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ABSTRACT

This report is a compilation cof the abstracts and visual material used
in presentation at the Fourth Photovoltaic Systems Definition and
Applications Projects Integration Meeting held at the Marriott Hotel,
April 12-14, 1983, in Albuguerque, New Mexico. The meeting, svonsored
by Sandia National Laboratories and the United States Department of
Enerqgy, provided a forum for detailed analyses on recently completed
and current activities. These activities include systems research.
balance-of-system technology development, residential experimentation,
and evaluation of intermediate-sized applications.



FOURTH PROJECT INTEGRATION MEETING
OF THE

SANDIA PHOTOVOLTAIC SYSTEMS DEFINITION AND
APPLICATION EXPERIMENT PROJECTS

Meeting Objectives

This is the Fourth Project Integration Meeting for the Sandia
Photovoltaic Systems Definition and Application Experiment Projects.
The focus is on the current major issues facing photovoltaic systems
and subsystems:

0 utility interfacing and integrating
o array field design
o power conditioning performance

o operation and maintenance reguirements

The meeting objectives are to

o Review the current understanding of photovoltaics
system design and development, assisting in the
transfer of this technology to industry.

o Exchange infermation on on-going work and
system~related activities.

0 Provide a means of coordinating project and
program activities.

This meeting will emphasize the experience gained in the intermediate
application experiments, the current residential systems research
activities, and progress in technology transfer.
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AGENDA

FOURTH PHOTOVOLTAIC SYSTEMS
INTEGRATION MEETING
APRIL 12, 13, 14, 1983

TUESDAY , APRIL 12

SESSION |
8:30 WELCOME
8:40 THE PY PROGRAM STATUS AND ACTIVITIES
E.S. DAVIS, JPL
8:00 SYSTEMS RESEARCH OVERVIEW
G.J. JONES, SNLA
9:30 RESIDENTIAL DOCUMENTATION
M.G. THOMAS, SNLA
10:00 BREAK
10:30 INSTANTANEQUS RESIDENTIAL LOADS - WHY?
G. COLLAROS, BDM
11:00 PHOTOVOLTAIC RELIABILITY MODEL
L. STEMBER, BATTELLE COLUMBUS
11:30 PV AND UTILITY CONTROL
A. BOSE, ARIZONA STATE UNIVERSITY
12:00 - 1:30 LUNCH




TUESDAY, APRIL 12

ARRAY FIELD ENGINEERING
SESSION I AND SUBSYSTEM RESEARCH

CHAIRMAN: H.N. POST, SNLA
1:30 SESSION INTRODUCTION
H.N. POST, SNLA

1:40 MODULAR ARRAY FIELD INSTALLATION
D.C. CARMICHAEL, BATTELLE-COLUMBUS LABORATORIES

2:20 MODULAR ARRAY FIELD INSTALLATION
G.J. NAFF, HUGHES AIRCRAFT CO.

3:00 BREAK

3:30 SYSTEM GROUNDING AND FAULT PROTECTION
W.J. STOLTE, BECHTEL GROUP

4:00 AUTOMATED INSTALLATION
J.R. OSTER, JR., BURT HILL KOSAR RITTELMANN ASSOC.

4:25 MODULAR DESIGNS FOR LARGE ARRAY FIELDS
D. CARMICHAEL, BATTELLE-COLUMBUS, LABS.

4:50 SUMMARY AND WRAP-UP

5:00 - 7:00 SOCIAL HOUR, NO HOST BAR

WEDNESDAY, APRIL 13

SESSION 111 PCS HARDWARE DEVELOPMENT

(ISSUES: COST AND PERFORMANCE)



WEDNESDAY, APRIL 13

SESSIZN I (CON'T)

8:30 SESSION INTRODUCTION
T. KEY, SKLA
8:40 200 Vdc/4kW 20 KHZ UTILITY INTERFACE PCS

S. CUK, TESLACO

9:00 200 Vdc/4kW, 20 KHZ UTILITY INTERFACE PCS
R. STEIGERWALD, GENERAL ELECTRIC

9:20 48 Vdc/3kW, 100 KHZ UTILITY INTERFACE PCS
Jd. ROSS, ALPHA ENERGY SYSTEMS

9:40 60kW, 38 SCR/GTO HYBRID PCS
W. RIPPEL, JPL

10:00 BREAK

10:30 PCS PERFORMANCE TESTING
T. KEY AND W. BOWER, SNLA

UTILITY/PCS INTERFACE STUDIES
(ISSUES: HARMONICS AND CONTROL)

11:00 ACTIVITY SUMMARY
J. STEVENS, SNLA

11:10 INTERPRETATION OF DYNAMIC SIMULATION RESULTS
0. WASYNCZUK, PURDUE UNIVERSITY

11:35 EFFECT OF PV INVERTERS ON DISTRIBUTED FEEDERS
J. FITZER, UNIVERSITY OF TEXAS AT ARLINGTON

12:00 - 1:30 LUNCH
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‘WEDNESDAY, APRIL 13

SESSION 1V INTERMEDIATE PV PROGRAMS
CHAIRMAN: T. HARRISON, SNLA
1:30 CVERVIEW OF PROGRAMS
H.H. BAXTER, SNLA
1:45 OPERATIONAL EXPERIENCE AT LOVINGTON AND NEWMAN
V. RISSER, NMSEI
2:15 OPERATIGNAL EXPERIENCE AT OCSA
D. SORENSON, SAI
2:45 OPERATIONAL EXPERIENCE AT SKY HARBOR
J. McGUIRK, APS
3:15 BREAK
3:30 OPERATIONAL EXPERIENCE AT DFW
M.J. O'NEILL, E-SYSTEMS
4:00 ARCO SOLAR 1MW LUGO FACILITY
L.A. SCHAFFER, ARCQ SOLAR
4:30 DEVELOPMENT OF REGRESSION EQUATIONS FOR

EFFICIENCY AND POWER AT INTERMEDIATE EXPERIMENTS
M.K. FUENTES, SNLA

THURSDAY, APRIL 14

SESSION VY PHOTOVOLTAIC RESIDENTIAL PROGRAM
8:30 RESIDENTIAL PROGRAM OVERVIEW
K. BIRINGER, SNLA
8:50 DEVELOPMENT OF THE SERES

G. VENTRE, FSEC
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9:20 NE RES - RESULTS AND ISSUES
E. KERN, MIT/EL

9:50 BREAK

10:16 SW RES - RESULTS AND ISSUES
J. SCHAEFER, NMSEI

10:40 HAWAITAN PV RESIDENCES
G. CURTIS, HNEI

11:00 TECHNIQUES FOR HANDLING MISSING RESIDENTIAL DATA
D. MENICUCCI, SNLA

11:20 UTILITY INTERESTS IN RESIDENTIAL PV
S. FIRSTMAN, GEORGIA TECH

11:40 RESIDENTIAL PV INSTALLATION COSTING
D. PENASA, UHL AND LOPEZ

12:00 ADJOURN




PROJECT STRUCTURE OF THE SANDIR PHOTOVOLTARIC ACTIVITIES

PHOTOVOLTAIC
PROJECTS
MANAGER
PROJECT E, L.. BURGESS
INTEGRATION
TASK
SYSTEMS CONCENTRATOR SYSTEM SYSTEM &
DEFINITION RESEARCH APPLICATIONS COMPONENT TEST
PROJECT PROJECT PROJECT PROJECT
G, J. JONES E. C. BOES E. L. BURGESS J. F. BABNRS
suégﬁgﬁéms SOLAR CFELL ARRAY RESERRCH RESIDENTIAL
RESERRCH TRSK RESERRCH TASK TASK EXPERIMENTS
H, N, POST D, ARVIZU A. B. MRISH K, BIRINGER
SYSTEMS POWER INTERMEDIATE ADVANCED
£SEARC
RESEARCH CONDITIONING MODULE R H EXPERIMENTS SYSTEMS TEST
TASK RESEARCH TASK TASK TASK FACILITY TASK
G. J. JONES T. S. KEY M. W. EDENBURN T. D. HARRISON H. J. GERWIN




SANDIA PHOTOVOLTAIC PROJECTS

2-15-83
Organization Phone
Number 844~
Projects Manager: SCHUELER, Don 9720 4041
Systems Definition & Development Project
Project Leader: JONES, Gary 9723 2433
Systems Analysis: THOMAS, Mike 9723 3640
Array Subsystems: POST, Hal 9723 2154
Power Conditioning: BOWER, Ward 2364 5206
BRUMLEY, Baron 2364 5206
CHU, Dahwey 9723 6—-2457
KEY, Tom 9723 3043
STEVENS, John 9723 6-4516
System & Component Test Project
Project Leader: BANAS, Jim 9721 6828
CANNON, Jack 9721 6-5187
GERWIN, Howard 9721 0l12
PETTERSON, Ben 9721 4210
PRITCHARD, Dan 9721 0026
Concentrator Technology Project
Project Leader: BOES, Eldon 9724 5634
Cell Development:
(silicon) WEAVER, Harry 2146 8979
HANSEN, Barry 9724 6-4596
NASBY, Robert 2146 6137
RODRIGUEZ, Jose 2146 6137
ROSE, Benny G724 6~-4516
{Advanced) CHAFFIN, Roger 1133 2609
DAWSON, Ralph 1154 7383
GEE, James 1126
HAMMONS, B. E. 1132 3663
WICZER, Jamie 1142 2677
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SANDIA PHOTOVOLTAIC PROJECTS (Continued)

Concentrator Modules: ARVIZU, Dan
BEAVIS, Len
CHIANG, Clement
EDENBURN, Mike
SIEGEL, Rebecca

STILLWELL, Charles

Concentrator Arrays: KING, Dave

MAISH, Alex
RIOS, Miguel

System Appliéations Project

Project Manager: BURGESS, Ed

Data & Information
System: HAYENGA, Ron
HILL, Mark

Experimental Projects:
{Intermediate) BAXTER, Hal
HARRISON, Tom
ROGERS, Cal
(Residential} BIRINGER, Kent

FUENTES, Martin
MENICUCCI, Dave

OCther
DOE/ALO Energy Technolegies Division

GRAVES, Dean
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Organization
Number

9724
9724
9724
9724
9724
9724

9724
9724
9724

2723

2532
2311

9723
9723
9723

9723

9723
9723

ALO/ETD

Phone
844~

6-0387
2231
3254
4003

6-3255
2130

8220

8771
7812

2178

2701
6139

6-0781
6394
2387

2387

6-4520
6-3068

6~5202



SESSION I

Segsion Chairman: Gary Jones
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THE PV PROGRAM STATUS AND ACTTVITIES

E. S. DAVIS
JPL
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Photovoltaic Systems and Applications
Project Integration Meeting

SYSTEMS DEVELOPMENT AND
APPLICATIONS, AN OVERVIEW

by
E.S. (Ab) Davis

Jgh=

April 12, 13, 14, 1983

Jet Propulsion Laboratory
Califarnia Institute of Technology
Pasadena, California

coose
g0

= THE ARCO Solar ONE-MW
PHOTOVOLTAIC POWER PLANT

NEAR HESPERIA, CALIF

5081283

14

Federal Photovoltaic Utilization Program

S INTRODUCTION

Scope:
Application endeavors not included in the
Sandia Program
® Individuals
® Private Corporations
e EPRI and utilities
* U.S. government agencies
® Foreign companies and governments

J#—=  TWO-AXIS TRACKING STRUCTURES

AT THE ARCO Solar POWER PLANT
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POWER CONDITIONING
FOR THE ARCO POWER PLANT

ONE 1000 kVA GARRETT
AND TWO 500 kVA HELIONETICS INVERTERS

- SMUD SITE

15081283
3

cooss
Atoas

Federal Photovoltaic Utilization Program

COMPARISON OF
ARCO LUGO & SMUD PV-1

ARCO LUGO SMUD PV-1

Concept 2-axis tracking  1-axis tracking
dc peak power 1.0 MW 1.2 MW
Power array 9.5 kW 10.56 kW
Modules array 256 256
Ground coverape 13-15% 26-28%
Power conditioning units 2@ 1MW 1@ 1MW
Operating voltage +250 Vde + 350 Vde

480 V - 33 12.47 kV - 3@

Design and construction cycle 12 months 21 months

sosnz ey
€

Federal Photovoltaic Utilization Program

b EPRI & UTILITIES

EPRI’'s program in photovoltaic systems

¢ Integrated photovoltaic central station conceptual
designs. (Black & Veatch, Kansas City)

¢ High concentration PV array development (Black &
Veatch, Kansas City)

e Photovoltaic field-test performance assessment
(Boeing Co. Computer Service (Interim Report Aug 8)

1504 383
?
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Federal Photovoltaic Utilization Program

UTILITIES INVOLVED IN
PHOTOVOLTAICS

INTEGRATION AND ASSESSMENT STUDIES

® Public Service Electric and Gas Co. Newark,
New Jersey

SYSTEM DESIGN AND EVALUATION
® Arizona Public Service Co. Phoenix, Arizona

COMPONENT DEVELOPMENT AND TESTING
e Arizona Public Service Co.

Ref: EPRI electric utility solar energy activities 1982 survey update.

Federal Photovoltaic Utilization Program
= UTILITIES INVOLVED IN
PHOTOVOLTAICS (Cont'd)

FIELD TEST AND DEMONSTRATIONS
* Alabama Power Co.
¢ Arizona Public Service Co.
e Florida Power & Light Co.
e Philadelphia Electric Company (2)
® Portland General Electric Co.
e Public Service Co. of Indiana
e San Diego Gas and Electric Co.
e Southern California Edison Co. (2)

MONITORING
® Public Service Company of New Mexico

b

A 4.4 kW RETROFITTED
RESIDENTIAL PHOTOVOLTAIC SYSTEM

ARIZONA PUBLIC SERVICE CO.

Federal Photovoltaic Utilization Program

;_ GEOGRAPHIC DISTRIBUTION OF
UTILITIES INVOLVED IN PHOTOVOLTAICS

Ref: EPRI electric utility solar energy m

activities 1982 survey update i/\,_
39

NUMBER OF UTILITY PARTICIPANTS IN PV PROJECTS

5
[ 2
i 1 3 1
— | 1
ECAR MAIN MARC ~ MARCA  NPCC SERC SWPP  ERCOT  WSCC
RELIABILITY COUNCIL




. Federal Photovoltaic Utilization Program
B> U.S. GOVERNMENT AGENCIES
* Brookhaven National Laboratory
* NASA Lewis Research Center
¢ Oak Ridge National Laboratory

¢ Federal Photovoltaic Utilization Program

£0104
i0ass

ESD 412,83
12

Federal Photovoltaic Utilization Pragram

{p—= U.S. GOVERNMENT AGENCIES (Cont'd)

APPLICATIONS: NUMBER PER AGENCY

pos TRS gsa

DEPARTMENT OF AGRICULTURE 332 00T EPAJ TVA
DEPARTMENT OF INTERIDR 318

DEPARTMENT OF HEALTH & HUMAK SERVICES 288

DEPARTMENT OF DEFENSE 218

DERARTMENT OF TRANSPORTATION 7

DEPARTMENT OF COMMERCE 56 0o
DEPARTMENT OF ENERGY 52

ENVIRONMENTAL PROTECTION AGENCY 47

TENNESSEE VALLEY AUTHORITY 24

DEPARTMENT OF STATE 1

DEFARTMENT OF TREASURY 1 00D
GENERAL SERVICES ATMINISTRATION 1

TOTAL 1352 D0E

“TOTAL NUMBER DOES NOT INCLUDE ~1800
USCG NAVAID APPLICATIONS

<0101
L0036

D423
it

noc

17

Federal Photovoltaic Utilization Program

e i
48— U.S. GOVERNMENT AGENCIES
{Cont'd)
NASA - Lewis Research Center
Purposs is to increase the technology base for PV stand-alone systems
¢ PV - Hybrid Systems
* Combinad Modular System BOS Cost Sensitivity Study (Hughes)

Oak Ridge National Laboratory
Provides technical assistance to DOE in evaluating work performed under
several PV demonstration project grants

+ Georgetown University
+ Mississippl County Community College
+ Northwest Mississippi Junior College

coigs [LLERLT S
AGadE ]

Federal Photovoltaic Utilization Program
U.S. GOVERNMENT AGENCIES
(Cont'd)

o

o)

=

Largest System Installed
Air Force Post Exchange at McClellan AFB, California
36 kWp

Largest System Planned at the Naval Weapons Center
2-25 kWp

Smallest System

Meteorological Data Buoy, NOAA
0.01 kWp

Largest Portable

Trailer mounted pumping system
cxe 0.88 kWp

40036

tsoc 33,
5




. Federal Photovoltaic Utilization Program
Jf~=  U.S. GOVERNMENT AGENCIES
{Cont'd)

e Smallest Portable
EPA backpack 0.04 kWp

» System subjected to the worst environmental conditions
Navigational lights and buoys

e Systems satisfying the greatest human needs
Comfort Stations

2.4
8%

Federal Photovoltaic Utilization Program
FOREIGN COMPANIES AND
GOVERNMENTS

Jp—=

Japan

Sunshine Project includes about 20 organizations
including universities, industry and the New Energy
Development Organization

® Single
® Multiple
¢ Utility

Saudia Arabia
Soleras

18

Federal Photovoltaic Utilization Program

FOREIGN COMPANIES &
GOVERNMENTS (Cont'd)
Canada

Mechron Energy Ltd., Ottawa
Integrates PV with diesel

Great Britain
BP Solar Systems, Haddenham
30 kWp PV system to start in June 83
Germany
AEG - Telefunken, West Germany
40 - 10,000 W solar power pack
Mexico and West Germany Consartium
Solar Reverse Osmosis (SOR0) 2.3 kWp array

Ireland

Sponsored by European Economic Comission
50 kWp system for a commercial dairy

SOLERAS

D817 8y
@




PHOTOVOLTAIC SYSTEMS RESEARCH OVERVIEW

Gary J. Jones
Sandia National Laboratories
Albuquerque, NM 87185

The System Research Task is responsible for developing the
photovoltaic technology base in the area of system design and sub-
system performance requirements., In the past, this has focused on
the development of detailed designs. These designs were then ana-
lyzed and cost-drivers identified. Where possible the optimum or
lowest life-cycle cost subsystem options were determined and designs
updated to reflect this, This is somewhat of an iterative process
since field test data is necessary to validate results,

The initial phase of this work has now been completed for all
sectors. Therefore the current emphasis in systems research is the
verification of this previous work, by analysis of the original
assumptions in light of recent data. This is followed by the docu-
mentation of this information in a form suitable for the potential
user. The residential sector status ig being summarized in documents
that are in preparaticon. The verification phase is just starting
for the other sectors.

19



0c

SYSTEM RESEARCH OVERVIEW

GARY J. JONES

APRIL 12, 1983
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THE ROLE OF
PHOTOVOLTAIC SYSTEM RESEARCH

TO AID IN THE DEVELOPMENT OF EFFECTIVE PHOTOVOLTAIC SYSTEMS BY
1. CONTRIBUTING TO THE UNDERSTANDING OF:
® PHOTOVOLTAIC SYSTEM OPERATION
e THE OPERATING ENVIORNMENT |
¢ SUBSYSTEM REQUIREMENTS AND SELECTION

2. TRANSFER THIS UNDERSTANDING TO THE POTENTIAL USER
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SYSTEM DESIGNS WAS THE FIRST STEP

HAVE COMPLETED:

'

BUT:

EXAMPLE DESIGNS FOR ALL SECTORS
A RELIABILITY ANALYSIS MODEL
DATA REQUIREMENTS FOR PERFORMANCE VERIFICATION

NO DESIGN FOR TRACKING FLAT PANEL FIELD
UNCERTAINTY IN FIELD DESIGN/OPERATING CHARACTERISTICS
FOR LARGE FIELDS

RESIDENTIAL DESIGNS DO NOT INCORPORATE OPTIMAL
MOUNTING CONCEPT (NOT IDENTIFIED)
PERFORMANCE PREDICTION IS QUESTIONABLE
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SYSTEM DESIGN: WHAT’S NEXT?

® CONTINUED INVESTIGATION OF DESIGN SENSITIVITY

® A DESIGN FOR TRACKING FLAT PANEL FIELDS

® |IMPACT OF ADVANCED TECHNOLOGIES
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THE UTILITY IS THE OPERATING ENVIRONMENT

HAVE COMPLETED:

BUT:

FUTURE ENERGY SUPPLY IMPACTS ON AVOIDED COST

THE ROLE OF ENERGY STORAGE AND ON-SITE LOADS

INITIAL LOOK AT CAPACITY CREDIT

HAVE NOT CHARACTERIZED IMPACT OF STOCHASTIC SOURCE

NO DATA ON PV EFFECTS ON T&D DESIGN

TIME-DEPENDENT VALUE OF ENERGY NOT ANALYZED
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FUTURE UTILITY/PV ANALYSIS PLANS

TRANSMISSION/DISTRIBUTION IMPACTS

COMPLETION OF ONGOING STOCHASTIC EFFECTS STUDY

ASSESSMENT OF POSSIBLE DYNAMIC IMPACTS

EXTENSION OF EXISTING RESULTS TO TIME-VALUE ASPECTS

0
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SUBSYSTEM TRADEOFF ANALYSIS IS KEY
TO TECHNOLOGY DEVELOPMENT

HAVE COMPLETED:

BUT:

TRADEOFF ANALYSIS FOR LARGE SYSTEMS
EFFICIENCY/COST REQUIREMENTS FOR MODULES
INITIAL ANALYSIS OF TRACKING FLAT PANELS
COST ANALYSIS OF RESIDENTIAL ARRAY MOUNTING

RECENT BATTELLE RESULTS QUESTION HIGH-VOLTAGE
ASSUMPTIONS

DEFINITIVE TRACKING STATEMENT REQUIRES VERIFICATION
OF INSOLATION/HARDWARE ASSUMPTIONS

OPTIMUM THERMAL/ECONOMIC RESIDENTIAL ARRAY
APPROACH IS NOT IDENTIFIED

DEGRADATION/RELIABILITY FIELD DATA LACKING

@
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SUBSYSTEM REQUIREMENT DEFINITION PLANS

e REASSESS LARGE SYSTEM ARRAY FIELD TRADEOFFS

® INVESTIGATE "NEW" RESIDENTIAL ARRAY APPROACHES

e MONITOR NEW INSOLATION DATE AND PLANNED ARRAY
DESIGN STUDIES

@
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TECHNOLOGY TRANSFER NEEDED

TO ASSURE RESEARCH VALUE @

HAVE COMPLETED:

BUT:

A DESIGN HANDBOOK FOR GRID CONNECTED APPLICATIONS

CODES FOR SYSTEM DESIGN COMPATIBLE WITH HOME COMPUTERS

NO DEFINITIVE DOCUMENT SUITABLE FOR USE BY A/E COMMUNITY
FOR ANY SECTOR

PROGRAM REPORTS REALLY AIMED AT RESEARCH COMMUNITY



&2

AN APPROACH TO MORE
EFFECTIVE TECHNOLOGY TRANSFER

COMPLETE THE RESIDENTIAL DOCUMENTATION EFFORT
NOW UNDERWAY

INITIATE PARALLEL EFFORTS FOR INTERMEDIATE
AND CPS APPLICATIONS
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THE FUTURE EMPHASIS IS ON DEFINITIVE STATEMENTS @

THE APPROACH OF SYSTEMS RESEARCH IN THE FUTURE WILL BE TO
® REASSESS OLD ASSUMPTIONS
® FOCUS WHERE NEW RESULTS CONTRAST WITH OLD ASSUMPTIONS
e UPDATE DESIGN GUIDANCE AND SUBSYSTEM REQUIREMENTS AS NECESSARY

® DOCUMENT THIS INFORMATION IN FORM MOST SUITABLE FOR DISTRIBUTION



The PV Residential Documentation Effort

Mike Thomas

Extended Abstract

The Residential Documentation effort is a comprehensive compilation
©of residential PV systems information. Currently no other effort has
attempted to provide a complete description of any PV technology for an
entire application sector. This omission impedes technology transfer.

The data base for this project is the many hundreds of documents
that have been prepared during the National Photoveoltaic Program.
Fourteen topical reports, 30-50 pages each, are being written to cover
all aspects of residential PV system design issues. These reports
constitute an intermediate level of documentation which presents the
state-of-the-art analytically, and whose primary audience is the A&E.
An overall summary will also be prepared and will serve as an overview
for a broader audience and as access to the other documents in the
series. Although the primary objective is to provide an analysis of
residential PV systems, it also serves to identify deficiencies in the
data base.

A team of scientists, engineers, architects, and economists have
been assembled to assure a non-parochial treatment in the effort.
Under the leadership of SNLA personnel, the team includes individuals
from the American Institute of Architects, General Electric, Solar
Energy Research Institute, and the Jet Propulsion Laboratory. In addi-
tion, an extensive review process has been established and includes
peer review by the participants, and ocutside review by eight A&E firms,
DOE and EPRI.

The information in the documents is divided into five areas:

@® Background and Rationale

@® Alternate-Designs Considerations

@® The Design Process

® Completing the Job

® Where to Find More Information

The background and rationale includes a description of the basic PV
concept, PV cells, preliminary assessments and methods, and other con-
cerns regarding PV. The alternate-design considerations discuss certain
areas of limited application. The design process area covers the array,
PCS, tradeoffs, and tools to aid in the design. These discussions are
supplemented by a discussion on installation and operation and by a

comprehensive bibliography.

Drafts of each of the topical reports were completed during the winter
quarter with an anticipated publication date for the collection of

October 1983,
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THE PV RESIDENTIAL SYSTEMS
DOCUMENTATION EFFORT

PV SYSTEMS DEFINITION PROJECT

SANDIA NATIONAL LABORATORIES

™
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THE DOCUMENTATION EFFORT: A COMPILATION

OF RESIDENTIAL SYSTEMS INFORMATION @

Two levels of
documentation
have been added
to the
technology base

level

level 2

level 3
{1

executive summary

topical reports

hundreds of reports
on residential PV
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THE OBJECTIVES SHOULD LEAD TO USE IN
THE PRIVATE SECTOR @

® Document state-of-the-art analyses
® Identify deficiences in the data base

® Provide a vehicle for technology trasnsfer
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THE INTENDED AUDIENCE COVERS

A BROAD RANGE

h
Decision
Makers
e .
| Appli~jarchitects
level 1 ,cation/ and
€ ///engineers
level 2 Assessment Researchand
Development
level 3 ;<<
.
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THE DOCUMENTATION IS A TEAM EFFORT @

organizations involved in writing
SERI, JPL, SNLA, GE, AlIA

organizations involved in review
8 A & E firms, EPRI, DOE and participants

background of participants
architects, engineers, scientists, economists, “etc.”
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THE MAJOR PURPOSE OF THE DOCUMENTS IS

)

TO INFORM

Executive Summary
® Photovoltaics is a simple electrical source

@® Characteristics include initial capital cost
with low operational cost

® Realistic assessment- pros and cons

® Stand-alone, use level 2 for expanded
discussion
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BACKGROUND AND RATIONALE @

1 The basics - what is PV, what materials,
& why modules

2 Preliminary Assessment - how does PV fit
& am | interested

3 Institutional Environment - issues involved

4 Economics - why would I bother,
simple and complex methods

5 Utility - what am [ competing with
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ALTERNATE-DESIGN CONSIDERATIONS @

6 PV/T Flat Plate Collectors - mismatch
between thermal & PV, tradeoff between
savings for combination and efficiency loss

7 Storage and DC Loads - storage decoupled
from PV value for grid connected
DC loads will not replace AC

8 Application to the Existing Home -

the special design considerations
with a fixed structure
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THE DESIGN PROCESS @

9 Array Subsystem - methods of configuring
modules and wiring, safety aspects,
and array/ PCS interaction

10 Power conditioning Subsystem - needs for
utility interactive power conditioner
power quality and utility- PV protection

11 Design and Tradeoffs - optimization of design
by comparitve analyses

12 design Tools - available tools and use
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COMPLETING THE JOB @

13 Installation andOperation - the safety and

operational considerations for implementation

WHERE TO FIND OUT MORE ABOUT IT

14 Comprehensive Bibliography -

access to level 3 documentation
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TIMETABLE TARGETS FY83 COMPLETION @J

Winter Quarter 83 - drafts of level 2 documents

Spring Quarter 83 - internal review, revisions

Summer Quarter 83 - external review, publication
completion of Executive Summary draft



THE DETAILED RESIDENTIAL ELECTRIC LOAD DETERMINATION PROGRAM

George J. Collaros, Ed W. Enlow, D. J. Anderson
The BDM Corporation, 1801 Randolph Road S.E., Albuguerque, New Mexico 87106

The Detailed Residential Electric Load Determination Program was initiated to measure residen-
tial electric loads at instantaneous interyals and determine the effects of using instantaneous
load data in annual residential photovoltaic (PV) power systems performance simulations. The
fundamental objectives of this program were to measure real, instantaneous load data, and
develop & statistical model based on this measured data to predict residential electric demand.
Residential load data are currently being collected at 15-minute intervals by utilities through-
out the nation. With this large data base the statistical model can be used to predict the
instantaneous load demand for PV systems in any area of the country. For performance predic-
tions the statistical model was incorporated into SOLCEL, a Sandia National Laboratories-
developed computer simuiation code designed specifically for the analysis of PV systems.

Residential electric load patterns were directly measured at 5-second intervals on four resi-
dences selected in the northeast, southeast, and southwest regions of the country. The data
acquisition hardware configuration is shown in Figure 1. A load data base consisting of 5,080
complete, continuous, 15-minute intervals, was established (53 days). Load data were collected
for a 2-week period during the summer and again in the winter.

A major finding of this program was the Timited occurrence of active load profiles. An active
profile exhibits a high energy level above the 15-minute average, high squared multiple corre-
Tation which means the model adequately explains variability, and usually occurs between 5:30
am and midnight. Inactive profiles, in contrast, are steady state loads which closely follow
the 15-minute time-average data and occur mostly during the night, mid-morning, and afternoon.
Sample active and inactive profiles are shown in Figures 2a and 2b.

After the load data were statistically characterized (Figure 3}, only 734 intervals, out of the
5,080 intervals in the data base, possessed the characteristics described above which statisti-
cally identified them as an active profile and differentiated them from the T5-minute time-
average load. This Jimited occurrence of active profiles substantially reduced the probability
that an active profile would occur when the statistical model was exercised, and annual system
performance simulations conducted.

Annual performance was simulated on a 4-Kw residential array using 1 year of real load data at

a 15-minute interval and a year of solar radiation and weather data for Albuquerque, New Mexicao.
The simulation was performed using 1-hour interval data, 15-minute interval data, 15-minute
interval data with the instantaneous load model, and 15-minute interval data with the instantan-
eous load model but with double the probability of an active profile occurring. The performance
comparisons are shown in Figure 4. Using hourly load data the array supplies 38 percent of the
annual load. The use of 15-minute Toad data produces a decline of 1.4 percent in the fraction
of the lcad met by the array. The use of the instantaneous model however produces a decline of
less than 1 percent from the PV fraction calculated by the use of 15-minute data. The model
using twice the probability of an active profile produces a decTine in the PV fraction by 1.4
percent.

