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ABSTRACT 

The borad object ives o f  the Mod-1 Program are defined including the 
background informat ion leading t o  the incept ion o f  the Program, 
A c t i v i t i e s  on the Mod-1 Program began i n  1974 w i th  turb ine dedication 
occurr ing i n  Ju ly  1979. Rated power generation was accomplished i n  
February 1980. A descr ipt ion o f  the Mod-1 WT i s  included. I n  
add i t ion t o  the s tee l  blade operated on the WT, a composite blade was 
designed and manufactured, During the ear ly  phase o f  the 
manufacturing cycle a Mod-1A conf igurat ion was designed t ha t  
i d e n t i f  l ed  concepts such as p a r t i a l  span control,  a s o f t  tower and 
upwind teetered ro to rs  t ha t  have been incorporated i n  second and 
t h i r d  generation industry designs. 

The Mod-1 e l e c t r i c a l  system performed as designed w i th  voltage 
f 1 i cker  character is t ics  w i t h i n  acceptable u t f l i t y  l im i t s ,  Power 
output versus wind speed has equaled or  exceeded design predict ions, 
The WT cont ro l  system was operated successful ly a t  the s i t e  and 
remotely from the BREMC dispatcher's o f f i c e  i n  Lenoir, North 
Carol ina. During WT operations, TV Interference was experienced by 
the 'local residents. As a consequence, WT operations were 
res t r i c ted .  Although not  implemented, two potent i a1 solut ions were 
iden t i f i ed .  I n  add i t ion t o  TV interference, a few loca l  residents 
complained about object ional  sound p a r t i c u l c r l y  the "thumpu as the 
blade passed behind the tower. To el iminate the residents1 
objections, the sound generation leve l  was reduced by 10 db by 
reducing the ro to r  speed from 35 rpm t o  23 rpm. During January 1981, 
bo l t s  i n  the d r i ve  t r a i n  fractured. A so lu t ion has been i d e n t i f i e d  
but not implemented as yet, During the past two years the pub l ic  
react  ion has been overwhelmingly favorable toward the Mod- 1 WT 
Program. This includes the vast ma jo r i t y  o f  l oca l  Boone residents, 
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1.0 OBJECTIVE 

The o v e r a l l  o b j e c t i v e  o f  the 2,000 kW Mod-1 P ro jec t  was t o  ob ta in  
e a r l y  operat ional  and performance data t h a t  could be used i n  the  
design o f  second generat fan cost-conpeti  t i v e  wind turb ines.  The 
Mod-1 Wind Turbine was the  f i r s t  megawatt s ized machine i n  t he  
Federal Wind Energy Program t o  produce e l e c t r i c a l  power from wind 
energy. Spec i f i c  p r o j e c t  ob jec t ives  were as fo l lows:  

o Operat ional and performance data f o r  a Megawatt s ized wind 
t u r b i n e  i n  a u t i l i t y  operated app l i ca t i on  

o Demonstration o f  unattended, f a i  1-safe operat ion 

o Involvement o f  u t t  1 i t y  as user and operator 

o I d e n t i f i c a t i o n  o f  maintenance requirements f o r  l a rge  wind 
tu rb ines  



o Involvement o f  i ndus t r y  i n  the dosign, f a b r l c a t l o n  and 
l n s t a l l n t l a n  o f  (I thc wind t u r b i n a  

a I dorrt i f y  eampanants/subsystt3m ~ n a d l f  l c i l l l a n s  t o  reduco cast, 
tI~nprave re1  i i l h l  I I t y  and incrclnso parfan~inr ica 

a Assess pub1 l c  ranc t  lan/accaptnncs o f  i srge wind tu rb lnas  

o 1)onionstrate compat lb i l  l l y  w i t h  u t l l  l t y  requiraments 

A very s i g n i f i c a n t  bene f i t  o f  the Mod-1 P ro jec t  was the discovery 
under some cond i t ions  t h a t  the  wind t u r b i n e  emi t ted  an ob jec t ionab le  
sound l e v e l  t o  10 f a m i l i e s  i n  the v i c i n i t y  o f  the s i t e .  Methods t o  
charac ter ize  the sound i n  order t o  e s t a b l i s h  acceptable sound 
standards and t o  reduce the  sound l e v e l s  became a s i g n i f i c a n t  p a r t  o f  
the  Mod-1 Program. 

2.0 BACKGROUND 

The Federal Wind Energy Program administered by the Department o f  
Energy (DOE) has as one o f  i t s  goals the  development o f  the 
technology f o r  p r a c t i c a l  cost-competi t  i v e  wind tu rb ines  t h a t  can be 
used t o  supply s i g n i f i c a n t  amounts o f  e l e c t r i c a l  energy, As a p a r t  
o f  the wind tu rb ine  development, the Lewis Research Center (LeRC) o f  
t he  Nat iona l  Aeronautics and Space Admini s t r a t i o n  (NASA) had the  
r e s p o n s i b i l i t y  t o  c a r r y  out  the Mod-1 Program. The General E l e c t r i c  
Company (GE) under cont rac t  t o  LeRC, designed, b u i l t ,  and i n s t a l l e d  
the Mod-1 Wind Turbine a t  Howard' s Knob (Boone) , North Carol i na. 
Blue Ridge E l e c t r i c  Membership Corporat ion (BREMC), a r u r a l  
cooperat ive w i t h  headquarters i n  Lenoir,  Nor th Carol ina, received the 
power generated by the  Mod-1 Wind Turbine; and BREMC operated the 
wind t u r b i n e  rlemotely from the  d ispatcher 's  o f f i c e  i n  Lenoir,  

3.0 CHRONOLOGY 

Major p r o j e c t  events are shown i n  the  chronology l i s t e d  below, 

P ro jec t  I n i t i a t e d  . , . . . , . . , . , . . . . . . . . , . 1974 
Contract  placed w i t h  General E l e c t r i c  Co. . , . , . . . . , Ju ly  1976 
F i r s t  Rota t ion  Accomplished . . . . , , . . , . . . . . . . May 1979 
Turbine Dedicated . . , . . . . . , . . . . . , . . . . . . Ju ly  1979 
Turbine Synchronized w i t h  BREMC Network . . . . , . . September 1979 
Began Semireyulat Operation . . . . . . . . . . . . October 1979 
Turbine Completed Acceptance Test ing  . . . . , . . . . January 1980 
U t i l  i t y  T ra in ing  Cotiipleted . , . . , . , , , . . , . February 1980 
Machine Generated Fult1 Power - 2,000 kW , . . , , , . . February 1980 
Reduced Rotor RPM Mod i f i ca t i on  Completed . . . . . . . November 1980 
Machine Developed Dr ive  T ra in  Problen . . . . , . . . . January 1981 



4.0 MACHINE DESCRIPTION 

. _!. . . 4. I - CURRJNT MOD-I WINO TURBINE GENERATQR 
I 

Tho Mad-I 2008-kW wind tu rb ino  generator i s  mounted an top o f  a t r u s s  
towar w l t h  I t s  ho r i zon ta l  r o t o r  ax is  140 fost  hlgh. I t s  two kladss 
are 200 f c a t  i n  dlamotar ( f i g .  4.1-1) and located downwind o f  ths  
tower, The nacella/bedplate, which supports and @nclsses a l l  
equipment mounted on top o f  the  tower, I s  d r iven through a 
ybw-bearing assembly t h a t  r o t a t e s  about the v e r t i c a l  ax is  o f  the  
tower i n  response t o  changes i n  the wind d i r e c t i o n .  The tower i s  12 
f e e t  square a.t t he  top and 48 f e e t  square a t  the bottom and i s  
anchored t o  re in fo rced  concrete f o o t i n g s  a t  each leg. F igure 4.1-2 
shows the  machine i n s t a l l e d  on Howard's Knob, a t  Boone, North 
Carol ina. The e leva t i on  a t  the  s i t e  ii approximately 4500 f e e t  above 
sea l eve l ,  The o r i g i n a l  design specif i l :ations are presented i n  t a b l e  
4el-1. 

The wind t u r b i n e  assembly cons is ts  o f  the r o t o r  assembly, the 
d r i  ve- t ra in/bedpl  ate assembly, the  yaw assembly, and the  tower ( f i g ,  
4.1-3), The tu rb ine  r o t o r  i n i t i a l l y  operated a t  35 rpm and generated 
2000 kW o f  e l e c t r i c  power i n  a 25,5-mph wind ( a t  30 f t , ) ,  and was 
mod i f fed t o  23 rpm and 1350 kW i n  November 1980, The hub and b l  ades 
are connected t o  a low-speed s h a f t  t h a t  d r i v e s  a gearbox. I n  the 
gearbox the sha f t  speed i s  increased from 35 rprn t o  1800 rpm and 
l a t e r  23 rpm t o  1200 rpm. A high-speed s h a f t  connects the  gearbox t o  
the  a l t e rna to r .  The e n t i r e  system weighs 655,000 Ib, 335,000 1b 
machine weight and 320,000 l b  tower weight. Table 4.1-2 presents a 
weight breakdown o f  the  tnachine. The major components are described 
i n  t he  f o l l o w i n g  subsections. 

. Rotor Assembly 

The r o t o r  assembly cons is ts  o f  th ree  major subassemblies, the  blades, 
t h e  hub assembly, and the  pitch-change mechanism, Each blade i s  
attached t o  the hub through a three-row, c y l i n d r i c a l  r o l l e r  bearing 
t h a t  permi ts  the  f u l l  p i t c h  o f  the  blade from the  power p o s i t i o n  
(00) t o  the fea ther  p o s i t i o n  (goo), Blade p i t c h  i s  c o n t r o l l e d  by 
hydraul  i c  actuators operat ing through a mechanical 1 inkage w i t h  
s u f f i c i e n t  capac i ty  t o  fea ther  t he  blades a t  an average r a t e  o f  8 
degrees per second, 

The b l  ades are constructed o f  a monocoque, welded-steel leading-edge 
spar and an aerodynamical l y  contoured, polyurethane foam afterbody 
w i t h  bonded 301 s ta in less -s tee l  sk ins  ( f i g ,  4,l-4). Measuring 100.8 
f e e t  long w i t h  a tapered planform and thickness, the blade uses an 
NACA 44XX ser ies  a i r f o i l  w i t h  a th ickne-s r a t i o  vary ing from 20 
percent a t  the t i p  t o  33 percent a t  t h e  roo t .  The blades, which 
weigh approximately 21,500 l b  each, are assembled i n  s i x  main 
sect ions,  Spar welds are located a t  f i v e  s ta t ions ,  as are the  
t r a i  1 ing-edge-section sp l i ces .  A t r a n s i t i o n  p iece i s  welded t o  the  
spar t o  p rov ide  the blade c o n t i n u i t y  t o  the i n t e r f a c e  w i t h  the hub. 
A l o n g i t u d i n a l  s t i f f n e r  and chordwise webs are welded i n  the spar t o  
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mph, A 1  1 the members o f  the tower were fabricated from A333 steel, 
which provjd~s good law- temperature fracture taughness, 

The tawor I s  suppartad by saparato foundattons For each of I t s  four 
legs. Bacaus~ of tho dead waight of the wlnd turbjne, relatively 
snial I tensIan loads arc! dcvulapcd in  the foundation, Each lcc-1 i s  
secured by sight 1 ,5-inch-dlameter anchor b o l t s ,  hooked at ,i, 1:epth of 
38 'inches i n t o  the foundation, Tower baseplate shear loads r eac t  
through a nonshrtlnk grout to a llp on the faundation that is tied 
into ralnfsrclng bars In the foundation. 

