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Flexibility at the grid edge

Research capabilities around campus 
for power systems research
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Validation using NIST campus’ distribution circuit
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Building 101 Low roof 
PV Site

Supporting a variety active projects:
• Modeling low voltage circuits 
• Uncertainty propagation
• Inverter control
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101 Low Roof
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30 KVA PV Generator, 480VAC 3PH-3W HVAC circuit
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PV Array
79A Nom. 442VDC Nom. 

2X 15KVA PV inverter

Motor Control Center

7X Air Handling Unit

Building EMS

Building Switchgear

Campus D/R 
Setpoints

Building HVAC 
Controller

Grid Edge 
Controller

MicroPMU

Multi‐Function
Relay

Merging Unit

IV Curve Tracer

Grid edge controller

Power quality 
meter

Pyranometer Sky imager
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Estimating flexibility margins for heterogenous DERs

Batteries Switching loads PV Wind

DERs have different (possibly non-convex) 
flexibility domains

Aggregate flexibility is the Minkowski sum of 
individual domains

Homothetic transformation 
(scaling and translation) to 
approximate (homogenize) 
DER flexibility

Kundu, Soumya, Karanjit Kalsi, and Scott Backhaus. "Approximating Flexibility in Distributed Energy 
Resources: A Geometric Approach." arXiv preprint arXiv:1803.06921 (2018).

Zhao, Lin, et al. "A geometric approach to aggregate flexibility modeling of thermostatically controlled 
loads." IEEE Transactions on Power Systems 32.6 (2017): 4721-4731.

Set point tracking probability within flexibility domains. 
Need to explore belief maintenance in Bayesian networks 
to homogenize stochastic DERs.  
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The cutting edge at the grid edge

• Estimating flexibility of grid edge resources (beyond dispatchability)
– Do we have data quality, secure communication capacity and robust algorithms?

6
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The cutting edge at the grid edge

• Estimating flexibility of grid edge resources (beyond dispatchability)
– Do we have data quality, secure communication capacity and robust algorithms?

• Composing this flexibility 
– Evaluate control implications

– Hardware-in-the-loop Simulation

– Validated Emulations

– Calibration of interfaces 
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The cutting edge at the grid edge

• Estimating flexibility of grid edge resources (beyond dispatchability)
– Do we have data quality, secure communication capacity and robust algorithms?

• Composing this flexibility 
– Evaluate control implications

– Hardware-in-the-loop Simulation

– Validated Emulations

– Calibration of interfaces 

• Characterizing these compositions as metrology problems 
– How good do micro-scale measurements need to be to provide good macro-

scale state estimates for control?

– Can we decompose macro scale measurements to observe micro scale 
dynamics?
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Validation using NIST campus’ distribution circuit

10

Supporting a variety active projects:
• Modeling low voltage circuits 
• Uncertainty propagation
• Composition of models, data and inference
• Communication considerations
• Lightweight crypto
• Low power wide area comms
• Quasi‐linear control/ Model‐free optimization

Designed for a lot more:
General purpose grid edge compute
Integrated with NIST data repositories/ infrastructure

Building 101 Low roof 
PV Site

Constellation Energy 
PV Site

Data pipeline and 
repository
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A Short‐Term Voltage Instability Scenario

N I S T   s m a r t   g r i d   p r o g r a m 12

A Short‐Term Voltage Instability Scenario Nightmare

• The triggering event is a multi‐phase fault near a load center
• Causes voltage dips at distribution buses
• Compressor motors decelerate, drawing high current

0∠ܧ V∠ െ ߜ

݌ ൅ •ݍ݆ Your distribution system is operating in a stressed condition during hot weather 
with a high level of air conditioning load

• Following fault clearing motors draw 
very high reacceleration current
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A Short‐Term Voltage Instability Scenario

• The triggering event is a multi‐phase fault near a load center
• Causes voltage dips at distribution buses
• Compressor motors decelerate, drawing high current

0∠ܧ V∠ െ ߜ

݌ ൅ •ݍ݆ Your distribution system is operating in a stressed condition during hot weather 
with a high level of air conditioning load

• Following fault clearing motors draw 
very high reacceleration current

• Under‐voltage load rejection not 
be fast enough to be effective

• Voltage collapse reached ‐loss of 
the area load.
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Flexibility for control

NERC report on July 2,3 WSCC Disturbance :
Boise 230kV Voltage Collapse

Control of network voltage and generator reactive output
– Improvement on AVRs, e.g. adding load (or line drop) compensation
– Coordinated voltage control (e.g. hierarchical, automatic 2‐3 layers voltage control)
Coordination of protections/controls
– Ensure adequate coordination based on dynamic simulation studies
– Tripping of equipment to protect from overloaded conditions should be the last resort. 

