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UTILITY OPERATING EXPERIENCES AND ISSUES WITH
LARGE-SCALE WIND ENERGY UTILIZATION

by

W. A. Vachon
Arthur D. L i t t le , Inc.

Cambridge, Massachusetts USA 02140

INTRODUCTION

At the present time, there are approximately 10 megawatt-scale wind
turbines that are operational in the world, and these machines are
primarily intended for operation by uti l i t ies. Seven of the machines
are located in the United States, with the remainder in Sweden and
West Germany. The first such unit was installed approximately three
years ago. Since then, these machines have accumulated approximately
6,000 hours of test operating time* The major reason why so little
operating time has been logged when compared to expected levels is
that many components and systems proved unreliable or actually failed.

Concurrently, approximately 3,000 machines with rated powers of 20 kW
to 1 MW have also been installed; many of them arranged in clusters
with as few as five to as many as several hundred units. The vast
majority ( >95 percent) of machines in this size range have a rated
power below 100 kW. The total amount of on-line service for these
machines cannot be accurately estimated, but some units may have
accumulated 10,000 to 20,000 hours of operating time on them.

In general, the major questions result ing from al l this hardware
experience are:

(1) What has been learned?

(2) Were test results consistent with expectations?

(3) What new developments are required?

The brief summary that fol lows wil l put some of these overal l
quest ions relat ing to test resul ts in perspect ive by provid ing a
series of more specific questions aimed at meeting the needs of
electr ic ut i l i t ies involved in the purchase and instal lat ion of , and
interface with, wind power systems.

RELIABILITY AND MAINTAINABILITY QUESTIONS

(1) Have the rel iabi l i ty and avai labi l i ty of wind turbines increased
in a manner that is consistent with the normal engineering
process associated with a new technology?



( 2 ) H a s a s t a t i s t i c a l r e l i a b i l i t y d a t a b a s e b e e n d e v e l o p e d y e t f o r
machines of any s ize or type? I f so, what do the data indicate?

( 3 ) C a n w i n d t u r b i n e s b e m a i n t a i n e d b y n o r m a l u t i l i t y p o w e r p l a n t
s e r v i c e p e r s o n n e l , o r i s a h i g h e r l e v e l o f q u a l i fi c a t i o n
requ i red?

(4) What is the d i f ference in operat ion and maintenance (O&M) costs
and manpower requirements per MWh generated for smal l -scale
machines ( £l00 kW) versus megawatt-scale units?

(5) What log is t ics , manning, and spare par ts approaches are best fo r
ma in ta in ing w ind tu rb ine c lus te rs?

WIND TURBINE INTERCONNECTION QUESTIONS

( 1 ) W h a t a r e t h e b e s t a p p r o a c h e s f o r i n t e g r a t i n g , r e l a y i n g , a n d
coo rd ina t i ng t he u t i l i t y connec t i on o f synch ronous and i nduc t i on
g e n e r a t o r s , a s w e l l a s l i n e - c o m m u t a t e d i n v e r t e r s a t t h e
t r a n s m i s s i o n , s u b t r a n s m i s s i o n , o r d i s t r i b u t i o n l e v e l o f a
u t i l i t y ?

( 2 ) H o w s h o u l d i n d i v i d u a l w i n d t u r b i n e s b e c o n t r o l l e d t o m i n i m i z e
t rans ien t e f fec ts on the ne twork?

(3) What schemes are recommended for interconnecting several hundred
(even thousands) of 50- to 100-kW induct ion generators to var ious
types of networks?

( 4 ) H o w i s r e l i a b i l i t y o f c o n v e n t i o n a l u t i l i t y g e n e r a t i o n ,
t r a n s m i s s i o n , a n d d i s t r i b u t i o n e q u i p m e n t a f f e c t e d b y t h e
in t roduc t ion o f w ind tu rb ines in the ne twork?

(5) Have there been any unusua l adverse in terac t ions between wind
turbines and the network caused by vol tage or power swings by
e i ther the wind turb ine or the network?

(6) Have any network prob lems or customer compla in ts resu l ted f rom
the i n t e r connec t i on and ope ra t i on o f w ind f a rms i n Ca l i f o rn i a?
If so, how were the problems addressed and overcome?

WIND TURBINE CONTROL AND DISPATCH QUESTIONS

(1) What gu ide l ines have been developed for defining sp inn ing reserve
requ i remen ts fo r ne tworks i n wh ich a h igh pene t ra t i on o f w ind
power is expected?

(2) Have any p rob lems w i th harmon ics o r loca l vo l tage con t ro l been
i d e n t i fi e d ?



(3) Of the several methods used to control the speed and power output
of wind turb ines and to damp out dr ivet ra in and other
osci l lat ions, which approaches hold the most promise for
long-term reliable operation of machines?

ENGINEERING AND DESIGN QUESTIONS

(1) What is the status of our engineering knowledge that can be used
to predict loads, vibrations (accelerations), and the expected
life for horizontal-axis wind turbines (HAWT's) of all sizes?

(2) How accurate are wind turbine l i fetime predictions based on
fatigue estimates derived from discrete gust models?

(3) Has the technology of vert ical-axis wind turbines (VAWT's)
reached a level of maturity at which solutions to key engineering
problems associated with aerodynamics, dynamics, and controls are
sufficiently advanced that reliable hardware can be produced?

(4) Can wind turbines, especially megawatt-scale units, be simplified
so that there may be a greater probability of meeting reliability
and avai labi l i ty targets?

(5) Now that more is known about the construction processes and costs
for HAWT blades, does a three-bladed, megawatt-scale machine make
more sense f rom dynamics , re l iab i l i t y, and overa l l cos t
viewpoints than a two-bladed unit?

PERFORMANCE-RELATED QUESTIONS

(1) What are the best methods for evaluating the performance (i.e.,
power curve) of wind turbines at the engineering prototype and
acceptance test levels?

(2) How accurate are estimates of annual energy production based on
measured wind data, a wind turbine power curve, real-time control
issues (i.e., startup and shutdown losses) and cluster wake
losses?

ECONOMIC QUESTIONS

(1) If engineering and reliability goals for megawatt-scale machines
are met, what is the probabil i ty that cost-of-energy (COE)
targets will be met?

(2) How would the widespread introduction of wind turbines in a
network influence the economics of uti l i ty operations planning
and real-time operations?

GENERAL

We hope tha t th is ser ies o f ques t ions w i l l p rove he lp fu l in
identifying the major issues that should be addressed by the IEA
Experts Meeting.
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UTILITY OPERATING EXPERIENCES AND ISSUES
WITH LARGE-SCALE WIND ENERGY UTILIZATION

BY
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CAMBRIDGE, MA 02140 USA

PRESENTED AT THE IEA EXPERTS MEETING ON
UTILITY OPERATING EXPERIENCES
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MOD-2 PERFORMANCE BREAKDOWN
(SEPTEMBER 23, 1983)

SYNCHRONIZED
MACHINE LOCATION HOURS ENERGY (MWH)

GOODNOE HILLS-1 918 1,060.
GOODNOE HILLS-2 1,157 1.472.
GOODNOE HILLS-3 1,462 1,695.
MEDICINE BOW, WY 437 508.
SOLANO COUNTY * 850 * 1.300.

T O T A L S - v 4 , 8 2 4 ^ 6 , 0 3 5 .
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MAJOR QUESTIONS TO BE ADDRESSED WITH REGARD TO UTILITY
OPERATING EXPERIENCES WITH LARGE-SCALE WIND SYSTEMS

WHAT HAS BEEN LEARNED?

WERE TEST RESULTS CONSISTENT WITH EXPECTATIONS?

WHERE DID DIFFERENCES ARISE?
CAN DIFFERENCES BE EXPLAINED?

WHAT NEW DEVELOPMENTS ARE REQUIRED?

WHAT ARE THE MAJOR OUTSTANDING ISSUES?

TYPICAL UTILITY CONCERNS
iASSOCIATED WITH THE USE OF WIND POWER)

0 QUALITY OF DELIVERY
STATIC AND DYNAMIC CONTROL
RELIABILITY

- OPERATION & MAINTENANCE (O&M) COSTS

o COST OF SERVICE
GENERATION EXPANSION & REPLACEMENT
ECONOMIC DISPATCH

0 SAFETY



TYPICAL UTILITY CUSTOMFR rnNCFRNS

0 VOLTAGE
LEVEL
RATE OF CHANGE (I.E., FLICKER)

0 FREQUENCY

0 HARMONIC CONTENT

0 RELIABILITY

0 COST OF SERVICE

QIIFSTIONS ADDRESSING RELIABILITY & MAINTAINABILITY

0 WHAT IS THE STATE OF OUR RELIABILITY DATA BASES?
FOR MEGAWATT-SCALE
FOR SUBMEGAWATT SCALE

0 HAVE RELIABILITY AND AVAILABILITY OF LARGE-SCALE WIND
SYSTEMS INCREASED IN AN EXPECTED MANNER FOR A NEW TECHNOLOGY?

0 CAN WIND TURBINES BE MAINTAINED BY NORMAL UTILITY POWERPLANT
SERVICE PERSONNEL?

0 WHAT UNIQUE LOGISTICAL, MANNING, & SPARE PARTS APPROACHES
APPEAR TO BE BEST?

0 WHAT ARE O&M COST DIFFERENCES PER MWH AS A FUNCTION OF
MACHINE SIZE?



Kahuku Point,
Oahu, HI

2 0 0 0 4 0 0 0 6 0 0 0 8 0 0 0 1 0 0 0 0 1 2 0 0 0 1 4 0 0 0
Synchronized Time, hr

Source: NASA

MEAN TIME BETWEEN FAILURE (MTBF) DATA FROM DOE/NASA
MOD-OA 0.2-MW WIND TURBINES



1 0

* ^ - ©. •168hr/wk-

®. -Wind Available-

Personnel
Off-site

©

& Period Time

©
Operating Maintenance

Time < $

Modifications
& Special

Tert Time
Start &
Stop Time

Motoring (if any)

Personnel
Off-site

©

A = Full Weekly Period = 168 Hours = D + E + F + G + H + l
B = Wind Available (Hours) = 168 x (Wind Available Fraction)
C a Period Time = Total Time that Personnel Are On-site =E+F+G+H
D = Personnel not On-site but Winds Available
E ° Operating Time = Time WT is Rotating = J + K
F ° Maintenance Time not Associated with WT as Research Tool
G ■ Modifications and Social Test Time = Time WT is Undergoing Design or Component Changes

and/or Special Tests
H = Standby Time = WT Enabled and Waiting for Wind
I = Personnel not On-site and Winds not Available
J = Synchronous Operating Time (Positive or Negative Power)
K ° Start and Stop Time = Rotation Time not Connected to Network
L ° Motoring Time ° Period When WT Acts as Motor (Usually in Winds near Cut-in Speed)

MOD-2 WEEKLY DATA REPORTING BREAKDOWN



MOD-2 WIND TURBINE PERFORMANCE PARAMETERS

t - t - t . - t . t
A^ = WT MACHINE AVAILABILITY = -^ St t moQ 5MH = (IDEALLY) -^P P

A- t = ADOUSTED WT MACHINE AVAILABILITV - «P > I ^ *»'"w t x p " x s t ' * m o d

WHERE: t = HOURS WHEN WIND IS BETWEEN CUT-IN AND CUT-OUT SPEEDw
t = HOURS OF PERIOD TIME; TOTAL TIME THAT PERSONNEL ARE ON-SITE «

o s t m o d m a m h

t . = HOURS OF DOWNTIME DUE TO SPECIAL TEST ACTIVITIESs t

tmod = HOURS OF DOWNTIME DUE TO MODIFICATIONS

tma,-„ s HOURS OF DOWNTIME DUE TO MAINTENANCE ACTIVITIESmain

t = HOURS OF OPERATING TIME WITH WT ROTATING (SYNC + START/STOP)

th = HOURS OF STANDBY TIME; WT ENABLED AND WAITING FOR WIND

MWh generated in period t
ADJUSTED WEEKLY CAPACITY FACTOR = 2 5 MW (t _ t ^ r^* p s t m o d '
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WIND TURBINE CONTROL AND DISPATCH QUESTIONS

HAVE ANY HARMONICS OR LOCAL VOLTAGE PROBLEMS BEEN IDENTIFIED
ON LINES WITH SUBSTANTIAL WIND POWER INPUT?

CALIFORNIA WIND PARK EXPERIENCE VERY VALUABLE

WHAT ARE THE MOST PROMISING OPTIONS FOR CONTROLLING WIND
TURBINE SPEED AND POWER OUTPUT?

MUST ALSO DAMP OUT DRIVETRAIN & OTHER OSCILLATIONS

OPTIONS MUST INCORPORATE RELIABILITY CONCERNS

WIND TURBINE INTERCONNECTION QUESTIONS

WHAT ARE THE BEST APPROACHES FOR INTERCONNECTING VERY MANY
50-T0-100-KW INDUCTION GENERATORS?

ANY PROBLEMS IN CALIFORNIA? REMEDIES?

HAS THERE BEEN A SIGNIFICANT VARIATION IN RELIABILITY OF
CONVENTIONAL GENERATORS AND T&D EQUIPMENT AS A RESULT OF
INTRODUCING WIND SYSTEMS?

WHAT APPROACHES AND EXPERIENCES WITH RELAYING AND FAULT
PROTECTION HAVE BEEN DEVELOPED?

CLUSTERS OF ALL SIZES

ALL TYPES OF INTERFACES
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ENGINEERING AND DESIGN QUESTIONS

0 HOW ACCURATE ARE WIND TURBINE LIFETIME PREDICTIONS BASED
ON FATIGUE ESTIMATES?

APPLIED MOST TO ROTOR, DRIVETRAIN, & TOWER

VALUE OF DISCRETE GUST MODELS

0 CAN WIND TURBINES BE SIMPLIFIED TO INCREASE THE PROBABILITY
OF MEETING RELIABILITY & AVAILABILITY TARGETS?

0 DO TECHNICAL BENEFITS OF A THREE-BLADED HAWT ROTOR OUTWEIGH
COST PENALTIES?

0 HAS VERTICAL AXIS TECHNOLOGY ADVANCED FAR ENOUGH TO EXPECT
THAT RELIABLE HARDWARE CAN BE PRODUCED?

PERFORMANCE AND ECONOMIC QUESTIONS

0 WHAT ARE THE BEST METHODS FOR EVALUATING THE ENERGY
PRODUCTION POTENTIAL OF A WIND TURBINE?

POWER CURVE?
ENERGY PRODUCTION TEST?

0 HOW ACCURATE ARE ESTIMATES OF ANNUAL ENERGY PRODUCTION?

0 WHAT IS THE PROBABILITY THAT DOE-PUBLISHED TARGETS FOR COE
WILL BE MET (AFTER INFLATION)?

EXAMPLE: MOD-5 COE TARGET < 3.75«/kWh (1980
DOLLARS), FOR MACHINE CLUSTERS AT A 6.3-M/s (1U-MPH)
SITE)

0 HOW WILL THE WIDESPREAD USE OF WIND TURBINES IN A UTILITY
NFTWflRK INFLUENCE UTILITY COSTS?
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FUTURE ISSUES SURROUNDING UTILITY OPERATIONS WITH WIND TURBINES
(MOSTLY FOR HIGH PENETRATION CASES; 10-15% OF INSTALLED CAPACITY)

VARIATIONS IN UNIT COMMITMENT SCHEDULES

CONTROL OF OPERATING UNITS
UNIT RAMP RATE VARIATIONS OR CHANGES IN MIX OF FAST
RESPONSE UNITS
CHANGES IN SPINNING RESERVE CRITERIA AND USE OF
UNLOADABLE GENERATION
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OPERATIONAL RESULTS FOR THE EXPERIMENTAL

DOE/NASA MOD-OA, MOD-1 & MOD-2 PROJECTS

by Richard L. Puthoff
NASA Lewis Research Center

Cleveland, Ohio
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PROGRAM OBJECTIVES

To obtain early operation and performance data while

gaining experience in the operation of a large wind
turbine in various utility environments by demonstrating
or observing:

Compatibility with utility grid

Safe unattended operation

Wind turbine reliability and maintainability

Operations and maintenance support requirements

Public and utility reaction and acceptance

to
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ELECTRICAL INTERFACE

MOD-OA
#1

m

m

MOD-1

MOD-2
M.-3

m

LOCATION

CLAYTON

CUlfBRA

BLOCK IS.

OAHU

BOONE, NC

GOODNOE HILLS. WA

feiCIE BOW, WY

MTED
NUWEROF POWER TYPE OF
NKHINES fo GENERATOR

1 2 0 0 S Y N C H .

1 2 0 0 S Y N C H .

1 2 0 0 S Y N C H .

200 SYNCH.

2000 SYNCH.

2500 SYNCH.

2500 SYNCH.

(i) PF - POWER FACTOR
(2) 20 MILE UNDERSEA CABLE - SOFT INTERFACE WITH UTILITY

ELECTRICAL TYPE OF
INTERFACE CONIBOL

DIESEL
1-3 Mw
PREPA (2)
GRID
DIESELS
250 R* TO
lfW

BREMC
GRID

BPA GRID
125 Kw

VAR

VAR

VAR
(PF & VOLT)

VAR

PSS
(VOLT/SPEED)

F

GRID PF

to
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UTILITY ACTION STUDY (CONT'D)

DYNAMIC INTERACTION

OBJECTIVE WAS TO EXAMINE INTERACTION OF DIESELS AND THE MOD-OA.

MODES EVALUATED:

(1) BIPCO SYSTEM ALONE

(2) BIPCO SYSTEM WITH MOD-OA

(A) STARTUP AND SYNCHRONIZATION
(B) SHUTDOWN AND CUTOUT
(C) FIXED PITCH OPERATION
(D) VARIABLE PITCH (CONSTANT POWER) OPERATION
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UTILITY ACTION STUDY (CONT'D)

• VOLT-AMPERE REGULATION MODES

OBJECTIVE WAS TO EXAMINE THREE MODES OF MOD-OA REGULATION

- MODES EVALUATED:

CONSTANT REACTIVE POWER (VAR)
CONSTANT POWER FACTOR (PF)
CONSTANT VOLTAGE

I VOLT-AMPERE REGULATION MODES

CONCLUSIONS:

- MOD-OA SUCCESSFULLY OPERATED IN ALL THREE REGULATION MODES:

CONSTANT VAR, CONSTANT PF, CONSTANT VOLTAGE

- OPERATING MODE FOR ANY SPECIFIC MOD-OA INSTALLATION IS SYSTEM
DEPENDENT.

- CONSTANT VAR MODE WAS OPTIMUM FOR BIPCO SYSTEM.

- CONSTANT PF MOD WAS SATISFACTORY FOR BIPCO SYSTEM.

- CONSTANT VOLTAGE MODE WAS IMPRACTICAL FOR UNATTENDED BIPCO SYSTEM.
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MOD-1 UTILITY INTERACTION (cont'd)

OCT. 25, 1979 OCT. 24, 1979

(— 60 min —\

a - Meteorological Tower Trace

b - Substation Trace

T

USUAL RANGE,
5 percent Cu

UTILITY VOLTAGE RECORDER TRACES

TIME

t- 6.7 percent

Transient on Oct. 24, 1979 due to overload shutdown
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CONCLUSION

GRID INTERACTION ON ALL fWIINES HAS BEEN ACCEPTABLE

MOD-CA Bl SYSTEM STUDY CONCLUDED THAT AT HIGH PENETRATIONS SYSTEM
DISTURBANCES WERE NO GREATER THAN CONVENTION/! DIESEL SYSTEMS

EARLY MTBF VALUES INDICATE POTENTIAL FOR PERFORMANCE CCFPARABLE TO DIESEL UNITS

FUTURE MACHINES

MQD-5 MACHINES ARE DESIGNED TO OPERATE WITH VARIABLE SPEED DRIVE TRAINS

VARIABLE SPEED DRIVE TRAINS Will PROVIDE CONSTANT FREQUENCY OUTPUT BY JEANS OF

• INDUCTION GENERATOR/DOUBLY FED ROTOR
• CYCUDCONVERIER TO SUPPLY VARIABLE FREQUENCY FOR ROTOR EXCITATION
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The Status of Wind Turbine Development

In Southern California Edison's Service Territory

Robert J. Yinger

Southern California Edison

P.O. Box 800

Rosemead, California 91770

INTRODUCTION

The Southern California Edison (SCE) vind energy program is

divided into three major areas. These three areas are: 1) wind
resource assessment; 2) vind turbine demonstration units; and

3) vind commercialization. The resource assessment part of the

program locates and quantifies the vind resource in the SCE
service terri tory. The vind turbine demonstration part gives
SCE experience in operation of vind turbines and helps advance

nev vind turbine designs. Wind commercialization deals vlth

private developers vho generate electricity vith vind turbines.

WIND RESOURCE ASSESSMENT

The earliest Investigations of the vind energy potential in

the SCE service territory vere started in 1976, at Devers
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Substation near Palm Springs. A 50-meter meteorological tover

vas erected near Devers Substation at the end of 1976 by the

U.S. Energy Research and Development Administration (nov the

Department of Energy). This site vas later to become the SCE
vind energy test site. In order to better define the extent and

quality of the vind resource in the San Gorgonio Pass area near
Palm Springs, a field measurement study vas conducted by

AeroVlronment Inc., under contract to SCE and the California

Energy Commission. Nineteen sites vere monitored for vind for
one year. Results of this first study vere used to modify the

monitoring network to better pinpoint the best vind resource
areas. Initial measurements vere also made in a number of

promising areas: Cajon Pass, Portal Ridge, Sierra Pelona,
Tehachapi and others suspected of having vinds useful for

genera t ion o f e lec t r ic i ty.

At the present time, vind data are being collected at

22 different sites in the San Gorgonio Pass/Coachella Valley

area. Located at tvo of these sites are meteorological towers:

a 100-meter tover located near Whitewater and the former DOE

50-meter tover (operated by SCE since October 1982). The other

20 sites are all monitored at the 10-meter height (16 vind run

and 4 vind speed/direction).

Wind energy potential is also being measured in other parts

of the SCE service territory: three sites in Cajon Pass; six
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sites in Tehachapi; one site on Portal Ridge; one site in the

Antelope Valley; three sites on Sierra Pelona; and tvo sites on
Catalina Island. In addition to these sites, data from six

other cooperative stations is being obtained.

Future studies will concentrate on obtaining better

long-term data for the known sites. This will enable more
detailed studies of hov vind-generated electricity vi l l impact

the SCE system.

DEMONSTRATION PROJECTS

The testing of vind turbine designs can produce real data

on their economics, performance, and environmental impacts. At

this time, four vind turbine designs are being tested at the SCE

vind test site located near Palm Springs. These are: the

1300 VW Bendix; the 50 kW DAF Indal; the 100 VW Wenco; and the

500 VW DAF Indal.

The Bendix vind turbine vas initially operated in December

1980 as a 3 MW, three-bladed, horizontal axis, variable speed

machine. Due to reliability problems, the hydraulic system used

to achieve variable speed vas replaced vith a constant speed

drive train. In October 1982, the modified vind turbine, vith a

1.5 MW induction generator vas first put in service.
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Limitations on gearbox capacity established the vind turbine

rating at 1.3 MW. As of September 30, 1983, the vind turbine
had operated for 363 hours and generated 161,711 kilowatt-

hours. Since the modification, some problems have been

encountered vith the pitch system and its controls. Generally,

the vind turbine has been operating satisfactorily.

The DAF Indal 50 kW vind turbine is a two-bladed, vertical

axis machine. It vas first operated in March 1982. After some

startup problems, the vind turbine operated quite reliably,

achieving 100 percent "corrected" availability from July 1982

through May 1983 (down time due to problems not related to the
vind turbine vere not counted). In June 1983, a broken rotor

strut and complete mechanical inspection caused the vind turbine

to be inoperative from June 4 through July 14. Since then, it

has returned to reliable operation. A measured power curve for

the vind turbine at the SCE test site has been obtained. It

appears to exceed the manufacturer's predictions in moderate
vind speeds and falls short of the predictions in higher vinds.

As of September 30, 1983, the vind turbine had operated for

5,736 hours and generated 110,574 kilovatt-hours.

This spring tvo nev vind turbines vere installed at the

test site, the 100 kW Wenco and the 500 kW DAF Indal. The Wenco

vind turbine is a tvo-bladed, horizontal axis, upwind rotor
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machine v i th a ta i l vane to or ient i t into the v ind. In i t ia l

testing is being conducted at this time. As of September 30,

1983, the vind turbine had operated for 66 hours and generated

2,040 ki lowatt-hours.

The 500 kW DAF Indal vind turbine is a vertical axis,

tvo-bladed machine. It is a scaled-up version of the previously

mentioned 50 kW DAF Indal vind turbine. Startup testing and
final instrumentation vork is nov in progress. As of September

30, 1983, the vind turbine had operated for tvo hours for

startup and check-out tests.

A fifth vind turbine is planned for installation at the SCE

test site in the next couple of months. It is the Windfree

Magnus effect vind turbine. In place of the blades of a normal
horizontal axis vind turbine, rotating cyl inders provide the

necessary l i f t to spin the rotor. This test machine vil l not be
connected to the SCE electrical grid, but vill serve as a test

bed for the innovative rotor design.

Several nev machines, promising Improved performance and

Innovative features, are being investigated for future testing,
but at this time no commitments have been made.
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WIND COMMERCIALIZATION

Today, due to improved vind turbine designs and a favorable
tax credi t s i tuat ion, pr ivate developers are finding i t

profitable to erect vind turbines and sell the power to SCE.
Major development is nov taking place in the Tehachapi area. As
of the end of August 1983, 644 vind turbines vith a total name

plate rating of 29.17 MW have been Installed. Of these,
28.41 MW are nov connected to the SCE system. This installed

capacity is divided betveen vind turbines manufactured in the
United States and Europe: 23.675 MW are .American and 5.495 MW

are European.

The San Gorgonio Pass area is beginning to be developed.

Initial development vas delayed until the completion of a Master

Environmental Impact Assessment for vind energy development in

this area. Permitt ing and construction is nov proceeding. At

the end of August 1983, 65 vind turbines vith a name plate

rating of 1.75 MW vere connected to the SCE system.

Turning nov to energy considerations, as of the end of

August 1983, the total amount of energy purchased by SCE from
the vind developers vas 9,505,864 kilovatt-hours. Of this

amount, 2,219,383 kilovatt-hours vere purchased in the month of

August. The capacity factor for August vas about 11 percent.
This is somevhat lover than expected and it indicates that many

of the vind turbines are operating vith poor avai labi l i ty.
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At present, 28 Wind Park Pover Purchase and Sales Agreements

have been executed betveen SCE and vind park developers. The

total capacity covered under these agreements is 555 MW

excluding optional phases. Active negotiations are in progress
for an additional 250 MW. These agreements vill provide a

substantial amount of the SCE 1992 goal of 800 MW nameplate (200

.MW firm capacity, nameplate capacity is derated by a factor of

four to account for the variable nature of the vind resource) of

vind-generated electricity for the SCE system.

CONCLUSION

Southern California Edison is committed to the advancement

of vind-generated electricity. Among the reasons for this are:

1) its present large portion of expensive fossil fuel

generation; 2) the existence of an excellent vind resource in
its service terri tory; and 3) the belief that vind vi l l be the
first alternate energy source to reach commercialization. The

knovledge gained from SCE's three-pronged vind program vill
enable the Company to properly judge the role that vind energy

vil l play in meeting the future electrical needs of its

customers.
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A p p e n d i c e s

M.C.Wehrey

R. J. Yinger

Southern California Edison Company.
Rosemead. CA

The Southern California Edison
Wind Turbine Generator Test
Program
This paper deals with the second area of Edison's wind energy R&D program: the
demonstration of various WTG designs to provide, over a period of two to three
years, the data needed to support the planning, installation and operation of WTGs
on a commercial scale. The overall scope of the program is to document the per
formance of the WTGs being tested, to assess the operation and maintenance
reguirements of future WTGs, to train Edison personnel as WTG operators, and to
evaluate the impact of WTGs on the Edison electrical system. The Company is
currently assessing horizontal-axis and vertical-axis WTGs. The results from the
test program will provide information about specific performance characteristics
and, at the same time, give Edison general operating experience with wind turbines.
From this program Edison will be better able to properly judge the role that wind
turbines can play in meet ing future electrical generation needs.

INTRODUCTION

The demonst ra t ion tes t ing o f WTGs is on ly one
a s p e c t o f S o u t h e r n C a l i f o r n i a E d i s o n ' s w i n d e n e r g y
p r o g r a m . A s i l l u s t r a t e d i n F i g u r e 1 , o t h e r a s p e c t s
inc lude a cont inu ing eva luat ion o f the wind resource
in Ed ison 's serv ice te r r i to ry w i th par t i cu la r emphas is
on the San Gorgonio Pass region, evaluat ion of WTG
designs proposed by the DOE and others, system inte
grat ion and economic s tud ies. Recent ly, the deve lop
ment of jo int wind park projects, has also become an
important part of the program.

The evaluat ion of WTG designs and systems are
a imed a t de tero in ing the techn ica l , economic , soc io
economic , land use and env i ronmenta l fac to rs asso
c ia ted w i th the ins ta l l a t i on o f mu l t i -un i t w ind fa rms .

The eva lua t ion o f the w ind resource , s ta r ted in
1975, has cont inued wi th the instal lat ion by the DOE
of a 150- foot (45.7 m) meteoro logical tower near the
Edison Devers Substat ion, the moni tor ing of winds in
the San Gorgonio Pass through the insta l lat ion of 19
mon i to r ing s ta t ions as par t o f a s tudy sponsored by
Edison and the California Energy Commission, and the
i n s t a l l a t i o n o f a 3 3 0 - f o o t ( 1 0 0 m ) m e t e o r o l o g i c a l
tower.

