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FOREWORD 

At the request of the Department of Energy (DOE), Division of Wind Energy 
technology, this draft program plan 'was prepared to describe the specific 
research tests for, as well as the overall operation of, the Mod-2 wind 
turbine cluster test site located near Goldendale, Washington. Inputs to the 
plan were provided by a research test project review team consisting of 
representatives of Bonneville Power Administration (D. Seely, R. Holeman, 
N. Butler, and E. Warchol), Boeing Engineering and Construction Company (R. 
Axel', H. Woody, M. Rees, and D. Fries), Battelle Pacific Northwest Labora
tory (D. Renne, D. Hadley, and W. Sandusky), and the Solar Energy Research 
Institute (N. Kelly). Lead management for drafting the program plan was 
assigned to the NASA Lewis Research Center's Wind Energy Proj ect Office. 

It is the i ntent of the DOE and NASA to provide th i s draft pl anning 
Document to the private sector for in formation and critique . The Government 
is neither committed nor obligated to enact any part of the subject plan. 

iii 



- - -~----~------~ -------~--- ---,------- --------~-~-

CONTENTS 

ABBREVIATIONS 

1.0 
1.1 
1.2 
1.3 

2.0 
2.1 
2.2 

3.0 
3.1 
3.2 
3.3 

4.0 

5.0 
5.1 
5.2 
5.3 

6.0 
6.1 
6.2 
6.3 
6.4 

7.0 
7.1 
7.2 
7.3 
7.4 
7.5 

8.0 
8.1 
8.2 

8.3 
8.4 

8.5 

8.6 
8.7 
8.8 
8.9 
8.10 

INTRODUCTION 
Background 

, Purpose 
Scope 

TEST PROGRAM OBJECTIVES 
General 
Specific 

SYSTEM DESCRIPTION 
General 
Normal Operation 
Special Test Operation 

SCHEDULE 

MANAGEMENT PLAN 
Management Approach 
Organizational Structure 
Roles and Responsibilities 

TEST FACILITY 
Site 
Test Support 
Data Systems 
Communications 

TEST METHODS 
Test Planning 
Test Conduct 
Data Reduction & Analysis 
Test Reporting 
Safety & Security 

TEST PLAN SUMMARY 
Performance Test Plan 
System Verification and Improvement 

Test Plan 
Environmental Impact Test Plans 
Power Transmission and Distribution 

Test Plan 
Machine Dynamics and Structural 

Analysis Test Plan 
Meteorological Data 
Wake Effects Tests 
Cluster/Array Analysis 
Array Maintenance Evaluation 
Advanced Concepts Verification 

REFERENCES 

v 

Page 

vii 

1 
1 
2 
2 

3 
3 
3 

4 
4 
8 

10 

10 

12 
12 
14 
14 

19 
19 
19 
22 
33 

34 
34 
40 
42 
42 
46 

46 
50 
63 

64 
73 

77 

78 
80 
84 
84 
85 

86 

l _____ . __ . __ _ 
----~ .--

---------~ ~--.~-~~- - --~---



BEC 
BPA 
CRT 
CY 
OATS 
DOE 
EIS 
KV 
kW 
LeRC 
LTPO 
Met 
MW 
NASA 
o.d. 
PNL 
PUD 
rpm 
SERI 
STD 
TBD 
TPRB 
TVI 
UHF 
WEPO 
WIND-REAP 
WTG 
WTS 

ABBREVIATIONS 

Boeing Engineering and Construction Company 
Bonneville Power Administration 
Cathode Ray Tube (Control Console) 
Calendar Year 
Dial Automatic Telephone Switching 
Department of Energy 
Engineering Instrumentation System 
Kilovolts 
Kilowatt 
Lewis Research Center (NASA) 
Lead Test Project Organization 
Meteorological 
Megawatt 
National Aeronautics and Space Administration 
Outside Diameter 
Pacific Northwest Laboratory (Battelle) 
Public Utility District 
revolutions per minute 
Solar Energy Research Institute 
Standard Temperature Day 
To Be Determined 
Test Project Review Board 
Television Interference 
Ultra High Frequency 
Wind Energy Project Office (LeRC) 
Wind Regional Energy Assessment Program 
Wind Turbine Generator 
Wind Turbine System 

vi i 



1.0 INTRODUCTION 

1.1 Background 

Within the Federal Wind Energy Program, the U. S. Department of Energy (DOE) 

Office of Solar Electric Technologies has overall responsibility for conceiving 

and directing research and development of wind energy systems. The DOE in turn 

has delegated project management responsibi·lity to the National Aeronautics and 

Space Administration (NASA) Lewis Research Center (LeRC), in Cleveland, Ohio, for 

the design, fabrication, and field testing of large (100 kW and larger) 

horizontal-axis wind turbine systems (WTS) for utility applications. The 

utlimate objective of the Federal Wind Energy Program and the projects by which 

it is implemented is the development of the technology base necessary for cost 

effective wind-powered generation of electricity by private industry. 

The MOD-2 wind turbine project is the first in the Federal Wind Energy Program to 

be dedicated to the design, installation and research testing of an experimental 

wind turbine system at a rated power of 2.5 MW. The installatiaon of three such 

machines clustered at a single site at Goldendale, Washington is planned to be 

available for this test program which will research, test and evaluate the 

interactive and machine/grid effects of multiple, identical, machines integrated 

into a utility network. 

The DOE selected the Bonneville Power Administration (BPA) as the participating 

utility for the MJd-2 wind turbine project. This ut.ility is a large regional 

power marketing and transmission organization in the Pacific Northwest and has 

the capability of providing valuable support in attainment of the DOE/NASA 

project goals in the federal Wind Energy Program as well as part of the SPA Wind 

Regional Energy Assessment Program (WINO-REAP). 
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The Boeing Engineering and Construction Company (BEC) is under contract to NASA 

LeRC as the Test Facility Operations Contractor, to provide support for research 

test operation and maintenance of this cluster. 

At the request of the DOE Division of Wind Energy Technology, this research test 

project plan was prepared by NASA LeRC Wind Energy Project Office with support 

from the MOD-2 Contractor, BEC. Inputs to the plan were provided by Lead Test 

Project Organization participants consist i ng of representatives of Bonneville 

'Power Administration, Boeing Engineering and 'Construction Company, Solar Energy 

Research Institute, Battelle Pacific Northwest Laboratories, and the LeRC. Lead 

test center planning, management, and coordination for this Mod-2 test program, 

as well as the drafting of this plan, were assigned to LeRC. 

A Mod-2 Test Project Review Board (TPRB), co-chaired by NASA LeRC and SPA and 

with membership of all lead test project organization provides guidance and 

approval of all planned testing. 

1.2 Purpose 

This test project plan pro~ldes information on the research testing planned by 

the TPRB. It describes the facility available for this test program as well as 

plans for specific tests, including objectives, test methods and data to be 

collected. It is the intent of the DOE to provide this draft test project 

planning document to the private sector for information. The government is 

neither committed nor obligated to enact any part of this plan. 

1.3 Scope 

This plan is divided into two volumes. Volume I, initial plan distributed to 

the private sector, includes information on the program objectives, a Mod-2 

system description, a planning schedule, organizational roles and 

responsibilities', the test facility, the test methods and a summary of planned 

test i ng. 
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Volume II, a continuously updated test operations document, provides detailed 

test plans of specific tests prepared by the lead test organization and 

approved by the TPRB. The test plans describe the work to be accomplished in 

terms of several tasks. Within the description of each task, the test plan 

states test objectives, conditions, facility requirements, operational impact, 

test matrix, data acquisition/reduction, documentation, resources and 

schedule. Since Volume II is primarily a working document, distribution will 

be limited. 

2.0 TEST PROGRAM OBJECTIVES 

2.1 General 

In accordance with current priorities of the DOE Office of Solar Electric 

Technologies, primary emphasis will be placed on the field research test 

operation of the wind turbine cluster. Specifically, research areas to be 

addressed pertain to: 1) Aerodynamics; 2) Structural dynamics and 

aeroelasticity; 3) Materials characteristics and fatigue testing; and 4) 

Multiple systems interactions. In addition, the cluster can also be utilized 

as an experimental test bed for supporting related wind energy system 

research. 

The general objective of the MOD-2 WTS Cluster Research Test Program is to 

evaluate interactive and machine/grid effects of large, clustered, 

mUlti-megawatt wind turbines integrated into a utility network. The program 

is also structured to provide data valuable to the continued research of wind 

energy systems. 

2.2 Specific 

Specific objectives of the test program will be developed as part of the 

detailed planning performed by the Lead Test Project Organization ' and the TPRB. 
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Preliminary planning indicates the following research objectives will include: 

a. Eval uation of single and multiple machi ne performance and operating 

characteristics . 

b. Evaluation of single and multiple machine impacts on the local power 

gri d. 

c. Determination of wake interaction effects. 

d. Evaluation of envi ronmental aspects (noise , TV interference 

[TVI] etc .} 

e. Cluster/array analysis (3 mach ines/20 plus machines). 

f. Array maintenance evaluation. 

g. Advanced concepts verification: 

3.0 SYSTEM DESC RIPTION 

3.1 General 

The MOD-2 wind turbine system is being developed for the DOE and the NASA/LeRC 

by SEC under Contract DEN 3-2. Installation and checkout of three clustered 

MOD-2 units has been completed at the project site known as Goodnoe Hills, near 

Goldendale, Washington (see map Fig. 3.1-1). The un i ts provide power into 

SPA's high voltage trans.mission network through the Klickitat County PUD 

electric power grid. A substation at the site, known as Goodnoe Hills Sub

station, provides the power interface between the three units and the utility 

transmission lines. (See Fig. 3.1-2) 

The general configuration and characteristics of a MOD-2 wind turbine unit are 

shown in Fig. 3.1-3 and a plot of power output versus wind speed is shown i n 

Fig. 3.1-4. A detailed technical description of the unit may be found in 

references 1 to 3. 
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Each wind turbine unit has an instrumentation system installed for gathering 

engineering data. Eighty (80) measurements are available on each unit and in 

addition, meteorological data are available from SPA and PNL Meteorological 

Towers. Paragraph 6.3 includes a detailed description of the installed data 

system and its capability. 

3.2 Normal Operation 

Under normal operating conditions, the cluster will be in the automatic mode, 

initiated either at the site (from a CRT keyboard at each tower base) or from 

the remote control facility (CRT keyboards at SPA Dittmer Control Center, 

Vancouver, WA.) via a microwave data link (see Figure 3.2-1). In this condi

tion, the wind turbi ne units will start up when the operational wind sensors 

detect sufficient wind s·peed is available for power generation (nominally 

* greater than 14 mph at 200 feet). After the rotor has accelerated up to 17.5 

rpm, the generator will automatically synchronize to the power system grid and 

supply power to the utility network. Automatic monitoring of the system 

performance continues throughout the operation and status is available locally 

at the site (CRT at the tower base) and at the remote control facility (CRT at 

SPA Dittmer Control Center, Vancouver, WA.). 

Engineering data and wind data will be recorded at the data center located 

near WTS #2 whenever the units are running. The present configuration provides 

for a recording capability of up to 40 data channels each from WTS #1 and WTS 

#3, 64 data channels from WTS #2, and 18 data channels from the meteorological 

towers. Since all 80 measurements cannot be transmitted from each unit to the 

data center, the instrumentation system at each unit has to be configured 

prior to test for the desired data channels to be recorded. 