J. W. Simpson‐Porco, F. Dorfler, and F. Bullo. Voltage 
stabilization in microgrids via quadratic droop control. 
IEEE Transactions on Automatic Control, May 2015. 
J. W. Simpson‐Porco, F. Dorfler, and F. Bullo. Voltage Collapse
in Complex Power Grids. February 2015
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Optimization and Control in Uncertain Environments

• Perturb the plant with a periodic signal ܽ	sinሺ߱ݐሻ
• High‐pass filter the performance variable: ሺݕ െ ሻߟ
• Multiply with ܽ	sinሺ߱ݐሻ

• Low‐pass filter to estimate the gradient	ߦ ൎ
ఋ௬

ఋఏ
• መߠ ൎ ∗ߠ when ߦ ൌ 0 until then ߠመ is the best estimate

• The Jacobian linearization of ݐܽݏఈሺݑሻ is independent of ߙ
• When ߙ is large Jacobian linearization may be sufficiently accurate
• Stochastic linearization accounts for the non‐linearity ݐܽݏఈሺݑሻ

ఈݐܽݏ ݑ ൌ ቐ
,ߙ ݑ												 ൐ ߙ
,ݑ		 	 െߙ ൑ ݑ ൑ ߙ
െߙ, ݑ							 ൏ െߙ

Online gradient estimation

Linear plant/ Non‐linear instrumentation
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The cutting edge at the grid edge

• Estimating flexibility of grid edge resources (beyond dispatchability)
– Do we have data quality, secure communication capacity and robust algorithms?

• Composing this flexibility 
– Evaluate control implications

– Hardware-in-the-loop Simulation

– Validated Emulations

– Calibration of interfaces 

• Characterizing these compositions as metrology problems 
– How good do micro-scale measurements need to be to provide good macro-

scale state estimates for control?

– Can we decompose macro scale measurements to observe micro scale 
dynamics?

16
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The cutting edge at the grid edge
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– Do we have data quality, secure communication capacity and robust algorithms?
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– Evaluate control implications

– Hardware-in-the-loop Simulation

– Validated Emulations

– Calibration of interfaces 

• Characterizing these compositions as metrology problems 
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dynamics?
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5 MW Solar Field
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Modbus RTU from weather 
station and module sensor

Protocol converter

Modbus TCP

Grid Edge Image 

Inverter Interface

Comms. Module

Connection Manager

Data Alignment/ Time sync.

Encryption/Authentication 

Local Database

Programmable Logic

Configuration network

Monitoring network

Apache/Kafka

General purpose grid edge controller

• IP67 & IP69K Compliant
• M12 Input/output Connectors
• Intel Bay Trail N2930 1.83GHz 

SoC CPU
• 6.3W Consumption
• Ethernet X2, Wireless X3
• Serial X3, USB
• NIST Ubuntu Image
• PSK L3 Security
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Progress since October 2018
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Progress since October 2018
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Progress since October 2018
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Progress since October 2018
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5 MW Solar Field
WLAN SCADA LPWAN

100m 500m 10E3m

450 Mb/s 120 Kb/s 4 Kb/s

20 dBm 16 dBm 20 dBm

256‐bit 
WPA2‐
PSK (AES)

128‐bit 
AES

128‐bit 
AES

2.4 GHz 900 
MHz 
(NB)

900 MHz
(WB)

Synchronized composition of 
data at varying time scales 
requires planning at every 
step of the data pipeline.

Low Power WAN is 
particularly challenging but 
has a large payoff.
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Smart Grid test pilot in Argentina
The Smart Grid Sub Group of the Argentina‐U.S. 
Binational Energy Working Group (BewG) is deploying 
a Smart Grid Test Pilot in Armstrong, Argentina. 

A small town with 12000 inhabitants.

~1000 smart meters have been deployed by INTI 
(Argentina’s NMI)

Their interests include:
AMI for AVR

Lightweight security for LPWANs

Data pipelines for high data rate links vs aggregated 
information over low data rate link

Comparison between Wi‐SUN and LoRaWAN
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The cutting edge at the grid edge

• Estimating flexibility of grid edge resources (beyond dispatchability)
– Do we have data quality, secure communication capacity and robust algorithms?

• Composing this flexibility 
– Evaluate control implications

– Hardware-in-the-loop Simulation

– Validated Emulations

– Calibration of interfaces 

• Characterizing these compositions as metrology problems 
– How good do micro-scale measurements need to be to provide good macro-

scale state estimates for control?

– Can we decompose macro scale measurements to observe micro scale 
dynamics?
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Data pipeline

28

• uPMU/modbus
• High speed, high volume data sources
• 100 ~ 1000 datapoints per second
• 10s ~ 100s of sensor measurements

• Kafka Streaming Platform
• Publish/subscribe streams of records
• Store streams of records
• Process streams of records
• Move data between systems/applications
• <https://kafka.apache.org/>

• TimescaleDB time‐series database
• Easy to use
• Scaleable
• Reliable (based on PostgreSQL)
• <https://www.timescale.com/>

• Grafana Dashboard
• Fast and flexible visualizations
• Alert notifications
• Dynamic dashboards
• Data sources
• <https://grafana.com/>
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Inverter Data Acquisition System demo

• Phasor data at 120 measurements/s

• Inverter data at 100 measurements/s

• Flexibility monitoring

• LPWAN optimized communications

29
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Data pipeline

30

• Data servers

• Ceph Storage cluster (Three sites managed by ELDST)
• Frontend fileserver: CentOS 7 VM (NFS/Samba)
• KVM (libvirt/QEMU) Hypervisor
• chaplin.el.nist.gov (224) (Grafana)
• voltaic.el.nist.gov (226) (5 years of PV Data)
• mission.el.nist.gov (220) (~7TB sky images)

• Field servers

• Five installed sites
• hardy.campus.nist.gov (5MW)
• laurel.campus.nist.gov (A19)
• curly.campus.nist.gov (101 roof)
• moe.campus.nist.gov (101 mezz)
• larry.campus.nist.gov (224)
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5 MW Solar Field: Pipeline performance

