PNNL-35769

o

Pacific
Northwest

AAAAAAAAAAAAAAAAAA

Eastern Interconnection
Wide-Area Oscillation
Assessment and Study
Report

December 2023

X. Fan,
U. Agrawal*
J. Follum
R. Huang*
Y. Chen
Z. Huang*

EEEEEEEEEEEE



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor Battelle Memorial Institute, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof, or Battelle Memorial
Institute. The views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency thereof.

PACIFIC NORTHWEST NATIONAL LABORATORY
operated by
BATTELLE
for the
UNITED STATES DEPARTMENT OF ENERGY
under Contract DE-AC05-76RL01830

Printed in the United States of America

Available to DOE and DOE contractors from
the Office of Scientific and Technical Information,
P.O. Box 62, Oak Ridge, TN 37831-0062
www.osti.gov
ph: (865) 576-8401
fox: (865) 576-5728
email: reports@osti.gov

Available to the public from the National Technical Information Service
5301 Shawnee Rd., Alexandria, VA 22312
ph: (800) 553-NTIS (6847)
or (703) 605-6000

email: info@ntis.gov
Online ordering: http://www.ntis.gov


http://www.osti.gov/
mailto:reports@osti.gov
mailto:info@ntis.gov
http://www.ntis.gov/

PNNL-35769

Eastern Interconnection Wide-Area
Oscillation Assessment and Study
Report

December 2023

X. Fan,

U. Agrawal*
J. Follum

R. Huang*
Y. Chen

Z. Huang*

Prepared for
the U.S. Department of Energy
under Contract DE-AC05-76RL01830

Pacific Northwest National Laboratory
Richland, Washington 99352

*U Agrawal and R Huang and Z Huang were with PNNL when they contributed to this report



PNNL-35769



Executive Summary

To meet the government mandates such as Renewable Portfolio Standards (RPS), conventional
synchronous generators with rotating mass are being displaced by inverter-based resources (IBRS),
leading to high penetration of renewable energy sources (RES). As a result, the inherent properties and
characteristics of the transformed generation mix may significantly impact the grid behaviour, and it is of
paramount significance that the impact and the consequences of the resource mix change is thoroughly
understood to adopt measures to maintain reliable grid operations. Of great concern is the inter-area low-
frequency oscillation, which usually propagates through a large region and has a system-wide impact.
Such oscillations may lead to unnecessary or inadvertent tripping of generators, that may be simply
reacting to the oscillation originating from geographically remote sites. Such tripping of generators can
lead to cascading outages, system split and load loss events. Over the years, several system-wide

oscillation events have been observed across all three North American interconnections.

This project titled Wide-area Oscillation Assessment and Trending Study, sponsored by the Office of
Electricity (OE) of the Department of Energy (DOE), aims to conduct the required research to capture and
investigate the potential changes in wide-area oscillatory performance of the system as a result of
resource mix transition. The Pacific Northwest National Laboratory (PNNL) conducted this research and
technical staff of Federal Energy Regulatory Commission (FERC) served as advisors to the project. The
primary objective of this study is to assess whether there are significant trends in the power system wide-
area oscillatory behaviours, as a result of the generation-mix changes due to the increased penetration of
RES in the U.S. Eastern Interconnection (EI). The analysis presented in this report can serve as reference

for future grid planning and operation of the EI system.

This research conducted in this project evaluates the wide-area oscillatory behaviour of the El, using a
model-based approach for potential future resource mixes, and the measurement-based analysis with 21-
month phasor measurement unit (PMU) time series. The oscillation modes in El system along with the
impact of the changes of the generation mix on the frequency and damping ratio (DR) of the oscillations

have been studied.
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1.0 Introduction

This report presents a model-based oscillation analysis methodology for U.S. Eastern Interconnection,
which can potentially guide future grid planning and operation with high penetration of RES; in addition,
the results of measurement-based analysis with 21-month phasor measurement unit (PMU) time series are
also presented. The two methods provide a set of complimentary tools and procedures for future

oscillation assessment and analysis.

The electric power grid evolves at an accelerated pace with a significant new mix of generation, including
solar, wind, geothermal, and consumption such as energy storage, smart loads, and power electronics-
based devices. New uncertainties and dynamics they bring in have significant impact on the grid
behaviours, and these challenges are reshaping the grid landscape; there are technology gaps to reliably
maintain superior performance of the full spectrum of generation fleet while transitioning into the new
era. Of great concern is the inter-area low-frequency oscillation that usually propagates through a large
region and has a system-wide impact. Such oscillations may lead to unnecessary or inadvertent tripping of
generators that may be simply reacting to the oscillation originating from geographically remote sites.
Such tripping of generators can lead to cascading outages, system split, and load loss events. In recent
years, several system-wide oscillation events have been observed across all three North American

interconnections.

Comparing to Western Interconnection (WI) and Texas Interconnection, U.S. Eastern Interconnection
(E) traditionally didn’t experience oscillation issues until recently, and therefore limited work has been
done to study the properties of the wide-area low frequency oscillation of the El system. Some of the
previous studies focused on the identification of El oscillation modes through PMU data for historical
events, i.e., 2008 Florida oscillation event (Vanfretti & Chow, 2010), and additional six real-world events
(Yuan et al., 2010). Following similar procedure, in (NERC, 2019), three El system modes were
estimated based on seven events that occurred in 2016 and 2017, they are identified in the range of 0.16-
0.22 Hz, 0.29-0.32 Hz, and 0.23-0.24Hz. Based on these studies performed so far using real-world data, it
is observed that the EI modes have generally been well damped, with a very complex mode shapes as

compared to that of the other interconnections.

However, the information obtained from these studies have been limited due to the availability of PMU
measurements and observability of modes at the location of the PMUs. Also, EI system is much larger
than the other interconnection system, i.e., WI; as a result, a single event cannot excite modes throughout

the system, therefore, using measurement-based approaches can only provide limited information on the



properties of these interarea modes, such as mode-shape. To develop a systematic process for wide-area
oscillation study, in this report, we first developed methodology to perform model-based modal analysis
for a large system, such as an EI. We performed modal analysis for the EI base-case using the developed
methodology to understand the El system oscillatory behavior, and then performed modal analysis using
the use-cases created for oscillation trend assessment for the El system to study the impact of increasing

inverter-based renewable penetration level on system modes.

Last but not least, the results of measurement-based analysis with 21-month phasor measurement unit
(PMU) time series are also presented, and the combined process can better assist the grid planner and

operators with such complementary model-based and measurement-based tools.