The development of jo int wind park projects was
init iated with the preparation of a Wind Park Opportu
nity Announcement (WPOA). Response by private entre
p reneurs and co rpo ra t i ons was exce l l en t , l ead ing to
p r o m i s i n g n e g o t i a t i o n s . T h r o u g h t h e p u r c h a s e o f

wmo
RESOURCE

EVALUATION
SITMG

WTG OEMO(S)
PERFORMANCE

OtMRELMHJTY
NTERFACE

.SNVROMaCNTAL
ECONOMCS

COMMERCIAL
MPLEMENTATION

FIGURE 1
PROGRAM

SOUTHERN CALIFORNIA EDISON WIND ENERGY

energy produced by wind parks Edison hopes to meet a
s i g n i fi c a n t p o r t i o n o f i t s w i n d - g e n e r a t e d r e s o u r c e
goal .

The demonst ra t ion tes t ing o f la rge WTGs or ig i
n a t e d w h e n E d i s o n i d e n t i fi e d t h e S c h a c h l e v a r i a b l e
rotor rpm WTG concept as a promising design. A joint
e ffor t w i th Bendix Corporat ion resu l ted in the ins ta l
l a t i o n o f a l a rg e h o r i zo n ta l a x i s ma ch i n e p l a ce d i n
first operat ion in December 19S0. Edison* s interes*.
i n a l t e r n a t e c o n c e p t s i n c l u d e d t h e v e r t i c a l a x i s
designs and led to the installation in March 1961 of a
1 3 5 f o o t ( 4 0 . 8 t n ) u n i t d e s i g n e d a n d f a b r i c a t e d b y
Alcoa (Figure 2) .

TEST PROGRAM OBJECTIVES

The test program was designed to provide, over a
p e r i o d o f t w o t o t h r e e > e a r s , t h e d a t a n e e d e - t c
s u p p o r t t h e p l a n n i n g , i n s t a l l a t i o n a n d o p e r a t i o n c f
W T G s o n a c o m m e r c i a l s c a l e . A l t h o u g h o r i g i n a l l y
developed for the testing of two specific WTG designs,
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FIGURE 2: ALCOA VERTICAL AXIS AND BENDIX/SCHACHLE
HORIZONTAL AXIS WTGS

the program was des igned to accommodate any w ind
turb ines a imed a t the u t i l i t y market .

The overal l scope of the program is to document
the pe r fo rmance o f t he WTGs be ing t es ted , t o t r a i n
E d i s o n p e r s o n n e l a s W T G o p e r a t o r s , t o a s s e s s t h e
operation and maintenance requirements and to evaluate
t h e s y s t e m i m p a c t o f t h e W T G s . T h e e n v i r o n m e n t a l
issues associated with WTGs wil l also be explored and
t h e d e s i g n c r i t e r i a o f c o m m e r c i a l u n i t s w i l l b e
i d e n t i fi e d .

The WTG 's t es ted a t t he Ed i son w ind t es t s i t e
will be evaluated in accordance with procedures match
i n g t h e p a r t i c u l a r d e s i g n o f e a c h w i n d t u r b i n e . A n
out l ine o f the parameters and i tems of concern re la
t ive to each test area fo l lows:

Performance

o Power output
o Energy output
o Aerodynamic e ffic iency (Cp)
o Mechan ica l e ffic iency (power t ra in losses)
o O v e r a l l e f fi c i e n c y
o Yaw response (horizontal axis WTG's)
o Aux i l ia ry power requ i rements
o V i b r a t i o n l e v e l s
o Wake decay downstream of WTG and spacing

requirements

Operation and Maintenance Requirements

o Operator manhours
o Ope ra to r i n t e r ven t i ons
o Una t tended ope ra t i on c r i t e r i a
o Routine maintenance manhours
o Routine maintenance material costs
o Unscheduled maintenance costs
o Features requ i red fo r improved O&M
o Ana lys is o f fa i lu re modes
o Res i s tance to c l ima t i c cond i t i ons
o Adequacy of controls and alarms

System Operation Impact

o C a p a c i t y f a c t o r
o Dynamic response (output) to wind gusts
o P o w e r f a c t o r c o n t r o l c a p a b i l i t y
o Vars consumpt ion ( induct ion generators)

Adequacy of e lect r ica l protect ion devices
Harmonics content
S ta r t / s top impac t

Des ign Cr i t e r i a

Tower stress levels (hor izontal axis WTG's)
Guy cable stress levels (vert ical axis WTG's)
Ro to r s t ress leve ls and l i f e
Power train design
Start ing System
Cont ro ls log ic
Foundations requirements
Instrumentat ion required for commercia l uni ts
Seismic des ign cr i te r ia requ i red

Environmental Impact

o No i se
o E lec t romagne t i c i n te r fe rences
o V i s u a l ( P u b l i c r e a c t i o n )
o B i r d p o p u l a t i o n

INSTRUMENTATION AND PROCEDURES

Three major sources of data are used during the
test program:

Continuous Performance Data

o Data Logger
o Computer Tabulat ions

Special Test Data

o Dynamic Tests
o Noise Data
o O t h e r

Manually Logged Data

o S ta t i on Log
o O&M Costs
o Shutdown Causes
o Env i ronmenta l impact (pub l ic

r eac t i on , b i r d popu la t i on ,
e t c . )

Continuous performance data are obtained througl
the use of a data acquisi t ion system. This system, as
i l l u s t r a t e d o n F i g u r e 3 u s e s a d a t a l o g g e r a n d a

^ ^ C B ~ t — m — I Q K C * p *

MT* MDCCMIM
OfMaTKfKT
I M M M M I

N f O I V t
mmna/t »|

® ®

t f K l t i . I

FIGURE 3: DATA ACQUISITION SYSTEM
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DAILY UIND DATA SUMMARY
DEVERS UTG TEST SITE

DATE: 175

HOUR
ENDING

AT

UIND SPEED AT DOE TOUER
MILES PER HOUR

30 FEET 100 FEET 150 FEET

UIND SPEED
SHEAR

COEFFICIENT

PREVAIL UIHD
DIRECTION AT

100 FEET

DRY BULB
TEMPERATURE

DEGREES FAHR.

BAROMETRIC
PRESSURE
INCHES HG.

POWER AT
100 FEET

KW/ SQ FOOT

15>00
16:00
17 :00

25 .1
24 .0
25 .7

27 .6
2 7 . 9
29 .6

2 9 . 4
2 9 . 4
31 .4

0 .099
0 .130
0 .127

5
5
5

107.4
106 .6
105 .2

29 .28
29 .30
29 .30

0 .102
0 .104
0 .124

DAILY AVERAGES 24.7 2 8 . 2 2 9 . 9 0 .120 5 106.5 29 .29 0 .108

TOTAL ENERGY IN THE
EQUIVALENT AVERAGE

UIND FOR
UIND SPEED

THIS DAY — 0.226 KUH PER SQUARE FOOT
FOR THE DAY — 28.7 MILES PER HOUR

TABLE 1: DAILY WIND DATA SUMMARY

DAILY UTG PERFORMANCE SUMMARY
BENDIX/ SCHACHLE UTG

DATE: 175

H O U R U I N D S P E E D
E N D I N G A T H U B

A T M I L E S P E R H O U R

UIND POUER FOR
SWEPT AREA

KILOWATTS

E L E C T R I C A L E L E C T R I C A L N E T
POUER PRODUCED POWER ABSORBED ELECTRICAL POWER

K I L O W A T T S K I L O W A T T S K I L O W A T T S

COEFFICIENT
OF

PERFORMANCE

1 5 ' 0 0 2 7 . 8
1 6 : 0 0 2 8 . 3
1 7 : 0 0 2 9 . 9

2356.8
2432.9
2877.9

378 .2
523 .0
474 .6

1 0 0 . 8 2 7 7 . 4
9 5 . 5 4 2 7 . 6
9 4 . 9 3 7 9 . 7

0.1177
0.1757
0.1319

D A I L Y A V E R A G E S 2 8 . 5 2518.4 470 .9 9 6 . 9 3 7 4 . 0 0.1485

DAILY STATISTICS

ENERGY PRODUCED (KILOWATT-HOURS) 983.0
ENERGY ABSORBED (KILOWATT-HOURS) 202.2
N E T E N E R G Y ( K I I O U A T T - H O U R S ) 7 8 0 . 8
N U M B E R O F M A C H I N E S T A R T S 0
NUMBER OF WIND-RELATED SHUTDOWNS- 0
NUMBER OF NON-U1ND-RELATED SHUTDOWNS 0

NUMBER OF HOURS BETWEEN MACHINE
CUT-IN AND CUT-OUT SPEEDS

HOURS OF UIND TURBINE OPERATION
WTG AVAILABILITY (PERCENT)
UTG CAPACITY FACTOR (PERCENT)

0
0
0
0

CUMULATIVE STATISTICS TO DATE

ENERGY PRODUCED (KILOWATT-HOURS)
HOURS OF MACHINE OPERATION

0
0

WTG AVAILABILITY (PERCENT)
WTO CAPACITY FACTOR (PERCENT)

0
0

T.ABLE 2: DAILY WTG PERFORMANCE SUMMARY (illustrative data)

magnetic tape drive to sample and record performance
parameters a t predetermined t ime in terva ls . Computer
programs have been developed to process the data and
summar ize per formance s ta t is t ics under th ree tabu la
t ion formats: dai ly wind data, dai ly WTG per formance
summary and monthly performance analyses.

These tabu la t ions are i l lus t ra ted in Tab les 1 , 2 ,
and 3. The flow charts of the computer programs used
are shown on Figures A and 5.

A s a n i l l u s t r a t i o n o f a s p e c i fi c t e s t p r o c e d u r e
t h e i n v e s t i g a t i o n o f t h e n o i s e i m p a c t o f W T G ' s i s
planned as fol lows:

Noise Surveys

The noise surveys wil l be coordinated to coincide
w i t h v a r i o u s o p e r a t i n g c o n d i t i o n s o f t h e W T G . R e
quests for the WTG operat ing condit ions and test si te
w e a t h e r d a t a w i l l b e m a d e d a i l y d u r i n g t h e s u r v e y.

The no i se su rvey w i l l cons i s t o f t h ree ph rases
using the instrumentation shown on Figure 6 and mea
s u r i n g :

o I n f r a s o n i c n o i s e
o "A" weighted and 1/3

octave band noise
l e v e l s

o Twenty- four hour
stat ist ical noise measurements

T h e fi r s t p h a s e w i l l b e p e r f o r m e d w i t h t h e i n
s t rumenta t ion invo lv ing in f rason ic measurements . Ihe
i n f r a s o n i c n o i s e r e s u l t s f r o m t h e d i s r u p t i o n o f t h e
downsteam airflow caused by the blade path traversing
t h e t ' o w e r s t r u c t u r e . A n a l y s i s o f t h e s e n e a r - fi e l d
m e a s u r e m e n t s w i l l i d e n t i f y o t h e r s p e c i fi c n o i s e
sou rces (e .g . a i r coo le r f ans and gene ra to r s , e t c . ) .
The measurements wi l l progress radial ly outward f rom
the WTG. Analysis of the data's frequency components
w i l l b e u s e d t o i d e n t i f y t h e i n f r a s o n i c n o i s e l e v e l s
equal to the wavelength of the tone. Half and quarter
wavelengths will be surveyed and evaluated.

Noise Data

T h e n e a r - fi e l d d a t a w i l l c o n s i s t o f g r a p h e d ,
narrow band spect ra d isp lay ing ampl i tude in dec ibe ls
v e r s u s f r e q u e n c y. T h e f a r - fi e l d d a t a w i l l c o n L a i n
graphed narrow band data, "A" weighed and \ i i octave
band noise levels, and 24 hour "A" weighted stat is t i
ca l no ise da ta p resented as no ise leve l versus t ime
g r a p h s . T h e d a t a w i l l b e e v a l u a t e d t o i d e n t i f y :

o Noise sources
o Tonal components
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MONTHLY UTG PERFORMANCE ANALYSIS
BENDIX/ SCHACHLE UTGDATE •• 175 - 175

UIND SPEED NUMBER CONTROL ROTOR GENERATOR UIND POUER REAL REACTIVE POUER AUXILIARY COEFFICIENT YAU BLADEAT OF ANEMOMETER RPM AMPS AVAILABLE POUER POUER FACTOR POUER OF ERROR PITCH
100 FEET -085- MPH K1LOUATTS KILOUATTS KILOVARS KILOWATTS PERFORMANCE DEGREES DEGREES

BEIOU CUT-IN 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.015 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.016 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.0
17 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.018 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.019 1.00 23.1 19.0 66.9 735. 509 . - 7 3 . 0 .990 101.2 0 .555 3.920 2.00 21.4 19.1 57.8 935. 438 . 22. 0.997 93 .6 0 .367 - 6 . 621 2.00 13.6 18.8 35.1 1062. 271 . -4 . 0.951 100.8 0 .160 - 5 . 922 4.00 15.0 18.2 38.0 1141. 266 . - 5 4 . 0.941 95 .9 0 .146 1.323 9.00 18.8 19.6 56.2 1368. 409 . - 2 4 . 0 .970 97 .2 0 .225 - 0 . 924 7.00 19.1 19.0 62.4 1575. 456 . - 2 7 . 0 .723 98 .1 0 .227 - 1 . 325 13.00 17.3 18.9 70.4 1749. 491 . - 4 9 . 0 .987 99 .1 0 .227 - 2 . 726 10.00 19.9 19.4 69.4 1929. 520 . - 2 9 . 0.806 97 .4 0 .218 - 6 . 827 12.00 19.1 19.9 61.6 2217. 490 . - 11 . 0 .997 95 .1 0 .177 - 1 . 228 10.00 16.9 18.8 49.5 2417. 366 . - 1 5 . 0 .914 96 .0 0 . 11 2 - 4 . 529 12.00 28.2 19.8 65.0 2754. 493 . - 1 6 . 0 .995 96 .3 0 .145 - 2 . 630 9.00 17.3 19.4 49.9 2973. 383 . - 3 1 . 0 .990 95 .1 0 .096 - 0 . 2 Ui31 11.00 18.0 19.5 73.1 3297. 546 . - 2 8 . 0 .994 96 .7 0 .136 - 1 . 4 o32 9.00 16.1 20.1 83.0 3643. 609 . - 3 4 . 0 . 9 9 4 96 .7 0 .140 - 6 . 0 CD
33 6.00 19.2 20.0 76.9 3916. 560 . - 3 6 . 0 .995 96 .7 0 . 11 8 0.3 C

W34 3.00 19.0 19.3 63.9 4275. 475 . - 5 9 . 0 .939 98 .9 0 .087 - 1 . 335 4.00 16.6 19.1 58.1 4738. 440 . 15. 0 .996 97 .8 0 .073 - 7 . 636 1.00 19.8 20.4 63.5 5247. 476 . - 5 5 . 0 . 9 9 3 94 .4 0 .073 5.8 o
37 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.0 >
38 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.0 4-139 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.0 «40 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.0 Wl
41 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.0 0>o.o42 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.043 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.0 e44 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.0 i-i
45 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.046 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.047 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.048 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.049 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.050 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.0
51 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.052 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.053 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.054 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.055 0.0 0.0 0.0 CO 0. 0. 0. 0.0 0.0 0.0 0.056 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.057 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.053 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.059 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.060 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 COABOVE CUT-OUT 0.0 0.0 0.0 0.0 0. 0. 0. 0.0 0.0 0.0 0.0

AVERAGES 19.0 19.4 63.4 2518. 471 . - 2 7 . 0 .953 9 6 . 9 0 .167 - 2 . 6TOULS 1?5.0

TABLE 3: MONTHLY WTG PERFORMANCE ANALYSIS (illustrative data)

o Impacted no ise leve ls
o Ra te o f a t t enua t i on
o Ambient no ise leve ls

The above data wi l l be correlated to weather data
a n d W T G ' s o p e r a t i n g s t a t u s . T h e d a t a w i l l a l s o b e
evaluated to determine compl iance to appl icable noise
o rd inances . Th i s i n fo rma t i on w i l l be comp i l ed i n to a
report for assessment of the exist ing and future WTG
s i t e s .

THE SOUTHERN CALIFORNIA EDISON WTG TEST SITE

T h e s i t e s e l e c t e d f o r t h e t e s t s i s l o c a t e d n e a r
the eastern end of the San Gorgonio Pass, approximate
l y e i g h t m i l e s n o r t h o f t h e c i t y o f P a l m S p r i n g s ,
C a l i f o r n i a . T h e s i t e i s a d j a c e n t t o E d i s o n ' s D e v e r s
S u b s t a t i o n w h i c h h a s a l o n g h i s t o r y o f w i n d d a t a
c o l l e c t i o n . P a r t i a l w i n d s p e e d a n d d i r e c t i o n r e c o r d s
w e r e k e p t a s e a r l y a s 1 9 6 8 a s p a r t o f a n e f f o r t t o
so lve w ind - re la ted p rob lems w i th d i s t r i bu t ion l i nes in
t h e P a l m S p r i n g s a r e a . I n m i d - 1 9 7 6 t h e s i t e w a s
proposed to DOE (then ERDA) as a candidate si te for
the MOD-OA WTG. The site was later selected by DOE to
be one of the 17 candidate s i tes in the program and
was instrumented with a 150-foot (45.7 m) meteorologi
c a l t o w e r. T h e c l o s e p r o x i m i t y o f t h e s u b s t a t i o n t o
the WTGs afforded a cost effect ive e lectr ica l connec
t ion to the Edison gr id. Recent data have shown that
ave rage w ind ve loc i t i e s a re i n t he o rde r o f 18 mph

(8 m/s) at 150 feet (45.7 m). Maximum wind velocit ies
of 90 mph (40 m/s) have been recorded.

WTG TESTED AND PROGRAM STATUS

T h e B e n d i x / S c h a c h l e W T G i s a h o r i z o n t a l a x i s
machine wi th a 165 foot (50.3 m) , three-b laded ro tor
o p e r a t i n g a t v a r i a b l e r o t a t i o n a l s p e e d s i n o r d e r t o
maintain a constant relat ionship between the speed of
the blade t ips and the speed of the wind. The propri
etary blade design and t ip speed control are expected
t o y i e l d h i g h r o t o r w i n d e n e r g y c o n v e r s i o n e f fi c i e n
cies. Fixed displacement pumps and variable displace
ment motors are used to maintain a constant 1200 rpm
g e n e r a t o r s p e e d ( F i g u r e 7 ) . E l e c t r i c a l p o w e r i s
t ransmi t ted f rom the WTG to the tes t s i te subs ta t ion
through s l ip r ings mounted at the base of the tower.
The ro tor is des igned to operate a t a constant b lade
pitch angle up to the rated wind speed. At and above
ra ted w ind speed the ro tor b lades are moved toward
thei r feathered posi t ion. The WTG nacel le is support
ed by a 110-foot (33.5 m) rotatable tower.

The Bendix/Schachle WTG was first operated on
l ine on December 15, 1980. A gearbox bear ing fai lure
a n d l o w w i n d s p r e v e n t e d o p e r a t i o n s u n t i l M a r c h 3 ,
1981. Problems were also encountered wi th synchron
izat ion o f the generator w i th the Ed ison gr id . A ne<
procedure and the insta l la t ion of addi t ional equipment?
we re necessa ry t o a l l ow f o r r e l i ab l e synch ron i za t i on
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FIGURE 6: INSTRUMENTATION FOR NOISE SURVEYS

of the unit. The WTG is rated at 3 MW in 40 mph
(17.9 m/s) winds at hub height. However, the current
operating envelope is limited to lower power and wind
speed values to allow for measurement and analysis of
blade stresses. As of August 1981 power levels in
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FIGURE 5:
ANALYSIS

FLOW CHART FOR MONTHLY WTG PERFORMANCE

excess of 1 MW have been reached. Development efforts
are currently focused on the implementation of auto
mated controls, the expansion of the operating enve
lope and the training of operators.

The Alcoa WTG is a vertical axis machine with a
123-foot (37.5 m), three-bladed rotor driving a 500 kW
induction generator through a fixed ratio gearbox.
The rotor is held by 6 guy cables anchored 165 feet
(50.3 m) away from the generator enclosure. The
aluminum blades have a 29-inch (.737 m) chord and a
symmetrical NACA 0015 airfoil. The UTG is started by
a 30 hp motor and stopped by a parking brake and
emergency brake mounted on the generator shaft (Figure
8).

The Alcoa WTG was first operated on-line on
March 17, 1981 by Alcoa personnel and started preac-
ceptance tests. On April 3, 1981 the rotor failed and
was destroyed. The cause of failure was an overspeed
condition related to controls software and a malfunc
tion of the brakes. At approximately 6C rpm the
blades separated from the torque tube and hit the guy
cables. The overspeed was 50% in excess of the 40 rpm
normal rotor speed. Test data and analyses have
indicated that the aerodynamic performance of the
rotor notably exceeded Alcoa's predictions and contri-
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FIGURE 7: BENDIX/SCHACHLE WTG POWER DRIVE TRAIN

b u t e d t o t h e o v e r s p e e d c o n d i t i o n . P l a n s a r e b e i n g
f o r m u l a t e d t o r e b u i l d t h e W T G f o l l o w i n g t e s t s o f a
m o d i fi e d W T G i n s t a l l e d i n O r e g o n . T h e n e w t u r b i n e
would be extensively redesigned.

P lans a re a l so be ing fo rmu la ted fo r t he tes t i ng
of other WTG designs and to explore the character is
t i c s o f W T G a r r a y s . T h e c o s t a n d a v a i l a b i l i t y
r e s t r i c t i o n s o f l a n d i n r e g i o n s w i t h a g o o d w i n d
resource d ic ta te that commerc ia l ins ta l la t ions o f WTG
max im ize the ene rgy cap tu red . To th i s e f f ec t Ed i son
p lans s tud ies and expe r imen ts a imed a t t he op t im i
za t ion o f the spac ing and combina t ion ( types , s izes)

CONCLUSION

S o u t h e r n C a l i f o r n i a E d i s o n ' s e a r l y i n t e r e s t i n
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FIGURE 8: ALCOA WTG POWER DRIVE TRAIN

wind energy has been spurred by the Company's large
p r o p o r t i o n o f o i l - fi r e d g e n e r a t i o n , t h e e x i s t e n c e o f
a n e x c e l l e n t w i n d r e s o u r c e w i t h i n i t s s e r v i c e t e r r i
t o r y a n d t h e b e l i e f t h a t w i n d w o u l d b e t h e fi r s t
a l t e rna te ene rgy sou rce t o r each commerc i a l i za t i on
The resul ts f rom the Edison wind turbine test progra
wil l provide information about the performance charac
t e r i s t i c s o f s e l e c t e d u n i t s a n d , a t t h e s a m e t i m e ,
g ive Edison in-depth operat ing exper ience wi th a new
techno logy. F rom th i s p rog ram Ed i son w i l l be be t te r
ab le to proper ly judge the ro le that w ind energy can
p l a y i n m e e t i n g t h e f u t u r e e l e c t r i c a l n e e d s o f i t s
cus tomers and there fo re acce le ra te the p rac t i ca l use
of th is impor tant resource.
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FACT SHEET:
Wind Energy Development
Wind machines have been used for centuries to pump water and to process grain, but the
emphasis today is on using them to produce electricity. During the 1900s through the
1930s, wind machines were used on some farms, especially those isolated from central
u t i l i t y se rv i ce .

Wind machines faded from use because of the availability of abundant supplies of
low-cos t o i l and na tura l gas . A t tha t t ime i t was less expens ive to purchase
electricity generated with oil or natural gas than to purchase, install and maintain
wind machines.

Today, however, many residential customers and private companies are finding i t
profitable to sell power produced by wind energy systems to utility companies. The
federal Public Util ity Regulatory Policies Act (PURPA) of 1978 requires util it ies to
purchase power from wind energy producers. PURPA also exempts small power producers
from the regulations to which utilities must adhere.

Wind energy machines vary substantially in size, from a few kilowatts (KW) for some
residential units, to several megawatts (MW) for util ity-owned systems. Small wind
machine technology is much more advanced than the technology for large systems, since
farmers have been using smaller units for several decades.

It's unlikely that a homeowner can supply all of his electricity needs with energy
from wind turbines, but many individuals are supplying 25 percent or more of their
electricity by harnessing the power of the wind. When more power is produced than
needed, such as during the late night hours, i t can be sold to the local uti l i ty.

When considering the installation of a wind energy system, the first step is to find a
site where sufficient winds are avai lable. Such data are avai lable from state or
federal meteorological stations. If the annual wind speed averages at least 12 miles
per hour, chances are that it is a good site for capturing energy from the wind.

Power in KW available from winds is approximately equal to the cube of the wind speed
in miles per hour. As the wind speed doubles, the potential power that could be
produced with a wind machine increases eight times. But wind speed at any location is
highly variable. Another important factor is that the speed of the wind increases
with height, so the higher the placement of wind machines, the more energy output
obtained.

Before installing a wind energy system, however, deed restrictions, local zoning laws
and building codes should be thoroughly researched. A good place to start is at the
loca l government 's bu i ld ing depar tment . Even i f res t r ic t ions ex is t , there is the
right to seek an exemption from any restrictive regulations.

TAX BENEFITS
Federal and state tax credits are available to individuals and companies that install
wind energy systems. For residential applications, the federal government allows a
tax credit equal to 40 percent of the costs of a wind energy system, up to $4,000.
The credit is subtracted from taxes owed, and the amount can be carried over to future
years. The federal wind energy tax credit expires on December 31, 1985.
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California's state energy tax credit for residential wind energy systems is 55 per
cent, but any federal tax credits must be subtracted. The state credit cannot exceed
$3,000.

For commercial applications, the state tax credit is 25 percent, and there is no limit
on the amount of the tax credit that can be obtained.

State and local tax agencies should be contacted to obtain full details about wind
energy tax credits. For instance, the state requires that a wind energy system have a
three-year warranty from the manufacturer.

SOUTHERN CALIFORNIA EDISON WIND ENERGY
Southern California Edison Company announced an increased commitment to alternative
and renewable resources in October 1980. Edison strongly encourages wind energy
development, and also carries out demonstration projects with various types of wind
turbine generator (WTG) designs.

By 1992 Edison expects to obtain 200 megawatts (MW) of firm capacity from wind energy,
enough electricity to supply the power needs of 100,000 typical homes. The Company
offers to purchase electricity produced by wind turbines within Edison's 50,000-
square-mile service territory in Southern and Central California. Both individuals
and firms may sell electricity produced from wind to Edison.

Edison relies mainly on fossil fuels, such as oil or natural gas, to produce
electricity in power plants. But rising costs for traditional power plant fuels,
coupled with increasing expenses for constructing new generating facilities, have led
Edison to look for other ways to obtain electricity.

Since 1972 Edison's formal energy conservation programs have encouraged customers to
make the most efficient possible use of the energy sources we already have. Now the
Company also encourages the development of alternate and renewable energy sources,
including wind, solar, geothermal and hydroelectric energy. Development of these
alternate and renewable resources reduces the need to construct expensive new
generating facilities.

WIND ENERGY RESOURCES
Several geographical areas of California are especially suited to the development of
wind energy. In 1975, after carefully reviewing wind measurement data, Edison
determined that the area just north of Palm Springs might be a good site for
constructing WTGs, due to strong and frequent winds. The following year, the U.S.
Department of Energy (DOE) installed a meteorological tower on an Edison site near
Palm Springs to obtain more accurate wind measurement data.

Since that time, Edison and the California Energy Commission have recorded additional
wind data at several other sites in Southern California. The most promising site still
seems to be the San Gorgonio Pass area near Palm Springs, but the Tehachapi Wind
Resource Area, about 100 miles north of Los Angeles, is also an excellent site for
WTGs.

Edison will continue to collect wind measurement information in an effort to identify
potential wind energy sites and to obtain the maxiumum use of existing sites.
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WIND TURBINES: A BRIEF HISTORY

Wind can be captured to turn a turbine and generate electricity. For more than 100
years, small WTGs have been producing power, but mostly in rural areas isolated from
uti l i ty power l ines. Today several private developers in Edison's service terr i tory
are constructing large-scale wind energy parks, consisting of several WTGs.

The Smith-Putnam WTG, built in Vermont in the early 1940s, was one of the first
successful models constructed. It produced 1.25 MW of electricity in a 32 mile-per-
hour wind. The blade span was 175 feet. But it was built at a time when natural gas
and oil were abundant and inexpensive, and it did not prove to be a cost-effective way
to generate electr ic i ty.

Serious development of WTGs did not begin until the United States felt the impact of
the 1973 foreign oil embargo. Soon after the embargo occurred, the U.S. Department of
Energy began to sponsor the development of large-scale WTGs to stimulate use of wind
energy.

Southern California Edison Company, a leader among utilities in the development of
alternate and renewable energy sources, established a Wind Energy Center north of Palm
Springs in 1980 to test and evaluate WTGs.

Before today's WTG technology can be fully developed, actual operating experience must
demonstrate a high level of rel iabi l i ty for the various WTG designs. In addit ion,
data on construction, operating and maintenance costs must prove to be low enough to
allow wind energy development to compete with more conventional energy sources.

At Edison's Wind Energy Center, technicians are collecting data on the operation of
W T G s , i n c l u d i n g i n f o r m a t i o n o n e n e r g y o u t p u t , r e l i a b i l i t y a n d o p e r a t i o n a n d
maintenance costs. Actual WTG operation at the Wind Energy Center has already led to
design modifications for WTGs, and these design changes may speed up commercialization
for certain types of WTGs.

WIND PARKS
In October 1980, Edison announced
that it would cooperate with pri
va te deve lopers on jo in t w ind
park projects. A wind park con
sists of numerous WTGs, and the
e l e c t r i c a l o u t p u t o f t h e w i n d
park can be placed in a utility's
power grid.