*Unless otherwise noted, all measurements of wind speed are in mph measured 

at hub height (200 ft. above ground level). 
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A normal shutdown will occur if the wind speed falls outside the operational 

,range of the. system (14 to 45 mph); however, no act; on ; s necessary to restart 

the unit as the system wi l l automatically restart when the wind returns to 

within the operational range. Shutdowns due to faults mayor may not require a 

maintenance action depending on whether t hey are self-clearing or not. Normal 

maintenance (2 people) is scheduled every 2 months, 6 months and 12 months 

and is expected to ta ke a machine out of service fo r per iods of 6 hours, 

8 hours and 3 days, respectively. 

3.3 Special Test Operation 

For many special test conditions, it will be necessa ry to manually control the 

start, operation and shutdown of the wind turbines. Under these circumstances, 

control of each unit will be performed at the site. The system has the 

capability to perform under manual command for (a) yawing (without blade 

rotation), (b) blade tip pitch control (without blade rotation), and (c) 

rotation up to 8 rpm (with winds from 14 to 27 mph). In addition, normal 

shutdowns (slow) and emergency shutdowns (fast) can be commanded at any time 

from the CRT ro om at the base of the tower. It is recognized that for spec i al 

operations of the wi nd turbines, the test conditions will have to be coordinated 

with the Test Facility Operator (BEC) and BPA and a workable test plan and 

procedure developed. 

4.0 SCHEDULE 

As previously agreed by NASA/DOE, this research test plan shall be effective for 

a pe r iod of 30 months, subject to a 24-month extension by mutual agreement. As 

ill us t rated in Fig. 4.0-1, the overall project schedule is shown from CY 1981 

t o the end of CY 1984. 
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5.0 MANAGEMENT PLAN 

5.1 Management Approach 

The MOD-2 Cluster Turbine Test Program encompasses a broad and diverse spectrum 

of activities and organizations which require coordinated planning , continuous 

evaluation of progress and full communication and interaction with DOE and with 

the appropriate utility, commercial and industrial sectors. 

Management of this program will be in accordance with the policies and 

procedures set forth by DOE/NASA. Fi g. 5.1-1 shows the management structure. 

The DOE Large Wind Technology Branch has overall program responsibility for 

this effort. The program management functions at Lewis Research' Center (LeRC) 

will be performed in the' Wind Energy Project Office located in the Wind and 

Stationary Power Systems Division of the Energy Programs Directorate. 

Mr. L. H. Gordon is the MOD-2 Research Test Program Manager. Key elements of 

the Lead Test Center management approach are: 

1. Program Management - The Lead Test Center will provide overall management 

including planning, integration and coordination of the involved field test 

organizations. It Will focus on research test activity needed to provide 

a techni cal base that will enable the private sector to develop and 

utilize wind energy systems. 

Program objectives and plans will be formulated and will serve as the 

basis for an ongoing assessment of progress achieved. The planning 

process will include continued interaction with the field test 

rgan lzations and with utility, commercial and industrial participants. 

12 
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2. Program Impl ementation - Lead test orga nizations will be delegated prime 

responsibi l i ty and appropriate authority for the day-to-day management and 

implementation of their designated' test project. The Lead Test Center will 

establish broad ma nagement processes, including planning, reporting and rev iew 

procedures. Exi sti ng repo rti ng practi ces will be used to the ma xi mum extent 

possible. The Test Facility Operations Contractor (BEC), managed by the Lea d 

Center, wi ll provide the test operations necessary to implement t he test 

projects es t abli shed by the lead test organizations. 

5.2 Organizational Structure 

The first level program management structure is shown in Figure 5.2-1. This 

organi zation addresses the major test project activities that require close 

coordi na tion with and among the lead test project organizations supporting the 

program. 

5.3 Ro l es and Responsibilities 

Li sted bel ow are the proposed roles and responsi bilities for the Lead Test ' 

Center, Lead Test Project Organizations, Test Project Review Board, and the 

Test Facility Operations Contractor. Future discussions wi l l result in manage

men t Tes t Project agreements between the Lead Test Center and Lead Test Project 

Organizations. These will provide detailed clarification and development of the 

respective roles. DOE Headquarters is responsible for goal setting and 

management of the overall Federal Wind Energy Program including funding activ

i t ies involved in the Mod-2 Test Program which are included in the PNL Wind 

C h a racteri~tics Program, the SERI Environmental Programs and the NASA Large 

Wind Turbine Research and Techno1ogy Development Program . 

14 
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5.3.1 Lead Test Center - The LeRC will manage the test program to meet t he 

object ives established by 'OOE Headquarters. This includes the develop-

ment of plans, schedules and resources for DOE Headquarters' approval 

and the integration of all test program activities. 

Unde r guidelines provided by DOE Headquarters. LeRC. as the Lead Test 

Center will: 

o Implement DOE Headquarters policy and review lead test organiza
ti ons's resource requirements. 

o Establish specific program and project objectives. elements, goals, 
milestones, and resource requirements jointly wi th Lead Test Organi-
zations. . 

o Prepare implementation and overall program plans jointly with Lead 
Test Organizations. 

o Establish interface working relationships between the Lead Test 
Organization and future participating organizations and i ntegrat e 
and coordinate activities. 

o Review Lead Test Organization's annual operating plan to ensure 
compat i bil ity w-ith schedul ed research testi ng. 

o Implement and manage approved specific test projects at the Lead 
Test Organization. 

o Es tablish control responsibilities for specific test projects 
jo i nt ly with Lead Test Organization. 

o Develop and implement an assessment process for evaluating program 
status and future requirements. 

o Review program progress and provide adequate and ti me ly reporting 
and documentation to DOE Headquarters. 

o Assume respons i bi 1 ity for program success. 

o Furnish management of and provide resources to the Test Facility 
Operations Contractor. 

16 

-------- ---------- ---- -



r 

i 
I • 
I 5.3.2 Lead Test Organization - The responsibility for all lead test organiza

tions are defined as follows: 

o Implement DOE Headquarters policy. 

o Establish specific test project objectives, eleme~ts, goals, 
milestones, 'and resou rce requirements jointly with the LeRC Wind 
energy Project Office (WEPO). 

o Prepare specific test project plans and annual operating plans. 

o Implement and manage approved specific test projects. 

o Establish and approve changes in test project activities within 
control thresholds and del egated authorities. 

o Furnish reports to the LeRC Wi nd Ene r gy Project Office and DOE 
Headquarters on status, progress , and problems and participate in 
review meetings and workshops. 

o Provide public and private sector t echnical liaison with the LeRC 
Wind Energy 'Project Office . 

o Assume responsibility for specific test project success. 

a Provide all non-machine related experimental support. 

5.3.3 Test Project Review Board - As part of the management structure. a 

MOD-2 Test Projects Review Board (TPRB) has been formed and is 

composed of representatives of LeRC, BPA. BEC. Battelle PNL and SERI. 

The TPRB is jointly chaired by LeRC and SPA. The TPRB shall review 

detailed test plans. schedules. and procedures associated with the 

testing of the MOD-2 Cluster. The Test Facility Operations Contractor 

(BEC) shall document all of the TPRBls recommendations. etc. for 

submittal to the LeRC and the BPA project officers for approval, 

17 
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The primary purpose of the TPRB will be to plan and man'age the testing 
of the MOD-2 Cluster. Specific responsibilities shall be: 

o Ensure coordination of DOE Wind Energy Systems MOD-2 test program/ 
facility . ' 

o Review and approve test project plans submitted by the Lead Test 
Project Organizations. 

o Ensure dissemination of al l test results, analyses, and other rele
vant data, information and fi ndings. 

o Ensu re security and safety of the test facility. 

o Ensure cost effective utilization of instrumentation, data acquisi
tion/reduction facilit ies. 

o Provide status reports of periodic review meetings. 

o Establish priorities/schedules of test activities. 

5.3.4 The MOO-2 contractor, BEC, shall provide the test facility operations 

under direct management by the Lead Test Center . The primary purpose of this 

task shall be to provide necessary test operations for support of the various 

test projects planned by the Lead Test Organizations 

Specific responsibilities will be: 

o Provide test facility protection/safety per section 7.5. 

a Provide test operations support inc luding operations of the 
wi nd turbi ne's. 

o Provide dissemination of all test data, results, analyses, etc. 
t o LeRC and the Lead Test Organizati ons. 

o Provide daily log of test operations. 

o Provide non-routine maintenance of the cluster machines. 

o Prepare weekly, semiannual/annual reports on test operat ions. 
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6.0 TEST FACILITY 

6.1 Site 

The Goodnoe Hills Wind Turbine Site is located approximately 15 miles east of 

Goldendale, Washington on a 2,600 ft. ridge overlooking the Columbia River. 

Fig. 3.1-1 shows a map of the distr ict. Access is by hard paved road east from 

Goldendale (Collins Avenue) or from State Highway 8 which leaves U.S. Highway 97 

approximately 3 miles south of Goldendale. The hard paved road changes to a 

gravel road approximately 2 miles from the site. State Highway 8 has a bridge 

with a limit of 8 tons approximately a mi l e from US 97. 

A Site Plot Map is shown in Fig. 6.1-1 . The spacings and relative placements of 

the three WTS's is such that they are approximately 5, 7 and 10 rotor diameters 

from each other for examination of wake effec t s . Table 6. 1-1 shows the distances 

between major site features and their altitudes above sea level. Entrance to the 

site is on the north side of the road 200 yds west of the visitors' center. 

The site office area and parking area, maintained by BEC, is located on the left 

side of the road 200 yds from the main entrance and OPPOSite the Goodnoe Hills 

SUbstation. All visitors are required to check in at the BEC office trailer 

where hard hats are available for site visits. A public information visitors 

center is located just off Highway 8, opposite WTS #1. 

6.2 Test Support 

Test support of the facility consists of the on-site capability to support the . . ~ 
operation and maintenance of the wind turbine cluster, the Goodnoe Hills 

substation, the meteorological tower measurements, and the safety and security 

of the facil i ty. 
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Table 6.1 - 1 

Distances between major site features at Goodnoe Hills 
(All Measurements in Feet) 

I Base Elev 
BPA PNL I Above 

UNIT #1 #2 #3 TWR #2 TWR #11 Sea Level 
I 

#1 2014 3046 2693 645 I 2622 
I 

#2 2014 1505 991 1726 I 2574 
I 

#3 3046 1505 523 2504 I 2568 
I 

BPA TWR 2693 991 523 2213 I 2577 

PNL TWR 

I 

I 
I 
I 
I 
I 
I 
I 

645 1726 

Prevailing wind 

~ 

I 
2504 2213 I 

I 

"Power line ." 
__ • I r-·-:-;;.-"'- 2,014 ft f:. e _ r"-. ... 

