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Abstract—Primary frequency response is a quintessential
component that stabilizes power systems amid active power
disturbances. However, the strength of primary frequency
response, as calculated with disturbance events, shows a low
consistency from event to event. Thus, its effectiveness as a system
strength measure is questionable. This work shows that
consistency and improved accuracy can be achieved on a
statistical basis via event filtering. Event MW estimation and
primary frequency response trending analyses are the
applications presented in this paper. Synchronized field
measurements in the Eastern Interconnection, powered by
FNET/GridEye, are used for validation of the analyses and
applications.
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generation from all fuel types. The ratios are higher in WECC,
ERCOT, and power interconnections in Europe [2-4]. While the
fast control capabilities of the inverters have the potential to be
leveraged as frequency dynamic improvement measures, most
of the resources interfaced with the grids today are not fully
committed to frequency regulation due to concerns over lost
opportunity cost, equipment aging cost, and stability issues [5].
This brings uncertainties to the safety margin of the power
systems amid frequency dynamics. Hence, continuous
assessment and monitoring of primary frequency response are
critical for both system operators and planners.

On the one hand, appropriate assessment and monitoring
provide critical information for the evaluation of trends of the

Index Terms—Primary frequency response, synchronized primary frequency response. Together with the data of the
measurement, FNET/GridEye, MW estimation, trending generation mix during the same period, this provides system
analysis. operators and planners with knowledge about how different

I. INTRODUCTION

Power systems rely on various frequency responses to
stabilize the system when disturbances threaten the balance of
generation and demand. Typically, these responses are
categorized as inertial response, primary frequency control,
secondary frequency control, and tertiary control [1]. The
inertial response is instant by its nature due to the
electromagnetic link between the rotors and stators. Primary,
secondary, and tertiary controls are enabled by dedicated
control schemes to arrest the frequency decline, recover the
frequency level, and correct the area control error. Among the
three control schemes, primary frequency control is at the
forefront during the frequency dynamics as it confines the
magnitude of frequency deviation, prevents load shedding, and
maintains stability.

As power systems around the world are embracing a low-
emission future, renewable energy resources interfaced by
inverters are taking an increasingly important role in the
generation fleets. For example, in the Eastern Interconnection,
the generation from wind and solar reached 9% of the total
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of Engineering Research Center Shared Facilities supported by the
Engineering Research Center Program of the National Science Foundation and
Department of Energy under NSF Award Number EEC-1041877 and the
CURENT Industry Partnership Program.

types of generation fleets impact the overall performance of
primary frequency response in a power system. The correlation
between the primary frequency response and the changing
generation mix provides enhanced awareness about the state of
the system today and helps prepare for the changes coming in
the future.

On the other hand, the appropriate and up-to-date evaluation
of primary frequency response is also important for disturbance
MW estimation. For example, the FNET/GridEye, hosted at the
University of Tennessee and the Oak Ridge National
Laboratory, monitors disturbances and sends out alerts to
industrial partners and regulatory authorities in real time as the
events happen [6], [7]. The MW size of the event will be
important information for the operators and authorities in the
decision-making and post-event analysis. An accurate, up-to-
date primary frequency response strength estimate is the critical
parameter that dictates the accuracy of the MW size estimation.

However, the primary frequency response of a power
system, as observed by disturbance events, tends to be
significantly volatile. Researchers have found scattered patterns
of the events on the MW-Af plane [8], [9]. The low correlation
between the MW size and the frequency deviation, which are
the two quantities used for the estimation of the strength of
primary frequency response, leads to lower confidence in the
estimated f (strength of primary frequency response in
MW/0.1Hz) and obscures the trends in £5.
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Therefore, this paper first identifies important factors that
may hinder the effective and consistent assessment of the
values. Then, the application of such knowledge in primary
frequency trending analysis and MW size estimation are
discussed. The analysis, as well as validation, takes advantage
of the FNET/GridEye’s historical field data collected by its
synchronized measurement network. While the examples
provided in this paper are from the Eastern Interconnection, the
methods and conclusions can be general for other large-scale
power interconnections as well.

