a Fast Fourier Transform (FFT).
The controller’s parameters are optimized through the Nobel Bat Algorithm (NBA) and
fully implemented in DIgSILENT PowerFactory (DSPF). Simulations conducted on the
New England IEEE-39 power system model under varying levels of renewable energy pen-
etration demonstrate the model’s capability to dynamically detect, mitigate, and deactivate
oscillations once stability is achieved. This work addresses emerging regulations requiring
oscillation damping systems and offers a framework for certifying POD controllers for
real-world implementation, ensuring their adaptability to diverse energy systems and
regulatory contexts.

Keywords: inter-area oscillation; power oscillation damping; photovoltaic plant; fast
Fourier transform; Nobel bat algorithm; grid stability; DIgSILENT PowerFactory; power
plant controller

1. Introduction

The exponential growth of renewable energy generation has significantly transformed
the global power generation landscape. As the share of renewable power increases, par-
ticularly through wind farms (WFs) and photovoltaic (PV) plants, the inherent variability
and lack of inertia associated with these sources pose new challenges for grid stability.
These issues are especially evident in weakly interconnected networks, where disturbances
can quickly propagate, amplifying oscillations and compromising system stability [1-3].
This increase in renewable energy sources heightens the vulnerability of power systems
to low-frequency oscillations (LFOs), which can be classified into two main categories [4]:
local and inter-area oscillations. While local oscillations, typically occurring between 1 and
2.5 Hz, are generally managed by Power System Stabilizers (PSSs) parametrized to damp
them, inter-area oscillations occur at lower frequencies (typically between 0.1 and 1.0 Hz)
and are particularly challenging. These oscillations involve large groups of generators oscil-
lating against each other across weakly interconnected transmission lines, which increases
the risk of system instability.
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Notable incidents of inter-area oscillations, such as the 1996 Western System Coordi-
nated Council (WSCC) blackout in the United States [5], the 2003 Northeast blackout [6],
and the 2016 oscillatory event triggered by a line opening in the French-Spanish intercon-
nection [7], underscore the urgent need for proactive measures to address grid stability
challenges. These events, among others, highlight the severity of inter-area oscillations
and the need for their early detection and mitigation. Effective damping strategies are
increasingly necessary to ensure the stable operation of power systems with a high degree
of renewable energy penetration. Several studies have already focused on stability due
to the growing concern about low-frequency oscillations in different countries, focusing
on the problem of inter-area oscillations. For example, the impact of resonance on inter-
area oscillations in the Nordic power system [8,9], the analysis of inter-area oscillations in
the UCTE/CENTREL power system [10,11], or the improvement of the damping of the
inter-area oscillatory mode between Scotland and England [12].

Growing concern has also highlighted the need for effective grid stability measures at
the regulatory level, particularly regarding the implementation of power oscillation damp-
ing (POD) controllers. At the European level, Commission Regulation (EU) 2016/631 [13]
specifies that renewable generators must be capable of damping oscillations when required
by the system operator, ensuring grid stability in critical situations. ACER Recommenda-
tion 03-2023 Annex 1 [14] provides further guidance on implementing POD functionalities
in high-renewable systems, emphasizing the need for generators to mitigate low-frequency
oscillations. In Spain, the draft Operation Procedure (PO) 12.2 [15] requires renewable
plants, especially type D (plants whose connection point voltage is equal to or greater than
110 kV or whose maximum power exceeds 50 MW), to have a POD controller capable of
damping inter-area oscillations in the range of 0.1 Hz to 1.0 Hz, ensuring integration into
the national grid. Additionally, the importance of POD controllers is reinforced by the
POD Controller Implementation Guide [16], which outlines the steps and requirements for
their implementation, highlighting their critical role in stabilizing the grid and supporting
higher renewable energy penetration.

Many studies have focused on the installation of POD controllers within Flexible AC
Transmission Systems (FACTS) [17-19], as well as in PV plants [20,21] and WFs [22-25],
testing their efficiency in isolated and controlled simulations. Some investigations have also
incorporated measurements from Phasor Measurement Units (PMUs), enabling the moni-
toring of inter-area oscillations [26] and real-time data integration to assess the performance
of POD controllers in existing power systems [27-29]. Despite this, these works are often
limited by short-duration simulations or the manual activation of POD controllers, which
restricts the system’s ability to respond autonomously to grid fluctuations. Furthermore,
while activation functions have been employed to detect oscillations in some research,
such as the Fast Fourier Transform (FFT) [30-32], the Prony Analysis [33-35], and the
Matrix Pencil Method, among others [36,37], these studies have not fully addressed the
complexities of grid modeling or the need for effective POD controller parametrization
under varying grid conditions.