Control Svstem 

The control system for the WT includes a PDP Digital Equipment 
Corporation 11/34 computer located in the ground enclosure at the 
base of the tower, The PDP 11/34 interfaces with two PDP 11/04 
micro-computers, One PDP 11/04 is located in the control enclosure, 
and the other in the nacel le, The control system provides unattended 
safe and reliable operation of the wind turbine plus features of a 
data logging system. It will automatically start, operate, and stop 
the machine, align it with the wind, and provide dispatcher control 
through a telephone link, In addition, if the control system detects 
any operation or machine anomaly, the control system is programmed to 
safely shut the machine down. Figure 4.1-9 presents a simplified 
control schematic, References 2 to 4 provide a detailed description 
and a summary of the design calculations, including an analysis of 
failure rnodes and effects, 

4.2 KAMAN - COMPOSITE BLADES 
Two composite rotor blades, designed and built specifically for 
operation on the Mod-1 wind turbine by Kaman Aerospace Corporation, 
Bloomf ield, Connecticut, have recently been completed. These blades 
were developed as the second phase in NASA's on-going evaluation of 
the appl icabi 1 ity of cornposite construction for very large wind 
turbine blades. The first phase served to develop the technology for 
such blades and demonstrated this in a 150 foot test blade, which was 
completed and static tested in 1978, This was the largest composite 
rotor bl ade ever constructed, and successful ly demonstrated the 
potential of this material, 

The final blades, illustrated in Figure 4.2-1, are ,fully compatible 
with the Mod-1 wind turbine and possess dynamic characteristics 
equivalent to those of the present steel blades, The blade's main 
struct6,ral mcmber is the D-spar, which reacts all primary loads and 
cott~prises over 70% of blade weight, Construction of the spar 
utilized the Transverse Filament Tape (TFT) process, first used for a 
rotor blade in the 150 foot blade proqraln, An epoxy resin is 
uti 1 i zed for its superior fatigue strength, compatible with the 30 
year design 1 ife of the blades, The afterbody portion of the blade, 
a lightweight st.ructure which completes the airfoil cross section, is 
comprised of upper and lower panel members. These are of sandwich 



construction, made up of inrier and outer fiberglass skins wlth a 
honcycomb core of resin-impregnated kraft paper; the panels vary in 
thickness from 1 inch t o  3 inches, An adapter Fitting, of  welded 
steel construct ion, is por~nanent ly instal led at the inboard spar end, 
using a bolt attachment, The blades Incorporate 1 ightning 
protoctlon, capable of withstanding 200,000 ampere strokes, and the 
lightning protection is configured to minimize the adverse effect on 
the inherently low TV interference characteristics of composites. 
The new blade also includes an ice detection device, ds we1 1 as a 
polyurethatle paint system and leading edge protect ion to withstand 
environmental effects. 

Shortly after the completion of the Mod-1 Wind Turbine final design, 
a trade-off study was initiated on a conceptual design that would 
take advantage of innovative design approaches identified during the 
Mod-1 design experience, but could not be incorporated in th Mod-1 
due to schedule and cost constraints, This design concept was 
identified as Mod-lA, and had as its basic objectives the reduction 
in weight from 327 to 200 tons and the cost of energy froln 18 to 
S$/kW-hr (1978-$), see Figure 4.3-1. In the trade-off study, three 
candidate systems were identified as shown in Figure 4.3-2. 

Configuration 3 was selected which has as its major characteristics a 
teetered hub, two upwind blades with partial span control, an 
integral parallel shaft gearbox structure, an inclined rotor axis and 
a "softu shell tower, The Mod-1A overall outline is shown in Figure 
4.3-3. A view of the upper portion of the tower and nacelle is shown 
in Figure 4.3-4, Although the Mod-1A was not built, many of the 
concepts identified in this trade-off study have been incorporated in 
second and third generat ion designs. 

5.1 IMPACT OF POWER GENERATION OF UTILITY GRID 

WT Power Generation Svstem 

The Mod-1 Wind Turbine (WT) power generation systetn is shown in 
Figure 5,1-1. It consists of a synchronous generator, contactor, and 
stepup tratisfor~ner with auxi 1 iary power connect ions on the 1 i ne side 
of the contactor, High resistance grounding is provided for the 
generator to limit ground fault current levels, The contactor is 
unfused 5 KV class motor starter with a latching circuit breaker type 
mechanism, Its 50 MVA interrupting rating is more than nceded to 
clear faults fed by either the generator or the utility system. The 
stepup transformer is Gel ta connected at 4.16 KV with a generator WYE 
connection, At the 12.47 KV utility side, the WYE connection is 
so l id ly  neutral grounded and has lightning arrestors atld a fused load 
break switch for disc\onnect arid protectioli of the transformer. 

The generakor has two controls on its output; real power and 
excitdtio~l, Real power is controlled a t  the turbine rotor via f u l l  



span blade p i t c h  c o n t r o l  and o x c l t a t i o n  i s  c c n t r o l l e d  through a  
v o l t  age regu la to r  and aux i 1 i ary  equipment f e ~ d  i ng  the generator 
shaf t-mounted brushless e x c i t e r .  Power c o n t r o l  i s  i n a c t i v e  f o r  wind 
speeds below ra ted  wind speed and the  Mod-1 output  w i l l  f l u c t u a t e  
w i t h  wind speed and d e l i v e r  as much power as i t  can e x t r a c t  from the  
wind. For wind speeds above ra ted  wind speed, the c o n t r o l l e r  
regu la tes  average power output  t o  the l e v e l  o f  the system torque 
r a t i n g  w i t h  an i n t e g r a l  p lus  l a g  power e r r o r  type feedback con t ro l ,  
The e x c i t a t i o n  system c o n t r o l s  vo l taye  p r i o r  t o  synchronizat ion w i t h  
the  g r i d .  Voltage, power fac tor ,  o r  r e a c t i v e  power c o n t r o l  modes may 
be selected a f t e r  synchronizat ion, Most operat i o n  has been i n  
r e a c t i v e  power c o n t r o l  mode w i t h  a  250 KVAR d e l i v e r y  t o  the gr id .  A 
s t a b i l i z e r  c i r c u i t  I s  a lso u t i l i z e d  t o  modulate the e x c i t a t i o n  i n  
response t o  hub speed f l u c t u a t i o n .  

BREMC System Oescr ipt  i on  

The Blue Ridge E l e c t r i c  Membership Corporat ion (BREMC) 12.47 KV 
d i s t r i b u t i o n  system around Boone, N,C. i s  shown i n  F igure  5.1-2, The 
Mod-1 Wind Turbine i s  connected t o  the  Howard's Knob C i r c u i t ,  one o f  
th ree  r a d i a l  feeders from the  Boone Substation, Other connections 
are poss ib le  w i t h  manual switching, t o  feed the Sherwood o r  Hound 
Ears substat ions, The e f f e c t i v e  impedance seen by the  WT generator 
t o  an i n f i n i t e  bus equivalent  i s  0.142 per  u n i t  on the o r i g i n a l l y  
i n s t a l l e d  generator base o f  2 MVA. 

The Boone substat ion has a  12.47 KV bus vol tage regu la to r  and a 
rec loser  on each feeder. A vo l tage b lock ing  device was added t o  the  
Howard' s  Knob c  i r c u i  t r e c l  oser t o  prevent non-synchronous rec l os ing  
w i t h  the  WT generator, The subs ta t ion  transformer r a t i n g  was ra i sed  
from 6  MVA t o  7.5 MVA i n  October, 1980, by BREMC and has had a  45 
minute peak load o f  8.1 MVA recorded i n  1981. About 3600 customer 
accounts are served by the Boone substa t ion  of which 660 are on the 
Howard's Knob c i r c u i t ,  A residence located 1400 ft. from WT i s  the  
c loses t  load. The most vo l tage c r i t i c a l  load i s  a  water f i l t e r  p l a n t  
w i t h  350 t o t a l  motor horsepower and 67 percent undervoltage dropout 
on the c i r c u i t  breaker. The Bamboo c i r c u i t ,  connected t o  the Boone 
12.47 KV bus, has about 1370 accounts, i nc lud ing  a  h o s p i t a l  and motor 
loads a t  a sewage treatment p lan t .  

U t  i 1 i t y  hequirements 

Main ta in ing  constant vol taye, serv ice  and p ro tec t i ng  equipment from 
f a u l t s  are the pr iniary operat ing goals of BREYC. BREMC operat ion 
n~a in ta ins  vol tage w i t h i n  a 5% band by use of regu la to rs  and other  
devices dnd l i m i t s  the s i ze  o f  customer motors tha t  can be 
f u l l - v o l t a g e  star ted.  A standard vol tage f l i c k e r  char t ,  shown i n  
F i yu re  5.1-3, i s  appropr iate f o r  dynamic vol tage f l u c t u a t i o n s  tha t  
arc acceptable t o    no st u t i l i t i e s  w i t h  neyl  i g ~ b l e  complaints. The 
u t i l i t y  g r i d  i i c ts  as a la rge  sourcr /s ink a t  constant frequency 
r e l a t i v e  t o  the WT, and l a r y c  power f luctuat . ions i n  the connecting 



l i n e  are not object ionable t o  the u t i l i t y  as long as they do not 
cause object ionable voltage f l uc tua t ions  i n  the l i ne ,  

General Operating Experience - 
BREMC has received no complaints associated w i t h  Mod-1 power o r  
voltage disturbances. To quant i fy  the voltage charac te r i s t i cs  on the 
BREMC system, voltage recorders were temporar i l y  i n s t a l  l ed  by BREMC 
on the 12.47 KV l i n e  a t  the Boone substat ion and on a c i r c u i t  
supplying power t o  the meteorological tower which i s  about 200 f ee t  
from the Mod-1 WT. Typical traces from these recorders are shown i n  
Figures 5.1-4a and 5.1-4b respect ively.  

F igure 5.1-4c shows the l i ne - t o - l i ne  voltage and phase current  a t  the 
generator dur ing a t rans ien t  (breaker closure f o l  lowed by breaker 
opening) t ha t  occurred dur ing the same per iod t ha t  voltage was 
recorded a t  the Boone substat ion and a t  the meteorological tower 
c i r c u i t .  Although the s i t e  voltage f l u c tua t i on  was almost 7%, the 
voltage va r i a t i on  a t  the Boone suhstat ion was not  discernable on the 
recorder traces. Most o f  the recorder voltage change i s  due t o  
voltage regu la tor  ac t ion a t  the substation, ra the r  than wind turb ine 
produced exc i ta t ion,  

A t yp i ca l  s i t e  record o f  operat ion a t  35 RPM i s  shown i n  Figure 
5.1-5a. There i s  a t ime scale change p a r t  way through the record 
t ha t  increases the char t  speed by 5 times f o r  be t te r  high frequency 
de ta i l ,  The power set  po in t  was 1000 kW during t h i s  time and during 
the f i r s t  60 seconds, the p i t c h  angle i s  o f f  the e l ec t r on i ca l l y  
con t ro l l ed  stop a t  about 1.5 degrees i n  order t o  regulate. For the 
balance o f  the record p i t c h  angle was constant, Power t race 
osci  11 a t  ion represents wind f l uc tua t ions  p lus  d r i ve  t r a i n  natura l  
frequency i n t e rm i t t en t  osc i l l a t i on ,  and 2 per rev response due t o  
tower shadow. 

