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Abstract—This paper investigates the potential for wind power
plants (WPPs) to damp interarea modes. Interarea modes may be
the result of a single or a group of generators oscillating against
another group of generators across a weak transmission link. If
poorly damped, these power system oscillations can cause sys-
tem instability and potentially lead to blackouts. Power conver-
sion devices, particularly, megawatt-scale converters that connect
wind turbines and photovoltaic power plants to the grid, could be
used to damp these oscillations by injecting power into the sys-
tem out of phase with the potentially unstable mode. In our model,
this power may be provided by a WPP. Over time, the net energy
injection is near zero; therefore, providing this “static damping”
capability is not expected to affect the energy production of a
WPP. This is a measurement-based investigation that employs sim-
ulated measurement data. It is not a traditional small-signal sta-
bility analysis based on Eigenvalues and knowledge of the power
system network and its components. Kundur’s well-known two-
area, four-generator system and a doubly fed induction generator
(DFIG)-based WPP are modeled in PSCAD/EMTDC. The WPP
model is based on the Western Electricity Coordination Council
(WECC) standard model. A controller to damp interarea oscil-
lations is added to the WECC DFIG model, and its effects are
studied. Analysis is performed on the data generated by the sim-
ulations. The sampling frequency is set to resemble the sampling
frequency at which data are available from phasor measurement
units in the real world. The Yule–Walker algorithm is used to esti-
mate the power spectral density of these signals.

Index Terms—Doubly fed induction generators, electrome-
chanical dynamics, interarea oscillations, synchronized phasor
measurements, two-area system.

I. INTRODUCTION

W IND penetration levels are increasing throughout the
United States. This trend is expected to continue in the

following decades [1]. In certain regions of the United States,
peak penetration levels can approach 30% [2]. At these pen-
etration levels, in many cases, it is expected that wind power
plants (WPPs) will displace conventional generation. This dis-
placement may be permanent as a result of conventional plant
retirements based on emissions- or age-related concerns, and
because utilities may prefer to install WPPs instead of new
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conventional generation [3], [4]. Also, recently, load growth is
not as high as expected by utilities, while EPA regulations in the
US are resulting in older coal plants being retired early. The net
result is that there are fewer synchronous machines online.
This displacement of conventional synchronous generation by
asynchronous WPPs will have significant stability impacts. In
this paper, we focus on interarea oscillation modes, in partic-
ular. Numerous simulation-based studies have been conducted,
with inconclusive results suggesting that the damping of modes
may be improved or worsened by wind [5]–[8]. The consensus
appears to be that WPPs do not participate directly in oscil-
lation modes; however, their presence leads to the displace-
ment of conventional plant inertia and other topology changes
that have the potential to influence the oscillation modes [8].
In these papers, however, the passive effects of wind integra-
tion are studied rather than active attempts to damp out oscilla-
tions. In this work, we model a familiar two-area test system [9]
with an additional WPP. We also add an additional oscillation-
damping controller to directly influence modes. The two-area
system model is a time-domain model developed using the
PSCAD/EMTDC platform [10]. This platform was chosen for
its short simulation time-step, giving insight into any dynam-
ics that may appear. This platform has been used earlier for
two-area stability analyses [11]. The output from the simula-
tions can be filtered and downsampled to simulate phasor mea-
surement unit (PMU) data. The WPP model is based on the
Western Electricity Coordinating Council (WECC) Wind Gen-
erator Modeling Group’s standard model for Type 3 (doubly fed
induction generator, or DFIG) WPPs [12]. The standard model
is ported to PSCAD/EMTDC based on the work reported in
[13]. Additional controls for interarea oscillation damping have
been added to the standard model to inject power into the sys-
tem out of phase with the potentially unstable mode. A detailed
explanation of the model development is provided in Section II.

In the future, long-term PMU data from real power systems
can provide information about changes in oscillation modes
caused by wind-related or other topology changes. This infor-
mation could aid planners in evaluating the impacts of proposed
generator or line additions. In an environment, in which sys-
tem data may be frequently changing or may not be readily
available, traditional Eigenvalue analysis to find the damping of
modes can be challenging. Instead, signal-processing methods
can be applied to PMU data to gather information about modes.
In this work, a method based on the Yule–Walker algorithm [14]
is applied to analyze the simulated PMU data generated by the
model. A description of the method is provided in Section III.
The effectiveness of the damping controls for different WPP
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Fig. 1. Two-area system from Kundur [9] with an additional WPP.

output levels is investigated with respect to changes in oscil-
lation modes. These scenarios are discussed in detail in
Section IV. The results of the analysis indicate that the
oscillation-damping controller is able to influence modes by
improving the damping of the system; however, it has to be
tuned for one particular mode, and its effects on other modes
are difficult to predict. Detailed results and discussion are pro-
vided in Section V.