The conclusion which could be drawn from these performance comparisons indicates that 15-minute
load data are adequate for small residential PV system simulations. Firm conclusions however
would be inappropriate at this time. Further SOLCEL simulations are being conducted to examine
the sensitivity of performance predictions to variations in the PV array size, probability of
an active instantaneous load, seasonal weather, climate, and daily weather effects. These
results (Figures 5 and 6) will be presented at the Systems Integration Meeting. The small
number of active load profiles which were identified in the data base however would indicate
that the occurrence and effect of instantaneous data is Tess significant than had been
previously believed.
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FINAL DATA BASE

MODELING STEPS

ANALYSIS DATA BASE

COEFFICIENT DATA

HARMONIC COEFFICIENTS

ALGORITHM INCORPORATING
THE PROF [LES DEVELOPED
AND [MPLEMENTED INTO

BASE
COMPUTER PERIGDIC
ROUTINES 15-SEC DATA FOR REGRESSION
5080 15-MINUTE DATA EACH 15-MIN INTERVAL ANALYSIS FOR EACH INTERVAL
INTERVALS REDUCTION TO BE MODELED
CLUSTER AND
DISCRIMINANT
ANALYSIS
A
INTERVALS CLUSTERED FREQUENCY PROBABILITY -
AND OISCRIMINATED ANALYSIS DISTRIBUTIONS FOR "
INTO 13 MAJOR SELECTION OF PROFILES
DISTINCT PROFILES GIVEN TIME OF DAY, SOLCEL
DAY OF WEEK, SEASON
Figure 3. Modeling Methodology
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ANNUAL PERCENT LOAD SUPPLIED

MODEL WITH

HOURLY 15 MIN MODEL TWICE PROB,
PV ARRAY .382 .368 .361 .354
UTILITY .063 .087 .098 .108
BATTERY .555 .545 .541 .538

Figure 4. Results from SOLCEL Simulations
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DETERMINATION OF THE SENSITIVITY OF PV SYSTEM PERFORMANCE TO:

1) VARIATIONS IN THE PROBABILITY OF AN ACTIVE INSTANTANECUS
LOAD PROFILE

2)  VARIATIONS [N PV ARRAY SIZE

3y SEASOHS

4)  CLIMATE

FIGURE 5. DETERMINATION OF SENSITIVITY

RESULTS

1) 3-D SURFACE OF PV ARRAY SIZE, PROBABILITY OF ACTIVE PROFILE VS. PV
ARRAY EFFICIENCY - DISPLAYED AS PV ARRAY EFFICIENCY (PERCENTAGE OF
PV ARRAY OUTPUT WHICH GOES TOWARD THE LOAD) CONTOURS ON GRAPHS OF
PV ARRAY SIZE VS. PROBABILITY OF ACTIVE PROFILE

EFFICIENCY = <4

PV ARRAY DISCRETE POINTS OF
SIZE ACTUAL STIMULATIONS

PROBABILITY ACTIVE PROFILE

Z)  PLOTS COHWSTRUCTED FCR EACH MOMTH AND YEAR AVERAGE

Fieure 6. ResuLTs
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ABSTRACT

RELIABILITY, AVAILABILITY AND MAINTENANCE-COSTS MODELS FOR USE
IN THE DESIGN OF PHOTOVOLTAIC POWER SYSTEMS

L. H. Stember

Battelle’s Columbus Laboratories
505 King Avenue, Columbus, Ohio 43201

Two techniques were developed under Contract 62-8278 for
modeling the availability and maintenance costs of photovoltaic
power systems. The models use system-specific input data on sys-
tem design, subsystem reliability, and maintenance time and costs,

The starting point for the application of these modeling tech-
niques is the specific PV system design. Such modeling is normally
based on fully working components and cells, without accounting
for the effects of failure and degradation over time. However, in
these models, the design information is combined with reliability
data, and corrective and preventive maintenance data, Also, data
on power ouiput degradation from dirt on the array, permanent
damage to the array surfaces and individual cell failures are used.

The availability model requires that a design simulation of
the array energy production be conducted on a monthly basis using
site-specific data. This is a normal part of the PV system design
process. The model alse makes use of the output from a technique
such as JPL’s “Flat Plate PV Module and Array Circuit Design
Optimization Methodology”, which predicts array output power
degradation over time caused by cell failures. [n this way the
effects of series-parallel cell design and bypass diodes are
incorporated.

The reports on this study contain detailed descriptions of
the development of the techniques and their application to four
PV systems (Sandia Reports No. SAND82-7126/1, -7126/2, and
-7152). Two basic availability models were developed to the
operational stage. These are: (1} the simulation technique using
the GASP IV language, and (2) the analytical approach using
state-space techniques. The simulation model developed is called
“SOLREL”™. It uses event-by-event simulation to represent the
30-year life of the system with individual reliability and main-

tenance events modeled with statistical distributions. The state-
space technique uses an exponential form for both failure and
repair-time distributions, [t is thus able to make use of Markov
chain solutions to the system-specific mathematical models.
Both approaches predict annual energy produced and annual
maintenance costs.

The predicted annual energy produced, resulting from analy-
ses which consider lifetime-related failure and degradation factors,
provides more useful information as an input to life-cycle energy
cost calculations than a no-failure estimate. In addition, the annual
maintenance costs resulting from both corrective maintenance and
preventive maintenance activities are computed. This predicted
maintenance cost factor provides previously unavailable informa-
tion; and, with good data input, allows a realistic forecast of the
life-cycle energy cost.

By changing the design and maintenance strategies, and then
re-analyzing the system using these models, it is possible to evalu-
ate the effect of changes on life-cycle energy costs. As an example,
this approach was used for ‘““time between cleanings™. As this time
interval is increased, the cost per kilowatt hour goes down because
the decrease in maintenance cost is not offset by the decrease in
power produced. However, once a 12-month interval is reached,
this situation turns around and it is more effective to clean rather
than allow the array power to degrade further. Other parameters
may be varied, in an analogus way or the effect of different speci-
fication values for reliability, efficiency, or maintenance time may
be judged. In this way these methadologies can be used in making
design decisions from the long-range viewpoint with a goal toward
minimizing life-cycle energy costs. The results can be used in
procurement specifications and guidelines for purchasing the
subsystems.
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PROGRAM OBJECTIVES

e DEVELOP SYSTEM RELIABILITY/MAINTAINABILITY
METHODOLOGY FOR PV POWER SYSTEMS

¢ INCLUDE SUBSYSTEM DEGRADATION EFFECTS IN
THE METHODOLOGY

o ESTIMATE SUBSYSTEM RELIABILITY AND REPAIR
PARAMETERS

e INTEGRATE THE OUTPUT OF THE METHODOLOGY
WITH LIFE-CYCLE COST MODELS

$%Battelle

Columbus Laboratories



z§

LOAD
REQUIREMENTS

OVERVIEW OF INTERACTIONS OF AVAILABILITY METHODOLOGY WITH
THE SYSTEM DESIGN PROCESS

MONTHLY
INSOLATION
FOR
LOCATION

INCREMENT DESIGN AND COMPARE FOR MINIMUM LIFE-CYCLE ENERGY COST

» PV SYSTEM

DESIGN PROCESS
INCLUDING JPL
ARRAY ANALYSIS
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FRACTION OF INITIAL YEAR RATING
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MAX

300

QUTPUT IN Kw

POWER OUTPUT DURATION CURVE — FOR 1 OF 12
MONTHS OF TYPICAL YEAR

e.g., Sixty hours per month,
array power output
> 300 kW

T —

QUTPUT DURATION CURVE

60 HOURS/MONTH 280

s=Battelle

Columbus Laboratories
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max

SUBROUTINE: INCREMENTAL ENERGY COMPUTATION

INPUT FOR EVENT "'N”’
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DURATION CURVE
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Abstract

ANALYSIS OF THE STOCHASTIC PROPERTIES
OF PHOTOVOLTAIC ELECTRIC GENERATION
ON THE
OPERATION OF UTILITY SYSTEMS

P.M. Anderson Anjan Bose P.E. Russell
Arizona State University

The electric power systems of North America consist of very large interconnected regions
where large electrical load centers are interconnected with large power plants by a network of
high voltage transmission lines. These regions are supplied by rotating synchronous generators
that operate at speeds corresponding to a multiple of 60 Hz, the system frequency. The system
dynamics are quite stable, largely because of the enormous moment of inertia of these large
rotating turbine generator systems. This helps maintain the supply frequency at a nearly
constant value. This frequency is monitored by a system control center, which has communication
with the generating plants and is capable of dispatching changes in generators to maintain
nearly constant frequency at optimum operating cost.

New generating technologies, such as photovoltaic power plants, have greatly different
characteristics from the conventional boiler-turbine-generator systems. These new generating
concepts are inertialess systems, capable of much faster response rates. This means that they
can provide fast control, but wiill not contribute inherently to frequency stability. Thus, it
is conceivable that there may be an upper Timit to the desirable penetration level of these
advanced plants, at least under the present operating and control concept. Moreover, a photo-
veltaic power plant has no energy storage, such as the large thermal storage of a conventional
plant. This means that rapid generation changes due to clouds must be compensated for by the
storage capacity, and perhaps by the dispatch schedule, of conventional thermal plants.

The purpose of this project is to investigate the stochastic behavior of photovoltaic
power plants when integrated into a utility system, with the specific objective of studying the
effect on utility operation, control, and generation dispatch. These concepts will be
studied by special purpose computer dynamic simulations that have the capability of representing
the power plants, the Toads, and the system control center actions. These simulations
demonstrate the effect on system control of rapid PV generation changes under any desired
operating condition. In this way it is possible to judge the effectiveness of system control,
as measured by industry given standards, in the operating envircnment that includes Targe
amounts of PV generation.

One of the essential tasks in this project is the development of a PV system model that
includes the effect of cloud behavior. This is done in two ways: first by a deterministic
model of clouds passing over an array at constant velocity, and finally by a stochastic cloud
pattern that tends to rapidly vary the PY output with time. Both these ramp effects and random
effects are important considerations in the overall system control. Simulation of power system
operation with and without such PV performance should provide valuable new insights as to the
nature of this new technology impact.

The system loads to be considered are taken from a family of typical utility systems pub-
Tished by EPRI. Using this load set collection, a wide variety of system conditions may be
considered, from fast load increase to fast decrease, as well as rapid peaking or dipping
tendencies. These load conditions provide a wide range of conditions that might be experienced
by a utility. Varying this Toad condition, as well as the generation mix, provides a flexible
evaluation tool for analyzing the stochastic behavior of PV generation under cloudy conditions.
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ANALYSIS OF THE STOCHASTIC PROPERTIES
OF PHOTOVOLTAIC ELECTRIC GENERATION ON THE
OPERATION OF UTILITY SYSTEMS

Purpose: The purpose of this project is to study
certain stochastic properties of photovoltaic
systems when integrated into utility generation
and transmission systems, with the specific
objective of studying the effect on utility
operation, contrel, and generation dispatch.

SCOPE: The scope of the project is the modeling and
analytical evaluation related to PV system
behavior, the problems identified in system
operation and control, and the development
of possible solutions to these problems.
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PROJECT TASKS

Probabilistic Model of PV System Behavior
(a) Weather effect model
(b) Stochastic PV Behavior
(c) Stochastic Load Behavior

PV System Impact on Utility Operation and Control
() AGC, Unit Commitment and Spinning Reserve
AGC Simulation
Load Profile
(b) NERC Control Guidelines
(c) Ripple effect of disturbances

Solution to Problems created by PV Switching
Control Strateagies
Protection Strategies

Final Report
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Array Field Engineering

Session Introduction

H. N. Post
Sandia National Laboratories
Albuquergque, NM 87185

This presentation will provide an introduction to the array field
engineering and subsystem research activities which will be reported
upon at this session of the PIM. Significant progress in the reduction
of array field balance-of-system (B0OS) costs have been made during the
past yvear. Modular flat-panel array fields have been installed in the
Sandia test facility which demonstrate a four-fold decrease in the
actual installation costs experienced in previous PV installations.
Array field BOS costs for these modular designs are projected at
$50/m2 (19808%) of collector area for production guantities as low as
1 MWA/yr. In a parallel effort, modular designs for concentrator sys-
tems covering a size range of 20-500 kW have also been developed. A
contract has recently been placed to procure hardware for a modular
concentrator array field consisting of six point-focus Fresnel arrays
to be installed in the Sandia test facility by the end of CY83.

Development activities for large-size array fields have also made
notable progress toward cost reduction. The integrated structure work
has been completed with the installation of a prototype low-cost struc-
ture in the Sandia test facility. This structural design as well as
a 2nd-generation concentrator array have been examined in detailed
installation analyses in an effort to reduce costs through automated
installation methods., Previous installation studies have shown that
automated installation can be a viable cost reduction option. A major
effort to examine system grounding and fault protection for large-size
fields is nearing completion. This activity will culminate in the
publication of a design manual which identifies methods, hardware,
and code impacts. TLastly, the array field modularity work has been
expanded to large-size systems to develop integrated and optimized
designs appropriate for high-voltage, central station applications.
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PROCUREMENT AND INSTALLATION
OF A
MODULAR PHOTOVOLTAIC ARRAY FIELD

by

D. €. Carmichael, G. Alexander, and G. T. Noel
Battelle-Columbus Laboratories
505 King Avenue
Columbus, Ohio 43201

In the initial phase of a two-phase effort, a low-cost modular building-block design
was developed which can be used in multiples for constructing intermediate-sized
(e.g., 10-500 kW) flat-panel photovoltaic array fields. Costing by independent con-
struction and electrical contractors indicates that the design is very cost effective
when compared with previously developed designs, reducing the array-field balance-of-
system costs (structure, wiring, etc.) to a fraction of those incurred in recent
installations.

The general objective of this second-phase effort was to evaluate the building-block
concept by installing, costing, and analyzing the performance of a PV array-field
installation utilizing the developed building-block design. In addition, it is
anticipated that the installation will provide a test bed for the Tong term evalu-
ation of component reliability/durability, energy production, and general operating
experience. The specific objectives of the major tasks of this phase of the project
were:

e Procurement and/or fabrication of all electrical and structural com-
ponents and PV modules for a modular 30-kW (nominal) array field,
using the specifications and drawings developed during Phase 1.

e Installation of the 30-kW (3 building-blocks) array field at the site
specified by Sandia at their Photovoltaic Advanced Systems Test
Facility, Albugquerque, New Mexico.

o Testing of the installed array field to evaluate its performance
under various operating conditions.

The second phase effort has been completed. The array field has been installed and
placed in operation. Testing indicates that the building blocks will each produce
approximately 10 kW under peak conditions. The installation was accomplished without
major difficulty and within initial estimates of time and cost. The actual array-
field balance-of-system costs of this first-time inst§11ation were approximately
$134/m2 in 1982 $ ($116/m2 in 1980 $) to which $12/m¢ should be added for a security
fence which would be required in most installations but already existed at the Sandia
site. Analysis of the experience with this initial installation, based on detailed
records of the time and manhours devoted to each activity, indicates that the cost of
a second installation of the same size would be about $57/mé (1982 $) plus the fence
cost. Llarger fields using additional building blocks of the developed modular

design permit substantial additional cost reductions.

A detailed engineering drawing package and construction specifications have been

prepared and are available for use in installing array fields of various sizes using
the developed modular design.
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OBJECTIVE

TO EVALUATE THE BUILDING-BLOCK CONCEPT AND
DESIGN DEVELOPED PREVIOUSLY FOR FLAT-PANEL
ARRAY FIELDS—

e EASE OF INSTALLATION e COST e PERFORMANCE

APPROACH

PROCURE, FABRICATE, INSTALL, AND TEST A MODULAR
ARRAY FIELD USING THREE BUILDING BLOCKS (~10 kw
EACH) OF THE STANDARDIZED DEVELOPED DESIGN
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CHARACTERISTICS OF THE MODULAR
ARRAY FIELD BUILDING
BLOCK DESIGN

e PV MODULE — 2x4 FT; 5 VDC OUTPUT
— PARALLEL CELL STRINGS
— BYPASS DIODE

* FOUNDATION — STEEL HAT-SECTION STAKES
— WOLMANIZED 4x4 IN. BEAMS
e STRUCTURE — LIGHTWEIGHT STEEL ANGLE
AND TUBING
— TWO-MODULE PANEL, 4x4 FT
¢ BRANCH — ~10 kW PEAK OUTPUT @NOC
CIRCUIT AND 10% EFFICIENT MODULES

— ~400 VDC @NOC
— 2 MODULES IN PARALLEL,
82 PAIRS IN SERIES

e INTERMODULE — CRIMP-SPLICED PIGTAILS
WIRING WITH INSULATING PAD

e FIELD WIRING — DIRECT BURIAL CABLES

e BUILDING — ~10 kW PEAK OUTPUT @NOC
BLOCK SIZE — ~400 VDC @NOC

— TWO ROWS OF STRUCTURE
— ~165 FT EAST-WEST BY 18 FT
NORTH-SOUTH WITH AISLES
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KEY FEATURES OF THE STRUCTURE/
FOUNDATION DESIGN

e FABRICATED AT MINIMUM COST USING SIMPLE PARTS

e COMPONENTS IMMEDIATELY AVAILABLE WITHOUT
DEVELOPMENT

e ACCOMMODATES SITES WITH UNEVEN TERRAIN
(MINIMUM SITE PREPARATION)

e CONTINUOUS METAL STRUCTURE REDUCES
GROUNDING COSTS

e ALL COMPONENTS CAN BE HANDLED BY ONE PERSON

e EASILY ACCESSIBLE FOR CLEANING/MAINTENANCE
FROM GROUND LEVEL

e SIMPLY AUTOMATED WITH MINIMUM CAPITAL
INVESTMENT
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KEY FEATURES OF THE ELECTRICAL DESIGN

® MINIMIZES EFFECT OF CELL FAILURES ON OUTPUT
e LOW MAINTENANCE AND LIFE CYCLE COSTS

e LOW MODULE-INTERCONNECTION COSTS

¢ USES STRUCTURAL COMPONENTS FOR GROUNDING

e IN-FIELD PROVISION FOR ISOLATION AND TESTING

ARRAY TESTING PLAN

MEASUREMENTS
¢ CONTINUOUS LOAD (INCLUDING Voo AND Ig.)

e FULL I-V (INDIVIDUAL BUILDING BLOCKS AND
PARALLEL COMBINATION)

e SHADING EFFECTS

e CELL OPERATING TEMPERATURES
e BLOCKING DIODE LOSSES

e WEATHER AND INSOLATION DATA

EQUIPMENT
e MODEL PV 500-40 IV CURVE TRACER
e HP 85 MICROPROCESSOR
e DIESEL GENERATOR LOAD BANK
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MODULAR PHOTQYOLTAIC ARRAY FIELD
SANDIA CONTRACT NO. 68-3152

GEORGE J. NAFF
HUGHES AIRCRAFT COMPANY, SUPPORT SYSTEMS
P.0. BOX 9399
LONG BEACH, CA 90810-0399

APRIL 1983
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MODULAR PHOTOVOLTAIC ARRAY FIELD
SANDIA CONTRACT NO, 68-3152
George J. Naff
Hughes Aircraft Company, Support Systems
P.0. Box 9399
Long Beach, CA 90810-0399

Under contract with Sandia National Laboratories during calendar year
1981, the Hughes Aircraft Company carried out analyses, designs and 1ife
cycle cost trade-offs which lead to an optimized, modular, intermediate
power (20 to 500 kWp), grid interactive photovoltaic array field. This
design study addressed primarily the balance of systems (BOS) elements
of the array field; the photovoltaic conversion devices (cells and
modules) are to conform to the JPL Black V Specifications No, 5101-161.
The power inversion device was not addressed.

The BOS element categories included (a) the array structures and
foundations, (b) array field wiring topologies, (c) power collection,
(d) electrical protection and safety, and (e) site preparation and
security. Photovoltaic modules were cost analized on the basis of size,
wiring topology, electrical protection, panel configurations, installa-
tion, reliability and maintainability, and expected life. Matrices of
various combinations of BOS element designs were analized using a
computerized cost breakdown structure program; trade-offs were carried
out to achieve optimized 20 year 1ife cycle system costs for array field
sizes of 20, 100 and 500 kWp. From these BQOS elements one final design
was configured to satisfy modular expansion in the intermediate power
range of 20 to 500 kWp. System modularity was estabiished at a nominal
10 kWp source circuit, Manufacturing cost estimates were based upon
annual production rates of ten megawatts.

To verify the modular design, Sandia contracted with Hughes in 1982 to
construct a 30 kWp array field, three source circuits., The manufacturing
drawings and procurement specifications developed for the final design
were used verbatem, without change. Except for the Hughes fabricated
parts, all hardware, material and subcontract procurements were procured
under open competitive bid procedures.

The 30¢ kWp array, depicted in Figure 1 is summed from the three 10 kWp
source circuit building blocks, each source developing + 200 Vdc in a
bipolar configuration. Power from each half row is terminated in a
small junction box, Figures 2 and 3, located at the inner end of each
pole row before being routed underground to the system Power Collection
Center (PCC) located at the rear center of the array field. One PCC is
capable of handiing up to 10 source circuits (100 kWp) before being
replicated, The PCC includes the electrical switch gear, the electrical
protection and greunding components, and up to five power control
modules, each capable of independently controlling twoe source circuits.
System power to an inverter is available at the main Tugs within the
PCC. The PCC and its schematic are depicted in Figures 4 and 5.
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Four each, two foot by four foot, 5 volt photovoltaic modules, form a
panel, The modules are wired in a horizontal folded daisy chain config-
uration, Figure 6, by the use of jumper cables terminating into male
plugs which in turn mate into receptaclies factory mounted onto the PV
module busbar by the module manufacturer.

A hybrid array foundation consisting of front buried metal feet and a
concrete curb at the rear provides the support for the PV panel support
structures. The front metal feet provide self grounding for the array
structures. The PV panels are mounted to front and rear foundation
stanchions, Figure 7. The array grounding counterpcise is Taid in the
same trenchs prepared for the buried field cables.

The array field site preparation, trenching, concrete work, assembly and
installation of structures were performed by a local Albuquerque general
contracter. Structures and electrical parts were fabricated in the Los
Angeles area and shipped to site. The photovoltaic modules were
subjected to selected qualification tests per JPL Block V Specification
5101-161 at an independent testing facility. Production modules were
source inspected at the manufacturer's facility and verified by 1ot
sampie testing at the Hughes facility. The photovoltaic modules were
assembled into panels at the site maintaining module current matching to
within 0.25 amps per string (one-fourth of a source circuit). I-V
curves, Figures 8 and 9, were generated.

Except for delays in receipt of vendor furnished parts or delays due to
inclement weather at the site, the procurement, fabrication, installation
and test went according to plan and in some phases much better than
expected,

A cost breakdown, Table 1, shows BOS costs for this 30 kWp array at
$163.11 per square meter of array.

TABLE 1
BOS ELEMENT PRICE DATA
/e
ELECTRICAL HARDWARE $ 28,98
STRUCTURES/FOUNDATIONS HARDWARE 21.66
FIELD INSTALLATION 112,47 *
TOTAL $163.11 (1982 $)
TOTAL $140 92 (1980 %)

* INCLUDES PRICE FOR FENCE
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PHOTOVOLTAIC SYSTEM GROUNDING
AKD FAULT PROTECTION STUDY

W. J. Stolte
Bechtel Group, Inc.
P. 0. Box 3965
San Francisco, Ca 94119

Bechtel Group, Inc.,, under a contract with Sandia National Laboratories,
is conducting a study of grounding and dec system fault protection iIn
photovoltaic power systems. The emphasis of the study is on large (1 to
1000 MW) central station type plants with medium-sized (20 to 1000 kW)
systems also addressed. 1In addition, United Technologies Corporation
{(UTC), under subcontract to Bechtel, is evaluating the requirements for
PCS isolation transformers in medium~sized systems, UTC is also
contributing to the grounding/fault protection study.

Current practices in other technologies and existing codes were reviewed
for relevance and applicability to photeovoltaic power plants, A set of
design criteria was developed., Important among these criteria is the
voltage limit allowable for possible personnel exposure during fault
(and normal) conditions. This element of design along with requirements
for operation of relaying require grounding and fault protection design
to be considered simultaneously.

Evaluation of plant and system designs indicated that lightning
protection and faults in the plant ac substation may influence grounding
system design more than the dc system, The design of the grounding
system is also strongly influenced by items beyond the control of the
designer (e.g., soil resistivity). Overall costs can be reduced by
integrating the grounding system with other plant subsystems. Examples
of this are the use of rebar in concrete array foundations as ground
rods, the use of foundation and wiring excavations to bury grounding
cables, and the use of array structural elements (e.g., torgue tubes in
flat plate arrays) to form part of the ground system.

In the area of dc fault protection, a computer program was used to
estimate fault current for postulated subfield and dc wiring
configurations. Protection circuit configurations and equipment were
evaluated, Surge protection and the interaction of the PCS were also
evaluated. Vendors and manufacturers were contacted to catalog the
characteristics of currently-available sensors and protective devices
needed to meet system design requirements.
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TASKS

GROUNDING SYSTEM REQUIREMENTS DEFINITION

GROUNDING SYSTEM DEESIGN GUIDELINES AND ANALYSIS
SYSTEM FAULT PROTECTION ANALYSIS

RECOMMENDED PRACTICES AND CODE IMPACTS

FINAL REPORT / DESIGN GUIDE
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SURFACE VOLTAGE PROFILES
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MIDPOINT CURRENTS TO GROUND FOR A 5.0 MW 2,000V SUBFIELD
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CURRENT THRU GROUND RESISTOR (A)

CURRENT THRU GROUNDING REBISTOR (A)

CURRENT AND POWER THRU MIDPOINT GROUNDING RESISTOR,
WITH LOAD REMOVED (OPEN CIRCUIT)

AND FAULT TO GROUND
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0
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PCS ISOLATION TRANSFORMER

ADVANTAGES:

Dc System Voltage and Power Levels
Dc¢ Injection
Grounding

Harmonics
Safety

Utilities and Standards Committees

DISADVANTAGES:
Cost
Size and Weight

Efficiency
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AUTOMATED INSTALLATION METHCDS FOR PHOTOVOLTAIC ARRAYS

John R. Oster, Jr.
Burt Hill Kosar Rittelmann Associates
400 Morgan Center
Butler, Pennsylvania 16001

During the past three years, Burt Hill Kosar Rittelmann Associates has been actively
investigating the wuse of mechanized/automated equipment for the installation of large
photovoltaic arrays. The current study which has been underway since August of 1982 has focused
on the development of equipment for the installation of two types of photovoltaic array flelds:

« The Martin-Marietta Point Focused Fresnel Lens System
« The Bechtel Torque Tube with Two Point Support System

The study has focused on the development of scenarios and costs using standard installation
procedures, the identification and develcpment of equipment to mechanize/automate various steps
in the installation scenario and to identify the new installation costs asgsociated with the
mechanized/automated installation scenario. Based on the standard installation cost data and
the expected equipment cost for the mechanized/automated installation scenario, it appears that
the development of such equipment for a class of support systems and panel types can be cost
justifiable.

The results reported in this study include the installatiofl costs associated with the standard
installation scenarios for both the flat plate and concentrator array fields. This data is
provided as a total cost, as a cost per square meter of aperture area, and as a cost per
kilowatt hour of annual production. It is important to note that the costs generated here are
only the array field costs and do not include the cost of the photovoltailc panels or arrays, the
power conditioning equipment and the associated AC switchgear and transmission lines found on
the output side of the power conditioning unit. The costs do include land and site preparation,
support structure installation, array field wiring and panel/array installation. This data,
when combined with the remaining balance of system costs, will permit the identification of the
most cost effective array field approach when comparing the two studied systems.

In addition to the above data, the study includes details on the equipment costs and
installation costs of the concentrator and flat plate array field installation usiag
mechanized/automated techniques. Again, these installation costs do not include the cost of the
power conditioning equipment and the cost associated with the AC output side of the power
conditioning equipment. In addition, the developmental costs are projected for the hardware as
developed and described for the installation of photovoltaic array fields.

Several basic conclusions can be drawn at this point in time with regard to the installation of
the two studied array field types. It is evident at this point that significant concentrator
array field costs center around the array field wiring; the high cost resulting primarily from
the wire cost, the need to bury the secondary wiring; the need for AC and control wiring; and
the need for a large number of junction boxes for electrical interconnects. It also appears
that the costs associated with the installation of both the flat plate and the concentrator
array fields can be reduced via the use of mechanized/automated installation techniques. In
addition, the equipment necessary for the installation of photovoltaic arrays can be developed
and purchased at a cost which 1s economically advantageous to the owner of a large photovoltaic
array field. Finally, it appears that additional strides must be made at integrating the design
of photovoltaic systems and array fields to further reduce the installed costs of photovoltaic
power systems.

It is anticipated that the remaining portions of this study will be completed during late Spring
and the final report will be submitted to Sandia for review in early Summer,
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68

AUTOMATED INSTALLATION METHODS
FOR PHOTOVOLTAIC ARRAYS

Objectives

e Develop automated equipment concepts which reduce
installation time and labor requirements
— Bechtel flat panel array
— Martin Marietta concentrator array

e Estimate the costs of the equipment

Scope

® Review the panel and field designs

® Produce automated installation scenarios

® Prepare equipment cost and advance conceptual design
documentation
— Support installation
— Panel instaliation
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10 MW ARRAY FIELD CHARACTERISTICS

ARRAY TYPE CONCENTRATOR FLAT PLATE

ARRAY SIZE 10.7" X 44.47 = 475 FT22 8.3' X 39.0' = 324 FT22
(44,1 M%) (28.9 M%)

APERTURE AREA 388 FT.% 277 FT.;

(EACH ARRAY) (36.0 M%) (25.7 ¥%)

TOTAL NO. OF ARRAYS

50/SUBGROUP X 48 SUBGROUPS
2,400 ARRAYS

120 SUBGROUP X 36 SUBGROUPS
4,320 ARAYS

TOTAL ARRAY FIELD AREA 214 ACRES 122 ACRES
(86.6 HECTARES) (49.4 HECTARES)

TOTAL AREA REQUIRED/ARRAY | 3,884 FT22 1,230 FT22
(360.9 M%) (114.3 M%)

10 MW ARRAY FIELD INSTALLED COSTS
ARRAY TYPE CONCENTRATOR FLAT PLATE

SITE PREPARATION & DRAINAGE $ 726,713 $ 467,814

ARRAY FIELD WIRING 3,396,250 973,319

SUPPORT STRUCTURE 817,868 1,066,961

ARRAY INSTALLATION 413,108 504,018

TOTAL COST $5,353,939 $3,012,112

s /M2 $  61.97/M2 s  27.18/M2
$/KWH/FIRST YEAR $  0.173 s 0.127
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CONCLUSIONS

» SIGNIFICANT CONCENTRATOR ARRAY FIELD COSTS CENTER AROUND THE ARRAY FIELD
WIRING RESULTING FROM:

=]

LARGE QUANTITY OF WIRE
o NEED TO BURY SECONDARY WIRING

o NEED FOR AC & CONTROL WIRING

<

LARGE QUANTITY OF J-BOXES & ELECTRICAL INTERCONNECTS

o COST CAN BE REDUCED VIA MECHANIZED/AUTOMATED INSTALLATION TECHNIQUES.

o CONTINUED INTEGRATION OF PHOTOVOLTAIC SYSTEMS AND ARRAY FIELDS IS REQUIRED
TO FURTHER REDUCE THE INSTALLFD COSTS OF PHOTOVOLTAIC POWER SYSTEMS.
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OPTIMIZATION AND MODULARITY STUDY
FOR LARGE-SIZE PHOTOVOLTAIC
FLAT PANEL ARRAY FIELDS

by

D. C. Carmichael, G. Alexander, and G. T. Noel
Battelle-Columbus Laboratories
505 King Avenue
Columbus, Ohio 43201

The objective of this project is to perform additional subsystems optimization stud-
ies on a previously developed flat-panel array-field building-block design developed
under Contract 62-9187, "Photovoltaic Array Field Optimization and Modularity Study".
The emphasis in this project is on

e Larger array fields for central station applications
» Appropriate system and personnel protection requirements

e Modifications to the existing structural design associated
with larger size array fields and a Tonger service life

¢ Modifications appropriate for longer term {i.e., 1986)
implementation.

