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FOREWORD

The Department of Energy (DOE) is committed to a vigorous research and
development program to develop useful electric power from the wind. The DOE
Wind Energy Program* contains the major elements of program development and
technology, farm and rural (small) systems, 100 kW-scale systems, megawatt-
scale systems, and large scale multi-unit systems. Considerable effort has
been exerted on these programs which are now yielding significant results and
information.

In order to enhance the communication and discussion of these results,
the DOE has sponsored a series of six workshops on specialized wind energy
topics during 1979. The specific objectives for the series of workshops were
to: (1) present the progress and significant results of ongoing projects
sponsored by DOE, (2) provide a forum to facilitate the exchange of new ideas
and information, and (3) provide an opportunity for in-depth discussion of
specific issues confronting wind turbine developers as the technology moves
closer to the goal of commercialization.

The 1979 workshops were organized under the auspices and with financial
support of the Wind Systems Branch of DOE. Each workshop was coordinated by
people intimately concerned with the major topics involved. Details of the
six 1979 workshops are as follows:

1. "SWECS 1979: A Workshop on R&D Requirements and Utility Interface/
Institutional Issues," February 20-22, 1979, Boulder, Colorado. Coor-
dinator: Darrell Dodge, DOE Rocky Flats Plant, P.O. Box 464, Golden,
Colorado 80301. Proceedings: DOE Conf-790243.

2. "Economic and Operational Requirements and Status of Large Scale Wind Sys-
tems,'" March 28-30, 1979, Monterey, California. Coordinator: Edgar A.
DeMeo, Electric Power Research Institute, Box 10412, Palo Alto, Califor-
nia 94303. Proceedings: DOE Conf-790352.

3. "Design Characteristics and R&D Requirements for Large Wind Turbine Sys-
tems," April 24-26, 1979, Cleveland, Ohio. Coordinator: Patrick Fin-
negan, NASA-Lewis Research Center, 21000 Brookpark Rd., Cleveland, Ohio
44135. Proceedings: DOE Conf-7904111. (NASA CP-2106)

4. "Wind Power for Agriculture," May 15-16, 1979, Ames, Iowa. Coordinator:
Thomas McCormick, Iowa State University, Ames, Iowa 50011. Proceedings:
DOE Conf-7905109.

5. "Wind Energy Innovative Systems Conference,'" May 23-25, 1979, Colorado
Springs, Colorado. Coordinator: Irwin Vas, Solar Energy Research In-
stitute, 1536 Cole Boulevard, Golden, Colorado 80401. Proceedings:
DOE Conf-790501.

*Wind Energy Systems Program Summary. U.S. Department of Energy, Office
of Solar, Geothermal, Electric And Storage Systems. DOE/ET-0093, Dec. 1978.
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6. "Conference and Workshop on Wind Characteristics and Wind Energy Siting,"
June 19-21, 1979, Portland, Oregon. Coordinator: Larry Wendell, Battelle
Pacific Northwest Laboratory, Battelle Boulevard, Richland, Washington
99352. Proceedings: DOE Conf-790665.

This series of workshops will lead to a final meeting, the Fourth Bien-
nial Conference and Workshop on Wind Energy Conversion Systems, scheduled for
late October, 1979. The program for this conference will include R & D ac~
tivities being sponsored by DOE, discussions of the results of the workshops
held earlier in the year, and descriptions of ongoing international activities.
Issues and problem areas related to wind energy will be discussed.
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INTRODUCTION

A major phase of the DOE Wind Energy Program involves research and develop-
ment on large size wind turbine systems that can eventually be integrated into
utility networks. Both horizontal and vertical axis machines are considered
in this activity. Elements and results involved in this program served as the
major topic of the third workshop in the 1979 series.

The workshop on Large Wind Turbine Design Characteristics and R & D Require-
ments was held in Cleveland, Ohio, April 24-26, 1979. The workshop was conducted
by the NASA Lewis Research Center, which is responsible to DOE for the develop-
ment of large horizontal axis wind turbines. Sandia Laboratories was responsible
for the vertical axis portion of the workshop.

The specific objectives of the Cleveland workshop were to: (1) describe
the characteristics and development status of current large wind turbines,
(2) identify the technical problems that must be solved to achieve the cost
goals; (3) identify and discuss promising solutions; and (4) describe the R & D
effort required to demonstrate the feasibility of the proposed solutions.

The workshop consisted primarily of detailed technical presentations on
large wind turbine R & D activities sponsored by DOE. Information on large
wind turbines being developed by several private organizations was also pre-
sented, and large wind turbine projects in Denmark, Sweden, and West Germany
were reviewed. Panel discussions after each major session provided an oppor-
tunity to discuss issues and problems. Workshop outline and specific topics
can be ascertained from the CONTENTS.

The workshop was sponsored by the DOE Wind Systems Branch. Workshop coordi-
nator for Lewis was Patrick M. Finnegan; Joseph M. Savino was sessions chairman.
Attendees numbered 168, with 115 from industry, 31 from government laboratories
and DOE, 21 from foreign countries, 18 from universities and 4 from utilities.

This document presents the proceedings of the workshop. It contains both

prepared formal papers and edited transcriptions of panel discussions and
questions and answers for the individual papers.
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OVERVIEW OF

FEDERAL WIND ENERGY PROGRAM

Daniel F. Ancona
Department of Energy
Washington, D.C.

This discussion will provide a brief overview of what the Federal Wind
Program is today, what the objectives are, and what strategies are being fol-
lowed. Some of the changes in the program structure and some of the additions
to the program will also be included. There will be mention of upcoming or-
ganizational changes, and some budget items will be covered, with particular
mention of some recent significant events regarding new approvals. Lastly,
there will be a question and answer session after the formal remarks.

First of all, the overall objective of the Federal Wind Program is to get
the Government out of the wind energy business. It is our desire to develop
machines that are reliable and truly cost competitive. In this way, industry
will be moved to the point where it can produce wind machines and sell them
to utilities and to private individuals so that significant quantities of elec-
trical energy can be captured from the wind.

The general thrust of the program is to start with mission studies and
application studies. As you know, we have come a long way from some of the
early machines to the machines that are now in use. It is hoped, through the
Wind Energy Program, to go a long way beyond that.

The strategy used to achieve the objectives is based on the elements shown
in figure 1. The first activity, Application Studies, will be combined with
Legal, Social and Environmental Studies and some long range planning activities
to comprise a new program element that is called Research and Analysis. This
new program structure will be seen more frequently in the publications such
as program summaries that emenate from Washington.

Wind Characteristics will continue to stand alone as a very important and
significant part of wind energy research. Technology Development also will con-
tinue as a separate element, since it is an important area that feeds into all
of the Experimental Systems Development programs, which is the next item. This
category includes the small machines, the intermediate sizes, and the large
machines for the various applications.

There will eventually be another element added to the bottom line to show
Applications and Demonstrations. This will be a new line item referring
to future marketing activities that we feel will have to be done. In fact,
budgets are being planned for this new element which will be added to the
program. The first budget reflecting this activity will be in fiscal
year 1981.

The principal items covered in each of the major program elements are
listed in figure 2. Some of the activities involved in these items will now be
discussed.



MISSION AND APPLICATION STUDIES

There have been a number of studies that look specifically at applications
for wind turbines (fig. 2(a)). For example, the New England Gas and Electric
System was chosen as the subject for a study of the economics and some technical
issues of implementing wind turbines in an existing utility grid. The NEGEA
service region is shown on the map of figure 3 with some of the wind character-
istics for that area. Other studies have been done for such areas as Hawaii
and Michigan. In fact, we also looked at more specific applications. For ex-
ample, a study was done by Aerospace Corporation on the application of wind
power to the California aqueduct system. There are studies under management
of the U.S. Department of Agriculture for applying wind power in farm applica-
tions. Figure 4 shows one of the machines that is running today on a farm.

There are several studies, started recently, that fall into this general
area of missions and applications. Two of them, in particular, involve working
with the Tennessee Valley Authority to examine the implementation of a sig-
nificant penetration of wind turbines into that general area. Specifically,
the study is looked at the operational problems associated with interconnect-
ing large wind turbines on the TVA grid with their generation mix.

Another study just recently started is examining the issue (economic
factors in particular) of applying wind energy conversion systems in rural
electric co-op activities. More of such studies will be initiated as the pro-
gram develops.

Testing of experimental wind turbines remains a major part of the program.
You may recall the 17 candidate sites that were picked from a group of about
55 proposals several years ago. A number of these sites now actually have
machines operating on them. The map of figure 5 shows the current 17 sites.
According to our current planning, there may be another round of site selec-
tions this summer for future machines.

LEGAL, SOCIAL AND ENVIRONMENTAL ISSUES

Legal, social and environmental issues (fig. 2(b)) are a very significant
part of the Wind Program. Legal concerns in a number of areas have been
encountered; land use is one. There has been concern about where wind turbines
might be sited, e.g., the aesthetics of wind turbines and the public reaction
to their visual impact. For example, figure 6 shows a picture of a MOD-2
mounted on top of a hill. Actually, there are three machines along a ridge
spaced typically about a quarter of a mile apart. The initial reaction is
that there probably isn't any serious visual impact involved, but it is an
issue that must be considered in siting machines.

Public safety is a social question involving the zoning of the area
around a wind turbine. When a wind turbine is installed on a site, there
is an area underneath the machine called a footprint, which must be owned
outright. Such a piece of land might be of the order of an acre in size.
However, there is an additional area around the base of the machine that may



be used for agricultural or other purposes, but not for dwellings. This area
might be called a safety zone. It is probably analogous to the area under-
neath or in the vicinity of power lines. It is an item of concern at this
time because land use problems are a part of life today, especially the ap-
proval of environmental impact statements.

Machines are often located in isolated areas. Figure 7 shows the MOD-0A
at Culebra, Puerto Rico, which is a pretty isolated area. In such cases, there
isn't much of a land use problem.

Another potential environmental impact from wind turbine is electro-
magnetic signal interference. An example is the TV interference problem.
This is actually a reflection situation where the video portion of television
signals may be reflected by rotating blades (fig. 8). This can cause an
interference for people living in the immediate proximity of the wind tur-
bine. We think we have solutions to this kind of problem.

WIND CHARACTERISTICS

One of the major aspects of the Wind Characteristics program (fig. 2(c))
is the determination of the wind resources in the United States. In the map
of figure 9, the areas that have the highest wind are shaded, followed by lighter
shading, and the more benign areas are unshaded. This is a very broad estimate
of the resources that are available. Consequently, it is necessary to estab-
lish in more detail what resources are available in specific areas. As a proto-
type for that kind of a study, we examined the Northwestern region of the
United States and acquired as much wind data as possible. The pins in the map
of figure 10 represent sites where some kind of wind data was acquired.
Sources are the traditional sites such as airports, NOAA stations (where very
good detailed data are obtained), and other less obvious sites such as forest
service fire towers. Many different kinds of information were compiled in an
effort to determine the wind resources in more detail in that region. The
study of the Northwestern region is about to be published. This work will
serve as the basis for additional studies in the rest of the United States.
In fact, requests for proposals to do other regions of the U.S. were issued,
and the replies are in.

The wind resources studies and their attendant mathematical modelling are
a very important step leading to the identification of a potential site for a
wind turbine. An anemometer tower such as the one shown in figure 11 can then
be placed at the potential site to evaluate in detail what the resources are.
It is important to recognize that anemometer towers are very expensive, and
locations must be carefully selected. The wind area studies provide a neces-
sary tool to predict where the best resources are.

In regard to wind resources, it should be noted that siting handbooks will
be made available. One for small wind machines has already been published.
Another one is in the mill for large machines. Hopefully, these will help
utilities and private individuals to properly site their machines.




Wind forecasting is the last area that should be mentioned. There is a
lot of information available. It is basically a matter of organizing the in-
formation and translating it into a language that wind system users can under-
stand.

TECHNOLOGY DEVELOPMENT

Activities in the Technology Development area (fig. 2(d)) can be illus-
trated by the familiar MOD-0 machine at the Plum Brook station. Figure 12
shows a photograph of the present installation. A lot of things have changed
on that machine. As part of the technology development program, NASA has been
doing extensive modifications of the MOD-0 machine. The blades in the figure
are not the original blades. The one shown is a forerunner of the tip control
teeter arrangement that is being tested on the machine now. Hopefully, it will
be seen during the inspection tour.

The whole thrust of this program is, through component development and
analytical studies, to learn the basic phenomena involved, so that the wind
can be harnessed in a cost-effective way.

It should be mentioned, that since this is a workshop, one of the things
to be determined is whether there are some things that we are not doing. In
recalling the Dynamics Workshop that was held here about a year or so ago,
there was considerable discussion at that meeting as to whether the MOD-0 ma-
chine should be run in a free yaw mode; that is, instead of using the motors
to keep the machine pointed into the wind, to let it run free. NASA was almost
challenged to try that mode of operation. As a result of the workshop, it was
tried, and after a lot of analytical study, it was determined and verified on
the MOD-0 that free yaw worked and that the blade wouldn't wrap around the
tower.

A lot of other things were also tried, such as an upwind rotor and a down-
wind rotor and much significant data will be reported today. There are many
things that are being done in technology development, and it is hoped that this
meeting will reveal other things that should be done.

Components are another major element in technology development. Figure 13
shows a 150 foot blade that was built to evaluate new transverse filament fi-
berglass-reinforced plastic materials and manufacturing techniques for large
blades. This type of blade, which had never been built before and which some
people called the world's largest fiberglass fishing pole, was successfully
fabricated and tested.

Figure 14 shows another blade that is currently flying on the MOD-0 machine.

This blade, which was built here at NASA, uses a potentially very inexpensive
construction technique. The spar of this blade is built from what might be
called a telephone pole or utility pole. The airfoil shape is built up from
wood ribs covered with razorback cloth. The idea here was to not only obtain

a low-cost construction technique, but also to construct a blade that could
easily be changed to a tip control configuration. More will be heard about

this today.



The technology program is not limited to horizontal axis machines. Much
will be presented in this conference about vertical axis machines. Figure 15
shows the Darrieus Machine at Sandia Labs, which is definitely one of the
promising areas. There are indications now that the Darrieus vertical axis
design, in general, may be able to compete directly with the horizontal axis
machine. Thus, this area of the program is currently receiving more attention.

INNOVATIVE CONCEPTS

Innovative concepts (fig. 2(e)) are a relatively small part of the pro-
gram. The thrust of the innovative program is to be sure that we don't miss
any ideas. It may be analogous to the days of the piston engine for aircraft
applications. We don't want to overlook something big like the jet engine.

