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This report summar i zes the design, analysis, testing, installation, and

initial operating performance of the MOD-OA 200 kW wind turbine generator
installed at Clayton, NM. The MOD-OA wind turbine was designed and bu'lt by
the NASA Lewis Research Center for the U.S. Department of Energy as part of

the Federal Mind Energy Program. The objective of the MOD-OA project is to
obtain early operation and performance data and experience with horizontal-
axis wind turbines in utility environments. Fhis report covers the effort

from the formation of the MOD-0A project in lv75 to March 1976, when the first
MOD-OA wind turbine was released to the Town of Clayton  Light and Water Plant
for utility operation.

This report summarizes the NASA project requirements and approach, system

description, system design requirements, design and analysis, system tests and
installation, safety considerations, failure modes and effects analysis, data
acquisition, and initial operating performance for the MOD-OA wind turbine.
Tne system description provides an overview of the mecna0 cal and electrical

components. the system design requirements provide the basis for the design.

The design and analysis section of the report, summarizes the requirements,

approach, selected desi gn, and supporting analytical results for the com-
ponents and systems. These components and systems are the rotor and pitch
change mechanism, drive train, nacelle equipment, yaw drive mechanism and
brake, tower and foundation, electrical system and components, and the co'Itrol
systems. The rotor consists of the blades, hub, pitch change mechanism, and

its hydraulic system. The drive train includes the low speed shaft, speed
increaser, high speed shaft, belt drive, fluid coupling, and rotor brake. The

section in the tower and foundation also describes the service stand and the
equipment and personnel hoist. The electrical system and components are the

generator, switchgear, transformer, utility connection, and slip rings. The

control systems are the blade pitch, yaw, and generator control, and the
safety system. The methods and equipment used for manual control, automatic

control, and remote control and monitoring are described. 	 The results of

system dynamic loads analyses and fatigue analyses are summarized.

System tests were performed at NASA and at the site. The engineering data,

acquisition system includes the instrumentation, remote multiplexer units,
mobile data system, and a stand alone instrument recorder. Finally, the
initial operating performance from November 1977 through March 1978 is sum-

marized.

From the design, analysis, and initial operation (prior to its release for

utility operation) of the MOD-OA at Clayton, the following principal con-
clusions are reached. General agreement is shown between predictions and

initial operational measurements for the power output as a function of wind
speed and for the structural performance. 	 Satisfactory initial operating

characteristics in a utility environment are demonstrated.

"I
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HISTORY AND BACKGROUND

Wind energy systems have been utilized for centuries as a source of power for
a variety of applications. Some of the more recent applications included
sailing ships for transportation and wind turbines (windmills) for grinding
grain, pumping water, and g.nerating electricity. In the early 1940 1 s, a
Smith-Putnam large Horizontal-axis Wind Turbine (HAWT) was designed and built
to feed power into the existing electrical network of the Ventral Vermont
Public Service Company. 	 This machine consisted of a two-bladed 175 foot
(53.3 m) diameter rotor which was capable of producing 1.25 MW of power. In
addition, Dr. U. HUtter designee and built a 100 kW Wind Turbine Generator
(WTG) in West Germany in the late 1950s and gained operating experience with
his machine tied to the utility network. The HUtter machine used a downwind
112 foot (34.1 m) diameter two-bladed rotor. Several of the design criteria
and design features of the Smith-Putnam and HUtter WTI, were considered or
incorporated into the MOD-0 and MOD-OA HAWTs.

RECENT DEVELOPMENTS

The recent national concern over the increase in energy demand and costs of
fossil fuels, the dwindling supplies of domestic gas and oil, and the nation's
increasing dependence upon imported oil has made it necessary to develop
alternate energy sources. Wind energy conversion has long been recognized as
a potentially abundant source of electrical power. Utilization of wind energy
is becoming more attractive as the cost differential between wind and the more
conventional fossil alternatives narrows.

A Federal Wind Energy Program originated at the National Science Foundation in
1973. The objective of this program is to accelerate the development of
reliable and economically viable wind energy systems and achieve early com-
mercialization. Satisfying this objective requires advancing the technology,
developing a sound industrial base, and addressing the non-technological
issues which could impede its development.	 In January 1975, the responsi-
bility for managing the program was transferred to the Energy Research and
Development Administration (ERDA). These efforts were continued by the
Division of Distributed Solar Technology in the U. S. Department of Energy
(DOE) after October 1, 1977.

One segment of the Federal Wind Program is the development of large
horizontal-axis WTGs. In 1973, the NASA Lewis Research Center (LeRC) was
asked by the National Science Foundation (and later by ERDA and DOE) to
develop, and provide project management for, the designs of large, experi-
mental, horizontal-axis WTGs and perform the necessary supporting research and
technology development. Initially, a review r f prior experience in WTGs was
performed. Analytical techniques and computer codes were then developed to
predict the structural dynamics of large HAWT systems. Analyses and tests
were performed on wake inter-action and tower shadow effects, and analytical
optimization techniques were developed.

2
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MOD-0 WIND TURBINE G^7.WIATOR

As part of the federal wind program, NASA LeRL designed, built, and started
testing a 100 kW wind turbine in September 1975. This experimental project,
designated the MOD-0, had primary objectives of providing engineering data and
serving as a test bed for evaluating advanced wind turbine design concepts.
The MOD-0 WTG was designed using available technology and "off-the-shelf"
components where possible. Design, fabrication, and assembly were completed
in 18 months. The MOD-0 WTG has a 125 foot (38.1 m) diameter downwind rotor
which rotates at 40 rpm. The rotor drives a 60 Hz synchronous alternator
through a step-up gearbox at 1800 rpm.

Tile MOD-0 project has been used to help understand the performance and the
dynamic behavior of wind turbines, The MOD-0 WTG was utilized to: 1)
understand the tower shadow and wind shear effects; 2) assess operational
performance; 3) evaluate automatic startup and shutdown capabilities,
including synchronization to a large and small utility network; and 4) test
various components, such as induction generators and steel spar wind turbine
blades.

MOD-OA WIND TURBINE GENFPATOR

The MOD-OA 200 kW wind turbine generator is, in most respects, an uprated
version of the MOD-0 100 kW WTG and was designed and analyzed by the NASA LeRC
for the DOE. The objectives of the MOD-OA Project are: a) to conduct early
testing of wind turbines in utility environments so that the machine operating
performance and dynamic characteristics can be determined and b) to obtain the
utility's and the public's reaction to intermediate size WTGs. The prototype
MOD-0 design was simplified and made "field-worthy" as it was uprated to the
200 kW size.

The purposes of this executive summary report are: a) to summarize the design
and analysis of the MOD-OA 200 kW wind turbine generator at Clayton, NM and b)
to summarize the results on the inital operation of the WTG from November 1977
to March 1978, when operation by the Town of Clayton Light and Water Plant was
started. Accordingly, tnis report summarizes the design requirements and
specifications, the design and analysis of all of the components and systems,
the systems analyses on dynamic loads and fatigue, the system tests performed,
the installation, the safety considerations and the failure modes and effects
analysis, the data acquisition system, and the initial operating performance
of the MOD-OA machine at Clayton. This report covers the effort from the
formation of the MOD-OA project in 1975 until March 1978.

Shown in Figure 0-1 is the MOD-OA wind turbine in operation at the Clayton
site. The operational history for the Clayton MUD-OA WFG during its initial
phases of use is as follows:

Date
	

Event

•	 November 30, 1977	 First rotation

e	 January 19, 1978	 First 100 hours (0.36 megaseconds)
of operation

3
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Date	 Event (^unt'd)

i J anuary 28,olr̂mal dedicationof wind turbine

•	 March 6, 1918	 Turned over for operation by the utility

•	 May 24, 1918 . . . . 1000 hours (3.6 megaseconds) of operation

L94,000 kW - hr (338.GJ)]

A number of other significant milestones have been achieved with the Clayton

WTG since May 1978.

NASA

CS-78-284

Figure 0-1. MOD-OA 200 kW Wind Turbine Generator; Clayton, NM

ADDITIONAL WTG Sp'( STEMS

Additional federally funded wind turbine generator systems have been placed

in operation, are being developed, or are planned for development. Besides
the MOO-OA WTG at Clayton, three other experimental MOD-OA wind turbines have

been installed by the Westinghouse Electric Corporation and are now operating
on utility networks. 	 A MUD-OA is operating on Culebra Island, Puerto Rico;
Block Island, Rhode Island; and on Oahu Island, Hawaii. The MOD-1 experi-

mental 2.0 MW wind turuine is now operatino at Boone, North Carolina. MOD-1
was developed and installed by the General Electric Company for the NASA
LeRC.	 The Boeing Engineering and Construction Company is currently deve-
loping a 2.5 MW, 300 foot (91.4 m) diameter WTG called MDD-2 for the NASA

LeRu'.	 The MUD-5 and MOD-6H projects are planned for the development of ad-

vanced large size  (> 1.0 MW) and advanced intermediate  size (<1.0  MW) , respec-
tively, wind turbines. Also, the Water and Power Resources Service of the
U.S. De partment of Interior has initiated the development of an additional MW

size horizontal -axis oind turbine, designated the System Verification Unit.

4
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each of the additional wind turbine projects was started after the initiation
of the M0II-0 and the f irst W)U-0A wind turbine projects.

UTHLK MOO-OA RLPUrt 1 S

Two Diner	 reports	 related to the design and analysis of t'	 MUU-OA wind turbine
have 	 been	 prapared	 as part	 of	 this contract.	 A detailed	 report	 on	 the design
and	 analysis	 of	 the	 M00-UA	 WTI;	 has	 been published." This	 detailed report
has	 a	 compr• enensive	 list	 of	 references	 which are	 cited, as	 well	 as	 a biblio-
graphy,	 to	 provide	 additional	 background information. This	 detailed list	 of
references	 and	 bibliography	 has	 not	 been included	 in this	 excutive surtrrlary
report.	 Thf	 enyineeriny	 drawings	 for-	 the W)0-0A wind turbine	 have	 also been
doc ume'n t ed .

CONCLUSIONS

Seve ral conclusions were drawn by the NASA Lewis Research Center from the
de;,gn, analysis, and initial operation (prior to its release for operation by
the utility) of the Clayton MOO-OA 2UO kW wind turbine. These conclusions are
categorized into the followiny: machine► performance, structural performance,
and utility interface.

In	 the	 machine	 performance	 area,	 general agreement	 was	 shown between	 the
predicted	 arid measured	 values	 for,	power output	 as	 a	 function	 of wind	 speed.
The measur" drive t.-am efficiency varied with output power and exceeded the
design	 value as	 the.► 	 pawe► r 	 approached	 2UU kW.	 The	 average	 cyclic power	 varied
less	 than t 2U KW,	 due	 to	 tower shadow and wind shear effects. 	 An ice detector
was	 found	 to be	 necessar-y	 for•	safe operation	 during	 potential	 icing
corld it lolls.

the► structural performance= was ye► nerally as predicted. Dynamic blade loads
measured du ► • ing initial operation were in good agreement with loads calculated
using the MOSTAd computer code. Cyclic leads caused by tower shadow and wind
hear were found to be significant and could cause local wear and fatigue

damatle ill blades and hub. Close monitoring of the blade loads, structural
condition, and interface clearances is required to insure structural integrity.

With regard to utility interface, satisfactory operating characteristics in a
utility environment dur my initial tests from No vember 1977 to March 1978 were
demonstrated.	 The wind turbine was successfully synchronized to the utility
network in an unatten,ted mode.	 The instantaneous frequency was controlled
within a pea.-to-peak variation of ti 1 Hz about the nominal. The wind turbine
exhibits a natural mode of oscillation at 1.33 Hz, which is twice the speed of
the rotor. 0sci1latimis at this frequency are caused by tower shadow .end  wind
shear effects. Since the dominant tr•equency of oscillation of the Llayton
system is 3 Hz, the wind turbine dues not excite the system. As a result of
tra r rl i ng, utility personnel were able to operate the WO-OA for the purpose of
expormioiitai ly supplyiny power on their uti 1 ity network.