Several private developers have
already begun plans to construct
wind parks in Edison's service
territory. As of September 1982,
contracts were signed for up to
100 MW of wind energy, and nego
tiations are under way concerning
another 630 MW. In each of these
projects, the developer owns and
finances the WTGs, while Edison
makes a long-term commitment to
purchase the electr ical output.

These joint projects allow Edison
to obtain wind-generated electri- A WIND PARK IN THE TEHACHAPI AREA
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c i ty fo r i t s g r id w i thout a major cap i ta l inves tment . Th is approach a l lows the
deve lope r t o ga in ce r ta i n s ta te and fede ra l t ax benefi ts , some o f wh i ch a re
unavailable to utilities, and permits Edison to gain a valuable energy resouce at
minimum cost to its ratepayers and shareholders.

Wind energy can make a significant contribution to meeting the future energy needs of
Edison and its customers.

Sources of additional wind energy information:

American Wind Energy Association
2010 Massachusetts Ave. N.W.
Washington, D.C. 20036

California Energy Commission
llll Howe Avenue
Saramento, Calif. 95825

Office of Appropriate Technology
1600 Ninth Street, 3rd Floor
Sacramento, Calif. 95814

Bibliography: Outlet 429, 418, 413, 402, 399, 397, 366, 364, 362.

Approved: Research and Development, Law.
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FACT SHEET:
Wind Energy Projects
Southern California Edison Company is involved with both demonstration and commercial
wind energy projects. Edison's Wind Energy Center near Palm Springs serves as a test
site for promising experimental wind turbine generator (WTG) designs. Actual
operation of the WTGs allows Edison to obtain data on performance, reliability and
operating and maintenance costs. Testing also leads to improvement in WTG designs,
which can speed up commercial development.

In addition to these demonstration projects, Edison cooperates with private wind
developers to plan wind energy parks. Such projects allow private developers to
obtain state and federal tax benefits for owning and financing WTGs, and permit Edison
to obtain the electrical output of the energy produced through long-term contracts
with the private developers.

WIND ENERGY CENTER
Strong and frequent winds make the San Gorgonio Pass area near Palm Springs one of the
most suitable sites in California for producing energy from wind. In 1980, Edison
established a Wind Energy Center just a few miles north of Palm Springs to test
innovative WTG designs.

san bernardino
riverside"

COUNTY
COUNTY

TO
LOS ANGELES

Southern California Edison
WIND ENERGY CENTER

1 w
<-♦■h PIERSON BLVD

f
\ .DESERT HOT SPRINGS

DILLON RD

r

(

z
<
5

y
t

INGS

Q
■W mt,

- j

^ L
PALM SPR /

TO
INDIO



55

The following two demonstration projects are currently underway at the Wind Energy
Center:

BENDIX/SCHACHLE HORIZONTAL AXIS WTG
Edison's 1.3-MW Bendix/Schachle WTG resumed test operation in October 1982, following
extensive modifications. This large horizontal-axis wind turbine towers 191-feet
above the desert floor. The three-bladed wind machine looks similar to a massive
airplane propeller attached to a tower structure. It first began operating in
December 1980. In late 1981, a decision was made to modify the unit to improve
operating reliability and bring it closer to a commercial design configuration.

One of the changes involved replacing the hydraulic pump/motor power drive with a
gearbox, and another was installing an induction generator in place of the synchronous
generator originally used.

Edison technicians are gathering data on wind characteristics at the site, and on the
Bendix unit's performance and maintenance requirements. WEST (Western Energy Supply
and Transmission) Associates, a regional planning group of utilities in the western
United States, is cooperating with Edison in testing the unit.

DAF 50-kW WTG
A 66-foot vertical axis WTG manufactured by DAF-Indal Ltd. of Canada produces power
that is fed into existing transmission lines at Edison's Devers Substation. Edison
purchased the two-bladed WTG to evaluate its performance characteristics, reliability
and its impact on the Company's power distribution system. It began operation in
March 1982.

Basic advantages of the vertical axis design include ease of installation and
maintenance, a fail-safe braking system and a built-in device that protects against
overspeed of the rotor.

Output is rated at 50 kilowatts (KW) in a 45 mile-per-hour wind. However, winds of
only 14 mph are. sufficient for the unit to begin generating electricity.

WIND PARKS
Wind parks, consisting of arrays of several WTGs, can produce electricity to help
Edison meet the power demands of its customers. Since October 1980, Edison has
encouraged private developers to consider building wind parks and to sell the
electrical output to Edison.

To assist developers, Edison may in some instances provide supporting facilities such
as interconnection apparatus and land. Developers can benefit from tax credits, some
of which are unavailable to utilities, and from accelerated depreciation.

Such arrangements also minimize Edison's technical and capital investment risks and
allow new generation facilities to come on-line without construction expenses that
would affect customers or shareholders.
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Above are pictured two WTGs Edison has been testing. At left is the DAF-Indal
Vertical Axis unit, and at right is the Bendix WTG.

Wind parks do require large areas of land. On October 13, 1982, Edison leased
889 acres of land for wind parks from the federal Bureau of Land Management and also
took steps to excercise options for more than 2,000 additional acres of land. This
l a n d c o u l d h e l p E d i s o n ' s b a r g a i n i n g p o s i t i o n i n n e g o t i a t i o n s w i t h w i n d p a r k
developers.

Edison first began discussions with pr ivate developers concerning wind parks in
October 1980. As of October 1, 1982, contracts or letters of intent concerning 14
projects were signed, involving between 155 and 260 MW. When projects under
negotiation are included, the potential output from wind farms increases to between
590 and 820 MW.

In Edison's 50,000-square-mile service territory, two major areas have been identified
to date which are particularly suited for wind park development: the San Gorgonio
Pass area near Palm Springs and the Tehachapi Mountains Wind Resource Area about 100
miles north of Los Angeles.
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Bibliography: Outlet 429, 418, 413, 402, 399, 397, 366, 364, 362.

Approved: Research and Development, Law
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Southern California Edison Company
Research and Development Fact Sheet

PROJECT TITLE: Wind Resource Assessment

LOCATION:

OBJECTIVE:

DESCRIPTION:

SCHEDULE/
MTLESTONES:

Wind monitoring systems are currently located near Palm
Springs, California in the San Gorgonio Pass and Coachella
Valley, on Catalina Island, in the Tehachapi Mountains,
Cajon Pass and the Palmdale area.
Collect, organize and analyze wind energy data from the
Southern California Edison (SCE) Service Territory for
siting wind turbines and for evaluating the performance and
economics of wind energy conversion systems.
Wind speed data are being collected at 22 different sites
in the San Gorgonio Pass and Coachella Valley area.
Twenty of these sites are monitored at 10-meters above the
ground. More detailed data are collected at the SCE100-meter tower at Whitewater and at the 50-meter tower at
the Wind Energy Center north of the City of Palm Springs.
Additional 10-meter towers are located in the following
areas: six in the Tehachapi Mountains, five in the
Palmdale area, three in the Cajon Pass and two at Catalina
Is land.

Wind measurements in the San Gorgonio Pass were first taken
in 1968. The SCE 50-meter tower located at the Wind
Energy Center began collecting data in December 1976, and
the lBO-meter tower at Whitewater has been operating since
1980. Measurements continue to be taken in the Pass on
SCE owned/leased land and on Catalina Island. Wind
monitoring was expanded to the Tehachapi Mountains, CajonPass and the Palmdale area in October, 1982.
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Southern California Edison Company
Research and Development Fact Sheet

PROJECT TITLE: Wind Turbine Generator (WTG) Test Program

LOCATION:

OBJECTIVE:

DESCRIPTION;

SCHEDULE/
ILESTONES:

Southern California Edison (SCE) Service Territory -
Primarily the SCE Wind Energy Center, approximately eight
miles north of the City of Palm Springs, California.
The test program is focused on the demonstration of WTGs
near commercialization. The WTGs are operated on the SCE
grid in conditions similar to the commercial use of WTGs.At the end of the test period, sufficient data will have
been collected to support decisions relative to the
large-scale use of WTGs.
Southern California Edison is conducting a "hands on" test
program to evaluate horizontal axis and vertical axis windturbine generators of promising and original design.

The performance of the WTGs will be documented and
analyzed. Operation and maintenance requirements will be
assessed. System operation and environmental effects will
be evaluated. Design criteria for commercial WTG specifi
ca t ions w i l l be iden t i fied .
Continuous performance data are being collected and pro
cessed by a data acquisition system. Special test data
are being recorded for dynamic analyses, sound surveys, TV
interference, impact on biota, etc. Manually logged data
are being used for operation and maintenance analyses.

First operation of Bendix Horizontal Axis
WTG

First operation of Alcoa 500 kW Vertical
Axis WTG

First operation of DAF Indal 50 kW Verti
cal Axis WTG

On-line operation of Modified 1.3 MW
Bendix Horizontal Axis WTG

First operation of Wenco 100 kW
Horizontal Axis WTG

Planned first operation of DAF Indal
500 kW Vertical Axis WTG

- December 1980

- March 1981

- March 1982

- October 1982

- June 1983

- August 1983
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Southern California Edison Company
Research and Development Fact Sheet

PROJECT TITLE: Bendix 1300 kW Horizontal Axis Wind Turbine Generator
(HAWTG) Demonstration Project.

LOCATION:

OBJECTIVE:

DESCRIPTION

WTG UNIT
SPECIFICA
TIONS :

SCHEDULE/MILESTONES:

Southern California Edison (SCE) Wind Energy Center near
the eastern end of the San Gorgonio Pass, approximately
eight miles north of the city of Palm Springs, California.
Wind data collection, started in 1968, has shown that the
area has an excellent wind resource with average annual
wind speeds in the order of 18 mph at 150 feet above ground
l e v e l .

To provide further data in support of the planning, instal
lation, and operation of WTGs on a commercial scale. The
performance characterist ics, rel iabi l i ty and system impactof this alternative and promising HAWTG design will be
evaluated.
SCE has installed and is operating the Bendix WTG at its
Wind Energy Center near Palm Springs, California.
Electricity produced by the WTG is being fed directly into
exist ing SCE transmission and distr ibut ion l ines. This
WTG is a prototype unit which will provide a basis for the
future Bendix megawatt size commercial WTG design. The
induction generator driven by its rotor through a fixed
ratio gearbox is the largest of its kind used in a WTG
app l i ca t i on .

Type:

Size:

Rated
Output:

Energy
Output:

Horizontal axis WTG with an upwind 3-blade rotor
mounted atop a rotatable tower.

Rotor Diameter
Maximum Blade Chord
Hub Height
Overall Height

169.5 feet
14 feet

110 feet
195 feet

1300 kW in a 30 mph wind at 110 feet above
ground level.

Estimated at up to 3,500,000 kWh/year for the
wind regime at the SCE Wind Energy Center. This
is enough to supply the average annual needs of
580 customers and could eliminate the need to
burn ud to 5.800 barrels of fuel oil a year.

First On-Line Operation - December 1980 (Phase I)
Blades and Drive Train Modification - December 1981 to

September 1982Start of Phase II Tests - October 7, 1982
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NOTES ON BENDIX 1300 KW WTG .

1.3 MW - 30 mph - 23 RPM

3.5 x 10 kWhr/year at Devers WTG Test Site
"Cut-in" Wind Speed: 19 mph

"Cut-out" Wind Speed: 45 mph

3 Blade Rotor - Diameter: 169.5' - Nacelle Height: 110*

Total Weight: 800,000 lbs

Rotor Blades: 3 x 20,000 lbs (Root: 14*, Tip: 5*, Length: ' 72.5')

Nacel le: 270,000 lbs

Rotor Shaft Diameter: 30" Torque @ 1.3 MW: 450,000 ft lb

Gearbox Ratio: 1:51.9

Blade Tip Speed @ 23 RPM = 135.5 mph

Blade Tip Speed Ratios: 9 (15 mph) 5.4 (25 mph) 3.8 (35 mph)

Blade Pitch: 7° to 97°
o

Maximum System Cp: .45 Rotor Swept Area: 22,565 ft

Centrifugal Force Near Blade Root at 23 RPM: 120,000 lbs
Generator RPM: 1,200 - 1,220 Generator Voltage: 4,160 (Induction)

Transformers: 4,160/12,000 - 12,000/115,000
Transmission Line Voltage: 115,000

Approx. Land Area Needed: 16 acres (5 rotor dia.)
16 acres (10 rotor dia.)
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Southern California Edison Company
Research and Development Fact Sheet

PROJECT TITLE: DAF Indal 50 kW Vertical Axis Wind Turbine Generator
(VAWTG) Demonstration Project.

LOCATION:

OBJECTIVE:

DESCRIPTION:

WTG UNIT
SPECIFICA
TIONS :

SCHEDULE/
MILESTONES:

Southern California Edison (SCE) Wind Energy Center near
the eastern end of the San Gorgonio Pass, approximately
eight miles north of the city of Palm Springs, California.Wind data collection, started in 1968, has shown that the
area has an excellent wind resource with average annual
wind speeds in the order of 14 mph at 30 feet above ground
l e v e l .
To provide further data in support of the planning,
installation, and operation of WTGs on a commercial scale.
The performance characteristics, reliabil i ty and system im
pact of this alternative and promising VAWTG design will beevaluated.

SCE has purchased and installed a 50 kW VAWTG manufactured
by DAF Indal, Ltd. ot Uanada. Electricity produced by the
VAWTG at the Wind Energy Center is fed into existing SCE
transmission and distribution l ines. The basic advantages
of the Darrieus vertical axis Hesign include the absence
of yaw and blade pitch controls, ease of installation of
the system and location of the generator at ground level
for ease of maintenance. In addition to this, the DAF
VAWTG has several original features: a unique two-blade
rotor design, automatically adjusted guy cable tension, a
fail-safe braking system mounted directly at the base of
the rotor and a redundant rotor overspeed mechanical
protection device. Rotor speed is constant at 80 rpm.

Type:
Size:

Rated
Output:

Energy
Output:

Vertical Axis WTG with a two-blade rotor.

Rotor Diameter
Rotor Axial Height
Blade Chord
Overall Height

37 feet
58 feet
14 inches
66 feet

50 kW in a 45 mph wind speed at 37 feet above
ground level.

Estimated at up to 83,000 kWh/year for a wind
regime at the Wind Energy Center. This is enough
to supply the average annual needs of 14 customers
and could eliminate the need to burn up to 140
barrels of fuel oi l a year.

Uni t Received - November, 1981
Initial Operation - March 10, 1982
Te s t P e r i o d - 1 t o 2 y e a r s
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NOTES ON DAF 50 KW WTG

50 kW - 45 mph - 80 RPM

83,000 kWh/year at Devers WTG Test Site
"Cut-in" Wind Speed: 14 mph (5 min. average)
"Cut-in" Wind Speed: 45 mph (1 min. average)

2 Blade Rotor - Diameter: 37' - Blade Chord: 14"

Rotor Overspeed Protection: 87 RPM

Blade Material: 6061-T6 Al loy

Overa l l Height : 66 '

Rotor Weight: 7,000 lbs

Rotor Column Diameter: 2'
2Rotor Swept Area: 1300 ft

Total WTG Weight (excluding foundations): 17,000 lbs

Gearbox Ratio: 1.15

Generator RPM: 1200 to 1240 Generator Voltage: 480 V

Est. System Cp: .30 (25 mph)

Rotor Maximum Velocity (equator - 80 RPM) : 108 mph

Rotor Tip Speed Ratios: 7.2 (15 mph) 4.3 (25 mph) 3.1 (35 mph)

Wye Operation: 1200 to 1240 RPM
14 to 27 mph
0 to 25 kW

Delta Operation: 1210 to 1220 RPM
25 to 40 mph
20 to 50 kW

Tie-in Voltage: 480 V (test si te auxi l iary power)

Approx. Land Area Needed: 8 acres (5 rotor dia)
3 acres (10 rotor dia)
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Southern California Edison Company
Research and Development Fact Sheet

PROJECT TITLE: Wenco 100 kW Horizontal Axis Wind Turbine Generator
(HAWTG) Demonstration Project.

LOCATION:

OBJECTIVE:

DESCRIPTION:

WTG UNIT
SPECIFICA
TIONS:

SCHEDULE/
MILESTONES:

Southern California Edison (SCE) Wind Energy Center near
the eastern end of the San Gorgonio Pass, approximately
eight miles north of the city of Palm Springs, California.
Wind data collection, started in 1968, has shown that the
area has an excellent wind resource with average annual
wind speeds in the order of 14 MPH at 30 feet above ground
l e v e l .
To provide further data in support of the planning, instal
lation, and operation of WTGs on a commercial scale. The
performance characterist ics, rel iabil i ty and system impactof this alternative and promising HAWTG design will be
evaluated.

SCE will install a 100 kW HAWTG manufactured by Wenco of
Lumino, Switzerland. Electricity produced by the HAWTG at
the Wind Energy Center will be fed into existing SCE trans
mission and distribution lines. The basic advantage of
this HAWTG is a projected high benefit/cost ratio. Wenco
uses off the shelf components and proven design concepts to
lower manufacturing costs, which should result in a low
cost of energy and good reliabil ity.

Type:

Size:

Horizontal axis WTG with an upwind two-blade
var iab le p i t ch ro to r.

Rotor Diameter
Hub Height
Overall Height

63.0 feet
60 feet
91.5 feet

Rated
Output: 100 kW in a 28 mph wind speed at 60 feet above

ground level.
Energy
Output: Estimated at up to 260,000 kWh/year for the wind

regime at the SCE Wind Energy Center. This is
enough to supply the average annual needs of 43customers and could eliminate the need to burn up
to 430 barrels of fuel oil a year.

S t a r t I n s t a l l a t i o n
Start Operation
Test Period

March 1983
June 1983
1 to 2 years
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NOTES ON WENCO 100 KW WTG

100 kW - 28 mph - 60 RPM

260,000 kWh/year at Devers WTG Test Site
"Cut-in" Wind Speed: 11 mph

"Cut-out" Wind Speed: 50 mph

2 Blade Rotor - Diameter: 63* - Blade Chord: 16.3"

Blade Material: Steel and Aluminum Alloy

Overa l l He igh t : 91 .5 f t .

Rotor Weight: 2,800 lbs.
2Rotor Swept Area: 3,117 ft

B lade Pi tch Angles: -24° (s ta l led) +32° (s tar t )

Blade Pitch Control: pneumatic (80 psi)

Total WTG Weight (excluding foundations): 17,000 lbs.

Gearbox Ratio: 1:20

Generator RPM: 1200-1220

Generator Voltage: 480 V (Induction)

Estimated System Cp: .29

Blade Tip Speed @ 60 RPM: 135 mph
Blade Tip Speed Ratios: 12.3 (11 mph) - 5.4 (25 mph) - 2.7 (50 mph)

Yaw Control: free (vane)

Approximate Land Area Needed: 2.3 acres (5 rotor dia.)
9 acres (10 rotor dia.)
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Southern California Edison Company
Research and Development Fact Sheet

PROJECT TITLE: DAF Indal 500 kW Vertical Axis Wind Turbine Generator
(VAWTG) Demonstration Project.

LOCATION:

OBJECTIVE:

DESCRIPTION

WTG UNIT
SPECIFICA
TIONS:

SCHEDULE
MILESTONES:

Southern California Edison (SCE) Wind Energy Center near
the eastern end of the San Gorgonio Pass, approximately
eight miles north of the city of Palm Springs, California.
Wind data collection, started in 1968, has shown that the
area has an excellent wind resource with average annual
wind speeds in the order of 18 mph at 150 feet above ground
l e v e l .

To provide further data in support of the planning,
installation, and operation of WTGs on a commercial
scale. The per formance character is t ics, re l iab i l i ty and
system impact of this alternative and promising VAWTG
design will be more fully explored.
SCE will install a 500 kW VAWTG manufactured by DAF Indal
Ltd. of Canada. Electricity produced by the VAWTG at the
Wind Energy Center will be fed into existing SCE trans
mission and distribution l ines. The basic advantages of
the Darrieus vertical axis design include the absence of
yaw and blade pitch controls, ease of installation of the
system and location of the generators at ground level forease of maintenance. In addition to this, the DAF VAWTG
has several original features: a unique two-blade rotor
design, automatically adjusted guy cable tension, a failsafe braking system mounted directly at the base of the
rotor, a redundant rotor overspeed mechanical protection
device and two 250 kW generators for better efficiency.
Rotor speed is constant at 45 rpm.

Type: Vertical axis WTG with a two-blade rotor.
Size:

Rated

Rotor Diameter
Rotor Axial Height
Blade Chord
Overall Height

80 feet
125 feet
29 inches

135 feet

Output: 500 kW in a 43 mph wind speed at 72.5 feet above
ground level.

Energy
Output: Estimated at up to 675,000 kWh/year for the wind

regime at the Wind Energy Center. This is enoughto supply the average annual needs of 112
customers and could eliminate the need to burn up
to 1120 barrels of fuel oil a year.

S t a r t I n s t a l l a t i o n
Start Operation
Test Period

February 1983
August 19831 to 2 years
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NOTES ON DAF 500 KW WTG

500 kW - 43 mph - 45 RPM

675,000 kWh/year at Devers WTG Test Site
"Cut-in" Wind Speed: 14 mph (5 min. average)

"Cut-out" Wind Speed: 54 mph (1 min. average)

2 Blade Rotor - Diameter: 80' - Blade Chord: 29"

Rotor Overspeed Protection: 46.75 RPM

Blade Material: 6061-T6 Alloy

Overal l Height : 135f

Rotor Weight: 41,250 lbs.

Rotor Column Diameter: 5* at center - 3' at ends
2Rotor Swept Area: 6400 ft

Total WTG Weight (excluding foundations): 90,000 lbs.

Gearbox Ratio: 1:16.08

Number of Generators: 2

Generator RPM: 720-727 Generator Voltage: 480 V

System Cp: TBD
Rotor Maximum Velocity (equator - 45 RPM): 128 mph

Rotor Tip Speed Ratios: 9.1 (14 mph) 5.1 (25 mph) 2.9 (43 mph)

One Generator: 0 kW to 255 kW

Two Generators: 220 kW to 500 kW

Approx. Land Area Needed: 3.7 acres (5 rotor dia.)
15 acres (10 rotor dia.)
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Southern California Edison Company
Research and Development Fact Sheet

PROJECT TITLE

LOCATION:

OBJECTIVE:

DESCRIPTION:

WTG UNIT
SPECIFICATIONS

Windfree Magnus Air Turbine (MAT) Horizontal Axis
Wind Turbine Demonstrat ion Project

Southern California Edison (SCE) Wind Energy Center near the
eastern end of the San Gorgonio Pass, approximately eight
mi les nor th o f the C i ty o f Pa lm Spr ings , Ca l i fo rn ia . Wind
data col lect ion, started in 1968, has shown that the area has
an excel lent wind resource vith average annual vind speeds in
the order of 14 mph at 30 feet above ground level.

To prov ide fu r ther da ta on the des ign , ins ta l la t ion and
opera t ion o f the "Magnus-e f fec t " concept v ind tu rb ine . The
p e r f o r m a n c e c h a r a c t e r i s t i c s , r e l i a b i l i t y a n d f u t u r e p o t e n t i a l
o f th i s a l te rna t i ve and p romis ing des ign v i l l be eva lua ted .

SCE has provided funding to Windfree for the insta l la t ion of
Windfree1s prototype Magnus Air Turbine, at SCE's Wind Energy
Center. The un ique feature o f the barre l -b laded MAT is that
it is designed to use the same aerodynamic force that curves a
s p i n n i n g b a s e b a l l i n fl i g h t . T h i s f o r c e , c a l l e d t h e " M a g n u s
effect , " is created by the MAT'S three sp inn ing cy l inders and
v i l l r o t a t e t h e h o r i z o n t a l - a x i s c e n t r a l h u b . O n c e i n s t a l l e d ,
t he non -e lec t r i ca l l y i n te r connec ted t u rb ine ' s mechan i ca l
per formance v i l l be jo int ly tested by Windfree and SCE, v i th
engineering support from the Harvey Mudd Engineering Clinic.
After mechanical performance has been determined, Windfree
v i l l c o n s i d e r fi t t i n g t h e p r o t o t y p e v i t h a n i n t e r c o n n e c t e d
e l e c t r i c g e n e r a t o r.

Type

Size

Horizontal axis WTG vith a dovnvind, three
c y l i n d e r, " M a g n u s - e f f e c t " r o t o r.

Rotor Diameter
Cyl inder Diameter
Hub Height
Overa l l He igh t

5 5 f e e t
3 . 8 f e e t

4 6 f e e t
7 3 f e e t

Rated Approximate ly 200 horsepower mechanical power output
Output: in a 40 mph vind at 46 feet above ground level.

SCHEDULE/
MILESTONES:

Energy
Output : No e lect r ica l energy v i l l be produced dur ing the

mechan ica l pe r fo rmance tes t pe r i od . I f a f t e r
mechan ica l tes ts i t i s dec ided to i ns ta l l an
e lec t r i ca l genera to r, i t vou ld be expec ted to
produce approximately 300,000 kWh/year for
the vind regime at the SCE Wind Energy Center.

F i r s t ope ra t i on a t W ind f ree s i t e
Star t tes t a t SCE s i te
Tes t pe r iod

- August 1982
- December 1983
- up to tvo years
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WINDFREE FACT SHEET

WINDFREE, INC.
24204 Heritage Lane
Newhall, CA 91321
Thomas Hanson, President
(805) 259-1861

Model 55-40
Prototype Design Specifications
Rotor Diameter 55 feet
Tower Height 46 feet
Cylinder Diameter 3.8 feet
Mechanical Power 200 HP
Rotor RPM 19 RPM
Cylinder RPM 332 RPM
Design Tip-Speed-Ratio 1.75
Design Cp. .20
Power Absorption

by Rotor 10-15%
Rotor Orientat ion Down wind
Cut-in Wind Speed Unknown
Rated Wind Speed 40 MPH
Cut-out Wind Speed 130 MPH
Survival Wind Speed 200 MPH

Design Features

Magnus Air Turbine Prototype
Advantages

High Cont ro l lab i l i t y
Inherent Overspeed

Protect ion
Reduced Stress Concen

t ra t i ons

Disadvantages

Very Li t t le Histor ical Data
Rotor Complexity

Edison Commitment

Early Design Funding
Tes t Fac i l i t y
Performance Data

Acqu is i t ion
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WIND SYSTEM -UTILITY INTERACTION ISSUES
A Wind System Point of View

John C. Balcerak

October 1983

Introduction

Methods of interconnecting wind turbines to a utility range from
simple, wall-receptacle plug-ins for small dispersed systems to isolated
transformer and independently-metered systems for large systems or for a
cluster of. smaller systems. In many cases, these systems have operated
without serious incident either in relation to the utility or in relation
to the machine owner or manufacturer. On the other end of the spectrum,
there is ample evidence to suggest that machine failures are still quite
common and on the basis of incomplete evidence there is a tendency to infer
that failures stem only from wind-induced loadings. The question then
arises as to whether there is any problem at all relating to machine
failures which stem from the utility interconnect?

In the overall area of wind system-utility interaction issues, problem
priorities depend on whether the utility or wind generator viewpoint is
being represented. As far as the utilities are concerned, it is generally
true that electrical problems have been minimal, and the consensus appears
to be that until installations become a significant portion of the line
capacity and customer load, the effect on the distribution systems can be
considered to be negligible. In most cases, the problems studied are
conditional on the existence of sufficient installed wind generation to
establish a cause-effect relationship on the system. Utility concerns do
arise, however, over operating voltage, rates and amplitudes of power flow,
flicker, machine self-excitation, power factor and power quality. From the
manufacturers viewpoint, most probably do not consider the detailed role of
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utility distribution systems, particularly in dispersed interconnections.
This paper addresses some of the utility interconnect issues from the wind
machine point of view which should be of concern to the user and/or
manufacturer.

Background:

The electrical characteristics of a wind system, particularly in a
dynamic sense, appear to be a secondary design issue as rotor performance
and structural characteristics remain paramount. Further, although
structural dynamics are considered in some component design, consideration
of system dynamics, which include the electrical behavior of the wind
turbine interacting with the utility system, has been sorely neglected.
Especially open to question is the dynamic or transient behavior of a wind
system when significant variations in power flows are dictated by wind or
by utility-related events. Hard evidence that transient inputs through the
electro-mechanical system lead to failures in dispersed wind systems or in
cluster applications is difficult to document. Failures that could have
been caused by utility-line fault conditions have, however, been observed.
Events such as total rotor separation and coupling failures indicate that
wery large torque loadings have had a role. Although manufacturers try to
compensate for large transient loadings in design, most do not have the
resources or an isolated facility to determine the extent of these
problems.

During utility recloser operations, for example, several factors can
determine how the machine's electro-mechanical and structural subsystems
respond to the resultant transient utility input. Among these factors are
the incremental recloser time, local line properties, the inertial
properties of the wind system, the type of generator, control system
characteristics, etc. Wind system structural response upon reconnection
could range from a negligible impact on loading to an order of magnitude
increase over steady-state values.
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Particularly sensitive to such events are the shaft torque loadings.
The shaft dynamic responses to the transient inputs are reflected in other
system components, e.g., the gearbox. For most cases involving transient
utility inputs to a wind system, it is generally conceded that the
occurrence of these phenomena is a problem affecting the entire wind
system. There is a wide difference of opinion, however, relative to the
magnitude of the problem. The perspective given to the problem, is to some
extent, also dependent on system size and control system characteristics.
Larger systems, for example, tend to utilize synchronous generators and
have relatively large inertia constants, while smaller systems utilize
several types of generation modes and have much smaller inertia constants.
Protection for many systems is provided by reverting to a shutdown mode
when any utility failure is detected. For systems which do not incorporate
this feature, the response to transient power flows can depend on system
type.