1

10

100

1000

0 100 200 300 400 500 600

21.2 ms

5.77 ms

Upgrade planned for WLAN system to switch to P2P Layer 2 encryption instead of Layer 3 IPSec currently used 

N I S T   s m a r t   g r i d   p r o g r a m 32
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Quantifying Operational Resilience Benefits of the Smart Grid
A Case Study of the Florida Electric Grid and Hurricane Irma

Cheyney O’Fallon, Ph.D.
Applied Economics Office
Engineering Laboratory

Federal Advisory Committee Meeting
June 5th, 2019

1

N I S T   s m a r t   g r i d   p r o g r a m

Motivation

Interoperability

• “The capability of two or more networks, systems, devices, 
applications, or components to work together, and to exchange and 
readily use information—securely, effectively, and with little or no 
inconvenience to the user”.

SOURCE: NIST Special Publication 1108r3

• Interoperability is foundational to many resilience enhancing smart 
grid applications, yet it remains a challenge for stakeholders across 
the electric power sector.

2
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Motivation

• Public Utility Commissions (PUCs) want to see tangible evidence 
supporting the prudence of investments.

• Interoperability value propositions are challenging to estimate and 
examples for PUCs are limited.

• Florida’s recent experience with Hurricane Irma (September 2017) 
presents an opportunity to evaluate the benefits to operational 
resilience that the state’s grid experienced due to improved 
interoperability.

• Focal Point: Service interruptions are critical outcomes for customers.

3
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Hurricane Irma Service Interruptions

4
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How can we measure or proxy for Interoperability?

• A simple proxy for utility interoperability is the share of customers 
within each market segment that are served through advanced 
metering infrastructure (AMI).

• Let this proxy be denoted AMI Share.

• How did segments of the grid with varying levels of AMI Share differ in 
their operational resilience with respect to sustaining customer 
account interruptions from Hurricane Irma?

• What performance benefits can we attribute to greater 
interoperability?

5
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Empirical Strategy

• Obtain data on time-invariant factors impacting resilience including 
AMI Share and proxies of distribution grid topology.

• Build an hourly longitudinal dataset of customer account interruptions 
and wind stress levels at the county and county-utility level.

• Employ Conditional Fixed Effects Poisson Regression of hourly 
change in customer interruptions on wind stress, AMI Share, and 
control variables.

6
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Peak Outages (Count) Peak Outages (Percent)

Hurricane Irma – Customer Interruptions

N I S T   s m a r t   g r i d   p r o g r a m 8

Meteorological Stations Synthetic Wind Series

Wind Stress Data
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SOURCE: EIA Form 861 Advanced Metering Infrastructure

Advanced Metering Data

• Data reported as the count of 
customers with advanced metering 
infrastructure at the utility level.

• County-level AMI-share data is 
constructed as a linear combination 
of AMI-shares for each utility 
operating in the county.

N I S T   s m a r t   g r i d   p r o g r a m

Core Regression Specification

• ܧ ௜௧ݕ ,௜ߠ ௜௧ሿ࢞ ൌ ݌ݔ݁	௜ߠ	 ଵ௜௧ݔଵࢼ ൅	ࢼଶݔଵ௜௧ݔଶ௜ ൅	߳௜௧

• Where:

• ݅	and	ݐ	are	indices	for	region	and	hour
• ௜௧ݕ number of new sustained interruptions to customers

• ଵ௜௧ݔ square of our synthetic wind speed metric

• ଶ௜ݔ time invariant measure of AMI Share

• ௜ߠ region-level fixed effect

10

௧ݕ
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Expected Value of Customer Interruptions

11
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Topological Concerns

• Some segments of the grid are built stronger than others.

• Densely populated areas may contain more resilient buildings.

• Wealthier areas may enjoy a stronger distribution grid.

12
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Population Density, Median Household Income, New Building Share, and AMI Share (County)

13
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Population Density, Median Household Income, New Building Share, and AMI Share (County-Utility)

14
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Spatial Distribution of County STAIDI Distribution of County STAIDI

Storm Average Interruption Duration Index (STAIDI)

N I S T   s m a r t   g r i d   p r o g r a m

Counterfactual Scenarios

• We investigate three counterfactual scenarios to characterize some of 
the resilience benefits already coming from interoperability 
improvements and the additional opportunities still available to 
stakeholders.

• Estimate Counterfactuals interruptions, ܫ௜௧
஼ி, for scenarios in which the 

entire grid performs commensurate with a uniform distribution of AMI 
penetration:

• CFM: at the state-level average, 57.4 %.

• CF0: at an AMI share of 0 %.

• CF1: at an AMI share of 100 %.

16
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Counterfactual Scenarios

• We observe that:

• The partial derivative of expected sustained interruptions with respect to 
wind speed is positive.

• The cross partial derivative of sustained interruptions with respect to wind 
speed and AMI penetration is negative.

• The core regression model is fit separately to two subsamples.

• The first subsample contains counties with greater than 50 % AMI 
penetration and the second subsample contains all other counties in 
Florida.

17
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Performance Wedge

18
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Counterfactual Method

• Let ܴ௜௧ be the ratio of expected 
interruptions between the low AMI and 
high AMI cases for a given level of 
wind speed.