II. MODEL DEVELOPMENT

The model used for these simulations was developed in
three stages. In the first stage, a model of the two-area sys-
tem was developed in PSCAD/EMTDC. In the next stage, a
model of the WECC standard WPP was developed and inte-
grated into the two-area system model. The original WECC
model was intended for phasor-based modeling software such
as PSLF or PSS/E [15]. In our work, we use a time-domain
PSCAD/EMTDC equivalent of the WECC model (discussed in
detail in [13]). In the third stage, an oscillation-damping con-
troller was developed and added to the model. The software
we are using, PSCAD/EMTDC, is typically used for transient
analysis, runs at a time step of 10 ms, and thus is more suitable
for small-scale systems due to the time taken by each run. We
intentionally use this software since we are generating pseu-
dosynchronized phasor measurements using this software that
would be difficult to generate using PSS/E, PSLF, or any tradi-
tional power system solvers.

A. Two-Area System Model

A one-line diagram of the two-area system is shown in Fig. 1.
The base system is symmetrical in terms of generation and line
impedance. The model parameters are taken from [9].

In steady-state conditions with no wind, there is a 400-MW
transfer from Area 1 to Area 2 across the weak transmission tie
between the areas. It should be noted that in our model, power
system stabilizers (PSS) and automatic generation control
(AGC) are not included; however, each generator’s excitation
system and governor are modeled. PSCAD/EMTDC parame-
ters for modeling generators and controls not provided in [9]
are left at default values when reasonable. For electromechani-
cal transients, reflection of traveling waves at transmission line

Fig. 2. Schematic of a WECC DFIG WPP model.

ends is not important; hence, instead of using traveling-wave
or frequency-dependent transmission line models, a coupled-pi
transmission line representation is used to model each of the
transmission lines in the system.

B. WPP Model

The WPP model is a PSCAD/EMTDC equivalent of the
DFIG WPP model developed by the WECC Wind Generator
Modeling Group. Fig. 2 illustrates a schematic of the WECC
DFIG WPP model framework.

The WPP is sized such that the wind penetration level in
the two-area system is 10% when the WPP is supplying rated
power. The WPP collector system model is represented by an
aggregated single-line equivalent. Details on how this aggre-
gation is performed are provided in [16]. The collector system
data for the aggregation process are from a real WPP and are
presented in [16]. The WECC DFIG WPP model is well docu-
mented, and parameters for the model are available [15].

C. Oscillation Damping WPP Controls

Additional WPP controls may be provided by the turbine
manufacturer for the purpose of frequency support, but no man-
ufacturer yet offers a dedicated oscillation damping control.
Typical frequency support controls include governor droop con-
trol and synthetic inertia. Detailed explanations of droop con-
trol and synthetic inertia are provided in [17]–[22]. The effects
of these controls on oscillation modes are unknown. These con-
trols are not considered in our modeling effort because they are
nonstandard additions to the WECC WPP model and its effect
on modal behavior is debatable.

Oscillation damping controls also differ from frequency
support controls in one major aspect: energy injection. The
goal of the oscillation damping control is to have a near-zero
injection of energy during the time frame of controller action.
This means that unlike in the case of frequency support
controls, the WPP operator does not suffer much revenue loss
during controller action.

In our test case, the WPP is connected at Bus 6 (see Fig. 1).
An optional connection at Bus 10 is not utilized, thus the
WPP is supplying only Area 1 directly. The power at the wind
turbine’s point of interconnection (Bus 6 in our test case) is
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Fig. 3. Control block diagram of oscillation damping control.

measured by the PMU. The damper is tuned to the dominant
interarea modal frequency (0.76 Hz in our test system). When
this frequency is observed in the local WPP PMU measure-
ments, the controller is activated. Often, good wind resource
areas (areas with high wind speeds all year round, affordable
land, and available transmission) are situated far from load cen-
ters. This situation is seen especially in the Western United
States and Texas. In the Western United States, some of the
best wind resource is in Wyoming, where there are no major
load centers nearby at all. In Texas, West Texas has the best
wind resource but the large load centers are hundreds of miles
away. Area 1 in our model represents the wind-resource-rich
area, while Area 2 represents the faraway load center. This is the
reason we have opted for the connection at Bus 6 instead of 10.