Moreover, extensive research explores the coordination of damping controllers be-
tween PSSs and POD using different optimization algorithms, such as Particle Swarm Opti-
mization (PSO) [38,39] and the Nobel Bat Algorithm (NBA) [40,41], among others [42,43].
However, they often neglect the critical aspect that is POD activation. While these studies
provide valuable insights into the optimal configuration of POD controllers, they typically
overlook the real-time, dynamic activation of these controllers. This aspect is critical for
managing renewable energy integration challenges in modern power grids.

The main objective of this article is to develop a comprehensive approach to oscillation
detection, POD activation, inter-area oscillation damping, and POD deactivation, carrying



Appl. Sci. 2025, 15, 1585 30f 19

out the entire process within DIgSILENT PowerFactory (DSPF) [44] without interruptions.
This approach simulates complete POD operation in a real-world environment and rep-
resents a novel contribution, as no previous works have examined the entire process in a
single simulation environment without requiring external software or stopping the simula-
tion. This study focuses on the entire process, detailing the detection technique (FFT is used,
noted for its computational efficiency [45]), the POD-P controller (more versatile than POD-
Q when considering frequency inputs and multiple oscillations [46]), and the POD tuning
method (using NBA, demonstrated to outperform PSO even with fewer iterations [47]).

The New England IEEE-39 power system model is extended with PV plants for re-
alistic simulation. The Power Plant Controller (PPC) is modified to incorporate a POD-P
controller and detection functions, creating a realistic scenario with three renewable gener-
ation conditions, reflecting real-world variability. This study establishes a comprehensive
foundation for future work in integrated grid stability simulations. Examining realistic
conditions with varying availabilities of renewable energy highlights critical aspects of
stability control in grids with high renewable penetration, providing valuable insights for
future deployments of POD controllers in renewable-dominant systems.

2. Definition of POD Controller

The main objective of the POD is to damp power oscillations. A POD controller, when
implemented in FACTS devices, WFs, or PV plants, provides damping capabilities similar
to those of synchronous generators with PSSs. The POD controller can be installed in the
PPC to send a unified damping signal to all generators or each generator individually. In
this article, the POD controller is configured within the PPC of the PV plants.

The POD-P controller operates as a supplementary control loop, adding an extra
reference signal (dP_POD) to the PPC active power control, as shown in Figure 1.
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Figure 1. POD-P controller block diagram.

As mentioned in Section 1, this article considers only the active-power POD-D, as it
has been shown to be more versatile than POD-Q for damping multiple oscillations [46].

The POD controller consists of three main parts [16]: a stabilizer gain Kpod, a washout
filter with the time constant Tw, and two-phase compensation blocks with the time constants
Tb1, Tal, Tb2, and Ta2. Moreover, a limiter is applied to the output. The POD processes
oscillation signals from the power system, such as active power, voltage, or frequency. This
study uses the frequency at the PV plant terminal as the input signal. The output of the
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POD-P controller (dP_POD) provides the command to damp oscillations by modifying the
generator controller’s original active power signal [16].

3. Optimization of the POD-P Parameters by NBA

To ensure the optimal performance of the POD-P controller, accurate tuning of the
parameters (KPOD, Tw, Tb1, Tal, Tb2, and Ta2) is crucial. Proper tuning directly impacts
the system’s ability to effectively damp oscillations and maintain stability in the presence
of fluctuating renewable generation. This article employs the NBA to optimize these
parameters, enhancing the damping ratio of the electromechanical mode. By improving
the damping ratio, the system’s stability is reinforced, ensuring robust performance under
perturbances. The NBA is chosen due to its proven efficiency and superior convergence
properties, as demonstrated in [47]. This includes its ability to handle complex, multi-modal
objective functions and success in tuning controllers within high-renewable-penetration
systems. Specifically, it has been shown to outperform traditional optimization methods,
such as PSO, by achieving faster convergence and better computational efficiency under
similar scenarios. Its robustness, particularly in systems with varying dynamic conditions,
such as those in PV plants integrated into modern grids, makes it a reliable choice [47].

