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Executive Summary

The Pacific Northwest National Laboratory (PNNL) project team has developed innovative mathematical
and advanced computing methods for adaptively setting Remedial Action Scheme/Special Protection
Scheme (RAS/SPS) coefficients with the consideration of realistic and near real-time operation
conditions. In this report, the Jim Bridger RAS served as the use case for testing and validating the

proposed methodology and the corresponding prototype, Transformative Remedial Action Scheme Tool
(TRAST).
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1.0 Background

Remedial Action Schemes (RAS) or Special Protection Schemes (SPS) are used throughout the bulk
transmission system as a non-wires method of increasing transmission transfer capability. Traditionally,
the RAS/SPS settings are determined using offline study; no existing automation tool can assist planning
and protection engineers with adaptive settings of the RAS/SPS systems, such as the Jim Bridger RAS
that operated by PacifiCorp. Furthermore, the computational speed is not fast enough in today’s
commercial tools to perform a full-scale study to calculate RAS parameters (e.g., arming level) and
validate the control performance in a preventive way.

Since August 2017, the Pacific Northwest National Laboratory (PNNL) project team has been working its
industry partners, PacifiCorp and Idaho Power Company, to develop a prototype named Transformative
Remedial Action Scheme Tool (TRAST). It provides innovative mathematical and advanced computing
methods for adaptively setting RAS/SPS coefficients with the consideration of realistic and near real-time
operation conditions.

In this report, the Jim Bridger RAS served as the use case for testing and validating the proposed
methodology and the corresponding prototype. The Jim Bridger RAS was placed into service in 20009,
based on a limited set of conservative settings from the prior scheme and engineering judgment. The Jim
Bridger RAS is owned, operated, and maintained by PacifiCorp. It is an event-based scheme; an open-
loop control scheme is applied to trigger fast generation dropping and to stabilize the Bridger West
transmission path. All RAS actions initiated by this scheme are pre-planned, based on offline studies of
various system operating conditions [1].

PacifiCorp has performed regular economic analysis for the existing Jim Bridger RAS. There are at least
two ways to examine the performance of the Bridger RAS with the existing settings: the number of
Bridger unit trips, and the impact of the settings on the Bridger West capacity. The 2011 Jim Bridger
Plant: Remedial Action Schemes (C&D) Technical Review determined that the financial cost to restore
generation after the Jim Bridger RAS triggers unnecessary trips was significant. The combined estimated
benefit is on the order of several hundred thousand dollars per year. There are other un-quantified
benefits, including a reduction in reliance to change or modify RAS states, as well as the opportunity to
better understand the limits of the system, which can be used to help address future modifications to the
RAS.

In this project, a comprehensive evaluation of existing Jim Bridger RAS design was performed, and the
full functions of TRAST were explored to derive the RAS coefficients that adaptively adjust the control
actions based on various system operating conditions.
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2.0 Control Logic Review for Jim Bridger RAS

The Jim Bridger RAS increases the transfer capability of the east-to-west transmission path by protecting
against potential oscillations following system events. With the Jim Bridger RAS in operation, the
Bridger West Path limit is reported to be 2400 MW for east-to-west rating, while the complete loss of the
Jim Bridger RAS for any reason requires that the Jim Bridger Power Plant be reduced to 1300 MW [1].

WECC Transmission Planning Criterion TPL-001-WECC-CRT-3 requires that, following fault clearing,
the voltage at each applicable bulk-electric system (BES) bus recover above 80%. Additionally, the
voltage at each applicable BES bus serving load must not dip below 70% of pre-contingency voltage for
more than 30 cycles, or remain below 80% of pre-contingency voltage for more than 2 seconds [2]. This
criterion will be used to evaluate the performance of the Jim Bridger RAS design.

The Jim Bridger RAS control system performs the following critical functions:
e Calculation of arming levels for 33 N events

e Calculation of generation tripping amounts for 33 N events, considering special conditions and
remote inputs from Idaho

o Selection of unit(s) to trip

¢ Reactive elements insertion on at multiple close-by high voltage substations

Figure 1 provides a flow chart to illustrate the Jim Bridger RAS logic.