2.0 Model-Based Oscillation Assessment for El Base Case

Several states throughout the United States have established Renewable Portfolio Standard (RPS)
mandates to promote clean and sustainable energy sources. Achieving these RPS mandates will require
replacing traditional synchronous machines with inverter-based RES generation. Such shift in the
generation mix will have a significant impact on system behavior including natural oscillations.
Oscillations are inherent in power systems, traditionally because of their electro-mechanical nature rooted
in the synchronous generator's rotating mass. These oscillations can either involve generations in close
area oscillating against each other (local oscillations resulting from local modes), or generators in
different areas oscillating against each other (inter-area oscillations resulting from inter-area modes). The
system oscillatory behavior is largely determined by system topology and stress. A system having large
power transfer through weakly connected transmission lines is more likely to be vulnerable to system
events and prone to unstable oscillations. Synchronous machines replaced by inverter-based generation
sources will result in changes to the system topology and other grid properties, such as system inertia
which are usually associated with the synchronous machines. These changes in topology and inertia will
further result in changes to the system’s oscillatory behavior. It is of critical significance to fully

understand the impact of these changes to maintain reliable power systems operations.

In this section, a thorough model-based assessment of the changes in the El system oscillatory behavior
caused by a change in the generation mix is discussed. This change in the generation-mix represents a
future scenario, in which many of the existing synchronous generators will be replaced by fully inverter-
based RES. Therefore, for this analysis, traditional synchronous machines were replaced by fully

converter-based generation, representing inverter-based wind and solar generation sources, in various



proportions to analyze the impact on system oscillations. Several scenarios were considered for this
assessment. Details of the model, methodology, and results are discussed next.

2.1 Literature Review

Power system oscillations are inherent to a power system, owing to the system’s electromechanical nature
such that synchronous machines continuously interact among each other. Most of the times, systems
exhibit stable oscillatory behavior, and these oscillations damp out quickly in a few AC cycles (one cycle
is one sixtieth second). However, under rare circumstances, system oscillations can become unstable
resulting in wide-area system outages, as was observed during 1996 WECC blackout (Kosterev et al.,
1999). A thorough understanding of system oscillatory behavior is key to avoiding such situations and

maintaining reliable system operations.

Low frequency oscillations have been an issue in the WI system for decades, and therefore the properties
of the inter-area modes of the W1 system have been thoroughly studied, using both model- and
measurement-based approaches. However, unlike the WI system, oscillations were not much of an issue
for the EI system until recently, and therefore limited work has been done to study the properties of the

low frequency oscillations of the EI system.

Some of the studies carried out to understand the oscillatory behavior of the El system can be found in
(Vanfretti & Chow, 2010), (Yuan et al., 2010), (Liu et al., 2014) and (NERC, 2019). In (Vanfretti &
Chow, 2010), two EI modes were identified through PMU data for 2008 Florida oscillation event having
frequencies of 0.22Hz and 0.49 Hz and damping ratio of 15.975% and with 8.6% respectively. For 0.22
Hz mode, it was observed that the North part of the system was oscillating against south part of the
system. The mode-shape for the second mode could not be identified. This study concluded that the
modes of El were well damped. In (Yuan et al., 2010), six real-world disturbances that happened in 2008
and 2009 were evaluated. The results showed that the dominant inter-area mode of the El system having a
frequency of 0.20- 0.24 Hz was observed in the Northwest (NW), North-East (NE) and South of the El
system with two regions oscillating against one. This study also claimed that modes in the EI system are
well damped. In (Liu et al., 2014), all the wind generators in the EI were classified into four groups,
including NW, NE, South and all remaining ones as the fourth group. The system oscillatory behaviors
among NW, NE and South were clearly presented in the simulated generation tripping events, but no
further details were provided on those modes and related damping information. In (NERC, 2019), system
modes were estimated based on seven events that occurred in 2016 and 2017; two modes that were

regularly excited in these events were identified.



Based on the report, three system modes were identified:

Mode 1: (0.16-0.22 Hz) the two major regions are the North and South portions of the El, primarily in the
South Atlantic regions against the North-East regions.

Mode 2: (0.29-0.32 Hz) same North to South regions as mode 1 with some interactions between the
Eastern and Western portions of the EI.

Mode 3: (0.23-0.24 Hz) interaction between three regions between the Midwest, South Atlantic, and New

England regions.

From these several studies that have been performed so far using real-world data, it is observed that the EI
modes generally have been well damped, with a very complex mode shapes as compared to that of the
other interconnections. However, the information obtained from these studies have been limited due to the
availability of PMU measurements and observability of modes at the location of the PMUs. Also, as El
system is much larger than the other interconnection system, such as WECC, a single event cannot excite
modes throughout the system, and using measurement-based approaches can only provide limited
information on the properties of these interarea modes, such as mode-shape. Therefore, in the following
sections, we first developed methodology to perform model-based modal analysis for a large system, such
as the EI. We performed modal analysis for the base-case using the developed methodology to understand
the EI system oscillatory behavior, and then performed modal analysis using the use-cases created for
oscillation trend assessment for the El system to study the impact of increasing inverter-based RES

penetration level on system modes.

2.2 Description of the El model

The model-based wide-area oscillation assessment was carried out using a 2019 EI power flow model
consisting of 80,000+ buses, developed by Multi-regional Modeling Working Group (MMWG) under El
Reliability Assessment Group (ERAG). The 2018 heavy summer (HS) case has a RES penetration level
of ~2.2% with a total system inertia of 3188 GW-s and total system load of ~649 GW. In the base-case
provided to us, the EI system was divided into 134 planning areas. However, for the convenience of
performing modal analysis, we divided the El system into 16 evaluation areas based on their geographical
location, as shown in Figure 2-1. As a result, the area-wise generation mix and their inertia for the base

case are provided in Figure 2-2.



Figure 2-1. EI system divided into 16 areas for oscillation trend assessment.
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Figure 2-2. Area-wise generation mix for the base-case.



2.3 Methodology

In this report, oscillation assessment was carried out to identify the trends observed in the system modes
for different renewable penetration levels. This subsection will provide a description of methodology used
for this analysis.

System oscillatory behavior is determined by system modes, which are given by eigenvalues of system
state matrix,
/11' = 0j +](J)l (2-1)

where oi represents damping coefficient and w; denotes frequency (in rad/sec) of the i" system mode.