The most common electrical system in use with wind machines is the
induction generator. Two reasons for this fact are that induction
generators are 1) mass-produced and 2) inexpensive. Wind systems up to
approximately 20 kW output tend to have a single phase generator and are
generally seen in dispersed installations. Wind systems above 20 kW output
tend to have three-phase generators and a common application of these is in
cluster configurations. Another system in common use is the variable
frequency ac system. In these systems the variable frequency ac power is
rectified to dc and fed to the utility through an inverter. Less
frequently, this type of system feeds the dc output into a battery bank,
which then feeds the utility through a dc-driven line commutated inverter.
As noted above, many large wind systems utilize synchronous generators.
Although these generators are not common on small systems, their use has
intrigued several manufacturers, and a prototype system (North Wind 4 kW,)
which utilizes a synchronous generator has been developed for DOE under
contract to Rockwell.
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Currently, there exists much interest in variable speed, constant
frequency (VSCF) generators in utility interties to increase annual energy
output and soften the electrical/mechanical intertie. Several VSCF schemes
have potential for application. Current development efforts on both large
or small systems is considering the performance and the dynamics of the
electro-mechanical system in applications.

All of these systems operate under a widely varying, time-dependent
wind input and even under "normal" conditions produce a widely varying,
time-dependent power output. The power output as a function of wind speed
is almost always represented (or reported) as a steady-state phenomenon
(power curve) which is derived from the time-dependent output using the
method-of-bins. Under the proper testing procedures, this information can
give the user a good representation of the annual energy output of the
system. What has not been investigated in detail is the dynamic behavior
of the electro-mechanical wind system, together with its effect on various
interconnected components as a function of the time-dependent wind input or
under various utility line-fault operations. For example, static and
dynamic blade loads due to steady winds, gusts, and directional variations
are under intensive study, but the study of torque transients in the
electro-mechanical system and their effect on blade loads or the drive
system itself has been generally neglected. Design safety factors are
generally used in most applications, and some handbooks view transient
torque loads of approximately six times the steady-state loadings as
acceptable (to the motor and user). Nevertheless, questions remain
relative to the actual magnitude of torque changes in wind systems under
various time-dependent conditions; the frequency of occurrence of these
changes; and whether these changes and their frequency are "acceptable" to
the mechanical system, as well as the generator and user.
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The discussion thus far has concentrated on a single wind system and
its tie-in to a large utility grid which maintains voltage and frequency to
within narrow limits. At present, small wind systems are also being
considered in areas serviced by a small utility where control of voltage
and frequency may not as stringent as on the large grids. The condition of
voltage and frequency control may be further aggravated if the power
supplied by wind systems becomes a significant portion of that supplied by
the entire utility. Irrespective of the problems that increased pene
tration levels can cause on the utility, the localized effects on the wind
system, the user load, and on the load of other utility customers are more
pronounced. Operation of wind systems in marginally power-producing winds
(i.e., near cut-in) or in strong, gusty winds, for example, can produce
transient voltage variations with concomittant effects ranging from
annoyance (i.e., light flicker) to equipment damage. With tie-in to a
large grid or to a small utility the primary issue is that there is almost
no knowledge of the transient behavior of the wind turbine as an electro
mechanical system.

In recent years, the popularity of wind farms as utility generators
has increased. Wind farms use multiple installations to obtain their over
all rating. A "chance" wind farm can also exist when many independent
machines are intertied to a common utility feeder line. "Chance" wind
farms, for example, may consist of a variety of cogenerating systems
ranging from 1-100 kW intertied to a single small feeder. One of the
unknowns in cluster (wind farm) applications is under what conditions
dynamic machine-to-machine interactions can occur through the common
electrical intertie. Electrical compatibility of these systems in the
transient mode of operation has not been addressed. Questions arise as to
whether system responses are induced by transients in the farm power flow,
and whether these transients are a contributory factor in the failures?
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The question will remain unanswered unless a direct effort is made to
document not only the time-dependent inputs, but also the system
characteristics of the various types of intertie applications and their
response to the transient inputs.

Research Needs:

The primary problem in WECS-intertie application is that wind system
designers and researchers have very little knowledge as to how the electro
mechanical system responds dynamically to various external inputs.
Particularly needed are data during gusting or highly turbulent wind
conditions and/or under start/stop operations, including operations during
utility transients. Wind systems utilize several methods of utility
tie-in. An analytical tool is needed to establish the dynamic behavior of
the various electro-mechanical subsystems in these intertie applications.
The analysis should be capable of predicting the WECS response as well as
the dynamic interaction among the utility, the user load, and the other
wind systems on line.

Without the knowledge of the transient characteristics of wind
systems, broader issues of WECS/utility interties, such as electro
mechanical instabilities, effects of machine-load interactions, machine-
to-machine interactions on feeders, etc., cannot be addressed.
Characterization of the dynamic behavior of the various wind system
configurations will result in a quantum jump toward the design of more
reliable wind systems and reduce annoyance factors which hinder public or
user acceptance.
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Summary

Commercial wind systems are experiencing machine failures and
breakdowns which are not, in many cases, readily explained by
mechanical, structural, or aerodynamic effects. Loads caused by
utility transients are suspected.

Technical discussion among utilities, wind system manufacturers, and
researchers regarding wind system - utility tie-in continues to be
dominated by opinion, with some groups saying "there is no problem"
and others saying "there is a major problem."

Utilities (in particular, the rural electric cooperatives) continue to
express concern regarding a long list of potential dangers related to
wind system/utility interconnection. These include degraded utility
power quality, personnel safety hazards, damage to utility and user
equipment, and lack of utility control.

Any combination and penetration of wind system electro-mechanical
configurations may be present on a utility feeder. The specific
effects on machine-to-machine interactions, user loads, and the
utility are generally unknown.

The effect of different wind system electro-mechanical configurations
and utility power excursions on system operation continues to be a
secondary design issue because of a poor understanding of the problem
and the lack of analytical tools.

No one outside the Federal Government is willing to take the risk of
financing a comprehensive research program of wind system-utility
intertie problems, particularly as related to the wind system aspect
of the problem.
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WIND POWER IM THE DANISH ELECTRICITY SUPPLY SYSTEM.

Jan Moller

l m I n t r o d u c t i o n ,

During the last five years appr. 600 hundred small-scale
and three large-scale grid-connected wind turbines have
been installed in Denmark. This has caused a number of
activities to be undertaken by the Danish electric
uti l i t ies, especial ly with respect to the many small-scale
wind turbines:

1. General technical guidelines for grid-connection.

2. Accounting rules for purchase and sales of elec
t r i c i t y .

3. Power grid integration study.

This report reviews shortly the present status of activity 1
and 2, but the main purpose is to outline the results of the
t h i r d a c t i v i t y.

2. Technical considerations.

When wind turbines are installed, it is often necessary to
reinforce the distribution network in order to avoid unac
ceptable reductions in the quality of voltage. The voltage
is influenced by fluctuations in the wind production and
cutt ing-ins of the wind turbines.

Special attention must be paid to the cutting-ins of the
wind turbines, as switchings (governed by the actual wind
speed) give rise to high inrush currents and correspondingly
deep voltage dips.
In cases where the inrush current is limited by e.g. thyri
stors, a short circuit level at the point of connection of
at least 20-30 times the maximum output power of the wind
turbine is necessary.
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If the inrush current is not l imited by additional equip
ment, a higher short circuit level may be necessary. One
Danish utility company demands for instance a short circuit
level 80 times the maximum instantaneous output, if the in
rush current is not l imited.

Another possibi l i ty is to l imit the number of cutt ing-ins.
Manufacturers of wind turbines hesitate, however, to accept
this, because it causes a reduction of the energy produc
tion and also a substantial increase of the number of
brakings.
Fluctuations in the wind power output also influence the
requirements as to the short circuit level in order to
l imi t the vol tage fluctuat ions. Pre l iminary invest igat ions
indicate that a short circuit power of 20-30 times the ma
ximum output should be sufficient. With this short circuit
level over-voltages, which often occur during low load pe
riods with a high wind production, should be avoided.

3. Accounting Rules,

An important problem in relation to wind power has been to
establish reasonable rules for accounting of the wind ener
gy production. Reinforcements of the supply network has so
metimes been needed, but fixed rules for the accounting of
this has sti l l to be established.

DEF (The Danish Association of Electricity Supply Undertak-
nings) published in 1976 directional guidelines for the ac
counting with privately owned wind turbines. These guideli
nes have been supplemented by later editions and are usual
ly followed by most of the uti l i t ies. A revised edition of
the present accounting rules is in preparation and may come
into force by the end of 1984.

The produced wind energy can be divided into two catego
ries: Energy delivered directly from the wind turbine to
the owner, and energy delivered to the public network when
the instantaneous production exceeds the actual consumption
by the owner.
By receiving the electr ic i ty direct ly from the turbine, the
owner avoids to buy the electricity from the utility compa
ny. The owner thereby saves about 8 c/kWh (the present
average price of electricity, including 3 c/kWh coveringVAT and a special electricity tax).

Fixing a price for the electr ici ty del ivered to the publ ic
network is more difficult, as a suitable payment for the
capacity must be found. According to the existing rules,
the capacity charge amounts to /50% of the capacity charge
paid by the utility company to 'the generating company. The
total charge of electricity delivered from the turbine to
the public network amounts to 3-4 c/kWh.
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It is presently discussed how the expenditures covering re
inforcements of the network should be billed in the future.
Until now the individual owners had to cover all
expenditures caused by their individual wind turbines. This
ment that some owners did not have to pay anything, while
others received substantial bi l ls. It has therefore been
proposed that the charge should be an average charge for
a l l insta l la t ions, yet tak ing in to account the specifi
cations of the individual wind turbines.

4, The Value of the Wind Production.
4,1. Grid integration.
The future role of wind power in the electricity supply
system will of course depend very much on the value whichcan be attributed to wind produced electricity. This value
depends on several elements of technical, economical and
operational character: The type of fuel used in the power
stat ions, the possib i l i ty of ut i l iz ing the wind product ion
regardless of i ts var iat ions, the avai labi l i ty of storagefacilit ies (e.g. hydro power), the way of operating the
power system without wind power, and finally the costs of
operating a thermal and a wind power system in parallel.
The composition and structure of the electricity system is
of great importance to the valuation of the wind
production.
The Danish electricity system has some special features:
Coal amounts to 90% of the fuel consumption in the power
stations, there is no hydro or nuclear power, there is a
very high degree of combined heat and power production
which presumably will increase during the next 5-10 years,
and the load curve shows pronounced diurnal variations. If
the Danish electricity supply system is supplemented with
wind power plants, some of these conditions could cause
severe problems.

The control range of the individual power plant units has a
lower limit above zero. For conventional oil-fired power
plants only producing electr ic i ty, th is lower l imi t - the
technical minimum of the unit - is typically 20-30% of the
maximum output power. For a coal-fired unit the lower limit
is about 50% of the maximum output power. Below this limit
fuel-oil is added. As fuel-oil is more expensive than coal
this si tuat ion is usual ly avoided.

For units producing heat and power in a combined production
(CHP = combined heat and power production), the lower limit
for the electr ic i ty output is not a fixed figure but
depends on the actual heat output (fig. 1). This lowerlimit dependent on district heating is called the forced
electricity output.
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In case of a modest extension of the electricity supply
system with wind turbines, the limited control range of the
power plants will hardly cause any problems. But in case of
larger extensions, the electricity production from wind
power plants may have a major influence on the operational
conditions and operational costs of the electricity supply
system.
As can be seen in fig. 2, a somewhat larger extension with
wind power plants may cause a "surplus production",
especially during the night hours, when there is only a
small difference between the technical/economical minimum
of the units (for CHP units, the forced electricity output)
and the electricity consumption. The term "surplus
production" is explained more detained in section 4.2.
One could expect that it would be possible to allow for the
wind production by stopping the necessary number of thermal
power units. The wind is, however, characterized by a
l imi ted predictabi l i ty and f requent substant ia l var iat ions
(fig. 3). As it may take several hours to restart a
non-operating unit, the wind may drop again before the unit
has been put into operation, thus creating a situation with
less operating capacity than needed by the actual demand.

The composition and structure of the Danish electricity
supply system indicates that a substantial surplus
production of wind energy could occur, if a considerable
extension with wind power plants is implemented. As
mentioned, the reason for this is a lot of coal-fired units
with a high lower l imit of production, rapidly increasing
co-generation of heat and power and, finally, a load curve
with considerable diurnal variat ions.

Two years ago the Danish utilities and DEFU therefore
initiated a study project in order to determine the extent
of the expected surplus production, in the case it is
decided to install a considerable wind power capacity in
the Danish electricity supply system. The objective of the
investigation was, furthermore, to determine the economicvalue of both the surplus production and the directly
utilized wind production. It was also decided to evaluate
the control problems caused by the fluctuating wind output
power.

4 .2 . S imu la t i on S tudy.

In order to determine the magnitude of the surplus
production, a simulation model has been developed. In fact
the model was originally not developed for this specific
task, but after some modifications it serves its purpose.
The model simulates the day by day and hour by hour
planning of the operation of the available power units. Itdetermines for each unit, whether it is put into or out of
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operation (unit commitment), and calculates the optimal
load dispatch.

The operational planning is simulated on the basis of the
fo l lowing informat ion:
- The electrical load variations during the next 24 hours
- The heat load variations during the next 24 hours.
- Scheduled exchanges of power with other countries.
- Costs of starting and stopping the available power

un i t s .- Maintenence requirements and forced outage risks.
- Marginal running costs of the available power units.
- Other running and maintenance costs for each unit.
- Requirements in relation to spinning reserve.

The technical minimum of each unit.

The unit commitment and the load dispatch planning is
carried out in order to make the electricity and heat
production as cheap as possible.
From the above said, it can be derived that the model as a
basic assumption includes predictability of the load
variations, which experience shows is a rather reasonable
assumption. When a time series of simulated wind power
production is included in the system, the situation is,
however, quite different as the wind velocity is
character ized by a very l imited predictabi l i ty.
The simulation model has therefore been modified as
follows: The unit commitment procedure is carried out
before the wind power production is subtracted from the
predicted load. The load dispatching is carried out after
the subtraction. In this way, there will allways be a
sufficient power capacity in operation to meet the total
expected electricity demand.
The control range of each power unit is limited as
previously described. If the difference between the load
demand and the sum of the minimum production of all power
units exceeds the actual wind production, a surplus
product ion resu l ts (fig . 2 ) .
This surplus production is in the simulation not eliminated
by stopping the necessary number of thermal units, as this
could cause a situation, where the production cannot meet
the load demand, because the wind velocity suddenly
decreases.
In reallity the surplus production has to be eliminated,
but how this should be done is not considered in this
simulation study.
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5. Results of the Simulation Study.

5 .1 . In t roduct ion .

Simulations have been performed for different degrees of
extensions with elements of wind power increasing from 50
to 1500 MW. As Denmark is electrically separated into two
areas without inter-connection lines (ELKRAFT and ELSAM,
fig. 4), the calculations have been repeted for each area,
in both cases with the above mentioned increasing degree of
wind power capacity. The simulation study is based on a
concept of the power system as this is supposed to be in
the years 1987 and 1995, the latter including both a
nuclear and a non-nuclear alternative (table 1).

Table 1
ELKRAFT ELSAM

1 9 8 7 1 9 9 5 1 9 8 7 1 9 9 5

Max. load (MW)
Energy demand (TWh)

2 6 5 0 3 2 0 0
1 3 1 6

3 0 0 0 4 2 0 0
1 5 2 1

5.2. Magnitude of Surplus Production

Fig. 5 shows the "surplus production" (percentage of
generated wind energy) as a function of the wind energy
penetration level (generated wind energy in relation to
tota l e lect r ic i ty consumpt ion) .

The figure shows that the surplus production at a wind
energy level of 10 and 20% amounts to 15% respectively 25%
of the total wind energy production. Fig. 6 shows the
marginal magnitude of the surplus production (percentage of
the increase in the wind energy production) as a function
of the wind energy penetration level. From this figure it
can be seen that the surplus production from the latest
installed wind turbine at a wind energy level of 10% is
about 25%. The corresponding magnitude at a wind energy
level of 20% is more than 40% of the production from the
latest instal led turbine. This increasing marginal surplus
production is considered to be of great importance.
5.3. valuation of the wind Production.

The simulation study also shows that the economic value of
the directly utilized wind energy production amounts to 1
1/2 - 2 c/kWh corresponding to the savings in fuel and
operating costs of a new coal-fired unit.
The question arises which economic value to attribute to
the surplus production. If the surplus production is
eliminated by stopping the necessary number of turbines,
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the value is zero. If, on the other hand, the surplus
production can be utilized for some purpose, e.g. in
e lect ro-boi lers in o i l -fired heat p lants or for expor t , the
value will be higher, but yet less than the previously
mentioned 1 1/2 - 2 c/kWh. Electric storage heating
presents another possibility as surplus production mainly
occurs during winther nights.

This prel iminary analysis indicates that

1. Uti l izat ion of the surplus production implies
addit ional investments.

2. The economic value of the surplus production is
normally considerably lower than the value of the
d i rec t ly u t i l i zed product ion .

A more detailed analysis has to be carried out in order to
determine the economic value, and especially the marginal
value, of the surplus production. The results of this
analysis could have a decisive effect on the future
utilization of wind power in Denmark.

6. Control Considerations.

6 .1 . In t roduct ion .

Widespread utilization of wind power may cause serious
concerns in relation to the control of the power grid.

Today the hour by hour load variations can be regarded as
predictable, and this enables every day the power companiesto arrange a scheme of operation for each power unit, which
allows for the expected variations. All minor unpredictable
load variations are corrected by fast acting power units,
whereby the frequency of the grid is stabilized.
As the Danish electricity supply system is considerably
smaller than the interconnected neighburing systems, which
include fast acting oi l-fired units and hydro plants, a
major part of these short term load deviations is
automatically corrected by the foreign systems. These
corrections lead to unintended deviations from the agreed
power level on the interconnection lines, and they must as
soon as possible be eliminated through manual control of
the load level of the Danish power units. These manual
control actions are not taken very often, because the load
level, as mentioned above, can be predicted reasonably
we l l .
At higher levels of wind power penetration these
operational circumstances are presumably changed, as thewind power output fluctuates frequently and unpredictably.
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A considerable increase in the number of manual control
actions must therefore be anticipated. This will make the
daily operations more complicated.
It might be possible to use the deviation between agreed
and measured power exchange as a control signal to adjust
the Danish power stations to an output level, which
counteracts the deviation caused by the wind power plants.

It is, however, uncertain whether the Danish thermal power
units will be able to respond quickly enough to match the
power variations from a wind power system. One of the
reasons for this is that the Danish power system mainly
consists of coal-fired steam power units, which are slow
acting to load changes as compared with oil-fired units or
hydro plants.
It complicates the control problems furthermore that it is
not possible to initiate any control action until the power
change has actually taken place. This is due to the
unpredictable nature of the wind.
The previously mentioned simulation study also includes
preliminary computations of the output power variations
from a system of wind power plants. This is intended as a
first step in direct ion of defining and solving the control
problems.
6.2. Power Variations.

The wind velocity changes all the time, partly due to
turbulence in the wind and partly as a result of changes in
the pressure field. The power variations due to the
turbulence will to a certain degree be equalized in a
system of wind turbines, as the turbulent fluctuations are
uncorrelated. The equalization of the power variations
caused by changes in the pressure field tend to be limited,
as the propagation of the pressure changes takes place
quickly in a small territory as the Danish one.
Simultaneous wind measurements from five different
locations have been used for calculations of the power
variations from a system of wind turbines. The number and
location of the meteorological masts give an equalization
of that part of the computed power variations that are
caused by synoptical changes. This equalization corresponds
reasonably well to the equalization in a system of
widespread wind power plants. This does not apply to the
tu rbu len t fluc tua t ions .

Based on these assumptions and the above mentioned
measurements (the wind velocity has been recorded every 10
minutes throughout a year), the frequency distribution of
the power variations occuring within 10 minutes and 1 hour
has been calculated for a system of 3 00 turbines, each of 2
MW.
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The results are shown in fig. 8, which shows that power
changes exceeding +/- 80 .MW/hour only occur once a day,
while power changes exceeding 110 MW/hour occour once a
months. A maximum power variation of 140 MW/hour occur once
a year. It is furthermore seen that power fluctuations
exceeding 12 MW/10 min. occur once an hour, and once a day
the fluctuations exceed 18 MW/10 min. The maximum value of
the short term fluctuations is 30 MW/10 min.

6.3. Discussion of solutions.
It is at present not possible to state, whether or not the
Danish thermal power system will be able to absorb these
load variations. If not, certain precautions must be taken
as a provision for integration of wind power.

Ins ta l la t ion o f e lec t r i c bo i le rs in o i l - fi red hea t p lan ts
seem to be an obvious solution to the control problems
created by wind power plants. This will also eliminate the
problem with the surplus production. In this way, the
unpredictable load variations can be absorbed by load
changes of the boilers.

In te r rup t ib le e lec t r i c hea t ing i s a s im i la r poss ib i l i t y.
The control range is of course limited during the summer
period, when there is no heat load. On the other hand, the
load of the electric water heaters is presumably higher,
and the power variations from the turbines occur at a lower
level due to the calm wind conditions during this period.

An improvement of wind forecasts is another possibility to
solve the control problems. The existing forecast models do
not give a sufficient rel iabi l i ty for the purpose of
operational planning. The meteorologists are, however,
quite optimist ic regarding the possibi l i ty of improving the
accuracy of the models. It is unfortunately not possible to
predict power variations due to turbulence in the wind.
If none of these solutions are applicable (which they
should be at a limited level of wind power), the control
problems can be solved by installation of oil-fired power
units. As fuel oil is 2-3 times as expensive as coal, this
solution implies a considerable economical setback to wind
power, which in reality puts severe restrains on the use of
wind power.

All together, these restrictions show that wind power in
larger quantities necessitates a new way of operating the
electric power system. How this should be done, and the
additional costs, are not known. Further work must be
carried out in order to find the answers.
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7. Concluding Remarks,

From a geographical and meteorological point of view
Denmark is an ideal country for wind power because of its
flat terrain and many westerly shorelines.

The existing Danish electricity production system is,
however, less suited for wind power, as there are no
storage facilities, a high degree of cogenerated heat and
power, substantial variations of the diurnal load curve anda number of big coal-fired power units with slow control
cha rac te r i s t i cs .
As a results of this, the economic value of a wind power
production decreases as the wind power system is extended.
Additional investments in order to solve the control
problems caused by wind power will be necessary, if the
wind power system is extended beyond a certain limit. It
is, however, not possible to state this l imit at the
moment.

In the foreseeable future wind power will not be able to
cover a substantial part of the electricity demand in a
cost effective way. On the other hand, wind power plants
may yet pay a certain role within the electricity supply
system as a supplement to the thermal power plants.
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Fig. 2

Demand and Minimum Production During a Winter Day
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Fig. 4

Danish Electricity Supply System: ELSAM-area left. ELKRAFT-area right.
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SURPLUS PRODUCTION AS A FUNCTION OF
THE ENERGY SHARE OF THE WIND ENERGY
PRODUCTION.
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Fig. 7

r)C : Wind measurement.
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Control of Variable Speed Double-Fed Winddriven Induction Generator

W. Vollstedt

1. Introduction

The 3 MW wind turbine GROWIAN is equipped with a double-fed induction gene
rator. This type of Generator combines the advantages of a fluctuating speed
of rotation with the desireable electric properties of a synchronous machine.
As shown in Fig. 1, the generator may be operated above or below synchronism
and with positiv or negativ reactive power. Besides the stabilization of the
machine a decoupled speed-independent control of active or reactive stator
power flow is possible when the amplitude and phase rotor currents are properly
determined by the control-system.

Fig. 2 shows a possible control system for a double-fed generator, where the
stator is coupled to the grid and the rotor is supplied by a variable frequency
source (cycloconverter). Depending on the required speed range, the cylocon-
verter can be employed to feed slip-proportional active power and the excitation
of the machine to the rotor. The power flow shown in Fig. 2 is concerning only
the active power, the reactiv power does not depend on the speed (slip) and will
be considered later on.

2. Control System

In order to realize a decoupled speed-independent control of active or reactive
power a mathematical model of the generator has been developed (|1, 2, 3|),
which is suitable for this purpose. This model is based on the magnitude and
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direction of a flux vector and the proper control is called field orientated
control. A simplified block diagramm of a double-fed induction machine (Fig. 3)
is the result of the mentioned theory. The input quantities are the three rotor
currents (quasi-impressed by fast acting current control), the mains frequency
and voltage and the mechanical torque. The output are the mechanical angular
velocity and the active and reactive stator power. The d-q-components of the
rotor currents are directly related to reactive and active power, and this
leads to the field orientated control scheme of a double fed machine as shown
in Fig. 4.It has been designed for a 22-kW-generator with all the control
functions implemented in a microcomputer. A cascade control has been chosen,
with inner current loops around the cycloconverter and superimposed active and
reactive power control loops. The references can be assigned within the per
mitted operating-range of the machine. Finally the output signals of the power
controllers are transformed into the rotor axes - suffix a, b - and splitted
into the three rotor current references in order to obtain consistant signals
for the control of the cycloconverter.

Ir* the interest of an improved dynamic response, the voltage induced in the
rotor windings may be cancelled by an appropriate voltage feed-forward. The
required signal is obtained from a EMF-computation and the real and imaginary
components are be added to the references ira ref, i'rb ref. In addition, the
phase lag caused by the leakage inductance and the delay of the converter can
be neutralized by an appropriate lead-lag element.

The coordinate transformation at the input end of the machine model is re-
transformed at the outputs of the power controllers, whereby the transformation
angle is obtained by help of culculation of the modified magnetizing current
vector im„.ms

In order to obtain superior dynamic performance the control unit consists of
two 16-bit microcomputers - CPU 8086 - connected to each other via bidirectional
data/command-bus. Sample rates of about 1 ms can be actieved with this assembly.
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3. Experimental Results

In order to confirm the theoretical predictions an experimental drive
with a 22 kW slip-ring machine was installed. The behaviour of a large
windmill was simulated by a 50 kW DC-motor with torque control.

The fast step-function response of the active power controller - for a step
from 0.5 to 0.8 rated reference - is shown in Fig. 5 a. In addition the
actual reactive power is plotted in this diagram.

A comparison between both diagrams confirms the decoupling of stator power
flow when the control scheme is realized by a microprocessor.

In order to stress the superior dynamic response of the applied control
scheme the electrical torque and angular velocity of the double-fed gene
rator is shown in Fig. 5 b during a rapid transition from subsynchronous
(1400 Rpm) to supersynchronous speed (1600 Rpm).

It is seen, that there is a very fast control action. The speed of the shaft
increases without noticeable effects on the electrical torque and on the
active stator power of the generator.

The cycloconverter operating with natural commutation draws varying amounts
of reactive power from the line. In order to get a good power factor for the
whole system, the cycloconverter has to supply much more apparent power than
thp active power flow of the rotor circuit is requiring. In Fig. 6 it is seen,
that the reactive power in the rotor circuit is nearly constant over the
whole speed range but increases considerably while changing from underex-
citation to overexcitation. The reactive power can be much higher than the
active power in the rotor circuit.

4. Synchronous generator with active damper winding

The cost for the excitation circuit of a double-fed induction generator are
very high relating to the corresponding expenditure of a synchronous machine.
Otherwise a normal synchronous generator tends to oscillate with low frequency
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if it is connected to the grid, whereby high mechanical stresses are caused
espessially in windturbines. The oscillation can be avoided by introducing
in the quadrature axis of the rotor an active damper winding which is fed
with transient current by a second field voltage supply; in steady state
condition this current is reduced to zero.

With that type of generator the advantage of variable speed range is lost
but the dynamic performance is much better than that of common synchronous
machines.

In Fig. 7 a step response of active power of an undamped synchronous genera
tor can be seen. The weakly damped oscillation can be suppressed by means of
a rotor winding in the quadrature axis and a control in field coordinates as
seen in Fig. 8. The step responses are recorded with the help of the same
machine (22 kW).
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Fig 3. Simplified block diagramm of a double-fed machine
with impressed rotor currents
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W I N D PA R K K Y T H N O S

Dipl.-Ing. Siegfried Heier, Prof. Dr.-Ing. Werner Kleinkauf

Abstract

Essentially, the electrical equipment for a windpark on the Greek Island
of Kythnos being operated in connection with the electric utility grid
will be explained. The requirements on control and supervisory of single
units as well as the tasks of the coordination unit used for converter-
co-operation will be described and a possible technical design will be
shown. Measuring results and operating experience of one year are in
evidence of the functionality of the whole plant.

1. Introduction

Favourable meteorological conditions for wind energy utilization have
been offered throughout extensive areas of Greece. Numerous old Greek
windmills are proof of that.

On the island an electrical power supply is very expensive. Therefore,
favourable economic conditions for energy supply by means of wind energy
plants are given. For this reason a project was borne in the scope of
the German-Greece agreement on scientific and technological cooperation
between the Minister of Research and Technology of the Federal Republic
of Germany and the Minister of Coordination of Greece the subject of
which is the utilization of wind energy for power supply of small local
grids on the islands. The Greek partner ist the Public Power Corporation
(PPC). The German firm Maschinenfabrik Augsburg-NUrnberg Aktiengesell-
schaft (MAN) has been entrusted with project execution and converter
delivery.
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The concepts for control and supervisory of single units as well as of
the complete park have been elaborated at the University of Kassel.
Development and production of these units including the switching units
required have been undertaken by the firm SMA Regelsysteme GmbH Kassel.
In summer 1982 the windpark consisting of 5 converters (see Fig. 1) was
put into operation on the electric utility grid of the island.