` NN TET Superscript numerals refer to the reference number listed in Section
10.0, References.

5	 r
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1.0	 PROJECT REQUIREMENTS AND APPROACH

The project requirements are presented in Section I.J. Discussed in Section
1.2 is the approach taken by the NASA LeRC in fulfilling these requirements.
Further details on the project requirements and approach are presented in the
MOD-OA design report.l*

1.1	 PROJECT REQUIREMENTS

The objectives of the MOD-OA project are: a) to design and build relatively
large (>100 kW) WTGs and to operate them in conjunction with existing utility
networks and b) to obtain performance data and operating experience in utility
environments. Thus, the principal project requirements are:

•	 To obtain utility operating experience and assess
stability and control requirements

e	 To determine the impact of a variable power output (due
to varying wind speeds) on the utility network

•	 To assess compatibility with other utility requirements,
e.g., voltage and frequency control of generated power

fhe secondary projec, requirements/objectives include the following:

6	 Obtain operation and performance data, including dynamic
characteristics, and demonstrate automatic, unattended,
fail-safe operation

•	 Resolve any problems from the operation of WTGs in utility
systems; and identify utility interface requirements

®	 Develop and test improved systems and components

0	 Determine the reliability and assess the required
maintenance

u	 Identify and resolve any potential institutional problems
and assess public reaction and acceptance

Several of the requirements and objectives pertain to involving utilities in
the project. These requirements were Necessary for the future role of the
utilities as successful owners/operators of WTGs.

*NOTE: Superscript numerals refer to the reference number listed in Section
10.0, References.

6
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MANAGEMENT OF PROJECT AND APPROACH

The Energy Research and Development Administration (EROA) initiated the MOD-OA
Project in January 1975 and directed the NASA LeRC to design an uprated MOD-0
WTG. The MOD-OA program came under the direction of the U.S. Department of
Energy (DOE) in October 1977. The NASA LeRC managed the project and perform-
ed the design, analysis, assembly, tests, and installation of the Clayton
MOD-OA WTG. The MOD-OA was to be an experimental WTG and built quickly to
obtain operational experience in utility environments. NASA LeRC .decided to
utilize the basic MOD-0 WTG configuration and uprate that design to 200 kW.
Two MOD-OAs were to be deployed initially and this was increased to four , WTGs,
so as to assess performance in different utilities, environments, and climatic
conditions.

Th& approach in the development of the MOD-OA wind turbine involved machine
design, design verification, and system assembly and testing. The system
design requirements provided the basis for the mechanical ;, nd electrical
design. These included the definition of the steady and cyclic loads, in which
all com2uter codes used were validated by measured loads on the MOD-0 WTG.
Control systems were designed to automatically start the WTG, synchronize it
with the utility network, control the power level, and shut the WTG down during
various normal and emergency conditions.

The MOD-OA WTG had no formal qualification program for design verification.
The mechanical design was validated by design analysis, with the analysis tools
verified by the MOD-0 test results. The electrical and control systems were
basically duplicates of the MOD-0 systems and were validated by MOD-0 testing.
The system assembly and acceptance testing involved the drive train, yaw drive
mechanism, rotor hub, and pitch change mechanism. The final assembly and
checkout of the WTG were performed at the utility site.

SITE SELECTION

In 1976, ERDA issued a request for proposal to the utility community to
identify utility irterest and locate high wind sites. From the 65 proposals
submitt6d, 17 sites were selected on the basis of maximizing the information
for the Federal Wind Program and the utility industry. At each site, ERDA
installed meteorological towers and instrumentation to measure site wind data.

Initially, two sites were selected to receive MOD-OA WTGs and this was later
expanded to four. These sites were Clayton, NM, Culebra, PR, Block Island, RI,
and Oahu, HI. At each site, the government is supplying: a) the wind turbine
and its foundation, b) the controls, instrumentation, and recording equipment,
and c) NASA and NASA contractor personnel for the installation, checkout, and
non-routine maintenance. The utility companies are providing: a) the site for
the wind turbine, b) an access road, security fencing, Electrical interface
equipment, and a remote control room, c) personnel during site preparation,
final assembly, and checkout, and d) personnel for operating, monitoring, and
maintaining the WTG and recording pe-forinance data.

4
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Clayton, NM is located in the nurtneastern t-urner of Ltic state. The city has a

small, municipally owned, independent utilitv which operates on natural gas or

diesel fuel. An aerial view showing the MUU-OA wind turUine site and Clayton,
NM is presented in Figure 1-1. The q ty's general cnaracteristics tre given in
Table 1-1.

NASA

CS-78-288

Fiqure 1-1. Aerial View MOD-OA Wind Turbine Site in Clayton, NM

TABLE 1-1:	 GENERAL CHARACTERISTICS Or CLAYTON, NM (POPULATION,

ELEVATION, ENERGY CONSUMPTION, POWER DEMAND, MEAN WIND
SPEEDS, AND TEMPERATURES)

Populatior, . . . . . . . . . . . . . 3,000
Elevation	 5,000 ft. (1520 m)

Annual Energy Consumption (1978) 	 15,100 MW hr
PeaK Power Demand	 3.6 MW

Average Daytime Puwer Demand . . . .2.8 MW
Mean Annual Wind Speed (B3ttelle data for 1979):

@ 30 ft (9.1 m)	 12 mph (5.4 in/sec)
@ HUD Height - lU0 ft (30.5 m)	 15 mph (6.1 in/sec)

Temperature mange . . . . . . . . . -10°F(-23°C) to 120°F (49%)

t	 ^
8
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PROJECT RESPONSIBILITIES

NASA LeRC is responsible for managing all phases of the MOD-OA project. NASA
LeRC retained the design, analysis, procurement, assembly, and in plant

testing responsibilities for the Clayton wind turbine, and r,.-„dually involved
an industrial contractor in these responsibilities as th:^ later 6TGs were

built. The Industry Services Division of the Westinghouse Electric
Corporation was selected by competitive bid to be the industrial contractor.

The hlades for the wind turbine were designed and analyzed by the Lockheed
California Company located in Burbank, CA. 	 The Lockheed Aircraft Service

Company of Ontario, CA was selected for fabricating the blades.	 Both NASA

LeRC and Westinghouse personnel were involved in the installation, site tests,

and checkout of the Clayton WTG. Several responsibilities assumed by the
Clayton utility were delineated above under Site Selection. NASA LeRC, with

assistance from Westinghouse personnel, trained the utility personnel in the
operation and maintenan, • e of the WTG.
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2.0 SYSTEM DESCRIPTION

The MOD-OA Wind Turbine Generator (WTG) is a device for generating electrical

power from wind energy. It is designed to operate effectively when wind speeds
are between	 7 and 34 miles per hour ( 3 and 15 m/s) at 30 feet ( 9.1 m) above
the ground. The electrical output from the machine is 480 V, 60 Hz, three
phase, a type commonly used by utilities in the United States. This type of

output power permits the generator to be easily tied in electrically with the
generating station of a utility and to supply power to the existing network of
that utility.

The MOD-OA WTG is a horizontal-axis type
as shown in Figure 2-1. The basic com-
ponents include a rotor, drive train,
generator, and yaw system, and a tower
for supporting the equipment at an ele-
vated position. The two blades of the
rotor are attached to the rotor hub

.ahi ch is bolted to the low speed shaft.
The blades, hub, and low speed shaft
rotate at 40 rpm. The drive train be-

tween the low speed shaft and generator
includes a speed increaser that rotates
the generator at 1800 rpm. All of the

mechanical and electrical equipment is

housed in a fiberglass nacelle supported
100 feet (30.5 ra) above ground level by

a four-legged truss type structural
tower. A hoist provides access to the

equipment mounted on top of the tower.
The control system and electrical
switchgear are housed in the control
building at the base of the tower.

Figure 2-1. Major Components of the

MOD-OA Wind Turbine
Generator

2.1 FEATURES AND CHARACTERISTICS

The rated power output of the wind turbine is 200 kW. This power is achieved at
a rotor speed of 40 rpm and a rated wind speed of 18.3 mph (8.2 m/s) measured

at a 30 foot (9.1 in) elevation. The rated wind speed is the lowest wind speed

at which full power is achieved. Power output is constant at higher winds up

to the cut-out wind speed of 34.2 mph (15.3 m/s) at 30 ft (9.1 m). The rotor
blades nave pitch control, and are placed in a feathered (no power) position

whenever the wind speed is not in the range of 6.9 °o 34.2 mph (3.1 to 15.3

m/s) at 30 ft (9.1 in).	 Directional alignment with the wind is provided by a

yaw system that turns the nacelle on a turntable bearing located at the top of
the tower. The principal features and characteristics of the wind turbine are

listed as follows:



c
e

OR!c!NAL PAGE 1S
Of POOR QUALITY

Features and Lharacteristics

Number of Blades 	 . . . . . . . . . .

Diameter
Speed. . . . .	 . . .	 . . . .

Uirection of potation

Type of Nub .. . . . . . . . . . .
Power Regulation Method

Cone Angle of Blades 	 . . . . . . . .
Tilt Angle of Axis

Blade Length. . . . . . . . . . .Length.
Blade Material
Speed of Rotor & Generator . . . . .

2
125 feet (38.1 m)
40 rpm

CCW (looking uow)nd)
Rigid

Variable Pitch

1 degrees
U degrees
59.9 feet (18.3 m)
Aluminum

40 b 1800 rpm

2.2 CONFIGURATION

The configuration of the wind turbine is
shown in figure 2-2. It consists of a

rotor with blades, nacelle with internal

equipment,	 tower,	 hoist,	 and	 control

building.	 Two	 propeller	 type	 blades

rotate about a horizontal axis and are
located downwind from the tower. The
blades are swept downwind at a seven
degree angle to provide clearance from
the Cower. A cable supported hoist is

located within the periphery of the tower

and is used to transport equipment and
personnel between ground level and the
top of the tower. A control building is

located inside the tower near one leg of
the tower.

Figure 2-2. Corfiguration of 200 kW
WTG

0
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The arrangement of power generating equipment is shown in Figure 2-3. A11 of

the rotating equipment is located inside a fiberglass nacelle and supporter' on

a large structural bedplate. 	 The nose cone and cylindrical sections of the

nacelle are also supported on the bedplate through flange attachments. The

rear or prop cone section of the nacelle rotates with the blades and therefore
is supported on the rotor hub. Support for the bedplate is provided by a large

diameter turntable bearing assembly which is mounted on a support cone on top
of the tower. The outer race of the turntable bearing assembly serves a
secondary function. It is machined with gear teeth and is driven during yaw

maneuvers by pinion gears powered by the yaw drive system.

FLUID COUPLING 	 REAR CENTER	 rPITCH
i	 SHROU0. - - I	 /	 ACTUATOR

ANEMOMETERIWINDVANE ^^	 SPEED ; DISK BRAKE	 i

	

FWD. CENTER SHROUD - -	 INCREASER;

V-BELTS	 t
,

HYDRAULIC

SUPPLY -•	 ., a a	 11 , HUB ,.
15W rpm

NOSE CONE-
rENERATOR

"`' BEOPLATE
- 116 rpm	

ROTOR
BLADES

YAW BRAKE

PROP GONE

40 rpm

Figure 2-3. Nacelle Arrangement for MOD-OA Wind Turbine Generator

2.3 PREDICTED PERFORMANCE

Fhe rated power output of the wind turbine is 200 kW, which is achieved at a
rotor speed of 40 rpm and a rated wind speed of 18.3 mph (8.2 m/s) at a 30-foot

(9.1 m) elevation. The rated wind speed is defined as the lowest wind speed at
which full power is achieved. The power output as a function of wind speed, as

shown in Figure 2-4, is regulated by varying the pitch angle of the blades. At

wind speeds below cut-in and above cut-out, the rotor blades are placed in a

feathered position and no power is produced. The cut-in wind speed, defined as

the lowest wind speed at which power can be generated, is 6.9 mph (3.1 m/s) at

a 30 ft (9.1 m) elevation. The cut-out wind speed, defined as the lowest wind
speed at which wind turbine operation would result in excessive blade loads, is

34.2 mph (15.3 m/s) at 30 ft (9.1 m).

