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FOREWORD 

Washington Unive r s i ty Technology Assoc i ates is pleased to subm i t  th i s  F i nal 
Report on The I nvest igati on of Pas s ive Blade Cyclic  P i tch Var i ation U s i ng An 
Automatic Yaw Control System unde r Solar  Energy Research Insti tute Divi s i on , 
Subcontract No . XE- l-10 5 2- 1  and Midwe s t  Research I nsti tute Pr ime Contract No . 
EG- 77-C- 01- 4 04 2 .  

We wi sh to thank the Solar  Energy Research I nsti tute for awarding the sub
contract for thi s  wor k to WUTA Corporation . Th i s  work was d i r ec ted for SERI 
unt i l  October , 1 9 8 1  by D r . I rwin Vas , former Branch Chi e f , Wind Energy Branch . 
Mr . Richard Mi tchell had management r e spons i b i l i ty throughout the performance 
per iod program . The subcontrac t  was admi n i s te r ed by Ms .  Lor i Mi r anda . 

The repor t cover s  the Contract and Amendment One per formance per i od of 
January 1 to December 31 , 1 9 8 1 . The pr i nc i pal investigator was Dr . Kur t  H .  
Hohenemser .  Dr . Andrew H .  P .  Swi f t  pe r formed the analyt i cal and the 
atmosphe ric  test wor k . Mr . Davi d  Sander s on par t i c i pated in the des i gn of the 
automat i c  controls and in the i r  bench tes t i ng . The Woodward Gover nor Company 
in Roc kford ,  I ll i no i s  made ava i lable wi thout charge and bench tested the 
hyd r aulic cons tant speed gover nor used for one of the two automatic control 
systems under i nves tigation . The Gould Elect r i c  Motor Divi sion in St . Lou i s , 
Mi ssour i del ive r ed f r ee of charge a speci ally des igned single phase four-pole 
induction gener ator and i nve s t igated i ts characte r i stics in the i r  laboratory . 
The Uni on Elect r i c  Company i n  S t . Lou i s ,  M i s sour i installed a system of mete r s  
and performed tests - also f r ee o f  charge - t o  determine the quality of the 
elect r i c  energy fed by the gene r ator into the i r  gr i d .  

Accordi ng to the or i g i nal subcontract the wor k, exc ept for evaluation and 
r eport wr i ti ng , was to be completed by May 31 , 1981 . By that t ime the sub
contract goal had been ach ieved wi thi n  the ava i lable mean wind speed of up to 
11 m/sec ( 2 5  mph ) . In  the expectat i on of encounter ing higher mean wind speeds 
later i n  the year , Amendment One to the s ubcont ract extended the per formance 
pe r i od wi thout fund i ng to December 31 , 1 9 81 . When dur ing June , July , August 
and September no higher mean wi nd speeds occur r ed than had been encounte r ed 
befor e , it  was decided not to wait any longer for higher winds . I ns tead , the 
subcontract goals wer e  expanded to i nclude the i nvestigation of the automat i c  
passive yaw cont rol system in  the c a s e  o f  a n  elect ric  g r id connected generator . 
Thi s  could be done e i ther by addi ng a synch ronous inve r te r  to the al ter nator , 
or by replac ing the var iable speed alternator by a constant speed induction 
generator . The l atter r oute , though aer odynamically less eff i c i ent , was f ound 
to be substantially less cos tly and was , therefor e , selected . Elect r i cal 
contr ols for cut- in and cut-out of the induc t i on gener ator at synch ronous speed 
had to be developed . Atmosphe r ic tes t i ng of the new conf i guration was 
per formed in  Octobe r , 1 9 81 . The exten s i on of the contract goal wi thout fund i ng 
increase was only pos s i ble because ne i ther Dr . Hohenemser nor Dr . Swi f t  charged 
thei r t ime to the s ubcontract af ter June 30 , 1 9 8 1 .  

i i i  





SUMMAF.Y 

The investigation of pas sive cyc l i c  pitch vari ation us ing an automati c  yaw 
control system made use of the te st equipment and of the re sults of an e arl i e r  
study documented in the F inal Report to SERI o f  December 1980 titled "The 
Yawing of Wind Turbines with Blade Cycl i c  P itch Vari ation" . The atmospheric 
test equipment cons i sted of a hor izontal axi s  wind turbine with vane controlled 
upwind two-bladed rotor of 7 . 6 m ( 2 5  ft) d iameter having pas s ive cycl i c  p itch 
var i ation . The mach ine was mounted on a Unarco Rhon SSV steel tower of 18 m (60 

ft) he ight wh i ch had been made t i ltable to fac i l itate instal lation and 
ma intenance of instrumentati on for measuring performance and dynami c  load s . 
The alternator was tuned and loaded by a 6 ohm re s i stance in such a way that the 
wind turbine operated with max imum aerodynami c  e f f i c i ency at all wind and rotor 
speeds up to the rated rotor power of 10 kW . An automatically triggered 
e lectr i c  furl actuator prevented over- speeds and over-torque s by fur l i ng the 
:rotor wh i ch means yawing the rotor out of the winds . Unfurl ing had to be 
accompl i shed by a manual toggl e  swi tch for the furl actuator . 

For the present inve sti gati on the atmospheri c  te st equ ipment was mod i f i ed to 
accept two alternative fully automatic yaw or furl control systems . The f i rst 
system was of the active type and included a hydraulic s ingle acting constant 
speed governor as it i s  used f or a i rcra ft propel l er controls . Upon reach ing 
the rotor speed l im it, the governor de l ivered pres surized o i l  to a hydraul ic 
furl actuator wh i ch then overcame the unfurl ing spring force and furled the 
rotor . When the rotor speed f e l l  below the set value, the governor admitted 
o i l  flow from the hydraul ic actuator into the oil  reservoir and the rotor was 
unfurled by the spring . The active automatic yaw control system worked very 
we l l  and held even in highly gusting winds the power-off rotor speed to with in 
+ 10% of its set value . 

The second automatic control system was of a purely mechanical pa s s ive type. 
The rotor thrust, wh ich was l atera l ly of f-set from the yaw axi s, in combination 
with a yawi ng component of the rotor torque due to upt i lt of the rotor ax i s  
overcame at rated power the unfurl ing spring and furled the rotor . The 
analytically pred i cted and experimental ly substanti ated negative rotor yaw 
damping would cause excess ive furl ing rates unless allevi ated by a furl damper . 
The pas s ive furl control system wh i ch i s  s i mpler and more rel i able than the 
active hydraul ic governor control system was found to accurate ly l imit rotor 
speed and rotor torque to the set value s . However, due to exc e s s ive beari ng 
friction, unfurl ing during decre a s i ng wind speed was substanti ally de layed . 
The pa s s ive system was te sted both in conj unct i on with the variable speed 
alternator and with a constant s peed inducti on generator tied to the electric 
gri d .  

The te sts were supported by a spe c i ally deve loped dynamic yawing analys i s .  
Both analys i s  and tests ind icated that the two-bladed pas s ive cycl ic p itch wind 
rotor can be e f f ective ly torque or speed l imited by rotor yaw control systems 
wh i ch are less costly and more rel iable than the conventional blade feathering 
control systems . 

v 
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SECTION 1.0 

INTRODUCTION 

Rotor speed control by yawi ng requ i r es rapid yaw rates whi ch are incompati ble 
wi th two bladed rigid  or teete r i ng r otors. To avoid excessive vibrati on and 
teeter moti ons a type of two bladed rotor wi th passive cycl ic  pi tch vari ati on 
was inves tigated. The r i g id blade pa i r  was free to oscillate about a common 
pivot wi th whi ch the blades formed a smal l  pr elag angle , s ee Fig. 1�1. This 
simple and r ugged wind r ot or was found capable of high yaw rates without 
impos i ng vibratory hub moments and wi thout producing not iceable out-of�plane 
blade excursions. The wind r otor was ta i l  vane stab i l i zed. Rotor yaw angl es 
wer e  introduced by " fur l ing" the rotor wi th r es pect to the tai l vane, see Fig. 
1- 2 which def ines the yaw angle and the furl  angle. They are usuall y  
approximately equal to each other .  

The two bladed 7 . 6  meter ( 2 5 f t) d i ame ter hor i zontal axis wind turbine under 
study was des i gned to operate up to r ated power wi th near constant rotor torque 
coeff icient. Thi s  was ach i eved by lett i ng the rotor torque be proporti onal to 
the square of the rot or speed. The constant tor que coeff ici ent was selected 
for maximum aer odynamic  rotor ef f ic i ency whi ch was obtained at all rotor and 
wind speeds up to the condi ti on of r ated power � The thr ee phase variable speed 
alter nator wi th th r ee tun i ng capaci tor s produced three phase ac which was 
t r ansformed i nto de by thr ee r e c t i f i e r  d i odes. Wi th a constant res istance load 
of 6 ohm the des i r ed cons tant torque coef f ic i ent was obtained up to a rotor 
power of 10 kW that occurred at 2 2 7  r pm  of the r otor and at 9.7 meter per second 
( 2 2  mph ) wi nd speed. Somewhat above r ated rpm the alternator torque 1P¥ou.ld 
r each a maximum and then dec l i ne r esulting in a rotor runaway condition. The 
conventional means of control l i ng rotor speed consi st of a blade feathering 
mechani sm. The purpose of the s t udy was to f i nd out whether the complex 
feathe r i ng control mechani sm wi th i ts emer gency back-ups by brakes or spoi l ers 
could be omi tted and replaced by a s impl e r  and mor e  r el i able r otor yaw control 
sys tem. 

In Append i x  B the char acte r i s t i c s  of the rotor type of Fig. 1�1 are compared to 
those of other hinged rot or types. All h i nged rotors avoid the transfer of 
gyroscopi c moments to the rotor hub. Howeve r , qu i te complex h i nge arrange ments 
are usually adopted in order to prevent Cor iol i s  moments from simultaneous 
coni ng and f l appi ng. The rotor type of F ig. 1-1 all evi ates blade f lapping by 
the strong coupl ing between flappi ng and cycli c  pitch vari ation. Due to th i s  
supr es s i on o f  flapping by pas s i ve cycl ic  pi tch vari ation , blade elastic coni ng 
can be substantial wi thout caus i ng appr eci able Coriolis moment effects. Th is 
expl ains the smoothnes s  of  ope r at i on of  th i s  rotor type despi te large yaw 
r ates. In  the absence of pas s i ve cyclic pi tch variation ach i eved by the Fig. 
1-1 rotor type , the blades mus t be e i ther very s t i f f  to prevent appreci able 
coning , or one needs thr ee or mor e  bladed rotors to avoi d  the usually severe 
v i bat i ons of two-bladed elas t i c  rotor s. 