• ௜௧ܫ
஼ி ௜௧ܫ) =

஺)(ܴ௜௧
ீ೔)

• ௜ܩ ௜ܯ) = - ෡)/Hܯ

• ௜ܯ is the actual AMI share
• ෡ܯ is the counterfactual AMI share
• H is the gap between average AMI 

share in the two samples
• ௜ܩ ∈ [-0.90, 0.67]

N I S T   s m a r t   g r i d   p r o g r a m 20

High AMI County Low AMI County

Counterfactual Series
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AMI Share Ranking Performance Ranking

SAIDI Performance and AMI Share

N I S T   s m a r t   g r i d   p r o g r a m

Actual and Counterfactual Outcomes

22
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Comparison of Actual and Counterfactual Outcomes

23

For Context: 2017 Florida GDP was $976 billion ($2.7 billion/day)

N I S T   s m a r t   g r i d   p r o g r a m

ICE Calculator Results (Actual - CF0)

24
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Conclusions

• The expected value of customer account interruptions is 
moderated by AMI share.

• A standard deviation shock to the square of wind speed is 
associated with approximately of 10 % fewer interruptions 
per hour when AMI is fully deployed.

• The operational resilience benefits from improved system 
interoperability for Florida during Hurricane Irma are on the 
order of $1.6 billion.

25

THANK YOU

26
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NIST Transactive Energy Challenge
Modeling and Simulation for the Transactive Smart Grid

Phase II Results 

June 4, 2019

David Holmberg

https://doi.org/10.6028/NIST.SP.1900-603

Overview

• The TE Challenge Phase II team research finished in late 2018. 
https://doi.org/10.6028/NIST.SP.1900-603

• Effort involved 5 research teams: PNNL, NREL, Tata Consultancy 
Services (TCS), MIT and Vanderbilt.

• Teams worked together to define a common weather scenario and 
common electric grid that would be shared by all. 

• The goal was to use different transactive methods to manage 
voltage swings on the grid, while the common scenario would allow 
comparability among results.

• This presentation will review the common scenario, summarize team 
transactive approaches and results. 

2
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IEEE 8500 grid

// Nominal peak load = 10773.2 + j2700.0 kVA
// Houses: 1977 from 500.0 to 3500.0 sq feet, total area 3960179.6 sq ft
// Electric water heaters: 1052 totaling 4741.5 kW
// Air conditioners:       1781 totaling 23734.5 kW
// Solar:      1777 totaling 6755 kW
// Storage:  305 totaling 1525.0 kW
// Water heater load is resistive
// HVAC load ZIP=0.2,0.0,0.8 with variable power factor as input
//   (the fan load ZIP=0.2534,0.7332,0.0135 and pf=0.96)
// The non‐responsive ZIP load is input all constant current, pf=0.95

Final grid 
specification 
in agreed‐on 
scenario 

N I S T  s m a r t  g r i d  p r o g r a m

Challenge Scenario Narrative

– Electric feeder with high penetration of PV. At mid-day on sunny day, the feeder 
has reverse power flows and over-voltage conditions. At 2:30pm, a storm front 
overspreads the feeder and PV power production drops from full sun to 10% 
sun in a period of 10 min. Temperature drops 5F. This is followed by a ramp 
back up to full sun from 4:00 – 4:30 pm. Transactive methods are used to 
incentivize load, generation or storage response as needed throughout the day, 
and the transactive signals are localized to the feeder level to respond to 
voltage levels.

– Focus on distribution grid and challenge of DER integration (PV, batteries)
– Based on Scenario #3 in SGIP TE Application Landscape Scenario white paper
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Common Metrics

• Line voltages and frequency, real and reactive power flows, and line losses 
– at each load or node (meter) 

– at each DER (PV or battery inverter)—real and reactive power

– one minute time step for common reporting.

– separate PV generation from aggregated loads

• Reliability indices: utility metrics on out-of-band events and outages, but also 
measures of voltage excursions even if in limits, and capacitor bank and 
voltage regulator action counts.

• Economic metrics:
– market transactions and prices

– Billing data (customer energy cost monthly or minutely)

– Total cost of energy at feeder level

• Comfort metrics
– House air temps, setpoint deviations—average comfort scale over occupied period

– Water temps and deviations

• Utilization of local green energy (PV or battery sourced on the feeder vs. from 
transmission sub-station)

Research Summary-PNNL

• PNNL provided the grid definition and metrics.

• Simulations were performed in Gridlab-D on the 
PNNL TE Simulation Platform (TESP). 

• PNNL examined the use of inverter Volt-VAR and 
Volt-Watt controls and HVAC temperature 
setbacks to manage distribution grid voltage 
violations.

• Volt-VAR control on all PV inverters proved to 
reduce voltage violation duration by 61 %. Volt-
Watt by 4 %, HVAC control by 19 %.

6
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Base Case Simulation Results

7

Volt-VAR and Volt-Watt functions

8
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Research Summary-NREL

• Used the TOU price as input, and then overlay incentive prices unique to 
each meter, based on voltage. Both real and reactive prices. 

• If voltage is high, incentive price is negative to encourage consumption. 

• Voltage violations reduced by 80 % compared to the simple TOU rate 
with the same weather scenario. 

• Average temps changed less than 2 F, capacitor banks and voltage 
regulator operations reduced.

