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Avista Research and Development Projects Annual Report
March 31, 2016

I. SCOPE OF WORK
A. Introduction

This report is prepared in conformance with Idaho Public Utilities Commission
(IPUC) order No 32918. This includes key events during the reporting period and
accounting for related expenditures.

Avista Corporation, doing business as Avista Ultilities (hereinafter Avista or
Company), at 1411 East Mission Avenue, Spokane, Washington, is an energy
company involved in the production, transmission and distribution of energy as well
as other energy-related businesses. Avista Utilities is the operating division that
provides electric service to more than 600,000 electric and natural gas customers.
Their service territory covers 30,000 square miles in eastern Washington, northern
Idaho and parts of southern and eastern Oregon, with a population of 1.5 million.

Avista Service Territory

On August 30, 2013 Avista applied for an order authorizing it to accumulate and
account for customer revenues that will provide funding for selected electric energy
efficiency research and development (R&D) projects, proposed and implemented
by the state of Idaho’s four-year Universities. On October 31, 2013 Order No.
32918 was granted to Avista. Avista now recovers up to $300,000 per year of
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revenue to research from the Company’s Schedule 91 Energy Efficiency Rider
tariff.

This program provides a stable base of research and development funding that
allows research institutions to sustain quality research programs that benefit
customers. It is also consistent with Idaho Governor Butch Otter's Idaho Global
Entrepreneurial Mission “iGem” initiative in which industry would provide R&D
funding to supplement funding provided by the State of Idaho.

B. Background

In the 1990s, with the prospect of electric deregulation, utilities reduced or
eliminated budgets that would increase costs not included by third-party marketers
for sales of power to end-users. Research and development was one of those
costs. This has led to the utility industry having the lowest R&D share of net sales
among all US industries.

Research and development is defined, for the purpose of this project, to be applied
R&D that could yield benefits to customers in the next one to four years.

In 2010, Governor Otter announced Idaho would support university research as a
policy initiative with some funding provided by the state and supplemental funding
expected from other sources. This project provides additional funding to selected
research.

KEY EVENTS

A. Request for Interest

The request for interest for projects funded in 2014/2015 fiscal year was prepared
and distributed to all three Idaho Universities as shown below. A full copy of the
request for Interest is included in Appendix B. The proposals and selections for
projects funded in 2015/2016 FY will be detailed in the 2017 Annual Report.

University Delivery Date
University of ldaho December 13, 2013
Boise State University December 13, 2013
Idaho State University December 13, 2013

On January 31, 2014, Avista received 10 proposals from the University of ldaho
and 6 proposals from Boise State University. Following is a list of the proposals
received:

University of Idaho

1. Bidirectional Charger Effects on Local Electrical Grid with Limited Access

2. Building Energy Signature as a Non-Intrusive Load Monitoring Tool

3. Determination of Best Distribution Voltage Levels to Minimize Loads and
Power Losses
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Energy Audits and Training for Wastewater Treatment Facilities

Enhanced Demand Response with Smart Building Energy Management
Systems

Experimental Study of Motor Starters in Periodic Usage Environments to
Quantify Energy Savings and Impact on Motor Life

7. Increasing Hydropower Generating Efficiency through Drag Reduction

8. Model Predictive Control for Radiant HVAC System
9
1

i

o

. Simulation-Based Commissioning of Energy Management Control System
0.User Conservation

Boise State University

Citizen Survey

Commercial Building Analytics

Data Visualization

Improving Accountability
Residential Static Var Compensator
Smart Thermostats

2B ol e

B. Selection of Projects

Avista prepared an evaluation matrix for the 16 proposed projects. A team of
individuals representing Distribution, Transmission Planning, Generation and
Demand Side Management, co-filled out the matrix to rank each of the projects.
The following factors in no particular order were considered in the ranking process.

e Research Areas Already Being Done (EPRI, WSU, AVA)
Complement/Redundant/New

Potential Value to Customers kwh/KW/$ (1-10)

CO2 Emission Reduction (Y/N)

Market Potential (1-10)

Are Results Measurable (Y/N)

Aligned with Avista Business Functions (Y/N)

New or Novel (Y/N)

Ranking (1 -10)

C. Description of Selected Projects

Following is a brief description of each of the four selected projects. Project teams
compiled “Two Page Reports” which summarize and highlight project details. These
Two Page Reports are included in Appendix A. Additional details are included in the
final project reports and included in Appendix E, Appendix F, Appendix G, and
Appendix H.

Increasing Hydropower Generating Efficiency through Drag Reduction: Energy loss
due to friction occurs at various phases of hydropower generation. This research
investigates the potential of reducing the energy loss in the penstock so that more
energy is available for power generation. The concrete/cement surface of penstock
inner walls is hydrophilic. Nanotechnology has made it possible to make these
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surfaces hydrophobic or even super-hydrophobic. Frictional drag reduction by
hydrophobicity over concrete surface treated with Zycosil has not been
demonstrated or quantified. This project evaluates the potential of frictional drag
reduction over Zycosil-treated surfaces.

Bidirectional Charger Effects on Local Electrical Grids with Limited Access: With
the increasing popularity of electrical vehicles and the anticipated decrease in their
purchase prices over the next several years, electrical vehicles are coming to every
commercial and academic campus. On-site charging is a benefit that many
employers may want to provide. This project proposes to build a bidirectional
charging system on a university campus, a system that operates within the voltages
and power levels typical of a home or small commercial building. We will use this
charger to investigate the effects of bidirectional charging on the electrical utility
system within the building and on nearby buildings.

Simulation-Based Commissioning of Energy Management Control Systems: The
research aims to develop a method to use energy simulation and co-simulation
software to perform automated and semi-automated pre-commissioning or retro-
commissioning (Cx) of the programming that resides inside a constructed building’s
energy management control system (EMS). This phase of the research is to
complete manual proof of concept work, benchmark baseline performance of
chosen test site, and estimate energy savings potential via simulation of alternate
building control strategies.

Residential Static VAR Compensator: To develop a smart demand-side
management device based on the concept of a Residential Static VAR
Compensator (RSVC) for regulating residential voltages, especially during peak
demand hours. The proposed residential static VAR compensator reduces power
consumption during peak hours in order to save energy and costs of generation.

D. Project Manager and Related Communications;

Avista set out to find an independent third party project manager based in Idaho.

On September 26, 2014 Avista entered into an agreement with T-O Engineers as
this independent third party project manager. T-O Engineers is an Idaho company
based in Boise, Idaho with offices in Boise, Coeur d’Alene, Spokane, and Nampa.

T-O is tasked with providing project management, organizational structure,
milestone setup, milestone tracking, and incidental administrative services. The
project manager for T-O Engineers is JR Norvell, PE. The deputy project manager
is Natasha Jostad, El. JR and Natasha are both based out of the Spokane office.

E. Agreements
On June 6, 2014 Avista entered into a master agreement with the University of

Idaho. Key elements of this agreement include Confidential Information (section
5.8), Publication Rights (section 5.9), and Intellectual Property (section 5.16). The
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full agreement is included as Appendix C. Individual task orders are assigned for
each of the research projects selected.

On October 21, 2014 Avista entered into an agreement with Boise State University.
Key elements of this agreement include Confidential Information (section 5.8),
Publication Rights (section 5.9), and Intellectual Property (section 5.16). The full
agreement is included as Appendix D.

F. Project Milestones

The following graphic identifies each projects specific tasks as well as the overall
research and development schedule and milestones. Final reports from each
Principle Investigator were submitted in the fall of 2015. In addition to the written
report, each research team presented their findings to Avista on August 28, 2015.
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Task Description Sep-14 Oct-14 Nov-14 Dec-14 Jan-15 Feb-15 Mar-15 Apr-15 May-15 Jun-15  Jul-15  Aug-15

T hlisemester | Springsemester | Summer semester |
Basic Project Elements - All Projects
1 T O R U O O

1.0 Project Management

2.0 Develop Follow-on Proposal

3.0 Prepare Final Report

Bidirectional Charger Effects on Limited Access Grid

1. Develop Test Plans and Install
Equipment

2. Test Bidirectional Charging with PHEV W

3. Test Low Power Bidirectional
Charging

4. Document Results

Hydropower Generation Efficiency

1. Prepare Test Instruments M ﬁ
2. Conduct Tests on Sand Paper W
3. Conduct Tests on Concrete M

4, Efficiency Gain Evaluation and
Additional Testing

Energy Management Control Systems

1. Energy Modeling

2. BCVTB Modeling

e e L e

3. Run, Analyze and Reiterate

4. Benchmark Performance

—

1. Prototype Design ¥ ; A

2. Prototype Simulation b-

b

3. Prepare Interim Report P

!
A
v

4. Prototype Testing

5. Prepare Final Report > s
Project Meetings - All Projects
1. Project Kickoff [ ]

2. Monthly Project Updates . . . - . P ' P . F

3. Project Presentation to Avista

Milestones/Deliverables - All Projects

1. Project Kickoff Meeting .

2. Follow-on Proposal to Avista ’

3. Final Report to Avista .

4. IPUC Deliverables
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lll. ACCOUNTING

A. Funds authorized for R&D projects;

Effective November 1, 2013 Avista can fund up to $300,000 per year of R&D from

revenue collected through Avista’'s Schedule 91,

Adjustment. Contracts for 2014/2015 FY are as follows:

Energy Efficiency Rider

Contract
Agency Description Amount Point of Contact
Simulation-Based Commissioning e Keviri Vit Dafi
University of Idaho of Energy Management Control $ 46,705.00 W
Systear ymelenberg
ys
Bidirectional Charger Effects on
University of Idaho Local Electrical Grid with Limited | $ 78,697.00 Dr. Herbert L. Hess
Access
Increasing Hydropower
University of Idaho Generating Efficiency through $72,539.00 Dr. Jim C. P. Liou
Drag Reduction
: y : Residential Static Var Dr. Said Ahmed-
Boise State University Compensator $ 60,000.00 Zaid
T-O Engineers Project Manager $ 30,000.00 James R. Norvell
Total $ 287,941.00

B. Funds Expended and Remaining Balance

Following is the final budget summary for 2014/2015 FY R&D Projects.

Contract Budget
Description Amount Total Expended | Remaining
Simulation-Based Commissioning  of
Energy Management Control System $46,705.00 $46,705.00 $0.00
Bidirectional Charger Effects on Local
Electrical Grid with Limited Access $78,637.00 461,545 317,051,
Increasing  Hydropower  Generating
Efficiency through Drag Reduction $72,539.00 $48,204:20 524, 204.80
Residential Static Var Compensator $ 60,000.00 $ 56,823.11 $3,176.89
Project Manager $ 30,000.00 $ 30,000.00 $0.00
Totals $287,941.00 | $ 243,467.32 $ 56,532.68

C. Cost-Recovery

The costs associated with R&D are funded from revenue collected through Avista’s
Schedule 91 — Energy Efficiency Rider Adjustment. The $56,532.68 will rollover to
next year's R&D budget. All R&D projects are invoiced on a time and materials
basis with an amount not to exceed. The costs would be included in the Company’s
annual tariff filing in June if the rider balance requires a true-up.
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IV. PROJECT BENEFITS
A. Increasing Hydropower Generating Efficiency through Drag Reduction

This research demonstrates that significant frictional drag reduction over smooth
surfaces beyond the smooth surface limit is possible by adding surface
superhydrophobicity. However, the drag reduction occurred in the measurement is
temporary. In addition, the team was unable to demonstrate drag reduction over
roughened cement surfaces. This drag reduction technology holds promise but it is
only in the early stages of the path to market.

Because of the large but short penstocks, the possible efficiency improvement at
Avista’s Cabinet Gorge Dam is small. However, the impact will be much more
significant for sites with smaller and longer power tunnels and penstocks. This
technology is applicable outside hydropower, such as water transmissions for water
utilities. The potential market is very large.

B. Bidirectional Charger Effects on Local Electrical Grids with Limited Access

Hybrid electric vehicle charging stations can provide exciting business and
technological avenues for utilities to explore. One such avenue is the ability to
possibly mitigate demand issues through stored energy at a charging location via a
point-of-use source. Although the concept of a point-of-use source needs more
research into controlling the energy used and dispersed onto the grid by the
system, the point-of-use source is nevertheless an innovative way of reacting to
demand.

Additionally, utilities may change their relationship with their customer through
charging stations and point-of-use technology. Utilities will be able gain revenue
from customers using these stations, while simultaneously being able to store and
disperse energy back onto the grid with the infrastructure present at the charging
facilities. Utilities may offer incentives for certain customers to participate in
providing energy for the charging facilities, which may actually be viewed as an
investment in a more stable system for both the participants in the program and the
utility. With more research in controlling the negative effects of the bidirectional
chargers on the grid, point-of-use sources will forge new alliances, ideas, and
partnerships between customer and utility.

C. Simulation-Based Commissioning of Energy Management Control System

During research for the proposal, the team found that performing pre-
commissioning of EMS could save substantial energy, increase occupant comfort,
and greatly reduce the time from building start up to proper operation. The building
commissioning process has been shown to be highly cost-effective while also
improving comfort and productivity (Mills, 2009). HVAC controls commissioning is
very important because commercial buildings operated in an unintended manner
have been shown to increase energy consumption by 20% compared to the
intended design (Westphalen & Koszalinski, 1999). A recent baseline study of
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buildings in the Pacific Northwest found average office building annual energy use
to be 112 kBtu/sq. ft. with an average office building size of 20,000 sq. ft. (Baylon,
Robison, & Kennedy, 2008). Given these assumptions, controls pre-commissioning
could save 131,200 kWh/yr for an average office building.

During the course of this research, the team looked specifically at one measure:
outside air, damper control and found that it would make a difference of over 56,000
kWh per year. While this is less than the 131,200 kWh estimate, the savings in this
study were for one control point only. Significantly more savings could be found by
expanding the controls research beyond the economizer to other aspects of the
building control. It is likely, that the team could find substantially more than 131,200
kWh of savings for the test building by implementing the developed simulation-
based pre-commissioning protocol on all of the highest priority control points within
the building.

D. Residential Static VAR Compensator

Results of phase-lI research indicates that a (single-phase) RSVC offers a
significant potential for energy savings by voltage regulation and it can become a
valuable tool in a utility’'s demand-side management for energy efficiency,
especially during peak demand hours. The next phase will be to develop a software
centered approach that will use programmable hardware devices, i.e., a
microcontroller or a Field Programmable Gate Array (FPGA) in conjunction with
bidirectional switches to implement the control circuit embedded in the RSVC
device.

A parallel study will focus on investigating the benefits of deploying several RSVCs
on a feeder(s). Some studies that can be performed include conservation by
voltage reduction, power factor correction, VAR support and voltage swing
reduction by switching capacitor banks.

V. RESEARCH IN-PROGRESS

A. Summary of research in-progress and anticipated completion milestones
pursuant to contractual agreements and project manager’s administration.

There are currently three projects in progress for the 2015/2016 fiscal year. Interim
Reports are included in Appendices |, J, and K. Phase 2 of the Residential Static
VAR Compensator project was not selected for IPUC funding, however, BSU
arranged additional funding and this research has been complimentary to the
Phase 3 Avista did fund. The interim report is included in Appendix L. Completed
milestones for each IPUC funded project are listed in the table below.
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Task Description Sep-15 Oct-15 Nov-15 Dec-15 Jan-16 Feb-16 Mar-16 Apr-16 May-16 Jun-16 Jul-16  Aug-16

L e  l Semester Spring Semester
Basic Project Elements - All Projects
R R NN ENEE RN VAT NN T R RN

1. Project Management

2. Develop Follow-on Proposal

3. Prepare Final Report

Residential Static VAR Compensator - Phase Il

1. IEEE Working Model in OpenDSS - -

2. Test Modified IEEE Feeder h

3. Deploy RSVC on IEEE Feeder -

3. Stage Gate Meetings .

1. Receive Data From Avista [t

2. Preliminary Study of Existing System i
in Powerworld

3. Assess System Stability [

4. Model Distribution System q

5. Stage Gate Meetings

1. Test Device Models in Powerworld (55 ]

2. Available Commercial Devices e

3. Preliminary Application of Devices -

4. Stage Gate Meetings

Project Meetings - All Projects

1. Project Kickoff [£2]

2. Bi-Monthly Project Updates _ .P. h oEepe b (] _ | P ] _ k4 h N N

3. Project Presentation to Avista

Milestones/Deliverables - All Projects

1. Project Kickoff Meeting ®

2. Follow-on Proposal to Avista ‘

3. Final Report to Avista .I

4. IPUC Deliverables

B. Other relevant activity.

Project kick-off meetings were held on-site at the University of Idaho and Boise
State University.
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A progress meeting is held bi-monthly for each project. These meetings typically
take 0.5 hours and include a review of schedule, monthly progress reporting,
invoicing, owner comments, and action items for the next month. The meetings are
organized and led by the Independent Program Manager, T-O Engineers.
Attendees for each meeting include the Principal Investigator, Co-Investigators,
Student Researchers, Avista personnel, and the Independent Program Manager.

There are currently three projects in progress for the 2015/2016 fiscal year.
Contracts for these projects total $252,493.00. Budget details and funds expended
will be summarized in the 2017 Annual Report.
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TWO PAGE REPORTS




Universityofldaho y —

College of Engineering

111

Increasing Hydropower Generating Efficiency through

Drag Reduction

Project Duration: 12 months

Project Cost: Total Funding $ 72,539
2014 Funding $2,723
2015 Funding $69,816

OBJECTIVE

Energy loss due to friction occurs in
hydropower  generation.  This research
investigates the potential of reducing this
energy loss in penstocks of hydropower plants
by superhydrophobicity. The objective is to
increase the efficiency of power generation.

BUSINESS VALUE

Even a small reduction of frictional drag in the
penstocks can result in significant increase in
the energy generated over time. If drag
reduction by superhydrophobicity is proven
possible, then the frictional drag can be
brought down below the current theoretical
limit associated with a perfect smooth
surface. This technology will be applicable to
many water conveyance systems, including
hydropower and water utilities. Several
industries can benefit from the technology,
with a large amount of energy saved from
being dissipated by friction.

INDUSTRY NEED

Many hydropower generating plants are 30 to
50 years old and have gone through cycles of
mechanical and electrical upgrades. However,
the system to convey water from forebay to
turbines remains what it was decades ago.

The efficiency for water conveyance through
penstocks to turbines may be improved by
drag reduction using superhydrophobic
coating, a new technology resulted from
nanotechnology and advances in surface
science.

BACKGROUND

Fluid viscosity, however small, causes
shearing of the water at and near the wall of
penstocks. This shearing consumes energy
and reduces the energy available to the
turbines. The surface of penstocks are of
hydrophilic. Nanotechnology can change a
hydrophilic surface into a superhydrophobic
one.

Recent elaborate measurements  have
demonstrated frictional drag reduction by
superhydrophobicity in microfluidics where
surface force dominates and the flow is
laminar. However, drag reduction over
hydraulic structures, such as penstocks, has
not been demonstrated. For the latter,
surface force may not be dominating and the
flow is turbulent. Whether
superhydrophobicity reduces the frictional
drag in the penstocks is an open question.

This project (1) determines, by laboratory
measurements, if drag reduction over large
(as oppose to microfluidics) superhydrophobic
surfaces can occur, (2) quantifies drag
reduction should it occur, and (3) evaluates
the potential efficiency gain in electrical
power generation at Avista’s Cabinet Gorge
Dam.

SCOPE

Task 1: Preparation

Organize the research team (five
undergraduate students, PI, Co-PI and a lab
technician). Mobilize the test facility,
equipment and instrumentation of the




Hydraulics Laboratory of the Civil Engineering
Department at the University of Idaho.

Task 2: Creating and evaluating
superhydrophobic surfaces

Create various superhydrophobic surfaces
using sand papers, cement, super high
performance concrete, Zycosil®, and
NewerWet®. Characterize these surfaces with
contact angle and scanning electron
microscopy.

Task 3: Shear force measurement by force
balance

Measure the shear force acting on a
submerged flat aluminum plate, with and
without superhydrophobic coatings, hanging
in the test section of a water flume. Analyze
the data to determine if drag reduction
occurs. Present the results in terms of
boundary layer theory

Task 4: Head loss measurements in pipe flow

Explore methods to coat the inner wall of a
small diameter pipe with NeverWet® so the
coatings are even and uniform. Relate the
head loss as a function of flow in two test
pipes with different diameter, each before and
after being coated with NeverWet®.
Demonstrate drag reduction in terms of the
Moody diagram.

Task 5: Local shear stress inference from
velocity profiles

Measure point velocities at various distances
away from a cement surface with and without
the NeverWet® coating. Infer the local shear
stress on the wall using the law of the wall.
Separately, measure the local shear stress by
a Preston tube. Evaluate if the coating can
result in drag reduction.

Task 6: Estimate power generating efficiency
improvement

Based on the finding of this research and the
data at Avista’s Cabinet Gorge Dam, estimate
the potential gain in power generating
efficiency as a result of drag reduction.

Task 7: Final Report

Document the methodologies and present the
results.

DELIVERABLES

A final report is the deliverable of this project.

PROJECT TEAM

PRINCIPAL INVESTIGATOR

Name Dr. Jim C. P. Liou, PI
Organization University of Idaho
Contact # 208-885-6202

Email liou@uidaho.edu

Name Dr. Brian Johnson,Co-PI
Organization University of Idaho
Contact # 208-885-6902

Email bjohnson@uidaho.edu

RESEARCH ASSISTANTS

Name Don Parks, CE Lab Technician
Name William Kirby

Name Taylor Romenesko

Name Dmitriy Shimberg

Name Adam Storey

Name Terrence Stevenson

The participating period for all students is
from Sept 2014 to May 2015

SCHEDULE
TIME START FINISH
TASK
ALLOCATED DATE DATE
1 2 months Sept'14 Nov’14
2 2 months Nov'14 Jan’1l5
3 2 months Dec'14 June’l5
4 2 months Dec’14 July’15
5 2 months May’15 July’1l5
6 1 month Aug’l5 Aug’l5
7 1 month July’1l5 Aug’l5

The explorative and iterative nature of this
research made it unavoidable to stretch many
of the tasks over several months.




Universityofidaho

College of Engineering

Bidirectional Charger Effects on Local Electrical Grids
with Limited Access

Project Duration: 10 months

AiISTA

Project Cost: Total Funding $78,697
FY 2014 Funding $6,568
FY 2015 Funding $72,129

OBJECTIVE

With the increasing popularity of electrical
vehicles and the anticipated decrease in their
purchase prices over the next several years,
electrical vehicles are coming to every
commercial and academic campus.

On-site charging is a benefit that many
employers may want to provide. We propose
to build a bidirectional charging system on a
university campus, a system that operates
within the voltages and power levels typical of
a home or small commercial building. We will
use this charger to investigate the effects of
bidirectional charging on the electrical utility
system within the building and on nearby
buildings. From the data collected, we will
identify the appropriate issues, from which we
will prepare a larger proposal near the end of
this project’s term for a follow-on campus-
wide investigation.

BUSINESS VALUE

Electric vehicles are becoming popular.
Charging stations on commercial campuses
are likely to become an employee benefit.
Being able to reliably predict the effects of
these charging stations on the local power
grid provides Avista with better means to
oversee construction. Contractors can then
more efficiently build these facilities and,
where appropriate, install mitigation methods.

INDUSTRY NEED

Plenty of service infrastructures exist for gas-
exclusive vehicles, but hybrid or electric
vehicles don't have very many charging
stations outside of certain areas.

Providing these stations will not only provide
a convenience factor to customers, the
stations will also allow power to be purchased
from customer’s vehicles through discharging.
This power can be used to help correct
demand and power quality issues.

This project proposes to develop a prototype
in conjunction with experimentation to
determine the feasibility of such a station. If
successful, the project would allow areas that
typically have higher outage rates to receive
a more consistent delivery of power, provide
local energy storage station to expedite the
mitigation of power quality issues.

BACKGROUND

Charge and discharge of electrical vehicles
and hybrids may generate some electrical
disturbances. Those will be more noticeable in
small systems such as houses or small
neighborhoods. In order to evaluate those
effects we're going to simulate a small grid
using the Gauss Johnson building at the
University of Idaho.

The vehicle charging/discharging point should
mitigate the possible power quality problems
that it may generate in order to have a stable
system without significant power quality
problems. Corrective actions and hardware
may be necessary, as this project should
determine. Varying levels of load, and hence,
power  quality problems, should be
investigated.

SCOPE

Task 1: Equipment Selection
A preliminary task in order to conduct all the
project is the selection and purchase of all the



necessary equipment needed for the correct
project development.
The main equipment needed:

e 2 bi-directional chargers

e 4 Power quality meters

Task 2: Equipment Installation

This task includes the installation of the
batteries, bi-directional chargers and power
quality meters. Meters are needed to measure
the effects of the bi-directional chargers on
the building power system.

The selection of the metering points has been
done in order to obtain as many different
conditions as possible inside the building.
Planned meter test points are as follows for
the Gauss Johnson building:

1. By the bidirectional chargers.

2. By the computer lab in the GJ building.

3. In the power laboratory (closest to the
point of common coupling).

4, The furthest possible points away from
the both chargers.

Task 3: Metering and Tests

This task includes the automated collection of
data from the different power meters.
Standard scientific methods apply. Control
data will first be obtained for different
conditions around the building at different
times.

Different operations of the chargers will be

Task 6: Final Report

This task includes the Final Report with all the
results from the experiment as well as the
models and proposed solutions.

DELIVERABLES

The deliverables for this project will be:

e Models to predict performance of
charging stations with similar
characteristics and similar locations.

e Predictions for electrical system
behavior when a number of these
charging stations are operating.

e Mitigation solutions to the power
quality problems generated by the
charging stations.

PROJECT TEAM

PRINCIPAL INVESTIGATOR

Name Dr. John Canning
Organization University of Idaho
Contact #

Email jcanning@uidaho.edu
Name Dr. Dean Edwards
Organization University of Idaho
Contact # (208) 885-7229
Email dedwards@uidaho.edu
Name Dr. Herbert Hess
Organization University of Idaho
Contact # (208) 885-4341
Email hhess@uidaho.edu

RESEARCH ASSISTANTS

Name Alex Corredor Corredor

) Organization University of Idaho
performed in order to create as many Email acorredor@uidhaho.edu
different situations as possible. During those game Sanjar Rahirfn;w
. i . rganization University of Idaho
F:hfferent conditions many power qua“ty Email rahi8711@vandals.uidaho.edu
harmonics. Organization University of Idaho
Email simm4031@vandals.uidaho.edu
Task 4: Data Evaluation
The study of the data will show what types of SCHEDULE
power quality problems we encounter in the
building grid and which of those are produced TABI TIME START | FINISH
or aggravated by the chargers. ALLOGRTED DATE DATE
Equipment Selection 1 months Jan’15 Feb’15
. : H Equipment Installation 4 months Feb’15 June’ls
Task 5: Solutions to the Power Quality Problems MEtee BrD Tasks o T AUGLS

. : " | _
With the data analysis we can then develop S—— - Early Mid

and implement solutions to the power quality Aug'l5 | Aug'ls
i Solutions to the Power ’ ’
problems on the grid and test them. 2 months un'1s | Aug’is

g A ) . Quality Problems
Possible solutions may include: Using

Final Report 1 month Jul’l5 Aug’l5
batteries, or the cars, or the chargers in
reverse, as an uninterruptible power supply.

The information contained in this document is proprietary and confidential.
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Simulation-Based Commissioning of Energy
Management Control Systems

Project Duration: 10 months

Project Cost: Total Funding $46,705
2014 Funding $7,904
2015 Funding $38,801

OBJECTIVE

An energy model can be used as a virtual
test-bed for building controls so that controls
commissioning or new control schemes can
be tested without compromising occupant
comfort or equipment limits. The research
team studied a building currently in operation
and physically connected one of its controllers
to an energy model. The team was able to
effectively substitute an energy model for the
actual building and set wup full-loop
communication between the controller and
the model’s simulation outputs. The energy
model was then used to optimize the
controller settings and estimate associated
energy savings for this building.

BUSINESS VALUE

Pre-commissioning controllers is an attractive
service that utilities can use to ensure proper
operation of energy intensive building
systems. It allows for control testing and
optimization without putting either occupant
comfort or equipment in harm’s way while
ensuring proper operation of energy intensive
HVAC systems.

INDUSTRY NEED

As building energy modeling is becoming
more widespread, an opportunity exists to
link the energy model simulation to a
building’s control system through a
communication protocol known as Building
Automation and Control Network (BACnet).
Building controllers are increasingly BACnet
compatible allowing for more universal
communication. New buildings rely on
automated controls for their Energy

Management Systems (EMS), however, there
are times when these controls either
malfunction or are out of tune from the
specific building or climate. It then falls to
the building operators to correct these
settings. These problems may go undetected
for long periods of time incurring exorbitant
and unnecessary energy costs. In order to
avoid this, the controls in a building will be
checked after one full year of operation. The
first year of operation can be a difficult and
unpredictable time for the building occupants
as well as the utility. Older buildings also
suffer from control settings that have fallen
out of tune. It is ideal to test diverse control
strategies and experiment with new setpoints.
Unfortunately, the testing of controller
settings is often inhibited by fears of occupant
complaints or potential damage to equipment.
Simulation-based commissioning is one way
to avoid these hazards by providing a safe
test-bed on which to optimize control
strategies for a particular building.

BACKGROUND

The COBE building at the U of I campus was
selected for this project for a physical
demonstration of this technology’s
capabilities. The team developed an energy
model calibrated to the building and acquired
a duplicate of the building’s air-handling
controller. These were used to explore the
EMS logic and test new settings. The process
offered insight into the barriers and potential
benefits of using simulation-based
commissioning. Based on the findings, the

team developed a work flow around this
technology which will enable incentive
programs or other value-added energy
services to be developed which will improve




the effectiveness of new building
commissioning, existing building retro-
commissioning, and promote innovative
designs for high performance buildings.

SCOPE

Task 1: Project Planning
The first step of the project was to select a

provide credence to predictions of energy
savings.

DELIVERABLES

At the conclusion of the project, the research
team has been able to conclude the following:
e Co-simulate using EnergyPlus, BCVTB,
and a BACnet based HVAC control

system from a physical building.

e Detect control system issues in the
building’s EMS that currently inhibit
optimal energy performance.

building for the research project. This task
also includes ongoing project management
and providing updates to Avista staff.

Task 2: Develop Energy Model e Demonstrate associated energy
Once the building was selected in Task 1, the savings through benchmarking.
team used EnergyPlus to develop and e Present a work flow which can be

implemented into a pilot project
incentive program or value-added
energy service.

calibrate an energy model specific to that
building. The exact HVAC system was
modeled and simulations run to establish a

baseline and determine end-use energy.
PROJECT TEAM

Task 3: BCVTB Development

Once the energy model was calibrated, the PENGIFAL IHNESTIGATRRS

same controller used in the building was Name Brad Acker —
physically linked to the model so that they Organization University of Idaho/University of Oregon
4 . Contact # (208) 401-0642
can communicate. The goal of this task was Email batkerD Uidahn.ei
to set up that communication structure by Name Brad Acker, P.E.
integrating the control system’s BACnhet Organization University of Idaho
f : Contact # (208) 401-0642
programming with the EnergyPlus model. = T

The communication framework was set up in

, RESEARCH ASSISTANTS
a middle-ware from Lawrence Berkeley

National Lab known as the Building Controls e Barnn oo
Virtual Test Bed BCVTB BCVTB is th Organization University of Idaho

Ircua €s € ( ) I € Email dwoods@uidhaho.edu
platform that translates between the energy Name Tyler Noble
model simulation outputs and the BACnet Organization University of Idaho
programming of the controller. EriBl eslaftalll el
Task 4: Run and Analyze SCHEDULE
Once the framework for communication was
established in Task 3, the team ran the co- TASK WHE START | FINISH
simulation between EnergyPlus and the ALLOCATED DATE DATE
controller using BACnet protocols in BCVTB. Project Planning 1 months Oct'14 | Nov'i4

: : : : Develop Energy Model 6 months Nov'14 Apr'is

The objective of this task was to c_ietermlne BEVTB Development e et s
end-use energy and analyze differences Run and Analyze 4 months April't5 | July’1s
between the controller settings and the Benchmark Performance 6 months Mar’'1l5 Aug’15

baseline energy model.

Task 5: Benchmark Building Performance

The team conducted benchmarking of the
calibrated building so that modeled
performance can be compared with
performance based on the actual controller.
Building plans, utility data, and trend log
information from the building’s EMS was used
to aid in the development of the model and
establish baseline energy consumption and

The information contained in this document is proprietary and confidential.
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Residential Static VAR Compensator

Project Duration: 10 months

Project Cost: Total Funding $60,000
2014 Funding $12,000
2015 Funding $48,000

OBJECTIVE

To explore the potential application of a
residential static VAR compensator (RSVC) as
an energy-saving tool in the operation of
distribution networks. The main objective of
this research is to determine the reactive
power requirements for such a device when
used in a utility demand-side management
program such as conservation by voltage
reduction (CVR).

BUSINESS VALUE

Distribution utilities pay a higher price per
kWh for managing load demand above base
load during peak hours. The proposed RSVC
reduces the consumer power consumption
and allows electric utilities to reduce their
generation cost during peak demand hours.

INDUSTRY NEED

Distribution utilities must purchase enough
generation capacity to manage load during
peak hours. Amid rising energy costs and
increasing stress on the grid, utilities are
looking towards alternative methods to
regulate and reduce energy consumption. A
device is needed that dynamically optimizes
voltage levels via sophisticated smart grid
technologies to continuously reduce energy
consumption and demand during peaks hours
when electricity prices are inflated and
demand may exceed the available capacity.
Studies® have shown that reducing
distribution service voltage by 1% lowers
energy consumption by about 0.8%. This
translates to significant kilowatt-hour (kWh)
savings at a price range from below 1¢ to 5¢
per kWh--far lower than most new generation
sources cost. In order words, the cost of
implementing "conservation by voltage

The information contained in this document is proprietary and confidential.

reduction per kWh"” would be lower than
buying that amount of kWh in the market.

BACKGROUND

Conservation by Voltage Reduction (CVR) is
the implementation of a distribution voltage
strategy whereby all voltages are lowered to
the minimum allowed by the utility standard
(ANSI c84.1). This is based on the
observation that many loads consume less
power when they are fed with a voltage lower
than nominal. To maintain a good quality of
service, loads should not be supplied with a
voltage higher or lower than 5% of nominal.
One voltage range allowed in the US is
specified by the American National Standards
Institute (ANSI) as 120 V nominal, 114 V
minimum and 126 V maximum(120 V £ 5%).

SVCs are flexible AC transmission system
(FACTS) devices that regulate the voltage on
high voltage electrical transmission networks
by absorbing or supplying reactive power. An
SVC installation usually comprises a thyristor
controlled reactor (TCR) with a fixed or
switched capacitors (TSC). Reactive power
injected or absorbed in the power network is
continuously varied by controlling the current
through the reactor via a bidirectional switch.
Two methods of controlling the shunt reactor
were tested. The first method uses
conventional angle firing to control the closing
of a solid-state switch in series with the shunt
reactor. This method has the drawback of
generating current harmonics which require
filter circuits to mitigate their effects.
Another superior method uses pulse-width
modulation (PWM) control to turn on and off
two bidirectional switches, one in series and
the other in parallel with the shunt reactor, in
a complementary fashion. This method vyields



a quasi-sinusoidal RSVC voltage and an
almost sinusoidal inductor current.

RSVC PROTOTYPE DEVELOPMENT

The RSVC components were sized to meet the
reactive requirements for a minimal voltage of
228 V (reference voltage). The proposed

RSVC uses a fixed capacitor and PWM
switched inductor topology due to its
advantage over a TCR. The fixed capacitor for
the RSVC was sized at 470 pF (10.2 kVAr)
and the inductor was sized at 13 mH (11.75
kVAr).

An automatic control system was designed
and tested to maintain the RSVC voltage at a
desired reference set point. The control
system uses a PID controller that calculates
an error value between the measured rms
output voltage and the reference voltage. The
controller tries to minimize the error by
adjusting the width for the gating signals. The
RSVC prototype was designed using
MATLAB/Simulink and EPRI's OpenDSS
software tool.

RSVC PROTOTYPE TESTING

The model developed in Simulink was
extensively tested and validated against the
results of EPRI’s OpenDSS software. It was
shown that the results obtained using both
OpenDSS and Simulink are almost identical,
with OpenDSS being considerably faster than
Simulink. The difference between the two
measured values is between 1-2%.

PAYBACK PERIOD ANALYSIS

A reasonable cost for the RSVC will be around
$300 considering the cumulative price for
reactive components and sensors. If we
assume that the RSVC device is used for six
hours each day during peak demand hours
and that it results in a 1% to 2.5% energy
savings, then the payback period will be
about 3 years to 6 years.

The RSVC developed in this applied research
is intended to function at the secondary low-
voltage side of a 25-kVA distribution
transformer typically serving three residential
houses. This device can be designed as one
single SVC across the nominal 240 V or two
120-V RSVCs, one for each phase.

The information contained in this document is proprietary and confidential.

FUTURE WORK

Results of phase-I research indicates that a
(single-phase) RSVC offers a significant
potential for energy savings by voltage
regulation and it can become a valuable tool
in a utility’s demand-side management for
energy efficiency, especially during peak
demand hours. The next phase will be to
develop a software centered approach that
will use programmable hardware devices, i.e.,
a microcontroller or a Field Programmable
Gate Array (FPGA) in conjunction with
bidirectional switches to implement the
control circuit embedded in the RSVC device.

A parallel study will focus on investigating the
benefits of deploying several RSVCs on a
feeder(s). Some studies that can be
performed include conservation by voltage
reduction, power factor correction, VAR
support and voltage swing reduction by
switching capacitor banks.

DELIVERABLES

The deliverables for this project (Phase-I) will
be a prototype design with results of the
testing and a cost-benefit analysis of the
payback period based on the pilot study.

PROJECT TEAM

PRINCIPAL INVESTIGATOR

Name Dr. Said Ahmed-Zaid

Organization Boise State University

Contact # 208-350-3667

Email sahmedzaid@boisestate.edu

RESEARCH ASSISTANTS

Name Muhammad Kamran Latif

Organization Boise State University

Contact # 208-340-4007
Email muhammadlatif@u.boisestate.edu
Name Andrés Valdepena

Organization Boise State University

Contact # 208-724-8549
Email andresvaldepena@u.boisestate.edu
SCHEDULE
TIME START END
TASK
ALLOCATED DATE DATE
Prototype Design 2 months Nov 2014 Dec 2014

Prototype Simulation 4 months Jan 2015 Apr 2015
Interim Report 1 month Feb 2015

Prototype Testing 2 months May 2015 Jun 2015
Final Report 2 months Jul 2015 Aug 2015
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East 1411 Mission Ave. a7 v’sm
Spokane, WA 99202

Request for Proposal (RFP)
Contract No. R-39605

for

Avista Energy Research (AER) Initiative

INSTRUCTIONS AND REQUIREMENTS

Proposals are due by:
4:00 p.m. Pacific Prevailing Time (PPT), January 31, 2014 (the “Due Date”)

Avista Corporation is an energy company involved in the production, transmission and distribution of
energy as well as other energy-related businesses. Avista Utilities is the operating division that
provides electric service to approximately 362,000 customers and natural gas to approximately 323,000
customers. Avista’s service territory covers 30,000 square miles in eastern Washington, northern
Idaho and parts of southern and eastern Oregon, with a population of 1.5 million. Avista’s primary,
non-regulated subsidiary is Ecova. Avista’s stock is traded under the ticker symbol “AVA”. For more

information about Avista, visit www.avistautilities.com.
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Spokane, WA 99202

Avista Corporation (“Avista”)
RFP Confidentiality Notice

This Request for Proposal (“RFP”’) may contain information that is marked as confidential and proprietary to
Avista (“Confidential Information” or “Information”). Under no circumstances may the potential Bidder
receiving this RFP use the Confidential Information for any purpose other than to evaluate the requirements
of this RFP and prepare a responsive proposal (“Proposal”). Further, Bidder must limit distribution of the
Information to only those people involved in preparing Bidder’s Proposal.

If Bidder determines that they do not wish to submit a Proposal, Bidder must provide a letter to Avista
certifying that they have destroyed the Confidential Information, or return such Information to Avista and
certify in writing that they have not retained any copies or made any unauthorized use or disclosure of such
information.