Jim Bridger RAS Logic \

¢ Arming Level Calculation (33 ALs)

System

\s
o

Figure 1. Flow chart illustrating the Jim Bridger RAS logic.

* Generation Tripping Amount Calculation (33 Gs)

* Capacitor * Unit Selection & System
Control Logic Triggering Output
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Figure 2 provides a flow diagram to illustrate the arming-level calculation in the Jim Bridger RAS

logic. For each different power system operating state, considering the grid topology and equipment
status, a specific “S State” can be identified in the RAS logic, then corresponding coefficients are used to
calculate the RAS arming levels. Those arming level results are used to decide the online RAS actions.
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Input
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In total 8 * 33 = 264 coefficients
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Stage 4

©

Every
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¥
Calculate 33 Arming Levels
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Figure 2. Flow chart illustrating the arming-level calculation logic for Jim Bridger RAS.
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A Use Case for Transformative Remedial Action Scheme

Tool (TRAST): Jim Bridger RAS Evaluation and Analysis

To demonstrate the value of calculating RAS parameters in an adaptive way, the team at PNNL has been
collaborating with PacifiCorp and Idaho Power Company to develop a research prototype, Transformative
Remedial Action Scheme Tool (TRAST). It provides an end-to-end solution for a comprehensive and
transformative RAS analysis. In this process, PNNL followed the guidance of “ABCDE” design concept
and adopt it into TRAST:

“A” stands for advanced algorithms developed and integrated in the Jim Bridger RAS analysis.

“B” stands for “Big Data” challenges taken on through in-depth collaboration with industry
collaborators.

“C” stands for the HPC techniques and Microsoft cloud computing techniques explored and
implemented.

“D” stands for the power engineering domain knowledge applied and improved.

Lastly, and most importantly, “E” stands for the industry ecosystem that PNNL developed for a
generic and transformative RAS analysis and improvement methodology.

Figure 3 conceptualizes how the ABDCE approach encompasses the development of TRAST.

Industry
cosystem

omain

lgorith
Selta Knowledge

omputing

Figure 3. lllustration of “ABCDE” design concept for Transformative Remedial Action Scheme Tool

(TRAST).
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3.1 Overview of TRAST

TRAST aims to provide an end-to-end solution for the RAS design, study, and evaluation process. It
originates from the utility data analysis and evolves with the guidance of domain knowledge from power
engineers. More importantly, the automatic/semi-automatic functionalities that are integrated in TRAST
could significantly simplify and shorten the RAS design and study process. Additionally, continuous
improvement and validation could be realized based on the proposed evaluation methodology. Here are
the high-level capabilities of TRAST, they are given as follows:

1. Advanced statistical data analysis

2. OPF-based automated power flow case generation

3. Customized dynamic simulation in HPC/cloud platform
4. Machine-learning-based RAS coefficient prediction
5

A reliable RAS validation strategy in multiple commercial platforms

Figure 4 provides an overview of data-driven analytical functionalities in TRAST.

Power flow case Unified ctg definition (T e el
analysis & validation - definition and parameters

RAS models

" 4 Unified Fault model
for multi-section ling™ 4 Customized dynamic simulationJ
JD ata /for RAS Arming|Level derivation
correlation Realisti
lysi ealistic
patterns . .

JSmart / Generation Simulations Parallel Computing & Cloud J
Sampling\ ‘ I (HPC) Application for power system

Automatqu New algorithms for Machine Learning
Case calculating RAS settings o pemm FrameworkJ
generation in near real time

-

»

RAS Eventreplay in TSAT

Validation of RAS
settings
GL RAS coefficient

Comparison & Validation
pass

« : Implemented Functionality

Adaptive RAS/SPS
settings for operation

Figure 4. Overview of data-driven analytical functionalities in TRAST.

Traditional power system planning studies rely on power system planning cases that are provided by
interconnection authorities or internal planning engineers. Usually, the total number of those planning
study cases is limited and can only represent several power system operation conditions, such as “heavy
summer,” “harsh winter,” and so forth. In contrast, Jim Bridger RAS requires a more comprehensive set
of different power flow scenarios, as well as power system contingencies, which should be validated
against a comprehensive pool of power system planning cases as input. TRAST has been developed by
the team at PNNL to address this challenge, and uses comprehensive historical operational data to ensure
a solid and repeatable study procedure. Figure 5 provides an overview of utility data integration in
TRAST and its application for Jim Bridger RAS analysis.
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Figure 5. Overview of utility data integration in adaptive RAS setting framework.

