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1. Resilientoperation of networked community microgrids with high solar penetration

Project Lead: Fred Wang (UTK), Yilu Liu (UTK), Leon M. Tolbert (UTK)
Graduate Students and Research faculty/associategsu Su (UTK), Dingrui Li (UTK)
Project Duration: 1/202271 3/2024

Funding Source ORNL/DOE

Summary

This projectaims atdeveloping new operation and control strategies for networked microgrids,
where inverteinterfaced sources act as the main goicming sources for the microgridis the
reporting period, UTK completed two tasks: dynamic boundary algorithm development
considering three phase unbalance, andfgrching inverter modeling for power flow analysis

For the first task, the focus is to address the inherent unbalance characteristic of thhabeee
distribution system, where the networked microgrid is based on. The algorithm can be summarized
below.

Objective Minimize system load shedding (different penalties for critical anecnitinal
loads).

Subject to
1) Power balance constraints.
2) BESS power constraints.
3) BESS SoC constraints.
4) Threephase power unbalance constraints.
5) Bus voltage constraints.
6) Line thermal constraints

The algorithm can be formulated into an optimization problem, where relaxatibniques are
applied to the power flow equations. The result is a miregber linear program (MILP) or a
mixed-integer semidefinite program (MISDP).

For the second subtask, the existing models for-fgriching inverters under unbalanced load
conditions are not accurate, because they do not consider the control implemented in the grid
forming inverters. A typical gridorming inverter with dualoop vokage control is shown in
Figurel4.1.
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Figure 14.1: Grid -forming inverter with dual -loop voltage control.

The inverter is thregvire, which may only provide positive and negative sequences currents. The
voltage unbalance results from the negative sequence current. Based on the control loop, the
negative sequence current will result in a negative voltage sivdaer output terminal. After the

dg transformation, both the negative sequence voltage and current will be transformed to be 120
Hz components. Since the PI controller only has an infinite gain at dc components, the PI controller
is not able to regulatthe 120 Hz components to be zero. Therefore, the control loop impacts on
the output voltage unbalance needs to be derived. After the derivation, for the negative sequence,
the control loop can be viewed as an impedance. The value is dependent orrth@a@meters

of the gridforming inverter. Case studies on IEEE standard systems show that the proposed model
significantly improves the negative sequence voltage calculation results.



2. SiC-Based Modular Transformer-Less MW-Scale Power Conditioning System and
Controller for Flexible Manufacturing Plants

Project Lead: Fred Wang (UTK), Yilu Liu (UTK), LeorM. Tolbert (UTK), Kevin Bai (UTK)

Graduate Students and Research faculty/associateRuirui Chen (UTK), Dingrui Li (UTK),
Zihan Gao (UTK), Min Lin (UTK), Yu Yan (UTK), Jiahao Niu (UTK), Jingxin Wang (UTK)

Project Duration: 10/20201 6/2024
Funding Source DOE

Summary

The objective of this project is to develop a 10 kV SiC MOSBESed 1 MW bdirectional power
conditioning system (PCS) for manufacturing plants, consisting of back to back 13.8 kV AC/DC
converetrs and a 2d0N isolated DC/DC converter connected to theSP@V DC bus.The
proposed PCS converter will meet performance taigeksding >99.4% power efficiency, <0.3
m*/MW volumetric density, >10% dispatchability, <$30/kW cost (excluding SiC die,codf)

years lifetimes, 300 Hz voltage control bandwidth and >1 kHz current control bandwidgricand
requirementsncluding 1) complying witHEEE 1547 and IEEE 203Q.2) grid support functions
including var support, low voltage ride through, protection, stability and harmonic filtering; 3)
multiple operation modes including grid connected, islanded and-yar®) unbalanced load
(max 30%) and faul®) cyber security requirement. The PCS converter can also be scaled to form
at needed power (> 10 MW) @support multiport operation.

Figure 17.1 shows the PCS architecture. It serves as the interface between a 13.8 kV AC

distribution grid and a manufacturing plant power system to enable various FMP architectures.

With the PCS, an FMP power system can be operated as one or more AC asynchronoguisi mi

With DC/DC converters ports interfacing directly with B¢z loads and source, the FMP can also

be operated as one or more hybrid AC asynchronous and DC microgrids. BP1 of this project has
been completed last year, which focus on thegahesf this PCS and controlldn BP2, the focus

is to build and test one phase of the designed 1 MW back to back AC/DC/AC converter and one
module of the designed 200 kW DC/DC converter.

During 20222023, the design of the 1 MW DC/AC converter and the 200 kW DC/DC converter
are finalized. The hardware for one phase of the 1 MW DC/AC converter is built and the testing
is ongoing. One 10 kV moduleased submodule is tested. The hardwar@rier module of the

200 kw DC/DC converter is built and tested. EMP controller algorithm considering cyber security
is developed and HIL testing is completed. A downscaled PCS for control validation is prepared
and HTB testing is ongoing.
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3. Developmentof high-density and high efficiency AC/DC converterusing wide band gap
device

Project Lead: Fred Wang (UTK), Kevin Bai (UTK)
Graduate Students and Research faculty/associateéShimul Dam (UTK), Yanda Lyu (UTK)
Project Duration: 4/20221 12/2024

Funding Source Boeing

Summary

The objective of the project is to develop a hagnsity and high efficiency5 kW AC/AC
frequency converteto convert a variable frequency 230V to fixed frequency 115V, 400Hz for
driving induction motor load in an aircraft system, while meeting EMI requirements for both input
and output ac sides of the converter. The project targets to develop a converefigughcy
above 98% and power density above 4 kWiiborder to meet the power density and efficiency
goals and also considering the reliabjlgplutions in several arease beingevaluated: converter
topology and control, design of filters including both commuode (CM) and differentiainode

(DM) filters on both input and output sides, semiconductor devices and relatedrigatend
protection circuit, as well as passive compusencluding magnetics, capacitors and heatsink.

In Phase ,Ithe team has selected several populaacaconverter topologies for this application
including voltage source topologies, current source topologies, and diactaaverter topology.

An automated design tool is developed to perform optimized desigaah of the selected
topologies and to compare their efficiencies and power densities. Simulation model and EMI filter
design are completed for all the selected topologies. Each optimized converter design is performed
using physical design ofifterent elements of the converter and considering commercially
available components such as devices, heat sinks, core etc. to obtain a design that is feasible to
implement without using any special or custorade component. Based on this optimized design
comparison, most promising topologies have been identified.

In phase Il, the limitations of the available topologies in this application are identified and a new
topology is proposed. The detailed design for a 45 kW converter is carried out and the prototype
development is now at the final stage.

This project is expected to be finished by in December of 2024. As future wd?ksse 1l of the
project, the team will develop and test a 45 kW-AC converter prototype. Converter operation,
thermal performance, and EMI filter performances will be verified.
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4. An Ultra-Light Tightly -Integrated Modular Aviation Transportation Enabling Solid -
State Circuit Breaker (ULTIMATE -SSCB)

Project Lead: Fred Wang (UTK), Kevin Bai (UTK), Zheyu Zhang (RPRaushik Rajashekar|
(UH)

Graduate Students and Research faculty/associateéShimul Dam(UTK), Jimmy Yang(UTK),
Ruirui Chen (UTK) Anil Kumar Reddy SiddavataifiH)

Project Duration: 7/20211 12/2024
Funding Source ARPA-e

Summary

The project aims atevelopng and tedng in simulated flying environment an ulthght tightly-
integrated modular aviatietnansportation enabling solstate circuit breaker (ULTIMATE
SSCB). TheproposedULTIMATE -SSCB will meet several objectives important for future
electrified aircraft propulsion (EAP) systems: extremely light, efficient, fast, relisitable for
futuremediumvoltage EAP system at >10 kV Dking advantages ofyogenic cooling enabled
by liquified natural gas (LNG) or liquidyldrogen fuebf future EAP system. The developed SSCB
will be highly flexible with modular structurgntelligent and easy for protection coordination and
system integration, with builh directional functionandcurrent limit function

In phase | of the project, the team identified specification and requirements of the 10 kV, 100A
SSCB anadompletedconceptual design of the SSCB using cryogenically cooled GaN devices and
key components testing. The SSCB is designed to interrupt up to 10x current during fault. Design
of modularized SSCB, sensors, intelligent gate driver, control and communicatiegystiatve

been developed. Aotional electrified aircraft propulsion architectur® identified and
investigated with simulation to deteine capability requirement of SSCB and to validate the
protection and cerdination strategy.

In phase Il of the project, the team has developed a 750V, 100A SSCB module that can be used in
5 kV unipolar or a 10 kV bipolar MVDC system. A series combination of 14 such modules will
meet the requirements of 10 kV, 100A SSCB for future EAP systenquidliNitrogen based
cooling system is developed and the module is successfully tested to interrupt a fault current of 1
KA. A cryogenic packaging for the module is developed and successfully tested to achieve good
thermal and electrical performance ataggnic temperature and medium voltage environment.
The module is also designed for highitude operation and successfully tested in a emulated high
altitude test setup.