12
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The calculated annual energy output for the 200 kW wind turbine operating in

various average wind speed environments is shown in Figure 2-5. The average

wind speed is the arithmetic average of all hourly wind speeds in a given year
at that particular site measured 30 feet (9.1 m) above ground level. The

energy output is a strong function of the average wind speed, since the avail-
able energy in the wind is proportional t., the cube of the wind speed. The
energy output was computed using the power output shown in Figure 2-4. Veloc-

ity profile curves for the wind were assumed to be Weibull distributed. Energy

capture by the rotor was computed using the wind speed occurring at the hub
height of 100 feet (30.5 m). Wind speeds at various elevations were calculated

by using the wind shear gradient typical of most of the candidate wind turbine
sites. It was estimated that the machine would he shut down ten percent of the

time when the wind velocity was between cut-in and cut-out speeds. This shut-
down time was allowed for both scheduled and unscheduled maintenance.

Wind Speed at 30 ft. Elevation, mph

L	 I	 I
0	 5	 --Y

Wind Spred at 9.1 M Elevation, m/s

Figure 2-4. Predicted Performance of
MOD-OA Wind Turbine

Average Wind Speed at 30 ft. Elevation, mph

5	 6	 7	 8	 9

Average Wind Speed at 9.1 m Elevation, m/s

Figure 2-5. Annual Energy Output for

200 kW Wind Turbine

4
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2.4 COST AND WEIGHT

The total cost of the Clayton MOD-OA wind turbine (in 1978 dollars) was $1.7

million. A breakdown of the costs is given in Table 2-1. The blades were
manufactured by the Lockheed Aircraft Service Co., Ontario, CA, under a NASA

contract. NASA LeRC managed the procurement of the long lead parts. The
assembly and in plant testing was conducted by NASA at the LeRC. Site instal-
lation and some of the startup operations were performed by the Westinghouse

Electric Corporation under a NASA contract.

The total system weight is 89,000 pounds (40.400 kg). 	 The rotor, z-icluding
blades, weighs 12,300 pounds (5,580 kg). Above the tower weight is 4;.',000
pounds (20,400 kg), while the tower weight is 44,000 pounds (20,000 kg). Fur-
ther details on the weights of some of the components are provided in Table 3-1.

TABLE 2-1

MOD-OA 200 kW Wind Turbine Costs (SIC)
(1978 Dollars - Clayton, NM)

Blades	 (2)	 .	 .	 .	 .	 .	 .	 .	 . .	 450
Hub and Pitch Change 160

Mechanical	 Equipment	 .	 .	 . .	 230
Electrical	 Equipment 110
Control	 Systems	 .	 .	 .	 .	 .	 . .	 40
Tower and Hoist 140
Shipping	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 40
Installation 200
Startup Operations	 .	 .	 .	 . .	 150
Engineering Data System 180
Total	 cost	 .	 .	 .	 .	 .	 .	 .	 . .	 $

14
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3.0 SYSit M WIGN RLQUIREMLNTS AND SPLCIFIlATIONS

The principal design requirements for the Mt1DWA WTG system are sumnarizod in
Section 3.1. Section 3.1 summarizes the system specifications that were
developed to satisfy these requirements. further detail  on these requirements
and specifications are given in the MOD-OA design report.

3.1 SYSTEM DESIGN REQUIREMENTS

The system des i qn requirements include  those requirements that were delineated
at the initiation of the project and those that were developed (or upgradod)
during the project. lhose requirements have been dividers into the following
categories: General, Mechanical Components and Systems, Electrical Components
and Systems, Control Systems, Eangineering Data Acquisition, kvironmental, and
Safety and Failure Modes and Effects Analysis.

GENERAL

Be general requirements for the MOD-OA design included the following:

a Devvlup at! experimental horizontal-axis WTG that is an upratod
version of tie MOD-d wind turbine. The rated electr ical power
output was selected to he 200 kW.

• The high cut-out wind speed (the wind speed above which the
machine is shut down) was selected to be 40 mph (11.9 m/s) at hub
height.

e	 Provide tail-safe shutdown capabilities; design the WTG for
operation compatible with existing utility networks.

i	 All static components must be designed for a 5U-year life. All
dynamic components, except the blades, are to be designed for a
30-year life.	 The blades are to be designed to withstand the
loads measured on the MOD-0 machine.

e	 Provide a design which meets all of the applicable design codes
and standards.

o	 Provide a design that permits flexibility in the selection of the
rotor speed, and develop the criteria For that selection.	 The
baseline design was then selected to be 40 rpm.

MECHANICAL COMPONENTS AND SYSTLMS

The mechanical design requirements included the following:

• Provide a design of the Mull-OA WTG with a 1,21 b Foot (31.1 ma
diameter rotor, a r igio hub, and two blades located duwnwino of
the tower at a seven degree cone angle.

15	 4
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•	 Develop the requirements for wind gust and wind shear, including
tower shadow effects.

Develop the requirements for the steady and cyclic loads, and
especially for the loads on the rotor, including the aerodynamic,
gravitational, and inertial effects.

0	 Design a pitch change mechanism for the olades to control the
power level and rotational speed of the WTG.

• A speed increaser must be designed or selected to convert the
wind power From the blades rotating at 40 rpm to the high speed
shaft and generator rotating at 1800 rpm.

e A rotor brake must be designed for shutting the rotor down and
bringing it to a full stop in the event of a catastrophic failure
or other critical shutdown condition.

0 A Fluid coupling must be designed to provide a small amount of
slip in the drive train to damp out the torsional variations in
wind power.

•	 Design a yaw (orientation) drive mechanism with no backlash and

high stiffness For rotating the nacelle into the wind. A yaw
brake must be designed to provide damping and yaw restraint when
the yaw motors are both on and off.

• Design a pipe truss tower and its foundation that provide rigid

support for the components on the top of the tower and handle all

of the static and dynamic loads that are transmitted to the
tower.

ELECTRICAL. COMPONENTS AND SYSTEMS

The design requirements for the electrical components and systems included
the following:

• Select a synchronous generator that rotates at 1800 rpm, is rated
at 250 kVA continuous, and operates in the motoring mode for
drive train testing.

® Select the switchgear to control and protect the generator,

synchronize the WTG to the network, and provide the parasitic
power requirements.

0 Provide a design which is compatible with the Clayton network and
which protects both the wind turbine and the utility with

standard devices and practices, including protection against
electrical faults.

to
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CONTROL SYSTEMS

The control system design requirements included the following:

•	 The blade pitch control system must operate in position control,
speed control, and closed loop power control.

•	 The yaw control system must maintain alignment between the
nacelle and its wind vane within a ± 25 0 deadband angle.

•	 A safety system must oe designed which monitors various
parameters and effects a safety shutdown.

•	 The WTG must be capable of manual, automatic (unattended), and
remote control operation.

•	 The automatic control system, using a microprocessor, must be
capable of a) monitoring wind conditions and starting,
synchronizing, operating, and stopping the WTG, o) monitoring
essential parameters for operation within specified tolerances,
and c) providing a remotely located operator with the capability
of starting, stopping, and monitoring the performance of the
WTG.

• The remote control and monitoring system must provide a remote
operator with a control link, status indicator, and performance
monitor.

ENGINEERING DATA ACQUISITION

The data acquisition system design requirements included the following:

•	 !Develop a system which determines and/or monitors aerodynamic,
mechanical,	 electrical,	 structural,	 control	 system,	 safety
system, and utility interface performance.

•	 Provide an upgraded version of the MOD-0 data system with 96
channels of instrumentation for monitoring essential parameters.

ENVIRONMENTAL

The environmental design requirements included the following:

•	 Operating temperature range of -10°F (-23°x) to 120°F (49%).

•	 Design tree WTG to sustain, with the blades feathered, a maximum
hurricane wind speed of 150 mph (67 m/s) at the hub.

•	 Specific requirements for rain, snow, hail, ice buildup on the
blades, and high humidity.

r—
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•	 Provide lightning strike protection and a design for seismic
loads and windborne objects.

SAFETY AND FAILURE MODES AND EFFECTS ANALYSIS

The safety and failure modes and effects analysis (FMEA) design require-
ments included the following:

•	 Implement a safety program which reviews the design and
identifies, evaluates, and either eliminates or controls alp
hazards with the potential to:	 injure personnel, visitors, or
the general public; damage the system; or cause loss of program
objectives.

s The safety design criteria shall ue that no major damage, or
personnel, visitor, or general public hazard should occur uecause
of a single point failure or a single failure following an
undetected failure.

•

	

	 Develop a safety shutdown system which monitors specific
parameters.

•	 Perform an FMEA on all mechanical and electrical components to
identify failure modes that could be hazardous to life or result
in injury or major damage.

3.2 SYSTEM SPECIFICATIONS

System and component specifications for the MOD-OA WTG design were
developed to satisfy the above design requirements. Presented in Table
3-1 is a summary of the principal system and component specifications.
These specifications have been categorized under the following major
headings: Performance; Rotor; Blade; Balance of Rotor; Low Speed Shaft
and Bearings; Speed Increaser; High Speed Shaft and Associated
Components; Generator; Nacelle Equipment; Yaw Drive Mechanism and Brake;
Slip Rings; Tower and Foundation; Switchgear; Transformer and Oil Circuit
Recloser;	 Control	 Systems; Engineering Data Acquisition; Auxiliary
Equipment; Design Life; and Overall Weight.

18
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4.O DESIGN AND ANALYSIS

The basic +'eatures and characteristics of the MOD-OA wind turbine design are
summarized in Section 2.0. This section of the report sum!aarizes the require-
ments, approach, selected design, and supporting analytical results for the

components and systems. These components and systems are the rotor and pitch
change mechanism, drive train, nacelle equipment, yaw drive mechanism and

brake, tower and foundation, electrical system and components, and the control
systems. The results of system dynamic loads analyses and fatigue analyses

are also summarized.

4.1 ROTOR AND PITCH CHANGE MECHANISM

The MOD-OA WTG uses a 125 foot (38.1 m) diameter, two-bladed, horizontal-axis

rotor system. Thy : -ind turbine operates at a constant rotor speed of 40 rpm

and the power output is regulated by varying the pitch angle of the blades.

BLADES

Each blade is a 59.9 foot (18.3 m) long aluminum structure that has leading

and trailing edges, formers, stringers, ribs, webs, and skin. The blades
conform to a prescribed aerodynamic shape that has a total twist cf 33.8 0.
The blade chord length varies from 4.5 feet (1.4 m) at the root to 1.5 feet

(0.5 m) at the tip, and the thickness varies from 1.5 feet (0.5 m) at the root

to two inches (5.1 cm) at the tip. Figure 4-1 shows the design planform of
the blade. Figure 4-2 shows a cross section of the blade, taken at station

300, also called out in Figure 4-1. Figure 4-3 shows one of the MOD-OA blades
during final non-destructive testing at Lockheed.

The chosen blade design was based primarily on MOD-0 since that machine proved
to be stable and to operate satisfactorily. Since MOD-OA is intended to ope-
ratc for long periods of time and since MOD-0 experienced higher than predic-
ted blade loads, structural modifications were made to ext and the fatigue life

of the MOD-OA blades.

The modifications from the MOD-0 design, incorporated to improve the fatigue

strength of the MOD-OA blades, can be summarized as:

•	 The spar cap thickness was increased,
s	 Several trailing edge thickness changes were made,

e	 Two stringers were added to each trailing edge surface,

a	 The root end fitting wall thickness was increased,

A closure plate was added to an inboard rib to seal the

interior of the blade from the Iiub (to protect the hub

mechanism),

•	 External doublers were added to all D-spar and trailing edge

spanwise structural joints to increase the fatigue life.