The specific objectives of the major tasks are:

# Task 1. Array Structure and Foundation Analysis and Design -
to examine, analyze, and modify the array-field structural and
foundation designs to meet the requirements of central station
applications at minimum cost.

e Task 2. Field Electrical Wiring Analysis and Design - to develop
an overall array-field wiring design to meet central station
application requirements at minimum 1ife-cycle energy cost.

e Task 3. Design Integration and Building-Block Identification -
to interrelate continuously the results of Tasks 1 and 2 to
produce a fully integrated building-block design reflecting both
structural and electrical requirements and considerations.

o Task 4. Preparation of Engineering Drawing Packages, Specifica-
tions, and Costs - to prepare detailed engineering drawings and
specifications for the building-block design; to prepare detailed
structural, electrical, and site drawings for modular 1-, 10-, and
100-mW array fields using the building-block design; and to pre-
pare cost estimates based on the drawings and specifications.

A baseline circuit design has been deveioped as a result of array circuit design and
analysis studies. Features of the design include:

¢ Series Block--11 series cells per string; 24 parallel strings;
1 bypass diode

¢ Branch Circuits--400 series blocks; 2000 v; approximately 120 kWp
o 1 MW (NOC) Building-Block--13 parallel-connected branch circuits

o 5 MW (NOC) Building-Block--63 parallel-connected branch circuits.
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The branch circuit will be center-tap grounded, yielding array end-point voltages of
£1000 volts with respect to ground. The c¢ircuit will be implemented with 2 x 4-ft
modules (4 per series hlock) but is compatible with 4 x 4-ft modules if they are
available and cost effective.

The baseline circuit design Teads to a support structure concept with an 8-ft slant
height. Several candidate structural concepts were reviewed with an emphasis on
comparative costs. Factors of concern in evaluating structural concepts include:
ability to adjust for tolerance buildup, ability to accommodate thermal expansion
effects, and compatibility with anticipated terrain variations.

Screening of candidate conceptual designs of structures for use with framed PV
modules has been completed and a concept has been selected for additional analysis
and cost evaluations. The selected concept is an extension of the design developed
in a previous study for intermediate-sized array fields. The major factors contri-
buting to the evolution of that original design to the concept presently being
evaluated are the requirement of a minimum operating life of 30 years and the
assumption of the availability of specially designed automated equipment for the
installation. The design being further developed utilizes precast concrete founda-
tions, steel angle module supports, and tubular metal struts. Detajled analyses have
been performed to assure compliance with specifications for withstanding wind load
and other forces. Cost analyses are also being performed.

Preliminary designs of the electrical and physical layouts for the T MW and 5 MW
building blocks have been developed. Analyses of electrical design requirements
(e.g., wire sizes required to comply with maximum allowable losses, economic
tradeoffs for larger sizes, etc.) and options have proceeded as planned. Identify-
ing appropriate electrical hardware which is rated for the branch circuit current
and veltage Tevels and which is compatible with the cost objectives has posed some
difficulties.
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OBJECTIVE

BASED ON THE LOW-COST MODULAR DESIGN
DEVELOPED FOR FLAT-PANEL PV ARRAY
FIELDS OF 20-500 kW-PEAK, THE OBJECTIVE
OF THIS PROGRAM IS TO PERFORM ADDI-
TIONAL SUBSYSTEMS OPTIMIZATION EFFORTS
WITH EMPHASIS ON:

e LARGER ARRAY FIELDS FOR CENTRAL-
STATION APPLICATIONS (1-100 MW)

¢ HIGHER FIELD VOLTAGES

e APPROPRIATELY MODIFIED PROTECTION
REQUIREMENTS

e INCREASED VERSATILITY AND LIFETIME
FOR THE DEVELOPED STRUCTURAL

DESIGN

e MODIFICATIONS FOR LONGER RANGE
(1986) IMPLEMENTATION
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SCOPE

e DEVELOP A MODULAR BUILDING-BLOCK DESIGN
FOR USE IN INSTALLING 1-100 MW CENTRAL-
STATION ARRAY FIELDS AT MINIMUM LCC

¢ DESIGN 1-MW, 10-MW, AND 100-MW ARRAY-
FIELD LAYOUTS USING THE DEVELOPED
'BUILDING BLOCK

e PROVIDE DETAILED WORKING DRAWINGS,
CONSTRUCTION SPECIFICATIONS, AND COST
ESTIMATES FOR THE DEVELOPED DESIGN
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MODIFIED REQUIREMENTS FOR
CENTRAL-STATION APPLICATIONS

THE ARRAY-FIELD DESIGN SHOULD HAVE:
e OPERATING LIFE OF 30 YEARS OR GREATER

e CONCRETE AS ONLY MATERIAL BELOW GROUND
LEVEL

e NO WOOD COMPONENTS

e ACCOMMODATIONS FOR LARGER MODULES
(EEG., 2 x4 FT, 4 x4 FT, 4 x 8 FT)

ALSO, THE LARGE FIELD SIZES AND 1986 IMPLEMEN-
TATION PERMIT AUTOMATED EQUIPMENT FOR
INSTALLATION
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PRESENT STATUS OF
STRUCTURAL DESIGN

THE STRUCTURE/FOUNDATION DESIGN BEING
DEVELOPED HAS

e 8 FT SLANT HEIGHT

e 18 FT ROW SPACING

e SHARED PRECAST CONCRETE FOUNDATION
e LIGHT-GAUGE STEEL-ANGLE SUPPORT RAILS
e CONDUIT-TUBE BACK STRUTS

100%



FEATURES OF PRESENT
STRUCTURAL DESIGN

SIMPLE EFFICIENT INSTALLATION
CONCRETE FOUNDATIONS

STEEL STRUCTURE
THERMAL EXPANSION ABSORBED BY ANGLE DEFLECTION AT EACH BAY

CONTINUOUS GROUND STRUCTURE (MINIMIZES EXTRA WIRES)

CONTINUOUS CONSTRUCTION—ELIMINATES TOLERANCE STACK
PROBLEMS (PANEL INSTALLED AND TIGHTENED BEFORE FOUNDATION

FIXED VIA EARTH TAMPING)

RELATIVELY INEXPENSIVE AUTOMATION OF FIELD AND ROW LAYOUT,
AND INSTALLATION

WITHSTAND ALL ENVIRONMENTAL CONDITIONS OF ORIGINAL OPTIMI-
ZATION AND MODULARITY STUDY INCLUDING:
e FULL WIND AT EDGE OF FIELD WITH NO FENCE

e COMBINED WIND, SNOW, AND ICE LOADS
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SOURCE CIRCUIT
DESIGN DEVELOPED

400 SERIES BLOCKS—1600 MODULES
LENGTH = 488 m
APERTURE = 1189 m?2

RATED OUTPUT (NOMINAL 10% EFFICIENCY)
® 2000 V x 60 A = 120 kW PEAK
® 1716 V x 48 A = 82.4 kW NOC
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1 MW BUILDING BLOCK DESIGN

13 PARALLEL-CONNECTED SOURCE CIRCUITS
15,460 m2 APERTURE

DC (ARRAY FIELD) RATING
® 2000 V x 780 A = 1,660 kW PEAK
e 1716 V x 624 A = 1,071 kW NOC

1T MW POWER CONDITIONING UNIT

OUTPUT—13.8 kV, 3 ¢, 60 Hz
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5 MW BUILDING BLOCK DESIGN

63 PARALLEL-CONNECTED SOURCE CIRCUITS
74,919 m2 APERTURE

ARRAY-FIELD RATING (DC)
e 2000 V x 3780 A = 7,660 kW PEAK
e 1716 V x 3024 A = 5,189 kW NOC

5 MW POWER CONDITIONING UNIT

OUTPUT—34.5 kV, 3 ¢, 60 Hz
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Session Chairman: Tom Key
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Power Conditioning Session Introduction

Power Conditioning Technology for
Grid-Connected Applications

During the last year, major progress has been made with respect to
performance and low-cost potential for PV power conditioners. This is
particularly true for the small (2-10 kW) residential type units. In-
terface and control problems related to adapting available inverter
designs to grid-connected residential experiments are now solved., Four
promising design concepts have been identified and several advanced
power conditioners that apply to these concepts have been developed
specifically for PV applications. There are at least six manufacturers
currently marketing grid-connected power conditioners for PV,

Among several advanced concepts that have been developed into
working hardware, the high-frequency link approach has demonstrated
the greatest reduction in size and weight. 1In this approach, the
large and heavy 60 HZ isclation transformer is replaced by a 10-150
KHZ transformer that is many times smaller for an equivalent power
handling capability. Three conversion steps are required in the HF
link design., First, the dc¢ from the array is inverted into a sym-
metrical pattern of pulses using two or four solid state switches.
This pattern is usually modulatd to carry the 60 HZ sine wave shape
through the HF link transformer, The pulses are then rectified after
passing through the transformer and shaped into half-sine waves by a
series reactor., They are then unfolded or inverted into the utility
line using a full-bridge inverter.

The efficiency of this approach is about the same (v92%) as other
advanced approaches that use 60 HZ transformers. However, the size
and weight is reduced substantially. The potential for low-cost pro-
duction is therefore increased.

The cost experience to date with advanced residential PCS hardware
is 3-5 times the DOE suggested allocation of $.20-.30/Wp for a PCS
in an "economical" PV system. Future technical advances including
compact and powerful micro-processor control, integrated power switch-
ing modules and improved magnetic materials will reduce cost relative
to the designs that are available today. However, major cost decrease
is expected to come from a transition to volume production.

102



HIGH FREQUENCY LINK 4kW PHOTOVOLTAIC
INVERTER FOR UTILITY INTERFACE

Alan Cocconi, Slobodan Cuk, and R.D. Middlebrook
TESLAco
490 South Rosemead Blvd.
Suite 6
Pasadena, California 91107

TESLAco INVERTER: DESIGN CONCEPT AND FEATURES

The TESLAco inverter was designed specifically for line tied applications
and takes advantage of this by using a topology that only allows a forward
power flow (Fig. 1). This toplogy incorporates a high frequency (20kHz)
isolation transformer for substantial savings in size and weight. The 4kW
transformer weighs only 2.5 1bs. compared to about 50 1bs. for the 60Hz equiv-
alent. The two main switches Q1 and Q2 are single Darlingtons for simplicity
and can withstand input voltages up to 700V. The output unfolding bridge is
very efficient as it only switches at the current and voltage zero crossings.
The components chosen for this application were high safe operating area
(800V, 90A) transistors which allow the output to be protected from virtually
any lTine waveform without the need for fuses.
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Fig. 1 Basic Topofogy of TESLAco Inverter
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L111.

PROTOTYPE SPECIFICATIONS AND TEST RESULTS (Fig. 2)

Input Power: AkW

Input Voltage, Operating: 160 to 240V

Input Voltage, Withstand: 0 to 600V

Output Voltage: 240VAC 5%

Ambient Temperature: -10 to +45°C

Size: 20" x 6:5" x 13.5"

Weight: 38 1bs.

Cooling: Forced air over external heatsinks,
convection cooled cabinet.

Efficiency (full output): 92%

Standby Power Dissipation: 2.5W

Output Current Distortion: 3.5% on a 1.2% distorted Tine.

Fig. 2 Output curnent at 4kW, 10A/div., 5ms/div.

INVERTER CONTROL OVERVIEW

Fig. 3 shows a simplified block diagram of a feedback structure. The
unfolding stage is always controlled by the voltage zero crossings of the
240V Tine. This minimizes the possibility of the unfolding transistors
shorting the line. The output of the buck stage is derived from a digitally
generated sine reference produced by a PLL circuit that Tocks into the 60Hz
Tine. During normal operation, the input voltage control circuit acts so
as to null the error signal from the peak power tracker. However, when the
array peak power point Ties above 240V or below 160V, the peak power tracker
error signal will be overridden so as to maintain the array voltage between
these Timits. The peak power tracker will also be overridden if the current
into the 240V ac 1ine exceeds 17A rms (corresponding to 4kW). In this
situation, the array voltage will be increased to a level greater than the
peak power point until the output current is within 17A rms. In this mode,
the input voltage may be allowed to go up to at least 250V.
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Iv.

A more detailed diagram of the control structure is shown in Fig. 4 where
the actual small signal gains of the function blocks are given. Note that the
buck PWM Control of Fig. 3 actually contains a minor feedback Toop that sub-
tracts the buck stage output current from the AM sine signal. The purpose of
this is to make the entire inverter present a 6Q resistive impedance (approx.)
to the 240VAC line for frequencies above 60Hz. The sample and hold circuit
in the feedback circuit reduces the distortion of the 60Hz output by preventing
the input voltage control feedback loops from interfering with the minor Toop
around the buck stage. With this setup, the inverter output current is
governed by the 60 resistive impedance during each 60Hz cycle, but its rms
value in the long term is dictated by the input voltage control feedback loops.

PROTECTION AND SEQUENCING

The inverter control logic differentiates between 2 types of error
conditions. Type 1 errors result in the buck stage and unfolder switches
being turned off immediately. The inverter will restart approximately 30sec
after these error conditions are removed. Type 2 errors have no immediate
effect, but will resuit in the inverter going into low power standby mode
if they persist for more than approximately 60sec.

Type 1 Errors: Output overcurrent
(immediate shutdown) Buck stage extreme overcurrent

Line voltage out of tolerance
Input overvoltage

Excessive PLL phase error
Heatsink over temperature

Type 2 Errors: Input current too Tow
(standby mode) Line voltade out of tolerance
Excessive PLL phase error

When a given error condition is listed under both categories, it will
produce both responses.

BUCK STAGE CONTROL

The push-pull buck stage is operated without any voltage feedback since
various Tine impedances could produce stability problems with a voltage feed-
back loop. With direct PWM control, the voltage gain of the buck stage would
be proportional to the array voitage. In order to cancel this effect, the
stope of the modulator ramp is made proportional to the dec input voltage
(Fig. 5). This feed-forward compensation makes the control voltage to output
gain of the buck stage independent of the array voltage. The current feed-
back loop subtracts a voltage proportional to the collector currents from
the control voltage. The return ratio of this feedback loop is chosen so as
to produce a low frequency cutput impedance of 60 for the entire buck stage.
The output impedance measurements (Fig. 7) show that the low frequency output
impedance of the inverter is indeed approximately 68. At higher frequencies,
the reactances of the output filters also contribute to the output impedance,
but the LC resonances are still damped by the 60 resistive output impedance
of the buck stage. This can be modelled as being in series with the 1.2mH
inductor (Fig. 6). Note that the 60 output resistance is non-dissipative and
allows the harmonic currents resulting from a distorted Tine to be kept under
control. The flux sense control block of the buck stage adjusts the symmetry
of the alternate PWM pulses so as to maintain the flux level in the trans-
former between predetermined limits. This eliminates the possibility of
saturating the power transformer.
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The current Timit Toop will clip the sinusoidal output current waveform
at approximately 25A. Such clipping will only occur during transient condi-
tions or when the ac line is badly distorted. Under normal operating condi-
tions, the other system feedback Toops maintain the buck stage within its
Tinear range.

60 142 v B
+ AN —AAAASTT—— T

Y0 uF
VB=SC10 *Nepnbrel -1

Fig. 6 Model of Buck Stage Oufput
PEAK POWER TRACKER

The peak power tracker uses the small amount of 120Hz voltage ripple
naturally present on the solar array to determine on which part of the IV
characteristic the operating point lies. With this information, a suitable
error signal can be sent to the input voltage control circuit which will make
the inverter move towards the peak power point of the array.

At the 120Hz frequency of the voltage ripple, the array impedance is large
compared to that of the 6,000uF input capacitor, a suitable circuit model is
shown in Fig. 8.

v
L]
Const. array Inverter input current
current Iso] 21, sinZ wt
w = 21 x 60Hz
Inp;¥7f11ter
capacitor
6,000 uf

Fig. & Solarn Arnay and Input Filten Model fon Peak Powen Tracker.

It can be shown that the ac component of V,

I
)
V= 2;81 sin 2wt

thus the maximum array voltage always occurs at 45° and 225° of the 60Hz line
sine wave and the minimum array voltage at 135° and 315°.

The peak power tracker operates by determining the difference between the
array power at the low voltage points of the ripple {135° and 315°) and the
power at the high voltage points (45° and 225°).
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VII.

FROM
ARRAY BUFFERS

When (Pvmin - Pvmax) > O =3 Peak power point Ties at a lower voltage.
When (Pvmin - Pvmax) < 0 => Peak power point lies at a higher volitage.

A computer simulation of the power ripple for various operating points is shown
in Fig. 9.

The magnitude of (Pvmin - Pvmax) isanindication of how far away the peak
power point is. Thus, this output can be directly used as an input to the
array voltage control circuit.

In order to allow the use of low cost components, only the dc component
of the array power is computed by the circuit.

A A A
P for small signal condition may he approximated by I V + V I

Note that both multiplications consist of one dc referenced quantity and
one ac signal. This allows the use of a Tow cost untrimmed transconductance
amplifier for the multiplication. The bias input is used for the dc quantity
and the differential input for the ac signal. (Fig. 10) (Input offset
voltage does not matter since the input is ac.) However, it is still important
that the gains for the two multiplications be identical. 1In order to achieve
this, the same amplifier is multiplexed between the two operationsﬁwith exactly
50% duty cycle, and its output is low pass filtered to obtain the p or power
ripple signal. This signal is then fed to two sample and hold circuits, one
samples at 45° and 225°, and the other at 135° and 315°. A differential
amplifier then computes the difference between the two samples, which is the
desired error signal.

CURRENT S

S/H
135°, 315°

DIFF. AMP

S/H j : ERROR
SIGNAL

Fig. 10 Peak Powen Tracker Block Diagham

VOLTAGE ‘ :

TRANSCOND.
AMP

START UP SEQUENCING

In the desigh of the converter input, the goal was to make it as rugged
as possible. Although the operating range is from 160 to 24QVDC, the inverter
can run off an array with an open circuit voltage of up to 400VDC, and will
tolerate brief periods up to 600VDC. (The input capacitors are the main
limitation, not the semiconductors.)
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This ruggedness is achieved without extreme overrating of the buck stage
transistors. It is done by simply disabling all switching action when the
input voltage exceeds 260V. When the transistors are not switching, the
voltage stress on them is reduced by a factor of 2. To enable the converter
to start up when powered from a high open circuit voltage array, the array
is initially shorted by R1 (Fig. 3). When the relay opens, the converter
immediately loads the array so as to prevent it from ever reaching its open
circuit voltage. Note that relay Rl does not have to be rated for high
voltage dc switching because it is effectively snubbed by the input filter
caps and the diode in parallel with R2. Relay R2 always opens before Rl closes,
so it only switches about 1 Volt, and can also be quite small. The resistor
in parallel with R2 discharges the input capacitors when R1 closes, preparing
them for the next turn on. A timing diagram is shown in Fig. 11.

1 Open circuit - -] -

Operating — = '~ {
1/

CAP. VOLTAGE !

| |

i 1/
1
|
|

Discharge

I/
ARRAY VOLTAGE

|
Closed | |

R
Open I J

Closed-
R2 (1711 [N | L

On |
BUCK STAGE off l L

| |
TURN ON TURN OFF
Fig. 11 Sequenaing Timing Diagram
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High Frequency Link Residential PCS Development
R.L. Steigerwald
General Electric Co.
Corporate Research and Development

P/0 Box 43
Schenectady, N.Y. 12302

In 1981 an investigation of alternate power converter schemes for residential applications
was completed at the General Electric Research and Development Center (Report No. SAND81-7031).
In that study a high frequency 1ink scheme was recommended for the cases where transformer iso-
lation between the photoveltaic array and the utitity was desired. The high frequency 1ink
approach offers savings in weight and the potential for future cost reductions compared to the
more conventional approaches which employ 60 Hz transformers. An efficiency in the neighborhood

of 93% was predicted.

Figure 1 shows a simplified schematic of the scheme under development. A full bridge
transistor inverter converts the dc array voltage into high frequency ac (the frequency sweeps
between 15 to 25 kHz) which is then transformed and rectified. The transformed dc voltage is
then transformed back to 60 Hz ac by the four ocutput transistors. An 8051 single chip micro-
processor will control the PCS while additional logic provides the required fast fault sensing
and modulation (See Figure 1 for a 1ist of functions performed by the microcomputer).

The microcomputer generates a pure 60 Hz current reference wave which is phase Tocked with
the ac 1ine voltage, Vi - The actual output Tine current, 1L, is sensed and compared to the
reference wave. The switching of the inverter transistors Q1 through Q4 are then controlled to
minimize the difference between the commanded and actual Tine currents. A total harmonic
current distortion of less than 5% is predicted with no single harmonic greater than 3%.

Figure 2 shows a rendering of the units under construction while Figure 3 shows an internal
view. The unit is estimated to weight 35 pounds.

Under the present contract, we are designing, fabricating, and developing two 4 kW
prototype units based on the high frequency link scheme. As of this writing, the detailed

design is complete and fabrication of the first unit is approximately 60% complete.
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Figure 2.

Conceptual package.
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48 Vdc/3kW 100 KHZ Utility Interface PCS

J. Ross, Alpha Energy Systems

(paper not available at time of printing)
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60kW, 3§ SCR/GTO Hybrid PCS

W. Rippel, JPL

(paper not available at time of printing)
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PCS PERFORMANCE TESTING

Tom Key and Ward Bower
Sandia National Laboratories
Albuquerque, NM 87185

An englneering evaluation progran has been established for candidate photovoltaic power
conditioners, The primary focus of this activity is to characterize photovoltaic power condi-
tioning performance, to identify potential operating problems and to work with the manutacturer
in correcting these probiems, A unique test facility has been developed at Sandia Laboratories
that provides controliable ac and de interfaces as well as envirommental chambers, electromag-
netlic and acoustical emissions instrumentation, and other equimment required for a comlete eval~-
uaticon of available hardware,

A,C, Measurements Circuit

The steady~-state and transient behavior of low~voltage power distribution cirauits in utii-
ity systems Is not well documented, Available Information indicates that a wide range of charac-
teristic impedances, voltage regulation profiles, ambient harmonic levels, disturbance magnitules
and durations can be expected. In order to test for this myriad of conditions, Sandlia has devel-
oped a unique utility {lne simutator. The systen is rated at 4B, 75 WA, 3-phase and has the
capabliity for 248, 1-phase,

In addition to conventional motor and diesal generators, the test circult employs an |EEE
STD #587 pulse generator and a 3-phase harmonic generator. The pulse generator prodices typical
over-voltage translents found in high Impedance, 'ow-voltage ac power ciratits, Three single-
phase coupl ing transformers are used to introdice harmonics in series between the power condi-
tioner under test and +the utility iins, It is intendaed that this harmonic generator witl test
the affects of power |ine ambient harmonics, varying source impedance, and voltage phase shift on
the power conditioner,

D.C. Measurements Circuit

Thoraugh Tnverter performance evaluation requires a controilable and well behaved source of
de power, For photovoltalc inverters the most reallistic source s an actual array, Unfortu-
nately, array output is weather dependent and requires a large numbar of selector switches to
provide varfability in the |<¥ characteristics.

A compromise approach has heen adopted where array simulators are used to comliment mea-
surements on the PV array, This provides the voltage, currenf, and power ranges necessary to
eva luate the power conditioner under normal and extreme operating conditions,

Two array simulators were developed for this faclility, One Is rated 10 k¥ with manual con-
trols for open ciraiit voltags, short cireuit current, and the related siopes which determlne
fill-factor of the I-¥ curve., A 75 kW simulator is also being used with the same manual contrels
and an optional automatic comuter control. Both simutators provide good control and selection
of the 1=V characteristics, Since simulators are lumped element devices, thelr output impedance
changes with frequency, Hence, 120 Hz ripple measurements may be Invalid and inverters that use
rippte detectors to track max-power wiil not operate properly with these simlators, When used
with compatible power conditioning hardware, the simuiators are a valuabie Yool tor making
threshold, no load-loss, and some of ficlency measurements, The data collected must be correlated
and normalized, and the comptete test cirauit must be wel!l understoed and documanted before valid
results can be obtained,

Instrumentation and Procedurses

Evaluating the performance of power conditioning subsystems involves a wide range of mea-
surements Including varylng dc inputs, ac outputs, harmonic distortion, background levels, and
other related signals, as well as varlious environmental conditions, The power conditioners oper-
ate on ditferent principles, current sourced versus voltage sourced, for example, and shifts in
array or utlility characteristics can produce errors which are often Instrumentation dependent,
Theretore, flexibility must be designed into test set-up, instrumentation, and procedires, Tech~
nigues to ensure Instrumentation accuracy have been established and are being documented,
Calibration/norm!ization procedures are being used and techniques to cancel effects such as zero
reference drift and hysteresis in dc instrumentation are belng app!ied.

Dratt procedires for PCS evaluation have been written, These procedures will be reviewad by
industry, standards and safety organizations and others to Insure a complete and thorough proce-
dure document,

Results of same PCS testing are presented to il lustrate measurement technique, source, load,
and input-output conparisons,
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SANDIA NATIONAL LABORATORIES
POWER CONDITIONING EVALUATION CAPABILITIES

AC CAPABILITIES

e UTILITY GRID SUPPLIED POWER
1. 480 VoLt - 3 PHASE PowerR - 225kVA anp 75kVA
2. 208 VoLt - 3 PHase Power - 225kVA anp /75kVA
3. 240 VoLt - 1 PHase Power - 50kVA (pry), 35kVA AND
10kVA RESIDENTIAL

UTILITY SIMULATOR SQURCES
1. 125«VA MoTor GENERATOR WITH PHASE AND VoLTAGE CONTROL
¥12° PHAse SHIFT CAPABILITY
380 VoLt 70 520 VoLT ADUUSTABILITY
2. 75kVA DieseL ENGINE GENERATOR
50Hz 1o 65Hz FREQUENCY RANGE

UTILITY LOADS (RESISTIVE AND REACTIVE)
1. 150kW ReEsisTIVE LoaDp ADJUSTABLE IN lkW STEPS
2. 150kVAR InpucTive Loap ApJusTaBLE IN 1kVAR STEPS
5. TestT FixTurRes To PrRODUCE TEMPORARY SHORT CIRCUITS

HARMONIC GENERATOR - 18kW WITH 6kW PER PHASE (MAY 1983)
1. MicroPROCESSOR CONTROLLED TO PRODUCE SELECTABILITY OF
HarMONIC CONTENT
2. F1rsT SuBHARMONIC TO SOTH HARMONIC oF b60Hz

PULSE GENERATOR - FOR IEEE 587 SURGE TEST (APRIL 1983)
1. 6KV Peak PuLse wiTH 1.2 usec Rise AND 50 usec WiDTH AT
HALF AMPLITUDE
2. 3kA Purse wiTH 8 usec Rise anNp 20 wsec Decay 1o HALF
AMPL ITUDE
3. 100kHz OscriLATorRY DAMPED WAVEFORM wITH B60HZ
SYNCHRONIZATION CONTROL
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AC POWER INSTRUMENTATION FOR SINGLE PHASE
PCS EVALUATION TESTS
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SANDIA NATIONAL LABORATORIES
POWER CONDITIONING EVALUATION CAPABILITIES

DC CAPABILITIES

e PHOTOVOLTAIC ARRAYS (WITH NOMINAL INPUT 1000W/mM2,
CELL TEMPERATURE 25°C)

1. 2kW ComPasITE ARRAY
14V 10 310V pc OPen-circuv1T IN 14V Steps
10V 1o 250V pc Nominar OperaTING IN 10V Steps

2. 10xW BatteLLe BuiLbpine BLock ArRray (CompLETED DeEc 82)
175V 1o 305V nc OPEN circulT IN BY STEPS
125V 10 275V pc NoMminaL OperaTiNG IN 5V StePS
2.5kW, 5kW, 7.5«kW anp 10kW SELECTABLE

® PV ARRAY SIMULATOR
1. 10«kW StmuraTor - 80 10 280V
0 1o 42A
PRESENTLY BEING MODIFIED FOR PILOT CELL OPERATION
2. 75¢W SimurLator - 10 To 40OV
0 to 250A
CAN BE MODULARIZED TO llkW, 22kW ETce To 75kKW 1w
11«kW Steps. REMOTELY PROGRAMMABLE WITH COMPUTER-

e REGULATED, CURRENT LIMITED POWER SUPPLIES
1. 0 - 10xkW VoLtace aND CurrReNT ResurLaTen - 0 To 300V
0 To HO0A

2. SorfT PoweErR SUPPLY FOR START-UP AND TROUBLESHOOTING
0 to 300V ConTiNuvousLY VARIABLE
0 to  2A witH MinNnIMuM Surce CAPABILITY

o ARRAY AND ARRAY SIMULATOR EVALUATIGON
1. Microprocessor ConTrRoLLED Capacitive 1/V Curve TRACER
0 To 500V
0 1o 30A
2- ManuaL Loap SteppiING (RESISTIVE) FOR CHARACTERIZING
SIMULATORS
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DC POWER INSTRUMENTATION FOR SINGLE PHASE
PCS EVALUATION TESTS
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PV/UTILITY INTERFACE ISSUES

John Stevens
Sandia National Laboratories
Albuquerque, NM 87185

The integration of significant quantities of photovoltaic (PV)
arrays into the electric utility grids is dependent upon the elec-
tric utilities having sufficient confidence that the PV systems will
not have a deleterious effect on the utilities from the standpoint
of 1} safety, 2) quality of power and, 3) operational procedures.
Should a good confidence level not exist, the utilities will (quite
understandably) require connection hardware on residentizl and inter-
mediate arrays, which does have a high confidence level and which
will seriously erode the hoped for cost effectiveness of these sys-
tems. The central station sized arrays will have farther reaching
impacts including automated generation control and may have a major
impact on requirements for such topics as spinning reserve,

It is from this point of view that the Sandia National Labora-
tories PV program approaches the utility interface guestions, Sandia
currently has several ongoing contracts which are approaching these
guestions from both the analytical and experimental points of view.
In addition, Sandia is soliciting input from electric utility com-
panies to confirm that the issues we are pursuing are, in fact, the
issues they are concerned with. These issues can be grouped under
1) Steady State -~ those conditions which will exist during normal
system operation, 2) Transient - phenomena which occur during the
several cycles following a system disturbance, such as clearing of a
fault or switching to isolate segments of a system, and 3) Harmonics
- problems associated with the power conditioning unit injecting
power at frequencies which are integer multiples of 60 Hertz.