3.2 Statistical Analysis for Utility Data

TRAST includes a comprehensive statistical analysis for full-year SCADA data set, which were provided
by PacifiCorp and Idaho Power Company. The SCADA data set contains seven variables that are
essential for the existing Jim Bridger RAS model; those power-system attributes/variables were referred
to as P1-P7. These variables include active power measurements from selected transmission lines and
power plants, as well as other related reactive compensation equipment status. P1-P6 are continuous
variables representing power, while P7 is discrete variable representing seven distinct levels of series
compensation. Temporal factors, such as season and month, have significant effects on SCADA data
variability; therefore, season and month are also included as supplementary features.

Cross-correlation is a standard measure of similarity between two ensembles. The pairwise correlation
coefficients are calculated between each pair of the seven variables and illustrated in Figure 6. Strong
correlations (correlation coefficient > 0.7) are observed between P1 and P3 (Figure 7), P1/P3 and P7,
while P5 and P6 are moderately correlated. P1 and P3 are positively correlated with strong linear
relationship across all four seasons, as well as all 12 months. This indicates these relationships can be
represented by a generalized linear regression model.

Moreover, P7 is a discrete variable representing seven distinct combinations of series compensation levels
(e.g., C1-C7) in pre-determined transmission lines; the box plot in Figure 8 clearly indicates the inter-
relationship between P3 and P7. Multinomial logistical regression method has been utilized to analyze
this inter inter-relationship, which could provide equations with coefficient values that can be used
directly by the users to calculate the probabilities in categories; the probability of each outcome is
expressed as a nonlinear function of the predictor variables. For example, between P3 (predictor variable)
and P7 (response), MLR can be used to predict the probability that P7 falls into a categorized value, given
a value of P3.
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It has been shown that there are evident inter-relationships among the abovementioned seven variables,
including the capability for some of them to be represented and predicted by linear regression or
multinomial logistic regression methods. As a result, when designing the power-system control scheme
for utility-planning studies, the selection of the input features should be reviewed based on the proposed
methodology. It is expected that with a minimized number of inputs features, the performance and
reliability of power system control scheme should be improved. Further analysis on the feature selection
for Jim Bridger RAS input could be found in [6].

In addition, comparisons are performed between SCADA data and the corresponding power flow data
extracted from West-wide System Model (WSM) state estimator (SE) cases. The project team at PNNL
has received about 10,000+ EMS SE cases (PTI RAW V30) from Peak Reliability; they were exported
from the State Estimator (SE) in Peak’s energy management system (EMS). Figure 9 showed consistency
between different sources for the investigated power flow conditions.

Event 2 Event 2

(€
|
)
§i§ Z
-

)

-

o

)

value

value

Event 3

value
1:if ;
value

Event 4

value
value

0 0.1 0.2 03 04 05 0.6 0.7 08 0.9 1 0.1 02 03 04 0.5 0.6 0.7 08 0.9 1.0

Figure 9 Comparison between Peak SE extracted data (left, normalized) and SCADA data (right,
normalized) of Event 2, 3, 4. The time points (normalized) are represented by the x axis.
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3.3 Smart Sampling for Power System Planning Case Generation

The major objective of smart sampling is to represent the probability distribution according to the original
data using many fewer samples for each variable, all while honoring the data-dependency among the
variables. The output of this smart sampling approach can then be used to guide the automated generation
of power system planning cases. By applying the smart sampling method, the large volume of power flow
cases required for dynamic simulations could be significantly decreased, while the main purpose of power
system planning study for Jim Bridger RAS could still be fulfilled with confidence.

TRAST includes a more flexible and more general method [4] that can be adopted by any probability
distribution, particularly when the number of observations is large, which is the case for the Jim Bridger
RAS evaluation (17520 data points from SCADA data). PNNL used TRAST to sample the seven SCADA
variables. It is also shown that a sample size of 365 could serve the balance between accuracy and
computation burden of the smart sampling approach (Figure 10).