1 



Dur i ng the f i r s t  phase of the s tudy reported in  Ref . 1 ,  2 ,  and 3 the steady and 
dynamic r otor yaw condi tions wer e f i r st investigated with a small scale model 
in  the wi nd tunnel and then wi th a fully ins trumented 7.  6 meter (25 ft) 
d i ameter r otor in  the atmosphe r e . Dur i ng thi s  phase the r otor could be f urled 
and unfur led wi th the help of an elect r i c  constant rate actuator. There was an 
over speed relay whi ch t ri ggered the fur l i ng motion of the actuator at 230 rpm. 
Unf ur l i ng was per formed by manual oper at i on of the actuator togg le sv1i tch. 
Dur ing the second phase of the study to be r eported in the following, two 
alter nat ive automatic fur l control systems wer e des i gned, bui lt, bench tested 
and tested in the atmosphere. The tests were supported by a yaw dynamics 
analys i s  developed for thi s  purpose .  Finally , the var i able speed alternator 
was replaced by a g r id connected constant speed induction generator. The task 
of the yaw control sys tem was then to lim i t  the torque to the rated torque and 
to prevent runaway in case of elect r i c  grid failure. The yaw control 
char acter i stics of thi s  conf igur ation wer e  stud i ed analyti cally and 
e xper imentally . Some result s  of the second study phase relating to the 
alter nator conf igur ation were r eported in Ref . 4 and 5. 



FIGURE 1=1. 

• AA 
AX IAL AND CROSS SECTIONAL VIEW OF BLADE PAIR WITH COMMON 
PIVOT 
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SECTION 2 .  0 

ANALYS IS  OF WIND TURBINES IN YAWED FLOW 

Dur i ng the f i r s t  study phase r epor ted in  Ref . 2 only s teady conditions wer e  
analyzed . For zero yaw angle the prop code o f  Ref . 6 was applied . For non- zero 
yaw angles a mod i f ication of  NASA developed hel icopter tables and charts  of 
Ref . 7 was used . During the second s t udy phase to be repor ted here the 
clas s i cal aer odyn amic analys i s  of l i f ting rotor s in obl ique flow of Ref . 8 was 
appl ied to s teady condi t i ons and then e xpanded to include dynamic yaw 
conditions . The clas sical aer odynamic analys i s  as sumed cons tant inflow 
veloc ity through the rotor d i sk . Momentum and energy r elations in combination 
wi th blade ai r foi l data yield the aer odynami c  loads . The late s t  among nume r ous  
extensions of  the classi cal analys i s  to vari able inflow over the rotor disk  in 
Ref . 9 i s  appl icable not only to s teady but al so to uns teady flow condi ti ons . 
The r esul ts of thi s  va r iable i n flow analys i s  agr eed we ll wi th those of the more 
cumber some prescr ibed wake analys i s  wi dely used in  rotorcraft aer odynamics . 
The yaw dynamics analys i s  developed d u r i ng the second phase appl ies the 
var i able inflow concept of Ref . 9 . We wi l l  begin , however, by show i ng some 
r es ults from the clas s ical aerodynamic analys i s  appl ied to wind tur bi nes . 

2 . 1  AERODYNAMIC ANALYS IS  WITH CONSTANT INFLOW 

The clas s i cal analys i s  of Ref . 8 assume s untape r ed untwi sted blade s . The 
analys is  can be used as an approximation for tapered and twisted blades if the 
blade sol idity rat io and the blade pi tch angle are taken for the 0 . 7 r ad i u s  
station . For the expe r imental r otor the blade solidi ty ratio i s  cr = 0 . 032 and 
the blade pi tch angle at the 0 . 7 r ad i u s  station i s  8 = -0 . 5

°
. The minus s i gn 

indi cates the d i r ection away f rom feathering . The airfoil was. repr esented by a 
cons tant li ft  slope and by a qu adratic relation between profile drag 
coeff icient c

Do 
and blade angle of attack 

2 
c

Do 
= 0 . 01 0  + 0 . 5 ( a) ( 2- 1 )  

whi ch i s  typical of many ai r foi l s  u p  t o  the s tall limi t .  The mean angl e  of 
attack at the 0 . 7  rad i us station was used in Eq. 2-1 with the effect of cyclic 
pi tch on the angle of attack be i ng neglected .  

Two computer gener ated gr aphs for the experimental rotor are shown in F igs . 2-
1 and 2- 2 .  Fig . 2-1 pr esents the thr ust coe f f icient (c

T
/cr) vs . yaw angle (X)  

for cons tant values of speed r at i o  ( v  = v;nR) and torque coeff icient ( c
0/cr ) .  

F ig .  2-1 indicates that for cons tant torque coeff icient , (c  /cr) the tnr ust  
coeff icient (c

T
/ cr ) is  also cons tan t and independent of  the ya� angle (X). The 

tuning capacitors and the 6 ohm r e s i s tance load of the alternator r esulted in a 
cons tant torque coef f ici ent of c

0
/cr = 0 . 00 8 0 , the associated thr u s t  coe f f i c i ent 

was c
T

/cr = 0 . 1 2 .  Fig . 2-1 shows that the thr u s t  coeff icient for zer o  power , 
c8/cr = 0 ,  i s  much smaller . Thi s f act wi ll be s ign ificant for the pas s i ve yaw 
c nt rol sys tem to be di scussed later . 
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FIGURE 2-1 . THRUST COEFFICIENT VS. ROTOR YAW ANGLE FOR CONSTANT 
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Fig. 2-2 presents the power coefficient (c
p 

- aerodynamic rotor efficiency) vs. 
tip speed ratio (QR/V = 1/v) for constant values of yaw angle (X) and torque 
coefficient (c /0). It is seen that for small yaw angles the torque 
coefficient, (c�/0 = 0.0080), p roduces a near maximum of the rotor aerodynamic 
efficiency c

p 
at a tip speed ratio of QR/V = 9 . 6 .  Up to rated power this tip 

speed ratio and the value of c
2 

r emain constant whereby the rotor speed varies 
in proportion to the wind speed. For higher than r ated wind speed (9. 7 m/sec or 
2 2  mph) the wind turbine will operate along the c !J = 0. 0080 line whereby 
rotor speed and rotor power are kept constant while tHe yaw angle <x> increases 
and the aerodynamic efficiency (c

p
) decr eases. Thus wind energy is dissipated 

by rotor yawing, and rotor power and rotor speed are limited to their r ated 
values. Graphs similar to those of Fig. 2- 2 have been obtained by analysis in 
Ref. 10, and from test results in Ref. 11. 

2. 2 YAW DYNAMICS ANALYSIS 

In contrast to the classical analysis the yaw dynamics analysis developed in 
Ref. 12 includes the effects of blade taper, twist and cyclic pitch variation. 
The analysis is based on the dynamic inflow modeling of Ref. 9. The effects of 
pitching and rolling moments on the induced flow are neglected. This is 
justified for steady conditions. However, during yaw rates the gyroscopic 
moment will have some effect on the induced flow. 

A simple structural modeling of the rotor, widely used in helicopter flight 
mechanics, was adopted. The blades were assumed to be rigid in bending. The 
blade pair could freely oscillate about the center pivot, see Fig. 1-1. 
Elastic coning was included by p roviding a coning flexure at the rotor center 
dimensioned to yield the cor r ect coning frequency as measured with the actual 
blade. The system equations wer e  written in state variable form wher eby the 8 
state variables were defined as follows: 

Angular deflection about pivot 
Its rate 
Elastic blade coning 
Its rate 
Rotor angular speed 
Induced velocity ratio 
Yaw angle 
Its rate 

The time derivatives of all state variables appeared on the left hand side of 
the state equations. The blade was divided into five segments having chord and 
pitch setting according to the distributions shown in Fig. 2-3 . The inner 29% 
of the blade, representing the shank, wer e  omitted. The reason for the long 
shank was that the available blades for the three-bladed Ast r al-Wilcon Model 
lOB were used in order to save time and expenses. 
could be shor tened by 50% a nd the airfoil section 
This would incr ease the aerodynamic efficiency by 
starting torque at a given wind velocity. 
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In a new design the shank 
cor respondingly extended. 
10% and would double the 
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For the air foil the same assumpt ions wer e  made as befor e , constant l i f t  slope 
and a prof i le drag coe f f icient according to Eq. 2-l . The angle of attack , (a) 
va r i ed now from blade segment to blade segment and wi th time . A Pr andtl-Be\:Z 
tip  loss factor B ,  Ref .  a ,  was assumed , whe r eby blade elements outboar-d of BR 
have prof ile  dr ag but no l i f t . For power -on B = 0 . 96 ,  for power -off wi th the 
lower thr ust coe f f icient B = 0 . 9a .  The aerodynamic blade loads wer e  determined 
wi th the usual as s umpt ions: Rad ial flow i s  ignored , wake rotation is 
neg lec ted , and flapping angles a r e  small . The sys tem state equations wer e  t ime 
i nteg rated wi th the predictor-co r r ector method assuming i n i t i al values for the 
a s ta te var iables . For s teady condi tions the classical analy s i s  s erved well in 
the selection of these ini t i al values , so that the new equ i l ib r i um state for 
the r e f i ned analys i s  was reached after a short time . 

2 . 3 STEADY YAW CONDI TIONS 

Table 2-1 and 2-2 show compa r i sons of the s teady state results for the class
ical analys i s  Ref . a ,  wi th those for the yaw dynamics analys i s . 

Table 2-1. Compa r i son of Results , cQ/cr = 0 . 0 0 80 

Yaw Ang!_� _____ Q_uanti ty ___ ____ g_la��� Ana!_� _____ ...;Re:f_!_nec;! An�!_�-----

V/nR 
\) 
CT

/CJ 
cp 

O . lOa 
0 . 0 2 0  
0 . 11 2  
0 . 4 0 2  

0 . 111 
0 . 017 
0 . 1 0 1  
0. 3 71 -----

----·-·------------------·-------------------·----------·-·---
6 0

° 

Yaw Angle 

15
° 

V/nR 0 . 186 0 . 2 0 0  
\) 0 . 010 0 . 0 0 8  
c�� 0 . 112 0 . 0 9 6  
c 0 . 0 7 9  0 . 06 4  
T12 3 0  rpm) + 1 . 9

0 -

Table 2- 2 .  Compari son of Results , c
Q

/cr= 0 . 0 010 

___ Q_uan!:_� _______ _g__!.'!� ��-��h_-----��:f.!.ll�c!._�Il�h ____ _ 

0 . 0 6 4  
0 . 0 1 8  
0 . 0 5 3  
0 . 26 

0 . 2 6 5  
0 .  0 0 31 
0 . 0 5 2  
0 . 0 0 3 4  

10 

0 . 0 6 2  
0 . 017 
0 . 0 5 0  
0 . 28 

0 . 271 
0 . 0 0 2 5  
0 . 0 4 2  
0 .  0 0 3 1  



Table 2-1 i s  for the power -on cond i t i on , Table 2- 2 i s  for the power-off 
condition as sumi ng that c0/cr = 0 .  001 0 r epresents the friction torque . The 
d i fferences in r esults bet:ween the two types of analysis are surpr i s i ngly 
small , so that F igs . 2-1 and 2- 2 f or the classical analys i s  represent reason
able approximations to s teady state yaw cond i tions . The cyclic pi tch ampli t ude 
power-on for 60

° 
yaw angle and 230 q:m i s  + 1 .  9

°
. For 15

° 
yaw angle and for the 

power -off condi tion at 80
° 

yaw angle the cyclic  pi tch ampl i tude is even 
smaller . 