Load calculation methods verified by MOD-O experience were used to predict

blade loads for the MOD-OA wind turbine. The blade fatiguZ analysis,

summarized in Section 4.8, concluded that the ulades should withstand these

loads indefinitely.
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Figure 4-3. MOD-OA Blade During Final Non-Destructive Testing at Lockheed

HUB ASSEMBLY

The	 hub assembly	 is	 the	 supporting	 link between	 the blades	 and	 the	 low speed

shaft. It is directly connected	 to and rotates with	 the	 low	 speed	 shaft. The

blades	 are cantilevered	 from the	 hub	 at a seven degree coning angle. 	 The hub

assemoly consists	 of	 the	 huu	 forging, gears, bearings,	 blade	 spindles, and
bearing housings	 of	 the	 pitch change mechanism, all	 of	 which	 rotate	 about the
centerline of	 the	 low speed shaft.

PITCH CHANGE MECHANISM

The pitch change mechanism is used to control the electrical power output and
rotationa; speed of the ulades during startup, nonnal operation, and shutdown

uy changing the pitch of the blades.	 The rate at which the pitch is changed

depends on wind conditions and the resisting load of the generator. When

changes in load or wind spend are slow, pitch is changed slowly. When the

wind is gusting or when a load failure occurs, pitch is changed rapidly to
prevent overspeeding the rotor which could damage the blades. Therefore, safe

operation of the wind turuine depends on the ability of the pitch change

mechanism and its hydraulic and electrical control systems to properly sense

and respond to the various transient conditions.

The pitch change mechanism gears internal to the hub are shown in Figure 4-4.
These gears are driven by a hydraulically actuated rack and pinion. Figure
4-5 shows the major components of the pitch change mechanism after they have

been assembled on the downwind side of the rotor hub. A rotating hydraulic

union i5 used to pe. •mit transfer of hydraulic fluid from the pitch hydraulic

system (see Figure 4-11 in Section 4.3 below), which is stationary, to the

hydraulic actuators which rotate with the blades. 	 This hydraulic union is

la;,ated upwind of tie speed increaser and is in-line with the low speed shaft.
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Figure 4-4. Pitch Change Mechanism (Simplified)

4.2 DRIVE TRAIN

The	 drive train	 consists of	 a	 series	 of n>echanical	 components	 that use	 the

rotational energy	 of	 the blades	 to turn the	 generator.	 The	 drive	 train

connects	 the	 blade/hub	 assent)ly	 to the generator	 shaft.	 To	 get the	 best

aerudynamic efficiency	 at the	 design wind speed,	 the	 rotor	 speed	 is selected

as	 40	 rpm during	 normal operation. The gear	 ratio	 of	 the	 drive train	 is

chosen	 at 45:1	 to	 allow for	 this rotor speed	 and	 to	 permit	 the use	 of

commercial generators which rotate at 1800 rpm.

fhe drive train is subdivided into the following parts which are described

separately:

•	 Low Speed Shaft, hearings, and Coupling

•	 Speed I icreaser

•	 high Spood Shatt and Associated Components

•	 Rotor Brake

LOW SPEED S ►IAFf, BLARINGS, AND COUPLING

fhe low speed shaft i c, the shaft that turns with the rotor blades at 40 rpm

during normal operation.	 It is supported by two large bearings and coupled to

the 0put	 At of thr speed increaser. The two bearings also support the hub
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and blades of the machine since the blades  ar •e attached to the hub and the hub

is attached to the low speed shaft. The general arrangement of these
components is shown in the accompanying sketch.

Figure 4-5, Pitch Change Mechanism Mounted on Hub
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The low speed shaft provides complete support for the rotor hub and blades.
The shaft is supported by two large bearings housed in structural members

which are supported by the bedplate. The bending moment represents the most
critical loading of the shaft and plays a major part in determining the fa-

tigue life of the shaft. Strain gages are attached to critical stress regions

of the shaft to monitor stress levels and thereby better understand the actual
structural condition of the shaft during the lifetime of the machine. The low

speed shaft is approximately ten inches (25.4 cm) in diameter and five fret

(1.5 (n) long. The downwind end is enlarged to form a flange for b.)lting to

the rotor hub. A douule engagement, gear type of coupling is used to connect
the low speed shaft to the speed increaser. Figure 4-6 is a photugranh of the

low speed shaft, bearings, bearing housings, and coupling after assembly.

Figure 4-6. Low Speed Shaft, Bearings, Bearing Housings, and Coupling

SPEED INCREASER

The speed increaser consists of four parallel shafts and associated gearing,
all housed in a casing that is 34.5 inches (87.6 cm) high, 54.0 inches (137.2

cm) wide and 30 inches (15.2 cm) deep (axial dimension). The unit weighs 5500

pounds (2500 kg) and is mounted on its base with the parallel shafts

horizontal.
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Helical gears are used throughout the unit for quiet operation and to maximize
power transmission capability. The speed increaser has a turning ratio of
45.24 to 1 and is rated at 450 horsepower (336 KW) at 1800 rpm. Figure 4-7

presents a photograph of the speed increaser unit as it appeared during shop

assembly of the wind turbine. 	 Manufacturer of the speed increaser was

Horsburgh & Scott Company, Cleveland, Ohio.

Figure 4-7. Speed Increaser Unit During Shop Assembly of Wind lurbine

HIGH SPEED SHAFT, BEARINGS, COUPLINGS, BELT DRIVE, AND FLUID COUPLING

The high speed shaft turns with the output shaft of the speed increaser at
1800 rpm during normal operation. This shaft and the other components covered

in this section transmit torque from the output shaft Of the speed increaser
to the shaft of the generator. Figure 4-8 shows the arrangement of components.

ROTOR BRAKE DISK

AND SHEAVES

FLUID COUPLING

ADAPTOR
KS

INGS COUPLINGSK.1

INTERMEDIATE
LLEY DRIVE SHAFT
AFT

f	 I	 '	 ^`^l
^	 GENERATOR	 I	 I	 II.

[TEED
INCREASER	 --

LOIN SPEED SHAFT

Figure 4-8. Arrangement of High Speed Shaft Components (Plan View)
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The fluid coupling has a vaned impeller and a vaned runner. This coupling is

used to reduce the magnitude of the oscillations in the drive train that are
transmitted to the generator as a result of wind gusts. The fluid coupling is

shown in the photograph of Figure 4-9.

Figure 4-9. Fluid Coupling, Speed Increaser. Rotor Brake, Yaw Drive
Mechanism, Turntable Bearing, and Yaw Brake

The	 intermediate	 shaft	 connects	 the	 fluid	 coupling	 to the	 pulley drive	 shaft.

A gear type coupling 	 is used	 at each end of	 the shaft for torque transmission.

These	 counli-gs	 can	 tolerate	 some	 misalignment while operating, thus	 elimin-

ating	 the	 need	 for	 costly,	 precision	 alignment. Ten V-belts	 are provided	 for

transmitting torque from one sheave	 to the other and thus into the generator.

ROTOR BRAKE

The rotor brake is located just downwind of the speed increaser, on the high

speed shaft of the speed increaser, as shown in Figures 4-8 and 4-9. It
functions as a static brake aria prevents rotation of the blades when the
machine is shut down. It also serves as a dynamic brake in an emergency case

where shutdown is necessary. 	 For safety considerations, the rotor brake is

fail-safe, i.e., on loss of power, the brake is automatically applied. 	 The

brake was designed to stop rotation of the blades in the event that the pitch

change system fails while wind speeds is increasing. 	 For this event, the

brake was sized to stop rotation in about six seconds. Two calipers are used
for retarding the motion of the disk when the brake is activated.	 The
calipers are actuated by pressurized nitrogen that is stored on the machine in
a commercial gas storage cylinder. The nitrogen supply system is completely

independent from the pitch control system to insure that a single tailure
cannot make both the rotor brake and pitch control system inoperative.
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The nacelle equipment is the equipment mounted on top of the tower for the
purpose of supporting and housing the power generating equipment. It includes

the fiberglass nacelle, the structural bedplate, the yaw bearing support cone,
and the mounting frame.

The fiberglass nacelle is a cylindrical shell structure as shown in Figure
4-10.	 It is 7.96 feet (2.4 m) in diameter and 31.3 feet (9.5 m) in overall

length.	 The nacelle provides a streamlined housing for the power generation
and other equipment located atop the tower.

Figure 4-10. Nacelle and Yaw Drive Mechanism

The bedplate is a large steel weldment tnat serves as a mounting structure for

the power generating equipment. It consists of a long oox beam with brackets
and outriggers welded where necessary to provide support for the various

pieces of equipment that make up the wind turbine generator. Figure 4-11

shows the bedplate and how it supports the various pieces of equipment.
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The yaw bearing support cone, as shown in Figure 4-11, provides support for

the nacelle, bedplate, and all of the power generating equipment by supporting
the inner race of a larger diameter turntable bearing (see Figure 4-9).

Figure 4-12 shows the structural .ind mechanical arrangement in the area of the

turntable bearing. The suppurt cone has two openings or windows in its
sidewall to permit passage of the two drive shafts for the yaw drive mechanism.

Three heavy structural brackets are welded to the outside of the cone near the
top to provide mounting surfaces for the three yaw brakes that are used to

prevent unwanted yaw motions of the nacelle.

The mounting frame (see Figure 4-11) is a structural assembly that mates with

the bottom of the circular support cone and the top of the square tower. It
provides support for ali of the equipment mounted atop the tower and a surface

for mounting the drive motors for the dual yaw drive mechanism. As shown in
Figure 4-11, the mounting frame is assembled to a service stand for in plant

and site assembly end testing operations.

Figure 4-11. Components of MOD-OA Wind Turbine Assembly
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Figure 4-12. Turntable Bearing and Yaw Brake

4.4 YAW DRIVE MECHANISM AND BRAKE

The MOD-OA wind ttlrbine components mounted atop the tower are supported on a
large turntable bearing which permits the machine to be rotated whell the wind

direction changes.	 This yawing action is achieved by a yaw drive mechanism

having two drive shafts and two drive motors. 	 When turning is not required,
that is when the wind direction is not changing, the machine is held from

turning by uiree yaw b rakes.	 The yaw control system synchronizes the
operation of the yaw drive mechanism with the yaw brakes.

YAW DRIVE MECHANISM

The yaw drive mechanism performs two principal functions:

• Rotates the entire nacelle assembly about a vertical
axis to achieve alignment with the prevailing wind

directi0n.

•	 Provides torsional stiffness to reduce unwanted yawing
oscillations during a yaw maneuver.

The tendency for the oscillating motion is produced by wind loads on the

blades as they rotate. These loads induce a yawing torque on the bedplate
that is cyclic in nature. As a result, yawing oscillations must be restrained
to minimize bending stresses in the blades.
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To reduce the edgewise bending loads on the blades, it was decided that the
single yaw drive used on the MOD-0 wind turbine be replaced by a dual yaw
drive system on MOD-OA. Oscillating motions would then be reduced, because of
three factors: (1) avo-dance of a resonance, which was of greatest signi-

ficance, (2) stiffening the nacelle-to-tower connection, and (3) eliminating

the free play present in the single yaw drive system.

Figures 4-9, 4-10, vid 4-11 show the yaw drive mechanism installed on the
MOD-OA wind turbine. The drive motors and gear reduction boxes are located on

a structure that is underhung from the mounting frame. Two drive shafts

extend vertically upward from the gear boxes, through cu!-outs in the side
wall of the support cone, and provide torque for the pinion gears that engage
the bull gear teeth that are machined in the outer race of the main yaw

bearing.

The yaw drive mechanism uses two worm drive gear boxes, each driven by a ten
horsepower (1.46 kW) motor. The gear boxes and pinion drives are pretorqued
against each other at assembly to eliminate backlash in the gear drive members
and to increase the torsional stiffness of the yaw drive system.

YAW BRAKE

The yaw brake system, consisting of three brake assemblies, is mounted on

urackets outside the support cone, as shown in Figures 4-9 and 4-12. The

brakes prevent the bedplate from yawing when they are fully applied.

Three hydraulic brake assemblies are mounted 90° apart on brackets welded to

the outside of the support cone. The nacelle/oedplate assembly is made with a
thick brake disk that is positioned horizontally and bolted to the bull gear

which rotates with the nacelle. Braking action is p ,oduced when hydraulic

fluid is forced into the brake assemblies, thereby activating the brakes and
causing them to grip the brake disk and prevent yaw motion of the nacelle.