The team is currently working towards developing 14 modules to construct the 10 kV, 100A SSCB.
This project is expected to be finished by the December, 2024. Future works include development
of 10 kV, 100A SSCB prototype and cryogenic as well as high altitude testing of the developed
SSCB prototype.
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5. Expanding Transmission Capacity: A Lowcost Hybrid AC/DC Scheme for Increased
Transmission Capacity

Project Lead: Fred Wang (UTK), Sonny Xue (ORNL)

Graduate Students and Research faculty/associate&nubrata Das (UTK)
Project Duration: 10/20221 09/2025

Funding Source DOE

Summary

With everincreasing electricity consumption, conventional thermal power plants have biesh re

and new generations from renewable energy resources have been built to address environmental
concerns. This has added operational stresses to the existing transmission corridors, making some
of the transmission lines operating at or near to their ratedrrission capacity and in certain
occasions, the renewable power (e.g., wind) being curtailed due to a lack of transmission capacity.
In the meantime, building new transmission corridor (HVAC or HVDC) or converting existing
HVAC into HVDC systems is eitmeestricted by high implementation cost or delayed due to the
land licensing process, low public acceptance, and environmental issues. Thus, the challenge of
expanding transmission capacity is to provide an affordable or economically viable solutions to
reduce transmission losses and boost conductor utilization.

To achieve this, a hybrid ac/dc power transmission approach is identified as the potential solution.
In 202324 the operating constraints for this type of power transmission are identified.
Subsequently, the methodology of selecting the operating volsadevieloped which includes
insulation coordination for hybrid ac/dc line considering contamination. Furthermore, the
methodology of selecting the current level is also developed considering solar heating, stability
limit, sag limit, altitude etc. In Fig. the schematic of hybrid ac/dc power transmission approach

is given.

Additionally, a zeresequence voltage injection technique is proposed to uprate the power
transmission capacity. This solution proves to be easier to implement and cheaper than all the other
power uprating techniques particularly for the short transmiski@ The implementation
challenges are identified and the proposed technique is initially validated through simulation for a
practical short transmission system. Later a scaled down experimental prototype is developed to
validate the proposed techniquie.Fig. 2 (a) and (b) the schematic of the zero sequence voltage
injection and experimental prototype are shown respectively.

As future tasks the abnormal operating conditions like system voltage unbalance, faults etc. would
be considered and proposed technigue would be modified accordingly.
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6. Operation and Control Strategies of LargeScale Power ElectronicdBBased Power Grids

Project Lead: Fred Wang (UTK)

Graduate Students and Research faculty/associatdsdupur (UTK), Liang Qiao (UTK)
Project Duration: 1/2001 12/205

Funding Source ORNL

Summary

Converterdriven stability (CDS) is a new stability classroduced by the integration of emerging
power electronics technologies into power systems. This project aims to explore the modeling and
analysis of CDS phenomena, as well as the detection and identification of oscillatory instability at
the utility sca. The primary objective is to develop an innovative impedaased smaisignal

stability criterion suitable for analyzing largeale power grids. Subsequently, this criterion will

be utilized to create a smalignal convertedriven stability detectio tool for largescale power
electronicsbased power system.

A partition-based approach is proposed for analyzing the ssitalhl stability of largescale
power electronichasedpower systems. This approach involves partitioning the system into
several sutareas and analyzing the smsilijnal stability at both theubarea and interconnection
levels. A graph theory method called the spectral partitioning algorithm is implemented for
partitioning. This algorithm entails constructing a graph representation of data points, computing
its Laplacian matrix, and extracgreigenvalues and eigenvectors. These spectral components
facilitate data transformation into a new space, enabling the application of traditional clustering
methods like kmeansThe proposed method reduces the computation burden by usingdoveer
matrices with system partitiomhile maintaining the accuracy of the original matrased analysis,

thus making the smaflignal stability analysis of larggcale systems solvabl8imulations were
conducted on a modified 14fus U.S. Northeast Power Coording Council (NPCC) system

with 100% power electronics penetration in PSC#d the results confirmed the effectiveness of
the proposed method.



7. Design of NextGeneration eVTOL Systems

Project Lead: Daniel Costinett (UTK)

Graduate Students and Research Faculty/Associatekody Froehle (UTK), Arka Basu (UTK)
Anwesha Mukhopadhyay (UTK)

Project Duration: 8/2021 07/2026
Funding SourceARL

Summary

This collaboration between the U.S. Army Research Laboratory (ARL) and the University of
Tennessee Knoxville (UTK) will develop technologies to improve the performance of unmanned
aerial vehicles (UAVSs) charged by wireless power transfer (WPT). The projetaut on two
parallel development pathways to improve performance of power electronics systems:

1. Designing higkefficiency, lightweight onboard wireless power conversion circuitry

UAV performance across a variety of applications is limited by feasible time on mission, which is
determinedy the amount of onboard energy storage, and the efficiency of use of onboard energy
use. Inthe latter case, efficiency can be increased by both reducing electrical energy loss in power
conversion stages, and reducing the weight of power conversiomsysieh that a lower amount

of energy is needed to propel the UAV through the same mission profile.

This task will leverage existing modeling and optimization frameworks developed in prior research
to design an optimized circuit for onboard power conversion systems, including WPT receiver coil
and rectifier, dc/dc converter, and battery charger. Thegirwill includeprototyping hardware

and experimentally validating the design performance.

2. Prototyping througimetal ultrasonic wireless power transfer using piezoelectric
transducers

Using ultrasonic power transfer, the team will model and prototype wireless power transfer that
can operate through metal, allowing wireless charging of UAVs without the need for ports or
discontinuities in the case of the charging system. Recent stfdiagrgy storage technologies
indicate that piezoelectric transducers have the potential for higher power density that mechanical
or electrical energy storage elements, alone. However, leveraging this high energy density requires
precise modeling and ceerter design to track higQ resonances in the piezoelectric element.

In this task, the team will model througmetal piezoelectric power transfer, and design power
conversionstages to maximize efficiency and power transfer within thermal limits. Following
successful demonstration of sufficient power transfer, the team will apply the same high
gravimetric power density optimization framework to lightweight the ultrasonic odboa
conversion stages.
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8. High-Efficiency Regulated ChargePump

Project Lead: Daniel Costinett (UTK)
Graduate Students and Research Faculty/AssocMt#sgmmmad FarhafUTK)
Project Duration: 8/2021 07/2024

Funding Source Texas Instruments

Summary

This project is deigning a monolithic, inductorlessgh current, regulated battery charger for
mobile electronics. The approach leverages prior work in swicapdcitorbased wireless

power transfer into a wired application. The design uses the parasitic cable inductance of generic
USB cables to prade sufficient impedance to allow regulation in otherwise unregulated switched
capacitor topologies.

The project goal is to develop new approaches to-tugtent, fast charging of mobile devices
with minimal footprint. Developing inductorless topologies eliminates the largest, and often most
lossy, component from the system. As mobile devices (indudell phones, tablets, etc.)
continue to trend towards greater functionality in small volumes, increased power density of
battery charging circuits that maintain high current output for fast charging speed are critical.

This project is designing and fabricating a ftilyegrated power stage in a high voltage silicon
CMOS process. Fulhtegration allows high density, greater design optimization, and greater
possibility of advanced control and sensing compared to désgdesigns. The project is targeting
20W wired charging with thermal limitations constraining efficiency.
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Figure 2.1: Prior prototypes using monolithic-integrated power stages.



9. CAREER: Unified Design Framework for Advanced Power Electronics

Project Lead: Daniel Costinett (UTK)

Graduate Students and Research Faculty/Associates: Jared Baxter (UTK) Kamal Sabi (U7
Project Duration: 01/201812/2023

Funding SourceNSF

Summary

The research objective of this proposal is to develop the analytical tools and design resources
necessary to create an analysis framework for advanced circuit modeling and design of switching
power converters. Specifically, the framework is constructdx to

- Accurate: integrates nonlinear behaviors to result inridealized predictions of reavorld
performance

- Unified: can be applied to designs across topological, implementation, and operational barriers

- Rapid: can be completed without the need for extensive computational resources or long
simulation times

- Adaptable: robust to varying levels of design data and applicable to varying physical
implementations

The resulting paradigm integrates the generality and design insight of circuit simulators, the
accuracy of higkorder nonlinear models and empirical prototyping results and allows for setup
and revision times beyond current established approaches. Bycadydreyond the speed
accuracy front of modern analysis and simulation techniques, the framework facilitates a broad
expansion in the scope of tractable multivariate design optimization in power electronics.

The framework developed in this work will simplify the task of selecting a power conversion
circuit and schematilevel implementation for a given applicatiomhe approach uses a discrete
time framework, including extensions which allow the framework to inherently model
nonlinearities present in the operation of advanced power electrofinese results are then
coupled with a continuousigrowing database of experimental and analytical results that ensures
the highest degree of accuracy possible givemberently uncertain design spadeeveraging

these two, the research will develop techniques for holistic optimization of power conversion
circuits. The result will be a new analytical framework that allows designers to rapidly select
topology, operating mode, semiconductor and passive devices, and switching functions which will
achieve maximal performance in a given applicatidime framework is developed to retain
designer engagement, allowing for shorter prototyping cycles in the design process.
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10.Wireless power transfer loss simulation and demonstrator for fast charging

Project Lead: Daniel Costinett (UTK)
Graduate Students and Research Faculty/Associates: Andrew Foote (UTK)
Project Duration: 10/201009/2023

Funding SourceVolkswagen

Summary

Wireless power transfer (WPT) for Electric Vehicles (EVs) has several benefits over conductive
charging including improvements in convenience, safety, automation, and vandalism resilience.
WPT system power levels continue to rise and power levels up k€A0tay be needed to enable

short charging times. With higher power levels, the dumps passing through the coils increase

and stronger electromagnetic fields are created. However, for EV applications, these fields must
be contained to certain extentshuatit exceeding magnetic field limits. It is possible to do this. At
Oak Ridge National Laboratory, 120kW wireless charging has recently been demonstrated at 97%
DC-DC efficiency without exceeding strdield limits .

This project is sponsored through the recent partnership between Volkswagen Group and the
University of Tennessee, Knoxville and seeks to apply WPT technology to Volkswagen Group
electric vehicles. Some of these electric vehicles will be produced by Vadleswat the
Chattanooga, TN plant.