Many studies are being conducted on augmentation devices such as the
Coands diffuser shown in figure 16. Other types of augmentation, some a little
more noval looking, are being examined. Figure 17 shows another augmentation
device. If the diffuser of figure 16 had the shell cut away and just little
pieces were left at the tips of the rotor blades, the configuration of figure 17
would be obtained. This study was done by AeroVironment on what they call a
dynamic inducer. The designs mentioned here are not the entire effort. The
intent is to illustrate the kinds of things that are included in the innova-
tive program.

SYSTEM DEVELOPMENT

The end product of the program of course is systems development. Let's
start with the small machines (fig. 2(f)), where small machines are defined
as those with less than a 100 kW power output. There is a test center now in
operation at the Rocky Flats facility of the Department of Energy in Colorado.
Figure 18 shows a number of machines that are currently being tested at the
Rocky Flats facility. Although they are now shown in the figure, there are a
number of small vertical axis machines under development. Most of those shown
are very small machines, but there are now development programs leading to
larger machines. Figure 19 is another example of one of the commercial ma-
chines that is currently being tested at Rocky Flats. This evaluation is being
done in an effort to help manufacturers to understand the capabilities of their
machines and also to determine the performance of various configurations.

Figure 20 illustrates the three approaches that are being taken to develop
highly reliable 1- to 2-kW size machines. There are two propeller type ma-
chines and a vertical axis machine. Eight-kilowatt size machines are shown in
figure 21. There are four parallel developments in this category; again, a
mixture of vertical axis and horizontal axis machines. In the 40-kilowatt
size, as shown in figure 22, there are two parallel developments with one
vertical and one horizontal axis machine. There are some advanced develop-
ment programs about to be started in other sizes, specifically for 15 and 4 kW.




Let's now consider the machines in the intermediate and large size range.
Intermediate sizes machines are arbitrarily defined as those with capacities
larger than a 100 kW and yet smaller than 500 kW. Figure 2(g) lists the inter-
mediate and large machines.

A machine that falls into the lower category is the MOD-0A. The instal-
lation in Culebra, Puerto Rico, was shown in figure 7, and the installation
in Clayton, New Mexico, is shown in figure 23. The MOD-0A machine will be dis-
cussed extensively during the conference. The 2-mW MOD-1 machine, which is
being installed in North Carolina, is shown in figure 24. For the largest,
figure 25 shows an artist's concept of the 2%'mW MOD-2. This machines is now
in the detailed design phase, and hopefully the machine will be running in the
fall of 1980.

As far as advanced systems are concerned, we have recently received ap-
proval to initiate two new advanced systems. One is in the intermediate size
range and the other is in the large multi-megawatt size range. This resulted
after much reevaluation of the Wind Energy Program with regard to timing, the
applications, and the markets for these machines. An RFP should be issued
for the first of those machines later this fiscal year. The requirements of
those machines, in particular the large one, merit some discussion.

A chart showing the cost trends of wind turbines is shown in figure 26.
Three categories of costs are indicated in the upper righthand corner. The
clear band represents preproduction costs. That refers to units purchased in
groups of ones and twos, as opposed to the second slashed band below, which il-
lustrates costs associated with limited production. This category represents a
production of up to 25 machines or groups of 25 which still constitutes limited
production. The dotted band represents what is considered the mature product
projection (units of 100's).

On the left axis of figure 26 (note that the axis is broken with a changed
scale), the first generation machines are the MOD-0O's, MOD-OA's and the MOD-1.
The costs for these very early prototypes are 20 to 30 cents a kW hour. Even
if they were produced in large quantities and were located in very high wind
sites, (like 16 mph), the cost would be reduced to only around 6 or 7 cents a
kilowatt hour.

The second generation machines look a little different. The MOD-2, hope-
fully, will be able to attain a useful market for reasonable site wind speeds
(down to 14 mi an hr) in the early 80's, to the point where it actually would
compete with other fossil fuel-generating sources in areas where fuel costs are
high. However, to really achieve broad and significant market, it is necessary
that advanced systems be built that have a significant improvement over that
which can be achied with MOD-2.

Our goals are to produce machines at a cost of energy from 2 to 3 cents
a kW hour. Our present program in the large machines is to have one more round
of advanced system developments. By that is meant that there will be, budget
permitting, parallel contracts to develop what are envisioned as the last gen-
eration of advanced machines. Invariably, there will be product improvement




programs and similar activities, but it is felt that the goal can be achieved
in this round. The last set of bars to the right in figure 26 may be un-
necessary.

For the intermediate sizes, the cost figures are somewhat less tight. The
exact numbers are still being determined. We hope to achieve a useful market
range in the intermediate size machines, but we still plan to have an additional
cycle of advanced machines beyond the one that will be coming out this year.

How these goals and plans are going to be accomplished is really the topic
of this meeting. FElements of the cost reduction activities are outlined in
figure 27. We have asked NASA to supply a form of shopping list of the program

i
activities that they feel will bring us from the current 35 cents a kW hour

down to 2% cents a kW hour. It is strongly felt that weight and cost budgets

can, in fact, be controlled to the point where a machine can be produced in that
range. However, much technology work is needed to reach that cost level.
Consequently, these programs will be structured to allow a significant amount

of time at the start of the development programs to examine alternative ideas

to achieve machine configurations that can attain those exacting goals.

The present workshop should be a fertile ground for ideas to suggest test
programs that can investigate some of these areas. Hopefully, it will be an
opportunity for people to interchange ideas and promote the task of developing
required advanced systems.

PROGRAM RESOURCES

The budget for the Wind Program has seen considerable growth. In fiscal
years 1973 and 1974 combined, it was about $2 million. Last fiscal year, it
grew to about $36 million. The budget for this current year is about $61 mil-
lion. Figure 28 compares the 1978 and 1979 budgets. Although the value for
next year is not yet known, it appears to be in excess of $67 million. Numbers
as high as $100 million are heard. The Congressional hearings are going on cur-
rently, so the fiscal year 1980 budget is not known. However, a significant
growth in that area is foreseen.

The other significant resources that we have to discuss is people. 1In
addition to the expected two new slots in Washington, a new DOE Area Office will
be set up to handle those aspects of the program that relate to small machine
development, wind characteristics, and vertical axis machines. That office in
Albuquerque, which will be set up by George Tennyson, is expected to be opera-
tional in July of this year.

SUMMARY

The Wind Energy Program has had significant growths, technically, organiza-
tionally, and budgetwise. However, a very significant challenge remains. The
cost goals that have been established for advanced systems are tough. Very



aggressive technical development programs will have to be mounted to achieve
them. As can be seen from the organization of this conference, a number of
unknowns have been recognized that will require addressing. However, it is
the unknown unknowns that are worrisome. Hopefully, this conference will pro-

vide an opportunity for people to surface potential problem areas that should
be investigated.

That basically is the challenge. Our strengths are recognized and acknowl-

edged, but let's try to identify our weaknesses. Hopefully, in so doing, our
goals will be reached.

REFERENCE

Wind Energy Systems Program Summary. U.S. Department of Energy, Office of

Solar, Geothermal, Electric and Storage Systems. DOE/ET-00093, December
1978,

DISCUSSION
Is work continuing on offshore site selection?

With regard to site selection, proposals are invited from any site area.
There have been no proposals for offshore sites. There is a study con-
ducted by Westinghouse that showed very difficult technical problems and
high costs with placing machines offshore. This study is just about com-
plete, and it should be published in the near future. There is no question
that there are good resources offshore, but the technical problems and costs
are of major consideration.

You have presented a very good program which concentrates on Government ef-
forts. Since the stated objective is to put the Government out of busi-
ness, what efforts are being made to relate to the private activities that
are going on in wind turbine development, such as Schackle and others?

The Federal Wind Program was summarized, since that was my assignment. How-
ever, our feeling about the private effort is that if there is anything we
can do to help and encourage that effort, we will respond. It is excellent
that private ventures are starting. It is a sign that a healthy market may
be developing.

Federally sponsored R & D activities are open to anyone. We issue a
RFP for advanced systems, and anyone can bid. Private companies that chose
not to bid on federal contracts, for reasons which are understandable, can
shift from the private sector into the government R & D at any time. Also,
the reports that are published and the technology that is developed under
government funding are available to private entrepreneurs. We encourage
the use of such information, and when requests are received, we generally
will supply bibliographies and any knowledge that is available.
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MOD-0A AT CULEBRA, PUERTO RICO
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COMMERCIAL WIND TURBINE
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TECHNOLOGY TO REDUCE COE
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DESIGN EVOLUTION OF LARGE WIND TURBINE GENERATORS

David A. Spera
NASA Lewis Research Center
Cleveland, Ohio

SUMMARY

The design of large wind turbines of the horizontal-axis type has evolved
rapidly during the past five years (fig. 1). Major changes have taken place
in the structural and mechanical features of second generation wind turbines
Tike the 2.5 MW Mod-2 (fig. 2), compared with first generation machines like
the 200 kW Mod-0A (fig. 3) and 2.0 MW Mod 1. These changes have reduced the
projected cost of electricity produced by second generation wind turbines to
one-half that of first generation systems. Furthermore, wind machines Tike
the Mod-2 have been designed to take advantage of the economies of mass pro-
duction, so electricity generation costs are expected to eventually be cut in
half again. Thus, during the past five years the goals of economy and reli-
ability have Ted to a significant evolution in the basic design - both external
and internal - of large wind turbine systems.

To show the scope and nature of recent changes in wind turbine designs,
developments of three types are described: (1) system configuration develop-
ments; (2) computer code developments; and (3) blade technology developments.
Developments in system configuration are shown by direct comparison of Mod-2
components (fig. 4) with equivalent elements in the earlier Mod-O0A system
(fig. 5). Significant economy has been achieved in blades by changing from
lightweight but expensive aluminum aircraft construction to heavier but cheaper
welded steel fabrication. As a result, rotor costs which were disproportion-
ately high in the Mod-0A system now account for less than 25 percent of the
Mod-2 cost of electricity (fig. 6). In addition, heavy and rigid elements
like the Mod-OA tower, hub, and drive-train bedplate have evolved into lighter,
more flexible, and more economical components in the Mod-2 machine.

Computer code development (fig. 7) has closely paralleled and supported
configuration development. Special-purpose computer codes are now available
for predicting the aerodynamic performance and structural dynamic behavior
of large horizontal-axis wind turbines. Both proprietary and non-proprietary
codes (with development and verification coordinated by LeRC) are Tisted in
figure 8. Sources for detailed information on these codes are given in
figure 9. Application of the newly-developed MOSTAS code is illustrated by
comparing calculated dynamic blade loads with Toads measured on the 100 kW
Mod-0 test turbine (figs. 10 and 11).

Blade costs are one of the most important factors in determining the cost
of generating electricity by wind power. Therefore, a wide variety of develop-
ments in blade design have occurred in the past five years, with the goal of
reducing both initial cost and maintenance. Seven different blade designs
are described (fig. 12) to illustrate the evolution which has taken place.
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The trend is toward the use of materials and manufacturing processes that
produce blades which are lower in relative cost but higher in relative weight,
compared to the complete wind turbine.

While design improvements in second-generation wind turbine generators
have significantly reduced the projected cost of electricity, further improve-
ments are expected in the near future. The design of Targe wind turbines will
continue to evolve, based on new technology and operating experience with
present machines (fig. 13).

DISCUSSION

Q. What is the percentage cost associated with the Mod-1 blades and the Mod-2
blades?

A. The cost of the two Mod-1 blades is about 34 percent of the installed cost
of the whole system. For the Mod-2 machine the blades represent about
25 percent of the capital investment. Now the bar chart I showed was based
on the cost of electricity, which includes not only capital investment but
also operation and maintenance costs. So there will be some small differ-
ences in the percentages.

The breakdown of weights and the approximate cost percentages will be given
in some of the later presentations. There is hesitation, sometimes, on
cost breakdowns because all the machines are not directly comparable. On
the Mod-1 there are blades that are very expensive. On the Mod-2 the hub
is an integral part of the blades, so we speak of rotors. Many times we
try to compare Mod-1, Mod-OA and Mod-2 and it becomes a real problem. We
would be happy to give you the actual dollar values behind the bar charts.

Q. At the time the requests for proposal went out for Mod-2, had DOE made the
decision for a soft tower, or did the soft tower happen to win out?

A. The latter is the case. The soft tower was proposed by the Boeing Engi-
neering and Construction Company which was the winner of the Mod-2 contract.

Q. As to all of these features that you outlined that contributed to the weight
reduction, were they all fixed at the time the decision was made to go that
way, or were some of them developed as the design process went along?

A. Some were developed during the conceptual and preliminary design processes.
At the beginning of the Mod-2 effort, there were extensive trade studies
conducted by Boeing: soft tower versus hard; two blades versus three
blades; upwind rotor versus downwind. What you see here are the results of
those studies.
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DOE/NASA HORIZONTAL-AXIS WIND TURBINE GENERATORS

DESIGN | RATED ROTOR CHARACTERISTICS TOWER | COE, *
MOD | YEAR | POWER, | DIAM, HUB LOCATION WEIGHT,|{ TYPE UNIT 2
KW FT TYPE % TOTAL | ¢/KWH

FIRST GENERATION

0 74 | 100 125 RIGID | DOWNWIND 45 e\ STLER i
OA| '76 | 200 125 RIGID | DOWNWIND 5.1 1. SILFF 37
1 '78 | 2000 200 RIGID | DOWNWIND 5.65"|. STIFF 17

SECOND GENERATION

2 '79 | 2500 300 TEETER | UPWIND 26 781 SOET 8

*14 MPH SITE
Figure 1

Wind Turbine Configuration
MOD-2
] 45 ft /—— Controllable tip

‘L“* /— Teetered rotor

———T———-zasin

445 in V
Teeter axis l— 114in

Wind —— 300 ftdia. et =

* Nacelle

Tower

~{|}=—120in 0.D. 200 ft

Field splices

Field splices

KT (4 places)
50‘" —*|/ 250 in 0.D.

