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Abstract: Forced oscillation events have become a challenging problem with the increasing penetra-
tion of renewable and other inverter-based resources (IBRs), especially when the forced oscillation
frequency coincides with the dominant natural oscillation frequency. A severe forced oscillation
event can deteriorate power system dynamic stability, damage equipment, and limit power trans-
fer capability. This paper proposes a two-dimension scanning forced oscillation grid vulnerability
analysis method to identify areas/zones in the system that are critical to forced oscillation. These
critical areas/zones can be further considered as effective actuator locations for the deployment of
forced oscillation damping controllers. Additionally, active power modulation control through IBRs
is also proposed to reduce the forced oscillation impact on the entire grid. The proposed methods
are demonstrated through a case study on a synthetic Texas power system model. The simulation
results demonstrate that the critical areas/zones of forced oscillation are related to the areas that
highly participate in the natural oscillations and the proposed oscillation damping controller through
IBRs can effectively reduce the forced oscillation impact in the entire system.

Keywords: forced oscillation; inverter-based resources (IBRs); grid vulnerability analysis; active
power modulation

1. Introduction

A forced oscillation in power systems is usually excited by an external periodic
disturbance from a cyclic load, equipment failure, poor control design, or the mechanical
oscillation of a generator during abnormal operation conditions [1–4]. With the increasing
load variability and high penetration of renewable energy resources with intermittent
nature, such as wind generation [5–7], forced oscillation events are becoming more frequent
and more severe. In addition, in today’s deregulated and competitive market, more buyers
and wind producers are joining the electricity market, and as a result, the strategic behavior
of electricity consumers and renewable power producers might increase forced oscillation
events [8,9]. Multiple forced oscillation events which were sustained for minutes to hours
have been reported in the U.S., China, Canada etc. Forced oscillation can deteriorate power
system stability, damage equipment, limit power transfer capability, and reduce power
quality [10,11]. A recent example of a forced oscillation event occurred on 11 January 2019,
in the U.S. Eastern Interconnection due to a faulty input to the steam turbine controller of
a generator. The forced oscillation frequency was close to the natural oscillation mode of
0.25 Hz, and the forced oscillation lasted for 18 min before the source was removed [12].

Unlike forced oscillation, natural oscillation is the inherent oscillation due to the
physical properties of the power grid. The damping of natural oscillation is becoming lower
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because of the high penetration of IBRs and the retirement of conventional synchronous
generators with power system stabilizers (PSSs) [13–15]. Resonance can occur when
the forced oscillation frequency is close to the frequency of a poorly damped natural
oscillation mode. As a result, the oscillation amplitude can be significantly amplified and
can propagate across the entire power system [16].

The most effective strategy to suppress the forced oscillation is to locate and remove
the source from the power system [17,18]. However, accurate source identification may be a
time-consuming process after the event is detected. Power oscillation damping controllers
through IBRs and other devices have been proven to enhance the damping of a natural
oscillation quickly and effectively [19–21]. Meanwhile, it is a feasible measure to suppress
the forced oscillation energy to a safe level using a damping controller before the source
is removed. Few papers have investigated the mitigation of a forced oscillation via a
damping controller. In [22–24], power static synchronous compensator with energy storage
(E-STATCOM), voltage source converter-based high voltage direct current (VSC-HVDC),
and battery energy storage systems were investigated to suppress the forced oscillation by
modulating their active or reactive power. Only [24] reports the testing of a large system
among all the aforementioned strategies to mitigate forced oscillation. In [25], a forced
oscillation damping controller with an event-triggered control strategy was proposed and
tested on the IEEE 14-machine South-East Australian model.

Different from the previous work, this paper proposes a general method for forced
oscillation grid vulnerability analysis and mitigation through IBRs in large-scale power
grids. To reduce the forced oscillation effect in the entire system, a forced oscillation
damping controller at an effective IBR actuator can be activated before the exact forced
source is identified and removed. First, critical areas/zones under different specified forced
oscillation frequencies that can excite the most severe forced oscillation across a large-scale
power system can be identified by using a detailed location and frequency scanning method.
These identified critical areas/zones under the specified forced oscillation frequencies are
also effective locations as the actuators of forced oscillation damping controllers when the
forced oscillation sources are narrowed down inside or close to the critical areas/zones.
Secondly, a forced oscillation damping controller through active power modulation control
via IBRs was designed to reduce the impact of the forced oscillation event before the forced
source is removed. Finally, the 2000-bus synthetic Texas grid model in [26] is used as the
study system to verify the proposed method.