4.5 TOWER AND FOUNDATION

The `1)D-OA tower and foundation are designed to provide support for the
nacelle, the blades, and the equipment housed in the nacelle. Figure 4-13
snows the nacelle and wind turbine assembly prepared for installation onto the

completed tower/ foundation. The tower and foundation support the WTG

machinery at a 100 foot (30.5 in) hub height, providing ample ground clearance

for the 125 foot (36.1 m) diameter rotor.

TOWER

The tower arrangement is shown in Figure 4-13. Tne tower is seven feet (2.1 n)
square at the top, providing broad supporting points for the support cone and

mounting frame. Also, this provides sufficient space in the top area of the
tower fur the yaw drive system, for access to this system, and for access to

the nacelle tlhrougn the support cone.	 The tower width increases only slightly

down to the 40 foot (12.2 in) elevation, maintaining ample rotor	 blade/tower

clearance.	 Below this level, the tower size gradually increases to about 30
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feet (9.1 m) square at the oottom. This results in a broad, stable tower base

with reasonable interface loads at the tower/foundation interface.	 In the
upper section of the tower-, where the wake or "tower shadow" affects the rotor
blades, round pipes are used for all of the structural members. Based on wind
tunnel tests on a model of the MOD-OA tower, the average range of tower shadow

effects was between 12 and 85 percent, i.e., local wind velocities downstream
of the tower were reduced to 12 to 85 percent of Oe free stream velocity.

Fioure 4-13. Nacelle and Wind Turbine Assembly Installation on Tower

The upper portion of the tower was factory assembled and shipped to the site as
a unit. The lower corner legs, horizontal members, and diagonals were assem-

bled to the upper tower section at the site. Gussets, bolted joints, channels,
and angles are used in this lower section of the tower since the rotor does not

pass through the air flowing through this portion of the tcwcr. The tower uses
ASTM A53 pipe and A36 pla^2 material. 	 It is painted to provide corrosion pro-
tection. The tower legs are bolted to grounded mounts to protect the entire

WTG against lightning strikes. The hollow tower co rner legs are used to house
the electrical power and instrumentation wire, to keep the tower as open as

possible.	 By doing this, tower interference to airflow is not affected by

electrical conduit.
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MAT FOUNDATION
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FOUN LA T ION

The tower is mounted on a reinforced concrete mat foundation as sho wn

schematically in Figure 4-14. 	 The mat is 34 feet (10.4 m) square and the

thickness is four feet (1.2 m). Integral features of the mat include the four

tower mount pads, wiring conduits, and the control building base. A mat type

foundation was developed so that it could be used at nearly any site more or
less independent of the nature of the soil or th q depth to bedrock. This

foundation can be used for the entire family of MOD-OA wind turbines with

minimal site related redesign. The mat was sized to prevent sliding over its

soil bed or tipping and bearing locally on the soil with excessive pressures.
Sufficient steel reinforcing bars are used near the upper and lower mat

surfaces to provide bending and shear strengths exceeding applied loads.

Figure 4-14. MOD-OA Wind Turbine Foundation

Figure 4-15 shows the mat foundation complete and ready for the installation of
the tower and control building and final site grae4ng.

Figure 4-15. Completed Mat Foundation with Control Building Base
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4.6 ELECTRICAL SYSTEM AND COMNUNENTS

The MOU-UA wind turuine electrical power system must produce power at a voltage
and frequency compatible with the interfacing utility network, protect both the

wind turuine and the utility with standard devices and practices, and provide

fur unattended operation to synchronize and automatically disconnect the sys-
tems as required. The power generation requirement imposed on the MOD-UA de-

sign is 200 kW at a rated wind speed of 22.4 mph (10 m/s) a' 00 feet (30.5 m).

A simplified one- line diagram of the MUD-OA wind turbine onwer distribution
system is illustrated in Figure 4-16. 	 The electrical power • ecessary to start

the wind turbine is not provided as part of the wind turbine.	 The utility

network must provide the power to initiate operation.

OIL CIRCUIT	 Q	 TIE BREAKER
RECLOSER	 L82

GENERATOR
260 KVA, AFF

3O0 KVA
NOD/MD

	

1	 .l) IMGi 3)	 LN

1	
30KVA	 Q

480	 MOBILE DATA SYSTEM
12O/2OB	 FEED

	

I0H► 	 1OHV	 1OHV	 7

	

YAW	 YAW	 HYDRAULIC	 PANEL

	

DRIVE	 DRIVE	 ►UM/	 &.OARD

Figure 4-16. Simplified One-Line Diagram of the Electrical Power
Distribution System

The electrical power system for the MOD-OA wind turbine consists of the genera-
tor, the generator controller, the utility interface switchgear, and associated
protective equipment. The MOD-OA generator is a 250 kVA, 0.8 power factor,
synchronous machine with a rated output voltage or 480 V, three phase, four
wire, 60 Hz and a rated input of 1800 rpm (see Figure 4-11 above). The exciter

is a brushless type which is directly connected to the generator.

Electric power is transmitted from the generator, through slip rings to a

cable, to the base of the tower. At the tower base, the caule is run to the
switchgear in the control building, through the tie breaker, through a step-up

transformer, and to the utility network through an oil circuit recloser. A

pnotograph of the MOD-OA switchgear is shown in Figure 4-11.

,r
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Figure 4-17. MOD-OA Switchgear

Synchronization of the wind turbine with the utility network is accomplished
with an automatic synchronizer. The synchronizer monitors the phase angle

between and the frequencies of the systems and provides a corrective signal to
the wind turbine speed controller to match the wind turbine output with that of

the utility network. Wnen both systems are within specification, the
synchronizer provides the intelligence to close the tie breaker and mate the
wind turbine with the utility.

4.7 CONTROL SYSTEMS

The MOD-CA wind turbine was designed to be a fully automatic power generation

system tied to a utility network. To achieve this objective, the wind turbine

control system is capable of monitoring wind conditions, maintaining nacelle

alignment with the wind, controlling rotor speed and power level, and starting,
synchronizing, and stopping the wind turbine in a safe manner. In addition,
the control system must monitor essential parameters throughout the wind
turbine to a..sure tnat critical components are operating within specified

tolerances. The control system also provides a remotely located operator with
the capability of starting, stopping, and monitoring the wind turbine.

The control system to accomplish the majority of the control functions can be
divided into five distinct control systems. These five control systems consist

of rotor blade pitch control, yaw control, microprocessor control, the safety

^9it1Gt	 "^
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system, and the remote control and monitoring system. A block diagram depic-

ting the interactions of the coritrul systems is shown in Figure 4-18. The five
systems operate nearly independently and are interfaced through the micropro-
cessor.

[IE N PIT T SYST[M^
- MAN PIICN CONTROIIFR

-'iil I --^^1 YAYY CON[ROEE[R

SA[ ETY
SYSI[M

R[AUIE CON1ROl
A WNI1(JRING	 MICROPROCESSOR
SYSTEM

MAJOR DATA/CON1RO1 IIOW PAIN
MINOR DAIAICONIR(I [IOW PAIM

Figure 4-18. Control System Interfaces

Wind turbine rotor power is a function of wind speed and blade pitch angle. As
a result, either rotor speed or rotor power at a given rotor speed can be

controlled by adjusting blade pitch angle. 	 The blade pitch controller for the

M)U-UA machine operates in three distinct modes. 	 Position control is used

during initial rotor startup and shutdown. 	 Speed control is used in the
intermediate phase of startup between five rpm and forty rpm until the machine

is synchronized with the utility network. 	 Closed loop power control is

utilized whenever the machine is synchronized with the utility network. 	 The

blade pitcrl angle is driven toward zero degrees when the wind speed is below

that required to pruduce 200 kW of power. The pitch angle is varied to spill

wind when the wind speed is in excess of that required to maintain a 200 KW

power level. To shut the machine down, the blade pitch angle is reduced at a
uniform rate until the blades are feathered. 	 The blades remain feathered until

a comnand to start up the WTG is received.

The yaw controller senses directional error from the anemometer/wired vane

mounted m the nacelle which monitors wind direction relative to the nacelle,
providing a direct measure of the yaw error.	 The yaw controller has a 250
deadband which must be exceeded prior to initiating a correction. The yaw

drive system rotates the nacelle at a rate of one degree per second. A yaw
brace is used to provide nacelle restraint in yaw, both when the yaw motors are

on and when they are off. During yaw maneuvers, the brake pressure is

reduced. When no yawing is required, the brake pressure is increased and the
nacelle is essentially locked to the tower.

The microprocessor is the control unit which pormiCs unattended, automatic
operation of the wind turbine. The unit provides the coaviiands to initiate

startup, control normal operation, and shut down the wind turbine based on wind

conditions. Once the microprocessor has been activated, no other functiull is

required of an operator, unless he wants to shut down the machine and/or

disable the microprocessor.
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Once the microprocessor is activated, it monitors the wind and initiates a
startup sequence when the wind speed exceeds 12 mph (5.4 m/s) at hub height.

Once synchronized, the machine continues to operate until a wind speed below
eight mph (3.6 m/s) at hub height or above 40 mph ( 11.9 m/s) at hub height is
reached. If either of these conditions exist, the microprocessor initiates a
shutdown and waits until the wind speed is within the acceptable range before

restarting the machine.

The microprocessor is also programmed to shut down the wind turbine whenever
certain abnormalities are detected. The abnormalities include slow startup or
synchronization, loss of pitch hydraulic pressure, and loss of synchronization.

Each of these abnormalities initiates a shutdown and requires on-site reset-

ting prior to resumption of normal operations.

Unattended operation dictates that a separate independent protective system

monitor the wind turbine and effect a safe shutdown if a malfunction or out of
tolerance performance is detected. 	 The shutdown system is functionally

independent of otner control systems and includes a series of primary sensors

connected to an interface/annunciator circuit. 	 The annunciator provides an

indication of the cause of the shutdown.	 The output of the interface circuitry
controls a relay logic system which effects a safety shutdown by feathering the
rotor blades and desynchronizing the generator. The safety system includes a

primary and a redundant set of sensors. The redundant sensors operate through

an independent path to effect the shutdown and provide a backup to insure

safety in the event of a failure in the primary system.

The remote control and monitoring system shown in Figure 4-19 provides an
4nterface between the wind turbine and a remote operator. The system serves as

W
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Figure 4-19. Remote Control and Monitoring System
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a control link, status indicator and performance monitor. 	 The interconnection
between the wind turbine and the remote unit is effected by two telephone
pairs. The remote system is capable of two control functions: startup and
shutdown of the wind turoine through the microprocessor and emergency shutdown

through the safety system. Status indications show wind turbine operable or
shutdown, microprocessor status, and error conditions from the safety system.
Performance of the wind turbine can be monitored by any two of eight channels

of analog data which are digitally displayed in engineering units.

4.8 SYSTEMS ANALYSES

This section discusses the MUD-OA dynamic analyses, the analysis results, and
the component fatigue evaluations performed using these results.

DYNAMIC;	 )S

A fixed rotor axis computer program was utilized to determine the steady state
and cyclic loads acting on the WTG blades. This computer program performs a

fuliy coupled aeroelastic blade loads analysis consisting of an aerodynamic

performance/tri ►n analysis of a rotor system that is coupled with the dynamic
response of the blades.	 The structural model utilizes a finite element

description that permits a detail definition of the rotor blade system. The
loads at five key interfaces in the WTG were tabulated and distributed for use
in fatigue analyses of the various WTG major components.

FATIGUE

Blade	 fatigue	 life prediction entails many uncertainties 	 in both	 load

distrioution and in design adequacy. For example, there are many situations

that might cause the blade loads to exceed the design values, and untested
structural details can cause concern regarding blade life prediction even under

known load conditions.	 Figure 4-20 shows the results of the MOD-OA blade
fatigue prediction.	 The prediction does not consider effects of fretting,
corrosion, or other unpredictable damage.	 The figure shows that a life of 30
years should be attainable with a cut-out wind speed of 41 mph (18.3 m/s).