If Bidder submits a Proposal, a copy of the RFP documents may be retained until Bidder has received notice
of Avista’s decision regarding this RFP. If Bidder has not been selected by Avista, Bidder must either return

the Information or destroy such Information and provide a letter to Avista certifying such destruction.

Avista and Bidder will employ the same degree of care with each other’s Confidential Information as they
use to protect their own Information and inform their employees of such confidentiality obligations.

RFP No. R-39605 Page 2 of 9
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Instructions and Requirements

1.0 PURPOSE

in response to the Idaho Public Utilities Commission Order No. 32918, Avista Corporation will fund up to
$300,000 per year of applied research that will further promote broad conservation goals of energy efficiency
and curtailment. Specifically, Avista is seeking a qualified four year institution in the state of Idaho to
provide such applied research (the “Services”). In light of the rapidly changing utility landscape, Avista
would be interested in funding research projects which are forward thinking and would assist the utility in the
development of product and services which provide an energy efficient commodity to its customers. The
applied research and development projects can be one or multiple years and can be used to support university
research programs, facility and studies.

The following institutions are eligible to submit Avista Energy Research (AER) initiative proposals.

1. University of Idaho 2. Boise State University 3. Idaho State University

Persons or institutions submitting a Proposal will be referred to as “Bidder” in this RFP; after execution of a
contract, the Bidder to whom a contract is awarded, if any, will be the name of the university (“Institution”).

2.0 STATEMENT OF WORK

The attached Statement of Work (“SOW?) specifies the activities, deliverables and/or services sought by
Avista. This SOW will be the primary basis for the final SOW to be included under a formal contract, if a
contract is awarded.

3.0 RFP DOCUMENTS
Attached are the following RFP Documents:
e  Statement of Work
e  Appendix A — Proposal Cover Sheet
e  Appendix B — Sponsored Research and Development Project Agreement

4.0 CONTACTS/SUBMITTALS / SCHEDULE

4.1 All communications with Avista, including questions (see Section 5.1), regarding this RFP must be
directed to Avista’s Sole Point of Contact (“SPC”):

Russ Feist

Avista Corporation

1411 East Mission Avenue

PO Box 3727, MSC-33

Spokane, WA 99220-3727
Telephone: (509) 495-4567

Fax: (509) 495-8033

E-Mail: russ.feist@avistacorp.com

4.2 Proposals must be received no later than 4:00 PM Pacific Prevailing Time (“PPT”), on January 31,
2014 (“Due Date”). Bidders should submit an electronic copy of their Proposal to
bids@avistacorp.com. In addition to an electronic copy, Bidders may also fax their Proposal to
509-495-8033, or submit a hard copy to the following address:

Avista Corporation

Attn: Greg Yedinak Supply Chain Management (MSC 33)
1411 E. Mission Ave

PO Box 3727

Spokane, WA 99220-3727

RFP No. R-39605 Page 3 of 9
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4.3

No verbal or telephone Proposals will be considered and Proposals received after the Due Date
may not be evaluated.

RFP Proposed Project Schedule

December 13, 2013 Avista issues RFP

January 6, 2014 Bidder’s Questions/Requests for Clarification Due
January 13, 2014 Avista’s Responses to Clarifications Due Date
January 31, 2014 Proposals Due

February 14, 2014 Successful Bidder selection and announcement
February 28, 2014 Contract Executed

5.0 RFP PROCESS

5.1

5.2

5.3

5.4

Pre-proposal Questions Relating to this RFP

Questions about the RFP documents (including without limitation, specifications, contract terms or
the RFP process) must be submitted to the SPC (see Section 4.1), in writing (e-mailed, faxed, or
addressed in accordance with Section 4.2, by the Due Date. Notification of any substantive
clarifications provided in response to questions will be provided via email to all Bidders.

Requests for Exceptions

Bidder must comply with all of the requirements set forth in the documents provided by Avista as
part of this RFP (including all submittals, contract documents, exhibits or attachments). Any
exceptions to these requirements must be: (i) stated separately, (ii) clearly identify the exceptions
(including the document name and section), and (iii) include any proposed alternate language, etc.
Failure by Bidder to provide any exceptions in its Proposal will constitute full acceptance of all
documents provided by Avista as part of this RFP. While Avista will not consider alternate
language, etc. that materially conflicts with the intent of this RFP, Avista may consider and
negotiate the inclusion of terms that would be supplemental to the specific document if such terms
reasonably relate to the scope of this RFP.

Modification and/or Withdrawal of Proposal

5.3.1 By Bidder: Bidder may withdraw its Proposal at any time. Bidder may modify a
submitted Proposal by written request provided that such request is received by Avista
prior to the Due Date. Following withdrawal or modification of its Proposal, Bidder may
submit a new Proposal provided that such new Proposal is received by Avista prior to the
Due Date and includes a statement that Bidder’s new Proposal amends and supersedes the
prior Proposal.

5.3.2 By Avista: Avista may modify any of the RFP documents at any time prior to the Due
Date. Such modifications will be issued simultaneously to all participating Bidders.

Proposal Processing

5.4.1 Confidentiality: It is Avista’s policy to maintain the confidentiality of all Proposals
received in response to an RFP and the basis for the selection of a Bidder to negotiate a
definitive agreement.

5.4.2 Basis of Any Award: This RFP is not an offer to enter into an agreement with any party.
The contract, if awarded, will be awarded on the basis of Proposals received after
consideration of Bidder’s ability to provide the services/work, quality of personnel, extent
and quality of relevant experience, price and/or any other factors deemed pertinent by
Avista, including Bidder’s ability to meet any schedules specified in the Statement of
Work.

RFP No. R-39605 Page 4 of 9
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5.4.3 Pre-award Expenses: All expenses incurred by Bidder to prepare its Proposal and
participate in any required pre-bid and/or pre-award meetings, visits and/or interviews will
be Bidder’s responsibility.

5.4.4 Proposal Acceptance Term: Bidder acknowledges that its Proposal will remain valid for
a period of 60 days following the Due Date unless otherwise extended by Avista.

5.5 Contract Execution

The successful Bidder must enter into a contract that is substantially the same as the Sponsored
Research and Development Project Agreement governing the performance of the Services/Work
applicable under this RFP included as Appendix B.

6.0 PROPOSAL REQUIREMENTS AND SUBMITTALS

Bidder’s Proposal must conform to the following outline and address all of the specified content to facilitate
Avista’s evaluation of Bidder’s qualifications; approach to performing the requested Services/Work; and
other requirements in the SOW. Proposals will be evaluated on overall quality of content and responsiveness
to the purpose and specifications of this RFP, including the information set forth in Section 6.5 below.

6.1 Proposal Process

Each eligible institution will be limited to TEN specific proposal submittals. One representative of the
eligible institutions will be responsible for submitting all of the proposals.

The proposal must not exceed 6 pages not including the appendices. The proposal shall be in 11 point
font, 1.5 spaced and one inch margins. The original and one electronic copy of the proposal (PDF —
Form) must be provided to Avista’s point of contact listed herein.

6.2 Proposal Submittals The following items are required with Bidder’s Proposal. Each proposal
shall contain the following project elements.

1. Name of Idaho public institution;

2. Name of principal investigator directing the project;

3. Project objective and total amount requested (A general narrative summarizing the approach
to be utilized to provide the required services);

4. Resource commitments, (number of individuals and possible hours for services);

5. Specific project plan (An outline of work procedures, technical comments, clarifications
and any additional information deemed necessary to perform the services);

6. Potential market path;

7. Criteria for measuring success;

8. Budget Price Sheet / Rate Schedule;

9. Proposal Exceptions to this RFP (if any);

10. Appendix A — Proposal Cover Sheet (last 2 pages of this document)
11. Appendix C: Facilities and Equipment

12. Appendix D: Biographical Sketches and Experience of the principle investigators and / or
primary research personnel for each project (if different individuals for each project
submitted)

RFP No. R-39605 Page 5 of 9




Avista Corporation _4“!'.—. .
East 1411 Mission Ave. y—_it J v's m
Spokane, WA 99202

6.3 Proposal Cover Sheet

Bidder must fill out, sign and date the attached Proposal Cover Sheet. The signatory must be a
person authorized to legally bind Bidder’s company to a contractual relationship (e.g. an officer of
the company).

6.4 Institution Information

6.5

Institution Qualifications

Bidder shall provide information on projects of similar size and scope that Bidder has
undertaken and completed within the last five years. Please include a list of references on
Appendix A that could be contacted to discuss Bidders involvement in these projects.

Institution Resources

Identify any unique or special equipment, intellect, hardware, and software or personnel
resources relevant to the proposed Services that Bidder’s firm possesses(list in Appendix D).

Project Personnel Qualifications

Provide a proposed organization chart or staffing list for a project of this size and scope and
identify the personnel who will fill these positions. If applicable, identify project managers
who will be overseeing the Services and submit their resume identifying their work history,
(please see Section 6.2, question #4).

Approach to Subcontracting

If Bidder’s approach to performing the Services will require the use of subcontractors, include
for each subcontractor: (a) a description of their areas of responsibility, (b) identification of
the assigned subcontractor personnel, (c) resumes of key subcontractor personnel, (d) a
summary of the experience and qualifications of the proposed subcontracting firms in work
similar to that proposed, and (e) a list of references for such work.

Evaluation Criteria

Avista will evaluate each proposal based upon the following criteria:

6.5.1 Project Requirements
° Strength of Proposal
° Responsiveness to the RFP
° Creativity in Leveraging Resources
° Samples of Work Products
° Overall Proposal (Complete, Clear, Professional)
6.5.2 Strength & Cohesiveness of the Project Team
° Overall ability to manage the project
° Technical ability to execute the Services
° Research/analysis ability
° Project milestones with clear stage and gates (annually)
° Overall team cohesiveness
6.5.3 Qualifications and Experience
° Experience working with electric utilities
o Project management and multi-disciplined approaches
° Experience working with organizations in a team atmosphere

RFP No. R-39605 Page 6 of 9
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7.0 RESERVATION OF AVISTA RIGHTS:

Avista may, in its sole discretion, exercise one or more of the following rights and options with respect
to this RFP:

Modify, extend, or cancel this RFP at any time to obtain additional proposals or for any other
reason Avista determines to be in its best interest;

Issue a new RFP with terms and conditions that are the same, similar or substantially different as
those set forth in this or a previous RFP in order to obtain additional proposals or for any other
reason Avista determines to be in its best interest;

Waive any defect or deficiency in any proposal, if in Avista’s sole judgment, the defect or
deficiency is not material in response to this RFP;

Evaluate and reject proposals at any time, for any reason including without limitation, whether or
not Bidder’s proposal contains Requested Exceptions to Contract Terms;

Negotiate with one or more Bidders regarding price, or any other term of Bidders’ proposals, and
such other contractual terms as Avista may require, at any time prior to execution of a final
contract, whether or not a notice of intent to contract has been issued to any Bidder and without
reissuing this RFP;

Discontinue negotiations with any Bidder at any time prior to execution of a final contract, whether
or not a notice of intent to contract has been issued to Bidder, and to enter into negotiations with
any other Bidder, if Avista, in its sole discretion, determines it is in Avista’s best interest to do so;

Rescind, at any time prior to the execution of a final contract, any notice of intent to contract issued
to Bidder.

[END OF REQUEST FOR PROPOSAL INSTRUCTIONS AND REQUIREMENTS]
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Avista Corporation ;‘;_“!_} S
East 1411 Mission Ave. ~ATVISTA
Spokane, WA 99202

APPENDIX A - Proposal Cover Sheet |

Bidder Information

Organization Name:

Organization Form:
(sole proprietorship, partnership, Limited Liability Company, Corporation, etc.)

Primary Contact Person: Title:

Address:

City, State, Zip:

Telephone: Fax: Federal Tax ID#

E-mail Address:

Name and title of the person(s) authorized to represent Bidder in any negotiations and sign any contract that
may result (“Authorized Representative”):

Name: Title:

If classified as a contractor, provide contractor registration/license number applicable to the state in which
Services are to be performed.

Provide at least three references with telephone numbers (please verify numbers) that Avista may contact
to verify the quality of Bidder’s previous work in the proposed area of Work.

REFERENCE No. 1:

Organization Name: Telephone:
Contact Person: Fax:
Project Title: Email:
REFERENCE No. 2:

Organization Name: Telephone:
Contact Person: Fax:
Project Title: Email:
REFERENCE No. 3:

Organization Name: Telephone:
Contact Person: Fax:
Project Title: Email:
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Avista Corporation ;‘:_“!—z .
East 1411 Mission Ave. ~IVISTA
Spokane, WA 99202

By signing this page and submitting a Proposal, the Authorized Representative certifies that the following
statements are true:

1. They are authorized to bind Bidder’s organization.

2. No attempt has been made or will be made by Bidder to induce any other person or organization to
submit or not submit a Proposal.

3. Bidder does not discriminate in its employment practices with regard to race, creed, age, religious
affiliation, sex, disability, sexual orientation or national origin.

4. Bidder has not discriminated and will not discriminate against any minority, women or emerging small
business enterprise in obtaining any subcontracts, if required.

5. Bidder will enter into a contract with Avista and understands that the final Agreement and General
Conditions applicable to the Scope of Work under this RFP will be sent for signature under separate
cover.

6. The statements contained in this Proposal are true and complete to the best of the Authorized
Representative’s knowledge.

7. If awarded a contract under this RFP, Bidder:

(1)  Accepts the obligation to comply with all applicable state and federal requirements, policies,
standards and regulations including appropriate invoicing of state and local sales/use taxes (if any) as
separate line items;

(i) Acknowledges its responsibility for transmittal of such sales tax payments to the taxing authority;
(i) Agrees to provide at least the minimum liability insurance coverage specified in Avista’s attached
sample Agreement, if awarded a contract under this RFP.

8.  If there are any exceptions to Avista’s RFP requirements or the conditions set forth in any of the RFP
documents, such exceptions have been described in detail in Bidder’s Proposal.

9. Bidder has read the “Confidentiality Notice” set forth on the second page of these “INSTRUCTIONS
AND REQUIREMENTS” and agrees to be bound by the terms of same.

Signature: Date:

*** THIS PAGE MUST BE THE TOP PAGE OF BIDDER’S PROPOSAL ***
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.

SPONSORED RESEARCH AND DEVELOPMENT PROJECT AGREEMENT

PARTIES

1.1

THIS AGREEMENT is made and entered into by and between The Regents of the
UNIVERSITY of [daho (UNIVERSITY), a public corporation, state educational
institution, and a body politic and corporate organized and existing under the Constitution
and laws of the state of [daho, and Avista Corporation, a Washington corporation
{(SPONSOR). In this Agreement, the above entities are sometimes referred to as a PARTY
and jointly referred to as PARTIES.

PURPOSE

2.1

n

22

23

This agreement provides the terms and conditions for an Avista-sponsored energy
efficiency applied research and development project which is of mutual interest and benefit
to UNIVERSITY and SPONSOR, and which has been approved by the Idaho Public
Utilities Commission under Order 329138,

The performance of such sponsored research and development project is consistent with
UNIVERSITY s status as a non-profit, tax-exempt, educational institution, and may derive
benefits for SPONSOR, UNIVERSITY, and society by the advancement of knowledge in
the field of study identitied. The performance of such sponsored research and development
projects may also derive benefits for SPONSOR through the development of energy
cfficiency products and/or services that coutd be offered to Avista customers in Idaho and
other jurisdictions and/or licensed or sold to other utitities or their customers by Avista.

UNIVERSITY s capabilities reflect a substantial public investment, which UNTVERSITY,
as a part of its mission as a state higher education institution, wishes to utilize in a
cooperative and collaborative effort with SPONSOR, including substantial financial
investment in sponsored research and development projects, as described below.

DEFINITIONS

3.1

32

3.3

3.4

35

“Budget” shall mean the Project Budget contained in Attachment A-Budget, which is
hereby incorporated by reference.

“Project Director(s)” shall be as described in each Scope of Work, who shall be the
principal investigator for the R&D Project.

“SPONSOR Liaison” shall be as described in each Scope of Work, a SPONSOR
representative designated by SPONSOR 1o be the primary contact with the Project
Director.

"Sponsored R&D Project” shall mean the Avista-sponsored research and development
project covered by this Agreement for the performance by UNIVERSITY of the SCOPE
OF WORK under the dircction of the Project Director.

“SCOPE OF WORK?” shall mean each scope of work for the Sponsored R&D Project,

under the direction of the Project Director, and any other attachments which may provide
additional information on the Sponsored project to be performed.
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3.6

3.7

3.8

3.9

3.10

3.11

3.12

"Confidential Information" shall mean any information, cxperience or data regarding a
disclosing PARTY’s plans, programs, plants, processes, products, costs, equipment
operations or customers, including without limitation algorithms, formulae, techniques,
improvements, technical drawings and data, and computer software, whether in written,
graphic, oral or other tangible form, considered confidential by the disclosing PARTY and
protected by trade secret or other right of non-disclosure under the 1daho Public Records
Act. I.C. §§ 9-337 through 9-350.

“Intellectual Property” shall mean any I[nvention, Copyright, Trademark, Mask Work,
and/or Proprietary Information produced under the Scope of Work.,

“Invention” shall mean certain inventions and/ar discoveries conceived and reduced to
practice during the period of performance of the Sponsored R&D Project and through
performance of the Scope of Work, and resulting patents, divisionals, continuations, or
substitutions of such applications, all reissues and foreign counterparts thereof, upon which
a UNIVERSITY or SPONSOR employee or agent is or may be a named inventor.

“Invention Disclosure(s)” shall mean a writlen disclosure of a potentially patentable
[nvention(s) provided Lo SPONSOR and the UNTVERSITY s Technology Transfer Office.

“Copyright” shall mean any work developed under the Scope of Work thal is subject 10
copyright under copyright law whether or not registered under federal copyright law, and
including any and all moral rights thereto.

“Trademark” shall mcan any trade or service marks developed under the Scope of Work
whether or not registered under cither state or federal trademark law, and including all
related goodwill.

“Mask Work” shall mean any 1wo or three dimensional layout or topology of an integrated
circuit developed in the Sponsored R&D Project under the Scope of Work.

SCOPE OF WORK

4.1

43

43

UNIVERSITY shall furnish the labor, materials, and equipment necessary to
provide the Services applicable under this Agreement in accordance with written
Scopes of Work, mutually agreed to by the Parties. Such Scopes of Work will be
incorporated into this Agreement by this reference when executed by both Parties,
a sample of which is included in this Agreement as Airachment A-Budge!,
Attachment B-Scope of Work.

Maodifications to a Scope of Work requested by Avista will be performed in
accordance with a written Change Order, mutually agreed to by the Parties.
Change Orders will be incorporated into this Agreement by this reference upon
exccution by both Parties.

UNIVERSITY agrees to usc its reasonable efforts to perform the SCOPE OF WORK in
accordance with the terms and conditions of this Agreement. UNIVERSITY does not
represent, warrant, or guarantee that the desired results will be obtained under this
Agreement.

Kick Off Meeting/Reperting Requirements.
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4.4

43.1  Kick-off Meeting. Within thirty (30} days of executing this Agreement and/or an
associated Scope of Work, the UNIVERSITY will attend (either in person or
telephonically) a kick-off meeting with the SPONSOR.

43.2 Progress Reports. UNIVERSITY shall provide a two page written report on the
progress of the SCOPE OF WORK every six (6) months following the execution
of such SCOPE OF WORK.

43.3 Final Technical Report. UNIVERSITY shall furnish a final written report within
thirty (30) days of completion of the Period of Performance as defined in Section
S.). This report will include at a minimum: a summary of project
accomplishments, a summary of budget expenditures, stage and gates status,
number of faculty utitized, student participation, and a status of the project and
completion timelines. SPONSOR and UNIVERSITY will identify whether such
the report will be presented in person or electronically in each SCOPE OF
WORK.

434 Final Financial Report. A final financial report shall be furnished within sixty
(60) days of completion of the Period of Performance as defined in Section 5.1.

Third Party Project Manager. SPONSOR will retain an independent third party to assist
SPONSOR with monitoring milestones and deliverables for each Scope of Work.
UNIVERSITY agrees to cooperate with such third party and provide any requested
information in a timely manner.

GENERAL TERMS AND CONDITIONS

In consideration of the mutual premises and covenants contained herein, the PARTIES agree to the
following terms and conditions.

5.1

52

53

5.4

Period of Performance. The specific period of performance for each project will be defined
in each SCOPE OF WORK. and any changes will be mutually agreed upon in writing
between the PARTIES in accordance with the Change Order process set forth in Section
4.2

Funding. SPONSOR agrees to reimburse UNIVERSITY for services performed under in
accordance with the payment schedule listed in each SCOPE OF WORK.

Any unspent funding remaining upon SPONSOR's acceptance of UNIVERSITY's

Final Technical Report under Section 4.3.3, above, and its Final Financial Repon

under Section 4.3.4, above, the expiration or term of the Agreement shall be

returned to SPONSOR.

Project Budget. Each SCOPE OF WORK wiil set forth a Project Budge! (see Attachinent
A-Budgei). Deviations from this Project Budget may be made to and from any expenditure
Jine item within the UNIVERSITY system, as long as such deviation is reasonable and
necessary in the pursuit of the SCOPE OF WORK and pre-approved by SPONSOR. The
total amount identified in each SCOPE OF WORK may not be exceeded without prior
written agreement through a Change Order.

Invoices. Periodic invoices will be provided, in accordance with 5.2 using the standard
UNIVERSITY invoice. Payments are due to UNIVERSITY within thirty (30) days from
the UNIVERSITY invoice date.
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5.6

5.7

5.8

5.8.1

5.82

583

[nvoices should be sent to:

Name/Title: John Gibson Phone: 509-495-4115
Address: 1411 E. Mission Ave, E-mail. _john.gibson@avistacorp.com
City/State/Zip: _Spokane, WA 99220

Equipment. UNIVERSITY shall retain title to any equipment purchased with funds
provided by SPONSOR under this Agreement.

Key Personnel. The Project Director may select and supervise other Sponsored R&D
Project staff as needed to perform the SCOPE OF WORK. No other person wiil be
substituted for the Project Director, except with SPONSOR’s approval. SPONSOR may
exercise Termination for Convenience provisions of this Agreement if a satisfactory
substitute is not identified.

Contro! of Scope of Work. The control of the SCOPE OF WORK rests entirely with
SPONSOR. but control of the performance of the UNIVERSITY and the Sponsored R&D
Project staff in executing the SCOPE OF WORK within the Sponsored R&D Project shali
rest entirely with UNIVERSITY. The PARTIES agree that UNTVERSITY, through its
Project Director, shall maintain regular communication with the designated liaison for
SPONSOR and the UNIVERSITY’s Project Director and SPONSOR'’s Liaison shall
mutually define the frequency and nature of such communications.

Confidential [nformation.

To the extent ailowed by law, and subject 1o the publication provisions set forth in
Section 5.9 below, UNIVERSITY and SPONSOR agree to use reasonable care to avoid
unauthorized disclosure of Confidential Information, including without limitation taking
measures to prevent creating a premature bar to a United States or foreign patent
application. Each party will limit access to and any publication or disclosure of
Confidential Information received from another party hereto and/or created and reduced
to practice as a part of the Sponsored R&D Project, to those persons having a need to
know. Each party shall employ the same reasonable safeguards in receiving, storing,
transmitting, and using Confidential Information that prudent organizations normally
exercise with respect 10 their own potentialiy patentable inventions and other confidential
information of significant value.

Any Confidential information shall be in written, graphic, or other tangible form
or reduced to such form within thirty (30) days of disclosure and shall be ciearly
identified in writing as confidential at the time of or within thirty (30) days of
disclosure. Confidential Information shall not be disclosed by the receiving party
to a third party for a period of three (3) years from receipt of such information or
urttil a patent is published or the Confidential Information of a Party is published
by the disclosing party or unless the disclosing and receiving parties agree in
writing prior to the time of disclosure to be bound by confidentiality provisions
substantially similar to those set forth in this Agreement. Third parties shall
include all governmental offices. Notwithstanding the above, any Intellectual
Property arising out of, created or reduced to practice as a part of the Sponsored
R&D Project shall be subject to the requirements set forth below in Section 5.9

The terms of confidentiality set forth in this Agreement shall not be

construed to limit the parties' right to independently develop products
without the use of another party's Confidential Information.
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5.8.4

59

Confidential Information shall not include information which:

i. was in the receiving party's possession prior to receipt of the disclosed information;

it. is or becomes a matter of public knowledge through no fault of the receiving party;

iii. is received from a third party without a duty of confidentiality:

iv. 1s independently developed by the receiving party;

v. isrequired to be disclosed under operation of law, including but not limited to the Idaho
Public Records Act, [.C. §§ 9-337 through 9-350;

vi. is reasonably ascertained by UNIVERSITY or SPONSOR to create a risk to a person
involved in a clinical trial or to general public health and safety.

Publication. SPONSOR and UNIVERSITY acknowledge the need to balance
SPONSOR’s need to protect commercially feasible technologies, products, and processes,
including the preservation of the patentability of Inventions arising out of, created in or
reduced to practice as a part of the Sponsored R&D Project that fall within the SCOPE OF
WORK, with UNIVERSITY's public responsibility to freely disseminate scientific
findings for the advancement of knowledge. UNIVERSITY recognizes that the public
dissemination of information based upon the SCOPE OF WORK performed under this
Agreement cannot contain Confidential Information (unless authorized for disclosure per
subsection 5.8.2 above), nor should it jeopardize SPONSOR or UNIVERSITY's ability to
commercialize Intellectual Properly developed hereunder, Similarly, SPONSOR
recognizes that the scientific results of the Sponsored R&D Project may be publishable
after SPONSOR's interests and patent rights are protected and, subject to the confidentiality
provisions of this Agreement, may be presentable in forums such as symposia or
international, national or regional professional meetings, or published in vchicles such as
books, journals, websites, theses, or dissertations.

UNIVERSITY agrees not to publish or otherwise disclose SPONSOR Confidential
Information, unless authorized in writing by SPONSOR. SPONSOR agrees that
UNIVERSITY, subject to review by SPONSOR, shall have the right to publish results of
the Sponsored R&D Project, excluding SPONSOR Confidential Information that is not
authorized in writing to be disclosed by SPONSOR. SPONSOR shall be furnished copies
of any proposed publication or presentation at least thirty (30) days before submission of
such proposed publication or presentation. During that time, SPONSOR shall have the
right to review the material for SPONSOR Confidential Information and to assess the
patentability of any Invention described in the material. If SPONSOR decides that a patent
application for an invention should be filed or other Intellectual Property filing should be
pursued, the publication or presentation shall be delayed an additional sixty (60) days or
until a patent application or other application for protection of [ntellectual Property is filed,
whichever is sooner. At SPONSOR’s request, SPONSOR Confidential [nformation shall
be deleted to the extent permissible by and in compliance with UNIVERSITY’s record
retention obligations, provided, however that during such retention periods, UNIVERSITY
shall maintain the SPONSOR Confidential Information in accordance with Section 5.8.

Publicity. Neither party shall use the name of the other party, nor any member of the other
party's employees, nor either party’s Trademarks in any publicity, advertising, sales
promotion, news release, nor other publicity watter without the prior written approval of
an authorized representative of that party.

Termination for Convenience. This Agreement or any individual Scope of Work may be
terminated by either party hereto upon written notice delivered to the other party at least
sixty (60} days prior to the date of termination. By such termination, neither party may
nutlify obligations already incurred prior to the date of termination. Upon receipt of any
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5.13

5.14

5.15

5.16

such notice of termination, UNIVERSITY shall, except as otherwise directed by
SPONSOR, immediately stop performance of the Services or Work 1o the extent
specified in such notice. SPONSOR shal} pay all reasonable costs and ron-cancelable
obligations incurred by UNIVERSITY as of the datc of termination. UNIVERSITY shall
use its reasonable efforts to minimize the compensation payable under this Agreement in
the event of such termination.

Termination for Cause. Either Party may terminate this Agreement or an individual
Scope of Work at any time upon 30 days’ prior written notice in the event of a material
breach by the other Party, provided the breaching Party has not cured such breach during
such 30-day period. A material breach includes, without limitation, insotvency,
bankruptcy, general assignment for the benefit of creditors, or becoming the subject of
any proceeding commenced under any  statute or law for the relief of debtors, or if a
receiver, trustee or liquidator of any property or income of either Party is appointed, or if
UNIVERSITY is not performing the Services in accordance with this Agreement or an
individual Scope of Work.

Termination Obligations. [n addition to those obligations set out in S.11 and 5.12, any
termination of this Agreement or an individual Scope of Work shall not relieve either party
of any obligations incurred prior to the date of termination including, but not limited to,
SPONSOR's responsibitity to pay UNIVERSITY for all work performed through the date
of termination, calculated on a pro-rata basis given the percentage of completion of the
Sponsorcd R&D Project on the effective date of the termination, and for reimbursement to
UNIVERSITY of all non-cancclable commitments already incurred for the terminated
Sponsored R&D Project. Upon termination, UNIVERSITY shail promptly deliver to
SPONSOR all Sponsored R&D Project deliverables, whether complete or still in progress,
and all SPONSOR Confidential Information disclosed to UNIVERSITY in connection
with the Sponsored R&D Project. Additionally, in the event Intellectual Property was
created as a result of the Sponsored R&D Project, SPONSORS?’ rights to negotiate a license
to such Intellectual Property shall apply pursuant te Section 5.16 betow, and the partics’
agree to execute any documents evidencing joint cwnership, if applicable. The rights and
obligations of Article 5.8 of this Agreement shall survive termination.

Dispute Resolution. Any and all claims, disputes or controversies arising under, out of, or
in connection with this Agreement, which the parties hereto shall be unable to resolve
within sixty {(60) days, shall be mediated in good faith by the parties respective Vice
Presidents for Research or equivalent.

Nothing in this Agreement shall be construed to limit the PARTIES’ choice of a mutuaily
acceptable dispute reselution method in addition to the dispute resolution procedure
outlined above, or to limit the PARTIES rights to any remedy at law ar in equity for breach
of the terins of this Agreement and the right to receive reasonable attorney's fees and costs
incurred in enforcing the terms of this Agreement.

Disclaimer. UNIVERSITY MAKES NO EXPRESS OR IMPLIED WARRANTY AS TO
THE CONDITIONS OF THE SCOPE OF WORK, SPONSORED PROJECT OR ANY
INTELLECTUAL PROPERTY, GENERATED INFORMATION, OR PRODUCT
MADE OR DEVELOPED UNDER THIS AGREEMENT, OR THE
MERCHANTABILITY, OR FITNESS FOR A PARTICULAR PURPOSE OF THE
SPONSORED PROJECT, SCOPE OF WORK, OR RESULTING PRODUCT.

Intellectual Property,
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5.16.1

5.16.2

5.16.3

5.16.4

5.16.5

5.16.7

5.16.8

5.16.9

UNIVERSITY Intellectual Property, UNTVERSITY shall own all rights and title
to Intellectual Property created solely by UNIVERSITY employees.

SPONSOR Intellectual Property. SPONSOR shall own ali rights and title to
Intellectual Property created solety by SPONSOR and without use of
UNIVERSITY resources under this Agreement.

JOINT Intellectual Property. UNIVERSITY and SPONSOR will jointly own any
and all Intellectual Property developed jointly (e.g., to the extent the parties would
be considered joint inventors and/or joint copyright holders, as applicable, under
relevant U.S. intellectuat property laws) under this Agreement.

Either party may file for and maintain Intellectual Property protections for Joint
Intelfectual Property developed under this Agreement. In the event that a party
wants to obtain or maintain any [ntellectual Property protections concerning Joint
Intellectual Property, the other party agrees to execute any documentation
reasonably requested.

Joint Intellectual Properly shall be owned equally by the parties. Except as
provided below, the parties agree: (i) to share equaily afl expenses incurred in
obtaining and maintaining Intellectual Property protections on Joint Inteliectual
Property, and (ii) that each party shall have the right to license such Joint
Inventions ta third parties (with the right to sublicense) without accounting to the
other and without the consent of the other. In the event that consent by each joint
owner is necessary for either joint owner to license the Joint Iniellectual Property,
the parties hereby consent to the other party’s grant of one or more licenses under
the Joint Intellectual Property to third parties and shall execute any document or
do any other act reasonably requested to evidence such consent.

Notwithstanding the foregoing, a party may decide at any time that it does not want
to financially support Intcllectual Property protections for certain Joint Intellectual
Property (a “Non-Supportiog Party™). In that case, the other party is free to seek
and obtain such Intellectual Properly protections at its own expense (a

“Supporting Party”), provided that title to any such Intellectual Property
protections shall stitl be held jointly by the parties.

UNIVERSITY will promptly disclose to SPONSOR in wriling any Intellectual
Property made during the Project performed hereunder. Such disclosure shall be
sufficiently detailed for SPONSOR to assess the commercial viability of the
technology and shall be provided and maintained by SPONSOR in confidence
pursuant (o the terms of Article 5.8. SPONSOR shall have up to ninety (90) days
from the receipt of the disclosure to inform UNIVERSITY whether it elects to have
UNIVERSITY file a patent application or otherwise seek Intellectual Property
protection pursuant to the procedures sel forth below.

All rights and title to UNIVERSITY Intellectual Property shall be subject to
SPONSOR’s licensing options below and belong to UNIVERSITY.
UNIVERSITY hereby grants to SPONSOR an option to negotiate a license to any
Inteliectual Property in which SPONSOR wishes to pursue, which license shall be
in g form substantiatly the same as set forth in Attachment C. Such license shall
be exclusive within SPONSOR’s field of commercial interest, unless otherwise
agreed upon by the partigs. [n addition, SPONSOR shali have, for any exclusive
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license in Intellectual Property executed by the Partics, the right to sublicense the
Intellectual Property, unless otherwise agreed upon by the parties. The terms and
conditions of such license including royalties, territory and field of use are to be
negotiated in good faith and agreed upon between UNIVERSITY and SPONSOR.
SPONSOR’s option to license any Intellectual Property shall, for each Invention
or other Intellectual Property disclosed by UNIVERSITY to SPONSOR, under
Section 5.16.8, extend for ninety (90) days afier such disclosure. SPONSOR shalt
have upon exercise of its option to license, ninety (90) days to negotiate the terms
of the license, which period can be extended by mutual written agreement of the
Parties. In the event that SPONSOR does not exercise its option as to any disclosed
Invention or Intetlectual Property, consistent with specified time period set forth
above, or the parties fail to reach a mutually acceptable license agreement within
the above specified time period, UNIVERSITY shail be entitled 10 negotiate in
good faith with one or more third partics a license to the Intetlectual Property.

5.16.10 UNIVERSITY, after due consultation with SPONSOR, shall promptly file and

o

prosecute patent applications, using counsel of UNTVERSITY s choice. Because
UNIVERSITY and SPONSOR have a common legal interest in the prosecution of
such applications, UNIVERSITY shall keep SPONSOR advised as to all
developments with respect to application(s) and shail promptly supply copies of
all papers received and filed in connection with the prosecution in sufficient time
for SPONSOR to comment. SPONSOR understauds and agrees that such
exchange of information may include privileged information end that by such an
exchange in furtherance of the common interests of the parties, the UNIVERSITY
docs not intend to waive the attorney/client privilege, attorney work product
immunity, common intcrest privilege, and/or any other applicable privilege,
protection, or immunity. SPONSOR’s comments shall be taken into considecation.
SPONSOR shall reimburse UNIVERSITY for all reasonable out-of-pocket costs
incurred in connection with such preparation. filing, and prosecution of patent(s).
SPONSOR shall not be responsible for any fees under this Section if SPONSOR
elects not to exercise its option under Section 5.16.9 other than fees incurred by
the UNIVERSITY acting in consultation with SPONSOR.

16.11 Within nine (3) months of the filing date of a U.S. patent application, SPONSOR

shall provide to UNIVERSITY a written list of foreign countries in which
applications should be filed. 1f SPONSOR elects to discontinue financial support
of any patent prosecution, in any country, UNIVERSITY shall be free to
continue prosecution at UNIVERSITY ’s expense. In such event, UNIVERSITY
shall have no further obligation to SPONSOR in regard to such patent
applications or patents.

16,12 UNIVERSITY, subject to its Copyright policy, hereby grants to SPONSOR a

royalty-free license to use Copyright material to which UN{VERSITY holds the
copyright, with the exception of copyrighted software, for its non-commercial
use. UNIVERSITY hereby grants to SPONSOR the right to negotiate a license
for commercial use of Copyrighted materiat to which UNIVERSITY holds the
copyright on reasonable terms and conditions, including a reasonable royalty, as
the PARTIES hereto agree in a subsequent writing,

5.16.13 SPONSOR understands that UNIVERSITY must comply with the provisions of

US Patent law, including the Bayh-Dole Act.
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5.17

S.18

5.19

$.20

S.16.14 No party shall invoke the CREATE ACT (Cooperative Rescarch and Technology
Erhancement Act of 2004 and subsequent amendments and implementing
regulations) without written consent of the other party. In the cvent that a party
invokes the Act without such prior consent, any patent issucd arising out of such
invocation will be owned by the non-invoking party.

Indemnity and Hold Harmless, SPONSOR shall fully indemnify and hold harmless the
state of [daho, UNIVERSITY and its governing board, officers, employees, and agents
from and against any and all costs, losses, damages, liabilities, expenses, demands, and
judgments, including court costs and reasonable attorney's fees, which may arise out of
SPONSOR’S activities under or related to this Agreement and SPONSOR’s negligent
conduct, Additionally, SPONSOR shall fully indemnify and hold harmless the state of
Idaho, UNIVERSITY and its governing board, officers, employees, and agents from and
against any and all costs, losses, damages, liabilities, expenses, demands, and judgments,
including court costs and reasonable attorney’s fees, which may arise out of SPONSOR's
use, commercialization, or distribution of information, materials or products which result
in whole or in part from the research performed pursuant to this Agreement, provided,
however, that SPONSOR shali not indemnify UNIVERSITY for any claims resulting
directly from UNIVERSITY’s lack of ownership or infringement of a third-party’s
intellectual property rights.

In the event that any such Loss is caused by the negligence of both Parlies,

including their employees, agents, suppliers and subcontractors, the Loss shall be borne
by the Parties in the proportion that their respective negligence bears to the total
negligence causing the Loss, provided, however, that any Loss borne by the University
shail be subject to the limits of liability specificd in Idaho Code 6-901 through 6-929,
known as the [daho Tort Claims Act.

Amendments. This Agreement may be amended by mutual agreement of the PARTIES.
Such amendments shall not be binding unless they are in writing and signed by personnel
authorized to bind each of the PARTIES.

Assignment. The work to be provided under this Agreement. and any claim arising
hereunder, is not assignable or delegable by either party in whote or in part, without the
express prior written consent of the other party.

Notices. Any notice or communication required or permitted under this Agreement shall
be delivered in person, by overnight courier, or by registered or certified mail, postage
prepaid and addressed to the party to receive such notice at the address given below or such
other address as may hereafter be designated by notice in writing. Notice given hereunder
shal} be effective as of the date of receipt of such notice:

UNIVERSITY:

Name/Title: Polly Knutson Phone: (208) 885-6651
Address: 875 Perimeter Dr, MS 3020 Fax: (208) 885-5752
City/State/Zip: Moscow, 1D 33843-3020 E-mail: ¢sp  w@uidaho.edu
SPONSOR:

Name/Title: John Gibson Mgr Dist Opm. Phone: 509-495-4115
Address: 141] E. Mission Ave. E-mail: john.gibson@avistacorp.com

City/State/Zip: Spokane, WA 99220
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5.23

5.24

5.25

5.27

Governing Law; Jurisdiction and Venue; Attomeys’ Fees. This Agreement shall be
construed and interpreted in accordance with the laws of the state of ldaho, without regard
to its choice of law provisions, Any legal procceding instituted between the parties shall
be in the courts of the County of Latah, State of [daho, and each of the partics agrees to
submit to the jurisdiction of such courts. In the event any legal action is commenced to
construe, interpret or enforce this Agreement, the prevailing party shall be cntitled to an
award against the non-prevailing party for all of the prevailing party's reasonable attorneys’
fees, costs and expenses incurred in such action, including any appeals.

Compliance with Laws. SPONSOR understands that UNIVERSITY and SPONSOR are
subject to United States laws and federal regulations, including the export of technical data,
computer software, laboratory prototypes and other commodities (including the Arms
Export Control Act, as amended, and the Export Administration Act of 1979), and that
SPONSOR's and UNIVERSITYs obligations hereunder are contingent upon compliance
with applicable United States laws and regulations, including those for export control. The
transfer of certain technical data and commodities may require a license from a cognizant
agency of the United States Government and/or a writien assurance by SPONSOR that
SPONSOR shall not transfer data or commodities to certain foreign countries without prior
approval of an appropriate agency of the United States Government, UNIVERSITY nor
SPONSOR represent that a license shall not be required, nor that, if required, it will be
issued.