Fig. 1: Total view of the windpark on Kythnos

2. Single unit

The primary energy available for a wind energy plant is determined by
the velocity of wind which is subject to short- and long term varia
tions. Consequently the different components of the plant (see Fig. 2)
must be protected against overload and it must be provided that the
utility grid cannot be impaired by extreme power output variations.
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1 fan ta l l
2 yaw drive
3 furling device
4 manual brake
5 hydraulic control unit
6 blade pitch mechanism
7 rotor blade
8 step up gear
9 asynchronous generator

Fig. 2: Sectional view of the wind energy converter AEROMAN (20 kW),
M.A.N.

In normal operation the plant is connected to the utility grid. Because
of the given frequency the power input of each converter must be
restricted by means of the blade pitch mechanism in order to avoid
overload (power regulation). This power control is superimposed by a
speed control interfering 1n case of the following operating conditions:

- start of the plant
- shut down of the plant
- interception of the plant in case of grid failure.

The course of power output may be equalized and frequency fluctuations
may be avoided (df/dt-regulation) by predetermination of sliding power
reference inputs via supervisory. However, loss in power must be accep
ted in this case.

In Fig. 3 the structure for regulation of a plant in grid operation is
shown.



122

SETPOINT
VALUES

1

¥

SPEED

n. SPEEO
REG.

.
POWER

REG.

BLADE
PITCH

SETTING

WINO VELOCITY

JETTl
BLADE
(LONG.)

DRIVING
TORQUE

Ma

M k * M §
- I Hw

GENER.
(MECH.)

EL. TORQUE

POWER

GENER.
(ELECTRJ

ACTUAL
VALUES GRID

Fig. 3: Principle structure for the regulation of a wind energy
converter with asynchronous generator in grid operation

The blade pitch angle is changed via an electric-hydraulic control unit.
The converter will automatically be tracked to the wind direction by
means of a side wheel. 20-kW-asynchronous generators, simply structured
and therefore being extremely robust, with an extended slip range
(s = 8%) are used as mechanical-electric energy converters. This
ensures operational safety, good stability in case of discontinuous wind
speed and the possibility for speed variation in the range of the slip
values (decrease of component load). Furthermore, extremely simple
switching to grid operation 1s possible. However, reactive power must be
made available for excitation of the asynchronous generators. The gener
ators are partly compensated separately and connected to each other on
the 380-V-level. A compensation adapted to the entire windpark perfor
mance is undertaken by the coordination unit (see Fig. 6). The elec
tronic and power current equipment (control, supervisory, grid parameter
supervisory, generator protection, line protection, fixed compensation
etc.) forgrid operation of the AEROMAN converter is installed in a
switching cabinet being situated at the base of the tower (see Fig. 4).
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Fig. 4: 'Electro-hydraulic control unit' for AEROMAN (grid operation)

3. Interconnected operation with the grid

The utility grid of the island has been supplied by Diesel generators up
to now (see technical data). Mutual influences of the three-phase
connection of the 5 wind energy converters and the relatively weak grid
are to be expected. As the possible total power output of the windpark
amounting to PN = 100 kW is very high in comparison to the power input
of the consumers (approximately 25% annual average with the wind energy
being higher than the consumption at certain times) special problems in
the dynamic interaction of the windpark with its discontinuous power
output and the utility grid will arise.
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Fig. 5:
Structure of the windpark
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The coordination unit being situated centrally (Fig. 6) is used for
supervision of the operational conditions of the 5 wind energy conver
ters and for control in order to avoid negative influences on the grid
and to ensure operational safety. Additionally this unit provides for
manual operation for testing purposes and for supervisory of all instru
ments showing the important electrical values.
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Fl'9- 6: Frontal view of the coordination unit on Kythnos
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By means of this unit the complete grid is tracked in a way so that the
Diesel generators may predetermine the frequencies as well as they may
maintain the grid voltage. For this purpose the minimum load values of
the Diesel generators must be observed. Because of operational reasons
this value has been determined to be 35 kW at present. Therefore, by
means of the coordination unit, the windpark power supply is continuous

ly limited in a way so that in times of minimum load the Diesel genera
tors only may be unloaded to the (predeterminable) minimum extent. So
the windpark is in a position to deliver a maximum of 80% of the total

power amount.

As mentioned above, in order to raise the operational safety of the park
the several converters have been equipped in a way so that they can work
on the grid even without being influenced by the main supervisory.

Normally, however, the order for start and shut down considering the
special grid characteristics and the reference input of the elctric
power output is predetermined by the main supervisory.

In Fig. 7 a direct measurement record of the power output of the wind-

park during start and shut-down procedure is shown. An equalization of
the power output in case of interconnected operation is obvious, too.

Fig. 7: Measurement record - start and shut down -
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4. Technical data

4.1 Generating plant

Old plants: 4 Diesel generator sets of 125 kVA each
2 Diesel generator sets of 250 kVA each

New plants: 2 Diesel generator sets of 633 kVA each

\.Z Wind energy plants of the AEROMAN type

Wind turbine: Cut-in wind speed
Cut-out wind speed
Nominal rotational speed
Optimum blade pitch angle
Rotor radius

vstart s 3»2 m/s
vab = 24 m/s
nN = 88 rjjm
Ct= 88°
r = 5,8 m

Generator: Asynchronous generator produced by Schorch
Rated power

Rated voltage
Rated current
Power factor
Rotational speed (synchr.)
Rated slip

PN = 22 kW
(for vw = 14 m/s)
UN = 400 V
IN = 43 A
cosvp = 0,8
n.,.,., = 1500 rpms y n r
Su = 8%

4.3 Grid

Rated voltage: H i g h - v o l t a g e l e v e l 1 5 k W
Feeding and consumer's level 400 V
Vo l t a g e t o l e r a n c e * 5 %
Frequency tolerance i 1,5%
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5. Conclusions

Operating experience of one year has shown that even in case of small
wind energy plants a very good operational behaviour may be attained by
means of an appropriate system design. In addition to a facility for
quick blade pitch angle adjustment and to correspondingly optimized
control loops for speed and power control it is especially favourable to
use asynchronous generators for small wind energy plants in grid opera
tion. Not only grid operation is facilitated by an asynchronous genera
tor, additionally a decrease of component load and a relatively constant
power output is rendered possible by an appropriate design (as high slip
values as possible). Single units may be connected to a plant and may be
operated on weak grids even in case of direct three-phase current side
connection. A great number of units in this case favourably affects the
grade of performance equalization.

After the windpark had satisfied the expectations in principle, a
measuring program financed by the BMFT has been started in summer 1983.
By means of an equipment for data acquisition and evaluation delivered
by the firm SMA detailed knowledge about windpark behaviour in grid
operation is to be gained permitting conclusions for similar operative
ranges.
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SOME CURRENT ACTIVITIES IN THE CANADIAN WIND ENERGY PROGRAM

M.S. Chappell

1.0 INTRODUCTION AND PROGRAM OVERVIEW

1*1 Object ives

The requirement of wind energy research in today's context of
finite fossil energy resources is to determine if modern scientific and
engineering knowledge can be applied to create wind energy conversion
systems which will make cost-effective contributions to current and
future energy supplies. Hence, the broad objectives of the Canadian
Wind Energy R&D (WERD) program are

• to determine under what circumstances wind energy can make a
viable contribution to Canadian energy supplies

• to establish the technology of wind energy conversion systems
(WECS) appropriate to Canadian conditions

• to encourage and support Canadian industrial initiative in the
design and manufacture of WECS for both domestic and export
markets

1*2 Focus

Research at the National Research Council of Canada (NRC) during
the 1960's resulted in reinvention of the low-solidity vertical axis
wind turbine (VAWT) first patented by Georges Darrieus in 1927. Con
siderations of larger systems confirmed several attractive features of
this configuration related to the precept that a simple arrangement was
likely to be most reliable and most cost-effective. Such features
include

• omnidirectionality - eliminating need for yaw controls and
drives

• drive train at ground level - especially meaningful for
megawatt-scale systems where drive train and generator weigh
Several hundred "tons

• Txto.pc>skien blade shape - minimizing centrifugal bending stress
and aimplifying structural design
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• stall-control aerodynamics - eliminating need for variable geom
etry elements to control peak power output at high winds

These features have been verified at a variety of scales and in
several applications; thus the VAWT has been accepted as the primary
technical approach within the NRC program.

1*3 St ruc ture

The Canadian WERD program comprises four major interactive compo
nents as follows:

1.3.1 Resource Assessment and Site Evaluation

This activity involves quantification of the nature and dis
tribution of the wind energy resource; it also involves compilation
of the meteorological data required to assess potential wind energy
applications and to design WECS. Projects include

e correlation of existing meteorological data
e analytical and experimental modelling techniques
• calibration and deployment of wind measuring instruments
• site evaluations and assessments of wind energy potential

1.3.2 Research and Technology Development

This activity includes establishment of the fundamental perfor
mance, structural, systems and environmental characteristics of WECS.
A major portion of this research has been contracted to Canadian indus
tries, using the NRC experience as the core about which to elaborate.
Example activities are

e analytical and experimental aerodynamic investigations of air
foi ls and rotors

• aeroelastic modelling and testing
e development of structural dynamic design methods
• system performance and economic predictions
• examination of alternative energy extraction devices
• wind tunnel tests of innovative concepts and small commercial

wind turbines
e establishment of safety and performance standards and testing

techniques

1.3.3 Field Trials and Technical Support to Industry

Experimental systems have been installed throughout Canada, rang
ing from less than 1 kW to about \ MW rated output. A national facil
ity, the Atlantic Wind Test Site (AWTS), has been established to pro-
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vide experienced personnel and proper equipment for testing WECS man
ufactured in Canada and elsewhere.

• Six Savonius/Darrieus VAWT systems rated at 1 to 3 kW were installed
in partnership wi th te lecommunicat ions companies. These systems
c o m p r i s e d a e r o d y n a m i c a l l y s e l f - s t a r t i n g r o t o r s , d i r e c t d r i v e a l t e r
na to rs , and ba t te ry packs to p rov ide con t inuous energy supp ly. A l l
but two units have completed scheduled tests and have been removed
f rom serv ice .

• A 30 kW VAWT has been mechanically coupled to a 50 kW diese1-electrie
set as part of a prototype 100 kW remote-community powerplant. The
pro jec t i nc luded ca l ib ra t ions o f the ind iv idua l componen ts o f the
powerplant package, as well as assessment of the effects of the wind
tu rb ine on the d iese l l oad- fo l l ow ing du ty cyc le , and the ramifica
tions on diesel operating economy and maintenance requirements.

• F i v e f i e l d t r i a l p r o j e c t s h a v e b e e n i n i t i a t e d t o p e r m i t e l e c t r i c a l
u t i l i t y compan ies to ga in exper ience w i th the opera t iona l charac te r
istics of VAWT generating systems. A 50 kW VAWT grid-coupled system
was chosen as being large enough to provide realist ic data on
data on operat ional and energy product ion performance, yet smal l
enough to permit design changes suggested by the operating experi
ence.

• A 224 kW VAWT was installed in cooperation with Hydro-Quebec on lies
de la Madeleine during July 1977. The 595 m2 experimental unit was
extensively instrumented to measure st ructural as wel l as performance
cha rac te r i s t i c s . The gea rbox /be l t t r ansm iss ion sys tem pe rm i t t ed
gr id -synchron ized opera t ion a t severa l ro tor speeds to exp lore v ib ra
t iona l modes , s t ruc tu ra l dynamics , and aerodynamic s ta l l - l im i t i ng o f
output power. Experimental testing was completed in November 1982
and the VAWT system is now operated by Hydro-Quebec staff.

• A 500 kW production version of the lies de la Madeleine VAWT system
was erected in October 1983 at AWTS for performance and structural
e v a l u a t i o n . T h i s u n i t i s i d e n t i c a l t o t h e s y s t e m i n s t a l l e d a t
Southern Cal i forn ia Edison 's test s i te near Palm Spr ings, and
exchange of operat ing exper ience, and perhaps test data, is ant ic i
pated •

1.3.4 Megawatt Grid-Coupled Systems

Based on extensive parametric studies, and the VAWT technology
being developed at the sub-megawatt scale, i t was decided to construct
a 4 MW VAWT prototype system in conjunction with a major Canadian util
i ty company. The result ing Projet EOLE, joint ly funded by NRC and
Hydro-Quebec, was in i t iated in 1981. Prel iminary design was completed
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in 1982. Rotor dimensions of 96 ra x 64 m define a swept area of
4000 m2 and will produce 4.0 MW at 14.5 rpm via a direct-driven syn
chronous alternator and static frequency conversion equipment to match
network frequency and phase angle. Detailed design, fabrication,
assembly, and commissioning will take two and a half years.

2.0 50 XN GRID-COUPLED VAWT FIELD TRIALS

2.1 Background

During the past few years the NRC Wind Energy R&D (WERD) program
has init iated several field tr ial projects in conjunction with provin
cial electric uti l i ty companies. The major objectives of these field
trial projects were twofold:

(a) to obtain technical data on the performance and structural
integrity of the units over significant periods

(b) to expose potential users of grid-coupled WECS to the opera
tional characteristics of these novel generation systems, and
to derive from their feedback needs and directions for fur
ther development of the technology

The WECS selected for this program was the nominally 50 kW VAWT
system designed and built by DAF Indal Ltd. It was felt that this
machine was large enough to be representative of the generic type, yet
inexpensive enough to permit several concurrent installations. The
general appearance of a typical field trial installation is shown in
Figure 1 and the schematic drawing of current units is shown in
Figure 2.

The first installation was commissioned at Holyrood, Newfoundland,
in 1978. Since that time three more sites have been commissioned at
Swift Current, Saskatchewan; Christopher Point, British Columbia; and
Churchill, Manitoba (see Figure 3). In May 1982 an updated unit
replaced the original VAWT at Holyrood after approximately 4500 h of
operation. A detailed examination of this first unit revealed no seri
ous structural damage (1). The status of these projects as of 31
August 1983 is shown in Table I. To date, they have achieved a cumula
tive total of about 25,000 operating hours, including about 20,000
grid-connected generating hours during which the net output has
exceeded 200,000 kWh, giving a while-generating average output of about
10 kW. This 0.2 output factor is considered acceptable as most sites
were chosen for convenience of access rather than for maximum windi-
ness, even within the local areas.

The Swift Current installation is extensively instrumented for
both performance and structural data, and analysis and interpretation
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are still in progress, both at NRC and at the Saskatchewan Power Corpo
ration. Performance/operational reports on the remaining four instal
lations are scheduled for release in about one month (2-5). Typical
results, from the Churchill installation, are presented in Figures 4,
5, 6, and 7 and are discussed below.

2*2 Typical Results - Churchill, Manitoba

The Churchill 50 kW vertical axis wind turbine (VAWT) was erected
during October 1981. Its commissioning tests were complete on
November 4, when it began producing power for Manitoba Hydro. Since
then, it has been jointly monitored and tested by the National Research
Council and the Churchill Research Centre. Being installed near to the
60th parallel, this machine endures a particularly severe climate.
Temperatures vary from -40*C to +30*C. Heavy snow and some icing
storms occur during most winters.

2.2.1 Description of Turbine

The DAF Indal 50 kW VAWT system at Churchill, Manitoba, comprises
a rotor of 55 ft height and 36.7 ft diameter, mounted on a power module
pedestal and supported by four guywires; the module contains a single
stage 15:1 step-up gearbox, a 75 hp induction motor/generator, con
trols, and accessories such as hydraulic and lubrication pumps. The
rotor mid-height is about 40 ft above local terrain (see Figure 1).
This model of turbine uses a single-mesh bullgear and pinion to connect
the 80 rpm rotor to the 1200 rpm induction motor/generator. The rated
power, nominally 50 kW, is about 45 kW at 80 rpm in 15 m/s wind. When
operating, the rotor and bullgear "float" on hydraulic oil above four
stationary brake pads attached to the module structure. Whenever
hydraulic pressure is released the rotor descends and the web of the
bullgear serves as a brake disc to stop the rotor 'from turning. This
arrangement also provides for constant guy tension as determined by the
hydraulic pressure in the rotor support system (see Figure 2).

2.2.2 Power Curve

Prior to installation at Churchill the VAWT was erected and cali
brated by the manufacturer, DAF Indal Ltd, outside their factory in
Mississauga from March to July 1980 (6). The result of this test was a
plot of electrical power output versus wind speed as shown in Figure 4.
One can note the measured cut-in wind speed of 6.6 m/s, hence the con
trols were adjusted to that value for the entire evaluation period at
Churchill. During the calibration testing wind speed did not exceed
15.4 m/s for long enough to obtain meaningful performance data.
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2 . 2 . 3 O p e r a t i o n a l E x p e r i e n c e / R e l i a b i l i t y

Dur ing 1 | years operat ion a t Church i l l , th ree major prob lems
occur red .

(1) In Apr i l 1982 the lower ha l f o f the main ro tor coup l ing was
found to have fa i led. Deta i led examinat ion in the NRC Struc
tures and Mater ia ls Labora tory (7) de termined that fa t igue
was no t a fac to r, bu t tha t four des ign /manufac tu r ing fac to rs
p o s s i b l y c o n t r i b u t e d t o t h e f a i l u r e , v i z :

(a ) h igh s t ress concent ra t ion a t the corners o f the keyway
(b) low wal l th ickness due to the keyway's presence
(c) manganese su lfide inc lus ions in the coupl ing hub mate

r i a l
(d ) p rec rack ing due to excess ive d raw on ins ta l la t ion o f the

coupl ing on the tapered shaf t

A replacement coupling without a keyway was welded to the
tapered s tub shaf t w i thout d ismount ing the ro tor.

(2) In Ju ly 1982 a spoi ler h inge p in fe l l out and had to be
rep laced . Even tua l l y i t was dec ided tha t t he hyd rau l i c
l i f t / b r a k i n g s y s t e m p r o v i d e d s u f fi c i e n t l y r e l i a b l e p r o t e c t i o n
against rotor overspeeding so as to make the spoilers unnec
essary. Therefore they were removed and fa i r ings were
insta l led to cover the a t tachment po in ts on the b lades in
September 1982.

(3) In August 1982 a guywire turnbuckle fa i lure was d iscovered
when i t was not iced that the opposi te guywire was slack. The
cause was*determined to be tensi le fai lure at a necked-down
section of the upper screw where it had been machined to
improve the guyw i re tens ion read ings . A l l o f the tu rnbuck les
were replaced with non-necked ones in October 1982.

Other minor malfunctions detracted somewhat from overal l system
r e l i a b i l i t y, e s p e c i a l l y i n t h e e x t r e m e w i o t e r w e a t h e r c o n d i t i o n s f o l
lowing commissioning in November 1981. A summary of down time
inc idents , taken f rom the opera t iona l log is shown in Tab le I I .
M o n t h l y p e r c e n t a g e a v a i l a b i l i t y ( i . e . , t h e f r a c t i o n o f t o t a l t i m e
dur ing which the ent i re VAWT system was in fu l ly operat ional condi t ion)
i s p lo t t ed i n F igu re 5 . Fo r t he en t i r e 21 -mon th pe r i od the ove ra l l
avai labi l i ty was 67%. However, i t can be noted that down t ime per iods
were extended considerably whi le wai t ing for par ts and/or repai r crews.
I f t hese a re d i scoun ted , ava i l ab i l i t y i nc reases to ove r 80%. S ince
January 1983 avai labi l i ty has consistant ly remained above 90%.
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2.2.4 Performance/Energy Production

Energy production data were recorded monthly from integrating
meters, together with the wind histogram data describing the site wind
regime. These data were checked and processed by TES Limited in Ottawa
(8) and were presented to NRC in the form shown in Table IIIA. Termi
nology is explained in Table IIIB.

The significance of average wind speed on potential energy produc
tion is illustrated in Figure 6. This plot shows (as shaded bars) the
energy that a "perfect" windmill would have produced each month, with
out cut-in or cut-out limitations, and based on monthly average wind
speed data from the Churchill VAWT site. For the entire reporting
operation period, these ideal values total about 357 MWh. Figure 6
also shows (as solid bars) the actual net energy output from the tur
bine each month.

Realistic expectations from existing machinery with reasonable
limits suggest that a well-designed windmill system could achieve one
third of the ideal energy output. In 1982, the Churchill VAWT produced
only 25.15 MWh of energy, i.e., only 10.8% of the available wind energy
for the year. This is mostly due to the very poor availability in
1982. However, for the first five months of 1983 availability was over
90% and energy production 20.3 MWh (24% of available wind energy),
which is better, but still leaves room for considerable improvement.

Figure 7 is a plot of the measured monthly energy output against
the monthly energy output predicted by integrating the power curve of
Figure 4 over the wind regime measured by the Generate-Only Wind Histo
gram Recorder (GO-WHR). These co-ordinates deliberately exclude the
effects of unavailability and focus on energy actually produced under
the prevailing operating conditions. Data from three 50 kw field trial
units are shown, including the Churchill machine. Correlation is good,
indicating the machines when operating produce energy at predicted
rates. Indeed, measured output is slightly better than predicted,
probably because the power curve used was for a VAWT with aerodynamic
spoilers (aerobrakes) and currently all 50 kW units in the field trial
program are devoid of spoilers, thereby reducing parasitic losses and
increasing performance somewhat.

3.0 AIRFOIL DATA FOR VAWT PERFORMANCE AND AERODYNAMIC WADS
PREDICTIONS

3*1 Requirements

A WECS that is coupled directly to the grid operates at near-
constant speed in order to maintain constant frequency electrical
output. In this contant blade speed mode a VAWT can be designed such
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that aerodynamic stall limits power output as wind speed increases
beyond a prescribed value. For the curved-blade Darrieus configuration
the aerodynamic stall progresses smoothly from the top and bottom ends
of the blades (which are rarely unstalled) towards the equator where
the majority of the power is captured. Thus it is very important for
the Darrieus VAWT designer to have accurate information on the stalling
characteristics of candidate airfoil sections in order to be able to
calculate maximum power output and the concomitant cyclic aerodynamic
loads transmitted to the rotor structure. To date, most VAWT blades
have used simple, uncambered, relatively-thick airfoils (such as the
NACA 0018) for which many traditional airfoil data are available.
However, three operational characteristics of VAWT's demand more than
the tradit ional scope of airfoi l data

(a) greater angle of attack range:
During each revolution a VAWT blade experiences angles of
attack which vary over substantially ±180*.

(b) high Reynolds Numbers:
The equatorial sections of a megawatt-scale Darrieus VAWT
blade will operate at Reynolds Numbers of 10 x 106 and
higher.

(c) dynamic stal l :
The rapidly changing angle of attack modifies the airfoil
stalling behaviour from that determined by the traditional
quasi-steady-state wind tunnel tests*

3.2 Reynolds Number Effects

Sandia Report 80-2114 (9) has contributed significantly to knowl
edge of symmetrical airfoil characteristics through 180* angle of
attack up to Reynolds Numbers of 5 x 106. To augment these data in
support of the 4 MW VAWT prototype EOLE, tests were conducted on a
10 in. chord, 5 ft span, NACA 0018 airfoil in NRC's tri-sonic blowdown
tunnel (12). The tests were run at M = 0.15, with a stagnation
pressure up to about 10 atmospheres, giving a maximum Reynolds Number
of 9 x 106. Results are compared with Ref. 9 in Figures 8 and 9.
Although in general agreement with the Sandia data, the NRC results
show a sharper stall and perhaps a greater effect of variations in
Reynolds Number.

3.3 Dynamic Stall Effects

The rapidly-changing angle of attack experienced by a VAWT blade
can s ignificant ly affect the sta l l ing character is t ics of the a i r fo i l .
An empirical model of dynamic stall developed by Gormont (10) has been
used in VAWT performance and loads prediction codes. Recent modifica-
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tions to the Gormont approach, introduced by Masse at IREQ (11), appear
to give better agreement with turbine performance. Experimental inves
tigations of this phenomenum were conducted in NRC's 6 ft x 9 ft wind
tunnel in June 1982. A 6 ft segment of the 24-in. chord extruded
aluminum blade used on the 230 kW Magdalen Island VAWT was mounted on a
hydraulic servo actuator which changed angle of attack as a function of
time. Test conditions simulated a variety of angle of attack wave
forms, .amplitudes, and frequencies, and resulted in an enormous amount
of data, much of which is still being analyzed and will be reported in
detail in the near future. The results presented here are for condi
tions representative of lies de la Madeleine VAWT operation well into
the stall-controlled regime. The non-sinusoidal variation of angle of
attack is shown in Figure 10. The 1.83 s period corresponds to 33 rpm.
Figures 11 and 12 illustrate the comparison of static and dynamic stall
characteristics, together with the analytic predictions of the Gormont
and Masse dynamic stall models. Clearly, the dynamic effects are
large, especially in the case of l i ft. Considerable effort is now
being spent on the reduction of data from this experiment and the
interpretation of the effects in terms of VAWT performance and aerody
namic loads on the blades.

4.0 50/100 kW WIHD/DIBSBL POWERPLANT EVALUATION

4*1 .Background

The high cost of electrical power in remote areas of Canada has
encouraged investigation of wind/diesel powerplants. In appropriately
windy locations the additional cost of the WECS components can be jus
tified by the fuel savings experienced by the diesel generators which
guarantee continously available power. Early experiments with a 12 kW
wind/diesel unit in 1976 (13) proved technical feasibility and con
firmed predicted fuel savings on a very small-scale system. Parametric
studies of hybrid powerplants with various ratings of the wind and
diesel prime movers, in various wind regimes, and for several cost
scenarios were published by DAF Indal Ltd in 1979 (14).

These efforts led to a co-operative project (between the Ontario
Ministry of Energy, NRC, Ontario Hydro, and DAF Indal) to construct and
evaluate a wind/diesel powerplant appropriate for eventual deployment
in a remote community in northern Ontario. The test unit was installed
for initial evaluation near Sudbury, Ontario, whose wind regime is
similar to .several areas of northern Ontario.

4*2 Powerplant Configuration

The powerplant comprises two 46 kW diesels driving 50 kW alterna
tors* A 30 kN VAWT is mechanically coupled to the shaft of the primary
alternator (see Figure 13)* The VAWT is an adaptation of the nominal
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50 kW DAF Indal unit, with a right-angle gearbox in place of the induc
tion motor/generator, and with a separate starting motor connected into
the right-angle gearbox. Output power is limited to about 30 kw by
rescheduling rotor speed to 71.4 rpm. The output of the two alterna
tors is combined by a autosynchronizer to feed a computer-controlled
load whose time/demand history simulates in 10-min steps a fraction of
the demand measured at Attawapiskat on the west coast of James Bay. An
integrated control/instrumentation system controls and monitors the
powerplant during unattended operation.

The primary diesel generator runs continuously and the second
diesel is started if demand exceeds the capability of the primary unit.
VAWT power output is recognized as "negative load" by the primary
diesel. Minimum diesel load is set at 20% of rated output. A "dump
load" resistor is applied by the control system when instantaneous VAWT
output, plus prescribed minimum load on the primary diesel, exceeds
instantaneous demand. The wind/diesel powerplant operates indepen
dently from the grid, including provision of its housekeeping and
accessory power requirements. Preliminary calculations suggested that,
at the Sudbury test site, the wind turbine should provide about 10% of
the total energy supplied to the computer controlled demand load.

4*3 Results from SUDBURY I Tests

The purpose of the initial evaluations of the wind/diesel power-
plant at Sudbury was to verify fuel savings predicted by the DAF Indal
program PLANT (16) and to investigate operating reliability prior to
deploying the system in a remote community.

The system was commissioned late in 1981 and the SUDBURY I test
sequence ran for about 6 months between 12 February and 2 September
1982. Table IV summarizes SUDBURY I operations. Both diesel generator
sets had been calibrated in the supplier's shop prior to incorporation
into the Sudbury powerplant. Figure 14 shows the VAWT performance
curve as determined from measurements made during the hybrid powerplant
evaluat ion.

Four categories of operation were defined to describe the power-
plant configuration selected by the control system to meet the demand
load at any point in time under the prevailing wind condition, viz:

C A T E G O R Y C O N F I G U R A T I O N

A. Diesel #1 running for the complete test period with diesel #2
and the wind turbine running for all or part of the test
period. Data sets chosen for detailed analysis represented a
total of 536 h of operation.
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B. Diesel #1 running for the complete test period with diesel #2
running for all or part of the test period. Data sets chosen
for detailed analysis represented a total of 38 h of opera
t i o n .

C. Diesel #1 running for the complete test period with the wind
turbine running for all or part of the test period. Data sets
chosen for detailed analysis represented a total of 62 h of
operat ion.

D. Diesel #1 running for the complete test period. Data sets
chosen for detailed analysis represented a total of 5 h of
operation.

Summaries of processed performance data from each of these opera
tional categories are shown in Table V. Comparison of predicted and
measured fuel savings is shown in Figure 15 to be very close, espe
cially considering the error multiplication often encountered in "dif
ferenced" measurements. The greatest percentage fuel savings occur in
high winds and at low demand loads where the percentage contribution of
wind energy is highest.

Control responsiveness for the complete powerplant is shown in
Figure 16 where both diesels and the VAWT are contributing to supply
the demand power requirement of 35 kW. The wide oscillations of tur
bine power output are illustrated by the VAWT torque trace. The two-
per-rev power fluctuations are clearly evident, as is the lagging yet
sensitive response of VAWT power to wind speed. These fluctuations are
reflected in the instantaneous output of the primary diesel generator
and, to a lesser extent, the secondary diesel generator. Despite these
intra-system fluctuations the output frequency is seen to remain con
stant within 0.5 Hz.

System reliability is summarized in Table VI. Overall system
availability was 89.5% for the entire test period. The majority of the
forced outage hours were caused by the diesel generators and related
equipment. Some of these malfunctions (e.g., overheating) were caused
in turn by secondary problems relating to system packaging or instal
la t ion (e.g. , insuffic ient vent i la t ion in powerplant bui ld ing) . The
VAWT achieved 97.9% availability during the 3353 h the primary diesel
was in operation.