The rest of the paper is organized as follows: section II
introduces the FNET/GridEye system and data preprocessing
procedures. Section III discusses factors that have a significant
impact on the estimation of primary frequency response f5.
Section IV gives examples of how the acquired knowledge
about these factors can be applied to f trending analysis and
event MW estimation for improved accuracy and consistency.
Section V concludes the paper.

II. FNET/GRIDEYE AND DATA PREPROCESSING
A. Introduction to FNET/GridEye

FNET is a wide-area monitoring system deployed at
distribution-level networks. Its sensors are single-phase PMUs
designed for plug-in installation at 120 V or 220 V outlets in
ordinary homes and offices. The synchronized phasor
measurements are sent back to data centers at the University of
Tennessee and the Oak Ridge National Laboratory through
internet connections. There are currently about 200 sensors
deployed in the United States and Canada and about 80 sensors
in major power grids around the world. Fig. 1 shows the current
deployment of FNET/GridEye synchronized sensors in North

B. Data Preprocessing

Data preprocessing is a critical step before the measurement
from the field can be used for analysis. First, the data should be
properly treated for measurement noise and data loss as a result
of communication uncertainties at the time of collection. Low-
pass filters, interpolations, and curve fitting methods are
commonly used by researchers to mitigate the impact of noise
and data incompleteness [21], [22]. Then, in large-scale power
interconnections, the inhomogeneity in frequency dynamics
over vast geographical areas should be accounted for in the
analysis. In this study, a sufficient quantity of FNET/GridEye
sensors allows the use of the median filter to greatly reduce the
impact of measurement error and to present near-inertia-center
frequency dynamics. The median frequency filter accomplishes
this by taking the median value of frequency measurements
reported from all sensors at every sampling step as the
representative frequency of the interconnection.
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Figure 1. Deployment of FNET/GridEye sensors in North America

FNET/GridEye enabled a variety of applications, including
real-time visualization, event triangulation, islanding alert,
damping control, and large-scale power system model
validation [10-20]. In this study, the raw, timestamped
frequency measurement data from the sensors in the Eastern
Interconnection are used for analysis and validation.
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Figure 2 Regional frequency dynamics and median frequency

The disturbance event shown in Fig. 2 is an example of
frequency inhomogeneity in large-scale power interconnections
and how the median filter helps mitigate the impact of noise and
oscillations. The regional frequency decline started instantly at
the commencement of the disturbance, and then nearby regions
followed. There was a significant amount of oscillation in states
near the fault location. The noise and oscillations can
significantly influence the observation of frequency dynamics
on the interconnection level if only a limited number are
available in confined areas. The coverage of FNET/GridEye
sensors enables effective mitigation of these signal
components, as shown by the black bold curve in Fig. 2. The
median frequency curve will be used in the following text for
analysis of the interconnection-level primary frequency
response.

III. ANALYSIS OF FACTORS IMPACTING THE OBSERVED PRIMARY
FREQUENCY RESPONSE

Unlike the inertial response, which is instant and mostly
uniform to all events, the primary frequency response can be
more complicated due to the existence of numerous governors
that controls the generators’ response to frequency deviations.
Governors are often configured with frequency dead bands to
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avoid unnecessary actions to frequently speed up or slow down
generation in response to small perturbations [1].

Fig. 3 shows the two most common types of dead band
configurations, the continuous output dead band, and the step
output dead band.

AP AP

DB, ~

(a) (b)

(a) Non-step output dead band (b) Step output dead band

Figure 3 Illustration of governor dead bands

In Eastern Interconnection, most of the generator units are
configured with dead bands within the + 36 mHz limits as
recommended by the NERC standard [1]. While typically
traditional coal plants are configured near 59.964 Hz, a large
number of gas-fired units commissioned in recent years are
configured with dead bands from 10 mHz to 17 mHz.
Considering the distribution of governor dead bands in the
interconnection, the primary frequency response to a
disturbance event may vary widely depending on how the event
interacts with these dead bands.