The implementation of the oscillation damping controller is
shown in Fig. 3. The power at Bus 6 is our measured variable,
supplied by a simulated PMU at the point of interconnection.
In the real world, a PMU at the point of interconnection of the
WPP would supply this information. In our work, this data are
supplied to the WPP in the form of pseudosynchronized pha-
sor measurements. Removing the DC component of this power
leaves us with the oscillatory component. Applying a notch fil-
ter tuned to 0.76 Hz to the oscillatory component allows iso-
lation of the dominant oscillation mode. We scale down the
oscillatory component (so as not to exceed converter ratings
for the turbines; see Section V) and add the inverse of this
scaled oscillatory component to the reference power command
of the WPP (Fig. 2 shows where this reference power is inputted
into the model). Thus, the WPP will oppose the oscillation.
It is expected that the WPP controller will then assign power
commands to individual turbines; however, the WECC WPP
model does not include individual turbine representations so
individual turbine behavior is not modeled. This proposed oscil-
lation damping controller only has a proportional component,
and no integral or derivative component. To tune the propor-
tional gain, the traditional Ziegler–Nichols method has been
employed. This method of tuning results in aggressive gain and
overshoot. Future work will optimize this controller based on
a cost function that will include wind turbine load reduction;
however, this is beyond the scope of the present work.

Most large power systems only have a few interarea modes
that are potentially unstable. Of these few modes, the WPP can
at most affect one, since likely only one mode will be predom-
inant in the WPP’s area. For example, the North–South mode
(0.318 Hz) in the WECC system cannot be damped by a wind
turbine outside these two areas. Thus, damping of the predomi-
nant mode is the focus in this paper. Note also that while in the
WECC-developed model shown, the entire plant is modeled as
one entity; in real life, the individual turbines will have to per-
form the work. Unlike inertial response which is achieved by
programming each turbine’s controller, here it is necessary that

the WPP controller assigns commands. This is because only
the WPP controller will have access to the PMU data about the
oscillations, since there is only one PMU for the plant and not
one for each turbine. As a contrast, each turbine can measure
the frequency at its own terminals and can determine whether
to supply inertial response or not.

III. SIMULATED PHASOR DATA PROCESSING

Synchronized phasor measurements are high-precision time-
synchronized measurements that have the ability to provide
information on an interconnected power system’s electrome-
chanical modal behavior. Electromechanical modal informa-
tion consists of modal frequencies and damping and mode
shape. This information is extracted from synchronized pha-
sor measurements using signal-processing methods that are
described in this section. Pseudosynchronized phasor mea-
surements are created using the simulated two-area system
described in Section II. These pseudosynchronized phasor mea-
surements are also high precision and time-synchronized and
are thus similar to real power system measurements taken by
PMUs. The advantage of using the simulated system instead of
real data is that changes to the system (such as changes to gen-
erator inertia or WPP location) can be made and their effects on
modal behavior can then be studied. The number of observa-
tions per second is also higher in the pseudosynchronized pha-
sor measurements. The pseudomeasurements are filtered and
downsampled to the typical 30 observations per second for
PMU measurements [23].

In this paper, two signal-processing methods are used to
extract modal information from the pseudosynchronized phasor
measurements. The first, the matrix-pencil (MP) method [24],
[25], is a linear, time-domain method that fits a linear model
to the evenly spaced pseudomeasurements. The MP method is
used to estimate the modal frequencies and damping that are
present in the system. For the second, the power spectral den-
sity (PSD) is estimated based on autoregressive (AR) model
fitting using the Yule–Walker (YW) method [25]. For the AR
YW method, the signal examined is assumed to be the output
of a system that is driven by white noise [14]. The PSD pro-
vides a visual representation of the strengths of the modal fre-
quencies present in the pseudomeasurements. Significant peaks
in the PSD indicate dominant frequencies present in the mea-
surements. Results of these methods applied to pseudomeasure-
ments for a number of different cases are provided in Section V.