2 . 4  YAW RATES 

When a yaw rate i s  super imposed to a yawed cond i t i on the cyclic  pi tch ampli tude 
is i ncreased for positive yaw r ate whi ch incr eases the yaw angle , it is r educed 
for negative yaw rate . A 2 0

°
/sec pos i ti ve yaw rate at 60

°claw angle inc reases 
the cyclic pi tch ampl i tude at 230 rpm from± 1 . 9

° to± 4 . 5 • The cyclic pi tch 
ampli t ude due to yaw r ate i s  i nversely proportional to rotor speed so that a 
g i ven yaw rate produces lower cyclic pi tch ampl itudes at higher rotor speed . 
Thi s  was clearly observed d u r i ng the tests . Actually encounter ed yaw r ates are 
caused by wi nd d i r ection changes and by f u r l  rates from the control system . 
Responses to wi nd di r ect i on changes of up to 2 0

°
/sec were observed . In orde r 

to prevent excessive cyclic gi tch ampl i tudes , the cont rol systems were des i gned 
to produce not mor e than 20 /sec f u r l  rate . 

2 . 5 BLADE ANGLE OF ATTACK DI STRI BUTION 

Obl i que flow as well as cyclic pi tch ampl i tude s  produce rapid changes in  blade 
angle of attack . For a given radi al blade station the maximum angle of attack 
cond i t i on i s  of shor t durat ion so that stall is substanti ally delayed as 
compared to s teady flow ai rfoil tests . For the i nner blade port i on whe r e  stall 
beg i ns , the boundary layer is thi nned by centr i f ugal effects , causing another 
delay in blade stall . Even in axi al flow the use of two-dimensional flow stall 
data leads to a strong over - emphas i s  of stall effects , see Ref . 13 . Ther e  are 
hardly any data avai lable on the effec ts of a combination of r ad i al flow and of 
r apid angle of attack and flow veloc i ty changes on blade stall . In  order not to 
introduce questionable assumpti ons , s tall was omi tted entirely .  I ns tead , 
angle of attack d i st r i but i ons ove r  the rotor disk  wer e  computed . Such 
d i s t r ibutions can g i ve a rough i dea under what condi tions one can expect 
par t i al blade s tall . Fig . 2-4  shows the blade angle of attack di stri but i on for 
the power -on condi tion at 230 rpm and 60

° 
yaw an.gle . The retrea t i ng blade 

movi ng away f r om  the i n-plane wind component shows the highest angles of attac k 
and may stall along i ts inner po r t i on .  Fig . 2-5 shows the angle of attack 
d i s t r i bution at 230 rpm for a combi nat i on of power -on 60

° 
yaw angle wi th a 

2 0
°

/sec po s i t i ve yaw rate . The h i gh angle of attack region of the retreat i ng 
blade i s  now larger and the s t all region , i f  s tall occur red , would extend 
fur ther outboard as compar ed to the s teady s tate 60

° 
yaw angle cond i t i on of 

Fig . 2-4 . A lower rotor speed than 230 rpm would further enlarge the stall 
r egion . Howeve r , at  lower than rated rpm the yaw cont rol system i s  not i n  
oper a t i on and high yaw angles do not occur . 
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FIGURE 2-4.  ANGLE OF ATTACK DI STRIBUTION, 60° YAW ANGLE, cQ/cr 
= 0.008 
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FIGURE 2-5. ANGLE OF ATTACK DISTRIBUTION, 60
° 

YAW ANGLE, 20
°

/SEC YAW 

RATE, cQjO = 0.008 
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2 .  6 YAW STABILITY AND DAMPING 

The yaw dynamics analys i s  was used to de te rmi ne the yaw stability and the yaw 
dampi ng of the exper imental wind r otor . The yaw stabil i ty is negat ive , that 
means a pos i tive yawing moment is produced by yawing to posit ive yaw angle s . 
Up to about 45° yaw angle the stab i l i ty de r ivative at 2 3 0  rpm is -20 Nm/rad ( - 15 
ft-lb/r ad ) , whereby the minus s i gn ind i cates instab i l i ty .  Thi s value refe r s  to 
the blades alone wi thout shanks and hub. Beyond 45° yaw angl e  the uns table 
yawing moment i ncreases less than propor tional to yaw angle . The yaw 
instabi l i ty i s  gener ated by a rotor s i de force located . 68 m (2.25 f t )  upw i nd 
of the yaw axi s . The rotor instab i l i ty i s  over compensated by the stabil i z i ng 
ta i l  vane . 

The yaw dampi ng f r om  the rotor blades i s  also negative , that means a pos i t ive 
yaw r a te produces a pos i t ive yawing moment .  The damping der ivative is at 2 3 0  
rpm , -94 Nm/rad/sec ( - 7 0  ft-lb/r ad/sec ) .  The minus s i gn indicates negat ive 
damping . For cons tant f url angle the negat ive r otor damping is overcompen sated 
by the pos i t i ve ta i l  vane dampi ng . Dur i ng fur l i ng or unfurl i ng of the rotor, 
when the ta i l  vane r emai ns al i gned wi th the wind d i rection , the negat ive r otor 
damping is not ae r odynamically ove rcompensated . A mechanical fur l  damper i s  
requ i red in  order t o  assure pos i t ive furl damping . For the pas s ive f u r l  
control sys tem the h�d r aul ic damper was set such that a maximum equ i l ibr i um 
fur l rate of about 2 0  /sec was obta i ned . 



SECTION 3 . 0  

CONTROL SYSTEMS DES IGN 

The conf igur ati on of the atmospher i c  test  equ i pment used dur i ng the f i r s t  s tudy 
phase and described i n  Ref . 2 was modif ied to allow the testing of two 
alter nat ive fully automatic f ur l  control systems . The f i r s t  automatic f u r l  
control system was a n  active type us ing a hydraulic s i ngle-acting constant 
speed gover nor to prov i de oi l flow to a servo cyl i nder to furl the rotor upon 
r eaching r ated rotor speed . Unfurling was accompl i shed by a r eturn spring when 
the constant speed gover nor admi tted oi l f r om  the hydraul ic cyl i nder to the oi l 
r eser voi r  when below r ated speed . The second automatic furl control sys tem was 
pu r ely mechanical and a pa s s ive type . The rotor thrust , due to the later al 
off-set from the yaw axis , and the yawing moment from the r otor torque 
component , due to the upt i lt of the r otor axi s wer e  the two dr iving forces . The 
two forces over came the unf u r l i ng spr i ng above r ated power and furled the 
r otor . The two alternative automat i c  control sys tems wi ll be descr ibed i n  mor e 
deta i l  wi th the help of the as sembly drawi ngs in Appendi x A .  

3 . 1  ACTIVE YAW CONTROL SYSTEM 

The top view in  Fig . A-1 shows the follow i ng components . 

o Bearing block f or rotor shaf t .  

• Shaft mounted gearbox wi th 1 5:1 gea r  r ati o .  

• Alter nator , bel t driven f r om  gea r box output shaft wi th 1 . 66:1 rat io 
of pulley d i ameters  for a total of  2 5:1 alternator to  r otor rpm 
ratio . 

• Hyd raulic governor , bel t  d r i ven f rom gearbox output shaf t wi th 1:1 . 5  
r atio o f  pulley d i amete r s  f or a total of 1 0:1 gover nor to rotor rpm 
r atio . 

0 0 o Adj us table fur l stop ,  set  be tween 80 and 90  fur l  angle . 

• Yaw post , off- set by 1 1 4  mm ( 4 . 5 i nch ) later ally f r om  rotor axi s .  

• Tail boom wi th tai l  vane . 

o Boom pin ass embly wi th a rm s  for spr i ng and for hyd r aul ic cylinde r . 
These arms  wer e  at 4 5

° 
to the rotor axi s . 

Unfurl tension spr i ng .  For. the act ive cont rol system the spr i ng had 
89 mm ( 3 . 5  inch ) mean d i amete r , 60 coi ls  and 11 . 1  mm ( 7/16 inch ) wire 
d i ameter . For the pas s ive cont rol sys tem the spr i ng had the same 
mean d i amter and the s ame number of coils , but 7 . 9 mm ( 5/16 i nch) 
wire d i ame ter . 
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Hyd r aul ic cyl inde r , act i ng as servo for the act ive cont rol sys tem , a s  
dampe r for the pa s s ive control system . 

Electr i c  actuator i n  ser i e s  with hydraul ic cyl inde r . I t  had 25 . 4  mm 

(one i nch ) per second constant rate and was powered by 12 volt de . 
I t served as an emer gency fur l i ng back-up in  case  of gove r nor oi l 
pres s u r e  loss , and as means to stop the rotor . 

The axi al view in Fig . A-1 i s  r epeated f r om  Fig . 1-1. I t shows the inner 
por ti on of the r otor wh i ch was the same as for the f i rst  study phase and 
de scribed in detail  in Ref . 2. The s i de view in Fig . A-1 shows the same 
components as li s ted above . Note the upt ilt of the r otor axi s with r es pect to 
the hor i zontal and the upt i l t  of the center lines of spring , hydr aul i c  cyl i nde r 
and electr i c  actuator . 

Fig . A- 2 shows an assembly draw i ng of the constant speed hydr aulic gove r nor 
Model 210681 manufactur ed by the Woodward Gove r nor Company for- the cont r ol of 
a i r craft propellers . The gover nor was mounted with hor i zontal axi s . The 
working fluid  was dr a i ned from the gover nor into a reservo i r  located d i rectly 
below . There was a supply l i ne f r om the reser voir to the governor and a 
pressure l i ne f r om  the gover nor to the servo cyl inder . For propeller 
appl ications the supply l i ne i s  pr e s s u r i zed to 345 kPa ( 50 ps i ) . I n  the 
atmosphe r i c  tes t  equ i pment the supply l ine pressure  was negative si nce the 
fluid level in  the r eservoi r was 6 i nch below the governor pump . Though thi s  
was the f i r s t  time the gover nor ope r ated wi th a negative supply pr es s u r e , no 
d i ff icul ties were encountered after the l ines wer e properly bled . The gover nor 
rel ief valve was set at 1 380 kPa ( 200 ps i )  wh i ch is lower than for propeller 
appl ications . The governor consumed , at r ated rpm, 250 watts . Below r a ted r pm  
the power consumpt i on fell in propor t i on t o  the cube o f  the rpm rat i o . The 
gover nor contr ol l i ng rpm could be adjusted between 9 50 and 2700 rpm 
cor respondi ng to 95 to 270 rotor rpm . 