The NBA, an enhanced version of the original Bat Algorithm (BA) developed by
Yang in 2010 [48], is inspired by the echolocation behavior of bats. In this algorithm, bats
navigate by emitting sound waves and analyzing returning echoes, a process simulated
to explore and exploit the solution space effectively. Introduced by Meng in 2015 [49], the
NBA incorporates adaptive Doppler compensation, stochastic habitat selection, and inertia
weight adjustments to improve search efficiency. This algorithm is particularly effective for
dynamic systems characterized by high renewable penetration.

In the NBA, each bat represents a candidate solution characterized by a position,
velocity, and frequency, which are updated iteratively to improve the objective function.
For the POD controller, the system’s damping ratio is chosen as the objective function [50].
The limit used in this objective function has been selected according to Spanish operating
procedures [51], which establish a damping ratio threshold of 5% to define acceptable
system stability, with higher damping ratios indicating greater stability. The mathematical
formulation of the algorithm is thoroughly explained in [47] and [49].

The POD-P parameters, KPOD, Tw, Tb1, Tal, Tb2, and Ta2, are constrained within
a range based on the operational limits specified in [16]. The NBA iteratively refines
these parameters, balancing exploration (searching the solution space) and exploitation
(refining promising solutions). This study runs the NBA with 30 bats and 50 iterations. As
a result, the POD-P controller achieves an optimal configuration, producing a corrective
signal, dP_POD, that dynamically adjusts the PPC’s active power setpoint, effectively
damping oscillations and maintaining stability. The optimized parameters for each POD-P
controller are determined using a base scenario and remain fixed throughout all subsequent
simulations conducted in this research.

4. Definition and Implementation of Fast Fourier Transform

The FFT algorithm is widely used to analyze the frequency content of power system
signals and detect the presence of power oscillations and their frequencies, including their
oscillatory modes [31,32]. While FFT may be less accurate than other oscillation detection
methods, such as the Matrix Pencil Method or Prony Analysis, it offers advantages in
terms of computational efficiency, as detailed in [45]. This efficiency, coupled with its
simpler implementation, makes FFT suitable for inter-area oscillation detection, where
computational efficiency is prioritized over the results. The FFT transforms a signal in the
time domain into its representation in the frequency domain, providing information about



Appl. Sci. 2025, 15, 1585

50f19

the frequencies and amplitudes of this signal. This facilitates the analysis of the frequency
components within the signal. Applying the FFT to the measured signal in inter-area
oscillation detection allows the oscillation frequencies of interest (between 0.1 and 1 Hz [4])
to be analyzed and identified within a moving window, which is continuously updated as
the simulation runs.

The FFT is introduced in DSPF as a function programmed in C, encapsulated in a .dll
file. The output of the block is the trigger signal for the POD-P controller, Enable_POD. The
FFT value in the area of interest (0.1-1 Hz) must exceed a threshold to trigger this signal.
This threshold is set at 15 mHz, the trigger frequency specified in the POD Controllers
Implementation Guide [16].

Exceeding this FFT threshold signifies the presence of power oscillations within the
specified frequency range, subsequently activating the POD-P controller. The FFT calcula-
tion uses 10,000 samples with a time step of 0.5 ms, ensuring a detailed frequency analysis.
Additionally, the calculation is performed continuously throughout the simulation. During
the RMS simulation, the FFT operates over a floating window of 5 s, with recalculations
occurring every 0.5 s. The FFT value obtained in the current window is compared with the
value from the previous window to determine whether to activate or deactivate the POD-P,
providing a double confirmation mechanism to enhance reliability. The POD-P controller
activates or deactivates only when the FFT results from two consecutive time windows
yield the same result (both 1 for activation or both 0 for deactivation). A 5 s delay is also
implemented before deactivation to better replicate real-world operational procedures.

This approach improves upon previous FFI-based POD solutions by integrating
a robust activation and deactivation mechanism that minimizes false positives through
double confirmation and a time delay. Furthermore, the function is encapsulated in a .dll file
within DSPF, enabling inter-area oscillation detection during simulation runs entirely within
the software environment. These enhancements ensure reliable activation through real-time
simulation with varying network conditions, providing a balance between computational
efficiency and robust oscillation damping.

5. Detection and Damping Methodology

The proposed methodology summarized in Figure 2 allows us to detect inter-area
oscillations, dynamically activate POD-P controllers, and deactivate them once oscillations
are mitigated, all within the DSPF environment. The control logic relies on two key variables
derived from the FFT output: Enable_POD and Internal_variable.