IV. SIMULATION CASES

Simulations were performed in four configurations with
respect to wind power output level and oscillation damping
controller status (enabled or disabled). The cases are listed
in Table I. Each of the synchronous units G1 through G4 is
assumed to be a perfectly coherent representation of multiple
synchronous generators. The presence of wind leads to the dis-
placement of conventional units, hence leading to a reduction
in the number of machines making up a coherent unit. This
is represented in our simulation by a reduction in the inertia
of coherent unit G2, which is closest to Bus 6, the point of
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TABLE I
LIST OF CASES BASED ON WIND POWER OUTPUT,

WIND LOCATION, AND INERTIA REDUCTION LOCATION

interconnection of the WPP. The decision to reduce inertia
on this coherent unit to a third of its original value represents
the removal of turbogenerators (typical inertia 3–9 s) from a
coherent unit, whereas hydrounits (typical inertia 2 s) remain
[26]. Two wind power output levels were considered: 0.5 and
1 p.u. If wind power output was to be at 0 p.u., the provision
of the oscillation damping service would be impossible; some
stored energy in the rotating masses of the turbines is necessary
to provide this service.

V. RESULTS

Results from the case studies are presented here. The sim-
ulated two-area system is excited by a large disturbance—a
breaker connecting an impedance load in parallel to Load 2
located at Bus 9 in Fig. 1 is suddenly switched ON. The addi-
tional load is 1% of Load 2 in terms of real and reactive power.
The signal-processing methods described in Section III are
applied to the resulting electromechanical oscillations to esti-
mate the modal frequency, damping, and the mode shape of
the system. The estimated modes for each case are compared
to determine if the WPP output levels or the controller status
influence the system modes.

A. Power Spectral Density Analysis

For the case studies, the frequency at each generator bus,
the voltage phase angle with respect to the calculated center
of angle [9], the voltage phase angle at each generator bus,
and the power output at each generator were used to estimate
the modes of the system after the power system disturbance
was applied. The results of the analysis on the power output
at each generator are presented in Figs. 4–7. The power out-
put signal was selected to analyze modes because the mode
estimates were clearest for this signal compared to the voltage
phase angle and frequency signals. Note that the modal content
in the two areas is not identical because load in the two areas is
asymmetrical.

In Fig. 4, the significant peaks in the PSD indicate modal fre-
quencies present in the power output at generator G1 located at
Bus 1 for all cases. The top of Fig. 4 shows the PSD for wind
output at 0.5 p.u. (Case 1 and Case 2). The bottom of Fig. 4
shows the PSD for wind output at 1 p.u. (Case 3 and Case 4).
All of these plots indicate the presence of 0.76 Hz, both with the
damping controller disabled and with it enabled. This 0.76-Hz

Fig. 4. Yule–Walker PSD estimates for the G1 power signal.

Fig. 5. Yule–Walker PSD estimates for Generator G2 power signal.

frequency falls in the interarea oscillation range (0.1–0.8 Hz)
[27], indicating that this frequency is associated with one group
of generators oscillating against another group of generators in
the system. The presence of the damping controller reduces
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Fig. 6. Yule–Walker PSD estimates for the G3 power signal.

Fig. 7. Yule–Walker PSD estimates for the G4 power signal.

the peak magnitude of the 0.76-Hz mode by approximately
7 dB when the wind output is at 0.5 p.u. and by approximately
5 dB when the wind output is at 1 p.u. This reduction in the
mode’s peak magnitude indicates that the damping controller
is indeed performing its function. The damping controller can-
not eliminate the mode entirely because of the small amount
of power that it can supply (limited to 2% of the WPP’s rat-
ing) compared to the power involved in the interarea oscillation.

The lack of significant additional peaks when wind power is
changed from 0.5 to 1 p.u. indicates that the WPP output levels
investigated do not have a direct impact on the modes of the
system.

The same cases are studied in Fig. 5, but the power output
of G2 located at Bus 2 is analyzed. The PSD results are shown.
In addition to the 0.76-Hz mode, a DC component as well as
a modal frequency at 1.75 Hz is visible as significant peaks.
Frequencies in this range are associated with intraarea oscilla-
tions (0.7–2.0 Hz)—when a single generator oscillates against
another generator or group of generators [27]. The intraarea
oscillation at 1.75 Hz is caused by the generators 1 and 2 inter-
acting with each other. This oscillatory mode is also excited by
the load disturbance. However, intraarea modes are of less con-
cern due to the proximity of the generators; the absence of long
lines means that the damping of these modes is usually much
higher than for interarea modes and the potential for instabil-
ity is much lower. The top of Fig. 5 shows the PSD for wind
output at 0.5 p.u. (Case 1 and Case 2). The bottom of Fig. 5
shows the PSD for wind output at 1 p.u. (Case 3 and Case 4).
All of these plots again indicate the presence of 0.76 Hz, both
with the damping controller disabled and with it enabled. The
presence of the damping controller reduces the peak magnitude
of the 0.76-Hz mode by approximately 10 dB when the wind
output is at 0.5 p.u. and by approximately 9 dB when the wind
output is at 1 p.u. This reduction in the mode’s peak magni-
tude again indicates that the damping controller is performing
its function. Because the coherent unit G2 is electrically closer
to the WPP, the controller’s damping effects appear to be more
pronounced than in the G1 power signal. The inference can be
made from this fact that the proximity of a coherent unit to the
WPP indicates how well the controller will damp oscillations at
that unit’s terminals.

