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FNET: Frequency Monitoring Network

• Project Lead: Prof. Yilu Lui

• Project location: U. Tennessee

Formerly Virginia Tech

• Project started mid-2000s (roughly)

• For more info:

 Project Web page: http://fnetpublic.utk.edu

 Y. Zhang et al, “Wide-Area Freqeuncy Monitoring 

Network (FNET) Architecture and Applications”, IEEE 

Transactions on Smart Grid, 1(2), Sept 2010, 159-167.

• Credits: slides adapted from U Tennessee (Prof. 

Yilu Lui, Ms. Yin Lei)

http://fnetpublic.utk.edu/
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5504177


FNET Introduction

Fig. The Frequency Monitoring Network (FNET) 

framework

• FNET is a low-cost, GPS-synchronized, wide-area 

distribution level phasor measurement system. 

• Consists of two major components

• GPS-based synchronized sensor, called Frequency 

Disturbance Recorder (FDR)

• Information Management System (IMS)

• Consists of two major components:  

 the GPS-based synchronized sensor known as a Frequency 

Disturbance Recorder (FDR)

 Information Management System (IMS)



FNET Architecture
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FDR

• Frequency Disturbance Recorder(FDR)

 Is a GPS-synchronized single-phase PMU that is installed at 

ordinary 120 V, 60Hz power outlets. I.e., DISTRIBUTION SIDE!

 Measures power system frequency, voltage magnitude and 

phasor angle sent at 10 Hz

 Internally sampled at 1440 Hz!

 Transmits measurement data to the centralized IMS via the 

Internet.

 Over 100 FDRs installed in the United States and another 20 

installed worldwide.



FDR Locations in North America (2015)



Real-Time Visualization with FNET

• Frequency gradient map and angle contour map are generated:
 On the basis of real-time FDR measurement data.

 By combing the data with geographical and system topology information.

 By refreshing every four seconds.

 Note: as of mid-2015, the F/NET project is looking for people to place a 
device in the following cities:
Charlotte, NC; Jacksonville, FL; Miami, FL; Flagstaff, AZ; Houston, TX; Dallas, TX; 
Oklahoma City, OK; Nashville, TN; Madison, WI; Milwaukee, WI; Edmonton, 
Canada; Ontario, Canada



Sample US Frequency Gradient Map



Sample World Frequency Gradient Map



Review: Aug. 14th, 2003 Blackout



Sample FNET Angle Contour Map



Animated Event Replay with FNET

• Case study: Southwest blackout in WECC Interconnection 

on the 8
th

, September, 2011.

• Event Description: The southwest blackout occurred when 

a 500 KV line connecting Arizona with San Diego tripped 

following a capacitor switch out. This widespread power 

outage affected large areas of  Southern California as well 

as west Arizona, northern Baja California, and Sonora. 

This event left nearly 7 million People without power.

• Observation:  The line trip in San Diego introduces non-

uniform frequency waves propagating from the tripping 

point throughout the system.

• Check the following link for the event movie: 

http://www.youtube.com/watch?v=YsksUyeLu2Y

http://www.youtube.com/watch?v=YsksUyeLu2Y


Life Real-Time Visualizations from FNET

• Table Display: 

http://fnetpublic.utk.edu/tabledisplay.html

• Eastern North America Angle Contour Map: 

http://fnetpublic.utk.edu/anglecontour.html

• US Gradient Map: 

http://fnetpublic.utk.edu/gradientmap.html

• Worldwide Frequency Map: 

http://powerit.utk.edu/worldmap/

• Bonus: 

 WSU Frequency with GridStat: 

http://www.gridstat.net/javaDemo/index.html

Red: GridMon; Blue: PMU; Green: FNET

 Look around nerc.com for a lot more info

http://fnetpublic.utk.edu/tabledisplay.html
http://fnetpublic.utk.edu/anglecontour.html
http://fnetpublic.utk.edu/gradientmap.html
http://powerit.utk.edu/worldmap/
http://www.gridstat.net/javaDemo/index.html
http://www.nerc.com/
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Possible Near-Term Future: NoaNET

• NoaNET: nonprofit broadband provider in 

Washington State

 Started by PUDs (?BPA) late 1990s

 URL: www.noanet.net

 “Washington State’s leading nonprofit broadband 

provider”

• Would have both PMUs and FDRs in it, plus GridStat

 Cranking up the rate quite a bit

 Efficent multicast & 

 Fault Tolerance

http://www.noanet.net/


NoaNET Map (April 2013)



NoaNET Map (April 2014)
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Quincy WA Data Centers

• Grant County PUD started putting in fiber 

EVERYWHERE they could starting mid-late 

1990s

 VERY cheap and stable hydropower

 Also tapped into regional and national fiber 

backbones

• Quincy, WA in “buckle” by Grand Coulee and 

other dams (SE of Wenatchee)

