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Abstract — Rising deployment of inverter-based resources
(IBRs), characterized by a lack of rotating mass, is decreasing the
total inertia of the system. This can lead to an increased Rate of
Change of Frequency (RoCoF) during the disturbance and false
activation of protective devices. There is a need to assess the inertia
over the past decade amidst the evolving landscape of renewable
energy sources to develop strategies for integrating energy
storage, enhancing resilience measures, and ensuring the stable
and reliable operation of the grid. Therefore, a realistic assessment
of the inertia trend using a measurement-based approach that
addresses the limitations of existing models is proposed. An inertia
study of the Western Interconnection in the United States is
performed utilizing the data from 2013 to 2022, obtained from
FNET/ GridEye network. The three-second RoCoF time window
is chosen for the study as it showed an optimum balance between
a strong correlation with the power imbalance (AP) and minimum
inclusion of primary response from governor. The obtained inertia
trend result shows a small percentage declination of inertia over
the decade. By examining the result alongside a generation mix
graph, insights are gained into the dynamic interplay between
shifting energy landscape and system inertia.

Keywords— Inertia, Inverter-Based Resources, Rate of Change
of Frequency, Western Interconnection

I. INTRODUCTION

The decreasing inertia in power systems because of the
increasing integration of inverter-based resources (IBRs) offers
a substantial challenge to system stability. Traditionally, the
usual dependence on the spinning mass of synchronous
generators for inertia has proved its usefulness in reducing the
Rate of Change of Frequency (RoCoF) during disturbances,
hence avoiding erroneous activation of preventive mechanisms.
In the context of inertial response, the power imbalance is either
stored in or released from the rotating mass as kinetic energy
[1]-[3]. This dynamic process is critical in rapidly stabilizing
and containing the RoCoF, adding to the robustness of power
system resilience and stability. However, the advent of IBRs,
which are frequently characterized by grid-following behavior
[4] and a lack of natural frequency response capabilities, is
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changing this dynamic. As these resources become more
widespread, the total system inertia reduces, resulting in an
increased RoCoF following disturbances. This increased
RoCoF can result in the unintentional triggering of protective
devices, such as under/over-frequency relays, possibly causing
widespread blackouts and cascading failures [5]. Notable
incidents, such as those in the United Kingdom in 2019 [6] and
Australia in 2016 [7], highlight the crucial need of solving the
issues posed by lower system inertia to ensure power grid
stability and resilience in the face of altering energy landscapes.

As we advance toward a more sustainable future
characterized by an increasing mix of renewable and clean
energy sources, the energy landscape is changing significantly.
The Western Interconnection in the United States, or the
Western Electricity Coordinating Council (WECC), is one of
the primary arenas witnessing this transformation. The history
of the power mix within the WECC during the last decade
demonstrates a perceptible growth in solar and wind generation,
accompanied by a slight increase in gas plant output and a
corresponding decline in coal plant generation [8], [9]. This
transition towards a more diverse generating mix, primarily the
increase in IBRs, raises critical questions concerning the trend
in system inertia during this period and its consequences for
grid stability. It is important to note that a thorough
measurement-based method for assessing the inertia of the
entire western interconnection has not yet been performed, even
though analyzing the RoCoF and inertia using field-measured
data offers a direct and realistic assessment of the actual and
composite inertia within a system. In the past, studies [10]-[12]
of the effects of variable solar and wind energy deployment
have frequently relied on models to investigate how these
changes affect the frequency and inertial response of the
system.

Regardless of various modeling methodologies, there is a
known problem in adequately portraying the complex dynamics
of the complete power system. The complexity caused by the
diversified generating mix, which includes IBRs, calls into
question the efficacy of existing models in producing realistic
outcomes. As a result, using such models alone may fall short
of reflecting the subtle relationships and behaviors observed in
real-world situations. The lack of a rigorous measurement-



based strategy for interconnection-wide inertia analysis
highlights the importance of implementing methodologies that
use actual field data. Incorporating real-event data into inertia
evaluations not only improves accuracy but also provides a
more stable platform for understanding and managing the
growing issues connected with the integration of renewable
energy sources in power systems.