Fig. 6 shows the PSD for unit G3 at Bus 3 in Area 2. For
G3, aside from the 0.76-Hz mode, an additional significant
peak occurs at 1.17 Hz. Although the 0.76-Hz mode appears
to be damped better (approximately 3 dB lower peaks) with
the oscillation damper enabled for both the 0.5- and 1-p.u.
output cases, the 1.17-Hz mode appears unaffected. G3 is the
farthest from the WPP electrically, and the fact that the damp-
ing effect of the controller is much weaker here than it is for
G2 seems to indicate that our hypothesis about the proximity
of a unit to the WPP leading to improved damping is correct.
Fig. 7 shows the PSD for G4 at Bus 4 in Area 2. Again, aside
from the 0.76-Hz mode, an additional significant peak occurs
at 1.17 Hz. Although the 0.76-Hz mode appears to be better
damped (approximately 7 dB lower peaks) with the oscillation
damper enabled for both the 0.5- and 1-p.u. output cases, the
1.17-Hz mode appears unaffected. G4 is much closer than G3
to the WPP electrically, and the fact that the damping effect
of the controller is better here than it is for G3 again seems to
confirm that our hypothesis about the proximity of a unit to the
WPP leading to improved damping is correct.

B. MP Analysis Technique

The effectiveness of the damping controller is measured
using another technique in this section. The MP method is used



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6 IEEE TRANSACTIONS ON SUSTAINABLE ENERGY

TABLE II
FREQUENCY AND DAMPING ESTIMATES FOR

0.76-HZ MODE

to estimate the modal frequency and damping in each genera-
tor’s power output for all four cases. The difference between
the methods is that the MP method is a parametric method
while the Yule–Walker PSD method is classified as a spec-
tral method. The two methods use different mathematical tech-
niques to derive mode estimates [14]. In our work, the MP
method is used to confirm results from the Yule–Walker PSD
method. Using two methods that are mathematically different
but are in agreement gives a better likelihood of the mode
being estimated correctly. Table II shows the frequency and
damping estimates for all four generators for each case. The
interarea 0.76-Hz mode is the only one studied in this analy-
sis. The 0.76-Hz mode shifts to approximately 0.8 Hz when-
ever the damping controller is enabled. This is less visible in
the Yule–Walker PSD plots in Figs. 4–6; however, a rightward
shift of this mode is discernable even in those figures. This is
a result of a change in the overall structure of the system due
to the additional control loop introduced by the damping con-
troller. The damping estimates for all these cases indicate that
the 0.76-Hz mode is better damped for cases when the damping
controller is enabled (the damping in percent is approximately
thrice that without the damping controller). Thus, this analysis
provides further proof and confirmation of the damping con-
troller’s effectiveness.

C. Net Energy Injection and Cost of Service

Fig. 8 shows the WPP output during the controller action
time frame. When the controller is disabled, the WPP output
does not deviate from the commanded value. When the con-
troller is enabled, the controller opposes the dominant oscilla-
tion mode by injecting energy out of phase with the oscillation.

To determine how much energy the controller injects, it is
useful to find the area under the curve for each case. Our WPP
model is based on a plant with 135 1.5-MW turbines, for a
combined plant rating of 204 MW. For the cases when wind
power output is at 0.5 p.u., the area under the curve yields

Fig. 8. WPP output during controller action time frame with controller disabled
and enabled (for the 0.5- and 1-p.u. output cases).