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1

W
o
(&)

0-05- — EENE I I I S S S S S - .-

Difference Between Histogaram Curves

0 100 200 300 400 500 600 700 800 900 1000
Number of Samples

Figure 10. Accuracy of samples (difference between original and sampled histogram curves) as the
number of samples, different colors representing different variables.

It should be noted that the inter-dependency among the variables has been preserved during the sampling
process. Cholesky decomposition has been adopted to ensure the consistency of statistical properties
between the 17520 SCADA data points and 365 smart sampling points. Figure 11 and Figure 12 provide
examples to illustrate the smart sampling process in the time domain and the probability domain. It can be
safely concluded that Smart Sampling provides an effective way to evaluate power system control design
under various power flow condition. A rough estimate of the speed gain is 17520/365, which is about 48
times improvement.
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3.4 Automated Power System Planning Case Generation

It is a well-recognized challenge for power system planning engineers to create different power flow
cases to represent different operation conditions considering generation and load variations, as well as
specific system stress conditions. Figure 13 illustrates a system stress pattern that considers two
transmission paths. To address this challenge and facilitate the Jim Bridger RAS design and evaluation,
the team at PNNL proposed an OPF-based methodology.

Figure 13. System stress pattern on different transmission paths.

TRAST applies the OPF-based methodology to a Western Interconnection power system planning case
multiple times, each time incrementing a single path constraint by some value until the OPF does not
solve. For the Jim Bridger RAS study, the Jim Bridger power plant is permitted to respond to the system
conditions [i.e., Jim Bridger is set to respond via automatic generation control (AGC) option within the
OPF]; moreover, the automated power system planning case generation increases (or decreases) power
transfer across the Path 1 by using OPF to represent realistic operating conditions within the case. The
output of this process is therefore a series of power flow cases with different loading, generation, and
power transfer conditions.

In summary, for the Jim Bridger RAS evaluation and analysis, the PNNL research team used TRAST and
developed more than 11,500 modified planning cases, generated from the WECC 2017 Heavy Summer
planning case. Table 1 provides the summary of case generation process at each stage for Jim Bridger
RAS evaluation and analysis.

Table 1 Total number of power flow cases created at each stage for Jim Bridger RAS.

Procedure Star'tmg Stepl &2 Step3 &4 Step5&6 Step7 &8 Sma'.“
point Sampling
1 for
Tot_al # of 2017 6 80+ 1,200+ 11,500+ 295 out of
Planning Cases HS 365 (ideal)

11
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It should be noted that the Jim Bridger RAS mainly focuses on the power system instability that is caused
by the loss of the radial transmission lines that deliver power from the Jim Bridger Power Plant. Its
arming-level calculation algorithm has been structured such that it incorporates the measured real and
reactive power generation (local inputs) from the Jim Bridger Power Plant, the compensation level of the
345 kV lines (remote inputs) from the reactive elements, and several important related path flows (local
and remote inputs). Therefore, when using the full-scale WECC planning cases to validate its design, it is
critical to understand how the selected WECC paths relate to the whole system power flow condition,
more specifically, other major WECC paths.

To examine this relation to other paths, the PNNL research team also received the 2017 full-year SCADA
data, at 1-hour resolution, that were available for 22 WECC paths [7]. Cross-correlation in TRAST has
been adopted for this data; the pairwise correlation coefficients were calculated between each pair of the
22 variables and illustrated in Figure 14. Strong correlations (correlation coefficient > 0.7) are only
observed between Path X and Path Y, while there are some moderate level correlations (correlation
coefficient between 0.3 and 0.7) for other paths. Further review showed that Path X and Path Y were
evolved from one “retired” Path definition in 2012; this partially explains the strong correlations among
them [7]. Therefore, it is safe to draw the conclusion that the proposed OPF-based method satisfies the
needs of Jim Bridger RAS evaluation and analysis. It should be noted that the WECC paths are groups of
key transmission lines and generally understood by power industry professionals and broader
stakeholders; it provides a comprehensive and effective medium for congestion- and transmission-
expansion-related discussion at the interconnection-wide level.
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Figure 14 WECC path illustration [7] and pairwise correlations of the 22 variables that representing 22
WECC paths.
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There are, in total, 11670 power flow cases that were automatically generated based on the 2017 WECC
Heavy Summer Planning cases; all those cases are shown in Figure 15, with one red star representing one
generated case. It can be seen that the generated power flow case pool has a complete coverage for the
considered variables, e.g., Gen, Path 1, Path 2; moreover, the inter-relationships among different variables
are also preserved. It is expected that those inter-relationships should be preserved in the next step of
TRAST, Smart Sampling.
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Figure 15 An illustration of initial power flow case pool. The top figure shows the full distribution of one
variable with Path1 in the initial power flow case pool, the middle figure shows another variable with
Path1l in the initial power flow case pool, the bottom figure shows a 3-D plot for three variables.