An intuitive expectation is the higher the pre-disturbance
frequency is, the larger the frequency deviation becomes. This
is because less primary frequency response from governors is
engaged in the early stage of the frequency decline as it is within
a large portion of governors’ dead bands. This leads to a lower
exhibition of the primary frequency response. In contrast, the
lower the pre-disturbance frequency is, the smaller the
frequency deviation will be since the governors are activated
early on, leading to a stronger exhibition of primary frequency
response.
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Figure 4 Plot of 8 against pre-disturbance frequency and MW size

The two plots in Fig. 4 are scatter plots of § against pre-
disturbance frequency and f against event MW size. It is
clearly shown that there is a negative correlation between the
and pre-disturbance frequency, and a positive correlation
between # and MW size. The correlation between £ and f,;..,
MW can be quantified with polynomial curve-fitting:
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B=po  MW?+p;-MW - fore + D3 - MW + 3+ fore + s (1)

where p, = —166.1, p; = —130.2, p, = 450.5, p; = —432.7,
ps = 2321, and the pre-disturbance frequency and the MW size are
normalized with their average values and standard deviations:

foreo = Ufyreo MW,y — tiyw,

TMw,

f%;re: , MW =

prreo (2)
The normalization parameters are: pr . = 60, of, = 0.01315,
Umw, = 875, omw, = 260.1. Equation (1) represents the curved
surface that is fitted to the event data points, as shown in Fig. 5 (viewed
from two angles).
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Figure 5 Fitting for § against f,,., and MW

The correlation coefficient of the fitting between [ and
fores MW was as high as 0.831, which indicates that the pre-
disturbance frequency and the event MW size are indeed two
significant factors that impact the primary frequency response
a disturbance event receives.

IV. APPLICATIONS AND VALIDATIONS

The knowledge about the strong correlation between 8 and
fpre» MW has the potential for applications in various scenarios.
In this paper, its application to beta trending analysis and online
event MW estimation are discussed.

A. Improved Primary Frequency Response Trending Studies

The authors propose that the strength of primary frequency
response, as observed through disturbance events, is contingent
on the event’s pre-disturbance frequency and MW size.

If so, these factors will have a significant impact on the
effective and consistent evaluation of 8. To demonstrate this, a
year’s worth of generation trip events are used as a group for
calculation of the yearly  with least-square error estimates:

B = (AFTAF)~1- AFT - MW
AF = [AfllAfZI ""Afn]T = [AfllAfZ! ""Afn]T
MW = [MW,, MW,, ..., MW, ]T

3

where AF is the vector composed of frequency deviation
magnitudes and MW the active power mismatch caused by the
disturbances.

Fig. 6 (a) shows the MW — Af plot for the generation trip
events in the year 2019. The blue dots represent individual
generation trip events, and the red solid line is the yearly 8
obtained with the least-square fitting method in (3).

It is noted that the events are widely scattered on the MW —
Af plane with a maximum individual § of 5164 MW/0.1Hz
and a minimum individual § of 1097 MW/0.1Hz. Such a high
degree of scatteredness undermines the credibility of the yearly
B obtained. With the knowledge of how the event specifications

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE LIBRARIES. Downloaded on April 19,2024 at 13:11:01 UTC from IEEE Xplore. Restrictions apply.



affect the exhibition of primary frequency response, event
filters can be applied to select specific events for a more
consistent comparison of [ values across the years. For
example, Fig. 6 (b) is the MWW — Af plot of the 2019 events
after being filtered with 59.995 Hz < f,,, < 60.005 Hz and
MW > 850.
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Figure 6 MW — Af plot of generation trip events in year 2019

It is noted that the remaining events are concentrated around
the least-square fitting curve. The correlation coefficient
between MW and Af improved to 0.822 (very strong
correlation) from 0.467 (moderate-weak correlation). Table I
includes critical statistics of the primary frequency response [
before and after the application of the event filter.