3960.1 MW-s with controller disabled, and 3968.1 MW-s with
controller enabled. This implies that the controller used an addi-
tional 8 MW-s during the time frame of controller action. This
number (8 MW-s) is the same for the 1-p.u. output case. This
additional energy must come from the stored energy of the tur-
bines. Because a turbine’s inertia time constant is usually in the
order of 4 s, a 1.5-MW turbine has 4× 1.5 MW-s or 6 MW-s
stored. Throughout a plant of 135 turbines, this equates to
810 MW-s of stored energy. Thus, 8 MW-s equates to approx-
imately only 1% of the energy stored in the plant’s rotating
inertia, and the plant can easily supply this with no noticeable
impact on operation. In terms of revenue, assuming a levelized
cost of energy from wind of 50 dollars per MWh [1], each con-
troller operation will cost only approximately 11 cents. Even
if the controller operates 100 to 1000 times in a year, the cost
of providing this service is negligible compared to the plant’s
revenue. Because the impact on stored energy is so small, it is
not expected that controller action will have noticeable impacts
on turbine wear and tear or reliability. We will attempt to quan-
tify the reliability impacts in future work.

D. Effect of Increase in Penetration Level

Since a 10% penetration level may be considered relatively
low for future systems, a 20% penetration case was considered
as well. A Yule–Walker PSD analysis was carried out for this
penetration level. The PSD for generator G1, at 1 p.u. output,
for a 20% penetration case is shown in Fig. 9. The damping con-
troller’s performance is improved compared to the performance
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Fig. 9. Yule–Walker PSD estimates for the G1 power signal (output, 1 p.u.).

Fig. 10. Power signal (wind output, 1 p.u.) for all four generators with and
without damper.

seen in Fig. 4. Additionally, it appears that the mode is better
damped in general due to the higher percentage of power com-
ing from an asynchronous source.

In the previous sections, our emphasis was on showing that
damping of interarea modes is possible using wind plant control
even at relatively low penetration levels such as seen today in
the United States. With higher penetration levels, the controller
will have more stored energy at its disposal and thus will be
able to damp oscillations more easily, as shown by the 20%
penetration case.

Fig. 11. Frequency signal (wind output, 1 p.u.) for all four generators without
damper.

Fig. 12. Frequency signal (wind output, 1 p.u.) for all four generators with
damper.

E. Visibility of Damping Effects in Time Domain

While the damping effect caused by the controller is easily
visible in the frequency domain, it is also visible in the time
domain, as shown in Fig. 10. In this figure, the power output
of each synchronous generator is shown during the load dis-
turbance. Output of the wind plant is set to 1 p.u. However, it
is difficult to calculate the degree of damping numerically in
the time domain, and thus frequency domain methods provide
a better insight into the level of damping.

Figs. 11 and 12 show the frequency plots for all four gener-
ators. In Fig. 11, the damper is disabled, and in Fig. 12, the
damper is enabled. From visual inspection, it is possible to
see that the damping is indeed better with the damper enabled.
Once again, however, it is difficult to use these plots to generate
a numerical comparison.

VI. CONCLUSION

The work shown here indicates that WPPs can make a con-
tribution to the damping of interarea oscillation modes. A con-
troller has been developed that allows WPPs to inject power
into the system out of phase with the interarea oscillation to
increase the damping of the oscillation. The controller is able
to increase the damping of the oscillation but performs better
at damping oscillations at nearby generators. The cost to the
WPP operator of providing this service appears to be negligi-
ble; however, further work will determine reliability impacts
of deploying this controller to better inform WPP operators’



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

8 IEEE TRANSACTIONS ON SUSTAINABLE ENERGY

TABLE III
SCRX EXCITER FOR ALL FOUR GENERATORS

TABLE IV
IEEE TYPE 2 GOVERNOR DATA FOR ALL FOUR GENERATORS

and system operators’ decisions. The primary benefit of the
analysis technique described in this paper is that network data
need not be known. In future work, these results will be vali-
dated using archived PMU data from real power systems and
using the capabilities of NREL’s controllable grid interface.
In the future, by providing this service, WPPs could play an
active role in improving the grid’s stability. As wind penetra-
tion levels increase, such analyses will become increasingly
relevant.

APPENDIX

EXCITER AND GOVERNOR DATA FOR TWO-AREA SYSTEM

The excitation system is identical for all four generators.
The excitation system for all four generators is the silicon-
controlled rectifier (SCR) bridge type exciter, modeled using
the PTI SCRX model. The block diagram is available in [28].
The data for the exciters are provided in Table III.

For active power control, all four employ IEEE Type 2 hydro
governors, for which the block diagram is available in [29]. The
data for the governors are provided in Table IV.

All the other data for the generators can be found in [9], and
the data for the WPP can be found in [13] and [15].
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