• Average cost not increased.                                                                    
But some houses saw significant                                                       
change in energy bill. 

9

Average voltages across day

10
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Real and Reactive incentive prices

11

Capacitor bank and voltage 
regulator actions

• 2:30pm clouds move in, 4:30pm sun back out

• 3pm TOU price increase
12



6/6/2019

7

Customer energy bill

• TEC reduces PV output in morning, but 
comparable to PRD in afternoon.

13

Research Summary - TCS

• Modified the 8500 grid to reduce to 3-phase nodes, and aggregated all 
house loads up to these nodes. 

• Two separate research components:

– Ran the GridLAB-D double-auction market with this grid. 

– Studied dynamic microgrid reconfiguration in the face of faults.

– Had hoped to combine the two concepts for this report.

• A dynamic microgrid configurator (DMC) was created that continuously 
monitors grid topology, load conditions and renewable generation at each 
instant to plan for segmented microgrid operations. 

• Key variables: utilization of green power, reduction of losses, and 
percentage of load served

• 3 faults studied: (1) at substation, (2) between two microgrids, and (3) 
within a microgrid

• In the first two fault cases they observed increased use of renewable 
energy resulting in greater load served. 

14
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TCS 3-phase grid with MG configuration 
for the substation fault case

15

Three Fault Cases with DMC

16
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Research Summary - MIT

• Modified the 8500 grid to reduce to 3-phase nodes, and connected  
all houses at these nodes. 

• DER use model predictive control (MPC) to estimate power usage 
and submit cost sensitivity curves as bids for real and reactive power. 

• Distribution grid controller uses AC OPF to model grid voltage to 
make sure that distribution voltage stays in limits. 

• The MIT approach seeks to maximize DER participation and 
minimize grid losses through: 

– relaxations on comfort requirements (temp deviation not reported)
– use of batteries (with resulting 20 % reduction in grid losses)
– use of inverters for reactive power (reducing reactive power flow to grid 

by 15 % contributing to grid loss reduction)
– substation voltage adjustment

• End result was 30 % reduction in cost of energy to customers

17

Shunt reactor competition with DER

18
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Dynamic LMP-based tariff is lower 
cost that TOU

19

Research Summary - Vanderbilt

• Developed a web-based generic co-simulation platform, called 
CPSWT-TE, that can be customized and augmented to support a 
variety of heterogeneous simulations. 

• CPSWT-TE is based on the IEEE distributed simulation standard 
called High-Level Architecture (HLA).

• HLA provides services that support co-simulation: time-
management, distributed object management, distributed 
simulation management, and support for real-time components.

• CPSWT-TE is online. 

20



6/6/2019

11

What we learned

1. Volt-VAR control of inverters led to a 60 % decrease in voltage 
violation duration.

2. Power flow modeling of grid with per-meter adjustment of prices for 
real and reactive power led to 80 % reduction in voltage violation 
duration.

3. Dynamic microgrid reconfiguration improves fault tolerance and 
balancing and enables use of renewable resources in fault 
conditions. 

4. Energy bills for customers can be lowered with dynamic prices.

5. A dynamic TE tariff based on substation LMP is more efficient than 
a TOU tariff for managing energy balance and voltage.

21

What we learned (cont)

6. TE can result in fewer control actions for distribution 
grid equipment.

7. Grid line losses with PV systems may be reduced by 
using TE. Batteries were effective to reduce reverse 
power flows.

8. Customer inverter reactive power control can be useful 
for real voltage management and loss reduction.

22
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Comparing team TE approaches

• PNNL did not implement a TE market, but rather evaluated specific 
voltage control approaches.

• NREL used comfort adjustment, and real and reactive incentive 
prices on top of TOU tariff to manage voltages with very significant 
reduction in voltage violations.

• MIT added to this the use of batteries and substation voltage 
adjustment, as well as basing their real power market price on the 
CAISO LMP price provided with the Challenge Scenario. 

• NREL varied the price per-meter, but ran into the fairness question.
• All teams show the disconnect between bulk grid prices and 

distribution voltage, requiring other means to manage voltage. 
• MIT was successful in completely eliminating voltage violations. 
• Vanderbilt focused on platform development.

23

TE Challenge Key Accomplishments

1. Developed a foundational TE co-simulation component model. 
This model provides a common vocabulary for TE co-simulation 
and a foundation for interoperable TE simulations.

2. Advanced co-simulation modeling tools and platforms that can 
support industry needs for TE system performance analysis.

3. Developed a reference TE Scenario that can support ongoing 
comparative simulations.

4. Tested various TE approaches for integrating distribution grid DER 
while managing voltage. The results help industry to understand  
the potential for TE methods to support DER integration.  

24
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Thank You!

25
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Collaboration with 
National Renewable Energy Laboratory

1

Characterization of power hardware-in-the-loop systems

Instrumentation design for High-Z Fault Localization

N I S T   s m a r t   g r i d   p r o g r a m

The cutting edge at the grid edge

• Estimating flexibility of grid edge resources (beyond dispatchability)
– Do we have data quality, secure communication capacity and robust algorithms?

• Composing this flexibility 
– Evaluate control implications

– Hardware-in-the-loop Simulation

– Validated Emulations

– Calibration of interfaces 

• Characterizing these compositions as metrology problems 
– How good do micro-scale measurements need to be to provide good macro-

scale state estimates for control?