The major contributions of this paper can be summarized as follows: (1) a two-
dimension scanning forced oscillation grid vulnerability analysis method is proposed
to identify the forced oscillation frequency and areas/zones that are critical to forced
oscillation. (2) An effective IBR actuator location to forced oscillation damping controller is
identified. (3) A forced oscillation damping controller is designed to reduce the impact of a
forced oscillation event to a safe level and provide the system operator sufficient time to
locate and remove the forced source.

The rest of this paper is outlined as follows: the forced oscillation grid vulnerability
analysis, actuator selection of the forced oscillation controller, and forced oscillation mitiga-
tion methods are described in Section 2; the simulation results of the Texas grid case study
are discussed in Section 3; and Section 4 gives the conclusion.

2. Forced Oscillation Vulnerability Analysis and Mitigation
2.1. Framework of the Algorithm

Figure 1 shows the framework of the proposed method to identify the critical ar-
eas/zones under different forced oscillation frequency events and the damping control of
the forced oscillation.
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To mimic the forced oscillation events in the simulation model, a sinusoidal signal with
a specified frequency was added to the active power set point of the governor model at a
synchronous generator. A two-dimensional (frequency and location) scanning method was
utilized for the forced oscillation vulnerability analysis to identify the critical areas/zones
and the oscillation frequencies that could excite the most severe forced oscillation. The
frequency dimension scanning was performed by changing the forced oscillation frequency
in a specific range (e.g., from 0.1 Hz to 1.5 Hz) at a fixed source location. A high-voltage bus
frequency deviation in each area/zone was used as the indicator of the forced oscillation
energy in each area/zone. The location dimension scanning was performed by changing
the forced oscillation source location across the system under different specified forced
oscillation frequencies. The critical frequency and critical locations that can excite the maxi-
mum bus frequency deviation were determined through frequency dimension scanning
and location dimension scanning.

Once the critical areas/zones under different forced oscillation frequencies were
identified, a local forced oscillation damping controller can be designed and implemented
at IBRs in these areas as candidates to suppress the forced oscillation event. The ideal
location of the damping controller/actuator would be the same as the external source to
reduce the forced oscillation energy. However, when the forced source location can be
quickly narrowed down in the relative area that is inside or close to the critical areas/zones
with the forced damping controller, the damping controller can be activated to reduce the
forced oscillation impact before the accurate forced source is identified and removed. In
other words, the identified critical areas/zones are the effective locations of the actuator
with a forced oscillation damping controller.

2.2. Forced Oscillation Vulnerability Analysis Method

Forced oscillation can be mimicked in simulations by changing the active power set point
of a generator governor model or changing the voltage set point of the exciter model [24]. In
this case study, a sinusoidal signal was added to the governor active power set point, as shown
in Figure 2. The steam turbine-governor TGOV1 is used as an example, and the governor
model parameter is shown in Table 1. The sinusoidal waveform is defined as:

∆P(t) = A sin(2πft) (1)

where f is the forced oscillation frequency, A is the amplitude of the sinusoidal wave, and
∆P(t) is the active power that is added to the governor active power set point.
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Figure 2. TGOV1 governor turbine model with an external sinusoidal signal.

Table 1. TGOV1 governor parameter.

R T1 Vmax Vmin T2 T3 Dt

20 0.1 99 −99 0.1 0.1 0

In the frequency dimension and location dimension scanning, the sinusoidal wave
amplitude was adjusted to generate the same peak–peak forced oscillation energy for all
sources. In this way, the bus frequency deviation can be compared fairly under all the
disturbances with the same perturbation energy. The peak–peak forced oscillation energy
was set to be such that it could excite a severe forced oscillation in the system. In this paper,
the maximum frequency deviation over the ±36 mHz governor deadband was considered
a severe forced oscillation. Figure 3 shows an example of the generator’s active power
output when the forced oscillation frequency is 0.4 Hz. The peak–peak forced oscillation
energy here is 100 MW.