To continuously monitor system signals, our methodology employs an FFT algorithm
that detects frequencies within the inter-area oscillation range (0.1-1 Hz). The FFT operates
within a floating window of 5 s, recalculating every 0.5 s.

Under normal operating conditions, Internal_variable and Enable_POD are zero. If the
oscillatory magnitudes calculated by the FFT exceed the predefined threshold of 15 mHz,
meaning that an inter-area oscillation has occurred, the Internal_Variable changes to 1. The
FFT output is updated every 0.5 s, and a new value of Internal_Variable is set and compared
to its previous value to verify consistency and minimize false positives. Activation occurs
(Enable_POD = 1) instantaneously when the FFT calculated for two consecutive cycles
equals one (Internal_Variable = 1).

A counter is implemented to manage the deactivation of the POD-P controller (En-
able_POD = 0). Deactivation occurs when the FFT value remains at zero for two consecutive
cycles (Internal_variable = 0). Additionally, if no change is detected in Internal_variable
for 5's (Counter = 10), the Enable_POD variable transitions to a deactivated state, ensuring
that the system has fully stabilized before disabling the controller.
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Upon activation, the POD-P controller generates a corrective signal, dP_POD (see
Figure 1, Section 2), which dynamically adjusts the active power setpoint of the PPC. This
modification allows the PV plants to contribute to damping the detected oscillations by
modifying their active power output. As a result, the oscillatory behavior of the system is
effectively mitigated, restoring system stability.

6. Network Description

The methodology presented in Section 5 has been simulated in a test network based
on the New England IEEE-39 model, which provides a simplified representation of the
northeastern U.S. transmission system [52]. The original IEEE-39 model consists of 39 buses,
10 generators, 19 loads, 34 transmission lines, and 12 transformers. Figure 3 presents a
single-line diagram of the network. The different colors correspond to the different voltage
levels: 345 kV (light blue), 230 kV (dark red), 16.5 kV (red) and 0.69 kV (blue).
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Figure 3. Modified New England IEEE-39 power system model.

In this model, Generator G01 represents the interconnection with the external transmis-
sion system, while Generator G02 is the slack bus. Active power dispatch and controlled
terminal voltage magnitudes are assigned to the remaining generators. The technical
specifications for all grid components, including generators, loads, transmission lines, and
transformers, are available in [53].

The synchronous generator controllers include Automatic Voltage Regulators (AVRs),
modeled as IEEE Type 1 rotating excitation systems in accordance with [54]. The governor
models vary: IEEE Type G1 (steam turbine) is applied to Generators G02-G09, and IEEE
Type G3 (hydro turbine) is used for Generator G10. To isolate and evaluate the performance
of the POD-P controller, Power System Stabilizers (PSSs) are disabled throughout the study.
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To assess scenarios with high levels of renewable energy penetration, this study
integrates four PV plants into the system to analyze their impact on power oscillation
damping. Figure 3 highlights these PV plants (marked with black squares), which are
distributed across the grid to avoid localized effects and ensure a realistic simulation
of renewable integration. Details regarding the rated power of the PV plants and the
active power setpoints across scenarios are provided in Section 6. The PV controllers and
generators are modeled using the WECC WT Type 4A model from the DSPF library [44].
These PV plants are equipped with PPCs that incorporate POD-P controllers designed
to modulate active power and damp oscillations, as detailed in Section 2. The POD-P
controller parameters are optimized using the NBA, as explained in Section 3, and remain
fixed throughout the simulations.

7. Definition of the Simulation Scenarios

The simulation scenarios ensure a realistic approximation of future renewable energy
production and its variability. This approach aligns with the PNIEC target of achieving
81% renewable generation by 2030 [55]. To facilitate this, the installed nominal PV power is
set at 80% of the total synchronous generation capacity in the initial scenario, simulating
various penetration levels. Consequently, the total nominal power of the four PV plants is
equal to 80% of the total generation capacity of the grid. Initially, synchronous generators
produce 6140.8 MW without the PV generators connected. Based on this, the nominal
power of each PV plant is set at 1228.16 MW.