• 2006-2008: big datacenters from Microsoft, 

Yahoo, Intuit

 Most employees live in E. Wenatchee

 Also VMWare has datacenter in E. Wenatchee
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GridSim - Real Time Simulation

of Power Grid Operation & Control

• Funded by USDOE

• Project team: Mani Venkatasubramanian (Project 

Lead), Anjan Bose, Dave Bakken, Carl Hauser, 

Chuanlin Zhao, Dave Anderson, Alex Ning, Ming Meng, 

Lin Zhang

• Simulate PMU like real-time responses of large-scale 

power system including power grid dynamics and 

communication network

• For more info

• David Anderson, Chuanlin Zhao, Carl Hauser, Vaithianathan

Venkatasubramanian, David Bakken, Anjan Bose. “A Virtual 

Smart Grid: Real-Time Simulation for Smart Grid Control and 

Communications Design”. IEEE Power and Energy, 10(1), 

January/February 2012, 49-57.

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6102582&isnumber=6102579


Project Objectives

Improve Reliability and Security of the Electric Power 

Grid by developing

• The new communications and information 

systems needed to support better automatic 

controls and operator support tools

• The new wide area automatic controls needed for 

detecting and mitigating oscillations and 

instabilities

• The new operator support tools, like next 

generation state estimators, for better human 

decision making



Simulation Test Bed for the Smart Grid

Note: “SR” is the old term (status router) for a GridStat forwarding engine 

(FE), a rate-based router.



Assumptions
• PMUs will increase and phasor measurements at 

high sampling rates will be ubiquitous

• The hardware technologies to move this data in 

large volumes and high speeds are available

• Power control devices (FACTS) will be deployed 

in larger numbers

• The software to manage and move this data is 

feasible but needs to be developed

• The software and algorithms for the next 

generation control and operation tools need to be 

developed



Project Tasks

1. Real Time Power Grid Simulation

2. Streaming Measurement Data

3. Data Communications – Gridstat 

Middleware

4. Oscillation Detection – Wide Area 

Control

5. State Estimation – Real Time Modeling





Tasks 1 and 2

• Real Time Power Grid Simulation

• Use commercial grade transient stability 

program – Powertech TSAT

• Simulate a large real system in real time

• Replace output file with streaming data

• Streaming Measurement Data

• Streaming data needed at PMU locations

• Measurement data in IEEE C37.118



Simulation Test Bed

Generating measurements of power system

• Static Database

• Circuit Breaker - Bus Section Database

• Bus Section – Equipment Database

• Equipment Parameters Database

• Real-time Database

• Currents

Circuit Breakers

Bus Section Injections

• Voltages

• Circuit Breaker Status
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Summary: Tasks 1 & 2

• Measurement Stream from Simulated Power 

System

• Static Data Generator

• Measurement Generator

• C37.118 Generator

• Substation Level Data

• Each substation is a separate process

• Time delays within substation neglected

• Application algorithm at substation



Overall Architecture
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Test Systems

• Kundur 11-bus test system

• 4 generators

• 98 PMUs

• 179-bus Western system model

• 29 generators

• 1577 PMUs

• 14,000-bus WECC system model

• TSAT nearly real-time (at 5 Hz)



179 Bus System TSAT simulation



179 Bus Example



Oscillation Monitoring System

OpenPDC

OMS

Substation level OMS and Control center level OMS.

Light version of OMS for substations developed.

IEEE C37.118

BPA PDCstream

Real-time PMU 

data stream
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Cloud Computing

• The “next new thing”

 Big data centers (probably hosted by power industry 

vendors or NERC or DHS/DoE, not Amazon or Google)

 These permit “consolidation”

– 10x or better reductions in cost of operation 

– Far better equipment utilization and management

– New styles of elastic computing, potential to compute 

directly on massive data collections

– Adds up to a new way of computing that forces us to 

undertake new kinds of thinking

 But deliberately designed to trade off consistency for 

scalability



GridCloud

• Combining GridStat plus Cornell cloud 

computing and process managemenet

technology plus WSU state estimation

• Challenging questions with highly elastic apps 

 Rapid elasticity at scale

 Predictability of such elasticity

 Consistency with such elasticity

 …



2013: Updated Cloud Architecture (1 

Replica)

WSU Code                   Cornell Code                   WSU CodeWSU code WSU codeCornell code



Current Cloud Architecture (3 Replica)

ARPAe Project Review: Feb. 19. 2013 (Webex)

41



#1: Mitigation Control

• Rare combination of events do happen

 Have lead to many blackouts when not 

mitigated!

• E.g., N-3 contingency (3 failures) never planned 

for

 Infrequent but hugely expensive to analyze

 GridCloud commissions thousands of nodes 

analyzing candidate mitigation steps in parallel

 Best approach (actionable steps) is given to 

operators

• Acknowledgements: Prof. Mani 

Venkatasubramanian (WSU)



#2: Oscillation Alarm Processing

• Grids oscillate between regions

 Negatively damping can lead to blackout

 E.g., Oregon/California in July 1996: 0.3 Hz (!!)