Energies 2022, 15, x FOR PEER REVIEW 4 of 14 
 

 

 
Figure 2. TGOV1 governor turbine model with an external sinusoidal signal. 

Table 1. TGOV1 governor parameter. 

R T1 Vmax Vmin T2 T3 Dt 
20 0.1 99 −99 0.1 0.1 0 

In the frequency dimension and location dimension scanning, the sinusoidal wave 
amplitude was adjusted to generate the same peak–peak forced oscillation energy for all 
sources. In this way, the bus frequency deviation can be compared fairly under all the 
disturbances with the same perturbation energy. The peak–peak forced oscillation energy 
was set to be such that it could excite a severe forced oscillation in the system. In this 
paper, the maximum frequency deviation over the ±36 mHz governor deadband was con-
sidered a severe forced oscillation. Figure 3 shows an example of the generator’s active 
power output when the forced oscillation frequency is 0.4 Hz. The peak–peak forced os-
cillation energy here is 100 MW.  

 
Figure 3. Active power output in MW of a generator with a 0.4 Hz sinusoidal wave added to the 
governor reference power set point. 

The frequency dimension scanning was performed by changing the forced oscillation 
frequency with a small, fixed step size in a specified range of frequencies at a fixed source 
location. For each specified oscillation frequency, the bus frequency signals at the high 
voltage substations in each zone/area were recorded to calculate their peak–peak fre-
quency deviation. In this paper, the maximum peak–peak bus frequency deviation in each 
zone was used as an indicator of the severity of a forced event impact in each zone. By 
comparing the peak–peak bus frequency deviation in all these zones/areas, the maximum 
value will be chosen to represent the peak–peak frequency deviation under this specified 
oscillation frequency. The peak–peak frequency deviations for the different frequencies 
are sorted in ascending order, and the frequency with the largest frequency deviation is 
determined as the most critical forced oscillation frequency at this fixed source location. 

Location dimension scanning was conducted by changing the source location 
through the entire grid with the same forced energy. The peak–peak frequency deviations 

Figure 3. Active power output in MW of a generator with a 0.4 Hz sinusoidal wave added to the
governor reference power set point.

The frequency dimension scanning was performed by changing the forced oscillation
frequency with a small, fixed step size in a specified range of frequencies at a fixed source
location. For each specified oscillation frequency, the bus frequency signals at the high
voltage substations in each zone/area were recorded to calculate their peak–peak frequency
deviation. In this paper, the maximum peak–peak bus frequency deviation in each zone
was used as an indicator of the severity of a forced event impact in each zone. By comparing
the peak–peak bus frequency deviation in all these zones/areas, the maximum value will
be chosen to represent the peak–peak frequency deviation under this specified oscillation
frequency. The peak–peak frequency deviations for the different frequencies are sorted in
ascending order, and the frequency with the largest frequency deviation is determined as
the most critical forced oscillation frequency at this fixed source location.
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Location dimension scanning was conducted by changing the source location through
the entire grid with the same forced energy. The peak–peak frequency deviations under
different forced sources were then compared to identify the critical location to the forced
oscillation event. The generator with the largest capacity in each area/zone was selected
to add the sinusoidal signal at its governor active power set point. The above-mentioned
frequency dimension scanning procedure was repeated at each selected generator. For each
selected forced oscillation source, the maximum peak–peak bus frequency deviation under
each specified forced oscillation frequency can be obtained. After the location dimension
scanning, the peak–peak frequency deviations under each specified forced oscillation
frequency at different forced oscillation sources were sorted in ascending order, and the
source location with the largest frequency deviation was identified as the most critical
location for the forced oscillation event with the specified forced oscillation frequency in
the power system.

Based on the above procedure, the identified critical locations under different frequen-
cies are the ones that can excite the largest frequency deviation in the system with the
forced oscillation source.

2.3. Actuator Selection of Forced Oscillation Controller via IBRs

Based on the above two-dimension scanning results, the critical locations to the forced
oscillation event under different specified oscillation frequencies can be further considered
as the candidate effective actuator location of the oscillation damping controller to reduce
the critical forced oscillation impact in the whole system.

Since the oscillation frequency and the relatively large area with the forced source
can be quickly estimated, the effective candidate actuators (IBRs) that are close to or in the
forced source areas can be activated to reduce the forced source impact before any accurate
forced source is located and removed.