Damping ratio, ;, given by

g = — (2-2)

provides a measure of the small-signal stability margin of a system. These mode estimates can be obtained
by using either a model-based or measurement-based approach. For a large system, a model-based approach
can be computationally exhaustive; therefore, a measurement-based approach was used for this analysis to
estimate system modes. Measurements required for modal analysis were obtained by running dynamic
simulations with a transient event to excite system modes. Generator speed deviations at several buses from

all areas were used for modal analysis.
Signal Preprocessing

In power systems, the frequency of system modes lies between 0.1 to 2 Hz. Therefore, for modal analysis,
the signals are preprocessed to extract signal content in this frequency range (Pierre, Trudnowski, &
Donnelly, 1997). The signal is first filtered through a low-pass filter and then down-sampled to obtain a
sampling rate of five samples per second. The decimated signal is then filtered through a high-pass filter
to remove content at frequency ranges lower than 0.1 Hz. This preprocessed signal is then used for modal

analysis.
Estimation of System Modes and Mode Shapes

In this report, system modes were estimated using the multichannel Prony method, the details of which
can be found in (Trudnowski, Johnson, & Hauer, 1999). Frequency measurements from multiple channels
were used simultaneously to obtain system mode estimates. Once system modes were estimated, the
shapes of these modes were estimated to identify the set of generators oscillating against each other using

the approach described in (Hauer, Demeure, & Scharf, 1990).



Validation of Mode Estimates and Selection of Model Order

As described in (Agrawal & Pierre, 2019), estimating system modes is not enough until these estimates
are also validated. The mode estimates obtained using the multichannel Prony method were validated by
comparing the pre-processed signal with the signal reconstructed using mode estimates. Based on the
validation of mode estimates, model order was selected for estimating system modes. An example of
model order selection by validating mode estimates is shown in Figure 2-3. In this example, model order

= 26 was selected for estimating system modes.
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Figure 2-3. Validation of mode estimates by comparing pre-processed signal with reconstructed signal.
Model order = 22 (left) and model order (selected) = 26 (right).

2.4 Modal analysis of the Base-case

With increase of renewable integration and changing operating conditions, it has become increasingly
important to have a thorough understanding of the properties of the inter-area modes of the El system to
ensure reliable system operations. This subsection provides a description of the properties of the inter-

area modes of the EI system using the 2019 HS base-case developed by MMWG.

As the EI system is quite large, 3-phase bus faults were introduced, for a duration of 0.06 seconds,
simultaneously at multiple locations, as shown in Figure 2-4, to generate simulated data. The locations
were selected such that the generators across several areas of the El system interacted among each other
and resulted in good observability of the modes throughout the system. For this, a 345 kV high-voltage
bus located at the central part of the EI and connected to several lines having a total power transfer of
more than 2000 MW was selected. The other fault locations were then selected around the central part of
the EI and the buses at these locations were selected based on their voltage rating (>345 kV) and large
power transfer. Also, for identifying the mode shape of system mode estimates, the EI system was divided

into a total of sixteen areas based on their geographical location as mentioned earlier.



The generator speed deviation data, shown in Figure 2-5, were used for estimating system modes. These
simulated data were generated at a sampling rate of 500 samples/sec and were then down-sampled to 5
samples/sec as described in (Pierre, Trudnowski, & Donnelly, 1997). The multi-channel Prony method
was then used to obtain estimates of modes and mode-shapes. A total of 15 channels of simulated data
were chosen in each area that had the highest root-mean square energy. The average goodness of fit error
metric for all channels was less than 1% validating the estimates of modes and mode-shape for each
channel. Each of these modes has their own unique characteristics of frequency and mode shapes as
provided in Table 2-1. The mode-shapes are shown for each inter-area mode in Figure 2-6 through Figure
2-12 using a compass plot and a geographic representation of the El to show the interactions. In the
mode-shape plots using EI map, the area within white-colored circle oscillates against the areas within the
red-colored circle. Also, the estimates of first three modes and their mode-shapes match with the
estimates described in (NERC, 2019), which were based on real-world disturbances, validating our
analysis results.

12 <10°

107

o 5 10 Time (Sec) 15 20 25
Figure 2-5. Generator speed deviation data selected for modal analysis.



Table 2-1. Inter-area mode estimates observed in the simulated data for the EI system.

Mode No. Frequency (Hz) | Damping-ratio(%)

1 0.159 30.964
2 0.21 29.68
3 0.305 20.012
4 0.407 12.214
5 0.528 12.301
6 0.571 9.04

7 0.717 8.21

To be more specific, some observations made for each mode are as follows:

1. 0.159 Hz mode: For this mode, North-East (NE), New England (NEng), New York (NY) and Mid-
East (ME) areas, defined in this report, oscillated against the rest of the EI system as shown in
Figure 2-6. It was observed that NEng and NE areas have high observability (having normalized
amplitude more than 0.75) for this mode, while the observability was good in NY, ME, North-West
(NW), Florida (FL), SOCO, South-West (SW), South (S), SPS, Mid-West (MW), IESO, Mid-North
(MN), and Tennessee (TE) (having normalized amplitude more than 0.2).

Mode-1: Frequency- 0.159 Hz and Damping ratio- 30.964%
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Figure 2-6. Mode shape for 0.159 Hz mode using a. compass plot (left) b. geographical
representation of the El (right).



2. 0.21 Hz mode: The mode-shape for 0.21 Hz mode was similar to that of 0.159 Hz mode except that
South-Eastern part of the El, that includes FL, SOCO, and Carolinas areas, oscillated with North-
Eastern part against the rest of the system as shown in Figure 2-7. The mode has high observability
throughout the EI system across several areas, such as FL, SOCO, NEng, NE, MN, MW, IESO, NW,
and SPS.

Mode-2: Frequency- 0.21 Hz and Damping ratio- 29.68%
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Figure 2-7. Mode shape for 0.21 Hz mode using a) compass plot (left) b) geographical
representation of the EI system (right).

3. 0.305 Hz mode: For this mode, the North-Eastern part of the El system oscillated with the South-
Western part against the rest of the system as shown in Figure 2-8. It can be seen that NE, Neng, and
SPS have high observability, while other areas, such as SW, S, MW, NW, MN, IESO, and Central
areas have good observability.

Mode-3: Frequency- 0.305 Hz and Damping ratio- 20.012%
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Figure 2-8. Mode shape for 0.305 Hz mode using a. compass plot (left) b. geographical
representation of the El (right).
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4. 0.407 Hz mode: This mode has a complex mode-shape, as shown in Figure 2-9, with NEng and NE
oscillating against NY and ME. It can be seen that NE have the highest observability, while other
areas, such as SOCO, NEng, Carolinas, ME, NY, and SPS have good observability.

Mode-4: Frequency- 0.407 Hz and Damping ratio- 12.214%
@

—North-East

—S0C0

4, | Tennesse
—Mid-West

o
—Mid-North
0 Central
NewEngland
— Carolinas
Florida

IESO
North-West
—Mid-East
" —NewYork
—South
—South-West
—SPS

Figure 2-9. Mode shape for 0.407 Hz mode using a. compass plot (left) b. geographical
representation of the El (right).