The blade f l a p  bending t race shows the impulsive tower shadow 
response t ha t  occurs once per revo lu t ion  per blade f o r  the Mod-1 
downwind conf i gu ra t i o t~ .  Voltage f l u c tua t i on  i s  1 imi ted t o  +1% w i th  
frequencies 2 per rev and 1 per rev as a res t1  t o f  the power system 
s tab i  1 i z e r  c i r c u i t  (speed sensor, voltage regu la tor ) .  The d r i v e t r a i n  
fundamental mode damping i s  increased by the power system s t a b i l i z e r  
ac t ion and the r esu l t i ng  voltage f l u c tua t i on  i s  we l l  w i t h i n  
acceptable 1 imi ts ,  The reac t i ve  power t race (Figure 5.1-5b) i s  
s im i l a r  t o  the voltage t race and was de l i ve r ing  an average 65 KVAR 
( lagging) t o  the BREMC system. 

The amplitude o f  2 per rev ( f i g u r e  5.1-5a) on the r e a l  power t race i s  
about 15% peak t o  peak which i s  be t te r  than the desigrr value based 
upon the system dyna~~i ic  simulat ions made during the des ign phase. 
The on- l ine  behavior o f  the Mod-1 e l e c t r i c a l  power system a t  35 RPM 
showed no evidence o f  i ns tab i  1 i t y  and exh ib i ted adequate we1 1 damped 
decay i n  t rans ient  wind induced o s c i l l a t i o n s  a t  the d r i ve  t r a i n  
fundamental frequency. 



A typical site record of power parameters from recent operation at 23 
RPM is shown in Figure 5.1-6. The voltage trace, at the generator 
bus, varies about 4% overall due to the generator power angle changes 
resulting from drivetrain oscillation with a less than optimum power 
system stabilizer circuit. A generator bus variation of 4% 
corresponds to a critical bus variation of 2.2% which is well within 
the small gust flicker criteria. Reactive power oscillates about +50 - 
KVAR around the 250 KVAR nominal set point due to drivetrain 
oscillations also. 

The real power and rotor shaft torque traces are in phase which 
illustrates that drivetrain oscillations are at the torsional 
fundamental frequency. The frequency of the higher amp1 itude 
oscillations is 0.42 hertz, which is near the one per rev frequency 
of 0.383 hertz. Response at 2 per rev, 0.77 hertz, is also seen at 
lower amplitude periodically. Shifts in average power at lower 
frequency are due to wind speed changes or blade pitch changes. Some 
oscillatory behavior only occurred at 23 RPM with the present control 
system. 

Assessment 

The Mod-1 Wind Turbine1 s electrical generation system has performed 
as expected on the BREMC system. Voltage flicker characteristics are 
within typical utility limits. Power variation at 35 RPM i s  about 
15% peak to peak and is of no concern to the user uti 1 ity. Power 
oscillations result primarily from the 2 per rev response to tower 
shadow. Electrical performance showed no evidence of instabi 1 i ty and 
exhibited an adequate well damped response to transient wind induced 
oscillations. At 23 RPM, oscillatory behavior at the drive train 
fundamental frequency is higher than at 35 RPM. 

5.2 CONTROLS AND UNATTENDED OPERATI ON 

Modes of Operation 

The Mod-1 WT was designed to operate in three control modes which are 
( 1) Manual Operation, (2) Automatic Operation and (3) tinattended 
Operation with Remote Control. The first mode, Manual Operation, 
enables the on-site WT operator to perform specif fed maneuvers to 
perform maintenance and test functions while off line. Included in 
these maneuvers are (1) orientation of the nacelle at any yaw angle 
(angle relative to WT vertical axis), (2) orientation of the blades 
at any angle relative to the hub axis of rotation, (3) orientation of 
the blade at any pitch angle and (4) rotation of the WT off line at 
any speed up to and including rated speed. A complete 1 ist of 
functions are shown in Table 5.2-1. 

The second mode of operat ion, Automatic Operat ion, enables the WT 
operator at site to start up, set the output power level, obtain data 



and shut down the WT. All other control functions are performed 
automat ical ly without operator intervention, The purpose of this 
mode is to generate power to the utility grid controlled by an 
operator located at the WT site. If the wind conditions are within 
cut-in (VCI) and cut out (UCO) wind velocity, the WT will 
generate power at the operator prescribed set point (or less 
depending upon the wind velocity conditions) in a fully automatic 
manner. 

The third and last control mode is Unattended Operation/Remote 
Control which enables the operator located at a remote site to start 
up, set the power output level, and shut down the WT. The purpose of 
the mode is to operate the WT from the utility dispatcher's off ice at 
Lenoir, N.C. 30 miles from the site with no operators at the WT site. 

Control System Description 

To understand how the WT operates in the manual mode and the 
automatic modes (controlled from the site or a remote location) a 
description of the overall control system is appropriate at this 
time. The primary control mechanism of the Mod-1 WT is blade pitch 
control, Off 1 ine the primary control parameter is rotor speed, and 
on line it is generator power. In general the control system 
performs a1 1 sensing, recording, uti 1 ity communication, signal 
conditioning and buffering, and command functions for the WT. A 
block diagram that i 1 lustrates the overall functional arrangement of 
the equipment to perform the control functions is shown in Figure 
5,2-1. The upper block of equipment is located in the nacelle and 
the two lower blocks are located in the control enclosure. The WT 
system provides precision analog control of blade angle and yaw 
orientation in response to wind direction, wind speed, power set 
point, rotor speed and other operational parameters. The control of 
most functions is depe.ndent upon mu1 t iple inputs and varying "logic* 
within an operation mode. The Control and Recording Unit (CRU), with 
its data gathering and processing capability, is the system master 
controller. CRU logic is used to determine whether to operate 
depending upon operator commands and control parameters, As an 
example, the operational envelope of wind speed versus yaw error 
(difference between nacelle direction and wind direction) is shown in 
Figure 5.2-2. Manual control is also processed through the CRU with 
inputs from a keyboard to eliminate human control errors and thus 
provide maximum machine and personnel safety . 
Output power level is control led by commands to the analog pitch 
control loop in the Servo Control ler, This permits considerable 
flexibility in operation. A discrete power level can be maintained, 
the system can track wind speed and maximize power output 
continuously, and the CRU logic enables the system to come on-line 
automatically and autonomously when wind conditions permit. Also the 
control system provides maximum energy capture capabi 1 i ty at below 
rated wind speeds, and maintains safe control of rotor speed at above 
rated wind speeds. Sufficient diagnostic data can be automatically 



recorded so that the cause of shutdowns or anomalous operation can be 
readi ly determined. Operating procedures on the Mod-1 Project 
require that disgnost ic data always be automat ical ly recorded. 

The control system has the following specific furktions: 

1. Control the rotor blade pitch angle to startup, supply sub-rated 
power at wind speeds between 1 1  and 25.5 MPH and rated power at 
wind speeds between 25.5 and 35 MPH (nominal). 

2. Control the nacelle position through the yaw drive and yaw brake 
actuators. 

3. Condition, buffer, and optional 1y record sensor signals. 

4 . Provide operator interface. 

5. Provide remote dispatcher control. via telephone line. 

6. Provide supervisory, alarm, and shutdown control logic. 

These functions are performed fully automatically without an operator 
in attendance at the site to accommodate internal system variables as 
well as external variables such as wind speed and direction. A 
detail set of control system functions during startup and generation 
are shown in Table 5.2-2. 

As stated previously, control of blade pitch angle is the predominant 
dynamic function which directly controls rotor torque. A detai 1 
listing of pitch control modes required to operate the WTG with 
associated operating conditions is shown in Table 5.2-3. The startup 
sequence to synchronize with the utility grid is shown in Figure 
5.2-3. 

The second control function positions and holds the nacelle by 
actuating the hydraulic yaw motors and the yaw brakes. To be able to 
collect the maximum wind energy possible, the nacelle must be rotated 
about its vertical axis and aligned with the wind direction. Control 
logic for the four wind speed regimes is given in Table 5.2-4. If 
the average yaw error has persisted above five degrees for five 
minutes, the yaw hydraulic motors are turned on, in the appropriate 
direction, until the corrected angle is less than one degree. 
Because of the slow 1/4 degree per second yaw rate, a shorter 
persistence period is selected as the yaw error increases, as shown 
in Figure 5.2-4. This change in sensitivity allows higher energy 
capture during a changing wind direction. 

The WT is a complex electromechanical system that must be protected 
from internal failures and external forces such as wind, ice, snow 
and temperature extremes. For this reason, fail safe logic has been 
designed into the NTG controls. The types of shutdowns and the 
criteria for each shutdown are shown in Table 5.2-5. Backup direct 



acting sensors are also provided for overspead control of' the 
emergency feather and brake systems. 

Experience 

One of the main objectives of the Mod-1 Program was the demonstration 
of the feasibility of remote utility wind turbine control. 
Communication for remote operation is accomplished at 300 baud via 
Southern Bell Co, telephone lines. Initial remote control occurred 
during acceptance testing in February 1980 and was regularly used 
thereafter when the WT was not allocated to sound and TV interference 
testing or undergoing major modifications. The majority of the 
remote control operation occurred between 1 1  :30 PM and 8:00 AM, 
After remote control operat ion procedures were establ i shed, phone 
1 ine communications were found to be acceptable. Several dispatchers 
at BREMC were trained and operated the WT successfully. As 
experience was gained, additional machine operational parameters were 
made available to the remote operator to provide a more thorough 
understanding of the machine operating state. Typical learning 
problems were experienced including remote terminal hardware 
failures, occasional switch adjustments and lack of initial operator 
familiarity with control procedures. Since the WT control logic was 
based upon a fail safe philosophy with numerous safety checks, 
personnel and terminal hardware problems did not result in WT 
misoperation or malfunction, 

Significant and beneficial controls information, data and experience 
were acquired during the WT operation phase. The most significant 
problem in the WT control system was computer to computer 
communications. This occurred between the Digital Equipment 
Corporation (DEC) POP 11/34 Control and Recording Unit (CRU) and two 
PDP 11/041s located in the WT Nacelle Multiplexer Unit (NMU) and in 
the control enclosure Ground Mu1 t iplexer Unit (GMU) , respectively. 
The occasional loss of communication between computers resulted in 
unscheduled WT shutdowns. O~erator error messaae statements such as 
Nacelle Multiplexer Link ~aii, Transmit Buffer 6verrun or Connect 
'Fail are printed on the operator terminal when communi'cati?%-f ures - 
occur to aid in diagnostic procedures. ~ommhications are controlled 
by DEC commerci a1 computer electronics boards ( DMC-1 1 s) witich 
contain a microprocessor. The kinds of communications f ai 1 ures can 
be understood by examining the definition of operator error message 
statements. A Connect Fail occurs when a NMU or GMU fails to return 
an ackno;vledgement of an attempt to communicate by the CRU. A 
Nacelle Multiplexer Link Fail occurs when excessive time for data 
transfer occurs between either the NMU or the GMU and the CRU, If a 
successful data transfer occurs, a buffer is released for reuse. 
When the data transfer is unsuccessful, a buffer is not available for 
transfer of additional informat ion and- a Transmit -- Buffer Overrun 
occurs. 