4*4 Plans for SUDBURY II TESTS

The encouraging results from the SUDBURY I tests, and the exis
tence of a functional instrumented test system, persuaded the sponsors
to defer deployment to a remote community in order to perform further
tests on variants of the initial powerplant configuration. The major
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objectives of the extended SUDBURY II test program are to investigate
electr ical ly coupled and VAWT stand-alone configurat ions and the con
c o m i t a n t c o n t r o l f u n c t i o n s .

Mechanical ly coupl ing the VAWT to the pr imary diesel was specified
for SUDBURY I based on earlier experimental work and subsequent ana
ly t i c s tud ies by DAF Inda l . Pragmat ica l l y, however, mechan ica l cou
p l i ng i s awkward i n re t rofi t app l i ca t i ons , and moreove r i t cons t ra ins
the VAWT to being located at the powerhouse (seldom the windiest site
near a remote community). Because of the strong dependence of wind
energy on wind speed, opt imal si t ing of the wind turbine may wel l out
weigh the decreased coupl ing efficiency and the cost of a short t rans
miss ion l i nk . To compare re la t i ve e ffic ienc ies o f mechan ica l and e lec
t r ica l coup l ing (us ing the same components) a c lu tch wi l l be ins ta l led
between the pr imary d iesel and i ts a l ternator. Thus the VAWT/pr imary
a l te rna to r can be coup led e lec t r i ca l l y v ia the an tosynchron ize r to the
autosynchronizer to the secondary d iesel generator set . The computer
control led demand load wi l l have to be further scaled to match the
reduced capabi l i ty o f the rev ised powerp lant .

Under the ex is t ing cont ro l s t ra tegy the opt imum rat io o f w ind to
diesel power rating is limited by dumped energy when demand is less
than wind power p lus min imum d iese l load set t ing . Th is is pr imar i ly
because the d iese l governor charac ter is t ic i s an inherent par t o f the
system cont ro l . Thus the pr imary d iese l must run a t a l l t imes to pro
vide the 60 cycle intell igence to which the VAWT is governed, and a
minimum diesel load (20% rated power) was prescribed to avoid system
ins tab i l i t y. S ign i fican t imp rovemen t i n op t imum fue l sav ings can be
ach ieved i f the w ind tu rb ine can p rov ide con t ro l led e lec t r i ca l power
wi thout e i ther d iese l operat ing - the "VAWT stand-a lone" mode. To
achieve this on the Sudbury equipment the dump load control ler is being
modified to provide faster response (than the 5 kW/s used in the
SUDBURY I test program) in an attempt to maintain acceptably constant
f requency under typ ica l gusty w ind cond i t ions.

Also, as part of the SUDBURY II programs, a series of dynamic and
s teady s ta te tes ts w i l l be pe r fo rmed to p rov ide ve r i fica t i on da ta fo r a
comprehensive dynamic hybrid computer model of generic wind/diesel
systems under development by GasTOPS Ltd in Ottawa. The computer
model , when completed and ver ified, wi l l represent a des ign too l for
de te rmin ing op t imum sys tem configura t ion fo r a spec ific app l i ca t ion ;
fo r p red ic t ing fue l sav ings fo r any spec ified sys tem/ load /w ind reg ime
combinat ion; and for invest igat ing var ious contro l system analogues and
s t r a t e g i e s .
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5*0 WIND-DRIVEN WATER PUMPS

Interest in wind-driven water pumps is reviving in certain parts
of Canada where additional agricultural acreage is being established by
irrigation. In some areas with salty subsurface water, a combination
of irrigation and drainage is used to "wash" high concentrations of
certain undesired elements from the soil. This procedure calls for two
rather different wind-driven water pumps. Large units can be used to
supply the irrigation water to gravity distribution networks of pipes
or canals. However, many much smaller units with running-dry capabi
lity (or protection) are needed for the drainage operation.

The Alberta Department of Agriculture has established a test site
for water pumping wind turbines near Lethbridge (see Figure 17). Cur
rently five units are under test as shown in Table VII. Meteorological
data and overall performance parameters from each machine are monitored
continuously. Five-minute readouts and various integrated averages are
relayed automatically to Alberta Agriculture offices in Lethbridge, and
detailed data are transmitted daily to the Alberta Research Council in
Edmonton for analysis.

Based on the delta-blade concept invented by Prof. John Kentfield
at the University of Calgary, ABAX Energy Services Limited of Canada
have built a prototype 52.5 ft diameter, eight-bladed, horizontal axis
WECS with integral twin cylinder reciprocating low-head high-volume
pumps (see Figure 18). Intended for irrigation and pumped-hydro stor
age applications, the prototype has a predicted flow capacity of about
20 acre feet/day (4500 USgpra) at a site with an annual average wind
speed of 18 mph at the hub height of 103 ft. The unit has recently
been erected and commissioned at the ABAX factory in Calgary and will
shortly commence a six-month performance and structural integrity test
program.

6.0 PROJBT EOLE

Projet EOLE is a co-operative venture by Hydro-Quebec and NRC to
design, build, and evaluate a 4 MW Darrieus VAWT. The general configu
ration and major components are shown in Figure 19. Figures 20 and 21
give some indication of scale. Principle characterist ics are l isted
below.

R o t o r • h e i g h t 3 1 5 f t
• equa to r i a l d i ame te r 210 f t
• s w e p t a r e a 4 3 0 0 0 f t 2

B l a d e s • n u m b e r 2
• a i r f o i l N A C A 0 0 1 8
• c h o r d 8 f t
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R a t i n g • p o w e r 4 . 0 M W e
• w i n d s p e e d 5 1 . 4 m p h
• r o t a t i o n a l s p e e d 1 4 . 5 r p m

O p e r a t i o n • c u t - i n w i n d s p e e d 1 2 . 3 m p h
• cu t -out w ind speed 60.0 mph
• surv iva l w ind speed 145 mph

The preliminary design was completed in Spring 1983, and perhaps
the most notable decision was to incorporate a directly driven genera
tor, operating at rotor speed. Electr ical conformity to the grid wil l
be achieved by power conditioning equipment including static frequency
converters and power factor controls. This system appears to be about
the same cost as a high-speed synchronous alternator plus a gearbox,
but it offers an attractively simple drivetrain as shown in Figure 19.
Because of the large generator diameter (about 40 ft) this option may
only be practical with a vertical axis rotor configuration.

Following extensive measurements for over a year at four candiate
sites, the selected location for EOLE is at La Fonderie, a small commu
nity some 275 miles east of Quebec City on the south shore of the St.
Lawrence River. Annual average wind speed at rotor mid-height 183 ft)
is expected to be approximately 20 mph, giving a predicted energy out
put of about 11400 MWh/y.

Detailed design of EOLE is now underway and tender specifications
for the rotor and the electrical/control systems are now complete.
Major suppliers will be chosen by Hydro-Quebec early in 1984. Fabrica
tion, site preparation, assembly, and erection are scheduled to take
about two years, thus it is expected that EOLE will be commissioned in
the Autumn of 1985.
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TABLE I: NRC WIND ENERGY R&D PROGRAM 50 kW VAWT FIELD TRIAL SYSTEMS
PERIOD ENDING AUGUST 31, 1983

LOCATION PARTNER
START

OF GEN.
SERVICE

OPERATING HOURS NET
OUTPUT

kWh
CURRENT
STATUSIDLING GEN.

HOLYROOD, NFLD (I) NL HYDRO JUNE 78 1567 3015 21,600
Removed
for study
NOV 81

HOLYROOD, NFLD (II) NL HYDRO MAY 82 976.9 2,919.6 27,033.0 OPERATIONAL

SWIFT CURRENT, SASK SASK POWER AUG 80 40.2
(estimated)

2,943.0 20,115.0 OPERATIONAL

CHRISTOPHER POINT, BC BC HYDRO MAR 81 1,614.1
(estimated)

4,780.4 71,463.4 OPERATIONAL

CHURCHILL, MAN
CHURCHILL
RESEARCH

CENTER
NOV 81 978.0

(estimated)
3,887.1 50,580.0 OPERATIONAL

TOTALS 5,176.2 17,545.1 190,791.4

*»
•^
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TABLE lit CHURCHILL 50 kW FIELD TRIAL
OPERATIONAL MALFUNCTION SUMMARY

MONTH DOWN TIME
(HOURS)

NOV. 1981 148 —

DEC. 547

JAN. 1982 504

FEB. 259

MAR. 240 —

APR. 192

MAY * 724.8

JUNE * 638.4

JULY 144

CAUSE

— - many small mechanical problems

A U G . 2 1 6

S E P T . 1 2

O C T . 3 3 6

NOV. * 770.4

DEC. 171.6

JAN. 1983 0

FEB. 0

MAR. 0

APR. 5.3

lower half of main rotor coupling failed

turbine await ing repair

turbine await ing repair

replacement of coupling
replacement of missing spoiler hinge
pin

guywire turnbuckle failed, replaced

spoilers replaced with fairings

all turnbuckles replaced with non-necked
ones
one guywire anchor eyebolt tightened
malfunctioning PCB in control system

PCB awaiting repair

PCB repaired

MAY 72.7
4981.2

- down time due to tests performed to
determine cause of instrumentation
problems

- N/A

*Down time awaiting parts and/or service team (2133.6 h)



TABLE IIIA: CHURCHILL 50 kW VAWT FIELD TRIAL PERFORMANCE DATA 1982

PPRFnUMANf.F NUMMARY FOR VAWT FIELD TRIAL CHURCHILL, MANITOBA

CUT IN WIND SPEED 6.60
OIT MIT UINII SPFFIJ 15 fi5 ESTIMATED

OUTPUT
ENERGY

NO
DOWN
TIME

NO CUTOUT
WIND

SPEED

KW-HR

YEAR:

1982

ESTIMATED
PERFORMANCE

(NO DOWN TIME)
ACTUAL PERFORMANCE

ESTIMATED
OUTPUT
ENERGY

FROM
GENERATE

ONLY
HISTOGRAM

DATA

KW-HR

ACTUAL
OUTPUT
1 O F
AVAIL.
WIND
ENERGY

X

ACTUAL
OUTPUT
X OF

EST.
OUTPUT
ENERGY

NO
DOWN
TIME

X

ACTUAL
GEN.

X OF
EST.
GEN.

TIME

X

DOWN
TIME
X OF

TOTAL
TIME

PERIOD

X

APPROX.
MONTH

OF
RECORD

TOTAL
TIME

I N
PERIOD

HR

AVERAGE
WIND

SPEED

M/S

K AVAIL.
WIND

ENERGY
BETZ

LIMIT
KW-HR.

EST.
GEN.

TIME

HR

EST.
OUTWJT

ENERGY

KM-KR

DOWN
TIME

HR

STOP
TIME

HR

IDLE
TIME

HR

ACTUAL
GEN.
TIME

HR

ACTUAL
INPUT

ENERGY

KW-HR

ACTUAL
OUTPUT
ENERGY

KW-HR

JAN.

FEB.

MAR.*2

737.4

657.3

701.5

7.2

7.7

7.7

1.77

3.03

2.29

29682

23218

27992

3384

442

407

5103.8

6308.9

6929.7

504

259

240

216

136

184*

25

6

1 0*3

15.2

256

276*3

100

4940

5970

N/A

4036.3

4855.7

0.34

21.28

21.33

1.96

78 .30

86.15

' 9 . 4 5

57.92

67.81

68.40

39.39

34.25

6353.0

6402.4

7460.0

APR.

MAY

JUNE

746.0

724.0

637.5

6.8

5.8

4.6

2.02

2.10

2.39

20876

12878

6422

377

311

169

4385.6

2983.8

1478.5

192

724.8

638 .4

366*

0

0

1 11.5

0

6

3 135*3

0

0

1480

0

0

1274.0

N/A

N/A

7.09

0

0

33.75

0

0

41.28

0

0

25.72

100 .0

100 .0

4948

3115.8

1478.5

JULY

AUG.

SEPT.

758.6

750.5

709.1

5.0

5.2

7.3

2.10

1.74

2.59

8151*

7923

20817

0 277

197

396.4

1816.2

1354.3

6021.7

144

216

12

491

397.2

309.5

10.9

9.1

22.3

108.8

108.1

362.6

1060

480

5760

1236.0

454.7

5691.5

15.16

6.06

27.67

68.05

33.57

94.52

47.93

54.87

91.47

18 .99

28.75

1 . 6 9

1826.1

1425.8

6161.9

0CT.«8

NOV.

DEC.

668 .0

770.9

846.3

! 7-°
7.5

5.9

2.06

1.97

1.67

20420

34658

19170

298.6

407.7

291.9

4607.3

8363.7

4127.7

336

770.4

171.6

136.6

0

454

33.8

0

4.7

162.1

2.0

215.3

2000

0

3360

1897.8

15.8

7487.1

9.79

0

17.53

43.41

0

81.4

54.29

0

73.76

50 .36

100.0

20.25

5334.5

9568.2

4576.5

SUM 8707.1 6.48 1.86 232207 6868.6 53481.2 1207.' 2690.1 123.3 1641.1 25150 21948.9 10.83 47.03 23.93 48.32 58650.7

NOTES: Explanation on following page.
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TABLE IIIBt LIST OP TERMINOLOGY USED IN TABLE IIIA

ACTUAL INPUT ENERGY: Electrical energy consumed by the motor when
star t ing the tu rb ine , and by the tu rb ine cont ro ls and accessor ies .

ACTUAL GENERATION TIME: Time during which the turbine actually produced
power.

ACTUAL OUTPUT ENERGY: Gross electrical energy produced by the turbine.

AVERAGE WIND SPEED: Average omnidirectional wind speed as determined
from a CR-WHR and anemometer.

CONTINUOUSLY-RUNNING WIND HISTOGRAM RECORDER (CR-WHR): Wind Histogram
Recorder that recorded the turb ine s i te wind data cont inuous ly.

CUT-IN WIND SPEED: The wind speed at which the turbine began generating
power, and above which turb ine operat ion was in i t ia ted.

CUT-OUT WIND SPEED: The maximum wind speed at which the turbine was
al lowed to generate power. At wind speeds h igher than the cut -out , the turb ine
was shu t o f f au tomat ica l l y.

DOWN TIME: Time during which the turbine was not in operational
cond i t i on because o f ma in tenance , mechan ica l f a i l u res , e lec t r i ca l f a i l u res , t ime
spent wai t ing for fau l t d iagnos is and for rep lacement par ts and serv ice.

ESTIMATED GENERATION TIME: Time, based on CR-WHR data, during which the
wind speed was between the turbine's cut-in and cut-out wind speeds.

ESTIMATED OUTPUT ENERGY: Amount of electrical energy the turbine should
have produced (assuming no down time), based on the CR-WHR and the power curve
in F igure 4 , and cu t - in /cu t -ou t w ind speed se t t ings .

ESTIMATED OUTPUT ENERGY (FROM GENERATE-ONLY HISTOGRAM DATA): Amount of
e lect r ica l energy the turb ine should have produced dur ing the actual generat ion
time, based on GO-WHR data, the power curve in Figure 4, and cut-in/cut-out wind
speed set t ings.

ESTIMATED OUTPUT ENERGY (NO DOWN TIME, NO CUT-OUT WIND SPEED): Amount of
e lectr ical energy the turbine should have produced i f the turbine had not been
limited by either down time or cut-out wind speed, based on CR-WHR data and the
power curve in Figure 4.

GENERATE-ONLY WIND HISTOGRAM RECORDER (GO-WHR): Wind Histogram Recorder
that recorded the wind data only when the turbine is actual ly generat ing power.

IDLE TIME: Time during which the turbine was turning but not generat ing
any power (wind speed was below cut-in).

K: The Weibul l shape parameter, used to determine the Weibul l
d i s t r i bu t i on o f w ind speed .

NET OUTPUT ENERGY: Electrical energy produced by the turbine minus
electr ical energy consumed by turbine controls and accessories and by motor for
s t a r t i n g t h e t u r b i n e .

OPERATIONAL EFFICIENCY: Actual energy output as a percentage of the
est imated output energy.

STOP TIME: Time during which the turbine was operational, but was not
turning because the wind speed was too low or too high.

TIME .EFFICIENCY: Actual generation time as a percentage of estimated
genera t ion t ime.
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TABLE IV t SUDBURY I WIND/DIESEL OPERATION

E l a p s e d r e a l t i m e f o r t h e p e r i o d 4 8 4 4 h

T i m e t h a t p o w e r w a s s u p p l i e d t o t h e l o a d 3 8 6 5 . 4 h

W i n d t u r b i n e g e n e r a t i n g t i m e 1 4 1 8 . 8 h

W i n d t u r b i n e i d l i n g t i m e ( r o t o r t u r n i n g b u t 3 4 9 . 4 h
disengaged from the alternator)

T o t a l w i n d t u r b i n e t u r n i n g t i m e 1 7 6 8 . 2 h

W i n d e n e r g y ( s h a f t ) s u p p l i e d t o t h e a l t e r n a t o r 11 , 8 8 7 k W h

Tota l e lec t r i ca l energy de l i ve red by the sys tem* 130 ,289 kWh

D i e s e l g e n e r a t o r # 1 r u n n i n g t i m e 3 5 6 2 . 1 h

D i e s e l g e n e r a t o r # 2 r u n n i n g t i m e 1 5 5 8 . 2 h

T o t a l f u e l c o n s u m p t i o n 4 4 , 5 5 3 L

W i n d t u r b i n e s t a r t s 3 1 1

O v e r r u n n i n g c l u t c h e n g a g e m e n t s 6 , 3 8 8

Ambient temperature range whi le s i te was manned -35 to 31*C

Max imum two second ave rage w ind speed reco rded 22 m/s
while the wind turbine was in operation

Av e r a g e w i n d s p e e d f o r t h e p e r i o d M a r c h 1 s t t o 5 . 4 2 m / s
August 30th, 1982**

*About 20 h of data missing due to failure of the instrumentation backup
ba t te r ies .

**Three weekly averages missing in this period.
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TABLE Vs SUDBURY I WIND/DIESEL PERFORMANCE

Paramete r

C a t e g o r y

A B c D

5 3 5 . 8 3 8 . 2 61 .5 5 . 3

22,561 kWh 1746 2169 167

22 ,938 kWh 1751 2216 172

3216 kWh - 648 -

331 1 kWh _ 689 _„

5883 kg 470 542 44

Opera t i ng Hou rs

P r e d i c t e d P l a n t O u t p u t ( O P )

A c t u a l P l a n t O u t p u t ( O A )

Predicted VAWT Energy (EP)

Actual VAWT Energy (EA)
P r e d i c t e d F u e l C o n s u m p t i o n
w i t h o u t W i n d A s s i s t ( F P W )

A c t u a l F u e l C o n s u m p t i o n - 4 8 2 - 4 6
w i t h o u t W i n d A s s i s t ( F PA )

P r e d i c t e d F u e l C o n s u m p t i o n 5 2 9 7 k g - 4 3 7
w i t h W i n d A s s i s t ( F P )

A c t u a l F u e l C o n s u m p t i o n 5 4 4 3 k g - 4 4 7
w i t h W i n d A s s i s t ( FA )

P r e d i c t e d F u e l S a v i n g ( S P ) 5 8 6 k g - 1 1 5

A c t u a l F u e l S a v i n g ( S A ) 4 4 0 k g - 1 0 5

O P / O A 0 . 9 8 4 0 . 9 9 7 0 . 9 7 9 0 . 9 6 7

F P / F A 0 . 9 7 3 - 0 . 9 7 8

S P / S A 1 . 3 3 2 - 1 . 0 9 5

E P / E A 0 . 9 7 1 - 0 . 9 4 0

F P W / F P A - 0 . 9 7 5 - 0 . 9 3 7
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TABLE VI: SUDBURY I WIND/DIESEL RELIABILITY

Test Period or Period Hours (PH) (hours
that system should have been providing
some electrical power)

Service Hours (SH) or Demand Load on
Period (actual recorded time that the
plant provided some power to the load)

Demand Load Period 100% Available
(recorded time that the plant actually
operated against the load)

Load Period or Derated Output Period
(recorded time that the plant supplied
power to the demand load but the load
pattern was inactive and plant power
output capability was less than 100%)

Forced Outage Hours (FOH) for the diesel
generator system

Total Maintenance/Planned Outage for
Diesel/Generator System (MOH)

Wind Turbine
Forced Outage Hours

Wind Turbine
Planned Maintenance Hours

Diesel Generator Plant Derated Hours
and Power Level

Scheduled Derated Hours and Power Level

Equivalent Forced Derated Hours (EFDH)

Hours Available for VAWT to Provide Power
to Alternator #1 (Diesel Gen. #1 and Power
Train Available)

4314.4 h

3865.4 h

3030.8 h

834.6 h

449 h

2.0 h

68.0 h

2.5 h

539.6 h @ 50% power
259.00 h @ 20% power

8.9 h @ 50% power

505.8 h

3353 h
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TABLE VII: AGRICULTURAL WIND-POWERED PUMPS UNDER TEST
AT ALBERTA AGRICULTURE SITE, LETHBRIDGE, JULY 1983

Make

Rotor

Type App l i ca t i on D iamete r No . o f b lades Pump t ype

Dempster H A W T I r r i g a t i o n 1 Reciprocating
(Pump jack)

W i n d B a r o n H A W T I r r i g a t i o n 2 2 f t ~20? Reciprocating
(Pump jack)

Bowj on H A W T D r a i n a g e 8 f t A i r l i f t

W i n d c h a r g e r I I H A W T D r a i n a g e ~ 8 f t DC motor-
driven
cent r i fuga l

W i n d D y n a m i c s H A W T I r r i g a t i o n 1 4 f t 24 Reciprocating
(Pump jack)
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ROTOR: • Height: 16.8m (55 ft)
" • D i a m e t e r : 11 . 2 m ( 3 6 . 7 f t )

• M id he igh t : 12m (39 .4 f t )

BLADES: • Number: 2" e Air fo i l : NACA 0015

• Chord: 35.6 cm (14 in)
• Mater ia l : ex t 'd a l .

GUYWIRES: • Number: 4
• Diameter: 2.2 cm (0.875 in)

TRANSMISSION: • Single stage
• Ratio 15:1

GENERATOR: • Induction type
• Rating 56 kW
• Speed 1200 rpm

575 V, 60~, 3(3

Figure 1. 50 kW VAWT installation at Churchill, Manitoba
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CENTRIFUGAL OVERSPEED SWITCH
HYDRAULIC PRESSURE RELEASE

COVER

HIGH
LEVEL SWITCH

JOURNAL BEARINGS

BRAKE FREE INDICATOR'

PRESSURE
REGULATOR VALVE.

BEARING DRAIN

HYDRAULIC
DUMP VALVE

POWER MODULE

ELECTRICAL
CONTROL CABINETS MOTOR/GENERATOR

Figure 2. 50 kW VAWT power module schematic
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4 5

4 0

35

3 0

25

Cm
HJ

o 20a.

10 -

5 -

ELECTRICAL POWER OUTPUT Vs.
WIND SPEED FOR THE DAF- INOAL
50 kW VAWT (AS CALCULATED 8Y
DAF- INDAL FROM F IELD
TESTS AT THE PLANT USING THE
CHURCHILL, MANITOBA VAWT)

7 9 I I 1 3 1 5 1 7
WIND SPEED AT MID-ROTOR HEIGHT (M/S)

Figure 4. 50 kW VAWT - Churchill, Manitoba - power curve
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PREDICTED MONTHLY ENERGY OUTPUT (kWh)
(FROM GENERATE— ONLY WIND HISTOGRAM DATA)

Figure 7. Actual vs. predicted energy output
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/

0.5 - S Y M B O L R e

0 . 4 -

0.3

o

0.2

0.1

O 2 X IO6
5 X IO6
2 X IO6

SOURCE

SAND 80-2114

- 9 X l O 6 } N R C B L 0 W D 0 W N T U N N E L

ALPHA (DEG.)

F igure 9. Reynolds number e ffect on l i f t coeffic ient o f NACA0018
a i r f o i l
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-40
TIME (SECONDS)

Figure 10. Angle of attack waveform typical of VAWT equatorial
locat ions

(Time period appropriate to lies de la Madeleine unit)
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i
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1 1I
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/ r° 5"
EXPERIMENT

/ ^ ~ 8 g STATIC

a "^^yf &\ - 1 . 0 - n v m ft fin i r

STALL MODELS

D GORMONT
A a -1.5 - A MASSE

D 2 . 0 -

D

ALPHA (DEGREES)

F i g u r e 11 . D y n a m i c e f f e c t s o n l i f t c o e f fi c e i n t o f N A C A 0 0 1 8 a i r f o i l
(osc i l la t ion waveform per F ig . 10)
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I I
0.5--

EXPERIMENT

STATIC
DYNAMIC

STALL MODELS

D GORMONT
A masse'

U

30

ALPHA (DEGREES)

Figure 12. Dynamic effects on drag coefficient of NACA0018 airfoil
(Oscillation waveform per Fig. 10)
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DAF INDAL l6-8m X ll-2m VAWT
ROTOR SPEED 7I-4RPM

PRIMARY SPEEO
INCREASER
RATIO I4:l

RIGHT ANGLE
GEAR BOX
RATIO l-2:|

SECONDARY DIESEL
GENERATOR UNIT

AUTO
SYNCHRONIZER

YssassT6 Lcam clutch

3 PHASE POWER TO
SYSTEM LOAD AND
DUMP LOAD BANKS
600V 60Hz

PRIMARY DIESEL
GENERATOR UNIT

Figure 13. 100 kW wind turbine assisted diesel generator system near
Sudbury, Canada
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UPPER BEARING

GUYWIRES (6)

AEROBRAKES

SWEPT AREA 4000 m2
ROTOR DIAMETER 64 m
ROTOR HEIGHT 96 m
ROTOR MID ELEVATION 56 m

PIVOT/COUPLING
PARKING BRAKE

ROTOR SUPPORT BEARING

DISC BRAKE

FLEXIBLE COUPL ING

Figure 19. 4 MW VAWT "EOLE" general configuration
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Figure 21. EOLE - upper blade/column joint
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Mats Agrel l

MAGLARP WTS-3. REVIEW OF TESTING ON SITE
AND ACCEPTANCE

Maglarp W1nd-Power-project Summary

WTS-3 at Maglarp, Sweden, was accepted by the
Nat iona l Energy Admin is t ra t ion (Sta tens Energ iverk)
on the recommendation by the projekt group of
Sydkraf t ut i l i ty on the 22. of September 1983.

On that day the unit had run on-l ine for 859 hours
and had produced 1212 MWh during the test-period.

WTS-3 is now run and maintained by Sydkraft on a
contract bas is wi th the Nat ional Energy Admin is t ra
t ion. The wind-power-unit is run under remote con
trol from Malmo (distance 25 km) and maintenance
personnel is immediately cal led for, when an abnor
ma l s top s i tua t ion ocur res .

The delivery was one and a half years late according
to the or ig inal t ime schedule. One year of the delay
was spent on the site in Maglarp.

The extended test period on the site was caused by
low winds and a few technical problems. The main
problems dur ing the test per iod are l is ted below:
- yaw system changed to active yaw

hydrau l ic accumula tors , loss o f p ressure
sensors, e.g. rotor speed sensor- c racks in pa in t i ng and ou te r l aye r o f b lades
cracks in weld ings and s t ru ts in sp inner
o i l l eakage i n seve ra l po in t s

All the main technical problems were solved in a
sat isfactory manner by the t ime of the acceptence.
Inspekt ions and spec ia l invest igat ions wi l l be made
dur ing the guarantee-per iod and tes t -per iod in order
to keep watch over the problem areas.
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Maglarp WTS-3 d ia ry :

How*»

Contract date
Transport to Maglarp
Erect ion of tower
F i r s t r o t a t i o n
Connect ion to the gr id
Rated power 3 MW
Approved 100 hour test
Approved inspect ion
Spinner approved
Total approval and
d e l i v e r y

26 June 1979
Mars 1982
May 1982
J u l y 1982
August 1982
October 1982
Febr. 1983
June 1983
Sept. 1983

22 Sept 1983

3 u y « « K t * f X
fit a. 14*3

F i g 1 . Tota l sync
t e s t i n g

hours of WTS-3 during on-site

Expe r i ence o f on -s i t e - t es t i ng

A general exper ience of test ing on s i te in Maglarp
is that every phase of the test ing took ten t imes
the expected amount of time. The problem is to have
the wind turbine running, the measurment computer
system avai lable and the r ight wind for that speci
fic tes t , a t the same t ime .

The turn-around
p l o t t i n g o f d a t
ca l ly one hour,
f o r t es t i ng and
adding new faci
new software an
time was reduce
dur ing the tes t
s t r i p - c h a r t r e c
the cont ro l sys
system PCM-flow
ment system can
r e c o r d e r.

time for meas
a on the compu

This was not
eva lua t i ng t h

l i t i e s t o t h e
d p lo t t ing on
d. The most im
s turned out t
order. The rec
tern and a "mon
. Al l the 200
be p lo t ted in

urment, processing and
ter system was typi-
sa t i s fac to ry as a too l
e wind turbine. By
computer system, l ike
t h e l i n e - p r i n t e r , t h e
por tan t i ns t rumen t
o be the eight pen
order is connected to
i tor" in the measurment
sensors in the measur-

real t ime on the
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The control system has a special feature in presen
t ing past h istory data af ter an emergency stop. 24
channels of data, programmable by the operator, are
recorded for 2 minutes. The recording stops at an
abnormal stop of the turbine and the recorded data
can be plotted out on paper, eight by eight, on the
s t r i p c h a r t r e c o r d e r.

The sensors in control- and measurment-system need a
l o t o f c a l i b r a t i o n w o r k i n o r d e r t o g e t r e l i a b l e
data. WTS-3 is equipped with approximately 300 sen
sors and since many of the sensors, e. g. strain
g a u g e s i n r o t o r b l a d e s , w o r k i n a d i f fi c u l t e n v i r o -
ment, problems with "dying" sensors are common.