Foundation — |

804 in octagon

Figure 2
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MOD-0A WIND TURBINE

Figure 3

2500 KW MOD-2 WIND TURBINE

PLANETARY
GEARBOX T\
\\
ROTOR INNER —
SHAFT PS5
17.5 RPM | OUTER —
TEETER
HB  — \

\

\— GENERATOR

\_— HIGH SPEED SHAFT
4 1800 RPM

\— YAW DRIVE
ENCLOSURE

\_ HYDRAULIC SUPPLY FOR PITCH CHANGE
Figure 4
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200 KW WIND TURBINE
MOD-0A

HIGH SPEED GEAR
SHAFT

\-BLADE

) e PITCH

‘Li\‘@\»@ > CHANGER

A ST N

X~

e 40 rpm

GENERATOR-

YAW

DR]VES—& Figure 5

CONTRIBUTION OF DESIGN ELEMENTS TO COST-OF-ELECTRICITY

MOD-0A 47%|  BLADES/HUB/PCM/CONTROLS
MOD-2 2uzi ~___ BLADES/HUB/PCM/CONTROLS
2% . . . _ . . . . GEARBOX/GENERATOR/SHAFTS/BEARINGS
11z g e B O 7 WREVCE S T MRERACCESS
1%\, . . . . . . . . . . . . NACELLE/YAW DRIVE/YAW BEARING
9| . . . . . . . . . . . . .FOUNDATION/SITE PREPARATION
9% . . . . . . . . . . . . .OPERATIONS/MAINTENANCE
sel. Lon Wi Lol T L ASSENRLY/CHECKODT
wgl . . . . . . . . . . . . . . .OTHER (SPARES/EQUIP/PLANT)
__z_lz b P NG Y el Tl s MRENerRIaT [0k
Figure 6
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WTG CHARACTERISTICS REQUIRE SOPHISTICATED ANALYSIS CODES

LARGE FLEXIBLE ROTATING AIRFOILS, SUBJECT TO AEROELASTIC LOADS,
COUPLED LOADS, AND DYNAMIC INSTABILITY

LONG-LIFE STRUCTURES (UP TO 30 YR), SUBJECT TO FATIGUE

ALL-WEATHER MACHINE, SUBJECT TO HIGH WINDS, SNOW, ICE, RAIN, DUST,
TEMP EXTREMES, VANDALISM

AIR LOADS ARE TRANSIENT, CYCLIC, AND STOCHASTIC

EFFICIENT PERFORMANCE REQUIRED, SUBJECT TO CUT-IN, CUT-OUT, POWER
CONTROL, YAW CONTROL, AND WIND PROBABILITY

AUTOMATIC, UNATTENDED, REMOTE, FAILSAFE OPERATION REQUIRED, WITH LOW
OPERATIONS AND MAINTENANCE BUDGET

Figure 7

STRUCTURAL DYNAMICS COMPUTER CODES FOR HORIZONTAL AXIS WIND TURBINES

4,

NON-PROPRIETARY CODES
o AUTHOR: PARAGON PACIFIC, INC.
MOSTAB-WT SINGLE BLADE, 1 DEGREE OF FREEDOM (DOF)

e

o MOSTAB-WTE LERC EMPIRICAL ADDITIONS

o MOSTAB-HFW 4 DOF ROTOR, PLUS TEETERING

o MOSTAS COMPLETE WTG SYSTEM; MOD-2 APPLICATION BY BEC
PROPRIETARY WTG SYSTEM CODES

o REXOR-WT LOCKHEED-CALIFORNIA

o OGETSS GE SPACE DIVISION

o F-762 UNITED TECHNOLOGY RES. CENTER

VERIFICATION REQUIRED OF ALL CODES

e 1MOD-O LOAD DATA
e MOD-2 1/20 SCALE WIND TUNNEL MODEL DATA

WEST WTG SIMULATOR

o HYBRID ANALOG/DIGITAL COMPUTER
o USES MOSTAS SOFTWARE
e SPEED INCREASE BY FACTOR OF 100

Figure 8
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AVAILABLE STRUCTURAL-DYNAMIC CODES

CODE

MOSTAB-WT

MOSTAB-WTE

MOSTAB-HFW

GETTS

F-762

MOSTAS

REXOR-WT

SOURCE

Mr. Barry Holchin

Mechanics Research Incorporated
9841 Airport Boulevard

Los Angeles, CA 90045

Dr. David A. Spera
NASA-Lewis 49-6
21000 Brookpark Road
Cleveland, OH 44135

Mr. John A. Hoffman
Paragon Pacific Incorporated
1601 E. E1 Segundo Boulevard

Mr. Clyde Stahle

General Electric Space Division
Box 8661

Philadelphia, PA 19101

Dr. Richard Bielawa
United Technologies Research Center
East Hartford, CT 06108

Mr. John A. Hoffman
Paragon Pacific Incorporated
1601 E. E1 Segundo Boulevard
E1 Segundo, CA 90245

Mr. Robert E. Donham
Dept 75-21, Bldg. 360, Plant B-6
Burbank, CA 91520

Reference

"Comparison of Computer Codes for Calculating Dynamic Loads in Wind Turbines.
NASA TM-73773 and DOE/NASA/1028/78-16, 1978.

by D. Spera.

Figure 9

TYPICAL EDGEWISE MOMENT LOAD
MOD-0 WIND TURBINE BLADE SHANK
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Figure 10
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MOD-0 BLADE LOADS VS. YAW DRIVE STIFFNESS
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~ SINGLE YAW DRIVE
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Figure 11

WTG BLADE CONFIGURATIONS

M T IRITI R ALUMINUM (AIRCRAFT WING CONST.; MOD-0, -OA)

FIBERGLASS (FILAMENT WOUND; SR & T)

+ ¥ rapqqanoaomEasssd  oyEp) JFIBERGLASS (UTILITY POLE; MOD-0)

WOOD (BOAT HULL CONST; SR & T)

7Y | IS, TR ST T STEEL (WELDED SPAR,
i pey, o NS i BONDED TE; MOD-1)

i FIBERGLASS (TFT SPAR, SANDWICH TE; SR & T)

7~ STEEL (ALL WELDED; MOD-2)

| | 1 ol 15 1 | ]
0 25’ 50’ 75’ 100’ 125' 150*
Figure 12
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DESIGN OF LARGE, HORIZONTAL AXIS WIND TURBINE GENERATORS

WTG DESIGN REQUIRES SOPHISTICATED TECHNOLOGY BACKED BY SPECIALIZED
ANALYTICAL TOOLS.

THESE TOOLS ARE AVAILABLE NOW, BUT THEY REQUIRE CONTINUOUS MAINTENANCE,
VERIFICATION, AND UPGRADING.

DESIGN IMPROVEMENTS -- VALIDATED BY ANALYSIS AND MOD-0 TESTS -- HAVE:
o REDUCED STRESSES IN MOD-0A WTG
e REDUCED ROTOR COSTS IN MOD-2 WTG
o CONTROLLED COSTS OF MOD-2 TOWER AND NACELLE

DESIGN REQUIREMENTS AND METHODS WILL CONTINUE TO EVOLVE, TO INCLUDE:
o NEW MOD-0,-0A, AND -1 TEST DATA
o MORE ANALOG SIMULATION AND GRAPHICS
o MORE STATISTICAL DATA ON WIND LOADS
o [MPROVEMENTS IN FATIGUE AND BUCKLING ANALYSES
o DESIGN HANDBOOKS

Figure 13
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THE GENERAL ELECTRIC MOD-1 WIND TURBINE GENERATOR PROGRAM

Richard H. Poor and R. B. Hobbs
General Electric Co., Space Division
Valley Forge, Pennsylvania

INTRODUCTION

The MOD-1 WTG is the first megawatt class machine in the national wind
program. The MOD-1 Program which started in September of 1976 has as its
objectives the design, fabrication, installation and test of a megawatt class
wind turbine generator (WTG) which generates utility grade electrical power.
The program is nearing the final phase of installation and checkout. The
blades are the only components remaining to be installed.

NASA-LeRC is managing the MOD-1 Program for DOE. General Electric's
Space Division located in Valley Forge, PA., is the prime contractor, with
several GE electrical equipment product departments supplying components
ranging from switchgear to the synchronous generator.

WTG SPECIFICATIONS AND REQUIREMENTS

The specifications and design requirements, as originally stated by
NASA-LeRC were heavily influenced by the NASA MOD-0O design and operational
experience, and as such, the designs have a high degree of similarity.

Also, the MOD-1 technical specifications are quite restrictive and allowed
virtually no flexibility in design concept except for a trade-off between a
rigid and a teetered hub. The general design requirements and program ob-
jectives are shown in figure 1. The dominant requirement, which most influ-
enced the design, was the utilization of state-of-the-art technology to
minimize technical risk.

A summary of the technical specifications is contained in table I.
You will note that the selection of a few of the parameters was optional.
Also during the design cycle, a requirements assessment analysis was con-
ducted, which lead to the modification of certain requirements. These items
will be reviewed in the discussion on design drivers.

The design wind environment for the MOD-1 WTG is an 18 mph (mean) wind
regime with a standard Velocity Duration Curve. The vertical velocity pro-
file is defined by the relationship:

H 0.167
V= VO N VO = velocity at ref. height H

0 0

The wind gust model is shown in figure 2.
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The blade design load cases are listed in table II. The blade turn-
ing requirements were a first flapwise frequency >2.15 P (P = nominal rota-
tional frequency) and a first chordwise frequency >4.15 P. The primary re-
quirements of the pitch change mechanism were a maximum pitch rate of 8°/sec
and a stiffness of 20x106 inch-pound per radian.

The generator specification was 4160 V, 3¢, Y-connected, synchronous,
1875 kVa at 60 Hz. Emergency power was to be provided by an auxiliary power
unit in the control enclosure. Slip rings or loop cable were indicated for
the power connection at the nacelle. Protection items include conventional
switchgear as well as lightning protection. Electrical system stability
was required for 5 to 1000 MW. The control system functional requirements
include startup and synchronization, shutdown, and maintenance of electrical
stability. Unattended operation is called for with manual operation from
the WIG site. Remote monitoring and control by power dispatcher is also re-
quired. Finally, an engineering data acquisition system should be provided.

DESIGN DESCRIPTION

The MOD-1 WTG has a configuration which is depicted in the photo of a
scaled model shown in figure 3. It has a 200-foot two-bladed downwind
rotor that operates at a constant 35 rpm with its axis at an elevation of
140 feet. An outline drawing (fig. 4) defines the basic WTG dimensions.

The rotor drives a synchronous generator through a speed increaser
gearbox. Synchronous speed and power are controlled by varying blade pitch
as the wind speed varies. The tower is a 131-foot truss structure with a
48-foot base. A control enclosure and transformer are installed at ground
elevation below the WTG within the envelope of the four-tower legs. The
major elements of the WTG are briefly described as follows:

a. Rotor., - Two steel blades are attached to the hub barrel via three-
row cylindrical roller bearings which permit the pitch angle of the blade to
be varied 105 degrees from full feather to maximum power. Blade pitch is
controlled by hydraulic actuators which provide a maximum pitch rate of
14 deg/sec. Figure 5 shows the pitch control block diagram.

The hub tailshaft provides the connection to the low-speed shaft and to
the dual tapered roller main bearing, which supports the rotor and one end
of the low speed shaft.

Each blade is tapered in planform and thickness as shown in figure 6.
It utilizes a NACA 44XX series airfoil with thickness ratio varying from
33% at the root to 10% at the tip. The twist of 11° varies linearly from
root to tip. The blades are mounted on the hub at a 9° cone angle to opti-
mize stresses due to thrust and centrifugal forces.

The blade in final assembly is shown in figure 7. The major blade
load carrying member, a hollow spar, is fabricated from A533 Grade B,
class 2 high strength, low carbon steel. The trailing edge is fabricated
from urethane foam sections with 301 stainless steel skins.
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b. Drive train. - Figure 8 shows the drive train which consists of the
low-speed shaft and couplings, a three-stage gearbox and the high speed
shaft which drives the generator. The gearbox has parallel shafts. The
high speed shaft incorporates a dry disk slip clutch for protection against
torque overloads, and a disk brake that stops the rotor and holds it in the
parked position. The gearbox lubrication system also provides oil to the
rotor bearing and dissipates waste heat by means of a cooler suspended below
the nacelle.

c. Power generation/control. - Figure 9 is a block-diagram of the
power generation/control system. A GE synchronous AC generator is driven
at 1800 rpm by the high-speed shaft. A shaft mounted, brushless exciter,
controlled by a solid state regulator and power stabilizer provides voltage
control. Generator output at 4160 volts is brought by cables and a slip
ring at the yaw bearing down the tower to the control enclosure and then on
to the utility interface via a 2000 kVA step-up transformer.

d. Nacelle structure. — A welded steel bedplate is the primary struc-
ture, supporting all equipment mounted on top of the tower and providing a
load path between the rotor and yaw structure. Other equipment mounted on
the bedplate includes the pitch control and yaw drive hydraulic packages,
the control electronics and lubrication pumps. A removable aluminum fairing
enclosing the nacelle for weather protection has louvers for air cooling and
provides mounting for wind sensors.

e. Yaw drive. - Rotation is provided by the yaw drive system, consist-—
ing of upper and lower structures, a cross-roller bearing, dual hydraulic
motors and hydraulic brakes as shown in figure 10. The yaw brakes control
dynamic excitations by maintaining a rigid connection while the nacelle is
stationary and also assist in damping yaw motions by maintaining a holding
force while the nacelle is being rotated. Power and signal data are trans-
ferred to tower mounted cable by slip rings.

f. Tower. - The steel tubular truss tower as shown in figure 11 is made
of seven vertical bays. Tubular members were used to reduce ''tower shadow"
loads on the blades as they pass the tower. Access to the yaw drive and
nacelle area is provided by a cable guided, gondola-type lift also shown in
figure 11.

g. Ground equipment. - The major ground equipments are the control en-
closure, station battery system and the 4.16/12.57 kV stepup transformer.
The enclosure, measuring 28 x 10 feet is an air-conditioned steel structure
which contains power equipment switchgear and the WIG control and recording
unit.

PROGRAM STATUS
During the summer of 1978 the WTG without blades was assembled at the

GE Riverside facility in Philadelphia. As shown in figure 12, the yaw
drive, nacelle structure, drive train, generator and hub with the blade
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pitch change mechanism were mounted on the upper section of the tower which
served as a test fixture. The control enclosure, control electronics,
switchgear, and computer were also assembled. An auxiliary 200 hp motor was
mounted on the nacelle structure above the low-speed shaft to rotate the WT
drive train and rotor during test. The NASA Portable Instrumentation Van

was used to record data from the Engineering Data Acquisition System Sensors.