Severability. If any provision of this Agreement or any provision of any document
incorporated by reference shall be held invalid, such invalidity shall not affect the othey
provisions of this Agrcement which can be given effect without the invalid provision, if
such remainder conforms to the requirements of applicable taw and the fundamental
purpose of this Agreement, and to this end the provisions of this Agrecment are declared
to be severable.

No Joint Venture. Nothing contained in this agreement shall be construed as creating a
joint venture, partnership, or agency relationship between the parties.

Force Majeure. Any prevention, delay or stoppage due to strikes, iockouts, tabor disputes,
acts of God, inability to obtain labor or materials or reasonable substitutes therefore,
governmental restrictions, governmental regulations, governmental controls, enemy or
hostile governmental action, civil commotion, fire or other casualty, and other causes
beyond the reasonable control of the party obligated to perform (except for financial
ability), shall excuse the perfornmance, except for the payment of money, by such party for
a period equal to any such prevention, delay or stoppage.

Delegation_ and Subcontracting. UNIVERSITY shall not (by contract, operation of law or
otherwise) delegate or subcontract performance of any Services to any other person or
entity without the prior writien consent of SPONSOR. Any such delegation or
subcontracting without SPONSOR’s prior written consent will be voidable at
SPONSOR’s option. Na delegation or subcontracting of performance of any of the
Services, with or without SPONSOR’'s prior written consent, will relieve UNIVERSITY
of its responsibility to perform the Services in accordance with this Agreement.

Entire Agreement; Order of Precedence. This Agreement contains all the terms and
condilions agreed upon by the PARTIES. No other understandings, oral or otherwise,
regarding the subject maiter of this Agreement shall be deemed to exist or to bind any of
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the PARTIES hereto. In the event of an inconsistency in this Agreement, the inconsistency
shall be resolved by giving precedence in the following order:

Applicable statutes and regulations;

Terms and Conditions contained in the Agreement;

Any attachments or addendums; and

Any other provisions incorporated by reference or otherwise into this Agreement.

N WITNESS WHEREOF, the PARTIES hereto have caused this Agreement to be executed as of the
date set forth herein by their duly authorized representatives.

UNIVERSITY SPONSOR
UNIVERSITY OF IDAHO AVISTA CORPORATION
@ﬂ’%/&w By: @“«M

Namc Poll Knut{fgh | Name:" pop] FOPEZ F?V/l
Title: Director ofRe arch*Administration Title: \fF O?E\p‘\l
Date: (oj ‘t,Z /q(, Date: {pfb [ilz

AA  6/3/zarq

e 6-31¢
11
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SPONSQORED RESEARCH AND DEVELOPMENT PROJECT AGREEMENT

R PARTIES

l.]

THIS AGREEMENT is made and entered into by and between Boise State University, an
Idaho state institution of higher education (UNIVERSITY), and Avista Corporation, a
Washington corporation (SPONSOR). In this Agreement, lhe above entities are
sometimes referred 1o as a Party and jointly referred to as Pariies.

iL PURPOSE

2
[0S

2.3

This Agreement provides the terms and conditions for an Avista-sponsored energy
efficiency applied research and development project which is of mutual interest and
benelit 1o UNIVERSITY and SPONSOR, and which has been approved by the ldaho
Public Utilities Commission under Order 32918.

The performance of such sponsored research and development project is consistent with
UNIVERSITY s status as a non-profit, tax-exemp!. educational institution, and may
derive benefits for SPONSOR, UNIVERSITY, and society by the advancement of
knowledge in the field of study identified. The performance of such sponsored research
and development projects may also derive benefits for SPONSOR ihrough the
development of energy efficiency products and/or services that could be offered to Avista
customers in ldaho and other jurisdictions and/or licensed or sold to other utilities or their
customers by Avista.

UNIVERSITY's capabilities reflect a substantial public investment, which
UNIVERSITY, as a part of its mission as a state higher education institution, wishes to
utilize in a cooperative and collaborative effort with SPONSOR, including substantial
financial investment in sponsored research and development projects, as described below.,

(1. DEFINITIONS

3.1

(95)
(%)

34

L2
h

l

“Budget™ shall mean the Project Budget contained in Attachment A-Budget, which is
hereby incorporated by reference.

“Project Director(s)” shali be as described in each Scope of Work. who shall be the
principal investigator for the R&D Project.

“SPONSOR Liaison™ shall be as described in each Scope of Waork, a SPONSOR
representative designated by SPONSOR to be the primary contact with the Project
Director.

"Sponsored R&D Project” shall mean the Avista-sponsored research and development
project covered by this Agreement for the performance by UNIVERSITY of the Scope of
Work under the direction of the Project Director.

“Scope of Work™ shall mean each scope of work for the Sponsored R&D Project, under
the direction of Lhe Project Director, and any other attachments that may provide
additional information on the Sponsored project to be performed.
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3.7

39

d
S8

3.14

“Confidential Information” shall imean any information, experience or data regarding a
disclosing Party’s plans, programs, plants, processes, products, costs, equipment
operations or customers, including without limitation algorithms, formulae, technigues,
improvements, technical drawings and data, and computer sofiware, whether in written,
graphic, oral or other tangible form, designated in wriling as confidential by the
disclosing Party at the time of disclosure to the receiving Party.

“Intellectual Property” shall mean any Invention, Copyright, Trademark, Mask Work,
and/or Proprietary Information produced under the Scope of Work.

“Invention™ shall mean certain inventions and/or discoveries conceived and reduced 1o
practice during the period of performance of the Sponsored R&D Project and through
performance of the Scope of Work, and resulting patents. divisionals, continuations, or
substitutions of such applications, all reissues and foreign counterparts thereof, upen
which a UNIVERSITY or SPONSOR empleyee or agent is or may be a named inventor.

“Invention Disclosure(s)” shall mean a written disclosure of a potentially patentable
Invention(s) provided to SPONSOR and/or the UNIVERSITY’s Technology Transfer
Office.

“Copyrighted Material” shall mean any work developed under the Scope of Work that is
subject 1o copyright under copyright law whether or notl registered under federal
copyright law, and including any and all moral rights thereto.

“Trademark™ shall mean any trade or service marks developed under the Scope of Work
whether or not registered under either state or federal {rademark law, and including all
rclated goodwill.

“Mask Work” shall mean any (wo or threc dimensional layout or topology of an
integrated circuit developed in the Sponsered R&D Project under the Scope of Wark.

“Equipment™ shall mean tangible personal property (including information technology
sysiems) having a useful life of more than one year and a per-unit acquisition cost
exceeding $5,000.00.

“Supplies” shall mean all tangible personal property other than Equipment.

Iv. SCOPE OF WORK; NO WARRANTY

4.1

4.2

4.3

2

UNIVERSITY shall furnish the labor, materials, and equipment necessary to provide the
services applicable under this Agreement in accordance with written Scopes of Work.
mutually agreed to by the Parties. Such Scopes of Work will be incorporated into this
Agreement by this reference when exccuted by both Parties, a sample of which is
included in this Agreement as Artachment A-Budget, Atiachment B—=Scope of Work.

Modifications to a Scope of Work requested by SPONSOR will be performed in
accordance with a written Change Order, mutually agreed to by the Parties. Change
Orders will be incorporated into this Agreement by this reference upon execution by both
Parties. For SPONSOR, a Change Order may be signed by either SPONSOR or by
SPONSOR'’S Third Party Preject Manager.

UNIVERSITY agrees to use its reasonable efforts to perform the services outlined in any
Scope of Work in accerdance with the terms and conditions of this Agreement.
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4.3

4.4

UNIVERSITY DOES NOT REPRESENT, WARRANT, OR GUARANTEE THIAT THE
DESIRED RESULTS WILL BE OBTAINED UNDER THIS AGREEMENT.
ADDITIONALLY, UNIVERSITY MAKES NO REPRESENTATION AS TO THE
PATENTABLLITY OR PROTECTABILITY OF ANY INTELLECTUAL PROPERTY
CREATED UNDER THIS AGREEMENT.

Kick Off Meeting/Reporting Requirements.

43.1 Kick-off Meeting. Within thirty (30) days of executing this Agreement and/or an
associated Scope of Work, the UNIVERSITY will attend (either in person or
telephonically) a kick-off meeting with the SPONSOR.

4.3.2  Progress Reports. UNIVERSITY shall provide a two page written report on the
progress of the Scope of Work every six (6) months following thie execution of
such Scope ol Work.

4.3.3 Final Technical Report. UNIVERSITY shall furnish a final wrilten reporl within
thirty (30) days of completion of the Period of Performance as defined in Section
5.1. This report will include at a minimum: a summary of projecl
accomplishments, a summary of budget expenditures, stage and gates status,
number of faculty utilized, student participation. and a status ol the project and
completion timelines. SPONSOR and UNIVERSITY will identify whether such
the report will be presented in person or elecironically in each Scope of Work.

4.3.4  Final Financial Report. A final financial report shall be furnished within sixty
(60) days of completion of the Period of Performance as defined in Section 5.1.

Third Party Project Manager. SPONSOR will retain an independent third party to assist
SPONSOR with monitoring milestones and deliverables for each Scope of Work.
UNIVERSITY agrees to cooperate with such third party and provide any requested
information in a timely manner.

GENERAL TERMS AND CONDITIONS

In consideration of the mutual premises and covenants contained herein, the Parties agree to the
following tenms and conditions.

5.1

5.2

Period_of Performance. The specific period of performance for each project will be
defined in each Scope of Work, and any changes will be mutually agreed upon in writing
between the Parties in accordance with the Change Order process set forth in Section 4.2.

Funding. SPONSOR agrees to reimburse UNIVERSITY for services performed in
accordance with the payment schedule listed in each Scope of Work. Any unspent
funding remaining after UNIVERSITY completes each Scope of Work and associated
reporting requirements shall be returned to SPONSOR.

Praject Budget. Each Scope of Work will set forth a Project Budgel (see Atrachmenr 4-
ARudger). Deviations from this Project Budget may be made to and from any expenditure
line item within the UNIVERSITY system, as long as such deviation is reasonable and
necessary in the pursuit of the Scope of Work and pre-approved by SPONSOR, provided
however that UNIVERSITY shall not be required to receive prior wrilten approval for
amounts less than $500. The total amount identified in each Scope of Work may not be
exceeded without prior written agreement through a Change Order.
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5.8

4

invoices. Periodic invoices will be provided, in accordance with 3.2 using the standard
UNIVERSITY invoice. Payments are due to UNIVERSITY within thirty (30) days lrom
the UNIVERSITY invoice date.

Invoices should be senl to:
Name/Title: John Gibson Phone: 509-495-4115

Address: 1411 E. Mission Ave. E-mail: john.gibsonf@@avistacorp.com
City/State/Zip: _Spokane. WA 99220

Equipment and Supplies. UNIVERSITY shall retain title to any Equipment and Supplies
purchased with funds provided by SPONSOR under this Agreement.

Kev Personnel. The Project Director may select and supervise other Sponsored R&D
Project staff as needed to perform the Scope of Work. No other person will be
substituted for the Project Director, except with SPONSOR's approval. SPONSOR may
exercise Termination for Convenience provisions of this Agreement il a satisfactory
substitute is not identified.

Control of Scope of Work. The controt of the Scope of Work rests entirely with
SPONSOR, but control of the performance of the UNIVERSITY and the Spensored
R&D Project staff in executing the Scope of Waork within the Sponsered R&D Project
shall rest entirely with UNIVERSITY. The Parties agree that UNIVERSITY, through its
Project Director, shall maintain regular communication with the designated liaison for
SPONSOR and the UNIVERSITY’s Project Director and SPONSOR’s Liaison shall
mutually define the frequency and nature of such comimunications.

Confidential Information.

5.8.1 To the extent allowed by law, and subject to the publication provisions sel forth
in Section 3.9 below, UNIVERSITY and SPONSOR agree 1o use reasonable care
1o avoid unauthorized disclosure of Confidential Information. including without
limitation taking measures to prevent creating a premature bar 1o a United States
or foreign patent application. Each Party will limil access to, and any publication
or disclosure of. Confidential Information received from another Party hereio
and/or created and reduced 1o practice as a part of the Sponsored R&D Project, to
those persons having a need to know. Each Party shall employ the same
reasonable safeguards in receiving, storing. transmitting, and using Confidential
Information that ¢ach Party normally exerciscs with respect to its own potentially
patentable inventions and other confidential information of significant value.

5.8.2 Confidential Information shall not be disclosed by the receiving Party to a third
party: (i) for a period of three (3} years from receipt of such Confidential
[nformation; or (ii) until a patent is published or the Confidential Information of
a Party is published by the disclosing Party; or (iii) UNIVERSITY and
SPONSOR mutually agree to such release in a writing signed by both Parties.
Notwithstanding the above, any Intellectual Property arising out of, created or
reduced (o practice as a part of the Sponsored R&D Project shall be subject to the
requirements set forth below in Section 5.9
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5.10

5.8.3 The terms of confidentiality set forth in this Agreement shall not be construed to
limit the parties’ right 10 independently develop products without the use of
another Party's Confidential Information.

5.8.4  Conlidential Information shall not include information which:

i. was in the receiving Party's possession prior to receipt of the disclosed
information;

ii. is or becomes a matter of public knowledge through no fault of the receiving
Party;

iii. is received from a third party without a duty of confidentiality;

iv. is independently developed by the receiving Party;

v. isrequired to be disclosed under operation of law, including but not limited (o the
Idaho Public Records Act, 1.C. §§ 9-337 through 9-350;

vi. is reasonably ascertained by UNIVERSITY or SPONSOR to create a risk to a
person involved in a clinical trial or to general public health and safety.

Publication. SPONSOR and UNIVERSITY acknowledge the need to balance
SPONSOR’s need to protect commercially feasible technologies, products. and
processes, including the preservation of the patentability of Inventions arising out of,
created in or reduced to practice as a part of the Sponsored R&D Project that fall within
the Scope of Work, with UNIVERSITY’ s public responsibility to freely disseminate
scientific findings for the advancement of knowledge. UNIVERSITY recognizes that the
public dissemination of information based upon the Scope of Work performed under this
Agrecment cannot contain Confidential Information (unless authorized for disclosure per
subsection 5.8.2 above), nor should it jeopardize SPONSOR or UNIVERSITY's ability to
commercialize Intellectual Property developed hereunder. Similarly, SPONSOR
recognizes that the scientific results of the Spensored R&D Project may be publishable
after SPONSOR's inigrests and patent righits are protected and, subject to the
confidentiality provisions of this Agrcement. may be presentable in forums such as
symposia or international, national or regional professional meetings, or published in
vehicles such as books, journals. websites, theses, or dissertations.

UNIVERSITY and SPONSOR each agree not to publish or otherwise disclose
SPONSOR Confidential Information or UNIVERSITY Confidential Information, unless
authorized in writing by the disclosing Parly. SPONSOR agrees that UNIVERSITY,
subject 10 review by SPONSOR, shall have the right to publish results of the Sponsored
R&D Project, excluding SPONSOR Confidential Information that is not authorized in
writing (0 be disclosed by SPONSOR. SPONSOR shall be furnished copies of any
proposed publication or presentation at least thirty (30) days before submission of such
proposed publication or presentation. During that time, SPONSOR shal) have the right to
review the material for SPONSOR Cenfidential Information and to assess the
patentability of any Invention described in the material. I SPONSOR decides that a
patent application for an Invention should be filed or other Intetleciual Property filing
should be pursued, the publication or presentation shall be delayed an additional sixty
(60) days or unti} a patent application or other application for protection of Intellectual
Property is filed, whichever is sooner. A1 SPONSOR’s request, SPONSOR Confidential
information shall be deleted 10 the extent permissible by and in compliance with
UNIVERSITY’s record retention obligations, provided, however that during such
retention periods, UNIVERSITY shall maintain the SPONSOR Confidential Information
in accordance with Section 5.8.

Publicity. Neither Party shall use the name of the ather Parly, nor any member of the
other Party’s employees, nor either Party’s Trademarks in any publicity. advertising,
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5.1

sales promotion, news release, nor other publicity maner without the prior written
approval of an authorized representative of that Party.

Termination for Convenience. This Agreement or any individual Scope of Work may be
terminated by either Party hereto upon writien notice delivered to the other Party at least
sixty (60) days prior to the date of termination. By such termination. neither Party may
nullity obligations already incurred prior to the date of iermination. Upon receipt of any
such notice of termination. UNIVERSITY shall, except as otherwise directed by
SPONSOR, immediately stop performance of the services or Work to the extent specified
in such notice. SPONSOR shall pay all reasonable costs and non-cancelable obligations
incurred by UNIVERSITY as of the date of termination. UNIVERSITY shall use its
reasonable efforts to minimize the compensation payable under this Agreement in the
event of such termiination.

Termination for Cause.  Either Party may terminate this Agreement or an individual
Scope of Work at any time upon thirty (30) days’ prior writlen notice in the event of a
material breach by the other Party, provided the breaching Party has nol cured such
breach during such 30-day period. A material breach includes, wiihout limitation,
insolvency, bankruptcy, general assignment for the benefit of creditors. or becoming the
subject of any proceeding commenced under any statute or law for the relief of debtors,
or if a receiver, trustee or liquidator of any property or income of either Party is
appointed. or if UNIVERSITY is not perforniing the services in accordance with this
Agreement or an individual Scope of Work.

Termination Obligations. In addition 1o those obligations set out in 5.11 and 5.12, any
termination of this Agreement or an individual Scope of Wark shall not relieve either
Party of any obligations incurred prior to the date of termination including, but not
limited to, SPONSOR's responsibility to pay UNIVERSITY for all work perforined
through the date of termination, calculated on a pro-rata basis given the percentage of
completion of the Sponsored R&D Project on the effective date of the termination, and
for reimbursement to UNIVERSITY of all nhon-cancelable commitments already incurred
for the terminated Sponsored R&D Project. Upon termination, UNIVERSITY shall
promptly deliver to SPONSOR all Spensored R&D Project deliverables. whether
complete or still in progress. and all SPONSOR Confidential Information disclosed to
UNIVERSITY in connection with the Sponsored R&D Project. Additionally. in the
event Intellectual Property was created as a result of the Sponsored R&D Project,
SPONSORS’ nights to negotiate a license to such Intellectual Property shall apply
pursuant to Section 5.16 below. and the parties’ agree to execute any documents
evidencing joint ownership, if applicable. The rights and obligations of Article 5.8 of this
Agreement shall survive termination.

Dispute Resolution. Any and all claims. disputes or controversies arising under. out of,
or in connection with this Agreement, which the Pariies hereto shall be unable 1o resolve
within sixty (60) days, shall be mediated in good faith by the Parties’ respective Vice
Presidenis for Research or equivalent.

Nothing in this Agreement shall be construed to limit the Partics’ choice of a mutually
acceptable dispute resolution method in addition to the dispute resolulion procedure
outlined above, or to limit the Parties’ rights to any remedy at law or in equity for breach
of the terms of this Agreement and the right to receive reasonable attormey's fees and
costs incurred in enforcing the terms of this Agreement.
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5.15

Disclaimer. UNIVERSITY MAKES NO EXPRESS OR IMPLIED WARRANTY AS
TO THE CONDITIONS OF THE SCOPE OF WORK, SPONSORED PROJECT OR
ANY INTELLECTUAL PROPERTY, GENERATED INFORMATION, OR PRODUCT
MADE OR DEVELOPED UNDER THIS AGREEMENT, OR THE
MERCHANTABILITY, OR FITNESS FOR A PARTICULAR PURPOSE OF THE
SPONSORED PROJECT, SCOPE OF WORK, OR RESULTING PRODUCT.

Intellectual Properiv.

5.16.1 UNIVERSITY Intellectual Property. UNIVERSITY shall own all rights and title
to Intellectual Property created solely by UNIVERSITY employees.

5.16.2 SPONSOR intellectual Property. SPONSOR shall own all rights and title (o
[ntellectual Property created solely by SPONSOR and without use of
UNIVERSITY resources under this Agreement.

5.16.3 JOINT Intellectual Property. UNIVERSITY and SPONSOR will jointly own any
and all Intellectual Property developed jointly (e.g., to the extent the parties
would be considered joint inventors and/or joint copyright holders, as applicable,
under relevant U.S. intellectual property laws) under this Agreement.

5.16.4 Either Party may file for and maintain Intellectual Property protections for Joint
Intellectual Property developed under this Agreement. In the event that a Party
wants to obtain or maintain any Intellectual Property prolections concerning Joint
Intellectual Property. the nenfiling Party agrees to execute any associated
documentation reasonably requested.

5.16.5 Joint Inteliectual Property shail be owned equally by (he parties. Except as
provided below, the parties acknowledge: (i} 1o share equally all expenses
incurred in obtaining and maintaining Intellectual Property proteclions on Joint
Intellectval Property, and (ii) that each Party shall have the right to license such
Joint Inventions to third parties (with the right to sublicense) without accounting
to the other and without the consent of the other.

5.16.6 Reserved.

th

.16.7 Notwithstanding the foregeing, a Parly may decide at any time thal it does nol
want to financially support [ntellectual Property protections for certain Joinl
[ntellectual Property (a “Non-Supporting Party™). In that case, the other Party
is frec 1o seek and obtlain such Intellectual Property protections at ils own
expense {a “‘Supporting Partv”). provided that title to any such intellectual
Property protections shall still be held jointly by the parties.

5.16.8 UNIVERSITY and SPONSOR will promptly disclose to the other Party in
writing any Intellectual Property made during the services performed hereunder.
Such disclosure by UNIVERSITY shall be sufficiently detailed for SPONSOR to
assess the commercial viability of the technology and shall be provided and
maintained by SPONSOR in confidence pursuant to the terms of Article 5.8.
SPONSOR shall have up to ninety (90) days from the receipt of the disclosure 10
inform UNIVERSITY whether it elects to have UNIVERSITY file a patent
application or otherwise seek Intellectual Property protection pursuant to the
procedures set forth below.
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UNIVERSITY hereby grants to SPONSOR an option 1o negotiate an exclusive
license under any UNIVERSITY Intellectual Property rights that SPONSOR
wishes to pursue (the “Negotiation Right), UNIVERSITY agrees to negotiate in
good faith to attempt to establish the terms of a license agreement granting the
SPONSOR the exclusive rights to make, have made, use, sell, offer (o sell, export
and import products in the applicable field of use under {he applicable
Intellectual Property rights. Such license agreement shall be in accordance with
policies, procedures and guidelines set oul by the l|daho State Board of
Education, and shall include at least the following provisions: a license fee,
annual mainfenance payments/minimum royalties, milestone payments (where
applicable) and royalty payments, payment of all past and future costs incurred
by UNIVERSITY associated with the protection, prosecution and maintenance of
the UNIVERSITY Intellectual Property rights, the limited right to gram
sublicenses, sublicense fecs, a commitment by the SPONSOR and any approved
sub-licensees to exert best efforts to introduce licensed products into public use
as rapidly as practicable, the nght of UNIVERSITY to terminate the license
agreement should the SPONSOR not meet any negotiated due diligence
milestenes. a commitment to maintain the confidentiality of any UNIVERSITY
Confidential Information under [ntellectual Property Rights, and indemnity and
insurance provisions satisfactory to UNIVERSITY. Additionally, any license
will include a reservation of rights for UNIVERSITY to use the Intellectual
Property Rights for research, teaching and other lawful purposes of the
UNIVERSITY. Notwithstanding anything in this Agreement to the contrary, this
Agreement shall only require the Parties to negotiate in good faith to attempt o
enfer inio a license, and shall not require either Party (o enter inte such a license
unless the terms and conditions for such license are satisfactory 10 such Party in
its sole discretion. SPONSOR'’s Negotiation Right shall, (or Intellectual Propeity
disclosed by UNIVERSITY to SPONSOR under Section 5.16.8, extend for
ninety (90) days after such disclosure (the “Negotiation Period™). SPONSOR
shall have upon exercise of its Negotiation Right, ninety (90) days to negotiate
the terms of the license, which period can be extended by mutual written
agreement of the Parties. In the event that SPONSOR does not exercise its
Negotiation Right as to any disclosed Invention or Intellectual Property within
the Negotiation Period or the parties fail to reach a mutually acceplable license
agreement within the above specified ime period: (i) SPONSOR’S Negotiation
Right shall end; and {ii) UNIVERSITY shall be entitled to negotiate in good faith
with one or more third parties an exclusive or nonexclusive license (o the
Intetlectual Property in its sole discretion.

5.16.10 UNIVERSITY, after due consultation with SPONSOR. shall promptly file and
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prosecuie patent applications on UNIVERSITY Intellectual Property to which
SPONSOR exercised its Negotiation Right during the Negotiation Period, wsing
counsel of UNIVERSITY s choice. Because UNIVERSITY and SPONSOR have
a common legal interest in the prosecution of such applications, UNIVERSITY
shall keep SPONSOR advised as to all developments with respect to
application(s) and shall promptly supply copies of all papers received and filed in
connection with the prosecution in sufficient time for SPONSOR 1o comment.
SPONSOR understands and agrees that such cxchange ef information may
include privileged information and that by such an exchange in furtherance of the
common interests of the parties, the UNIVERSITY does not intend to waive the
attorney/client privilege, attorney work product immunity, common interesl
privilege, anmd/or any other applicable privilege, protection, or immunity.
SPONSOR’s comments shall be taken into consideration. SPONSOR shall
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reimburse UNIVERSITY for all reasonable out-of-pocket costs incusred in
connection with such preparation, filing, and prosecution of patent(s).
SPONSOR shall be responsible for all such cosls under this Section until
SPONSOR notifies UNIVERSITY in writing that SPONSOR desires to
discontinue its financial support; provided, however, SPONSOR shall also be
responsible for all costs incurred by UNIVERSITY afler the date of notice under
this Section and which are reasonably related to SPONSOR’S prior guidance 10
UNIVERSITY.

5.16.11 Within nine (9} menths of the filing date of a U.S. patent application, SPONSOR
shall provide to UNIVERSITY a written list of foreign countries in which
applications should be filed. SPONSOR shall provide UNIVERSITY advance
funding tor all foreign applications/filings. If SPONSOR elects 1o discontinue
financial support of any patent prosecution, in any country, UNIVERSITY shall
be free to continue prosecution at UNIVERSITY's expense. In such event,
UNIVERSITY shall have no further obligation to SPONSQOR in regard (0 such
patent applications or patents.

5.16.12 UNIVERSITY, subject to its Copyright policy, hereby grants to SPONSOR a
non-exclusive, royalty-free, non-sublicenseable license to use Copyrighted
Material to which UNIVERSITY holds the Copyright, with the exception of
copyrighted software (which shall be licensed in accordance with Section 5.16.9
above), for its internal, non-commercial use.

5.16.13 SPONSOR understands that UNIVERSITY must comply with the provisions of
US Patent law, including the Bayh-Dole Act.

5.16.14 No Party shall invoke the CREATE ACT (Cooperative Research and Technology
Enhancement Act of 2004 and subsequent amendments and implementing
regulalions) without written consent of the other Party.

Indemnitv_and Hold Harmless. SPONSOR shall fully indemnify and hold harmiess the
state of ldaho, UNIVERSITY and its governing board, officers, employees, and agents
from and against any and all costs. losses, damages, liabilities, expenses, demands, and
judgments, including court costs and reasonable attomney's fees, which may arise out of
SPONSOR'’S activities under or related 10 this Agreement and SPONSOR’s negligent
conducl. Additionally, SPONSOR shall fully indemnify and hold harmless the state of
Idahe, UNIVERSITY and its governing board, officers, employees. and agents from and
against any and all costs, losses, damages, liabilities, expenses, demands, and judgments,
inciuding court costs and reasonable atlorney's tees, which may arise out of SPONSOR'’s
use, commercialization, or distribution of information, materials or products which result
in whole or in part from the research performed pursuant to this Agreement, provided,
however. that SPONSOR shall not indemnify UNIVERSITY for any claims resulting
directly from UNIVERSITY’s lack of ownership or infringement of a third-party’s
intellectual property rights.

In the event that any such loss is caused by the negligence of botir Parties. including their
employees, agents, suppliers and subcontractors, the loss shajl be bome by the Parties in
the proportion that their respective negligence bears (o the iotal negligence causing the
loss; provided, however, that any loss borne by the UNIVERSITY shall in any event only
he to the extent allowed by [daho law, including, without limitation, the limits of liability
specitied in fdabo Code 6-901 through 6-929, known as the Idaho Tort Claims Act.
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Amendments. This Agreement may be amended by mutual agreement of the Parties.
Such amendntents shall not be binding unless they are in writing and signed by personnel
authorized to bind each of the Parties.

5.19  Assiegnment. The work to be provided under this Agreement, and any claim arising
hereunder, is not assignable or delegable by either Party in whole or in part, without the
express prior wrilten consent of the other Party, except as required by ldaho law, policy
or regulation.

5.20  Notices. Any notice or communication required or permitted under this Agreement shall
be delivered in person, by overnight courier, or by registered or certified mail, postage
prepaid and addressed to the Party to receive such notice at the address given below or
such other address as may hereafter be designated by notice in writing, Notice given
hereunder shall be effective as of the date of receipt of such notice:

UNIVERSITY:

Name/Title: Mait Smith, Contract Officer
Phone: (208) 426-1425

Address: 1910 University Drive

E-mail: mattsmith2@boisestate.edu
City/State/Zip: Boise, [D 83725-1135

SPONSOR:

Name/Title: John Gibson, Mgr Dist Opm.
Phone: 509-495-4115

Address: 1411 E. Mission Ave.

E-mail: john.gibson(@avistacorp.com
City/State/Zip: Spokane, WA 99220

5.21  Goveming Law; Jurisdiction and Venue: Afttorneys' Fees. This Agreement shall be
construed and interpreted in accordance with the laws of the state of {daho, without
regard to ils choice of law provisions. Any legal proceeding instituted between the
parties shall be in the courts of the County of Ada, State of Idaho, and each of the parties
agrees to submit to the jurisdiction of such courts. In the event any legal action is
commenced 1o construg, interpret or enforce this Agreement, the prevailing Party shall be
entifled 1o an award against the non-prevailing Party for all of the prevailing Party's
reasonable attorneys’ fees, costs and expenses incurred in such action. including any
appeals.

(4]
[39]
o

Compliance with Laws. SPONSOR understands that UNIVERSITY and SPONSOR are
subject to United States laws and federal regulations, including the export of technology
(i.e., technical data and technical assistance), computer software, laboratory prototypes
and other commodities (including the Arms Export Control Act, as amended, the Exporl
Administration Act of 1979 and associated implementing regulations and execulive
orders), and that SPONSOR’s and UNIVERSITY’s obligations hereunder are contingent
upon compliance with applicable United States laws and regulations. including those for
export control. The transfer of certain technology and commodities, even within the
borders of the United States, may require a license from a cognizant agency of the United
States Government and/or a written assurance by SPONSOR that SPONSOR shall not
transfer technology. sofiware or commoditics to certain foreign persons or countries
without prior approval of an appropriate agency of the United States Governmnent.
Neither UNIVERSITY nor SPONSOR represent that a license shall not be regnired. nor
that, if required, it will be issued.

10
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Severability. f any provision of this Agreement or any provision of any document
incorporated by reference shalt be held imvalid. such invalidiny shall not aliect the other
provisions ol this Agreement which can be given eflect without the invalid provision, iff
such remainder conforms (o the requirements of applicable law and the fundamental
purpose of Hus Agreement. and v 1his end the provisions of this Agrecinent are declared
10 be severable.

No Joini Venture, Nothing contained in this Agreement shall be construed as creating a
joint venture, parnership, or agency relationship between the parties.

Force Majeure,  Any prevention, delay or stoppage due to strikes, lockouts, labor
disputes, acts of God, inability to obtain labor or materials or reasonable substitutes
therefore, governmental restrictions, governmental regulations, governmental controts,
enemy or hostile governmental action, civil commolion, fire or other casualty, and other
causes bevond the reasonable control of the Party obligated to perform {except for
Mnoncial ability). shall excuse the performance, except for the payment of maney, by
such Party {or a period equal o any such prevention, delay or stoppage.

Dclegation and Subcontracting, UNIVERSITY shall not (by contract. operation of faw or
otherwise) delegaie or subcontract periormance of any services to any other person or
entity without the prior written consent of SPONSOR. Any such delegation or
subcontracting without SPONSOR's prior written consent wili be voidable al
SPONSOR's option. No delegation or subcontracting of performance ot any of the
services, with or without SPONSOR’s prior written consent, will relieve UNIVERSITY
of its responsibility to perform the services in accordance with this Agreement.

Entire Agreement; Order of Precedence.  This Agreement contains all the terms and
conditions agreed upon by the Parties. No other understandings. oral or atherwise,
regarding the subject matter of this Agreement shall be deemed to exist or to bind any of
the Partics hereto. In (he event ol an inconsistency in this Agreement, the inconsistency
shall be reselved by giving precedence in the following order:

Applicable statutes and regulations:

Terms and Conditions contained in the Agreement;

Any atiachinents or addendums; and

Any other provisions incorporated by reference or otherwise into this Agreement.

P B

IN WITNESS WHEREOF. the Parties hereto have caused this Agreement (o be exceuted as of the date
set forth herein by (heir duly avthorized representatives.

UNIVERSITY SPONSOR
BOISE STATE UNIVERSITY AVISTA CORPORA 'ION

.

1

Name: Kdren Hedny 7 Name: 4; ?)—@E@A{ﬂ'—#—q ! 24y A fAL
Title: E.\c?utivct ireclor Title: _) QYA AT/

Duc: _0lp1

1By: /:Dn %M\/

/J Date: Jﬁ'/}(),/;!—%f
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ATTACHMENT A - BUDGET
UNIVERSITY #

Budget Categories Yo Mths Year | Total
Salaries
P! Dr. Said Ahmed-Zaid Academic Year 0.0 - -
P! Dr. Said Ahmed-Zaid Summer 0.15 045 4282 4,282
Graduate Research Assistant 12 27,000 27.000
31,282 31,282
Fringe Benefits %
Pl Dr. Said Ahmed-Zaid Academic Year 0.32 - -
P Dr. Said Ahmed-Zaid Summer 0.32 1.370 1,370
Graduate Research Assistant 0.07 1,890 1.890
3.260 3,260
Student Costs
Graduate Student Fee Remission AY & 6
summet thesis credits 11,987 11,987
Total Student Costs 11,987 11,987
Total Direct Costs 46,529 46,529
Base lor Indirect Calculation 34.542 34,542
Indirect Costs (F&A} 39% On-Campus
Rescarch 13,471 13,471
Total Costs 60,000 60,000

12
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ATTACHMENT B ~ SCOPE OF WORK
UNIVERSITY #

Avista Energy Research Proposal
W_l}es_i(v!'ential Static VAR (;q_pl_pﬂe_psat‘owrm

Boise State Untversiry

PRINCIPAL INVESTIGATOR:

Dr. Said Ahmed-Zaid

PROJECT OBJECTIVES

This proposal is broken down into the following tasks during the first phase (year 1}:
1. Phase [-A: Design and simulate the RSVC prototype using an appropriate sofware package that
reflects real-world companents as close as possible. Design and size the (variable) inductor,

(fixed) capacitor, solid-state switches, and filtering circuits il needed.

2. Phase [-B: Test the simulated RSVC using a distribution system simulator such as EPRI's
OpenDSS and evaluate the power and/or energy savings in a small-scale distribution system.

3. Phase |-C: Perfarm a cosi-benefit analysis based on the results of the pilot study and estimate the
payback period for this apparatus

RESQURCE COMMITMENTS:

). Project manager and supervisor: Dr. Said Ahmed-Zaid (78 hours)
2. M.S. Graduate Research Assistant: Mr. Muhammad Latif (1300 hours)
PROJIECT PLAN

Background

Conservation by Voliage Reduction (CVR) is the implementation of a disiribution voltage strategy
whereby all voltages are lowered to the minimum allowed by the equipment tnanufacturer. This is a
consequence of 1he observation that many loads consume less power when they are fed with a vollage
lower than nominal. In order to guarantec a good quality service, loads should not be supplied with &
voltage higher or lower than 5% of nominal. A range of standard service voltages used in the United
States is specified by the American National Standards Institute {ANSI} as 120 volts nominal, 114 volts
minimum (120 V minus 5%) and 126 volis maximum (120 V plus 5%).

Despite the regulatory history, clectrical companies are forced to become more elficient and more
competitive by working to reduce costs. One such big cost is when a company buys costly energy from
another utility in the market when it cannot satisfy its own demand with its own installed capacity.
Furthermore, distribution companies, as well as final customers, must pay a higher price per kWh during
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peak demand hours. The goal of our proposed residential CVR implementation is to reduce power
consumption during peak hours in order to save energy and costs.

Before applying CVR, power system operators and analysts must also understand the characteristics of
their loads. Even if all loads consumed less power with less voltage, which is generally not true. we
would not be saving energy in ali cases. Some devices can give good service by working at a lower
vollage. For example, decreasing the voltage of a lightbulb will definitely yicld energy savings. However,
there are other devices, such as air conditioners and ovens, which will have to work longer 1o give Lhe
same service. So in the end, we may not be saving energy and, instead, it is possible to consume even
more. Whereas lowering the voltage may increase line current losses, the decrease in power consumption
is expected to be bigger, so that the overall balance will be positive [1-5].

Project Objective

Since the implementation of a conservation by voltage reduction (CVR) system is beyond the scope of
this project, we are proposing instead to develop a solution based on the concepl of a Residential Static
VAR Compensator (RSVC) for regulating residential voltages, especially during peak demand hours.
when the benefits coincide best with the interests of customers and those of the electric companies. These
RSVCs will be an additional toot for smart demand-side management. By controlling remotely the
RSVC, a utility can apply CVR at specified individual locations during specified periods. Our goal is to
develop such an RSVC prototype and we will Jeave it to the electric utility companics to develop
strategies tor conservation by voltage regulalion. Our solution involves installing an individual apparatus
which will decrease the voltage before each customer’s service. This may not be cheap but many
independent studies (with different authors and procedures) have proved the great profit that can be
achieved by working with CVR and these additional costs can be justified over the long term [1-3]. In
other words, the cost of implementing CVR per kWh saved would be smaller than buying that amount of
kWh in the market. A question remains as to whether the payback for the initial cost investment will be in
lhe range of three to five years.

Our previous experience with two senior design projects on CVR and where we tesled the current and
power sensitivities of many common household appliances to voltage regulation has provided us with
general conclusions and guidance regarding the feasibility of this method. Another poiential benefil of
these individual residential devices is that they can also be used by utilities with high penetrations of
distributed energy sources that would normally complicate the impiementation of a global CVR system
for energy reduction.

Project Timeline for Phase I and Project Deliverables
Work would commence when the contract is executed. From that point, we anticipate completing work in

12 months with an interim repoit at the sixth month point. The timeline is illustrated below, assuming a
start date of November i, 2014,

Task Start Duration | Comments
Date o
Protofype Design 117172014 | 2months | Design a prototype based on end-user needs and

specifications.  marketing requirements, customer
constraints, budgel, and safety constraints.

i

Protorype Simulation | 1/1/2015 3 months | Simulation the protolype using a suitable sofiware |

package with realistic components and controls.

|

Interim Report 47172015 I month | This is a progress report on the status of the project
including simunlation results.

Prototype Testing 5/1/2015 | 4 months | Test the RSVC using EPRI's OpenDSS with a pilot |

14
Avista Contract R-40097




study of a typical small-scale distribution system.

Final Report 9/1/2015 | 2 months ! Deliver a final repont with details of the prototype
design, results of the testing, and a cost-benefit analysixs
of payback period based on the pilot study.

POTENTIAL MARKET PATH

If the results of this research indicate that a residential (single-phase) static var compensator (RSVC)
ofTers a significant potential for encrgy savings by voltage regulation, it can become a valuable tool in a
utility’s demand-side management for energy efficiency, especially during peak demand hours. The
prolotype design and cost will be evaluated for a 10-kVA. single-phase, 2000 square feet, residential
home with a typical load between .5 kVA 10 20 kVA. The design can casily be scaled up for larger
residential homes, buildings, and even neighborhoods with single-phase or three-phase distribution
transformers.

