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Abstract—This work introduces a set of test cases designed
to evaluate methods for locating sources of subsynchronous
oscillations (SSO). The dataset consists of synthetic point-on-
wave measurements generated through electromagnetic transient
(EMT) simulations using SimplusGT, an open-source software
tool developed at Imperial College London. The test cases cover
a range of system conditions intended to replicate observed and
potential SSO phenomena in power systems with high renewable
penetration. This dataset serves as a benchmark for validating
and comparing the performance of different SSO localization
techniques.

Index Terms—oscillation source location, subsynchronous oscil-
lations, point-on-wave data, energy functions, dissipating energy
flow, test cases.

I. INTRODUCTION

The increasing integration of renewable energy sources
and power electronic converters has introduced new dynamic
behaviors in power systems, including subsynchronous os-
cillations (SSO) [1], [2]. These oscillations, which occur at
frequencies below the system’s fundamental frequency, can
threaten system stability and even damage critical equipment.
For example, the 2009 SSO event in Texas resulted in signif-
icant damage to many wind turbines.

Accurately identifying the sources of these oscillations is
essential for developing effective mitigation strategies and
ensuring the secure operation of the power grid. Oscillation
source location (OSL) methods are typically categorized into
model-based and measurement-based approaches [3]. Model-
based methods commonly rely on techniques such as eigen-
value analysis [4] and impedance analysis [5] [6]. However,
these approaches are less effective for forced oscillations
(FO) and are often constrained by the lack of detailed (gray-
box) models and high computational requirements. As a
result, they are mainly suitable for offline risk assessment
rather than real-time monitoring [7]. In contrast, measurement-
based methods do not require a large-scale system model
and involve significantly lower computational effort, making
them more suitable for online applications. Examples include
the sub/super-synchronous power (SSP) method, impedance-
based methods, and energy-based approaches. Both the SSP
and impedance methods identify negative resistance behavior
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associated with SSO, sharing a common underlying physical
mechanism [7]. Energy-based methods, on the other hand,
calculate the dissipating energy flow caused by the oscillation
and trace it back to the component injecting energy into the
system, which is identified as the source of the oscillation [8]
[9] [10]. An up-to-date review of OSL methods can be found
in [11].

Validating and benchmarking OSL techniques requires ac-
cess to high-quality, realistic datasets generated under con-
trolled conditions. Existing datasets primarily rely on PMU
measurements [12], whose usefulness is largely limited to
natural or forced oscillations within the electromechanical
frequency range. However, for inverter-based resource (IBR)-
induced high-frequency SSO, the oscillation magnitude and
phase captured by PMU can be significantly distorted due
to the inherent limitations of the underlying estimation al-
gorithms. To address this gap, point-on-wave (PoW) datasets,
offering direct, high-resolution voltage and current waveforms,
are needed but currently unavailable.

This paper presents a comprehensive PoW dataset gener-
ated via electromagnetic transient (EMT) simulations using
SimplusGT, an open-source simulation platform developed at
Imperial College London [13]. The simulated scenarios cover
a range of network configurations and excitation mechanisms
known to induce SSO, including both natural and forced
oscillations involving grid-following (GFL) and grid-forming
(GFM) inverters. The resulting dataset is designed to facil-
itate the evaluation and benchmarking of both existing and
emerging SSO source localization techniques. The dataset is
publicly available through the dataset library [14] of the IEEE
Task Force on Forced Oscillations [15]. Each case includes
60 seconds of three-phase bus voltage and injection current
waveforms at all buses, sampled at 500 Hz.

II. GRID FOLLOWING INVERTERS-INDUCED NATURAL
OSCILLATIONS

Fig. 1 shows an extension of the IEEE 14-bus system,
developed in [16], with grid-following (GFL) inverters added
at buses 11, 12, and 13, denoted as Al1, A12, and A13. The
locations of A12 and A13 were selected at adjacent buses



within the weakest area of the system in terms of short-circuit
level, while A11 was placed electrically slightly farther away
but still within the same area. It is worth noting that stability
issues of GFL inverters are more pronounced under conditions
of relatively low short-circuit strength.