A measurement-based technique shown in Fig. 1 is used in
this paper to undertake a comprehensive inertia trend evaluation
for the WECC. The study makes use of Phasor Measurement
Unit (PMU) data received from the FNET/GridEye network
[13], [14] for the inertia estimation. This approach provides a
solid foundation for examining the historical inertia trend
during the last decade, from 2013 to 2022, by directly
employing field-measured data. The results of this detailed
investigation provide a quantifiable view of how inertia has
evolved within the WECC throughout the chosen timeframe.
The use of PMU data provides a true picture of system
dynamics, allowing for a more in-depth examination of inertia
changes. The study also includes a generation mix graph, which
sheds light on probable reasons driving the measured inertia
trends.

The remaining part of the paper is organized as follows: In
Section II, the data collection source used in this study is
introduced, and the preprocessing of the data before analyzing
it is discussed; Section III explains the evaluation of RoCoF
from the frequency data obtained after the preprocessing and
the correlation between power imbalance and RoCoF for
various time windows; Finally, inertia calculation and trend
analysis is presented in section IV, and the paper concludes in
Section V, summarizing key findings and insights.
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Fig. 1. Large-disturbance measurement-based inertia estimation technique.

II. DATA COLLECTION AND PREPROCESSING

A. Data Source- FNET/GridEye

The FNET/GridEye network shown in Fig. 2 provides
precise and real-time power frequency, phase angle, and
voltage data collection across the USA and Canada. It is driven
by more than 250 innovative Frequency Disturbance Recorders
(FDRs) developed at Virginia Tech [13]. This synchronized
network provides the groundwork for a thorough examination

of the western interconnection, with its data server located at
the University of Tennessee, Knoxville (UTK) and Oak Ridge
National Laboratory (ORNL) [14].

For the particular focus on western interconnection, the
study leveraged a total of 311 event trips extracted from the
historical database spanning years 2013 to 2022. These
rigorously gathered datasets provide unique insights into the
inertia trends within the western interconnection, helping to a
better knowledge of the power system dynamics and features in
this region.
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Fig. 2. Wide deployment of FNET/GridEye network in the USA.

B. Data Preprocessing

Large interconnections, such as the Western

Interconnection, require a large number of measurements
throughout the interconnection for reflecting the complete
frequency dynamics due to its vast geographical area. Localized
measurements inside constrained areas, on the other hand, may
not sufficiently capture the complicated frequency dynamics
that indicate the greater interconnectedness [15]. Such limited
observations may give regionalized insights and oscillations
unique to a certain area, but they lack the holistic perspective
required to fully portray the intricacies of the entire
interconnection. The median is chosen as the statistical
parameter for the representation of overall system’s frequency
value because it is less affected by the outliers and extreme
values, which are common in non-uniform sensor distributions.
Unlike the mean, which can be skewed by extreme values, the
median is a more representative measure of central tendency,
making it appropriate for measuring interconnection frequency
despite nonuniform sensor positioning.
For example, Fig. 3 illustrates the recorded frequency data
curves from sensors located throughout the Western
Interconnection (such as WA, ID, OR, CA, CO, UT, AZ) during
an event. Notably, the blue curve denotes regional frequency
dynamics particular to a region (WY), as opposed to the overall
interconnection frequency. During a generation trip, marked by
a red dashed line, the regional frequency drops rapidly. In
contrast, the frequencies in other places decrease more
gradually, which is effectively represented by the median
frequency illustrated by the black curve. Therefore,
determining the median frequency derived from the
measurements across all the sensors proves to be crucial in
representing the comprehensive frequency dynamics of the
whole interconnection and mitigating oscillations.
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Fig. 3. Generation Trip Event plot illustrating regional and interconnection
frequency.