The gove r nor bench tes ts wer e  pe r formed f i r s t  wi th the gover nor alone at the 
Woodward Gover nor Company laboratory . Later the complete active furl  control 
system was bench tes ted at the WUTA labor atory . Fig . A-3 shows the assembly 
dr awing of the hydraulic cyl i nder made by Victor Fluid Power . It was used as a 
servo cyl i nder for the act ive fur l control system and as a damper for the 
pas sive furl  cont rol system . In the f i r st case one port was open , the othe r  
connected t o  the gover nor . In the second case the ports wer e  inter connec ted by 
an oil l i ne wi th a valve and an o i l  reservoi r wi th a pressur i zed a i r  space. 

The gover nor had a ve ry s teep r i se of o i l  pressure  wi th over speed er ror so that 
the r e l i ef oil pr essure of ( 200 ps i)  was reached at only 1 %  over speed . Bea r ing 
f r iction ,  servo f r i ct ion and change s in spr i ng force when fur l i ng had , 
therefore ,  a neglig ible e f fe ct on the regulated r otor speed . The o i l  flow 
r ate , howeve r , i ncr eased only slowly wi th rotor speed er ror . The maximum flow 
r ate of the gove r nor produced about 15° /sec fur l rate . An analys i s  of the 
active furl  control system predicted a well damped control mode wi th a natural 
f r equency of 0 . 14 cycles/sec . The low f r equency is caused by the slugg i sh 
r esponse of the oil  flow rate to r otor speed er rors . The analyti cal 
predictions wer e  con f i rmed by the exper iments . 
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3" 2 PASSIVE YAW CONTROL SYSTEM 

The pas s ive yaw control sys tem , though s impler , more rel i able , and independent 
of servo power w i th i ts energy loss , required the solution of the follow ing 
problems. 

� Dynam i c  Instab il i ty .  Because of the negat ive aerodynamic damping of 
the u pw ind rotor , uns t a ble modes can develop . Thei r  supre s s i on 
requ ires art if ical furl damping . 

Overspeed after Loss of Power . At the s ame rotor s peed the power-off 
rotor thrus t  i s much smaller than the power-on thrust , see F i g . 2-1 . 
Thus a fter a loss of power , the rot or speed must increase 
substan t i ally to increa se the thrust to i ts previous value . To 
allevi ate th i s  overspeed after loss of power , the d ifference in 
power-on and power-off furl ing moment at any g iven rot or speed must 
be reduced . 

Overspeed from Unfurl ing Spring. The un f url ing spring has i ts lowest 
force in the unfurled position .  In the furled pos i tion i t  produces a 

s ubstan t i ally h igher f orce ten d ing toward overspeed ing unle s s  
allev i ated by a s u i table k inemat ics . 

Contaminat i on from Rotor In�plane Force . As the rotor furl s , an in
plane aerodynami c  force develops wh i ch add s  to the yawing moment from 
the rotor thrust .  I t  has a large e ffect on the control 
charac ter i s t ic s  and is d if ficult to predi ct quan titat i vely. 

Contamination from Bear i ng Fr i ction . The tail boom bear ing fr i ction 
moment i s  s i zeable in relation to the spring moment and causes a 
large hys teres i s  effec t . 

In v iew of these problems i t  was decided to f irst  develop the act ive contro l  
syst:.em wi th i ts better pred i c t ab i l i ty and presumably better control per
f ormance. The hydraul i c  s ingle act ing Woodward governor had a long h i story of 
succe s s f ul and rel i able operat i on in large n umbers of propeller a irpl anes and 
could be expected to perform well in wind turb ine applicat i on s . The bench 
tests  w ith the act i ve con trol system conf irmed the expectat ion that th i s  sys tem 
would funct i on well and would present few problems. I t  was then decided to 
immed i a tely follow up w i th the passive control sys tem in a conf i g urat i on 
su i ta ble for power-off test ing of both sys tems' in the atmosphere. A simple way 
was found of laterally off- se t t ing the yaw ax i s  by 114 mm (4. 5 inch). Th i s  off
set was built in before the mach ine left the laboratory. The yaw axi s  off - se t  
d i d  n ot prevent power-off operat i on of the a c t i ve governor system since the 
con trol function was insen s i t i ve to the load ing of the servo cyl inder . 
However , for power-on operat i on the a c t i ve system , due to the o f f-se t , would be 
overloaded. The plan was to tes t  in the atmosphere both furl control systems 
power-off and then to remove the off-set of the yaw pos t  for power-on governor 
tes ting. To change from the governor sys tem to the pas s ive thrust control 
sys tem it was only requ ired to replace the servo cylinder by an i dent ical 
cyl inder ri gged as a hydraul ic d amper. In add i tion , the 11.1 mm (7/16 inch) 
return spring had to be replaced by the 7.9 mm (5/16 inch) spring, see F ig. A-1. 
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Of the 5 problems menttoned before, the f i r st was solved by an adjustable 
damper . The dampi ng force could be i ncr eased until dynamic i nstab ili ty was 
r emoved . The second problem was i n i t i ally avo i ded by testing only power �off 
condi tions .  The th i rd problem was solved by i ntroduc i ng a kinematic r elation 
wher eby the spr i ng moment arm became smaller for g r ea ter furl angle, thus 
compensat i ng i n  par t , for the i ncr eased spr ing force. The four th problem was 
attacked by an elabor ate analyt i cal study wh i ch allowed esti mation of the i n
plane force of the rotor . The fif th problem was alleviated, however not 
completely solved d u r i ng the second study phase. The or i g inal t a il boom pin 
f r iction moment of 115  Nm ( 85 ft-lb) , caused by the two closely spaced sleeve 
bea r i ngs and the h igh gravi ty moment of the ta il boom, was reduced to 24 Nm (18 
f t-lb) by add i ng a suppor t str ut to the top of the boom and a th i rd fur l  bea r i ng 
228 mm (9 inch ) above the boan center . Another source of f r i ction was the 
br eak-ou t  f r i ct i on of the hydr aulic damper .  As rece ived, the piston and the 
rod seals were designed for 1 3 , 8 0 0  kPa ( 2 0 0 0  psi ) pr essure . They produced an 
unacceptable break-out force . The pi ston seal was removed. The i nternal 
leakage that r esul ted was small as compared to the flow through the adjustable 
valve . The rod seal was reduced i n  diameter . It was now compatible w i th the 
damper pressure of 3 4  to 6 8  k Pa ( 5  to 1 0  psi ) ahd had a reduced break-out 
fr i ction , provided the r e  wer e  no apprec i able late r al loads on the rod. 
Initially such lateral load was transmitted by the weight of the elect ric 
actuator . The actuator was then bal anced by a weight located on the spr i ng 
s i de and ind i cated in  Fig . A-1 . 

Due to the piston rod wh ich extends only toward one side of the piston, a g i ven 
piston travel d i splaces less flu id on the si de of the rod than on the opposite 
s i de . To compensate for the differ ence in fluid displacement a pressur ized 
reservoir  par tly f illed with a i r  was added . The line connecting the two ports 
of the cyl i nder had an adjustable valve to change the damper force per r ate of 
di splacement . For a pr ototype version th i s  e xperimental adj ustable damper 
should be replaced by a commer c i ally ava i l able dampe r of 1 0  i nch stroke and 
wi th a f i xed dampi ng for ce per spec ified r ate of displacement , whereby a low 
break-ou t  force i s  a necessar y  requ irement . 

Both fur l control systems wer e  tested in the atmospher e  in the power-off 
condi tion wh i ch is more severe than the power-on condition because of the 
g reater runaway tendency of the r otor . The acti ve governor system wor ked to 
sat i sfaction and could be expected to per form equally well or better in power� 
on conditions . The passive control system had e xces sive hysteresis from b reak
out friction and could be e xpected to show a substanti al difference between the 
contr olled power-on and power-of f  r pm. It was deci ded to limit the subsequent 
wor k toward the perfect ion of the pass ive furl control system with i ts greater 
simpl ic i ty ,  lower i n i tial cost and greater r eli ab il ity . 

The conf igur at i on used for the power -off atmospheri c  tests was not suitable for 
power -on testi ng of the passive system . The yaw ax is had been displaced to the 
lef t  of the rotor axis  seen i n  the downw i nd directi on. The yaw i ng moment f r om 
the rotor thr ust and f r om the yaw component of the rotor torque were additive. 
This would produce a ver y  lar ge difference in rotor speed between the power-on 
and the powe r -off condi ti ons . The yaw axi s  off-set was , ther efore, changed 
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f r om  the left to the r i ght s i de of the rotor axi s  seen in the downw i nd 
di r ection ,  as shown in F ig . A-1 .  Now the yawing moment from the rotor thr u s t  i s  
oppos i te to the yaw component of the rotor torque . When applying rotor powe r , 
the incr ease in yawi ng moment f r om  the i ncr eased r otor thr ust ( see Fig . 2-1 ) i s  
partly compensated by the oppos i te yawi ng moment of the rotor torque component .  

The equ ivalent thrust  T
EQ 

i s  def ined by 

T
EQ 

= ( T  c + H d - QS ) /c ( 3-1 ) 

I t  represents the rotor thrust  cor r ected for the effects of in-pl ane force H 
and for the yaw component f r om  r ot or shaft uptilt  Q S . Fig . 3-1 (a ) shows 
analyti cal values of the equ i valent thr u s t  T at 200 r pm  vs . w i nd speed for 
cons tant yaw or fur l angles and for cons tanf!Q

torque coeff icients c
Q

,AJ .  The 
analys i s  was based on the method developed i n  Ref . 1 2 .  I t  assumed 6 degree 
rotor axis upt i lt angl e  and 1 1 4  mm ( 4 . 5  i nch ) lateral off-set c of the yawi ng 
axi s .  The equivalent thr ust moment f r om  r otor thrust , r otor torque and i n
plane side force i s  bal anced above r ated wind speed by the moment of the 
unfurling spring . Thi s  moment i s  a f unction of the furl  angle . Though the 
spr i ng force inc r eases with furl  angle ,  the moment arm of the spr i ng wi th 
r espect to the yaw axi s f i rst  increases and then decr eases wi th furl  angle . 
The following table give s  for 4 f u r l  angles the spr i ng extens i on in inch , the 
spr i ng moment arm with r espect to the yaw axi s in inch and the equ i valent 
spr i ng force in lb. 