CRITERIA FOR MEASURING SUCCESS

Success will be measured by three criteria:

I. A successful design of a prototype that automatically regulates the service voltage of a residential
home in the range of 114 V 10 126 V (plus or minus 5% of nominal). The prototype will be
demonstrated in simulation in Phase [ and, if desired by Avisla, in hardware during Phase 11.

2. A successful simulation test of the operation of these devices in a distribution system simulator
(such as EPRI[’s QpenDSS) using realistic models of commeon household appliances.

3. A cosl-benefit analysis based on the results of the above simulation that would yield ihe
allowable cost tor such devices in order to aim for a payback period of three 1o five years.

REFERENCES

[1) Kennedy. W. and R.H. Fletcher, “Conservation Voltage Reduction at Snohomish County PUD.”
[EEE Transactions on Power Systems, vol. 6, no. 3. pp. 986-998, August 1991.

[2] Erickson, J.C. and S.R. Gilligan, “The Effects of Voltage Reduction on Distribution Circuit Loads,”
1EEE Transactions on Power Apparatus and Systems. vol. PAS-101, no. 7, pp. 2014-2018, July 1982.

[3] Wamock, V.J. and T.L. Kirkpatrick, “Impact of Voltage Reduction on Energy and Demand: Phase §1.”
1EEE Transactions on Power Systems, vol. PWRS-1, no. 2, pp. 92-95, May 1986.

[4] Fletcher, R.H. and A. Saeed, “Integrating Enginecring and Economic Analysis for Conservation
Voltage Reduction,” [EEE 2002 Summer Meeting, 0-7803-7519-x/02, pp. 725-730.

[5] Lefebvre, S., G. Gaba, A.-O. Ba, D. Asber, A. Ricard, C. Perreault, and D. Chartrand, “Measuring (he
Efficiency of Voltage Reduction at Hydro-Quebec Distribution,” PES General Meeting — Conversion and
Delivery of Electrical Energy in the 21st Century, pp. 1-7, Pitisburgh, PA, 20-24, July 2008, IEEE 2008.
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Universityofldaho p I——

College of Engineering

Increasing Hydropower Generating Efficiency through

Drag Reduction

Project Duration: 12 months

Project Cost: Total Funding $ 72,539
2014 Funding $2,723
2015 Funding $69,816

OBJECTIVE

Energy loss due to friction occurs in
hydropower  generation. This research
investigates the potential of reducing this
energy loss in penstocks of hydropower plants
by superhydrophobicity. The objective is to
increase the efficiency of power generation.

BUSINESS VALUE

Even a small reduction of frictional drag in the
penstocks can result in significant increase in
the energy generated over time. If drag
reduction by superhydrophobicity is proven
possible, then the frictional drag can be
brought down below the current theoretical
limit associated with a perfect smooth
surface. This technology will be applicable to
many water conveyance systems, including
hydropower and water utilities. Several
industries can benefit from the technology,
with a large amount of energy saved from
being dissipated by friction.

INDUSTRY NEED

Many hydropower generating plants are 30 to
50 years old and have gone through cycles of
mechanical and electrical upgrades. However,
the system to convey water from forebay to
turbines remains what it was decades ago.

The efficiency for water conveyance through
penstocks to turbines may be improved by
drag reduction using superhydrophobic
coating, a new technology resulted from
nanotechnology and advances in surface
science.

BACKGROUND

Fluid viscosity, however small, causes
shearing of the water at and near the wall of
penstocks. This shearing consumes energy
and reduces the energy available to the
turbines. The surface of penstocks are of
hydrophilic. Nanotechnology can change a
hydrophilic surface into a superhydrophobic
one.

Recent elaborate  measurements have
demonstrated frictional drag reduction by
superhydrophobicity in microfluidics where
surface force dominates and the flow s
laminar. However, drag reduction over
hydraulic structures, such as penstocks, has
not been demonstrated. For the Ilatter,
surface force may not be dominating and the
flow is turbulent. Whether
superhydrophobicity reduces the frictional
drag in the penstocks is an open question.

This project (1) determines, by laboratory
measurements, if drag reduction over large
(as oppose to microfluidics) superhydrophobic
surfaces can occur, (2) quantifies drag
reduction should it occur, and (3) evaluates
the potential efficiency gain in electrical
power generation at Avista’s Cabinet Gorge
Dam.

SCOPE

Task 1: Preparation

Organize the research team (five
undergraduate students, PI, Co-PI and a lab
technician). Mobilize the test facility,
equipment and instrumentation of the



Hydraulics Laboratory of the Civil Engineering
Department at the University of Idaho.

Task 2: Creating and evaluating
superhydrophobic surfaces

Create various superhydrophobic surfaces
using sand papers, cement, super high
performance concrete, Zycosil®, and
NewerWet®. Characterize these surfaces with
contact angle and scanning electron
microscopy.

Task 3: Shear force measurement by force
balance

Measure the shear force acting on a
submerged flat aluminum plate, with and
without superhydrophobic coatings, hanging
in the test section of a water flume. Analyze
the data to determine if drag reduction
occurs. Present the results in terms of
boundary layer theory

Task 4: Head loss measurements in pipe flow

Explore methods to coat the inner wall of a
small diameter pipe with NeverWet® so the
coatings are even and uniform. Relate the
head loss as a function of flow in two test
pipes with different diameter, each before and
after being coated with NeverWet®.
Demonstrate drag reduction in terms of the
Moody diagram.

Task 5: Local shear stress inference from
velocity profiles

Measure point velocities at various distances
away from a cement surface with and without
the NeverWet® coating. Infer the local shear
stress on the wall using the law of the wall.
Separately, measure the local shear stress by
a Preston tube. Evaluate if the coating can
result in drag reduction.

Task 6: Estimate power generating efficiency
improvement

Based on the finding of this research and the
data at Avista’s Cabinet Gorge Dam, estimate
the potential gain in power generating
efficiency as a result of drag reduction.

Task 7: Final Report

Document the methodologies and present the
results.

DELIVERABLES

A final report is the deliverable of this project.

PROJECT TEAM

PRINCIPAL INVESTIGATOR

Name Dr. Jim C. P. Liou, PI
Organization University of Idaho
Contact # 208-885-6202

Email liou@uidaho.edu

Name Dr. Brian Johnson,Co-PI
Organization University of Idaho
Contact # 208-885-6902

Email bjohnson@uidaho.edu

RESEARCH ASSISTANTS

Name Don Parks, CE Lab Technician
Name William Kirby

Name Taylor Romenesko

Name Dmitriy Shimberg

Name Adam Storey

Name Terrence Stevenson

The participating period for all students is
from Sept 2014 to May 2015

SCHEDULE
TIME START FINISH
TASK
ALLOCATED DATE DATE
1 2 months Sept'14 Nov'14
2 2 months Nov’14 Jan’1l5
3 2 months Dec’'14 June’l5s
4 2 months Dec’'14 July’15
5 2 months May’'15 July’15
6 1 month Aug’l5 Aug’l5
7 1 month July’15 Aug’l5

The explorative and iterative nature of this
research made it unavoidable to stretch many
of the tasks over several months.




Executive Summary

As water flows through penstocks in hydropower plants, the viscosity of the water induces a drag force
that opposes the flow. This drag is unavoidable but can be reduced by making the penstock’s surface
smooth. Once the surface is hydraulically smooth, no further drag reduction is possible by conventional
means. This study investigates the possibility of drag reduction beyond the smooth surface limit by
superhydrophobicity. We demonstrate that drag reduction by superhydrophobicity is possible by
laboratory measurements. Laboratory measurements show that significant, but temporary, drag
reduction (between 20 to 30 percent) can be realized.

Superhydrophobicity was characterized in terms of (1) the contact angle of a water droplet resting on a
level surface and (2) if it rolls freely or not when the surface is slightly uneven. The latter was used to
distinguish between the Wenzel and the Cassie-Baxter states of a superhydrophobic surface. We found
that the Cassie-Baxter state is necessary for drag reduction. We used electron microscopy to see the
micrometer to nanometer sized roughness elements on the superhydrophobic surfaces, and observed
extensive and possibly networked “deep” asperities in the roughened surface. We hypothesize, as some
other researches have, that the air trapped in these asperities is responsible for drag reduction.

Frictional drag forces and local boundary shear stress over smooth flat plates, with and without
superhydrophobic treatment, were measured using three schemes: hanging plate force balance, Preston
tube, and velocity profiles. The hanging plate force balance offers the best sensitivity and repeatability
of the measurements. The test data were analyzed in terms of boundary layers theory. Separately,
measurements of head loss for flows in clear PVC pipes, with and without superhydrophobic treatment,
were also made. Drag reduction was demonstrated using the Moody diagram.

For Avista’s Cabinet Gorge Dam, a 20% drag reduction can result in a 0.18 to 0.1 % gain in power
generation efficiency for high and low flows, respectively.



Research Motivation

Many hydropower plants have been in operation since 1950’s or earlier, and have had cycles of
electrical and mechanical equipment upgrades. However, the infrastructure for water conveyance, such
as penstocks, has not had similar upgrades. New technology may change this.

In the last decade, great advances in surface science and nanotechnology took place. These advances are
now impacting some engineering practice. Water proofing of concrete is a good example. Nanoparticle-
based products are now in common use to repel water from glass, metal, and cement surfaces of
buildings and roads. Such surfaces are superhydrophobic in that water beads up and rolls off such
surfaces readily.

Will this water-repelling ability lead to reduced flow resistance when the surface is submerged? If so,
then the inner surface of penstocks of hydropower plants can be made superhydrophobic, resulting in an
increase of the efficiency of power generation. Outside hydropower, the same efficiency gain can be
realized for other utilities such as for water transmission and distribution. The energy savings can be
very significant.



Project Background

In hydropower generation, friction at water-solid interface induces undesirable energy loss. This occurs
in penstocks at turbine runner surfaces. For a fixed available head and flow at the forebay, a reduction of
this friction in the penstocks makes more energy available to the turbines, resulting in an increase in
power generating efficiency.

With the recent advancement of nanotechnology, penstock surfaces can be treated to become highly
hydrophobic. Will such a treatment make the penstocks less frictional and more efficient is an open
question. Recent experiments and numerical simulations in microfluidics showed significant drag
reduction by superhydrophobicity. There is expectation that such drag reduction may occur in large
hydraulic structures as well. However, the circumstances are very different. Surface force dominates in
microfluidics and the flow is always laminar. In hydraulic structures, the surface force do not dominate
and flow is often turbulent. Nonetheless, frictional drag reduction on hydraulic structures by
superhydrophobicity is worth investigating.

About 47% of the electric power generated by Avista Corporation comes from 24 hydropower
generating units along the Clark Fork and Spokane rivers. Concrete or concrete-lined penstocks are used
in these facilities. Concrete surfaces are hydrophilic and incur viscous energy dissipation. This
dissipation, taken for granted and accepted in the past, may now be reduced by superhydrophobicity. As
a result, more energy can be made available to the turbines for electric power generation.



Special Technology Utilized

No special technologies were used in carrying out this research. Somewhat unusual is the usage of
scanning electron microscopy to observe the hierarchical micro- and nano- sized roughness on
superhydrophobic surfaces.

Agents Zycosil® and Neverwet® were used in this research. These products are based on nanoparticle
technology and are new and special.
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1. Superhydrophobicity and Frictional Drag Reduction

The wettability of a surface is quantified by contact angle and contact angle hysteresis. Contact angle is
the angle at which the water/air interface makes contact with the solid surface. The contact angle of
cement surfaces is nearly zero and a water drop spreads out over the surface. A surface is hydrophobic if
the contact angle exceeds 90 degrees. A water drop on a hydrophobic surface does not spread. A
hydrophobic surface can be made superhydrophobic by micro- to nano-sized surface roughness (more
below). Such a surface has a contact angle approaching 180 degrees.

The contact angle hysteresis is the difference between advancing and receding contact angles. On an
inclined hydrophobic surface, the shape of a stationary water drop is distorted by gravity. The contact
angle on the low side (the advancing contact angle) is greater than that on the high side (the receding
contact angle). We observed that a water drop can exhibit a large contact angle hysteresis and remains
stationary even when the surface is tilted to the vertical. In contrast, on a superhydrophobic surface, the
water drop readily rolls off even when the surface is almost horizontal. In fact, we found it difficult to
keep the drop stationary to observe its contact angle and contact angle hysteresis!

The transition from hydrophobic to superhydrophobic is not due to surface chemistry, but due to multi-
scale micro and nano surface roughness elements (Rothstein 2010). To be stably superhydrophobic, a
solid surface needs to have a 3-diemsional micron-sized texture imparted by nano-sized roughness
elements (Rothstein 2010, Nosonovsky and Bhushan 2006, Tretheway and Meinhart 2004). The
working hypothesis for drag reduction is that air pockets exist in the fine texture of the surface. Only a
portion of the water surface is in contact with the solid while the remaining in contact with air. The
roughness elements function as bridges and enhance hydrophobicity. When water flows over a
superhydrophobic surface, significant shear drag occurs only at the water-solid contacts. Since the area
of water-solid contacts is reduced by the trapped air, drag reduction occurs.

In this research we first attempted to create superhydrophobic sandpaper and cement surfaces using
Zycosil® (Zydex 2014), a nanoparticle based water proofing commercial product for concrete. However,
we could not make the surfaces superhydrophobic. Under a scanning electron microscope, we saw that
the nanoparticles are only sparsely distributed and the required surface texture was absent. Figure 1.1
shows SEM images of a concrete sample before and after coated with Zycosil®. The coating changes

the surface from hydrophilic to hydrophobic, but did not make it superhydrophobic.

We then tried NeverWet® from Rust-Oleum® and successfully and made smooth aluminum flat plates,
PVC pipes, and textured cement flat plates superhydrophobic. Figure 1.2 shows the shape of a water
drop on a concrete surface at different stages. NeverWet® is applied in two layers. The first layer (the
base coat) creates some roughness on the surface and makes it gritty upon touching. We believe the top
coat provides the micro-sized surface roughness and binds the second layer (the top coat) on top of it.
By itself this cannot create superhydrophobicity. Nanoparticles are believed to be in the top coat only.
Applying the top coat directly on the surface makes the cement surface superhydrophobic. However, the
coating can be rubbed off. This figure is consistent with the hierarchical micro-nano scaled roughness
required for superhydrophobicity.
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Figure 1.1 SEM images of a concrete surface without (top) and with (bottom) Zycosil®
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Figure 1.2 Effect of NeverWet® on concrete surfaces
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Figure 1.3 A smooth aluminum surface without (top) and with the NeverWet® treatment
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2. Drag Reduction Demonstrated by Force Balance

The Frictional Drag and its Measurement

When water flows over a stationary flat plate at zero angle of incidence, the velocity in the vicinity of
the plate is reduced due to the viscosity of the fluid and the eddy viscosity of the flow if it is turbulent.
The region with a reduced velocity is called a boundary layer. Based on the fundamental principle of
momentum conservation, water must exert a shearing force on the plate in the flow direction.

Several methods exist in measuring local shear stress (Goldstein 1996). It is necessary to integrate the
locate shear stress over the entire plate to obtain the frictional drag. These methods are not feasible for
this research. We came up a new and simple way of measuring the frictional drag based on a force
balance. The idea is depicted in Figure 2.1.
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Figure 2.1 Frictional drag measurement by force balance
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The submerged thin aluminum plate is hung at four points along its edges by thin Kevlar threads. The
length L of the threads are carefully measured. Due to the nature of Kevlar, the threads do not stretch
under tension. Before flow initiation, the plate hangs vertically down from the hinged supports. After
subjected to a steady flow parallel to the plate, the plate shifts to a new horizontal position where the
submerged weight of the plate /¥, the tension in the Kevlar thread 7, and the horizontal force acting on
the plate F are in equilibrium. Upon measuring the plate displacement X, F'is calculated from

F =cot(tan™ %) w 2.1

Several plate dimensions were tried. The final choice is a plate with a length of 40 inches, a width of
14.5 inches, and a thickness of 0.024 (bare) or 0.025 inches (with both sides coated with NeverWet®).
The submerged weight is 186 grams shared equally by the Kevlar threads. The length-wise edges of the
plate are bent to form a 0.25 inch-deep channel to make the plate more rigid structurally. The length of
the Kevlar threads are 7.59 ft. their diameter is so small that any force on them is negligible.

There are several possible forces acting on the plate: the frictional drag, the form drags due to the plate
thickness, the effect of any misalignment of the plate with the flow, and the effect of any unevenness of
the plate. The plate was hung at quarter points along the longitudinal edges to eliminate sag due to the
submerged weight of the plate. With these precautions, we were able to align and hang the plate flat and
horizontal. Thus, the only unavoidable form drag is due to plate thickness. We made the plate large
enough and thin enough so that the form drag is small relative to the frictional drag. In any event, this
form drag was calculated and subtracted from the calculated /' from Equation 2.1 to obtain the frictional
drag.

Good sensitivity and repeatability in measuring X are necessary to quantify drag reduction. To meet
these requirement, we hung the plate over the water flume in the Civil Engineering Department’s
Hydraulics Laboratory on a tall frame so that L is large. This is shown in Figure 2.2. Because L is large,
Xis also large and easily measurable. In the laboratory, we obtain F first for a bare plate. We then
coated the plate with NeverWet® on both sides and measured X again under the same hydraulic
condition. The difference in F before and after the superhydrophobic treatment indicates drag reduction.

The translational displacement X was measured by videotaping a scale affixed to one side of the plate
and reference it t a mark on the flume wall. The line of sight of the camera was aligned by markers on
both side-walls of the flume so optical distortion are avoided. Figure 2.3 shows the setup of the plate
displacement measurement. The videos were taken at 30 frames per second for 5 minutes or longer.
After test, the video frames were sampled to obtain the value of X as a time series for further analysis.
Figure 2.4 shows two time records of displacement of the plate before and after coated with
NeverWet®. The displacement in the case with the coating is reduced with the superhydrophobic (SH)
treatment.
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Figure 2.3 A typical hanging plate data session
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Figure 2.4 A data set that contrasts the plate displacement before and after SH treatment

Data Analysis in terms of Boundary Layer Theory

As the water flows over the flat plate, the velocity in the vicinity of the plate is reduced due to the
viscosity of the fluid and the eddy viscosity of the flow if it is turbulent. The region with a reduced
velocity is called a boundary layer. At the leading edge of the plate, the flow in the boundary layer is
laminar, but transitions into turbulent flow at some distance further downstream. The frictional drag
depends on whether the flow in the boundary is laminar, in transition, or turbulent. The frictional drag is
customarily expressed in terms of the dynamic pressure of the free stream (flow outside the boundary
layer), the area of the contact surface, and a dimensionless coefficient called the average shear
coefficient. The word “average” is used here because the local shear stress varies along the plate.

pV?

F=C,BL (2.2)

Where B = plate width, L = plate length, p = mass density of water, /= velocity of the oncoming flow,
and C, = average shear coefficient, which is a function of the plate Reynolds number defined as
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Re=-— (2.3)

Figure 2.5 shows the average shear coefficient as a function of the Re. Curvel is associated with a
laminar boundary layer, curves 2, 3, and 4 are various expressions for turbulent boundary layer. Curve
3a is for boundary layers with the transition taking place at a plate Reynolds number of 500,000.
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Figure 2.5 Average shear coefficient for a smooth flat plate at zero incidence (Schlichting 1968)

Depending on the turbulence level of the oncoming flow, the transition can occur over a range of plate
Reynolds numbers ranging approximately from 300,000 to 600,000 (Daily and Harleman 1966).

In our experiment, the range of the plate Reynolds number contains the laminar-to-turbulent transition.
We could have minimized the effect of this transition had we were able to use a longer plate. However,
practical considerations, such as preventing the plate from sailing upon small disturbance, have
prevented us from using plates much longer than 40 inches. Thus there is some uncertainty on when the
transition took place. We know the flow approaching the plate is highly turbulent because the head box
of the flume is only a short distance upstream of the plate. The laminar-to-turbulent transition most
likely took place around a plate Reynolds number of 300,000.

Figure 2.6 shows the C, versus Re relationship based on our measurements. The red, blue, and green

lines are from the theory of laminar, turbulent, and transitional (at Re = 300,000) boundary layers. The
blue squares are based on our measured data for a bare aluminum plate. The red circles are based on
measurement after the plate has been coated by NeverWet on both sides. The lowest blue square may be
discarded because the running average of the plate displacement shows a significant upward trend over
time. The left-most red circle corresponds to trial 1 on 05/11/2015. This trial was observed to be laminar,
as evidenced by the steady position and lack of fluctuation compared with other trials of that day. This
point lies to the left of the transition curve further indicate that the flow was laminar.
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Figure 2.6 Drag reduction demonstrated by measurements

Drag reduction clearly occurred since the red circles (the NeverWet® coated plate) are consistently
below the blue squares (bare plate). The fact that all the red circles of May 13, 2015 lie below the
transition curve further suggest drag reduction.

Using the data represented by the two upper blue squares and the lower six red circles, the amount of
drag reduction is estimated to be 28%, a rather significant amount of drag reduction.
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3. Drag Reduction Demonstrated by Pipe Flow
The Moody diagram

Frictional resistance to flow in pipes originates from the fluid-pipe wall interface. This resistance
causes energy dissipation quantifiable as a head loss. For Newtonian fluids, the most rational and
generally adopted for head loss calculations is the Darcy-Weisbach equation

_JL O
/7 D 2g4’ 1)

in which %, = head loss, L = pipe length, D = pipe inside diameter, O=volumetric flow rate, 4 =

pipe cross-sectional area, g = gravitational acceleration, and f'= friction factor, a dimensionless
number which reflects the extent of head loss for a specified flow in a given pipe.

Let v be he kinematic viscosity of the fluid and ¢ the absolute roughness of the pipe inner wall

surface. The friction factor f'is a function of the Reynolds number R = D—f of the flow and the
v
relative roughness &/ D of the pipe. This function is closely represented by the Colebrook-

White formula

1 .
= _210g L.}ﬂ (32)
Jf 37D R\f
This function is implicit in f'but can be presented graphically by the Moody diagram for an

explicit solution of fupon knowing the relative roughness and the Reynolds number. A Moody
diagram is shown in Figure 3.1.
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Figure 3.1 The Moody diagram (Streeter et. al., 1998)
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In the Moody diagram, V' = % = the discharge velocity. The values of ¢ in the inset were

determined by experiments. For a given relative roughness, the friction factor follows the
corresponding curve for all pipe sizes at all flows of all fluids.

In this study, we demonstrate frictional drag reduction using the Moody diagram in three steps:
Step 1:

Measure the head loss for a set of flows in a 1-in clear PVC pipe with bare inner wall surface
(i.e., without SH treatment). The data are plotted on the Moody diagram and determine the
absolute roughness for the pipe. This demonstrates our data follow the Moody diagram within
tolerance as it should.

Step 2:

Apply the Neverwet base coat to the inner wall of the test pipe and then obtain a 2™ set of head
loss versus flow data. Plot this data on the Moody diagram. This establishes the friction factor
versus Reynolds curve prior to SH treatment.

Step 3.

Apply the Neverwet top coat to the inner wall of the test pipe and verify that it is
superhydrophobic in the Cassie state. Obtain a 3™ third set of head loss versus flow data. Plot
this data on the Moody diagram again to establish the friction factor versus Reynolds curve after
SH treatment. The difference between the 2™ and the 3™ curves indicate the effect of SH
treatment.

Step 4.

Repeat steps 1 through using a 1.5 inch clear PVC pipe. This change approximately doubles the
flow rates in the tests. The results are similar to those for the 1 inch test pipe, thus demonstrating
the validity of the test data and the effect of SH treatment is physically real.

Laboratory measurements

The setup and instrumentation of pipe flow tests

The hydraulics laboratory’s potable water supply was used on a flow-through system. The water
was fed into an elevated over-flowing tank. Water from this tank was then fed by gravity to the
test pipe lying horizontally on the lab floor. Water exiting the test pipe was discharged into a
large sump underneath the lab floor by a large hose with its outlet submerged. Using the lab
floor as a datum, the water levels in the tank and in the sump are 134 and -64 inches,
respectively. This gave a usable head of 200 inches with the test pipe subjected to an average
pressure of about 4.8 psi. Two test pipes were used. They were schedule 40 clear PVC pipes with
a nominal diameter of 1 and 1.5 inches and a length of 8 ft. The maximum flow rates achievable
were approximately 21 and 53 gpm for a 1 inch and 1.5 inch test pipe, respectively. The
maximum achievable Reynolds number for both pipes is slightly above 10°. The flow through
the test pipe was adjustable by a valve at the downstream end of the test pipe.
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The rate of flow in the test pipe was measured by a turbine flow meter (1.5 inch GPI TM series)
located at the inlet of the test pipe. This meter has a factory accuracy of £3% of reading for flows
between 10 and 100 gpm. We calibrated this meter up to 36 gpm with an accuracy of £0.5% of
reading. The head loss was measured by a Validyne DP15 differential pressure transducer. The
calibration of this transducer was done by applying different pressures to the two sides of the
transducer diaphragm. The differential pressures were measured by manometers with a accuracy
within 1/32 of one inch. Due to turbulence and disturbances to the water level at the elevated
water supply tank, both the flow rate and the head loss fluctuated somewhat. For each data point,
we read the flow five times in one minute and used the average. The pressure transducer output
was polled by a data acquisition system at 10 Hz. We took the one-minute average as the value
for the head loss. Figures 3.2 and 3.3 show the test setup and a portion of the instrumentation.

Figure 3.2 The setup for the pipe flow tests
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Figure 3.3 The manometer, the differential pressure transducer, and the flow meter used in the
pipe flow tests

Clear PVC pipes were used for the test. The inner walls of PVC pipes are nearly mirror-smooth
and there is no room for further roughness reduction. The PVC pipes ensure that any drag
reduction we observe is due to superhydrophobicity and not due to reduction in roughness. The
clear pipes allows us to observe the condition of SH treatment on the inner wall of the pipe.

Coating the inner wall of the test pipes

Due to the small diameter and length of the test pipe, the liquid Neverwet agent could not be
sprayed onto the inner surface. Many coating methods were tried with the objective of coating
the inner surface uniformly and consistently. We found the roller covers commonly used in
household painting useful for our purpose. First, we saturated a one-inch long roller cover with
Neverwet. We then pulled the roller cover length-wise through the pipe slowly and evenly to
complete one layer of coating. The cover was re-saturated with Neverwet and pulled through
again, this time in the opposite direction to complete the 2" layer. We applied two layers of base
coat and four layers of top coat. This combination was found to give the best results based on
observations of the ease of rolling of water drops on a set of half PC pipes sprayed with Nevewet
coatings. Figure 3.4 contrasts the appearance of a 1.5 inch test pipe so coated with a bare pipe of
the same dimension. Overall, the coating was uniform although longitudinal streaks were
noticeable upon closer examination. The coatings are very thin and do not change the diameter of
the pipe significantly.
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Figure 3.4 The different appearances of SH-treated (left) and bare (right) clear PVC pipes.

Typical Results and analyses

Based on the measured head loss and flow for the one inch test pipe, the friction factor versus the
Reynolds number relationships for the bare pipe, the pipe coated with Neverwet base coat only,
and the SH pipe (i.e., the pipe coated with Neverwet base and top coats) are shown in Figure 3.5.
Also shown is the Moody curve with an absolute roughness of 5-10°° ft determined by the test
data of the bare pipe. It is seen that the friction factor versus the Reynolds relationship for the
bare pipe follows the Moody curve quite well, and that the base coat does not alter this
relationship. The SH treatment of the pipe inner wall, however, significantly altered this
relationship. Starting at about a Reynolds number of about 50,000, the data points start to track a
curve that lies below the Moody curve. The friction factor for the bare pipe at R = 1.026-10° is
0.018. The friction factor for the SH-treated pipe at R = 1.037-10 is 0.016. The reduction is
12.5%:

The drag reduction shown in Figure 3.5 is temporary. This is explained by Figure 3.6. The
beginning time for data sets SHa, SHb, SHc, and SHd are 1:25 pm, 1:58 pm, 2.27 pm, and 4:10
pm, where each set took about 30 minutes to complete. The first 3 sets were taken continuously
and without pause in between, while there was a 70-minute pause before the measurements of
the 4™ set began. The test pipe was shut in and subjected to a pressure of 4.8 psi during the pause.
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Figure 3.5 The friction factors for the 1-inch test pipe with and without SH treatment
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Figure 3.6 Degradation of drag reduction over time
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Drag reduction is most significant for SHa (which is the SH CPVC in Figure 3.5) and least
significant for SHd. The data points for SHd almost approach the Moody curve of the bare pipe.
Whether the degradation was caused by the passage of time under submergence, the cumulative
shearing action by the flow, or some other reasons is unknown.

Figure 3.7 shows the results for measurements made on a brand new 1.5 inch schedule 40 clear
PVC pipe. Its absolute roughness is estimated to be 0.000015 ft. The solid red curve is the
corresponding Moody curve. The dashed red curve slightly below it is the Moody curve for a
perfectly smooth pipe. The first and the second sets of measurements set for the NeverWet®
coated pipe was taken at 10:00 am, 12:25 pm, and 2:40 pm on August 7, 2015.

Data of August 5 - 7, 2015 on 1.5 inch CPVC pipe
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Figure 3.7 The friction factors for the 1.5-inch test pipe with and without SH treatment

We noticed that for Re < 60,000 the computed friction factors are greater than those of the
Moody curve but had no effect when Re exceed . The base coat has no effect for Re > 60,000
since the data points fall on the Moody curve. We suspect the roughness created by the base coat
of NeverWet®ma play a role but further tests are needed to find out why. The three sets of data
on NeverWet® clearly demonstrate drag reduction for Re > 60,000. Degradation of the drag
reduction effect is still noticeable but not as fast as that shown for the 1-inch pipe. The coatings
made the friction factor less than that of a perfectly smooth pipe is remarkable.
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4. Local Surface Shear Stress Estimations
Log-Law of the wall

For turbulent flow near a smooth flat plate, the wall shear stress can be related to the time
averaged velocity profile by the log-law of the wall (Davidson 2004):
u

FUR RN (4.1)
u k n

in which u = time-averaged velocity parallel to the boundary surface, y = vertical distance away
from the surface, v = kinematic viscosity of the fluid, and »* = shear velocity defined as

= \/T:o (4.2)
o,

with 7, = shear stress at the boundary and p = mass density of the fluid. The Karman’s constant

k and constant 4 are dimensionless with values determined by experiments on turbulence flows
in channels and pipes. The range of « is between 0.38 and 0.43 (Davidson2004). The range of 4
is from 4.9 to 7 (Hinze 1959). Streeter and Wylie 1975 gives, k = 0.417 and 4 = 5.84 for flow
over flat plates.

The log-law of the wall is universal in that, regardless fluid properties and velocity magnitudes,
all velocity versus distance profiles near a smooth surface, when plotted using Eq. 4.1, fall on a

*

single curve if %Y smaller than approximately 500 to 2000 (Hinze 1959 and Daily and

v
Harleman 1966). The effect of fluid properties and velocity magnitude only influence the shear
velocity. This equation with k= 0.41 and 4 =4.9 is shown in Fig. 4.1 It is one of the most

famous results in turbulent flow research (Tritton 1977). It is also a very useful one in this study.

We assume that the log-law of the wall is applicable to smooth surfaces with SH and without SH
treatment. We then search for the shear velocity that makes the measured velocity profiles best
match the log-law of the wall. Drag reduction is indicated when the shear velocity so found for a
plate with SH treatment is less than that for the same plate without SH treatment.
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Figure 4.1 The universal log-law of the wall (Hinze 1959)
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Laboratory measurement

Aluminum Plate

A 14 by 48 inch rectangular aluminum flat plate was placed horizontally in the test section of an
18 inches —wide recirculating water flume. The plate was divided into two halves lengthwise.
One half is SH treated. The other is bare. The treated half has a matte appearance and feels
gritty. The bare side is glossy and feels smooth as a glass. Both halves were subjected to the
same flow condition at the same time. The purpose of the split-plate approach is to ensure that
any difference in the shear velocity (and hence the boundary shear stress) can be attributed to the
SH treatment alone. Prior to tests, the plate was leveled using a stagnant pool of water as a
reference. The uncertainty of the elevation difference between the four corners of the plate is less
than 0.5 mm. The flow is recirculated by a centrifugal pump. The control valve of the pump and
the tailgate of the flume set the velocity and flow depth over the plate. The velocity profiles were
measured using acoustic Doppler velocimetry. Figure 4.2 shows the setup and Figure 4.3 shows
the ADV measurement in progress.

Figure 4.2 Looking downstream, the right half of the aluminum plate was SH-treated while the
left half is bare. The ADV was positioned above the SH half. Also visible at the top of the
picture are two Preston tubes.
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Figure 4.3 Velocity profile and Preston tube measurements in progress

Cement Plate

Velocity profiles were also measured over a 14 by 48 inch rectangular flat plate with a cement
surface. The cement surface was roughened by pressing ultra-fine sand papers (Grit 2000 with an
average particle diameter of 10.3 micro-meter) over the surface immediately after the cement
mix was poured into a mold. The result is smooth surface with a matte finish. Like the aluminum
plate, we split the plate into SH-treated and bare halves so the measurements with and without
SH treatment can be compared under very similar hydraulic conditions.

The velocity profiles 38 inches downstream of the leading edge were measured by traversing 5
mm diameter Pitot tube over the depth. Velocity profile over the plate before and after SH

treatment were obtained. The setup is shown in Fig. 4.4. The typical velocity measurement by
the Pitot tube and the Preston tube for surface shear stress measurement are shown in Fig. 4.5.

Typical Data and Analysis

Drag reduction and degradation of drag reduction over time

The time-averaged streamlines at the test section are essentially parallel and horizontal. The
velocity at short distances above each half of the plate were measured using a SonTek 16 MHz
Micro ADV. The instrument projects sound waves to a small volume (called sampling volume)
about 5 cm ahead of the probe. The frequency of the waves reflected back from the sampling
volume is shifted by the water flowing through the sampling volume. The velocity of the water is
then determined by the frequency shift. The sampling volume is cylindrical with a diameter and
height of 6 and 9 mm, respectively. The shortest distance we can position the sampling volume
above the plate is 0.39 cm. Because the probe must be submerged and because the sampling
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Figure 4.4 The fixed cement flat plate in the test section of the flume. Looking upstream, the left
side is SH-treated. The right side is bare

Figure 4.5 Point velocity measurement by the Pitot tube (upper) and surface shear stress
measurement by the Preston tube (lower)
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volume is below the probe, velocities within approximately 6 cm below the water surface are not
measurable by ADV.

The measured velocities are shown in Figure 4.6. Some data points in this figure are numbered to
indicate timing, which are shown in Table 4.1. Data points 1 through 9 (red line) are above the
SH-treated surface. Data points 22 through 27 (dash red line) are above the same surface but
were taken at a later time. Data points 10 through 21 (blue line) are taken over the bare surface.
The red and the blue lines indicate that the velocities are higher over the SH-treated surface.
Since the driving force for the velocities are the same for both sides, we conclude that the SH
treatment has reduced the frictional drag to flow. Comparing the red line with the dash red line,
we see that the velocities immediately above the SH-treated surface slowed down over time.
Thus, the extent of drag reduction degrades over time.

nlfr?ltl:er time ela?;lei;i)me Surface type and timing
1 2:45 0 above SH surface
9 4:00 75 (early time)
10 4:07 82 above bare surface
21 5:48 183 (time independent)
22 6:00 195 above SH surface
27 6:40 235 (late time)

Table 4.1 Timing of point velocity measurements by AVD

Aluminum Plate

All the velocity data over the aluminum plate were taken using the ADV. Since the ADV gives
instantaneous velocity and since the flow is turbulent, it is necessary to sample the velocity with
a high frequency over a long time period. As a result, it took several hours to obtain one velocity
profile.

Due to the lengthy period required to obtain one velocity profile, the data over SH and bare
surfaces were obtain on different days. This required re-setting the flow condition at the test
section. This introduced some uncertainty but not significant enough to invalidate the results.

The velocity profiles over the SH (May 29, 2015) and bare (May28, 2015) surfaces are shown in
Figure 4.7. The small differences shown do follow the trend of drag reduction and is caused by
the re-setting the flow condition. To exam the velocity profiles in terms of the log-law of the wall,
we search the shear velocity required to “best match” the universal log-law of the wall for

smooth plates. The shear velocities so determined are 0.095 ft/s for both surfaces. Figure 4.8
shows the resulting scaled velocity profiles.
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Figure 4.6 ADV data indicating drag reduction and degradation of drag reduction over time

We suspected that drag reduction did occur in the beginning of the data session. However, due to
the lengthy data-taking period (about 7 hours) and the observed degradation of drag reduction
explained above, we were not able to demonstrate drag reduction using the log-law of the wall.

Cement Plate

In order to shorten the time period required to complete one velocity profile, and to obtain the
velocities closer to the water surface, we replaced the ADV with a Pitot for velocity
measurements over the cement plate. The measured profiles, completed on the same day (August
14, 2015), are shown in Figure 4.9. The uncertainty due to re-setting the flow in the test section
was eliminated. It is seen that the profiles over the SH and bare surfaces are very close. The
velocity profiles viewed in terms of the log-law of the wall are shown in Figure 4.10. The
required best fit shear velocities are 0.084 ft/s for both surfaces. No drag reduction was observed.
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Figure 4.7 Measured velocity profiles at the trailing edge of the aluminum plate
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Figure 4.9 Measured velocity profiles over SH-treated and bare cement surfaces.
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The time it took to complete one velocity profile using the Pitot tube is about 2 hours. After
approximately 4 hours of testing (for SH and bare profiles), the test section was drained and the
cement plate exposed to air. We observed that water still beaded up on the SH side, and that the
beads could still be dragged around but not as readily as prior to the test, showing that the SH
effect had degraded somewhat.

To evaluate any possible time effect, we re-coated the SH side with Neverwet® top coat and
measured the velocity head at the SH and bare surfaces under a constant flow condition over
time. A Preston tube with an outside diameter of 0.083 inches was used for these measurements.
Within the uncertainty of the measurement, the velocity head on the SH surface did not decrease
over time. In addition, no difference between the two sides were observed. Therefore, we suspect
that the roughness embossed on the cement surface by the sand paper may be the cause for lack
of drag reduction even through the surface is superhydrophobic in a Cassie state.
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5. Estimated Gain in Power Generation Efficiency at Cabinet Gorge Dam

The Cabinet Gorge Dam, located in Bonner County in northern Idaho, is shown in Figure 5.1. It
has 4 turbines, each with its own penstock. The inlet gates and the top cover of the turbines are
visible. In the power house, unit 1 is located at the lower left (partially shaded) and unit 4 (under
maintenance) is located in the upper right. The penstocks are not visible but can be easily
visualized between the inlet gate and the turbine for each unit. These are cement lined steel
penstocks 27 ft in diameter. Their length varies from approximately 413 ft for unit 1 to 532 ft for
unit 4. A lining thickness of 1 inch is assumed. A portion of Unit 4 penstock is shown in Figure
Sl

Figure 1 The Cabinet Gorge Dam (Arial photo from Google Earth)

Figure 5.2 Unit 4 penstock looking upstream from the turbine end
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Estimated Plant Data and Relevant Hydraulics

Kinematic viscosity

The temperature of water affects its kinematic viscosity which is one of the key variables in
estimating frictional drag. The water temperature at Cabinet Gorge varies from 40 to 72 °F. The
kinematic viscosity changes significantly over this temperature range. Based on the monthly air
temperature pattern in Sandpoint, Idaho, the monthly kinematic viscosity of water are estimated
and are shown in Figure 5.3.
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Figure 5.3 Estimated monthly values of the kinematic viscosity of water

Flowrate and Velocity

The low and high flows for each unit are: 3000 to 8000 cfs for unit 1, 9500 to 10000 cfs for units
2 and 3, and 5000 to 9000 for unit 4. Based on this information, the monthly flow and discharge
velocity in the penstocks are shown in Figures 5.4 and 5.5.