Before active investigation and solution implementation began in 
March 1980 of the N l  ink fai lurew problem, communication malfunctions 



were experienced about 8 days per month. As causes were determined 
and solutions implemented, malfunctions were progressively eliminated 
by November 1980. The specific steps taken to eliminate computer to 
computer communication malfunctions were numerous. The initial step 
in March 1980 was to instal 1 slower byte rate mJcroprocessor DMCIll 
boards, 50 kilo bytes per second (KBPS), in place of the existing 
faster DMC-11 microprocessor boards, 1 mi 1 1  ion bytes per seconds 
(MBPS), in the control enclosure-nacelle link. The slower byte rate 
boards are more tolerant of brief communication lapses. As a result 
these new boards have reduced 1 ink failures but dld not el iminte them. 

Secondly, in April 1980 the allowable cycle time for computer 
communication was increased to 350 msec from 150 msec. This reduced 
link failures further, particularly in the automatic mode. 'To 
improve the manual mode, the cycle time was increased to 600 msec in 
May 1980. Subsequent to this modification, 1 ink failures consisted 
primari ly of Transmit Buffer Overruns with the preponderance 
occurring during lightening storms and yaw maneuvers. In spite of 
several electrical measurements indicating that the yaw slip ring was 
performing acceptably, an auxil iary cable bypassing the slip ring was 
installed for diagnostic tests. Since there were no further link 
failures while the bypass control cable was installed, it was 
concluded that the last major cause of communication irregularities 
was due to a deteriorated slip ring. In May 1981 a slip ring 
manufacturer's inspection revealed salt deposits on the sliver plated 
contacts. This was the second such occurrence of salt deposit 
detection on the slip ring contacts even though prescribed cleaning 
prxedures were used about 22 months earlier. Based on the pattern 
of link failures, it was concluded that the slip rings were 
pronressively being contaminated with a salt deposit. Since the 
Mod-1 WT is not in a salt air climate, it is speculated that some 
fluids used in WT operation or maintenance such as hydrualic fluid, 
may contain a salt additive and might have inadvertently spilled into 
the slip ring assembly during the initial assembly period. It is 
planned t~ investigate the chemical composition of all Mod-1 fluids 
to confirm this hypothesis. No link failures have occurred with the 
control system since the May cleaning that can be attributed to the 
yaw slip ring. 

Another lesson learned was the need for qualif fed and readily 
avai lable expertise for the computer system preventative and 
corrective maintena~ce. Mod-1 site operat ion records indicate that 
for the period March - December, 1980 that expert colnputer 
technicians were required 13 times. Only during July and August was 
no preventative and corrective maintenance required. In addition to 
preventative maintenance every three months, computer services were 
needed for repair of the line printer, replacement of electronic 
boards, replacement of disk drive, tape unit repair and remote 
terminal repair. On call maintenance service was purchased from DEC 
since they supplied the total computer system including peripherals. 



Operation w i t h  a minimcomputer basad c o n t r o l  system proved t o  bs 
h i g h l y  f l e x i b l e  i n  making system changes q u i c k l y  and inexpensively,  
As an example, a f t e r  i t  was concluded t h a t  the system r o t o r  speed had 
t o  be slowed t o  reduce the sound generat ion t o  acceptable levels ,  the  
Centra l  Processor l o g i c  w i t h i n  the CRU was e a s i l y  mod i f ied  t o  operate 
the  WT a t  23 RPM w i t h  a 1200 RPM generator, The c o n t r o l  system 
f l e x i b i l i t y  was f u r t h e r  demonstrated when the WT was operated a t  23 
RPM w i t h  e x i s t i n g  1800 RPM generator ( p r i o r  t o  a generator change) 
wh i l e  generat ing power t o  a temporary load bank w i thout  changing 
c o n t r o l  hardware, 

Also dur ing  r o u t i n e  tes t ,  tne  CRU data base was temporar i l y  changed 
numerous times i n  minutes t o  s u i t  t e s t  requirements, F i n a l l y ,  s ince 
the  Mod-1 WT was the  f i r s t  development veh ic le  planned t o  demonstrate 
the  f e a s i b i  1  i t y  o f  a l a rge  megawatt WT, a number o f  unexpected events 
occurred t h a t  requ i red  data f o r  a n a l y t i c a l  i nves t i ga t i on ,  The data 
archive fea tu re  o f  s t o r i n g  h i s t o r i c a l  operat ional  data on magnetic 
tape w i t h i n  the  Contro l  and Recording U n i t  proved usefu l  i n  
inves t iga t ing ,  analyzing and eva lua t ing  a1 1 face ts  o f  system 
operat ion, Th is  system records on tape a l l  " t r a f f i c u  between the 
Contro l  and Recording U n i t  (CRU) and each o f  the  Remote Mu l t i p lexe r  
Un i t4  (RMUts), a l l  " t r a f f i c H  between the  CRU and BREMC, a l l  
communications between the  CRU and t h e  on-s i te  operator, and a1 1 
changes t n  data states.  Recorded data  i s  ava i l ab le  f o r  
t roub leshoot ing  v i a  playback processor when the  WTG system i s  no t  
operat ing, An RKO 5 d i sc  has been a l l oca ted  t o  record operation; 1 
data f o r  ana lys is  i f  the  magnetic tape recorder i s  no t  ava i lab le .  

Assessment 

The Mod-1 WT c o n t r o l  system should be more appropr ia te ly  r e f e r r e d  t o  
as an operat ional  cont ro l ,  data acqu is i t ion ,  record ing  and d i sp lay  
system. Based upon the  WT system performance dur ing  and a f t e r  the  
program acceptance tes t ,  a  general assessment i s  t h a t  the  c o n t r o l  
system performed as designed. The WT was operated success fu l l y  i n  
a l l  th ree  modes i nc lud ing  the  unattendedlremote c o n t r o l  mode from the  
BREMC dispatchers o f f  i c e  i n  Lenoir, North Carol ina about 30 m i les  
from the  Howard's Knob WT s i t e .  The c o n t r o l  system has the  
c a p a b i l i t y  o f  a small convent ional power p l a n t  i n  terms o f  memory and 
processing speed, When compared t o  1981 s t a t e  o f  the  a r t  WT c o n t r o l  
techniques, the Mod-1 i s  considered the  equivalent  t o  a second 
generat ion wind t u r b i n e  c o n t r o l  system, Perhaps the  greates t  
advantage o f  the Mod-1 c o n t r o l  system i s  f l e x i b i l i t y  and t h i s  was a 
key requirement o f  the  n a t i o n ' s  f i r s t  megawatt scale research and 
development Wind Turbine Generator, With the  experience gained from 
the  Mod-1 system, second generat ion machines are us ing  a more 
simp1 i f  i e d  and durable microprocessor, 

5.3 ENVIRONMENTAL ISSUES 

While conducting the i n i t i a l  checkout of the WT dur ing  the  w in ter  o f  
79-80, complaints were received f rom res idents  i n  the immediate 
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viclnity that the machine was producing interfarance wlth TV 
raceptlon and was emitting an annoying sound, Machine operations 
ware restricted to mlnimlze these disturbances to the af Pected areas 
while evaluation studies were initiated and established experts hired 
to properly evaluate these environmental Issues, It should be noted 
that only ten households have complained about noise, and 35 
households have noted some TV interference out of a community with a 
population of over 10,000, 

The WT is located on top of Howard Knob (elevation 4420 feet), a 
heavily wooded mountain in the Blue Ridge Chain of the Appalachian 
Mountains, Howard Knob is located outside the city limits of Boone 
(elevation 3266 feet), in Watauga County, in northwest North Carolina 
near the Tennessee border. It is important to realize that the . 
mountainous terrain (see figure 5.3-1, local map of Boone) 
surrounding the Mod-1 site has a significant influence on how these 
environmental issues affect the residents in the community. 

5.3.1 Introduction of TV Interference 

Throughout 1980, TV reception was investigated and evaluated at areas 
where complaints of TV interference were received and at other 
locations in the general area to fully identify the scope of the 
problem, Communications consultants were used to conduct these test 
programs and investigations, The geographic orientation of the nine 
TV channels that the Boone residents watch are illustrated in figure 
5,3,1-1, and all of the transmitters are over 46 km from the WT. 
Table 5.3.1-1, entitled "TV Channels Available in Boonel' lists the 9 
network channels, station locations, network aff i 1 iation, effective 
radiated (visual) powers, transmitting antenna locations, distances 
from the WT, and compass bearings, 

Discussion 

The quality of TV reception depends on the signal to noise ratio of 
the receiver, the receiving antenna used, and the TV signal 
strength, To determine the quality that is possible in the Boone 
area, the ambient field strengths were measured at the test sites on 
all of the available TV channeis. Since most of the homes are 
located in the valleys below the top of the surrounding hills, it was 
expected that the TV signals would be weak due to shadowing by the 
terrain, This proved to be the case; and according to the industry 
specification of the signals needed for high quality service (good 
reception), the reception of most channels at almost all homes would 
be classified as poor, The severity of wind t. ,bine interference 
with TV reception depends on the ratio of the WT's scattered signal 
strength to the ambient signal strength at the location in question, 
The TV signal strengths were determined at the base of the wind 
turbine tower and at the top of the nacelle approximately 150 ft, 
above the ground. The signal strengths were similar at the nacelle 
and base of the wind turbine, and the signals received on all 
channels were quite strong. Because the signal strengths are so 



strong at the site of the Model the reflected signal thraughout the 
interference regions will have a large potential For causing TV 
interference, 