This research project is focused on developing a new analytical method to rapidly design WPT
systems with complex coil shapes for various objectives and constraints. The method directly
designs WPT coil magnetic fields and currents to meet performanceivdgeand constraints
through the optimization of Fourier basis function weights of varying spatial frequencies. Similar
approaches have been applied in the design of MRI gradient coils, and electric machines. In the
field of WPT, this method has many ledits and does not assume a specific coil geometry, number

of turns, or rely on iterative finitelement analysis (FEA) simulations. After the continuous coil
shape is optimized, the method can determine coil conductor paths and accurately predict self and
mutual inductance for a desired number of turns and calculate #iTGsses for various gauges

of wire and switching devices. This allows for convenient rabjective optimization of a broad
variety of coil shapes, operating frequencies, andliBiCvoltages.The design framework is
validated on a 120kW prototype system that has been tested to full power at ORNL.
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11.Design and Test A 800V/>50kW Thredevel Active Neutral Point Clamping Motor Drive
Inverter using 650V/60A GaN HEMTs for Electric Vehicles

Project Lead: Kevin Bai (UTK)

Graduate Students and Research faculty/associatesin Xia (UTK), Rajib Bijukchhe(UTK)
Project Duration: 11/2027 8/2023

Funding Source PowerAmerica

Summary

The prgect aimed tause offthe-shelf automotive qualified 650V/60A GaN HEMTs from GaN
Systems to build an 800V/>50kW DC/AC inverter. A thleeel active neutral point clamping
topology is the primary candidate, yielding enough voltage margin for switches. The proposing
teamused9 months for theprototype packaging and proceedemmprehensive lab test and
eventually the motor test on the dynamometer of Mercedes Benz facility. Upon the completion of
the project, a higrefficiency, highcompactness and afdable lateral GaN based inverter for
800V battery systems expectedn future electric vehicles

The key technology includes: 1) Control algorithms to secure the differential and cemmoolen
performance, as well as balance the neutral point voltage; 2}layétiPCB design and assembly,

which is essentially employing the decoupling cap for flux edation to offset the potential
parasitic inductance. In addition, the gdteve circuit of all switches including the needed power
supply is soldered on this PCB. This can also ensure the similar distance and parameters of gate
drive circuits to all palleled switches, securing the static and dynamic current balancing.

Upon the completion of the project, the planned accomplishments include 1) a 800V/>50kW three
level ANPC inverter using 650V GaN HEMTas shown in Fig.1, with the efficiency and
waveform shown in Fig;22) an enhanced gradudével course offered in UTK (EGES5,
Electric Vehicles).



(a) 800V/75kVA prototype
Figure 1 the built GaN inverter prototype
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12.Phase2 Development for A Smart and Highly Compact Power Electronics Box to
Provide OBC and DCDC

Project Lead: Kevin Bai (UTK)

Graduate Students and Research faculty/associatediwei Liang (UTK), RajibBijukchhe(UTK)
Project Duration: 2/20231 4/2024

Funding Source Magna Powertrain

Summary

The projectis the Phas€ development o& highly integrated power electronics box embracing
multiple functions for electric vehicles (EVs), e.g., thpdmse 11kWon-boardcharging(OBC),
singlephase 6.6kWOBC, and 3.7kW DCDC conversion froAD0~800V HV battery to 12V.
Based on th€hasel developmentkey improvement at this stage includes 1) paper design of the
system without wireless charger; 2) revising Bteasel charger to undertake 800V battery; 3)
enhancing the wire harness and thermal performama4) optimizng control algorithmsand
communication to switch among V2G, G2V and V2L (vehiddoad) seamlessly. The primary
switch choice is stil650V/60AGaN HEMTsfrom GaN Systems

One graduate student warto develop the complete OBC system, focusing on the schematics,
PCB design, prototyping, debugging and testing. The second graduate studestut the paper
design, communication and software optimization. Magna tpemmides theenclosure and
heatsinkmanufacturing, et@By the end of this project, UTK team will send the prototype to Magna
for onvehicle test.



13. A Converter-based Supercapacitor System Emulator for PV Applications

Project Lead: Leon M. Tolbert (UTK)

Graduate Students and Research Faculty/Associate®aychuda Kritprajun (UTK), Jingxi
Wang (UTK), Nattapat Praisuwann@JTK), Elizabeth Sutton (UTK), Jingjing Sun (UTK
Yunting Liu (PSU), Maximiliano Ferrari (ORNL)

Project Duration: 8/20221 07/2024
Funding Source UT-ORII

Summary

The objective of this project is to develop a convebsed supercapacitor (SC) system emulator

for photovoltaic (PV) applications in the CURENT hardware testbed (HTB). The developed
emulator is used to demonstrate the SC capabilities to support a tvh dyg providing grid
ancillary services. It is also used as a test platform for controller development and verification.
This emulator can be potentially used for various power system scenarios in addition to the PV
applications by integrating with othemulators developed on the HTB.

After confirming the effectiveness of the emulator in the previous phase of the project, the emulator
has been utilized to investigate fast frequency support services provideecargretted PV with

SC system (PVSS). The fast frequency support servEddéan conducted on HTB to study the
PVSS dynamicsinderdifferentsetpoints ofnertia coefficientsThe PVSS can effectively reduce

the rate of change of the frequency by injecting active power accordingiteettia coefficient
However, experimentshew that power oscillations occur with high inertia coefficients, thereby
l'imiting the PVSS6s efficiency in providing s
work proposes adjusting theertia coefficiens during the support to reduce power oscillations.
Therefore, the SC utilization during the fast frequency support event can be improved while
maximizing inertia emulation services. This study also implements bamg control to improve
frequency recoveryerformance. The control prevent® tRVSS from absorbing active power
under the frequency drop events, which would prolong the frequency recovery period, thereby
enabling faster return of the frequency to nominal conditions.

This project also continued the study on state of charge (SOC) management of SC to ensure its
availability during low voltage ride through (LVRDperationsfrom the previous phas&his

work considers the grid conditions and the SC limitation in terms of voltage, current, and
temperature to enable the SOC managenidr@control concept was tested and compared with

other techniques in existing literature. The experimental results on the HTB shdve thiatosed

SOC reservation concept can ensure SC aviity to provide LVRT services complying with

grid code requirements while maintaining PVSS

This project is expected to be completed by the end of July 2024. Future works include improving
and testing the proposed fast frequency support control under different scenarios and evaluating
its service provision performance with the existing literatukdditionally, the project will
investigate control mode transition during LVRT events when the SC is unavailable to ensure
seamless transition and continued LVRT service provision by PVSS during severe LVRT events.
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14. A Physics Based Circuit Model to Predict Magnetic Material Characteristics

Project Lead: Leon M. Tolbert (UTK)

Graduate Students and Research Faculty/AssociateSadia Binte Sohid (UTK), Sakib Islal
(UTK), Harmon M. Christian(UTK), Anwesha Mukhopadhay (UTK), Leon M. Tolbert (UTK
Daniel Costinett (UTK), Gong Gu (UTK)

Project Duration: 8/2022i1 07/20%
Funding Source Office of Naval Research (ONR)

Summary

The modeling of magnetic materials holds significant importance in the development -of high
frequency power transformers and inductors. However, the nonlinear and dynamic nature of
magnetic behavior challenges conventional modeling techniques, oftenngeguldiiscrepancies
between design and prototype. Addressing this issue requires an extensive qinysied model
capable of capturinghesenonlinearities, serving as a bridge between power electronics and
material science, which is the subject matter of this project.

Magnetic materials at a specific temperature exhibit varying behaviors in response to external
magnetic fields, depending on their moment configuration, impurities, crystallographic directions
and so onThe magnetization dynamics in a magnetic material is governed by a phenomenological

b

equation, known asandauLifshitz-Gilbert (LLG) equation— ‘P "®@ —ip —.

Here, for an applied field H, the rate of change of magnetizaﬁe?n,(is dependent on a

precessional motion expressed by the first term on-hghtiside and the other term consisting

of damping factor, hdescribes a damped motion. The resultant motion describes the equivalence
of magnetization dynamics that takes place within a magnetic material. In an attempt to overcome
this challenge of modeling magnetization dynamics, the rate of change in magnetaatig
dimensional projections is modeled through an equivalent circuit as shévguia 1. 1. By doing

so, the field and magnetization componeriie expressed in terms of nonlinear electrical
componentsfor aspecific gyromagnetic ratie , and damping factop,. making it easier to grasp

the behavior of magnetization in relation to applied fiel@ikis equivalent circuit model is
designed to take the field effects only in théirzction.

The energy balance within a magnetic material, is largely dictated by, anisotropy, exchange,
magnetostatic, magnetoelastic energy Bacsimplify the scenarioa singledomain particle aligned
by anisotropy energg consideredTodisregard shape dependent magnetizatiatallow continuous
induction, simulationss performed fora toroidal structureFigure 1.2 shows(a) magnetization
componentslong different projectiongb) alignmentof net magnetic momemtith the applied field,
and(c) the hysterdas loop. Simulated data matches material datasheets closely, confirming agreement.