2.4. Forced Oscillation Mitigation Method

The proposed forced oscillation controller in [24], is implemented through a utility-
scale wind/solar plant. The IBRs were modeled using the generic models that were
developed by the Western Electricity Coordinating Council (WECC) Renewable Energy
Modeling Task Force [27]. The proposed controller is a droop controller with the frequency
deviation of its local high voltage bus as input. The controller’s output is added at Paux to
modulate the active power output of the IBRs.

3. Texas Power System Case Study
3.1. Synthetic Texas Power System Model Description

The 2000-bus synthetic Texas power grid model that was developed by Texas A&M was
used in this paper for the forced oscillation study [26]. The model consists of
432 in-service machines with a maximum generation capacity of 84,996 MW that par-
tially supply a total load of 67,109 MW. In these 432 machines, there are 81 renewable
resources with a maximum capacity of 11,833 MW and an actual generation of 8875 MW. In
addition, there are 2345 transmission lines and four high voltage levels: 500, 230, 161, and
115 kV. As shown in Figure 4, the synthetic Texas power grid consists of eight areas, and
each area includes one or more zones with a total of 28 zones. Area 5 (North Central) is the
load center which receives large power that is transmitted from Area 7 (Coast) and Area
8 (East). The renewables are located in Areas 1 to 5, with the renewable penetration level
based on the maximum MW capacity of the whole system being 13.92%.
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PSSs, governors, and exciters are implemented at each synchronous generator. For the
dynamic models of the renewables, the generic models that were developed by the WECC
were used, and in particular, the generator/converter model (REGCAU2) and the electrical
control model (REECCU1). Small-signal analysis using the DSAtools/SSAT tool, showed
that two natural oscillation modes exist in the system. One is a 0.67 Hz oscillation mode
between Area 4 and Area 7, with a damping ratio of 5.1%. The other is a 0.60 Hz oscillation
mode between Areas 1, 2, 3, 4, 5, and parts of Area 8 and Area 7, with a damping ratio of
6.31%. Table 2 shows the generators with a high participation factor of the two natural
oscillation modes in different zones and it was calculated using the small-signal analysis
tool in the DSAtools. It is noted that Area 4 has the highest participation factor for the
natural oscillation mode of 0.67 Hz.

Table 2. Participation factor for natural 0.67 Hz and 0.60 Hz oscillation.

Generator Location Generator Bus NO. Participation Factor
(0.67 Hz)

Participation Factor
(0.60 Hz)

Area 4 Zone 19 4192 1.00 0.14
Area 4 Zone 21 4058 0.72 0.01
Area 4 Zone 20 4115 0.40 0.22
Area 8 Zone 8 8080 0.19 0.77
Area 1 Zone 9 1051 0.18 1.00

Area 5 Zone 12 5063 0.18 0.01
Area 2 Zone 11 2023 0.18 0.76
Area 5 Zone 18 5319 0.17 0.73

3.2. Grid Vulnerability Analysis

This section presents the grid vulnerability analysis in the Texas system using the
proposed two-dimensional scanning method. The purpose of the scanning is to compare
the forced oscillation energy at different frequencies and forced source locations in order to
identify the areas that can excite the largest frequency deviation. In this study, the forced
oscillation starts at t = 2 s and is simulated for 20 s. The conventional generator (coal, oil,
nuclear, and hydro) with the maximum capacity at each zone in the Texas system was
selected as the source of the forced oscillation. To excite sufficient frequency deviations in
the system, the oscillation energy at each source location was set to 100 MW peak–peak for
all the events.
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3.2.1. Frequency Dimension Scanning

The frequency dimension scanning procedure involves changing the forced oscillation
frequency at a fixed source location. In this study, the oscillation frequency ranges from
0.1 Hz to 1.5 Hz with a step size of 0.05 Hz. A high voltage bus frequency response at
each zone was selected to calculate its peak–peak bus frequency deviation by using its
last 1.5 oscillation cycles. By comparing the peak–peak bus frequency deviation among
the buses in different zones, the maximum peak–peak bus frequency deviation under each
specified forced oscillation frequency was identified.