' / • f.- . --

2624 

33134 
I . 

/!1
-.-~~ 

L . " 'r~ \ Dirt track 
Unit 2 f-'--,' "-.. \road E 15S ~ 

I . / ' Unit 1 I \L I 

1,505ft 200ft \\, . r~\-l~125ft 

I ~i~fi~:ound" V • ~~~~w~~.~_ \ _ L'_-~' .~:D" 
I _\..- __ L.~_::-~ . PNL met tower no.1~. 75 ft J 
/
_-- -- .' \_.t-unlt3 Q46 ft I r \1 _i _______ 3, ~ 

" 

225ft '..~ ~ ag Id 
L __ ----~H~i9h~W~a~v~8~~~~~~=-- ~ 
L ~~~ 
,- visitors 

3 I center 
~3 
5/4 -- T 

- __ 4N 

R18E T3N --

Figure 6.1·1. Goodnoe Hills Site Location Plan 
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Research testing of the wind turbines will be controlled by BEC who will provide 

a qualified test operator to operate each required wind turbine in accordance 

with approved plans for test and procedures. Additional test crew will be 

available as agreed upon in the test plan. Normal maintenance and minor 

unscheduled maintenance will be performed by BPA who will utilize operational 

and maintenance procedures for troubleshooting and repair of a unit. Operational 

spares will be utilized, as required, for this activity. Major unscheduled 

maintenance will be the responsibility of BEC subject to NASAjLeRC approval and 

funding. 

During research testing, BEC will notify BPA or the appropriate dispatcher when 

synchron ization is about to occur and when the generator(s) are off-line. 

Normal test activities will not require any personnel or manned operation at the 

Goodnoe Hills Substation. For special tests that do require test personnel at 

the sub-station, BPA will provide those personnel. All maintenance activities at 

the substation will be performed by BPA and coordinated with the BEC Site . 

Manager when an interruption of utility power is necessary. 

A description of the BPA meteorological tower data system is found in Section 

6.3. No manned operations are needed for this system except for periodic 

retrieval of hard data and normal maintenance for which BPA are responsible. 

A description of the PNL meteorological tower data system is found in Sec. 6.3 . 

No manned operations are needed for this system except for normal maintenance, 

for which PNL are responsible. 

When the test configuration requires special permits or approvals, BPA shall 

secure all necessary leases, zoning changes, building permits, FAA recommenda

tions and other approvals required in time to meet the schedule for this project. 
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Any state and local environmental impact assessments, if required, shall be the 

responsibility of the BPA. The federal environmental assessment will be pro-

vided by the DOE. 

6.3 Data Systems 

The nature of the testing of the MOD-2 cluster will sometimes require simultan

eous recording of instrumentation on all three machines as well as met tower 

data. The MOO-2 intersite data system was designed, installed and checked out to 

accomplish this objective. The data collection center for this system ;s housed 

;n a 3 by 4.5 meter (10 by 15 foot) building adjacent to WTS 2. Operation of the 

data center was initiated in April, 1981, and the capability is provided to 

record and display data from the three wind turbines and the two met towers. In 

addition to recording analog tapes for data analysis, the data center also houses 

two computers for formatt i ng data to be sent to BPA and the Battelle Pacific 

Northwest Laboratory (PNL). Strip chart recorders, a line printer, and a CRT 

present real time data displays to enable test control. A patch panel is included 

to permit data access for organiza tions requesting test data. To facilitate post 

test processing, all of the data is recorded on a si ngle tape recorder with a 

common time base. Figure 6.3-1 is a block diagram of the inters ite data system. 

The actual data collected from the three wind turbines and the two met towers are 

described below. 

Engineering data is collected on each wind turbine using the Engineering 

Instrumentation System (EIS) designed and installed as part of the NASA data 

system used on all NASA large wind turbines. This system employs one FM 

multiplexer mounted on the rotating low speed shaft and one FM multiplexer 

mounted on the nacelle wall to multiplex a total of 64 channels at anyone 

time. A total of 80 transducers are available on each machine and up to 40 may 
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be selected for real time transmission to the data center from WTS #1 and WTS 

#3, and up to 64 from WTS #2. Tables 6.3-1, 6.3-2 and 6.3-3 list the 

measurements available on each WTS and the meteorological towers. During 

standard data col l ection (versus a' special test requiring a modified data mode), 

BPA receives 11 engineering measurements from each machine, and PNL receives 6. 

Table 6.3-4 shows the "Standard" set of data recorded by BEC, BPA and PNL. The 

data system at each WTS is capable of 40 hertz response. Figure 6.3-2 is a block 

diagram showing the Engineering Instrul~ntation System (EIS ) installed on each 

WTS. A data rack at the tower base can be confi gured to transmit up to 40 

. selected WTS measurement channels to the data center. The indicated "calibrate" 

function enables hi/low calibration (e.g., shunt calibration of strain gage 

channels) of all EIS channels from the tower base. 
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N 
.t:-

Data Center (Near WTS No,2) 

Data collection (Real time) I ~ Coaxial cable 
Collect up to 40 data channel$ from WTS no.l 

and WTSno.3 
Collect up to 64 data channels from WTS no.2 
Collect BPA, PNL met data (20 chI 
Provide analog measurements for BP A, PN L 

(11/WTS, 12.5 kV @ WTS no.2, 20 met tower) 

Data display (Real time) 
• Three strip chart recorders (8 ch each) 
• BPA strip chart recorder (8 chI 
• BPA line printer (All BPA data) 
• PNL CRT (16 ch-tabular) 

. Data recording 
• Record two MUX'x from each machine and 

one MUX of met tower data 

Data formatting for transmission 
• Via microwave to Portland area (BPA) 
• Via telephone (PNl and other users) 

Non-real time operations 
• Copy analog tape (for NASA, etc.) 
• Strip charts, CRT, line printer for playback 

of data from tape 

Special tests . 
• Collect any of the 261 site measurements 

(not simultaneously) 

' Fiber optic cable 

I 
WTSNo.3 

O&M (Operations and maintenance) at WTS no.3 
. ' Real time operations on strip chart recorder 

(Display 8 chI 

Data transmittal to data center 
• Transmit up to 40 data channels 

.... Fiber optic cable 
~ 

4 Fiber optic cable 

+ 
BPA Met Tower 

Collect meteorological data 
• Wind speed @ 50, 195 ft 
• Wind direction @ 50, 195 ft 
• Barometric pressure 
• Ice detection 
• Temperature 

Transmit data to data center 

Figure 6.3-1. Intersite Data System Block Diagram 

WTSNo.2 

Data transmittal to data center 
• Transmit up to 64 data channel5 

WTSNo.l 

O&M (Operations and maintenance) at WTS no.l 
• Real time operations on strip chart recorder 

(Display 8 chI 
Data transmittal to data center 

• Transmit up to 40 data channels 

Fiber 
optic 
cable 

• 
PNL Met Tower 

Collect meteorological data 
• Wind speed @ 33, 50, 200, 350 ft 
• Wind direction @ 33, 50, 200, 350 ft 
• Air flow @ 33, 350 ft 
• Air temperature @ 33 ft 
• Air delta temperature @ 33/350 ft 
• Barometric pressure 

Transmit data to data center 



Low speed 
shaft RMU 

= a. 0 
.S z 
S ~ s ~ 

", <\I Z 
C ... I-
~ X :9 a:: 

:;:) iii -> N :E u M 0 ... . ,. 
• , :"". _~M~U~X_d_a_ta __ ... ~~, " ••• , ..... ,.-. __ -. 

:. Calibrate ' oL 

44 Sensor : .. 110VAC,RTN,GNO', " I ,,~-
-i~n-pu-ts--~·" ~ ..... , ...... ,~ Low s~ f" 

: JB 11 

Rotating system 

shaft slip 
rings 

o z 
(!) 

z 

5 
~ 
a: . 
en 
c 

.~ 
a: 

. ~ G 3 ______________ ____ a:: ... ~ 

---------------> t! w 

.Nacelle system 

Nacelle 
RMU 

S? ~ X 

ltOVAC,RTN,GND --~ ;.. ~ i 

.... 110V,RTN,GND 

.... Calibrate 
MUX data 

32 Sensor inputs 

31 Sensor inputs 

" , 
Terminal 
box 

----------------

MUX data (Rotating) 

MUX data (Nacelle) 
__ Calibrate 

Tower sensors 

J. r ........ ~ 
Yaw slip . '. , 

• -rings , : 
" " , e' 

---------------------- - --- ---------------- ---------------
5 Sensor inputs --.. 

Calibrate 

JB 
To data center 

MUX data (Nacelle) 

MUX data (Rotating) 

Tower 

Figure 6.3-2. EIS (Engineering Instrumentation System) 
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t~et data are also transmitted from the two met towers to the data center. 

Transmission of all data from WTS #1 and WTS #3 to the data center is 

accomplished using fiber optics to preclude the possibility of electrical 

interference from the adjacent buried power output cables which are located a 

few inches from the FM (analog) data cables. 

6.4 Communications 

For research testing. communication wi l l usually use hand held UHF walkie-talkie 

radios. Normally during testing, a radio is located at each of the operating 

wind turb ines, one at the data center and one at the office trailer. Additional 

radios can be located at other special test facilities as required. A temporary 

installed intercom hard-wired system can be used for communication between several 

locations close to a particular facility. 

For field operation BPA has installed a Dial Automatic Telephone Switching (OATS) 

circuit to the site to provide party line service via the BPA rHcrowave Radio 

Communication System. Handsets are located at each wind turbine. the data 

center, the sub-station and the radio station. OATS provides telephone service 
J 

between the site and BPA Dittmer Control Center in Vancouver, Washington, and 

other parts of the BPA system. A commercial phone line is also available at 

each wind turbine, the sub-station and the office trailer. 
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7.0 TEST METHODS 

7.1 Test Planning 

Before developi ng a test plan, a study of available information from the 

MOD-2 cluster is recommended . Section 3.0 and 6.0 of this document 

provide data on the, MOO-2 sys tem, the ' meth od of normal operation and the 

facilities available at the Goodnoe Hills site. Section 5.0 provides 

information on the roles and responsibilities of the major participants 

in the Program. 

Other important data that provides guidance for test planning is the 

history of wind performance at the site. Figure 7.0-1 shows the 

expected monthly windspeed distribution at Goodnoe Hills for both cut-in 

wind speed (14 mp~) and above rated wind speed (27 mph). Wind 

directional f requency for the period 9/5/80 to 8/6/81 is shown in Fig. 

7.0-2 and daily variation of wind speed by hour averaged over the same 

period, is shown in Fig 7.0-3. 

Support information such as performance of the utility grid, simulation 

of the MOD-2 system results of similar tests on other wind turbine 

systems, etc, may be obtained through the appropriate members of the 

TPRB. 

It is important to note that budgeted costs for operation of the cluster 

can be minimized by tailoring the test to conform to ' "normal " operation 

at the si te as much as possible. This includes consideration of such 

factors. as: 

a) keep manned operations during an 8 hour shift/5 days per week . 
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b) test data acquisition satisfied by standard data set. 

c) WTS configuration unmodified. 

d) minimize data processing reque~ts, e.g., use BEC, BPA and PNL 

reports. 

7.1.1 Test Plan 

An important aspect of the management of this test project plan is 

effective planning, execution and reporting. Accordingly, test plans 

shall be written to define the work required to accomplish discrete 

tests (e.g., Performance, Environmental Impact), in support of a test 

acti vity. These test plans shall be generated by the designated test 

managers of the cognizant Lead Test Project Organi zations. The format 

of these respective test plans shall be as follows: 

Objective{s) 

o Defines briefly the overall goal (s) of the test activities as 

well as identifying an approach as to how the goal(s) will be 

attained through successful completion of individual tasks. 