V	 ^ ill •1 ..1 ^^i4lY^4G 'O\ uLfil

Figure 4-20. Result of Fatigue Analysis of MOD-OA Blades Assuming Structure

Quality Comparable to Airplane Wing Structure
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the low speed shaft diameter is set by the bearings that were selected. 	 The
critical stress point is the fillet on the rotor side of the downwind bearing.

Analysis indicates that the shaft is adequate under nurmal operation. Off

design and transient conditions, however, were not evaluated. The loads at the

low speed shaft bearings were calculated and compared to the bearing load
ratings.	 These bearings should have a near infinite life under the computed

MOD-OA loadings. A detailed analysis of the nearing caps was performed using a

NASTRAN model.	 The critical location is at a hole through the cap.	 The

bearing caps should also have near infinite life.

The most highly stressed part of the bedplate occurs where the downwind section

is welded to the center section. The bedplate cyclic stress is well within
that required for infinite life.

The original design and fatigue analysis review of the MUD-UA wind turbine yaw

drive system established two basic areas of concern. These areas of concern
were marginal or deficient fatigue life in certain components and inadequate

design for adverse environments, such as high temperature, sand storms, and
salt laden atmosphere.	 Reconvnendations to correct these problems were made,

accepted, and incorporated into the design.

The	 tower was modeled with NASTRAN	 to determine	 the range of	 stress produced	 in

each	 tower	 memoer	 by	 the operating loads.	 Both	 quasi-static and	 dynamic
analyses	 of	 the	 tower	 were performed. The	 quasi-static	 analysis was	 found	 to

be	 conservative.	 The	 highest stress ranges	 were	 found	 in	 the	 horizontal
members	 at	 the	 top	 of	 the tower	 and were	 mainly	 due	 to	 bending stresses	 near

the end connections.	 IL	 was	 concluded that	 the	 tower	 should	 nave near	 infinite

life.
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5.0 SYSTEM TESTS AIVD INSTALLATION

The in plant tests performed on the Clayton WTG are summarized in Section 5.1.
These tests were conducted during various phases of the assembly of the wind
turbine at the NASA LeRC.	 Shown in Figure 5-1 is a flow chart for these
assembly operations.	 Section 5.2 summarizes the site tests and installation
completed at Clayton, NM. 	 These tests and installation were performed in
conjunction with the flow chart for the final assembly of the wind turbine
given in Figure 5-2.	 Further details on these system tests and the
installation are presented in the MOD-OA design report.l

5.1	 IN PLANT TESTS

Several tests were performed at the NASA LeRC during the assembly and checkout
of the Clayton MOD -OA WTG. These in plant tests were completed on the drive
train, nacelle equipment, rotor, and pitch change mechanism, and included a
system checkout test. In addition, a product assurance plan was implemented

to establish the reliability and quality assurance aspects of the Clayton WTG.
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Figure 5-1
	

Flow Chart for Assembly of MOD-OA WTG at NASA Lewis

Rewarch Center
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Figure 5-2. Flow Chart for Assembly of MOD-OA WTG at Clayton, NM

DRIVE TRAIN AND NACELLE EQUIPMENT

The assembly and testing of the drive train and nacelle equipment included
rotational checkout tests, dynamic balancing, and drive train run-in tests.

The drive train was tested without the blades, huo, pitch change mechanism,

and pitch hydraulic system. Shown in Figure 5-3 is a sketch of the setup for
testing of the drive train assembly. This setup included the use of a dynamo-

meter and a speed re(;ucer to simulate the torque at the rotor hub.

R oLati,)n al cneckout tests were completed on portions of the drive train as
various components were added to she oedplate. The purpose of these tests was

to detect any misalignments or defects in the rotating component,. Initially,
the low speed shaft and speed increaser were mounted on the bedplate and

tested in the Engine Research Building of the NASA LeRC.	 Subsequent tests

were performed after the high speed shaft, its associated components, belt

drive, ano generator were assembled. 	 Various inst rumentation sensors were
monitored and other parameters investigated. 	 Satisfactory results were

obtained from the tests.

Dynamic balancing of the drivel train was performed at 18UO rpm.	 After the
balancing, viuration amplitude readings were monitored on the low speed and

high speed shaft bearings i,nd acceptable results were obtained.

A series of eight hour drive train run-in tests was completed. 	 Ttrese tests

were acc0m1jrlis1re1 d uy operdting the dynamometer and varying a resistance load
wank to uutain a generator power output of no load, 5U-60 KW, 90-100 kW, and
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140-150 kW.	 The instrumentation monitored included the accelerometers, tem-
peratures, rotational speeds, and generator output. Satisfactory performance

was demonstrated from the results.

WIND TURBINE DRIVE TRAIN	 '	 fACIUTY

`310 M GENERATOR	 - SPEED	 r LOW SPEED	 F SPEED
INCREASER	 SHAFT	 I REDUCER

HIGH SPEED I	 i	 „V&,A V„Vf,,D

Figure 5-3. Sketch of Setup for In-Plant Testing of Drive Train Assembly

ROTOR

The in plant tests on part of the rotor assembly (without the blades) con-

sisted of strain gage Caliuration tests and balancing of the hub assembly.

The strain gage calibration testing was performed at the NASA LeRC Fabrication
Shop. Strain gages were installed on the bedplate to measure bending loads

and on the low speed shaft to measure bending loads and torque. The cali-
bration tests were done in three steps:	 bending loads, shaft torque, and
combined loads tests.	 Six strain gages on the low speed shaft and two on the
bedplate required calibration. The tests involved the use of a "spider" type
loading fixture attached to the low speed shaft. 	 Shown in Figure 5-4 is a
photograpn of the loading fixture and test setup.

Figure 5-4. Photograph of Loadinq Fixture and Test Setup Used During
Strain Gage Calibrations (Looking Upwind)
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The bending loads tests were conducted by applying d bending moment to the

shaft as a force couple to the loading fixture. 	 Shuwn in Figure 5-5 are the
results for one of the strain gages during the bending murnent tests. Compar-

able data were obtained for the other strain gages during these tests, during
the shaft torque tests, and during the combined bending moment and torque
tests. The strain gage calibrations were satisfactorily completed.
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Fiqure 5-5. Strain Ga ge Calibration Results for Bending Moments on
the low Speed Shaft

Or, ior to haIancing the huh. the strain gage fixture was removed. 	 Then, the

hub (WIthOUt the blades) was attached to the low speed shaft, and the pitch
change mechanism and its hydraulic system were installed. 	 Both static and

dynamic (hub rotating at 40 rpm) balancing operations were completed.	 The

generator was run as a synchronous motor and various instruitientation sensors

were monitored durinq the dynamic tests. 	 Dynamic balancing was accomplished

uy adding or adjusting weights to the exterior surface of the hub. The hub

was considered balanced when the acceleration readings on the low speed shaft
hearings were no greater than those previously recorded after balancing the

drive train.

'A
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PIFuH hHANUE MEUHANISM

Tests on the piton change mechanism and its control system were performed both
statically and dynamically. 	 Shown in Figure 5 -6 is a sketch of the in plant
tesL setup.	 fne oojective of these tests was to evaluate the performance
cnaracteristics.

700 kW GENERATOR	 r SPEED INCREASER r LOW SPEED
PITCH HYDRAULIC	 I SHAFTr CVCT[Y	 _.. __....

Figure 5-6. Sketch of In-Plant Test Setup for Final Acceptance Testing

Tne sLdt)C tests were accomplished witn the drive train not operating and the

blade simulators installed (i.e., dummy weights were used to simulate the

pitch change inertia of the ulades). This testing included control call-
brdtion and resolution, slow and fast pitch operation, fail-safe mecnanism

confirnatIin and frequency response, acceleration, and decel2r-dLion tests.
extensive data were recirded during the tests. fne piton nydraulic system was
operdLlny and the pneuindtiC spriny pressure was set at its normal pressure.
The dynamic tests completed on the pitch change mecnanism and piton control
system were a slow pitch rate, d fail -safe speed cuntrul, and rndxl,nurn speeo
tests.	 These tests were performed with the uldde simulators removed and the
drive train operatiny at 4U rpm. fne results outained from the stdti; and

dynamic tests conducted on the pitch change mechanism were deemed satisfactory
and simrlac to the MUU-U (IUU kW) wind turuine perfornance.

M
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SYSTEM CHECKOUT

The checkout of the WrG syste
sensor installation and wiring

drive system and yarn brake (see

hydraulic, and data acquisition
most of the control systems were

graph of the MUD-UA WTG prior
testing of the yaw drive syster
setting and checking the dual
hydraulic power unit, calibrat

response, deadband tests, yaw di
at ion. Various instrumentation

tests on the yaw drive system,

operation was demonstrated.

n consisted of yaw ui ive system tests and a

verification test. For these tests, the yaw

Figure 5-6) were assembled and the electrical,

components were connected. The switchgear and
operational. Shown in Figure 5-1 is a photo-

to the in plant system checkout tests. The
involved the following operations and tests:

yaw preload, verifying the operation of the

ng the time delay relay, evaluating nacelle

ive rate tests, and verifying system deactivi-
was monitored during the testing.	 From the

acceptable results were obtained and proper

Figure 5-7. Photograph of MOD-OA WTG Prior to In-Plant System Checkout Tests

The in plant, overall system checkout tests included sensor installation and
wiring verifications. Continuity tests were completed to verify that the data

acquisition system and the power and control circuits were installed cor-

rectl,/. These tests involved the use of the Mobile Data System. Various,
sensors for the data system are located on the rotor, drive train, nacelle/

bedplate, and tower, and in the control building. These sensors measure the

temperatures, accelerations, pressures, strains, generator speed, low speed
shaft position, and the current, voltage, output power (kW), VARS, and fre-

quency for the generator. From the test results derived, proper installation,
wiring, calibration, and accuracy capability were confirmed.
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5.2 SITE TESTS X10 IW ALLATION

Several operations and tests were performed at Clayton, NM during the final
assembly and checkout of the WTG. These tests and operations included a check
on rotor performance, a systems checkout, testing of the drive train and

nacelle equipment, and the installation experience. In conjunction with these
tests, a NASA LeRC review team was assembled to verify the operational readi-

ness of the Slayton WTG before it was released for utility operation. This
team reviewed the as-built hardware, system checkout procedures and results,
instrumentation re--irements, and safety procedures.

ROTOR

The site tests and activities on the rotor included the installation of the
blades and an instrumentation checkout. The rotor instrumentation which was
checked at the site included the strain gages located on the blades.	 These
gages had been calibrated previously at the Lockheed plant. Additional
results on the pitch change mechanism, its control system, and dynamic ba-
lancing of the rotor are summarized below.

SYSTEhIS CHECKOUT

The systems checkout tests at the site involved the yaw drive system, the
completion of the electrical terminations, the safety shutdown system, the

pitch control system, and system shutdown tests. During the verification
tests on the yaw drive system, checkout operations of the two drive motors,
the yaw brake hydraulic pump circuit, the yaw brake, and the yaw control
system were conducted.	 Satisfactory operation and performance was demon-
strate(' from the tests. 	 After the WTG assembly was mounted on top of the
tower,	 final electrical, control,	 and instrumentation terminations were
completed.

A series of checkout tests of the safety shutdown system was performed. T^jese
verifications included a checkout of the appropriate shutdown parameters to

achieve a critical, an emergency, or a redundant shutdown. Checkout opera-

tions on the performance of the disk brake were also completed. During these

tests, various parameters were monitored and the data reviewed to ensure that
the red line values were not exceeded.	 Satisfactory results were obtained
from these checkout tests.	 Both manual and automatic checkout operations on
the pit&. control system were accomplished to verify that the blades could be
feathered as designed.	 Proper operation of the pitch control system was

confirmed.	 In addition to a safety shutdown, two other snutdown modes were
tested:	 manual and fu;ly automatic (microprocessor).	 From the results
derived, the manual and microprocessor shutdown capabilities were verified.