To accurately incorporate all field effects, a more generalized equivalent circuit model has been
developed. This generalized model has been implemented in both LTSpice and MATLAB Simulink.
The 3D visualization of magnetization projectioMx( My, andMz) in Figure 1.3 demonstrates that

all three ports exhibit symmetrical behavior.
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15.Using Second Life Batteries from ElectricVehicles to Provide Grid Services

Project Lead: Hua Bai (UTK), Leon Tolbert (UTK), Fred Wang (UTK)

Graduate Students and Research faculty/associate¥pusef Alamri (UTK), ElizabetSutton
(UTK), Nattapat Praisuwanna (UTK)

Project Duration: 08/2023i 08/2024
Funding Source Volkswagen

Summary

This project is the second phase of using second life batteries from electric vehicles to provide grid
services.This phaseaimsto develop a 40 kW battery energy storage system (BESS) that uses
retired batteries from Volkswagen electric vehicles, and it will be installed at Volkswagen
Chattanooga. The BESS schematic is illustrated in Fig. 1. The BESS includes second life batteries,
a battery management system (BMS), a power conditioning system (PCS), controllers,
measurements, switches, and an unintercuptsver supply (UPS). The BESS can operate in both

grid connected mode and grid forming mode.
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Fig. 1. BESS Schematic.

In this phase of the project, some of the main selected components, including the PCS and BMS,
have been tested in a lab to verify operation conditions and gain experience setting up the system.
This will allow for an easier set up when installing on Sitee PCS testing shows the grid forming

and grid connected operation modes of the BEF#$.2 shows experimental results of the PCS
testing. Grid forming operation is shown in Fig. 2a while Fig. 2b illustrates grid connected
operation.
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Fig. 2. Experimental results.

Testing the BMS in the lab verifies that all protections and measurements of the BMS are operating
properly. Additionally, the testing helps to familiarize with the configuration methods for state of
charge, voltage, current, and thermal limits, contasmtup, etc.

In addition to preparing for installation, ideal operating conditions are also studied with the intent
to minimize energy cost from the utilities and decrease battery adieg:ost of energy from the
utilities is mostly dependent on time of use and the maximum power used in a month. Decreasing
the peak power or shifting the peak to a time when demand is lower can significantly decrease the
cost. Different methods to lowerdlpeak have been examined, showing that between 6 and 8
hours of peak shaving iptimal for cost saving, but it is not necessarily the best for battery health.

Prolonging the lifespan of a battery significantly hinges on understanding the battery degradation
and the various factors influencing its longevity under both storage and operational conditions. It
is vital to harness this knowledgefitad strategies that optimize how batteries are stored and used
over time.The combinedmodel developed during the first phase serves as a basis in identifying
and implementing the most favorable conditions for battery storage and usage. This model
providesinsights into thebest practices for extending battery life by adjusting stocagditions

and usage patterns.
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16. Adaptive Wide-Area Damping Control Using MeasurememtDriven Transfer Function
Model for New York State Power Grid

Project Lead: Yilu Liu (UTK)

Graduate Students and Research faculty/associateXinlan Jia (UTK), Yi Zhao (UTK),
Chengwen Zhang (UTK), Wenpeng Yu (UTK)

Industry advisors: Evangelos Farantatos (EPRLUn Zhu (EPRI)
Project Duration: 03/18/21i 12/31/23
Funding Source DOE

Summary

This project is to develop advanced adaptive veidEa damping controllers (WADCSs) based on a
measurementriven approach to mitigate lefrequency oscillations. The adaptive WADC is
designed and implemented on an indugtrgde hardware platform and tested in a controller
hardwarein-the-loop (HIL) setup using the New York State grid model. ThevN&rk Power
Authority (NYPA) is the industry partner of this project. In the next phase of this project, realistic
issues for field implementation of WADC will be addressed. The related field testes and
demonstrations will be scheduled.

In addition, mitigation of forced oscillation using WADC through inveltased utilityscale
Battery Energy Storage Systems (BESS) is also investigated in this study, including the critical
location identification of forced oscillation, the optimal actwagelection on mitigating forced
oscillations using damping control technology, and the controller design method on damping
forced oscillations.

Major activities conducted by the project team in this year are summarized as follows:

1. A two-dimensional scanning forced oscillation grid vulnerability analysis method has been
proposed to identify the forced oscillation frequency and areas/zones critical to forced oscillation
in largescale power gridThe critical area that could excite the most serious forced oscillation
event can be selected as optimal locations of actuator for damping controller.

2. The damping control strategy is simply based on droop control to modulate active power of
utility -scale BESS® canceforced oscillation energy. The control effect of this strategy has been
validated in the 70,00Bus ElI modeWwhich includes NYPA power gridnder the January 11 2019
osdllation event by simulations

3. An improved measuremedtiven identification module with considering the environment
ambient noise impact was designed and tested under hasuhthesloop platform. Advanced

data preprocessing methodology has been developed and integrated into sydtéoatioanto
improve the identification accuracy and guarantee the WADC performance under different
operating conditions.

In the next year, time synchronization enhancement of openPDC to NTP server will be further
improved. Time synchronizatiorerror detection andupdatedcompensation modul&vill be
developed for WADC field implementatioBoftstart function and initialization module will be
developed foWADC control comnands.



17.A Realtime Short-term Power System Frequency Prediction Model

Project Lead: Yilu Liu (UTK)

Graduate Students and Research faculty/associateShujie Zeng (UTK), Chang Chen (UTK
Hongyu Li (UTK), He Yin (UTK)

Project Duration: 9/20221 9/2023
Funding Source Top IT company not to be named

Summary

This projeciaims at developing an accurate reale prediction model of sheterm power system
frequency by using FNET/GridEysynchrophasa:

The first and second phases of this project have been completed. In phase I, the team investigated
the frequency distributions in 32 worldwide power systems based on the measurements collected
by FNET/GridEye. Nosstationarity and noGaussianity are widgl observed in worldwide
frequency distributions. Besides, in power systems, the frequency indicates the active power
imbalance between load and generation, thus load power change, generator power change,
generator control and protection, load control armtgetion, stability issue, and measurement
issue are the major factors impacting power system frequency. Phase Il targets at developing a
preliminary prediction model and selecting evaluation metrics. Mean absolute error (MAE), also
known as L1 error, iselected as the primary evaluation metric. Theh9@ercentile of absolute

error is also used. Given the nstationary and noeaussian nature of frequency and the
prevalence of Deep Learning (DL) model in the tigegies forecasting field, a DL modetésted.

A simple linear regression prediction model is also tested. Both have been evaluatddaniti2

field data collected from Eastern Interconnection in 2021. The MAEs of both models are lower
than 0.01 Hz when the prediction horizon is within 2(ses.

This project is expected to be finished by Sept. 2023. Future works include further improvement
andcomprehensivevaluation.

Figure 28.1: Evaluation result of preliminary prediction models



18. Damping High Frequency Forced Oscillations in Power Grids

Project Lead: Yilu Liu (UTK), Yi Zhao (UTK)

Graduate Students and Research faculty/associatesariha Hakim Sneh@JTK)
Project Duration: 8/2022Present

Funding Source EPRIDOE

Summary

The objective of this project is to improve the damping performance of high frequency forced
oscillations in power grids by proposing an innovative controller structure that can effectively
suppress these oscillations.

This project focuses on identifying the limitations of the existing controller structure in suppressing
high frequency forced oscillations and proposing a new controller structure that can effectively
damp high frequency oscillations while minimizing timepact on other frequency bands. The
performance of the proposed controller has been validated through simulations-loasgpb8ver

grid model in PSCAD.

The traditional droop controller can suppress low frequency oscillations to a great extent. However,
in case of high frequency oscillations, the controller has limitations and can only damp them by
no more than 65%. While performing simulation using higggdiency forced oscillation, the
actuator (PV models) did not respond sufficiently to those oscillations compared to low frequency
oneswhichis a key factor limiting the damping performance of the conventional controller. This
limitation of the existing entroller leads to the development of the proposed controller, wahich
illustrated in Figure32.1. The proposed controll@onsists of a control gain, second order high
pass filter, and phase shift blocks.
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Figure 32.1: Proposed Controller Scheme

To test the effectiveness of the proposed controller, simulations were performed usibgsa 13
model developed in PSCAD. The resudtoow thatthe proposed controller achies81%-84%
damping at all buses, representing a significant improvement over the conventional controller.

Overall, this project addresses the challenges of mitigating high frequency forced oscillations in
power grids and provides a better solution to improve the stability and reliability of power systems.
By proposing an innovative controller structure, thejgut offers a more effective and reliable



approach to suppress high frequency forced oscillations, which is a critical aspect of ensuring the
secure operation of power systems.
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Figure 32.2: Comparison of damping performance between (a) existing controller and (b)
proposed controller in case of 19.5 Hz forced oscillation



19.Electromagnetic Penetration of Structures with Applications in Vulnerability
Assessment

Project Lead: Yilu Liu (UTK; ORNL), Larry C. Markel (ORNL)

Graduate Students and Research faculty/associatd3aHan Liao (ORNL)David P. Mignardot
(UTK)

Project Duration: August 20221 September 2023

Funding Source DoE

Summary

High altitude electromagnetic pulse (HEMP), and other weaponized EMP, pose a threat to the
security and reliability of the electrical power system. This study focuses on the vulnerability of
power generation facilities specificallglectromagnetic simulations are conducted to determine

the shielding effectiveness of structures and which parameters are most critical. Results indicate a
structureds susceptibility to penetrating ele

The first phase of the project consists of running electromagnetic simulations and identifying
critical parameters. The team studied parameters such as angle of incidence, polarization,
frequency dependence of dielectric materials, and dielectric groandgIWith understanding of

how these parameters influence a structureds
and worstcase scenarios to more complicated models. The general observations collected in phase

| can be applied to future worka phase Il, more complicated models will be studied including
structures with apertures, structures constructed with reinforced concrete, and structures with
penetrating above and underground cables. Finally, obtained transfer function data can be
convolted with the early time component (E1) pulse of HEMP. The convoluted representation

will describe the overall shielding effectiveness of t B
structure, and field intensities can be estimated. :

So far, a multitude of rudimentary electromagne|,:
simulations were conducted testing the mentior
parameters. Transfer function results of t
simulations were analyzed and document{
Additional simulations were carried out to observe {
effect of apewres including glass windows an
metallic doors.