The IEEE 14-bus system model is available as one of the
base cases in the SimplusGT library. This extended model is
built upon a modified IEEE 14-bus system, incorporating the
generator, excitation system, and turbine-governor parameters
from [17]. Load models are represented as RL elements, and
the system base is set to 100 MVA.

Al3

Fig. 1. Modified IEEE 14-bus system with added GFL inverters connected
at buses 11, 12, 13 [16]

The control scheme of the GFL inverter is illustrated in
Fig. 2. GFL inverters employs a synchronous-reference-frame
control structure based on a phase-locked loop (PLL), which
provides the grid voltage angle for the dg transformations.
The measured three-phase currents are transformed into the
dq frame and regulated by inner current control loops to track
the reference currents ¢y and iy. The outputs of the current
controllers are converted back to the abc frame and applied
to the pulse-width modulation (PWM) stage to generate the
inverter switching signals. For the natural-oscillation cases, a
GFL model that includes the DC-link voltage control is em-
ployed, whose output provides the ¢}; reference, as represented
by the block shown in Fig. 3.

The key parameters include the DC-link voltage V., DC-
link capacitance Cy, series output reactance X, series resis-
tance R, and the control bandwidths of the DC-link voltage
regulator (fyqc), the phase-locked loop (PLL) (fpLL), and
the current control loop (fi). Based on these parameters,
the proportional-integral (PI) controller gains are determined
as shown in Fig. 3. It is worth noting that the bandwidth
parameters define the controller gains and represent the actual
closed-loop bandwidths only if adequate time-scale separation
is achieved. Therefore, these parameters should be regarded
as target bandwidths for each control loop.

Cascaded control architectures rely on a clear separation of
time scales between inner and outer control loops to enable
approximate decoupling and independent controller design.
Inner loops are designed with significantly higher bandwidth
to ensure fast tracking of actuator-related variables, while outer
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loops operate at lower bandwidths and generate references
for the inner controllers. A common design guideline is to
maintain at least one order of magnitude separation between
the bandwidths of consecutive loops. If this condition is not
satisfied, strong dynamic coupling arises, resulting in reduced
stability margins and the possible emergence of poorly damped
or unstable oscillatory modes.

In GFL inverters, this principle is particularly critical due
to the presence of the PLL, which introduces an additional
dynamic loop associated with grid synchronization. The PLL
bandwidth is typically selected well below that of the current
controller and above that of the outer power or DC-link voltage
control loops. Excessively fast PLL dynamics may interact
with the current controller and network impedance, especially
in weak grids, leading to oscillatory behavior, whereas overly
slow PLL dynamics degrade phase-tracking performance. If
the PLL bandwidth is not sufficiently separated from that of
the DC-link voltage controller, the DC-link controller operates
based on a slowly varying reference frame, which may lead
to strong dynamic coupling between the DC-voltage loop and
the PLL, reduced phase margin, and the emergence of low-
frequency oscillations or instability.

A total of four natural oscillation cases involving GFL
inverters are analyzed, labeled Case 1 through Case 4. Cases 1
to 3 are adopted from [18], while Case 4 represents a slight
variation of Case 3. The control bandwidth parameters for
each GFL inverter are summarized in Table I. The remaining
parameters are identical across the GFL inverters and are set
to: Vge = 2.5 pu, C¢¢ = 1.25 pu, X = 0.025 pu, and
R =0.001 pu.
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Fig. 3. PI Controllers diagram of the GFL inverter, eqq is the inverter leg
voltage, vqq is the filter terminal voltage [20]



TABLE I
CONTROL BANDWIDTH OF GFL CASEs 1 10O 4

Case | GFL Bandwidth | Bandwidth | Bandwidth
fvde (Hz) fpLL (Hz) fi (Hz)
A1l 7 5 280
1 | A12 7 5 180
A13 7 5 280
A1l 7 10 1000
2 | A12 7 10 1000
A13 7 10 1000
A1l 10 20 450
3 | A12 10 30 320
A13 10 20 450
A1l 6 6 450
4 | A12 10 30 330
A13 10 35 330

1) Case 1: GFL Current-PLL Oscillation (8.6 Hz): The
current control bandwidths of inverters Al11, A12, A13 were
deliberately reduced to 280 Hz for All and A13, and 180
Hz for A12, with A12 exhibiting the weakest tuning. Fig. 4
shows the temporal evolution of the active power, reactive
power, voltage magnitude, and voltage angle of inverters All,
A12, and A13. It can be observed that the oscillation exhibits
harmonics.
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Fig. 4. Case 1. Time-domain responses of selected variables.