5. Other modes: Other three modes having frequencies of 0.528 Hz, 0.571 Hz, and 0.717 Hz have
complex mode-shapes as shown in Figure 2-10, Figure 2-11, and Figure 2-12, respectively. For
mode-5, NE has the highest observability as shown in Figure 2-10; for mode-6, Carolinas has the
highest observability as shown in Figure 2-11; for mode-7, NY has the highest observability as

shown in Figure 2-12.

Mode-5: Frequency- 0.528 Hz and Damping ratio- 12.301%
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Figure 2-10. Mode shape for 0.528 Hz mode using a. compass plot (left) b. geographical representation
of the El (right).
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Mode-6: Frequency- 0.571 Hz and Damping ratio- 9.04%
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Figure 2-11. Mode shape for 0.571 Hz mode using a. compass plot (left) b. geographical representation
of the El (right).

Mode-7: Frequency- 0.717 Hz and Damping ratio- 8.21%
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Figure 2-12. Mode shape for 0.717 Hz mode using a. compass plot (left) b. geographical representation
of the EI (right).
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3.0 High-RES Penetration Simulation Scenarios for El

In this study, several scenarios were analyzed to identify trends associated with the impact of increased
RES penetration level on system modes of the EI system. These scenarios were designed based on the
RPS, and their implementations by several states in the El and the areas that heavily participated in the
system oscillatory behavior shown in the previous section. A total of three scenarios were analyzed. In
each scenario, a group of generators in one or more areas was selected and replaced by fully inverter-
based generation sources representing inverter-based solar and wind generation sources. A detailed

description of each simulation scenario is discussed next.

3.1 Increase of RES Penetration in North-Eastern Part of the El

System- Scenario S1
In this scenario, synchronous generators were replaced by RES sources simultaneously in the North-

Eastern part of the EI system, which is shown as red circle in Figure 3-1 includes NE, NY and NEng

areas.

To be more specific, coal-based generation was replaced first, followed by natural gas, nuclear, and
others. Generation based on clean sources of energy such as hydro and geothermal were not replaced.
Figure 3-2 provides information on area-wise and systemwide RES penetration levels for different cases,
and Figure 3-3 provides system-inertia for different renewable penetration level. In Figure 3-2 and from
here onward, unless otherwise specified, case 0 refers to the base case having a systemwide RES
penetration level of ~2.2%. The total RES penetration level in the three selected areas was increased to
70% in case 7. Power flow, system load, and generation dispatch remained the same for all cases.

Figure 3-1. Renewable penetration level was increased in the areas within the red circle for
Scenario S1.
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Figure 3-2. % RES penetration in selected areas and total system for different cases in Scenario S1.
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Figure 3-3. Total system inertia as a function of % RES penetration in selected areas in Scenario
S1.

3.2 Increase of RES Penetration in Florida Only — Scenario S2
In this scenario, synchronous generators were replaced by RES in Florida area as shown in Figure 3-4.

Figure 3-5 provides information on area-wise and systemwide RES penetration levels for different cases
and Figure 3-6 provides system-inertia for different renewable penetration level. The total RES

penetration level in Florida was increased to 70% in case 7.
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Figure 3-4. Renewable penetration level was increased in Florida in Scenario S2.
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Figure 3-5. % RES penetration in Florida and total system for different cases in Scenario S2.
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Figure 3-6. Total system inertia as a function of % RES penetration in Florida in Scenario S2.
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3.3 Increase of RES Penetration Level in Eight Areas — Scenario S3
In this scenario, synchronous generators were replaced by RES in eight areas shown in Figure 3-7. The

RES penetration level in all areas was increased by 10% for each consecutive case with a total RES
penetration level of 60% in case 6 for all areas except Mid-North. When RES penetration in Mid-North
was increased to 50%, high frequency oscillations were observed at several generators, shown in Figure
3-8, including several small hydro generators and synchronous condensers. These oscillations persisted
even after changing the group of generators that were replaced in 50% RES penetration case. Therefore,
the RES penetration level in Mid-North area was limited to 40% while increasing in the other 7 areas in
S3. Figure 3-9 shows the renewable generation in each of the eight areas and the total system, and Figure

3-10 shows area-wise and total system-inertia for call cases in this scenario.

MNew York
New-England
MNorth-East
Florida
Mid-North
Mid-East
Mid-West

Carolinas

Figure 3-7. Renewable penetration level increased in the selected eight areas for Scenario S3.
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3200 3400 3600 3800 4000 4200 4400

Figure 3-8. High frequency oscillations in the Mid-North area caused by increased renewable
penetration level beyond 40% in this region.

16



30 200000

180000
25 160000 =
wv
w
= 20 140000 =
S 120000 §
z 15 100000 @
2 80000 &
> 10 (0]
v 60000 @0
s 2
5 40000
20000
0 C — ® 0
2 10 20 30 40 49 58
% RES in selected 8 areas
—@— %System-wide RES ~ em@== Mid-East @=@==Mid-North Mid-West
Carolina ==@== Florida e=@== NewEngland =@ NewYork
@@= North-East —@— System-wide RES

Figure 3-9. RES generation in selected areas and total system for all cases in Scenario S3.
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Figure 3-10. System inertia in selected areas and total system for all the cases in Scenario S3.

3.4 Results and Discussion

The Siemens PSSE software was used to perform transient dynamic simulations for all scenarios, and
generate data for performing oscillation assessment. For each simulation scenario, selected synchronous
machines were replaced by generic renewable plant machine, exciter, and governor model. The
parameters of these models were chosen from the existing generic renewable plant generator models in
the base-case. The simulated data were generated using the same methodology developed for the base-

case applying faults simultaneously at multiple locations. Generator speed deviation measurements from
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all areas were used for estimating system modes using the multichannel Prony method. The estimated
modes were then validated by comparing the preprocessed signal with the signal reconstructed using

mode estimates.

For the EI system, the oscillation assessment was performed for the 0.21 Hz, 0.305 and 0.407 Hz mode
identified in the base-case. Results obtained for several scenarios are discussed next for these three

oscillatory modes.

3.4.1 Oscillation Assessment of 0.21 Hz mode

Figure 3-11 and Figure 3-12 show and compare the results obtained for Scenarios S1 through S3 for
analyzing the impact of increased renewable penetration level on the 0.21 Hz mode.

Impact on frequency: As seen in Figure 3-11, in Scenario S1, the increase of the RES penetration level
in North-Eastern part of the El had little impact on the frequency of the 0.21 Hz mode, while increased
RES penetration level in Florida, corresponding to the Scenario S2, resulted in an increase in the
frequency of the 0.21 Hz mode even though the change in system-wide penetration level for both these
scenarios were close. In scenario S3, the trend observed in the frequency of the 0.21 Hz mode with
respect to the renewable penetration level in 8 areas were not consistent and also changes observed were
less than that for Scenario S2 even though the change in the system-wide penetration level in Scenario S3

was much higher as compared to the Scenario S2.