Fur l  
Angle 
(Degree ) __ _ 

1 5  
4 0  
6 5  
9 0  

Table 3 .  Spr i ng Char acte r i stics 

Spr i ng 
Extens i on 
( I nc.;;..,:h=) __ 

21 . 0  
2 4 . 5  
2 8 . 3  
31 . 0  

Spr i ng Equ i valent 
.Moment Arm Spr i ng Force 

__i,!,nc�.L_. ______ ___ i,l:_�)-----·--·-
7 . 7  
8 . 5 
7 . 7  
5 . 5 

210  
260 
270 
2 2 0  

The spr i ng extens i on i s  taken f r om  the force f r ee pos i t i on .  The equivalent 
spr ing force for each of the f u r l  angles shown i n  Fig . 3-l ( a )  i s  indicated by 
the dash l i ne .  For a cons tant rotor speed of 2 0 0  r pm ,  as would occur wi th a 
g r id connected induction generator , furl  angles and torque coe f f i c i ents ar e 
those taken along the dash l i ne . Up  to 1 3 . 4 m/sec ( 3 0  mph } or 4 0  deg r ee f u r l  
angle the tor que coe f f ici ent r emai n s  constant at c

0
/ a  = 0 . 011 . Because o f  the 

constant rpm the rotor power i s  also constant betw�n 9 . 8  m/sec ( 22 mph ) or 1 5  
deg ree furl angle and 1 3 . 4  m/sec ( 3 0  mph ) o r  4 0  degr ee fur l angle . For h i ghe r 
wind speeds the tor que coeff i c i ent and the assoc i ated power decl i ne . For 
example ,  at 17 m/sec ( 3 8  mph ) or 60 degree fur l angle the torque coeff i c i en t  i s  
c Ia = 0 . 0 0 8 0. At 1 9 . 2  m/sec ( 4 3  mph ) o r  7 0  deg r ee fur l angl e  the torque 
c9eff icient i s  c

.Q
/a = 0 . 0 0 6 0 . At 2 2 m/sec ( 4 9 mph ) or 8 0  degr ee fur l angl e  the 

tor que i s  c
0

/ a - 0 .  0 0 3 0 .  'l'hus the r e  i s  wi th i ncr eas i ng wi nd speed and wi th 
i ncr eas ing rurl angle a gr adual dec r ease i n  rotor power . 
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Somewhat above 2 2  m/sec ( 4 9  mph ) the rotor would r equ i r e  a power i nput f r om the 
g r id in order to ma i n t a i n  constant r otor speed . The Electromat ics wind turbine 
relay ( see Sect i on 4 . 2 . 2 ) wh i ch is needed anyway i n  orde r to prevent motor i ng 
at low wind speed , will  then di sconnect  the gener ator f r om the g r id . The wind 
tur bine wi l l  now autor otate at a speed of less than 200 r pm .  The r e  is no need 
f or the convent ional wind speed t r iggered power cut-out device at high wind 
speed . The r e  i s  al so no need for br aking the wind turbine speed af ter powe r  
cu t-out as i s  done in  conventional designs . The tur bine should survive storms 
in  autorot a t i on in almost edgew i s e  pos i t ion to the wi nd d i rect i on whe r eby the 
r otor thr u s t  is much smaller  than for power -on oper a t i on ,  see F ig .  2-1 .  

The char acter i s tics  for cons tant torque coe f f i c i ent ope r a t i on a s  wi th the tuned 
a l t e r nator can al so be found f r om Fig . 3-l ( a ) . Up to 60 degree f u r l  angle  the 
c u r ve c

Q
/a = 0 . 0 0 8 0  is below the dash l ine . Thi s  means that the rotor speed 

will  be g reater than 2 0 0  r pm .  For example , at 40 degr ee furl angle the r otor 
equ i va l ent thr u s t  is 9 8 0  N { 2 2 0  l b ) , the spr i ng equ i valent force is 116 0  ���6 0  
l b ) . To obt a i n  bal ance , the rotor speed assumes the value 2 0 0  ( 2 6 0/2 0 0 )  = 
2 1 7 r pm . At 6 0  degree fur l angl e  and c ;a = 0 . 0 0 8 0  the rotor equ ivalent thr u s t  
and the spr i ng equivalent force are  eq9al s o  that the rotor speed will  b e  2 0 0  
r pm .  S i nce rotor power at g i ven torque coef f ic i ent var i es wi th the cube of the 
r pm , the r otor power at 6 0  degree f u r l  angle or 1 7 m/sec ( 3 8  mph ) is reduced to 
0 .  7 8  t ime s the power at 4 0  degr ee furl  angl e  or 10 . 7  m/sec ( 2 4  mph ) . Beyond 1 7  
m/sec ( 3 8 mph ) the r otor speed would drop below 2 0 0  rpm s ince the equivalent 
thr u s t  at c

0
/a = 0 . 0 0 8 0  i ncr eases i n  relation to the equ i valent spr i ng f or ce . 

Because of � ncreasing blade s t all , see F i g s . 2-4  and 2- 5 ,  the rotor cannot 
sus t a i n  a tor que coef f ic i ent of c /J = 0 .  0 0 8 0  at fur l angles much ove r 6 0  
degre e . I f  the alternator demands t�i s  torque coe f f i c i ent but the r otor cannot 
supply i t ,  the r otor speed would collaps e . Thus the alte r nator should not 
r ema i n  connected to i ts load d u r i ng storms if a collapse of rotor speed and 
seve r e  stall ope r a t i on i s  to be avo i ded . Beyond some furl  angle  in the vi c i n i ty 
of 6 0  deg r ee the al ternator load should be shed . Fig . 3-l ( a )  shows what w i l l  
happen in th i s  case . Assum i ng that  c /a = 0 . 0 010 r epr esents the dr i ve system 
and al t e r nator loss af ter di sconnec t i n� the al ternator load , the r otor will  now 
autor otate wi th c

Q
/ a = 0 . 0 010 . I f  the load di sconnect had been pe r f ormed at 6 0  

deg r ee f u r l  angle or 1 7 m/sec ( 3 8  mph ) wind speed , the furl  angle would adj ust 
to somewhat bel ow BO  degr ee . The spr i ng e qu i valent force at 8 0  deg r ee fur l 
angle i s  1 0 70 N ( 2 4 0  lb) . The r otor e�y�valent thrust i s  8 5 0  N ( 19 0  l b ) . The 
autorota t i onal speed is 2 0 0  ( 2 4 0/19 0 )  = 2 2 5  r pm .  

The rotor speed f or c Ia = 0 . 0 0 10 vs . w i nd speed i s  shown i n  F ig . 3-l (b ) . The 
maximum autor otationaP speed occu r s  at 9 m/sec ( 2 0  mph ) . It decl i nes at h i gher 
wi nd speeds . The maximum autorotational speed wi ll not be encounte r ed i n  
normal ope r a t i on s ince a t  9 m/sec ( 2 0  mph ) the gener ator load will normally be 
connected . W i th i nduc t i on gene r ator the rotor speed wi ll  then be 2 0 0  c pm , wi th 
a l t e r nator i t  wi l l  be 21 7 r pm .  In case of an acci dental shedding of the 
gener ator load or of the g r i d  powe r  one can use a gr i d  power sens i ng relay for 
t he elect ric  actuator whi ch would f u r l  the r otor all the way so that i t  would 
s top rotati ng af ter gr i d  f ai l ur e .  As soon as the gr i d  power i s  res tor ed , the 
elect r i c  actuator would move to the unf u r l  posi tion allowing the wind tur bine 
to r e s tar t . Alter nat i ve l y  the elect r i c  actuator could f ur l  the rotor not all 
t he way but only to 7 0  or 8 0  de gr ee f u rl angle so that i t  would kee p  
aut or ot a t i  n g  a t  r educe d speed . 
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SECTION 4 . 0  

ATMOSPHERIC TEST RESULTS 

Af te r comple t i ng the mod i f icat ions descr ibed in the preced ing sec t ion the te s t  
equ i pment was reas sembled at the s i te and was ready for testing o n  March 2 0 , 
1 9 8 1 . Tes t i ng of the con f igurat ion w i th the alte r na tor extended through May , 
1 9 81 . Both the act ive fur l control system w i th the hydraul ic constant speed 
gove rnor and the pass ive fur l  control system wer e  tes ted . Dur ing th i s  per iod 
the towe r was r a i sed 1 8  t ime s b r i ng i ng the total number of tower r a i s i ng s  s i nce 
May 2 3 , 1 9 8 0  to 6 4 . The te s t  equ i pment was ope r a ted for  2 5  hour s ,  br i ng ing the 
total number of operat ional hour s  s i nce  May 2 3 , 1 9 8 0  to 1 2 1 . Mean wind speeds 
up to ll m/sec ( 2 5  mph ) we r e  encounte r ed wh ich is only half the wind speed r ange 
shown i n  Fig . 3-1 ( a ) . After wa i t i ng four months in vain for h igher w i nd 
speed s ,  i t  was dec ided to replace the alter nator by a g r i d  connected induct ion 
generator . As e xplai ned be for e , the pas s ive fur l control system is well su i ted 
to inte r face with a constant speed elect r i c  gene r a tor . 

The conf igur ation wi th induct ion gene r a tor was r eady for tes t ing on October 1 ,  
1 9 8 1 . The tower was r a i sed i n  Octobe r , 1 9 8 1  8 t imes br i ng i ng the number of 
r a 1 s 1 ng s  s i nce March 2 0 , 1 9 81 to 2 6  and the total number of r a i sings s i nce May 
2 3 , 1 9 8 0  to 7 2 .  The equ ipment was ope r ated in Octobe r , 1 9 81 for 2 0  hou r s , 
br i ng i ng the number of ope r at ional hour s s i nce March 2 0 , 1981  to 4 5  and the 
total number of operational hour s  s i nce  May 2 3 , 1 9 8 0  to 1 4 1 . Both the tests 
w i th the alternator and wi th the induct ion generator configurat ion showed 
subs tantial hys te r e s i s  in  the pas s ive f u r l  control sys tem wh ich was caused by 
exce s s ive f r i c t ion of the sleeve bear i ngs  for the ta i l  vane boom . 