From those 11670 power flow cases, TRAST has identified 365 smart sampling candidates based on the
2017 full-year SCADA data. By performing the pairing between the 11670 generated power flow cases
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and 365 desired power system operation points, 295 seed cases have been identified for next stage in
TRAST with a specific threshold (range of 20 MW). Figure 16 shows the 295 identified power flow
cases, which show similar trends for the inter-relationship among different variables, compared with the

full sample set of Figure 15.
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Figure 16 An illustration of the selected smart sampling candidates.
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Starting with the 295 smart sampling seed cases, TRAST will create a stressing stream for each seed case
by increasing the path flow of Pathl gradually; the step size of active power increase is 20 MW.

For each stream, the new case will be generated until the optimal power flow algorithm that was utilized
in the automated case generation process could not achieve feasible solution, the tolerance criteria are
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formulated given the operational constraints provided by industry collaborators. Figure 17 provides an
illustration of the generation power flow stressing streams, each blue dot represents a solvable power flow
case, and each horizontal stream represents a series of power flow cases that were created with the same
initial power system operation point.
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Figure 17 An illustration of 295 stressing streams for further power system transient stability assessment.
Blue block indicates a power flow case in the streams, and there is a black block (indicator of stream)
before the first case and after the last case for each stream.

3.5 Parallel Computing and Cloud Application for RAS Analysis

To ensure the performance of Jim Bridger RAS under different system operation conditions, the existing
design of the Jim Bridger RAS C&D logic considers more than 600 power flow scenarios (S States) in
conjunction with 38 active system contingencies (N Events). Moreover, a proper pool of power flow
planning cases should be adopted to represent realistic system operation. This leads to a large volume of
power system dynamic simulations to be performed in the Jim Bridger RAS analysis. To accommodate
this computational burden, the team at PNNL has applied the parallel computing techniques in local
computation servers as well as Microsoft Azure Cloud servers. Figure 18 provides an overview of the
parallel computing strategy. Figure 19 provides an illustration of the screening results of TRAST for Jim
Bridger RAS analysis with the parallel computing techniques applied; the streams have been analyzed in
parallel by assigning one stream to one available logical processor.
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Figure 19 The pre-screening results of dynamic initialization for 295 Smart Sampling stressing streams.
Green block indicates a power flow case passed the dynamic screening, and red block indicates a failed
power flow case for dynamic simulation initialization. There is a black block (indicator of stream) before

the first case and after the last case for each stream.
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3.6 Customized Dynamic Simulation for RAS Arming Level
Derivation

WECC Transmission Planning Criterion TPL-001-WECC-CRT-3 requires that, following fault clearing,
the voltage at each applicable BES bus recover above 80%. Additionally, the voltage at each applicable
BES bus serving load must not drop below 70% of pre-contingency voltage for more than 30 cycles, or
remain below 80% of pre-contingency voltage for more than 2 seconds [3]. This criterion will be used to
evaluate the performance of the Jim Bridger RAS design. Figure 20 provides two different study
scenarios that considering the voltage recovery check as well as the voltage dip check.
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Figure 20 An illustration for WECC CRT-3 Criterion [3].

For the Jim Bridger RAS, it must ensure that the system meets the above-mentioned criterion under all
credible contingencies considering various power flow conditions. More specifically, these criteria will be
used to evaluate system performance in the large volume power system dynamic simulations and verify
the system response in the substations and branches of interest within the footprint of PacifiCorp and
Idaho Power Company.