The scenarios range from 80% to 20% renewable generation, aligning with the expected
future conditions of the grid. The 80% renewable generation scenario is based on the targets
established by the PNIEC [55], while the 20% represents a low-renewable-penetration
scenario, as renewable generation on the grid is unlikely to be zero. The scenarios are
structured as follows:

e  Scenario 1: PV plants generate 20% of the total grid power, with synchronous genera-
tors contributing 80%.

e  Scenario 2: grid power is equally shared between PV plants and synchronous genera-
tors, each supplying 50%.

e  Scenario 3: 80% of the grid generation is supplied by PV plants, while synchronous
generators contribute 20%, consistent with the PNIEC target.

Operational constraints are explicitly considered, particularly in scenarios where PV
plants operate at their maximum rated capacity. Under these conditions, the saturation of
the active power output can restrict the POD-P controller’s ability to effectively mitigate
oscillatory events due to its limited capacity for further active power adjustments. This
limitation is especially critical in Scenario 3, where PV plants operate at 100% of their
nominal capacity, pushing the system to its operational limits. To overcome this challenge,
an anti-windup filter is integrated into the PID controller. This filter dynamically limits
the controller’s response during saturation, preventing excessive integral windup and
ensuring stable system performance under extreme conditions. Consequently, in Scenario
3, simulations are conducted with and without the anti-windup filter to evaluate its impact
on the POD-P controller’s effectiveness when the PV plants operate at full capacity.

Table 1 summarizes the three generation scenarios considered. The variation in the
total power generated arises from the grid reference machine, which does not have a
predefined active power setpoint but produces the amount needed for the grid to converge
and operate correctly.
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Table 1. Simulated scenarios.
S ; PV Active Power Synchronus Machine Active Power Total Generation
cenaro P_PV [p.u] P_PV [MW] P_synch[p.u.]  P_synch [MW] [MW]
1 0.2 1228.16 0.8 4896.4 6158.54
2 0.5 3070.4 0.5 3057.5 6127.9
3 0.8 4912.64 0.2 1245.9 6124.56

8. Simulation Results

This section analyzes the results of the three scenarios presented in Section 7, focusing
on the system’s ability to mitigate inter-area oscillations under varying levels of renewable
penetration and its response to consecutive events. For all scenarios, two events are
considered (see Figure 3):

e A short-circuit at terminal 16 with a duration of 0.06 s.
e A short-circuit on line 03-04, followed by a switching event 0.25 s later.

These events are simulated in a continuous-time domain, where the FFT function
individually detects the oscillations in each of the four PV plants by analyzing the frequency
at their connection terminals, triggering and deactivating the POD-P controller as required
to damp inter-area oscillations effectively.

The grid’s electromechanical mode corresponds to an inter-area oscillation at 0.65 Hz,
representing the system’s natural oscillatory frequency. In the initial scenario, without PV
generation, the electromechanical mode exhibits a damping ratio of 8.89%, which is above
the stability threshold of 5% [51]. Variations in generation across scenarios significantly
impact the stability of this mode, displacing it toward more unstable regions as renewable
penetration increases and system inertia decreases. In all scenarios, both events gener-
ate inter-area oscillations, with Generator G01 oscillating against the rest of the system
at 0.65 Hz.

The simulations replicate real-world conditions with varying levels of renewable
penetration and consecutive events, validating the POD-P controller’s autonomous acti-
vation and its reliability in damping oscillations. The simulations are performed in the
time domain (RMS). Additionally, eigenvalue analyses are conducted to determine the
damping ratio of the electromechanical mode for each scenario. These analyses provide a
complementary and quantitative measure of system stability, enhancing the robustness of
this study’s findings.

8.1. Scenario 1

In Scenario 1, PV plants account for 20% of the total generation of the grid, while
synchronous generators provide 80%. The PV plants contribute 1228.16 MW, while syn-
chronous generation produces 4896.4 MW (see Table 1).

Initially, the simulation is executed with the FFT detection function disabled to observe
the system’s natural oscillatory response without POD-P controllers. The aggregation of
PV plants reduces the damping ratio of the electromechanical mode to 3.19%, below the 5%
stability threshold [51], increasing the system’s susceptibility to disturbances. Figure 4a
displays the frequency of all grid terminals. The oscillations observed at 5 s and 80 s
correspond to the terminal and the line short-circuit (followed by its switching) events,
respectively. As the system is initially unstable, these disturbances lead to inter-area
oscillations that propagate over time. Figure 4b focuses on the frequency of the PV plant
terminals and the synchronous generator speeds.
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Figure 4. Scenario 1. System response without the POD-P controller activated following the terminal
short-circuit event (t = 5 s) and the line short-circuit event (t = 80 s): (a) frequency at all grid terminals
[p.u.]; (b) frequency at PV terminals [p.u.] and speed of synchronous generators [p.u.].