Impact on damping ratio (DR): In Scenarios S1 and S3, a decreasing trend was observed for the DR
with respect to an increase in the renewable penetration level, while the DR increased significantly in
scenario S2 as renewable penetration level increased in Florida as shown in Figure 3-12. In scenarios S1

and S3, the DR was still very high to be of any concern from stability perspective.

Impact on mode-shape: In Scenario S1, the mode-shape changed significantly as compared to that for
the base-case even though the impact seen in the frequency and the DR was little. In Scenario S2,
generators in several areas shown by upper color band are still oscillating against several areas shown by
lower color band indicating similarity with the mode-shape for the base-case. But some areas, such as

SOCO, is oscillating against Florida. Similar observations were made for Scenario S3.

Analyzing the results obtained for both frequency and DR for the three scenarios, it can be seen that the
increase of penetration level in Florida had significant impact on the 0.21 Hz mode as compared to the
other two scenarios with the mode becoming insignificant with very high damping ratio. Based on the

mode-shape plot obtained for this mode, it can be seen that the Florida has the highest observability for
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this mode as compared to other areas in which renewable penetration level was increased in the three
scenarios and should also have highest controllability based on the results obtained.
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Figure 3-11. Assessment of the impact of increased renewable penetration on the frequency of the
0.21 Hz mode for Scenarios S1 (top left), S2 (top right), and S3 (bottom).
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Figure 3-12 Assessment of the impact of increased renewable penetration on the damping ratio of
the 0.21 Hz mode for Scenarios S1 (top left), S2 (top right), and S3 (bottom).
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Case-0: Frequency 0.212 Hz and Damping ratio — 29.68%
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Figure 3-13. Assessment of the impact of increased renewable penetration on the mode shape of the
0.21 Hz mode for the base-case (top left), Scenarios S1 Case-6 (top right), S2 Case-6
(bottom left), and S3 Case-6 (bottom right).

3.4.2 Oscillation Assessment of 0.305 Hz mode

Figure 3-14 and Figure 3-15 show and compare the results obtained for Scenarios S1 through S3 for

analyzing the impact of increased renewable penetration level on the 0.305 Hz mode.

Impact on frequency: As seen in Figure 3-14, the increase of the RES penetration level in Scenarios S1

and S3 resulted in an increased frequency of the 0.305 Hz mode, while increased RES penetration level in

Florida in Scenario S2 resulted in very little impact on the frequency of the 0.305 Hz mode.

Impact on DR: In Scenario S1, increased RES penetration level overall resulted in an increasing trend

for the DR of the 0.305 Hz mode, while the impact was very little in the Scenario S2 as RES penetration

level was increased in Florida. In scenarios S3, the DR first increased and then decreased as the RES
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penetration was increased in selected 8 areas. However, the DR was still very high to be of any concern
from stability perspective for these considered scenarios.

Impact on mode-shape: In Scenario S1, generators in most areas shown by upper color band were still
oscillating against areas shown by lower color band indicating similarity with the mode-shape for the
base-case. There were some generators in the areas represented by the lower-color band, such as Mid-
East, that started oscillating with the generators in the areas represented by the upper color-band and vice-
versa, However, overall mode-shape did not change much with increased RES penetration level in S1.
The mode-shape was pretty much intact in the final case in Scenario S2 when compared with that for the
base-case, which is similar to the observations made in the frequency and DR trends. In Scenario S3, the
mode-shape was again similar to that for the base-case. There were some changes, for example, IESO
started oscillating with the generators in the areas represented by the upper color band and SPS has the

highest observability as compared to the North-East in the base-case.

Analyzing the results obtained for both frequency and DR for the three scenarios, it can be seen that the
increase of RES penetration level in Florida had very little impact on the 0.305 Hz mode as compared to
the other two scenarios. Based on the mode-shape plot for the 0.305 mode, it can be seen that the Florida
does not have high observability for this mode as compared to North-eastern most regions and also most
likely has low controllability based on the results obtained. Also, in Figure 2-8, it can be seen that the
generators in the areas in which the RES penetration level was increased in Scenario S1 and S3 has high
observability and possibly high controllability as well. Thus, the impact of the increased RES penetration

level on 0.305 Hz mode was significant for these two scenarios.

21



0.4
= 0.38 — 0.38
I
> 036 =036
c c
(] (0]
5 0.34 5 0.34
g g
T 0.32 T 0.32
o—o—o—0—0— 0
0.3 0.3
0 2 4 6 8 0 2 4 6
% RES system-wide % RES system-wide
0.4
= 0.38
=z
> 0.36
]
S 0.34
(o
o
£ 0.32
0.3
0 5 10 15 20 25 30

% RES system-wide

Figure 3-14. Assessment of the impact of increased renewable penetration on the frequency of the
0.305 Hz mode for Scenarios S1 (top left), S2 (top right), and S3 (bottom)
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Figure 3-15. Assessment of the impact of increased renewable penetration on the damping ratio of
the 0.305 Hz mode for Scenarios S1 (top left), S2 (top right), and S3 (bottom).
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Case-0: Frequency 0.305 Hz and Damping ratio — 20.0% S1 Case-6: Frequency 0.372 Hz and Damping ratio — 27.9%
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Figure 3-16. Assessment of the impact of increased renewable penetration on the mode shape of the
0.305 Hz mode for the base-case (top left), Scenarios S1 Case-6 (top right), S2 Case-6
(bottom left), and S3 Case-6 (bottom right).

3.4.3 Oscillation Assessment of 0.407 Hz mode

Figure 3-17 and Figure 3-18 show and compare the results obtained for Scenarios S1 through S3 for

analyzing the impact of increased renewable penetration level on the 0.407 Hz mode.

Impact on frequency: As seen in Figure 3-17, the increase of the RES penetration level in Scenarios S1
and S2 had very little impact on the frequency of the 0.407 Hz mode, while increased RES penetration

level in Scenario S3 resulted in an increasing trend for the frequency of the 0.407 Hz mode.

Impact on DR: In Scenario S2, increased RES penetration level in Scenario S1 did not result in a
consistent trend for the DR of the 0.407 Hz mode, while the impact was very little in the Scenarios S2 as

RES penetration level was increased in Florida. The trend observed for the DR of the 0.407 Hz mode is
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similar to that observed for 0.305 Hz mode. In scenarios S3, the DR first increased and then decreased as
the RES penetration was increased in selected 8 areas. However, the DR was still very high to be of any
concern from stability perspective.