Using (1) for each timestamp in the case of 'n' sensors, the
median frequency may be simply determined, where 'F' stands
for the sorted frequency list. When plotted, the resulting median
frequency dataset yields a consolidated frequency plot that
successfully depicts the comprehensive frequency dynamics
throughout the interconnection. The representation of overall
frequency behavior is made simpler by using this method.
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III. FACTORS INFLUENCING ROCOF AND INERTIA CALCULATION
FOR A LARGE INTERCONNECTION

The dynamics of the system shortly after a disturbance can
be characterized by (2), which can be used to calculate the total
inertia of the interconnection, including spinning masses,
renewable energy sources, and storage devices. This formula
captures the behaviors and interactions of the various parts of
the system and offers a thorough framework for evaluating the
properties of inertia following disruptions.

ZH% = (AP — DAfpeqian) @)

Here, ‘H’ represents the inertia constant of the entire
interconnection, ‘fiedian” 18 the median frequency of the
interconnection, ‘AP’ denotes the disturbance in power, and ‘D’
is the damping coefficient of the system. As the frequency
change is small within the initial seconds after a generator trip,
the damping component can be neglected, leading to the

simplified equation:
dfmedian - AP

~— 3
dt 2H @

. . . dfedian
A linear relationship between AP and the % is

established by this simplified equation [15]. The inertia of the
interconnection can be computed by examining the observed
field data and figuring out the linear coefficient between RoCoF
and AP. With this method, inertia may be efficiently and
practically estimated from observable frequency dynamics.
However, to ensure the accuracy of inertia estimation, it is

crucial to have a precise evaluation of RoCoF, especially in the
context of large interconnections like the WECC.

A. Evaluation of ROCOF for Large Interconnection

The huge distances across which inertial response is
electromechanically transmitted create a time lag in the western
interconnection's expansive power network. This lag occurs
when the inertial support travels across large geographic
distances to get to the disturbance's source. As a result, the
dynamics of the median frequency first decline gradually and
slowly, emphasizing the delayed arrival of inertial support from
far-off regions to the source of disturbance. The blue curve that
shows a sharp decline in Fig. 3 is the regional frequency at the
event location. As a result, the dynamics of the regional
frequency can be efficiently captured by computing the RoCoF
within a brief time frame. The median frequency, on the other
hand, remains fairly constant until the blue curve reaches its
nadir. As inertia support from diverse locations of the
interconnection is received after this point, the median
frequency progressively begins to decline.

Given the delayed reaction in the median frequency, a larger
time window may be required to correctly reflect the
interconnection frequency dynamics. The network's significant
overall inertia contributes to a lower RoCoF during the early
stages of a disturbance. However, the smaller RoCoF increases
sensitivity to noise, especially when using a short time window.
Balancing the trade-off between time window size and
sensitivity becomes critical for a thorough and accurate
examination of the frequency dynamics of the interconnection.
A careful balance must be found when selecting the right time
window to capture the inertial response in the vast
interconnection, since too-long time windows may
inadvertently include the primary response from governor.
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Fig. 4. Frequency response of a sample event illustrating RoCoF calculation at
various time windows capturing inertial response.

A practical method is to utilize the correlation coefficient as
an indicator to guide the selection of an optimal time window.
Once the median frequency is determined, the start time of an
event shown by red dashed line in Fig. 4 is detected
automatically by a program. RoCoF readings are calculated at
several time periods ranging from 0.5 to 5 seconds using (4).
The blue lines in Fig. 4 indicate several time windows for
RoCoF calculation. The correlation coefficient between RoCoF
and power imbalance (MW) obtained from NERC confirmed



event list is calculated for each time window. This gives a
quantitative measure of the link between RoCoF and power
imbalance, assisting in the selection of the most appropriate
time window that efficiently captures the inertial response
while reducing the effects of primary governor reactions.

f, —f
_ Tstart tstart* Tinterval
ROCOF'I‘interval - (4)

Tinterval

where f;_  is the frequency just before start of the event,

Tinterval represents different time windows: 0.5, 1, 2, 3, 4 and 5
sec after the start of the event.