Test Conditi ons 

o Lists for each test the parameters and range for which the 

test ~ardware is to be run. 

o Defines the environmental conditions to which the research 

package or subsystem is to be exposed during pre-test, test 

and post-test operations for each test point. 

Facility Requirements 

o Identifies and briefly describes the facility in which the 

test is to be conducted. 

o Identifies any test-unique interface problems. 
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Facility Requirements (Continued) 

o Describes and provides design criteria, sketches or other 

suitable information on any known modifications. 

o Identifies data acquisition system to be used. 

o De~cribes t~e test set-up, with suitable sketches, drawings, 

photos or other illustrati ons. 

o Defines each individual subsystem in test set-up and provides 

adequate design criteria where fabrications and installations 

are required. 

o Identif ies all known major pa r ts to be produced and 

installed for the test set-u p. 

Operational Impact 

o Li sts mea·surements to be made of wi nd turbi ne or speci al 

modifications/test set-up supporting test equipment by: 

measu rement (sensing element or sensor) 
location 
recording 
accuracy 
frequency response 

o Supplies detailed requirements for recording, handling, 

processing and reducing the data. 

Test Matrix 

o Presents a detailed schedule of: 

peri .odic meetings to review progress in carrying out 
Test Plan. 

design/fabrication/installation ·of test set-up 
minor modification of facility 
procurement of hardware 
installation of research package 
test-readiness review 
checkout runs 
test runs 
other 

Data Reduction and Analysis 

o Describe planned data analysis methods, statistical techniques 

o Describe expected output and results 
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Documentation 

o Specifies report requirements, including periodic reviews and 
progress reports on technical progress, costs and schedule. 

o Specifies distribution of Test Plan reports and other docu
ments. 

7.1.2 Test Procedures 

Test procedures will be prepared by the Test Facility Operations Contractor 

(BEC) based on the test plans identified in Vol. 11 of this document. These can 

use extracts from the MOD-2 Operation & Mai ntenance Handbook or provide step-by

step procedures for unique test activity . They will include definition of the 

configuration of the Wind Turbine System, the data system, the particular 

environmental conditions to be met, the prerequisites to be satisfied prior to 

conducting the test, the 'specific condition at which test data is taken, 

criteria for when it can be determined that test conduct is complete and 

instructions for where data are to be delivered. Particular emphasis will be 

placed in identifying potentially hazardous operations and conditions where 

safety requirements need to be noted. 

The test procedure will be reviewed and approved by the cognizant lead test pro-

ject organization pri or . to start of test to verify that the objectives of the 

test plan will be met. 

7. 1.3 Plan of Test 

A "Plan of Test" will be prepared by the Test Facil ity Operations Contractor 

(BEC) and will provide an abbreviated sequence of the tests to be run listing 

al l the test conditions (by paragraph number from the test procedure) to be 

accomplished. When several tests can be conducted concurrently, the "Plan of 
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Test" will provide the necessary integration planning of the testing sequence. 

Normally the "Plan of Test" will be one or two page plan prepared by the test 

conductor at the site and updated prior to each pre-test meeting. 

7.2 Test Conduct 

The test will be run in the most cost effective and expeditious manner possible 

with consideration for normal testing methods at the site and consistent with 

strict adherence to safety and security requirements . Figure 7.2-1 shows a 

typical test activity flow. The testing wi ll be directed by the cognizant Lead 

Test Project Organization and conducted by the Test Facility Operations 

Contractor (BEC) with support from appropriate organizati ons. All testing wi ll 

be performed to approved test procedures. 

Prior to the start of a major test phase. a test readiness review will be held 

to determine if all systems and participants are ready. and will include a 

detailed review of the test procedure. Following the completion of a major test 

phase, a post test rev i ew will be held to verify that the test requirements have 

been completed and that the appropriate data has been collected. 

Failures of operational equipment will be handled through normal channels unless 

specified otherwise in the Test Plan. Failures of non-WTS equipment (test 

unique) will be handled by the responsible organization for that equipment . 

A daily test operations report will be prepared by BEC to summarize the previous 

day's activities and provide test progress visibility. 
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7.3 Data Reduction & Analysis 

Data will be collected either at the site by the system described in Section 6.3 

or by special data acquisition systems provided 'by the Lead Test Project Organi

zation. 

Requests for data are handled by t he TPRB. Since many different organizations, 

both public and private, will be invol ved, no attempt has been made to develop 

specific data requests . However each test plan mu st contai n a minimum of infor

mation for configuri ng and operating the data system (see para. 7. 1). During 

' normal operations , the Goodnoe Hil l s cluster wi ll be operable continuousl y 

subject to wind availability, and data wi l l al way s be recorded on the 11 SPA 

(includes 6 PNL) WTS paramete rs l isted in Table 6.3-1 and -2, as well as the met 

tower data also listed in Table 6. 3-3. The data coll ected by P~L will be pub

lished monthly. The data collected by SPA is used for SPA reports. In general, 

data requirements for "standard data" (11 measurements on each machine plus met 

tower data) will be relatively easily satisfied. Even for standard data however, 

the data requester ru st normally budget for the cost of additional reports, ' data 

printouts, etc. Suggestions for minimizing the costs related to data requests , 

are discussed in para 7.1. 

7.4 Test Reporting 

Reporting of test acti,vi ties falls into two categories; one for general report

ing of normal activities at the site (e.g. wind condition, normal operation 

results of the wind turbines, etc.) and one for special test activities associa

ted with unique operations ' of the wind turbines (e . g. performance evaluation of 

the turbines under special configuration or operating conditions, wake effect 

tests etc.). All published reports are available to members of the TPRS and 

other appropriate organizations on request. In accordance with DO E Wi nd 

Energy Technology Div i sion policy, normal peer reviews will be accompl i shed 

on test reports prior to publication. 
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7.4.1 General Test Reporting 

BEC issues a weekly report summarizing the operation of the wind turbines at 

Goodnoe Hills (see Figures 7.4-1 and 7.4-2). This report uses a similar format 

to that reported for wind turbines at Clayton, New Mexico and Oahu, Hawaii. 

Battelle PNL issues a mon~hly report on the wind sensor performance at three (3) 

elevations (50,200 and 350 ft.) at Goodnoe Hills. This report includes the 

following information. 

(1) Monthly means and standard deviations 

(2) Maximum wind speed 

(3) Wind speed and direction vs . time of day 

(4) Frequency distribution of wind speed 

(5) Wind speed persistence frequency 

Site logs and activity reports are also kept but not normally published. 

Upon request from the LeRC, BPA shall make available certain data on the opera-

tions and costs and on experiences with the wind turbines operating in the 

ut i l i ty system. Th is may at times be in the form of oral presentations and/or 

wri tten papers. 

Papers presented at energy or industry organization conferences will be encour-

aged; however , Lead Test Project Organizations shall coordinate any reports or 

papers relative to the wind turbines with the LeRC Wind Energy Project Office. 

7.4.2 Special Test Reports 

The tests planned under this program plan will be reported by the Lead Test 

Project organization as identified in this plan. When appropriate, interim 

reports will be issued by the Lead Test Project Organization indicating the 
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Figure 7.4-1. WetHcly Operations Report Fonn 
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progress of the test to date and the results obtained. Final reports will be 

released through the TPRB . 

7.5 Safety and Security 

Normal site safety and security will be provi ded by BEC as identified in MOD-2 

Safety Plan for Site Installation and Test Activities (Boeing Document 

0277-10201-1). The Site Safety Engineer (BEC) and BPA will review any planned 

potentially hazardous operations to ensure the procedu res provide for adequate 

safety to personnel and equipment. BPA faci l ities are subject to BPA safety 

rules and regulations. Safety and first aid equi pment is available at the site 

and is maintained by BEC. During test operations access to the site and indi

vidual wind turbines will be author ized and controlled by BEC. 

8.0 TEST PLAN SUMMARY· 

Detailed Research Test Plans for the MOD-2 Cluster Research Test Program are to 

be found in Vol. II of this document. Table 8.0-1 below is a summary of the 

primary objectives of the presently planned tests and the Lead Test Project 

Organizati on involved. The following paragraphs provide additional information 

I on each of the planned tests. 
I 
I a} Performance Testing (para. 8.1) 
I b) System Verification and Improvement (para. 8. 2) 
I c) Envi ronmenta 1 Impact (pa ra. 8.3) 

d) Power Transmission and Distribution (para. 8.4) 
e) Machine Dynamics and Structural Analysis (para. 8. 5) 
f) Meteorological Data (para. 8.6) 
g) Wake Effects (para. 8.7) 
h) Cluster Array Analysis (Para . 8.8) 
i) Array Maintenance Evaluation (Para. 8.9) 
j) Advanced Concepts Verifications (para. 8.10) 

This is available as preliminary information only and this section will only be 

updated when warranted by other changes to this document; for current planning, 

see Vol. II. 
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TABLE 8.0-1 
Summary of Primary Test Objectives 
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Test Title 

Baseline System Performance 
Test (BEC) 

High Wind Cut-out Speed 
Test (BEC) 

Power Output Limit Test 
(BEC) 

Low Wi nd Start-up Shu t down 
(BEC) 

Pitch Setting Refinement 

(BEC) 

Primary Objective 

To evaluate the performance achieved (or 
ach ieveahle) by the baseline configurat ion. 
This will be measured in terms of power 
output as a function of wind speed and the 
energy produced as a fraction of the energy 
available in the actual wind environments 
experienced. 

To determine the maximum wind speed at 
which the r~OD-2 may be operated, and what 
modifications are required to permit the 
MOD-2 to operate at wind speeds above 45 
mph when the wind spectrum includes 
significant time in the above 45 mph wind 
speed regime. 

. . 
(1) Evaluate capability of rotor and drive 

shafts to operate at higher torque. 

(2) Establish limiting values of torque. 

(3) Develop a recommended control concept 
to operate at the optimum power output 
1 imi t. 

(1) Reduce number of start/stop cycles. 

(2) Increase annual net energy production. 

(1) Adjust the start-up algorithms to 
assure maximum acceleration through 
10 rpm. 

(2) Evaluate algorithm changes to minimize 
the time to synchronization. 

(3) Adjust pitch settings at below rated 
power to optimize power output. 
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Test Title 

.Yaw Control Refinement 
(BEC) 

Wake Structure Measurements 
(PNL) 

Wake Effects Performance 
(PNL) 

Acoustic Emission of a 
Single MOD-2 Wind Turbine 
(SERI) 

Acoustic Emissions of 
Multiple MOD-2 Wind Turbines 
(SERI) 

Table 8.0-1 (Continued) 

Primary Objective 

(1) Reduce yaw angle excursions 
(2) Reduce time spent at excessive yaw 

angles. 
(3) Reduce the magnitude and frequency 

of cyclic l oading associated with 
excessive yaw angles 

(4) Reduce number of shutdowns from 
excessive yaw angles 

(5) Establish optimum sys t em with con
sideration of the duty cycle of the 
yaw drive system 

To measure and visually document the 
structure of the MOD-2 wake as a funct i on 
of position in the time-average wake under 
a broad class of ambient atmospheric 
conditions. 

To determine the extent of wake effects on 
the performance of a downwind wind turbine 
at separations of 5, 7 and 10 rotor dia
meter and at a variety of ambient at
mospheric condi tions. 