• GridCloud commissions massive parallel 

computations exploring huge permutation space

 Looking for trends and correlations of alarm 

data

 Also huge number of model-based simluations

too

 Finds root cause much faster than possible 

today in much broader set of conditions

• Acknowledgements: Prof. Mani 

Venkatasubramanian (WSU)



#3: Post-Tripping Fault Diagnosis

• Protection scheme trips a relay, but why?

 Underlying cause must be ascertained post 

facto

• GridCloud commissions massive computations 

to identify the fault(s) that provoked the trip(s)

 Many different kinds of fault diagnosis 

algorithms, all could be run in parallel

 Possible integration candidate: openFLE (fault 

location engine) from Grid Protection Alliance

• Acknowledgements: Prof. Anuraug Srivastava

(WSU)



#4: Multi-Resolution Frequency Disturbance 

Visualization

• Grid operates in very narrow range unless stressed

 Frequency excursions outside this give clues to problems

• Frequency disturbance recorder (FDR): new device 

recording frequency disturbances at high rates

 E.g., internal sampling of FNET device (in our lab): 1440 

Hz

• GridCloud commissions thousands of parallel frequency 

rendering computations

 Provide operators a rich suite of visualizations with 

which to better understand nature and cause of present 

excursion

• Acknowledgements: Prof. Yilu Liu (University of 

Tennessee, Knoxville)



#5: Multi-Dimensional Computations 

over Both Space and Time

• Two existing GridSim apps can be combined in rich 

ways possible only with cloud computing

• Hierarchical linear state estimation: rich coverage 

of (geographical) space

 At one snapshot in time

 Obvious extensions over more space with more PMUs

• Oscillation monitoring

 Uses moving window of time (a few seconds typically)

 Over streaming data

 Produces a single number: damping factor

 Obvious parallel computations over different sets of 

data with different time windows and algorithms



#5: Multi-Dimensional Computations 

over Both Space and Time (cont.)

• Combination: provide rich set of two-

dimensional (space, time) data to any desired 

location

 Enables extremely powerful new families of 

applications operating coherently over both space 

and time

 At each location: different time windows, different 

algorithms, different sets of data

 If available, people would inevitably think of many

uses for this data

• Acknowledgements: Prof. Anjan Bose (WSU)



#6: Ultimate Scale: Tertiary Monitoring 

Centers

• Balancing authorities (144 in North America) 

must have remote backup control centers

 Hot backups with same data and apps

• TVA found great value in having a tertiary 

control center

 Limited to monitoring: control outputs computed 

but not used

 Obvious candidates for the cloud

 But this is barely scratching the surface here…



#6: Ultimate Scale: Tertiary Monitoring 

Centers (cont.)

• Major problem today: balancing authorities 

have almost no visibility anywhere in grid 

except for a few places in a few neighbors

 “Flying blind”, The Economist, 2004

• Why not just share more?

 Data stored at another utility is problematic for 

owner

• Storing in cloud could alleviate this

 Only access a subset of data and/or derived info

 Access opened up when grid sufficiently stressed



#6: Ultimate Scale: Tertiary Monitoring 

Centers (cont.)

• Above is static with default steady state

• Could also drill down on demand with elastic 

computations

 Using higher-fidelity algorithms

 Using higher-resolution data

• Acknowledgements: Russell Robertson (Grid 

Protection Alliance), for the TVA example 

(though not the cloud possibilities)



#7: Robust Adaptive Topology Control (RATC)

• Use software to optimize grid topology 

switching as the control resource

• Technology: use topology control to 

enhance operations and manage disruptions 

in grid

• Massively parallel computations to 

Detect, classify, and respond to grid 

disturbances

Ensure the grid maintains efficient 

operations while guaranteeing reliability

• Acknowledgements: Prof. Mladen

Kezunivoc, Texas A&M University.

Funded by the ARPA-E GENI program



#8: Prosumer-Based Distributed 

Autonomous 

Cyber-Physical Architecture

•Prosumer: An economically motivated 

power system participant that can 

consume, produce, store, or transport 

electricity

 Interact with other prosumers through 

services – generation, consumption, 

storage, and transportation

–E.g. A utility prosumer aggregating 

heterogeneous home user prosumers to 

provide consumption and storage services to a 

distribution ISO prosumer

Drastically increased data acquisition rates, 

autonomy, distributed control capability



#8: Prosumer-Based Distributed 

Autonomous 

Cyber-Physical Architecture (cont.)

• GridCloud commissions massive parallel 

computations exploring huge permutation 

space

Heterogeneous data aggregation for utility 

level device management that accounts for 

instantaneous interoperability

–Home users can change their strategies (e.g. 

local storage is not available)

Scenario generators for prosumers at 

different level (in scale)

Data organization and processing 

• Acknowledgements: Prof. Santiago Grijalva

(Georgia Institute of Technology, Georgia)

Funded by ARPA-E GENI program