When the FFT detection function is enabled, the system identifies and damps oscil-
lations via the POD-P controller, which modulates the PPC active power setpoint. The
activation of the POD-P controller, with appropriately tuned parameters, increases the
damping ratio of the electromechanical mode to 11.86%, exceeding the stability threshold
of 5%. Consequently, the system exhibits enhanced stability under disturbances, effectively
mitigating oscillations. Figure 5a highlights the frequency response across all terminals
with the POD-P controller activated, demonstrating the effective damping of inter-area
oscillations. Figure 5b provides a focused view of the frequency at the PV plant terminals
and the synchronous generator speeds, confirming that the system achieves stability.
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Figure 5. Scenario 1. System response with the POD-P controller activated following the terminal
short-circuit event (t = 5 s) and the line short-circuit event (t = 80 s): (a) frequency at all grid terminals
[p.u.]; (b) frequency at PV terminals [p.u.] and speed of synchronous generators [p.u.].

For clarity, Figure 6 shows the FFT-triggered activation signal Enable_POD of the
POD-P controllers and the corresponding adjustments to the PPC active power setpoint
Pout for each controller. Upon activation, the POD-P controllers dynamically modify the
active power setpoint to mitigate oscillatory behavior. Once the inter-area oscillations are
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sufficiently dampened, the POD-P controllers deactivate, restoring the PPC active power
setpoints to their pre-disturbance values. The same process is repeated for the second event.

1
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—— P CONTROL 1: Pout —— P CONTROL 2: Pout —— P CONTROL 3: Pout —— P CONTROL 4: Pout

Figure 6. Scenario 1. POD-P activation signal Enable_POD and PPC active power setpoint Pout for
each PV plant [p.u.].

8.2. Scenario 2

In Scenario 2, PV plants supply 50% of the total generation of the grid, with syn-
chronous generators contributing 50%. This corresponds to 3070.40 MW from the PV plants
and approximately 3057.5 MW from synchronous generation (see Table 1).

The system is first simulated with the FFT detection function disabled to observe
the impact of increased renewable penetration. The integration of PV plants reduces the
damping ratio of the electromechanical mode to 1.76%, reflecting the reduced stability of
the system as renewable penetration increases. Figure 7a shows the frequency response of
the grid terminals. Compared to Figure 4a, the initial peak is narrower, but the oscillations
persist for a longer duration. This behavior is attributed to the diminished system inertia,
which limits the system’s ability to resist immediate changes in frequency following a
disturbance, resulting in a smaller initial frequency deviation. However, the lower damping
ratio exacerbates the system’s susceptibility to sustained oscillations, leading to their
prolonged decay. Figure 7b focuses on the frequency at the PV plant terminals and the
synchronous generator speeds, highlighting the longer-lasting oscillatory behavior.

Once the FFT detection function is enabled, the POD-P controller actively damps the
oscillation by adjusting the active power setpoint in the PPC. With the POD-P controller
activated, the damping ratio increases to 10.61%, demonstrating the effectiveness of the
control mechanism in stabilizing the system despite the reduced inertia. Figure 8a illustrates
the significant reduction in frequency oscillations across all grid terminals, showcasing the
damping mechanism’s effectiveness. Figure 8b zooms in on the frequency at the PV plant
terminals and synchronous generator speeds, highlighting the stabilized response.

Figure 9 illustrates the FFT-triggered activation signal Enable_POD of the POD-P
controllers, along with the corresponding dynamic adjustments of the PPC active power
setpoint Pout at each PV plant. The FFT function continuously monitors the system,
ensuring that the controller operates only when necessary and is deactivated once the
oscillations are sufficiently mitigated. This optimized response prevents unnecessary
interventions and highlights the adaptability of the control mechanism. The same sequence
is applied during the second event, confirming the consistency of the POD-P controller’s
performance across different scenarios and grid conditions.
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Figure 7. Scenario 2. System response without the POD-P controller activated following the terminal
short-circuit event (t = 5 s) and the line short-circuit event (t = 80 s): (a) frequency at all grid terminals
[p.u.]; (b) frequency at PV terminals [p.u.] and speed of synchronous generators [p.u.].
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Figure 8. Scenario 2. System response with the POD-P controller activated following the terminal
short-circuit event (t = 5 s) and the line short-circuit event (t = 80 s): (a) frequency at all grid terminals
[p.u.]; (b) frequency at PV terminals [p.u.] and speed of synchronous generators [p.u.].
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Figure 9. Scenario 2. POD-P activation signal Enable_POD and PPC active power setpoint Pout for

each PV plant [p.u.].
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8.3. Scenario 3

In Scenario 3, PV plants produce 80% of the total generation of the grid, oper-
ating at their full capacity (4912.64 MW), while synchronous generators supply only
20% (1245.9 MW, see Table 1). This scenario simulates extreme renewable integration,
where the POD-P controller faces constraints due to the PV plants operating at their
maximum capacity.