B. Correlation Coefficient and Time Window Selection

The correlation coefficient (R) measures the consistency in
the linear relationship between megawatt (MW) size and
RoCoF and acts as a reliability measure for RoCoF time
window estimate. A high R-value implies a strong linear
relationship, that can effectively filter out the primary
frequency response from the governor determining the best
time window for accurate estimation. This metric also ensures
that the selected time window captures significant dynamics
without introducing irrelevant noise. The RoCoF, which is
calculated for each occurrence over a set time window, can be
correlated with MW sizes as (5).

1 oN MW(@)-pmw- RoCoF()—kRocoF
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where R is the correlation coefficient, N is the number of events,
MW is the vector of MW sizes for generation trip events,
RoCoF is the vector of RoCoFs calculated for specified time
window, Uy and Ugocor are the average values of the MW and
RoCoF vectors, and oy and 0Ogycor are the standard
deviations of the MW and RoCoF vectors.

Fig. 5. shows a distinct pattern in which the correlation
coefficient increases with increasing RoCoF time windows
ranging from 0.5 sec to 5 sec. At the same time, the average
correlation coefficient is increasing, while the standard
deviation is decreasing. A 3-second time limit emerges as an
appropriate option for maintaining a balance and avoiding
capturing the primary response. This period provides a
desirable equilibrium, ensuring a strong correlation while
minimizing the governor's active participation in the system's
reaction dynamics.
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Fig. 5. Mean values of correlation coefficient with standard deviation error
bars for different time windows.

C. Outliers

When data from a sample year is analyzed, it becomes clear

that certain outlier events depart significantly from the
established patterns seen in the majority of cases. To provide an
accurate assessment of system inertia, it is critical to adopt a
thorough approach for finding, analyzing, and justifying the
exclusion of these outliers. Outliers are often classified into two
types: those caused by soft trip occurrences and those
discovered using statistical screening procedures with no
apparent cause.
Soft trip events, which particularly pose difficulty in accurate
inertia computation, are distinguished by a staged
disconnection process. This begins with the shutdown of the
prime mover, which could be any type of turbine (gas, steam,
or hydro). Following this, there is a gradual ramp-down of MW
output before the generator disconnects. This disconnection
process, in which power production slowly drops after the quick
shutdown of the turbine, frequently results in data points
migrating to the left side of the MW-ROCOF plane. Such
adjustments can dramatically alter inertia estimations. Fig. 6(a)
depicts a typical normal trip event with a distinct frequency
turning point followed by a quick, clear frequency drop. A soft
trip event as illustrated in Fig. 6(b), on the other hand, has a
more rounded frequency turning point with a gradual decrease.
This subtle distinction highlights the issue that soft trip events
can impact the precision of inertia computations. Outliers in the
second category can be effectively identified and excluded
using some statistical techniques or visual inspection. This is
frequently accomplished by looking for anomalies in the MW
vs. RoCoF plot that are far from the fitted line.
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Fig. 7. Scatter plot of MW vs. RoCoF for 2016.

The entire method entails a meticulous manual examination
of each event's frequency plot, with only those events having a
clear turning point being chosen. This stage is critical for
enhancing the dataset and improving the correlation between
MW and RoCoF, resulting in a more precise measurement of
inertia. By removing anomalous events that deviate from
regular patterns, the dataset becomes more indicative of the
actual dynamics of the power system, ensuring that calculated
inertia values closely resemble actual conditions. Fig. 7
illustrates a scatter plot of MW versus RoCoF with a fitted line,
excluding all identified outliers for the year 2016. The
noteworthy improvement in the correlation coefficient, rising
from 0.75 to 0.9, underscores the effectiveness of omitting these
outliers as tabulated in Table I. Consequently, the events
remaining in the plot can be considered robust and conducive
to accurately estimating inertia, as they contribute to a stronger
and more reliable correlation between MW and RoCoF.