The attached vugraphs list major concerns under these various
topics along with the organizations which are presently investigat-
ing each topic. It will be noticed that in many instances there is
more than one organization listed in conjunction with a given topic.
If the reader is interested in obtaining information concerning a
particular topic, it will be worthwhile contacting each organization
listed as he will find that they are all approaching the topic from
a different point of view or in a somewhat different manner,
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UTILITY INTERFACE ISSUES

e STEADY STATE

e TRANSIENT

e HARMONICS
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STEADY STATE

VOLTAGE PROFILES - UTA, PURDUE, SE RES, SW RES

OPERATION
AUTOMATIC GENERATION CONTROL - ASU
AUTOMATED DISTRIBUTION CONTROL
SAFETY

GROUNDING - BECHTEL
DC ISOLATION - UTA
UTILITY INTERTIE MODULE

MAINTENANCE

ACCESSIBILITY
DEGRADATION DETECTION
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TRANSIENT

e SHORT CIRCUITS

DETECTION & CLEARING - UTA, BECHTEL.
SE RES, SW RES

e (OPEN CIRCUITS

ISLANDING - SE RES, SW RES
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HARMONICS

o AMBIENT LEVELS
e IMPACT OF PV ON HARMONIC LEVELS
e EFFECT OF HARMONICS

UTA
SE RES

SW RES



DYNAMIC SIMULATION OF DISPERSED, GRID CONNECTED
PHOTOVOLTAIC POWER SYSTEMS : SYSTEM STUDIES

0. Wasynczuk and P.C. Krause
School of Electrical Engineering
Purdue University, West Lafayette IN 47906

The primary objective of this contract was to determine and evaluate the dynamic
electrical behavior of representative distribution networks containing various pene-
trations of dispersed PV power generation. For the purposes of dinvestigation, four
power conditioning systems were selected as representative of those being considered
or used in PV applications. Two of these systems are single phase arrangements suit-
able for residential applications {(5-10 kW). The other two are representative of
power Levels of 250 kW to several megawatts. Simplified electrical diagrams of these
systems are illustrated in Figure 1.

The first objective was to establish computer representations of each of these
systems in a detail sufficient to portray the switching of each valve within the in-
verter., In the case of the line commutated systems, an analog computer was used with
the valves represented using dedicated analeg and Lagic hardware. In the case of the
self commutated systems, a hybrid computer was used with the digital computer used to
control inverter switching (Figure 2). A detailed discussion of the modeling tech=-
niques used to represent the inverters and the control systems that are associated
with each of the PV systems is provided in SAND82-7160.

The second objective involved incorporating these models into detailed represen-
tations of representative distribution networks, Single phase secondary (Figure 3)
and three phase primary (Figure 4) distribution systems were considered. Numerous
studies were performed so as to evaluate the dynamic performance of the PV - utility
systems. Both steady state and transient conditions were investigated. Transient
tests included inverter startup, induction motor (lLoad) switching, feeder tripping and
reclosure, feeder faults, etc. The tests were performed under various Loading condi-
tions, PY penetrations and different mixes of static and induction motor loads.
Representative studies are illustrated in Figures 5-7. Figure 5 illustrates the
response of the single phzse secondary distribution system following a step increase
in insolation from 10 mW/cm© to 100 mW/cm®. Figure 6 illustrates the corresponding
response of the single phase, self commutated PV system. A representative study in-
volving the three phase primary distribution system is shown in Figure 7 which illus-
trates the system response following startup of a large 2250 hp induction motor near
SCI-2 (Figure 4).

The studies indicate that the dynamic interactions between neighboring single
phase PV systems are relatively minor, occurring in systems with a Low short-circuit
ratio (£5.0). The nature of these interactions is the subject of ongoing research,
In the case of the three phase systems, the Line and self commutated systems were able
to withstand most test disturbances without failure and with relatively short recovery
times. Aside from the potential of commutation failure, the LCI systems appeared to
be lLeast sensitive to utility disturbances. The sensitivity of the self commutated
systems, which is attributed to the use of discrete patterns to continuously regulate
a weak source, can likely be reduced through <improved inverter control techniques.
Present research is focused on experimental ‘verification of the computer models
developed as part of this work.
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PHOTOYOLTAIC POWER SYSTEM CONFIGURATIONS STUDIED
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SIMULATION BLOCK DIAGRAM - LINE COMMUTATED SYSTEMS

Figure 2
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SECONDARY DISTRIBUTION SYSTEM STUDIED _
Figure 3
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PRIMARY DISTRIBUTION SYSTEM STUDIED

@——1

°
vV

/

/

-~

/ Rl xl

N

/ ———

- iy

-

/‘

/

Figure 4

@-7 LCI | LCI SCI
1 2 | 1 2 ‘"—*+
SCI
1 4 F Ry X3 V4 @ Ry Xy 'V @
Ry Xy [V, R X; |V, s Ryg J. 's Ryg J.
W— XLS Cs XL c’
-_— e . . °
]‘ l 1’ RL' L l’ l r. RLT 1 IL8 lL’
T T
v, Y ax,, Ce 13Xy, Cy
'Ls L7 Feeder 25351
R, X3 V, Ry X3 'V, ®R4 Xy Vi Ry X5 V5
— —_— —_— —_—
iy 1 Rig J_ 1s l Ris 1 iy 1 Ry, i l Ris |
T T T
Ry, .V9Xe: |Ca v8X;,; |G Xpe |G Xis Gy
Iz b3 iy iLg
iLl XLI =

Feeder 25358



SECONDARY SYSTEM RESPONSE FOLLOWING STEP INCREASE IN INSOLATION

Figure 5
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SELF COMMUTATED PY SYSTEM RESPONSE FOLLOWING STEP INCREASE IN INSOLATION

Figure 6
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Figure 7

PRIMARY DISTRIBUTION RESPONSE FOLLOWING STARTUP OF 2250 HP INDUCTION MOTOR
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EFFECTS OF PV INVERTERS ON
DISTRIBUTION FEEDERS

JACK FITZER W.E.DILLON
UNIVERSITY OF TEXAS AT ARLINGTON
ARLINGTON, TEXAS 74019

A study has been conducted to evaluate the effects of the inver-
ters of utility—interactive PV power systems on the distribution
feeder. The study was based on a particular distribution feeder and
the characteristics of a 6.9 KW utility—interactive PV power system at
The University of Texas at Arlington (UTA).

The effect of PV inverter power and reactive power on the voltage
regulation of the feeder was evaluated by conducting computer Jload
flow studies. In these studies various percentages of the residences
were assumed to have PV power systems with power generation equal to
the PV gsystem at UTA. WVarious inverter power factors were considered.
The studies indicated that an inverter power factor of 8.787 or less
would result in a reduction in line voltage but an inverter power
factor of 8.80 or greater would result in an increase in line voltage.
However, for the case of 208X of the homes having PV power systems, the
vol tage changed by less than 2X from the case of no PV systems and was
within specified limits.

The effect of inverter harmonic currents on the feeder 1line
vol tage was investigated based on computer simulation of the residen-
ces having line commutated inverters with harmonic currents as derived
by Landsman (DOE/ET 28279-115). The customer loads were modeled as a
combination of resistance loads and single—-phase induction motors.
Although the studies are not yet complete, preliminary indications are
that if 28X of the homes had line commutated PV inverters, the total
harmonic distortion from this source would be Tess than 24. These
results are very sensitive to the modeling of the customer loads.
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VOLTAGE IN PER UNIT

VOLTAGE IN PER UNIT
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OVERVIEW OF INTERMEDIATE PY PROGRAMS

Hal Baxter

Sandia National Laboratories
Albugquerque, New Mexico 87185

PRDA-35, PRDA-38, Grant and projects assumed from others will
be reviewed briefly.

Items to be touched on for each site wili be :

Location

Size

Construction complete date

Date when data gathering became reliable
Date when site got to full automatic status
Availability

KWH Produced to date

Problems

OSSN CTHERWN —
P T

Sites will include: BDM (Albuquerque), Beverly, DFW Airport,
Hawaii Hospital, Lovington, E1 Paso, Oklahoma City, San Bernardino,
Phoenix Airporg, Mead, Nebraska, Natural Bridges, Bryan, Ohio,

Mt. Laguna, MC” (Blytheville), Senatcbia and Georgetown, S.M.U.D.,
Hesperia.
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PERFORMANCE OF FLAT-PLATE PHOTOVOLTAIC SYSTEMS

V. Vernon Risser
New Mexico Solar Energy Institute
New Mexico State University
Box 3 SOL
Las Cruces, New Mexico 88003

The system application experiments at the Newman Power Station in E1 Paso, Texas, and the
Lovington Square Shopping Center in Lovington, New Mexice, have been operating successfully
for more than two years. The 24-month dc energy production for the Newman Power Station
system was 60,620 kilowatt hours; for the Lovington Square Shopping Center system, 375,000
kilowatt hours. Both flat-plate photovoltaic systems produced less the second year than they
did the first year. This may be due to several factors and analysis is underway to pinpoint
the exact causes.

The DOE-funded operation and maintenance contract will expire in June for both projects. In
preparation for this, the responsibility for system operation and maintenance has been
transferred from the New Mexico Solar Energy Institute (NMSEI) to the respective utilities,
Documentation has been generated and reviewed and some training has been conducted to ensure
successful system operatfon. Results are encouraging and the operating personnel have relied
on NMSEI less and less in the past few months.

Total maintenance man-hours have been recorded for both systems. The data acquisition system
has required the most attention at each site. Next are the power conditioning units at the
Lovington Square Shopping Center, and lastly, the photovoltaic arrays. Few actual hardware
failures have occurred and most of the maintenance action has consisted of "resets" of error
conditions.

The future plan for both systems is for utility operation unless and until maintenance costs
become prohibitive. No systematic data recording will be performed, but some performance data
may be available from the operators.

Both of these projects have successfully demonstrated that flat-plate photovoltaic systems are

technically viable. The cost remains the major roadblock to widespread utilization of this
energy option. '
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EL PASO PV SYSTEM

PV ARRAY

* 278 M2 PANEL AREA

* 168 M2 ACTIVE SILICON AREA

* FIXED 26° TILT — DUE SOUTH

64 PARALLEL CONNECTED STRINGS

* 9 SERIES CONNECTED MODULES PER STRING
* FIXED VOLTAGE OPERATION — 135 VOLTS

* 150 AMPERES MAXIMUM
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ENERGY PRODUCED [Mwh!

NEWMAN POWER STATION PHOTOVOLTAIC PROJECT

System Startup January 27, 1981

3.5. 22 -Month Total= 57 Mwh
2.5.
2.0
1.5.
1.0
FMAMJJ ASONTDJTFMAMUJIJIASOND
MONTHS
16 FEBRUARY 1983 NMSEI
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NEWMAN POWER STATION PHOTOVOLTAIC PROJECT

+« TOTAL DC ENERGY PRODUCED (12/31/82) 58,889 KWH
*» MONTHLY AVERAGE (23 MONTHS) 2,560 KWH
- DAILY AVERAGE (703 DAYS) 83.5 KWH
+ SYSTEM AVAILABILITY
OVERALL 93.0%
SYSTEM PROBLEMS 95.8%

16 FEBRUARY 1983 NMSEI
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NEWMAN POWER STATION PHOTOVOLTAIC PROJECT

MAINTENANCE

CONTROL
9%

CONTROL

67 OCCURRENCES 283 MANHOURS

DOES NOT INCLUDE SEI SPECIAL TESTING OR TRAVEL TIME
DOES NOT INCLUDE SOLAR POWER COOP FIELD WORK
DOES NOT INCLUDE PONSFORD BROS FIELD WORK

DOES NOT INCLUDE SNL WORK ON TRACKER/ODAS

16 FEBRUARY 1983 NMSEI
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THE LOVINGTON 100 KW PV SYSTEM

PV SUBSYSTEM

e 50 KW SUBFIELD
842 M2 MODULE AREA
490 M2 ACTIVE SILICON AREA
21 SUBARRAYS IN PARALLEL
80 MODULES
5P x 16S ELECTRICAL CONNECTION
220 - 260 VOLTS DC
230 AMPS MAXIMUM



LOVINGTON SQUARE SHOPPING CENTER PHOTOVOLTAIC PROJECT

System Startup March 17,1981

Month Total = 332 Mwh

19

2

Q
N

UMK |

paanpold AbBiaugz
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Months

NMSEI

16 FEBRUARY 1983



GST

LOVINGTON SQUARE SHOPPING CENTER PHOTOVOLTAIC PROJECT

MAINTENANCE

248 OCCURRENCES 582 MANHOURS

DOES NOT INCLUDE 148 MANHOURS TO CHANGE ARRAY TILT ANGLES

DOES NOT INCLUDE SNL WORK ON TRACKER/ODAS

DOES NOT INCLUDE SOLAR POWER CORP FIELD WORK

DOES NOT INCLUDE WEED CONTROL, VISITOR CENTER MAINTENANCE OR PUBLIC TOURS

16 FEBRUARY 1983 | NMSEI
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LOVINGTON SQUARE SHOPPING CENTER PHOTOVOLTAIC PROJECT

« TOTAL DC ENERGY PRODUCED (12/31/82)
* MONTHLY AVERAGE (19.5 MONTHS)
* DAILY AVERAGE (653 DAYS)
* SYSTEM AVAILABILITY
« PCU OPERATING HOURS/DAILY AVERAGE
UNIT A
UNIT B

16 FEBRUARY 1983

342,705 KWH
17,514 KWH
525 KWH
99+%

6013/9.2 HRS
6193/9.5 HRS

NMSEI



OKLAHOMA CENTE? FOR SCIENCE & ARTS
35 kW
PHOTOVOLTAIC POWER SYSTEM

D. Sorenson and Y.P. Gupta
Science Applicatinos, Inc.
1710 Goodridge Drive
MclLean, VA 22102

As 3 part of the Department of Energy PERDA series of photovoltaic power systems
projects, Science Applications, Inc., has designed, installed and tested a
nomial 135 kW wutility interactive photovoltaic power system Tlocated at the
Oklahoma Center for Science & Arts, Oklahoma City, Oklahoma. The project
evolved in three phases beginning with the analysis/design phase initiated in
October 1978. Installation and activation of a resulting nomial 135 kW mirror
enhanced design option was completed in February 1982. The power system has
since been operational and under test and observation as the third phase
entitled test/evaluation.

The PV array is based upon the polycrystailine silicon technology of Solarex
Corporation. System modules are composed of a 6 x 12 cell arrangement with
complete series/para]lei interconnection to prov1de optimal power capacity and
re11ab111ty in comb1nat1un with the enhancement mirreors. As shown below the
array is tilted at 30° with the corresponding mirrors angled to the north at
39°." The mirrors provide reflective enhancement from late March through October
w1th peak output occurring in late June.

f Enhancement S PV P\\\
/ Mirror 4——09-@—- Module
12II
11II
= 48" .

OCSA MIRROR ENHANCEMENT

Electrically two groups of 9 strings, containing 84, 5 volt, 14 amp, modules
each, compose the array. By design, at test conditions the array operates at
420 volts, 252 amps and is capable of delivering 105 kW without enhancement and
140 kW with peak enhancement.

The power conditioning system is composed of a Windworks, Inc., 150 kW Gemini, 3
phase, 6 pulse line commutated static power conditioner. The unit operates from
320 vDC to 450 VDC input with a 360 VAC phase to phase output. Isolation and
step up to the utility 480 VAC four wire termination are performed with a 180
KVA static drive transformer.

Currently the system is fully operational after experiencing some early breakin
failures. Two major operational anomalies have surfaced in this first year:
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1. A 15% short fall in array peak capacity

2. Power conditioner induced electrical interference with facility
sound and Tighting equipment

Tests performed on the photovoltaic array during periods of no light enhancement
indicate that the array conversion efficiency is down considerably from the
design expectations. The shortfall appears to be largely due te poor module
performance, unless serious mismatching within the array strings, although highly
unlikely, is found to be present when further extensive measurements are
completed. Interference from the system power conditioner with high performance
" audio and special effects Tighting has occasionally forced temporary shutdowns of
the entire power systenm. Investigation and preliminary tests indicate the
problem is potentially attributable to the presence of the PCUs commutation notch
on the OCSA facility electrical system. Power system equipment failures have
been chiefly attributable to equipment breakin, and required the system to be
shutdown for much of the first few months of operation. The data acquisition
system has also accumulated a track record for failures, maintenance and
downtime, which has made evaluation of the systems performance innovations
¢gifficult. Operation and maintenance has been contained to occasional equipment
inspections and instrumentation observation. Due to local climate conditions and
nominal air pollution 1levels, array cleaning will only be necessary once
annually.

The system observation/test activities will continue through the spring and early
summer of 1983. During this period further investigation will be made into the
effects of mirror enhancement, maximum power tracking and the cause of the
reduced array capacity. Several equipment implementation/revision tasks directed
at improving the data acquisition system and eliminating the power conditioner
induced interference problems will be performed. Additionally, consideration is
being given to the implementation of an intelligent system monitor/controller,
which will provide a power conditioning system nighttime shutdown feature and
several other 1ife cycle cost saving functions.
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PHOENIX SKY HARBOR AIRPORT
SOLAR PHOTOVOLTAIC CONCENTRATOR PROJECT

W. J. McGuirk
Project Manager
Arizona Public Service Company
P.0. Box 21666
Phoenix, Arizona 85036

ABSTRACT

This project, one of four concentrator system application
experiments sponsored by DOE's PRDA-35 Program, first delivered
solar generated electricity in April, 1982. The 225 peak kW
array field is comprised of 80 Martin Marietta "first genera-
tion" passively cooled tracking arrays, which feed a Power Sys-
tems. and Controls inverter. The a.c. power output is stepped
up to 12.6 kV and fed directly into the APS power grid at the
Airport site., The Martin concentrator module design is identi-
cal, with minor exceptions, to the hardware supplied to the 350
kW Saudi Arabian Village Project under the SOLERAS Program. Each
concentrator uses a Fresnel lens to focus energy (36X} on a 2.25
inch diameter silicon solar cell. A total of 272 lens-cell com-
binations are mounted ontc a pedestal mounted, two-axis tracking
array structure. The system was constructed at a cost of approx-
imately four million dellars.

The initial operating experience has been generally favor-
able, although several problem areas have been identified. The
first vear's net a.c. energy production is expected to be about
200,000 kWh, about half the amount expected from predictive mod-
els. The most freguently occurring operational problems have
been in the array tracker drive, inverter control, current-volt-
age testing, and module assembly subsystems. During the second
operating year, the full-time two man operating crew will be re-
moved from the site to see how the systemr behaves on its own.

Before completion of the DOE funded operation in.June, 1984,
data regarding array current-voltage performance degradation vs,
time, washing cycle frequency, and component replacement frequen-
cy, in addition to energy production values, is expected to be
recovered to enhance system evaluation.
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SKY HARBOR PHOTOVOLTAIC
CONCENTRATOR PROJECT

Presentation to
Fourth Sandia Systems Integration Meeting
April 13, 1983

CONTRACTOR PERSPECTIVE:
O USER Evaluation

o Looking at Bottom-Line, i.e. Capacity
Factor

0 Interested in System Performance, not
Components (how many kWh's per month)
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EVALUATION ISSUES:
o Data Reliability
0 System Reliability
0 Compecnent Reliability (second order)

0 Weather Availability
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ODAS REPORTING SYSTEM:

Q

Coordinated Effort Required to Produce
Government Performance Report

Application Specific Nomenclature
"Site Event" Reporting
Incorporation of Changes

Degree of Redundancy With Contractor
Reporting
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SYSTEM PERFORMANCE:
o Power Output
o Energy Output
0 Capacity Factor

o Downtime Events
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PROBLEM AREAS:
0 Azimuth Drives
o Inverter Controls
o0 Mcdule Replacements

0 Array Power Testing

164



CURRENT ISSUES:

e}

O

Transfer to Unmanned Operation
Maintenance of Quality Reporting

Verification of Reliable I-V
Curve Testing

Lens Washing

Establish System Performance
Criteria
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KEY RESULTS FOR THE FIRST SIX MONTHS OF OPERATION OF THE LINEAR FRESNEL LENS
PHOTOVOLTAIC AND THERMAL SYSTEM AT THE DALLAS-FORT WORTH ATRPORT

Mark J. O'Neill
E-Systems, Inc., Energy Technology Center
P.0, Box 226118, Dallas, Texas 75266

The Dallas-Fort Worth (DFW) Airport photovoltaic and thermal {PVT) application experiment has
been operational since 21 June 1982, The system was formally dedicated in July, checkout-
tested in August, and has performed on a seven-day-per-week basis since 1 September 1982. The
collector field (Figure 1) consists of 110 linear Fresnel lens collector modules mounted in
eleven independent tracking groups, called ten-collector arrays. The total collector field
aperture area is 245 square meters. The arrays are mounted on the roof of the Central Utility
Plant at the airport. The collector field's electrical and thermal outputs are used to power
lights and to preheat boiler feedwater, respectively, within the plant (Figure 2). To date,
data for six full months of operation have been obtained and analyzed, as discussed below.

Figure 3 summarizes the DFW PVT system performance for the first six months of operation. The
first column provides the total hours of array operation per month, while the second column

provides the total hours of power conditioning unit (PCU) operation per month,. The third
column summarizes the total direct normal insolation for each month times the collector field
aperture area (245 square meters), i.e., the total direct insclation available to the

collectors for each month. The fourth column provides the monthly direct-current electrical
output of the system, measured at the input side of the PCU, i.e., after all wiring losses.
The fifth column provides the monthly electrical efficiency of the system, i.e., the ratio of
the values in columns 4 and 3. The sixth column provides the monthly thermal output of the
system, measured at the load heat exchanger, i.e., after all piping heat losses. The seventh
column provides the monthly system thermal efficiency, 1.e., the ratic of the values in
columns 6 and 3, The final column provides the monthly total (electrical plus thermal)
efficiency for the system. The bottom row of the chart presents these system outputs and
efficiencies for the full six-month period. Several important points should be noted from
Figure 3: [i] the PCU has had a large amcunt of down-time, with a six-month availability of
only 84%Z; [ii] the monthly electrical efficiency is strongly dependent on the monthly PCU
availability; [iii] the monthly thermal and total efficiencies are relatively constant,
despite widely varying levels of insolation, fluid temperature, and ambient temperature over
the six-month period; and, most dimportantly, [iv] the bottom-line efficiencies for the
six-month period are very respectable at 6.8% electrical, 38.5% thermal, and 45,27 total.

The actual daily performance measurements for each of the 181 days of operation are shown in

the monthly summaries of Figures 4, 5, and 6. These daily performance results have been
analyzed to determine the effect of PCU availability on long-term system electrical
efficiency, with the results of this analysis shown in Figure 7. This figure shows the

six-month system electrical efficiency, if data are considered only for days which had a PCU
availability above the minimum value shown on the x-axis. For example, if the wminimum PCU
availability is selected at 0%, all 181 days of data are considered and the system electrical
efficiency is 6.8%, as previously presented. However, if the minimum PCU availability is set
at 90%, only 145 days of data are considered and the system electrical efficiency is 7.8%, a
full point higher than the previously presented value. We fully expect to achieve 8-9%
long-term electrical efficiencies for the system in the future.

To determine if the system is achieving expected performance levels, we have updated our
system simulation computer program (Figure 8) to predict what the system electrical and
thermal performance should be under actual measured operating conditions. Figures ¢ and 10
present a typical whole-day comparison between predicted and measured system performance.
Note that the total (electrical plus thermal) output shows excellent analytical/empirical
agreement., However, the electrical cutput alone (Figure 10) is slightly lower than predicted
levels in the morning, but close to predicted levels in the afternoon. This aberration is due
to an antenna which shades the collector field during the morning, degrading the electrical
output of some of the arrays. This antenna 1is currently being moved, System electrical
performance should improve significantly when this antenna move is completed.
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Figure 2

D/FW AIRPORT PHOTOVOLTAIC EXPERIMENT
mm cosevs  BLOCK DIAGRAM OF THE FRESNEL/PHOTOVOLTAIC/
E Energy Technology Center PH OTOTHERMAL POWER SYSTEM

245 Kw
ELECTRICAL SYSTEM %{::‘} THERMAL SYSTEM
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Figure 3

DFW PVT SYSTEM PERFORMANCE SUMMARY

September 82 thru February 83

AVAILABLE* ARRAY ARRAY ARRAY MONTHLY
ARRAY PCU DIRECT NORMAL ARRAY DC ELECTRICAL THERMAL  THERMAL TOTAL
MONTH OPERATION OPERATION  INSOLATION QUTPUT  EFFICIENCY OUTPUT EFFICIENCY EFFICIENCY

{HOURS) {HOURS) (KWH) (KWH) (%) (KWH) (%) (%)
September 269 243 39,332 2,949 7.5 15,679 39.9 47 .4
October 199 179 29,2726 2,024 6.9 11,698 40.0 46.9
November 131 128 18,549 1,489 8.0 6,935 37.4 45.4
December 159 124 24,330 1,347 5.5 8,634 35.5 41.0
Jdanuary 116 101 18,611 1,257 6.8 7,082 38.1 44.9
February 140 74 19,618 1,040 5.3 7,527 38.4 43.7
TOTAL 1,014 849 149,666 10,106 6.8% 57,555 38.5% 45.2%

*DAILY TOTAL DIRECT NORMAL INSOLATION TIMES ARRAY APERTURE AREA (245m?)
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Figure 4

DFW PVT SYSTEM PERFORMANCE SUMMARY

E-SYSTEMS
Energy Technology Center

SEPTEMBER, 1982 OCTOBER, 1982
AVAILABLE® ARRAY ARRAY ARRAY AVATLABLE* ARRAY ARRAY ARRAY
ARRAY PCU DIRECT NORMAL ARRAY DC ELECTRICAL THERMAL  THERMAL ARRAY PCU DIRECT NORMAL ARRAY DC ELECTRICAL THERMAL  THERMAL
OPERATION OPERATION  INSOLATION OUTPUT  EFFICIENCY OUTPUT EFFICIENCY OPERATION OPERATION  INSOLATION OUTPUT  EFFICIENCY  OUTPUT EFFICIENCY

DAY  (HOURS) (HOURS) {KWH) {KiH) (%) {KWH) (%) DAY  {HOURS) {HOURS) (KuH) (KWH) (%) (KWH) (%)
1 7.5 7.0 476 32.2 6.8 187 39.3

i 10.5 10.3 1531 121.4 7.9 610 39.8 2 9.8 3.8 1711 47.3 2.8 753 44.0
2 9.0 6.0 942 55.4 5.9 386 41.0 3 6.3 6.3 838 74.1 8.8 387 46.4
3 9.0 8.7 1402 107.2 7.6 %74 40.9 ] 9.2 9.1 1152 103.8 9.9 535 46.4
4 10.5 10.5 7266 169.8 7.5 864 38.1 5 9.2 9,2 1118 99.2 8.9 504 45.1
5 10.5 8.5 1547 97.1 6.3 570 36.9 6 6.5 6.0 579 51.3 8.9 284 49.0
5 10.5 10.3 2083 144.6 ‘5.9 751 36.1 7 3.5 3.5 214 20.7 9.7 108 50.5
7 10.5 10.9 1699 134.2 7.9 672 39.6 8 4.7 2.5 237 7.5 3.2 126 53.0
8 9.5 9.2 1384 106.0 7.7 552 39.9 9 8.8 8.8 1499 130.5 8.7 641 q2.7
9 10.3 10.2 1479 118.5 8.0 586 9.6 10 8.5 8.5 1200 102.0 8.5 472 39.3
10 10.5 10.3 1726 132.9 7.7 684 39.6 n 4.3 4.3 1090 56.6 5.2 268 24.6
1 10.3 5.1 1608 46.4 2.9 628 39.1 12 - - Overcast - - - -
12 9.0 5.2 759 51.6 6.8 300 39.5 13 7.7 7.7 1740 102.7 5.9 572 32.9
13 5.5 3.1 197 8.8 4.5 66 33.5 14 10.0 5.3 1754 64.9 3.7 849 48.4
14 10.2 9.4 1324 95.4 7.2 557 42.1 15 9.0 9.0 1495 132.5 8.9 673 45.0
15 7.8 6.0 486 24.0 4.9 203 4.8 16 9.5 9.5 1567 145.6 9.3 704 44.9
16 7.5 6.0 918 73.4 8.0 385 41.9 17 8.0 6.5 981 81.2 8.3 494 50.4
17 10.3 9.7 1747 131.8 7.5 706 40.4 18 7.0 7.0 1324 108.9 8.1 514 38.3
18 8.5 7.3 1382 115.3 8.3 583 42.2 19 8.7 B.7 598 53.6 9.0 27N 45.3
19 2.0 1.5 208 9.5 4.6 86 41.3 20 2.8 2.8 1251 23.9 1.9 84 6.7
20 8.5 8.5 1552 134.2 8.6 663 42.7 21 - - Dvercast - - - -
21 10.2 10.2 2139 167.3 7.8 824 38.5 22 - - Overcast - - - -
22 10.0 10.0 2085 156.8 7.5 a07 38.7 23 9.2 9.2 1320 121.1 9.2 567 43.0
23 10.0 10.0 1992 162.2 8.1 801 40.2 24 9.5 6.0 1693 89.8 5.3 786 46.4
24 3.5 3.5 198 9.3 4.7 36 18.2 25 9.5 9.5 1048 91.1 8.7 422 30.3
25 10.0 9.5 1752 144.9 8.3 684 39.0 26 7.7 7.7 1438 106.4 7.4 520 36.2
26 8.5 8.0 671 44.9 6.7 186 27.7 27 0 ] 297 0 - Q -
27 10.0 9.4 1244 115.7 9.3 560 45.0 28 0 0 290 0 - 0 -
28 8.0 8.0 935 87.9 9.2 440 46.1 29 9.2 8.2 1617 117.1 7.2 676 41.8
29 10.0 10.0 782 64.1 8.2 333 42.6 30 4.3 4.3 322 29.7 9.2 145 45.0
30 8.5 8.5 1274 118.0 9.3 582 45.6 3N 5.0 9.0 377 30.4 8.1 156 1.4