The factory test program consisted of a checkout of the lube and hy-
draulic systems and the operation of the yaw drive and pitch change mechan-
ism. The yaw drive rotated 360° and the brake system operation was demon-
strated. The pitch change mechanism was operated from the maximum power
position to full feather. The rotor was driven at rated rpm, but at a re-
duced power level, for 20 hours with intermittent yaw maneuvers and pitch
change operations. The power generation system was checked out with gener-
ated power being dissipated in a load bank.

After test completion in October of 1978 the WTG was disassembled into
subassemblies for shipment to the site. Most components were either over-
size or overweight for normal road transportation. All subassemblies were
shipped by motor vehicle, however, some required special permits. The hub
and pitch change mechanism assembly which was shipped by rail due to its
weight of 96,000 pounds was the one exception.

Howard's Knob at Boone, NC, is the site selected by DOE for the MOD-1
WTG. The elevation of this site located in northwest NC is 4420 feet above
sea level. The Blue Ridge Electric Membership Corporation (BREMC), a rural
electric cooperative, will operate and utilize the power generated by the
WIG. BREMC is the largest cooperative in North Carolina with annual sales
of 555 million kW-hr. BREMC with a peak load of 136 megawatts purchases es-
sentially all of its power for its members from Duke Power.

The Howard's Knob site overlooking the college town of Boone was
cleared of trees and graded during the summer of 1978. The concrete tower
foundations with the control enclosure, tower lift and transformer pads
were poured during August 1978. During October the tower was erected in
three sections using a Manitowoc 4100N crane with a boom height of 230 feet
and a lift capacity of 55 tons. The WTG installation began in November and
consisted of a series of lifts. One lift was considered but was found not
to be cost effective and would have had significant schedule risk due to the
limited availability of cranes with 200 tone capacity. The installation of

the WTG witliout blades was completed in December and can be seen in figure 13.

Figure 14 is a cl:ser view of the WIG with the fairing in place. Shortly
after the WTG was ~ssembled aloft, the control enclosure was installed be-
neath the tower.

Site activity from mid-December to mid-February was curtailed due to

extreme cold (wind chill factors of -50° F), high winds (60 mph), icing on
the WIG and snow which made the site inaccessible.
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Currently the WIG is fully assembled except the blades which are ex-
pected to be delivered in April. All cables have been pulled, terminated
and checked out. The machine has been mechanically checked out in a similar
manner to the Riverside tests, and control/software integration has been in
progress since March.

CALCULATED OPERATION CHARACTERISTICS

The steady-state operating characteristics are derived from the MOD-1
performance curve, Cp vs A (fig. 15). Calculations of the operating char-
acteristics were based on power rating of 2000 kW,, a rotor diameter of 61 m
(200 ft), and a rotor speed of 35 rpm. The MOD-1 design rpm was determined
by maximizing annual energy capture (6.5x106 kW-hr) at sea level with 100%
availability in an 18 mph (mean) wind regime. Using the Cp curve, the
electrical power output is calculated as a function of wind speed (fig. 16)
which establishes the steady state operating requirements for pitch control
and the operating wind speeds for generator cut-in and rated power. The
breakaway wind speed is based on calculations of the minimum static blade
torque required for starting.

The MOD-1 operating envelope (fig. 17) indicates the operational modes
and limits for variations in wind speed and direction. The non-operating
mode is shown below the cut-in wind speed of 11 mph. A 5-minute average
wind speed and yaw angle above 11 mph and 5° respectively will initiate a
yaw maneuver, as shown. Normal operation is obtained when the 5-minute
average yaw angle is within the 5° envelope. Normal shutdown is initiated
when the 5-minute average wind speed exceeds 35 mph or exceeds the wind
speed-yaw angle envelope as shown in figure 17. The emergency shutdown mode
is initiated when instantaneous wind speeds and yaw angles exceed 40 mph or
90°, respectively.

Calculations of the system dynamic operating characteristics are based
on inherently conservative assumptions of statistical wind dynamics and re-
sulting dynamic interactions with the wind turbine. Resulting operating
characteristics in terms of critical operational modes, control functions,
and electrical stability are shown in table III.

COST OF ELECTRICITY/COST DRIVERS

As the first of the megawatt class wind turbines, the MOD-1 was designed
to insure long life, reliability and safe operation with current state-of-
the-art technology. The resulting cost of electricity is expected to be high
on the "learning'" curve and reflects the inherent design conservatism indi-
cated by subsystem costs and weights. Therefore, the principle cost drivers
are the subsystem weights, a lack of maturity in blade design and fabrication,
and a lack of experience in assembly, erection, and testing of the system.

A breakdown of the MOD-1 weights and costs of electrical energy by sub-
System are shown in table IV to aid in identifying the significant cost
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drivers. The cost of electricity (COE) is derived for each subsystem,

based on an annual FCR of 18%, an annual energy capture with 90% avail-
ability in an 18 mph (mean) wind regime, and includes the cost-of-doing-
business in the cost of each subsystem. An annual operating maintenance
cost of 17 is conservatively assumed as reasonable for the early ''prototype'
systems.

DESIGN TRADE-OFFS

The MOD-1 Configuration was primarily dictated by the NASA-LeRC
design specifications as previously discussed. Some configuration
options were left open for design tradeoffs. The procedures used to evaluate
these options were generally tradeoffs between performance, structural design
requirements, and cost. A brief description of the tradeoff procedure and
results for each option is shown below:

Blade airfoil - Performance vs manufacturability/cost. Airfoil selec-
tion driven by manufacturability. Selected 44XX series.

Blade twist - Performance vs blade loading. Blade twist driven by
structural design requirements. Selected 11 degrees.

Rotor speed - Maximum energy capture vs torque, cost. Rpm driven by
maximum energy capture for a given rotor diameter, rated power, wind dura-
tion curve. Selected 35 rpm.

Rotor cone angle - Balance blade thrust - centrifugal loads. Cone
angle selected to minimize blade root stress. Selected 9°.

Rotor axis inclination - Blade clearance vs yaw moments.
Rotor coning more effective. Selected 0° axis inclination.

Hub (rigid vs teetered) - Blade-hub load reductions vs cost. Rigid
hub less costly. Selected rigid hub.

FACTORS AFFECTING THE DESIGN

On the MOD-1 Program one of the most significant factors affecting the
design was the Technical Specification. During the preliminary design phase
a few of the requirements were modified to reduce the WIG costs. The double
bearing shaft of the drive shaft/rotor support was replaced by a single
bearing with reduced weight and cost. For the yaw drive, a hydraulic motor
was used instead of the electric motor-driven worm gear which resulted in less
space and weight and better overload protection. Reduced cost was also ob-
tained for the blade inching drive by replacing the independent drive on the
high speed shaft with a blade operational control system.
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Prior to the establishment of the final design, a rigorous requirements
assessment analysis was conducted in an effort to minimize requirements
and, hence, reduce WIG costs. At this late stage of the design process
the opportunities were limited; however, critical design parameters were
modified to reduce WIG costs and the cost of generated electricity. For
example, epoxy/glass was replaced with steel as the blade structural mate-
rial. The rated power was increased from 1500 to 2000 kW as a system limit
(present blades have a limit of 1818 kW) in order to increase the rating and
energy capture. The cut-out speed was reduced from 50 to 35 mph. This de-
creased the blade and system loads with only a minor loss (&5%) in energy
capture. Furthermore, the blade tip clearance was reduced from 50 to 35 feet
in order to lower the tower height. This reduced cost and system loads with
a minor (A37%) loss in energy capture.

The load requirements were also modified to realistically include the
effects of accumulative fatigue over the entire wind regime. In addition,
the load cases were simplified to four cases which included continuous,
gust, emergency feather and hurricane loads, as shown in table V. To make the
gust loading more realistic the wind gust model was modified per figure 18
which replaced the earlier l-cosine curve.

After the requirements and the design concept were solidifed, the siz-
ing and detail of each component were dictated by certain design parameters.
The most significant design drivers for each major component are shown in
table VI. As one can observe, fatigue and stiffness have driven the weight
of the mechanical configuration., Stiffness has played a prominent role in
sizing the pitch change mechanism and the 3.2 P tower, and consequently has
affected costs. Limit loads have played a secondary role in dictating sys-
tem weights.

DESIGN EVALUATION

As mentioned earlier, the MOD-1 WTG is the first of the megawatt size
WIG's. With the reservations that we do not have any operating experience
at this time, some overall conclusions about the MOD-1 WTG design can be
made:

+ The design is conservative.

. The weight and cost are high.

The installation is routine.

- The extensive instrumentation should provide design data for future
WIG's.

RECOMMENDATIONS FOR FUTURE DESIGNS

Our current recommendation for a future design is the result of a NASA-
directed MOD-1A trade-off study. The objective of the study was to reduce
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weight and cost of a 2 megawatt WTG with the same operational characteristics
as the MOD-1 without restrictions on the design concept. The objectives of
the study were to: reduce weight from 655,000 to 400,000 pounds or less;
reduce second unit cost from $2,900/kW to $1,000/kw; and reduce the cost

of energy from 18¢/kW-hr to 5¢/kW-hr (all costs in 1978 dollars). The
design approach was to ''wage war on weight" by loads alleviation and sim-
plification. Three candidate concepts, shown in figure 19, were considered
for trade-off studies of critical design parameters.

System Number 3 of figure 19 was selected which has as its major char-
acteristics a teetered hub, two downwind blades with partial span control,
an integral gearbox structure, an inclined rotor axis and a "soft" tower.
Figure 20 is an outline drawing of the MOD-1A. The selected blade has a
MOD-1 aerodynamic configuration except that the concept of hydraulic driven
partial span torque control is incorporated in the outer 15% of the span.
The teetered hub concept resulted in the lowest loads for a two-blade sys-
tem. The gearbox/bedplate incorporates the rotor and yaw support structure
into the gearbox casing, thus eliminating structural weight. The tower
is a conical shell with a lateral bending frequency of 1.2 P.

An overall comparison of the MOD-1 and 1A can be seen from the sil-
houtte of -1 superimposed over the MOD-1A in figure 20. This comparison
illustrates the striking reduction in size of the MOD-1A. The most impres-—
sive statistic is the magnitude of the weight reduction shown in figure 21.
WTG costs, as a consequence, are reduced dramatically, and it follows that
the cost of generated electricity is reduced accordingly. The projected
installed cost in 1978 dollars of the MOD-1A is in the neighborhood of
$1050/kW. As a result, the cost of energy has been reduced to 6¢/kW-hr
which is a significant improvement when compared to earlier WTG's, as shown
in figure 22. In summary, the MOD-1 will serve the purpose of supplying
valuable WTG operating data for the national wind program and the concepts
of the MOD-1A will lead us to commercially viable WTG's.

DISCUSSION

Q. Have you investigated designing a machine with a soft tower? What tech-
nical risks, if any, are associated with a soft design?

A. This was considered in the slides on our recommendations for the future
that were not presented. A conceptual design study, directed by NASA, was
conducted in 1977 after the MOD-1 design was finished. In essence, we
evolved some concepts that we thought could reduce cost. The soft tower
was one of them. We also considered the concept of using an integral gear-
box, where the gearbox provides the basic structural member on the tower.
We also recommended partial span control to reduce pitch change mechanism
costs.
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Your normal operation was shown as a *5°. Do you feel this is a very close
angle?

That value was a 5-minute average, not an instantantous value. I think the
variation was up to 15°. That is the way the system is now programmed to
opeate, and we will find out from actual experience if that is the effect-
ive way to operate the system. Based upon all of the loads that we can
measure and the flexibility of using a computer-based control system, we
can then make changes in the software and alter that operation.

TABLE I. SUMMARY OF TECHNICAL SPECIFICATIONS

ITEM

RATED POWER

CUT-IN WIND SPEED

CUT-OUT WIND SPEED
MAXIMUM DESIGN WIND SPEED

ROTORS/TOWER

LOCATION OF ROTOR

DIRECTION OF ROTATION

BLADES PER ROTOR

CONE ANGLE

INCLINATION OF AXIS ROTATION
ROTOR SPEED CONTROL

ROTOR SPEED

BLADE DIAMETER

AIRFOIL

BLADE TWIST

TOWER

BLADE TIP TO GROUND CLEARANCE
HUB (RIGID VS. TEETERED)
TRANSMISSION

GENERATOR

YAW RATE

CONTROL SYSTEM

REQUIREMENT

1500 kWe @ 22 MPH
11 MPH
35 MPH

150 MPH (AT ROTOR CENTER
LINE - NO WIND SHEAR)

1
DOWNWIND
CC (LOOKING UPWIND)
2
OPTIONAL

< 15°
VARIABLE BLADE PITCH
OPTIONAL/CONSTANT
200 FT. (NOMINAL)
OPTIONAL
OPTIONAL
STEEL TRUSS

21508 ETH
OPTIONAL
FIXED RATIO GEAR, 96% EFFICIENCY
60 Hz/SYNCHRONOUS

< 20/SEC

ELECTRO MECHANICAL/
MICROPROCESSOR
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TABLE II. BLADE DESIGN LOADS

CASE FREQUENCY OF
NUMBER DESCRIPTION OCCURRENCE

0 RATED POWER, RATED WIND SPEED 108

2 INITIALLY AT RATED POWER, WIND 10°
SPEED INCREASE FROM RATED TO 60 MPH
IN 1/4 SEC, NO PITCH CHANGE, ROTOR
OVERSPEED 25%.

3 INITIALLY AT RATED POWER, CHANGE OCCASIONAL
PITCH ANGLE TO FEATHER IN 11 (PROPORTIONAL
SECONDS. LIMIT)

4 INITIALLY AT RATED POWER, WIND 10°
SPEED DECREASED FROM RATED TO
ZERO IN 1/4 SECOND.

5 BLADES IN HORIZONTAL FEATHERED OCCASIONAL
POSITION: WIND SPEED 120 MPH (PROPORTIONAL
FROM ANY DIRECTION. LIMIT)

6 ROTOR OPERATING AT DESIGN RPM, 10°
WIND SPEED 50 MPH AT 20° YAW
ANGLE, CHANGE YAW ANGLE @
20/SEC.

7 ROTOR OPERATING AT DESIGN RPM, 10°
NO POWER, VELOCITY RETARDATION OF
50% DUE TO "TOWER SHADOW"

TABLE III. - DYNAMIC OPERATING CHARACTERISTICS
Item Characteristic

CRITICAL OPERATING MODES:

1. WIND VARIABILITY:

2. CYCLIC BLADE LOADING:

3. NON-OPERATING:

CONTROLS AND RESPONSE

1. PITCH CONTROL:

2. YAW CONTROL:

3. SLIP CLUTCH:

ELECTRICAL STABILITY

1. CALCULATED TORQUE/SPEED

GUSTING - MAGNITUDE/DURATION
(RANDOM)

DIRECTIONAL (RANDOM INFLOW)

TOWER

e WIND SHEAR
e WIND INFLOW

e CUT-OUT
e LOSS OF LOAD

FEATHERING

2.1 ©/SEC OPERATING/0.2 SEC
RESPONSE

14 ©/SEC (MAX. EMERGENCY
FEATHER)

15 °/MIN.