Roughness of the surface of Penstocks

The absolute roughness of the penstock surface needs to be estimated. Contained in the USBR
1977 are data for two large cement-lined penstocks of interest. The first is the 18 ft diameter
Apalachia Tunnel of TVA built in the early 1940s. The second is the 31 ft diameter Bersimis No.
1 of Hydro-Quebec built between 1953 and 1956. The size and construction date of Cabinet
Gorge are between these two. The estimated absolute roughness is about 1.7 10 ft for Bersimis

34



1.210"

penstock flow rate, cfs

4
1x10 " x £y re— e

8x10°
6x10°
4x10°

s unit 3

— unit 4

1 2 3 4 5 6 7 8 9 10 11 12

month

Figure 5.4 Estimated monthly flows in the penstocks
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Figure 5.5 Plate Reynolds numbers

No.1 and 1.4-10° ft for Apalachia Tunnel. We assume a mid-range value of 8-:10™* ft (0.24 mm)
for the Cabinet Gorge penstocks. This value is reasonable based on a field observation and
imprints of the surface of unit 4 penstock.
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Hydraulic Conditions

Boundary layers start to form at the inlet of a penstock and grow toward the center of the
penstock over distance. The flow becomes fully established once the boundary layers from
opposite sides reach the center. For turbulent flow, the length of flow establishment is about 50
to 100 diameters. (Daily and Harleman 1966). It takes even longer if the flow were laminar.
Since the largest length to diameter ratio is only 19.7 at Cabinet Gorge, we conclude that the
flow in the Cabinet Gorge penstocks are not fully established. Therefore, boundary layer theory
over a flat plate, but not the Moody diagram, is used to access the energy loss due to friction and
any reductions in the frictional energy loss.

Power Loss due to Friction in the Penstocks

Average Shear Stress Coefficients

The shear force F is computed from Equation 2.2 except ¥ here is the discharge velocity (flow
rate divided by the cross sectional area of the penstock. Figure 5.6 shows C , as a function of

plate Reynolds number ( Ul in the graph) and the inverse of relative roughness based on plate
14

length (ki in the graph) (Schlichting 1968). Based on the data presented above, the monthly C,

N
values (48 total) fall into the narrow red region shown in Figure 5.6. The representative value is
0.00225. This figure shows the penstocks are close to but not quite yet hydraulically smooth.
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Figure 5.6 The average shear stress coefficients over penstock surfaces (Schlichting 1968)
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Power Loss due to Penstock Friction

The power loss due to friction is the product of the shear force found from Equation 2.2 and the
discharge velocity in the penstocks. The values so established are shown in Figure 5.7.

— unit 1
2.5 , —|—— unit 2
d J — unit 3
|/ unit4
- 3|l units
1.5

0.5

frictional power loss im MW

X

/|

—_
N
w
B
(9]
(o)}
BN
[ee)
O

10 11 12

month

Figure 5.7 Monthly power loss due to friction in penstocks

Increase in Power Generating Efficiency by Drag Reduction

Because of the large diameter and short length of the penstocks, the power loss due to penstock
friction is small but may not be negligible. With all units combined, the power loss is 2.1 MW
for high flows and 1.2 MW for low flows. This corresponds to 0.9 and 0.5 percent of the
installed generating capacity of 230 MW. Assuming a 20% reduction in the average shear drag
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coefficient, the power recovered through SH is 0.42 and 0.24 MW for high and low flows,
respectively. Assuming the recovered power is fully utilized, the estimated efficiency gain is
0.18 % during high flow months and 0.1% for low flow months.
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Lessons Learned

We learned that

1. Friction drag reduction through superhydrophobicity for hydraulic structures beyond the
smooth surface limit is possible. A reduction of more than 20% was measured in
laboratory tests. The hypothesis that air trapped by the hierarchical micro- and nano-
scaled roughness provides partial slip which allows drag reduction to occur.

2. The drag reduction is only temporary. Timed measurements show that the drag reduction
achieved initially degrades over time.

3. Assuming a 20% lasting drag reduction for the penstock of all four units at Cabinet

Gorge Dam, the estimated powered saving resulted from drag reduction is about 0.1 to
0.18 % of the installed power of 230 MW.
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Path to Market

This research demonstrates that significant frictional drag reduction over smooth surfaces
beyond the smooth surface limit is possible by adding surface superhydrophobicity. However,
the drag reduction occurred in our measurement is temporary. In addition, we were not able to
demonstrate drag reduction over roughened cement surfaces. This drag reduction technology
holds promise but it is only in the early stages of the path to market.

Because of the large but short penstocks, the possible efficiency improvement at Avista’s
Cabinet Gorge Dam is small. However, the impact will be much more significant for sites with
smaller and longer power tunnels and penstocks. This technology is applicable outside
hydropower, such as water transmissions for water utilities. The potential market is very large.
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Budget Summary

Item $ Amount Justification
Salaries and Fringe
Liou, Pl 23,913 9.84 weeks of summer salary
Johnson, Co-PI 1,960 0.5 week of summer salary
Five undergraduate students 3,740 From Sept. 2014 to May 2015
Travel 400 Cabinet Gorge Dam, ID (1 trip 7 person), Spokane,
(estimated) | WA (2 trips two person)
DP15 replacement diaphragms, CPVC pipes, plumbing
Research Supplies 3,567 needs, memory drives, video tapes, Zycosil®,
NeverWet®, etc
14,109
OSP Overhead (estimated)
Total as of 08/25/2015 (esj?r’fﬁz d)
Balance as of 08/25/2015 asdol
(estimated)
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OBJECTIVE

With the increasing popularity of electrical
vehicles and the anticipated decrease in their
purchase prices over the next several years,
electrical vehicles are coming to every
commercial and academic campus.

On-site charging is a benefit that many
employers may want to provide. We propose
to build a bidirectional charging system on a
university campus, a system that operates
within the voltages and power levels typical of
a home or small commercial building. We will
use this charger to investigate the effects of
bidirectional charging on the electrical utility
system within the building and on nearby
buildings. From the data collected, we will
identify the appropriate issues, from which we
will prepare a larger proposal near the end of
this project’s term for a follow-on campus-
wide investigation.

BUSINESS VALUE

Electric vehicles are becoming popular.
Charging stations on commercial campuses
are likely to become an employee benefit.
Being able to reliably predict the effects of
these charging stations on the local power
grid provides Avista with better means to
oversee construction. Contractors can then
more efficiently build these facilities and,
where appropriate, install mitigation methods.

INDUSTRY NEED

Plenty of service infrastructures exist for gas-
exclusive vehicles, but hybrid or electric
vehicles don't have very many charging
stations outside of certain areas.

Providing these stations will not only provide
a convenience factor to customers, the
stations will also allow power to be purchased
from customer’s vehicles through discharging.
This power can be used to help correct
demand and power guality issues.

This project proposes to develop a prototype
in conjunction with experimentation to
determine the feasibility of such a station. If
successful, the project would allow areas that
typically have higher outage rates to receive
a more consistent delivery of power, provide
local energy storage station to expedite the
mitigation of power quality issues.

BACKGROUND

Charge and discharge of electrical vehicles
and hybrids may generate some electrical
disturbances. Those will be more noticeable in
small systems such as houses or small
neighborhoods. In order to evaluate those
effects we're going to simulate a small grid
using the Gauss Johnson building at the
University of Idaho.

The vehicle charging/discharging point should
mitigate the possible power quality problems
that it may generate in order to have a stable
system without significant power quality
problems. Corrective actions and hardware
may be necessary, as this project should
determine. Varying levels of load, and hence,
power quality problems, should be
investigated.

SCOPE

Task 1: Equipment Selection
A preliminary task in order to conduct all the
project is the selection and purchase of all the



necessary equipment needed for the correct
project development.
The main equipment needed:

e 2 bi-directional chargers

e 4 Power quality meters

Task 2: Equipment Installation

This task includes the installation of the
batteries, bi-directional chargers and power
quality meters. Meters are needed to measure
the effects of the bi-directional chargers on
the building power system.

The selection of the metering points has been
done in order to obtain as many different
conditions as possible inside the building.
Planned meter test points are as follows for
the Gauss Johnson building:

1. By the bidirectional chargers.

2. By the computer lab in the GJ building.

3. In the power laboratory (closest to the
point of common coupling).

4. The furthest possible points away from
the both chargers.

Task 3: Metering and Tests

This task includes the automated collection of
data from the different power meters.
Standard scientific methods apply. Control
data will first be obtained for different
conditions around the building at different
times.

Task 6: Final Report

This task includes the Final Report with all the
results from the experiment as well as the
models and proposed solutions.

DELIVERABLES

The deliverables for this project will be:

e Models to predict performance of
charging stations with similar
characteristics and similar locations.

e Predictions for electrical system
behavior when a number of these
charging stations are operating.

e Mitigation solutions to the power
quality problems generated by the
charging stations.

PROJECT TEAM
PRINCIPAL INVESTIGATOR

Name Dr. John Canning
Organization University of Idaho
Contact #
Email jcanning@uidaho.edu
Name Dr. Dean Edwards
Organization University of Idaho
Contact # (208) 885-7229
Email dedwards@uidaho.edu
Name Dr. Herbert Hess
Organization University of Idaho
Contact # (208) 885-4341
Email hhess@uidaho.edu

RESEARCH ASSISTANTS

: : . Name Alex Corredor Corredor
Different operations of the chargers will be T Unlversity of THako
performed in order to create as many Email acorredor@uidhaho.edu
different situations as possible. During those game Sanjar Rahirfnlodv
: s : rganization University of Idaho
_dlfferent conditions many power qua“ty Email rahi8711@vandals.uidaho.edu
issues may appear such as sags or Name Tyler Simmons
harmonics. Organization University of Idaho
Email simm4031@vandals.uidaho.edu
Task 4: Data Evaluation
The study of the data will show what types of SCHEDULE
power quality problems we encounter in the
building grid and which of those are produced —p— TINE START | FINISH
or aggravated by the chargers. ALLOGRTED DATE DATE
Equipment Selection 1 months Jan’l5 Feb’1l5
. : . Equipment Installation 4 months Feb’15 June’l5
Task 5: Solutions to the Power Quality Problems Metiin 5 et - S AU
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Final Report 1 month Jul’l5 Aug’l5
batteries, or the cars, or the chargers in
reverse, as an uninterruptible power supply.

The information contained in this document is proprietary and confidential.



I. EXECUTIVE SUMMARY

With hybrid-electric vehicles becoming more
and more popular, many areas are increasing
the availability of charging stations for these
vehicles; but what if these stations could also
serve as a means of mitigating common
power quality issues associated not only with
the charging vehicles, but also with the local
grid in general? This project intends to
investigate using energy storage to not only
ease the demand of the vehicles charging at
the station, but to also provide an on-
command, or point-of-use, energy source
usable by utilities to provide their customers
with a higher quality of power.

Il. RESEARCH MOTIVATION

The motivations of this project are to develop
an understanding for how charging affects the
grid, and to investigate the feasibility of using
a charging station as a point-of-use power
source. A point-of-use power source may be
defined as a source that provides energy
storage and on-command usage of the stored
energy. The point-of-use source is proposed
to be a means of assisting in the mitigation of
power quality issues, primarily events
associated with voltage sags. The presence of
introduced harmonic components are also
very much of interest for this project, as too
much THD while charging would not bode well
for an efficient charging station.

lll. PROJECT BACKGROUND

To model the charging station, two
bidirectional chargers will be used: one large,
20 kW charger (AC150), and a smaller 48 V,
4kW charger (GVFX3648). Using SEL 735
meters and the corresponding software,
power quality will be recorded under normal
conditions, when one charger is supplying
power, when one charger is supplying power
while the other is absorbing power, when
both are absorbing power, and when both are
supplying power which will be measured at
key locations in the building. More
information on the model will be presented in
the next section.

When providing electricity utility companies
often have trouble with what are known as
“power quality issues”. As the name implies,

The information contained in this document is proprietary and confidential.

power quality issues are adverse effects to
the power on a grid, such as voltage sags,
voltage swells, harmonics, etc. For the
purpose of this project, the power quality
issues of importance are defined as voltage
sags and harmonics. For this document, a
voltage sag may be defined as an event in
which the voltage drops below 90% of its
rated value (El-Sharkawi, 2009). The
following figure illustrates a sag (El-Sharkawi,
2009):

A harmonic in an AC waveform may be
described as smaller components at integer
multiples of the fundamental frequency,
which cause noise and distortion of the
fundamental waveform (El-Sharkawi, 2009).
The following figure illustrates the effects of a
harmonic on a sinusoidal waveform
(ElSharkawi, 2009):

The reason behind prioritizing voltage sags
and harmonic issues is due to how of a
charging station works. The user/customer of
this station will plug their vehicle into a port
at the station, and the station will then
provide power to the customer’s vehicle.
However, while the customer is charging they



introduce harmonic components into the
system as well as causing a decrease in
voltage (voltage sag), if the event is not
properly prepared for. To prepare for
customers using the charging station, a
source of energy must be present to add
energy back into the system and help
increase the quality of power while vehicles
are charging.

On a larger scale, utilities companies must
meet the demands of their customers’ needs
for power. If a utility fails to meet this
demand, an undervoltage event, brownout, or
blackout may occur, which may be considered
extreme cases of voltage sags. Blackouts can
be especially dangerous as they can leave a
large number of people without power when
they need it the most, such as sweltering
days during summer, extremely cold portions
of winter, or even leave communities without
power for an extended period of time. Total
harmonic distortion (THD) is a means of
measuring the amount of harmonic content
compared to the fundamental frequency of a
waveform. If a system has high THD, then
the power transferred to users of the system
may cause issues with machines’
performances that are tied to the grid, cause
lights to flicker, and cause damage to
computers and appliances.

IV. SPECIAL TECHNOLOGY UTILIZED

Two chargers (the GVFX3648 and the
AC150), six SEL 735 meters, 28 Concord 12
volt lead-acid batteries, and a Fluke digital
multimeter were used during the course of
this project.

a. Equipment Descriptions

AC150:

The AC150 is the larger charger used for the
project; it is capable of 20kW charging and
discharging, but limitations of the line to the
Gauss-Johnson building limit the charger to
around 13.2kW. The charger appears to
operate on single or two phase, while
requiring a three phase outlet. The most
notable features about the AC150 are its
control panel, control unit, and array of lead-
acid batteries.

The informatio

ntained in this document is proprietary and confidential.

Figure 1. Control panel for AC150

Figure 1 (above) shows the control panel for
the AC150. The panel detects the voltage
level of the collective array of batteries and
displays them by filling up a portion of the
eight vertical LEDs of the top subpanel’s
right-hand side with the labels “FILL"”, “1/2",
and “EMPTY"” placed appropriately around the
LEDs. The "“Battery Optimizer” subpanel is
primarily what is used to control the AC150.
The vertical row of buttons labeled from top
to bottom: “SELECT”, “INCREMENT”,
“DECREMENT”, and “MENU” allows for the
user to control various parameters of the
AC150 such as mode, charging current levels,
and discharging current levels.
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Figure 2. AC150's arany batteries



Figure 2 (shown previously) shows a portion
of the array of the 28 12-volt lead-acid
batteries needed to reach the AC150’'s
nominal input voltage of 336V.

o~ g * g .
Figure 3. Control unit for AC150

Figure 3 (above) shows the control unit for
the AC150. The unit contains a PCB board
with a transformer and accompanying
electronics to allow the AC150 to control
current, charge and discharge, communicate
with the control panel, and switch modes of
operation.

GVFX3648:

The GVFX3648 is the smaller, 48V charger
used on the project. The GVFX charger
typically functions in a solar-based setup, but
was selected for its ability to sell power back
to the grid from a DC source such as lead acid
batteries.

The information contained in this document is proprietary and confidential.

Figure 4. GVFX3648 inverter

Figure 4 shows the GVFX3648 inverter. With
the help of the MATE controller, the GVFX is
able to sell back power at a maximum
discharge current of about 20A. The GVFX is a
sine wave inverter that boasts an efficiency of
91% with a maximum inverting THD of 5%.
The GVFX is rated for an instantaneous surge
of 6,000VA while being able to handle a 30
minute surge of 4,000VA, with the ability to
recharge the batteries at a maximum current
of 45A DC. Even though the infrastructure in
the Gauss-Johnson building is only able to
provide 20A AC, the GVFX is rated to handle a
maximum of 60A AC. Since the GVFX is a 48V
inverter, it requires four Concord lead-acid
batteries to operate (which gives a voltage of
about 56 to 57V DC at full charge). The GVFX
has a flexible nominal DC input voltage of 42V
to 68V DC.

MATE Controller:




Figure 5. MATE controller

Figure 5 shows the OutBack MATE controller.
The MATE controller is used to communicate
with any FX series charger/inverter, including
the GVFX3648. The MATE controller allows
the GVFX to act as an inverter and “sell”
power back to the grid, or act as a charger
and charge the batteries. The MATE can
control cut-out and cut-in voltage levels for
the batteries, meaning that the user can
determine what levels the MATE will stop and
start charging the batteries/stop or allow
inverting respectively. The MATE can also
control the current limit for charging and
inverting, as well as display how much power
the GVFX has sold back to the grid with a
dollar amount. The MATE also operates as an
emergency cutoff for the GVFX in case of
operator error or system issues; fuses and
breakers are still recommended however.

Concord 12V High Current Lead Acid
Batteries

The batteries that we used for energy storage
are designed for very high current capability.
By a more effective aspect ratio, an
exceptionally large surface area exposed to
electrolyte, enhanced porosity of the anode
material, and low resistance terminal
connections, these batteries provide 2500
Amperes peak current for charging and for
discharging. This is far more than any
existing battery. Such high currents can
create and aggravate power quality problems
in electric power distribution systems.

The information contained in this document is proprietary and confidential.

SEL 735 Power Quality Meter:

Figure 6. SEL 735 Power Quality Meter

Figure 6 shows an SEL 735 Power Quality
Meter. The 735 meters are capable of
displaying current and voltage waveforms, as
well as power and harmonic content in a line.
These meters are capable of interfacing with
PCs via serial to USB and wireless networks
through Ethernet. While the SEL 735 meter
does not have as many features as the
competitor KoCoS power quality meter that
we considered, it has a more stable interface
and durability while depending less on a
software interface. The many status LEDs of
the 735 potentially save time if software
issues are present.

Fluke 41B Digital Multimeter:

Figure 7. Fluke 41B DMM




Figure 7 shows a Fluke 41B digital multimeter
(DMM). The Fluke 41B DMM is useful for
measuring the voltage, amperage, power,
power factor, or harmonic content of a line or
object. For the purposes of this project, the
Fluke 41B DMM was used to validate setups
and measurements from the 735s and KoCoS
meters.

WaveTek Digital Multimeter:

Figure 8. WaveTek DMM

The WaveTek DMM (shown in Figure 8) serves
the same function as the Fluke 41B DMM; but
is limited to voltage, current, and resistance
measurements.

Figure 9. Specialty single phase box

Figure 9 shows the specialty single phase box
developed at the University of Idaho to allow
the SEL 735 power quality meters to take
measurements from the single phase outlets
on the wall. The box contains current
transformers, so the meters must be

configured according to the turns-ratio of the
transformers to record accurate data.

KoCoS PQ Meter and Specialty Three

Phase Box:
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Figure 10. KoCoS PQ Meter on Three
Phase Box

Figure 10 shows the KoCoS power quality
meter plugged into the specialty three phase
box. Much like the single phase box, the three
phase box was created for the meters to take
measurements on certain outlets. The three
phase box functions slightly different than the
single phase box, as it allows the charger to
plug into the box. The power cable for the
AC150 plugs into the right side of the box,
while the box contains a cable that plugs into
the outlet.

b. Experiment Procedure

The chargers were used in constant charge
and discharge cycles, with one charger on
first, then the other, then investigating the
effects of both throughout the building.

The SEL 735 meters were placed at the test
points given in appendix A during these tests.
Using Fluke 41B and Wavetek digital
multimeters, the normal conditions for the
Gauss-Johnson power system were observed
and noted. Ideally, the chargers discharging
power into the grid should help reduce total
harmonic distortion and maintain or improve
voltage levels on the grid. The digital
multimeters were also used to verify that the
other equipment was working properly.

For the AC150 (large charger):

Materials required: Specialty three phase box,
HEV with AC-150 bidirectional charger, SEL




735 and KoCoS power quality meters, and
digital multimeter(s).

The experiment procedure for the AC-150
Gen 2 (larger bidirectional charger) is as
follows:

1) Plug in the appropriate end of the
power cord into the port of the
apparatus on the hybrid-electric
vehicle’s (HEV) upper frame. Plug the
other end power cord into the specialty
three-phase box. Plug the power cord
for the specialty three-phase box into
the desired outlet. The panel for the
AC-150 bidirectional charger should
turn on.

a. If re-conducting an experiment make
sure all appropriate hardware is de-
energized.

i. Look for a short blinking sequence
from the red light attached to the
apparatus on the upper frame of
the HEV this indicates that the AC-
150 is working properly.

2) Before setting the mode, make sure
that the leads of the power quality
meter are connected to the
appropriate ports on the specialty
three phase box. Use the current
clamp attachment to measure the
current in each phase.

a. Make sure additional meters are in
position and measuring to observe
before and after effects of the
bidirectional charger.

3) Set the mode for the AC-150 by
pressing the “Menu” button, then the
“Mode” button on the panel located on
the floor of the HEV.

a. Make sure to read all precautions
regarding what can and can’t be
done with the vehicle in the mode,
what the mode does, and the
possible safety hazards associated
with the mode.

b. “I-line” mode will set the line current
limit for the AC-150. This is typically
set to 5A.
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c. “I-system” mode will set the current
for the charge/discharge system on
the AC side. This is typically set to
10A.

d. “Charge” and "“Discharge” modes
exist and allow for the current limits
to be set accordingly. Typically a
current of around 20A (max) is
desired as the batteries charge or
discharge at a reasonable speed
without putting too much stress on
the batteries.

e. Additional modes exist, but are not
necessary for the scope of this
project.

4) Take the desired measurements with
the meters for the desired time period.

5) Turn off the AC-150, meters, and the
hybrid-electric vehicle.

a. It is important to note that charger
should not be turned off if the motor
has a temperature of 100°C (212°F)
it is not recommended to turn the
charger off. Instead, let the fan
inside cool the motor to a
temperature under 100°C.

6) For emergencies, or problems with the
interface panel for the charger, the
portion of the cord next to the upper
frame of the hybrid-electric vehicle
may be removed from the port for
shut down.

For the GVFX3648 (smaller charger):

Materials required: Specialty single phase
box, HEV with GVFX3648 48V bidirectional
charger, SEL 735 and KoCoS power quality
meters, and digital multimeter(s).

The  experiment procedure GVFX3648
bidirectional charger (smaller charger) is as
follows:

1) Wire up the lead acid batteries as
shown in the following diagram, and
connect the hot terminal of the



batteries to the red port of the
GFX3648, and the common terminal to
the black port.
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Diagram 1. Battery Wiring
Diagram

Since there are only four batteries with
four terminals powering the charger,
each top to bottom battery pair can be
thought of as one side of a lead acid

battery.

2) Once the charger turns on, connect
the MATE controller and synchronize it
to the charger.

a. The MATE will now be able to control
the charger and show characteristics,
such as cut-out and cut-in voltage,
maximum discharge and charging
current, maximum sampling, current
mode, and power information about
the charger.

i. Read any precautions, warnings,
and advice about the desired mode
for the experiment.

3) Take desired measurements for the
desired period of time.

4) Turn off the charger, meters, and
hybrid-electric vehicle (if used).

a. The charger turns off automatically
by disconnecting the batteries from
the charger’s terminal. Use electrical
tape to insulate leads from the
battery stack.
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b. Metering

The metering test points used with reasoning
for picking them for the project are as
follows:

1. In the computer lab

a. Chosen because computers have
high THD, so additional harmonics
will likely cause issues.

2. In the power lab

a. Chosen because the power lab has
high demand loads such as
motors/generators.

3. Far point: control room

a. Chosen to see the range of the
chargers’ power quality effects

4. Machine shops

a. Chosen for the high demand
machines in the shop

5. By the chargers

a. Chosen to see the effects of the
chargers up close

[See Appendix A for one-line diagram with
test points.]

V. RESULTS

a. Data

Figure 11. AC150 Influence on Closest
Point




Figure 11 shows the influence of the AC150
(larger charger) on a point close to the two
bidirectional chargers during charge and
discharge cycles for a period of about four
hours. When the AC150 is on, there exists a
maximum THD in current of the “"A” phase of
about 20%, and a maximum THD in voltage
of the “A” phase of about 3%. Voltage in the
“A"” phase can be as high as 124.3V RMS
(occurring at 1:03:00 to 1:04:06 PM on
8/24/2015) or as low as 122.3V RMS
(occurring at 9:21:36 AM on 8/24/2015).

GVFX3648 Influence on Phase A by Chargers

Figure 12. GVFX3648 Influence on
Closest Point

Figure 12 shows the influence of the

GVFX3648 (smaller charger) on phase “A” by

the chargers for charge and discharge cycles
for a period of approximately seven hours.

During discharge cycles, the voltage is raised

for a few minutes while the energy from the
batteries is drained onto the grid. During
charge cycles the voltage drops for a few

Influence of Chargers on Power Lab
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Figure 13. Influence of Chargers on
Power Lab
minutes while the batteries are charged to a
cutoff voltage. The maximum voltage is
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slightly under 125V RMS (occurring at
8:07:15 AM on 8/24/2015), and the minimum
voltage is about 119.3V RMS (occurring at
9:19:45 AM on 8/24/2015).

Figure 13 shows the influence of both
chargers going through charge and discharge
cycles at the power lab in the Gauss Johnson
building for a period of approximately seven
hours. Voltage in the “A” phase reaches a
brief maximum of slightly over 124V RMS at
2:36:27 PM. The minimum voltage is
approximately 120.7V RMS and occurs at
8:04:33 on 8/24/2015. Voltage THD ranges
from approximately 2.6% to 3%.

Influence at Farthest Point

Figure 14. Influence of Chargers at
Farthest Point

Figure 14 shows the effects of the charge and
discharge cycles of the chargers at the
farthest chosen point on the first floor of the
Gauss Johnson building (the control room
near the entrance next to the double set of
stairs). The maximum voltage is
approximately 124.4V RMS (occurring at
2:36:24 PM on 8/24/2015). The minimum
voltage is approximately 121.4V RMS, which
occurs at 8:04:30 AM on 8/24/2015. Voltage
THD generally stays between about 2.5 to
3%, reaching a minimum of 2.3% at 6:42:57
PM on 8/24/2015.

b. Conclusions

e Bidirectional chargers can affect the
grid in charge and discharge mode

e AC150 can cause 15% THD in a
phase

e The effects of both chargers can be
seen throughout the building

e General voltage THD is about 2.5 to
3% throughout the building with the
chargers active




e Harmonics are additive from both
chargers

c. Future Work

Examining the effects of larger chargers on a
local grid would provide more accurate
results, with a better understanding of how a
group of chargers could shape an area’s
power quality for better or worse. However, it
may be possible to control the
chargers/stations en masse via a word or
hash (or something similar) sent to a master
controller. Decoding the word/hash would
limit or increase the boundaries by which the
area’s chargers and charging stations could
operate. Another, or possibly even the same,
controller could be used for dynamic filtering
when trying to mitigate power quality or
demand issues with point-of-use source(s).

VI. LESSONS LEARNED

Logistical Lessons:

e Start research projects in the summer
to help mitigate logistical issues with
equipment failure or malfunction,
budgeting, institution, education, or
additional needs. End the project the
following summer to ensure two
periods of fulltime student work.

e Fast track negotiations and approvals
of research through the use of a
master research agreement, approved
well in advance. Use previous years’
agreements and addenda as a guide to
create new agreements and addenda
for the following year, both in proposal
preparation and in project
administration.

Technical Lessons:

e Chargers can affect the local grid.
Their fundamental influence on current
and voltage is cumulative. Energy
from point-of-use storage mitigates

the fundamental frequency
performance of the distribution
system.

e All chargers, in charge or discharge
mode of operation, always introduce
THD.

e Both current and voltage harmonics
from chargers add together tend to be

The information contained in this document is proprietary and confidential.

cumulative, even when their
respective fundamental components
may subtract.

VIil. PATH TO MARKET

Hybrid electric vehicle charging stations can
provide exciting business and technological
avenues for utilities to explore. One such
avenue is the ability to possibly mitigate
demand issues through stored energy at a
charging location via a point-of-use source.
Although the concept of a point-of-use source
needs more research into controlling the
energy used and dispersed onto the grid by
the system, the point-of-use source is
nevertheless an innovative way of reacting to
demand.

Additionally, utilities may change their
relationship with their customer through
charging stations and point-of-use
technology. Utilities will be able gain revenue
from customers using these stations, while
simultaneously being able to store and
disperse energy back onto the grid with the
infrastructure present at the charging
facilities. Utilities may offer incentives for
certain customers to participate in providing
energy for the charging facilities, which may
actually be viewed as an investment in a
more stable system for both the participants
in the program and the utility. With more
research in controlling the negative effects of
the bidirectional chargers on the grid, point-
of-use sources will forge new alliances, ideas,
and partnerships between customer and
utility.
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DISCLAIMER

While the recommendations in this report have been reviewed for
technical accuracy and are believed to be reasonably accurate,
the findings are estimates and actual results may vary. All energy
savings and cost estimates included in the report are for
informational purposes only and are not to be construed as
design documents or as guarantees of energy or cost savings. The
user of this report, or any information contained in this report,
should independently evaluate any information, advice, or
direction provided in this report.

THE UNIVERSITY OF IDAHO MAKES NO REPRESENTATIONS,
EXTENDS NO WARRANTIES OF ANY KIND, EITHER EXPRESS OR
IMPLIED, INCLUDING BUT NOT LIMITED TO WARRANTIES OF
MERCHANTABILITY, AND FITNESS FOR A PARTICULAR PURPOSE
WITH RESPECT TO THE INFORMATION, INCLUDING BUT NOT
LIMITED TO ANY RECOMMENDATIONS OR FINDINGS, CONTAINED
IN THIS REPORT. THE UNIVERSITY ADDITIONALLY DISCLAIMS ALL
OBLIGATIONS AND LIABILITIES ON THE PART OF UNIVERSITY FOR
DAMAGES, INCLUDING, BUT NOT LIMITED TO, DIRECT, INDIRECT,
SPECIAL AND CONSEQUENTIAL DAMAGES, ATTORNEYS” AND
EXPERTS’ FEES AND COURT COSTS (EVEN IF THE UNIVERSITY HAS
BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, FEES OR
COSTS), ARISING OUT OF OR IN CONNECTION WITH THE
MANUFACTURE, USE OR SALE OF THE INFORMATION, RESULT(S),
PRODUCT(S), SERVICE(S) AND PROCESSES PROVIDED BY THE
UNIVERSITY. THE USER ASSUMES ALL RESPONSIBILITY AND
LIABILITY FOR LOSS OR DAMAGE CAUSED BY THE USE, SALE, OR
OTHER DISPOSITION BY THE USER OF PRODUCT(S), SERVICE(S), OR
(PROCESSES) INCORPORATING OR MADE BY USE OF THIS REPORT,
INCLUDING BUT NOT LIMITED TO DAMAGES OF ANY KIND IN
CONNECTION WITH THIS REPORT OR THE INSTALLATION OF
RECOMMENDED MEASURES CONTAINED HEREIN.
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2. EXECUTIVE SUMMARY

The University of Idaho - Integrated Design Lab (UI-IDL) modeled an existing building in
EnergyPlus and connected the computer model to a physical duplicate building controller —
measuring the controller’s output responses to simulated input building conditions. The model
was based on the College of Business and Economics (COBE) building on the University of Idaho
campus in Moscow, ID; the controller and its logic were duplicates of what was installed at the
site. The energy model simulated the inputs normally provided to the controller by physical
sensors within the building. The controller response was then fed back into the model for a
ping-pong co-simulation. The UI-IDL used this approach to identify and correct areas where the
economizer control settings were not optimal, potentially saving the building 56,000 kWh of
energy each year. This approach could be replicated on other buildings, and with a vast array of
additional building systems and control parameters, as a way of performing pre-commissioning

or advanced retro-commissioning of a building’s energy management control system (EMS).

3. RESEARCH MOTIVATION

While new buildings increasingly rely on automated controls for their Energy
Management Systems (EMS), commissioning of these controls in new buildings and verification
of existing sequences in existing buildings is a time intensive process, runs the risk of
suboptimal occupant comfort, and exposes the building owners to unnecessary liability and
higher energy costs during the time period before commissioning is accomplished. New

building control commissioning typically takes one full year of building operation so all weather

conditions and all modes of operation are experienced, and often takes two full years before
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the system is operating nearest to its potential. In addition, it is often difficult to setup or time
consuming to wait for specific space or outdoor conditions to occur, for all aspects of an EMS
control logic to be tested and addressed, leaving large gaps in the verification process for some
modes of operation. Older buildings can also suffer from poor controls that are out of tune
with the current building occupancy patterns or not up to date with current best practices
control techniques. Problems with EMS control logic may go undetected for long periods of
time, incurring often exorbitant and unnecessary energy cost. Simulation-based commissioning
is one way to reduce or avoid these hazards by providing a safe test-bed on which to verify the
control strategies for an individual building using the actual control hardware and software that
is or will soon be installed in the building.

The simulation-based commissioning approach developed through this research uses an
energy model to replicate the signals typically given to a building controller by sensors within
the building. These signals would typically include outdoor temperature, fan status, and indoor
temperature, among others. Instead of coming from actual hardware sensors, these signals
were sent from the energy model to the controller through a software platform originally
developed by Lawrence Berkeley National Lab called Building Controls Virtual Test Bed (BCVTB).
We used BCVTB to translate the outputs of the energy model and provides them to the
controller through a standard Building Automation Control Network Protocol known as BACnet.
A duplicate of the actual physical building controller was used in this process to determine

whether there are gaps between the specified sequence and the programed sequence, and if

present, these gaps were identified for correction. Performing commissioning in a virtual
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environment could be extremely advantageous to building owners, contractors and energy
utilities. The simulation-based commissioning approach we developed allows additional virtual
sensors to monitor aspects of system energy efficiency and performance, which would be cost
prohibitive to install in a physical environment. With this approach, innovative control
strategies can be proven and fine-tuned in advance and without the cost, time, and tenant
discomfort that would be associated with developing new operational strategies in occupied
buildings retroactively. Some simple examples of the application of this technology include:
e Optimization of heating and cooling set-back temperatures without the time
delay and possible discomfort of tenants.
e Verification of economizer operations through all possible outdoor and indoor
conditions.
e Chilled water system setpoint optimization.
e Verification of controls on new or innovative designs that could pose a high risk

to building owner.

4. PROJECT BACKGROUND

The Building Commissioning Process encompasses a wide scope, starting with design
development and ending at least one year after the building is occupied (ASHRAE, 2005). In
current practice, suboptimum and incorrect control programming can take months or years to

detect, if they are ever detected (Nouidui, et al., 2011). When controls issues arise, they can
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also be difficult to reproduce and take weeks or months to rectify (Haves & Xu, 2007).
Operational issues can often go undetected, especially if they do not directly affect human
comfort. Co-simulation allows verification of control logics and has been shown to detect
design issues which were otherwise seen as impossible to predict in the design phase (Haves &
Xu, 2007).

The software architecture enabling this co-simulation with BACnet (BCVTB) has been
under development since 2007 (Haves & Xu, 2007), and while it has been promoted for
commercial adoption in real buildings, its application has been limited. Over the last several
years, BACnet programming and building energy modeling have both become more
widespread, even mandatory in some efficiency codes — e.g. California’s Title 24. This project
sought to advance simulation-based commissioning from laboratory theory to marketplace
pilot. In order to test the feasibility of simulation-based commissioning, the team decided to
focus the study on a physical building within the Avista territory.

The building selected for study was the College of Business and Economics (COBE)
building, on the University of Idaho (Ul) campus in Moscow, ID. The 50,000-square-foot facility
was constructed in 2001 and is a mix of classroom space and faculty offices. It also has a
unique trading simulation room with over twenty stations and a terminal for real-time market
analysis and trading, thus dictating a high electric load. The building is equipped with a Variable
Air Volume (VAV) system and relies on district heating and cooling from campus water lines

that serve two air-handling units in the building. One of these air-handling units conditions the
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basement, while the larger AHU provides air to the top three floors. Non-fan powered VAV

boxes are located in each zone. Some of the building’s geometry can be seen in Figure 1.

Figure 1. COBE Building photo (left) model geometry (right)

The model was calibrated to ASHRAE Guideline 14 using 2014 Actual Meteorological
Year (AMY) weather data from the Moscow/Pullman airport and consumption data from
available utility billing and EMS trend log records. A demonstration of the model’s performance
compared to the real building can be seen in the monthly electrical consumption contrast in
Figure 4. A tour was provided by Ul facilities (Figure 10). The visit included a walk-through with
the building operator, Chuck Schoeffler, and provided insight into the current building

management Figure 10.

5. SPeCIAL TECHNOLOGY UTILIZED

5.1 Connecting the energy model to BCVTB

The primary underutilized existing technology explored and enhanced through this
research was the software that enabled communication between the energy model and the
physical controller: BCVTB. BCVTB was the software platform or “middle-ware” that both the

energy model and controller could communicate across. The first step was to establish contact



Integrated Design Lab | Boise 8
Simulation-Based Commissioning of Energy Management Control Systems (Report 1406_027-01)

between BCVTB and the energy model. Once the building energy model was calibrated, the
research team connected the model to BCVTB.

Successfully establishing a connection between the energy model and BCVTB required
several attempts. The software is very sensitive to Java versions and path locations. Dr.
Nouidui provided some assistance through an online forum (Nouidui T., 2015). The connection
between the model and BCVTB was enabled, in part, by exporting the model from OpenStudio
to an EnergyPlus text file. Variables were imported and exported from the EnergyPlus model to
BCVTB by editing the energy model’s text file and adding a short block of code for each variable.

The variables chosen for this study included the outdoor air temperature, the outdoor
air damper position, mixed air temperature, and return air temperature. The selection of these
variables depended on the inputs required of the controller. The Alerton VLCA 1688 required
more input variables than the KMC Flexstat controller showing Flexstat points vs VLCA points,
which can be seen in Table 1. As an initial compatibility check, the setpoints within the model
were controlled through rudimentary logic within BCVTB. Once it could be verified that
programs within BCVTB were indeed influencing the model in an expected manner, then the

research moved onto establishing the controller connection with BCVTB.

5.2 Connecting the Controller to BCVTB

Connection from the model to BCVTB was entirely virtual (occurring within the
computer). The controller on the other hand, was a separate piece of hardware that was joined

to the computer through an Ethernet cable. For this project, a stand-alone laptop was used
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that could connect to the controller on a Local Area Network (LAN). After communication was
established between the energy model and BCVTB, the next step was to connect the controller
to BCVTB. The connection to the controller was performed using two “actors” (programs)
inside BCVTB: the BACnetReader and the BACnetWriter. These actors rely on the open-source
BACnet Protocol Stack (Karg, 2013) that downloads with BCVTB. Controllers communicate
using BACnet through one of three different protocols: Ethernet, Internet Protocol (IP), or
Multiple Spanning Tree Protocol (MSTP). BACnet Ethernet and BACnet IP can both
communicate through an Ethernet cable from the controller to the computer, while MSTP
communication relies on a shielded 22-gauge MSTP two-wire cable.

The first controller tested was the KMC Flexstat. The Flexstat communicates through
BACnet MSTP only. During testing of BCVTB, we found it easiest to send signals through BACnet
IP as opposed to Ethernet or MSTP. In order to communicate with BCVTB, the Flexstat used an
MSTP connection to a MACH-ProWebcom router that translated MSTP to IP. The IP connection
was then set up on the laptop through a LAN so that signals could be sent back and forth to the
controller. A visual representation of the communication set-up is shown in Figure 2. The
Alerton VLCA device proved much simpler to set up since it could communicate through
Ethernet, IP, or MSTP. Its connection was set to BACnet IP and it was able to communicate with
BCVTB directly through an Ethernet cable without a router in between the laptop and the

controller.
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Figure 2. Visual representation of communication process from the model to the controller

BACnet signals comprise a series of digits that are difficult to understand without any
context. The BCVTB actors BACnetReader and BACnetWriter, use associated XML files that
provide syntax for the user in order to send or request information from the controller. In this
way, simulated variables such as temperature and fan status can be provided to the controller
in place of signals that would typically come from physical thermostats or other analog inputs.

Another piece of equipment used in this research was an analog-digital (A/D) converter
in combination with the controller. The specific piece of equipment used was a USB-1208 LS
Analog and Digital I/0 from Measurement Computing. The research team investigated the A/D
converter as alternate pathway of model-controller communication. This research was based
on previous work by LBNL (Nouidui, et al., 2011). This converter linked to BCVTB and could take
digital values and convert them into voltages that could be sent to the controller the way that a

typical piece of hardware might. While this method is much closer to simulating actual
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hardware to controller interaction, care must be taken to scale the voltages according to the
inputs that the controller is expecting to receive. There were also a limited number of analog

outputs available from the particular piece of equipment being used.