ORIVi. [RAIN AND NACLLLL EQUIPMENT

SeveraI tests and operations were performed on the drive train anu on the
equipment located within the nacelle.	 notating tests were completed, includ-
ing a final checkout on dynamic balancing. 	 The final peak-to-pea ►( vibration
amplitude results from the balancing operations were comparable to the results
,lorived during the i n plant tests.

r
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A series of test: was performed fo r manual :nd automatic startup and opera-
tion.	 A pre-startup v ,.rification and checkout procedure was completed to
ensure that all compuntnts and systems were operational. Tests on pitch,

speed, and load control nodes of manual operation were done and satisfactory

results were obtained. Automatic startup and operation tests, with the use of
the microprocessor, were also conducted.	 Satisfactory performance of the
microprocessor was demonstrated.

INSTALLATION EXPERIENCE

The installation of the MUD-OA at the Clayton site involved the following

operations: site preparation, pouring of foundations, tower erection, assem-

bly of control building and equipment, installation of the personnel and
equipment hoist, reassembly of drive train, blade installation, lifting of the

WTG to the top of the tower, and power, control, and instrumentation hook-
up. Site preparation activities included providing an access road, a security

fence, and the electrical interface equipment. Excavations were made and coli-

crete foundations were poured to support the tower, assembly stand, control
building, transformer, and oil circuit recloser. 	 The installation of the
MUl-OA tower was completed at the Clayton site, as shown in Figure 5-8.

^IA

Figure 5-8. installation of MOD-OA Tower at Clayton
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The control building was assembled and the power, control, and instrumentation
components located within the building were installed. Installation of the

oil circuit recloser, transformer, and the . remote control and monitoring sys-

tem were completed. The equipment and personnel hoist was installed to permit

access from ground level to the top of the tower. The reassembly of the drive
train to the support cone, the assembly of the blades to the rotor, and the

assembly of the nacelle enclosure were accomplished with the WTG mounted on

the service stand.

Lifting of the complete WTG assembly (rotor, blades, drive train, bedplate,
support cone, nacelle, and mounting frame) to the top of the tower was per-
formed with the use of a crane. A phutograph of the final stage of this
lifting operation and the installation to the tower is shown in Figure 5-9.

The mechanical attachment and the electrical, control, and instrumentation

terminations were completed. 	 Final checkout of all of the mechanical, elec-

trical, control, instrumentation, and safety systems was performed. 	 The

installation of the Clayton WTG was satisfactorily completed and the wind

turbine was dedicated on January 28, 1918.	 On March 6, 1918, the WTG was

released to the Town of Clayton Light and dater Plant for operation.

fWA
C- ?7.44 1?

,__1

I
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Figure 5-9. Final Stage of WTG Lifting Operation and Installation
to the Tower

ORIG:NAL PAGE
50	 BLACK AND WHITE PHOTOGRAP'f	 M



ORIGINAL PAGE IS
Of POOR QUALITY

6.0 SAFETY CONSIDERATIONS

Safety considerations for the MOD-OA wind turbine included the safety philo-
sophy used in the design, construction, and operation; the normal and emer-
gency operating procedure; the identification of hazards and an evaluation of

their probability and predicted consequences; and the safety related physical
features and administrative controls.

6.1 SAFETY PHILOSOPHY

The MOD-OA safety program identified, evaluated, and either eliminated or

controlled all undesirable hazards with potential to cause personal injury,

damage the system or support equipment and facilities, or cause loss of pro-

gram objectives.	 These objectives of the safety program were accomplished

by: a) identifying the equipment, functions, and operations that possibly
could result in hazards, b) assessing those hazards for impact and prob-

aoility, c) instituting methods to eliminate hazards or reduce them to an
acceptable risk level, and d) verifying the implementation of control measures
in design, operating controls, and procedures for installation, test, and

maintenance.

The safety design philosophy was that no major damage should occur during the
service life of the machine because of a single-point failure or a single
failure following an undetected failure. The fail-safe approach was employed.

All major safety related systems were provided with redundant and diverse

uackup systems.

Al l appropriate standards were satisfied during the design and construction of

the Clayton wind turuine. As examples, the support tower and foundation were
designed to American Concrete Institute and American Institute of Steel Con-
struction codes, the electrical system was designed to the National Electrical

code, and the generator was purchased according to NEMA standard MGT. During
construction and operation, all Occupational Safety and Health Administration

(OSHA) requirements were satisfied.

6.2 NOR
M
AL AND EMERGENCY OPERATING PROCEDURES

Normal operation of the wind turbine generator is performed via the remote

control and monitoring system from the master control station within the

utility dispat.her's office. However, prior to the start of operation, preli-

minary operational checks are made at the wind turoine site. When entering
the wind turbine site, definite entrance procedures are followed to ensure the

safety of all operating and maintenance personnel. The major areas of concern

are the control building and the nacelle. After verifying that personnel are

away from the tower and out of the nacelle, a detailed eIectricaI and

mechanical checklist is followed before operation can be performed by the
utility dispatcher. With the dispatcher in control, the turbine is started
using microprocessor control. The dispatcher then maintains control and shuts

down the machine when appropriate.

A11 of these operations are governed by the detailed Normal and Emergency
Operating Procedures Manual which reflects the NASA Safety Permit and the City

of Clayton Safety Plan.
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6.3 i DEN IIFICATION OF HAZARDS, PRO Mil II.IIY OF OCCUkENCE.
AND PREDICTED CONSEQUENCES

Several obvious ha:ards exist fur the Slayton wind turbine. These are tower
collapse or component uluw-off, blade failure, ice thrown from the blades,

aircraft collision, and injury clue to unauthorized access. 	 A systematic

identification of hazards is part of the FWA in Section 1.0.

The probaoility of occurrence and the predicted consequences have been sum-

-r,arized ueluw fur the obvious hazards.	 The FW A in Section 7.0 is a sys-

—inatic discussion of the consequences of failures or all significant systems
and components.

i) Tower Collapse or component know-Off

The	 risk to	 personnel or	 visitors	 near	 the	 wind	 turbine is	 not

expeLted to	 be high	 in	 the	 event	 of	 tower collapse or component

ulow-oft, due	 to	 the extreme	 severity	 of	 conditions which	 would

precipitate the risk.	 It is highly unlikely that people Mould he
in exposed areas near the wind turbine during periods when wi.,,'-,
approached or exceeded 125 mph (55.9 in/s) or during a tornauo

warning period. During an earthquake, the turbine would pose
less risk than many other structures due to its high structural

integrity, relatively low mass, and absence of loosely attached

overhai ►ys or facades.

1)	 g lade Failure
Safety	 features	 and	 precautions	 instituted	 t	 identify structural

problems	 and	 decrease the	 risk	 of	 blade	 failure	 include:	 a)

automatic;	 monitoring	 of the	 turbine's	 oper;, ^ional	 performance	 and
structural	 dynamics,	 b) automatic	 shutdown	 and	 required	 manual

restart	 in	 the	 event	 a structural	 imbalance becomes	 evident,	 and
c)	 regular	 inspections and	 maintenance.	 As	 an	 additional	 pre-

caution,	 and	 to	 protect the	 machine	 structure,	 the	 blades	 are

feathered	 ar;d	 braked	 by	 redundant	 systems	 when	 the	 wind	 speed

exceeds	 40	 mph	 (11.9 m/s).	 The	 rotor	 has	 been	 designed	 to

withstand	 wind	 speeds	 in excess	 of	 125	 mph	 1 b5.9	 m/s)	 at	 30	 ft.
(9.1	 ►n)	 in	 a	 feathered position.	 An	 additional	 factor	 limiting

the	 potential	 for	 injury is	 that	 it	 is	 not	 probable	 that	 people
(particularly	 visitors) will	 be	 in	 exposed	 areas	 within	 or	 near

the	 exclusion	 radius during	 high	 wind	 or	 storm	 conditions.

Analysis	 indiCated	 the maximum range of	 it	 thrown blade	 is 630 ft.

( 192 m)	 when	 thrown	 at the	 expected	 55	 rpm blade	 attachment	 bolt
failure	 speed.

3)	 1hrown Ice

the safety feature that precludes p ► ublems with significant
quantities of thrown ice is the vibration nk)nitor located on the
low speed shaft bearing housing which will cause shutdown at

uneven loads. Even if the icing is the same for both blades, ice
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throw►i from one blade would create an imbalance and the vibration
sensor would shutdown the system."

4) Aircraft Collision

The wind turbine nacelle and blades are painted orange and white
for high visibility during daylight hours. The turbine is
located 762 feet (232 m) away from the much taller KLMX radio

tower; thus, the aircraft warnings for this tower also give some
protection for the turbine.

5) Unauthorized Access

Safety risks associated with unauthorized accesses to t^.: wind
turbine are controlled by a fence around the site, elimination of

footholds to discourage climbing of the tower, and positioning
the cable-hung hoist sufficiently high to make it inaccessible

from ground level. All ground level electrical equipment is
shielded in compliance with OSHA regulations.

b.4 SAFETY RELATEU PHYSICAL DESIGN FEATURES AND ADMINISTRATIVE CONTROLS

The major safety related physical design feature is the safet y shutdown system

which can operate independently from all or.her control systems. A set of

sensors monitor potential problems and these sensors are typically redundant

to protect the machine fro g.: catastropic failure. These sensors monitor over-
sleed, overcurrent or reverse power, vibration, yaw error, pitch system

hydraulic fluid level and pressure, bottle pressures, temperatures, and

microprocessor failure.	 The microprocessor control system is fail-safe in
that failure of any critical component will automatically shut down the wind

turbine.

The major administrative controls applied to this project were throuah a
Safety Conrnittee and quality assurance procedures.

The safety committee met regularly to review all phases of the project from a
safety viewpoint. It was composed of senior technical and management person-

nel with expertise in all areas related to wind turbine generators. A safety
permit issued by this coovni ttee was required before each phase of the project:
construction, testing, acid operation.

*— n arch, 1918, operating personnel first observed large pieces of ice,

scattered on the ground, adjacent to the wind turbine. It was then
observed that ice was shedding from the blades, while the blades were
rotating at 40 rpm.	 This situation posed a safety hazard for personnel

and equipment.	 Therefore, an ice detector system was installed on the

olades to sense ice formation and initiate shutdown of the wind turbine

generator.	 An aircraft type ice detector was tested satisfactorily in
the NASA LeRC Icing Research Tunnel. 	 After the ice detector was
installed in the blades during November 1918,	 it performed as expected
and no further instances were observed of ice thrown from the blades.
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Strict quality assurance procedures controlled the NASA LeRC in-house design

and construction effort, the field construction work, and the site operation.

The quality assurance prucedL:-es were a blend of those used at NASA LeRC for
launch vehicles, spacecraft, and aircraft engines and those normally used for

electromechanical industrial components. Their objective was to achieve a
safety level close to that of aerospace projects at the low cost of normal

industrial practice.

6.5 CONCLUSIONS

The MUD-OA wines tr r°uine generator at Clayton does not impose any appreciable

risks to the general public, operating personnel, or equipment and facilities.

The	 safety	 design criterion	 was	 that	 no major	 damage	 should occur	 during	 the

service	 life	 of the	 machine	 because	 of a	 single-point	 failure or	 a	 single

failure	 following an undetected	 failure. The	 fail-safe	 approach was employed.

All	 major	 safety related	 systems	 were provided	 with	 redundant and	 diverse

backup systems.

The only part of the wind turbine generator that does not comply with the
above criterion and approach is the blade and its attachment structure. The
probability of a blade separation is so small that the risk from this event is
acceptably small. The low probability resulted from the analysis of the blade

and its mounting, the design verifications of the test program, the inspec-
tions and checks of the quality program, the redundancy built into the over-

speed shutdown circuits, and the extensive inspection program during oper-

ation.
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7.0 FAIWRE MODES AND EFFECTS ANALYSIS

The failure modes and effects analysis (FMEA) was primarily directed at

identifying those critical modes that would be hazardous to life or would
result in major damage to the system. As a result, the analysis was conducted

from the "top down," minimizing the extent of analysis that would lead to
trivial conclusions, had the analysis been approached from the "bottom up".

The criterion used for system evaluation was that no major damage should occur
because of a single-point failure or a single failure following an undetected

failure.