@ 15,400 FT-LBS (188%
RATED TORQUE)

420,000 FT-LBS (+ 100%)

VARIATIONS: e 35 RPM (+ 2%)
2. CALCULATED ELEC. POWER + 6% (CYCLIC)
VARIATIONS: + 30% (MODERATE GUSTS)
+ 100% (MAX. GUSTS)

3. CALCULATED VOLTAGE
VARIATIONS:
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TABLE IV. - COST OF ELECTRICITY
(MOD-1 2ND UNIT RECURRING COSTS)

SUBSYSTEM WT, LBS [COE, ¢/kW-HR | 3 TOTAL COE
BLADES 41,000 4.6 25%
HUB 44,000 1.3 7
TORQUE CONTROL 23,000 0.6 3
NACELLE/STRUCT. & DRIVE TRAIN | 153,000 2.4 13
POWER GEN. EQUIP. 17,000 153 6
CONTROLS 1,000 0.7 4
YAW DRIVE 56,000 1.0 5
TOWER 320,000 193 7
ASSEMBLY/TEST 2 5.3 12
SITE PREP/ERECT. & CHECKOUT = 2.4 13
TOTALS 655,000 17.8 95%
ANNUAL O&M A 0.8 5%
TOTAL COE 186 100%
TABLE V. - MODIFIED BLADE DESIGN LOADS
FREQUENCY OF
CASE REQUIREMENT OCCURRENCE
A ACCUMULATIVE FATIGUE 4 x 10°
ENTIRE WIND REGIME CYCLES
200 INFLOW ANGLE INCLUDED
B 35 - 50 MPH GUST 10°
35 - 20 MPH GUST CYCLES
BLADE DISC FULLY IMMERSED
MODIFIED WIND GUST MODEL
NO PITCH CHANGE
c EMERGENCY FEATHER 10°
RPM PITCH RATE s
o
P
Ng<n < 1.4 N 14° sEC
(o]
n < Ng 3° SEC
D HURRICANE OCCASIONAL
BLADE FEATHERED IN HORIZONTAL (PROPORTIONAL
POSITION LIMIT)
120 MPH FROM ANY DIRECTION
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TABLE VI. - DESIGN DRIVERS

SUBSYSTEM DESIGN DRIVER
BLADES CUMULATIVE FATIGUE, EMERGENCY
FEATHER LOADS AND BLADE
ST1FFNESS.
HUB FATIGUE; BLADE WEIGHT AND

TORQUE CONTROL MOMENTS.

TORQUE CONTROL GUST LOADS, MAX. FORCE EMER-
GENCY SHUTDOWN AND STIFFNESS.

BEARING & DRIVE TRAIN MAX. AND CYCLIC TORQUE ROTOR
LOADS ON BEARING, POWER LEVEL.

NACELLE STRUCTURE CUMULATIVE FATIGUE IN WELDS.

POWER GENERATION POWER LEVEL, POWER QUALITY

EQUIPMENT WTG/UTILITY PROTECTION.

CONTROLS UNATTENDED OPERATIONS, POWER
QUALITY.

YAW DRIVE SYSTEM TORQUE (MAX. WINDSPEED & IN-

FLOW ANGLE) OVERHANG MOMENT.

TOWER LATERAL STIFFNESS AND FATIGUE.

ASS'Y. & TEST NO. OF PARTS, JOINTS AND
CONNECTIONS CRITICAL
ALIGNMENTS AND WEIGHTS.

SITE PREPARATION, SITE CHARACTERISTICS, LOCATION,
ERECTION AND WTG WEIGHT AND NO. OF
CHECKOUT SUBASSEMBLIES.

e DESIGN, FABRICATION, INSTALLATION AND TEST OF A 1500 kW WIND
TURBINE GENERATOR:

- STATE-OF-THE-ART TECHNOLOGY FOR MINIMUM TECHNICAL L
RISK.

- COMPATIBLE WITH LARGE AND SMALL UTILITIES.

- CAPABLE OF UNATTENDED OPERATION -- I.E. AUTOMATIC
AND REMOTE CONTROL FROM UTILITY DISPATCH CENTER.

- CAPABLE OF 30 YEAR LIFE, WITH "ROUTINE" MAINTENANCE.
- MINIMUM AVAILABILITY OF 90%.

- SAFE RELIABLE OPERATION.

- SAFE AND EASY MAINTENANCE.

- MINIMUM FIELD ASSEMBLY.

- TRANSPORTATION VIA EXISTING SURFACE VEHICLES.

- SNOW, RAIN, LIGHTNING, HAIL, ICING, SALT VAPOR,
-31°F TO 120°F.

- ACCEPTABLE APPEARANCE.

- COSTS COMPETITIVE WITH ALTERNATE ENERGY SOURCES.

e DEVELOPMENT OF A WTG DESIGN WHICH CAN BE ITERATED INTO A
SECOND-GENERATION VERSION SUITABLE FOR HIGH-VOLUME, LOW-
COST PRODUCTION.

e ACQUISITION OF DATA AND OPERATING EXPERIENCE WHICH WILL LEAD
TO MORE COST-EFFECTIVE, SECOND-GENERATION MACHINES.

Figure 1. - Program design requirements and objectives.
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Figure 3. - Scaled model of MOD-1 WTG.
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Figure 7. - Blade.
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Figure 12. - Test of WTG without blades at Riverside.

Figure 13. - WTIG assembly and crane.
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DESIGN CONCEPT #1

{RECUCED MOD - 1)

o FIXED HUB
e 2 BLADES

® UPWIND ROTOR

o PARTIAL SPAN CONTROL
o MOD-1 GEARBOX

e MOD-1 ELEC. GEN.

e TRUSS TOWER (SOFT)

TOTAL WEIGHT
340,000 LBS

Figure 19.

T (SEC)

DESIGN CONCEPT #2

{EPICYCLIC GEAR)

e FIXED HUB

e 3 BLADES

o UPWIND ROTOR

o PARTIAL SPAN CONTROL
o EPICYCLIC GEARBOX

e MOD-1 ELEC. GEN.

e SHELL TOWER (SOFT)

TOTAL WEIGHT
355,000 LBS

- Three candidate systems.
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- Modified wind gust model with probability of occurrence.

DESIGN CONCEPT #3

“{INTEGRAL GEARBOX)

TEETERED HUB

2 BLADES

DOWMWIND OR UPWIND
PARTIAL SPAN CONTROL
MOD-1 GEAR DRIVE
MOD-1 ELEC. GEN.
SHELL TOWER (SOFT)

TOTAL WEIGHT
320,000 LBS
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Figure 20. - MOD-1A outline and comparison with MOD-1.
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50 3 4
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TOWER DRIVETRAIN, NACELLF 172,000 LBS
30 TOWER \ WEIGHT & STRUCTURE
320,000 LBS
GENERATION SUBSYS.
20
TOWER
TOWER WEIGHT
10 148,000 LBS
i

MOD-1

Concept #3 (MOD-1A)

Figure 21. - Weight comparison for MOD-1 and concept #3.
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THE BOEING MOD-2 -

WIND TUNNEL SYSTEM RATED AT 2.5 MW

Richard R. Douglas
Boeing Engineering and Construction Company
Seattle, Washington 98124

INTRODUCTION

The MOD-2 project is an approximate 36 month program for the development,
design, fabrication, installation, and check-out of a wind turbine system
(WTS) optimized for commercial production of power into a utility grid.
Similar to the MOD-0 and MOD-1 programs, MOD-2 is managed by NASA-LeRC.
Contrary to those programs, the primary objective of the end hardware is
for direct and efficient commercial application, rather than for Research
and Development. The program has been structured to achieve this desired
commercial objective by a substantial concept selection effort, compara-
tively few firm requirements imposed on the contractor, and encouragement
of commercial practice application. This paper provides a summary descrip-
tion of MOD-2 development and of the resulting system hardware.

PRIMARY SPECIFICATIONS & REQUIREMENTS

The major firm requirements imposed on the contractor were as follows:

o 14 mph average wind speed at 30 foot altitude.

o Horizontal axis.

©0 Minimum rotor diameter of 300 feet.

o 30 year service life.

o0 Unattended remote site operation.
Essentially all other requirements were subsequently agreed to by NASA
and the contractor as a result of requirement sensitivity studies gener-
ated during the program concept study phase. A list of the major

requirements thus developed are shown in Table I.

PRIMARY DESIGN CHARACTERISTICS

Four significant changes from the MOD-0 and MOD-1 wind turbine system
design characteristics were incorporated into the original MOD-2 pro-
posal:
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o Use of a soft shell type tower.
0 An epicyclic gear box.
o A quill shaft to attenuate 2/rev. torque and power oscillations.

o A rotor designed primarily to commercial steel fabrication
standards.

Through the many months of detailed study since the proposal, these four
features are still retained and account for a major portion of any cost-
of-electricity advantage that MOD-2 may have compared to competitive
systems. During the concept study phase, decisions were made to change
from a combination welded and bonded rotor to an all-steel rotor, to use
a teetered in place of a fixed hub rotor, to use tip control rather than
full span control, to orient the rotor upwind rather than downwind, and
to change from a ground located computer with nacelle located multiplexer
to a microprocessor system located in the nacelle. Each of these changes
resulted in a favorable decrease in cost-of-electricity.

The major characteristics and general arrangement of the current MOD-2
WTS configuration are shown in Figure 1. Illustrations of all other
major components of the system are provided by Figures 2 through 12.
Weight status is shown in Figure 13. MOD-2 is a horizontal axis machine
with a 300 foot diameter, tip control, teetered, upwind rotor. The rotor
axis is located 200 feet above ground level. The all steel rotor is
supported by the low speed shaft through an elastomeric bearing that
permits teetering. Torsion from the rotor is transmitted by an attenu-
ating quill shaft to the step up planetary gear box, which in turn drives
a 2500 KW synchronous generator at 1800 rpm. Teeter and rotor brakes are
used primarily to eliminate motion when the wind turbine is not operating.
All of the drive train, the generator, the generator accessory unit, the
electronic control system, the pitch and yaw hydraulic system, and other
support equipment are housed in the nacelle. The nacelle itself is kept
oriented into the wind by a single hydraulic motor driving through a
planetary reduction gear. The tower is a shell type with a conical base
and contains an elevator, an emergency ladder, and control and electrical
system components in the base. The foundation is conventional reinforced
concrete but has a unique inverted mushroom configuration that permits use
of earth fill to reduce the concrete required.

OPERATING CHARACTERISTICS

The MOD-2 system is designed to operate unattended into a utility grid
whose power substantially exceeds the 2.5 megawatt output of MOD-2. The
system is designed to cut-in at a wind speed of 14 mph, to cut-out at

45 mph, and to generate full rated power (2.5 megawatts) at 27.5 mph.
(See Figure 14) While the MOD-2 system was optimized for a site with

an annual mean wind speed of 14 mph at 30 foot altitude, Figure 15 illus-
trates that it operates with little penalty at sites with a wide band of
wind speeds.
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Rotor and system efficiencies are best portrayed by the rotor and system
coefficient versus wind speed chart shown in Figure 16. The rotor and
power coefficients are that portion of the wind's kinetic energy passing
through the rotor disk that is converted into torque and electrical energy,
respectively. The difference between the two represents the losses in the
turbine subsystems.

COST OF ELECTRICITY

Cost-of-electricity assessment for MOD-2 is based on cost of the 100th
production unit. Fig. 17 illustrates the cost approach and Fig. 18
presents the cost groundrules and resulting costs. The cost-of-electri-
city is computed as follows:

COE = IC X FCR + AOM
AEP
where IC = total WTS cost = $1,720,000
FCR = annualized fixed charge rate = 18%
AOM = annual operation and maintenance = $15,000

AEP = annual energy production = 9.75 X 106 kWh
COE = 3.3 ¢/kWh

PROGRAM APPROACH

During the Third Wind Energy Workshop in Sept., 1977, Jim Couch did a
fine job of describing the MOD-2 planned design approach. Briefly, this
consisted of a substantial conceptual design effort to select the most
cost effective system concepts, a preliminary design effort to refine
the design and a detail design phase to produce the final drawings. At
this time, we are nearing completion of the detail design phase. In
fact, numerous releases have already been made for long lead items such
as the gear box, low speed shaft bearings, yaw bearings, etc. With the
exception of some contract extensions during the concept and preliminary
design phases to conduct additional studies desired by NASA-LeRC, the
program has proceeded as planned. A summary of program events and future
plans is illustrated on the schedule shown in Fig. 19.
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MAJOR DESIGN FACTORS

Undoubtedly, the most important of all the design features on MOD-2 is

the soft shell type tower concept. Fig. 20 illustrates a comparison
between a soft shell type tower and a stiff truss type tower at the

time of the original study. The basic difference between the soft tower
and stiff tower is shown in Fig. 21, illustrating that the soft tower has

a lower frequency than the rotor while a stiff tower has a higher frequency.
Fig. 22 illustrates the precise relationship of the tower design. Note
that it is designed by a combination of frequency, seismic, fatigue, and
high wind factors. Not only does the soft tower weigh much less, the shell
type construction is considerably cheaper to fabricate on a cost per pound
basis. Direct tower cost savings are substantial. Of perhaps even more
importance is the fact that rotor stiffness and weight are not serious
restraints when using the soft tower, permitting the use of heavy but
economical and reliable rotor designs.

Though time does not permit a detailed review of every MOD-2 feature, the
following is a list and brief comment on those other features most
responsible for achieving the relatively low MOD-2 cost-of-electricity:

Drive Train Quill Shaft - As illustrated in Figure 23, the on line shaft
frequency of approximately .5 per revolution economically attenuates

the two per rev. alternating torques that are particularly troublesome
with a teetered-tip control rotor configuration.

Tip Control - A feature that substantially reduces rotor weight and
cost with only minor compromises in power output, startup and shutdown
control, and torque oscillation.

Teetered Hub - First looked at primarily as a means of reducing rotor
fatigue, the major payoff of this feature is a reduction in weight and
cost of the nacelle, low speed shaft, yaw system, and tower.