To document the characteristics of the 
acoustic noise produced by the isolated 
rotor of a single MOD-2 turbine under a 
range of operating conditions; i.e., wind 
speeds (cut-in to cut-out) and inflow 
turbulence regimes, and to compare the 
results with simila r measurements taken 
near other turbine designs as well as 
previous surveys of the MOD-2. 

The documentation of the acoustic noise 
produced by downwind elements of a cluster 
of three MOD-2. wind turbines at three 
separate spacings for comparison with the 
emissions associated with a single turbine 
operating alone . 
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Table 8.0-1 (Continued) 

Test Title 

Tel evision Interference 
Tests (SERI) 

Voltage Regulations on the 
69KV Feeder Line with Single 
and Multi Wind Turbine Systems 
(BPA) 

Validation of WTS Simulation 
. Model (BPA) 

Wind Turbine Generator Power 
Variation Analysis (BPA) 

Primary Objective 

(1) To determine the electrical scattering 
area of the MOD-2 turbine blade in order to 
validate the University of Michigan scatter
ing model for this machine. 

(2) To determine the areal extent of the 
forward and back scattering regions for a 
single MOD -2 turbine and compare these 
measurements with the predictions of the 
University of Michigan Model. 

(3) To examine any effects of multiple 
scattering due to the operation of a cluster 
of large wind turbines. 

To obtain data and analyze the electrical 
impacts to the utilities' distribution sys
tem and quality of power delivered to the 
utilities' customers with the WTS voltage 
regulator operating in both the constant 
factor mode and constant terminal voltage 
mode. 

(1) Validate the various models used to 
simulate the MOD-2 WTS. 

(2) Verify the operation and response of 
the WTS's to disturbances impacting the 
electrical power system. 

(1) Determine the reliability and statis
tical characteristics of electrical power 
derived from wind resources. 

(2) Derive data from which the influence of 
wind generator placement, upon overall power 
production, can be determined. 

(3) Assess the likelihood of adverse inter
actions between the power system and the 
wind generation facility. 

(4) Provide selected data base for use in 
evaluating future wind farm deployments. 
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8.1 Performance Test Pl an 

8.1.1 Basel i ne System Performance Measurement 

OBJECTIVE: The pr imary" goal of this Baseline System Performance 

test is to ev al uate the performance achieved (or achievable) by 

the ' baseline configurati on . This will be measured in terms of 

power output as a function of wind speed and the energy pro

duced as a fracti on of the energy availabl e in the actual wind 

envi ronmen t s experienced. 

A secondary ob j ec t i ve is to evaluate and compare the calcula

ted performance (kW) versus wind speed against the actual per

formance ach ieved at each wind speed . 

APPROACH: The basis for evaluating wind speed is the anemometer data 

from each of thePNL and BPA meteorological towers. The PNL 

meteoro logical data from the three elevations will be averaged 

for two minute periods to provide the baseline wind speed and 

direction assumed to exist in the rotor' disk plane. These da ta 

wi ll be processed into periodic (daily, weekly, or monthly) 

wind frequency distributions. Temperature and barometric 

pressure recorded from the meteorological towers wi ll be used t o 

correct the atmospheric density. These da t a will then be 

combi ned by (1/2pv3}x( disk area) to obtain the t otal wind 

energy available (KWH/period) as well as the relationship 

between Cp versus tip speed. The actual performance of 

the wind turbine power output as measured by the watt-

mete r and recorded on magnetic tape will be correlated 

with the wind power available and expressed as a measure 

of efficiency. 
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Actual measured KWH correlation will be adjusted to account 

for those periods in which the wind turbine is in lockout mode 

for maintenance or other test reasons. 

TEST MATRIX: The evaluation of baseline system performance is essen-

tially a continuous test. The meteorological data will be re

corded on a continual basis with the data processed and pub

lished monthly. The power and energy output of each turbine 

is recorded for all the operating periods. Selective periods 

encompassing various operating wind speeds will be planned in 

which continuous data sampling and one minute averages will be 

processed. 

8.1.2 High Wind Cutout Speed Tests 

The baseline MOO-2 is designed to shutdown when the wind 

speed at hub height exceeds 45 mph. The collective pitch angle 

that corresponds to this 45 mph cutout point was determined by 

design analysis to be 13 degrees. Actual high wind sensing and 

shutdown control is accomplished by monitoring the average 

collective pitch (51 second running average) and initiating 

shutdown when this averaged value exceeds 13 degrees. At some 

wind sites, a significant increase in annual energy would be 

achieved by permitting wind turbine operation at higher wind 

speeds. 

Operation at off-wind yaw angles in the high wind speed 

regimes results in increased rotor teetering motions and 
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associated higher cyclic loads. At various combinations of 

wind speed and yaw angle, rotor teeter excursions may be 

sufficient to cau,se impacting , of the teeter stops. 

OBJECTIVE: To evaluate system performance at the high end of the 

design ~ind spectrum and examine the effects of increasing 

the high wind cutout threshold above 45 mph. 

Sub-Level Objectives are: 

1) To obtain correlation of high wind shutdown point with 

actual windspeed. 

2) Measure critical rotor loads at maximum negative Cp during 

high wind shutdowns. 

3) Evaluate performance of startup algorithms at wind speeds 

above 45 mph. 

4) Evaluate pitch control outer loop stability at wind speeds 

above 45 mph. 

5) Evaluate pitch control inner loop performance in the 15° 

to 25° blade angle regime at wind speeds above 45 mph. 

6) Evaluate the need for an instantaneous high wind cutout 

threshold (maximum allowable instantaneous blade angle) in 

addition to the existing 51 second averaging method. 

7) Evaluate teeter angles (excursions as a function of wind 

speed and yaw angles). 

8) Evaluate system peak and cyclic loads as a function of 

wind speed and yaw angles. 

9} Evaluate yaw algorithm efficiency in high wind regime. 

10} Evaluate ability of yaw drive system to provide control 

at wind speeds above 45 mph. 
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APPROACH : This testing will require operating winds in 'a range 

starting at above-rated operati ng mode (28 mph) and extending 

well above 45 mph, as measured at WTS hub height. 

No modifications will be implemented during initial operation-

al evaluation of teeter angles, teeter stop contacts, 

structural loads, and yaw angles. Initial operational evalua-

tion will require no special equipment and will employ the 

basic configuration existent at WTS acceptance. This baseline 

control system has the fol l owing characteristics: 

1) Shutdown when blade tip angle average over 1 minute ex

ceeds 13 degrees (45 mph wind). 

2) Yaw correction at 1/4°/sec when averaged yaw error exceeds 

± 7 degrees for 5 minutes, or when averaged yaw error 

exceeds ± 20 degrees for 30 seconds. 

3) Shutdown when averaged yaw error exceeds 20 degrees for 

2 m; nutes. 

It is expected that the initial evaluation will indicate 

desired test-only configuration changes to control system 

software/firmware for further test and evaluation. Baseline 

data will be analyzed for conformance to predicted loads, 

stress levels and margins of safety. These analyses will 

indicate any requirements for basic control system changes and 

will also indicate the potential for operating at higher wind 

speeds. 
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These changes may involve refinements/variations to pitch and 

yaw control algorithms, and adjustments to operational limits 

to permi t testing at wind speeds above 45 mph. Operational 

wind speed limits wil l be increased incrementally during test 

up to a potential high wind cutout point of 60 mph. 

After concluding the test and evaluation iterations , the 

following types of software and/or hardware changes may be 

considered for formal implementatio~: 

1) Change software/firmware to recognize proper pitch angle 

for shutdown at desired high wind cut-out speed . 

2) Change operating pitch control al gorithm. 

3) Change operating yaw control algorithm. 

4) Change shutdown algorithm for excessive yaw . 

5) Increase yaw drive motor power. 

TEST MATRIX: Testing should commence at the earliest time when sus

tained high winds are projected to be available. Preliminary 

defin i tions of software test patches will be available 30 days 

after test plan approval and will be updated/refined in con-

sonance with actual testing. 

8.1.3 Power Output Limit Test 

The MOO-2 gearbox was designed and tested at a torque loading 

and rpm equivalent to 3750 kW. The MOO-2 generator is rated at 

3125KVA at 7,000 ft. altitude. It therefore has capability for 

a power output of 3125 kW if operated at a power factor of 
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unity. At lower altitude, the generator is capable of addi-

tional power output.The limiting power output of the generator 

is, in general, a function of internal temperature due to 

losses. It may be desirble to implement wind turbine power 

output control based on measured generator temperature. 

The factors that limit the power output of the MOD-2, as 

presently configured, are the structural capabilities of the 

rotor and drive shafts, and the maximum allowable operating 

temperature within the generator. 

OBJECTIVE: To explore the potential for increasing the maximum power 

output capability above the current rating of 2,500 kW. This 

enta i1 s: 

1) Evaluating the capability of the rotor and drive shafts to 

operate at higher torque. 

2) Establishing limiting values of torque. 

3) Examining the temperature characteristics of the generator 

as a function of power output and ambient environment. 

4) Developing a recommended control concept to permit opera

tion at the optimum power output limit. 

APPROACH: This testing will require that significant operating 

time be achieved with winds above 28 mph to operate at rated 

power. 

Initial evaluation will be conducted at rated power of 2500 

kW. Following initial evaluation, the operational limits will 

be incrementally increased, with on-line analyses being 
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conducted to establish safe limits for the next incremental 

change. 

The initial configuration is the same as during acceptance. 

Power output is controlled at 2500 kW. The generator is 

controlled by a power factor controller set at unity power 

factor. 

Initial operational evaluation will require no special equipment 

or modification to evaluate blade and drive shaft loads and 

stresses. Strain gauge data, wind speed and directional data 

will be analyzed to show structural loads correlation with 

stresses and margins of safety. It is expected that the initial 

evaluation will indicate desired test-only configuration 

changes to software/firmware and possibly hardware for continued 

test and evaluation. 

If the initial evaluation shows that adequate structural 

margins exists, then software/firmware ' modifications will be 

implemented to operate and test incrementally at higher values 

of power output. This will also require adjustment of the AC 

overcurrent relay in the failsafe system. 

Assuming suitable structural margins are found to exist, it 

may be desirable to propose a control system which utilizes 

generator winding temperature for limiting control of power 

output. 
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TEST MATRIX: Testing should commence during a period of projected 

steady hi gh wi nds.. 

8.1.4 Low Wind Startup/Shutdown 

The baseline configuration initi ates shutdown when the 

power output averaged over 51.2 seconds is less than 125 kW. 

Considerable operating time i s lost during startup during 

these low wind conditions . It is anticipated that many start/ 

stops would be eliminated and that additional annual energy 

could be achieved by allowing some motoring at wind speeds 

down to approximately 11 mph. 

OBJECTIVE: To evaluate performance and system efficiency at low wind 

speeds. Specific objectives include examining frequency and 

duration of startup/shutdown cycling and establishing control 

settings that optimize system performance versus system relia-

bil i ty. 

APPROACH: This testing will require a significant time of operating in 

winds · in the region of 8 to 15 mph. During initial testing, 

the control algorithms will remain unchanged. Following evalua

tion, the software/firmware may be modified to allow motoring. 