WHOLE WHOLE
MONTH 269.1 243.3 39,332 2948.6 7.5% 15,679 39.9% MONTH 199.4 179.4 29,226 2,024.1 6.9% 11,698 40.0%
WHOLE MONTH TOTAL EFFICIENCY = 47.4% WHOLE MONTH TOTAL EFFICIENCY = 46.9%
*DAILY TOTAL DIRECT NORMAL INSOLATION TIMES ARRAY APERTURE AREA (245ml) *DAILY TOTAL DIRECT NORMAL INSOLATION TIMES ARRAY APERTURE AREA (245mE)

D5030783-124



Figure 5

= R DFW PVT SYSTEM PERFORMANCE SUMMARY

Energy Technology Center

TLT

NOVEMBER, 1982 DECEMBER, 1982
AVAILABLE* ARRAY ARRAY ARRAY AVAILABLE® ARRAY ARRAY ARRAY
ARRAY PCU DIRECT NORMAL ARRAY DC ELECTRICAL THERMAL  THERMAL ARRAY PCU DIRECT NORMAL ARRAY DC ELECTRICAL THERMAL  THERMAL
OPERATION OPERATION  INSOLATION QUTPUT  EFFICIENCY  OUTPUT EFFICIENCY OPERATION OPERATION  [NSOLATION QUTPUT  EFFICIENCY  QUTPUT EFFICIENGY
DAY  (HOURS)  (MOURS} (KuH) (KuH) {%) (KWH) (%) DAY  (HOURS)  {HOURS) (KHH) {KMH) (%) (KHH) (£)
1 4.3 4.3 254 18.5 7.3 50 35.4 i 1.0 1.0 116 5.0 4.3 1 9.5
2 - - 18 - - - - 2 0 0 13 0 - 0 -
3 6.2 6.2 1141 98.0 8.6 ol 38.7 3 5.3 5.3 663 56.2 8.5 276 41.6
4 9.2 9.2 1572 133.9 8.5 575 36.6 4 5.7 5.2 484 23.0 4.8 0 -
5 9.2 9.2 1601 138.1 8.6 647 40.4 5 8.0 8.0 1443 95.3 6.6 465 38.8
6 9.0 9.0 1138 100.0 8.8 415 36.6 6 8.5 8.5 1510 112.0 7.4 576 8.2
7 8.8 8.8 506 44.8 8.9 159 31.4 7 8.7 8.7 1409 116.0 8.2 592 32.0
8 2.3 2.3 121 9.5 7.9 18 14.9 3 5.3 0 572 PCU Down - 225 39,3
9 8.0 8.0 599 52.5 8.8 237 39.6 9 0 0 Overcast _ - s z
1? - - Over;?st - - - - 10 0 0 Overcast - - - -
1 - - - - - 11 0 [ Overcast - - - -
12 8.0 8.0 1324 118.1 8.9 513 38.7 12 6.5 0 1459 PCU Down - 521 35.7
13 9.0 9.0 1690 134.0 7.9 636 37.6 13 8.5 0 1434 PCU Down - 609 42.3
14 0 ) 243 0 0 0 0 14 8.3 0 1295 PCU Down - 554 42.8
15 8.0 8.0 1556 123.3 7.9 577 37.3 15 8.5 8.5 1427 106.4 7.5 533 37.8
16 - - avercast - - - - 16 8.5 7.0 1348 90.5 6.7 555 41.2
:g - - gvercazt - - - - 17 8.5 8.5 1083 81.3 7.5 352 32,5
- - verca - - - - 18 7.3 5.5 993 52.9 5.3 331 33,3
19 4.0 4.0 390 30.0 7.7 165 42.7 19 8.3 8.3 1451 106.0 7.3 517 42.9
20 8.3 8.3 1203 109.0 9.1 551 45.8 20 8.3 8.3 1437 110.3 7.6 583 40.6
21 8.8 8.3 1378 124.0 9.0 625 46.0 21 8.3 6.0 1249 74.6 6.0 415 33.2
22 3.3 3.3 91 7.0 7.5 27 29.7 22 6.0 6.0 745 55.9 7.5 248 40.8
23 - - Overcast - - - - 23 6.5 6.5 457 25.6 5.6 145 3.7
24 - - Overcast - - - - 24 0 0 457 0 - 0 -
25 - - Overcast - - - - 25 Q 0 19 - - - -
%3 - - gvemas: - - - - 26 0 0 Overcast - - - -
- - vercas - - : - 27 3,0 3.0 280 15.2 5.4 77 27.5
28 8.7 8.7 1484 91.0 6.1 an 31.7 28 8.5 8.5 1330 95.1 7.2 4858 34.5
29 8.7 6.0 1520 102.0 6.7 521 34.3 29 8.5 8.5 1333 100.8 7.6 48] 36.1
30 6.9 6.9 699 55.5 8.0 267 38.2 0 3.0 3.0 323 25.3 7.8 10 34.1
31 0 [ Overcast - - - _
WHOLE
MONTH 130.7 127.5 18,549 1489.2 8.0% 6,935 37.4% WHOLE
MONTH 158,5 124.3 24,330 1,347 5.54 8,634 35.52
WHOLE MONTH TOTAL EFFICIENCY = 45.4% WHOLE MONTH TOTAL EFFICIENCY = 41.0%
*DAILY TOTAL DIRECT MORMAL INSOLATION TIMES ARRAY APERTURE AREA (245mZ) *DAILY TOTAL DIRECT NORMAL INSOLATION TIMES ARRAY APERTURE AREA (245mZ)
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‘ Energy Technology Center

E-SYSTEMS

Figure &

DFW PVT SYSTEM PERFORMANCE SUMMARY

JANUARY, 1983

FEBRUARY, 1983

AVATLABLE* ARRAY ARRAY ARRAY
ARRAY PCU DIRECT NORMAL ARRAY DG ELECTRICAL THERMAL  THERMAL
OPERATION OPERATION  INSOLATIOR OUTPUT  EFFICIENCY  QUTPUT EFFICIENCY
DAY (HOURS) (HOURS) {KWH) (KWH) (%) (KWH) (%)
1 0 0 Overcast 0 1] -
2 4.5 4.5 444 26.8 0 140 31.5
3 0 0 Overcast 0 - 0 -
4 1] 0 Overcast 0 - Q -
5 0 0 Overcast 0 - 0 -
6 4.5 4.5 773 61.6 8.0 311 40.2
7 0 o] Overcast 0 - 0 -
8 2.0 2.0 80 3.4 4.3 8 10.0
9 6.0 2.0 864 26.2 3.0 425 49.2
10 8.5 4.2 1452 70.3 4.8 632 43.5
n 8.5 8.5 1482 120.2 8.1 607 40.9
12 8.5 8.5 1554 108.9 7.0 516 33.2
13 8.5 8.3 1561 116.6 7.5 649 41.6
14 8.5 2.0 157% 27.6 1.8 662 42.0
15 8.0 8.0 1488 106.4 7.2 474 31.9
16 8.5 8.5 1553 114.1 7.3 515 33.1
17 2.5 2.5 100 4.9 4.9 -2 -2.0
18 0 0 Overcast 0 - 1] -
19 0 0 Overcast 0 - 0 -
20 [t} 0 Overcast 0 - 0 -
21 0 0 Overcast 0 - 0 -
22 0 0 Overcast 0 - 0 -
23 8.7 8.7 1448 126.3 8.7 588 40.6
24 6.0 6.0 878 74.2 8.4 329 37.4
25 7.3 7.3 1089 95.8 8.8 416 38.2
26 0 0 Qvercast 0 - u] -
27 Q0 0 Overcast 0 - 0 -
28 0.7 0.7 66 2.2 3.3 2 3.0
29 6.8 6.8 1500 111.3 7.4 547 36.5
30 7.8 7.8 704 60.0 8.5 263 37.3
k]l 0 0 Overcast Q - 0 -
WHOLE
MONTH  115.8 100.8 18,611 1,256.8 6.8% 7,082 38.1%

WHOLE MONTH TOTAL EFFICIENCY = 44.9%

*DAILY TOTAL DIRECT NORMAL INSOLATION TEMES ARRAY APERTURE AREA (245m?)

BS030783-122

AVAILABLE* ARRAY ARRAY ARRAY
ARRAY PCU DIRECT NORMAL ARRAY DC ELECTRICAL THERMAL  THERMAL
OPERATION OPERATION  INSOLATION OUTPUT  EFFICIENCY  OUTPUT EFFICIENCY
DAY [HOURS) {HOURS } (KWH) {KWH) (%) {KWH) %)
1 0 0 Overcast 0 - 0 -
2 2.0 2.0 988 27.5 2.8 100 10.1
3 9.1 9.1 1518 130.4 8.6 588 38.7
4 0 0 QOvercast 0 - 0 -
5 0 0 Overcast 0 - 0 -
6 0 ] Overcast 0 - 0 -
7 4.6 4.6 617 54.4 8.8 228 37.0
8 8.1 8.1 1141 103.6 9.1 467 40.9
9 0.5 0.5 26 0.6 2.4 -3 -10.0
10 0.7 0.7 81 2.8 3.5 4 4.5
1 B.1 2.2 721 31.8 4.4 335 46.5
12 8.2 0.7 920 23.5 2.6 a1 44.7
13 9.2 PCU Down 1336 23.5 1.8 624 46.7
14 8.6 PCU Down 1216 17.9 1.5 537 a4.2
15 5.4 .4 520 12.6 2.4 187 36.0
16 8.9 PCU Down 1578 21.3 1.4 686 43.5
17 9.0 PCU Down 1055 20.7 2.0 427 40.5
18 6.6 PCU Down 967 16.1 1.7 374 38.7
19 4.3 PCU Down 710 10.6 1.5 167 23.5
20 0 0 Overcast 0 - 0 -
21 0 0 Overcast 0 - 1] -
22 2.5 1.2 119 7.0 5.9 39 32.8
23 8.8 8.8 1121 104.7 9.3 488 43.5
24 9.3 9.3 1699 150.8 8.9 702 41.3
25 7.6 7.6 716 63.6 8.9 246 34.4
26 2.6 2.6 233 14.1 6.1 30 12.9
27 6.3 6.3 646 55.6 8.6 219 33.9
28 9.8 9.7 1690 146.6 8.7 671 39.7
WHOLE
MONTH 140.2 73.8 19,618 1039.7 5.3% 7,527 38.4%
WHOLE MONTH TOTAL EFFICIENCY = 43.7%
*DAILY TOTAL DIRECT NORMAL INSOLATION TIMES ARRAY APERTURE AREA (245m2)



ELT

EF E-SYSTEMS

Energy Technology Center
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Figure 8

 rrens DFW PVT COLLECTOR
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Figure 9

DFW PVT SYSTEM PERFORMANCE FOR
21 NOVEMBER 1982 - MEASURED

VERSUS SIMULATED TOTAL AND
ELECTRICAL OUTPUTS
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Figure 10 DFW PVT SYSTEM PERFORMANCE
FOR 21 NOVEMBER 1982 - MEASURED
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FIELD PERFORMANCE ASSESSMENT
OF INTERMEDIATE PHOTOVOLTAIC ARRAYS

Martin K. Fuentes
Sandia National Labdrataries
Albuquerque, New Mexica 87185

Over the past few years, the U,S, Department af Energy has installed
several intermediate-sized phataveltaic (PV) systems as initial experiments far
assessing the performance af varibous PV system designs. Mast af these
experiments have naw been operational for aver a year. Data fram each of these
sites have been collected at ane minute intervals, averaged aver ten-minute
intervals, and archived at a data reduction center operated for the Department
af Energy by Beeing. This presentatian describes the analysis on this data ta
assess the actual perfarmance of the various intermediate systems.

An equation fer the array power was formulated to compare the rated
perfarmance with the actual performance @f each site, The faorm af the array
povwer equatipn is as fellews:

Pde = -A1 + A2¥E + A3¥Tc — AU¥E¥Tc

where: Pdc = DC pawer
E = Insplatian
Te = Cell temperature
A1,A2,A3,A84 = Caefficients

This equation was applied ta each site and tg each month of operation, and
accurate results were gbtained for the Beverly, El Paso, Lavingtoen, and San
Bernardina sites. Far these sites, with the exceptiaon of San Bernarding, it was
alsa possible tp track the degradatien of the PV array.

In addition, a power equatiom for the power conditianing subsystem (PCU)
was formulated and applied ta each site to every month that data was collected,
The PCU power equatign has the falloawing form:

Pac = EFFi * ( Pde - Pth )

where: Pac = AC pawer
Pde = DC pawer
Pth = Threshald power af the PCU

EFFi = PCU efficiency when the DC pawer is infinite

Accurate results were gbtained for the Beverly, Lovington, San Bernardine,
Phaenix, and Blytheville sites. Using this equatien, it was passible to compare
the PCUs at the different sites, and alse track the seasarnal variation af the
PCU's performance.
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THE DOE PHOTQVOLTAIC RESIDENTIAL PROJECT

K. L. Biringer
Sandia National Laboratories
Albuguergue, NM 87185

The DOE Photovoltaic Residential Project is tasked with coor-
dinating the systems analysis, component development and system
experiments efforts related to grid-connected PV residences. Sandia
National Laboratories has the role of lead laboratory in this project
effort with the Albuguerque Operations Office serving as the lead
field office for the DOE.

The residential project has been changing to reflect the greater
research and technology emphasis of the DOE PV Program. A five-year
residential plan has been prepared which reflects this new program
direction. The highlights and major milestones of this plan will
be presented. In addition, facilities currently in operation will
be described along with the key areas of experiment and analysis
planned for 1983.
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PV RESIDENTIAL PROJECT OVERVIEW

K, L. BIRINGER
SANDIA NATIONAL LABORATORIES
ALBUQUERQUE, NM 87185

PRESENTED AT FOURTH PHOTOVOLTAIC SYSTEMS
AND APPLICATIONS PIM

APRIL 14, 1983
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PHOTOVOLTAIC
RESIDENTIAL PROJECT OBJECTIVE

TO ADVANCE THE DEVELOPMENT AND SCIENTIFIC UNDERSTANDING OF SMALL
ROOF MOUNTED PV SYSTEM TECHNOLOGY AS A SIGNIFICANT RENEWABLE
ELECTRIC ENERGY OPTION FOR THE UNITED STATES,

THE RESIDENTIAL PROJECT WILL EMPHASIZE ESTABLISHING A TECHNOLOGY
BASE NEEDED TO PERMIT MEANINGFUL RISK ASSESSMENT BY PRIVATE FIRMS
FOR INTRODUCING THE GRID-CONNECTED PV OPTION INTO THE ENERGY
SUPPLY MIX,
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ELEMENTS OF THE RESIDENTIAL PROJECT

)

SYSTEMS ReD - TO DEVELOP AND DOCUMENT A DETAILED UNDERSTANDING
OF RESIDENTIAL PV SYSTEM DESIGN AND PERFORMANCE
TRADEOFFS, UTILITY INTERACTION SAFETY AND RELIABILITY,

ARRAY SUBSYSTEM R&D - TO DEVELOP AND EVALUATE EFFICIENT, RELIABLE AND
SAFE PV ARRAY SUBSYSTEMS FOR USE IN RESIDENTIAL SYSTEMS.

POWER CONDITIONING SUBSYSTEM R&D - TFO DEVELOP AND EVALUATE EFFICIENT,
RELIABLE AND SAFE POWER CONDITIONING SUBSYSTEMS FOR
USE IN RESIDENTIAL SYSTEMS,

SYSTEM EXPERIMENTS - TO EVALUATE RESIDENTIAL PV SYSTEM DESIGNS, INTER-
FACES AND COMPONENTS IN REALISTIC CONFIGURATIONS
AND ENVIRONMENTS,
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HOW THE RESIDENTIAL
PROJECT HAS CHANGED ()

WAS

BASED ON MARKET EMPHASIS

BASED ON FIXED CONFIGURATION PROTOTYPES
FULLY DOE SUPPORTED

FIELDING DOE FUNDED OCCUPIED PV RESIDENCES

o

o

IS NOW

BASED ON TECHNOLOGY EMPHASIS
ADDING CONCEPT OF FLEXIBLE PROTOTYPES
SEEKING COST SHARING AGREEMENTS

MONITORING PRIVATELY FUNDED PV
RESIDENCES
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THE PV RESIDENTIAL PLAN

A DRAFT 5-YEAR RESIDENTIAL PROJECT PLAN HAS BEEN PREPARED

COMMENTS ON THE PLAN ARE BEING INCORPORATED

THE PLAN IS STRUCTURED TO RESULT IN AN ESTABLISHED TECHNOLOGY
BASE FOR RESIDENTIAL PV

MAJOR MILESTONES HAVE BEEN IDENTIFIED
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FIGURE 1- DOE PV RESIDENTIAL PROJECT
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RESIDENTIAL PROGRAM
ORGANIZATION STRUCTURE

LEAD FIELD OFC.

JPL
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RESIDENTIAL PROJECT

SYSTEM EXPERIMENTS STATUS

NORTHEAST RES

SOUTHWEST RES

SOUTHEAST RES

HAWALT NATURAL ENERGY
INSTITUTE PROJECT

@

FLEXIBLE
PROTOTYPES PROTOTYPES FIELD SITES
5 OPERATING 3 PLANNED 2 OPERATING
(CARLISLE, NORFOLK)
8 OPERATING 1-3 PLANNED 2 OPERATING
1 DESIGNED (SANTA FE, YUMA)
3 DESIGNED 1 OPERATING 3 OPERATING
2 PLANNED (FSEC, TYNDALL,
FUTURE ONE)
4y PLANNED
(TVA)
3 OPERATING
® ® L J o L



60T

ANTICIPATED 1983 HIGHLIGHTS

IMPROVED UNDERSTANDING OF ARRAY TEMPERATURE CHARACTERISTICS

SIGNIFICANT TEST DATA AND ANALYSIS ON HARMONICS AND OTHER
GRID INTERFACE ISSUES

CONSTRUCTION OF THREE SE RES PROTOTYPES
IMPLEMENTATION OF FLEXIBLE TEST BEDS AT NE AND SW RES
CONSTRUCTION OF RIBBON MODULE PROTOTYPE AT THE SW RES
EVALUATION OF NEW MODULES

EVALUATION OF SEVERAL NEW RESIDENTIAL PCS UNITS

PUBLICATION OF RESIDENTIAL TOPICAL REPORTS



Abstract

DEVELOPMENT OF THE SOUTHEAST RESIDENTIAL EXPERIMENT STATION*
by
Gerard G. Ventre, FSEC
Gobind H. Atmaram, FSEC
Larry E. Banta, GIT

The Photovoltaic Southeast Residential Experiment Station (SE RES) is jointly
operated by the Florida Solar Energy Center (FSEC) and the Georgia Institute of
Technology (GIT). Cooperating with FSEC and GIT on the project are the Alabama
Soclar Energy Center and major southeastern utilities including Alabama Power
Company, Florida Electric Power Coordinating Group, Florida Power and Light Company,
Florida Power Corporation, Georgia Power Company, Jacksonville Electric Authority,
Southern Company Services, Inc., Tampa Electric Company and the Tennessee Valley
Authority.

The major experiments for which FSEC is responsible include prototype testing,
subsystem testing and continued operation of the FSEC PV-house. FSEC is currently
designing three prototype systems with 3 to 4.4 KWp arrays using single-crystal
Czochalski, polycrystalline and EFG ribbon cells. One standoff and two integral
mounting configurations will be utilized. FSEC will act as general contractor for
construction of the three prototypes which are scheduled for completion in Fall
1983.

FSEC's flexible subsystem test facility is nearing completion and should be
operational in May 1983. It is designed for short-term testing of systems and
components; accommodates a large variety of module sizes; and is capable of simul-
taneous testing of both fixed and tracking arrays.

The FSEC PV-house was recalibrated in February 1983 and over twe years of
operational data have been reported.

The Georgia Institute of Technology Engineering Experiment Station is respon-
sible for the establishment and operation of a data acquisition and reporting net-
work for the nine PV "field sites." Meteorological and PV system performance data
from each of the field sites is fed to Georgia Tech in a variety of formats from the
data logging systems used by the various field site operators. Georgia Tech reor-
ganizes and analyzes the data and produces monthly reports for each field site in a
uniform data format. Field site data is then archived at Georgia Tech.

The second major area of responsibility for GIT is the design, direction, and
analysis of utility interface experiments. A series of experiments will be carried
out at the various field sites and at FSEC to investigate problems involving fault
protection, harmonic injection and propagation, islanding, voltage
regulation/reactive power compensation, and utility operations issues. Georgia Tech
will play the lead role in the design and analysis of the experiments, with the
experiment construction and performance to be handled by field site and/or utility
personnel.

*This project is funded by the U.S. Department of Energy.
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FSEC Tasks

. Develop research plan

. Design, construct and
instrument prototypes

. Collect data

— Prototypes

— Subsystem test bed

— FSEC PV house

. Improve residential building design

. Analyze data, evaluate system
performance and reliability

. Transfer technology to user sectors
. Convene consulting committee
. Report status and results
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Summary of
Prototype Systems

¢ 5 new prototypes to be
constructed atFSEC

e 3in 1983
e 2in 1984

Construction of
1983 Prototype Systems

. FSEC will act as architect, system designer
and general contractor

. Outside firms will review designs
. Operational in October, 1983
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Summary of Prototype Systems
Approx. Rated
- Prototypes Array Array | Cell/Module Output Power
(1983) Mounting Area Type (at NOCT) Conditioner
1 Stand-off 37 m? |Single crystal Cz 3 KWp Solar inverter
Photowatt 7050 (Alpha Energy)
2 Integral 59 m? | Polycrystalline- 4.4 KWp Sunverter
Solarex PL120 (Abacus Control)
3 Integral 58 m? Ribbon 4.4 KWp Sunshine 4000
Mobil Ra 180 (American
Power
Conversion)
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ARRAY PLANE INSOLATION
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Experiments at
Subsystem Test Bed

¢ Simulation of utility extreme conditions

e Evaluation of power conditioners
(Advanced, experimental and
small 1 kw — 4 kw)

¢ Operation of adjustable tilt
and/or tracking array

¢ Evaluation of advanced
technology modules
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CONNECTIONS FOR ROOF MOUNTED PV ARRAY
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Irradiance incident
upon array field

Month measured (kWh) output
(kWh)
1981 1982 1981 1982
Jan. 8775 8452 N/A 682
Feb. 7800 7976 N/A 635
Mar. 10664 10899 N/A 812
Apr. 11989 9960 914 716
May 12732 11754 900 840
June 12120 8941 383 583
July 11594 11116* 837 759
Aug. 10289 11387 759 789
Sep. 10508 9305 775 644
Oct. 10526 8869* 775 648
Nov. 9656 7337 772 566
Dec. 8582 7316 687 595
1981 1982
Total Irradiance 125235 113312%

{kWh) (for 12 mths)

7302
(for 9 mths)

Total Array DC
output (kWh)

8012
{(for 12 mths)

Total System
AC output (kWh)

*Corrected for irradiance lost due to 'system shutdowns.'

Array

(for 12 mths)

8269

(for 12 mths)

7038

(for 12 mths)

® ® e ®
TWO YEAR PERFORMANCE SUMMARY
OF FSEC PV RESIDENCE
System Array System
AC Efficiency Efficiency
output 7 A
(kWh)

1981 1982 1981 1982 1981 1982
627 562 —- 8.1 7.2 6.6
530 516 - 8.0 6.8 6.5
695 676 - 7.5 6.5 6.2
788 620 7.6 7.2 6.6 6.2
776 688 7.1 7.2 6.1 5.9
746 519 7.3 6.5 6.2 5.8
721 664 7.2 6.8 6.2 6.0
653 637 7.4 6.9 6.3 6.0
654 559 7.6 6.9 6.2 6.0
655 559 7.6 7.3 6.4 6.3
637 482 8.0 7.7 6.6 6.6
530 506 8.0 8.1 6.2 6.9

1981 1982
Average Array 7.5 7.3
Efficiency (%) (for 9 mths) (for
System Average 6.4 6.2
Efficiency (%) (for 12 mths) (for
System Average 0.22 0.19
Capacity Factor (for 12 mths) (for

Array Area = 62.

2

5m

®
System
Capacity
Factor
1981 1982
.20 .18
.19 .18
.22 .21
.26 .20
.25 .22
W24 .17
.23 .21
.21 .22
21 .18
.21 .18
21 .16
17 .16
12 mths)
12 mths)
12 mths)



NORTHEAST RESIDENTIAL EXPERIMENT STATION SYSTEM PERFORMANCE#* *¥¢ +
George W, Hart
MIT Energy Laboratory
711 Virginia Road
Concord, Massachusetts 01742

At the Northeast Residential Experiment Station, five roof-mounted, utility-
interactive prototype photovoltaic (PV) systems have been designed, constructed
and evaluated. Results of two years of normal operation and several special
experiments are presented,

The PV  systems have operated reliably and predictably. Problems  of
unreliability in an early power conditioner unit (PCU) have been eliminated.
Since mid-1982 there has been a selection of PCUs available with satisfactory
operating characteristics. One remaining problem results from the utility ser-—
vice to the NE RES, which suffers regular abnormalities in both voltage and
frequency. A PCU sensitive to these parameters (to preclude feeding a 'dead"
feeder) has on occasion turned itself off, and was then unable to restart due to
an array voltage outside of its operating window.

Annual PV generation has been predictable to within 5% using Boston TMY data.
The data monitoring system at the NE RES agrees, to within 4%, to the con-
ventional kilowatt-hour meters. On an annual basis, typical monitored resi-
dences use from 100% to 250Z of the energy produced from the NE RES PV systems.
The Carlisle House uses three times the electric energy it produces, on an
annual basis. Most of the energy goes into heating the house in the winter.
Calculation of the energy exchange between a photovoltaic residence and the
utility involves a subtle problem. If the house load is not sampled at a rapid
enough rate, the energy flows to and from the utility will be underestimated.
The magnitude of the error depends on the nature of the daytime loads.

Array temperatures vary considerably, with direct mount operating hottest, then
stand-off, and dintegral coolest. The General Electric shingle array has suf-
fered considerable degradation. Its normalized maximum power has fallen 30% in
the past year. Module temperature within an integral array has been seen to
vary by as much as 28 Celcius degrees from one point to another. Modifications
were made to the array which reduced this variation, but did not result in a
cooler average temperature.

Snow accumulation bhas remained on arrays for as long as a week (of sunny
weather). On the integral and direct mount arrays the snow tends to slide off
all at once when sunny weather returns after a storm, Snow on the stand-off
arrays tends to melt in place, greatly prolonging the time the array takes to
clear,

*This work was sponsored by the U.S, Department of Energy,
*#The U.5. Government assumes no responsibility for the work presented.
+Presented at the Fourth Photovoltaic Systems Integration Meeting,
12-14 April 1983, Albuguerque, New Mexico.
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OPERATING POWER CONDITIONER UNITS
AT NORTHERST RES
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PV SYSTEM DESIGN SUMMARY#* #¥ 4
Miles C. Russell
MIT Energy Laboratory
711 Virginia Road
Concord, Massachusetts (01742

At the Northeast Residential Experiment Station in Concord, Massachusetts, residen-
tial photovoltaic systems have been under evaluation for over two years. In this
time numerous experiments have been conducted and copious amounts of data have been
recorded and analyzed. The site has experienced a wide range of meteorological
conditions associated with a four-season climate region, to stress the systems.
Numerous reports have been published on results and findings over this two-year
pericd, and reporting continues unabated. Given the experiences of designing,
constructing, evaluating and troubleshcoting these prototype, first of their kind
residential PV systems, many of the predictions relating to system design or perfor-
mance have been studied and verified or disproved. We now have a much clearer
picture of the significant design considerations, and a much better understanding of
how a residential PV system should be designed to achieve the best possible perfor-
mance, for the least possible cost. '

The features of the "best" achievable system which can be built today will be
presented. In all cases the recommendations are based upon the NE RES system
experiences, and rationale is provided where necessary. Four categories have been
derived for which the recommended system characteristics are delineated: PV module,
PV array mount, PV array wiring, and the power conditioner, Where applicable, the
status of the NE RES prototype systems is reviewed in terms of meeting the criteria
for the "best" system.

Additional technical issues regarding PV system performance or design which are
presently being addressed, or scheduled for this calendar year are also described.
At the NE RES, the focus of activity for 1983 will be on evaluation of retrofit PV
system designs. Unlike the first generation prototype systems, that is , those
currently in place, retrofit systems are expected to be small (in the 2-4 kWp size
range), will have to be mounted on roof slopes in the range 18-30 degrees, and there
will likely be no available access to the attic space beneath existing roofs of such
tilts. Such constraints will present a new set of concerns for both system desgign
and installation as well as troubleshooting/maintenance. Retrofit system experi-
ments will focus on achieving low—cost array roof-mounting schemes, and on improving
the heat transfer characteristics of stand-off mount PV arrays. The latest in
available PV module hardware will be used, and National Electrical Code-approved
system designs will be built, Heretofore the power conditioners in the 2 kW size
range have been all but ignored by the present set of operating systems which are
not suited for use with the smaller units. Continued experiments on understanding
the factors affecting snow shedding will also be conducted. It is expected that at
the lower array tilt angles and with the stand-off mount arrays, snow sheddding will
become a problem of increasing proportion; system designs will address this concern.,

In summary, the work over the past two years at the NE RES has led to a set of
specificationg, which are achievable with presently available hardware, for the best
performing, least costly PV system. Areas which remain to be investigated regarding
the system issues for a retrofit application are identified for work in the present
calendar year.