Compact Planetary Gear Box - Selection and development of this advanced
design gear box has resulted in over 100,000# system weight saving, a
much simplified nacelle installation, and direct cost saving.

Upwind Rotor - The upwind rotor configuration slightly reduced rotor
fatigue and resulted in a 2 1/2% increase in annual power produced

while adding negligible cost to the yaw system. Impact on the yaw system
is minimized with the teetered rotor.
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Nacelle Located Microprocessor - The change from a ground located computer
with a multiplexer in the nacelle to a microprocessor located in the nacelle
resulted in both direct cost savings and a substantial reduction in
anticipated maintenance cost.

Gin Pole & Hoist Erection & Maintenance - Very large wind turbines can
experience severe maintenance costs as well as loss of power produced
when held up for the expensive and sometimes unavailable large cranes
required for major component replacement or repair. The MOD-2 solution
is to provide permanent gin pole, hoist, and guy line foundations at each
site, permitting the use of a relatively inexpensive gin pole and hoists.
A secondary fallout of this basic maintenance provision is a convenient
and economical means of system erection.

MAJOR PROBLEMS

I have been asked to report on major problems. At this writing, I am
happy to report that except for the everpresent problems of schedule and
budget, we are aware of no serious technical problems. But don't misunder-
stand; we anticipate problems will arise in subsequent program stages.
However, at this point, we would have to call them unk -unks.

CONCLUSIONS & RECOMMENDATIONS

After working on the MOD-2 program for nearly two years, one conclusion

is evident: Wind Power has come of age. It not only promises to be more
practical than any of the other so-called alternate energy sources, but it
is actually competitive with today's energy sources in many geographical
areas.

The intent of the MOD-2 program has been to incorporate all concepts that
show reasonable promise and, to the extent program scope has permitted,

the intent has been implemented. Additional study of such potential
advanced features as a fixed pitch rotor can no doubt be justified. However,
we see the largest system improvement potential in a component-by-component
study effort, applying value engineering disciplines as well as seeking
efficiency gains. As has been proven true on our commercial aircraft
programs, these improvements can best be made utilizing experience gained
from a sizeable number of commercially deployed units.

MOD-2 can and will be improved with time, just as fifty years from now the
then current systems can and will be improved. But using today's technol-
ogy, no concept changes show sufficient promise to warrant any further delay
in production deployment of wind power. Let's get on with it}

REFERENCE

1. Couch, J. P., MOD-2 Wind Generator Program, Third Wind Energy
Workshop, Sept., 1977.
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DISCUSSION

How many planets do you have in the first stage of the gearbox?

Actually we are developing two gearboxes for Mod-2. The primary gearbox
has eight planets in the first stage; the alternate gearbox has six.

In your discussion of the tower loads, vibrations seemed to be linked to
rotor dynamics. Have you determined what effect isotropic turbulence or
even micro turbulence might have on tower loads? Also what limiting tur-
bulent conditions did you consider?

Oscillations due to both vortex shedding and turbulence have been considered
in the Mod-2 tower loads using coupled modes analysis. The resulting re-
sponse to vortex shedding was small. Tower loads due to the maximum sta-
tistical isotropic turbulence acting on both the tower and the rotor was
also analyzed. We found that the maximum turbulence induced loads were less
critical than steady extreme wind loads.

In your cost of energy equation, how do you handle the effect of inflation
over the 30-year life?

The cost-of-energy equation shown in my presentation was given to us by
NASA as a Mod-2 program ground rule. However, we have looked at 30-year
levelizing using a factor applied to the operation and maintenance term.
Since operation and maintenance are a comparatively small part of annual
cost, application of this levelizing factor has only minor impact on Mod-2
cost of electricity.

Your design is facing into the wind. How severe is the extreme wind load
case, and what extreme wind velocity have you designed to?

We had designed to an extreme wind of 120 mph. This case designs a very
minor portion of the rotor and a major portion of the tower and foundation.

Table 1. MOD-2 Design Requirements

Requirement Value
General:
Service life 30 years
Rotor orientation Horizontal axis
Rotor diameter 300 feet

Environmental:
Mean yearly wind speed

14 mph at 30 feet

Wind gradient Variable power law
Wind speed duration Weibull distribution
Altitude 0 - 7,000 feet
Lightning Per NASA model
Seismic - Wind Turbine Zone 3

Seismic - Foundation Zone 2
Temperature range -40°F to 105°F

Rain, hail, snow, etc.
Max design wind

Operation and maintenance:

Yes
120 mph at 30 feet

Fail safe unattended operation Yes
Fire and ice detection Yes
Network and turbine protection Yes
Obstruction marking and lighting Yes
Maintenance tools and vehicles Commercial
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Figure 1. General Configuration & Features
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Figure 2. General Nacelle Arrangement MOD-2-107

67

Wind sensor —

Generator exhaust duct QI'/

Gear box oil sump

2,500 KW

300 ft

Teetered - tip control
Upwind

NACA 230XX

27.5 mph

45 mph

275 ft/sec

17.5

1,800

Synchronous
Compact planetary gear
200 ft

Soft-shell type
Hydaraulic

Hydraulic
Microprocessor
0.382



Rotor brake %

Gearbox // ’
Oil inlet é..
<] ~' : oy 2
SN S A
; ." FH \\\\ t \ Generator
> N ; L
Lot e ,s'/‘: | High speed
g = = K - \3 shaft/couplings
e % 35
Flex mount

/J Oil outlet

(] Quill shaft Removable coupling

Fixed coupling
Teeter bearing interface

Figure 3. Drive Train

Hydraulic lines
Accumulators
Low speed shaft

Teeter bearing

-
<)

4

(7 1]

\?

—-—
fan

Teeter brake

" Rotor center section
Support link

To tip actuator
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Figure 9. Tower/Foundation MOD-2-107
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Figure 12. Control System Major Components MOD-2-107
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Element Weight (Ibs)

Rotor assembly 169,567
Gearbox 39,000
Generator 17,000
Drive train components 39,892
Nacelle structure 40,832
Yaw drive 17,742
Misc. Nacelle equipment 4,705
Tower assembly 251,466

580,204

Figure 13. Weight Summary
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Figure 14. Power Output Vs. Wind Speed
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Figure 17. Cost Approach

Turnkey account

Cost

1.0 Site preparation
2.0 Transportation
3.0 Erection

4.0 Drive train

5.0 Rotor

6.0 Nacelle

7.0 Tower

8.0 Initial spares
8.A. Non-recurring

9.0 Total initial cost
Fee (10%)

Total turnkey

10.0 Annual operations

and maintenance

$162,000
29,000
137,000
329,000
379,000
184,000
271,000
35,000
35,000
$1,561,000
156,000
$1,717,000
$ 15,000

The cost estimating ground rules are as follows:
® All costs are in mid 1977 dollars
® Costs of installation and operation are based on a 25 unit farm

® Transportation costs are based on rail and truck transport

over a distance of 1,000 miles

Figure 18. 100th Unit Production Costs
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WTG ENERGY SYSTEMS' MP1-200 -
200 KILOWATT WIND TURBINE GENERATOR

Allen P. Spaulding, Jr.

WTG Energy Systems, Inc.
Buffalo, New York 14203

INTRODUCTION

The areas to be discussed in this presentation are related to
the preliminary design criteria as utilized on the MP1-200.
The significance of these design criteria are based on the
fact that the MP1-200 is the only wind turbine in operation
today that is producing synchronous alternating current using
a fixed pitch rotor configuration (fig. 1).

The MP1-200 is installed on Cuttyhunk Island, Massachusetts

as part of the Island's independent utility grid system. The
municipal utility on Cuttyhunk Island is diesel engine powered
with an installed capacity of 465 kW. The annual demand

curve, Figure 2, is plotted against the wind turbine's
production rate. It is evident from this graph that the wind
turbine will have a profound effect on the rate of fuel
consumption with the exception of the demand peaks expe-
rienced during the summer months. Cuttyhunk Island was chosen
as the site for the prototype because it was felt that this
type of application was typical of the ideal installation

for this type of generating system. As Figure 2 indicates,
the wind turbine operates as the dominant power source much

of the time. For a wind generator to operate effectively in
this type of network it must be capable of maintaining its
frequency while operating in parallel with any size conventional
power plant.

The MP1-200 became operational as a test unit in June, 1977.
Since that time it has been subjected to numeurous operational
and environmental tests. The machine has been run for extended
periods at 70% over rated speed (80rpm) without damage to any
components. It withstood wind velocities in excess of 100 mph
on four separate occasions. This machine has proven the
concept that a fixed pitch rotor configuration can be utilized
effectively at a competitive cost to produce synchronous
power under all operating conditions normally associated with
conventional generating plants.

PRELIMINARY DESIGN CONSIDERATIONS

The first step taken in the preliminary design process was to
define the potential market for a 200 kilowatt wind generating
system. The methods used were simple, direct canvassing of
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potential end users; utility companies and large industry,
located in areas with high wind regimes. The results of this
survey indicated that potential customers would consider a
system such as the MP1-200 at an installed cost of approximately
$1,000 per kilowatt. In addition the survey indicated that
potential buyers wanted a design life for the major components
of at least 20 years, synchronous power production directly

from the system's generator, minimum service and maintenance,
and completely unattended operation over the full operating
range of the system.

The second step in the preliminary design process was to
conduct an historical survey of large wind turbines. Of
particular interest were the fatigue life of large systems
and the method(s) used to control rotor speed. Of equal
interest was the cost breakdown of these systems. The results
of this survey are summarized below.

1. The Gedser Mill as constructed in Denmark in the mid
1950's appeared to be the most fatigue resistent large wind
turbine built to date (1974). In addition the costs involved
in the construction of this machine were within the guide
lines that we had originally set.

2. We found no control systems in the large wind turbines of
the past that could meet present day control requirements for
synchronous generating systems. All wind turbine control
systems up to that time utilized a variable pitch rotor as
the primary speed control. The only way that these systems
can produce constant voltage and frequency to meet present
day standards of accuracy is by parallel operation with a
much larger capacity grid system.

3. A third major problem that has plagued large wind turbines

is rotor fatigue caused, primarily, by the in plane gravitational
loads during operation. A second major contributor to rotor
fatigue results from the location of the rotor down wind from
the tower causing the blade to 'unload' once per revolution.

In addition, this phenomenon has been found to cause erratic
behavior in the generator's frequency control system due to
momentary loss of torque at the rotor.

MP1-200 DESIGN CRITERIA

- All steel construction

- 30 year design life for all major hardware components
- Fixed pitch rotor configuration

- Rotor operation up wind of the tower

- Solid state control and speed governing
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- Automatic, unattended operation

- Remote monitoring and control capability

- Operational range: 60deg. N to 50deg. S. latitude

- AC synchronous power produced directly from the wind
turbine's generator, through out the systems' operating

range, in either parallel or independent operation

- +/- 1% control accuracy of frequency and voltage in
either parallel or independent generator operation

- $1,000 per installed kW (1975 dollars)

MP1-200 WIND TURBINE DESCRIPTION

The MP1-200 wind turbine installed on Cuttyhunk Island,
Massachusetts, utilizes a three bladed, 80 feet in diameter
rotor operating upwind of the tower. The machine is constructed
entirely of steel. The tower height, measured from ground
level to the rotor's center line, is 80 feet. The rotor
operates at a constant 30 rpm driving a 250 KVA synchronous
generator through a 40;1 gear transmission. Blade tips

rotate 60 degrees out of plane to provide aerodynamic braking.
A 24 inch disc brake mounted on the high speed shaft is used
for "parking'" the rotor. Yaw position is controlled by dual
hydraulic servo motors working through two speed reducing
transmissions. The entire nacelle assembly rotates on a 59
inch platter bearing. A 72 inch disc brake is provided for
locking the yaw position. The tower used is a pinned-truss
type, constructed of Cor-Ten steel. Wind speed and direction
are sensed on a remote tower and are used to control startup,
shutdown and yaw sequences. Components are shown in figure 3.

A system for controlling the speed of the wind turbine has

been developed by WIG Energy Systems which utilizes load
modulation with the fixed pitch rotor configuration. An
industrial process controller is used for the control and
monitoring on the MP1-200. This processor represents an

ideal compromise in cost, input/output capabilities, processing
speed and reliable operation in rough environmental conditions.
A versatile software feedback control algorithm is provided

and utilized in the speed control system. The controller is

an "off-the-shelf" item with no required hardware modifications.

PERFORMANCE AND OPERATIONAL EXPERIENCE

The MP1-200 has produced power in excess of 300 kilowatts in
winds of 35 miles per hour. Operation begins in wind speeds
above 8 miles per hour and rated output is achieved at 28
miles per hour. The machine is shut down when the average
wind exceeds 40 miles per hour. Power varies directly with
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the rotor response to variations in wind velocity about the
mean. Power regulation or stabilization of the output is not
used in this design. Fluctuations in power approach 30
percent of nominal output in high gusty winds. As a result
of the relatively low frequency response characteristics of
the high inertia rotor, deviations of this magnitude should
not present a problem to most utility networks.

The pitch of the rotor is adjusted initially to reach its

peak power coeffecient in winds of 18 miles per hour. In

winds above this level the rotor goes into a stalling condition.
This condition was found to be gentle and predictable; power
continues to increase up to the peak and levels gradually.

This phenomenon inherently limits the maximum level of power
produced.

Figure 4 shows a strip chart of the wind generator regulating
independently of any other source. Regulation of the generator's
speed is very good in winds up to 25 miles per hour and tends

to degrade slightly above this speed as a result of the high
frequency gust components common with higher wind velocities.
Worst case accuracy of plus or minus 0.75 hertz (generator
output frequency) is specified for isochronous operation.

This accuracy is, of course, improved when operating in
synchronism with a stable source of equal or greater capacity.

Figure 5 depicts an actual strip chart of the wind generator's
performance under synchronous operating conditions. After the
speed is adjusted the main contactor is energized. As is
standard practice, speed droop is provided on the diesel

plant and is adjusted at 2 percent. The load will be divided
proportionally to the generator's speed setting. When the
wind generator is capable of carrying the entire town load it
will do so at a nominal frequency of 60 hertz. The diesel
plant will at this point be idling because of its droop
setting. As the wind generator's capacity drops ( because of

a decrease in wind velocity ) its speed will begin to fall

and the diesel set will pick up the proportion of load
dropped by the wind generator thus allowing the generators to
maintain nominal frequency while dividing the load proportional
to the input torque of the wind generator. System frequency
could fall as low as 59.5 hertz when the diesel is fully
loaded and the wind generator is idling. This condition
would occur when the wind velocity is varying around 8 miles
per hour, and the wind turbine would be taken "off line'" to
prevent excessive reverse power flow. When the output of the
wind generator is greater than the Town's demand the remainder
of its output is dissipated in the load bank.