To validate the corresponding functions of TRAST for transient voltage violation check, the PNNL
research team also created testing scenarios using the WECC 179-Bus test system. In Figure 21, it can be
seen that both voltage recovery criteria (in black) and voltage dip criteria were triggered, and
corresponding messages were retrieved from simulation log files and displayed for reference.
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Figure 21 An example for implementing WECC CRT-3 Criterion in TRAST based on PSS/E.

Among all 295 power flow stressing streams, only 116 smart sampling stressing streams were confirmed
to be ready for dynamic simulations. TRAST can perform pre-screening of dynamic initialization before
launching the 30-second full length simulation, as power system dynamic simulations are usually
constrained by the initialization problems.

To address the issues that exists in the remaining stressing streams, the PNNL research team worked
closely with industry collaborators to leverage their deep experiences in utility operational analysis and
planning study process. Some initialization issues for WECC-size system simulation are due to
inaccurate/outdated power system dynamic models in existing WECC planning cases, which are beyond
of the scope of this project and the technical projection of TRAST. As a result, the PNNL research team
only analyzed the 116 smart sampling stressing streams that were confirmed to be ready for dynamic
simulation.

3.7 Machine-Learning-Based RAS Coefficient Prediction

PNNL has constructed a machine learning framework to update the RAS coefficients. Currently, the RAS
coefficients in the existing Jim Bridger RAS design are based on engineers’ experience and manual
tuning. As a result, the RAS design is very conservative and difficult to maintain. Therefore, a systematic,
automated, and data-driven approach is more preferable when applicable, and this has been integrated in
TRAST as one of the core functions. Figure 22 illustrates the potential inputs that could be included in
this function, and two alternative solutions, namely, neural networks and multiple linear regression, which
will be applied to derive the Jim Bridger RAS coefficients.
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Figure 22. The machine learning framework for Jim Bridger RAS coefficient derivation in TRAST.

For Jim Bridger RAS use case, Table 2 provides a detailed list of the simulated data for RAS coefficient
prediction; the data was extracted from the “Limit” case from the dynamic simulation with each stream.
An automated data extraction process was developed to identify the necessary data, with users’ preference
as input. It should be noted that shunt compensation here refers to all the fixed shunts and switchable
shunts that in the simulation, the series compensation cannot be properly extracted due to multi-section

line modeling in PSS/E.

Table 2 Summary of Dynamic Limit Data for RAS Coefficient Prediction

Number of Total Number
Dynamic Limit Data Selected Points Data Type of Data
Path Flow 6 P (MW) & Q (MVar) 12
Shunt Compensation 8 Q (MVar) 8
Synchronous Condenser 3 P (MW) & Q (MVar) 6
Bus Voltage 37 Mag. (PU) & Phase (Degree) 74

TRAST utilizes multiple regression and machine learning techniques to derive the RAS coefficients. With
the dynamic limit data that is extracted from the power system dynamic simulations for 116 power flow
stressing streams, the following steps have been performed for data pre-processing, they are:

1) Review the data quality, identify the continuous and discrete variables according to data
properties and groups (four groups as defined), meanwhile exclude no-variance columns

(constant or zero);

2) Generate histogram and estimated Gaussian probability density function to derive the knowledge
of statistical expression for each variable;
3) Review the pairwise correlation table and check multicollinearity.
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Further analyses based on Multiple Linear Regression (MLR) and Artificial Neural Network (ANN) have
been performed to evaluate the feature importance, and derive the corresponding coefficients for the RAS
Arming Level calculation. It should be noted that due to the limited availability of effective data for this
analysis, MLR showed better performance than ANN. At present, there are only 116 WECC-size power
flow streams that have been successfully evaluated through power system transient stability analysis; if all
295 WECC-size power flow streams that were created could be properly initialized for dynamic
simulation, the performance of both MLR and ANN are expected to be improved.