– Can we decompose macro scale measurements to observe micro scale 
dynamics?

2

Characterization of power hardware‐in‐the‐loop systems

Instrumentation design for High‐Z Fault Localization
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NREL Energy Systems Integration Facility

3
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Power Hardware in the loop

4

Grid emulatorSource emulator Network emulator

Simulation1

Simulation2
Simulation3

Power hardware under test

A
2
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A
, SP

 

A
2
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A
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6/6/2019

3

N I S T   s m a r t   g r i d   p r o g r a m

Metrology best practices for HiL validation

5

Simulation1

Simulation2
Simulation3

A
2
D
, D

2
A
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A
2
D
, D

2
A
, SP

 

Characterize and calibrate interfaces, 
transducers, amplifiers and filters.

Explicitly define uncertainty terms, limits of validity on the model 
and control over both model and simulation parameters

N I S T   s m a r t   g r i d   p r o g r a m

Emulator interface characterization

6
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Vector error in nominal operating states

7

Line compensated Phase difference computed using a 5E4 sample DFT – Amplitude steps ሾ1: 0.3: 7ሿ	 ௥ܸ௠௦

N I S T   s m a r t   g r i d   p r o g r a m

Vector error in nominal operating states

8

Line compensated Phase difference computed using a 5E4 sample DFT – Phase steps ሾ0: ݀ܽݎ	ሿߨ
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Vector error in nominal operating states

9

50E‐6

100E‐6

55	 െ ݖܪ	65
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10

A
2
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A
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Compensator design
Lumped CLTF Interface compensation

• Resonance mitigation
• Narrowband gain 60 േ ݖܪ	0.5
• Low pass filtering

• Parasitic resonance: Emulator‐Inverter.
• Phantom impedances affecting tracking.
• Negative gain margin due to time delays.

Wideband characterization of interfaces.
Self‐calibration.
Robustness guarantees.
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Frequency tests at higher frequencies

11

Frequency sweep from 150 Hz to 3KHz.

DFT over 2E5 samples (2secs)

With 50E‐6 deterministic delay, @3KHz phase diff.= 54 deg.
With 78E‐6 deterministic delay, @3KHz phase diff.= 84 deg.

While the trend line for phase error is mostly consistent with 
observed delay, unfiltered DFT results show phase errors that 
are not modulo 360.

50E650E6

78E678E6
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Time domain analysis

12

Time	domain	expression	for	error:
߳ ݐ : ൌ sin	ߙ ݐ߱ െ ߚ sin ݐ߱ ൅ ߶ ൌ ߛ sin ݐ߱ ൅ ߜ

ߛ ൌ ଶߙ ൅ ଶߚ െ ሺ߶ሻమ	cosߚߙ

Gain bias:

∗ࢽ ൌ ૛	ܖܑܛ	ሺ
ࣘ
૛
ሻ

Phase bias:
ߜ ൌ ߚ2ሺെ݊ܽݐܽ sin ߶ , ߙ െ ߚ cos ߶ ሻ

Broad spectrum sensitivity to latency variation:
߲
߲߶

ሺߙ	sin ݐ߱ െ ߚ sin ݐ߱ ൅ ߶ ሻ ൌ െߚcos	ሺ߱ݐ ൅ ߶ሻ

|∗ߛ|
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Time domain error - Frequency sweep 100Hz/S

13

300 Hz280 Hz

∗ߛ
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Buffer purge events – software issue manifested as electrical artifacts

14
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Time derivative of sensitivity

15

െߚ
݀
݀߱

cos ݐ߱ ൅ ߶ ൌ ߚݐ sin ݐ߱ ൅ ߶

െߚ
݀
ݐ݀

݀
݀߱

cos ݐ߱ ൅ ߶ ൌ ݐሺ߱	cosߚ߱ݐ ൅ ߶ሻ
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Input filter performance – amplitude step

16
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Tracking test FM 1Hz- 6Hz

17

1Hz 2Hz 3Hz 4Hz 5Hz 6Hz

N I S T   s m a r t   g r i d   p r o g r a m

Tracking test F_ramp 1Hz/s- 6Hz/s

18

1Hz 2Hz 3Hz
4Hz

5Hz
6Hz
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Estimating dynamic model of PLL2 - N4SID model

19

2.36 Hz

4.14 Hz
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Finite tracking error for ramps per PLL model

20
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HiL validation for systems that are multiscale and remote

N I S T   s m a r t   g r i d   p r o g r a m

NIST/NREL HIL Phase II – recover dynamic coefficients

• Systems of the form:  ሶܺ ൌ ܺܣ ൅ ݑܤ ݐ , ܻ ൌ ܺܥ ൅ ሻݐሺݑܦ

• Single band oscillator:  ܣ ൌ 	 0 1
െ߱ଶ ܦ

(ω = angular frequency, D = damping factor)

• 3-Band oscillator: ܣ ൌ
ܾܵ݅݀݁ܽ݊݀ · ·

· ݈ܽݐ݊݁݉ܽ݀݊ݑܨ ·
· · ܾܵ݅݀݁ܽ݊݀

22
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Example: Amplitude Modulation to estimate “virtual damping”

• A = 3-band oscillator from previous page

• C =

• Where:
– kx ൌ	index	of	modulation
– ߶ ൌ phase	of	the	modulation
– Xmൌ	Amplitude	of	the	fundamental
– ω0 ൌ	fundamental	frequency
– ωa ൌ	modulation	frequency

23

଴݂ ൌ 60, ௔݂ ൌ 1, ݇௫ ൌ 0.1, ݃݊݅݌݉ܽ݀	݋݊
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Example: Phase Modulation to estimate “synthetic inertia”

• A = 

• C =

• Jn(ka) =                                          (nth
order Bessel function)

24

For visibility:

଴݂ ൌ 5, ௔݂ ൌ 1, ݇௔ ൌ 1, ݃݊݅݌݉ܽ݀	݋݊
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The cutting edge at the grid edge

• Estimating flexibility of grid edge resources (beyond dispatchability)
– Do we have data quality, secure communication capacity and robust algorithms?