Future work will include modeling and simulating
structure composed of reinforced concrete. A
modeling a plant with infiltrating cables to study ho
much electromagnetic radiation enters throu
coupling.

Figure 33.1: Electric Field results for
10m by 3m by 4m structure with six 2m
square windows.



20.Field Implementation and Hardware-In-the-Loop Testing of Wide-Area Damping
Controller as OpenPDC Adapter

Project Lead: Yilu Liu (UTK), Lin Zhu (EPRI), Evangelos FarantatqgPRI), Cosimo Pisan
(Terna) Roberto Zaottin{Terna)

Graduate Students and Research faculty/associateXinlan Jia (UTK), Yi Zhao (UTK),
Wenepng Yu (UTK)ChengwerZhang (UTK),

Project Duration: 1/20221 6/2023
Funding Source EPRI

Summary

This project developedwide-area damping controller (WADG)pftware prototype and tested it

on an enhanced hardwaretheloop (HIL) test setupln our previous research, a measurement
driven WADC design method for suppressing inégea oscillations has been proposed and a
hardware prototype was developed and validated through-FOpakattime simulator.This
continuation workintroduced the implementation of WADC software prototype, which is
developed and operated as an openPDC addptere WA D @&fture is shown in Figureb3l.

A graphical user interface (GUI¥hown in Figure 32, is also developed to monitor the input
frequency signals, communication delays from the primary and backup PMUs, the status of
WADC, and the output WADC commanthe WADC can generate control commands and send
them to the synchronous condenser at the substation. An enhanced PMU device was used as the
interface device to receive the control commands, convert them into analog signals, and inject
them to the voltagsetpoint of the synchronous condenser.

The developed WADC was fully tested in an enhanced HIL test setup. Different from the HIL test
in the previous phase of this project, an enhanced PMU device was included in the loop to mimic
the actual operation environment of the WADC. The performantteedVADC system using the
centralized control structure was validated under various communication uncertainties, including
constant time delay, random time delay, random data loss, and consecutive data loss.

The HIL testing results show that the WADC software can have effective damping performance
under large constant and random delays for both communication protocols with the proper buffer
size selectionln addition UDP/IP would be recommended for the future field deployment of
WADC with consideration of regular random data drop and chunk of data loss situBiensL
experiments have provided valuable support for future field deployment ofanededamping
controller in the Italy power grid.

Future work may focus on the continuation of the field tests, e.g., demonstration of damping ratio
improvement by WADC under large disturbances, control performance of WADC with two
actuators. Other works @he upgradation of WADC software functigssch as adding the system
identification module for online adjustment of controller parametgralso be conducted
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21.Forced Oscillation Source Localization Tool Development

Project Lead: Yilu Liu (UTK)

Graduate Students and Research faculty/associatéd/enpeng Yu (UTK), Yi Zhao (UTK)
Industry Advisors: Antos Varghes€EPRI), Evangelos Farantat¢PRI), Lin Zhu (EPRI)
Project Duration: 1/20217 Present

Funding Source ORNL/DOE

Summary

Low-frequency natural oscillations have been a significant threat to secure and economic operation
of largescale power systems. These oscillations have been observed across all interconnections in
North America and worldwide over the years. They can keadystem instability, system
separation, and widespread outages if not adequately mitigated. Equally importantly, multiple
severe forced oscillation events have been observed across the North American interconnections.
Unlike natural oscillations, forcemkcillations are usually excited by a periodic driving source, and
they can persist indefinitely until the source is located and removed. These forced oscillations can
cause sustained power swings, limit power transfer capability, and damage equipment.

This project aims to develop mitigation measures for these oscillations. For forced oscillations, a
source location algorithm and tool will be developed. For natural oscillations, this work will
investigate the design of local POD controls at utiityle wind/solar plants to damp the
oscillations.

This continuation work will focus on the development of the Forced Oscillation Localization Tool
(FOLT) offline version 2.0, in which the current measurement will be utilized to improve the
observability of the power grid and then improve the estimatioaracy of the forced oscillation
source.

Pl Forced Oscillation Localization Tool - v2.0 - o X

Loaded Measurement gsults

About
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Forced Oscillation
Localization Tool
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Saurce Bus Number:

Clear All

Figure 38.1: GUI of Forced Oscillation Localization Tool



22.Geomagnetic Disturbance Vulnerability Assessment and Situational Awareness
Improvement for a Real U.S. Power System

Project Lead: Katelynn Vance (DE), Xiawen Li (DE), Andrea Pinceti (DE), Yilu Liu (UTK)
Graduate Students and Research faculty/associate&dedasola A. Ademola (UTK)
Project Duration: 8/20211 7/2023

Funding Source Dominion Energy (DE)

Summary

The mainaim of this projectis to identify the systerspecific vulnerabilities othe Dominion
Energy Virginia power system and better prepare it for realistienagnetic disturbance (GMD)
events This project combines fundamental frequency, harmonic, and thermal analysis to discover
overlaps between different GMD effects in the power system to provide a holistic security
evaluation of the grid during extreme GMD events. The objectives of thscpare classified

under three main thrusts. The first thrust involves a comprehensive equipmestystertevel

GMD vulnerability assessmefdr the Dominion grid and the evaluation of strategies to limit the
effects of geomagnetically induced current (GIC) flow. This research thrust is nearing conclusion
because the following tasks have been completed: 1) GMD modelling and GIC calculatien in t
Dominion grid, 2) identification of highly vulnerable transformers followed by their thermal
impact assessments, 3) impact study of GIC on voltage stability in the system, and 4) evaluation
of GIC mitigation strategies in the Dominion grid. The only goeg task under this thrust is
harmonic flow analysis involving the use of an EPRI software (GICharm) which is undergoing
some debugging.

The second project thrust is the developmeraroéasyto-implement and costffective scheme

to monitor GIC in the gridThis portion of the project has been completed and it involved the
electromagnetic transient (EMT) modeling and simulation of GIC injections inteVoitgge
transformers of a-bus model representing a Dominion substation. The EMT simulations were
followed by feature extraction from the simulation data to train the convolutional neural network
(CNN) shown in Figur&9.1. The performare of the trained CNN was subsequently tested based
on its capability to accurately estimate GIC magnitudes in response to certain harmonics inputs
(see Figured9.2). The test data were created using actual GIC measurements data from a GIC
monitor in the Dominion grid along with some GIC waveforms from literature.

The third project thrust involves the following tasks: 1) system impact studyplanned GIC

field test in the Dominion systetsy EMT modeing andsimulation 2) comparison of the EMT
simulation results with field measurements to validate the EMT model, and 3) use of the validated
EMT model to study the interactions of GIC effects with voltage source converters in the grid. The
first task under this thrust wasmpleted last year while the second task is ongoing. The last task
will begin in the coming wdes.

The whole project is expected to be finished by June 2023.
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23.Grid Strength Assessment of High Renewable Power Grids

Project Lead: Yilu Liu (UTK)
Graduate Students and Research faculty/associateshihao Jiang (UTK), Abigail Till (UTK)

Industry advisors: Katelynn Vance (Dominion Energy), Xiawen Li (Dominion Energy), Ang
Pinceti (Dominion Energy)

Project Duration: 4/20211 Present
Funding Source DOE

Summary

This project aimsat conducting interconnectiewide grid strength assessment of future high
renewable power grids in the U.S., identifying potential weak grid conditions and proposing
mitigation strategies in advance. Tirat year of the project is sponsored by DOE under the-Near
Term Reliability and Resilience (NTRR) project. The team first developed a projected 2025 model
of Eastern Interconnection (El) based on MMWG planning models by integrating new generation
project and confirmed retirements collected from public data sources, such as Energy Information
Administrative (EIA), Independent System Operators (ISOs) and interconnection queues. The
team then carried out a grid strength assessment of the Dominion Enerigg seritory by
projecting future grid strength trends and identifying weak locations. In addition, the team also
investigates the impacts of grid strength changes on a wide range of grid voltage characteristics,
including short circuit current level,esidy state voltage stability and voltage dynamics during
serious events. Furthermore, using developed grid strength metrics, the team identified plants that
are critical for maintaining grid strength, which could serve as a reference for policymakers to
develop market structures.

The team is working on expanding the study scope of the grid strength assessment to the entire El
and WECC interconnection. Ongoing work includes 1) study of short circuit level changes when
all existing fossifueled generation are replaced 2) estimatibhosting capability of inverter

based resources at different locations using shiartiit-ratio-based metrics.
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Figure 41.1: Comparison of SCMVA level at 500kV buses in Dominion Energy serviderritory
for 2021 and 2035



24.Increasing the stability of largescale electric power systems through an adaptive
measurementdriven controller prototype

Project Lead: Yilu Liu (UTK)

Graduate Students and Research faculty/associategddedasoladany, Ademola (UTK), Yi
Zhao (UTK)

Industry advisors: Evangelos Farantatos (EPRI), Lin Zhu (EPRI)
Project Duration: 05/01/2020 04/30/2024
Funding Source NSF

Summary

The proposed project will develop an innovative adaptive \arga damping controller (WADC)
prototype tosuppress lowrequency oscillations in largecale power systems. The developed
prototype will be demonstrated on a r&ale simulation platform that mimics a realistic power
system operating environment using realistic grid models. This project alsdeathe education

and training of graduate students to prepare them for leadership roles in the future innovative work
team

Major activities conducted by the project team in this year are summarized as follows:

l.Basedo n | ast -greaadampisg camirotleeprototype, the prototype was deployed in the
control center of Italy for field test to damp the oscillations. All the advanced control modules have
been tested and validated through the field test.