4 . 1  TEST RESULTS WITH ACTIVE CONTROLS 

The ac tive yaw control system was only te s ted in the powe r -off cond i tion wh i ch 
i s  the more c r i t ical one f r om  the poi nt of v i ew of preventing over speed s . Only 
analog data wer e  taken . Fig . 4-1 shows a typical t ime h i story of 44 seconds 
duration .  The wind speed va r ied between 4 .  4 and 2 0  m/sec ( 1 0  and 4 5  mph ) , 
whe reby the in i t i al steep r i se f r om  1 0  to 3 5  mph occur r ed wi th i n  6 seconds . The 
r otor speed i s  kept to a mean value of 2 0 0  rpm with i n  less than ± 1 0 % . The fur l  
angle trace shows a natural fr equency o f  0 . 1 4 cycles/sec wh i ch had been 
pred i c ted by the analy s i s .  The maximum fur l rates are about 1 5

° 
/sec , a l so 

accord i ng to prediction . The cycl ic pi tch va r ie s  between + 2 and + 6 degree 
ampl i tude . The yaw post angle  osc i llat ions are  essent i ally- 1 8 0

° 
out of phase 

wi th the furl  angle osc illat i ons wh i ch i s  caused by the selection of posi t ive 
yaw post angle opposi te to that of pos i t ive fur l  angle . The effects of wind 
d i r ec t i on changes wh ich i n fluence the yaw post angle but only ind i rectly the 
furl  angle ca use the two traces to be not exactly in ant i -phase . 

In summary one can state that the act ive fur l control system wor ked well  and 
kept the power -o f f  rotor speed close to the set value of 2 0 0  rpm despi te very 
large wi nd fluctua t i ons . The rel i ab i l i ty of the propeller gover nor should be 
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ve ry  good . However ,  s i nce a loss of oi l pressur e at h i gh wi nd speed woul d  c a u s e  

a r unaway cond i tion , a separate emer gency sy s tem i s  needed . One could cons i de r  

the use o f  the governor oi l pres sur e for unfurl ing and o f  the spr i ng for 

fur ling . The turbine would then always stop in the furled posi ti on and woul d  

not self sta r t  in an upcom i ng wi nd . Thi s  would requ i r e  a sepa r a te s t a r t i ng 

system . For the pr esent conf iguration the t u r b i ne s tops i n  the unf u r l e d  
pos i ti on and i s  ready for sel f-sta r t i ng as soon as s uf f i c i ent wi nd is 
avai l able . 

4 . 2 TEST RESULTS WITH PASSIVE YAW CONTROL 

The pas s i ve yaw control sys tem was tes ted mor e  el abor ately than the act i ve 
s ystem .  Both powe r-on and power-of f cond i tions wer e  tes ted . Both ana l og and 

d i g i tal data wer e  taken . Both the alter nator and the induc t i on ge n e r a t or 

conf igurations were studied wi th r e s pect to the passive f u r l  cont r ol cha r a c t e r 

i s ti cs . As  explained befor e , these  char acte r i stics  a r e  qu i te d i f f e r en t  f r om 
each other . The r e asons for the abbrevi ated tes ting of the a c t i ve f u r l  cont r ol 

s ys tem i n  compa r i son to the mor e elabor ate tes t i ng of the pas s ive fur l cont rol 

system wer e  the fol lowi ng . The active sys tem functioned we l l  i n  t he c r i t i c a l  

power -off condi tion wi th i ts tendency toward rapi d ove r spee d i ng dur i ng g u s t s . 

One could expect i t  to function even better for power-·on cond i t i ons . I t  was Q 
the r efor e  concluded that the tes ts wi th the act i ve sys tem wer e  adequ ate f or an 

evaluation of i ts potenti al . In contr ast , the passive f u r l  cont r ol s y s t em � 

though ultimately mor e des i rable , needed some deve lopment tes t i ng to ove r come 

i ts va r i ous problems .  Fur thermor e ,  the active furl con t r ol sys tem w i t h  

hyd r a ul i c  cons tant speed gover nor was not. sui table i n  ca s e  o f  a cons tan t s pe e d  
induction gener ator which r equi red a torque cont rol r ather than a r ot or s pe e d  

control . The pas s ive fur l contr ol sys tem , as expl a i ne d  be f or e , cou l d  be 
e xpe c ted to be compat i bl e  also wi th a cons tant spee d  i nduc t i on gener ator . 

4 . 2 . 1  Pas s ive Yaw Control Wi th Alte r nator 

The pas s ive yaw control sys tem was f i r s t  tes ted power -of f i n  the a tmosphe r e  on 
Ma r ch 2 0 ,  1 9 81 . Development testing e xtended to t he end o f  Apr i l , 1 9 8 1 . The 

sys tem exh ibi ted some of the ant i c i pated probl em s . It was uns table unl e s s  
a r t i f ically damped , the rotor speed i ncr eased wi th f u r l  angl e  because of the 

i nc r eas i ng spr i ng force , and the contaminat i on wi th f r i ct i on moments r e qu i r ed 
the r eduction to about one-hal f of the f u r l i ng r pm  befor e unf u r l i ng beg an . 

Pa r t  of the f r i ct i on was caused by the seals i n  the hyd r aul i c  dampe r . The s e a l  

for the pi ston was r emoved and the seals for the r od wer e  r educed i n  s i ze .  The 

o i l  r e ser vo i r for the dampe r had an a i r  space on top t o  accept the o i l  f r om the 

r od d i splacement . Tests wer e  conducted wi th closed and vented r es e r voi r . I n  

the l at t e r:  case the damper force would occas i ona l ly coll apse l ea d i ng t o  a h i gh 

f u r l  r ate . The damper functioned best when the r es e r voi r was not vented b ut 

rather pr essur i zed to about 3 0  k Pa ( 5  ps i )  i n  the unf ur led pos i ti on .  The 

pr e s sure i ncr e ased to 7 0  kPa ( 1 0  ps i ) i n  the f u r led po s i t i on . Th i s  spr i n g l i ke 

beha v i or of the dampe r was compensated by r e l a x i ng the unf u r l spr i ng t o  a l owe r  

pr e load . A valve i n  the l i ne connecting the two por ts o f  the hyd r a u l i c  

cyl i nde r a l l owed va r yi ng o f  the dampe r f or ce . 
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Atmospher i c  power-off tes ts wer e  conducted wi thout the damper , wi th the damper 
valve wide open , one-half closed and two-th i rd closed . Even wi thout the damper 
the pass ive fur l control system funct i oned well up to s i zeable gus ts . However , 
an occasional severe gust produced an unstable furl r unaway wi th furl stop 
impact .  Thi s  occur r ed when the negative rotor yaw damping over came the system 
f r iction .  Adding the damper wi th open valve improved the si tuati on but did not 
prevent an occas ional uns table behavior . W i th the f i nal two-th i rd closed valve 
sett i ng no such uns table condi tion has been encounter ed . 

The system was now ready for power -on tes ting whi ch , however , r equ i r ed a 
r eve r sal of the later al yaw axi s off-set and of the fur l d i r ection . The 
equipment was di sas sembled at the s i te , t r ansported to the WUTA labor atory and 
r eassembled once mor e  on the pede s tal . I n  add i tion to installing the yaw pos t 
wi th opposi te lateral off-set and to reve r sing the furl d i rection , a rotor lock 
was des i gned and bui lt to allow rai s i ng and lower i ng the tower i n  high wi nds . 
The modif ied equipment was ready for r enewed tes ting at the s i te on Apr il 1 6 ,  
1981 . Power-on r uns wer e  pe r f ormed on May 1 ,  11 and 1 4 ,  1 981 . The rotor speed 
at the beginning of furling varied between 1 8 0  and 220 rpm and at the beg inning 
of unfur l i ng between 150 and 1 6 0  r pm .  The pr inciple of usi ng a combi ned 
passive rotor thrust and rotor torque control wi th oppos i te yawi ng moment was 
successful in reduc i ng the spread between powex-on and power-off rotor speed i n  
the mean to 25 rpm . 

In contras t  to the rotor speed the r e  was much less scatter i n  the rotor thr u s t . 
I f  one cor r ected the actual rotor thrust for the contr i buti on of the rotor 
torque to the yawi ng moment , see Eq . ( 3- 1 ) , the equ i valent thrust at the 
begi nning of fur l ing was in the mean 8 9 0  N ( 200 lb) , at the beg i nn i ng of 
unfur l i ng i t  was in the mean 445  N ( 1 0 0  lb) . Little difference in these values 
was observed between power -on and power -off condi tions . Fig . 4-2 shows an 
example of the relat ion between fur l angl e  and equ i valent thrust for a power 
off run . The r e  is not much scatter about the mean values of the equ i valent 
thr us t  for fur l ing and

' 
unf ur l i ng .  The one to two rat io between the unf ur l i ng 

and the fur l ing equ i valent thrust r emained throughout the tests i nclud i ng those 
wi th the induction gener ator . 

Fig . 4-3 shows a typical fur l ing i n  r esponse to a gust . The f igur e  i s  a copy of 
the osci llograph record and shows thr us t , fur l angle , torque and wi nd speed vs . 
time . The rpm i s  noted for 3 t ime instants . In  contras t  to F ig . 4-1 for the 
active control , the furling and unf u r l i ng process for the passive system was 
not conti nuous but occur r ed in s teps wi th a constant fur l rate . The nega t i ve 
r otor yaw damping moment i s  a linear f unction of the furl r ate . The hydraul i c  
damper moment i s  a quadrat i c  f unci ton o f  the fur l rate . Equ i l i br i um  between 
these to opposi ng manents i s  achieved only at a spec ific  furl rate whi ch 
depends on the damper setti ng . The s i ze of the furl step , about 3 0  deg r ee fur l 
angle change in the case shown i n  Fig . 4-3 , pr esumably depends on the break-out 
f r i ction and should become smaller when thi s  f r i ction i s  reduced . 

2 6  



N 
-..JI 

o BEGIN FURL 
x BEGIN UNFURL 

eo• 
FURL I I " I I I 

X ANGLE 
so• X 

SPRING 
X oo 

40° 
00 

20° AVERAGE BEGIN UNFURL FURL 

0 0 
I 0 

FIGURE 4- 2 .  

100 200 EQU. THRUST LB. 300 
I I 500 1000 N 

EQUIVALENT THRUST AT BEG IN OF FURL AND UNFURL FOR POWER
OFF RUN OF MAY 14 , 1981 



0 

100 

200 
THRUST LB 

FURL 
ANGLE 

TORQUE 
FT- LBS 

300 

0 
30° 
60° 
goo 
0 
100 
200 
300 

FIGURE 4 - 3 .  

24°/ SEC 
FURL RATE 

--------��--------� 0 

0 2 4 6 8 
TIME SEC 

1 0  12 

20 
40 
WIND VELOC.  

MPH 

TYPICAL FURL I NG I N  RESPONSE TO A GUST FROM 7 TO 1 4  M/SEC 

( 1 5  to 3 0  MPH ) , POWER-ON RUN OF MAY 1 4 , 1 9 8 1  

2 8 



F i g . 4 - 4 ( a ) to ( f )  s hows the r e s u l t s  of tal dat a  tak i ng . The "WIND 6 "  
prog r am was appl i e d  wh i ch f or a po\>Je r -on r un has been desc r i bed i n  Ref . 2 .  