5.3 System Selection

The team chose to monitor the control of the economizer for the main air-handling unit
in the building. This system manages the intake of ventilation air and the ratio of return air
supplied to the building. This system was selected since its settings have a significant impact on
the energy consumption of the building. In particular, the team chose to focus on the setting of
the outdoor air intake. The team could have looked at optimizing discharge air temperature,
chilled water temperature, the supply rate, or any number of other systems controlled in the
building, but chose just one example for this study. A layout of the system and each of the

points that were monitored in this control is displayed in Figure 3.

/ AHU 1 OR 2 H/ MODULATING C LAYOUT
\ r
A\ f 1
"t
1 I
N, ]
CArC / | —
MAT o) suppLy N\ | oAt [JLs
HEATING H%g%% N kyg M]
CONTROL T ) ST/A\:/%F[SR I z
- 4 / P!
l i f; L
| 3
| | [ an
= Z /
N
FLEXSTAT

Figure 3. COBE Air-handler layout. Control points used in the study are circled.
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The air-handler controls were studied from three different control perspectives:
EnergyPlus, an Alerton VLCA device, and a KMC Flexstat device. Images of the controller

hardware can be found in the appendix in Figure 5.

6. RESULTS

By the end of the project, the research team accomplished the following milestones:
select a building, construct an EnergyPlus model, calibrate the energy model, and establish a
co-simulation between BCVTB and EnergyPlus that communicated with EMS hardware-in-the-
loop. For building selection and analysis, the team agreed upon the COBE building at the U of |
campus in Avista territory. An energy model was developed in OpenStudio/EnergyPlus that
approximated the building’s same HVAC system. The building’s load, occupancy profile, and
electrical consumption were all replicated in EnergyPlus. Finally, full-loop communication was
set up between this energy model and a duplicate of the physical controller at the building
facilitated via BCVTB. This research provided a practical application of the methods outlined in
earlier research from LBNL (Pang, Wetter, Bhattacharya, & Haves, 2012), replicated and
extended these methods, and proved savings potential from its practical application. The
project also served as an outreach to two different control companies, acquainting them with
simulation-based pre-commissioning (ATS Inland NW and Control Sentries).

The team learned that the test building is currently operating its main air-handler with a

lockout on the economizer of 60°F. Anytime the outside air climbs above 60°F, the system uses
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mostly return air from the building and only a minimal amount of outside air for ventilation.
The supply air to the building is set at 55°F. Between the return air and the outside air, the
building ideally uses the air that requires the least amount of conditioning to reach 55°F. Since
the outside air is locked out at 60°F, the building loses the opportunity to use any outside air
between 60°F and the return air temperature which is typically at 76°F or above. Through this
research, we found that increasing the economizer lockout during the summer could save up to

56,000 kWh of energy per year.

7. LESSONS LEARNED

The research team encountered challenges acquiring the proper controller replete with
the duplicate logic of the building. Although a duplicate controller was easily procured from
surplus inventory at Ul facilities, there were several roadblocks overcome to successfully load
the relevant duplicate controller logic onto the controller. This was likely due to a lack of
common vocabulary and understanding of research goals and data needs between the research
team and control companies. After these communication roadblocks were overcome, the
necessary elements of the control logic were easily obtained and loaded onto the duplicate
controller.

The Alerton controller did not allow analog inputs to be over-written. Therefore, all of
the analog inputs required for the damper control had to be changed over to analog values in
the controller’s native program, Envision for Backtalk. While the process of replacing Analog

Inputs with Analog Values only required an hour of time for an experienced user, it was still an
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inconvenience and presented a minor hurdle to simulation-based commissioning and testing
for the Alerton controller. The Flexstat and Reliable Controls software did not have this
particular hurdle expediting the testing procedure. These vendor specific issues are important
for evaluating market penetration potential and anticipating routines needed for successful
program or technology implementation at a large scale.

The pre-commissioning routines’ abilities were tested by focusing on one aspect of the
building’s operation: the control of the outdoor air into the building. The COBE building’s main
air handler is equipped with a damper that can regulate how much outdoor air is being brought
into the building and the controller can open or close this damper to bring in more outside air if
it is economical to do so. The economizer will bring in more cool air from outside if the outdoor
temperature is lower than that of the indoor temperature so that free cooling is provided to the
spaces without relying heavily on the chilled water coils. This can save the building a significant
amount of energy if the control is employed correctly, but it can also cost the building more in
energy if the controller setpoints are not optimal. This made it a very good candidate for this
particular study.

Unfortunately, EnergyPlus was somewhat limited in its ability to minimize the damper
position. This was due to two causes: strict Indoor Air Quality (IAQ) controls, and the modelling
tool assuming ideal operation. EnergyPlus will maintain indoor air quality according to specific
building standards, ventilating the building optimally to meet these standards (ASHRAE, 2007).

Another example of idealized operation is that EnergyPlus defaults to using free cooling
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whenever possible. This causes the damper to operate in an ideal manner, which was not
matched by either the controllers or the manual operation of the building.

Another lesson learned in the process was that the energy simulation using the full loop
communication cycle took much longer than an energy simulation on its own (without
hardware-in-the-loop). On a typical Windows 7 laptop with 4 gb of RAM, the model simulation
would require about five minutes to run the model through a full year of weather data. Adding
the controller hardware-in-the-loop increased the simulation time substantially. It required
about 24 hours for the simulation to run through one full year of AMY weather data. This is
because of the way that BCVTB handles time steps. A good summary of how time steps work in
BCVTB is provided by Dr. Wen:

At the beginning of each time step, BCVTB blocks all the co-simulated programs and
performs data exchange. Each program sends its outputs to BCVTB and gets its inputs
from BCVTB through Simulator socket writing and reading respectively. As soon as the
data exchange process is completed, BCVTB unblocks the operation of the programs,
and each program calculates and generates new outputs during the remaining of the
time step based on the newly acquired inputs. The new outputs will then get exchanged
at the beginning of the next time step. The same process repeats until the specified
simulation time duration is achieved (Wen, 2011).

Therefore, the first connection to the controller significantly slowed the simulation.
Adding more connections to the controller, for example, testing multiple variables and
parameters, slowed the simulation down only incrementally more for each point. Increasing
the time steps reduced the granularity of the simulation, but allowed it to run significantly

faster. However, even at the recommended settings of the model running at 4 time steps per
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hour, the simulation would complete a year’s run within one day of real time. Thisis a
significant improvement over waiting for an actual year to pass that is required for a best-case

scenario of physical commissioning.

8. PATH TO MARKET

During research for the proposal, the team found that performing pre-commissioning of
EMS could save substantial energy, increase occupant comfort, and greatly reduce the time
from building start up to proper operation. The building commissioning process has been
shown to be highly cost-effective while also improving comfort and productivity (Mills, 2009).
HVAC controls commissioning is very important because commercial buildings operated in an
unintended manner have been shown to increase energy consumption by 20% compared to the
intended design (Westphalen & Koszalinski, 1999). A recent baseline study of buildings in the
Pacific Northwest found average office building annual energy use to be 112 kBtu/sq. ft. with an
average office building size of 20,000 sq. ft. (Baylon, Robison, & Kennedy, 2008). Given these
assumptions, controls pre-commissioning could save 131,200 kWh/yr for an average office
building.

During the course of this research, the team looked specifically at one measure: outside
air, damper control and found that it would make a difference of over 56,000 kWh per year.
While this is less than the 131,200 kWh estimate, the savings in this study were for one control

point only. Significantly more savings could be found by expanding the controls research
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beyond the economizer to other aspects of the building control. It is likely, that the team could
find substantially more than 131,200 kWh of savings for the test building by implementing the
developed simulation-based pre-commissioning protocol on all of the highest priority control
points within the building.

One of the valuable contributions of the project was to initiate contact with two
potential industry partners: ATS Inland NW, and Control Sentries. Both are now aware of the
potential of simulation-based pre-commissioning. Control Sentries is particularly interested
and may partner with UI-IDL to pursue an Idaho Global Entrepreneurial Mission (IGEM) grant
next year. This industry-university outreach was mutually beneficial to the research team and i
industry participants. One anecdote shared by an industry participant was the story of a former
client with very high security standards. In this case, the client’s building contained a critically
important database that had to stay operational, placing a very high demand on the
environmental controls. In order to test the robustness of the control system, the industry
participant performed a 3-day test in the facility, using potentiometers as fake temperature and
fan status inputs. This involved setting up a lot of equipment and required a lot of time to
switch the controllers from one type of hardware signal to another. The employees were very
intrigued by the idea of using an energy model in this capacity instead so that the whole system
can be tested virtually without putting the building physically at risk or waiting for an extreme
weather event. This type of risk abatement test could be done with the platform developed by

this research before the building is physically complete.
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9. BUDGET SUMMARY

These hours reflect only Avista’s contribution to this project and are not reflective of

total project investment by the research team, industry sponsors, or other university staff.

Personnel Hours estimate | Description

Dr. Kevin Van Den Wymelenberg | 57 Provide overall management of the
project

TBD (hiring) fic Provide technical support in supervising
the student intern(s)

Brad Acker, P.E. 280 Provide technical support and execute
daily tasks of this project

Graduate student intern 530 Execute daily tasks of this project

FYI14/FY15

Personnel (4/l Hourly Rates are averages over FY14 and FY15)

Salary: Support Requested from Kevin Van Den Wymelenberg at 57 hours ($51.73/hr), Ery Djunaedy at
75 hours ($37.35/hr), Brad Acker at 280 hours ($31.72/hr) and one graduate student at 530 hours
($17.57/hr). Total Salary amount requested for project period is $24,061.

Fringe Benefits: Total Fringe requested for project period $5,240.

Other Direct Costs

Travel: Estimated research supply cost for project period $2,250

Operating Expenses: Estimated research supply cost for project period is $1,203

Capital Expenditures <$5,000: Estimated Capital Expenditures <$5,000 cost for project period is $1,203
IDL Lease: Estimated funds for IDL lease for project period $3,851

Tuition: Estimated tuition costs for one graduate student for Fall of 2014 and Spring of 2015 $4,211

Indirect Costs

For this contract, UI-IDL was considered an off-campus unit of the University of Idaho with a federally
negotiated rate of 26%.
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10. APPENDICES

Electricity Consumption (kWh)
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Figure 4. Comparison between the energy model and the actual building electrical consumption
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Table 1. KMC and Alerton Inputs and Outputs for Economizer Control

KMC -Flexstat Alerton VLCA-1688
Inptus Objects Inptus Objects

Remote Temp Sensor | Al-7 Freeze Stat Status BI-8

Outside Air Temp Al-4 Fan Status BI-5

Mixed Air Temp Al-3 VAV's in Warmup AV-40

Discharge Air Temp Al-2 OSA Temp AV-0
Econo lockout temp AV-56
OSA Temp AV-0
Return Air Temp Al-2
Min OSA % AV-65
Mixed Air Temp Al-1
Mixed Air Max Stpt AV-60
Mixed Air Min Stpt AV-61
Cooling Signal AV-10

Outputs Outputs

Outside Air Damper | AO-9 Econo Command AV-26
Econo % Reversed for Display | AV-29
Mixing Damper Command AO-4/AV-27
OSA Damper Command AO-3/AV-27
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Figure 5. The controllers used in the study, The Alerton VLCA at left and the Flexstat and its
associated webcom (for IP communication) are shown at right
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Figure 6. A visual representation of the air-handler at the COBE building and the control points and settings

in the Alerton controller
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Figure 7. Connection of the model to the A/D converter (using voltages to affect the model parameters)
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Figure 8. Initial contact was made to the VLCA using a power source and router to communicate through
MSTP

Figure 9. Sean Rocke of Control Sentries and Damon Woods of IDL work together on controller
communication through BACnet
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Figure 10. Site visit at the COBE building with Brad Acker from IDL, and Chuck Schoeffler and Kristin from Ul
Facilities
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REPORT SUMMARY

This report explores the potential application of a residential static VAR compensator (RSVC) as an
energy-saving tool in the operation of distribution networks. The main objective of this research is to
determine the reactive power requirements for such a device when used in a utility demand-side
management program such as conservation by voltage reduction (CVR). This type of device could be
remotely or locally controlled to maintain a customer load voltage with a positive CVR coefficient at the
minimum permissible voltage required by ANSI C84.1 during peak demand hours. Deploying these
devices on the customer side of a distribution system will help reduce energy consumption for the
customers and it will allow utilities to reduce their need for peaking units during periods of maximum

demand.

As part of Avista’s energy research initiative, this project focused on the design and simulation of a
residential static VAR compensator (RSVC) that has potential application in a utility demand-side
management program for energy efficiency. An RSVC is a scalable power electronic converter for
voltage regulation in residential homes and commercial or industrial buildings. It is a smart controllable
device with the potential for lowering energy consumption, particularly during peak hours when the

interests of the electric utility best coincide with the interests of the consumers.

A prototype design was evaluated in a year-long feasibility study at Boise State University. Two methods
of controlling the device shunt reactor were tested. The first method uses conventional angle firing to
control the closing of a solid-state switch in series with the shunt reactor. This method has the drawback
of generating current harmonics which require filter circuits to mitigate their effects. The second and
superior method uses pulse-width modulation (PWM) control to turn on and off two bidirectional
switches, one in series and the other in parallel with the shunt reactor, in a complementary fashion. This
method yields a quasi-sinusoidal RSVC voltage and an almost sinusoidal inductor current. An automatic
control system was designed and tested to maintain the RSVC voltage at a desired reference set point. The
RSVC prototype was extensively tested using MATLAB/Simulink and EPRI’s OpenDSS software tool. A
software interface was developed to allow the two software tools to share data and communicate
seamlessly. The device performance and its reactive power requirements were independently corroborated

using both software tools during the testing phase.

iii



Early evaluations of this RSVC device show that it is cost affordable with a reasonable payback period
between two to five years. A hardware implementation and more power system studies are being planned

to investigate the costs and benefits of deploying distributed RSVCs in typical distribution feeders.
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Introduction

1 INTRODUCTION

1.1 Project Background

Conservation by Voltage Reduction (CVR) is the implementation of a distribution voltage strategy
whereby all voltages are lowered to the minimum allowed by the equipment manufacturer. This is a
consequence of the observation that many loads consume less power when they are fed with a voltage
lower than nominal. In order to guarantee a good quality service, loads should not be supplied with a
voltage higher or lower than 5% of nominal. A range of standard service voltages used in the United
States is specified by the American National Standards Institute (ANSI) as 120 volts nominal, 114 volts
minimum (120 V minus 5%) and 126 volts maximum (120 V plus 5%).

Despite the regulatory history, electrical companies are forced to become more efficient and more
competitive by working to reduce costs. One such big cost is when a company buys costly energy from
another utility in the market when it cannot satisfy its own demand with its own installed capacity.
Furthermore, distribution companies, as well as final customers, must pay a higher price per kilowatt-hour
(kWh) during peak demand hours. The goal of our proposed residential CVR implementation is to reduce

power consumption during peak hours in order to save energy and costs.

Before applying CVR, power system operators and analysts must also understand the characteristics of
their loads. Even if all loads consumed less power with less voltage, which is generally not true, we
would not be saving energy in all cases. Some devices can give good service by working at a lower
voltage. For example, decreasing the voltage of a lightbulb will definitely yield energy savings. However,
there are other devices, such as air conditioners and ovens, which will have to work longer to give the
same service. So in the end, we may not be saving energy and, instead, it is possible to consume even
more. Whereas lowering the voltage may increase line current losses, the decrease in power consumption

is expected to be bigger, so that the overall balance will be positive [1-5].

Since the implementation of a conservation by voltage reduction (CVR) system is beyond the scope of
this project, we are proposing instead to develop a solution based on the concept of a Residential Static
VAR Compensator (RSVC) for regulating residential voltages, especially during peak demand hours,
when the benefits coincide best with the interests of customers and those of the electric companies. These
RSVCs will be an additional tool for smart demand-side management. By controlling remotely the
RSVC, a utility can apply CVR at specified individual locations during specified periods. Our goal is to

develop such an RSVC prototype and we will leave it to the electric utility companies to develop
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strategies for conservation by voltage regulation. Our solution involves installing an individual apparatus
which will decrease the voltage before each customer’s service. This may not be cheap but many
independent studies (with different authors and procedures) have proved the great profit that can be
achieved by working with CVR and these additional costs can be justified over the long term [1-5]. In
other words, the cost of implementing CVR per kWh saved would be smaller than buying that amount of
kWh in the market. A question remains as to whether the payback for the initial cost investment will be in

the range of three to five years.

Our previous experience with two senior design projects on CVR and where we tested the current and
power sensitivities of many common household appliances to voltage regulation has provided us with
general conclusions and guidance regarding the feasibility of this method. Another potential benefit of
these individual residential devices is that they can also be used by utilities with high penetrations of
distributed energy sources that would normally complicate the implementation of a global CVR system

for energy reduction.
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2 SPECIAL TECHNOLOGY UTILIZED

2.1 CVR Background

Conservation by Voltage Reduction (CVR) is a strategy used by electric utilities to reduce their energy
consumption. It is an implementation of a distribution voltage strategy whereby all voltages are lowered
to the minimum allowed by the regulatory agencies and standards setting organizations. CVR is achieved
by lowering a customer utilization voltage to the lowest level that is consistent with nameplate ratings and
proper operation of the equipment. American National Standards Institute (ANSI) Standard C84.1 sets a
range for voltages at the distribution transformer secondary terminals at 120 volts +/- 5% or between 114
volts and 126 volts. Reducing feeder voltages, especially during peak demand hours, is beneficial to the
consumers as well as the electric utilities. Consumers benefit through lower energy bills whereas utilities
benefit through lower energy losses and lower generation capacity to manage loads during peak hours.
Distribution utilities must purchase enough generation capacity to manage load during peak hours. Amid
rising energy costs and increasing stress on the grid, conversation by voltage reduction is considered as

one of the potential alternative methods to regulate and reduce energy consumption.

Studies have shown that reducing distribution service voltage by 1% lowers energy consumption by about
0.8% [1]. This translates to significant kilowatt-hour (kWh) savings at a price range from below 1¢ to 5¢
per kWh—far lower than most new generation sources cost. The Pacific Northwest National Laboratory
(PNNL) extrapolated the effects of CVR on a national level using studies from prototypical distribution
feeders. Studies concluded that implementing CVR for peak load reduction resulted in approximately
0.5%-3% annual energy reduction depending on the specific feeder. When these results are extrapolated
to 100% of distribution feeders, deployment of CVR resulted in approximately 3.04% reduction in annual
energy consumption. Targeting only high value distribution feeders (40% of all the distribution feeders

across USA) resulted in lowering the energy consumption by 2.4% [2].

Even though CVR holds a great potential in saving revenues for utilities, it has been overlooked due to
problems associated with the voltage reduction itself. There are concerns about flickering becoming a
problem at reduced voltage levels. Moreover, damaging appliances and equipment due to low voltage
levels and implementing the cost of CVR are some other major concerns for the utilities. Therefore, there
is a need to develop a smart demand-side management device based on the concept of CVR that helps in

regulating residential voltages, especially during peak demand hours.
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2.2 VAR Compensation

VAR compensation is the management of reactive power to enhance the quality of power systems. VAR
compensation encompasses a wide range of problems pertaining to customers and utilities regarding
power quality. By controlling the reactive power in a power system, problems concerning load
compensation and low voltage across the transmission and distribution networks can be solved. In load
compensation, the power factor of the system is increased by injecting vars into the power system to
counter the lagging power factor of the loads. On the other hand, voltage support is generally practiced to

reduce voltage fluctuation at a given terminal of the transmission line [3].

Based on the type of VAR compensation required, reactive component is categorized as series VAR
compensation or shunt VAR compensation. Shunt compensation changes the effective equivalent
impedance of the load whereas series compensation modifies the series transmission or distribution
parameters. In both compensation techniques, reactive power flows through the system thus improving

the performance of the overall AC power system.

Traditional techniques for VAR compensation includes synchronous condensers or mechanically
switched capacitors or inductors. Modern compensation techniques include high speed power electronics
devices combined with advanced control system techniques that are embedded with the fast processing
power of microprocessors. These devices, called Flexible AC Transmission Systems (FACTS) devices,
use VAR compensation techniques that have faster response and provide adequate reactive power
depending on the power system condition. For utilities, during the last three decades, FACTS technology
has become an essential tool to alleviate problems associated with reactive power to get the most service

from their transmission and distribution network and enhance grid reliability.

2.3 Reactive Power Principles

The reactive power is defined as the AC component of the instantaneous power. The reactive power
generated by the AC power source is stored in capacitors or reactors during a quarter of a cycle and in the
next quarter cycle it is sent back to the power source. Basically, reactive power oscillates between the
source and the reactive power device without flowing between the source and the load. Therefore,
reactive power along the system can be compensated thus improving the stability of the power system [3].
As stated above, reactive power compensation can be achieved by adding VAR generators/absorbers in
series or in parallel along the transmission/distribution feeders. Their working principal is briefly

explained below.
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2.3.1 Shunt Compensation

In shunt compensation, the lagging current drawn due to inductive load is compensated by the leading
current generated by the compensator device. The leading current can be achieved in three different ways
using a current source, a voltage source and a large single capacitor or capacitor banks. In Figure 2-1(a), a
typical power system is shown that draws a lagging current due to an inductive load which results in
reduced voltage levels at the loads. In Figure 2-1(b), the power system is compensated by the current
source to nullify the lagging power factor. A current source injects positive vars into the power system,
near the load terminal thus improving the voltage regulation at the load terminals. Moreover, it helps to

reduce the line current which minimizes the power losses along the transmission or distribution lines.

Vi V2 Vi V2

B —— A —— B — A ——|

Source Load Source Q Load

Xl

a) Shunt Compensation in a radial ac system without reactive compensation b) Shunt Compensation in a radial ac system with reactive compensation
Vi X R V2 Vi X R V2 \23
—g———M— ——M—A—O-
1 | 1
Source Load Source Load

ix.1
b ¢ vz R.I

c) Series Compensation in a radial ac system without reactive compensation d) Series Compensation in a radial ac system with reactive compensation
Figure 2-1: Reactive power compensation principles

2.3.2 Series Compensation

Series compensation involves decreasing the reactance of the power line which results in improved
voltage stability. Series compensation can be implemented with current or voltage devices but the most
common method is to use series capacitors. An overvoltage protection circuitry is required for the

capacitor or the capacitor bank to withstand fault currents. Figure 2-1(c) shows a similar power system
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that draws a lagging current due to inductive loads. Figure 2-1(d) shows the series compensation strategy
that involves a voltage source between the line and the load. By appropriately adjusting the magnitude of
the voltage source (Vcompr), the reactance of the power line is adjusted to achieve a unity power factor. It
must be noted that Vcomp generates a voltage in a direction opposite to the voltage drop in the line

inductance. This is due to fact that Vcomp lags the current flowing in the transmission line.

2.4 Traditional VAR Generators

Traditionally VAR generators were implemented using mechanically switched capacitors and
synchronous condensers. Recent development in high performance power electronics devices have risen
interest in FACTS devices. Typical FACTS devices involve thyristor-switched static VAR compensators
(SVC) and static synchronous compensators (STATCOM). Integrating advanced control system
methodologies and high-speed microcomputer processing power, new self-commuted VAR compensator
technologies have been developed. These devices can be connected in series, in parallel or in a
combination of both and they have the ability to make quick adjustments to provide stability to the grid
by controlling the flow of active and reactive power on the grid. The following sections provide a brief ;

introduction to a couple of traditional techniques for VAR compensation.

2.4.1 Mechanically Switched capacitors

Capacitors, connected in shunt, are widely used to compensate the lagging current drawn by inductive
loads. They provide a leading current that improves the power factor of the load. The size of shunt
capacitors depends upon many factors but the most important one is the amount of lagging reactive power
consumed by the load. In the case of varying load, a fixed capacitor may often lead to over-compensation
or under compensation. Instead of using single capacitor as a compensator, capacitor banks are employed
along transmission and distribution lines to cater reactive power requirements. According to VAR
requirement these capacitors are switched manually and thus provide more control over the range of VAR
requirements. However, the methods based on mechanical switching using relays or circuit breakers are
sluggish and unpredictable. Another problem with mechanical devices is that control cannot be initiated

frequently, because these mechanical devices tend to wear out very quickly compared to static devices.

2.4.2 Synchronous Condensers

Synchronous condensers are synchronous machines that either generate or absorb reactive power as
required by the ac system. With proper exciter circuit, synchronous condensers can provide continuous

reactive power by providing adequate vars to keep the transmission or distribution voltage within limits.

However, synchronous condensers are rarely used these days because of their cost compared with static
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VAR compensators. Moreover, they occupy more space compared with other VAR compensators and

require starting and protective circuits for their operation.

2.5 SVC Background

A Static VAR Compensator (SVC) is a shunt-connected static VAR generator or absorber whose output is
adjusted to exchange capacitive or inductive current in order to maintain specific parameter of electrical
power system. Typically the parameter which is kept under control is the transmission/distribution
voltage. An SVC is part of the FACTS device family that consists of reactive power elements including
capacitors and inductors as well as power electronics elements. Based on their construction, SVC can be

classified into two major categories.

1) Thyristor Controlled Reactor (TCR)
2) Thyristor Switched Capacitor (TSC)

An SVC installation usually comprises a thyristor controlled reactor (TCR) with a fixed or switched
capacitors (TSC). Both TCR and TSC generate low-order harmonics and require additional filters. These
devices have an inherent delay in thyristor gating signal delay. However, recent advancements in power
electronics devices, such as (GTO, power MOSFET, IGBT etc.), have sparked the development of pulse
width modulated (PWM) static VAR compensators. The sections below briefly explains background for
traditional thyristor based VAR compensator techniques (TCR and TSC). A more sophisticated technique
for VAR compensator using PWM static VAR compensator is also explained as part of the technology

review.

2.5.1 Thyristor Controller Reactor (TCR)

Figure 2-2 shows a TCR single phase equivalent circuit. In 00

TCR, an inductor is in series with two bidirectional thyristor

switches. The shunt reactor in TCR is dynamically controlled
from a minimum value (nominal inductance) to a maximum
value by using the bidirectional thyristors switches. In this way, ¢
SVC employing a TCR, can be seen as a variable shunt reactor
(Xp).connected in shunt with a capacitive reactive (Xc). This Swi
assembly is connected in shunt with the transmission and

distribution lines to supply variable VARs to the power system.

The out is based on the firi 1 ti le) of _. P . R
e output current is based on the firing angle (gating angle) o Figume 2.9: Thyristir controlled sz

the thyristors. The maximum current injected by TCR is




Special Technology Utilized

obtained by a firing delay of 90°. Partial current contribution is obtained when the firing angle is between
90° and 180°. By increasing the thyristor firing angle, the contribution of current injected by is reduced
which is equivalent to increasing the inductance of the TCR and at the same time making it possible to
reduce the reactive power level of the power system. The fundamental component of the instantaneous

current supplied by the TCR is given by

%4
I, = RMS 2 — 2a + sin(2a))
%9)
where
a = Firing angle of the thyristor
X, = mwL = minimum TCR reactance for a = 90°

Figure 2-3 shows three different cases for different firing angle for a. However, change in the reactor
current can only takes place at discrete points i.e. only once per one half cycle. Thus, lack of frequently
adjusting the reactive power requirement of the power system is one of the major problem of this
configuration. Due to switching of the thyristors, a TCR generates low frequency harmonics that lead to

the distorting of the ouput voltage and extra power loss in the inductor.

v(t) i(t)
Continuous Conduction
L i)
Partial Conduction
v(t)
() Minimum Conduction

Figure 2-3: Voltage and current waveforms in a TCR for different thyristor gating angles

The distinguishing feature of a static VAR compensator is the amount of the reactive power generated or

absorbed is a function of the input voltage applied. Figure 2-4 shows the Q-V characteristics of a fixed

8
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capacitor (FC) with a thyristor controlled reactor (TCR). The graph depicts the amount of VAR
exchanged with the power system depending upon the system input voltage. At rated voltage, an FC-TCR
configuration is represented by an affine characteristic. This region is limited by the rated reactive power
of the reactive components (capacitors and inductors). Beyond, these points the Q-V characteristics is not

linear as the reactive requirement exceeds the limit of the reactive components.

~

VREF

/
/
c swi1 SW2 f L
7 4

A\
J1

t
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n R 1 -+ ()

Figure 2-4: Q-V characteristics of FC-TCR

Instead of having a single large fixed capacitor
as mentioned in FC-TCR topology, many small
capacitors can be used. Figure 2-5 shows

several switched capacitor banks with a TCR. 000"

The reactive power requirement of the system is

divided into suitable steps. Based on the VAR

needs, one or a combination of two or more J'C J—C :
capacitors can be switched to compensate the

voltage levels. These capacitors banks are

connected in shunt with a thyristor controller w1 . W

reactor which provides a continuous control

over the VAR requirements. By coordinating the 1

control between capacitor steps, a continuous )

control can be obtained. Some distinctive L =

advantages of this assembly include low generation Figure 2-5: Combined TSC and TCR configuration

of harmonics compared to single fixed capacitor and flexibility in control and operation. A big

9
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disadvantage is the higher cost for the capacitor banks and a complex control system. Figure 2-6

represents the Q-V characteristics of capacitor banks with a TCR.

\'}
TSC + TCR TCR

Load Line

- T

Figure 2-6: Q-V characteristics of TSC-TCR compensator

A thyristor switched capacitor (TSC) consists of anti-parallel thyrisitor switches connected in series with
a capacitor. In order to limit the rate of rise of current through the thyrstor switches, an inductor is also
used in series with the switches. To minimize transients, a thyristor is switched on at the instant when the
capacitor voltage and the network voltage have the same value. The current that flows through the

capacitor at a given time t is defined by the following expression:

) %4 |4 XV, sin(a) Veol .
i(t) = ﬁcos(wt +a) — FmXLCOS(O() cos(w,t) + er(n;c X)) - ) sin(w,t)
where

X, = wL =Minimum TCR reactance

Xc = le = TSC reactance

V;n = Maximum source voltage

a = Voltage phase shift angle
w, = System resonant frequency (a)r = \/%)

Vco = Capacitor voltage att = 0
The disadvantages associated while using TSC is that VAR compensation is not continuous and each

capacitor bank requires separate capacitor switches which renders this assembly cost prohibitive.

10
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2.5.2 PWM Switched Reactor

The remarkable progress in power electronics devices have given rise to sophisticated VAR compensators
that are capable of generating and absorbing the reactive power without requiring large banks of capacitor

and reactors. The problems associated with TCR are

1) Control System for TCR require synchronization with the AC mains. Common methods used for
synchronizing the thyristor switching with the line frequency include phase locked loops and zero
voltage detector.

2) TCR VAR compensator produce low-order harmonics due to non-continuous current that requires
filtering.

3) Huge device sizes in TCR leads to unrealistic payback period.

An alternative reactive power compensator based on the concept of PWM switching is used to develop
| the RSVC device. The principal advantages of self-commutated PWM based VAR compensators are the
significant reduction of component size and potential decrease in cost and the ability to provide
continuous reactor current and simpler control system that does not require synchronization. The
operating principle for proposed compensator is discussed in the next section. A, design guideline of the
RSVC system is also proposed and the results of an experimental system are provided later in this chapter

to verify the proposed concept.

2.5.2.1 Operating Principle IIN

!
To overcome the problem associated with TCR-based }
topologies, PWM static VAR compensators using self-

commutated switches have been used to develop
e d
Bidirectional .\ SW1

prototype of RSVC. The operating principle of the VAR )
Switch (-]

compensator is illustrated through a single-phase circuit

in the Figure 2-7. The single phase circuit requires two / 7IN

bi-directional self-commutated switches or four +

unidirectional switches. In Figure 2-7, switches SW1 \ 4

and SW2, represents two bidirectional switches with Bidirectional
Switch

complementary gating signals. The switch SW2 is used SV Tndietor VL

a conduct the inductor current when switch SW1 is

closed and vice versa. By using high-frequency

switching, the fundamental component of the
Figure 2-7: Single-phase circuit of PWM based

switched reactor

11




Special Technology Utilized

inductor current can be controlled.

Ignoring the higher order harmonics, the inductor voltage and current can be expressed by the following

expressions:
Inductor Voltage = v; = v;, D

lin

Fundamental Current Component = i, = -

where D is the duty cycle for switch SW1.

The equivalent inductance seen from the input can be found by using following expression:

[Vin| _ [vL/D] _ X4

X | = ===
0 liml D] D2

The above expression shows that the equivalent reactance can be expressed as a function of the inductor
reactance and the switching duty cycle. In other words, the reactive power of the circuit can be controlled
through the duty cycle control, which proves that leading and lagging reactive power can be achieved

through simple cycle control. The current and voltage waveforms of the circuit are shown in Figure 2-8.

12
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i)

Figure 2-8: Inductor current and PWM signal applied to switch SW1

2.6 OpenDSS background

EPRI’s Open-Source Distribution System Simulator (OpenDSS) is a comprehensive electrical system
simulation tool developed to perform most analyses required by utilities in distribution networks.
OpenDSS can be implemented as a stand-alone executable program, or can be driven by a variety of well-
known software tools through a Component Object Model (COM) interface. Two of the most popular
software tools used to drive OpenDSS are MS Office Tool through Visual Basic Applications (VBA) and
MATLAB from Mathworks. The ability to be driven by a third-party analysis program makes OpenDSS a

powerful software tool.

OpenDSS can compile user-written models by using Dynamic Link Libraries (DLL), allowing the user to
focus on the model of the device and let OpenDSS handle the distribution system modeling. The DLL can

be written in most common programming languages.

Figure 2-9 shows the basic architecture of OpenDSS. The software accepts entries from different sources
such as user-written DLLs, COM interface, and its own script language. OpenDSS is able to display
results and also export them in the form of csv files for post-processing the data using a third-party

software [4].

13
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) | I ]
Scripts 3 User-
Main Simulation Written
Engine DLLs
coM — E—
Interface ‘

Script
Results

Figure 2-9: OpenDSS architecture
The OpenDSS tool has been used for:

e Distribution planning and analysis.

e General multi-phase AC circuits analysis.

e Analysis of distributed generation interconnections.
e Annual load and generation simulations.

e Wind plant simulations.

e Analysis of unusual transformer configurations.

e Harmonics and inter-harmonics analysis.

¢ Neutral-to-earth voltage simulations.

e Development of IEEE test feeder cases.
The program has several built-in solution modes, including:

e Snapshot power flow
e Daily power flow

e Yearly power flow

e Harmonics

e Dynamics

e Fault study

e and others

OpenDSS accepts data in different formats, minimizing the conversion effort by utilities and users. It

could be argued that OpenDSS is not as user friendly as others Windows-based distribution software

14
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tools. However, being script-based gives OpenDSS the flexibility to model almost any configuration

instead of only using what is available in the Graphical User Interface (GUI).

In recent years, most of the Distribution Generation (DG) has been connected to the sub-transmission and
distribution networks. Traditionally, distribution networks have been radial, and simulation software was
only able to perform analysis in radial systems. With the increase of DG in distribution networks, a

software able to model distribution networks with multiple sources was needed [5].

OpenDSS was developed to meet the need of distribution networks with multiple sources and power
flowing in both directions. OpenDSS is also able to capture the time and location dependence of DG,
giving a more accurate model of a distribution network with DG. OpenDSS has a frequency-domain
simulation engine with features to create models of electric power distribution systems and to perform

many types of analysis related to distribution planning and power quality.
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3 RESULTS INCLUDING SUMMARY OF
MILESTONES AND STAGE GATES

3.1 Prototype Design

Our prototype design of a Residential Static VAR Compensator (RSVC) is for a 25 kVA pole-mounted
transformer typically serving three residential homes. This design is based on the concept of a high-
voltage Static VAR Compensator already in service on the transmission side of the power system. The
concept of an RSVC is to regulate residential voltages, especially during peak demand hours, when the
benefits coincide best with the interests of customers and those of the electric companies. These RSVCs
provide an additional tool for smart demand-side management. By controlling remotely the RSVCs,
utilities can apply CVR at specified individual locations during specified periods. The device is developed
with a goal to maximize VAR compensation advantages and minimize the cost of components involved.
It is the role of electric utility companies to develop strategies for conservation by voltage regulation. The
solution involves installing an RSVC device which will decrease the voltage before each customer’s
service main. Simulation results indicate that deploying RSVCs on distribution feeders offers a significant
potential for energy savings by voltage regulation and it can become a valuable tool in a utility demand-

side management for energy efficiency, especially during peak demand hours.

The design can easily be scaled up for larger residential homes, buildings, and even neighborhoods with
single-phase or three-phase distribution transformers. The discussion in the following sections on
designing an RSVC that will serve a typical 25-kVA residential load from a pole-mounted distribution

transformer.

3.2 Distribution Network

A prototype of a Residential Static VAR compensator was designed to serve a residential load of 25 kVA
pole mounted transformer. It was deemed necessary to analyze the primary side of the pole mounted so
that the strength of distribution network as seen from the RSVC is included in the simulations. Ideally the

distribution network should appear as an infinite bus with negligible reactance to an RSVC device.

To study the effect of the distribution network on the RSVC, a typical distribution feeder was modelled in
PowerWorld using a 397.5 MCM ACSR (Aluminum Conductor Steel Reinforced) conductor. The

distribution feeder serves five loads operating at unity power factor, with each load absorbing 1 MW. The
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secondary side of the distribution transformer is held at 0.95 pu using reactive generators. Figure 3-1
below shows a PowerWorld model with five loads and five reactive generators controlling the voltage at
the low side of the service transformer at 0.95 pu by varying the amount of reactive power injected into

the system.

4.69 MW 397.5 kCM 397.5 kM 397.5 kCM 397.5 kCM 397.5 kCM
1.07 Mvar ll II
1MW
1.000 pu 0 Mvar
0.00 Deq 0.96 pu . 095pu m "
0.95 pu LS 5 0.94 pu ! 2
-3.79 Deg
-2.03 Deg -5.18 Deg -6.14 Deg -6.62 Deg
W VW

/\iﬂ MA
0.95 pu 8 0.95 py 10 11 0.95p
418006 \L 65,6008 \t e oz oeq \T/ 43 99 Deg \L 9.49 Deq J/

0.00 MW 0.90 MW 0.00 MW  0.90 MW 0.00 MW 0.90 MW 0.00 MW  0.90 MW 0.00 MW 0.90 MW
-0.48 Mvar  0.00 Mvar -0.19 Mvar 0.00 Mvar -0.01 Mvar  0.00 Mvar 0.09 Mvar 0.00 Mvar 0.14 Mvar 0.00 Mvar

Figure 3-1: PowerWorld model for distribution network

In order to calculate the strength of the distribution network, the Thevenin equivalent of the distribution
network is found at a suitable point from the substation. In this case, the Thevenin equivalent of the
distribution network is calculated at the third generation point as indicated in Figure 3-2 with the reactive
power injected or absorbed at each generator mentioned in Table 3-1. Using the reactive power Q at each
generation point, the resistance per unit (Rpy) and reactance per unit (X;py) are calculated for the
Thevenin model. To model the 397.5 kem ACSR conductor, its equivalent reactance and resistance are
input into the model, the values used for this simulation are equal to 0.81pu and 0.33pu for the resistance

and reactance respectively.

The resistance per unit (Rpy) at each generation point can be calculated by

R_VZ_ 240°
P 1x10°
R Sp
RPU= =RX—VaZS—e
base

where Sp45. = 100MVA

2407
6
Rpy = —1;}% =100 pu
100 x 10°
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Figure 3-2: Thevenin equivalent calculation point in the Distribution Network

Table 3-1: Reactive power requirement for each generator in the distribution network

0.90 MW
0.00 Mo

¥ Q Q Q Q Q p Q
SUB 1 2 3 4 5 T T
- - - 0 0 4 1
The reactance : 0.48 | 0.19 | 0.01 .09 .14 .68 .09 per unit (Xpy) at
each point can be

calculated
using Table 3-2.