2. During the field testsseveral newly emerged practical issues for field implementation of
WADC has been discovered aaddressedncluding tme synchronization error detecticaft-

start and shutdown funoh of WADC commandand initialization module development for
WADC control commands.

3. All the updated and newly developed function module has been tested through hardhare
loop test and will be further validated though field tests.

4. The research results was disseminated through CURENT industry conference, NSF/DoE annual
site visit, and international conferences.

5. The NSF {Corps training class has been finished and around 105 interviews have been
completed to discover new potential customers.

In the next year, wplan to continue validating the controller performance throughtknng field
test in Italy. In addition, we will provide technical support for the indugtagde WADC
development with GPA and finished all the HIL tests of the functions of the inelyrsiay WADC.



25.Lossless and Lossy Compression for Poktin-Wave data in Grid Edge Sensor

Project Lead: Yilu Liu (UTK)

Graduate Students and Research faculty/associatdde Yin (UTK), Yuru Wu (UTK),Qiu Wei
(UTK)

Industry advisors: Ben La Riviere (ORNL), Bruce Warmack (ORNL), Hari Achuth
(DigiCollect)

Project Duration: 1/20211 12/2024
Funding Source ORNL/DOE

Summary

This project aimatdevelopng acompression strategy to effectively compress the powwave

(POW) data to less than 20% of the original data size and successfully implement the algorithm in
a Grid Edge sensor. The first phase of the project has been completed last year. Multgsie lossl
compression methods are investigated and implemented in both the simulations and experiments
such as Simpk8b, cyclicalhigh-order delta modulationGHDM), Lempel Zivi Markov chain
algorithm(LZMA), and Huffman encodig. The compression ratio (CR) strongly depends on the
noise level and duration of the original signal. For the signal with a 60dB noise level, the best CR
of lossless compression can reach 4.0 in the simulation and 3.83 in the experiment.

Therefore, lossy compression methods are introduced to improve the CR-evardgndataln

Phase |l the team studied multiple lossy compression methods, including singular value
decomposition (SVD), digital cosine transform (DCT), digital Fourier transform (DFT), and digital
wavelet transform (DWT). The compression of POW data could be either 1 diméksia signal

or 2 dimensions like an image. Since information loss in lossy compression is inevitable, three
metrics are used to evaluate the perforrearfdifferent methods: waveform distortion, frequency
distortion, and harmonic distortion. Overall, the highest CR reaches 16 which is achieved by the
DWT compression, but the waveform and harmonic are distorted. To preserve the harmonics, DCT
and DFT cormpression are good candidatelsen CR is equal to 8.

This project is expected to be finished by the end of 208 year, thdeam is making good
progress with the hardware developmeinthe Grid Edge Sensor as Phase lII.
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Figure 46.1: Lossy compression of POW data via (a) DWT and (b) DCT methods.



26.NERC GridEye Frequency Data Transmission and Visualization

Advisor and Industry: Yilu Liu (UTK)

Graduate Students and Research faculty/associatéd/enpeng Yu (UTK), Chang Chen (UTK
Hongyu Li

Industry Advisors: Warren Wu, David Till
Project Duration: 1/20211 12/2023
Funding Source NERC, DOE

Summary

This project is to develop a series of applications that can efficiently make use of both streaming
synchrophasor data and raw burst event dat a
visualization tools. The overall objective is to help NERC fulfdimission to ensure the frequency
reliability and security of North American interconnections. The tools developed could be used by
the DOE to obtain information through SAFNRRand later Eagie to help the department gain
situational awareness of the floAmerica grids.

1. Time Error Calculation based on Synchrophasor Measurement

To meet NERC Time Correction Standard, FNET developed online applications to calculate, track
and visualize the time error continuously based on the synchrophasor measurement.

Three timeerror calculation methods are developed, which calculate the time error based on
system median frequency, phase angle of individual FDRs or system average phase angle
respectively.

In the mediaffrequencybased method, the system median frequency is calculated for each time
frame, then the following equation is applied to calculate the time error.

0 on ®
QT
In the phasanglebased method, the angle wrapping will be captaretthe time erroi’Y will

be added by 1/60 second when the phase angle is wrapped downward, and subtracted by 1/60
second when the angle is wrapped upward, as shown below.
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A database isreated to keep the records of the time error, and a webpage is developed to visualize
the time error record in the last 30 days. The time error of El and WECC are show below.
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NERC forward the RCIS message about the time correction procedure to FNET, from which the

time error information is extracted and utilized as a reference to synchronize the time error result
calculated by FNET.

To test the accuracy of the time error calculation, the synchronization with RCIS message was
paused by 9 months, and the accumulated calculation er@d % second, which demonstrates
the excellent performance of the algorithm.

2. Automation of NERC Candidate Event Detection and Confirmation

When large event happened, NERC will estimate the active power changing and send message to
Reliability Coordinators to request the event confirmation information, including the tripped
generator and amount of active power. To save the great humanretfog procedure, FNET is
developing an online application to automate this procedure.
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Large frequency event will be detected and located based on FNET synchophasor measurement
and corresponding information is saved into a database. Then an email alert will be sent to the RC
representatives, and a link to the event confirmation websitésvticluded in the email. The RC
representative can obtain the event information and plots from the website and submit the
confirmation if the event happened in the corresponding area.



27.0EDI 1 Solar Grid Integration Data and Analytics Library

Project Lead: Yilu Liu (UTK)

Graduate Students and Research faculty/associatediaojiao Dong (UTK),He Yin (UTK),
Yuqing Dong (UTK) Teja Kurugant(ORNL), Jin Dong (ORNL), Ajay, Yadav (ORNL), Srikan
Yoginath (ORNL), Boming Liu (ORNL)

Project Duration: 09/20211 09/2024
Funding Source ORNL/DOE

Summary

The objective of this Open Energy Dataset Initiative (OEDI) projectds¥elop and demonstrate

novel distribution state estimation, control optimization, and transient analysis along with
providing access to data, data integration & mapping informé&tiemable the R&D community,

the vendors, and the utilities to download the data, the scripts, the translators, and the saurce code
More specifically, this efforis to develop and demonstrate the distribution system state estimation
(DSSE) algorithm andbool that utilizes various types of available measurements in distribution
systems, including supervisory control and data acquisition (SCADA) measurements, Phasor
Measurement Unit (PMU) measurements, RomiWave (POW) measurements, Vvirtual
measurementsnd pseudo measurements.

The project team formulates the DSSE as a nonlinear weighted least square (WLS) problem to
develop a comprehensive DSSE tool that fully utilizes available measurements in distribution
networks. The formulated nonlinear WLS problemasconverted to a nonlinear algebraic equation
using the firstorder optimality condition, and then solved by the NewRaphson method.

This year, he major functionalities of the DSSE toolviesbeen developed. Key features are
summarizedin Figure 53.1. First, the developed DSSE tool integrates various types of
measurements that are available in distribution systems. Especially, we have incorporated the
PMUs measurements and POW measurements into the DSSE tool, in addition to the conventional
SCADA measrements, virtual measurements representing-inggotion nodes and pseudo
measurements representing historical load profiles. These rapesus with different levels of
accuracy are incorporated into the DSSE t6ok example, Figur&3.2 shows the DSSE error
before and after integrating PMU measureme8econd, the tool could perform time series
analysis in addition to the state estimation of a single snapshot. Third, the tool fully models the
threephase unbalanced distribution network with thpb@se unbalanced loads. Finally, the tool

fully models he nonlinearity of the distribution network by formulating the DSSE as a nonlinear
weighted least square problem and solving it using the Newton Raphson method with detailed
Jacobian matrices information. All these functionalities are implemented in MATLAB and are
also rewritten in Python for further integration test under the HEbEZd GADAL framework.

In addition to the above key functionaries, we have also developed various interfaces to read and
export various types of data (distribution system circuit data, realistic load profile, realistic PV
data, etc.) in various formats duritige collaboration with other labs. These interfaces are in their
preliminary versions and could be made more mature in the future as needed.

In the followingyear, we will continue finetune our DSSE algorithms and interface to support the
large system test and the integration va#t other algorithms developed by the team members



Key features of the DSSE tool ‘ -

SCADA measurement,
4 eg, voltage magnitude Three-phase unbalanced

/ topology
/ .
/ Virtual measurement, Network model
Measurement |/~ €., zero voltage, zero Three-phase unbalanced

g iniecti load profile
type A current injection p
i\
\
\\ Pseudo measurement ‘ Nonlinear weighted-least
\ I el square formulation
\ PMU measurement ‘ Solver
4
Newton Raphson method
ﬂ POW measurement ‘ ‘ P
CYME software
,x‘ Snapshot mode ‘

. - - Interface CSV file format
"( Time-series mode ‘

OpenDSS software

Figure 53.1: Key features of the developed DSSE tool
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28.Point-On-Wave-based Anomaly Detection andCategorization in Low Inertia Power
Systems

Project Lead: Yilu Liu (UTK)

Graduate Students and Research faculty/associatdde Yin (UTK), Yuru Wu (UTK),Wenpeng
Yu (UTK)

Project Duration: 1/20217 Now
Funding Source NREL/DOE

Summary

Inverterbased resources (IBRs), such as Photovoltaic (PV) and battery storage systems, are widely
deployed to achieve carbonfree power systems. However, the anomalies, such as waveform
distortions, and widéand oscillations, caused by the IBRs have bnbaballenges to situational
awareness, especially in the low inertia power systems. The anomalies such as generation trips and
load shedding also have higher frequency deviation and voltage magnitude drops caused by the
changing of inertia. To achieve etttive anomaly identification, this paper proposed a pmint

wave (POW) based algorithm utilizing the rtiahe POW measurements from synchronized
measurement units (SMUs). Four SMUs are specially designed and deployed on Hawaii islands to
receive instagneous POW measurements. Then, different physical characteristics, as well as
statistical features are extracted from POW measurements to filter the anomalies. The anomaly
identification approach based on the random forest is developed and deployedeinto th
FNET/GridEye system considering the tramfts among accuracy, computational burden, and
deployment cost. To verify the performance of the proposed algorithm, different experiments are
carried out with collected field test data. The result demonstriagééshte performance of the
proposed POWased anomaly categorization algorithm can reach 94.54% which has comparable
performance among benchmarking algorithms.