The first simulation, with the FFT detection function disabled, highlights the system’s
response under minimal synchronous generation conditions. The damping ratio of the
electromechanical mode in this scenario is 1.12%, indicating lower system stability as the
share of renewable increases. Figure 10a presents the frequency of the grid terminals. This
response shows the smallest initial peak among the scenarios. This behavior, as previously
noted in Scenario 2, is due to the reduced synchronous inertia, which lessens the system’s
ability to resist frequency changes after a disturbance. Moreover, the reduced damping
ratio leads to the most prolonged oscillatory behavior of any scenario. Figure 10b focuses
on the frequency at the PV plant terminals and the generator speeds.
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Figure 10. Scenario 3. System response without the POD-P controller activated following the terminal
short-circuit event (t = 5 s) and the line short-circuit event (t = 80 s): (a) frequency at all grid terminals
[p.u.]; (b) frequency at PV terminals [p.u.] and speed of synchronous generators [p.u.].

When the FFT function is enabled, the POD-P controller damps inter-area oscillations
by modulating the active power setpoint in the PPC. With the POD-P controller activated,
the damping ratio improves to 9.16%, highlighting the controller’s capability to enhance
system stability even under high-renewable-penetration conditions. Figure 11a illustrates
the significant reduction in frequency oscillations across all grid terminals, while Figure 11b
confirms system stabilization at the PV terminals and synchronous generator speeds.

A limitation arises during the simulation, as highlighted in Figure 12: the PPC cannot
further increase its active power setpoint because the PV plants are already operating at
their maximum capacity (100%). This operational constraint leads to a slight but significant
frequency drop (Figure 11a), which can critically affect system stability under conditions of
high levels of renewable energy penetration. In systems dominated by inverter-based re-
newable generation, the absence of synchronous inertia further amplifies this vulnerability,
increasing the grid’s susceptibility to frequency deviations. If not properly managed, this
issue can escalate into a frequency event, where reduced terminal frequencies threaten the
grid’s ability to operate within safe limits.
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Figure 11. Scenario 3. System response with the POD-P controller activated following the terminal
short-circuit event (t = 5 s) and the line short-circuit event (t = 80 s): (a) frequency at all grid terminals
[p.u.]; (b) frequency at PV terminals [p.u.] and speed of synchronous generators [p.u.].
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Figure 12. Scenario 3. POD-P activation signal Enable_POD and PPC active power setpoint Pout for
each PV plant [p.u.].

To mitigate this limitation, simulations were repeated with the anti-windup filter of the
PID controller activated. This filter effectively prevents excessive frequency deviations by
constraining the controller’s output, ensuring it does not drive the system beyond its phys-
ical limits. The advantages of this strategy are clearly demonstrated in Figures 13 and 14,
where the initial frequency drop observed without the filter is successfully corrected. With
the anti-windup filter activated, oscillations are rapidly damped and the system promptly
returns to a steady state. This confirms the critical role of the filter in enhancing the
robustness and reliability of the POD-P controller under saturation conditions.

To further quantify the performance of the POD-P controllers across these scenarios,
Table 2 summarizes the electromechanical mode damping ratios for each scenario, with
and without the POD-P controller activated.

Table 2. Damping ratio of each scenario, with and without the POD-P controller activated.

Damping Ratio [%] Scenario 1 Scenario 2 Scenario 3
POD-P deactivated 3.19 1.76 1.12
POD-P activated 11.86 10.61 9.16
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Figure 13. Scenario 3 with anti-windup. System response with the POD-P controller activated
following the terminal short-circuit event (t = 5 s) and the line short-circuit event (t = 80 s): (a) fre-
quency at all grid terminals [p.u.]; (b) frequency at PV terminals [p.u.] and speed of synchronous

generators [p.u.].
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Figure 14. Scenario 3 with anti-windup. POD-P activation signal Enable_POD and PPC active power
setpoint Pout for each PV plant [p.u.].