Impact on mode-shape: In the final case in Scenario S1, generators in most areas shown by upper color
band were still oscillating against areas shown by lower color band indicating similarity with the mode-
shape for the base-case. There were some generators in the areas represented by the lower-color band,
such as New York, that started oscillating with the generators in the areas represented by the upper color-
band and vice-versa, However, overall mode-shape did not change much with increased RES penetration
level in S1. The mode-shape was similar in the final case in Scenario S2 to that for the base-case, which
matches with the observations made for the frequency and DR trends. In Scenario S3, generators in
several areas, such as Mid-West, South-West and South, started oscillating with the generators in the
areas represented by the upper color band, such as SPS and North-West, and generators in SPS had the

highest observability as compared to the North-East in the base-case.

Analyzing the results obtained for both frequency and DR for the three scenarios, it can be seen that the
increase of RES penetration level in Florida had very little impact on the 0.407 Hz mode as compared to
the other two scenarios similar to that for the 0.305 Hz mode. Based on the mode-shape plot for the 0.407
Hz mode, it can be seen that the generators in Florida does not have high observability for this mode as
compared to that in most of the North-eastern regions and most likely have low controllability based on
the results obtained.
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Figure 3-17. Assessment of the impact of increased renewable penetration on the frequency of the
0.407 Hz mode for Scenarios S1 (top left), S2 (top right), and S3 (bottom).
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Figure 3-18. Assessment of the impact of increased renewable penetration on the damping ratio of
the 0.407 Hz mode for Scenarios S1 (top left), S2 (top right), and S3 (bottom).
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Case-0: Frequency 0.407 Hz and Damping ratio — 15.95%
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S2 Case-6: Frequency 0.404 Hz and Damping ratio — 15.976%
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Figure 3-19. Assessment of the impact of increased renewable penetration on the mode shape of the
0.407 Hz mode for the base-case (top left), Scenarios S1 Case-6 (top right), S2 Case-6
(bottom left), and S3 Case-6 (bottom right).

3.5 High-RES Simulation Scenarios Summary

Based on the model assessment carried out to analyze the impact of increased RES penetration level on

three modes for three different scenarios, it was observed that this impact was dependent on the area in

which the generators were replaced in each scenario. For example, for 0.21 Hz mode, increased RES

penetration level in Florida had the highest impact while for the other two modes, increased RES

penetration level in Florida had almost no impact. Such observation may relate to the controllability of

generators in Florida for these three modes. For the mode in which generators in Florida has highest

controllability, the impact will be higher when generators are replaced in Florida, while if the generators

in Florida has low controllability, the impact will be lower when replacing synchronous generators in this

area.
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4.0 Measurement-Based Analysis

To provide validation for the model-based analyses described in the previous chapters, measurement-
based analyses were conducted using field-measured data from PMUs. These analyses led to the
identification of three dominant modes of oscillation in the El, the configuration of algorithms to estimate
their properties, and subsequent results spanning a time period of several months. At the time of their
generation, these results provided an unparalleled view of the EI’s dynamics. The results have since been
used in other U.S. Department of Energy (DOE) projects to establish online monitoring of the EI’s
modes, as reported in (Eto, et al., 2022) and (Follum, Nayak, & Eto, 2023). The work reported in this
chapter was summarized in (Follum, Becejac, & Huang, 2021).

4.1 PMU Dataset Description

As described in the introduction, the abovementioned measurement-based analyses of the EI’s modes of
oscillation were based on sets of grid disturbance recordings. The work presented here differs in that it
was based on PMU measurements collected over a 21-month period. This dataset, known as the National
PMU Dataset, was compiled by PNNL in support of the DOE’s Funding Opportunity Announcement
(FOA) 1861: Big Data Analysis of Synchrophasor Data. As described in (Banning, Follum, & Andersen,
2021), the synchrophasor measurements were gathered from entities across the United States and
compiled for analysis by the organizations awarded projects under the FOA. In an effort to expand the
dataset’s use, PNNL researchers were also granted access to the measurements to perform the analysis of

the EI modes presented here.

While extremely valuable, the National PMU Dataset presented three significant challenges. The most
significant challenge was that the data is anonymized to protect the confidentiality of the entities that
provided the measurements. The dataset contains no substation names or other topology information.
Though measurement locations are useful in identifying and interpreting modes of oscillation, the
research team largely overcame this challenge through careful study of the measurements. Still, the
association of mode shapes with geographic regions of the EI remains a limitation. The second challenge
was that the dataset did not span all areas of the El. As a result, not all dominant modes of oscillation
could be observed, as confirmed by later studies based on measurements that were not anonymized and
apparently covered a wider region of the El (Eto, et al., 2022), (Follum, Nayak, & Eto, 2023). The final
limitation regarded data quality. Out of the 177 included PMUs, 33 were found to have such poor data
quality that they could not be used. Despite these limitations, the National PMU Dataset provided an

unparalleled historical view of the EI, resulting in a much better understanding of the EI’s modes.
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4.2 Mode Meter Configuration

Mode meters are tools that use measurements to continuously track a power system’s dominant modes. A
block diagram of a mode meter’s operation is presented in Figure 4-1. The principle that enables mode
meters to operate is that random load changes continuously excite the power system’s dynamics, resulting
in ambient oscillations (process noise) that can be observed with PMUs. Though these measurements look
like noise, they contain information about the system’s dynamics that can be extracted with signal
processing algorithms to estimate the frequency and damping of modes. Configuring a mode meter
requires selecting appropriate input signals and tuning the signal processing algorithms to provide reliable
estimates. Mode meters provide the best performance when they are configured to track a particular
mode, which requires identifying the modes of interest first. These aspects are discussed in the remainder
of this section.

Random Load __| Syster_n Arr_1b|e_nt Mode Meter |—> Estimates of Modg
Changes Dynamics Oscillations Frequency & Damping

Figure 4-1. Block diagram describing a mode meter’s operation. Random load changes excite the
system’s dynamics, resulting in ambient oscillations that can be measured by PMUs
and analyzed to estimate a mode’s frequency and damping.

Large power systems have many modes of oscillation, but a relatively small set of inter-area modes tend

to dominate over wide areas. Spectral analysis is an effective tool for identifying an initial set of dominant

mode frequencies. Spectral estimates can be computed from measured data and express the energy in the
input signal as a function of frequency. The spectra of measurements from all 144 PMUs are presented in

Figure 4-2. Peaks in the spectra correspond to inter-area modes. Based on this analysis, the study focused

on modes near 0.25 Hz, 0.35 Hz, and 0.45 Hz.
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Figure 4-2. Spectral estimates for measurements from all 144 PMUs. Peaks in the spectra indicate
the presence of an inter-area mode of oscillation at the peak’s frequency.
With the general mode frequencies identified, the next step was to select input signals for the mode
meters. The objective of the input signal design is to create a signal that has good observability of the
target mode. This is accomplished by taking the difference between frequency measurements at points in
the system that are oscillating against each other. This has the effect of emphasizing the mode of interest
while removing content common to both signals. One challenge to directly using the frequency
measurements provided by PMUs is that they can differ between PMU manufacturers. To avoid this
issue, the frequencies were calculated by applying a scaled first order derivative filter to voltage angle
measurements. Further filtering and down-sampling are applied to limit the signal’s content to the

frequency range of interest.