Numerous tests and refinements have been made to achieve a
high level of performance. Modifications on the basic design
have been directed in the following areas:

1. Yaw system drive torque and bedplate-~to~tower coupling

The orginal hydraulic motors used to yaw the machine proved
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to be insufficient in terms of torque capabilities. They were
replaced with motor/transmission units. A slight decrease in
the yaw rate occurred, but the torque was increased to a

level sufficient to drive the machine under any condition.

The bedplate to tower coupling was provided with a 72 inch
disc brake with three hydraulic calipers. This brake maintains
a very stiff coupling at this critical union.

2. Control system bandwidth

The original signal conditioning and output actuating equipment
was found to be insufficient in response, to accurately
control the frequency of the wind turbine in wind velocities
above 25 miles per hour. The wind generator was always

stable in operation when ''locked" in synchronism with a
stable source of approximately 4 times its nominal capacity.
Used in "Infinite Bus' applications, interface should present
no difficulty with the system as presently configured. Work
is being done to increase the effective range of operation
for remote applications such as Cuttyhunk. The faster control
system should be operational by May, 1979.

COST

We are continually working to increase the performance and
lower the cost of this system, without sacrificing reliability.
At present production costs, Figure 6, are of prime interest.
Our goal, as stated earlier is %l,OOO per installed kW. At
this time WIG Energy Systems is quoting a price of $226,000
FOB the plant, or approximately $1,139.00 per kW. We have
calculated that with a production run of 5 units the per unit
cost could be reduced by 30%. This would equal an FOB cost of
$158,000 or $791.00 per kilowatt.

FUTURE R & D REQUIREMENTS AND SUGGESTIONS

The areas in the design and operation of the MP1-200 system
in particular, and, wind turbine generator systems in general
requiring additional research and development are listed
below.

1. Increased field testing of large wind turbines interfaced
with small hydro electric installations should be given high
priority. This application has the potential of allocating
greater capacity credits for both systems.

2. Increased emphasis on field testing wind turbine/diesel
packaged systems. Emphasis should be placed on the design of
diesel engine combustion requirements operating with reduced
loads and the retrofitting of existing units for similar
operational parameters.

3. Field testing of multiunit wind generating systems interfaced

83



with_conYentional grid systems. Of particular interest are
combination systems each with equal installed capacities.

CONCLUSION

To date the system has met or exceeded the original design
criteria. We feel that this system demonstrates that synchronous
power can be produced directly from a wind driven generating
system at a cost that is competitive, in many areas, with
conventionally powered generating systems.

We are continuing to work on improvements in the control
system, on production techniques and methods of installation
to futher reduce the system's cost and increase its reliability.

DISCUSSION
Q. Can you discuss the blade construction?

A. That will be covered in a later paper by Bob Barrows, the chief engineer
of this project. I will let him answer that question.

Q. What is the rotor diameter and rated power?

A. The rotor diameter is 80 feet, and the rating is 200 kilowatts in a 26 to
28 mph wind.

Q. What is your assessment of the market potential, in dollars per year over
the next five years, for intermediate size machines?

A. Since we had our press conference, we have written about ten proposals to
utility companies all over the world--in Australia, Africa and some in the
United States. There are about 500 small diesel utilities in the United
States that are in high wind areas. That's the best I can tell you right
now. We are in the process of doing a lot of work in this area. As a
matter of fact, we are spending most of our money and time on this aspect
of the business.

Q. How much energy is being discarded during the winter and summer months?

A. No energy is thrown away in the summer, as this is the island's peak demand
period. At night during the winter, the demand for the island often drops
to as low as 20 kilowatts while the wind turbine is operating at maximum
output. During this period quite a bit of power is discarded.

The island's power plant is a municipal plat. Presently no heat, hot water
and cooking requirements are part of the utility's demand. If more of the
island's energy requirements were served by the utility, less would of
course, be burned off. Ultimately, it will be up to the utility and the
residents to decide how much of their total demand should be electrical and
the economic value of the conversion.
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Figure 1.
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WIND DRECTION

Figure 3. - Wind turbine gener-
ator components.
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COMPONENT PER CENT OF TOTAL COST COST

RIBS 18.4% $ 7,560.00
SPARS 12.3% 5,040.00
HUB 18.4% 7,560.00
TIP FLAPS 13.8% 5,670.00
BLADE SKIN 5.4% 2,250.00
MISC. HARDWARE 4.9% 2,030.00
LABOR 26.8% 10,810.00
TOTAL 100% $ 40,920.00

Figure_6.-_Cost breakdown MP-1 200 rotor sys-
tem by major components (sale price for limited
production) .
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SPECIFICATION, SITING AND SELECTION OF LARGE WECS PROTOTYPES
Sven Hugosson
National Swedish Board for Energy Source Development (NE)

Spanga, Sweden

Introduction and Research Unit update

The Swedish Wind Energy Programme was started in 1974 with preliminary
feasibility studies. These indicated that wind power could become an
economic reality in Sweden, and that the technical problems would not be
unsurmountable. This led to a decision by NE in 1975 to design and install
a Wind Power Research Unit to study the technical problems associated with
wind power at a semi-scale level. The contract for this Unit — with main
characteristics as given below - was given to Saab-Scania Co.

Characteristics of Swedish Research Unit Figure 1)

Tower: Concrete, diameter 2 m

Hub height: 25 m

Hub type: A) Rigid B) Flapping

Turbine diameter: A) 18 m B) 24 m

Turbine rpm: 77,

Rotor blades: A) Aluminium B) GRP C) CRP+GRP
Rated power: 63 kW (75 kW)

Generator: 380 V, asynchronous

Grid voltage: 10 kV

The Unit was operative in April 1977, underwent delivery tests and de-
bugging during 1977 and began giving test data for the aluminium blade/
rigid hub combination late in 1977. That combination accumulated 846 hours
of operation before the hub was changed in May 1978. The combination
aluminium blade/flapping hub is now operative, accumulating about 1200
hours in early April 1977, total hours of operation now being above 2000.
Rotor blades will be changed into a GRP-set in May 1979, and late in 1979
into a CRP+GRP-set with increased diameter (24 m).

In the first six weeks of 1979 the Unit was in remote controlled, routine
"utility operation" with only weekly inspections. 400 hours were accumu-
lated - as the winds blew - with only one snag: the temperature in the
morning of January 29 was so low (-30°C) that the Unit refused to start
because of -5°C in the main bearing! The technical availability during the

period was 977.

Prototype Specification Development

Continued systems analysis work, and the early experiences of the Research
Unit was the basis for a decision by NE in late 1977 to develop a "Tech-
nical Specification for Design and Installation of Wind Turbine Systems

in Sweden".
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This specification was developed during October 1977 - April 1978, with
some detail changes in September 1978. Our systems work had given the
following rather clear indications:

- horisontal axis machines advantageous from most points—of-view,
-  optimum turbine size in the range of 60-100 m diameter,

-  hub height should be roughly equal to turbine diameter,

- concrete and steel towers roughly equal in feasibility and cost,
- blade materials and hub types should be tested in real life.

These and other deliberations led to the conclusion, that a functional
Technical Specification should be written, to give a reasonably wide frame
for proposals from prospective manufacturers. The frame boundaries should
be given by reasonable physical restrictions, functional requirements and
the electric supply network.

The Technical Specification was produced by a committee - disregarding the
proverbial camel being a horse designed by a committee - chaired by the
author of this paper. The committee included aerodynamics, structures and
control systems consultants together with meteorologists, representatives
of the two largest Swedish utilities, Vattenfall and Sydkraft, and further-
more development and engineering people from two prospective manufacturers,
Saab-Scania and Karlskronavarvet.

Based on a general understanding within the committee concerning the func-
tional approach and the indications from the systems analysis efforts,
the work of the committee was organized as follows:

-  the consultants were to draft all written material of the main speci-
fication, and to develop load cases and functional requirements,

-  the meteorologists were to produce 'best available' data concerning
wind conditions (median winds, extreme winds, turbulence spectra) to
be used in connection with the load cases and for performance calcula-
tions,

s b ; €. i ;

= the utilities were to define necessary eletrical data and the require-

ments at the interface between WECS and grid, together with functional
requirements for accessibility and maintainability,

-  the prospective manufacturers were to give their comments and suggestions
concerning the applicability of functional requirements and load cases,
and also to develop recommendations concerning methods of calculation
for certain problem areas, to be appended to the main specification.
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In spite of the complexity, this scheme worked out quite weell during the
few hectic months allocated for the job. Everyone engaged in this speci-
fication process took his task as a challenge, which is the only way to

do it, when the task and its schedule seems impossible. The simple fact,
that all those engaged knew each other from earlier projects, was probably
a very helpful factor.

Summary of Prototype Specification

The final issue of "Technical Specification for Design and Installation of
Wind Turbine Systems in Sweden' was published 1978-09-15. It has been
distributed for information to all countries participating in the different
international wind power projects of the International Energy Agency (IEA).
The specification was written in English from the start, to facilitate
international technological exchange.

Contents of Technical Specification
1. General
2. Definitions
3. Operational Conditions
4. General Requirements
5. Strength Requirements
6. Design, Construction, Erection
7. Instrumentation and Data Acquisition System
8. Inspection and Testing
Section ''"General' describes the purpose of the specification, states the
encouragement of new concepts and innovations for the prototypes and the
need for consideration of the visual appearence of the unit. It also
states, that deviations from the specification are allowed only after
negotiations with and approval by NE.
Section "Operational Conditions" gives the site wind characteristics -
where we used data from Sturup Airport in southern Sweden as a common

basis for the proposals, as the sites were not defined at the time. These
characteristics consisted of:

- median wind velocity profile,
- wind duration during the year,

- extreme wind velocities with height profile,
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- gust spectra with probability density and cross spectra definitions,
- local wind shear.

This section also deals with the general environment, access roads and
transportation and the electrical network to be considered.

The "General Requirements" describe the main physical limitations and the
required operational envelope, as in the table below:

Main Characteristics of Prototypes

Rated power (generator) 2-4 MW
Turbine diameter 70-90 m
Number of rotor blades 2=53
Inclination of rotor axis Optional
Nominal tip speed £170 m/s
Minimum hub height Equal to diameter
Generator system Optional
Cut-in wind speed 6 m/s
Cut-out wind speed 221 m/s
Rated wind speed Optional
Blade pitch control Required
Remote control and monitoring Required
Access to nacelle during ops. Required

This section also describes the minimum functional modes, control system
functions and the minimum functions of the electrical system of the unit.

The section concerning ''Strength Requirements'' contains definitions on
load categories and load character, required factors of safety and proba-
bility of failure (£107°) during the service life (30 year). The load
cases to be taken into account for structural design are furthermore de-
fined, as summarized in table I.

Besides the definition of the different load cases, directives are given
concerning the applicability of certain norms for erection loads and hand-
ling of heavy components. Furthermore some considerations on divergence
and flutter speeds are given, to be above 36 m/s when in operation, and
above 51 m/s when parked. A safety-factor of 1.5 regarding "toppling over"
of the entire prototype on its foundation is prescribed.

The section on ''Design, Construction, Erection" states that the technology
used should be based on proven experience, and provide for future quantity
production. It goes on to describe applicable design codes and standards,
and then gives the general design considerations to apply to the different
main components (wind turbine, machinery, nacelle, tower, control system
and electrical installation with network connection). Blade airfoil and
planform are optional. Machinery is optional, but the generator has to
live with certain requirements as defined by the grid. The general func-
tions of the electrical system are specified, and the main requirements
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for its connection to the grid (30 kV and 50 kV respectively for the two
sites).

The same section also deals with reliability and maintenance aspects, de-
fining a design system life of 30 years and a minimum annual availability
of 907 during the system life. Personnel safety is stressed and emergency
evacuation from the nacelle is required. Consequences of component failure
are to be analyzed by the contractor, the only strict requirement being,
that a blade failure shall not dislocate or severely damage nacelle or
tower. Lightning protection is specified according to a lightning model
based on Swedish lightning statistics.

The "Instrumentation and Data Acquisition System'" is only specified as to
its main functions, and as to what data to be measured. The latter are
divided into two groups: (1) power, energy and efficiency data; (2) enginee-
ring data. The former consist mainly of RPM, torque, active and reactive
power, energy, voltage and frequency data in various points of the system
together with wind data from a separate mast. The latter consist mainly of
stress, temperature and vibration data, qualified by correlation to wind
and power data, and by high resolution transient measurements.

"Inspection and Testing'" is also defined in general terms, requiring con-
tractor-developed plans for design control, factory tests, quality control,
tests on site and acceptance tests. Among the required tests to be performed
are:

- simulated lightning tests in case of non-conductive rotor blade
material,

- measurement of stresses at several critical points of an entire rotor
blade with limit loads applied,

- simulated function tests of various subsystems including all control
loops before erection of the unit,

= ground resonance test of blade and of the entire turbine and nacelle
on its turntable before erection,

= ground resonance test of tower at site.

The general schedule for the various activities of the Inspection and
Testing process is described in Figure 2.

Request for Proposal

In April 1978 a Request for Proposal was mailed to those Swedish companies
that had showed a serious interest in developing large-scale wind power
prototypes. Such a request is an official document according to Swedish
law, which means that any person or company can study the RFP at NE and
respond to it. However, as this procurement of wind power prototypes is
what is termed a 'Negotiated Procurement', NE only has to consider the in-
vited bidders.
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The RFP was sent to six companies, of which two joined forces within short,
resulting in five proposals from the following groups:

-  Gotaverken Motor AB (part of the State Shipyard group) Gothenburg;

- Karlskronvarvet AB (part of the State Shipyard group) Karlskrona, to-
gether with Hamilton Standard;

- Karlstads Mekaniska Werkstad AB (KMW, part of the Johnson group)
Kristinehamn, together with ERNO, Bremen;

-  Kockums Varv AB (part of the State Shipyard group) in Malmd, together
with MAN, Munich;

- Swedewind (consortium of Saab-Scania AB and Stal-Laval AB) in Linkdping.

The RFP consisted of a document stating the Conditions of Tender plus the
Technical Specification as described above, together with various technical
backgroud material to give as comprehensive as possible common technical
basis for the five bidders. The Conditions of Tender stated — among other
things - that each invited bidder would be paid the sum of 1 million Sw.Kr
($ 230 000) for his design study as part of his proposal.