Figure 5 shows the maximum peak–peak bus frequency deviation under different
frequencies when the forced oscillation source was located at Area 4 Zone 19. Figure 6
illustrates the frequency response of the selected high voltage buses at each zone in the
Texas system when the 0.67 Hz oscillation source was located at Area 4 Zone 19. As shown
in Figure 5, when the oscillation frequency goes to around 0.67 Hz (the natural oscillation
frequency), the most severe oscillation deviation can be observed in the system than other
forced oscillation frequencies.
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3.2.2. Location Dimension Scanning

The location dimension scanning is to vary the location of the forced oscillation source
across the system with different forced oscillation frequencies. Figure 7 shows the location
scanning results of the forced oscillation source with the top five frequency deviations.
Regardless of the forced source location, compared to other forced oscillation frequency
ranges, the maximum frequency deviation can always be observed in the Texas synthetic
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system when the forced oscillation frequency is equal or close to the natural oscillation
at 0.67 Hz. This proves that the forced oscillation impact on the power system stability
is magnified when the forced oscillation frequency coincides with the natural oscillation
frequency. What’s more, when the forced oscillation source was located at zones that
have high participation of the natural 0.67 Hz oscillation (see Table 2), a larger frequency
deviation can be observed in the system than other forced oscillation sources.
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frequency deviations.

Table 3 shows an example of the location dimension scanning results under the critical
0.67 Hz forced oscillation. It can be observed that Area 4 Zone 19 is the critical source location
that can excite the maximum peak–peak bus frequency deviation in the system. This is
consistent with the participation factor sorting of 0.67 Hz natural oscillation in Table 2.

Table 3. Location dimension scanning results when the critical forced oscillation frequency is 0.67 Hz.

Source Location
Area—Zone with

Largest Bus
Frequency Deviation

Peak–Peak Bus
Frequency Deviation (mHz)

Area 4 Zone 19 Area 4 Zone 19 140.090
Area 1 Zone 9 Area 4 Zone 19 43.622

Area 4 Zone 20 Area 4 Zone 19 37.798
Area 4 Zone 21 Area 4 Zone 19 34.996
Area 8 Zone 8 Area 4 Zone 19 30.780

Area 5 Zone 12 Area 4 Zone 19 27.221
Area 7 Zone 4 Area 4 Zone 19 27.125

Area 2 Zone 11 Area 4 Zone 19 26.910
Area 7 Zone 3 Area 4 Zone 19 25.536

Area 5 Zone 18 Area 4 Zone 19 24.451
Area 7 Zone 2 Area 4 Zone 19 23.359

Area 3 Zone 28 Area 3 Zone 28 23.172
Area 8 Zone 7 Area 4 Zone 19 19.345
Area 7 Zone 5 Area 4 Zone 19 18.532

Area 5 Zone 14 Area 4 Zone 19 18.099
Area 5 Zone 16 Area 4 Zone 19 17.938
Area 6 Zone 22 Area 4 Zone 19 17.764
Area 5 Zone 13 Area 4 Zone 19 17.663
Area 5 Zone 17 Area 4 Zone 19 15.185
Area 6 Zone 26 Area 4 Zone 19 13.886
Area 7 Zone 6 Area 4 Zone 19 12.948

Area 6 Zone 25 Area 4 Zone 19 11.598
Area 6 Zone 23 Area 4 Zone 19 9.652
Area 7 Zone 1 Area 7 Zone 4 9.191



Energies 2022, 15, 2819 9 of 13

3.3. Actuator Selection of Forced Oscillation Controller via IBRs

Based on the two-dimension scanning, the critical areas/zones under different fre-
quency range are summarized in Table 4. This table is useful for selecting the effective
actuators to install the oscillation damping controller and reduce the forced oscillation in
the power system. Based on Table 4, IBRs in Area 1, Zone 9 were effective in suppressing
oscillations from 0.10 Hz to 0.35 Hz; IBRs in Area 4, Zone 19 were effective in suppressing
oscillations around 0.4 Hz and from 0.5 Hz to 0.85 Hz and 1.10 Hz to 1.3 Hz; and IBRs
in Area 3, Zone 28 were effective in suppressing oscillations around 0.45 Hz and from
0.90 Hz to 1.05 Hz and 1.35 Hz to 1.50 Hz. The IBRs with a large capacity in these areas are
recommended to implement forced oscillation damping controllers.