9. Discussion

The proposed FFT-enabled POD-P controller effectively detects and mitigates inter-
area oscillations in scenarios with 20%, 50%, and 80% renewable penetration. The POD-P
controller parameters are optimally tuned using the NBA to enhance its damping perfor-
mance. Simulation results confirm that FFT-based detection reliably identifies oscillatory
modes regardless of the share of renewable generation in the system. This capability enables
the POD-P controller to activate upon the detection of oscillations, effectively damping
the oscillations through dynamic adjustments to the PPCs” active power setpoint. Once
the oscillations are mitigated, the POD-P controller deactivates, minimizing unnecessary
interventions and ensuring operational efficiency. In all scenarios, the POD-P controller suc-
cessfully reduces the oscillation amplitudes and stabilizes the system, achieving damping
ratios above the stability threshold of 5%.

The system becomes less stable as renewable penetration increases, with reduced
damping ratios observed in the electromechanical modes. This instability leads to pro-
longed oscillatory behavior, as seen in Scenarios 2 and 3. However, the initial frequency
deviation following a disturbance is smaller in higher-renewable-penetration scenarios.
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This behavior is attributed to diminished system inertia, which limits the system’s ability
to resist immediate changes in frequency following a disturbance, resulting in a smaller
initial frequency deviation. The results highlight that while higher renewable integration
increases the risk of sustained oscillations, the proposed POD-P controller mitigates these
challenges, ensuring system stability.

Its ability to respond to successive disturbances further highlights the system’s robust-
ness. After resolving an initial disturbance, the FFT monitors system signals, reactivating
the POD-P controller when subsequent events occur. This dynamic behavior ensures
consistent stability, even under complex scenarios involving consecutive disturbances.

A notable improvement in the POD controller is the integrating of an anti-windup filter,
addressing the limitations observed under high-renewable-energy scenarios. Saturation of
the active power output restricts the controller’s response, leading to a decrease in system
frequency. The anti-windup filter ensures the correct operation of the controller under such
conditions and maintains grid stability while preventing excessive frequency deviations.

The proposed methodology aligns with current regulatory frameworks, such as Com-
mission Regulation (EU) 2016/631 and ACER Recommendation 03-2023 Annex 1, empha-
sizing the importance of renewable generators that include oscillation damping capabilities.
Additionally, the Spanish draft Operation Procedure (PO) 12.2 explicitly requires Type D
renewable plants to include POD controllers for inter-area oscillations from 0.1 Hz to 1.0 Hz.
This demonstrates our methodology’s practical applicability to meet regulatory standards.

These results demonstrate that the proposed approach is a reliable and flexible solution
for managing inter-area oscillations, particularly in power systems with high renewable
penetration. Future research will address the limitations encountered in high-renewable
scenarios, such as photovoltaic saturation and renewable generation constraints, by explor-
ing alternative solutions. Additionally, the methodology will be applied to more extensive
grid systems to evaluate its performance and robustness under varying operational and
topological complexities. The interaction between multiple controllers, such as PSS, POD-Q,
and POD-P, will also be studied to assess their combined impact on grid stability. Moreover,
hardware-in-the-loop (HiL) simulations will be explored to test a configuration wherein the
PV plant is modeled in DSPF, while the PPC control and activation functions are deployed
in an external PLC. This setup aims to enable certification and real-world validation of the
PPC, ensuring its readiness for installation and operation as oscillation damping systems
become increasingly critical.

10. Conclusions

This article presents a comprehensive and efficient methodology for detecting and
mitigating inter-area oscillations in power systems with high levels of renewable energy
penetration. By integrating FFT-based detection and an NBA-optimized POD-P controller
within a unified simulation framework, the proposed approach offers a scalable and adapt-
able solution to the dynamic stability challenges modern grids face. This study’s funda-
mental contribution lies in the seamless integration of oscillation detection, activation, and
deactivation processes, demonstrating an ability to maintain grid stability under various
operating conditions, including consecutive disturbances. The control system’s robustness,
enhanced by the inclusion of an anti-windup filter, effectively addresses constraints related
to active power saturation, ensuring reliable operation even in scenarios featuring high
levels of renewable energy production. The findings of this work provide a solid foundation
for advancing oscillation-damping systems in grids dominated by renewable energy.
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