In September 1978 the Technical Specification was amended in some details -
as agreed with the bidding companies - and a Draft Contract for the procure-
ment was issued, the latter only to serve as a guideline for later negotia-
tions.

Proposals, containing fairly elaborate design studies, were received from
the five bidding companies at the given deadline October 31, 1978.

Siting of Prototypes

The siting process was started already in February 1978 with the formation
of a siting committee, chaired by the author of this paper as representing
NE and composed of representatives for the County Governments of Malmdhus,
Gotland and Uppsala Counties and for the two utilities that will operate
the prototypes, Vattenfall (State Power Board) and Sydkraft (South Sweden
Power Co).

The Siting Committee had to consider the following main factors in the
process:

- wind conditions

-  terrain and ground conditions

- nature conservation limitations
- environment and safety

= local planning and building regulations.
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The committee had to formulate a recommendation for the final siting and to
work out a basis for the final siting decisions to be taken by the follow-
ing bodies:

— . NEy technical siting

- County Government: conservation and environment

Community Council: planning and building permit.

The most important factor to be considered was the wind conditions. Based
on contour maps of Sweden with median winds at 50 and 100 metres ASL a
decision on the general areas of interest could be taken. These were:

southwestern Sweden in the province of Skane

the island of Gotland in the Baltic

the Baltic coast of northern province of Uppland.

A visual inspection of these areas, coupled with local know-how of wind
conditions, and taking terrain, forested areas etc into account, narrowed
the choice to 8 small areas of about 2 sq.km. each, As other priorities
were given for Sk&ne and Uppland, we could plan our final wind assessment
for only these areas. The methods used for this assessment were the follow-—
ing:

- free pilot ballons measured by theodolites
- stability checks with SODAR (Gotland only)
-  high mast checkpoint (Gotland only).

In spite of a less windy autumn than usual - as you would expect when you
really want some wind - and fairly cold weather beginning in November 1978,
the wind assessment worked out quite well during September-December 1978.
The measured data was treated by a special computer program to increase
accuracy by statistical methods. The conclusions were:

= the isovent maps were generally correct.

= different sites on the southern coast of Skane were very similar.

- the assessed sites on Gotland were rather different with some un-
expectedly large roughness effects but a 'best site" could easliy be
found.

The Siting Committee recommeded to NE - and NE duly decided likewise - to

site one prototype at Maglarp in the province of Skane, south of the city

of Malmd, and one prototype at Ndsudden on the island of Gotland. These
sites are shown on Figure 3.
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Selection of prototypes

After receiving the prototype proposals, the selection process was started.
Once again a committee was formed for the technical evaluation and selec-—
tion process. This committee was almost the same as the one writing the
specification, except — of course - that no prospective manufacturers were
present. On the other hand, the work performed by the participating utili-

ties was increased considerably, as they started to look deep into operation

and maintenance aspects of the proposals.

We formulated a system of evaluation criteria - or perhaps rather evalua-
tion aspects - breaking down the design concepts of the different proposals
into successively finer details. The scope of this evaluation method was
defined as to form a basis for:

- uniform evaluation of proposals

- objective judgement of technical problems

- distribution of work within the committee

= checking off the completeness of evaluation.

The evaluation aspects were devided into four groups, as listed below with
the main contents of these groups.

System Design

Was evaluated for the prototype and for the design implications for future
series deliveries. The following subsystems of the prototype were studied:

- wind turbine (rotor and hub)

- machinery and nacelle

- tower and foundations

= control and servo systems

- electrical installation

= safety and maintenance equipment

- system integration

The aerodynamics, system dynamics and load characteristics were studied.
Operational and maintenance feasibility was evaluated.

Performance

Was studied from purely technical and from operational viewpoints.
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- wind/power conversion efficiency
- machinery losses

- operational availability

= failure-mode consequences

= system life estimates

- personnel safety

Cost-benefit analysis was also applied, partly for the prototype functions,
but mainly for the series cost versus energy production situation.

Prototype delivery

The completeness and scope of the proposed delivery was compared with re-
quirements.

The time and capacity planning for the realization of the prototype deli-
very was checked against independent project planning methods.

Contractual conditions as presented by the bidder were noted when differing
from NE requirements. These questions are brought up in the final negotia-
tions with the bidders.

The suitability for evaluation of the proposed design concept, was discussed
in comparison between all five proposals, in order to arrive at a '"mix" of
design concepts in the final selection, that will give us a good technical
coverage of what we consider to be the main development problems. More
about that will follow later in this paper.

Contractor credibility

This part of the evaluation process was not considered critical, as all
bidders are highly serious companies. Known differences, mainly in techni-
cal resources and know-how, between the five bidders were listed, to be
used in the final comparisons.

When all these aspects were broken down into detailed technical 'problem
points'’, the committee worked its way straight through all proposals,
judging the design solutions, calculations of loads and stresses, per-—
formance, planning etc with a very simple scoring system:

0 = not supplied, not dealt with or insufficient
it acceptable from all viewpoints
2 more than required or special advantage.

We did not weigh the different aspects against each other, but merely
summed up all the scores to arrive at a preliminary technical conclusion.
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The method proved to give very conclusive results, we really never were in
great doubt about our judgements.

After more detailed investigations concerning performance and stress cal-
culations and cost-benefit aspects, we had to revise some of the given
scores. From that point, the committee had to develop its own philosophy
concerning the technological span of the two-prototype program, to arrive
at a reasonably safe basis for the technical and economical recommendations
on future wind power in Sweden, which are the target for the prototype
testing program.

The basic reason for choosing a prototype program with more than one unit -
we had originally planned for three units - was that our systems analysis
projects had pointed at the necessity to evaluate and test more than one
design concept. We were convinced, that we would otherwise not be able

to predict with any certainty the future pro's and con's of wind power.

Within the general limits of fairly large, horizontal axis machines, there
are still many options, such as:

- upwind or downwind turbine

= number of rotor blades

- rotor blade material

= type of hub

-  synchronous or induction generator

- controlled or free in yaw

- rigid or soft turbine-tower dynamics
-  tower material

We will give emphasis to selecting and testing the following conceptual
differences:

- steel or concrete towers

- metal or composite rotor blades
- two different hub types

- soft or rigid towers

-  synchronous or induction generators
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These priorities concerning the '"technological span" to be tested were
used as "weighting factors" for the scores given under the various evalua-
tion aspects. An assessment of know-how in the form of systems analysis
background and methods for the different bidders was also used as such a
factor.

This has led us up to a very definite conclusion as to which proposals we
would like to buy from the technical viewpoint. Present negotiations with
the bidders concerning prices, schedules and other more commercial condi-
tions will show if the technical conclusions will be upheld also in the

cold light of available money.

Our general time schedule for the continued prototype program calls for:

- Contracts signed June 1979

- Meteorological mast installed October 1979
- Design phase ended March 1980

-  Manufacturing ended June 1981

- Tower erected at site March 1981

= Installations ended, unit operational Late 1981

- Delivery tests completed Early 1982

At the "4th Biennial Conference and Workshop on WECS" in Washington D.C.
in October this year, we hope to be able to present the selected prototypes
in more detail, presumably by the happy Contractors.

Discussion
Q. Are all of your potential contractors Swedish organizations?

A. The main contractors are Swedish, and they have foreign partners. One of
them is Hamilton Standard and two are German contractors.
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Load Cases for Prototypes

10 minute mean winds between cut in and cut-out speeds.

Superimposed periodic_and stochastic_loads.
Periodic fatigue loads (wind profile, tower shadow, gravity
forces). Stochastic turbulence loads.

Sharp gradient wind shear.
At V_ and normal RPM a vertical wind shear of 0.2 m/s/m.

Blade angle faults in normal operation.

Possible control malfunctions and their consequences to be analyzed.
Wind is at cut-out speed. RPM is nominal. Blade pitch (&) in-
stantaneously set at@=4(V_).

Wind is at rated speed.” RPM 1is nominal./Qinstantaneously set at

/ (max) .

Wind turbine over-speed.
Wind is at cut—-out speed. f/Q(v ). Torque reaction suddenly
lost. Overspeed set by control system at RPM=1.25 x nominal RPM.

Loads on wind turbine in emergency braking.
V=V _, . RPM«&1.25 x nominal RPM. Turbine being stopped by emergency
braﬁlng system, as designed.

Loads due to electrical faults.
Sudden cut-off (zero torque). Short circuit (dynamic oscillating
torque).

Loads_on_parked prototype.

Define parking geometry. Define yaw response.

Symmetrical extreme gale wind.

V=51 m/s. C.=C_ (max) over entire blade.

Unsymmetrical extreme gale wind. (Applies only in case of

vertical parking).

V=51 m/s. C_=C. (max) over entire upper blade, C_=0 on entire
L L

lower blade.

Parked with critical fault.

Locked in yaw. Blade feathered vertically. Wind transversal to

nacelle at V=43 m/s. CD=1.8 over entire blade.

Ice loads.

On parked prototype.
Blades feathered in parked position. V=43 m/s. 50 mm ice on both

sides of the entire blade,zﬂ:g=0.9. In horizontal parking CL=-0.8.

On prototype in operation.
V=V _ . Normal RPM and pitch angle. Leading edge ice buildup.
Sudgen loss of ice on one blade. Unbalance.

Bird collision with blade.

V=1.5 x Vo I V + 15 m/s. Bird weight 4 kgs. Bird

impact at (O ? %DO) x R at or near leading edge. May not cause
damage to the load carrying structure or cause sizeable parts
to be thrown off.
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PROJECT PHASES

Figure 1. Research unit with flapping hub,

TESTING

Manufac turinﬁ control

Material tests

Aiiemblx & erection control

Functional cofitrol
DT ST

Factory tests

’_—_' Operational Deli rry
Assembly System Delivery Prototype
Design Manufature Erection Integration Tests J' Evaluation
1 1 it i
UALT C 0!
IDesign control
PR S e TR TR TR TS

Site tests
Acceptance Some aacceptance
tests > tests may have
———

Figure 2. General schedule for the inspection and testing process.
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Figure 3. - Prototype sites.
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THE DANISH LARGE WIND TURBINE PROGRAM

B. Maribo Pederson
Technical University of Dermark
Lynby, Denmark

SUMMARY

A short account of the Danish wind energy program and its
present status is given. Results and experiences from tests on
the Gedser windmill (200 kW) are presented. The key results are
presented from the preliminary design study and detailed design
of two new WECS (630 kW each). These two new WECS are planned to
go into operation in mid-1979. The Tvind project (2 MW) is
briefly mentioned.

INTRODUCTION

The Danish Wind Energy Program was initiated 1977 and covers
a four year period, up to January 1981l. The total budget amounts
to 41.4 Md.kr. or approximately $8M. Of this amount, 36.4 Md.kr.
is used for development of large turbines. The different tasks
of the program and their costs are delineated in table I.

The objective of the Danish program can be briefly stated as:

- Get fundamental answers on the feasibility of wind power
in a utility grid. Hence, use demonstration units, not
merely a test facility.

- Get better ideas of costs. That means building the demon-
stration units large enough so that reliable extrapola-
tions to large sizes can be made.

- Get better ideas of reliability, maintenance costs and
expected lifetime. Therefore, use two units of approxi-
mately similar design.

- Get answers fairly quickly.

TESTS OF THE GEDSER WINDMILL

The Gedser windmill, designed and built in 1956-57, was re-
furbished and operated from November 1977 to April 1979. The
main characteristics of the windmill are stated in table II, and
the general appearance can be seen from figure 1. Meteorological
data were obtained from an instrumented mast situated 25 m to the
west of the windmill.
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The tests performed were intended to:

- Give information on the dynamic behavior of a stiff, three-
bladed rotor

- Determine the power curve for this stall-regulated machine.

- Give information on the power quality obtainable with an
induction generator.

- Gain experience in measuring techniques.

Since the tests have just ended, it is possible to give only some
preliminary results. A full report of the tests will be ready in
the fall of this year.

A sample power curve obtained from the 10 minute averages of
wind speed and electric power output is shown in figure 2. Two-
minute averages were used to produce the power curve on figure 3.
In both figures, the calculated shaft power curves had no allow-
ances for mechanical and electric efficiencies. Unfortunately,
no high wind results were obtained. The maximum wind speed during
test runs was approximately 18 m/sec. This means that the full
effects of the stall-regulation have not been verified.

Figure 4 shows sample recordings of wind speed and electric
power to indicate the magnitude of the fluctuations in electric
output and also the influence of the averaging time used on the
plotted results. A sample power spectrum is shown in figure 5.

The coupling to the grid during start-up presented no prob-
lems. Typically, the transient at the nearest transformer point
would have an amplitude of 1.5 volts.

Valuable experiences on measuring equipment were gained. 1In
particular, the transmission of data from the rotating parts to
the ground station (by a telemetry system) turned out to be not
as straightforward as was originally thought. The tests were in-
terrupted on several occasions due to mechanical failure of dif-
ferent parts.

THE NIBE 630 KW DEMONSTRATION WIND TURBINES

The main effort of the Danish Wind Energy Program has been
the design and construction of two 630 kW wind turbines. The
main characteristics are listed in table 3, and drawings of the
two, Model A and Model B, are shown in figure 6.

The main design features resulted from a four-month prelim-
inary design study. A final design study was then carried out, and
specifications were sent to manufacturers in February of last year.
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Parts were ordered in May, and construction work is progressing
according to plans.

The windmills will be operational in the latter half of 1979.
It was decided at an early stage that the windmills should be
quite similar. The main differences are that one (windmill A) is
to be stall-regulated and provided with a stayed hub, while the
other (windmill B) is fully pitch-regulated and with cantilevered
blades. In most other respects the two windmills are similar.

The blades are of a mixed steel and fiberglass design. The
outer 12 m of all blades are build up with a wound D-spar in fiber-
glass, around which is placed an outer shell, which also comprises
the trailing edge. The shell is also fiberglass/polyester.

Details of the rotor blades are shown in figure 7. The inner 8 m

of a blade has a steel spar as the load carrying member and outer
shells of fiberglass/polyester. Figure 8 shows the design of the

junction between the outer and inner blade.

The choice of airfoil section (which should be the same on
the two designs, so that the same mold could be used for all
blades) was mainly determined to satisfy the needs of the stall-
regulated machine. That is to say, an airfoil section was sought
that gives a power curve as close to the ideal one as possible.
The blade shape and twist of course also have an influe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>