The blades of a wind turbine can interfere with TV reception by 
producing video distortion, No audio distort ion has been observed, 
When the wind turbine is operating, the interference is caused by the 
t ime-varying amp1 itude modulation of the received signal produced by 
the rotating blades. In the neighborhood of a wind turbine, the 
signals scattered by the blades combine with the primary broadcast 
signal to create a form of time-varying multipath signal, thereby 
amplitude modulating the total received signal. The modulation 
waveforms consist of sync pulses, and since each blade of the WT 
contributes independently, the pulses repeat at twice tke rotational 
frequency of the machine rotor. If sufficiently strong, these 
extraneous pulses can distort the received picture. When the blades 
are stationary, the scattered signal may appear on the TV screen as a 
ghost whose position (separation) depends on the difference between 
the time delays of the primary and scattered signals. A rotation of 
the blades then causes the ghost to fluctuate which can result in a 
more objectonable picture, In such cases, the received picture 
displays a horizontal jitter in synchronism with the blade rotation, 
As the interference increases, the entire fuzzy picture shows a 
pulsed brightening and still larger intereference can disrupt the TV 
receiver's vertical sync causing the picture to roll over (flip) or 
even break up. This type of interference occurs when the 
interferring signal reaches the receiver as a result of scattering 
off the broad face of a blade and is called backward region 
interference, In the forward scattering region, when the wind 
turbine is almost in line between the transmitter and the receiver, 
there is virtually no difference in the times of arrive1 of the 
primary and secondary signals. See figure 5.3.1-2 for layout of 
forward and backward scatter regions. The ghost is then superimposed 
on the undistorted picture and the video interference appears as an 
intensity (brightness) fluctuation of the picture in synchronism with 
the blade rotation. In a1 1 cases the amount of interference depends 
on the strength of the scattered signals relative to the primary one, 
and the interference decreases with increasing distance from the wind 
turbine. Interference decreases with increasing distance from the 
machine, but in the worst cases can still produce objectionable video 
distortion at distances up to a few kilometers, At a given distance 
from the wind turbine, the i nterference increases with increasing 
frequency; and the interference is worse on the upper VHF channels, 

Test Results and Tentative Solutions 

As a result of the measured data and the analysis performed b the 
University of Michigan, Department of Electrical Engineering f6, 71, 
the following observations were made: 

1, In the city of Boone and the surrounding area, the ambient 
field strengths are low on all of the available TV channels. Even 
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broadcast s ta t i on8  ara conslderod t o  ba a "aocondaryfl aorv ico by tho 
FCC nnd ara 1 lconsnd an thn  baalc o f  non=IntorQflrcnco w i  t h  rcgu l a r  TV 
broadcnat s t a t  Ions, 

Cablo TV and r90broadsast v l n  t rans ln tar r ;  both rrould prov ldo 
tachn lea l  l y  ~ d s q u ~ t ~  so1 u t l ons  t o  a1 Imlnntn ta lav is9en I n t e r f ~ r s n s a  
*In ths  a f fae tsd  a r m s  surrounding ths  Mod-I Wlnd furb lno en Howard's 
Knob, Spocial  antennas w i l l  net  so lve the TV preblsm aaseelated w l t h  
wind turb ines,  R e s t r l e t i n g  the eporat ing t lme f o r  a wind t u r b i n e  i s  
no t  cons idered nn aecaptabla s o l u t i o n  t o  TV i n t a r f  srence, 

5,3,2 Sound - 
I n t r o d u c t i o n  

During the i n i t i a l  checkout aperat fon o f  the  WT i n  the  F a l l  o f  1979, 
a few complaints were received from l o c a l  res idents  t h a t  t he  machine 
was e m i t t i n g  an ob jec t ionab le  sound, I n  some instances, it was 
ropor ted  t h a t  the  sound was accottpanied by v i b r a t i o n  o f  r e s i d e n t i a l  
houses, The character o f  the  sound was described by a f fec ted  
res idents  as an audib le "thumpn ( s i m i l a r  t o  a l a rge  hear t  beat) a t  a 
r e p e t i t i o n  r a t e  equal t o  tw i ce  the blade r o t a t i o n a l  speed. The 
ttthumplt occurs when a blade passes behind the  tower, I n  a d d i t i o n  t o  
the thump, a t y p i c a l  WT Uswishingn sound can be heard i n  the  
background t h a t  i s  r e l a t i v e l y  inconspicuous, 

I n i t i a l  complaints were sporadic and as a consequence d i f f i c u l t  t o  
co r re la te ,  This  incons is ten t  p a t t e r n  o f  complaints was p a r t i a l  l y  due 
t o  the  seasonal nature o f  the  Boone r e s i d e n t i a l  community i n  the 
v i c i n i t y  o f  the  WT, To date t e n  s p e c i f i c  residences w i t h i n  a 2 m i l e  
rad ius  have complained about ob jec t ionab le  sound ~ i t h  on l y  two 
res idents  complaining p e r s i s t e n t l y .  The res idents  complaining about 
ob jec t ionab le  sound a lso complained about TV in te r fe rence  prev ious ly  
described i n  Sect ion 5.3.1. 

As a r e s u l t  o f  the sound complaints, a j o i n t  NASA/BREMC/GE dec is ion  
was made t o  1 i m i t  operat ion o f  t he  WT t o  day1 i g h t  hours w i t h  the  
except ion o f  b r i e f  perS:ods dur ing  the n i g h t  f o r  necessary sound 
measurements, To gain community understanding, BREMC conducted 
i n fo rma t i ve  meetings w i t h  af fected res idents  i n  
March o f  1980, A t  t h a t  t ime cons idera t ion  o f  a r o t o r  slow down t o  23 
RPM l a t e r  i n  the year was mentioned as a p o t e n t i a l  method t o  reduce 
sound leve l s ,  Also dur ing  1980 BREMC released a r t i c l e s  t o  the  l o c a l  
press in forming the general pub1 i c  o f  the  s ta tus  o f  the  sound 
s i t u a t i o n ,  

Tes t ing  Program and Results 

Dur in  the  e a r l y  w in ter  o f  1979 the Solar Energy Research I n s t i t u t e  
(SERlq conducted a l i m i t e d  sound survey a t  the wind tu rb ine  s i t e  and 



near a few affectod rasidenees, Thls survey canf irmad tha existence 
o f  random sound levels at tha resldancca that could ba considered the 
basis for camplnints. This i s  especially true for a rural community 
that has a very low level of background sound, The lnitlal 
measurements a1 so revealed that addl t ional in-depth tests would be 
requlred to obtain a basic undarstanding of the sound generation and 
propagation mechanisms, Initial concerns in additlon to the basic 
sound level were low frequency sound and structural vibration. At 
this time local atmospheric and terraitt characteristics were 
suspected of intensifying sound at some locations, 

The first in a series of three in-depth sound measurement and 
analysis programs was conducted during February, March and Apri.1 of 
1980. This program was implemented by GE and SERI, and consisted of 
sound pressure level measurements versus time and frequency. These 
measurements were made at the WT and in and near the home of a 
resident that had registered sound complaints on several occations. 
In addition to sound measurements, vibration levels in the home of 
one resident were measured, To evaluate the meteorological effects 
on sound propagation, Penn State University and the University of 
Virginia personnel measured atmospheric parameters of temperature and 
wind velocity as a function of elevation. 

The results and basic data from this test program were documented in 
a report ent 
~valuationg. 
basically a 

.itled Mod-1 Wind Turbine ~eneratoi- Preliminary Noise 
Test data indicated that object Ionable sound was 

sequence of impulses at a blade-passins the tower 
repetition rate as shown typically in ~igure.5.3.2-1. A typical 
sound pressure level versus frequency curve Is shown in Figure 
5.3.2-2 as measured within 50' of the WT when generating 1000 kW on 
February 12, 1980. A comparison of the sound pressure level outside 
the house of a local resident versus inside the house can be obtained 
by comparing Figures 5.3.2-3 and 5.3.2-4. 

I t  was concluded from this initial test program that the frequency 
range of primary interest with regard to complaints was from 5 - 70 
Hz. The condition referred to as a "thumpN is characterized by an 
increase in sound especially in the 20 - 30 Hz range. Any 
objectionable house vibration is due to low frequency acoustic energy 
in the same frequency range (20-30 Hz). A mathematical model was 
developed as a sound level predictive tool which suggested that 
appreciable atmospheric focusing of sound energy could be typical of 
the Howard's Knob area. Finally, it was predicted that a reduction 
in rotor speed from 35 RPM to 23 RPM would reduce sound; however, the 
amount of sound reduction might be marginal with respect to 
complaints because affected fami 1 ies had been sensitized. 

The second series, in the sound measurement program, was conducted 
with the WT in a temporary configuration operating at 23 RPM 
generating power into a portable resistor type load bank, The 
results indicated an average 8 - 10 db reduction in sound power level 
when compared to the 35 RPM sound power levels, see Figure 5.3.2-5. 



These measurements supp;ied supparting data to continue wlth the 
program plan to reduce the WT rotor speed to 23 RPM by replacing the 
1800 RPM synchronous generator with a 1200 R?M generator. 

The third series in the sound measuremerit program was conducted In 
January 1981 after the 1200 RPM generator installation when the WT 
was generating power into the utllity grid at 23 RPM. Statistical 
data was recorded in the 31.5 Hz octave band near field 
(approximately 240 - 270 feet from the WT center) at three locations 
and in the far field at two o f  the local residences, Data was 
recorded continuously and statistical distributions were 
automatically generated for half hour periads so that sound pressure 
level data could be plotted versus the percentage of the time that a 
specific level occurred. A typical curve is shown in Figure 5,3,P-6 
with a 50 percentile near field (at the WT) sound pressure level of 
71 db compared to a minimum ambient level of 54 db. 

The results of this test program have been reported in a document 
entitled Mcd-1 Wind ~urbine  ene era tor statistical Noise studies2 by 
R. J. Wells c t  the General Electric Com~anu. At one residential 
area, the average sound pressure level (5oWpercenti le) varied from 64 
db when a complaint was registered to 51 db when no complaints were 
received, see Figure 5.3,2-7. At the second residential location the 
average sound level (50 percentile). was 49 db while on-line, see 
Figure L3.2-8. 

Based upon the results of this test phase, it can be concluded that 
the sound level in the 31,5 Hz octave band is a reasonable choice for 
a convenient measure of wind turbine sound. The sound levels in the 
near field are essentially constant for a given yaw angle and wind 
velocity, The sound levels measured in January 1981 correlate 
closely with the prior 23 RPM load bank tests from the summer of 
1980, Much of the time the far field levels in the 31.5 Hz band are 
about as would be expected based upon the assumption of spherical 
divergence. No complaints occurred under these conditions. The 
condition referred to as "thump" seems to be caused by occasional 
atmospheric focusing due to unusual wind andbtemperature gradients, 
At one far field locatton, measured levels as much as 25 db above 
that expected by spherical divergence occurred, and in such cases the 
far field level exceeded the near field level. 