The great number of sensors demand methods in:

Cal ibrat ing each sensor
Funct ion test . (Do I have the r ight sensor to the
r igh t channe l? )
Deciding and documenting the correct convert ion
f u n c t i o n s

- -Checking for cross-talk between sensors and bet
ween channels.

Yaw meclranism problem

Dur ing the las t par t o f the const ruc t ion phase
Kar lskronavarvet , (KkrV), and Hami l ton Standard
expressed suspiscion that the ^free^yaw^^charn^m^
which was intended, was not stabTe. The yaw-control
was then changed to active yaw. A hydraulic motor
was already install e^T Tor TnchTng purpose.

The first test-runs of WTS-3 showed that the nacel le
turned clockwise out of the wind. Some tests were
pe r fo rmed i n o rde r t o find t he fi r s t s t ab le ang le
out of the wind, but no such angle was found in the
area possib le to test . The speed of the turning
depends on the windspeed and is approximately
5 degrees in 20 seconds. (The l imit is set to
5 degrees).

Since the yaw-motor is working almost half the t ime
this causes wear on the yaw gear. In order to mini
mize this wear a secondery yaw motor was installed
in January 1983.

Both motors have an hydraulic damping which works as
a soft break on the yaw movement.

The constructors had to compromize in sett ing the
pressure of the two motors . Too l i t t le pressure can
resul t in prob lems br ing ing the nacel le back to the
wind direct ion and too much pressure gives a shorter
l i fe t ime to the yaw gear.
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During high turbulent wind in September 1983 the
w ind tu rb ine had some d i f ficu l t i es i n s tay ing in the
wind and was therefore automaticly shut down by the
cont ro l sys tem. In order to increase the secur i ty a
redudant wind-direct ion-sensor is mounted on the top
of the nacelle and a redundant yaw-angle-sensor is
planned.

The yaw behavior wi l l be carefu l ly s tudied in the
f u l l - s c a l e - t e s t p e r i o d .

Fig 2. Start at low windspeed (9 m/s)
To p : P r o d u c e d p o w e r
Bot tom: Nace l le d i rec t ion

Hydraul ic accumulators

Eight hydrau l ic accumulators ar
spinner. The accumulators are a
cy feather system which serves
normal pitch change system. The
ro ta t ing w i th the sp inner a t 25
fi r s t p r o b l e m i n fi n d i n g a s u i t
la tor fo r the purpose. S ince th
always tests the pressure of th
system as a prestart check this
especial ly when at tempt ing to s
a f te r a long per iod o f s tands t i

e mounted in the
part of the emergen-

as a back-up for the
accumulators are
rpm and KkrV had at

able type of accumu-
e control system
e emergency feather

caused many problems
t a r t t h e t u r b i n e
11.
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the dBA-curve is 8 dB below predicted

the octave band analysis shows that the measured
curve is 10 dB higher than the predicted curve at
a wind-speed of 12 m/s and low frequences.

Fig 3. WTS-3. Noise
50 dBA and 60

Windspeed 5-10 m/s
dBA 1imit at Magiarp

Until the report from the measurment is presented we
can only add the personal experience of the sound on
the site at Maglarp. The "swisching" sound from the
rotor-blades can be heard up to 500 meters down
wind from the turbine. The nearest home is about
550 meters nor th-east of the turb ine.

Every time a rotorblade passes behind the tower a
"thump" sound can also be heard. This sound varies
s t rong ly w i th the ang le and can be to ta ly d i f fe ren t
within a few meters. I t is easy to hear th is sound
in the Informat ion bui ld ing 300 meters east of the
t u r b i n e .

Neighbours have complained about the noise and even
claimed that the wind turbine has given them head
ache. Measurments in one home have showed no high
levels at low frequences or of sub-sonic sound.

Wake-studies in the region between the tower and the
blade was performed in September 1983 by FFA,
Sweden, and the results may give a better knowledge
of down-wind-turbines and sound problem.
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Cracks in blades

At an inspect ion of the rotorb lades in february 1983
cracks were found in paint ing and outer layer of
blades. The glass fibre is wound in many layers. The
fibres which carry the load on the blade are or ien
ted at a 60 degree angle to the longi tudinal blade
axis. No cracks could be found in that layer. Out
side the 60 degree layer is a 90 degree layer with
the purpose of g iv ing the b lade a bet ter sur face.
This layer had cracks in some sect ions of the
blade. An analysis showed that the cracks had no
influence on the strenght of the blade. The blades
had however to be repaired to prevent water from
beeing absorbed in the g lass-fibre layers . Cracks in
the paint ing were found in many parts of the blades.
The lightning tape was also damaged and had to be
glued to the blade. Some traces of suspected l ight
ning strokes was found. The damages were very small
and no disturbance to the computers or any electro
nics were observed.

The blades were repaired and painted in June 1983.
The work demanded dry and warm weather and was suc
cessfu l ly accompl ished f rom the maintance plat form.
The paint was changed to a more elastic type. Some
cracks were lef t unrepaired and were later inspekted
for determining the speed of crack propagat ion.

The blades were again inspekted in September 1983.
Some small cracks in the new paint were discovered
but no new cracks in fibre glass layers were found.
The propagation of unrepaired cracks was slow.
Unfor tunate ly the new paint has a s l ight ly darker
co lour, which makes the b lades look "d i r ty" .

Spinner problems

During a 100 hour test-run in november 1982 some
cracks in struts in the spinner were found. The
spinner is a construct ion of a luminum shel l and
struts in steel and the spinner serves as a weather
protect ion for maintenance personnel and pi tch
change mechanism. The spinner is no vital part for
the funct ion of the wind-turbine but a breakdown of
the struts in spinner could cause secondary damage
to the pitch mechanism.

Attempts were made to repair the weldings and
strengthen the struts. A number of stra in gauges
were also put on to the struts and the forces were
measured dur ing d i f fe rent cond i t ions . The forces
turned out to be higher than predicted and the
spinner was consequently underdimensioned.
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The intention is to run the WTS-3 at Maglarp as a
normal product ion p lant w i th the ord inary rout ines
fo r opera t ion and ma in tenance a t Sydk ra f t u t i l i t y.

The evaluat ion program should as l i t t le as poss ib le
restrain the normal operat ion of the wind power
pi ant.
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THE COMMISSIONING OF THE SWEDISH 2 MW
WTS PROTOTYPE AT NASUDDEN.

by
GGran Svensson

ABSTRACT

Experiences dur ing the commissioning of the
Swedish 2 MW WTS prototype at Nasudden on the
island of Got land is summarized.

The WTS was formally delivered to the customer,
the Swedish Energy Agency, on August 4, 1983.

The operation has so far been very succesful
and the eva lua t ion has jus t s ta r ted and w i l l
be reported in the middle of 1984.
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1 BACKGROUND

The Swedish wind energy program was formed
d u r i n g t h e s o c a l l e d e n e r g y c r i s i s i n t h e
m i d d l e o f 1 9 7 0 .

T h e p r o g r a m i s a d m i n i s t e r e d b y t h e N a t i o n a l
Swed ish Board fo r Energy Source Deve lopment (NE)
n o w p a r t o f t h e n e w l y f o r m e d N a t i o n a l E n e r g y a d m i n i
s t r a t i o n (ST l i V ) . Th e ma i n o b j e c t i ve f o r t h e
p r o g r a m i s t o u n t i l 1 9 8 5 g i v e a b a s e f o r t h e
S w e d i s h g o v e r n m e n t t o d e c i d e w h a t f u r t h e r d e v e l o p
m e n t i s n e e d e d t o i n t r o d u c e w i n d p o w e r i n t o
t h e S w e d i s h p o w e r s y s t e m . T h i s o f c o u r s e i f
t h e e v a l u a t i o n i n d i c a t e s t h a t w i n d c a n b e
c o m p e t i t i v e w i t h o t h e r e n e r g y s o u r c e s

T h e t o t a l c o s t f o r t h e 1 0 y e a r p r o g r a m i s
c l ose t o 300 MSEK (38 M$) . The ma jo r pa r t o f
t h i s a r e t h e t w o p r o t o t y p e s . T h e M a g l a r p u n i t
i n t h e p r o v i n c e o f S k a n e a n d t h e N a s u d d e n u n i t
o n t h e i s l a n d o f G o t l a n d o n t h e e a s t c o a s t o f
Sweden.

T h e o t h e r a c t i v i t i e s i n s i d e t h e p r o g r a m a r e
s u mm;i r i z c c! i n figure 1 .

2 T h e N a s u d d e n p r o j e c t .

The 2 MW WTS at Nasudden has the Swedish
company KAMEWA AB as main contractor. The cont
r a c t f o r t h e p r o t o t y p e w a s s i g n e d i n S e p t e m b e r
1979 and a t t he same t ime the Swed ish S ta te
Power Board (SSPB) was con t rac ted , by NE, to
b e t h e i r o p e r a t i n g a g e n t d u r i n g t h e p r o j e c t
p h a s e a s w e l l a s r e s p o n s i b l e f o r t h e o p e r a t i o n
a n d m a i n t e n a n c e a n d f o r t h e e v a l u a t i o n o f t h e
p r o t o t y p e .

T h e m a i n c h a r a c t e r i s t i c s o f t h e W T S i s s u m m a
r i z e d i n fi g u r e 2 .

A m o r e d e t a i l e d t e c h n i c a l p r e s e n t a t i o n i s
a v a i l a b l e i n R e f . 1 .

T h e s t a t u s o f t h e p r o j e c t i s t h a t a c c e p t a n c e
a n d f o r m a l d e l i v e r y t o t h e c u s t o m e r w a s r e a c h e d
o n A u g u s t 4 , 1 9 8 3 . T h e t u r b i n e h a s u p t o n o w
b e e n c o n n e c t e d t o t h e g r i d o v e r 1 0 0 h o u r s s i n c e
A p r i l 2 2 , 1 9 8 3 w h e n t h e fi r s t s y n c h r o n i z a t i o n
was done.
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The energy product ion dur ing th is per iod is
close to 150 000 kWh.

The major mi lestones in the pro ject are presented
i n fi g u r e 3 .

3 Commissioning

3. I Shop test

The preparat ion for the commissioning at the
s i te s ta r ted a l ready w i th the shop tes t du r ing
the first s ix months of 1982. The complete
nacelle and hub was at this time assembled
inside the KAMEWA work shop. The different
subsystems were tested one at the time and also
toge the r i n a comp le te ro ta t i ng sys tem,
except for the b lades. The sof tware for the
control system was also to some extent tested.
A l l p rograms were not ava i lab le a t tha t t ime
which meant a somewhat more extensive site
tes t ing than o therw ise necessary.

D u r i n g t h e s e t e s t s t h e s t i f f n e s s o f t h e p i t c h
mechanism was thoroughly invest igated in
o r d e r t o b e q u i t e c e r t a i n t h a t fl u t t e r w o u l d
not occur dur ing operat ion. The resul ts showed
a somewhat lower s t i f fness than ant ic ipa ted
which led to the decision to change one of
the two cy l inders per b lade in to one wi th
b igger d iameter. Such a mod ifica t ion cou ld
lather easily be made with access to a well
equipped work shop.

Another big advantage with the shop test was
tha t t he pe rsonne l r espons ib le f o r t he s i t e
tests learned about the behav iour o f the
system at ground level and without dependence
of the w ind .

3 . 2 S i t e t e s t i n g

The actua l commiss ion ing per iod s tar ted a l ready
in November 1982 wi th cneck ing that the ins ta l la t ion
was acco rd ing to the des ign . Success ive l y
a l l sys tems were taken in to opera t ion , tes ted
and integrated into the automat ic sequences
ins ide the con t ro l sys tem.

To test the software in the PC-system and
the regu la tors a spec ia l s imula tor was des igned.
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Th is made i t poss ib le to s imu la te a ro ta t ing
turbine and to debug the programs without
having to operate the WTS. Tn this way the
les i i ng was pa r t i a l l y i ndependen t o f the w ind
and wi thout any r isk that a mal funct ion or a
mistake would end up in an unwanted mode of
opera t ion . Th is p rocedure a lso exp la ins the
rather few operat ing hours dur ing the commis
s i o n i n g p e r i o d . A f t e r t h e fi r s t c o n n e c t i o n t o
the grid, only one and a half month was needed
be fo re the accep tance tes ts cou ld s ta r t .

Du r ing the commiss ion ing the respons ib i l i t y
f o r t he t es t s was i ns ide t he con t rac to rs
comi. t tmcnts. The act iv i t ies were though p lanned
and discussed in cooperation with SSPB personnel
A lso dur ing the tes ts the cus tomer fo l lowed
the progress very c losely. Twice a week the
resul ts were d iscussed in a smal l group wi th
members from both part ies. Beside the persons
ins ide the customers pro jec t group a lso
representa t ives f rom the opera t ing depar tment
ins ide SSPB were par t ic ipa t ing in order to
learn how to operate and mainta in the uni t .
The exper ience wi th th is way of work ing is
extremely good and made the take over of the
unit much more simple.

4 Summary of the commissioning period

The commissioning per iod lasted for a lmost
7 months. Al though the t ime is rather long
the problems that occured dur ing the per iod
were ma in ly re la ted to p rac t i ca l mat te rs and
there was always a solution found that made
i t p o s s i b l e t o c o n t i n u e .

There was also a strong wish from both the
con t rac to r and the cus tomer to rea l l y l ea rn
the behaviour of the system to have a base
f o r t h e f o l l o w i n g e v a l u a t i o n . T h i s o f c o u r s e a l s o
p r o l o n g s t h e a c t i v i t i e s .

Some of the problems experienced can be worth
men t i on ing .

4 .1 Timeschedu le
Although a lot of preparation work had been done
in advance and the persons involved in the s i te
test ing were the designers of the systems
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i t t u r n e d o u t t o h e v e r y d i f fi c u l t
t o p red i c t t he t ime needed fo r t he d i f f e ren t
act i v it ies

I t i s o f c o u r s e a l s o d i f fi c u l t t o c o o r d i n a t e
work that has to be performed when the:.turbine
is in opera t ion and severa l subcont rac tors are
invo lved. Espec ia l ly in the low wind season
and at a remote locat ion.

The conclusion must be to try to do as much as
p o s s i b l e b e f o r e t h e s i t e a c t i v i t i e s s t a r t s

4.2 Components

A des ign ph i losophy has been to u t i l i ze we l l
proven components used in other simi lar
a p p l i c a t i o n s .

Some problems occured with an electronic buffer
card, used for measur ing the blade angle. This
was caused by a faul t inside the manufactur ing
process and i t took quite some t ime to get a
sample w i th the r igh t behav iour.
The signal from one of the speed sensors also
gave a lot of ripple and caused some delay
be fo re p rope r fi l t e r s we re bu i l t i n . The cause
f o r t h i s i s s t i l l u n k n o w n .

The hydraulic systems have behaved as expected
a f te r the fina l ad jus tmen ts . The des ign p ressure
leve l f o r t he p i t ch se t t i ng sys tem i s 80 ba r
which means that more rigid components can be
u s e d , l e s s s e n s i t i v e t o p a r t i c l e s i n t h e h y d
r a u l i c o i l .

The ven t i l a t i on sys tem ins ide the nace l l e
had to be modified to keep the temperature down.
The ra the r comp l i ca ted nace l l e made i t d i f fi
c u l t t o p r e d i c t t h e a i r fl o w.

The ice detectors on the blades have not yet
worked sat is fac tory and a redes ign in the
method of analyz ing the s ignal f rom the detectors
has to be developed, before the winter per iod
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4.3 The data aquisit ion system (DAS)

The delivery of the DAS was split between the
customer and the contractor. The gauges and
the PCM-system was inside the turn-key del i
very. The computers and the software was
purchased separately and contained qui te a
lot of development work. This caused a delay
in the de l i very o f an opera t iona l computer
system. As the main cont ractor for the proto
type was promised, ins ide the cont rac t , to
have access to the total system during the commis
sioning this caused some disturbances and a
lo t o f coord ina t ion work f rom the cus tomer.

5 Acceptance tests

The acceptance tests were spec ified ins ide the
contract and were div ided in two parts. One
part before the del ivery and a second par t
a f t e r d e l i v e r y. T h e a c t i v i t i e s i n s i d e t h e p r o
grams arc shown in figure 4 and figure 5.
The tests were performed with one responsible
person from KAMEWA, as main contractor, and one
from SSPB, as representat ive for the customer.

As most of the tests had been run during the
commissioning per iod the behaviour of the
system was known to both part ies, but at th is
phase the resul ts were recorded and reported
to a much higher level .

The fi rs t par t o f the acceptance tes ts was per
formed during June and July and the second part
w i l l s ta r t i n t he m idd le o f Oc tobe r 1983 .

The aim with the acceptance test was not to
ful ly evaluate the WTS but to show that the
behaviour and performance was inside the
con t rac tua l r equ i remen ts .

The ava i l ab le r esu l t s a re t he re fo re ve ry p re -
l iminar and the more thorough evaluat ion has
j u s t s t a r t e d .
Some observations and comments to the results
can ye t be o f i n te res t .
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5.1 System behaviour

The changes between modes of operation works
v e r y s a t i s f a c t o r y. T h e c r i t e r i o n s f o r s t a r t i n g
and stopping at low wind speeds are yet not
opt imized. From an energy point of view the
cut - in w ind speed is not so sens i t i ve but the
publ ic is very sens i t ive to a WTS that is not
i n ope ra t i on , espec ia l l y i n t he demons t ra t i on
phase.The opt imizat ion is in o ther words not
j u s t s c i e n t i fi c .
The acce le ra t ion in the nace l le , dur ing opera
t i o n i s q u i t e t o l e r a b l e d u e t o t h e s t i f f
system. This makes i t possib le to do v isual
inspect ion in the nace l le a lso when the tu rb ine
i s r u n n i n g .

The turbine has been tested also at high wind
speeds and has several times been disconnected
from the grid due to high wind, at 21 m/s,
wi thout any unexpected behaviour.

5 .2 Synchron iza t ion and in te rac t i on w i th the
ILLiiL

The e lec t r i ca l g r i d a t t he s i t e i s ve ry weak .
S h o r t c i r c u i t p o w e r l e v e l i n t h e o r d e r o f
40 MVA: Simulations showed that a direct connec
t ion o f the asynchronous generator to the gr id
would result in a voltage drop of about 17%.
To be ab le t o f u l fi l t he requ i remen ts o f a
voltage variat ion, on the 30 kV side, inside - 5%
dur ing the connect ion to the gr id a spec ia l
design had to be incorporated.

The e lec t r i ca l d iagram is shown in figure 6 .
When the ro ta t iona l speed, dur ing a s tar t
procedure, is c lose to the synchronous speed
the generator is connected to the 0,6 MVAr
capac i to r. Due to the res idua l magne t i za t ion
in t he gene ra to r t he vo l t age i n t he cu rcu i t i s
bu i l t up to app rox ima te l y 6kV. A t t h i s t ime
the generator is synchronized in the same way
as i f i t had been a synchronous generator. As
soon as the generator is work ing together wi th
the grid i t behaves as an asynchronous generator
and the capac i tor supp l ies react ive power to
the system.
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The procedure has worked almost better than
expected. The voltage variation , when synchro
nizing, is in the order of 11.
The allowable voltage variation,when the turbine
is in operation,ist 0.5%. Although the power
variations at some occasions have been rather
high the voltage is inside the tolerances.

5.3 Performance and load situation

The power curve for the turbine has not yet
been measured because of the limited time of
operat ion.

During the test phase was the wind situation
at some occasions rather severe. The actual
wind shear deviated a lot from the normal and specified
wind shear. This of course influenced the
power variations and also the load situationfor the blades. It has been confirmed from the
meteorological measurments that these occasions
were rather special. The power variations at
this time were sometimes in the order of £ 400 kW
during one revolution.

Operation after this period has though showed
much smaller variations and inside the calculated
values.

In figure 7 is an example of the power output
and the wind speed at the top of the nacelle.

It is too early to draw any conclusions about
the load situation , but the DAS makes it
possible to continuosly col lect the load
spectrum for 20 different points in the structure.I;i rst after some months of undisturbed operation
is it meaningful to compare the actual load
spectrum with the calculated spectrum.

5.4 Other observations

At a blade inspection before the delivery it
was observed that a lightning stroke had hit
the "tip cap", of stainless steel, in one of
the blade tips. This caused a damage to the
corrosion protection in an area of about
150*50 mm on both sides of the blade. No other
damage has been observed.
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At one occasion some 40 goldcrcsts were found
dead beside the tower. The accident had happened
dur ing the n igh t w i th the tu rb ine parked .

Ice on the blades has up to now not been a
problem. Some ice build up on the platform
around the tower was observed during the last
w i n t e r .

6 Operat ion a f ter acceptance tes ts

T h e o p e r a t i o n , a f t e r t h e fi r s t p a r t o f t h e
acceptance tests,has been performed with a
manned control room. The system is ful ly capable
of operat ing remote-cont ro l led, but th is was a
decis ion taken to increase the knowledge of the
sys tem. I t a lso g ives the persons respons ib le
for the operation inside SSPB a deeper under
standing of the system.
About 60 hours of operation has been gained
during this period and the system has worked
very wel l . The d is turbances that has occured
have been l imited and have,without problems,
been handled by the operating staff from SSPB.

A f te r the 100 hours tes t , expec ted to s ta r t i n
the middle of October th is year, the WTS wi l l be
operated unat tended and remote-cont ro l led
from the SSPB operating centre outside Visby
some 80 km from the prototype site.

Once a week there wi l l be a visual inspect ion
a t the s i te and in be tween on ly i f a fau l t
occu rs .

Plans for maintenance have been made in coopera
tion between KAMEWA and SSPB.

References.

1. Status and experiences with the 2 MW
WTS 75 at Nasudden, Gotland. Sept. 1983
V Mets and 0 Hermansson.
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The Swedish Wind Energy Program
• Two full scale prototypes

• Prototype evaluation

• Adaption for series production

• Basic research

• Wind prospecting

• Siting studies, environment

• Test unit

• Integration study

• Support small wind turbines

% \
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NASUDDEN
Main characteristics

Rated power.

Rotor diameter

Hubheight

Rotor speed

Wind speed
Cut-in-
Rated-
Cut-out.

No of blades^

Blade materials.

Type of hub, ..._

Pitch control

Orientation of rotor.

Tower

Electronic control.

-.2 MW

„75 m

~-77 m

25 rpm

6 m/s
12,5 m/s

21 m/s

Steel • Grp

Rigid

..Full span

Upwind

Stiff, concrete

_ Programable
controlers

^9» *
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NASUDDEN
Major milestones

C o n t r a c t s i g n e d g o r f 1 9 7 9

Star t o f s i te act iv i t ies March 1981

T r M U m m r ™ m p l - * - r t . I n l y 1 Q S 1

Shop assembly completed^^—Feb 1982

Shop test performed—.March-June 1982

B l a d e s c o m p l e t e d J u n e 1 9 8 2

E r e c t i o n a t s i t e J u n e - S e p t 1 9 8 2

F i r s t r o t a t i o n F e b 1 9 8 3

Fi rs t connect ion to gr id Apr i l 1983

Acceptance test completed July 1983

D e l i v e r y A u g 1 9 8 3



195

NASUDDEN
Acceptance tests

1. Investigation of all modes of operation

2. Emergency stop from low wind speed

3. Stop due to low wind speed

4. Overspeed test

5. Loss of computers in the control system

6. Loss of grid

7. Measurments of vibrations and noice

8. Measurments of mechanical stresses
during start up and operation

9. Measurments of mechanical stresses
during emergency stop

10. Investigation of grid parameters at connection
to the grid at high wind speed

* \ H
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NASUDDEN
Acceptance tests part two

1. Cut-out due to high wind speeds

2. Cut-in at high wind speeds

3. Emergency stop at high wind speeds

4. Control system stability

5. Efficiency in drive train

6. Local power demand

7. Measurments at stand still, high wind speeds

8. Power curve

9. Energy production

10. 100 hours test

11. Loss of grid at high wind speeds

~h<\, 5
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STATUS OF WIND POWER AT
PACIFIC GAS AND ELECTRIC COMPANY

by

Thomas Hillesland, Jr. and William J. Steeley

I . I n t r o d u c t i o n

To reduce use of fossil fuels, PGandE plans to increase the proportion
of renewable resources in its future generation mix. Wind energy is expected
to be a significant part of the Company's electric supply additions. PGandE
owns and operates, on an experimental and performance monitoring basis, a 2.5
MW wind turbine in Solano County California. Many power purchase
negotiations are in progress and several such agreements with private wind
developers are in force.

This .paper summarizes PGandE1 s wind prospecting and measurement
programs, describes our site and machine selection process and reports on the
construction and performance of the Solano WT. Progress in association with
private wind developers and future wind energy plans are also discussed.

II. Wind Prospecting and Measurement

Beginning in 1976, PGandE participated in a DOE sponsored program to
measure wind speeds at Point Arena, California. And the Company's
meteorologists systematically reviewed the available historical wind data to
identify promising wind areas in the service territory1. In 1979, results
of a joint PGandE/California Energy Commission wind prospecting study
confirmed the feasibility of developing wind energy in Solano and Alameda
Counties2. So the Company embarked on a comprehensive wind measurement
program in those regions. Data on the wind was gathered at eight locations
in each region from 1980 until the beginning of 1982.

I I I . S i te Select ion Process

Wind study results were used to identify four candidate areas from more
than 20 possibilities for siting PGandE's first large wind turbine. Two were
in Solano County, one in Alameda County and the fourth at Point Arena in
Mendocino County.

Davis, Earl and Ron Nierenberg, An Assessment of Potential Wind Energy
from Historical Data. August 1979, Pacific Gas and Electric Company,
Meteorological Office.
Davis, Earl and Ron Nierenberg, Wind .Energy Prospecting in Alameda and
Solano Counties, May 1980, Pacific Gas and Electric Company,
Meteorological Office.
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A two-phase site selection process began which led to the final site
selection. The first phase was a general process aimed to reveal problems
tliat would prevent installing a wind turbine on a desired schedule. Two
areas were dropped but one candidate area in Solano County and the other
in the Altamont Pass region of Alameda County remained for further study.

The second phase was a detailed process to determine which site in
the two remaining candidate areas would best meet the Company's
requirements. These included:

1) Potentially favorable site effects on project economics,
re l iabi l i ty, e lectr ica l compat ib i l i ty and publ ic acceptance.

2) Good accessibility from centers of operations and maintenance.

3) Accessible and variable enough to stimulate effective generic
fie ld research.

The following elements were considered in the detailed site selection
process:

• Wind Resource
• Geological Constraints
• Ecological Impacts
• Noise Impacts
• Radio Interference/Television Interference Impacts
• Site Access and Development
• Regulatory Requirements
• Visual Impacts
. Socio - Polit ical Constraints
• Site Acquisit ion
• Value of Generated Power
• Research and Demonstration Value

The Solano site was selected for installation of PGandE's first large
wind turbine^. The site has a mean wind speed of 18.5 mph at a 30 foot
height averaged over 10 months2. The winds were strongest during the
months from April through October and blew primarily from the SSW-W
directions. Since the site was selected, wind measurements at several
levels show the wind speed decreases with height above ground most of the
time, sometimes dramatically.

Shikuma, Rae M., Siting, The .First PGandE Wind Turbine Generator, 1981,
Pacific Gas and Electric Company, Siting Department.
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IV. Machine .Selection Process

The competitive bidding process used for wind turbine selection was
started before site selection was completed. Four manufacturers responded
to the PGandE specification. The winning proposal came from Boeing
Engineering and Construction Company (BEC) for a wind turbine (BWT 2560)
based on the MOD-2 design. PGandE contracted for the construction and
Installation of the wind turbine system.

V. Construction and Performance

Construction started in late April 1981. The WT was installed and
first rotated in April 1982. System start-up and testing began in April
and continued into May. During this period, machine performance data was
gathered by BEC and PGandE. The machine did not reach rated power for
ten-minute averaged winds over 30 mph. The wind was measured at the 200
foot level (hub height) of a meteorological tower located about 600 feet
north of the turbine, along the same ridge perpendicular to the prevailing
wind.

Qn July 30, 1982 the unit was transferred to .PGandE's ownership for
regular operation and a contract was signed with BEC to keep two WT
specialists on site for the next 90 days. Recent performance data is
shown in Figure 1. The latest Solano WT status is shown in Figure 2.

VI. Customer - Owned Wind Farms

The two areas identified in PGandE's siting study - Altamont and Solano -
have attracted many wind farm developers. Over 470 MW of projects proposed
for installation near our Solano site and in Altamont Pass are under contract
to PGandE. About 60 MW have been installed, as of September 1, 1983. In
1982, about 3.6 million kilowatthours were generated and sold to PGandE by
these independent power producers. Through August 1983, about 25.9 million
kilowatthours were produced.



202

VII . Future Plans

PGandE's wind program calls for:

1) meteorological data col lect ion,

2) gaining experimental knowledge and operational experience on the
large horizontal axis BWT 2560,

3) assisting third parties to implement wind electric developments,
and

4) cooperat ing with the ut i l i ty industry, wind industry
manufacturers and government agencies to expedite the advent of
truly commercial and competitive wind electric technology.
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R e p o r t I s s u e d : O C T 0 4 1 9 6 3 R e p o r t 4 2 0 - 8 3 . 2 5 1

Pacific Gas and Electric Company
Department of Engineering Research

SOLANO UIND TURBINE STATUS REPORT No. 30

Reporting Period: 12;05 September 15, 1983 to 11:45 September 30,1583

Opera t i ng S ta t i s t i cs f o r Repo r t i ng Pe r i od
Time of Bus-Synchronized Operat ion: 135 Hours

Gross Energy Produced: 232520 Ki lowatt-Hours
Net Energy Produced: 231493 Ki lowatt-Hours

Max. 5 Min. Ave. Wind Speed during Operation: 40 MPH
Max. 5 Min. Ave. Wind Speed recorded at Site: 43 MPH

Uind Ava i l ab i l i t y du r i ng Repo r t i ng Pe r i od : 259 Hou rs

Wind Turbine Totals to Date

Bus-Synchronized Operat ion: 1012 Hours
Hours of Rotat ion: 1089 Hours

Gross Energy Produced: 1,665,014 Ki lowatt -Hours

Operating Notes:
1. The wind turb ine has been in normal operat ion for th is two

week period.