With the frequency signals prepared, the next step was to determine which pair of signals should be used
for each of the three mode meters. To begin, the signal with the highest peak at the mode’s frequency was
selected as the reference signal. In this case, the reference signal was the same for all three of the modes.
Next, the mode shape was estimated using the spectral method (Trudnowski, D. , 2008) to identify a
second signal for each mode. Results are presented in Figure 4-3 with the reference signal highlighted in
green. The signal with the largest mode shape magnitude swinging against the reference signal is
highlighted in red and is referred to as the opposition signal. The input signals for the mode meters were
constructed by taking the difference between the reference signal and the opposition signal. The spectral
estimates for the input signals are presented in Figure 4-4. Note that the largest peak in each signal occurs

at the frequency of the mode it is designed to emphasize.
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Figure 4-3. Mode shape estimates for the (a) 0.22 Hz mode, (b) 0.35 Hz mode, and (c) 0.45 Hz mode.
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Figure 4-4. Spectral estimates of the input signals designed for each mode meter.

With the input signal design complete, the final step in the configuration process was tuning the mode
meter algorithms. Two algorithms were tuned for each mode to help in the tuning process and to provide
validation for results. The two algorithms were two-stage least squares (2SLS) and overdetermined
modified Yule-Walker (YW). Further details on these algorithms can be found in (Follum, Becejac, &
Huang, 2021) and the references therein. Both algorithms were configured to operate on a sliding window
containing 30 minutes of data. The ranges for tracking modes as they varied over time were 0.18 to 0.28
Hz for the 0.22 Hz mode, 0.30 to 0.43 Hz for the 0.35 Hz mode, and 0.40 to 0.52 Hz for the 0.45 Hz
mode. The remaining parameters involve the number of polynomial coefficients the 2SLS and YW
algorithms use to represent the system’s dynamics. These parameters were adjusted until the algorithms
consistently generated mode estimates that agreed with each other. The performance of the algorithms is

discussed further in the following section.
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4.3 Results

Once the algorithms were configured, they were applied to measurements collected over a 21-month
period. Mode estimates were updated every minute, providing much more granular results than previous
studies based solely on disturbance recordings. The estimates reveal how seasonal load changes and
system reconfiguration impact the El system's dynamics.

4.3.1 Results for the 0.22 Hz Mode

Before reviewing the frequency and DR estimates produced by the mode meter, consider the mode shape
plot in Figure 4-5. It is important to note that the measurements available for this study may not cover all
regions of the EI. The plot shows that many of the available signals swing with the reference signal
indicated by a green arrow. The opposition signal has a much smaller magnitude. Unrepresented regions
of the system may participate more significantly in the mode. If this is the case, it is likely that a better
input signal for the 0.22 Hz mode’s meter can be developed. Even with the opposition signal depicted in

the figure, the mode meter produced valuable results.
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Figure 4-5. Shape of the 0.22 Hz mode. The mode meter’s input signal was constructed by
subtracting the opposition signal from the reference signal.

Mode frequency and DR estimates from the YW and 2SLS algorithms over the course of one week are

presented in Figure 4-6. These results are unrefined and include jumps where the algorithms struggled to
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provide accurate estimates. Overall, there is very good agreement between the YW and 2SLS algorithms,
indicating that they were both properly tuned. The frequency estimates reveal a distinct daily cycle
corresponding to changes in system load and online generation.
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Figure 4-6. Frequency and damping ratio estimates for the 0.22 Hz mode over the course of one
week.

The ranges for the 0.22 Hz mode’s frequency and DR estimates from the 2SLS algorithm over the entire

21-month study period are reflected in the histograms of Figure 4-7. The damping ratio histogram shows

that the mode is well damped, with 97.5% of the damping ratio estimates above 10%. The mode’s

frequency estimates remained between 0.19 and 0.25 Hz nearly 94% of the time. The clipped tail on the

left side of the frequency histogram indicates that the mode meter setting governing the range that the

mode is tracked over should be reevaluated to potentially extend to lower frequencies.
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Figure 4-7. Histograms of the 0.22 Hz mode’s damping ratio and frequency estimates from the
2SLS algorithm over the entire study period.
To examine seasonal trends in the mode, histograms of frequency and DR estimates were calculated for
each day. These histograms run along the y-axes of Figure 4-8, with lighter colors indicating higher bin
counts. In this way, the figure depicts how the ranges of the mode’s frequency and DR varied over the 21-
month analysis period. A clear seasonal pattern is not clear, but the mode’s behavior does appear to vary
over long periods. For example, the DR estimates tended to be higher between December 2016 and March
2017 than they were between April and November 2017. Further study is needed to understand what the
drivers are for these long-term trends in the 0.22 Hz mode.
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Figure 4-8. Daily histograms of the 0.22 Hz mode’s damping ratio and frequency estimates from the
2SLS algorithm over the entire study period.

4.3.2 Results for the 0.35 Hz Mode

A representative plot of the 0.35 Hz mode’s shape is presented in Figure 4-9. The shape is interesting
because there are two distinct regions swinging together against another region containing the opposition
signal, which is depicted in red. Due to the data’s anonymization, it is difficult to explore the implications

of this result, but it provides an interesting topic for future work.
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Figure 4-9. Shape of the 0.35 Hz mode. The mode meter’s input signal was constructed by
subtracting the opposition signal from the reference signal.

Estimates from the 0.35 Hz mode meters over the course of a week are presented in Figure 4-10. The

mode estimates from the YW algorithm are highly variable, indicating that the meter was not tuned as

well as the 2SLS algorithm. Given the close relationship between the YW and 2SLS algorithms, the fact

that the 2SLS algorithm did produce reliable estimates indicates that the YW results could be improved

through further tuning. As with the 0.22 Hz mode, a strong daily pattern is visible in the results.

Histograms of estimates from the 2SLS algorithm for the entire study period are provided in Figure 4-11.
The results indicate that this mode is also well damped, with over 90% of the DR estimates exceeding
10%. The histogram of frequency estimates has a narrower peak for the 0.35 Hz mode than the 0.22 Hz
mode (compare with Figure 4-7). The frequency estimates remained within the range between 0.34 and
0.42 Hz nearly 94% of the time. The clipped tail on the right side of the frequency histogram indicates
that the mode meter setting governing the range that the mode is tracked over should be reevaluated to

potentially extend to a higher frequency.