Assessment 

Complaints about objectionable sound resulting from WT were 
restricted to an area with a radius of two miles and to 10 
residents, Only two of these residents complained persistently. 
Based upon the concerns of the local Boone residents, WT operation 
was curtailed during early evening hours with a few exceptions. The 
character of the sound is repetitive, similar to a heart beat, 
Reducing the rotor speed to 23 RPM reduced the sound level about 10 
db near the WT as predicted. At 23 RPM statistical analysis of sound 
measurements at the WT indicate that the average sound (50 



percantlla) was about 70 db and that 1 percent of the time the sound 
level was about 77 db, Adjacent to one of the local residents who 
was more persistently annoyed the average sound level was about 52 
db, and 1 percent of the time exceeded 60 db for the test period, At 
the same location during a one hour and half period (1-112) when a 
complaint was received, the average sound level was 63 dh and 1% of 
the time exceeded 77 db. The measured sound levels at local 
residences which are equal to or greater than sound levels measured 
at the WT on rare occasions substantiate the notion that atmospheric 
focusing is a significant factor in causing the limited number of 
complaints at Boone, Another interrelated factor in causing sound 
complaints is WT produced TV interference that creates an awareness 
on the part of a sensitized resident of WT operation via a visual 
med i um, 

5,4 Wind Turbine Performance 

The performance of the Mod-1 Wind Turbine was originally reported in 
1980 in reference [12], The experimental data used in this 
performance analysis of Generator Power Output vs. Wind Speed @ the 
Hub was preliminary at that time, but the machine was operating as 
predicted. Figure 5.4-1 illustrates the same plot as the above 
reference except that there are substantially more data samples 
included in each plotted point. The machinet s performance follows 
the design prediction very well, A few data points from the 
reference plot and figure 5.4-1 are above the design line indicating 
that the machine has a higher overall efficiency than was originally 
predicted, 

As expected losses occur in the drive train and rotor of the 
machine, The generator, bearings and gearbox are stand&rd components 
and their manufacturers have we1 1 documented efficiency curves, 

Assessment 

The resulting efficiency increase is attributed to a higher than 
predicted aerodynamic performance of the blades, T h ~ i  otliginal Mod-1 
Wind Turbine performance calculations may have been cunsarvat ive due 
to the lack of blade aerodynamic performance data partlcularly with 
regard to blade surface effects. A more detailed performance 
analysis of the Mod-1 Wind Turbine has been reported in reference 
C133 

5.5 DRIVE TRAIN 

5,5.1 Drive Train Dynamics 

In March 1980, trade o f f  studies were initiated to identify near term 
practical methods of reducing the sound level emitted by the 
machine. Reducina +he rotor speed was selected as the option to be 



implemented. This change could be accomplished by changing 
synchronous generators, ( 1800 RPM t o  1200 RPM) , thus reducing the 
r o t o r  speed from 35 t o  23 RPM. This opt ion was selected because i t  
yie lded the best set  o f  advantages: (1) Mlnimum changes t o  the 
machine; (2 )  minimum time schedule t o  complete the machine changes; 
(3) minimum costs; and (4)  high p robab i l i t y  o f  solv ing the sound 
problem, A so lu t ion hsd t o  be selected ear l y  t o  i n i t i a t e  hardware 
procurement f o r  i n s t a l l a t i o n  dur ing the f a l l  of 1980 f o r  subsequent 
t es t i ng  during the winter  o f  1980. Select ing the reduced ro to r  speed 
option i n  March 1980 p r o v i d t l  s i x  months t o  procure the hardware and 
schedule the change. 

Discussion 

During the analysis and "+sign per iod for  the reduced r o t o r  RPM 
option, it was rea l ized t l .  ' the once per rev exc i t a t i on  frequency 
(0,383 Hz) i s  close t o  the d r i ve  t r a i n  natura l  frequency o f  0.41 Hz 
when operating the WT a t  23 RPM. This s i t ua t i on  presented the 
p o s s i b i l i t y  t ha t  i f  the blades were not wel l  balanced o r  
aerodynamically t: mned, an undesirable 1 P response might be 
experlenced i n  the d r i ve  t r a i n .  The WT was operated a t  23 and 35 RPM 
i n  a manual mode and synchronized t o  the u t i l i t y  g r i d  a t  35 RPM 
without any ind ica t ion  o f  an inbalance betweer blades. Therefore, 
since there was not a pos i t i ve  ind ica t ion  o f  an impending problem 
associated w i th  t h i s  proposed change, i t  was decided t o  proceed w i th  
the r o t o r  speed reduct ion. 

During the period o f  time when the WT was operated a t  35 RPM, the 
machine performed well, was compatible w i th  the u t i l i t y  grid, and was 
dynamically very stable. When the reduced RPM opt ion was completed, 
our concerns during the analysis and design per iod became a r e a l i t y .  
During gusty wind periods, the machine experienced power swings o f  - + 
40% about the cont ro l  set  po in t  during in te rmi t ten t  time periods. 
While t h i s  d i d  not a f f ec t  the u t i l i t y  or i t s  customers because o f  the 
r e l a t i v e  s ize o f  the u t i  1 i t y  and power generated by the wind turbine, 
power swings o f  t h i s  magnitude are undesirable. Power swings o f  t h i s  
magnitude on the WT would reduce the 1 i f e  o f  some components 
p r ima r i l y  the gear box, and on commercially produced wind turbines 
would add unnecessary cap i t a l  equipment costs t o  withstand 40% 
fa t igue  type overload condit ions, To avoid po ten t ia l  damage t o  the 
WT gear box, the power set  po in t  was temporari ly l im i t ed  t o  1,000 KW 
u n t i  1 the power swings could be reduced. 

Wind turb ine generators have a 1 i g h t l y  damped tors iona l  mode 
general ly below 1Hz which i s  determined by turb ine i n e r t i a  and shaft  
s t i f fness .  The generator i n e r t i a  f o r  the 35 t o  23 RPM change 
increased from 50.5 1b-ft-sec2 t o  69.7 lb-f t-sec2, which was an 
i ns i gn i f i can t  d r i ve  t r a i n  i n e r t i a  change, Frequency and damping 
r a t i o  s f  the f i r s t  tors iona l  mode are inf luenced by four fac tors :  
(1)  d r i ve  t r a i n ;  ( 2 )  power regulat ion; ( 3 )  power system s tab i l i ze r ;  
and (4)  hub speed feedback. The f i r s t  tors iona l  mode o f  the WT drive* 
t r a i n  i s  0.41 Hz, which p r ima r i l y  represents the movement o f  the hub 



and blades against the effective stiffness of the shaftin , gearbox, 
and generator conection to the power system, Since the e 9 ectrical 
stiffness between the generator and utility power system is higher 
than the mechanical st iff ness between the rotor and generator, the 
displacement of the turbine rotor on the first torsional mode is much 
greater than the displacement of the generator rotor, The stiffness 
ratio of utility power system to the wind turbine drive train system 
is 8.33 to 1. Electrical damping at the generator is difficult 
because the generator rotor is a minor part in the di splacement 
caused by the first torsional mode, Shaft damping can be effective 
but would require extensive structural changes. 

Assessment 

Damping at the rotor can be achieved by a more active blade angle 
control. A control system analysis of a Mod-1 system indicated that 
increasing damping of the first torsional mode from 5% to 25% of 
critical damping could be achieved by adding a signal in phase with 
hub speed deviation to the output of the blade pitch angle 
controller, This would require a more active pitch hydraulic system 
which could increase maintenance on this system at some time in the 
future, since the system was not originally designed for the more 
active duty cycle associated with the added hub speed control signal. 

During January 1981, the WT was operated at the reduced power set 
point while sound measurements were made to evaluate the machine 
operating at 23 RPM. The program operating schedule called for 
completion of the evaluation and demonstration of the 23 RPM control 
system problem in February 1981. A problem developed in the drive 
train on January 20, 1981, which terminated operations, which will be 
discussed in the next section. 

5,5.2 Drive Train Problem 

Introduction 

On January 20, 1981, the WT experienced a failure of 22 studs in the 
drive train. Specifically these studs attached the low speed shaft 
gear coupling to the rotor hub. Figure 5,5.2-1 illustrates the 
general drive train arrangement on the WT and identifies where the 
bolted joint is located. When the rotor hub separated from the low 
speed drive shaft and remaining portion of the drive train, the 
safety system ini tl ated feathering of the blades which stopped the 
rotor/hub and opened the circuit braker to the ~tility which 
electrically isolated the generator from the grid. 

Discussion . - 

The machine was safely secured and sustained relatively minor damage 
during the safety system ~fmtrolled shutdown. The torque plate which 
i s  mounted on the rotor hub assembly contained the 22 broken ends of 
the studs within helicoil inserts. The remaining portions of the 



broken studs were recovered from the lowe** portion of the bedplate, 
The outer sleeve of the gear coupling was damaged during the shutdown 
and wi 1 1  require replacement, This shaft coupl ing outer sleeve 
rapped the pitch rod adjusting mechanism during the shutdown. These 
adjustment mechanisms and the ttuniballM end fittings must be 
rep1 aced. The instrumentation and power wiring bundle and conduit 
within the low speed shaft was severed when the coupling/low-speed 
shaft separated from the rotor hub and must be replaced. 

Figure 5.5.2-2 illustrates a section vieh of the hub/shaft interface 
and locates the studs that failed. During assembly personnel access 
to the backside of the hub torque plate was 1 imited which 
necessitated the blind connection. Figure 5.5.2-3 i 1 lustrates the 
studlhel icoi 1 instal lation in the rotor hub torque plate/low speed 
shaft coupling joint. Self locking stainless steel helicoils inserts 
were used to increase the thread strength i n the mild steel torque 
plate. The studs pass through clearance oversized holes needed for 
helicoil installation in the torque plate before engaging the 
he1 icoil insert. 

The rotor hub torque plate to coupl ing interface was designed as a 
conventional friction joint with the fastening studs providing the 
preloading to a joint capacity of 885,000 ft-lbs. The drive train 
hed a rated torque capacity of 442,000 ft-lbs which yields a joint 
safety factor of 1.99, The drive train has a slip clutch adjusted to 
slip at a setting of 829,000 ft-lbs which would slip at 93% of the 
joint rating, 

Metallurgical analysis of the failed studs revealed that high strain; 
predominantly low cycle bending fatigue was the cause of the stud 
fractures at the helicoil end, The stud material was found by 
metallurgical analysis to be of excel lent qua1 ity and free of any 
defects. After the failure, examination of engineering log books 
indicated that the studs were not properly preloaded which is 
be1 ieved to result in a joint torque capacity of 683,000 ft-lbs or 
only 77% of i s  original design value. The stud geometry and spacing 
in the oversized torque plate and gear coupl ing holes would a1 low a 
relative rotation of 1 degree between the tofque plate and gear 
coupling. Torque loading of the drive train forced relative rotation 
which in turn failed the studs via bending fatigue. A second major 
contributing factor that the slip clutch malfunctioned on several 
occasions before it was di scovered operating improperly, A third 
contributing factor was occasional torque loadings in excess of the 
design values including both peak and cyclic torque overloads. The 
principal cause of this failure can be attributed to improperly 
installed studs and a malfunctioning slip clutch which was installed 
as an overtorque protection device, 

Assessment 

The failed joint has been fully reviewed and analyzed and a suitable 
repair method identified. The drive train damage can be repaired for 



the most part in the nacelle with only the low speed shaft and pitch 
change mechanism being removed. The i-otor hub torque plate rework 
wi 1 I require precision machining, and several sources that can 
provide this type of service have been identified. 

Specific Recommendat ions 

Basic f riction-torque joints are desirable in future wind turbine 
appl icat ions because they are lower cost than other conventional 
designs. Also, some drive train designs may have no other 
alternative than to use friction torque joints. Designers in 
designing this type of joint should consider providing a friction 
torque capability for all specified loads with a safety factor of 2.5 
as a minimum. In addition, the designer should assume that the joint 
will slip near limit loads and the fasteners will be carrying the 
torque load in shear. Clearances around fasteners should be 
minimized so that the fasteners will be more uniformly loaded. 
Designers are urged to be conservative in selecting a friction 
coefficient for this type of joint. Through joint fasteners that are 
positively locked are recommended, and he1 icoi 1s should be avoided in 
this type of joint. Lastly, the fastener tensioning technique must 
be verified by test and ver if fed at i nstal 1 at i on by proper 
inspection. Using a slip clutch as a overtorque safety device in 
wind turbine is considered acceptable. Particular attention must be 
paid to the application, installation and understanding all facets of 
its operation and mai ntanence. Designers must obtain enough detai led 
information from the sl ip clutch manufacturers to fully understand 
the operation and limits especially if the unit is not a shelf item 
or a shelf item has been modified. 