This year, we have compared the outage list from the KIUC and our event detection results. About
50% accuracy has been achieved. Considering the sensor deployment locationwodd ealise,

this number makes sense. We are also trying to analyze thatimscand its causing factors and

we believe they are related to the diesel generators and their droop control parameters.

This project is expected to be finished by the end of 2024. Future works include probing based
inertia estimation and its deployment in the field.
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29.Power System Digital Twin

Project Lead: Clifton Black (Southern Company), Yilu Liu (UTK)
Graduate Students and Research faculty/associateteremy Till (UTK)
Project Duration: 8/202271 5/2024

Funding Source Southern Company

Summary
The goal of this project is to apply o6digital
advance, the importance of leveraging grid modeling and monitoring only increases. Digital twin
technology proposes the use of an extremely accurate model of the power system, capable of
running on specialized hardware to simulate the model at or faster thame=aHowever, one

of the most important aspects of a digital twin is the ability td fee model data from the physical
power system (or physical twin), and produce a simulated result identical to the physical system.
Digital twins are a relatively new phenomenon, primarily being utilized outside of power systems.

This project is broken into thrgghases. The goal is to create a model, data interface, and controls
necessary to implement a digital twin for three phases. The first phase is a microgrid owned by
Southern Company. The second phase will be a subsectioe 86uthern Company transmission
system. The third phase will include the second phase with additional buses. The digital twin is
being modeled in Hypersim and run on hardware from -®Jato enable reaime capability.
Southern Company has many dat@&ams that will be utilized in the digital twins.

The projectis in the first phase currently. The microgrid has been modeled and validated for steady
state performance. Event data is currently being used to validate the transient performance of the
model.

One of the primary goals in this project is the inclusion of cyibgsical modeling in the digital

twin. As the digital twin will be able to utilize data from the physical system and generate simulated
measurements mirroring the physical system, an aecaradel will be created for the cyber or
networking components as well as the electromechanical components. This will create potential
for contingency analysis considering cyber events. Another goal is to feed the digital twin real
time data and use thégdal twin to actively diagnose the physical system, as divergence of the
two would indicate improper behavior.

The project is expected to be finished by May, 2024. Future work would include expansion of the
phase three digital twin, as well as application development for the twin to be used by departments
within a power utility.
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30.PR100: Puerto Rico Power Grid Simulationbased Model Validation

Project Lead: Marcelo Elizondo (PNNL)

Graduate Students and Research faculty/associatddelanie Bennett (UTK), Matin Rahmatie
(Quanta), Alexandre Nassif (LUMA), Yilu Liu (UTK)

Project Duration: 01/20221 01/2025
Funding Source NREL/DOE

Summary

The Puertdrico (PR) power grid model must accurately representwedt conditions, otherwise

the true vulnerability of the grid may be drastically ev@runderestimated. The goal is to validate

the generators frequency dynamic respasfghe existing PR power grid model. In lieu of field
validated governors, this is accomplished by simulating real historical generation trip events that
caused large disturbances. Two generator trip events are used in the process to increase the
confiden@ in the model validatio results.Simulations of the events showed that a group of
generator governors in the model were providing support for grid frequency, when in reality they
did not. Additionally, the generator governors that did provide support during the actual events
showed a moraggressive support in the simulation. Therefore, the grid model was tuned by (a)
turning off some governors in the model and (b) adjusting the deadband and droop parameters of
governors that did respond during the actual evEme. final validaed results are able to match

the measurements well for both events. Future
voltage strength in preparation to host higher penetration levels of renewable energy.

Event I: Loss of a Single Generator Unit

A generator tripped offline while providing approximately 10% of the total generation. The event
did not trigger undefrequency load shedding.

Event II: Loss of a Power Plant (Multiple Units)

A power plant disconnected from the grid resulting in the loss of 20% of the total generation.
Frequency decreased significantly to a level where automatic load shedding actions took place.
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31.Probing-Based Inertia Estimation Using Hybrid Power Plants

Project Lead: Yilu Liu (UTK)

Graduate Students and Research faculty/associateZhihao Jiang (UTK), He Yin (UTK)
Hongyu Li (UTK)

Industry Advisors: Jin Tan (NREL), Andy Hoke (NREL), Brad Rockwell (KIUC), Camel
Kruse (KIUC)

Project Duration: 4/20221 Present
Funding Source DOE

Summary

With the displacement of synchronous generation by invdrésed resources (IBRs), power
systems could face the challenge of reduced inertia since IBRs do not inherently contribute to
system inertia Therefore, there is rising interest in monitoring system inertia intireal
applications for situational awareness. In addition, there is a growing number of IBRs that provide
fast frequency responses (FFR) in the form of synthetic inertia drdtd®p. It is desirable to
guantify the contribution of these FFR catér as equivalent inertia. This project proposes a
probingbased inertia estimation method using ati¥tery hybrid power plant in the Kauai island
power system. Active power pulses are injected by battery energy storage systems (BESSs) and
system inertias estimated using system frequency responses. The flowchart of the proposed
approach is shown in Figubs.1.

In the first year of the project, the team has worked on the design of the suitable probing signal for
the Kauai island system by considering a series of factors, including ambient load noise, frequency
disturbances of the probing and accuracy estimakon.future work, the team is working on
validating the approach through Powardwareln-Loop (HILP) and implementing field
demonstration in Kauai Island Utility Cooperation (KIUC).

Collect input and output data | Filter step signal through zero-phase
Input: probing signal (active power injection) digital filter
Output: System average frequency l
Calculate df/dt using a sliding
Low pass filter window of 0.2s

|

System model
identification

daf
l ZHsySSbase m = APy — AR,

Calculate step response of the identified model |—

Figure 58.1: Flow chart of the approach
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Figure 58.2: Simulation validation of the probing-based inertia estimation



32.Real Time Inertia Monitor Based onPumped Hydro Operation Signatures

Project Lead: Yilu Liu (ORNL)

Graduate Students and Research faculty/associatedongyuli (UTK), Chang Chen (UTK),
Wenpeng Yu (UTK), Shutang You (UTK), Lingwei Zhan (ORNL)

Industry advisors: Mark Baldwin (Dominion Energy),arry Markel (ORNL)
Project Duration: 1/20221 Present
Funding Source ORNL/DOE

Summary

Realttime knowledge of the system inertia is critical for stable system operation, especially in high
renewable grids. It is ehallenging task due to the substantial number of resources contributing to

t he power gridés effective inertia. The most
mechani cal Il nertia by summi ng up the di spat
contributions from load and synthetic inertia. As most pumped storage hydropower (PSH) plants
have consistent switching patterns with a fixed amount of instant power change when tripping
pumps, they are ideal resources for effective inertia monitoringgmrbenewable power grids.

PSH can be used as a yardstick to calibrate inertia monitoring technologies. This project will
develop, demonstrate, and deploy the-tiaé, lowcost, and accurate monitoring system to
guantify system effective inertia basedR®H plant operation signature from PMU measurements.

By partnering with NERC, TVA, and Dominion Energy, this work will address one of the key
challenges for operating the higbnewable low inertia grid and pave the way for the development

of a U.S. carbo-free power sector by 203bigure60.1 shows the concept of inertia estimation

using pumped hydro operation signatures. Several key works are also shown as follows:

Analysis of pump events based on PMU measurements;

How to select pump storage for interconnection inertia estimation;

Deployment of grid frequency monitors to capture pump event signatures;

Design of pump event detection trigger;

Estimation and validation of WECC inertia using pump signatures.
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Figure 60.1: Concept of Inertia Estimation Using Pumped Hydro Operation Signatures



33.Study of Impact of High Penetration of Inverter Based Resourcesn Grid Strength

Project Lead: Yilu Liu (UTK)
Graduate Students and Research faculty/associate&bigail Till (UTK), Zhihao Jiang (UTK)
Project Duration: 1/2022i 7/2023

Funding Source

Summary

This project investigates the impact of high penetration of inverter based resources (IBRs) on grid
strength. It uses the short circuit apparent power (SCMVA) as an indicator of grid strength. In the
first part of this project, the SCMVA was measured i Bastern Interconnection at varying IBR

levels using PSS/E. Conventional generation was replaced with IBR and the SCMVA was
measured for the base case as well as the cases with IBR added. The SCMVA was then compared
for base and edited cases to deterrttieeimpact of IBR.

For the second part of this project, the capacity for IBR before the grid strength becomes weak
was explored. Using the calculated SCMVA from the first part of the project, and the short circuit
ratio (SCR) at which the grid becomes considered to be weslggh, the maximum amount of

IBR that could be added at each bus was determined.

While this project was initially started observing the Eastern Interconnection, it is currently being
expanded to determine the impact of IBR on the Western Interconnection as well. The same
process of converting conventional generation to IBR and megsamthcomparing SCMVA in

PSS/E is being used, as well as determining the amount of IBR that can be added before the grid
becomes weak.