Rotor tor que and othe r fas t varyi ng quant i t i es we r e  sampled 1 2 8 t imes dur i ng 
one s e cond to d e t e rm i ne me an and i tude . v a r y i ng quant i t i es l i ke 
w i nd spee d , r pm , f u r l angl e , yaw po s t  at the end of the one 
s e cond h igh speed s ampl i ng r o u t i n e . s e t  was ta ken a bout 2 
second s later dur i ng wh i ch t ime the upda ted the mean � s tanda r d  

d ev i at i on , global maximum and mi n imum of all s ampled quant i t i e s  f or the 
cu r r ent wi nd spe e d  " bi n " wh i ch had a wi dth o f  l/2 m/sec . Each r un cons i s ted o f  

1 0 0 0  to 3 0 0 0  s ample sets . 

F i g . 4 - 4 ( a ) s hows the d i s t r i bu t i on o f  the s ample sets ove r  the wi nd spe e d  b i n s  

i n  a g r a ph t h a t  r e p r e s e n t s  l o g  N vs . w i nd I n  the ma i n  wi nd s peed r ange 
the r e  wer e  abou t 2 0 0  s ample s e t s  i n  e a ch b i n .  Bins wi th less than 5 s ample s e t s  
have been igno r ed . 

F i g . 4 - 4 ( b )  g i ve s  a mean and s tanda r d  dev i at i on of the f u r l angl e for each w i nd 

spe e d  " bi n " . Between 3 and 6 m/sec '-'li nd t h e r e  wer:e about 2 0 0 s ample s e t s  
pe r b i n ,  bel ow 3 and above 6 m/sec the r e  vler: e  f ewer sample sets pe r  b i n f o r  a 
total of 1 1 8 0  s ample s e t s . Up t o  8 m/sec the mean f u r l  angl e  r emained c l o s e  t o  
15

° 
de termi ned by the elas t i c  un f u r l i ng s t op .  ,l\ t  h i�e :r  wi nd spe e d s  the r e  

occu r r ed qu i te h i gh f u r l ang l e s  wi th mean s close t o  4 0  . The l a r ge s tanda r d  

d ev i a t i on o f  t h e  f u r l  angl e  f or the s e  b i n s  w a s  pr e s umably caused i n pa r t  by the 
i nf l uence of the bea r i ng br ea k�out f r i c t i on .  

F ig . 4 - 4 (c ) s hows for the same run the r pm  s t a t i s t i c s  for each wi nd speed b i n .  
The t i p  speed r at i os A = QR/V a r e  supe r impo s ed i n  dotted l i nes . Me an , s t an d a r d  
dev i at i on ,  maximum an d  m i n imum of t h e  r pm  for each w i nd speed b i n  ar e plot t e d . 
The max imum rotor speed for a l l  b i n s  i s  close to 21 0 r pm .  

F i g . 4 - 4  (d ) s hows for the same run the r otor tor que s t at i s t i c s  for each wi nd 
speed b i n . Aga i n ,  mean , s tand a r d  d ev i a t i on , maximwn and mi n imum ar e  plotted . 
The maximum torque i s  he l d  th r oughout to about 41 0 Nm ( 3 0 0  f t - lb) .  The d a t a  
prove t h a t  the pas s i ve yaw cont r ol sys t em l imi ts r otor s pe ed and r otor torqu e  

r athe r  acc u r a t e ly dur i ng a n  extended nm wi th w i de l y  var y i ng wi nd speeds . 

F i g . 4 - 4 ( e ) s hows the rotor th r u s t  s tat i s t i c s . The th r u s t  has been comput e d  

f r om  t h e  me a s u r ed blade f lap-bend i ng moment at the r ot or cent er unde r  the 
a s s umpt i on tha t  the cente r of the th r u s t  d i s t r i bt u i on i s  located a t  two-th i rd s  
of the r otor r ad i u s . Th i s  a s s umpt i on was che c k ed by meas u r i ng the yaw pos t 

bend i ng moment wh i ch i s  ma i nly de termi ned by the th r u s t . G ood ag r eeme n t  wa s  

found , s e e  Ref .  2 .  The thr us t  i s  l im i ted by the pas s i ve f u r l  cont r ol sys tem t o  

a bou t 1 2 0  N ( 2 7 0  l b ) • 

F i g . 4 - 4 ( f )  s hows the cyc l i c  p i tch ampl i tude vs . w i nd speed . The mean val u e  i s 
a bo u t  4 deg r e e s . The s t anda r d  dev i at i on i s  qu i te h i gh . 

The anemometer used for the te s ts was l oc a t e d  4 ,  5 m ( 1 5  f t )  below the rotor 
cente r  on an arm attached to the t owe r i n  the �r1e s te r n  d i r ec t i on . S i nc e  onl y  

r e s ul ts f o r  wes te r ly wi nds ar e r e po r ted he r e , the r e  we r e  n o  obstacl e s  up w i nd 
o f  the anemometer . La t e r , a s econd anemomet e r  of the s ame type was i n s t a l l e d  
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somewhat above rotor center . The r e ad i ng s  of the two anemometer s  wer e  compar ed 
for westerly winds whi l e  the t u r b i ne was f urled and stopped , so that t he wind 
had undi s tur bed access  al so to the h i gher anemometer . Fig . 4-5 s hows mean and 
standard devi a t i on of the upper anemome ter  f or each " bi n "  of the l ower one . 
For 5 m/sec both anemometer s g i ve the s ame mean r ead i ng . For lower wi nd speeds 
the upper i ns t r ument r eads higher , for h igher wind speeds i t  reads l ower . Thi s  
i s  appa r ently a Reynolds numbe r e f f ect of the flow acr oss  the r i dge . At low 
veloc i ty the two anemomet e r s ar e i n s ide the boundary layer , so that the 
ve l oc i ty i ncr eas es wi th he i ght . For h i gh vel oc i ty the potent i al flow patter n 
comes i nto effect for whi ch the flow velocity i s  h igher clos er to the top of the 
r i dge . 

When cor r ect i ng the wi nd spe e d  of the lower anemometer to that of the upper 
one , mean cp values for the va r i ous bins  of ove r 0 . 50 wer e  obta i ned . The 
weighted average (we ighted wi th the n umber of s ample se ts for each b i n ) of 
thes e  cp values for the run  of F ig . 4-4  was 0 . 5 8 .  Thi s  i s  close to the Bet z  
l imi t and could not occur i n  a s teady flow .  Thi s  r esult  was also obt a i ned for 
othe r r uns . S imi lar  values of ave r age cp numbe r s  have bee n  found by other 
r esearche r s . For example Spe r a  and Jane t z ke , Ref . 1 4 ,  r e port  1 0  minute 
ave r ages of cp of ove r 0 . 5 f or f ixed pi tch ope r a t i ons of the MOD-OA and MOD- 1 
wind turbines . I t  seems that for  the type of averaging used , the Bet z  l imi t i s  
not appl icabl e . A prope r  probab i l i s t i c  t reatment of ener gy conve r s i on i n  
r andom flow f l uc t ua t i ons appe a r s  t o  be called for . 

The values on loads g i ven i n  Ref . 2 s t i l l  apply for the pas s i ve f u r l  con t rol 
sys t em wi th e xception of the 2 P  blade coni ng osc i l l a t i ons . D u r i ng r apid pow er
on f ur l i ng s uch osc i l l at i ons wi th up to ± 1 3 6 0  Nm (± 12 , 00 0  i n-lb)  blade root 
bending moment were me asured . The coni ng ampl i tudes i ncreased wi th i ncr e as i ng 
cyc l i c  pi tch ampl i tude s  whi ch i n  turn i nc r eas ed wi th f u r l  rate . Unfur l i ng 
r esul ted i n  substanti ally smaller 2 P  blade coni ng ampl i t udes . The ind i c a t i ons 
a r e  that pa r t i al blade s tal l caused th i s  phenomenon . The dynam i c  yaw analys i s  
showed that for high furl  rates h i gh blade angles of attack occur i n  the uppe r 
r eg i on of the rotor di s k , s ee F i g . 2-5 . The same rates i n  the unf ur l i ng 
d i r e c t i on produced l ower angles of a t tac k . The r eason i s  that f or f u r l  rates  
the  ae rodynami c blade for ces tha t  produce thr u s t  and those that  ove r come 
gyroscopic moments add in the upper r e g i on of the r otor d i s k  wi th i ts reduced 
r elat i ve vel oc i ty due to s i de flow .  For unf u r l  rates  the maximum aer odynam i c  
force o n  the blade i s  i n  t h e  l ower r e g ion o f  the rot or d i s k  wi th i ts i nc r e ased 
relat i ve vel oc i ty due t o  s i de f l ow . Thus s tal l wi ll  f i r s t  occur dur i ng f u r l  i n  
the upper r otor d i s k  r e g i on . Stall i n  thi s  r e g i on i ncreases the cyc l i c  pi tch 
ampl i t ude and it i ncr eas es the 2P  c on i ng e xc i tation. . Due to the 2P con i ng mode 
r esonance at 2 8 0  rpm ( se e  Ref .  2 )  there i s  at the ope r a t i onal r ot or speed a 
subs tan t i al resonance ampl i f ica t ion . Pa r t i al blade s tall not only i ncr eases  
the  2P con i ng mode exc i tat i on but  it  also  reduces the modal dampi ng . 

Dur i ng power -off oper a t i on the 2 P  c on i ng osc i l l at i ons a r e  smal l er . I n  f act , 
even at the resonance rotor speed of 2 8 0  r pm  whi ch could only be r eached i n  the 
powe r -off cond i t i on , the 2P con i ng osc i l l at i ons wer e  smaller  than those dur i ng 
r apid power -on furl i ng at 21 0 r pm .  Th i s  could be explai ned by the dynam i c  yaw 
analys i s  whi ch showed that the s t al l  marg i n  is gr eater for powe r -of f  than for 
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power -on oper at i on . The 2P con i ng osci llations couple wi th the rotor support 
s t r ucture and cause 2P l i near accelerations in  the d i rection of the r ot or axi s 
whi ch wer e  measur ed wi th a l i near accelerometer . W i thout measur i ng bl ade l oads 
in the rotating f r ame , such a l i near accel erometer would be in a prototype a 
useful and s imple ins trument to moni tor the blade coni ng oscillations . 