Configuration is the same as during acceptance. This 

baseline control system has applicable characteristics of: 

(1) Shutdown at low wind (approx. 11mph) when a power output 

is less than 125 kW averaged over 51.2 seconds. 
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( 2) Startup is initiated when accumulated nacelle wind sen

sor data samples (each sample averaged over 12.8 second 

period) meet the following criteria: I(sample-13) >48, 

with the summation value reset to zero anytime (sample-

13) < zero. 

No IOOdHications will be impl emented during initial evalua

tion of start/stop cycles. Following baseline evaluation, 

the software/firmware wil l be modified to allow various 

levels and time increments of monitoring low power operation. 

Initial operational evaluation will require no special equip

ment. Test-only confi gurati on changes to software/fi rmware 

will be implemented to allow motoring or in other ways im

prove the start-up sequence. 

TEST MATRIX: Analysis of the operational data wi l l identify the 

number of stops at marginally low wind speeds which could be 

avoided by motoring. The effect of reducing the number of 

. sta~t/stop cycles on fatigue life will be determined. The 

time from shutdown to resynchronization and the new energy to 

be gained by motoring will be calculated. Necessary modifica

tions to the test unit will be made to allow motoring. Actual 

performance will then be compared to the control unit. 

8.1.5 Pitch Setting Refinement 

Below rated power, the control system operates at two values 

of fixed pitch with rate damping. The values selected may not 

be optimum. Revised and/or additional settings may optimize 

power output at below rated power. 
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During start-up the pitch settings have been programmed as a 

function of wind speed and rpm to provide maximum accelera

tion to 10 rpm. Above 10 rpm the pitch settings are 

controlled as a function of rotor speed ramp until 

synchronization is achieved at 17.5 rpm. 

OBJECT! VES: 

(1) Evaluate the start-up algorithms to determine control 

settings that maximize acceleration through 10 rpm. 

(2) Evaluate algorithm changes to minimize the time to 

synchronization. 

(3) Evaluate pitch settings at below rated power to optimize 

power output. 

APPROACH: This testing will require a significant time of opera-

tions in winds below 28 mph with power outputs over the range 

of 125 kW to 2500 kW. Several values of pitch settings for 

below rated power will be implemented. 

Configuration will be the same as at acceptance. This 

baseline control system has characteristics of: 

(1) Initiate start-up with pitch to appropriate breakaway 

angle for existing wind speed. 

(2) Pitch settings controlled as a function of rpm and 

startup wind speed until achieving 5 rpm. 
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(3) Above 5 rpm the control algorithm uses a look-up table 

of blade angle for maximum rpm acceleration as a func-

tion of startup wind speed and rpm until achieving 10 

rpm. 

(4) Between 10 rpm and 17 .4 rpm, the control algorithm uses 

a second lookup table to accomplish a smooth transition 

from maximum acceleration to zero acceleration, again as 

a function of rpm and startup wind speed. 

(5) Above 17.4 rpm the control algorithms utilize hub rate 

error (17.5 minus rpm) and integral hub rate error to 

achieve synchronization. 

(6) During operation at below rated power, the control system 

operates at two fixed values of pi tch. For increasing 

winds, the blade pitch is +5 degrees until changeover to 

+3 degrees at 1100 kW. For decreasing wi nds, the pitch is 

+3 degrees until changeover to +5 degrees at 900 kW. 

(7) Above rated power, the pitch settings continuously vary 

to maintain constant power output in the presence of 

variable winds 

TEST MATRIX: Initial analysis will be made to assure that startup 

algorithms are appropriate to achieve startup without false 

starts, Changes will be recommended if appropriate. Analysis 

of operational data will compare power output as a function 

of the various pitch settings . Optimum values will be 

established. 
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Initial evaluation of startup and below rated power operation 

will be conducted prior to any modifications. If found 

necessary, the startup algorithms and look-up table values 

will be adjusted~ 

Following initial evaluation, the software/firmware will be 

incrementally modified to improve power output at below rated 

power. Consequently this area will require test-only software/ 

firmware. 

8.1.6 Yaw Control Refinement 

The yaw control is based on time averaging of yaw values as 

determined by the nacelle wind sensors. Any refinements in 

control algorithms which will reduce the time spent at yaw 

angles will improve power output by the third power of the 

cosine of the yaw angle. 

OBJECTIVES: The primary objective is to increase the annual energy 

. captured. 

Sublevel objectives are: 

(1) ·Evaluate yaw angle excursions 

(2) Study time spent at various angles of yaw 

(3) Explore means of reducing the magnitude and frequency of 

cyclic loading associated with excessive yaw angles. 

(4) Reduce number of shutdowns from excessive yaw angles 

(5) Establish optimum system with consideration of the duty 

cycle of the yaw drive system. 
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APPROACH: This testing will require significant time of operation 

under all operating wind conditions with emphasis on low wind 

startups. Initial evaluation will require no special 

equipment. Test only configuration changes to 

software/f~rmware will be implemented to improve the yaw 

algorithm. 

Configurat i on will be as at acceptance. This baseline control 

system has characteristics of: 

(1) During startup, the yaw pumps are turned on and yaw 

correction initiated after the wind speed averaging al-

gorithm determines the winds are correct for operation. 

(2) The yaw rate is 1/4 degree per second. 

(3) Startup will not occur unless the yaw error is reduced to 

less than 20 degrees within 2 minutes. 

(4) During operation, the control algori thm initiates yaw 

correction if the yaw error exceeds 7 degrees for a 

period of 5 min. Yaw correction is also initiated if the 

yaw error exceeds 20 degrees for 30 seconds. 

Shutdown is initiated if the yaw angle exceeds 20 degrees 

for more than 2 minutes. 

TEST MATRIX: Following baseline evaluation, the software/firmware' 

will be modified (possibly several increments) with periods of 

operational evaluation between increments of change. 

Analysis of data will identify: 

(1) Time lost during startups due to yaw 

(2) Number of stops due to excessive yaw 

(3) Yaw drive duty cycles 

(4) Energy losses due to off-wind operation 
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Calculations will assess the improvement potential for changes to 

the yaw control algorithm. After modification of one test unit, the 

operational efficiency improvement can be assessed against the other 

two unmodified units. 

8.2 System Verification and Improvement Test Plan 

Individual test plans for this section will be prepared and sub

mitted at a later date. Tentative candidate tasks for this section 

are listed below. Additional candidates may be identified as the 

test and evaluation program progresses. 

8.2.1 System Response Evaluation 

8.2.2 Maintenance Evaluation 

8.2.3 Teeter Brake Release Variation 

8.2.4 Yaw Hydraulic Evaluation 

8.2.5 Emergency Shutdown Study 

8.2.6 Generation Excitation Control 

8.2.7 System Simpl i,fication Evaluation 

8.2.8 Power Control Function 

8.2.9 Wind Sensor Improvement Study 

8.2.10 Gearbox Oil Cooling Evaluation 

8. 2. 11 One-Tip Shutdown Evaluation 
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8.3 Environmental Impact of MOO-2 Turbines 

8.3.1 Acousti c Emissions Associated with the Operation of a Single 

MOO-2 Wind Turbine . 

An on-going study of acoustic noise from large wind turbines by 

SERI has shown the community annoyance associated with turbine 

operations has been related to the degree of phase coherence in 

the emitted acoustic pressure spectrum, particularly at low and 

sub au dible frequencies where harmon ic coupling to nearby resi

dential structures can occur. Figure 8.3-1 summarizes a typical 

acoustical spectrum associated with a large wind turbine and 

indicates the characteristics and f requency ranges of the domi

nant noi~e sources. The ultimate cause of the hi gh levels of 

acoustic energy in the sub audible and low frequency range 

(5-100 Hz) and in the so-called "spectral hump" (800-1200 Hz) is 

the non-uniform loading of the turbine rotor brought about by 

natural inflow turbulence and turbulence generated by the support 

structure itself and rotor wakes from upstream machines. It is 

expected that the dominant unsteady sources for the MOO-2 will be 

the turbulent structure of the natural flow (which is probably 

site dependent to a great extent) and from .rotor wakes of 

upstream installations. Previous measurements of the MOD-2 noise 

have shown no great tendency for impu·lsive behavior similar to 

that found with the MOO-1, but high levels of audible energy were 

found (800-1200 Hz) which can be heard for distances up to 

several thousand feet downwind. All previous surveys have been 

. conducted during daylight hours, whereas surveys of other · 
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machines have indicated an increase in the noise level in the 

hours immediately after local sunset and again after sunrise. 

Experience gained in the acoust ic surveying of other turbines has 

shown the turbulence structure being ingested into the rotor disk 

is a major factor in determining the observed sound levels and 

the level of coherent or partially coherent noise in the impor

tant 5-100 Hz band (structural resonance range) and may also play 

an important role in the level s of high frequency noise 

(800-1200 Hz) observed. Wind tunnel and full-scale atmospheric 

tests have shown turbulence length scales are quite important 

in affecting the acoustic levels with scal es the order of the 

mean blade ·chord being the most influential. Thus, in assessing 

the acoustic performance of a given wind turbine design, it is 

necessary to measure the emissions under a range of atmospheric 

conditions in which widely varying turbulent flow structures 

can be expected to exist. 

OBJECTIVE: To document the characteristics of the acoustic noise pro

duced by the isolated rotor of a single MOD-2 turbine under a 

range of operating conditions; i.e., wind speeds (cut-in to cut

out) and inflow turbulence regimes, and to compare the results 

with similar measurement s taken near other turbine designs as 

well as previous background surveys of t he Mod-2. 
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APPROACH: The objectives will be accomplished through the use of very 

wide band acoustic recording equipment located at ground level 

and at hub height through the use of a tethered balloon and wide 

band FM telemetry. Pairs of microphones will be employed on the 

ground to allow coherent detection of the turbine acoustic signal 

in the presence of wind-induced background noise. To assess the 

location of the noise source responsible for the higher frequency 

sounds, a microphone will be mounted at approximately the 80-100 

ft. level above the ground on one or more of the support towers. 

To determine the characteristics of the inflow turbulence on the 

observed acoustic levels, a hot-film, constant-temperature 

anemometer. will be alternated with the balloon-borne mi crophone. 

Simultaneous recording of the inflow turbulence spectrum and the 

resulting acoustical spectrum then can then be achieved by using 

multi-channel, FM magnetic recording. In support of the acoustic 

and turbulence measure-ments, it will be necessary to parallel 

record a number of dc signals representing machine operating 

parameters such as blade angle, generator power output, rotor 

position~ and yaw angle. Meteorological support from the two 

existing towers will also be required as detailed below. 

Permission to mount a rugged, wide-band velocity sensor at a 

height equivalent to the 80% span position on a blade while in 

. the vertical pOSition will also be requested. 

It is desired to acquire acoustic and turbulence data over a 

range of operating conditions including windspeeds from cut-in to 
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cut-out and under various states of natural, turbulent inflow. 

The thermodynamic stability of the layer of air within the rotor 

disk has a major influence on the characteristics of the turbu

lence found. It is proposed to collect as much data as possible 

in the three normally found turbulence regimes; i.e., unstable, 

stable-turbulent, and stable-laminar, with the greatest emphasis 

on the stable-turbulent regime since it is in this situation the 

most discrete turbulence structure is found. 