2. One of the small wires on the low speed shaft <LLS> crack
detect ion system was acc identa l ly separated whi le rep lac ing
a bracket on the LLS. This resulted in a wind turbine shutdown
for a weekend unt i l the crack detect ion system could be repaired

T i ' Q . Z
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Hugo MUhiacker

Electrical Conoept of GROWIAN 1 and first Experience

The construction and trial operation of GROWIAN 1 is being car
ried out by an association set up for this purpose and known as
the "GroBe Windenergieanlagen Bau- und Betr iebsgesel lschaft" found
ed by the power utilities HEW, SCHLESWAG, RWE. The GROWIAN 1 pro
gram is financed from funds of the Federal Ministry for Research
and Technology, represented by the Jti l ich Nuclear Research Sta
tion, Energy Research Project Management.

Under the leadership of MAN-Neue Technologien, which is supply
ing the nacelle and the turbine, Siemens AG was commissioned to
plan the complete e lect r ica l insta l la t ion for the GROWIAN 1 pro
t o t y p e .

Figure 1

The GROWIAN 1 wind-power plant is among the world's largest pro
j e c t s f o r t h e u t i l i z a t i o n o f w i n d e n e r g y.

At the end o f 1983 i t i s due to go in to t r ia l operat ion a t the
Kaiser Wilhelm Polder on the Lower Elbe.
With a power rating of 3 MW, GROWIAN 1 will feed power into the
pub l i c supp ly sys tem. I t w i l l be used to inves t iga te the techn i
ca l and economic precond i t ions fo r the u t i l i za t ion o f w ind energy
fo r e lec t r i c i t y genera t ion in the Federa l Repub l i c o f Germany.
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Figure 2

A double-blade hor izontal ax is wind turb ine wi th a rated speed
of 18.5 rev/min was selected in 1978 for the GROWIAN 1 project.
This wind turbine has an overall diameter of 100.4 m with a tower
height of 100 m and has an electrical rating of 3 MW.

I t i s des igned to genera te e lec t r i c i t y s ta r t i ng f rom a w ind ve lo
city of 6 m/s (about force 4). Rated power of 3 MW is attained
at 12 m/s (VN). At wind velocities above VA = 24 m/s (force 9)
the p lant is automat ica l ly shut down.

When in service at i ts intended location, GROWIAN 1 wil l supply
around 12 GWh of energy a year.

Figure 3

Fig. 3 shows the single line diagram of GROWIAN 1 equipped with
a double-fed asynchronous generator which feeds power to the sys
tem via two 20 kV ring mains, of which only one is normally in
operat ion. The t ransmiss ion t ransformer makes i t poss ib le to oper
ate the generator at 6.3 kV - a favourable voltage for a machine
o f th i s ra t i ng - i r respec t i ve o f the vo l tage leve l o f t he med ium
vo l t age sys tem. A sw i t chove r f ac i l i t y i s p rov ided i n t he ro to r
c i rcu i t . To prevent over load ing o f the conver te r, upon unaccept
able accelerat ion of the turb ine by st rong gusts of wind the ge
nerator is swi tched to asynchronous opera t ion , a res is tor tak
i ng t he p l ace o f t he conve r te r i n t he ro to r c i r cu i t .

It must be borne in mind that DC voltage is applied to the switch-
gear in the ro to r c i rcu i t du r ing synchronous opera t ion . In the
normal operating range the generator produces an AC voltage of
variable frequency from 0 to 5 Hz, which can r ise dynamical ly
to 7.5 Hz and in overload operation in the asynchronous range
the frequency rise to as much as 25 Hz.
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In order to l imi t the number o f s l ipr ings used to t ransmi t power
a c ro ss t h e sw i ve l j o i n t , se p a ra te s t a t i o n - se r v i ce su p p l i e s a re
provided to the machine room and to the operations building and
s ta t ionary par t o f the tower. In bo th these loca t ions separa te
DC equipment and AC busbars with uninterruptible supply are in
s ta l l ed , e .g . f o r con t ro l and mon i t o r i ng . A d i ese l gene ra to r se t
is a lso on hand to l im i t the bat tery s ize and supp ly v i ta l loads
in the event of prolonged power system fa i lures.

Figure 4

In v iew of i ts re la t ive ly low power output and the d is tance f rom
the nearest dispatching centre, it was decided that GROWIAN should
opera te fu l l y au tomat ica l l y. Depend ing on the w ind ve loc i t y, wh ich
is detected by the wind vane, the plant must automatical ly be
switched on and off and the nacel le turned into the wind.

As wi th the s tat ion-serv ice supply, so the whole moni tor ing and
cont ro l sys tem is d iv ided as far as poss ib le in to a sect ion as
signed to the nacelle and a section assigned to the tower and
opera t i ons bu i l d ing . I n th i s respec t i t i s necessa ry fo r t he mon i
toring and control equipment concentrated in the machine room
to be so des igned tha t a l l v i ta l mon i to r ing and con t ro l func t ions
for shutt ing down the generator remain operat ive in the event
o f a s l i p r i n g f a u l t .

The control station in the switchgear room is the heart of GROWIAN.
From here electr ical and mechanical control of the wind-power
p lant can be car r ied out by hand or automat ica l ly. A l l moni tor
i ng and con t ro l c i r cu i t s a re b rough t t oge the r a t t h i s con t ro l
s t a t i o n .
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The electrical concept of GROWIAN 1 is mainly determined by use
of the double-fed asynchronous machine as generator and a con
ver ter contro l led var iab le speed asynchronous motor for b lade
p i t ch con t ro l . As th i s t ype o f equ ipmen t i s used fo r t he fi rs t
t ime in a large wind power plant I wi l l concentrate my presenta
t i on t o t h i s two i t ems on l y.

Figure 5

The main sp ind le o f the b lade p i tch dr ive is d i rec t ly coupled
to 4-pole asynchronous motor of 70 kW rated output, which is con
nec ted v ia s l i p r ings to s ta t i c f requency conver te r w i th DC l i nk .
The motor is designed for short- t ime overloads and for produc
ing t o rque a t s tands t i l l cond i t i on t oo . The re fo re t he conve r te r
is designed with 140 kVA input. As i t is necessary to br ing the
b lades in feathered pos i t ion even wi thout 3-phase aux i l ia ry net
work the DC l ink is connected to a battery of special design for
mo to r ope ra t i on and w i th a t hy r i s to r con t ro l l ed b rak ing res i s to r
for genera tor opera t ion o f the motor.

Figure 6

F igure 6+7 show two osc i l lograms each taken in our fac tory tes t
ing field. In figure 6 for both cases the motor was operated wi th
constant counter moment when the 3-phase voltage was switched
away. Only the overload condit ion shows some deviations in the
motor speed af ter 3-phase vol tage disconnect ion and re-connect ion.

Figure 7

This figure shows the osc i l lograms wi th heavy var ia t ions o f the
counter moment. One with speed 350 r.p.m. and one with zero speed.
The la ter is spec ia l ly sca led for motor speed dev ia t ion . I t shows
tha t the ba t te ry bu f fe r ing works we l l even under s tands t i l l con
d i t i o n o f t h e m o t o r.
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Measurements at s i te dur ing the present no- load test runs of the
GROWIAN 1 have confirmed the factory test results.

I will now step over to the main machine of the GROWIAN 1 the
double- fed asynchronous generator.

Figure 8

As can be seen from the operating diagram a machine had to be
se lec ted as a genera to r wh ich pe rm i t s speed flex ib i l i t y w i th in
a certain range. After the advantages and disadvantages had been
considered, preference was given to double-fed asynchronous ma
ch ine w i th a f requency conver te r i n the ro to r c i r cu i t aga ins t
a synchronous machine with a frequency converter in the stator
c i rcu i t . In opera t ion w i th in a g iven speed range, th is mach ine
can supply a constant f requency at the stator terminals. Hence,
the vector o f the magnet ic flux in the s ta tor ro ta tes a t a speed
proport ional to the f requency of the power system. By sui table
contro l o f the conver ter f requency, a condi t ion is produced where
by the sum of the frequency proportional to the mechanical speed
and the frequency of the converter is always equal to the power
sys tem f requency. As a resu l t o f th i s t ype o f exc i ta t ion , the
asynchronous machine behaves in a similar manner to a synchron
ous machine. This enables the requirements regarding constant
system frequency and uniform active power to be met, since inter
mediate storage in the rotat ing masses takes place during speed
v a r i a t i o n s .

Apar t f rom the losses in the conver ter t ransformer, the conver
ter and the rotor winding, the s l ip power in supersynchronous
operation is fed to the power system via the converter and added
to the stator power. In subsynchronous operat ion, the s l ip power
is subt rac ted f rom the s ta tor power. Th is produces the s l ip -pro
por t iona l l im i t l i nes shown in the opera t ing d iagram fo r the ac
t ive power suppl ied to the system.
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T h e s w i t c h o v e r f a c i l i t y i n t h e r o t o r c i r c u i t , s h o w n i n fi g u r e 3 ,
al lows the generator to remain connected to the system during
shor t - t ime asynchronous operat ion. In th is case the generator
supplies a sharp increase of active power due to the sudden ac
ce lerat ion. The r ise in act ive power serves in turn to brake the
gene ra to r.

Natural ly, the system has to cover the generator react ive power
dur ing the br ie f per iod o f approx imate ly 0 .5 min o f th is oper
at ing s ta te . S imul taneous ly w i th the asynchronous operat ion, the
blades are feathered, thus reducing the power from the wind to
zero . When the speed fo r ro ta t ion is su ffic ien t ly low the asyn
chronous generator is separated from the system.

Figure 9

The cyc loconver te r in the ro to r c i rcu i t compr ises th ree revers
ib le conver ters each wi th two s ix -pu lse three-phase br idges in
c i r c u l a t i n g c u r r e n t - f r e e i n v e r s e p a r a l l e l c o n n e c t i o n . O n e o f
these revers ib le conver te rs i s shown in figure 9 . I t rep resen ts
one phase of the converter system starting from the 6 kV/50 cps
feeder down to the ro tor terminals .

Growian, unl ike some ear l ier projects, has been equipped wi th
an advanced modular control system which has already proved suc
cessfu l in other dr ive appl icat ions. In the new system the neu
t ra l po in ts o f the ro tor and cyc loconver ter are not connected;
therefore the sum of the three ro tor cur rents is a lways zero.
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Figure 10

The fir ing ang le o f each revers ib le conver ter is changed constant
ly so tha t a s inuso ida l cur ren t o f the requ i red f requency is p ro
duced at the output . One of the revers ib le conver ters in the cyc lo
conver ter conver ts the three-phase supply-system vol tage to s ing le-
phase o f a d i f fe rent f requency d i rec t ly w i thout a DC l ink . The
output f requency is a lways lower than the input f requency of the
conver ter, the output genera l ly being less than 50 % of the input .

The output cur rents o f the three revers ib le conver ters are d is
placed at 120O from each other and form a three-phase system of
con t ro l led f requency. The cur ren t o f each revers ib le conver te r
i s con t ro l l ed by a cu r ren t con t ro l l e r. The ro to r cu r ren t s a re
impressed so as to be or ien ted to the flux ; the cont ro l fo r th is
i s c a l l e d fi e l d - o r i e n t e d c o n t r o l . T h e fi e l d - o r i e n t e d c o n t r o l s y s
tem issues se t po in ts to the cur ren t con t ro l le rs o f the revers
ib le conver ters and a lso forms the conver ter output f requency,
i . e . t he s l i p f requency o f t he ro to r, f rom the supp ly -sys tem f re
quency and the speed. In addition, depending on the master con
tro l va lues issued by the vol tage regulator and act ive-power con
t ro l le r the amp l i tudes o f the ro to r cu r ren ts and the i r phase ang le
to the cyc loconverter output vo l tage are formed and appropr iate
se t po in ts a t 120o apar t i ssued to the cur ren t con t ro l le rs .

The fie ld -o r i en ted con t ro l sys tem inco rpo ra tes a con t ro l l e r ope r
at ing with d.c. var iables, thus ensuring symmetry and a good sinus
o ida l fo rm fo r the th ree ro to r cu r ren ts . The conver te r ou tpu t
v o l t a g e s , r e f e r r e d t o t h e c o n v e r t e r n e u t r a l p o i n t , a r e c o n t r o l
l ed t o t r apezo ida l f o rm so t ha t t he u t i l i za t i on o f t he r eve rs
ib le conver te rs i s be t te r and the cyc loconver te r requ i res less
react ive power. The phase vo l tages in the ro tor are s inusoida l .
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By al ter ing the phase angle between the cycloconverter output
vo l tage and the ro to r cu r ren t i t i s poss ib le to va ry the ac t i ve
power and reactive power of the double-fed asynchronous gener
ator independently of each other. The l ink between the two values
is so smal l tha t i t can be neg lec ted . In re la t ion to the supp ly
system the double-fed asynchronous generator behaves simi lar ly
to a synchronous generator.

The double- fed asynchronous generator inc luding cycloconverter
and conver te r - t rans fo rmer had been ins ta l led in our fac to ry tes t
fie ld f o r some weeks o f ope ra t i on t es t s p r i o r t o s i t e i ns ta l l a
t ion. As dr iv ing uni t we used a ca l ibrated var iab le speed dc-
motor. In the nex t figures I w i l l show some o f the tes t resu l ts .

Figure 11

Th is figure shows the no- load and shor t -c i r cu i t sa tu ra t ion char
acter is t ics o f the double- fed asynchronous generator a t conver
ter operat ion. Over the whole operat ing speed range the curves
show near ly unchanged the character is t ic typ ical for a synchron
ous machine.

Figure 12

This figure shows the no- load vol tage of the 3 stator phases at
three different speeds. There is no serious change of the wave
shape dev ia t ions fo r the d i f fe ren t ro to r speeds .

Figure 13

Th is figure shows synchron iza t ion tes ts : one wi th fa i l ang le and
voltage di fference between generator and gr id and one without
these d i f f e renc ies . The reac t i on o f s ta to r cu r ren t and reac t i ve
power output are as usual for synchronous machines.
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Figure 14

These two oscil lograms show reaction on reactive power impulses
at near ly synchronous speed and at -10 % sl ip condi t ion. I t is
shown that reactive power impulses have no influence on active
power output independent from load and speed condition of the
gene ra to r.

Figure 15

These two oscil lograms show reaction on active power impulses
of d i f fe rent he igh t . I t i s shown tha t ac t ive power impu lses have
no influence on the react ive power output o f the generator.

Besides this i t is shown how the rotor f requency is changing with
speed alteration due to the active load change, as the speed con
tro l o f the dc-motor d id not act fast enough.

Figure 16

This figure shows effic iency curves at d i f ferent speed and power
factor. Not inc luded are power consumpt ion of the externa l a i r
c i r cu i t f ans o f t he genera to r and the cyc loconver te r i nc lud ing
auxi l iary power supply of the control system. As expected a good
e ffic iency f o r pa r t i a l l oads was reached . The e f fic iency cu rves
at synchronous speed are taken at part ia l loads only, as the
GROWIAN-converter and converter transformer are not designed for
cont inuous ra ted power ou tput a t th is opera t ing po in t .



COMPARISON OF HlND-POWER PLANTS

Unit GR0WIAN/F.R.6. M0D-2/US NASUDDEN/SW MAGLARP/SW

TYP OF HUB - TEETERED TEETERED STIFF TEETERED

RATED SPEED R P M 18.5 (+ 15 %) 17.5 25 25

ROTOR DIA. M 100.4 91.44 75 78

HIGHT OF HUB M 100 61 77 80

Weight of rotor
and nacelle T 380 171 205 191

ro

Weight of tower T 332 113,8 1500 281

TYP OF GENERATOR - DOUBLE-FED
ASYNCHRONOUS
WITH WOUND ROTOR

SYNCHRONOUS ASYNCHRONOUS
WITH SQUIRREL
CAGE ROTOR

SYNCHRONOUS

RATING KW 3000 2500 2000 3000

AT WIND SPEED M/S 2.0 12.07 12.5 14.0

Power production MWH/A 12,000 12,000 6,000 8,000

Fig. l
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SITE:

Standort: Brunsbiittel

GroBe Windenergieanlage 3 MW (GROWIAN)
gefordert vom Bundesministerium fiir Forschung und Technologie
Large Wind-Power Plant
Promoted By Min is t ry o f Research and Technology F ig . 2
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30m

Tower and
take-off ropes
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Control room
Machine house
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System
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Supervision schema

Fig. 4
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3/PEN 3807220V, 50 Hz

10 kW

504 V
45 Ah/,5h

2x50 KW, 1 SEC.
2x5 JI

70 KM
0-1000 rpm

GROWIAN

ELECTRICAL
PITCH-CONTROL
SYSTEM

Fig. 5
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+lk-

I Converter section I

Dead interval

♦ l k

Converter section II

Output voltage waveform of a cycloconverter

uR, us Star voltage
uRS Conductor voltage
Output voltages during trapezoidal-wave operation

Fig. 10
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No-load- and short circuit saturation characteristic of the
double-fed asynchronous generator

GROWIAN
AT CONVERTER OPERATION

M»i*l % .' UMA"
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Double-fed asynchronous generator
No-load voltage U = UN

n = ns

Fig. 12
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STATUS OF BUREAU OF RECLAMATION'S
TWO SVU WINO TURBINES AT MEDICINE BOW, WYOMING

S. J. Hightower

ABSTRACT
This paper gives the status of the studies
and operational testing being accomplished
on the Bureau of Reclamation's two System
Verification Unit wind turbines at Medicine
Bow, Wyoming. A Hamilton Standard WTS-4
unit rated at 4 MW and a Boeing MOD-2 unit
rated at 2.5 MW are currently in operation.

1. INTRODUCTION
The Bureau of Reclamation's windpower pro
gram began in 1976. During the energycrisis at that time, the Bureau was asked
to consider the possible use of solar and
windpower systems as a way of Increasing
the output of its hydroelectric system.
Preliminary studies indicated that largewind turbine systems would be cost effec
tive if coupled with existing hydroelectric
facilities to provide energy storage. The
technique actually increases the value ofboth systems, since hydro systems rarely
have sufficient water to run the hydro
turbines at peak capacity. During the peak
wind periods, the extra power from the wind
turbines will allow the output of the
hydro turbines to be adjusted downward sothat extra water will be available to gen
erate higher levels of hydropower later
when wind 1s not available. The dams and
hydropowerplants essentially serve as huge
storage batteries for the combined system.
Between the two systems a considerable
amount of additional power can thus be
made available to the Bureau's customers.
As a result of these initial studies, a
100 MW multiple unit project was proposed
to be constructed at Medicine Bow, Wyoming.
The project was not proposed as a demonstr
ation project, but rather a project which
would be paid back with interest (the same

as the Bureau's hydroelectric projects) by
marketing power at reasonable rates.
During the first phase, two System Verification Unit (SVU) wind turbines were
constructed at the same time that a detailed
feasibility study was accomplished for the
proposed 100 MW project. Primary objectivesof the first units were to verify the wind/
hydro energy concept, test the two com
pletely different designs under exactly the
same wind conditions, and perform the
required environmental studies. Togetherthe two SVU units, which are two of the
world's largest wind turbines, will provide
enough power to meet the energy needs ofabout 3,000 homes.

The wind turbines are located in the high
plains of southern Wyoming, at an elevation
of 2060 m, 10 km southwest of Medicine Eow
and 90 km northwest of Laramie, Wyoming.
The location of the lowest point in the
Continental Divide, just to the west of the
site, plus the funnelling effect created bylocal topographical features make the SVU
site one of the windiest sites in the
United States. The University of Wyoming
has assisted the 8ureau in performing
studies of the wind characteristics for
design of the wind turbines.

2. DESCRIPTION OF SVU UNITS
The WTS-4 wind turbine was constructed
jointly by Hamilton Standard in the United
States and Swedyards in Sweden. It has the
largest generation capacity of any windturbine in the world today at 4 Nil. It has
a two-bladed filament-wound fiberglass
rotor with a diameter of 78.1 m and faces
downwind. The gearbox and generator are
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enclosed inside a nacelle about the size of
a railroad boxcar on top of a hollow-steel
tower, 80 meters above the ground.
The MOD-2 wind turbine was constructed by
the Boeing Company and is rated at 2.5 MW.
It Is of considerably different design
from the WTS-4 having a two-bladed rotor of
welded, hollow-steel shell construction
with controllable tips. The blade diameter,
which 1s larger than that of the WTS-4, 1s
about the length of a football field at
91 m, and faces upwind.

Both wind turbines are designed to function
completely unattended and to be remotely
operated from the Bureau's Casper Control
Center located 150 km north of the site.

3. CONSTRUCTION

The National Aeronautics and Space
Administration (NASA), is assisting the
Bureau, through an Interagency Agreement,
for the contracting, construction, and
testing of the units, plus training Its
engineers and operations personnel. The
Department of Energy (DOE) also assistedwith the construction of the MOD-2, and
the Western Area Power Administration
markets the power through their trans
mission facilities.

The contract for the WTS-4 unit was
awarded in February 1980; the first rota
tion was accomplished in August 1982; and
the unit was conditionally accepted for
operational testing 1n December 1982. The
contract for the MOD-2 was awarded In
March 1981, and the first rotation was
accomplished in December 1981. Due to
funding constraints, the MOD-2 was securedin standby configuration until March 1982
when acceptance tests were resumed. It was
accepted for operational testing in
August 1982. Dedication ceremonies wereheld for both wind turbines on September 4,
1982.

4. ENVIRONMENTAL MONITORING

Although wind energy is generally con
sidered to be less disruptive from an
environmental standpoint than other energy
sources, a number of studies have been
made to be certain this is the case. The
Wyoming Game and Fish Department and the
U.S. Fish and Wildlife Service are working
closely with the Bureau in planning and
conducting the environmental studies.

Results have already shown that the wind
turbines will most likely have no signi
ficant adverse effect. Information 1s
still being collected and evaluated, but no
problems are anticipated.
A team from NASA Langley has taken Inde
pendent noise data on both the MOD-2 and
the WTS-4 units. Preliminary results
Indicate that the acoustic output from the
MOD-2 is very similar to that reported by
Bonneville Power Administration (BPA) in
Reference (1). The MOD-2 acoustic output
appears to be totally broadband in nature
with no strong periodic components and can
best be described as a "heavy whoosh." The
sound can be heard up to about 30 to 45 m
away from the turbine, but as the distancefrom the machine is increased further, the
"whoosh" Is rapidly blocked out by wind
noise.
The WTS-4 has a perceptible "thump" sound
that may be heard approximately 2 to 3 km
downwind and approximately 1 km upwind
resulting from the effects of the downwindblade and tower shadow. However, the
sound is not objectionable at the control
building, which is only about 200 m upwindof the unit. Noise therefore 1s not con
sidered to be a problem, since no one is
living within 3 km of the site.

5. OPERATIONAL TESTING RESULTS
Since being placed Into service, both SVU
wind turbines have operated very well,
Including 1n an automatic unattended mode.The MOD-2 unit by May 20, 1983, had gener
ated a total of 468,000 kWh, with a total
sync time of 392 hours and an average
power of 1,194 kW. The WTS-4 had generated
587,000 kWh, with a total sync time of
270 hours and an average power of 2,174 kW.
The WTS had also operated somewhat higher
than its rated 4 MW, having attained a sus
tained power generation of 4.8 MW.
Power output results from the MOD-2 versus
wind speeds are close to the predicted
values. Power quality is exceptionally
good from both the MOD-2 and WTS-4 units.
Operational testing of the WTS-4 has pro
duced results that are very close to the
design values predicted for all loads and
performance. Many different modes of operation Including startup, shutdown, and
load rejection have been tested.

As in any prototype system, one must expect
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to have some unforeseen problems requiring
design modifications and repairs. Thetwo SVU units are no exception, as some
problems have occurred during their first
year of operation. The WTS-4 passive yaw
control system has not operated as well as
anticipated, but it has not been a problem,since it also has an active yaw system
which 1s activated during the startup
sequence. Further testing of the passive
yaw system is planned. Other minor
problems with software and sensor set
points that were set too conservativelyhave caused a large number of nuisance
shutdowns, but as the operational testing
progresses there are less nuisance shutdowns. When attempting to synchronize the
WTS-4 to the grid for the first time a
reverse power swing momentarily peaking at
8 NW went into the machine driving It as a
motor. This resulted in blade loads signi
ficantly above normal operating loads.
However, the blades and retention studswere thoroughly checked, and no damage
occurred.
The cable tray attached to the Inside wall
of the WTS-4 tower has been vibrating
excessively during operation. A vibrationabsorber is currently being Installed in
the nacelle, which is expected to resolve
this problem. Some problems have occurred
in the struts for the WTS-4 hub spinner,
but it 1s expected that redesigning the
truss structure as a bolted configuration
will resolve this problem.
Most of these items have been categorized
as minor problems. The most serious
problem has arisen for the MOD-2 SVU unitwhich has only been operated on a limited
basis since November 1982 pending funding
of major design modifications and repairs
which are necessary if the unit is to con
tinue its operational testing in an
automatic unattended mode. The problem
arose as a result of a crack that was found
in the low speed shaft of three similar
units built for Bonneville Power Admini
stration near Goldendale, Washington. It
has been determined from ultrasonic tests
that the Bureau's MOD-2 has not cracked as
yet, apparently because 1t has operated
only about 460 hours to date. Since the
shafts in the Goldendale units did not
crack until after 1,000 hours of operation,
it has been determined that the Bureau's
unit will operate another 500 to 600 hours
before a crack will occur. Unless funds
are provided to replace the low speed
shaft and some cost sharing is provided
from others, current plans are to only run

the unit during high wind periods of the
winter this year, then shut the unit down
until funds become available.

6. IMPORTANCE OF OPERATIONAL TESTING

Experience has shown that before pure basicresearch can be made useful in real world
situations, there is a considerable amount
of "engineering development" work required.
All existing power generation technologies,
including large hydro turbines, gas turbines,
oil, coal, or nuclear-powered steam plants,had to be tested extensively before any
significant numbers of these systems wereinstalled by utilities. This is because 1n
any prototype system, one can expect to have
problems that were unforeseen when the
system was Initially designed. The only waythese design problems can be found and
corrected is to continue to operate the
prototype systems until a failure occurs,
perform the needed design modifications or
repairs, and then continue the operation.
Therefore in many respects, operational
testing of prototype units over an extended
period of time is one of the most Important
phases of the entire design and development
process. Since defining problems of this
nature was the primary reason for building
the SVU units, it is Important to continue
their testing. Many private utilities and
other agencies have also expressed the
need for long-term operational data from
wind turbines like the two SVU units, if
utilities are expected to use wind turbines
as a portion of their overall power genera
tion mix. As evidence of this, the Electric
Power Research Institute (EPRI) and
Hamilton Standard have recently signed a
three party agreement with the Bureau to
operate and test the WTS-4 through the end
of 1984.

7. SUMMARY
Construction of the two SVU wind turbines
was accomplished as planned, and both units
have been operating very well.
Test results of loads and performance
appear to match predicted design valuesbetter than anticipated. Like all prototype
systems, there have been operational prob
lems which could only have been corrected
by operating the machines over an extended
period of time and periodically performingthe needed design modifications as required.
These test results will continue to be
shared with private utilities and others to
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help develop the confidence needed to start
using wind turbines as a portion of their
overall power generation mix.

The Bureau's Feasibility Study Report,
Reference (2), published in August 1982
concluded that the rest of the 100-141
project at Medicine Bow is feasible and
that the total capital cost of the project
can be paid back with Interest by marketing
the power for approximately 6.74/kWh. By
comparison, a major West Coast utility Is
currently offering to pay ltt/kWh for power
from a wind project in northern California,
and another Is offering 6.44/kWh for power
from a project in southern Montana (400
miles from Medicine Bow). Based on these
power values, with the current upward trend
in the econony and the correspondingly
greater demands for power, it appears that
it will soon be cost effective to build
additional wind turbines at Medicine Bow
and in other high-wind areas.

8. NOMENCLATURE

km
kW
kWh
m
MU

9.

- kilometer
- kilowatt
- kilowatt hour
- meter
- megawatt
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Fig. 1 MOD-2 System Verification Unit C t/*?.£)
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Fig. 2 WTS-4 System Verification Un1t(_ (S^BSj
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IEA - Implementing Agreement LS-WECS
Previous Expert Meetings

1. Seminar on Structural Dynamics, Munich, October 12, 1978

2. Control of LS-WECS and Adaptation of Wind Electricity to the
Network, Copenhagen, April 4, 1979

3. Data Acquisition and Analysis for LS-WECS, Blowing Rock, North
Carolina, Sept. 26-27, 1979

4. Rotor Blade Technology with Special Respect to Fatigue Design
Problems, Stockholm, April 21-22, 1980

5. Environmental and Safety Aspects of the Present LC WECS, Munich,
September 25-26, 1980

6. Reliability and Maintenance Problems of LS WECS, Aalborg,
April 29-30, 1981

7. Costings for Wind Turbines, Greenford, March 7-8, 1983

8. Utility Operating Experiences and Issues with Large-Seale
Wind Energy Utilisation, Palo Alto, October 13-14, 1983

9. Structural Design Criteria for LS WECS, Greenford,
March 7-8, 1983

11. General Environmental Aspects*to be held in Germany,
May 1984