TABLE [ STATISTICS OF ﬁ BEFORE AND AFTER THE EVENT FILTER

Event Correlation

Filter coefficient B | Bumax | Bin Std
Before 0.467 1991 | 5164 1097 | 952.51
After 0.822 2541 | 2938 | 1933 | 360.97

The improvement in correlation coefficient, the narrowed
range between 4, and Sin , and the reduced standard
deviation indicate the effectiveness of the event filter
successfully mitigating the impact of these factors on the
observed primary frequency response. Applying such filters to
all evaluation periods will yield a more consistent and fair
comparison of primary frequency response across the years.
Such a technique will be used in our future studies to complete
an effective decade-long evaluation of the trends in primary
frequency response in the Eastern Interconnection.

B. Improved MW estimation

Now that the pre-disturbance frequency is recognized as one
of the most significant factors that impact the exhibition of the
primary frequency response, it should be considered in the MW
estimation process when a disturbance hits the disturbance alert
system. In this study, we take the event data in 2018 — 2019 for
calibration of the parameters, and the events in 2020-2021 for
validation of the improved MW estimation method.

Similar to (1), the relationship between the expected # and
pre-disturbance frequency f,,. can be obtained through curve
fitting with generation trip events that happened in 2018 and
2019:

B =—-5649f +2186

pre

Q)
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where the pre-disturbance frequency f,. is normalized with its
mean of 60, and standard deviations of 0.01315.

In this study, generation trip events in year 2020 and 2021
are used for validation of the MW estimation performance. The
estimated MW size is calculated with the § corrected with f,

MW = ﬁ(fpre) “Af ()

Statistics of the MW estimations of events in 2020 and 2021 are
shown in Table II.

TABLE I ERROR OF MW ESTIMATION WITH AND WITHOUT f;,., CORRECTION

B correction Average |MW error| |MW error| Std
Before 264.0 167.7
After 189.5 130.6

Improvement 28.2% 22.1%

Both the average and the spread of the MW estimation
improved significantly with the simple correction added to the
expected primary frequency response §. It is noted that most of
the disturbances have pre-disturbance frequencies close to 60
Hz. However, the benefit of the f,,.-based correction to B is
most evident in events starting from unusually high or low
frequencies.

For example, the event shown in Fig. 7 is a generation trip
that happened in Ohio, USA on February 5, 2020 with a size of
857 MW. The event started with a pre-disturbance frequency of
59.986 Hz, which is 14 mHz below the nominal operating
frequency. Table Il compares the estimated § and MW, as
well as the error before and after the application of 8 correction
with fyre.
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Figure 7 Example event with a low pre-disturbance frequency

TABLE III COMPARISON OF MW ESTIMATES BEFORE AND AFTER B

CORRECTION
B Correction B (MW/0.1Hz) Mw Error
Before 2186 699 -158 MW
After 2787 892 35 MW

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE LIBRARIES. Downloaded on April 19,2024 at 13:11:01 UTC from IEEE Xplore. Restrictions apply.



Accounting for the impact of the low pre-disturbance
frequency on the exhibition of the primary frequency response
of the system, the primary frequency response estimate was
leveled up by about 601 MW/0.1 Hz, from 2186 MW/0.1Hz to
2787 MW/0.1Hz. The MW size estimate has improved
significantly with an absolute error of 35 MW, compared to 158
MW before the correction was made to .

V. CONCLUSIONS

Pre-disturbance frequency and MW size are identified in
this paper as two major factors that impact the evaluation of the
primary frequency response using generation trip event data.
The strong correlation between the exhibited strength of
primary frequency response () and pre-disturbance frequency
and MW size has been presented and the correlation was
characterized quantitatively through curve-fitting techniques.
Example applications of such knowledge are introduced. This
includes screening disturbance events used in primary
frequency trending studies for a fair and consistent comparison
across the years, as well as improving the event MW size
estimation by taking into account the impact of pre-disturbance
frequency on the exhibited primary frequency response. Both
applications are validated with field measurements in the
Eastern Interconnection, collected by the FNET/GridEye
system that oversees all major interconnections in North
America.

In future works, the event filter based on the pre-disturbance
frequency and MW size will be applied in a decade-long
trending analysis of the primary frequency response in the
Eastern Interconnection. In addition, the MW estimation can be
further improved by incorporating season-specific f
corrections and iterative MW estimate optimization techniques.
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