TEST MATRIX: It is proposed to use ei ther WTS #1 or ·WTS #2 for the 

single machine evaluations. These machines allow the greatest 

degree of flexibility for both the tethered balloon upstream and 

the array of microphones on the downwind side. Operations will 

begin at approximately 1600 hrs. local t i me and continue until 

approximately 0100 hrs. in order to track the development of the 

surface layer as it transitions from the daytime convective 

layer to the nocturnal. Three periods of turbine shutdown of a 

15 minute duration will be required during the data collection 

period to establish local acoustical background levels. No 

special activities in the actual operation of the turbine are 

required; i.e., fixed power levels, fixed blade angle, etc. The 

weather must be dry, the instrumentation cannot be satisfactorily 

operated in precipitation. Similarly, the unpaved surface 

conditions must also be dry and able to withstand the weight of 

vehicles without seriously breaking the surface. The remaining 

turbines are not to be operating during this time. 
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The balloon-borne platform will be operated no closer than 1-1/2 

rotor diameters (450 ft.) ahead of the turbine and in flight 

level winds not above about 12 m/s (25 mph) depending on turbu-

lence levels. Microphones will be placed at a number of selected 

distances . from the tower base on azimuths dependent on the wind 

direction and rotor orientation a combination of cables and FM 

telemetry links will be used to transfer this information to the 

survey van for recording . 

8.3.2 Acoustic Emissions Associated with the Operation of Multiple 

MOO-2 Wind Turbines 

OBJECTIVE: The .documentation of the acoustic noise radiated by downwind 

elements of a cluster of three MOD-2 wind turbines at three 

separate spacings and compared with the emissions associated with 

a single turbine operating alone (see Section 8.3.1). 

APPROACH: As explained in Section 8.3.1, the levels of coherent and 

partially coherent acoustic radiation will be monitored and 

compared with single turbine operation under a range of 

atmospheric operating conditions . The technique will be to cycle 

the upwind turbine on/off at regular intervals (on 60 minutes, 

off 15 minutes) and compare the resulting acoustic emission 

spectra and pressure-time signatures; The three spacings (5, 7, . 

and 10 rotor diameters) will be used under a range of atmospheric 

conditions including both stable and unstable flows. A tethered 

balloon-borne microphone or hot film anemometer will be flown no 

69 

L ______ ________ . __ 
---------------------~-



closer than 1 1/2 rotor diameters upstream of the downwind 

turbine to further assess the levels of unsteady loading through 

acoustic means and to determine the characteristics of the 

turbulent structure ente r i ng the turbine rotor disk. 

TEST MATRIX: The choice of which pair of turbines will be used will be a 

function of the mean wind direction. WTS #3 (upwind) and WTS #2 

(downwind) will be used when the mean wind direction is 220°; 

WTS #2 and #3 when the directi on is 253° ; and WTS #3 and #1 when 

the direction is 280°. These correspond to the. 5, 10, and 7 dia-

meter spacings respectively . Surface acoustic measurements will 

only be taken at the 1 1/2 rotor diameter distance along the 

turbine axis and in the rotor plane. The operating period will 

be the same as for the single turbine experiment; i.e., approxi-

mately 1600-0100 hours local time. 

8.3.3 Television Interference Tests 

OBJECTIVES: 

(1) To determine the electrical scattering area of the MOD-2 

turbine blade in order to validate the University of 

Michigan scattering model for this machine 

(2) To determine the areal extent of the forward and back 

scattering regions for a single MOD-2 turbine and compare 

these measurements with the predictions of the University 

of Michigan Model 

(3) To examine any effects of multiple scattering due to the 

operation of a cluster of large wind turbines. 
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APPROACH: To perform both static and dynamic tests to determine the 

ambient signal levels and effects of turbine operation respect-

ively on received television signals in various locations 

surrounding the Goodnoe Hills Site. Ambient signal strengths will 

also be measured at the top and base of each of the three tur-

bines with the turb.ines stationary. The effects of any multiple 

scattering will be evaluated from at least two remote sites: one 

in the forward and one in the backward scattering regions. 

Television signals from the Portl and stations will be used as 

excitation sources for the experiments .. 

TEST MATRIX: It will be necessary to have all three turbines shut down 

during the measurements of ambient field strengths at the base 

and at the nacelle heights as well as during certain periods when 

remote data is to be taken. All measurments can be taken during 

normal working hours, no special atmospheric conditions are 

needed. For the dynamic tests, a wind sufficient to enable the 

rotors to turn is all that is necessary. 

Static Tests: Tests will be conducted at particular remote sites 

and using one ~pecific turbine with the others kept stationary 

with their blades locked in a specific position and oriented 

towards a suitable direction. With the receiving antenna main-

beam directed towards the turbine under test and then at the 

desired TV transmitter, the received signal ·vs. time will be 

obtained under the following conditions: (a) the turbine blade 

locked in a vertical position and the nacelle yawed through a 
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complete circle (360°), and (b) the turbine blade locked in a 

horizontal position and the machine yawed through 360°. 

Dynamic Tests: At each remote site, the following sets of data 

will be collected on all avail able TV channels: (a) received 

signal vs. antenna pOinting directi on; (b) received signal vs. 

time with the antenna pointed at a specific tu rbine; and (c) the 

received signal vs. time with the antenna pointed at the TV 

transmitter. These data will be obtained under the foll owing 

conditions using the given sequence of operating turbines: (a) 

Turbines #1, #2 and #3 stationary; (b) Turbines #1 and #2 oper

ating, #3 stationary, and (c) all three tu rbines operating. The 

sequence of operation may be altered if necessary. 
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8.4 Power Transmission and Distribution : Te~tPlan 

8.4.1 Voltage Regulations.on the 69-kV Feeder Line with Single and 

Multiwind Turbine Systems 

The generator voltage regulator of the MOD-2 Wind Turbine System 

will initially b~ operated at unity power factor for all genera

tor loads. The generator voltage regulator can also be operated 

for constant voltage at the generator terminals. Voltage and 

other electrical data will be obtained to determine if excessive 

voltage variation becomes a problem to customers on the 69 kV line 

when the MOD-2 WTS are operating. 

OBJECTIVES: The objective is to obtain data and analyze the electrical 

impacts to the utilities' distributi on system and quality of 

power delivered to the utilities' customers with the WTS voltage 

regulator operated in both the constant power factor mode and the 

constant terminal voltage mode. 

APPROACH: Oscillograms of 3-phase currents and voltages have been ob

tained at Goodnoe Hills SUbstation during the initial synchroni

zation of each MOD-2 WTS. Both 69 kV and 12.5 kV bus voltages are 

continuously monitored at all times. The voltage chart records 

will record any changes to the bus voltages when tHe MOD-2 are 

synchronized and operating. 

Data will be obtained initially with one, two, and three WTS's 

under constant power factor control. Data will also be obtained 

with the generator voltage regulators connected for constant 

generator terminal voltage control. 
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TEST MATRIX: Baseline data will be obtained of voltages without the 

WTS synchronized and operat ing on the power system. The data 

obtained with the WTS in . operation w~ll be analyzed to evaluate 

any impacts and the quality of wind genera t ed power in both the 

voltage regulator modes . 

8.4.2 Validation of WTS Simulation Model 

The response of si ngl e and multi -machi ne WTS instal lations t o operating 

disturbances wi ll be used to val idate the simulation models and verify 

dynamic electrical system performance. 

OBJECTIVES: The ob j ectives of these fiel d t ests are to: 

1. Validate the vari ous models used t o simulate the MOO-2 WTS. 

The simulation models used in the stability studies prepared 

for DOE and NASA-Lewis Research Center include the following: 

A. MOD-2 Wi nd Turbine Farm Stability Study by E.N.Hinrichen 

and P. J. Nol an of Power Technologi es, Inc., June 1980 . 

DOE/NASA 0134-1 NASA CR-1651562. 

2. Verify the ope rat i on and response of the WTS's to 

disturbances impacting the electrical power system. 

APPROACH: The confi gurati on for these tests wi 11 be wi.th the WTS I s 

complete and electrical ly i ntegrated i nto the power system. The 

Digital Data Acqu i sition Systems will be calibrated and in 

service . The ana l og data channels - 11 from each WTS - (discrimi-

nators and other equipment provided by BEC) will be in service. 

Tests shal l be made with windspeeds sufficient to generate at 

least an ave rage power output of 1.5 MW f rom each WTS. 
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Part I WTS Unit Trip 

Tripping one unit with three operating at normal load will pro-

vide an excellent means to excite generator swing modes on the 

remaining two units for si mu l ation ve r ification. Recorded data on 

the tripped unit will also provide an opportunity for verifying 

performance and the simulation under off-nominal frequency 

operation. This test can be accomplished by simulating a fault 

causing either the Bus Tie Contractor or t he Generator Breaker 

to trip open. 

Part II Continuous Monitoring Mode 

The data for Part II will be obtained under t he continuous 

monitoring mode. Disturbances on the power system may be of 

sufficient magnitude to cause generator power swings to trigger 

the BPA Digital DAS in the high-speed data mode. 

Automatic triggering is expected to occur for start/stop opera

tions, power swings, strong wind gusts, and high wind speeds. 

TEST MATRIX: Data will be used to val i date the MOD-2 Model used by PTI, 

Boeing, and others for stability studies of single and multi-unit 

installations. BPA will analyze the dynamic impact of the WTS 

units on the electrical power system for start-up, steady state, 

line interrupts, and various re-synchronization modes. 
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8.4.3 Wind Turbine Generator Power Variation Analysis 

A time series analysis will be performed on recorded fluctuations 

in wind generator outputs, to estimate the coherencey of wind in-

puts to the generator units. It is anticipated that fluctuations 

in power sys tem condi tions will also provide an input to the wind 

machines, and will require analysis to enabl e separation of the 

two effects. 

OBJECTIVES: The objectives of these tests are to: 

1. Determine the reliabi li ty and statistical characteristics of 

electrical power derived from wind resources. 

2. Derive data from which the influence of wind generator place-

ment upon overall power production can be determined. 

3. Assess "the likelihood of adverse interactions between the 

power system and the wind generation facility. 

4. Provide selected database for use in evaluating future wind 

farm deployments. 

APPROACH: High-speed" data records will be taken under rated load 

conditions with one, two, and three MOD-2 WTS 1 s on line under no 

disturbance conditions for frequency spectrum analysis. The 10ng-

term (background mode) data will be recorded to monitor the 

selected parameters of the WTS's and se nsors from the metero-

logical towers. 

TEST MATRIX: Results of the time series analysis will include: 

1. Spectral estimates for wind power f luctuations. 

2. Inter-machine coherency spectra. 

3. Spectral estimates for noise disturbances injected into the " 

wind generation facility by the power system. 
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I. 8.5 Machine Dynamics and Structural Analysis 

During the first year of t hi s overall project plan this test area 

shall be fully defined and implemented by a lead test project organization. 

OBJECTIVE: The main objective is to obtain appropriate deflections, 

stresses, and responses of the WTS that will permit correlation of ana-

lytical pred ictions made from usi ng the NASTRAN, MOSTAB , NACA/AMES 

STABILITY, EASY, AND LSD compu ter codes . Another objective is to identify 

possible structural "hot spots " in the WTS . 

Extensive data will be taken on unit 2 i n bot h t he parked and 

operating modes in order to establish the structural characteristics 

of various components and to determine system responses for comparison 

with analytical predictions. Any measurements identified in early 

testing of unit 2 that merit additional monitoring on units 1 and 3 

will be included in abbreviated measurements on those units. 