The following steps are performed for MLR analysis using machine learning library Scikit-learn [8]:

1
2)
3)

4)
5)
6)
7)

8)
9)

Determine the regression target (e.g., Pathl_P (MW)). Perform standardization before regression;
Determine the features to be used in linear regression;

Perform k-fold cross validation (k = 10) for linear regression model. Plot the prediction using
90% data for training and 10% data for prediction;

Save intercept and coefficients of linear regression model using all samples, and save mean and
standard deviation values for standardization;

Compare the calculated target values using coefficients to sample target values;

Get summary report;

Review the Relative Feature Importance results from Random Forest, then select features with
high importance;

Get F scores from univariate linear regression tests. Select features with high scores.

Compare the selected feature list from Step 7) and Step 8), finalize the meaningful features for
RAS Arming Level calculation.

Figure 23 provides the aggregated Relative Feature Importance for each category calculated from
Random Forest. It is evident that with the given 116 dynamic limit data samples, the path flow data and
bus voltage magnitude data contribute the most for predicting the Jim Bridger RAS arming level.
Arming Level (Path1_P)

Path Flow

Bus Voltage, Mag.

Bus Voltage, Phase

Shunt Compensation

Sync. Condenser

0.0 01 02 03 04 05
Relative Importance

Figure 23 Relative Feature Importance comparison for different categories of features.
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One example of the derived RAS coefficients for the considered features is given in Figure 24.
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Figure 24 One example of the calculated Jim Bridger RAS coefficients.

21



PNNL-29522

Moreover, the calculated RAS coefficients were evaluated through the prediction against observed values.

Based on the MLR model,

there were 12 randomly selected samples being validated, the comparison

between the predicted values and the observed simulation values is given in Figure 25.
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Figure 25 The comparison between the MLR prediction and the observation from simulations.
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Figure 26 The comparison between Relative Feature Importance and F Score.

The feature importance scores from Random Forest analysis and the F scores from ANOVA (Analysis of
Variance) are aligned, as shown in Figure 26, to assist the final selection of RAS features. Feature
selection/ranking is used to reduce the feature number and reduce overfitting. In addition, it will help to
obtain a better understating of features and their relationship to the target. F scores are calculated from
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univariate linear regression tests for feature selection. It is converted from cross correlation between each
feature and target, and it examines each feature individually. A test statistical significance, “p-value”, is
calculated for each feature, which is shown in Column 5 in Figure 24; a small “p-value” indicates high
significance of feature [8].

Another commonly-used and easy-to-use method is feature importance, which is an in-built class from
tree-based learning models. In random forest model, feature importance is calculated as the decrease in
node impurity weighted by the probability of reaching that node.

For each specific case, the performance of feature selection should be validated through model
performance by using independent features with high scores by defining the selected features in Step 5. It
has been observed that strong multicollinearity exists in the current selected RAS features. In the future,
principle component analysis (PCA) can be utilized to identify and remove any correlated input features.
The feature selection step should be repeated after reducing multicollinearity.

3.8 RAS Coefficient Comparison and Validation

One important function of TRAST is to provide a transparent and reliable RAS validation and evaluation
process. This can provide an objective way to not only validate the derived RAS coefficients, but also to
evaluate the performance of the updated RAS. The team at PNNL has been working closely with industry
on how to validate the derived RAS coefficients for Jim Bridger RAS with TRAST. It has been confirmed
that a simulation-based method is still favored for the Jim Bridger RAS, as there is no way to perform
online testing in the production environment without another standalone RAS for offline testing. In this
case, an effective validation and evaluation process will be simulation-based, but with test cases that
consider extreme operation conditions with randomly-selected power flow planning cases. Figure 27
illustrates the data interface for RAS validation and evaluation in TRAST.
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Figure 27. Data interface for RAS validation and evaluation in TRAST.

It should be noted that there is no existing standard and regulation regarding RAS validation, which is
still a challenging process. Moreover, as the U.S. power industry starts to embrace the disturbance-based
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power plant model validation, and push forward the system-level model validation, the proposed
methodology for RAS can be leveraged and integrated in such process.

For the Jim Bridger RAS use case, the team at PNNL worked with PacifiCorp to identify historical RAS
events, then the team from Peak Reliability used TSAT (Transient Stability Assessment Tool) to simulate
those events and general pseudo PMU signals. More details about the ePMU signal generation process
can be found in [5].