The project is expected to be finished in July of 2023. Future work includes more analysis with
differing levels of IBR.



34.Virtual Operator Assistant (VOA) i Powering the Nextgeneration Control Room by
Artificial Intelligence and Digital Twins Technology

Project Lead: Yilu Liu (UTK)

Graduate Students and Research faculty/associatediaojiao Dong (UTK), Xinlan Jia(UTK)
Mirka Mandich(UTK), Yinfeng Zhao(UTK), Yang Liu(UTK), Shutang You(UTK), Hongmi
Zhang(Stronghold Resource Partners)

Project Duration: 9/20201 12/2023
Funding Source DOE AGM

Summary

This project aims at developing an Al agent for power system stability prediction, including power
grid transient stability assessment and-teaé frequency stability monitoring. We propose an
artificial intelligence (Al)-based method that predictsthey st e mé6s st abil ity ma
(e.g., the frequency nadir in frequency stability assessment and the critical clearing time, or CCT
value in the transient stability assessment) directly from the system operating conditions without
performing the corentional timeconsuming timedomain simulations over detailed dynamic
models. Since the Al method shifts the majority of the computational burden to offline training,
the online evaluation is extremely fast. The primary objective of this project is taheest
effectiveness of the Al approach on practical large power systems. Specifically, we aim at
verifying the Albased stability assessment method using multiple dispatch cases that are
converted and tuned from actual dispatch cases of the Western Ele€adordinating Council
(WECC) system model with more than 20,000 buses.

Figure66.1 shows the overall implementation of the proposed Al based stability assessment tool.
It includes: 1) Dispatch data module, which is used to develop a set of robpataticases and

the associated dynamic models for the tests of the Al algorithm. &iwasimulation module,

which used to perform batch simulations and calculate the frequency nadir and CCT values for the
dispatch cases. 3) Feature extraction module, which is used to extract selected features from the
dispatch cases; 4) Al agemodule, which is used to build the dataset from the above label and
feature data, splitting them into training, validation, and testing datasets, and performing Al
training and tests using Al algorithms. The outputs of this module are the predictedahaesr

and the predicted CCT values.

This year, we have completed the scheduled tasks for both transient stability assessment and
frequency stability assessment based on the above implementation. Especially, the dynamic
models for full WECC system were created based on the power flow fraal &¢ECC EMS

data records under different dispatches. These models were manually tuned and selected to serve
our purpose. Eventually, we obtained 138 cases for frequency stability assessment and 69 cases
for transient stability assessment from the origi2dd WECC dispatch cases on March 19th, 2019.
Simulation data from these actual WECC system dynamic models were used in developing and
implementing the Al agents, as well as verifying their effectiveness.

Figure66.2 shows the results we obtained from the tests on the full 20 @00VECC system,
including the predicted frequency nadir and CCT value using both the random forest algorithm
and the neural network algorithm. It shows the Al agent provides an accurditipneof this



stability margin information. Regarding the time performance, the Al approach only takes less
than 1 hour for offline training and the online evaluation only takes less than 0.2 milliseconds to
complete the stability prediction of all dispatch cases. Tisignificantly faster than the
conventional time domain simulation approaches, which take more than 1 hour to calculate this
stability margin information. These results demonstrate the great potential of Al techniques in
achieving fastethanreaktime dability assessment.
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Figure 66.1: The overall structure of the technical approach.
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35.Adaptive Oscillations Damping Control Using Measurement Derived Transfer
Function Model-TERNA Case Study Field Implementation

Project Lead: Yilu Liu (UTK)

Graduate Students and Research faculty/associateXinlan Jia (UTK), Wenpeng Yu (UTK)
Yi Zhao (UTK)

Industry Advisors: Lin Zhu (EPRI), Evangelos Farantatos (EPRI)
Project Duration: 9/2023 1 9/2024
Funding Source EPRI

Summary

This project aims at developing a wideea damping controller (WADC) using a measurement
driven transfer function model to adaptively damp naturalffeguency oscillations in the power

grid. In Phase | of this project, the proposed WADC was designedvaidhted through
simulations for Terna's system through software simulation. The simulation results have validated
the effectiveness of the WADC for an actual oscillations event that took place at the Terna system
in 2017. In Phase Il of this projecteth€WADC was implemented on a gengpigrpose hardware
platform (CompactRIO) and tested in a hardwiaréhe-loop setup, where the Terna model was
emulated on a redime digital simulator (OPAIRT). Realistic operating conditions were
emulated to evaluatde performance of the WADC, including random time delays, PMU data
package loss, PMU measurement noise, and multiple PMUs as backup.

In this yearthe WADC is developed otihe openPDC platform as aserdefinedaction and is
deployed at the Terna control center. The WADC collects PMU measurements and generates the
control command to damp the Noi#outh oscillation modd-requency measurements from two
PMUs are selected as the primary and backup input signals respectively, and one synchronous
condenser is selected as the actuator. More actuators including synchronous condensers, HVDC
links, FACTS devices, and invertbas@ resources can be added in futphases of the project

IEEE C37.118 is used as the communication protocol for both frequency measurements and
control commands. An enhanced PMU device is deployed at the substation to parse the control
commands and intex€e to the synchronous condenser.

Two rounds offield testswas conducted in Terna power grid, whiaficlude the following five
categories: 1) Communication test to ensure reliable communication of the entire loop, 2)
Synchronous condenser exciter response test al
command, 3) Commissioning test to urgland the measurement delay, control command delay,
and entire loop delay, 4) Control loop test to tune and verify controller parameters iloopen

and verify controller performance inlosedloop under the ambient environment, and 5)
Oscillation damping test to verify controller performance under large disturbances (e.g., load
rejection).Figure 1 shows thadld deployment of WADC system at TernBable 1 shows the
closedloop testing results of the WADC under a large load rejection event, which demonstrate the
developed WADC can improve the damping ratios of two-fieguency oscillation modes in
Terna system.
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Figure 1. Field Deployment of WADC system at Terna.

Table 1. Comparison of oscillation frequency and damping ratio (With and without

WADC)
Mode #1 Mode #2
Data Type | WADC | PSS
Freg. (Hz)| Damping (%)| Freq. (Hz)| Damping (%)
Ambient ON ON 0.212 19.42 0.261 17.02
Event ON ON N/A N/A 0.262 20.46
Ambient OFF | ON 0.200 12.23 0.286 11.67




36.Grid Strength Assessment for High Levels of Invertetbased Resources in the Puerto
Rico Power System

Project Lead: Yilu Liu (UTK)

Graduate Students and Research faculty/associatdglelanie Bennett (UTK)
Project Duration: 1/20271 12/203

Funding Source ORNL

Summary

The strength of a grid refers to the voltage stiffness following a fault disturbdaondag these
disturbancessynchronous generators can provide 5 to 10 times their rated current capacity while
inverterbased resources (IBR) may only provide 1 to 1.3 times rated cuifghtthe dwindling

fault current availability in IBRIominantgrids, voltage instability issues may become more
prevalent leading to more impacts from disturbances than previously seen. Weak grid issues can
take the form of voltage indtdity, harmonic resonance, and fault induced delayed voltage
recovery (FIDVR). Grid strength assessments can provide an indicator for which locations may be
more susceptible to weak grid issues and where could be candidate locations to place compensation
devices.

This project assessed the change in short circuit capacity (SCMVA) from a 40% renewable grid to
a 100% renewable grid. The resultsFigure1 show that high voltage transmission substations
may experience a decrease of about 70% in SCMVA while other locations along the 38 kV system
show relatively little change. This indicates that high voltage pathways with relatively low
impedance will see aignificant drop in available short circuit current during faults and could
potentially lead to larger regions of voltage issues than before. Next, the short circuit ratio (SCR)
is compared to the equivalent cirecbdised SCR (ESCR) and the results shat 8CR may be
overestimating grid strength due to not accounting for interactions between neighboring IBR while
ESCR does consider neighboring IBRs and is a much more conservative approach. The last SCR
metric considered is the weighted SCR (WSCR) whielregional metric based on the impedance
characteristics of the whole system. Considering the small island power system, the entire grid can
be considered one region and thus, the WSCR is calculated as a single value. The results for all
three methods arshown inTable 1. This last metric does not provide enough granularity to
observe localized impacts and thus, the ESCR is preferred. However, none of the metrics can
indicate what types of voltage stability issues may be more likely at the weak grid locations.

The last task of the project considered synchronous condensers for improving the grid strength in
the 100% renewable case to the same levels in the 40% renewable case. Synchronous condensers
are spread throughout the island at 8 locations but two casesresieered: either they are all

placed at 115 kV buses or at power plant facilities on the lower voltage system. The comparisons
of the locations of synchronous condenser and the capacity required to improve the grid strength

is shown inFigure2. Overall, placing synchronous condenser at the high voltage buses can more
than double the benefit as placing the condensers at lower voltages due to the significantly lower
impedance on the high voltage system and thus the ability for the capacitsetdoinger distances.



Figure 1 Change in SCMVA from 40% to 100% renewables

Table 1 Comparison of Short Circuit Ratio metrics

Location SCR ESCR

Santa Isabel 8.19 2.43
Brefas 12.30 1.74
Aguirre 12.71 8.10
Juncos 15.61 3.08
Jobos 16.66 3.96
Barceloneta 16.90 3.71
Cambalache 20.41 4.55
Jobos 23.33 3.74
Yabucoa 26.19 541
San German 29.75 2.58
Bairoa 34.23 4.31
Juana Diaz 39.18 5.13
Costa Sur 39.79 9.63
Vega Baja 40.62 5.79
Daguao 46.77 1.49
Yabucoa 63.94 3.22
Regional Metric WSCR
All Locations 1.947





































































































