APPROACH: Data will be taken through the complete operating 

envelope as well as continuously while parked to measure exposure 

to high winds and seismic excitation. 

All three wind turbines will be completely instrumented with strain 

gauges, accelerometers, position and rate potentiometers, pressure 

gauges, temperatur.e measuring devices and wind speed and direction 

indicators. 

TEST MATRIX: To be defined. 
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8.6 Meteorological Data 

A deta iled understanding .of the temporal and spacial characteristics 

of wind patterns and other meteorological parameters is a critical require

ment of the Mod-2 cluster test prog ram. A lack of unders tand ing of many 

meteorological parameters could generate gaps in understanding many of the 

performance characteristics of the turbines. 

Since this program will produce an extensive meteorological data 

base for use in other research endeavors , meteorological parameters from 

one and possi bly two meteorological towers, and turbine output parameters 

from the three machines, will be recorded continuously on a centralized 

digital data logging system. In addition, it is an ti cipated that several 

short-term, intensive field measurement programs will produce a consider-

able amount of meteorological data from the site. All these data will be 

incorporated into a data base where information is readily retrievabl e. 

OBJECTIVE: (1) to define general climatological conditions at the site, 

including mean and turbulent wind patterns measured temporally and 

spatial ly, vertical variation of wind characteristics, and vertical and 

horizontal temperature patterns, and (2) to provide informati on to be used 

in evaluating turbine performance evaluations, including the effect that 

upwind turbines have on downwind turbines due to wakes. 

APPROACH: To achieve the first objective several 'years of high-quality 

recovery rate data are required. The second objective is achieved by 

concurrently measuring both meteorological and turbine parameters and 

recording the information on the same medium . To achieve these objectives, 

a 350-ft meteorologica l tower has been installed at the east end of the 

site by PNL. In addition, the BPA has installed a 200-ft tower at the 
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west end of the site. These two towers will provide the basis of meteoro

logical measurements to help meet the two objectives. In addition. con-

current data from these systems during turbine operations should provide 

some insight into atmospheric turbulence levels both upwind and downwind 

of an operating Mod-2. 

TEST MATRIX: Data acquisition to support study of the wind character-

istics of the site and providing concurrent meteorological and turbine 

parameter data will be done routi nely t hroughou t the testing program. 

The only exception to this is when the system ;s down for calibration 

activities or unexpected sensor or system failures. Acquisition of high 

speed meteorological and turbine parameter data will be generally done to 

support wake study testing. unique turbulence experiments. or other research 

projects. High-speed data acquisition experiments will be administered 

by PNL . 

During the test program meteorological data will be collected to establish 

the site climatology. In this mode. data are collected nominally at 

2-minute intervals. A full range of meteorological conditions should be 

experienced through the test program. Turbine parameter data will be 

collected simultaneously. Thus, the relationship of site meteorology and 

machine operating conditions can be established. 
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8.7 Wake Effects Tests 

8.7.1 Wake Structure Measurements 

This task wi l l be accomplished through a series of field pro

grams during which PNL or i ts subcontractors will make measure

ments of wind speed and t urb ulence intensity at various posi

tions around active or i nactive wind tu rbines. The pri ncipal 

sensors will be balloon-borne or other t ethered airborne tele-

metering i nstrument systems. Some measurements wi l l be made with 

no impact on turbine operations and others should be made wi th 

the turbine running for 20 mi nutes, then shut down for 20 min. 

Tracer smoke releases will be made du ring some of the studies to 

photographically document the struct ure of the wake. Details are 

described -below. 

OBJECTIVE: To measure and visually document the structure of the MOD-2 

wake as a function of position in the time-average wake under a 

broad class of ambient atmospheric conditions . 

APPROACH: Measurements of wind velocity, turbulence intens i ty, temper-

ature , and height above ground wil l be made at locations 1 and 

2 rotor diameters upwind and between 1 and 10 diameters downwind 

of each MOD-2. Measurements lateral to the wake centerline will 

also be made. Pri mary emphasis, however, wi ll be downwind of 

turbine #3 during westerly winds. Tur~ine power output and yaw 

error are the only turbine parameters required . Wind measure-

ments will be made for as broad a -range of wind speeds and Cp as 

possible, and under as wide a range of atmospheric stability, 

ambient turbulence intensity, and wind shear -as possible. This 
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would require some night measurements and nighttime coordination 

with turbine operations. Measurements will only be made in non

precipitating conditions; however, some instrument shelter is 

required, as described under facility requirements. Atmospheric 

conditions will also be monitored from the two large towers at 

the Goodnoe Hills site. This would require stepping up the 

sampling and recording rate sufficient to measure a turbulence 

intensity from the tower sensors. It is, however, currently 

understood that the BPA tower is not appropriately instrumented 

for turbulence intensity measurements. The fundamental stability 

parameter for these measurements will be the gradient Richardson 

number measured from the towers and profile measurements from 

the tethered balloons. Some spot monitoring during the field 

program wfll be made with kite anemometers to assist in relocat

ing the balloon packages. 

TEST MATRIX: Preliminary smoke visualization tests would be made in early 

1982 prior to the instrument measurement program to assess the 

feasibility of this technique. During this test, one or two 

smoke releases would be made from the nacelle and from the ele

vated platform upwind of one of the turbines. If this technique 

is viable, additional releases would be made during the various 

atmospheric and operation conditions being sampled in the phases 

1 and 2 measurement program. Field measurements will be spread 

over four phases. Each phase is one week long. During phases 1 

and 2, measurements along and normal to the wind turbine wake 

centerline will be made with no requirements upon turbine opera

tions. Approximately eight runs will be executed per day where 

a run consists of a wind velocity and temperature profile 
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measurement, a fixed-level measurement of 20 minutes duration, 

finishing with a profile measurement. One, two, or three 

instrument packages may be aloft at one time. Following a run, 

the positions of the ground stations wi ll be relocated before 

the next run. Quick kite anemometer probes may be of some 

assistance in relocat i ng the ground station. The rationale for 

two phases in the same operational mode is for an initial 

shakedown of the method, and to separate the sample into two 

independent weather regimes. 

Phase 3 and 4 modes of operation are simila r except coordination 

with wind turbine operations are necessary . Of t he eight runs 

made per day, the wind turbine would be requested to shut down 

in wind speeds near the Cp maximum up to four times per day . 

8.7.2 Wake Effects on Performance 

OBJECTIVE: To determine the extent of wake effects on the 

performance of a downwind wind turbine at separations of 5, 7, 

and 10 rotor diameter and a variety of ambient atmospheric 

conditions . 

APPROACH: In this activity, the MOO-2 wind turbine will serve as the 

wake sensor . At various times duri ng cluster operation as the 

wind is aligned with two turbines along either the 5, 7, or 10 

diameter spacings, the upwind turbine will be shut down and re-

started to assess the wake effects, if any, upon the downwind 

turbine. Analysis of the effects of wake turbulence and dYnamic 

loads will be carried out by BEC. The role of PNL will be to 

coordinate with BEC and BPA to assure that a full spectrum of 

atmospheric conditions are sampled during these experiments. PNL 

82 

I 
I 



I I _ 

I 
I 

will also analyze the impacts of wakes upon power output as a 

function of atmospheric conditi ons. The stati stical significance 

of any observed wake effects on power output and loading will be 

assessed so that recommendati ons on spacing can be made. 

TEST MATRIX: It is estimated tha t 25 run-shu t down - run cycles are 

required across each of the th ree turbi ne separations . This is 

probably easy to achieve for t he situat ion where WTS #3 is upwind 

of WTS #1 but more diff icult for the other ori ent at i ons . It 

remains to be worked out how the less frequent cases coul d be 

achieved. One poss ibility i s t hrough monitoring the 

meteorological data (from either PNL, BEC, or LeRC ) t hrough the 

dial-up system and when conditions are appropriate, request 

turbine shut-down. If personnel are required to be onsite during 

these procedures, data collection for the less frequent wind 

direction cases may be made considerably more difficult. 
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8.8 Cluster/Array Analysis 

Based on the wake interference and the· turbine/grid security infor

mation obtained during the first year of research experiments, analyses 

wi 11 be made to: 

(a) evaluate the or i entat ion and spacing between turbines to 

optimize the cost effec tiveness of energy producti on 

(b) establish the cost effectiveness of wind arrays optimized 

for grid security (plant availability factor). 

(c) evaluate the turbine wakes in terms of orientation and 

spacing in order to mi nimize or mitigate the production of 

annoying acoustic emissions. 

Specific objectives, the approach, and definitive plans wi l l be formu

lated in early CY 83. 

8.9 Array Maintenance Evaluation 

The effect on costs, schedule, and availability for various array 

maintenance options shall be evaluated. Wind Turbine System arrays can 

be characterized. for maintenance as consisting of single machines or as 

clusters . Priorities must b~ established regarding the immediate repair 

of a single machine or delayed maintenance of multiple units within the 

array. 

APPROACH: This part of the Operational Field Testing for array mainte

nance evaluation will be a SPA/SEC Joint eff9rt. Appropriate ' 

logs, and reporting procedu~es, will be devised to provide the 

required information and data for the database. 

The data and information will be used as input for preparing 

various summaries. The reports will give the results of the 
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analys is of maintenance options relating the maintenance to 

energy production , cosi of energy, · and cost of maintenance. 

The powerpla~t performance indices used by the industry will be 

used and modif ied as appropriate for present1rg performance 

evaluation of wind turbine systems individually and as an array. 

Capaci ty Factor 

Ava 11 ab111 ty 
Factor 

Equivalent 
Avai1abl1 i ty 

Forced Outage 
Rate 

Powerplant Performance Indices 

Total Gross Generation in MW-hr .. 
(Period Hours) x (Maximum Dependable Capacity) 

Un1 ts fo1W 

• Available Hours 
Period Hours 

• (Available Hours) - (Equival ent Forced and 
scheduled Outage Hours) 

Peri od Rou rs 

~ Forced Outage Hours 
(Service Hours) + Forced Outage Hours 

8.10 Advanced Concepts Verification 

Verification of advanced concepts (generation as well as transmission) 

may be performed . However, a determination must be made previously to assure 

minimal impact on program/project goals and objectives. 
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divided into two volumes . This volume (initial plan), distributed to the private sector, 
includes information on the program objectives, a Mod-2 system description, a planned 
schedule, organizational roles , and responsibilities. Volume n, a continuously updated 
test operations document, provides detailed test plans and specific tests prepared by the 

Lead Test Organizations and approved by a Test Project Review Board and has a limited 
distribution as a working document. Supportive efforts wer e provided by Boeing Engineering 
and Construction, BormevUle Power Administration, Battelle Pacific Northwest Laboratories, 
and the Solar Energy Research Institute. 

17. Key Words (Suggested by Author(s)) 1 B. Distribution Statement 

Windmills (wind powered machine) Unclassified - unlimited 
Windpower utilization STAR Category 44 
Wind powered generators DOE Category UC-60 

19. Security" Classif . (of this report) 20. Security Classif . (of th is page) 21. No. of Pages 22. Price' 

Unclassified Unclassified 95 

* For sa le by the National Technical Information Service , Springf ield , Virginia 221 61 

--.--.-------------