Table 4. The critical areas/zones under different frequency range based on two-dimensional scanning.

Source Location Oscillation
Frequency (Hz)

Area—Zone with Largest
Bus Frequency Deviation

Peak–Peak Bus Frequency
Deviation (mHz)

1-4
Area 1 Zone 9 0.1 Area 7 Zone 4 8.00

Area 1 Zone 9 0.15 Area 7 Zone 4 10.53
Area 1 Zone 9 0.2 Area 7 Zone 4 14.67
Area 1 Zone 9 0.25 Area 7 Zone 4 17.33
Area 1 Zone 9 0.3 Area 7 Zone 4 18.35
Area 1 Zone 9 0.35 Area 7 Zone 4 18.00

Area 4 Zone 19 0.4 Area 4 Zone 19 19.19
Area 3 Zone 28 0.45 Area 3 Zone 28 25.22
Area 4 Zone 19 0.5 Area 4 Zone 19 32.63
Area 4 Zone 19 0.55 Area 4 Zone 19 45.95
Area 4 Zone 19 0.6 Area 4 Zone 19 71.88
Area 4 Zone 19 0.65 Area 4 Zone 19 122.30
Area 4 Zone 19 0.67 Area 4 Zone 19 140.09
Area 4 Zone 19 0.7 Area 4 Zone 19 122.58
Area 4 Zone 19 0.75 Area 4 Zone 19 59.45
Area 4 Zone 19 0.8 Area 4 Zone 21 39.37
Area 4 Zone 19 0.85 Area 4 Zone 21 30.16
Area 3 Zone 28 0.9 Area 3 Zone 28 30.35
Area 3 Zone 28 0.95 Area 3 Zone 28 31.79
Area 3 Zone 28 1 Area 3 Zone 28 31.78
Area 3 Zone 28 1.05 Area 3 Zone 28 33.20
Area 4 Zone 19 1.1 Area 4 Zone 19 40.93
Area 4 Zone 19 1.15 Area 4 Zone 19 54.10
Area 4 Zone 19 1.2 Area 4 Zone 19 57.49
Area 4 Zone 19 1.25 Area 4 Zone 19 51.09
Area 4 Zone 19 1.3 Area 4 Zone 19 44.23
Area 3 Zone 28 1.35 Area 3 Zone 28 46.49
Area 3 Zone 28 1.4 Area 3 Zone 28 48.79
Area 3 Zone 28 1.45 Area 3 Zone 28 51.21
Area 3 Zone 28 1.5 Area 3 Zone 28 53.53

When the forced oscillation frequency is monitored, the actuators that are effective to
damp the oscillations can be identified from Table 4. Once the forced source is narrowed
down within a relatively large area, the effective actuators (IBRs) that are close to or in
the forced source areas can be activated to reduce the impact of the forced source energies
before any accurate forced source is located.

3.4. Forced Oscillation Control via IBRs

This section demonstrates the performance of the forced oscillation damping controller.
The aim of the controller is to reduce the impact of the forced oscillation until the forced
oscillation source is located and removed. The controller performance is validated under
the most serious resonance case, i.e., when the forced source is at Area 4 Zone 19 with
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the forced oscillation frequency coinciding with the natural oscillation mode 1 (0.67 Hz).
Based on the results in Tables 3 and 4, the effective location for a forced oscillation damping
controller is at Area 4 Zone 19. The 243.6 MVA IBR at bus 4183 in Area 4 Zone 19 is then
selected as the actuator and the feedback signal is the 230 kV bus 4070 that is connected
with the IBR in Area 4 Zone 19.

In this paper, the droop controller gain was set to be −190. Figure 8 depicts the Area
4 Zone 19 frequency deviation improvement and the active power output of the actuator
when the forced source at Area 4 Zone 19 before and after implementing the control. Table 5
illustrates the peak–peak frequency deviation improvement of the selected high voltage
buses at each zone in the Texas system after implementing the controller. The largest
deviation of the entire system can be reduced to less than ±36 mHz (66.6 mHz) with
−190 control gain and 17% limiter. The peak–peak actuator output is 50.05 MW which is
around ±16.44% of the actual active power of the actuator of 152.25 MW. Table 5 shows
when the actuator is at the same zones of the forced source, the peak –peak bus frequency
deviation is reduced at all the zones in the system.
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Considering that the governors in the system have a 36 m Hz deadband before being
activated, the forced oscillation damping controller is helpful to ensure the system response
is limited in the deadband of governors, and reduces the forced oscillation impact on the
entire system.