Table 3-2: Reactance at each point in the distribution network

by

Reactance at First Generation Point Reactance at Second Generation Point

(X1,pv) (X2,pv)
s 2402 vz 2402
_ _ Q1 _ “oasx10° _ _ _ _Q2 __ —o019x106 _
Xl,PU =i~ 2202 = —208.33 pu XZ,PU =z = 2402 = —526.32 pu
Shase 100x106 Shase 100x106

Reactance at Third Generation Point Reactance at Forth Generation Point

(X3pv) (X4.pv)
v? 2402 vz 2402
_ Q3 _ —o001x106 __ _ _Qa _ 009x10% _
X3py = —5— = T30z — = —10000 pu Xypy = —— =229 = 1111.11 pu
Sbase 100x10° Shase 100x10°

Reactance at Fifth Generation Point (X5 py)
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2402

0.14x10°

2402
100x106

= 714.29 pu

The complete equivalent model for the distribution network is shown in Figure 3-3.

L R L R L ‘\x L ‘\r/\, L R
j0.814080 0.33152 j0.814080 0.33152 j0.814080 0.33152 j0.814080 0.33152 j0.814080 0.33152
Lgis LEiS LEIS LEE
‘© 1
T R L R c R

100

L R
j208.33 100

526.32

100

L R
j10000 100

Thevenin Equivalent
looking into this point

| -j1111.11 100

Figure 3-3: Equivalent circuit for distribution network with real components

Using a MATLAB script, available in Appendix A, the value for Ry = 1.60 pu and X5 = j7.1104 pu.

Using these values the inductor and resistance values are calculated as follows:

Calculating the value of L from X7y :

Vy? 2407

— —4
Sb = m—576X10 Q

sz

Xrg = 7.1104 X 5.76 X 10~* = 4.10mQ

Xry _ 40.956 x 107

L = =
2nf 27 X 60

=10.864 pH

Calculating the value of R from Rry:

Rry = 1.6064 x 5.76 x 107* = 9.253 x 107*Q = 0.925 mQ

These results show that the distribution network seen by the RSVC is fairly strong with a very small
Thevenin reactance (about 4.10 m) and Thevenin resistance (about 0.925 m). Thus, it is assumed that

the primary side of the pole-mounted transformer is an ideal infinite bus with a variable Thevenin voltage

magnitude.
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3.3 Modelling Residential Loads

The Residential Static VAR compensator is designed to serve loads at the secondary of the 25-kVA pole-
mounted distribution transformer. Residential loads typically varies between 0.95 (lagging) to 1 (unity)
power factor (pf). Since the RSVC is designed to serve residential customers fed from a 25-kVA pole-
mounted transformer, the power factor for residential load was considered to be at 0.95 lagging. The

resistive and inductive component of the loads were calculated using a 0.95 power factor as follows:
Apparent Power =S =V X1 =25kVA

Real Power = P = VIcos(0) = S X pf = 25K x 0.95 = 23.75 kW

Apparent Power = Q = VIsin(f) = /S? — P2 = /25K2 — 23.75K2 = 7806.24 VAr

) VZ  (240)?

Load Resistance = R;,qq = P -3 7ER 2.4253 Q
VZ  (240)2

Load Reactance = X;pqq = —Q— = 280624 2.4253 Q

_ Xipoaa  (2.4253)%

Load Inductor Size = Ljyqq = 2nf  2Xm X 60 ~ 19.6 mH

3.4 Modelling Distribution Transformer Reactance

In an ideal transformer, all the flux will link with both primary and secondary windings of the
transformer. Practically it is impossible to link all the flux with both the primary and secondary windings
of the transformer. There will always be a small amount of flux which will leak out of either of the
windings. This flux is called leakage flux which will pass through the winding insulation thus
contributing to the leakage reactance of the transformer. When sizing the SVC components, the
transformer leakage reactance was assumed to vary between 10% and 20% of the rated inductance. The
voltage on the primary side of the distribution transformer was assumed to vary between 0.95 pu and 1.0
pu. The following tables performs the reactive requirements calculations for the SVC components for
three reactance values (10%, 15%, and 20%) of range between 10% and 20%. These tables are compiled
using experimental results from a single phase SVC circuit where the output from the SVC voltage is

maintained at 0.95 pu using appropriate capacitor and inductor sizes.

The X} rqteq for the 25-kVA pole-mounted transformer at the distribution feeder is calculated as

¥ _ V2 _ 2407
Sdees = QL,rated - 25x10

s =23040
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3.4.1 Case I: Using 10% of Xy rated

Xrransformer = 10% of 2.304 = 0.2304Q
XTransformer _ 02304 0.2304

Lrransformer = - = o f = 27 % 60 = 611.15pH
Table 3-3: Capacitor size using 10% of transformer capacitor
Primary Load Power SVC QL SvVC Qc Load Load Secondary
Voltage Factor Inductacnce (kVAr) Capacitance (kVAr) Resistance | Inductance Voltage (SVC
V) (mH) (uF) Q) (mH) Voltage)
(%)
228 0.95 Open Circuit 0 470 10.205 | 2.4253 19.6 228
_ V2 _ 240? 2 — 9402 -6 _
Qc= —=1 = 240° X 2nfC = 240° X 2w X 60 X 470 X 107° = 10.205 kVAr
Xc  “lamfc
Table 3-4: Inductor size using 10% of the transformer capacitor
Primary Load SvC QL SvC Qc Load Load Secondary
Voltage Power Inductacnce (kVAr) Capacitance (kVAr) Resistance | Inductance Voltage (SVC
V) Factor (mH) (uF) Q) (mH) Voltage)
V)
240 0.95 13 11.752 470 10.205 | 2.4253 19.6 228
vZ 2402 2407 _
Q= X,  2mfL  2mx60x13x1073 11.752kVAr
3.4.2 CaseIl: Using 15% of Xy, rated
Xrransformer = 15% of 2.304 = 0.34560)
Xr 0.3456 0.3456
Lrransformer = Tanzl:"rmer T2 x f T 2rx60 s
Table 3-5: Capacitor size using 15% of transformer capacitor
Primary Load SvC Qu SVC Qc Load Load Secondary Voltage
Voltage Power Inductacnce (kVAr) Capacitance (kVAr) Resistance | Inductance (SVC Voltage)
V) Factor (mH) (uF) (Q) (mH) V)
228 0.95 Open Circuit 0 525 11.4 2.4253 19.6 228
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v: _ _240° 2 — 9402 -6 _
Qc=+—=1 = 240° X 2nfC = 240° X 2mr X 60 X 525 X 107° = 11.4kVAr
Xc / 2nfC
Table 3-6: Inductor size using 15% of the transformer capacitor
Primary Load SvC Qu SvC Qc Load Load Secondary Voltage
Voltage Power Inductacnce (kVAr) Capacitance (kVAr) Resistance | Inductance (SVC Voltage)
V) Factor (mH) (nF) (Q) (mH) V)
240 0.95 225 6.79 470 10.205 | 2.4253 19.6 228
2 2 2
Q= =280 _ A = 6.79 kVAr
X, 2mfL  2mx60x22.5x10
3.4.3 Case III: Using 20% of Xy rated
Xtransformer = 20% of 2.304 = 0.4608Q
XTransf 0.4608 0.4608
Lrransformer = ranz)ormer = X f = 77 % 60 = 1.222mH
Table 3-7: Capacitor size using 20% of transformer capacitor
Primary Load SvC QL SvC Qc Load Load Secondary Voltage
Voltage Power Inductacnce (kVAr) Capacitance (kVAr) Resistance | Inductance (SVC Voltage)
V) Factor (mH) (uF) (Q) (mH) V)
228 0.95 Open Circuit 0 580 12.594 | 2.4253 19.6 228
v? 2407 2 2 -6
Qc=+—=1 = 240° X 2fC = 240° X 2w X 60 X 580 X 107° = 12.594 kVAr
Xc / 2nfC
Table 3-8: Inductor size using 20% of the transformer capacitor
Primary Load SvC QL SvC Qc Load Load Secondary Voltage
Voltage Power Inductacnce (kVAr) Capacitance (kVAr) Resistance | Inductance (SVC Voltage)
V) Factor (mH) (nF) Q) (mH) V)
240 0.95 40 3.819 470 10.205 | 2.4253 19.6 228
2 2 2
Q =L =220 ___ 2% = 3.819 kVAr

X, 2mfL 2mx60x40x10~3
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3.4.4 Reactive Requirement with Different Transformer Reactance

Based on the above three, the reactive requirements of the SVC, cases can be summarized as in Table 3-9.

Table 3-9: Reactive requirements for RSVC

Transformer Qc Q.
Reactance (kV (kV

(%) Ar) Ar)
10 10. 11.

205 752
15 11. 6.7

4 9

20 12. 3.8

594 19

The table above indicates that the reactive requirements for the SVC components are reasonable for a
reactance of 15%. This value of reactance is realistic for a 10% transformer reactance plus an additional

5% of cable wiring.
3.5 RSVC Component Sizing

A primary goal of this project is to develop a Residential Static VAR compensator device that not only
regulates the voltage at reference voltage but also make the device cost effective. The RSVC components
were designed to serve the residential loads at the worst-case scenario. Therefore, the capacitor should be
sized in a way that it can help to boost the voltage profile at points where the substation voltages are low.
The worst-case scenario occurs when the transformer high-voltage side is 0.95 pu. Similarly, for the

inductor, worst-case scenario occurs when the transformer high-voltage is 1 pu.

The RSVC components were sized to meet the reactive requirements for a minimal voltage of 228 V
(reference voltage). The proposed RSVC uses a fixed capacitor and PWM switched inductor topology due
to its advantage over a thyristor controlled reactor. The fixed capacitor for the RSVC was sized at 470uF
(10.205 kVAr) and inductor was sized at 13mH (11.752 kVAr). The proposed design has a simpler
structure and its gating signals for controlling inductor are implemented using PWM techniques. By
controlling the duty cycle of the gating signals, inductive and capacitive modes of operation are possible.

The prototype was tested and verified with different input voltages between 0.95 pu and 1 pu. The
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measured experimental results verified that the SVC reactive power can be regulated through duty cycle

control to maintain a flat voltage profile.

3.6 RSVC Design and Simulations

A pilot model for a Residential Static VAR compensator was built using the component sizes found in the
previous section. Initial studies were focused on studying the adverse effects of thyristorized switching of
the inductor. An open loop modelling of the new switching techniques has already been discussed with its
advantages over the conventional thyristor switching. This Pulse Width Modulated (PWM) converter is
used to control the reactance of the switched inductor solving the problems of lower-order harmonics and
slow response associated with the conventional thyristor controlled reactor based compensators. A
feedback (self-adjusting) closed-loop was developed using a PID controller that makes the RSVC an
intelligent device tracking the output voltage and providing the correct amount of reactive power to

maintain the output voltage at the reference voltage.
3.7 Open-Loop Design

Two open-loop designs of RSVC were modelled in software. These models were categorized based on the

switching techniques used to control the inductor current. These models include

1) RSVC using Thyristor Controlled Reactor
2) RSVC using PWM convertor controller for Reactor

The software packages used during the modelling of the open-loop RSVC include

1) LTspice
2) MATLAB/Simulink

The open-loop design is developed to compare the harmonic effects of the two RSVC models. The results
of the new switching strategy also verifies that leading and lagging reactive power can be controlled by

changing the duty cycle of the gating signals.

3.7.1 LTspice RSVC Model with Thyristor Switching

Figure 3-4 shows the RSVC model using thyristor switching. The model uses actual parameter values

found in a previous section.
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TRANSFORMER REACTANCE

m\ OUTPUT VOLTAGE

916.7p

13m
LOAD LoAD
RESISTANCE REACTANCE

INPUT VOLTAGE FC
&, - >
470pn 2.4253Q 19.6m
THYRISTOR
Swi1 SWITCHED fwz
INDUCTOR

.param alpha=104.5 -t

.tran 0 {5/60} 0 1u =

PULSE(0 10 {alpha/(360*60)} 1n 1n {2*(180-alpha)/(360*60)} {1/120})
.model SW SW(Ron = 0.0001 Roff= 1e6 Vt=1)

SINE(0 {240*sqrt(2)} 60)

.four 60Hz 20 I(L2)

Figure 3-4: RSVC model with thyristor switching

3.7.2 Simulation Results

3.7.2.1 CASE 1: Input feeder voltage equal to 1 pu

The thyristor gating signal was triggered at a = 104.5° to keep the output voltage at 228 V (0.95 pu). The
simulation results are shown in Figure 3-5.The first plot shows the input feeder voltage of 240 V. The
second plot shows the output SVC voltage which is maintained at 228 V. Third plot in Figure 3-5
represents the reactor current resulting from the thyristor switching. The thyristor current is nonsinusoidal
and generates considerable low order odd harmonics. Table 3-10 provides the Fourier series co-efficients

and a total harmonic distortion (THD) for the inductor current of 11.49%.

3.7.2.2 CASE 2: Input feeder voltage equal to 0.95 pu

The thyristor gating signal was triggered at a = 158° to keep the output voltage at 228 V (0.95 pu). The
simulation results are shown in Figure 3-6. The first plot shows the input feeder voltage of 228 V. The
second plot shows the output SVC voltage which is maintained at 228 V. The third plot in Figure 3-6
represents the reactor current resulting from the thyristor switching. As the thyristor firing angle is
delayed, less inductive current is injected into the power system. The thyristor current becomes
nonsinusoidal which generates higher magnitude of low order odd harmonics. Table 3-11 provides the

Fourier series coefficients and a total harmonic distortion (THD) for the inductor current of 116.40%.
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Table 3-10: Harmonic content of inductor current using thyristor switching mechanism for input feeder

voltage is 1pu

Harmonic Frequency Fourier Normalized
Number [Hz] Component Component
1 6.000e+01 5.621e+01 1.000e+00
2 1.200e+02 1.986e-02 3.534e-04
3 1.800e+02 3.990e+00 7.099e-02
4 2.400e+02 2.571e-03 4.574e-05
5 3.000e+02 3.427e+00 6.096e-02
6 3.600e+02 4.583e-03 8.153e-05
7 4.200e+02 2.630e+00 4.678e-02
8 4.800e+02 6.889e-03 1.225e-04
9 5.400e+02 1.900e+00 3.380e-02
10 6.000e+02 4.059e-03 7.220e-05
11 6.600e+02 1.283e+00 2.282e-02
12 7.200e+02 3.377e-03 6.007e-05
13 7.800e+02 8.110e-01 1.443e-02
14 8.400e+02 5.334e-03 9.488e-05
15 9.000e+02 5.919e-01 1.053e-02
16 9.600e+02 6.244e-04 1.111e-05
17 1.020e+03 6.165e-01 1.097e-02

Calculated Total Harmonic Distortion =11.482799%

26




Results Including Summary of Milestones and Stage Gates
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Figure 3-6: LTSpice simulation plots using thyristor switching mechanism for input feeder voltage of

0.95pu

Table 3-11: Harmonic content of Inductor current using thyristor switching mechanism when input feeder

voltage is 0.95pu
Harmonic Frequency Fourier Normalized
Number [Hz] Component Component
1 6.000e+01 3.106e+00 1.000e+00
2 1.200e+02 1.306e-03 4.204e-04
3 1.800e+02 2.688e+00 8.654e-01
4 2.400e+02 1.066e-03 3.430e-04
5 3.000e+02 1.969e+00 6.338e-01
6 3.600e+02 7.463e-04 2.402e-04
7 4.200e+02 1.144e+00 3.682e-01
8 4.800e+02 4.528e-04 1.458e-04
9 5.400e+02 4.426e-01 1.425e-01
10 6.000e+02 3.051e-04 9.820e-05
11 6.600e+02 2.715e-01 8.741e-02
12 7.200e+02 2.990e-04 9.626e-05
13 7.800e+02 4.158e-01 1.338e-01
14 8.400e+02 2.856e-04 9.193e-05
15 9.000e+02 3.761e-01 1.211e-01
16 9.600e+02 2.272e-04 7.313e-05
17 1.020e+03 2.299e-01 7.400e-02

Calculated Total Harmonic Distortion= 116.407376%
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As the inductor current become more and more nonsinusoidal, the low-order odd harmonics increase in
magnitude. Using a thyristor controlled reactor has an adverse effect on power system behavior and
requires additional filters tuned at specific frequencies to eliminate these harmonics. This in turn increases

the cost of the RSVC model.

3.7.3 LTspice RSVC Model with PWM Switching

Firing a thyristor at an angle between 90° and 180° causes the current through the inductor to be non-
sinusoidal. This nonsinusoidal current leads to low-order harmonics with high magnitudes that require
filtering. Instead of firing the thyristor at a specific angle to regulate the VAR requirement, a PWM based
switching of the inductor is used. The amount of reactive power absorbed by the Inductor is determined
by the duty cycle of the gating signal. The higher the duty cycle, the smaller the effective inductance, and

the more reactive power is absorbed by the inductor.
Figure 3-7 below shows the RSVC model that uses PWM switching to control the reactor current.
TRANSFORMER REACTANCE

00"

916.7u

OUTPUT VOLTAGE

¢ ; sSwi
LOAD LOAD

INPUT VOLTAGE FC RESISTANCE REACTANCE
@ : s
2.42530 19.6m

470u
Sw2 J PWM
—d‘ BASED
SWITCHED
INDUCTOR
=

.param Vmax={240*sqrt(2)} f=60 fsw=5e3 D=0.86
.tran 0 {5*(1/f)} 0 1u

.model SW SW(Ron = 0.0001 Roff=1e6 Vt=1)
PULSE(0 10 0 1n 1n {D/fsw} {1/fsw})

PULSE(0 10 {D/fsw} 1n 1n {(1-D)/fsw} {1/fsw})
SINE(0 {Vmax} {f})

.four 60Hz 20 I(L1)

Figure 3-7: RSVC model with PWM converter based switching mechanism
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3.7.4 Simulation Results

3.7.4.1 CASE 1: Input feeder voltage equal to 1 pu

The two complementary switches are switched at a 5 kHz switching frequency with a duty cycle (D) of
SW1 =0.86 and duty cycle for SW2 = 1-D = 1-0.86. Simulation results are shown in Figure 3-8. The first
plot shows the input feeder voltage of 240Vgys. The second plot shows the output SVC voltage which is
maintained at 228Vgrys. Third plot in Figure 3-8 represents the reactor current as a result of thyristor
switching. The duty cycle of 0.86 was manually adjusted to obtain an output voltage of 0.95 pu. As it can
be seen that reactor current is smooth sinusoidal wave. Table 3-12 provides Fourier series coefficients and

total harmonic distortion (THD) for the inductor which is 0.07%.

3.7.4.2 CASE 2: Input feeder voltage equal to 0.95 pu

The two complementary switches are switched at 5 kHz switching frequency with a duty cycle (D) of
SW1 very close to zero and a duty cycle for SW2 close to one. This means that the lagging current
injected in the power system is almost negligible as it can also be verified via the third plot in Figure 3-9.
The reactor current, though negligible is still sinusoidal with a THD equal to 0.08%. Table 3-13 provides

Fourier series coefficients for the inductor current.
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Figure 3-8: LTSpice simulation plots using PWM convertor based switching mechanism for input feeder

voltage of 1pu

Table 3-12: Harmonic content of inductor current plots using PWM convertor based switching

mechanism for input feeder voltage of 1pu

Harmonic Frequency Fourier Normalized
Number [Hz] Component Component
1 6.000e+01 5.659e+01 1.000e+00
2 1.200e+02 2.822e-02 4.987e-04
3 1.800e+02 1.569e-02 2.773e-04
4 2.400e+02 1.269e-02 2.242e-04
5 3.000e+02 1.078e-02 1.905e-04
6 3.600e+02 1.038e-02 1.834e-04
7 4.200e+02 7.891e-03 1.394e-04
8 4.800e+02 7.663e-03 1.354e-04
9 5.400e+02 5.637e-03 9.960e-05
10 6.000e+02 6.360e-03 1.124e-04
11 6.600e+02 5.042e-03 8.908e-05
12 7.200e+02 5.532e-03 9.776e-05
13 7.800e+02 4.832e-03 8.537e-05
14 8.400e+02 3.223e-03 5.694e-05
15 9.000e+02 3.393e-03 5.995e-05
16 9.600e+02 4.251e-03 7.512e-05
17 1.020e+403 2.781e-03 4.913e-05

Calculated Total Harmonic Distortion = 0.074492%.
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Figure 3-9: LTSpice simulation plots using PWM convertor based switching mechanism for input feeder

Table 3-13:

voltage of 0.95pu

Harmonic content of inductor current plots using PWM convertor based switching

mechanism for input feeder voltage of 0.95pu

Harmonic Frequency Fourier Normalized
Number [Hz] Component Component
1 6.000e+01 6.507e-04 1.000e+00
2 1.200e+02 2.460e-07 3.781e-04
3 1.800e+02 1.777e-07 2.730e-04
4 2.400e+02 2.304e-07 3.541e-04
5 3.000e+02 1.429e-07 2.196e-04
6 3.600e+02 8.144e-08 1.252e-04
7 4.200e+02 9.772e-08 1.502e-04
8 4.800e+02 9.376e-08 1.441e-04
9 5.400e+02 3.711e-08 5.703e-05
10 6.000e+02 4.055e-08 6.231e-05
11 6.600e+02 1.160e-07 1.783e-04
12 7.200e+02 6.690e-08 1.028e-04
13 7.800e+02 7.613e-08 1.170e-04
14 8.400e+02 2.277e-07 3.499e-04
15 9.000e+02 1.401e-07 2.154e-04
16 9.600e+02 1.114e-07 1.712e-04
17 1.020e+03 4.960e-08 7.623e-05

Calculated Total Harmonic Distortion = 0.089157%.
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3.7.5 Open Loop Simulink RSVC Model

In order to completely automate the RSVC device, an advanced closed loop control system is required
that can sense the reference voltage and adjust the width of the gating signals to meet the VAR
requirements for voltage regulation. As a prerequisite of that closed loop control system, the RSVC
device was modelled in Simulink as an open loop device similar to the LTspice model. This exercise was
also helpful in verifying the results obtained from LT Spice. The RSVC device, connected as a shunt,
consisted of a fixed capacitor and a controlled reactor. The switching of the reactor is achieved via two
bidirectional switches with complementary gating signals. The job of the pulse generators is to provide
gating signals to the bidirectional switches of the switched reactor. By manually adjusting the duty cycles

of the gating signals, the effective reactance of the controlled reactor can be controlled. Figure 3-10 shows

Continuous
ideal Switch
powergui
Subsystem
ol 14 5 ZI
Series Transformer
Reactance
#
2
g Distribution O [Residential Static VAR
Feeder Compensator
by

;
L

Figure 3-10: Abstract level open loop RSVC Simulink design

an abstract level schematics for an open loop RSVC model and Figure 3-11 shows the component level

design in Simulink.
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3.7.6 Simulation Results

3.7.6.1 CASE 1: Input Feeder Voltage of 1 pu

The switching frequency for the bidirectional complementary switches is set at 5 kHz with the same duty
cycle for SW1 as in LTspice i.e., 0.86. It can be seen in Figure 3-12 and in Figure 3-13 that the RSVC
output voltage is kept at 228 V when the applied feeder voltage is constant at 240 V.

3.7.6.2 Case 2: Input Feeder Voltage at 0.95 pu

The switching frequency for the bidirectional complementary switches was set at 5 kHz with the same
duty cycle for SW1 as of in LTspice i.e., 0. It can be seen in Figure 3-14 and in Figure 3-15 that the
RSVC output voltage is 228 V when the applied feeder voltage is constant at 228 V.

Figure 3-11: Component level open loop RSVC Simulink design
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e Feeder Voltage

e RSVC Voltage

Figure 3-12: Open-loop RSVC Simulink simulation result for an input voltage at 1pu

e Feeder Voltage RMS
e RSVC Voltage RMS
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Figure 3-13: Open loop RSVC Simulink simulation result for an input voltage (rms) at 1pu

e Feeder Voltage
e RSVC Voltage

Figure 3-14: Open loop RSVC Simulink simulation result for an input voltage at 0.95pu

e Feeder Voltage RMS
e RSVC Voltage RMS
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Figure 3-15: Open loop RSVC Simulink simulation result for an input voltage (rms) at 0.95pu

3.8 Closed-Loop Simulink RSVC Model

Following the results with open-loop model of RSVC, the next step was to design a fast acting automatic
closed loop control system. The main purpose of the closed loop control system is generate enough
reactive power to accurately track the reference voltage. The control system is designed for a reference
voltage of 228 V which is the lowest acceptable voltage as specified in ANSI c84.1. Utilities can choose

any reference voltage ranging from 0.95pu to 1pu, depending upon their requirements.

Figure 3-16 below shows the block diagram of the automatic feedback loop developed as part of RSVC

control system.
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Figure 3-16: RSVC Feedback control system

Feedback loop shown in Figure 3-16, uses a PID controller that calculates an error value between the
measured output voltage rms and the reference voltage. The controller tries to minimize the error by
adjusting the width for the gating signals. The PID parameters were determined using the Ziegler-Nichols
method. Figure 3-17 represents the RSVC closed-loop model developed in Simulink.
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Figure 3-17: IiSVC closed-loop Simulink model

3.8.1 Simulation Results

Following are some test cases that were tested to verify the proper functioning of the closed-loop design
of RSVC. These simulations show the feeder input voltage (rms), the RSVC output voltage (rms) and the
reference voltage (rms). The small noise in the RSVC output voltage is about 0.5 V(p-p).
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3.8.1.1 CASE 1: Input Feeder Voltage of 1 pu
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Figure 3-18: RSVC closed-loop output voltage when feeder voltage is 1 pu (240 V)
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3.8.1.2 CASE 2: Input Feeder Voltage of 0.99 pu
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Figure 3-19: RSVC closed-loop output voltage when feeder voltage is 0.99 pu (237.6 V)
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3.8.1.3 CASE 3: Input Feeder Voltage of 0.98 pu
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Figure 3-20: RSVC closed-loop output voltage when feeder voltage is 0.98 pu (235.2 V)
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3.8.1.4 CASE 4: Input Feeder Voltage of 0.97 pu
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Figure 3-21: RSVC closed-loop output voltage when feeder voltage is 0.97 pu (232.8 V)
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3.8.1.5 CASE 5: Input Feeder Voltage of 0.96 pu
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Figure 3-22: RSVC closed-loop output voltage when feeder voltage is 0.96 pu (230.4 V)
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3.8.1.6 CASE 6: Input Feeder Voltage of 1.02 pu
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Figure 3-23: RSVC closed-loop output voltage when feeder voltage is 1.02 pu (244.8 V)
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3.8.1.7 CASE 7: Periodic Change in Input Feeder Voltage.

A step change in the distribution voltage from 1 p.u to 0.95 p.u is applied, using the programmable AC
source, to verify that output voltage is maintain around 228 V. The following table consists of pu input

voltage applied at the time ranges.

Voltage
. Time Range
applied -

(p-w)

1 0-20
0.99 20-40
0.98 40-60
0.97 60-80
0.96 80-100

1 100-onwards

Figure 3-24: Step change in feeder input voltage

Figure 3-25 below shows that as the input voltage change occurs, after every 20 seconds, the output

voltage is still maintained at around 228V.

Feeder Voltagg{RMS)
RSVC Voltage(RMS)
Reference Voltgge (228 V)

22

) 10 2 » @ s ] n 0 0 100

Figure 3-25: RSVC closed-loop output voltage when feeder voltage is changed periodically after every 20

seconds
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4 POWERWORLD AND OPENDSS
SIMULATIONS

4.1 Feeder with Uniform Conductor and Uniformly Distributed Load

This simulation was performed to obtain a first estimate of the amount of reactive power needed to
control the voltage at the low side of a service transformer. The simulation was performed in PowerWorld

for simplicity.
4.1.1 Simulation Setup

The circuit is built using five identical distribution lines, with 397.5 MCM conductors, typically used by
Avista in their distribution network. Every line is 1-mile long, giving the feeder a total distance of 5
miles. The source of the feeder is modeled as a slack bus. The slack bus is able to provide the necessary
real and reactive power to the system while keeping the voltage at its terminals constant. The slack bus is
the representation of a substation transformer equipped with a Load Tap Changer (LTC) controlling the

voltage at the substation bus.

The circuit has five loads, with each load connected at the end of each line segment. The loads are
connected to the distribution network by service transformers. Each load consumes 2 MW of active
power. Two cases are run for this simulation. In the first case, all the loads are set at unity power factor
and, in the second case, all the loads are set at 0.90 lagging power factor. The total load of the feeder is set

to 10 MW, a typical planning value for a 15-kV class feeder.

4.1.2 Results

Figure 4-1 shows the model setup in PowerWorld. The model shows the five line segments and the five
loads connected to the system via five step-up transformers. Table 4-1 and Table 4-2 show the results for

the unity power factor and the 0.90 lagging power factor cases respectively.

Each load consumes 2 MW. If a typical service transformer is rated for 25 kVA and three customers are
connected to each service transformer, each aggregate load modeled in PowerWorld has an equivalent

number of customers equal to

00) x (3) = 240

Total number of customers = ( 7T
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The reactive power required obtained in this simulation can be divided by the total number of customers
to obtain the reactive power requirements for an individual customer. A better approach is to divide the
reactive power obtained from the simulations by the equivalent number of service transformers

represented in the load, which is 80 in this case.

8.74 mw 397.5 kCM 397.5kCM 397.5kCM 397.5 kCM 397.5 kM

1.000 pu
27.51 Deg 0.94 pu 1 0.92pu &
0.96 pu 0.93 pu 5 0.92pu
19.00 Deg ;
22.96 Deg ' 1586Deg ¥ 13.71 Deg 12.61 Deg
VW WV WA VWV
/ A MA N A\ /\/I/\ i
0.95 pu 8 0.95pt 0.95 pu + 0.95 pu 11 095pu 12
17.31 Deg \L 1321 Deg \l/ 9.99 Deg \l/ 7.80 Deg \l/ 6.69 Deg
0.00MW  1.81MW 0.00MW  1.81 MW 0.00MW 181 MW 0.00MW  1.81 MW 0.00MW 181 MW
0.17 Mvar  0.00 Mvar 0.25 Mvar 0.00 Mvar 0.48 Mvar  0.00 Mvar 0.61 Mvar 0.00 Mvar 0.66 Mvar 0.0 Mvar

Figure 4-1: Futuristic feeder

Based on the design requirements of 10 kVAr per device, and assuming each load is equivalent to 80
service transformers in parallel, it is considered feasible to use the RSVC to control the voltage if the
reactive power required is between £0.80 MVAR. The results from Table 4-1 show that it is feasible to
control the voltage for almost any given voltage at the substation. There were three cases where the
reactive requirement to control the voltage exceeded the design values for the RSVC.

The results from Table 4-1 show that it is feasible to control the voltage for some voltages at the
substation. The assumption of setting the loads at 0.90 PF is a conservative assumption since more
feeders operate at a higher power factor and closer to unity. This could be considered a worst case
scenario due to the low power factor assumed. Even though most of the cases are outside of what is
considered feasible in this extreme case, there are some cases where it is still possible to control the

voltage with the RSVC.

4.1.2.1 Feeder with Non-Uniform Conductor and Uniformly Distributed Load

This simulation had the objective to model a more realistic feeder, using a bigger conductor closer to the

substation and a smaller conductor at the end of the feeder. The impedance seen by the load and by the
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RSVC will be different at every point. The load was lumped into five different loads distributed along the

feeder at equal distances.

Table 4-1: Reactive power requirements for loads at unity power factor

VsuB Q1 Q2 Q3 Q4 Q5 PT Qr
0.95 0.5 0.75 0.85 0.9 091 9.83 -0.9
0.96 0.4 0.65 0.78 0.84 0.86 9.8 -0.5
0.97 0.2 0.55 0.71 0.78 0.81 9.78 -0.2
0.98 0.1 0.45 0.63 0.72 0.76 977 0:15
0.99 -0.0 0.35 0.56 0.66 0.71 9.75 0.51
1.00 -0.2 0.25 0.48 0.61 0.66 9.74 0.88
1.01 -0.3 0.15 0.41 0:55 0.61 9.72 1.26
1.02 -0.4 0.05 0.34 0.49 0.56 9.72 1.65
1.03 -0.6 -0.1 0.27 0.4 0.51 9.71 2.04
1.04 -0.7 -0.1 0.19 0.38 0.46 9.7 2.45
1.05 -0.8 -0.2 0.12 0.32 0.41 9.7 2.86
Table 4-2: Reactive Power Requirements for loads at 0.90 power factor lagging
VSuB Q1 Q2 Q3 Q4 Q5 Pt Qt
0.95 1.42 1.7 1.76 1.8 1.81 9.83 -0.9
0.96 1.29 1.5 1.68 1.74 1.76 9.8 -0.6
0.97 1.15 1.4 1.61 1.68 1.71 9.78 -0.2
0.98 1.01 1.3 1,53 1.62 1.66 977 0.15
0.99 0.87 1.2 1.46 1,57 1.61 9.75 0.51
1.00 0.73 i | 1.39 1.51 1.56 9.74 0.88
1.01 0.6 1.0 1.31 1.45 151 9.72 1.26
1.02 0.46 0.9 1.24 1.39 1.46 9.72 1.65
1.03 0.32 0.8 1.17 1.34 1.41 9.71 2.04
1.04 0.19 0.8 1.1 1.28 1.36 9.7 2.45
1.05 0.05 0.7 1.02 1.22 131 9.7 2.86

4.1.2.2 Simulation Setup

The circuit was built using five line segments, the first segment is 1-mile long and was modeled with 795

ACSR conductors; the second line segment is also 1-mile long and was modeled with 336 ACSR

conductors; and the last three segments are each 1-mile long. All three, and the last three miles were

modeled with 2/0 ACSR conductors. The source of the feeder was modeled as slack bus. The slack bus is

the representation of a substation transformer equipped with a Load Tap Changer (LTC) controlling the

voltage at the substation bus.
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The circuit has five loads, with each load connected at the end of each line segment. The loads are
connected to the distribution network by service transformers. Each load consumes 2 MW of active
power. Two cases were run for this simulation. In the first case, all the loads were set at unity power
factor and, in the second case, all the loads were set at 0.90 lagging power factor. The total load of the

feeder was set to 10 MW, a typical planning value for a 15-kV class feeder.

4.1.2.3 Results

Figure 4-2 shows the model setup used in PowerWorld. The model shows the five lines with the different
conductors used along the feeder, the five loads used to model the feeder load, and the step-up

transformers used to connect the loads to the distribution network.

336 kCM 2/0 2/0

6.95 MW 795 kCM
1.9 lI II
1.00 pu
28.81 De 0.97 pu 0.93 pu ]
g099 pu 0.95 pu '_s B s 5 0.93pu
26.23 Deg
27.48 Deg 24.45 Deg 23.15 Deg 22.47 Deg

0.95 pu 0 pu 10 0.95 /\1/\ 11 0.95pu
21.97 Deg \T/ 20.62 Deg J/ 18.70 Deg \i/ 17.31 Deg \1/ 16.59 Deg \L

0.00 MW 1.81 MW 0.00 MW 4 go MW 0.00 MW 1.80 MW 0.00 MW 4 go MW 0.00MW 481 MW
-0.66 Mvar  0.00 Mvar -0.44 Mvar 0.00 Mvar -0.13 Mvar  0.00 Mvar 0.04 Mvar 0.00 Mvar 0.10 Mvar 0.00 Mvar

Figure 4-2: Realistic feeder

Table 4-3 and Table 4-4 show the results for the case with all the loads set at unity power factor and the
case with all the loads set at 0.90 lagging power factor, respectively. In the previous section it was shown
that every aggregate load in the model is equivalent to 80 service transformers in parallel. The goal of
these simulations is to evaluate the reactive power requirement range of +0.80 MV AR for the aggregate

RSVC.

Table 4-3 shows that it is feasible to use an RSVC to control the voltage for a wide range of voltages at
the substation. Utilities can easily change the LTC settings at their substations to set a voltage reference in
the feeder. Traditionally, the LTC settings vary from 1.01 to 1.03 pu depending on the feeder
configuration, feeder load, feeder length, etc. The settings can be changed if the feeder is used for CVR

purposes.
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Table 4-4 shows that is feasible to use an RSVC to control the voltage at the load side of the service

transformer. These are only preliminary simulations and more detailed simulations need to be performed

in order to get a better approximation on the reactive power required to control the voltage.

The results observed in the four simulations show that it is feasible to control the voltage to the minimum

voltage allowed by using an RSVC. The RSVC is able to keep the voltage fixed for the majority of the

cases and especially in the realistic cases where the voltage at the substation is kept close to the desired

voltage at the load side of the service transformer.

Table 4-3: Reactive power requirements for loads with unity power factor

VSuUB Q1 Q2 Q3 Q4 Q5 PT Qr
0.95 0.15 0.26 0.43 0.52 0.54 6.99 -1.01
0.96 -0.01 0.12 0.32 0.42 0.45 6.96 -0.42
0.97 -0.17 -0.02 0.21 0.32 0.36 6.95 0.16
0.98 -0.34 -0.16 0.10 0.23 0.27 6.95 0.75
0.99 -0.50 -0.30 -0.02 0.13 0.19 6.95 1.35
1.00 -0.66 -0.44 -0.13 0.04 0.10 6.95 1,97
1.01 -0.82 -0.58 -0.24 -0.06 0.01 6.95 2,59
1.02 -0.99 -0.71 -0.35 -0.16 -0.08 6.96 3.23
1.03 -1.15 -0.85 -0.47 -0.25 -0.17 6.96 3.89
1.04 -1.31 -0.99 -0.58 -0.35 -0.25 6.98 4.5
1.05 -1.47 -1.13 -0.69 -0.44 -0.34 6.99 5.23
Table 4-4: Reactive power requirements for loads with 0.90 power factor lagging
VsuB Q1 Q2 Q3 Q4 Q5 Pt Qt
0.95 1.05 1.05 1.11 1.08 0.99 6.97 -0.99
0.96 0.89 091 1.00 0.99 0.90 6.96 -0.42
0.97 0.73 0.77 0.89 0.89 0.81 6.95 0.16
0.98 0.57 0.63 0.77 0.79 0.72 6.95 0.75
0.99 0.40 0.49 0.66 0.70 0.64 6.95 1.35
1.00 0.24 0.35 0.55 0.60 0.55 6.95 1.97
1.01 0.08 0.21 0.43 0.50 0.46 6.95 259
1.02 -0.18 0.08 0.32 0.41 0.37 6.96 3.23
1.03 -0.25 -0.06 0.21 0.31 0.29 6.96 3.89
1.04 -0.41 -0.06 0.21 0.31 0.29 6.96 4.55
1.05 -0.57 -0.34 -0.01 0.12 0.11 6.99 5.53
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4.1.2.4 100 kVA Test Case

Avista provided a real case where the possibility of using a RSVC to reduce the voltage to 0.95 pu for
CVR purposes was studied. The case is a 100-kVA transformer that feeds a local subdivision
approximately 2-miles away from the substation. The simulation was performed in PowerWorld to obtain

a high level approximation about the amount of reactive power required to keep the voltage fixed.

4.1.2.5 Simulation Setup

The model was built using PowerWorld, the substation transformer was modeled as the slack bus in
PowerWorld, and the distribution network was modeled as a 2-mile transmission line using 397.5 ACSR
conductors. The reactance of the 100 kVA transformer was modified to account for the change of base

since PowerWorld uses a 100 MV A base.

Figure 4-3 shows the model used for the simulation. The load was modeled using a 20% load factor. The
substation voltage was swept from 0.95 pu to 1.05 pu. The reactive power required to maintain the

voltage first at 0.95 pu and then at 1.0 pu was recorded.

397.5 kCM
2.46 AMP

1.050 pu

0.00 Deg
1.0495 pu

0.00 Deg

W
A

2.46 AMP

1.0000 pu
-1.09 Deg

0.00 MW 0.02 MW
-0.04 Mvar  0.01 Mvar

Figure 4-3: Model used in PowerWorld for the 100-kVA case

Table 4-5 and Table 4-6 show the reactive power requirements to keep the voltage first at 0.95 pu and

1.00 pu, respectively. The voltage at the substation was varied from 0.95 to 1.05. The reactive power at

the load bus was recorded as well as the total real and reactive power out of the substation.
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The simulations show that it is not feasible to use this device to control a voltage that is so close to the
substation. The size of the RSVC would be considerable given that the 100 kVA transformer is connected
to a very strong source. More detailed studies are needed to capture the real requirements of using an
RSVC to control the voltage. The source impedance of the circuit will be needed and the rest of feeder
load will be required in order to perform accurate simulations and determine the reactive power

requirements for controlling the terminal voltage on the secondary side of the 100-kVA transformer.