*This work was sponsored by the U.S. Department of Energy.
**The U.S. Government assumes no responsibility for the work presented.
+Presented at the Fourth Photovoltaic Systems Integration Meeting,
12-14 April 1983, Albuquerque, New Mexico.
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PV SYSTEM DESIGN SUMMARY

MILES C, RUSSELL

MIT ENERGY LABORATORY

14 APRIL, 1983

PV MODULE

. HIGH FFFICIENCY ( 2 10%)

qg70¢

improve aesthetics

. LARGE MODULE (1 - 2 PERSON STZE)

reduce installation cost
improve physical access
may improve cooling

may improve snow-shedding

™ INTEGRAL BY-PASS DIODES
reduce fieid labor

reduce possibility of anti-parallel diocde
can protect smaller groups of cells

. FRAMFELESS DESIGN (AVAILABLE AS AN OPTION)
to accomeodate simple integral mounting

) OPERATING VOLTAGE (15 - 25 V)

reduce minimum number to interface w/pcs
maximize flexibility to interface w/pcs

reduce array size/installation cost

PV SYSTEM DESIGN : SUMMARY

BASED ON EXPERIENCE TO-DATE, WHAT ARE THE CHARACTERISTICS
OF THE "BEST" ACHIEVABLE UTILITY INTERACTIVE SYSTEM 77

. PV MODULE
] PV ARRAY WIRING
) PV. ARRAY MOUNTING

. POWER CONDITIONER

NE RES PV MODULE DATA

MIT WEST GE T8C SX

ARRAY ENERGY
EFFICIENCY (%) 7.3 7.1 4.8 9.3 5.5
(JUL-DEC 82)

MODULE SIZE LG MD SM LG LG
BY-PASS DIODES FAC FLD NA FLD FAC
FRAMELESS

OPTTIONAL ? YES YES NA YES YES
OPERATING

VOLTAGE 15-25 V YES YES YES YES YES
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BLOCK V PV MODULE DATA

ARCO GE MOBIL SOLX

MODULE EFFIC (%)

(1kW/m2, 28C) g.7 11.5 8.7 8.2
MODULE SIZE MD MD LG LG
BY-PASS DIODES FLD FAC FAC FAC
FRAMELESS ? NO NA YES YES
OPERATING

VOLTAGE 15-25 V NO YES TES YES

PV ARRAY MOUNTING
. NEW CONSTRUCTION: SIMPLE INTEGRAL MOUNT
(WITH ACCESSIBLE ATTIC SPACE)
low materials cost
simple installation
dry wiring
ready electrical accessibility
ready mechanical accessibility

simple, effective cooling (venting)

SPIRE

11.6
MD
FAC

YES

YES

no framing ridges, accelerates snow shedding

PV ARRAY WIRING
° SERIES CONNECTIONS FIRST
aliows for easy system expansion
gimplifies installation
reduces wiring materials/cost
increased accissebility, simplifies diagnostics

. NEC - APPROVED CONNECTORS
pelarized
no exposed live parts
latching or locking
sround: first make/last break
rated for interrupting string current

POWER CONDITIONER

HIGH ENERGY EFFICIENCY (88 - 90 7)

LOW DC TURN-ON THRESHOLD ( <50 W)

QUIET (AUDIBLE NOISE <£63dbA @ 1 meter)

MINIMIZED RADIO FREQ NOISE (not noticeable 1 room away )
LOW NIGHTIME POWER DRAW (210W)

HIGH RELIABILITY

WALL MOUNTABLE (£100 LBS 7)

HIGH POWER QUALITY (thd£5%Z, pf=~1.0)



NE RES POWER CONDITIONERS DATA

ABAC ACHEY APC HELTO WINDWK

ENERGY EFFICIENCY

(JUL-DEC 1982) 77.3 84.2 88.5  86.1 91.4
DC TURN-ON

THRESHOLD (W) 750 65 40 100 75
NIGHT POWER

CONSUMPTTON (W) 6 48 3 17 7
AUDIBLE NOISE HI HT MD MD HI
RADIO NOISE HI MD MD MD HI
RELIABILITY

JUL-DEC 1982 (%) 100 100 100 100 100
WALL MOUNTABLE ? NO YES YES NO YES
POWER FACTOR

(FULL POWER) .96 .69 1.0 .99 .80
CURRENT THD (%) 5.0 65. 1.5 4.4 15.

PV SYSTEM ISSUES 1983

RETROFIT PV SYSTEMS — ARFAS OF INVESTIGATION
® LOW COST STAND - OFF MOUNTS
) CODE -~ APPROVED WIRING METHODS
. THERMAL PROPERTIES/CHARACTERISTICS
sensitivity to roof pitch

sensitivity to stand-off height
sensitivity to mount/module geometry

] SNOW SHEDDING AT SHALLOW ROOF PITCHES (18°- 30%)
. PERFORMANCE OF 2kW POWER CONDITIONERS

. PERFORMANCE OF BLOCK V/1983 PV MODULES
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SOUTHWEST RESIDENTIAL EXPERIMENT STATION--RESULTS AND ISSUES

John F. Schaefer
New Mexico Solar Energy Institute
New Mexico State University
Box 3 SOL
Las Cruces, New Mexico 88003

The Southwest Residential Experiment Station (SW RES) has been in existence since September
1980. The first of eight FY81 protoiype residential photovoltaic (PV) systems was activated
in March 1981; the last in September of that year. Since that March 1981 event, the eight
prototypes have produced more than 90 megawatt hours of rooftop-generated energy; some
reliably, some not.

The goal of the SW RES is, broadly, to foster the early implementation of grid-connacted
residential PV systems. More specifically, our charter is to identify and resolve those
technical and institutional issues that will influence widespread adoption of such systems,
To fulfill this charter, the SW RES staff are involved in a variety of efforts beyond the
prototype evaluation effort. Current activities include the fine-grained monitoring of five
Las Cruces residences (non-PV); similar monitoring of two Las Cruces utility feeders (one of
which serves the SW RES site and undergoes near-daily reverse power flow); and monitoring, via
stand-alone data acquisition systems, grid-connected PV residences in Sante Fe, New Mexico,
and Yuma, Arizona. We are involved, through work of the staff and feedback from the SW RES
Consulting Committee, 1in institutional issues such as financing, insurance, codes, and
utitity-interconnection questions. Through publications, on-site visits, worksheps, technical
papers, and periodic data reports, we are sharing data, results, and conclusions with the
public, the PV community, and the National Photovoltaic Program management.

Key results can be briefly stated: we see no significant technical barriers to grid-connected
residential PV systems. Similarly, save the apparently-unsettied PURPA (Public Utility
Regulatory Policies Act) issue, we foresee no major institutional barriers. Economic issues
are still of paramount importance. It appears that value (to the homeowner) of roof-mounted
energy will vary from state to state as a consequence of the states's PURPA implementations;
this will probably strongly affect rate of implementation from one state to another.

There are many areas where technical questions remain. Some modules have failed, and the root
causes are not yet known in all cases. OQur second-generation inverters have been flawless and
for the past six months all first-generation units have also been reliable, but high
efficiency units at lower cost must be developed, We have many questions regarding array
thermal behavior and are working to develop a better understanding of thermal phenomena. We
have observed a fairly uniform shortfall between predicted and actual energy production
performance of all FY81 prototypes and are evaluating data to identify reasons for this
phenomenon.
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SOUTHWEST RESIDENTIAL EXPERIMENT STATION--RESULTS AND ISSUES

RENT ACTIVITIES

MoNITORING PROTOTYPE PERFORMANCE
MoniToriNG Five Non-PVY RESIDENCES
MoNITORING Two PV RESIDENCES
STupying PY/UTILITY INTERFACE
Issuine DATA AND INFORMATION
PLannine "FLEXIBLE" PROTOTYPE
NiNTH ProTOTYPE IN WORKS

ApriL 14, 1983
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SOUTHWEST RESIDENTIAL EXPERIMENT STATION--RESULTS AND ISSUES
Y8
ARRAY
ARRAY PEAK ARRAY INVERTER
PROTOTYPE MODULE AREA POWER MOUNTING TILT SIZE
SYSTEM SUPPLIER (MZ) (Kwp) METHOD 9 SUPPLIER
ARCO ARCO 88.7 /.4 DireCT 25 8 Kw
SOLAR SOLAR WINDWORKS
ARTU ARCO 55.2 4.9 STANDOFF 45 8 kW
SOLAR WINDWORKS
BDM MOTOROLA 54,0 4.5 STANDOFF 35 6 Kw
HELIONETICS®
GENERAL GENERAL 76.2 6.7 DIRECT 26,6 6 KkvaA
ELECTRIC ELECTRIC Asacus
SOLAREX SOLAREX 68.4 5.1 STANDOFF 26 b kva
ABAcUS
TEA MoToROLA 49,4 4,3 Rack 26 APCQ KW
Tr1SorLarRCorRP  APPLIED 58.0 5.3 INTEGRAL 30 8 Kw
SoLar W1NDWORKS
WESTINGHOUSE ARCO 73.4 5.5 INTEGRAL 20 6 Kva
SOLAR ArAcus

*REPLACEMENT INVERTER

ArpIL 14, 1983
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SYSTEM
ARCO
ARTU
BDM

SOUTHWEST RESIDENTIAL EXPERIMENT STATION--RESULTS AND ISSUES

PE PE

JUNE 82 - MarcH 83

Days Down CAPACITY FACTOR (%)

16.2

17.5

17.5

27 13.4

30 12.1

1 17.2

11 18.5

/ 15.8

® ® [

CY1982
ActuaL/PrRepIcTED (%)
92.5
82.0
/3.2
69,2
42.8
86.9
63.6
61.0

ApriL 14, 1983
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SOUTHWEST RESIDENTIAL EXPERIMENT STATION--RESULTS AND ISSUES

1LURES, PROBLEMS, AND CURES

MaJor ABacus Fix May 18-20, 1982

Hiet SiTe Line VoLtace (DECC, APC, ARTU)

ARTU IsOLATION TRANSFORMER

LOOSENING POWER CONNECTIONS - SX ABACUS

ARCO MopuLe & WIRING SHORTS

SoLAREX MopuLes - 5 Discoverep OcToer 8, 1982

GE SHINGLES - ProBLEM SurrAceD Novemper 11, 1982

LOOSENING POWER CONNECTIONS - TSC GeEmini - OctoBer 12, 1982
TSC Gemini FarLure Jury 13-15, 1982
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SOUTHWEST RESIDENTIAL EXPERIMENT STATION--RESULTS AND ISSUES

ADDITIONAL PROTOTYPE USING RIBBON TECHNOLOGY

FP Ma1Lep May 14, 1982

THREE ProposaLs ReEceivep June 15

SELECTION Jung 16: MosiL SoLAR ENERGY
CoNTRACT AWARDED AucusT 1

PreprobUCTION MoDULEsS SEPTEMBER 22 - BAD NEWS
DELAY GRANTED SEPTEMBER 27

CDR HeLp March 21

PrRoTOTYPE AccEPTANCE LATE JunE 1983



HAWAIL LIVED-IN RESIDENTIAL Py SYSTEMS -- RESULTS AND ISSUES

George D. Curtis
Technical Coordinator
Hawaii Natural Energy Institute
University of Hawaii at Manoa

Honoluiu, Hawaii 96822

ABSTRACT

The 2 KWP and two 3.5 KWP, utility-backed PV systems installed in lived-in residences by ARCO
in cooperation with HNEI and DOE are described briefly. Monitoring, reporting, and maintenance
are performed by HNEI under contract from Sandia National Laboratories.

Several precepts developed and lessons learned during installation and initial operation are
presented. Much of this has recently been published by the DOE (ref. A). Most problems have
occured with inverters; however, once a defective unit was replaced the failures were
relatively minor and randem. None of the 280 PV modules has failed.

Performance has been affected by a long period of high rainfall/low insolation (see figure).

In spite of the clouds, the energy produced has far exceeded that available from a concentrator
system. The generally cool weather has apparently contributed to system efficiency. A number
of variables and factors {see figure) such as wind, cell temperature, etc., are to be

analyzed to quantify such correlations. The data reduction program permits ready examination
of individual parameters for this purpose.

Time mismatch between production and load occurs at the residences in spite of the occupant's
efforts (see figure) and reduces the economic benefit. This will be improved at one site by
connecting four units of a quadraplex to one PV system. The electrical distribution and
metering are depicted in the figure.

The systems are now mature enough that applied experiments such as the redistribution scheme,
trials of new inverters, examination of second order effects, etc., can be performed
confidently in a real-world environment, The basic issue to be faced is, as often the case,

aconomics.

REFERENCES
(A) Curtis, George D. and Neill, D. Richard, "Hawaii Natural Energy Institute Final

Report on Three Innovative Photovoltaic Applications for Residence Experiments,"
DOE/ET/20279~211, June 1982 (printed February 1983).
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HNET RESIDENTIAL PV

Work in Progress:

Retrofit 4KVA American Power Inverter at Pearl City site
Retrofit 2KVA DECC Inverter at Kalihi site
Monitor and evaluate results of above changes

Re-wire and re-meter entrance wiring to quadraplex to
distribute PV energy more economically

Monitor and evaluate effects of above changes

Examine effects of removal of baffles, effects of wind,
temperature, etc.., on performance

Continue to monitor system performance and possible
degeneration
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HOME DEMAND AND PV PRODUCTION
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MODIFICATION OF THE PEARL CITY PV SYSTEM TO SERVE ALL FOUR UNITS

Rooftop System

Power Conditioning Unit (PCU)

PY Meter*
@ Unit 'A' meter*
2\ Q
\ o
Master meter from utility* g @ Unit 'B' meter*
(not revenue) o
b
?:3 ® Unit 'C’ meter*
@) @
Master meter to utility {R) Unit 'D' meter*
(revenue per schedule 'QF')

* indicates monitored by HNEI data logger
R indicates revenue meter - HECO reads only these

3/11/83
GDC
212



Pearl City energy sovings to date..eeaus...$595,50
Molokal energy savings to dates..vvesenssd.$919,51

Calculations
= generated energy

exported energy
purchased energy
energy rate

t

G
E
1
r

(1) 6 -E
(YEXT
3) I xr

X I = energy saved

= energy sold
energy purchased

(@) Normal utility bill = (1) + (3)
(h) New utility bill = (3) - (2)
{¢c) Energy savings = Normal bill - New bill

® [ 9 @ ® ® @ e ® ®
Cumulative and monthly averoge energy production at each PV site, and cost factors
at 19382 rates,
KALIH] PEARL_CITY MOLOKAT
GENERATED [ EXPORTED| IMPORTED GENERATED | EXPGRTED | THPORTED GENERATED] EXPGRTED] IMPCRTED
Total energy generated/
exported/imported to
date (kWh), as of Feb,
28, 1983 2516 1400 5802 8515 6090 4423 8389 4697 8274
Average energy gener-
ated/exported/imported
{kWh) per month 148 73 305 405 290 210 419 224 413
[
I ENEKGY SAVINGS
Kalini energy savings to dote, . .evvireeere0$239,92
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KWH, generated

INSOLATION
KWH /m?

INSOLATION AND ENERGY PRODUCTION FOR THREE HAWAII PV RESIDENCES
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Strip chart record of global insolation in Honolulu and hourly average insolation

and standard deviation at nearby Pearl City_site. Standard deviation indicates cloud
passages,
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ABSTRACT
D, F. Menicucci

AN ASSESSMENT OF MISSING RESIDENTIAL PV DATA AND A PLAN FOR FUTURE NEEDS
WITHIN DOE'S "HIGH RISK" RESEARCH PROGRAM

The DOE sponsared residential programs have produced massive technical data bases,
It is estimated that the coemputerized and hand-logged data files created by DOE's
Residential Experiment Stations (RES) measures aver one billion characters. These
data, if ©packed at the density of a typical encyclepedia, would fill over 250 bound
velumes an a 40 foot library shelf. Despite the enarmous size of +this data base
concern3 have beenh raised about various recerd gaps that may affect the overall data
quality and especially data summaries, In this situation data fer a parameter are
present but, because of seme missing values, it's feared that the recerds den't
accurately represent reality. Other concerns relate te gaps that exist because
certain parameters are not being measured. In this event a class of data is missing
and leaves the user with no chance te quantify reality. Each of the two types eof
missing data is impertant. However, the second type of gap is clearly more seriaus,
Missing values in a record can aften bhe either estimated or ignored but when a class
of data 18 missing an analyst may be unable te complete ap analysis ar make a vital
decision., For example, a missing data class may inhibit a petential user from a
decisien to invest in PV.

A methedelegy was developed ta  identify the patential data class gaps. The
methedology i3 logically based and empleys a top-down pracess which begins with the
consideration of the ebjective of the DOE PV pregram and results in a detailed cutline
of infermation and data that are needed to meet the program geals.

The applicatien of the methodology is described in detail. The DOE PY program
objective is outlined and anmalyzed and the implications of the "high risk" research
are cansidered from the view &f a potential end product user. In central focus are
the infermational requirements that are pessibly net Dbeing fulfilled by the DOE
program and may inhibit the utilizatien of residential PV in the private sector. A
specific set of analysis tasks are suggested to meet these informational requirements.
The development of each task begins with the use of the existing residential data
base, Where data c¢lasses are perceived ta be missing specific experiments are
proposed. The final result of the effort is ab experimental plan through which the
necessary information and data will be available fer the private sector to develop and
utilize residential PV systems in the US,

216



UTILITY INTERESTS IN RESIDENTIAL PV
George J. Vachtsevanos
Georgia Institute of Technology
Engineering Experiment Station/Technology Applications Laboratory
Atlanta, Georgia 30332

As part of the Southeast Residential Experiment Station (SERES) program funded by the Department
of Energy, work was initiated in January 1983 to address utility concerns arising from the in-
troduction of residential PV systems into the power distribution network. A cohesive and unique
five year program of research has been defined by the SERES Utilities Research Group in cooper-
ation with Georgia Tech bringing together electric utility companies and a university research
team into a comprehensive effort focused at photovoltaic—utility dinteractions.

The major areas of research include such issues as: fault protection and safety; current and
voltage harmonics generation and propagation; voltage regulation and reactive power compensa-
tion; "islanding" or isolated operation; utility operations research iInvolving both distribu-
tion and overall grid system analysis. Although it is generally agreed that all of these
issues will impact significantly the utility-PV system interface, the focus during the first
two years of the project is upon problems associated with fault protection and harmonic current
and voltage propagation along the power lines.

A combination of experimental and analytical approaches has been adopted to arrive at solutions
to the protection and harmonic problems. Experiments will simulate fault conditions and power
conditioning induced harmonics on utility feeders with grid-connected photoveltaic systems.

The experimental results will be evaluated and data used for model verification purposes and
more extensive computer simulation studies. Simulation results, on the other hand, will guide
the experimental design.

Protection of the utility distribution system connected to photovoltaic sources includes proper
protection under faulted conditions so that the reliability of service remains unaffected and
equipment damage is avolded. Transient and resonant overvoltages, power conditioner faults and
line faults may adversely affect system operations. Specific problem areas include fault cur-
rent contribution, recloser coordination, fault sensitivity and detection ability and the ef-
fect of increased short-circuit capacity with PV sources present. The second major phase of the
program will study the propagation of current and voltage harmonics on utility lines and assess
the impact of various levels of PV penetration on harmonic-induced resonance problems and meter-
ing and billing practices.

As this program is entering the testing and analysis phase, Georgla Tech is responsible for
working with the utility companies in the conduct of the test program and for reflecting these
tests into analyses of issues of concern to the utility companies as they confront the Integra-
tion of PVs into their distribution networks. On the experimental side, a frequency selective
impedance bridge has been designed to measure distributicn line impedance levels with an accept-
able accuracy. Test procedures are being designed to measure harmonic content. Candidate sites
are being evaluated for the fault studies and suitable instrumentation is considered. A PV
system model is in the final stages of develeopment and a transient analysis program is being
modified to include the dynamic characteristics of typical distribution networks encountered in
the Southeast.
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UTILITY INTERESTS
IN RESIDENTIAL PV

FOURTH PHOTOVOLTAIC SYSTEMS INTEGRATION MEETING

GEORGE J. VACHTSEVANOS
GEORGIA INSTITUTE OF TECHNOLOGY
APRIL 1983
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ISSUES :

A. TECHNICAL
B. ECONOMIC

C. INSTITUTIONAL

TECHNICAL ISSUES

1. PROTECTION AND SAFETY

2. VOLTAGE AND CURRENT HARMONICS
3. VOLTAGE REGULATION AND REACTIVE
POWER COMPENSATION
4. “ISLANDING” OR ISOLATED OPERATION
5. UTILITY OPERATION
@ DISTRIBUTION SYSTEM ANALYSIS
@® GRID SYSTEM ANALYSIS
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TECHNICAL ISSUES ADDRESSED BY SERES
FIRST 2-YR PERIOD

1. FAULT PROTECTION
2. HARMONIC PROPAGATION

APP TECHNICAL ISSUES

OPTIMUM RESULTS OBTAINED BY AN
INTERACTIVE "DUAL" ANALYTICAL/EXPERIMENTAL APPROACH

1. EXPERIMENTAL TESTING -

CONDUCTED BY PARTICIPATING SOUTHEAST UTILITIES

UNDER THE GUIDANCE AND LEADERSHIP OF GIT

2. COMPUTER SIMULATION STUDIES -—

CONDUCTED BY GIT
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'EXPERIMENTAL PROCEDURE

A. DISTRIBUTION FAULT PROTECTION
e

PRESENT PROTECTION PHILOSOPHY
PROBLEMS WITH THE ADDITION OF
DISPERSED PV GENERATORS

SYSTEM PROTECTION FROM LINE FAULTS

CONCEPTUAL DESIGN AND PERFORMANCE
OF APPROPRIATE PROTECTION STRATEGIES

HARMONICS EXPERIMENTS

DISTRIBUTION LINE IMPEDANCE CHARACTERIZATION
BACKGROUND HARMODNIC CONTENT

VOLTAGE AND CURRENT HARMONICS MEASUREMENTS
RESONANCE PHENOMENA

IMPACT UPON UTILITY OPERATIONS AND PRACTICES
CONTROL STRATEGIES
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COMPUTER MODELLING

PV SYSTEM MODEL

A MODBULAR APPROACH TO SIMULATING
THE DYNAMIC BEHAVIOR OF

— THE PV ARRAY
— DC INTERFACE
— INVERTER

— AC INTERFACE

DISTRIBUTION NETWORK MODEL

A MODULAR AND INTERACTIVE APPROACH
T0 SIMULATING THE TRANSIENT AND
FREQUENCY DEPENDENT CHARACTERISTICS
OF THE DISTRIBUTION NETWORK
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MODELLING EFFORT

_—

DYNAMIC DISTRIBUTION
SYSTEM MODEL

\

PROTECTION ISSUES

PHOTOVOLTAIC
SYSTEM MODEL

HARMONIC PROPAGATION ISSUES
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RESIDENTIAL PHOTOVOLTAIC INSTALLATIQN CQSTING

David A. Penasa
Uhl & Lopez Engineers, Inc.
Electrical Consulting Engineers
213 Truman, N.E./P.0. Box 8790
Albuquerque, New Mexico 87198
(505} 265-3425

Abstract

For this report, prepared under a contract with Sandia National Laboratories,
detailed installation costs were estimated for the following four reference residen-
tial photovoltaic systems designed by the General Electric Company, Energy Systems
and Technology Division:

1. The Design of a Photavoltaic System with On-Site Storage for a Southwest
Al1-Electric Residence

2. The Design of a Photovoltaic System for a Passive Design Northeast
AT1-Electric Residence

3. The Design of a Photovoltaic System for a Temperate Climate All-Electric
Residence.

4. The Design of a Photovoitaic System for a Southeast All-Electric
Residence.

Installation costs were evaluated for each design using (1) union (Davis-Bacon)
wage scales and (2) non-union (non Davis-Bacon) wage scales.

The costs were then presented in a format familiar to the P-V community.
The final report, entitled "System Cost Analysis for Reference Residential Photovol-

taic Designs" was delivered to Sandia National Laboratories for publication in July
of 1982. '
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Description of Reference Residential Photovoltaic Designs

The Design of a Photovoltaic System with On-Site Storage for a Southwest Al1-
Electric Residence (e.g. Albuquerque, NM):

- 6.07 KW stand-off, grid connected array using 100 Solarex Block IV modules.

- Modules mounted on wood 2" x 4" stand-offs with conventignal asphalt shingles
beneath the modules.

- P-VY module frame fits into aluminum clips mounted to stand-offs and attaches
to the clips by sheet metal screws. Electrical interconnections between
modules are made by cables with plug-in connectors.

- 25 KWH 1ead acid battery storage subsystem.

- 6 KVA Tline-commutated inverter/10 KVA isolation transformer.

- System operation is parallel and synchronized with the utility, without
feedback. Excess generated power is shunted to ground.

The Design of a Photovoltaic System for a Passive Design Northeast All1-Electric
Residence (e.g. Boston, MA):

- 4.1 KW direct mounted array using 56 General Electric shingle modules.

Modules are directly mounted on top of the roofing felt and piywood sheathing.

Modules are installed by an overlapping procedure similar to conventional
shingles. Each shingle module is electrically interconnected by two flat
conductor cables. Standard roofing nails are used for attachment to the roof.

4 KVA line-commutated inverter/5 KVA isolation transformer.

System operation is parallel and synchronized with the utility. Excess gener-
ated power is fed back to the utility.
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Description of Reference Residential Photovoltaic Designs

The Design of a Photoveltaic System for a Temperate Climate All-Electric
Residence (e.g. Santa Barbara, CA):

4.29 KW array using 50 Solarex modules similar to Block IV residential module
but with sealant strips attached for mounting.

Modules and mounting accessories which may be used either as an integral mount
or as a standoff mount.

Modules are mounted on a series of channel supports which can be placed on the
roof truss for an integral mount or on a shingled roof for a standoff mount.
An overlapping seam is used between modules to shed water. Electrical connec-
tions are made with cables equipped with ptug-in connectors.

4 KVA inverter.

System is parallel and synchronized with the utility. Excess generated power
is fed back to the utility.

The Desig? of a Photovoltaic System for a Southeast Al1-Electric Residence (e.g.
Miami, FL):

5.6 KW array using 98 Solarex Block IV modules into an integral mount design.

Modules and mounting extrusions are secured on the roof rafters and the hori-
zontal roof purlins.

Mounting extrusions are attached to the rafters with screws. The modules are
then bolted to the mounting extrusions. This compresses an elastomeric
material to form a seal.

Electrical connections are made with cables equipped with plug-in connectors.
6 KVA inverter

System is parallel and synchronized with the utility. Excess generated power
is fed back to the utility.
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Déscription of Installation Costs in Format Familiar to P-V Community

Each estimate was broken down into the following items:

a,

Installation of P-V Array ($/Watt peak)

This item includes materials and labor required to install the P-V
modules, taking into account any roof credits for items which would be
installed as part of a normal roof, but does not include the cost of
the modules or wiring interconnections.

Installation of Power Conditioning System ($/3iob)

This item includes Tabor required to install the PCS unit, but does
not include the cost of the PCS unit.

Installation of Battery Storage System ($/kwhr)

This item includes materials and labor required to install the battery
storage system, including interconnections, enclosures, racks, etc.,
but does not include the cost of the batteries.

Power Wiring ($/job)

This item includes materials and labor required to wire the P-V system,
including P-V module interconnections, disconnect switches, blocking
diodes, junction boxes, conduit and wire, connections between the P-V
array and the PCS, connections from the PCS and the house electrical
panel, etc.; but does not include electrical items, such as the elec-
trical service drop, electrical panel or other items installed in a
normal residence.

Subcontractor Markup ($/job)

This item includes markups the subcontractor adds to his price to cover
overhead, profit, bid bond and gross receipts tax.

Fringes and Benefits {$/Jjob)

This item includes markups the subcontractor adds to his price to cover

extra labor costs for fringes, benefits and any other items not included
in his bare labor cost.

Prime Contractor Markup ($/job)

This jtem includes the markup the prime contractor adds to the subcon-
tractor's price to cover handling of the subcontractor's work.

Total ($/Watt peak) + ($/kwhr)
This jtem describes the total residential P-V system installation cost

in terms of array size and battery size (if applicable) excluding the
costs for the P-V modules, PCS unit and batteries.
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Example:

LOCATION:

COSTS FOR INSTALLATION OF

P-V SYSTEM WITH ON-SITE STORAGE

FOR A SOUTHWEST ALL-ELECTRIC RESIDENCE*

Ajbuquerque, New Mexico

P-V MODULE TYPE & MOUNTING: Solarex, Stand-off

WAGE SCALES USED: Davis-Bacon (Union)

COSTS:

1.

Installation of 6.07 kWp P-V Array

Installation of Power Conditioning System

Installation of 25 kwhr Battery Storage System

Power Wiring

Subcontractor Markup

Fringes and Benefits

Prime Contractor Markup

Total

*Assumes a June 1982 midpoint of construction.
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$/Watt peak
.13 {material)
.34 (labor)

$/job
~-0- {material)
411 {labor)

$/kwhr
79 {material)
38 {labor)

$/job
953 (material)
1816 (1abor)

$/job
750 (material)
1380 (labor)

$/job
790 {labor)

$/job
186 (material)
263 (labor)

$/Watt peak +
$/kwhr
.36 (material) +
99 (material)

(
1.08 %1abor) +

58 (labor)



The table below indicates a summary of the total installation costs for the reference
residential photovoitaic designs, assuming a June 1982 midpaint of construction.

Cost Summary .- Photovoltaic Power Systems Total Installation

'Costs For Reference Residential Designs

(A11 costs are in dollars.per peak watt, battery storage system costs are in dollars

per kilowatt-hour.

battery charging system are not included.}

Southwest
ATT-Electric
Residence
w/Battery Storage

(Stand-0ff Mount

P-V Array)
Albuyquerque, NM

Northeast
All-Electric
Residence

(Direct Mount
Shingle P-V Array

Boston, MA

Temperate
Climate

AlT1-Electric
Residence

(Integral Mount
P-V Array)
Santa Barbara, CA

Temperate
Climate

AlT1-Electric
Residence

(Standoff Mount
P-V Array)
Santa Barbara, CA

Southeast
All-Electric
Residence
(Integral Mount
P-V Array)
Miami, FL

system

Battery
Storage
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Union Labor

.36 (material)
+1.08 (labor

T.44 {total)

99 {material)
+ 58 (Tabor)

157 (total)

1.00 (material)
+ .70 (labor)

T.70 (total)

.54 (material)
+1.09 (labor)

1.63 (total)

.79 (material)
+1.33 {labor)
2.12 (total)

.64 (material)
+ .82 (labor)

1.46 (total)

Purchase costs for P-V¥ modules, power conditioner, batteries and

Non-Union Labor

+

.36
.86

(material)
{1abor)

1

+

.22

99
43

(total)

(material)
(labor)

1

142

.00
.56

(total)

(material)
{labor)

.56

.54
.86

(total)

(material)
(1abor)

.40

.79
.04

(total)

{material)
(1abor)

.83

.64
.65

(total)

(material)
(1abor)

.29

{total)



COST GOALS VERSUS ACTUAL ESTIMATED COSTS

A. Department of Energy (DOE) Cost Goals:

Goals were established in 1980 by the DOE under the National Photovoltaics Pro-
gram for photovoltaic modules, power conditioners and systems used in resi-
dential, intermediate and central station applications in tevms of purchase and
installation costs for the next decade (through the year 1990).