TABLE L. CORRELATION COEFFICIENT WITH AND WITHOUT OUTLIERS FOR

2016
Correlation
Events Coefficient (R) Remarks
With Outliers 0.75 Moderate
Without Outliers 0.9 Strong

IV. INERTIA EVALUATION & TRENDS

A. Inertia Calculation

Once the parameters for power imbalance and RoCoF are
known, inertia can be easily determined using (3). The inertia
value can be calculated directly from the slope of the red fitted
line in the MW versus RoCoF plot using the best 3-second time
window as discussed earlier. To find out the quarterly inertia
values of a year, the events occurring in each quarter are utilized
to implement the least square fitting method to find first-order
fitted curves which slopes represent their respective quarterly
inertia. The following expression implements the method:

2H = (RoCoFTRoCoF)~! - RoCoFT - MW

T
where RoCoF = [AA—%,AA—%, ...,AA—f:] (6)

MW = [MW,, MW,, ... MW, "

In (6), RoCoF represents the vector of the rate of change of
frequency (Af;/At) for each generation trip event { over a
specified time window At. The vector MW corresponds to the
sizes of the respective generation trip events, denoted as MW;.

B. Inertia Trends & Analysis

The inertia calculation was carried out for each year from
2013 to 2022, utilizing field data collected throughout several
parts of the Western Interconnection. Fig. 8 depicts the inertia
trend over the last decade, with each blue circle representing
quarterly inertia values of each year. The inertia trend from
2013 to 2022 is drawn out by connecting these blue circles with
blue lines. The red line is a smoothed trendline that depicts the
overall decrease in inertia across the whole period.

A closer analysis of the graph reveals that the inertia of the
Western Interconnection remained essentially steady across the
decade, with an approximately 10% decline observed. In
addition, the graph shows that inertia levels are mostly higher
during the third quarter of the year. This trend can be associated
with the increased number of generators connected to the
system during the summer months, highlighting the seasonal
variation in inertia levels within the Western Interconnection.

108 Inertia Trend 2013-2022
2 T T T T T T T T
—e—Original Data
—~~ - - -Trendline
*w
< 1.5
N 1
()
=
(>“ 0.5F 1
T
0 I . . . . I . ' .
AN ANEIT e AN c AT T AR AR e ARSI e ARSI  ANISPN ol
B I A S S

Year/Quarter

Fig. 8. Inertia trend of the Western Interconnection 2013-2022.
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Fig. 9. Generation portfolio graph of the Western Interconnection 2013-2022.

Despite greater integration of renewable energy sources,
there is a small percentage decline in inertia. This is intriguing
and can be traced in part to changes in the generation mix
profile. This is evident in Fig. 9, where the data, sourced from
[8], illustrates the changes in unit commitment patterns. There
has been a slight increase in generation from gas units that
could contribute to the part in offsetting the inertia decrease.
Although there has been a decrease in coal unit generation over



the last decade, many coal plants may continue to operate at
lower outputs, retaining a relatively same number of online
rotating mass. Furthermore, some renewable resources can
respond quickly to frequency changes, thanks to inverter
controls. While the quantity of rapid frequency support
available from renewables today remains minimal, their impact
on real frequency is unknown.

Understanding these complexities within the context of
changing generation profiles is critical for operators and
planners. In the face of shifting energy landscapes, strategies
such as energy storage integration, better controls, and
resilience measures become critical for sustaining grid stability
and assuring dependable system operation. This demands
understanding the system's current state, which is effectively
met by the measurement-based approach of study discussed
herein.

V. CONCLUSION

In this paper, the inertia trend analysis over the last decade
is carried out utilizing historical field measurement data from
the entire Western Interconnection. The median frequency data
is used to precisely depict the frequency dynamics of the
system, reducing the influence of regional frequency
oscillations. Various time windows are carefully investigated
for predicting RoCoF, and a 3-second time window emerged as
optimum, displaying a good association with MW values.
While the 3-second time window is acknowledged to have the
potential for primary response effects, the impact on the results
is mitigated by the explicit focus on inertia trend analysis and
the percentage decrease over time. Rather than targeting
instantaneous responses, the emphasis in this instance is on
capturing broader patterns of inertia behavior and assessing the
overall trajectory over the decade. This method enables a more
robust and relevant assessment of the system's inertia dynamics
of the WECC while considering changes in the energy-
generating landscape.
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