5.6 PUBLIC REACTION AND ACCEPTANCE 

Introduction 

Over the past two years, the public reaction has been favorable 
toward the Mod-1 Wind Turbine Project. This included the vast 
majority of local people who 1 ive i n and around Boone near the 
turbine site. In the regional area of North Carolina and over the 
rest of the country, people were supportative; but not as interested 
in the project as the Boone residents. Nationally, the Mod-1 Project 
was recognized as the first operational megawatt sized wind turbine 
in the world. 

Discussion 

There have been many articles in the North Carolina and Boone papers 
reporting on the various phases of the Mod-1 Project over the past 
two years. Occasionally, national publ icat ions such as Time 
Magazine, the Wall Street Journal, Aviation Week & Space Technology, 
have had articles on the Mod-1. Trade journals including 1980 
Generation Planbook and Electrical World have publ ished material 
describing the Mod-1 Wind Turbine. Newspapers outside of North 



Carolina such as The New York Times, Washington Post, Cleveland Plain 
Dealer, and Philadelphia Inquirer and others have pub1 ished articles 
about the project. The North Carolina television stations have also 
reported numerous times on the Mod-1 Program. 

Various management personnel from the Blue Ridge Electric Membership 
Corporation have given an average of over 100 talks per year around 
the state of North Carolina to various civic, religious, and public 
organizations during the first two years of the project, The Blue 
Ridge management has reported that the groups that they have talked 
to as well as the general Boone residents have been very supportive 
of wind power as a form of generating electrical energy. The 
academic community from Appalachian State University, a local 
college, have been very supportive of wind power by conducting energy 
seminars including wind energy reviews and are conducting their own 
wind energy projects which consists of operating a small horizontal 
axis wind turbine. 

The Mod-1 site is a continual attraction to visitors to the Boone 
area and residents from the southeastern part of the United States. 
Approximately 4000 per year informational brochures on the Mod-1 have 
been passed out to site visitors during the normal working hours by 
maintenance personnel. During the fall of the year when the leaves 
are changing color in the local mountains, 1500 visitors have visited 
the site on several successive weekends. This caused traffic 
problems on the WT access road and local off-duty police were hired 
to control the traffic flow. Many foreign visitors from South 
America, Asia, and Europe as well as United States government and 
industry leaders have visited the site. In fact large numbers of 
foreign and domestic VIP groups occasionally have been disruptive to 
meeting Mod-1 Progrdm Schedules. School classes, youth groups, 
professional organitations etc. are continually scheduling visits 
through the local Blue Ridge Electric Membership Corporation Di strict 
Manager. 

Assessment 

The public reaction to the Mod-1 Wind Turbine Project has been 
demonstrated continually by the number of visitors to the site. The 
people have clearly expressed to Blue Ridge and site personnel their 
desire for pollution free electricity that is not dependent on 
foreign produced oil. The local people have expressed their desire 
to see the WT operating more of the time. The wind velocity is 
highest during the evening and early morning hours; therefore, they 
haven't observed it during much of the operating time. In addition 
configuring for testing causes periods of time when the WT can't be 
operated. In the opinion of the personnel involved with the WT from 
Blue Ridge, NASA and General Electric Company, the public, who have 
visited the site and ttle local Boone residents, are definitely in 
favor of  producing electrical power via wind turbines generators. 



6.0 CONTRIBUTIONS TO WT TECHNQLOGY 

Introduction 

Since the Mod-1 WT was the first modern megawatt class machine that 
had as its purpose research and development, a number of major 
contributions have been made to WT technology. These contributions 
resulted both from deliberate investigative efforts as we1 1 as from 
unexpected problems that occur during any "first of a kind1' 
endeavor. The important WT technology developments that can be 
attributed to the Mod-1 program include innovative low cost WT design 
concepts and metal and composite bl ade f abr ication/process 
techniques. The Mod-1 was the first remote unattended 2 megawatt WT 
to synchronize, generate power to a pub1 ic uti 1 ity system, and be 
controlled by a utility dispatcher. Computer codes were verified for 
dynamic and loads analysis, performance prediction and electrical 
stabi! ity analysis. These will be useful for future generation 
designs of megawatt class systems. Environmental impact issues, such 
as sound generation and TV interference, were experienced, evaluated, 
and solutions for wind turbines identified. And finally, a host of 
"lessons learned," including the importance of optimizing an 
installation site to WT characteristics, have been reported in the 
literature for the benefit of the WT industry. 

Innovat i ve Design Concepts 

Just after the completion of the Mod-1 design, a Mod-1A configuration 
was designed and reported to the WT industry at a NASA workshop in 
March of 1979 that synthesized the innovative concepts that were a 
by-product of the Mod-1 design experience. These low cost concepts 
identified on the Mod-1A which were beyond the scope of the Mod-1 
specification, have been incorporated in second and 1 ater generati on 
WT's. These innovations are a soft tower, partial span control, a 
teetered hub and an upwind rotor. The utilization of these concepts 
with others, has resulted in cost effective WT1s which are the 
keystone of the emerging cornmerci a1 market. 

Blade Manufacturing Technology 

The manufacturing of the Mod-1 rotor blades, modern industry's 
initial attempt to construct a blade of 100 foot in length, 
establ ished the fabrication technology for welding and stress re1 ief 
of steel blades for the WT industry. The Mod-1 blades have performed 
successfully experiencing in excess of three quarters of a million 
cycles and "know howu from these blades has been incorporated in 
second generat ion steel welded blades. Also two composite fiberglass 
rotor blades designed specifically for Mod-1 have recently been 
manufactured, further establishing the Transverse Filament Tape (TFT) 
manufacturing process. One hundred foot blades once regarded as a 
challenge in the 1970's will be commonplace in the 1980's primarily 
as a result of the knowledge gained by the Mod-1 design and 
manufacturing experience. 



Power Generat ion Feasi b l l  i ty 

In the area of performance, the Mod-1 demonstrated that a 
multi-megawatt wind turbine could be successfully synchronized with a 
utility grid and generate stable electrical power meeting utility 
qua1 ity standards, Secondly, the Mod-1 demonstrated that an 
unattended WT could be operated remotely in conjunction with a 
utility system by a utl lity dispatcher in a fully automatic mode, 
Although power level varies significantly with wind speed and 
direction fluctuations, voltage flicker was well within utility 
standards. Transients associated with initial synchronization and WT 
shutdown exhibited a stable, acceptable behavior. 

Environmental Impact 

Perhaps the most signif icant contribution to WT technology resulted 
from the environmental impact of the Mod-1 in the Boone, North 
Carolina community, In the Fall of 1979, shortly after dedication, 
unanticipated complaints from local residents about objectionable 
sound and television interference caused by the WT were received by 
BREMC, the local utility, As a result, extensive efforts were 
conducted to characterize, establish standards, and solve sound and 
TV interference problems at Boone. The specific knowledge developed 
on the phenomenon was then incorporated into the second generation 
wind turbines. 

In regard to sound, extensive measurements were made in the immediate 
vicinity of the WT and at remote residential locations, 
Intermittently and continuously, and during daylight and evening 
hours at various weather conditions. These measurements were made at 
various WT rotational speeds, on line and off, The most important 
favorable impact of the Mod-1 experience at Boone resulted in an 
acute awareness throughout the WT industry of the WT noise generation 
problem. In addition to solving the 3oone problem by reducing the 
rotor speed, this unexpected si te specific environmental concern 
provided the impetus to characterize WT sound generat ion, develop 
predictive computer codes and establish WT sbund standards, The body 
of knowledge that evolved from the Mod-1 experience is being 
incorporated in future generation designs and in utility site 
selection criteria, 

A parallel story about TV interference unfolded in much the same 
manner to WT generated sound. Although not totally unexpected 
because of prior experience at Mod-OA sites, TV interference caused 
complaints within a 1-1/2 mile radius due to terrain which 
consequently restricted WT operat ion. An extensive measurement 
program was conducted that evaluated basic signal strength and 
interference characteristics. The results of the test program lead 
to the evaluation of three tentative solutions utilizing high gain 
residential antennas, cable TV and VHF to UHF rebroadcast 
trans 1 ators. In the interim, however, the TV interference problem 



was eliminated by restricting the turbine operation to othar than 
prlme TV time, Thus far Mod-1 has contributed to the understanding 
and identification of solutions to this critical environmental 
problem that wlll affect future WT. siting decisions. 

7.0 CONCLUSIONS 

Power Generation on Ut i 1 i ty Grid 

The WT has generated electrical energy within utility standards in a 
stable and well controlled manner, At 35 RPM transient wind 
conditions have had no adverse effect on the power generated or the 
machine, At 23 RPM the power generated was still within utility 
standards but the drive train was responding to its fundamental 
frequency, 

Controls and Unattended Operat ion - 
The controls system initially presented a succession of minor 
problems and they were eventually solved. After the program 
acceptance tests, the control system performed f 1 awlessly as 
designed, The WT was operated successfully in all modes including 
manual operat ion, automatic operation, unattended operation, and 
unattended remote control from the BREMC dispatchers office in 
Lenoir. In addition, the versatility of the control system allowed 
testing in various unconventional machine configurations during the 
Mod-1 Test Program, 

TV Interference 

Cable TV and rebroadcast via translators both provide excellent 
solutions to eliminate TV interference caused by wind turbines. Many 
areas of the country already have these systems installed. Because 
of the recent strong interest by the business community in providing 
these communication systems, cable TV and trans1 ator systems are 
being installed at a rapid rate throughout the country, This will be 
a definite advantage to the users of wind turbines. 

WT Generated Sound 

As a result of the sound test program conducted on the Mod-1, the 
sound emitted by WTs is now defined, understood and predictable, In 
addition, acceptable sound level standards for WTs are being 
established for WT manufacturers use. The meteorological effects on 
sound propagation and focusing of sound energy information will be an 
important criteria in WT site selections. 

Drive Train Dynamics 

When the WT was operated as originally designed at 35 RPM, the 
machine ran well, was compatible with the utility, and was 
dynamically very stable. When the WT was test configured to reduce 



the sound emitted at 23 RPM, the machine responded to its fundamental 
frequency in high turbulent winds, was compatible with the util lty 
and was dynamically stable, A solution to the 23 RPM drive train 
fundamental frequency problem would be a more active blade pitch 
control system. This would increase the drive train damping whlch 
would permit the drive train to operate with less excitation of the 
first torsional mode in turbulent winds. 

Pub1 ic Reacton and Acceptance 

The NASA, BREMC and GE personnel involved with the Mod-1 Program 
believe that the public who they have talked with at the site as well 
as the local residents around Boone have a very positive attitude 
toward using wind turbines to generate electrical energy. The large 
number of visitors and groups from foreign countries and the United 
States visiting the Mod-1 site in this remote mountain community 
attests to the popularity of this method of energy conversion. 