Photovoltaic Power System Costs - Residential

1986 DOE 1980 Status 1986 DOE Projected
Goal {(per_ DOE) New Retrofit
Array
Purchase 0.93 9,00 0.70-1.08 0.70-1.08
Install 0.17 0.63-0.77 0.27-0.66 0.50-0.81
Power Conditioner
Purchase 0.25 0.40-1.80 0.18-0.32 0.26-0.51
Install 0.13 0.04 0.04 0.08
System Design 0.12 10.00 0.05 0.10
1.60 20.07-21.04 1.25-2.15 1.64-2,58
Operate 1.10-1.43 0.26-0.32 0.47-0.55
Maintain 0.13-0.37 0.27-0.31 0.28-0.35
21.30-22.84 1.78-2.78 £.39-3.48

(A11 costs in 1980 constant dollars per peak watt)
B. Actual Estimated System Costs for Reference Designs:

Photovoltaic Installation Costs by System - Reference Residential Pesigns

Array and Power Wiring June 1982
Installation *
(excluding markups)
Stand-0ff . .iiii i i i e e e it i, .79-1.48
Integral .o it i i it e e L96-1.11
0 = o v 1.10-1.17
Power Conditioner Installation ** L05- .11
(excluding markups)
TOTAL INSTALLATION *** 1.22-2.12

{including markups)
(A11 costs in dollars per peak watt)

* Excludes purchase cost of p-v modules
e Excludes purchase cost of power conditioner
*rE Excludes purchase cost of p-v modules and power conditioner
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CONSIDERATIQNS RELATED TO INSTALLATION - SUGGESTIONS, COMMENTS, POTENTIAL PROBLEMS

Additional Costs:

The cost estimates prepared in this report were intended to detail complete
installation costs, excluding equipment costs for p-v modules, power conditioner
and batteries.

While these estimates take into account a credit for roofing materials normally
required for a residence, but not reguired because of the photovoltaic system,
they do not take into account other less obvious additional costs or savings
such as the additional design fees, solar tax credits, additional insurance
coverage and increased property taxes.

P-V Array Mcunting Methods:

The reference residential p-v designs analyzed in this report utilize three
types of module mounting: stand-off, integral and direct. The estimates
prepared indicate the stand-off method and the integral method are the most
expensive, depending on the design, while the direct method appears to be the
Teast expensive for the given designs.

The mounting method to be used for a given residence should be carefully chosen
based upon selection of p-v modules, availability of custom support materials,
aesthetics, whether the installation is new or retrofit and available roof area.
These items can affect both cost and desirability of the mounting method.

Design Comments:
1. Custom Materials:

The mounting methods detailed in the reference residential designs are
somewhat theoretical in that they utilize materials, such as aluminum
extrusions and elastomeric materials, which were optimized froma design
standpoint, but which were not necessarily based upon presently available
stock items.

These materials will have to be made on a custom fabrication basis until

standard configurations are developed for mounting. This will come with

the standardization of manufacturer's p-v module sizes and module framing
members .

2. Responsibility for Installation:

Responsibility for the p-v module installation needs to be carefully
considered in residential designs. Because of the newness of p-v
installations, no precedent has been established as to which tradesmen
are to perform the module installation. Since several trades would be
involved in the installation, it should be clearly specified as to who
is responsible for performing each of the required installation tasks.
This way, jurisdiction would be established and responsibility for
warranty clearly defined.
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CONCLUSION

P-V Systems hold great promise as a source of electrical power for residential use.

If costs for major equipment components (p-v modules, inverters and batteries) con-
tinue to decline, p-v systems could provide residential energy at prices competitive
with utility rates by 1986.

At present, major equipment component costs appears to be the primary area of con-
cern for reducing total p-v system costs. (Presently, purchase costs for p-v
modules and the inverter used in a typical residential application total approxi-
mately $10 to $12 per watt peak while installation costs, as determined in this
report, range from $1.22 to $2.12 per watt peak)}.

But, if DOE cost goals are met, by 1986 the installation costs will be roughly equal
to the major equipment component costs.

Therefore, more work should be initiated to develop new innovative installation

metheds, particularly for the p-v arrays, which are simpler and based upon the
use of cheaper materials.
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DESIGN MODIFICATION
AND
PRODUCTION ENGINEERING
OF A
UTILITY INTERTIE INVERTER

George A, 0'Sullivan

Abacus Controls Inc.

80 Readington Road
Somerville, New Jersey 08876

Reliabkility and performance of a utility intertie inverter have been
improved and production costs have been reduced significantly.
Abacus Controls Inc. built its first utility intertie "Sunverter"

in 1977 and delivered it in 1978. Since then, twenty-one sunverters
have been built and operated by various government, industrial, and
foreign customers.® Accomplishments under the present contract take
full advantage of earlier field experience and information feedback
to produce a "next generation" sunverter suited for production
gquantities of 2,000 per annum,

Previously bullt sunverters were custom wired from schematic dia-
grams on a2 point-to-point basis. The primary technigue for cost
reduction in the new design is a back plane master printed circuilt
card, which contains over 3/4 of the wires that were previously
ingerted by hand. Alsc contributing to reduction in cost are the
elimination of two relays that are replaced by inexpensive integrated
circults, lower cost power transistors, and a six-deck three-
position switch reduced to a two-deck switch mounted directly on
the master printed circuit card. Troubleshooting has been improved
with the addition of a mimic bus and fault identifying LED lamps

onn the master printed circuit card. The number of control trans-
former secondary windings have been reduced from seventeen to five.

The size of the sunverter is 33"h x 25.6"w x 15.2"d. The upper
section, which contains the electronics and the master printed
clrcuit card, is dust tight and drip proof. Heat is removed

through thermalloy extrusions, which are mounted on the sides of

the sunverter near the top. The bottom section, which contains
transformers and large capacitors, 1s cooled via ventilation holes
with the inlets on the bottom and the outlets on the sides. The
sunverter 1s maintained 4" off the floor to allow for the presence of
a small amount of standing water.

A reliabiluty improvement has been achieved with the isolation of
all 1ow voltage logic and control circultry from both the array and
the utility line. A Royer oscillator power supply isolates the DC
interface while optical isolators are used to couple signals to the
power transistors.

Three sunverters of the improved design, Model 743C-4-200, have
been built for Sandia National Laboratories, and two others have
been built for other customers. Assembly labor in small guantity is
running 30% of what the earlier models reguired. Test time is also
significantly reduced,
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A sgecondary task is the design, development, and manufacture of a
prototype battery management circuit to interface between an array,
a battery, and the inverter. Nominal array voltage is 200V, with
normal excursions of the max power polint between 160V and 240V,
Nominal battery vcltage is 132V, The battery charger contains a
step-down charging circuit when the array charges the battery and

a step-up DC-DC converter when the battery supplies power to the
sunverter. The sunverter is capable of operating in the stand-alone
(uninterruptible power supply) mode as well as the utility intertie
mode; the presence of the battery in the system enhances power
availability.

237



INTERMEDIATE PHOTOVOLTAIC SYSTEM APPLICATION EXPERIMENT
6. N. Wilcox Memorial Hospital, Kauai, Hawaii

D. Rafinejad
Acurex Solar Corporation
Mountain View, California 94042

Wilcox Hospital photovoltaic (PV) project was designed, constructed, and operated by Acurex
Corporation. The system is rated at 35 kW of direct current electrical power and 200 kW
(0.68 million Btu/hr) of thermal energy at the design condition of 1,000 W/m2 of direct normal
insolation and 50°C cell temperature.

Funding was provided in part (77 percent) by the U.S. Department of Energy (DOE)} under its
Concentrating Photovoltaics Application Experiment Program, with the State of Hawaii providing
funding (23 percent) administered through the Hawaii Natural Energy Institute (HNEIl). The
technical monitor for the program was Sandia National Laboratories in Albuquerque, New Mexico.

The overall objectives of this project were to: {1) demonstrate the technical feasibility of a
concentrating PV solar energy system in the State of Hawaii; and, (2) provide practical
operating experience of a PV total energy (electricity and heat) system in conjunction with a
hospital.

The Wilcox Hospital in Lihue, Kauai was chosen as the site for the PV system because the
hospital can use both the electrical and thermal energy provided by the PV system. The main
energy lecads for the hospital are air conditioning and hot-water heating. The air-conditicning
requirement peaks near midday and in the summer, corresponding to solar energy availability.
The Hawaiian location at 22°N latitude provides excellent insolation, although the Lihue
climate proved to be less than ideal for a concentrating solar system. Also, because Hawaii is
so dependent on expensive imported fuels, saolar energy will become cost effective in Hawaii
before continental sites.

The PV system is designed to supply electricity to the hospital grid, and heat for domestic hot
water. The electricity is generated from PV cells along the focal line of the parabolic trough
concentrators. The PV collector field is made up of 10 groups consisting of 8 collectors in
each row. Each collector is 6 ft by 10 ft in aperture., The collectors are oriented with their
axes aligned along the true north-south direction for minimum incidence and end losses. The
groups are connected in series to form a single serpentine flow loop. The parabolic trough
surface reflects and concentrates the sunlight onto two faces of the PV receivers. A total of
108 cells, manufactured by Applied Solar Energy Corporation, are mounted on a 10-ft-long
"V'-shaped receiver tube with 54 cells on each face of the "V." Each receiver contains 3
strings of 36 cells in parallel. A bypass diode is in parallel with each group of three cells
to maximize fault and shadowing tolerance. The resulting electrical power is converted and
conditioned by the power conditioning system to supply alternating current electricity at 480V,
3 phase to the hospital, eliminating the necessity for electrical storage,.

The thermal energy and cell cooling system consists of a closed-loop coolant circuit; a
3,000-gal storage tank with an immersion-type heat exchanger for heating the hospital potable
water; and a coolant circulation pump and finned tube cooling convectors for rejecting excess
heat. The coolant fluid is water that has been treated to boiler feedwater standards. As a
result of the mild temperatures at the site, nc antifreeze is required. A1l hospital hot water
is preheated in the storage tank using any available heat and then brought up to the final
temperature in the existing hot water heaters. The cooling convectors are used to reject any
excess c¢ollected heat which is not used in the storage tank.

The power conditioning unit (PCU) has two distinct functions. The first is to hold the field

at its peak power point, and the second is to produce alternating current power compatible with
the utility. A sophisticated 12-puise, self-commutated inverter manufactured by Westinghouse
Corporation 1s used to convert the direct current field output to suitable alternating current
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energy. The peak power tracker and inverter are controlled by a microprocessor system
incorparated into the unit., The output of the inverter can be fed directly into the main
electrical distribution bus at the hospital in parallel with the utility service. In this way,
all of the field output is used at all times by offsetting the utility usage. There is no
electrical energy storage in the system.

Sandia National Laboratories has assembled a computer-based operational data acquisition system
(ODAS) which monitors system performance at all times. The system measures weather parameters,
system temperatures, and both alternating and direct current electrical performance. These
values are gathered at l-min intervals and averages are recorded at 10-min intervals on
magnetic tape. The system data is linked to Boeing Computer Services by telephone for further
evaluation. The ODAS was recently removed by Sandia after 1.5 years of operation.

Operation of the field is fully autcmatic. The collectors spend nighttime and stormy periods
in a "face down" position. When the solar radiation is sufficient to allow operation of the
unit at a net positive power flow, the collectors "wake up" and focus on the sun. The coolant
flow is automatically started at the same time. When sufficient power is available to operate
the PCU it will turn on automatically. Should anything go wrong during operation an
annunciater panel will inform the operator of the source of the problem while the automatic
controls cause an appropriate response. The ODAS can detect all problems and will keep a
record of system problems along with the other data.

The system was built by Acurex between February and September of 198l1. An extensive factory
assembly was used to minimize cost. The construction cost was a factor of two Tower than the
lowest competitive bid cbtained at the conclusion of the design. Collector operation was
checked before the receivers were installed so that the controls could be fully evaluated
without risking any damage to the receivers. The flow system was then flushed and checked.
The collectors were brought to focus and the PCU was checked out,

Two major problem areas were encountered during system startup. The first was degradation of
the cell modules on the photovoltaic receivers, which had not previously occurred during
hundreds of hours of prototype testing. The PVB material which bonds the cells to their glass
superstrate was bubbling. This overheating of the PVB was caused by a manufacturing quality
control problem at Acurex, and was corrected by opening the receivers and adding sufficient
thermal grease.

The second problem area was the apparent inability of the PCU to sustain operation in parallel
with the utility arid. This problem was caused by voltage fluctuations in the Kauai electric
grid. Westinghouse made modifications to the unit which restored reliable operation. These
changes were completed in a fairly short period, and the system was able to come online and
operate within specification.

The poor weather during 1982, the worst in 50 years, prevented the system from producing the
expected level of energy. In addition, due to the extended weather-related downtime, moisture
penetration in the receiver resulted in fungus growth and corrosion of PV cell interconnects.
The fungus growth is inhibited when the receiver operates at high temperature.

The weather has improved significantly in 1983. The PV receivers appear to have reached a
steady-state condition and no major degradation has been noticed over the last year of

cperation,

Despite the initial problems, the system is currently operating reliably., After 1.5 years of
operation, the system is performing at 70 percent of the design prediction. The system is in a
fully automatic condition and does not require any onsite operator; although grid transients
cause occasional problems and trip the PCU.

DOE funds for the system operation have run out as of March 1, 1983 and Acurex is investigating
alternate means to keep the project alive and operating.
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PREPARATION OF TOPICAL REPORTS FOR RESIDENTIAL SYSTEM DESIGN
BY

THE AMERICAN INSTITUTE OF ARCHITECTS FOUNDATION

Contract No.: 50-5802
Program Manager: G.C. Royal
Contract Amount: $143,114

Contract Duration: May 1982 - May 1983

Program Description: The objective of this program is to transfer the technalogy developed during
the past eight years of the National Photovoltaic Program through a set of topical reports on resi-
dential systems. [nformation is designed to form the basis of a library describing state-of-the-art
understanding and is presented in a format that encourages use by architects, engineers and others
interested in residential systems. The AJAF is providing input to three of the 14 topical reports.
These efforts are directed toward preparation of the following:

e A catalog of existing design tools available for the architect, listing their proper-
ties, requirements and relative applicability;

o A survey of predesign issues that summarizes potential institutional barriers of
which the A/E should be aware; and,

® A microcomputer program that generates electrical array circuits and physical
madule arrangements to satisfy system power and voltage as well as roof geome-
try.

Current Status: The major technical activity of this program has been completed. Final report drafts
in each of the three task areas have been submitted to SNLA for review.

Key Results: The summary of design tools identifies currently available PV system analysis tools and
describes their capabilities, limitations and recommended use. Concise summaries are given for system
performance models as well as insolation and weather data, residential load data and economic models.
Both manual and computerized formats are described. Each description contains input requirements,
key assumptions, operating requirements, output results and vendor support. Annotated references
are also given to enhance the reader’s overall understanding of PV technology models.

The predesign issues to be addressed in order of importance to the designer are: utility interconnec-
tion; regulations; environmental health and safety; financing; and insurance, liabilities and warran-
ties.

The connection between the residence and the utility is critical to both feasibility and design. PURPA
was passed to facilitate and standardize the utility interconnection. Rate structures are an important
element in determining economic feasibility.
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Requlations address the residence as electrical generator and requirement for sunlight. Zoning is the
primary method for assuring solar access. Article 690 proposed for the National Electrical Code
addresses major areas of concern for Photovoltaics. Standards play a vital role in establishing a higher
levei of confidence in a new technology.

Most health and safety concerns can be adequately addressed through careful attention to design, i.e.,
“good engineering practice.” Primary health and safety considerations fall into the categories of con-
struction and maintenance, electric shock, and problems for fire fighters.

Financing problems should be minimal if photovoltaic technology establishes a good track record.
Federal and state incentives programs, addressing income, property, and sales tax incentives, often do
not specifically include photovoltaics but do not exclude them. Lenders must be reassured that
photovoltaic systems will not over-improve residences, in effect pricing them out of their market.

Potential legal problems may also be avoided through careful forethought. Architects and engineers
as representative of their clients should understand the legal distinctions between strict liability
and express warranty or implied warranty. [nsurance availability is not expected to be a proeblem.

The PRESTO program that generates electrical array circuits and module arrangements consists of
input, electrical layout and output components. PRESTO parameters are input interactively and
consist of commands and data values. The commands permit the user to input data values, calculate
candidate electrical circuits, and layout candidate electrical circuits. Data values input to PRESTO
include system power, PCU voltage, module power and voltage, module size, roof area and the dis-
tance between modules.

The electrical modet accepts the input data, determines candidate series-paratlel module circuit capable
of satisfying the system requirements and determines the number of modules needed in the array.
For each candidate array circuit PRESTO displays the number of moduies connected in series, the
number of series circuits connected in parallel, the actual array power and volitage, as well as total
module area.

There are four layout models that each produce a rectangular array using rectangular modules, with
not more than two dummy modules. Each layout model reserves module locations on the roof and
assigns series connected modules in parallel circuits to these locations. The array layout models
consider such factors as module aspect ratio, roof aspect ratio and bus location along the edges of the
array in assigning module and source circuit locations.

PRESTO output consists of summary reports of array circuit parameters, array-size, and number of

modules. A schematic array circuit diagram and module arrangement is printed at the end of each
layout.

243



PHOENIX SKY HARBOR AIRPORT
SOLAR PHOTOVOLTAIC CONCENTRATOR PROJECT

W. J. McGuirk
Project Manager
Arizona Public Service Company
P.0O. Box 21666
Phoenix, Arizona 85036

ABSTRACT

This project, one of four concentrator system application
experiments sponsored by DOE's PRDA-35 Program, first delivered
solar generated electricity in April, 1982. The 225 peak kW
array field is comprised of 80 Martin Marietta "first genera-
tion" passively cooled tracking arrays, which feed a Power Sys-
tems and Controls inverter. The a.c. power ocutput is stepped
up to 12,6 kV and fed directly into the APS power grid at the
Alirport site. The Martin concentrator medule design is identi-
cal, with minor exceptions, to the hardware supplied to the 350
kW Saudi Arabian Village Project under the SOLERAS Program. Each
concentrator uses a Fresnel lens to focus energy (36X) on a 2.25
inch diameter silicon solar cell. A total of 272 lens-cell com-
binations are mounted onto a pedestal mounted, two-axis tracking
array structure., The system was constructed at a cost of approx-
imately four million dollars.

The initial operating experience has been generally favor-
able, although several problem areas have been identified. The
first year's net a.c. energy production is expected to be about
200,000 kWh, about half the amount expected from predictive mod-
els. The most frequently occurring operational problems have
been in the array tracker drive, inverter contrecl, current-volt-
age testing, and module assembly subgsystems. During the second
operating year, the full-time twe man cperating crew will be re-
noved from the site to see how the system behaves on its own.

Befocre completion of the DOE funded operation in June, 1984,
data regarding array current-voltage performance degradation vs.
time, washing cycle frequency, and component replacement freguen-
cy, in addition to energy producticn values, is expected to be
recovered to enhance system evaluation.
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Status Summary

ANALYSIS OF THE STOCHASTIC PROPERTIES
OF PHOTOVOLTAIC ELECTRIC GENERATION
ON THE
OPERATION OF UTILITY SYSTEMS

P.M. Anderson Anjan Bose P.E. Russell
D.K. Tice M.M. Khan
Arizona State University

The technical approach to this investigation is to evaluate the dynamic operation of
electric utility systems through digital computer simulations. The simulation program used for
this purpose is an existing code, developed by Systems Control, Inc. as part of a DOE research
project. This code, referred to herein as AGCSIM, contains models of the power plants and the
system control center, with these models designed to accurately compute the system control per-
formance over a period of several minutes of time. The simulation is driven by the system load
as a function of time, as shown in Figure 1. Computed outputs include the system frequency,
generated power at each plant, tie line power between control areas, and certain control para-
meters.

The tasks defined for the project may be summarized as follows:

1. Simulation Installation and Validation

2. Generation Modeling

3. PV System Modeling

4, Load Modeling

5. Production Runs and Performance Evaluation

Progress on these tasks are summarized as follows:

1. Simulation Installation and Validation

The simulation program was obtained from Systems Control, Inc. and installed on the ASU
VAX 11/780 computer, A verification run confirmed that the code performed correctly with input
data provided with the program.

To validate the simulation, a test was performed to compare the simulation against the
actual performance of the power system in Arizona. For this purpose, data was collected on
Toad, generation schedules, and interconnection schedules for November 24, 1982 for systems
owned and operated by Arizona Public Service Company and the Salt River Project. This required
modeiing the actual utility generating plants, the loads for each company, and the interchange
schedules. The results of this step, now under active study, will be used to judge the
adequacy of the simulation to perform the kind of analysis required for this project.

2. Generation Modeling

In order to achieve realistic simulation results, the actual existing generation operated
by APS and SRP will be used for all computation. This requires modeling the boiler-turbine-
generator systems of these utilities in considerable detail.

The boiler-turbine model is important in the dynamic analysis over a 0-30 minute time
frame. This requires careful analysis of the thermal capacitance of the beiler fluid and the
Tags associated with the reheat turbine operation. The evaluation of these boiler-turbine
constants requires the use of physical data on the physical parameters as well as operating
characteristics of each boiler. These data have been obtained, with considerable help from the
utilities, and the appropriate parameters evaluated.

3. PY System Modeling

The PV system model is essentially a model of the change in PV output for various cloud
conditions. Two models have been constructed: a deterministic model and a stochastic model.
The deterministic model assumes a solid cloud front that gradually covers the PV array as a
function of time, providing a sharp dip in PV generated power, The stochastic model assumes a
random cloud distribution, which results in randomiy varying power output. If the magnitude of
these fast changes is large, it is of interest to see the effect this has on the overall system
control.
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4. Load Modeling
As noted previously, a load profile of the APS and SRP systems is available for a specific

day. However, it is important that consideration be given to various load profiles experienced
by utilities in different seasons to see if any particular load profile is critical to the
control problem. For this purpose, the Synthetic Utility System load data, published by EPRI,
is used, This provides a wide range of load conditions for study, each of which can be
evaluated for performance with and without PV generation.

5.  Production Runs and Performance Evaluation

This task will be pursued after the validation runs have been completed. The performance
evaluation will be made using control performance parameters defined by the utility industry.
These parameters include:

Area Control Error (ACE) Filtered ACE Time Error
RMS value of ACE Interchange Error RMS Frequency Deviation
Average ACE Inadvertent Energy Time between Zero Crossings of ACE
Time between Zero Crossings of Freguency
Deviaticn

We designate these as the Performance Tests. These Performence Tests will be scored for
increasing levels of PV penetration until test failures begin to occur. These failures will be
recorded and, if significant, will be evaluated for possible correction and improvement.
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Commercial Application of a Photovoltaic Concentrator System (CAPYC)

W. R. Kauffman
The BDM Corporation
1801 Randolph Road, S.E.
Albuguerque, New Mexico 87106

The BDM Corporation has completed the installation of its photovoltaic
concentrator application experiment denoted as CAPVC (Commercial Application of
a Photovoltaic Concentrator). The system was dedicated in July of 1982. This is
a nominal 50 kilowatt peak system located on the roof of the BDM facilities in
Albuquerque, New Mexico. The photovoltaic concentrating array is a single-axis
linear parabolic trough utilizing single crystalline silicon photovoltaic cells
under 41.56 suns of net solar concentration. A total of 7,560 square feet of
aperture is provided by 54 Sclar Kinetics T-700 7-foot aperture mirrors configured
in nine north-south oriented rows. A two-piece 90° V-shape receiver places the
cells at the focal point of the mirror and provides cooling utilizing an ethelyne
giycol/water mixture. The photovoltaic array is designed to operate in parallel
with the local utility in an augmentary Toad sharing mode. A portion of the
thermal energy resulting from the cell cooling is used for building heating
during winter months.

The major subsystems of CAPVC are the photovoltaic array, DC and AC power
conditioning, thermal system, and the control and data acquisition systems. The
array is composed of the concentrating mirror, receiver tube and the PV-cell and
module. The power conditioning includes the Westinghouse inverter and the wiring
and switchgear. The thermal system involves both a heat rejection circuit and a
building heating circuit utilizing ground coupled heat pumps. Components of the
control and data acquisition system are the collector control Toops and the
instrumentation transducers. The overall control and safety monitoring of the
system is accomplished automatically by an AIM-65 micro-computer. The controls
and instrumentation equipment are located in a central monitoring area found near
the building entrance for easy visitor access. The basis of the data acquisition
system is a government furnished HP-8845 computer driven acquisition system.

The system is currently operating fully automatically 7 days a week including
holidays. Final alignment of the photovoltaic receivers was completed in late
March 1983 and it is expected that the system should perform near its design
point during summer solstice. The remainder of the contract through December
1983 will involve day-to-day operaticn and maintenance with data acquisition by
the HP-9845 and system evaluation by the BDM engineering support staff.

Initial operation of the array resulted in a slight discoloration and minor
bubbling of the photovoltaic modules at design operating temperatures. This was
observed during the first few weeks of operation and has not progressed since the
original occurrence. Some module shorting to substrate has also cccurred, but to
date the use of spares and the repair of these modules has allowed a full comple-
ment of modules to remain in the field. It appears that ASEC did not properly
isolate some of the internmal wiring during the final assembly processes. Tracking
with the Solar Kinetics shadow band trackers has been less than optimum and has
been one of the major operational headaches. The mechanical portions of the
system have operated well with only minor maintenance required. The entire
mirror field was cleaned in January 1983 with a resulting substantial increase
(20-30%) in power. Previous cleaning resulted in only 7-9% power increases;
however, more attention will be paid to this area of operation and maintenance in
the future.
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PHOTOVOLTAIC SYSTEM GROUNDING
AND FAULT PROTECTION STUDY

W. J. Stolte
Bechtel Group, Ine,
P. 0. Box 3965
San Francisco, Ca 94119

Bechtel Group, Inc., under a contract with Sandia Natiomal Laboratories,
is conducting a study of grounding and de system fault protection in
photovoltaic power systems. The emphasis of the study is on large (1 to
1000 MW) central station type plants with medium-sized (20 to 1000 kW)
systems also addressed. 1In addition, United Technologies Corporation
(UTC), under subcontract to Bechtel, is evaluating the requirements for
PCS isolation transformers in medium-sized systems, UTC is also
contributing to the grounding/fault protection study.

Current practices in other technologies and existing codes were reviewed
for relevance and applicability to photovoltaic power plants, A set of
design criteria was developed. Important among these criteria is the
voltage limit allowable for possible persconnel exposure during fault
(and normal) conditions, This element of design along with requirements
for operation of relaying require grounding and fault protection design
to be considered simultaneously.

Evaluation of plant and system designs indicated that lightning
protection and faults in the plant ac substation may influence grounding
system design more than the dc system, The design of the grounding
system is also strongly influenced by items beyond the control of the
designer (e.g., soil resistivity). Overall costs can be reduced by
integrating the grounding system with other plant subsystems, Examples
of this are the use of rebar in concrete array foundations as ground
rods, the use of foundation and wiring excavations to bury grounding
cables, and the use of array structural elements (e.g., torque tubes in
flat plate arrays) to form part of the ground system.

In the area of de fault protection, a computer program was used to
estimate fault current for postulated subfield and dc wiring
configurations., Protection circuit configurations and equipment were
evaluated. Surge protection and the interaction of the PCS were also
evaluated. Vendors and manufacturers were contacted to catalog the
characteristics of currently-available sensors and protective devices
needed to meet system design requirements.
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PHOTOVOQOLTAIC DATA REDUCTION CENTER

Operated by Boeing Computer Services
for Sandia National Laboratories

The Data Reduction Center system was designed to collect data from a large number of photovoltaic sites
having a large variance in configuration and measurements. The data are archived on the Boeing
Computer Services Mainstream EKS System where it can be made available to interested researchers.
Monthly reports are produced for Sandia National Laboratories using selected data.

The Data Reduction Center has three main elements: On-Site Data Acquisition System (ODAS), Data
Collection system (DCS), and the Data Archiving Analyis and Reporting System (DAARS).

The ODAS consists of a Hewlett-Packard 9845B computer system which processes data from a variety of
measurement devices. The measurements are local weather data, solar radiation available, solar cell
temperatures, voltage, and currents, and power conditioning unit parameters. ODAS acquires and displays
data once every minute and averages and records data in 10 or 30 minute intervals. These data are stored
on small tape cartridges for use by the site operators, contractors, and the BCS Data Collection System
(DCS) in Seattle, Washington. Each night, when system activity is low, the DCS system calls the
individual sites and requests the latest data files.

The DCS consists of a PDP 11/23 computer system with auto-dial capability and a RJE interface to the
large scale Mainstream EKS system. The DCS system gathers data from the various sites and periodically
sends it to the DAARS on the Mainstream EKS system. Some preliminary out-of-range determinations are
done on the 11/23 computer.

The DAARS system is located on the Mainstream EKS facility located in Bellevue, Washington. This
system evaluates all collected data statistically by measurement type and produces monthly reports for
Sandia National Laboratories.

The DCS system capability has been improved, ODAS has been enhanced and DAARS has been improved
over the original version. The system has now passed from the development phase to a production status.
Some work is being done to improve efficiency and reduce costs but the system is now basically mature.

The quality of the data gathered is now of prime concern. There has been a program instituted to convey
anomelies to Sandia National laboratories in a timely manner for appropriate action . A statistical data
guality report was created to help in this effort. The statistical report gives minimum and maximum
values for recorded data together with the mean, standard deviation and number of out of range samples.

At the present time data are being collected and analyzed from 9 sites. Six of the sites are flat plate
collectors and are located in Beverly, Massachusetts., El Paso, Texas., Lovington, New Mexico, San
Bernardino, California., Oklahoma City, Oklahoma. and Natural Bridges, Utah. Two of the sites are linear
concentrator collectors and are located in Albuquerque, New Mexico, and Dallas, Texas. One site is a
point concentrator and is located in Phoenix, Arizona.
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PHOTOVOLTAIC SOUTHEAST RESIDENTIAL EXPERIMENT STATION (SE RES)
Contract Summary
Florida Sclar Energy Center

and
Georgia Institute of Technology
April 1983
Project I.D. No.: DE-FC04-82AL20729 Amount: §2 milliom (DOE) + §1,323,296

(cost  share)
Project Start Date: 30 September 1982 End Date: 30 September 1987
Project Managers: Gerard G. Ventre (FSEC), Sidney I. Firstman (GIT)
Principal Investigators: Gobind H. Atmaram (FSEC), Larry E. Banta (GIT)

Project Description

The Photovoltaic Southeast Residential Experiment Station (SE RES) is jointly
operated by the Florida Solar Energy Center (FSEC) and the Georgia Institute of
Technology (GIT). Operation of the five-year SE RES project began on 30 September
1982 with primary funding via a cooperative agreement with the U.S. Department of
Energy Albuquerque Operations Office. Cooperating with FSEC and GIT on the project
are the Alabama Solar Energy Center (ASEC) and several major utility companies in
the southeast: Alabama Power Company, Florida Electric Power Coordinating Group,
Florida Power and Light Company, Florida Power Corporation, Georgia Power Company,
Jacksonville Electric Authority, Southern Company Services, Inc., Tampa Electric
Company and the Tennessee Valley Authority.