Daily histograms for the frequency and DR estimates are compiled in Figure 4-11. The trends roughly
match those of the 0.22 Hz mode in Figure 4-8, with higher DRs in the winter of 2016/2017 followed by
lower values between April and November 2017. This provides validation for the results as it indicates

that both modes respond similarly to broad changes in load and generation that occur over these periods.
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Figure 4-10. Frequency and damping ratio estimates for the 0.35 Hz mode over the course of one

week.
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Figure 4-11. Histograms of the 0.35 Hz mode’s damping ratio and frequency estimates from the
2SLS algorithm over the entire study period.
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Figure 4-12. Daily histograms of the 0.35 Hz mode’s damping ratio and frequency estimates from
the 2SLS algorithm over the entire study period.

4.3.3 Results for the 0.45 Hz Mode

A typical example of the 0.45 Hz mode’s shape is provided in Figure 4-13. Based on the available data,
which again does not cover the entire interconnection, this mode has a simple shape with two areas
swinging against each other. The opposition signal (red) has a larger magnitude than the opposition
signals for the 0.22 and 0.35 Hz modes. The mode is significantly less energetic than the 0.2 Hz mode
(see Figure 4-2), so the relatively strong participation of the opposition signal is important in designing an
effective input signal for the mode meter. It is also noteworthy that the 0.22 and 0.35 Hz modes do not
appear in the input signal’s spectrum (see Figure 4-4). This indicates that the two areas participating in the

0.45 Hz mode either swing together in the 0.22 and 0.35 Hz modes or they do not participate in those
modes.

37



Reference i 60
Opposition
pp 06
150 30
04
02

180 P .

210 330

240 300
270

Figure 4-13. Shape of the 0.45 Hz mode. The mode meter’s input signal was constructed by
subtracting the opposition signal from the reference signal.

Plots of frequency and DR estimates of the 0.45 Hz mode for one week are presented in Figure 4-14. The

estimates are more variable than those from the 0.22 Hz mode. This is due in part to the mode’s lower

energy level, but future investigations of this mode should seek to better tune the mode meter parameters.

Despite the variability, the daily trend is apparent over the week of estimates.

Histograms for the frequency and DR estimates over the entire 21-month study period are presented in
Figure 4-15. The DR for the 0.45 Hz mode is significantly lower than the other modes, with a median
value just below 10%. Still, the mode is relatively well damped, with 99.5% of estimates falling above
5% damping. The mode has a relatively wide frequency range, with nearly 94% of frequency estimates
falling between 0.42 and 0.51 Hz. The tails of the frequency histogram are clipped on both the left and
right, indicating that the mode meter setting specifying the range that the mode is tracked over should be
reevaluated to potentially extend it to lower and higher frequencies.

Daily histograms for the 0.45 Hz mode are presented in Figure 4-16. As with the 0.22 and 0.35 Hz modes,
the damping ratio estimates between December 2016 and April 2017 are distinctly higher than the
surrounding periods. The plots are less similar than those of the other two modes, but similar enough to
provide validation and indicate that all modes are influenced in a similar way by long-term changes in the

system’s operating condition.
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Figure 4-14. Frequency and damping ratio estimates for the 0.45 Hz mode over the course of one
week.
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Figure 4-15. Histograms of the 0.45 Hz mode’s damping ratio and frequency estimates from the
2SLS algorithm over the entire study period.
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Figure 4-16. Daily histograms of the 0.45 Hz mode’s damping ratio and frequency estimates from
the 2SLS algorithm over the entire study period.
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5.0 Conclusion

The primary objective of the project was to assess whether there are significant trends in the wide-area

oscillatory behavior of the system, as a result of generation-mix changes due to increased penetration of
RES in the EI system.

In this report, PNNL team utilized a 2019 EI power flow model consisting of 80,000+ buses, developed
by Multi-regional Modeling Working Group (MMWG) under EI Reliability Assessment Group (ERAG).
Below are the highlights of the model-based wide-area oscillation assessment:

o From the oscillation study perspective, the generators in El system are grouped into 16 areas

based on their locations; the 16 areas (shown in Figure 2-1) are North-West, Mid-West, South-
West, SPS, Mid-North, Central, South, IESO, Tennessee, SOCO, North-East, New-England, NY,

Mid-East, Carolinas, and Florida.

e To simulate the initiating event, a group of 3-phase bus faults were introduced; fault locations

were selected based on bus voltage rating (>345 kV) and the level of power transfers adjacent

lines. An illustration is given in Figure 2-4

o For the high-penetration RES scenario design, three scenarios were considered as follows:

Scenario S1: Considering the increase of RES penetration in North-Eastern Part of El,

only modifying Areas North-East, New-England, NY out of the total 16 areas. A multi-
step RES variations were implemented for the selected 3-area sub-system, up to 70% RES
penetration for the total sub-system generation (equivalent to about 8.6% RES penetration

for the whole EI system generation).

Scenario S2: Considering the increase of RES penetration in Elorida only, which means
only modifying Area Florida out of the total 16 areas. A multi-step RES variations were
implemented for the selected for the selected 1-area sub-system, up to 70% RES
penetration for the total sub-system generation (equivalent to about 7.5% RES penetration

for the whole EI system generation).

Scenario S3: Considering the increase of RES penetration in Selected-Eight-Areas,
modifying Areas Mid-West, Mid-North, North-East, New-England, NY, Mid-East,

Carolinas, Florida. A multi-step RES variations were implemented for the selected for the
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selected 8-area sub-system, up to 60% RES penetration for the total sub-system generation
(equivalent to about 28% RES penetration for the whole EI system generation).

e For the studied El inter-area mode estimates, we have identified several modes as shown in Table
2-1. The report focuses on the oscillation assessment for the 0.21 Hz, 0.305 Hz, and 0.407 Hz
modes; these three modes are studied under scenarios S1, S2, S3, and the detailed discussion

regarding the impact on mode frequency and damping ratio is given in Section 3.4.
In short, the following conclusions can be drawn based on the abovementioned model-based process,

e The mode frequency and DR may be influenced by specific scenario design and the variation of

RES penetration level (ranging from very low level to 60%-70% in selected sub-system).

o Due to the modelling complexity of EI system, limited scenarios (S1, S2, S3) with several RES
penetration levels were implemented; the study cannot correlate the RES penetration level and

DR to single trend explicitly.

e The proposed model-based method introduced the 16-area and 7-mode concept, and identified
repeatable modelling and evaluation process to assist grid planner and operators; such concept
and process can be adopted in a streamlined manner, to further carry out regional and

interconnection mode change evaluation.

Last but not least, the measurement-based analysis with 21-month phasor measurement unit (PMU) time
series revealed how seasonal load changes and system reconfiguration impact the modal behavior in El
system, and provided validation for the model-based analyses for the estimated modes near 0.21 Hz, 0.35
Hz, and 0.45 Hz.
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