Fig. 5 shows an 8.6 Hz oscillation in the dq reference frame
in the spectrogram of the active power of Al12, accompanied
by lower-amplitude harmonics at 17.2 and 25.8 Hz. These
components correspond to sub- and super-synchronous oscil-
lations in the abc frame, as evidenced in the spectrogram
of the line current of A12 shown on the right-hand side of
Fig. 5. In this particular case, the 58.6 Hz super-synchronous
component is dominant over the 41.4 Hz sub-synchronous
component. However, which component exhibits a higher
magnitude depends on the network characteristics and the
connected devices at each frequency, and therefore it cannot
be generalized that one component will always be larger than
the other.

2) Case 2: Control Interaction between GFL Inverters and
Synchronous Generators (1.47 Hz): The output power of
inverters Al1, A12 and A13 was increased from 0.1 pu to 1.3
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Fig. 5. Power spectral density in Case 1. Line current of A12 in the abc
frame and active power of A12 in the dq0 frame.

pu (system base) while the output power of the synchronous
generator Al was reduced accordingly to balance the system.
Because the governor of generator Al constrains the mechan-
ical power to non-negative values, the system operates with
sustained oscillations at an off-nominal frequency of 51.7 Hz,
as shown in Fig. 6. This deviation from the nominal 50 Hz
does not affect the underlying control interactions between the
synchronous generators and the IBRs.
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Fig. 6. Power spectral density in Case 2. Line current of A12 in the abc
frame and active power of A12 in the dqgO frame.

3) Case: 3 GFL Current-PLL Oscillation (22.15 Hz):
Modifications to the PLL, current-control, and DC control
bandwidths of all IBRs resulted in a sustained oscillation
at 22.15 Hz in the dq reference frame, with corresponding
sideband components observed at 27.85 Hz and 72.15 Hz in
the abc frame (Fig. 7). To shift the oscillatory mode frequency,
the PLL control bandwidths were increased to 20 Hz for A1l
and A13, and to 30 Hz for A12. In parallel, the current-control
bandwidths were reduced to 450 Hz for A1l and A13, and
320 Hz for A12. The parameter tuning process was assisted
by the Modal Analysis App embedded in SimplusGT, which
provides modal frequency and damping sensitivity reports for
each parameter and calculates the damping contributions of
generators and inverters [6].
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Fig. 7. Power spectral density in Case 3. Line current of Al12 in the abc
frame and active power of A12 in the dqO frame.



4) Case 4: GFL Current-PLL Oscillation (19 Hz): In this
case, inverter A1l was kept with original parameters, while
only Al12 and A13 were modified. Consequently, A12 and
A13 are identified as the primary sources of oscillation. The
the oscillatory mode has a frequency of 19.2 Hz in the dg
reference frame, as shown in Fig. 8. Fig. 9 shows the damping
contributions of each device, computed from the model using
the Modal Analysis App of SimplusGT. It is evident that
inverters A12 and A13 are the main contributors of negative
damping, while inverter A1l provides a positive damping
contribution.
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Fig. 8. Power spectral density in Case 4. Line current of A12 in the abc
frame and active power of A12 in the dq0 frame.

Damping Contribution Computed from the Analytical Model

02F
01|
0 [
01}
02f
03}
04l
05}

L ! L L I L L L

A1l A2 A3 A6 A8 A1 A12 A13

Fig. 9. Damping contribution to the £2=19.2 Hz mode in Case 4, calculated
from analytical model according to the methodology of [6]

III. GRID FOLLOWING INVERTERS-BASED FORCED
OSCILLATIONS

Unlike natural oscillations, which are associated with the
intrinsic dynamic modes of the power system, forced os-
cillations (FOs) are driven by sustained excitations whose
frequency is determined by the disturbance source. Typical
examples include malfunctioning or poorly tuned plant-level
controllers, improper operation of individual inverter control
loops, erroneous measurement channels, or auxiliary control
functions that unintentionally introduce periodic components
into the active or reactive power references of individual
inverters [21].