• Composing this flexibility 
– Evaluate control implications

– Hardware-in-the-loop Simulation

– Validated Emulations

– Calibration of interfaces 

• Characterizing these compositions as metrology problems 
– How good do micro-scale measurements need to be to provide good macro-

scale state estimates for control?

– Can we decompose macro scale measurements to observe micro scale 
dynamics?

25
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Project Objectives 

• Develop a high frequency signature based protection 
devices for a distribution system with high PV 
penetration

• Infer fault location using time domain information 
(moving away from phasor domain)

• Emulate traveling wave phenomenon in software 
and hardware

27
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Background on traveling waves

E. O. Schweitzer III, B. Kasztenny, A. Guzmán, and V. Skendzic, “Applying Travelling Waves for Ultra‐Fast Line Protection.”

S. K. Salman and I. M. Rida, "Investigating the impact of embedded generation on relay settings of utilities electrical feeders," 
in IEEE Transactions on Power Delivery, vol. 16, no. 2, pp. 246‐251, Apr 2001.

S

R

30.2 ms

31.23 ms

3 ms



6/6/2019

15

N I S T   s m a r t   g r i d   p r o g r a m

Forward Wave (FW) Backward Wave (BW)

x = a1 x = a1 + vt1

t = 0 t = t1

Increasing X

V+(a1)

Decreasing X

x = a2 – vt2 x = a2

t = t2 t = τ

V‐(a2)

X = Line length (m)
v = Travelling wave velocity (m/s)
τ = Full length wave travel time (s)  
= X/v

Telegrapher’s Equation

ܸ ,ݔ ݐ ൌ 	ܸା ଵ݂ ݔ െ ݐݒ 	൅	ܸି ଵ݂ሺݔ ൅ ሻݐݒ

ܫ ,ݔ ݐ ൌ 	 ାܫ ଵ݂ ݔ െ ݐݒ 	െ	ିܫ ଵ݂ሺݔ ൅ ሻݐݒ ାܫ ൌ 	
ܸ
ܼ

N I S T   s m a r t   g r i d   p r o g r a m

Reflection Coefficient (ࢂࢻ) = 
࡭ࢆ	ି	࡮ࢆ
࡭ࢆ	ା࡮ࢆ

		 െ૚ ൑ ࢂࢻ ൑ ૚

Refraction Coefficient (ࢂࢼ) = 
૛࡮ࢆ

࡭ࢆ	ା࡮ࢆ
		 ૙ ൑ ࢂࢼ ൑ ૛

૚ࡵ ൅	ࡵ૛ ൌ 	 ૜ࡵ

૚ࢂ
࡭ࢆ

	െ	
૛ࢂ
࡭ࢆ

	ൌ 	
૜ࢂ
࡮ࢆ

Reflection and Refraction
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Multi‐junction Reflection and Refraction

ࢀࢗࢋࢆ ൌ 	
૚
࡮ࢆ

൅	
૚
࡯ࢆ

൅	… .൅	
૚
࢔ࢆ

Reflected current = ࡵࢻ 	∗ ૚ࡵ	

ࡵࢻ = 
ࢀࢗࢋࢆ	ି	࡭ࢆ

ࢗࢋࢆ	ା࡭ࢆ
ࢀ ࡵࢼ = 

૛࡭ࢆ
ࢗࢋࢆ	ା࡭ࢆ

ࢀ

Total transmitted current = ࡵࢼ 	∗ ૚ࡵ	

Transmitted current in each branch = ࢀ࢔ࡵ = 
ࢀࢗࢋࢆ

࢔ࢆ
	∗ ࡵࢼ 	∗ ૚ࡵ	

N I S T   s m a r t   g r i d   p r o g r a m

γ ൌ ࢅࢆ ൌ 	 ሺࡾ ൅ ࡳሻሺࡸω࢐ ൅ ሻ࡯ω࢐ 	ൌ α ൅ β࢐

α = Attenuation Constant β = Wavelength Constant

ܡܜܑ܋ܗܔ܍܄ ൌ λ܎ ൌ 	
૛πࢌ
ࢼ

wave frequency

૛πࢌ

,ࡾ ,ࡸ ,ࡳ ࡯ = Modal Parameters

Wave velocity
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ܡܜܑ܋ܗܔ܍܄	܌܍ܜ܉ܔܝ܋ܔ܉۱ ൌ ૛. ૢૢૠૢ૟ૠૢૢ૞	 ∗ ૚૙^૞	ࢉࢋ࢙/࢓ࡷ

Example#1 (Lossless Line):