The results of the FMEA indicated the failure criterion was satisfied, except
for the blade and its attachment structure. The probability of a blade sep-
aration is acceptably small as discussed in Section 6.0. The analysis of the
blade and its mounting, the design verifications of the test program, tar,

inspections and checks of the quality program, the redundancy built into the

overspeed shutdown circuits, and the inspection program during operation all

combine to assure safe operation.

	As a result of the FMEA, several deficiencies were found in the design. 	 To
eliminate these deficiencies, the followinq modifications were made:

1) The rotor brake system was made fail-safe.

Z) Safety related sensors, primary devices, and interconnecting
circuitry were placed entirely within the nacelle so they were

not dependent on tower slip rings.

3) Two independent high yaw error signals cause a shutdown.

4) Intrusion alarms on the control building and nacelle cause a

shutdown, an audible alarm in the control room, and a warning on

the dispatcher's console.

5) The reliability of the safety related systems and components was
increased through redundancy, minimum electrical path, component

quality, and periodic verification of system operation.

6) The yaw motor high temperature shutdowns were removed.

55	
%^

1



ORIGINAL PAGE 19

Of POOR QUALITY
8.0 ENGINEERING DATA ACQUISITION

The	 Instrumentation and data acquisition system collects the data

required for evaluating the operation and performance of the MOD-OA wind
turbine. The system consists of sensors located in the nacelle, in the
control building, and on the meteorological tower; three remote multi-
plexing units; a mobile data system; and a stand alone instrument

recorder.

The -ensors associated with the data system are segregated according to
their specific locations. The outputs of the sensors provide input to

three remote multiplex units (RMUs) where the signals are multiplexed and
sent to the mobile data system for p-ocessing.

The remote multiplexing units are located on the hub, on the bedplate,
and in the control uuilding. Each RMU contains the electronics required

for signal conditioning and multiplexing data signals (FM technique) for
transmission to the mooile data system. Each RMU can accommodate up to
32 data channels.	 All channels can be individua;ly configured to signal
condition data from resistance outputs or voltage sources. In addition,
20 of the 32 channels have the ca pability to signal condition inputs from
type "T" copper/constantan thermocouples.

The mobile data system provides the equipment necessary to process data
at the wind turbine site. This self-propelled instrument vehicle is

constructed to a) permit movement from site to site over public roadways
without special permits or approvals and b) provide a controlled envir-
onment for the equipment contained within the vehicle. 	 An overview of
the flow of data within the mooile data system is illustrated in Figure
8- 1 .
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Tne stand alone instrument recorder (SAIR) recorded data when the mobile

data system wac not at the site. 	 The SAIR provided for continuous, 24
hours per day, recording of four tracks of data. Three of the data
tracks supported the three R MU's and the fourth track supported an in-

ternally generated time of day time code signal. The tape consisted of a

continuous loop which provided a stored record of the previous thirty
minutes of data.
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9.0 INlTIAL. OPERATING PERFORMANCE

rirst rotation of the Clayton MOD-OA WTG was accomplished un 4ovemoer 30,
1971. In January 1978, the machine completed its first 100 hours of
operation, and in (March 1978, the wind turbine was released for utility

operation. The following sections document the uperatiunai experience

gained in the initial four months, from November i0, 1977 through March

1978, and summarize the aeroaynamic, structural, and control system per-
formance; the utility	 iterface aspects; and the ice Lietector system

added to the blades.

9.1 AERODYNAMIC PERFORMANCE

Of primary importance in the design of any wind turbine is the accurate
prediction of the machine's performance characteristics. Oata from the
Clayton wind turbine have been analyzed to enable correlation of the pre-

dicted and actual performance. 	 This section contains results of this
analysis for alternator power output and drive train performance. 	 Power

oscillations data are also presented.

The performance predictions for the MUD-OA wind turbine were calculated

using the aerodynamic performanc ,2 code PROP. This analysis is based on

the blade element/momentum th piry of rotor performance. The comparison

in Figure 9-1 shows general agreement between the theory (shown as the
solid line) and measured performance of the MUD-OA wind turbine.	 The

L^

IJI ALTERNATOR POWER OUTPUT VS FRILE -STREAM
WIND SPEED AT HUB 41GFFT.
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Figure 9-1. Clayton, New Mexico: Power Versus Rescaled Wind at 100 Feet
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deviation trom theory 	 uased on steauy-state wend,) ned ► • rated wtn,;
speed, that is, at the "sharp corner"Qf the curve. is wee I understood
and has been discussed fully by Golding , 	 It is due to trie t luctuation
of the wind about its "steady" value which is equivalent to the wind tur-
bine retaining an averaging on the two sides of the "corner".

rigure 5-2 shows a comparison of the cunstdnt design value fur drive
train efficiency, re d , of U.75 and the measured values which range from

0.0 to 0.86.	 The design value fur the drive train efficiency represents
a conservative average value which lids been calculated by estimating the
efficiencies of the various components from the rotor to the generator
(dt rated power).	 In practice, these component efficiencies vary with
rotor power.	 in particular, the generator efficiency increases sharply
with increasing rotor- power. Therefore, as alternator power approaches a
significant fraction of r • dted output, the measured drive train efficiency
coincides with the design value of U./5 and in fact exceeds this value as

the rated power of 2UU KW is achieved.

1 UU --^^

.o -

c

W
fKl

V
V
W

l
W

n^ MEASURED

8 20

De SIGN

U	 W	 Po	 12U	 1W	 M)

AtI(HNATOR POWER (K W)

Figure 9-2. Comparison of the Design Value of Drive Train Efficiency
with Measured Values at Various Alternator Powers

l.ye:lIL power	 L(niaximum-minimum)/2 per	 revolution)	 is	 caused by Duth	 tower

shadow and wind	 shear effects. The	 tower	 shadow effect	 is	 caused	 by the

hlddes pdssiny	 tnrougn	 the	 region of	 reduced	 wind	 speed downwind of the

tower. The wind	 shear'	 efteCt is	 caused	 by	 the	 olddes	 passing	 through the

v.iriation in wind	 speed	 with height.	 The	 magnitude	 of	 the	 cyclic Power-
was,	 on Live averaLle,	 Ie"	 than !	 20	 kW.

A .2 SiRUCIURAL VLRF0RMi1t4CE

lne structural performance of the wind turbine during initial operation

tjonerally has been within predictions. This section presents comparisons

M measured and calculated blade loads and examines the unsteady loads
induced by tower shadow and wind shear effects.
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the cyclic loads experienc ,:d by he blades of the MUU-OA at Clayton were
somewhat lower than MOSTAB-WTE predictions. The mean chordwise and flap-
wise loads matched the MOSTAB-WTE predictions very closely. Hence, the
comparisons between the MOD-OA ja,a and MOSTAB-WTE predictions generally
indicated good agreement between measured and predicted blade loads.

Deviations from a pure slnusolddl w vefonn in the chordwise bending
moment and the flapwise bending moment, as shown in the strip chart
records in Figure 9-3, were encountered during initial operation of the

wind turbine. These were caused by both tower shadow and wind shear

effects. Two deviations per revolution were detected. The large devia-
tion is the direct effect on the blade from which the loads are measured.
Tne smaller deviation is a result of the second blade experiencing the

tower shadow-wind shear effects and communicating (via vibration, for

example) this effect to the other blade.

`'4

272,000,
-120,000 T-. • --T 'i ^:

Chordwise bending
Moment, STA. 40

(ft-lbs)

120,000

1 second	 1 revolution

Figure 9-3. Strip Chart Records of Flapwicr and Chordwise Bending

Moments at Station 40

9.3 CONTROL SYSTEM PERFORMANCE

This section summarizes the performance of the yaw control, pitch con-
trol, and microprocessor control syster,s for the wind turbine.

The results of typical yaw maneuvers indicated that the yaw control

system functioned satisfactorily during initial operation of the wind

turbine.	 As the yaw brake pressure is reduced to allow realignment of
the nacelle with the wind, the two yaw shaft loads change sharply. When

yaw error is again within the X 250 deadband, the brake pressure is
increased to the maximum and the nacellL, is clamped rigidly to the tower.
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Strip chart records of generator power, blade pitch angle, and rotor
speed for startup conditions indicated that as the blade pitch angle ap-
proached 0°, the Wind turbine rotor speed increased properly to 40 rpm.

When 40 rpm was achl oved, the machine was synchronized to the utility
grid and power was producea.

The microprocessor is the control unit which permits unattended automatic
operation of the wind turbine. Strip chart records of a low wind sta.-tup

and shutdown showed that the microprocessor control unit operated sat-
isfactorily.

9.4 UTILITY INTERFACE

Portions of this material have been reproduced, with the permission of
the IEEE and the authors.4

The wind turbine generator has been placed near the end of one of the

town's seven power feeders, about a half mile from the power olant. It
produces power at 480 V, which is stepped up through a transformer to
2400 V, the level at which power is distributed. 	 Clayton's municipal
electric system has a rad'.al confin::ration, with seven diesel generators
in the central plant.	 Separate lines supply a hospital, high school,
feed lot, and three residential feeders. A seventh line serves the

internal needs of the power station. All generators feed into a common

bus.

The basic system control phi 1osopny is similar to that of most other
utilities: system frequency and time are regulated. System frequency is

determined by the lead unit, which corrects frequency errors by a simple
reset control that balances total generator load to match the instan-

taneous demand.	 The set point units do not contribute directly to fre-
quency regulation except as their output is altered by the droop con-
trols. The droop value for these generators is normally set at a gain of
0.4 per unit to provide a fairly sluggish response to load changes. This
value is very different from the ones used in large steam or hydro plants

(typically 0.05 per unit), but not uncommon for diesel generators ope-
rating on a common bus where excessive fluctuation (hunting) might exist.

VOL[AGE VAR IAfI04S

Initial operation of the wind turbine indicated normal functioning of the
subsystem with no noticeable variations from the 480 volt nominal output.

FREQUENCY VARIATIONS

Tire Clayton system frequency has a characteristic natural mode of osc i l -
ldtiun (Fourier component) at three Hz. However, the presence of the

wind turbine does not affect this Fourier component. The system and the
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wind turbine frequencies were identical. The M)U-UA wind turbine exhi-
uited several natural modes of oscillation - notably at 1.33 Hz, which is

twice the blades' rutational speed. Oscillations at this frequency are
created by both tower shaGjw and wind shear effects. Such tower snadow

and wind shear oscillations were found in early experiments with the

MOO-0 wind turbine at the NASA Lewis Research Center. Because Clayton

was to be the first utility demonstration wind turbine of that design,
there was concern that the machine might excite natural oscillation
modes.	 Since the dominant mode of oscillation at Clayton is three Hz, no
such proulems will occur.

When both the wind and system activity are high, the wind turbine gen-
erator tracks the system frequency determined by the lead diesel, while
the wind power output tracks the wind. Gusting clearly affects the

amount of output power, but seems not to accentuate system frequency
excursions.	 The	 lead machine does spend more effort regula,ing
frequency, but its response capability is adequate to keep frequency
variations within typical values.	 More to the point, pitch control
maintains the average power output from the WTG at 200 kW, or at the
appropriate power level predicted by Figure 2-4 (Section 2.3). 	

1

Because of the high per-unit resistance of the distribution line con-

necting the wind turbine to the central station, it appears that power

oscillations caused by tower shadow and wind shear effects are attenuated

to a level where they are too small to be sensed by the diesel genera-
tors.

9.5 ICE DETECTOR FOR BLADES

In March 1978, blade icing occurred on the wind turbine generator. At
that time, NASA LeRC personnel first observed large pieces of ice, scat-
tered on the ground, adjacent Lo the wind turbine during operation. It
was then observed tnat ice was shedding from the blades while the olades
were rotating at 40 rpm. 	 This situation posed a safety hazard for per-
sonnel and equipment in close proximity to the machine.

For personnel safety, NASA LeRC decided to provide an ice detector sub-
system on the wind turuine. The control system was modified to monitor
the ice detector signal and initiate shutdown of the wind turbine. The

ice detector subsystem (Rosemount Inc. Model 871FA-122) was installed and
operational at Clayton in November, 1978.
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