For the FO tests, a slightly modified GFL inverter model was
adopted, in which the current references are directly defined
as iy = P";‘ and i;; = % where P and Qs denote the
active and reactive power references, respectively, and V is
the magnitude of the inverter terminal voltage.

Forced oscillations (FOs) were injected into the active and
reactive power references Per and Qs of the IBRs, one at a
time, resulting in six test cases. The base case was generated
from Case 3, with the current-control bandwidth of A12 f;
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increased from 320 Hz to 350 Hz, ensuring that all natural
modes have a damping factor greater than 10%. The FO
frequency in all cases was set to 7 Hz, with an amplitude of
0.05 pu. Leveraging the open-source nature of SimplusGT, the
FO was implemented by modifying the inverter model source
code, adding a sinusoidal signal with the desired frequency
and amplitude to the corresponding control reference.

IV. GRID FORMING INVERTERS-BASED NATURAL
OSCILLATIONS

Two GFM inverters were added at buses 4 and 5, as shown
in Fig. 10, denoted as A4 and AS. In this case, the GFM
inverters were placed at relatively stronger buses than the GFL
inverters, while being located at adjacent nodes in order to
promote an oscillation mechanism between them.

GFL
[ 6FM

Al3

Fig. 10. Modified IEEE 14-bus system with GFL inverters connected at buses
11, 12, 13, and GFM inverters at buses 4 and 5, [16].
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Fig. 11. Droop-controlled GFM Inverter [22]

The control scheme of the GFM inverter is illustrated in
Fig. 11. The GFM inverter adopts a hierarchical control struc-
ture composed of outer power—frequency and voltage—reactive
power droop loops, a voltage control loop, and inner current
control loops. The droop controller generates the frequency
reference w”* and the voltage reference v, based on the
measured active and reactive powers. The frequency reference
is integrated to obtain the voltage angle used for the dg trans-
formations, enabling self-synchronization through power-angle
dynamics, without relying on a PLL. In contrast to GFL invert-
ers, which require a PLL to track the grid voltage angle and
inject currents synchronized to an externally imposed voltage,
the GFM inverter establishes its own voltage waveform and



inherently synchronizes with the network through its droop
characteristics. The voltage controller regulates the converter
terminal voltage to track v;,, and produces the reference
currents 3., which are enforced by inner current control loops.
The controller outputs are then translated into modulation
signals through the PWM stage to drive the inverter switches.

The GFM inverter model is characterized by the following
parameters: filtering inductor inductance and resistance (Ly,
Ry), filtering capacitor (Cf), coupling inductor inductance and
resistance (L, R.), frequency droop gain (D,,) and bandwidth
(faroop), voltage droop gain (D, ), voltage control bandwidth
(fvaq), and current control bandwidth (figq).

The characteristics of the droop controllers are: w* =
[WT’O + Dy, (PO - P)] x LPF, U;d = Vodo + Dy (QO - Q)
and v;, = 0. Fy and Qo are the active and reactive power
setpoints, respectively, W, and v,qo are the setpoints of the
angular frequency and the d-axis voltage, respectively. LPF
denotes a low-pass filter whose bandwidth is defined by faroop-
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Fig. 12. Power spectral density in GFM Case. Line current of AS in the abc
frame and active power of A12 in the dq0 frame.

A control interaction between these GFM inverters was
induced by reducing the voltage control bandwidth of AS until
sustained oscillations at 4.55 Hz were observed (Fig. 12). The
parameters for both GFM inverters are as follows: wL; = 0.05,
Ry = 0.01, wCt = 0.015, wL, = 0.01, R. =0, D,, = 0.01,
faroop = 1 Hz, D,, = 0, and fiqq = 600 Hz. The voltage control
bandwidth differs between the two GFMs: f,qq = 420 Hz for
inverter A4, and f,qq = 360 Hz for A5.

V. CONCLUSIONS

The simulated scenarios cover a range of parameter configu-
rations leading to subsynchronous oscillations, including both
natural and forced oscillations involving grid-following and
grid-forming inverters. The generated point-on-wave dataset
offers a valuable benchmark for evaluating and comparing
subsynchronous oscillations localization methods, supporting
future research and development in power system stability
analysis. The dataset is publicly available through the IEEE
Task Force on Forced Oscillations dataset library [14].
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