Table 4-5: Reactive power requirements to maintain a 1.0 pu voltage

VSuB Q1 Q2 Q3
0.95 -0.04 0.02 0.05
0.96 -0.03 0.02 0.04
0.97 -0.02 0.02 0.03
0.98 -0.01 0.02 0.02
0.99 0 0.02 0.01
1.00 0.01 0.02 0
1.01 0.02 0.02 -0.01
1.02 0.03 0.02 -0.02
1.03 0.04 0.02 -0.03
1.04 0.05 0.02 -0.04
1.05 0.06 0.02 -0.05

Table 4-6: Reactive power requirements to maintain a 0.95 pu voltage

VSUB Q1 Q2 Q3
0.95 -0.08 0.02 0.1
0.96 -0.08 0.02 0.09
0.97 -0.07 0.02 0.08
0.98 -0.06 0.02 0.07
0.99 -0.05 0.02 0.06
1.00 -0.04 0.02 0.05
1.01 -0.03 0.02 0.04
1.02 -0.02 0.02 0.03
1.03 -0.01 0.02 0.02
1.04 0 0.02 0.01
1.05 0.01 0.02 0
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4.2 MATLAB-Simulink-OpenDSS Interface

The use of two different software tools is a challenge, especially if the exchange of information between
the two tools is required. Simulink was used to develop the RSVC model and it has the advantage that it
is able to use real components like resistors, capacitors, inductors, etc. It is also able to implement
complex control algorithms. The time step can be changed in Simulink but it usually varies from 10 ps to
10 ms. The small time step could be an advantage and a disadvantage at the same time. On one hand, it is
able to capture an accurate transient behavior of the system. On the other hand, when a big data set needs
to be simulated, Simulink will take a significant amount of time making it impractical for these kind of

applications.

OpenDSS has the advantage of being able to perform daily, monthly and even yearly simulations in a
short period of time. These kinds of studies will be beneficial when the voltage and load shape are known
and the impact of adding one or several RSVCs are being studied. The main disadvantage of using

OpenDSS resides in the lack of detailed models and the impossibility to perform transient studies.

To create the interface between MATLAB and OpenDSS, the use of the COM interface in OpenDSS was
required. The COM interface allows MATLAB to take over the engine of OpenDSS. A script was created
in MATLAB to run the Simulink model, extract the data needed and use that data to run OpenDSS. This
interface allows to speed up the process of verification, especially when large sets of data are analyzed.

This interface avoids the need to write the results on a CSV file before it is loaded into OpenDSS.
4.3 Simulink Verification with OpenDSS

In order to verify the proper performance of the RSVC model built in Simulink, Avista provided
measured data at the load side of the substation transformer of one of their substations. The voltage was
used as an input to the Simulink model to verify that the RSVC is able to maintain the voltage at the
reference value for different input voltages. The current flowing through the SVC was extracted in order
to be able to compute the reactive power absorbed/injected by the RSVC. The amount of reactive power
obtained from the Simulink will be compared to the OpenDSS reactive power computed by adding a

generator to control the voltage at the same value as Simulink.

4.3.1 Simulink Setup

An overview of the strategy for testing the Simulink prototype is shown in Figure 4-4. The feeder
voltages provided by Avista are fed into the Simulink prototype. The Simulink model is then run for
every point in the file provided by Avista. The feeder voltage is kept constant for two seconds to allow the

system to reach steady-state before moving to the next point. After all the values have been entered, the
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RSVC reactive power is computed for each voltage value provided. A new file is created with all the

values for the reactive power calculated in Simulink.

To calculate the reactive power absorbed/injected by the RSVC, the current flowing through the top
switch of the RSVC was measured. The current is not sinusoidal since the switching speed is around 5
kHz. In order to get a better approximation, a Fourier approximation was used. Once the current was
broken down into the several components, only the fundamental component, the component at 60 Hz, was
used. After obtaining a sinusoidal current at 60 Hz, it was multiplied by the voltage at the RSVC
terminals to obtain the power. Since the RSVC is built with reactive elements, the device does not
consume any real power, so the power obtained has to be the reactive power of the RSVC. The sign of the

power will determine the direction of the reactive power.

Figure 4-4 shows the block diagram used to compute the reactive power in the Simulink model. Every
point provided by Avista was run for two seconds to make sure the system is able to reach steady-state

and the value computed for the reactive power is accurate.

Information provided by Run Simulation for 2 Calculate Reactive d 0 Create a file to export
the Utility to Simulink seconds Power for this period
Model

Figure 4-4: Design verification block diagram

4.3.2 OpenDSS Setup

The set-up model for OpenDSS was built to recreate the setup created in Simulink as close as possible. To
model the substation, a source was created in OpenDSS with a high short circuit MVA value to make it
appear as close as possible to an ideal source. Then a line was modeled to represent the service
transformer used in Simulink. The line has the same reactance as the service transformer. The RSVC was
modeled as a generator connected in parallel with the load. OpenDSS has several mode options for a
generator. The model chosen was model three, which keeps a voltage constant at the bus that is
connected, and the real power injection is also constant. The real power was set to 0.01 kW instead of
0.00 MW to avoid numerical issues in the algorithm. Limits in the amount of reactive power that the

generator is able to absorb/inject were also used to more accurately model the RSVC.
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The OpenDSS code in Appendix B shows the OpenDSS code used in the verification process. The model
has two extra lines, whose only function is to facilitate the capture of reactive power from the generator

and not mix it with the reactive power consumed by the load.

The voltage is at the bus where the load and the RSVC are connected and the reactive power output of the
generator were recorded. The voltage measurement will validate that the voltage actually goes to the set

point, in this case 0.95 pu or 228 volts.

4.3.3 Results

Due to the extensive computational time that would take to run the set of over 200,000 points of data that
were provided by Avista, smaller samples of the data set were taken and run in both Simulink and
OpenDSS. Figure 4-5 shows the results of the first data subset used. First the input and output voltage
were plotted to verify that the RSVC is able to control the voltage at the predetermined set point. Then the
reactive power output of Simulink was plotted in the same plot as the reactive power output of OpenDSS.

The third plot is an analysis of the percentage of error between the two software tools.
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Figure 4-5: Results from Simulink and OpenDSS

The input voltage was modified by an LTC factor to reduce the reactive requirements of the RSVC. It is a
common practice in utilities to change the LTC settings when CVR is applied. The LTC factor used for
this simulation is equal to 0.05 pu. The first plot in Figure 4-5 shows the input voltage after the LTC
factor was applied, and the output voltage which remains constant at 0.95 pu. The voltage set point was
0.95 pu at all times independently of the input voltage. The second plot shows that the reactive power
obtained from Simulink is almost identical to the reactive power obtained from OpenDSS, and finally, the

third plot shows that the difference between Simulink and OpenDSS is around 1%.

Figure 4-6 shows a different subset of the data provided. It contains the same plots as Figure 4-5 and the
subplots are in the same order as the previous subplots described for Figure 4-5. The subset chosen for the
second simulation contains voltages closer to the set point, in this case 0.95 pu, causing the error to be

bigger in percentage. Although the error in Figure 4-6 is greater than the one seen in Figure 4-6 it is still

small enough to consider the model accurate.




PowerWorld and OpenDSS Simulations
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Figure 4-6: Results from Simulink and OpenDSS with second subset

The validation of the Simulink model with OpenDSS will allow us to use the two software tools
independently from now on. In the case of the RSVC being implemented in hardware, the Simulink
model will be the one to use it since it contains all the components and the control system. However, if
the impact of deploying multiple devices on a certain feeder is to be studied, the OpenDSS model will be
the one to use, because it considerably reduces the simulation time and it keeps the accuracy of the

Simulink model.
4.4 Future Work

This study focused on the performance of a single RSVC. A traditional feeder will have several of these
devices. A study that captures the interaction of multiple RSVC as well as load and voltage variation is

needed to understand the benefits of deploying these devices.

Feeder topologies vary from feeder to feeder, increasing the complexity of developing a unique control
scheme. Future work shall focus on the development of a process that will provide a basis for the

planning engineer to study a specific feeder later on.
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Lessons Learned

The Residential Static VAR Compensator (RSVC) developed in this applied research is intended to
function of the secondary low-voltage side of a 25-kVA distribution transformer typically serving three
residential houses. This device can be designed as one single SVC across the nominal 240 V if the two
120-V secondary phases of the distribution transformer are equally loaded. If they are not balanced, the
device can be designed using two 120-V RSVCs, one for each phase. Alternatively, a 240-V RSVC or
two 120-V RSVCs can be designed at the service main of each residence.

The main breakthrough of this research was the implementation of a pulse-width-modulation (PWM)
technique for the complementary switching of two solid-state switches, one in series with the RSVC
inductor and the other in shunt across the inductor. This technique is superior to the conventional angle
firing of a single switch in series with the inductor in the sense that the RSVC voltage remains sinusoidal
while the inductor current remains quasi-sinusoidal with low-magnitude current harmonics generated.
This quasi-sinusoidal current implies reduced losses in the inductor and a predictable efficiency of this

device.

The RSVC can be remotely or locally controlled. Its control system can be designed for one of several
modes depending on the intended application. Under voltage control, the device can function as a voltage
regulator which will automatically adjust the RSVC reactive power to maintain the RSVC terminal
voltage at a set reference point. A possible application of this control mode is Conservation by Voltage
Reduction (CVR). Under reactive power control, the device can function as a power factor corrector or
controller. A possible application is a power factor correction of the loads in a strategy designed to make
distribution systems self-sufficient in their reactive power support instead of using transmission system
resources. Under real power control, the device can act as a power tracker to minimize the real power
consumed by loads, especially during peak demand hours. An additional control loop can be designed on
top of the voltage control loop to seek a reference voltage where the residential load consumes the least
amount of real power. Under ANSI Standard C84.1, the reference voltage could end up being the
minimum voltage allowable for loads with positive CVR coefficients or the maximum allowable voltage

for loads with negative CVR coefficients.

Based on approximate values of the power components, that is, the power capacitor and power inductor,
an initial analysis estimates that the payback period of this device could range from two to five years.
This analysis was performed by extrapolating the savings incurred by a customer if this device was used

for two hours each day during maximum peak demand and provided the energy saved ranges between a
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Lessons Learned

conservative 1% to a maximum of 2.5%. It has been estimated that it is possible to develop such a device

at a competitive cost to that of other local devices currently in the market or in operation.

The model developed in Simulink was extensively tested and validated against the results of EPRI’s
OpenDSS software. It was shown that the results obtained using both OpenDSS and Simulink are almost
identical, with OpenDSS being considerably faster than Simulink. In future work, specifically work
related to the deployment of several RSVCs, the model developed in Simulink will not be needed due to
the extensive computation requirements needed to run this model. If a hardware implementation is
required, then the Simulink model will be used since it contains all the components and logic blocks for
the controller. The verification shows that it is safe to use either software since the results are almost
identical. The choice of the software will depend on the application since both software tools used in this

project have their advantages and their limitations.
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Path to Market

The ultimate goal of this device is to provide peak load demand management solution for the utility with

minimum payback period. After the successful simulation of the RSVC model in MATLAB, our next

focus was to research the requirements of the components that will be utilized in building an RSVC

device. For this purpose, power capacitors and inductors are required that provide the necessary reactive

power. Based on the device requirements, we requested several quotes from different vendors from the

United States and China. The quotes received from vendors located in China are substantially lower than

those from the United States except for shipping and handling (S/H). Table 6-1 and Table 6-2 below gives

a price comparison of different sized capacitors and inductors by a vendor in the USA and a vendor in

China.

Table 6-1: Capacitor price comparison

Price
Vendor (Wasvar)
Capacitor Size
Vendor(ABB) China
(KVAr)
USA Shipping Total Price (Per
Unit Price
Charges Unit)

1 $295.00 $25.00 . -
10 $355.00 $25.00 $97.00 $122.00
15 - $40.00 $105.00 $145.00
20 - $53.00 115.00 $168.00

Table 6-2: Inductor price comparison

Price

Inductor Size

Vendor (Zhiming Group Co.)

Vendor(ABB) China
(kVAr)
USA Shipping Total Price (Per
Unit Price
Charges Unit)
24 (Series) $220.00 = - -
25 (Shunt) $355.00 $139.20 $149.80 $289.00
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Path to Market

Figure 6-1 shows the 10-kVAr single phase power capacitor rated at 50 Hz and 415 V. Figure 6-1 also
shows the 25-kVAr single phase shunt reactor rated at 50/60 Hz and 250 V.

Figure 6-1: 10-kV Ar capacitor and 25-kV Ar reactor

6.1 Payback Analysis

Based on the component prices in Tables 6-1 and 6-2, a reasonable cost for the RSVC will be around
$300 if additional microprocessor capabilities are added to the power components. If we assume that the
RSVC device is used for six hours each day during peak demand hours and that it results in a 1% energy

savings, then the dollar amount saved over a year will be:

$0.10

S=20kW Xx
kWhr

X 6 hours X 365 days X 1% = $43.8

In this case, the payback period will be about 6 years.

If we assume that the RSVC device is used for six hours each day during peak demand hours and that it

results in a 2.5% energy savings, then the dollar amount saved over a year will be:

$0.10

S=20kW X S

X 6 hours X 365 days X 2.5% = $109.5
In this case, the payback period will be three years.
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Budget Summary

BUDGET CATEGORIES | RESIDENTIAL STATIC VAR COMPENSATOR
PI Dr. Said Ahmed-Zaid (Summer) $4,282
SALARIES MS Graduate Research Assistant $27,000
TOTAL $31,282
PI Dr. Said Ahmed-Zaid(Summer) $1,370
FRINGE BENEFITS MS Graduate Research Assistant $1,890
TOTAL $3,260
O&E Materials and Supplies/Hardware to build a prototype None
MS Graduate Student Fee Remission 2014-2015 AY $11,987
STUDENT COSTS
TOTAL $11,987

INDIRECT COST (F&A) 39 % ON-CAMPUS RESEARCH $13,471

$60,000

TOTAL COST
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APPENDIX

Appendix A

Thevenin Equivalent from PowerWorld Simulation

% Calculating the Thevenin Equivalent from PowerWorld Simulation
% Boise State University

clear; cle;

Conductor Res = 0.33152;

Conductor_Ind = 0.814080%i;

Transformer Model = 5%i;
$Modeling 5th generation point
R5 = 100;

X5 = =74, 29%1%

$Modeling 4th generation point
R4 = 100;

X4 = -1111.11%1;

$Modeling 3th generation point
R3 = 100;

X3 = 10000*i;

$Modeling 2nd generation point

R2 = 100:;

X2 = 526.32%i;

$Modeling lst generation point

Rl = 100;

X1l = 208.38%1;

Z5 Eq = ((R5 * X5)/(R5 + X5)) + Transformer Model + Conductor Res
+ Conductor_Ind; %98.4092 - 7.91671i

Zz4 Eq 1 = ((R4 * X4) /(R4 + X4)) + Transformer Model;

Z4 Eq = ((24 Egq 1 * 25 Eq)/(Z4 Eq 1 + Z5 Eq)) + Conductor Res

+ Conductor Ind; %49.7527 = 2.153841

Zl1 Eq 1 = ((R1 * X1)/(R1l + X1))+ Transformer Model;

Z1 Eq 2 = (Conductor Res + Conductor_ Ind);

Zl1 Eq = (21 Eq 1 * z1 Eq 2)/(Z1 Eq 1 + 21 Eq 2); %0.3339 + 0.80611
z2 Eq 1 = ((R2 * X2)/(R2 + X2))+ Transformer Model;

Z2 Eq 2 = 7Z1 Eq + Conductor_Res + Conductor Ind;

Z2 Eq = (22 Eq 1 * 22 Eq 2) / (Z2_Eq 1 + Z2 Eq 2);%0.6812 + 1.59401
Z Eq 1 Z2_Eq + Conductor Res + Conductor Ind;%1.0127 + 2.40811
Z Eq 2 (Z Eq 1 * Z4 Eq) / (2_ Eq 1 + Z4 Eq);%1.1062 + 2.3115i

Z Eq 3 = Z Eq 2 + Transformer Model;%1.1062 + 7.3115i

Z Eqg 4 = ((R3 * X3)/(R3 + X3));%99.9900 + 0.99991

Z Th = (Z2Eq4*7ZEq3) / (2Eg4+ 2 FEq3)%1.6064 + 7.11041




Appendix B

OpenDSS code

! Boise State University
! College of Engineering

Clear

New Circuit.avista project

New loadshape.Voltage source npts=100000 sinterval=l
mult=[file=C:\model.csv] action=normalize

Edit Vsource.Source phases=3 basekv=0.240 pu=1.0 MVASC1=3000 MVASC3=4
daily=Voltage source

New Line.Linel phases=3 busl=SourceBus bus2=busA rl=0.01 x1=0.4050
length=1 units=kft

New Line.Line2 phases=3 busl=busA bus2=busb rl=0.001 x1=0.001
length=0.1 units=kft

New Line.Line3 phases=3 busl=busb bus2=busc rl1=0.001 x1=0.001
length=0.1 units=kft

new load.loadl phases=3 busl=busbl kv=0.228 kW=24 kVAR=7.04 model=2
New Generator.svcl phases=3 busl=busc kv=0.228 kw=0.001 kvar=10 model=3
pvfactor=1l

set voltagebases=[0.24]

calcvoltagebases

set maxiterations=200

set maxcontroliter=200

solve

New monitor.vpoi element=line.linel terminal=2 mode=0

New monitor.gl element=line.line3 terminal=2 mode=1 ppolar=no
solve

set mode=daily

solve

export monitor vpoi

export monitor gl

\
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BOISE STATE UNIVERSITY

AIVISTA

DEPLOYMENT STUDY OF DISTRIBUTION STATIC VAR

COMPENSATORS (DSVCs)

Project Duration: September 2015 - August 2016

Project Cost: Total Funding $67,593
2015 Funding: $22,531
2016 Funding: $45,062

OBJECTIVE

The objective of phase III of the DSVC project
is to study the potential benefits of deploying
multiple Distribution Static VAR
Compensators (DSVCs) developed during
Phase I of the project. This study consists of
comparing the existing year-long time series
measured load flow data to simulation data
generated with the DSVC deployed into the
test grid computer model. The DSVC
deployment will consist of various penetration
percentages and voltage control set-points.
The test grid computer model will allow
investigation of specific scenarios provided by
Avista to show the value of deploying DSVCs.

BUSINESS VALUE

The deployment of DSVCs offer a significant
potential for energy savings as well as cost
effectiveness by voltage regulation. It can
become a valuable tool in a utility demand-
side management for energy efficiency.

INDUSTRY NEED

Currently the primary method to improve the
power quality in distribution feeders is by
deploying large fixed and/or switched shunt
capacitors. The benefits of deploying
capacitors are well known and summarized
below:

1. Regulation of voltage levels
2. Released system capacity
3. Reduction of system losses
4. Power factor correction

DSVCs could provide not only the same
benefits as the capacitors, but these benefits
can be more substantial by making use of the
inductor integrated in a DSVC. The DSVCs can
act like “smart” capacitors by changing the
reactive power continuously instead of using
discrete on/off steps like the traditional
capacitor banks.

BACKGROUND

Phase I of the project consisted of a study
model of a DSVC for regulating residential
voltages. The studies from phase I showed
that a single-phase DSVC offered a significant
potential for energy savings by voltage
regulation and it could be a valuable tool in a
utility demand-side management for energy
efficiency, especially during peak demand
hours. In distribution networks, when the
voltage at a bus falls below a reference value,
reactive power is injected into the system by
the DSVC to raise the voltage. When the bus
voltage becomes higher than the reference
value, reactive power is absorbed by the
DSVC to lower the bus voltage. DSVCs are
smart devices that can be more flexible and
more powerful for load management than
traditional shunt inductor and shunt
capacitors.

SCOPE

The project scope is broken into four tasks
detailed below.

Task 1: Feeder Modeling Methodology

During this task a feeder modeling
methodology was prepared using OpenDSS
and MATLAB. The methodology consists of
scripts, circuit summary reports, and plot
macros capable of being executed on an
actual Avista distribution feeder.

Task 2: Avista Feeder Modeling

This task performed the conversion of a
PowerWorld model developed by Avista of the
Spokane downtown network to an OpenDSS
model. Work involved mapping each of the
PowerWorld branches, transformers, load and
other system elements to an OpenDSS
database.

Task 3: Model Verification




The translation from PowerWorld to OpenDSS

The translation from PowerWorld to OpenDSS
was completed using several spreadsheets in
Excel in an attempt to automate the
conversion process and reduce data entry
error. PowerWorld was designed to solve
balanced three phase transmission networks,
while OpenDSS was designed to solve
unbalanced one, two, and three phase
distribution networks. To ensure the model
created in OpenDSS is accurate, a comparison
was made between all bus feeder voltages
and branch power flows between the two
simulators. The accuracy of the comparison
was within an acceptable 2%.

Figure 1 shows the voltage at every bus
obtained in PowerWorld and in OpenDSS.

1 PowerWorld vs OpenDSS
1.05
1 W—W
495
0.8
e FowerWorid —— OpenDSS

Figure 1: Distribution Voltage Comparison from
PowerWorld and OpenDSS Load-Flow Results

Task 4: DSVC Simulator Deployment

The DSVC deployment was performed in two
stages. First a snapshot solution was taken of
the distribution system using the data
provided from the PowerWorld model. A
comparison of the real and reactive powers
with and without the DSVCs was performed.
The second stage performed a yearly
simulation using a data file of recorded
SCADA measurements from downtown
Spokane. Using the actual load-shape of the
network throughout the year, the simulated
reduction in losses from DSVC deployment
can be measured and compared against the
original losses.

Table 1 shows the base case with no deployed
DSVCs versus deployed DSVCs at two
different per unit voltage set-points.

Table 1: Downtown Network Results

Base Case VDSVC=1.0 VDSVC=1.05

kW | KVAR | kW | kVAR | kW | KkVAR
Network1 | 3012 | 1761 | 3015 2162 | 3010 | 1057
_Network2 | 4790 | 2670 | 4792 | 3168 | 4788 713
Network3 | 3992 1848 | 4001 | 2838 | 3993 368
Network 4 2813 1284 2828 2742 2812 138

The information contained in this document is proprietary and confidential.

The Avista model of the downtown Spokane
grid used a voltage set-point of 1.04 per unit
voltage on the secondary side of the feeder
transformers. Consequently, the best loss
scenario occurred at a DSVC voltage set-point
of 1.04 per unit voltage. Table 2 shows the
losses calculated at a DSVC voltage set-point
of 1.04 per unit.

Table 2: Losses Study Results

Base Case Vref = 1.04
Line XFMR Line XFMR
1 1 1 1
(kW) (kW) (kW) (kW)
Downtown network 181 125.9 165.4 115.7

Task 5: Sensitivity Analysis

A sensitivity analysis will be performed on
multiple  configurations of the DSVC
deployment to determine the best case
deployment scenarios. The deployment
scenarios will be measured with a time series
simulation to calculate the decreased system
losses in yearly kWh.

Task 6: Final Report

This task includes the Final Report with all the
results from the simulation analysis including
yearly kWh energy savings, and potential
deployment locations.

DELIVERABLES

The deliverables for this project will be the
final report along with the simulation models
used for the analysis.

PROJECT TEAM

PRINCIPAL INVESTIGATOR

Name Dr. Said Ahmed-Zaid
Organization Boise State University

Email sahmedzaidggoisestate.edu
Name Dr. John Stubban
Organization Boise State University

Email johnstubban@boisestate.edu

RESEARCH ASSISTANTS

Name Andrés Valdepefia
Organization Boise State University
Email muhammadlatif@u.boisestate.edu
Name Muhammad Kamran Latif
Organization Boise State University
Email andresvaldegena@u.bgisestate.egu
SCHEDULE

— TIME START FINISH

ALLOCATED DATE DATE

Feeder Modeling 3 months Sept 15 Nov 15
Feeder Simulation 2 months Dec 15 Feb 15
Interim Report 1 month Feb 15 Feb 15
Deployment of DSVC 4 months Mar 15 May 15
Sensitivity Analysis 2 month Jun 15 Jul 15
Final Report 1 month Jul 15 Aug 15
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D-FACTS DEVICE IMPACT ON THE COMPENSATION FOR

CONTINGENCY ANALYSIS (N-1)

Project Duration: 11 months

Project Cost: Total Funding $ 75,044
2015 Funding: $13,251
2016 Funding: $61,793

OBJECTIVE

The Smart Wires project is aimed at
performing analysis of Avista Corporation’s
transmission infrastructure to determine
potential benefits that could be realized by
applying Distributed Flexible AC Transmission
Systems devices (D-FACTS).

BUSINESS VALUE

The approximate value of an averted outage
or a cascading outage due to storm damage
similar to what was experienced last
November by Avista is enormous. This is far
greater than the cost of applying D-FACTs
devices Avista’s lines.

The DFACTs devices can move power flow
between transmission paths to get it to where
it's needed more efficiently, resulting in:

Reduced planning costs

Improved line planning

Avoided system overload

Deferred cost of new equipment/lines
Enhanced system efficiency

INDUSTRY NEED

The reliability of the power system is
enhanced by the versatility and utility of D-
FACTS devices. The ability to redirect current
flow in the event of a disruption is an added
layer of protection in an unpredictable
environment. In addition the current on
heavily loaded lines can be rerouted
minimizing exponential (I2R) transmission
efficiency losses.

BACKGROUND

Distributed Flexible AC Transmission Systems
devices (D-FACTS) are clamp-on distributed

dynamic series compensators that were
developed at the Georgia Institute of
Technology. They fall into the general family
of reactive compensators commonly referred
to as Flexible AC Transmission Systems
(FACTS) devices. Avista has studied applying
FACTS devices on their transmission system
in the past, especially the unified power flow
controller (UPFC).

However, the devices available from
manufacturers at that time were large devices
with high power ratings. The capital costs for
such devices were prohibitive, despite the
performance gains they afforded.

The distributed, modular smart wires D-
FACTS devices do not require significant
space in a substation and have reduced costs.
The implemented devices can control the
effective impedance on the transmission line
and manipulate the system for unity power
factor operation at all times. This reduces the
power losses in the transmission system
caused by reactive power flow. A large
number of such devices would be needed to
match the performance of a single
concentrated FACTS device, but the number
can be optimized per line.

This project investigates the performance of
D-FACTS devices on all of the available power
lines that Avista has within its grid. In
coordination with Avista engineers, the lines
are modeled appropriately using Powerworld
using appropriate system data. The D-FACTS
devices are then modeled and integrated with
the line models for appropriate simulation
studies.

Applying these models to system operations
planning conditions Yyields predictions of
device performance within Avista’s grid and




identifies most effective lines and appropriate
degrees of compensation for those lines.
Finally, analysis of these results will be used
to develop a practical implementation plan for
general use of D-FACTS devices within
Avista’s system. The results will include
predictions of cost advantages for ratepayers
through energy savings, improvements to
system reliability, and stability.

SCOPE

Task 1:

Develop sample transmission system models
that are representative of the Avista system
learning to apply D-FACTS devices. Move on
to apply to actual the Avista while sanitizing
the critical infrastructure data. This will be
done working with Avista engineers>
COMPLETE

Task 2:

Develop and validate computer simulation
models of different smart wires devices in
several simulation tools for different classes
of studies> COMPLETE

Task 3:

Utilize existing operating conditions data to
develop and simulate a test scenario to
determine the candidate locations and the
required degrees of compensation to optimize
line usage for n-1, n-2 and n-1-1 contingency
conditions> IN PROGRESS

Task 4:

Analyze simulation results and develop a
practical application plan to implement the
solution. For example, the number of devices
required in the transmission network, needed
modifications to tower structures, and the
compensation control methods.

DELIVERABLES

The deliverables on successful completion in
this project include: simulation models and
documentation of predictions for system
performance improvements within the Avista
grid:
e Develop a practical implementation plan
for general use of the D-FACTS devices
within Avista’s system.

e Identify the «cost advantages to
ratepayers of implementing this practical
compensation plan through energy
savings, improvements to system
reliability, and stability.

e Predictions for  electrical system

The information contained in this document is proprietary and confidential.

behavior when the D-FACTS devices are
applied.

e Selection of the best lines to apply the
devices.

e Identification of appropriate degrees of
compensation (number of devices)
necessary to obtain these improvements
based on currently available devices or
devices expected to available in the near
term.

e Identification of challenges with applying
D-FACTS devices to these lines (e.g.
load bearing limits of the towers).

e Identification of specific improvements
that can be reasonably expected
through application of D-FACTS devices

PROJECT TEAM

PRINCIPAL INVESTIGATOR

Name Brian K. Johnson

Organization University of Idaho

Contact # (208) 885-6902

Email bjohnson@uidaho.edu

Name Dr. Herbert Hess

Organization University of Idaho

Contact # (208) 885-4341

Email hhess@uidaho.edu

RESEARCH ASSISTANTS

Name Alex Corredor Corredor

Organization University of Idaho

Email acorredor@uidhaho.edu

Name Matthew Klein

Organization University of Idaho

Email klei4457@vandals.uidaho.edu

SCHEDULE

Stage Gate 1 (Complete)

e Learn and test D-FACTS device models
in Powerworld
Explore commercially available devices

e Preliminary assessment of viability of
application of D-FACTS devices in
Avista’s system based on n-1
contingency studies.

e Stage gate 1 presentation

e Deliver 2 Page Progress Report

Stage Gate 2
e Further evaluate results of preliminary
study
e Study application of devices in grid in
WECC recommended contingency cases.

Stage Gate 3
e Evaluate results
e Final Report

TASK TIME ALLOCATED SERRE N

DATE DATE
Stage Gate 1 5 months Sep 2015 | Feb 2016
Stage Gate 2 4 months Feb 2016 May’16
Stage Gate 3 2 months Jun 2016 Jul 2016
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CRITICAL LOAD SERVING CAPABILITY BY OPTIMIZING

MICROGRID OPERATION

Project Duration: 12 months

Project Cost: Total Funding $79,856
2015 Funding $11,640
2016 Funding $68,216

OBJECTIVE

At present a significant part of the power
supply to Spokane comes from Montana
through a single 500kV line. If the line goes
down under certain conditions, Avista’'s
system could go down. The main objective of
this project is to perform a study of
establishing a microgrid to supply high
priority loads in downtown Spokane using the
hydroelectric generators within the downtown
area on the Spokane River. Implementation
of the microgrid will require disconnection
from the main grid, reconfiguration to pick up
critical loads such as the hospitals,
courthouse, and other facilities, and shedding
less critical loads. These transitions need to
occur while maintaining stability of the
microgrid. The main substations involved in
this scenario are Post Street, Metro, College &
Walnut and Third & Hatch.

BUSINESS VALUE

The costs associated with failure to supply
critical loads are significant. The ability to
create a microgrid largely using existing
generation assets with only the addition of
control devices can result in significant
savings during major events. The results of
the study and microgrid development for
downtown Spokane can potentially be applied
in other areas of the Avista system or to
other utilities in the region or nation. By
locally supplying the power demand to
customers, utilities can decrease system
generation and recovery costs during
outages. The application of microgrids can
foster the application of clean energy very
close the critical loads.

BACKGROUND

In order to achieve a more reliable power
supply in the face of severe contingencies

such as extreme weather and natural
disasters, major generation failure, loss of
transmission lines, or cyber-attacks, utilities
are studying the possibilities of forming
microgrids.

A microgrid is a small scale power grid that
can serve local loads with or without
connection to the utility grid. When a major
disturbance occurs, the microgrid disconnects
from the main grid and supplies power to
local loads using local generation resources,
potentially including energy storage. The
objective in forming the microgrid is to
minimize these adverse impacts on critical
loads such as: hospitals, government offices,
fire stations, and police stations. Other
advantages from forming microgrids include
reduction in power losses, increased
reliability, and enabling the integration of
green electricity sources.

MODELING AND ANALYSIS

At present the generation, transmission
and distribution systems in the microgrid
footprint are modeled in different simulation
packages. The generators and transmission
lines are modeled in Powerworld as part of
the larger WECC transmission model. The
downtown distribution network is
implemented in a separate, disconnected
Powerworld model. The remainder of the
distribution network that supplies the
hospitals, court house and university district
are modeled in SynerGEE. The entire
microgrid will be modeled as a single system
in Powerworld. The model will start from a
backbone of the 115 kV lines from the
generating stations to the buses that supply
critical loads. The distribution feeders will be
built out from the substations in steps,
incorporating data from the downtown
network model in Powerworld or the feeder
data in SynerGEE. Simplified models will be




used which aggregate details not needed in
the microgrid model.

Since the total load in the microgrid
footprint exceeds the capacity of the
generators, the Powerworld microgrid model
will represent points with non-critical loads
can be disconnected.

The available generation from the hydro
units varies seasonally. The study will create
critical load profiles and generation profiles
based on measured data from the past three
years. Eight different load values can be
taken within the four different seasons with
high and low values. The data analyzed from
the National Renewable Energy Laboratory
(NREL) shows that Spokane has potential for
solar generation which can complement the
hydro during lower water flow periods in late
summer afternoon peaks to an extent.

As first step, steady-state analysis was
performed to verify the bus voltages at the
substations are within limits. Next, power flow
analysis was performed to ensure steady-
state stability. After proving that the system
is stable in steady-state, transient stability
was tested by analyzing the impact of picking
up loads in different sized increments. The
preliminary results show the system is able to
supply critical loads in stable manner.

WORK PROJECTED

Task 1: Modeling the system in Powerworld
Unifying the system model into Powerworld
by modeling it completely. Acquire data from
SynerGEE and the Powerworld downtown
network model.

Task 2: Analysis on completed model

a. Come up with different combinations of
loads according to their priority levels

b. Evaluate the different connections and
combinations for supplying critical loads to
reduce losses and improving reliability

c. Consider eight different load levels
according to the seasonal variation and
observing the system behavior in different
cases. Consider generation capabilities
based on available water flows.

d. Most of the critical loads are at the end of
their feeders. Each feeder supplies many
laterals with less critical loads prior to
reaching the critical load. Study schemes
to shed these non-critical loads.

e. Transient stability analysis based available
generator stability models. Evaluate
performance of the existing governors and
exciters. Evaluate need for updates.

The information contained in this document is proprietary and confidential.

Task 3: Demonstration of microgrid operation
Develop finalized full microgrid system model
and conduct studies and evaluate. Perform
different analysis and study solutions that
might improve perforamance.

Task 4: Final Report

Compile final report with the results from the
studies as well as the models, proposed
solutions and any upcoming technologies.

DELIVERABLES

The deliverables for this project will be:

e Completed Powerworld model with
analysis of different cases

e Proposed solutions for implementation
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SCHEDULE
Base line Actual
TASK NAME N
schedule completion

Stage gate 1 "
Receive data from Avista L1/05/201 i
Set up Powgrworld to work and preliminary 11/26/2015 11/22/2015
study of existing system
Evaluate whether this system is stable 12/10/2015 02/08/2016
Stage gate 2
Unify the software approach in Powerworld, 03/17/2016
preliminary test and validation of model.
Visit the Avista facilities 03/08/2016
Complete translation of distribution system from "
SynerGEE into Powerworld SRS
Demopstratmn of mmaAl‘mlcrognd operation 03/31/2016
assuming normal conditions
Stage Gate 3
Analysis based on the seasonal variation of 04/28/2016
generation
Prioritizing the loads 05/12/2016
Simple models of upcoming technologies that 05/26/2016
can benefited
Renewable generation/battery addition 06/23/2016
Optimal dispatch of the load 07/21/2016
Demon§tranon of Microgrid operation/any 08/18/2016
suggestions
Results/Issues identified/Proposed solutions 09/30/2016
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HARDWARE IMPLEMENTATION OF A RESIDENTIAL STATIC VAR

COMPENSATOR (RSVC)

Project Duration: September 2015 - August 2016

OBJECTIVE

The objective of this project is the hardware
realization of a residential static VAR
compensator (RSVC) device that has a
potential application as an energy-saving tool
in the operation of distribution networks
demand-side management program such as
conservation by voltage reduction (CVR). This
type of device could be remotely or locally
controlled to maintain a customer load
voltage with a positive CVR coefficient at the
minimum permissible voltage required by
ANSI C84.1 during peak demand hours.
Deploying these devices on the customer side
of a distribution system will help reduce
energy consumption for the customers and
allow utilities to reduce their need for peaking
units during periods of maximum demand.

BUSINESS VALUE

After the successful simulation of the RSVC
model in MATLAB during phase I, our next
focus was to research the requirements of the
components that will be utilized in building an
RSVC prototype. Based on the RSVC VAR
requirements, the estimated prices for the
power capacitor (10 kVAr), inductor (25 kVAr)
and electronics components including
transistors, programmable hardware devices
and heat sinks is tabulated below:

Estimated Cost Power Power Electronic
and Savings Capacitor | Inductor Components
Analysis

Estimated Cost:

$314.00 $25.00 $139.00 $150.00
Estimated Savings per year = 20 kW x $010 o 6 hrs x
Savings Ll

.5% = $109.5
(for 6 hours use 365 days % 25% = $10

with 2.5% energy
savings)

INDUSTRY NEED

Distribution utilities must purchase enough
generation capacity to manage load during
peak hours. There is a need to build a device
that dynamically optimizes voltage levels via

sophisticated smart grid technologies to
continuously reduce energy consumption and
demand during peaks hours when electricity
prices are inflated and demand may exceed
the available energy.

BACKGROUND

Traditionally, a Static VAR Compensator is
implemented using a reactance connected in
series with a bidirectional thyristor valve
(TCR) along with a fixed capacitor bank as
shown in Figure 1. Partial reactor current
contribution is obtained when the firing angle
for thyristor valve is between 90° and 180°.
However, TCR has certain drawbacks that
include a complex control system that
requires synchronization with the AC mains
using phase-locked loops. Also, due to a non-
continuous current, TCR produces low-order
harmonics that require filtering. To overcome
the problem associated with TCR-based SVC
topologies, a Pulse Width Modulated (PWM)
based SVC is used for building the RSVC
prototype. Instead of using thyristor valves
for  controlling reactor  current, two
bidirectional switches with high-frequency
(10-30Khz) complementary gating signals are
used. The fundamental component of the
reactor current can be controlled by varying
the duty cycle (D) of the gating signals, thus
eliminating the need for a synchronization
mechanism with the AC mains and filters to
remove low-order harmonics.

sssss
Fixed wde
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Figure 1: TCR with Fixed Capacitor based SVC and
PWM reactor with Fixed Capacitor based SVC




SCOPE

Task 1: Commutation Strategy for Bi-Directional
Switches (BDS)

High power bi-directional switches (BDS) are
not commercially available. Therefore, to
realize a BDS, discrete power electronics
devices are required. Figure 2 shows the
topology used for building a BDS, which
consist of two anti-parallel high-power
transistors (MOSFET/ IGBT) devices with
series diodes. This BDS topology has the least
conduction losses as compared to other BDS
topologies.

MOSFET/IGBT
D2
D1
b : et

MOSFET/IGBTI

Figure 2: BDS switching topology with antiparallel
MOSFET/IGBT

For an RSVC device, two BDS (four transistor
devices) are required for safe commutation of
reactor current. Failure to implement a safe
commutation strategy will lead to destructive
voltage and current spikes which destroy the
switches.

A four-step current commutation
methodology, based on input voltage across
the two BDS involved, is established. The
following state machine can be derived for
safe commutation of the BDS, using the
voltage measurement of the input phases that
covers all possible cases. This strategy
assumes that, when the output phase has to
stay connected to an input phase, both the
active devices of the corresponding BDS are
turned on. A short time delay has to be
inserted between the commutation steps to
ensure the safe commutation of the reactor
current.

S1a Sls . 52 S2s

Step 2-TD2

Step 3-TD3

Step 4-TD4
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Figure 3: Four Step Commutation State machine
Using this commutation strategy, the main
inductor current is nearly sinusoidal as shown
in the figure 4:
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Figure 4: Current through Inductor, SW1 & SW2

Task 2: Hardware Realization for Open-Loop
RSVC

After successful implementation of the BDS
commutation strategy, an open-loop RSVC
can be realized using the power components
i.e. capacitor (10 kVAr) and inductor (15
kVAr). Based on the desired operating point,
between 0.95pu to 1.05pu, the duty cycle of
the RSVC device can be adjusted, which in
turn provides a reliable and convenient
approach for the utilities to regulate voltages
during peak demand hours.

DELIVERABLES

The deliverable for this project will be a
laboratory prototype of open-loop RSVC
system with an adjustable duty cycle that can
vary the distribution voltage in the range of
0.95pu to 1.05pu.
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Final Report 2 months July’16 August’16