Figure 9 illustrates Area 4 Zone 19 frequency deviation improvement and the active
power output of the actuator when the forced source at Area 4 Zone 20 before and after
implementing the control. In this case, the peak–peak forced oscillation energy is increased
to 160 MW in order for the peak–peak bus frequency deviation to exceed the deadband of
the governor (±36 mHz). Area 4 Zone 19 had the largest peak–peak frequency deviation,
and it can be reduced to 40.51 mHz. The peak–peak actuator output was 30.73 MW which
is around ±10.1% of the actual active power of the actuator of 152.25 MW.
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Table 5. The peak–peak bus frequency deviation improvement before and after implementing the
forced oscillation damping controller.

Area-Zone
Peak–Peak Bus Frequency Deviation (mHz) Bus Frequency

Deviation Reduction
(mHz)No Control With Control

Area 1 Zone 9 13.00 5.99 7.01
Area 2 Zone 11 18.41 8.53 9.88
Area 2 Zone 10 14.74 6.76 7.98
Area 3 Zone 27 13.44 6.19 7.25
Area 3 Zone 28 7.83 3.62 4.21
Area 4 Zone 19 140.09 66.60 73.49
Area 4 Zone 20 51.11 23.64 27.47
Area 4 Zone 21 101.95 47.10 54.85
Area 5 Zone 12 16.07 7.43 8.65
Area 5 Zone 13 12.95 5.99 6.95
Area 5 Zone 14 15.29 7.08 8.21
Area 5 Zone 15 12.01 5.55 6.46
Area 5 Zone 16 18.39 8.52 9.87
Area 5 Zone 17 17.52 8.11 9.41
Area 5 Zone 18 16.24 7.51 8.72
Area 6 Zone 22 13.46 6.24 7.22
Area 6 Zone 23 8.19 3.78 4.40
Area 6 Zone 24 25.01 11.57 13.44
Area 6 Zone 25 7.85 3.63 4.23
Area 6 Zone 26 13.53 6.27 7.26
Area 7 Zone 1 1.27 0.54 0.73
Area 7 Zone 2 14.98 6.94 8.03
Area 7 Zone 3 13.10 6.07 7.03
Area 7 Zone 4 15.47 7.17 8.30
Area 7 Zone 5 13.27 6.15 7.12
Area 7 Zone 6 11.20 5.19 6.01
Area 8 Zone 7 11.97 5.54 6.43
Area 8 Zone 8 19.28 8.93 10.35
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4. Conclusions

A two-dimension scanning forced oscillation grid vulnerability analysis method in
large-scale power grids was proposed in this paper. Based on the grid vulnerability
analysis results, the effective location for forced oscillation damping controller can be
selected. Active power modulation control through IBRs at the effective location with
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local measurement was also designed to mitigate forced oscillation under serious forced
oscillation cases.

The key findings of this paper are summarized below:

• Based on frequency dimension scanning, forced oscillation at or close to the natural
oscillation excites the largest peak–peak frequency deviation in the entire system.

• When the forced oscillation source is located at the areas that have high participation
of the natural oscillations, the forced oscillation will be further magnified throughout
the system and significantly impact the system stability.

• Active power modulation control through IBRs with local measurement was effective
in reducing the frequency deviation that was caused by the forced oscillation. This will
allow the operator to have sufficient time to locate and disconnect the forced source.

• The proposed forced oscillation controller can reduce all the zones’ frequency deviation
to a safety level in the synthetic Texas power grid when the actuator is close to the
forced source. The largest peak–peak bus frequency deviation can be reduced by more
than 50%, to 66.6 mHz (in the range of governor deadband ±36 mH) with appropriate
control gain.

Future work may include the investigation of the impact of forced oscillation through
reactive power perturbation using the proposed two-dimension scanning method. The
forced oscillation damping controller through reactive power modulation of IBRs will be
designed to mitigate the forced oscillation.
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