3.9 Prototype Demonstration in PNNL Electricity Infrastructure
Operations Center (EIOC)

In September 2018, the PNNL research team had set up a testing server in PNNL Electricity
Infrastructure Operations Center (EIOC). The testing server is configured with comprehensive software
environment for hosting TRAST and corresponding industry demonstration. The functions and scripts in
TRAST were deployed to this EIOC server, and tested by Mr. Song Wang from PacifiCorp and Dr.
Orlando Ciniglio from ldaho Power Company through a secure and authorized remote access. In this way,
PNNL team had a secure, convenient and effective way to interact with our industry collaborators.
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4.0 Summary

The goal of this project is to develop innovative methods for adaptively setting RAS (or SPS) parameters
based on realistic and near real-time operational conditions to improve power grid reliability and grid
asset utilization. The PNNL team successfully completed the prototype design of TRAST and its
implementation. This report describes the various features and components of TRAST, with a use case to
illustrate how TRAST was utilized in the Jim Bridger RAS updated design.

5.0 Next Step

The project team has developed a prototype of the Transformative Remedial Action Scheme Tool
(TRAST). It has been accomplished in collaboration with three Western utility companies: PacifiCorp,
Idaho Power Company, and Peak Reliability (Western Interconnection Reliability Coordinator).

In future, TRAST will be continuously validated and improved by developing more use cases considering
complex grid-operation scenarios. The capability of data-driven analysis and machine-learning-assisted
feature exploration for RAS design and evaluation will be fully investigated in those scenarios. Two
potential candidate scenarios are given as follows:

1) Considering high-penetration of renewable energy, especially how the stochastic behavior of
large-scale wind farms in Southern Wyoming influence the operation of Jim Bridger RAS, as
well as the coal-fired Jim Bridger Power Plant.

2) Considering a major system topology change, especially how to bridge the gap between new
transmission line planning and critical RAS operation without interruption.

Moreover, the project team at PNNL would like to select another Western Interconnection RAS for
consideration. This will improve the extensibility and compatibility of TRAST, and demonstrate that the
whole procedure can be extended to a set of interconnection RAS without loss of generality. Such a
successful demonstration would prompt work with WECC and NERC to promote a holistic RAS design
standard and evaluation procedure using TRAST.

This project aligns well with WECC Near-Term Priorities (2019-2021), in which WECC would like to
explore and evaluate the impacts of the Changing Resource Mix on 1) Existing path ratings, 2) Remedial
Action Scheme (RAS) effectiveness, etc. The WECC statement is published and board approved on June
20th, 2018. This will also provide the opportunity for PNNL to further develop an innovative and
transformative approach to RAS design and maintenance that could significantly advance the industry’s
ability to efficiently and effectively improve, test, and validate RAS system settings throughout the
Western Interconnect and with the potential to extend to across the North American electric grid.

Lastly, the research prototype TRAST developed at PNNL is available for licensing, with a
commercialization flyer attached in Appendix A. The interested parties can also view TRAST [9] and
other aspects of PNNL’s intellectual property, with many designed to help power grid operators and
utility planning engineers [10].
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Appendix A: Commercialization Flyer for Transformative
Remedial Action Scheme Tool (TRAST)
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Transformative Remedial Action Scheme Tool
(TRAST) | 31349, 31490

Cost-effectively enhances grid reliability and resilience

Remedial action schemes A @:( L
. : & L b 2%
hold promise for ensuring \:;l > o n_fl}, = E0
grid reliability, but they only ! ! 1
determine the worst operating Igorithms

conditions and may miss critical
contingencies, result in under-
utilization of assets, and cause the omputing
very reliability issues they seek
to solve. TRAST has been tested
in the Western Interconnect to Industry (3cosystem
validate and improve a manually

created remedial action scheme TRAST@PNNL
based on realistic and near-real- TRANSFORMATIVE RAS TOOL
time operational conditions,

thus improving power grid reliability and grid asset utilization.
The tool provides advanced statistical data analysis, customized
dynamic simulation, a prediction based on machine learning, and
areliable validation strategy on multiple commercial platforms.
The automatic/semi-automatic functionalities in TRAST could
significantly simplify and shorten the remedial action scheme
design and study process, from end to end.
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