L = 3.0823 mH/Km, C = 3.6097 * 10^‐3 µF/Km

ܡܜܑ܋ܗܔ܍܄	۾܂ۻ۳ ൌ ૛. ૢૢૡ૙	 ∗ ૚૙^૞	ࢉࢋ࢙/࢓ࡷ

ܡܜܑ܋ܗܔ܍܄	܌܍ܜ܉ܔܝ܋ܔ܉۱ ൌ ૛. ૡૢ૛૜ૠ૟ૢ૝૚	 ∗ ૚૙^૞	ࢉࢋ࢙/࢓ࡷ

Example#2:

R = 1100.2Ω, L = 3.2636 mH/Km, G = 2.0171 * 10^‐10 MH/Km, C = 3.66 * 10^‐3 µF/Km, f = 10^6 Hz

ܡܜܑ܋ܗܔ܍܄	۾܂ۻ۳ ൌ ૛. ૡૢ૛૝	 ∗ ૚૙^૞	ࢉࢋ࢙/࢓ࡷ

Wave velocity

N I S T   s m a r t   g r i d   p r o g r a m

Modeling considerations for distribution lines

34
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FD LineFD Line AA

B1

A

BS2

A

IBN1 IBN2

BN2

IBS1IBS2

LN12LS12

DCsurge
VVBN1V VBS1

Line Length 
(Km)

Surge 
Impedance (Ω)

Velocity 
(Km/sec)

Wave Travel 
(µs)

LN12 0.75 924 3*10^5 2.5

LS12 0.25 924 3*10^5 0.83

200

100µs 100.2µs

DCsurge

0

+

At 100.3µs

X

‐

+

‐

XXX X – Positive Polarity

50Ω

Simulation study: Single line case

N I S T   s m a r t   g r i d   p r o g r a m

50
LN12LS12

102.5µs

104.16µs
105µs

101.66µs

100.83µs

102.49µs

103.32µs

105.82µs

104.15µs

106.66µs

107.5µs

105.83µs

104.98µs

106.66µs

108.32µs

107.48µs

105.81µs

107.49µs

Lattice diagram: Single line case
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Multi‐line case

200

100µs 100.2µs

DCsurge

0

FD LineFD LineFD Line FD LineAA

B1

AA

BS2,3

AA

A

A

A

A

IBN1 IBN2

BN2,3 BN4,5

IBN3
IBN4,5

IBN6

IBN7

IBS1IBS2IBS3

BS4,5

IBS4,5

IBS6

IBS7

LN12 LN34LS12LS34

VVBN5V VBS5 DCsurge
VVBN1V VBS1

+

At 100.3µs

‐

+

‐

X

X – Positive Polarity

X X
X

X

X

X

XXX
X

X

X

X
VBN5 V VBN2,3VVBS2,3
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South Lattice
LS56 LS12

102.5µs
100.83µs

105.66µs

LS34

102.83µs

101.66µs
102.49µs

105.33µs

107.83µs

104.49µs

106.99µs

104.83µs

103.32µs

104.15µs

105µs
104.98µs

106.15µs

108.65µs

105.81µs

105.83µs

107.83µs

106.49µs
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North Lattice

N I S T   s m a r t   g r i d   p r o g r a m

Leveraging ESIF capabilities
• Leveraging MVOTA capabilities to show travelling wave characteristics in 

distribution lines.

• Challenges in MVOTA testing

– Short line length 

– (travel time =16 ns)

– Data acquisition resolution

40

ESIF’s medium voltage test facility MVOTA used for tests
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Challenges with injecting impulses

• Parasitic impedances, coupling artifacts and transients at the output buffer.

• Even if matched carefully, impedance at injection point is time varying.

• Energy is limited for commercial impulse generators, at low circuit 
impedances induced voltage magnitudes are low – introducing sensing 
challenges. 

N I S T   s m a r t   g r i d   p r o g r a m 42

Electromagnetic impulse injection

• A Helmholtz coil produces a uniform magnetic 
field with the primary component parallel to the 
axis of the coils.

• The induced voltage is only proportional to the 
rate of change of magnetic field -which we can 
control
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Electromagnetic impulse test on the MVOTA

N I S T   s m a r t   g r i d   p r o g r a m 44

Identifying model parameters for the MVOTA

• All line models require discretized RLC 
elements to be defined, these parameters may 
be frequency dependent.

• 4 port impedance analysis was performed to 
identify these parameters for the MVOTA. 

• Clear changes in impedance regime in the 10E4 
-10E6 MHz interval.
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Identifying model parameters for the line simulator

• Simulates a line as series RL circuit; enabling 
us to validate data acquisition instrumentation 
at realistic power and voltage levels.

• Will help us characterize a key unknown; the 
interaction between PV inverters and 
electromagnetic transients. 

Close to model response 
<200KHz, parasitic 
capacitances introduce self 
resonance at ~400KHz

Model response for series RL

N I S T   s m a r t   g r i d   p r o g r a m 46

Sensing and Data Acquisition

Current Transformer
 High current rating 

(100A pulse)
 High frequency range 

(up to 500MHz)
NIST characterized

Voltage Transformer
• Rated for medium voltage 

application
(20kV rms)
• High bandwidth (120 MHz)
NIST characterized

DAQ
• High bandwidth (4GHz max.)
• High resolution (12 bits)
• High sampling rate
(20 GS/s)
• Precise time sync. NIST T&F 
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Thank you