Experiments to be conducted fall into two major categories: 1) system and
subsystem evaluation and 2) utility grid-related experiments.

The system and subsystem experiments will utilize prototype systems at the FSEC
primary site in Cape Canaveral, existing PV residential systems at various field
sites throughout the Southeast and a flexible subsystem test facility at FSEC.
These experiments are designed to:

) Characterize the solar and photovoltaic resource at representative field
sites throughout the Southeast.
0 Evaluate the long-term performance and reliability of residential photo-

voltaic systems using both side-by-side comparison at the primary site and
existing photovoltaic residences throughout the Southeast which will be
equipped with similar data acquisition equipment and instrumentation.

o Evaluate various modules, power conditioners and array mounting techniques
under controlled conditions using the subsystem test facility.

o Identify subsystem failure mechanisms and report this information to
manufacturers.

0 Establish safety, maintenance and reliability requirements for photo-
voltaic system operation in a grid interactive mode,

o Verify predictive analytical models using measured system performance
data.

0 Develop residential building designs that not only reduce overall demand,
but also provide for greater direct utilization of photoveltaic-generated
electricity.

The grid-related experiments will focus initially on harmonics and fault pro-
tection and safety. Additional topics to be pursued include voltage regulation and
reactive power compensation, isolated operation or islanding and analysis of the
effects of widespread photovoltaics use on both distribution and grid system opera-
tions.
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Status of Principal Tasks
1. Planning Reports

Three distinct planning reports are required project deliverables: a) an
Organizational Management Plan, b) a Quality Assurance Control Plan and c) a
Research Plan. All three tasks have been completed, most notably the Research Plan
with an addendum listing DOE/Sandia comments and FSEC/GIT responses. The Research
Plan will be reviewed and possibly revised in September 1983 and September 1984,

2. Prototype Development

Plans call for the construction at FSEC of three prototypes in 1983 and two in
1984, The design of the first three prototypes is in progress, construction should
begin in May 1983 and be completed by October 1983. Tree-topping and land-clearing
have been completed, modules and panels selected, and final design review scheduled
for 15 April 1983. Table 1 below summarizes the important desigg characteristics of
the three 1983 prototypes. All arrays will be tilted at 22.6° to the horizontal,
which corresponds to a 5/12 roof pitch.

Construction of the three 1983 prototypes will take place simultaneously with
FSEC acting as designer and general contractor.

3. Subsystem Test Facility

The FSE{ subsystem test facility consists of a building structure with approx-
imately 40 m”~ floor area and a roof slope of 6/12 or 26.60, standoff mounting hard-
ware which can accommodate a wide variety of module sizes, roof area for approx-
imately 2 kWp array sizes, electrical wiring and couplings which allow for expedi-
tious short-term testing of components and conditions, four two-axis tracking test
stands (each capable of handling 400 Wp of subarrays) and a dual instrumentation
system allowing for simultaneous testing of both fixed and tracking arrays. The
subsystem facility is complete except for installation of one of the two instru-
mentation packages, and preliminary shakedown and checkout is underway,

The GIT test facility is being expanded from a 1 kWp to a 2.5 kWp rack-mounted
array. The array powers a 4 kW Abacus Sunverter power conditioning unit through a
relay switching system which allows easy substitution of cther inverters.

4, TField Site Data Collection and Evaluation

Table 2 below shows the residential field sites that will be used to measure
both resource and photovoltaic system performance at representative locations in the
Southeast.

The FSEC PV house was recalibrated in February 1983 and two years of per-
formance data have been reported.

5. Grid-Related Research

A number of meetings have been held with utility representatives and a pre-
liminary statement of work was attached to the Research Plan in February 1983. More
detailed specification of this predominantly utility cost-shared effort will con-
tinuously evolve.

6. Technology Transfer

The first meeting of the Consulting Committee was held at the Florida Selar
Energy Center in November 1982. One practical photovoltaics workshop was held in
January 1983 and a public seminar given in March 1983. A special photovoltaics
technology and market projection workshop for government officials and a utilities
conference have been scheduled for Spring 1983. Several publications and slide
presentations are under development. Table 3 summarizes completed and planned
programs.
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Table 1.

Characteristics of the Three SE RES Prototypes Planned for 1983

Active  Array
Cell Array DeC
No. Module Material Area Power Mounting Inverter
1 (60) Photowatt Single Crystal 37m? 3kWp Standoff Alpha Energy
ML 7050 Czochralski Solar Inverter
kW
2 (27) Mobil Single Crystal 58m?2 4. 4kWp  Integral  APCC Sunsine
Ra 180 EFG Ribbon 4000 4kW
3 (70) Solarex Polycrystal- 59m? 4.4kWp  Integral  Abacus
PL 120 line Sunverter 4kW
Table 2. Characteristics and Status of SE RES Field Residences/Sites
Array
Field DC
Residence City Power Mounting  Module Inverter Status
FSEC PV Cape Canaveral, 5kWp Standoff  ARCO Helionetics Fully opera-
House FL tional since
December 1980
Tyndall Panama City, 2kWp Standoff  ARCO Windworks Instrumenta-
AFB FL tion being
upgraded
Georgia Atlanta, 4kWp Integral Solec  Helionetics Fully opera-
Power GA tional since
House Fall 1982
ASEC PV Huntsville, 2.2kWp  Standoff  ARCO Helionetics, Start-up in
Test AL APCC and March 1983
Facility Windworks
Tva 1 Chattanocoga, LkWp Standoff Solarex Abacus PV system
TN being
installed
TVA 2 Chattancoga, 4KkWp Modified- Solarex APCC PV system
TN Direct being
installed
TVA 3 Chattanooga, 4kWp Standoff TBD TBD System not
TN installed
TVA 4 Chattanocoga, 4kWp Integral TBR TRD System not
TN installed
FPL Miami, FL 10kWp TBD TBD TBD System not
built
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Table 3. Completed and Planned Technology Transfer Programs
Program Title Type Sponsor  Date(s) Audience
Utilities Research 1-day meeting GIT October 26, 1982 Utilities
Group Meeting
Utilities Research 2-day meeting GIT/GPC  November 9-10, 1982 Utilities
Group Meeting
Consulting 1-day meeting FSEC/GIT November 22, 1982 Industry
Committee Meeting
Practical 1-day short course FSEC January 27, 1983 Industry
Photovoltaics
Utilities Research 2-day meeting GIT/FPL  February 8-9, 1983 Utilities
Group Meeting
PV Technology 90-minute seminar  FSEC March 7, 1983 Public
and Markets
PV Technology 1-day workshop FSEC April 25, 1983 Government
and Markets® Officials
Practical 1-day short course FSEC April 28, 1983 Industry
Photovoltaics®
Utilities Research 2-day workshop GIT May 3-5, 1983 Utilities

Conference*

*Planned programs

plus URG meeting
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DEVELOPMENT OF A UNIQUE UTILITY
INTERACTIVE POWER CONVERSION UNIT

Larry R. Suelzle
Helionetics, Inc.
17312 Eastman St.
Irvine, CA 92714

For the past two years, Helionetics' DECC Division has been actively
involved in the development of a low cost Utility Interactive Power
Conversion Unit for use with alternate energy sources, including roof-
top sized photovoltaic array. This development, partially funded by
the U.S. Department of Energy, is based on the patented DECC Class-D
Amplifier. The following narrative and figures are a statement of
progress and accomplishment of this effort.

THE PROGRAM

The program was divided into 8 tasks or areas of concentration.

During the initial optimization Task 1 the existing amplifier design
was refined. Trade-offs between cost, efficiency, performance, size
and weight were studied. Task 2 was the construction of a 5 kW brass-
board converter in accordance with the design developed in Task 1.
Task 3 was the testing of the brassboard converter built in Task 2.
Task 4 was the design of a complete prototype 5 kw converter, based on
the original optimization results from Task 1 and the results of the
tests performed on the brassboard converter in Task 3. Task 5 con-
sisted of building three 5 kW prototypes of the converter using the
design resulting from Task 4. Task 6 was the preparation of a test
plan to demonstrate the capabilities of the prototype converters,
including performance in environment extremes. Task 7 will consist of
testing the prototypes built in Task 5 in accordance with the test pro-
cedure developed in Task 6. Task 8 will consist of evaluation of the
results of Tasks 1-7 and a publication of a report summarizing the
progranm.

THE TECHNOLOGY

The converter utilizes a patented Class-D Amplifier. The degree of
control attained in the circuitry allows the inverter to operate stably
between a non-ideal source and a non-ideal utility grid. The advan-
tages of the DECC inverter approach are listed below:

(1) Use of a wide-band amplifier in the converter
allows the converter to respond advantageously
to both transients and harmonics.

(2) The control scheme for the converter allows control
of both the cutput power and the output power
factor. The converter will track the peak power of
a non-ideal source, such as is provided by a photo-
voltaic array. The output power factor is controlled
s0 that the converter always supplies only real power
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(2) cont'd

to the grid. Alternatively, it can be
controlled to help "level" the utility
grid by providing reactive power during
negative transients in the utility
voltage, and absorbing reactive power
during positive transients of the utility
voltage.

{3) The converter, inherently acts as a frequency
translator, converting harmonics present on
the utility grid to useful power at the
primary grid frequency.

The control scheme for the converter utilizes linear voltage feedback
arcund the power conversion stage which consists of a switching-mode
linear power amplifier and a series output inductance. The attenuation
and phase characteristics of the feedback lcop are chosen and . con-
trolled to produce a negative output impedance at the fundamental out-
put frequency (60 Hz), and a positive output impedance at frequencies
from 100 to 1000 Hz. Power is therefore supplied {(to the grid) at

60 Hz, while being extracted from harmonic, transient, and noise
voltage on the utility grid. Since the power conversion circuitry is
essentially non-dissipative, the extracted power is available for re-
conversion to output power at the fundamental frequency.

Although the first-generation inverters will be built using discrete
components, sufficient flexibility will be maintained in the design so
that future, mass-produced inverters can incorporate microprocessor or
Large Scale Integration (LSI) control electronics, with a conseguent
reduction in production costs.

THE PROGRESS

The program has progressed to the completion of Task 5, the building
of the three prototypes. The next part of the program is to test the
prototypes (Task 7) to a (Task €) test plan. The final report

(Task 8) will bring the program to end.
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LOVINGTON SQUARE SHOPPING CENTER PHOTOVOLTAIC SYSTEM

Lea County Electric Cooperative, Incorporated
P.0. Box 1147
Lovington, New Mexico 87260

Program Manager: Pete Felfe
(505) 396-3631
Contract No.: #DE-AC04-79ET20628
Contract Amount: $225,000 (Phase III}
Contract Duration: May 19, 1981, to May 19, 1983

Project Description: This contract is for the operation and maintenance of the 100-kilowatt
photovoltaic system in Lovington, New Mexico. The system has heen operational since March 17,
1981, and has produced more than 375 megawatt hours of energy in the first two years. This
provides about 8 percent of the annual electrical energy requirements of the Lovington Square
Shopping Center.

Current Status: The Lea County Electric Cooperative is operating and maintaining the system,
with the New Mexico Solar Energy Institute providing some technical suppoart. Data analysis
will continue through the Phase III contract.

Key Results: This system site is not manned and the photovoltaic system operates
automatically. Reliability of prime system equipment has been high, with few actual hardware
failures. However, frequent "resets" of the power conditioning units and the data acquisition
system have been necessary. A daily site visit is made to check system status. Actual
maintenance time, Jncluding site visits, has averaged 1.7 hours per megawatt hour of
production.
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DESIGN OF A PHOTOVOLTAIC CENTRAL POWER STATION

Robert E, Hein
Martin Marietta Denver Aerospace
P.0. Box 179, M.S. L0450
Denver, Colorado 80201

Feasibility of a photovoltaic central power station application has been addressed by
a variety of system designers, utility planners, and eccnomic analysts. The result
of these efforts has been the elucidation of general system-level reguirements,
utility value analyses, and general plant economics based on future technology. The
purpose of the effort done under this contract was to: build on these past results,
refine the requirements to specific design criteria; produce detailed reference
designs for both flat-plate and concentrator-array photovoltaic central power
stations at an actual utility owned site.

Martin Marietta in conjunction with Arizona Public Service and Stearns Roger Corpora-
tion as subcontractors have completed the task to develop a preliminary design of a
photovoltaic central power station (CPS) at Arizona Public Service's Saguaro Power
Plant.

Results of these tasks have been reported as follows:

Design of a Flat Plate PV CPS (SAND 82-7147)
Design of Concentrator PY CPS (SAND 82-7148)
Recommendations for Future Work/Final Report (82-7149)

Configuration is a 100 MWe plant subdivided into modular blocks of 5 MW each, no
storage. FEach of the 5 MW array subfields contains one 5 MVA inverter. Field DC
voltage is +1000 VDC with subfield AC output 34.5KV.

For the flat-plate design, a 1.32 m x 1.32 m, 178.8 Wp glass covered aluminum framed
module containing dendritic web cells was chosen for use in the flat-plate array.
This module utilized poly-crystalline ribbon cells with an assumed power conversion
efficiency of 14.2%. A panel was defined as the smallest field installable component
consisting of eighteen modules. To complete the 100 MWe field, 45,000 panels would
be organized into twenty, 5 MWe subfields each with an individual inverter. The
total Tand requirements for the flat plate CPS is 1.56 square miles. The array field
area requires 1.35 square miles. Based on Phoenix, Arizona, SOLMET-TMY data the
estimated annual energy output is predicted to be 247 GWh.

In the case of the concentrator, Martin Marietta's second generation array was chosen
due to the maturity of the design and the fact that over 500 kW of an earlier similar
design had already been installed. The array field consists of 22,000 arrays. Each
array contains sixty modules measuring 0.43 meters by 1.47 meters in length. As with
the flat plate design, there are twenty subfields containing 1100 arrays each. This
concentrating module utilizes a concentration of 100 suns using a 2.67 square centi-
meter silicon float zone solar cell. The module has an assumed power conversion
efficiency of 19.3%. Total land area required is 2.28 square miles. Annual output
is predicted to be 284 GuWh.

In summary, the utility recommendations for future work identified several important
areas: economic issues; the capability of inverters; the fact that straight PV has
a poor fit with the utility grid system load; and APS's future generation mix will
have a significant preponderance of coal and nuclear, working to the disadvantage of
photovoltaics. Even with these disadvantages, however, it is believed that PV
central power stations can be of value to utilities in the Southwestern U,S. if the
costs come down as projected.
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SOUTHWEST RESIDENTIAL EXPERIMENT STATION--RESULTS AND ISSUES

John F. Schaefer
New Mexico Solar Energy Institute
New Mexico State University
Bex 3 SOL
Las Cruces, New Mexico 88003

The Southwest Residential Experiment Station (SW RES) has been in existence since September
1980. The first of eight FY81 prototype residential photovoltaic (PV) systems was activated
in March 1981; the last in September of that year. Since that March 1981 event, the eight
prototypes have produced more than 90 megawatt hours of rocftop-generated energy,; some
reliably, some not.

The goal of the SW RES is, broadly, to foster the early implementation of grid-connected
residential PV systems. More specifically, our charter is to identify and resolve those
technical and institutional issues that will influence widespread adoption of such systems.
To fulfill this charter, the SW RES staff are involved in a variety of efforts beyond the
prototype evaluation effort. Current activities include the fine-grained monitoring of five
Las Cruces residences (nen-PV); similar monitoring of two Las Cruces utility feeders (one of
which serves the SW RES site and undergoes near-daily reverse power flow); and monitoring, via
stand-alone data acquisition systems, grid-connected PV residences in Sante Fe, New Mexico,
and Yuma, Arizona. We are involved, through work of the staff and feedback from the SW RES
Consulting Committee, in institutional issues such as financing, insurance, codes, and
utility-interconnection questions. Through publications, on-site visits, werkshops, technical
papers, and periodic data reports, we are sharing data, results, and conclusions with the
public, the PV community, and the National Photovoltaic Program management.

Key results can be briefly stated: we see no significant technical barriers to grid-connected
residential PV systems. Similarly, save the apparently-unsettied PURPA (Public Utility
Regulatory Policies Act) issue, we foresee no major institutional barriers. Economic issues
are still of paramount importance. It appears that value (to the homeowner) of roof-mounted
energy will vary from state to state as a consequence of the states's PURPA implementations;
this will probably strongly affect rate of implementation from one state to another.

There are many areas where technical questions remain. Some modules have failed, and the root
causes are not yet known in all cases. Our second-generation inverters have been flawless and
for the past six months all first-generation units have also been reliable, but high
efficiency units at lower cost must be developed. We have many questions regarding array
thermal behavier and are working to develop a better understanding of thermal phenomena. We
have observed a fairly uniferm shortfall between predicted and actual energy production
performance of all FY81 prototypes and are evaluating data to identify reasons for this
phenomenon.

258



65¢

SOUTHWEST RESIDENTIAL EXPERIMENT STATION--RESULTS AND ISSUES

CURRENT ACTIVITIES

Mon1TORING PROTOTYPE PERFORMANCE
MoniTorING Five Non-PV ResIDENCES
Mon1TORING Two PY RESIDENCES
Stupyine PV/UTILITY INTERFACE
Issuing DATA AND INFORMATION
PLannine "FLEx1BLE" PROTOTYPE
NinTH ProTOTYPE IN WORKS

ApriL 14, 1983
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SOUTHKWEST RESIDENTIAL EXPERIMENT STATION--RESULTS AND ISSUES

CHARACTERISTICS, FY81 PROTOTYPES

ARRAY
ARRAY PEAK ARRAY [NVERTER

PROTOTYPE MODULE AREA POWER FMOUNTING TILT SIZE
SYSTEM SUPPLIER (Mz) (kwp) METHOD (9 SUPPLIER
ARCO ARCO 88.2 7.4 DirecT 25 . 8 KN
SOLAR SOLAR WI1NDWORKS
ARTU ARCO 55.2 4.9 STANDOFF 5 8 xw

SOLAR WINDWORKS
BDM MoTorROLA 54,0 4,5 STANDOFF 35 E Kkw

HeLToNETICS™
GENERAL GENERAL /6.2 6.7 DireCT 26.0 G KvA
ELECTRIC ELECTRIC ABACUS
SOLAREX SOLAREX 68.4 5.1 STANDOFF 2b 6 Kva
ABACUS

TEA MoToROLA 49,4 4,3 Rack 26 APCQ KW
Tr1SoLAarRCORP  APPLIED 58.0 5.3 INTEGRAL 30 8 Kw

SOLAR WINDWORKS
WESTINGHOUSE ARCO /3.4 5.5 INTEGRAL 30 b KVA

SOLAR ArAcus
*REPLACEMENT INVERTER ArpiL 14, 1953
@ ® ® o ) @
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SOUTHWEST RESIDENTIAL EXPERIMENT STATION--RESULTS AND ISSUES

PROTOTYPE PERFORMANCE

JUNE 82 - MarcH 83

Days Down

w

jan T an R e |

27
30

11

CapaciTy Factor (%)

16.2
17.5
17.5
13,4
12,1
17.2
18.5
15,8

(Y1982

Actual /PrepicTED (b)

92.5
82.0
78.2
69.2
42.8
86.9
68.6
61.0

ApriL 14, 1983
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SOUTHWEST RESIDENTIAL EXPERIMENT STATION--RESULTS AND ISSUES

FATI.URES, PROBLEMS, AND CURES

MaJor ABacus Fix May 18-20, 1932
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THE NEWMAN POWER SYSTEM PHOTOVOLTAIC PROJECT

New Mexico Solar Energy Institute
New Mexico State University
Box 3 SOL
Las Cruces, New Mexico 88003

Program Manager: V. Vernon Risser
(505) 646-3948
Contract No.: DE-AC04-81AL17083

Contract Amount: $233,082 (Phase III)
Contract Duration: Juty 1, 1981, to June 1, 1983

Project Description: This centract, the third phase of the program funded by the Department
of Energy to design, build, and test photovoltaic (PV) systems, has covered the operation,
data acquisition and analysis, and maintenance of the 17.6-kilowatt system in E1 Paso, Texas.
The power generated displaces rectified ac power used by generator control equipment tied to
an uninterruptible power supply (UPS). The operating voltage of the UPS, 134 volts dc,
controls the voltage of the ungrounded PV system. The PV array has 64 panels of 9
series-connected modules. The 64 panels are connected in parallel and are tied to the UPS
through a dc switchboard that controls the daily sequencing of the system.

Current Status: The system has operated successfully for the past two years, producing more
than 60 megawatt hours of energy. At the conclusfon of this contract, the system will be
operated and maintained by the site owner, E1 Paso Electric Company.

Key Results: The success of this project has demonstrated that intermediate-sized PV systems
are technically feasible. They can be built and operated by personnel with no prior PV
experience. They can be designed for unattended operation, and high reliability of prime
system components can be expected.
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DYNAMIC SIMULATION OF DISPERSED, GRID CONNECTED
PHOTOVOLTAIC POWER SYSTEMS

BY

School of Electrical and Computer Engineering
Purdue University, West Lafayette IN 47906

Principal Investigators: P.C. Krause
(317) 494-3481
0. Wasynczuk
(317)494-3475

Contract amount: $449,986

Contract duration: May 1981 to December 1983

Project Description: The primary objective of this contract was to determine and
evaluate the dynamic electrical behavior of dispersed, grid connected photovoltaic
(PV) power generation. This +includes the characterization of the individual PV system
response at the secondary distribution lLevel, the determination of the overall grid
response With dispersed PV generation and the determination of the collective effects
of PV generation at the transmission level. The project was divided into four tasks.
The primary objective of the first task was to develop appropriate dynamic computer
models of a set of representative photovoltaic power systems. The systems studied in-
clude single and three phase, line and self commutated inverters. The second task in-
volved the incorporation of these inverter models into detailed representations of
representative distribution network configurations. Transient conditions studied in-
clude inverter startup, induction motor (lLoad) switching, feeder faults, feeder trip-
ping and reclosure, etc. The third task involved the determination of the collective
effects of dispersed PV generation at the transmission Level. An important part of
this Wwork involved the development of simplified PV system representations. Interpre-
tation of results and reporting made up the fourth task.

Current Status: Detailed computer representations of a set of four PV systems have
been developed and evaluated. The first report (SAND82-7160) which addresses simula-
tion and control methodologies, has been written, reviewed and a final version recent-
ly submitted. A draft report addressing the results of the system studies has been
written and submitted to Sandia for review. Additional work dinvolving experimental
verification of the computer models and further studies involving PCU malfunctions
have recently been initiated.

Key Results: During the course of the studies, it was discovered that the controls for
the “self commutated systems exhibited unstable behavior during certain operating con-
ditions. A new control system has been developed and evaluated. These controls are
currently being constructed to be retrofitted into an existing inverter for experimen-
tal verification. In addition, it was discovered that the perturb and observe method
of power tracking was unable to track peak power conditions whenever the insclation
varied randomly as a result of cloud cover. A method of power tracking with improved
dynamic performance has been developed and evaluated. Studies have indicated that the
dynamic interactions between neighboring single phase PV systems-are relatively minor,
occurring in systems with a Low shart-circuit ratic (£5.0). The nature of these in=
teractions is the subject of ongoing research. In the case of the three phase sys-
tems, the Lline and self commutated systems were able to withstand most test distur-
bances without failure and with relatively short recovery times. Aside from the po-
tential of commutation failure, the LCI systems appeared to be least sensitive to
utility disturbances. The sensitivity of the self commutated systems, which is attri-
butgd to the use of discrete patterns to regulate a weak source, can Likely be reduced
by improved inverter control techniques. Present research is focused on experimental
verification of the computer models developed as part of this work.
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BEVERLY HIGH SCHOOL 100 ¥W SYSTEM

R.R. Addiss, Jr.
Solar Power Corporation
2(Q) Gabot Road
Woburn, MA 01801

The first year of the Phase ITT contract on "Operation and Evaluation" was completed
on November 30, 1982, System performance during this year is summarized in Figure 1,
which compares the actual monthly AC energy outputs with the amounts predicted from
a computer simulation based on the SOLMET TMY weather data tape for Boston. Those
months which show significantly lower output than predicted correspond to periods
when system downtime was excessive due to various fault conditions which trip off

the inverters.
The two DECC inverters (Helionetics, Inc.) which control the system operation are
designed to shut down automatically upon detection of any one of twelve different

fault conditions. In each case the inverter will remain shut down until manually
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Figure 1. AC System Qutput, MNumbers along absissa are the number of days
included in each month based on dates between meter readings.
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reset. Prior to the period shown (Figure 1), and through December of 1981, sporadie
ground faults were the main cause of fault shutdowns as described at the previous
(Third) Project Integration Meeting. After reducing the ground fault sensitivity in
mid January, these sporadic ground faults were no longer a problem. But during Jan-
uary and February the system was plagued by shutdowns due to synchronization errors.
These were caused by control circuits going out of range in cold weather. The prob-
lem was cured by replacing the temperature-sensitive components on the PC boards in
early March. The system was essentially free of fault shutdowns during March and
April, but a major malfunction of the computerized data acquisition system (ODAS)
caused a series of ground fault shutdowns in May. These ended when the ODAS was dis-
connected and sent out for repair. In June, one inverter began to blow fuses due to
an intermittant problem in one or two of the inverter legs, resulting in one half of
the system being down for most of the month. This problem also occurred once in July.
A number of shutdowns due to excessive grid voltage also occurred throughout one week
in July. These ended when the utility fixed the voltage regulator at its substation
(we were the only ones to let them know they had a problem). A few shutdowns due to
overtemperature also occurred in July because the ventilation system in the inverter
house had not been working properly. August was relatively free of fault shutdowns,
but shutdowns of one inverter due to logic power errors began to occur frequently in
September. A dirty pot in the bias power supply which feedsthe control circuitry was

causing the problem, which disappeared after the pot was cleaned in early October,

Both inverters were given a complete checkout and tuneup by the manufacturer in early
October. Since then, fault shutdowns have been very rare and have not caused any
significant downtime up to the present (a period of six months), For the full year
shown in Figure 1, total system output was 78% of the predicted value, The shortfall
can be accounted for entirely by the downtime caused by the various fault shutdown
problems described. Based on the essentially fault-free operation over the past six

months, these problems now appear to be behind us.
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HIGH FREQUENCY LINK 4kW PHOTOVOLTAIC
INVERTER FOR UTILITY INTERFACE

by
Alan Cocconi, Slobodan Cuk, and R.D. Middlebrook
TESLAco
490 South Rosemead Blvd.
Suite 6

Pasadena, California 91107

ABSTRACT

An advanced power conversion concept based on high frequency Link
45 developed by TESLAco to genenate a Low cost, compact, photovoltaic fo
wtility intenface at the nesidential powen Level of 4kW. A single
quadtant, de iselated push-pull buck convertfern switching at 20kRHz A8
wsed fo generate a full wave hectified sine wave which Ls subsequently
ungolded by a Low speed foun fransistor bridge Lo result in 60Hz s.ine
wave power output, A control strategy eptimizing the output impedance
of the Anventen fon the dineet interface Lo the sLiff wtility voltage
has been developed. Advanced peak power thacking cixrewitrny contilnuously
follows the peak power without operating point dithen. Despite (ts
state-og-the-ant Low weight of only 38 £bs., the {nventern is 92%
efgicient.
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PHOTOVOLTALIC POWER FOR AGRICULTURAL APPLICATIONS

Paul Fischbach
230 L. W. Chase Hall
Agricultural Engineering Department
University of Nebraska
Lincoln, Nebraska 68583

During 1977, the MIT Lincoln Laboratory and the Agricultural Engineering Department,
IANR, University of Nebraska, Lincoln, installed a 25 kW PV array at the UNL Field
Laboratory at Mead, Nebraska. This was the first large PV array and consists of
Solarex and Sensor Technology modules. The array has been utilized for research
programs which have included the development of an automated irrigation system for
80 acres of corn, a natural-air grain drying system and an electric-arc process for
producing nitrogen fertilizer, the latter in cooperation with Kettering Foundation
Laboratories. Also developed at or immediately adjacent to the PV site are a 5 kW
wind generator, a 13 kW cogenerator powered by methane from swine waste, a swine
facility with both active and passive solar collectors and a 25 gal/hr alcohol still
utilizing sweet sorghum.

Since 1977, data has been collected on the completely instrumented sclar system. A
20 hp DC motor and 10, 15 and 20 hp AC motors were used to drive the surface irriga-
tion system. Relative efficiencies, battery storage requirements, and operational
characteristics were evaluated. Grain drying and nitrogen generator experiments
were also conducted. Tmportant operational concerns such as load matching, battery
storage, power conditioning, array dirt accumulation, module failures and safety
were investigated. Several publications have been written relating to agricultural
applications as well as to the specific and overall performance of the PV system.

Sandia National Labs have provided funding for the Mead array since the Massachusetts
Institute of Technology's Lincoln Lab withdrew from the field of solar energy in
1982. The one year Sandia contract which terminates on April 15, 1983, was intended
to cover the minimal expenses required to maintain the solar site in operating con-
dition and to maintain continuous acquisition of reliable performance data, Volt-
ampere tests, battery equalization, array angle adjustment, and module cleaning are
examples of regular maintenance procedures.

The University of Nebraska is interested in continuing the Mead solar site operation
and data collection. The Agricultural Engineering Department has a particular
interest at this time in the interfacing of the various power sources into a self-
sufficient internal grid to power all farmstead needs including livestock housing,
feed processing, grain drying and domestic power. However, future funding for the
Mead site has not been secured as of this date.
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IMPACT OF RESIDENTIAL UTILITY-INTERACTIVE
PHOTOVOLTAIC POWER SYSTEMS ON
THE UTILITY

by

University of Texas at Arlington
Arlington, Texas 74819

Principal Investigator: Jack Fitzer
(8172 273-2248
Contract No: 58-5811
Contract Amount: $7%,748
Contract Duration: June 1982 - August 1983

Project Description: This project investigates the effects of residen-
tial wutility-interactive PV power systems on the distribution feeder.
The following effects are considered:
* The effects of the PV inverter power and reactive power on vol-
tage reguiation
# The effects of PV inverter harmonic currents on the feeder
* The effects of a single PV power system on the distribution
service transformer and on the customers served by that trans-
former

Current Status: Computer programs have been developed to evaluate the
effects of the fundamental and harmonic components of inverter cur-—
rents on the distribution feeder. A suburban feeder and a lTang rural
feeder have been instrumented to obtain daily records of power, reac-
tive power and voltage. Preliminary results are available for the
suburban feeder.

A time~domain computer simulation program has been developed to
simulate the non-linear magnetic characteristics of the service trans-
former, inverter waveforms and the customer loads. Both waveforms and
harmonic content are obtained.

Key Results: Preliminary results for a suburban feeder indicate that
residential PV power systems will not present a problem in terms of
vol tage regulation or harmonics on this feeder. Thie is based on the
assumption that 284 of the homes have PV systems.
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