Contributions to WT Technology 

The Mod-1 Program has made substantial contributicils to the 
development of WT technology. GE through the experience gained 
during the design phase of the program developed many low cost design 
concepts for the benefit of the wind turbine industry, Metal and 
composite b1 ade manufacturing technology was also developed. The 
Mod-1 first demonstrated that a megawatt sized WT could be operated 
in an unattended fully automatic mode and generate utility quality 
power into a public utility system. Analytical computer codes for 
predicting wind turbine dynamic and loads analysis were verified from 
Mod-1 data. A significant contribution to the wind turbine industry 
was the discovery that the Mod-1 had an environmental impact on the 
community. 

Project Objectives 

The specific Mod-1 project orjectives, listed below, which were a 
part of the Federal Wind Energy Program, have all been achieved, 

o Provided megawatt sized wind turbine operational and performance 
data. 

o Demonstrated unattended, f ai I-safe operat ion. 

o Involvement of utility as user and operator. 

o Identification of maintenance requirements. 

o Industry involvement in design, fabrication, and insta1:ation of 
the WT. 

o Identify components/subsystems modifications to reduce cost, 
improve rel'ability and increase performance. 



a Assess pub1 l c  reactlon/acceptance o f  l a rge  wlnd turb ines,  

o Demonstrate c o m p a t i b i l i t y  w l t h  u t l l l t y  requirements. 
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Figure 4 1-1. - Mod-1 200bkilowatt wind turb~ne. 
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Figure 4 1-2. - DOEINASA 2000-kW experimental wind turblne, Howard's Knob, 
Bwne, North Carolina. 
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Figure 4 1-3. - Schematic diagram of the Mod-1 wind turbine assembly. 
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Figure 4 1-4, - Blade and trailing-edge geometry. 
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Figure 4 1-5. - Hub assenibly. 
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Figure 4.1-7. - Drive-train assembly. 
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Figure 4 1-8 - Yaw drive assembly. 
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Figure 4.1-9. - Simplified Mod-1 control schematic. 



STA 
0.0 25% CHORD LINE 

STA STA 
605.5 1210.0 

- 
- 

/ I 
ADAPT)ER SPAR 7.4 I (aim. ) 
FITTING FIT?!% 
(steel ) BOLTS 

(18) 
OVERWRAP 

a- 
C = 134.4 in. NACA 23025 
t = 62.8 in. C = 126.0 in. 

t = 31.5 in. 

WACA 23015 
C = 33.84 in. 
t = 5.08 in. 

MOO-1 COMPOSITE BLADE 11° LINEAR TWIST. ROOT TO TIP 
FIGURE 4.2-1 

. . -. 

23000 SERIES AIRF-OIL- 
WEIGHT WITH ADAPTER: 26,846 1 b. 



.ORIGINAL PAUI: RR 
OF POOR QUALln 

WIND REGIME 18 MPH 18 MPH 

RATED POWER 2000 kW 2000 kW 

tIFE 30 YEARS 30 YEARS 

WEIGHT 655:OOO LBS 400:OOO LBS 

2ND M I  T COST ($/k~) 2 900 1,000 

COST or E N E ~  (~I~~J-HR) 18 s 

MC3-1A OBJECT1 VES 

Figure 4.3-1 



DESIGN CONCEPT #I 
RUWCEo1300-1J 

o FIXED HUB 
0 2 BLADES 
o UPUIND ROTOR 
o PARTZAL SPAN COMTROL 
0 m - 1  GEmBox 
o MOD-1 ELEC. 6EN. 
0 TRUSS T a m  (SOFT) 

TOTAL WEIGHT 
340,ooO LBS 

DESIGN CONCEPT 12 
 EPICYCLIC GEAR) 
o FIXED HUB 
o 3 BLADES 
o IJPYIND ROTOR 
o PARTIAL SPAN CONTROL 
o EPICYCLIC 6EARBOX 
o MID-1 ELEC. 6EN. 
o SHELL TOUER (son) 

TOTAL WEIGHT 
355,000 LBS 

FAVORABLE RESULTS COMPARED 

TO MOD-1 HEIGHT OF 655,000 

MOD-1 TRADE-OFF STUDY 
CANDIDATES 

Figure 4.3-2 
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FIGURE 5.3-1: Topoyrrphlcrl m p  of the Boone 8rhr 
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Figure 5.3.1-1 - TV sWions rece*lved in Boane. 
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regions for a wind turbine. 



FIGURE 5.3.2-1 fapulse Sequence Mar Clachim. 35 rpm, 500 W, Rgril 1. 1980 
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Figure 5-5.2-2 - Section view of hublshaft interfa~ showing studs lodim. 
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TABLE 4.1-1 - &Sf GN SPECiFICATlONS FOR MOD-1 MIND TURBINE GENERATOR 

L41000 
)ow? [~NIILOI II~U~MIA~ t1000 
(hattr, c o ~ p l t y # t  red clutoh tB,000 
OIbrbor 11,000 
LubriertLon tnd hydtrutle r y r t r u  
btr u q u t r t t i o n  avrtea 
CIblebl I l ~ h t r ,  eta, 

;:E' 

Crbl rw rnd eondutt 

TABLE 4.1-2 - WEIOHT BREAKWWN OF M D - 1  
WtND TURBINE GENERATOR 



* Wind Speed measured a t  hub height 

TABLE 5.2-1 . Manual Functions 

Function 

Pitch t o  Any Angle (g) 
Yaw t o  Any Angle (~5')  

Yaw Hydraulics Pump Motor On/Off 

dub t o  Any Angle (?lo0) 

PCM Pump Motor On/Off 

Re1 ease/Apply Y aw Brake 

Main Lube Pump On/Off 

Hub t o  Any Speed ( 3 . 5  rpm) 
1 

- 
Addi t ional  Restr ic t ive  Condi tions 

Wind Speed* 15 mph - 
Wind Speed* 35 mph 

- 
I 

Wind Speed* 25 mph 

- 
Wind Speed+ 25 mph 

- 
Break Away Wind Speed* 25 mph 



Tabla 1.2-2. Control System Functions 

Functlon 

L 

Moht t o r  Enable 

In l t l a l l t a t l oh  

SIte Enabld 

Antl-Stal 1 

Ov~rstress 

Yaw Cortect 

PItch Ramp 

speed Ramp 

Rate Sync 

Voltage Sync 

Angle Syhc 

Pauer Remp 

Shutdown 

Pownr Perklng 

4 

Wscrlptlon 

Process Lockout Sensors, I n l t l a l l ze  Caahand$ 

In l t l a l l ze  Yaw, Pltch, and Lube Subsystem 

Process Autarnatlc Restart Sensors 

Llmlt d as a f(Vw) to Prevent n S ~ l l  * 

Llmlt Structural Stress as a t(VW, Yw Error) 

Allgfi Nacelle W1M Wlnd Vector 

Ramp b 90° t o  72O - Maxlmtln Coefflclent o f  L l f t  

Ramp Oanarator Speed 0 t o  1200 rpm 

Set Fraq. Generator Fnq. U t l l l t y  

kt Voltage Oarlarator Voltage U t l l l t y  

Enlble k r l tch  Obar Synchronlter, Walt f o r  
Bnaker Close 

Step Power I n  25 kW I n c ~ n t s  2 Sec, Apart 

DIsen age U t l l l t y ,  h a w r  Blades, Brake, 
Park &tor 

Iterate Power Set - Polnt to h x .  Value fo r  
11s VWS24.6 



Table 5.2-3. Pitch Control #odes of Operation 

* 

nDde 
I 

Startup 

Rate Sync 

Angle Synt 

Power Control 

)Carnal 

Pitch Jam 

P#r Don 

Slow Down 

Functional Description 

Blade Pitch Angle to +72O 
With Sbaft Brake th. Accelerate 
btor to Rated Speed by Pitching 
Blade Using Speed Schedule after 
releasing the bra&e. 

Closed Loop Control of Pitch to 
f Utility = f 6enerator 

Closed Loop Control of Pitch to 
Mike L Utility = I Generator 

CPU Raqs Power Reference 
m n d  to Set Desired Power 
output 

For Testing and Periodic 'exer- 
cising, ' the Blade can be 
camamled Over the Full Range. 

'Pitch Jam" Status to NIU i f  
P i tch  Mechanism does not 
ibpad to Position Control 

CPU fkference to  Zero 
m r  

Wuce b t o r  Shaft Speed to 
1 rpm by Sleuing Blade a t  
1 w* 

Operating 
I 

Control Pameters 

Tim 
Shaft Speed 
Blade Angle 

Utility Frequency 
Generator Speed 

Utility Phase Angle 
o Generator Phase Angle 

Time 
Generator Power 

e Blade Angle 

llama1 
Blade Angl~ 
Time 

Tim 
Voltage 

Time 
e Generator Power 

Blade Angle 

Blade Angle 
Shaft Speed 

Conditions . 
Wind Speed (qh)  

I 

11 to 35 

11 to35 

11 to35 

11 to 35 

0 to  25 

h y  

11 to  35 

h~ 



Notes 

No operation 

0.25 degjsec 

Shutdown 

For Test 

- 
Table 5.2-4. Yaw Control 

Brake 

"Ona 

"Off" when not 
rotating, "On" 
i f  RPH above 8 
at louer pressure 

'On' 

Manual 

Wind S eed 
( Wh! 

0 to Cut-In 

CI to Cut-Out 

Above CO 

OtoRated 

Drive 

"OffU 

Cotrgcts for Yaw error 
of 5 for 5 minutes 

"OFF" 

Nanual - to any angle 



Table 5.2-5. Shutdown Logic 

. 

Crf t e r i a  f o r  Shutdown 
Manual Comnand 
Dispatcher Comand 
Wind Speed Drops Belm 11 HPH 
User Subsystem Fai l u ~ e  
Wind Speed - Yaw Error Out of Band 
Temperatures Out o f  Band 
Average Wind Speed Above 35 HPH 
Emergency Pitch Hydraulic Pressure 
Low 
Frequency Out of Band 
Shaft Speed too High 
Main Breaker Open while in  Gen 
U t i l i t y  Voltage LDip Below L imi t  
Wind Speed-Yaw Error Out o f  Band 
Any Vibration Above L imi t  
Cata Link Anomoly - 

U t i  1 i t y  Voltage Drops Out 

Blade W i  11 Not Respotld 

Type o f  Shutdown 
Normal 

Emergency 

U t  i 1 i t y  Outage 

Pi tch Jam 

Contract System Functions 
1. Yaw Off i f  Fai lure 
2. Power Down (Pitch Change) 
3. Breaker Open 
4. Slow Down (Speed Kamp) 
5. Rotor Stop 
6. Apply Parking Brake 

1. Yaw O f f  i f  Fai lure 
2. Pitch Emergency Feather 
3. Breaker Open 
4. Rotor Stop 
5. Apply Parking Brake 

Emergency Feather, Yaw 
Motor O f f ,  Brake On, 
Shaft Brake O f f  

1 . Emergency Feat her 
2. Yaw 900 t o  Wind 6 Track 
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