Ther e  are seve r al ways how the blade con i ng l oads could be r educed . One way i s  
t o  decrease the maximum f url r ate . By i ncreasi ng the damper force the maximum 
f ur l  rate has been r educed f r om  or i g i nally 60 degr ee per second to 20 deg r ee 
per second . A further decr e ase i s  ant i c i pated by allevi ating the break-out 
f r iction of the fur l system . Another way of r educ i ng pa r t i al blade stall may 
be to incr e ase the elastic r es t r a i nt of the cyclic pi tch motion . Presently 
thi s  res tr a i nt cover s  the range be tween + 11 degr ee and + 12 deg r ee cyc l i c  
pi tch amplitude . Extendi ng the elastic r est ra i nt down t o  lower ampl i t udes may 
r ed uce cyc l i c  pi tch exc u r s i ons and the as soci ated par t i al blade stall in the 
upper region of the r otor di sk . However , a penalty will have to be paid due to 
an incr eased lP bendi ng moment on the r otor sha f t . In a prototype the 2P 
r esonance rpm of the coning mode could be moved to a higher value in order  t o  
r educe the resonance ampl i f ica t i on . F i nally , i n  a prototype the stall marg i n  
could be i ncre ased by selecting a n  ai r f oil  section with higher maximum l i f t  
coeff ic i ent . 

4 . 2 . 2  Pas s ive Yaw Control Wi th I nduc t i on Gener ator 

The alter nator was r eplaced in Septembe r , 1 98 1  by a s i ngle phase inducti on 
generator obtained by Gould Elect r i c  Motor Division f r ee of char ge . The 
gener ator was an adapt ati on of a s i ngle pha s e  10 hor sepower i nduc t i on motor 
wi th 1 8 0 0  r pm ,  23 0/4 6 0  volt , S 215 T f r ame , catalog No . V3 0 3 . Gould had 
modi f i ed th i s  motor to shi f t  the opt imum gener ator eff ic i ency toward l ower 
power as i s  des i r eable for wind tur bine appl i cations . According to tes ts  
conducted at the Gould Elect r i c  Motor laboratory , the gener ator had the 
followi ng prope r t ies . 

Table 4-1 . I nduct i on Gener ator P rope r t i es 

Elec t r i c  S l i p  Power D r i ve 
Power kW % Factor Eff i ci_ency ___ ___ 

Pow�-':_-��-

1 . 5  1 . 1  0 . 90 0 . 60 2 . 5 
3 . 0  1 . 8  0 . 9 5 0 . 73 4 . 1 
4 . 5  2 . 7  0 . 95 0 .  7 7  5 . 8 
6 . 0 3 . 7  0 . 94 0 . 79 7 . 6  
7 . 5 4 . 6  0 . 92 0 . 78 9 . 6  

The gener ator has type B insulat i on wi th a maximum allowable conti nuous 
tempe r ature of 140 degree c .  Type F insulation would have incr eased the 
allowable tempe r atur e to 1 6 0  deg r ee c .  In the labor atory 1 4 0  deg r ee C was 
r eached dur i ng conti nuous ope r at i on wi th 5 kW elect r i c  output . Dur i ng th i s  
tes t  the gener ator was cooled wi th a small fan . Installed on the tower and 
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exposed to the wi nd as soci ated wi th power output much be tter cool i ng i s  
achieved so that safe operation at more than 5 kW elect r i c  output could be 
expected . A thermocouple was ins talled to moni tor the tempe r atur e . The 
e f f ic ienc i es of the induction generator were somewhat less than estimated for 
the alter nator , see Ref . 2. The powe r  factor was ver y  good . 

The s i ngle phase motor had a pha s e  wi ndi ng and i n  ser i es ei ther a star t i ng 
capaci tor or a r unning capaci tor . The capacitors had to be swi tched between 
star t i ng and runn i ng . As gener ator the phase wi ndi ng had to be reve r sed and 
connected in  such a way that i t  i s  c ut out together wi th the ma in windi ngs i n  
orde r to pr event sel f exc i tat i on . S i nce motor star t i ng was not requ i r ed i n  the 
self starting wind turbine appl ication , the starting capac i tor and the 
swi tch i ng c i rcu i t  wer e  omi tted . 

An electr i cal control sys tem for the i nduct i on gener ator was des i gned wi th the 
purpose of connecting the elect r i cal g r i d  when synchronous speed was r eached 
f rom below and of di sconnect i ng the e l ect r i cal gr i d  when synchr onous speed was 
r eached from above . The center pi ece of the elect r i cal control system was an 
Elect romat ics wi nd tur bi ne r el ay . It powe r ed a mechanical contacter  whi ch 
connected the gener ator to the elect r ic g r id at 1% below synchronous speed . I t  
d i sconnected i t  from the g r i d  i f  af ter 5 s econds the gener ator had not reached 
synchronous speed . D i sconnect f r om  the g r i d  was also obtained 2 seconds after 
the gener ator speed dropped bel ow the synchronous speed . The 2 second time 
delay was not adj ustable so that some motori ng took place when the wind va r i e d  
f r equently about i ts cut- in value . The del ay had the pur pose to avoi d  too 
frequent ope r ation of the mechanical contacter . To reduce motoring losses i t  
would seem better t o  use a sol id state swi tch and a relay wi th a shorter del ay 
t ime . 

O r i g i nally an ove r cu r r ent relay had been incorporated i n  the elec t r i c  cont rol 
system . It  turned out that thi s  r elay t r i pped whenever the g r id was �ut- i n . 
The ove r cur r ent  relay was then manually br i dged dur i ng gr i d  cut- i n . I t  was 
soon found out that the pass i ve f u r l  contr ol system effectively protected the 
gener ator from ove rcur r ents , so tha t  the over cur r ent relay could be omi tted . 

The l ocal uti l i ty ,  Union E lect r i c , ins talled , f r ee of charge , thr ee kW-hour 
meters ,  two at the g r i d  terminals and one at the gener ator terminals . One of 
the meter s at the g r i d  terminal s meas ur ed the inflowing energy , the othe r the 
outflowing energy which was equal to the gener ated energy minus the ener gy used 
by the tes t equ i pment for the computer , the osci llograph , the strain  gage 
condi ti oner , the l ights , the battery charger , etc . The meter at the gener ator 
term i nals meas ur ed the gener ated ene r gy minus the l i ne los ses in  the cables 
from the tower top to the i ns t r ument shed . Union Elect r i c  made some 
measur ements on the qual i ty of the gener ated elect r i c i ty whi ch i s  of ten 
unsati sfactory when synchronous i nve r te r s  are used . I n  cont r ast , the qua l i ty 
of elect r i c  ene r gy f rom the atmospher i c  tes t equ i pment at Tyson Res earch Center 
was found to be good wi th almost no wave d i stor tion . The power factor was 
almost uni ty as was mentioned befor e . The power fluctuat i ons f rom varyi ng wi nd 
speeds wer e  of no concer n  to the u t i l i ty .  
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The pas sive fur l con trol sys tem l imi ted the rotor torque accur ately to the set 
value wh i le the induction gener ator , when connected to the elect r ic g r i d , kept 
the rotor speed almost constant . The del ayed unfu r l i ng due to fur l  system 
f r iction was aga i n  observed . Unf ur l i ng only began below synchronous speed 
af ter the induc t i on gener ator had been d i sconencted from the g r i d  by the act i on 
of  the Electromat ics relay . 

Fig .  4-6 ( a )  to (f ) shows for pqwer -on run wi th the induc t i on gener ator the 
r e sults of d i g i tal data tak i ng u s i ng the "WIND-6 "  program . F ig . 4 - 6 ( a )  g ives 
the d i str ibution of the sample sets over the wind .speed bins . F i g . 4- 6  ( b )  
shows shows the f u r l  angle stat i s t ic s  whi ch i s  similar t o  that wi th the 
a l te r nator conf igur ation , see F i g . 4 - 4 ( b ) . Fig . 4-6 (c ) shows the rpm 
stat i s tics . In contr ast to the conf i g u r at i on wi th alternator , Fig . 4 - 4 (c ) , the 
rpm is now near ly cons tant from the cut- i n  speed of 5 m/sec on up . The 
occasional dev i ations f r om  the 2 0 0  rpm level were pr esumably caused by the t ime 
de lays in the switch i ng of the gener ator . Fig . 4-6 (d ) shows the rotor torque 
s tatis tics . Same as for the al ternator conf iguration , Fig .  4 - 4 ( d ) , the torque 
is l imi ted accur ately to 41 0 Nm ( 3 0 0 f t- lb) . Howeve r , unl i ke the alter nator 
d i s t r ibution of Fig . 4-4 ( d ) , the torque i s  now almost zero below 5 m/sec wind 
speed because the induc t i on gener ator i s  swi tched off below synch r onous speed 
wh ile the al ter nator generated power down to low r pm  values . Wh ile for the r un 
wi th al ter nator shown in F i g . 4-4  the aver age aer odynami c e f f i c i ency c

p 
based 

on the read i ng of the lower anemooeter was 0 . 4 6 ,  the cor r espqnd ing value of c:2 
for the r un wi th the i nduction gener ator shown i n  F ig . 4 - 6  was 0 . 3 4 .  Most of 
thi s  los s occur r ed in the low wi nd speed r eg i on . I t  was found tha t  at 
synchronous speed the combined loss of gea r s , belt d r ive and gener ator was ove r  
1 . 5  kW wh i ch accounted f o r  the relat i vely h i gh wi nd speed a t  synch r onous rpm of 
5 to 6 m/sec ( 1 1. 2 to 1 3 . 4  mph ) . In a rede s i gn , both the t r ansmi s s i on and the 
gener ator losses at synchr onous rpm could be substanti ally reduced wh i ch wouid 
l ead to a lower wi nd speed at synchr onous rpm and to a better aver age c

p 
value , 

si nce in this  average the wi nd energy over the ent i re speed r ange has been used 
i nclud i ng ver y  low wi nd veloc i t i e s . 

· 

Fig . 4-6 ( e ) shows the thr u s t  stat i s t i c s . Same as for the al ter nator con
f igur ation , Fig . 4 - 4  ( e ) , the thrust  i s  l imi ted by the pas s i ve furl  contr ol 
system to about 1 2 0  N ( 2 70  lb ) . Fig . 4-6 ( f ) shows the cyc l i c  pi tch ampl i tude 
statis tics .  The me an values are here about 2 degree vs . 4 deg r ee f or the 
al ternator conf igur ation , see F i g . 4-4 ( f ) . Keeping the rpm cons tant has 
obv i ously the effect of lowe r i ng the mean cyc l i c  pi tch ampl i tude . 

Fig . 4-7 ( a )  to ( c ) shows for a pqwer -off run the resul ts of d i g i tal data 
tak i ng . The "WIND-2 FAST" prog r am was appl i ed whi ch has al so been desc r i bed in 
Ref . 2 .  The prog ram produces stat i s t i cal data on r pm  and on rotor torque much 
faster  than the "WIND-6 '' prog r am  wi th i ts 6 sampled fast var i ables . Fig . 4 -
7 ( a )  gives the d i s t r i bu t i on o f  the sample sets over the wi nd speed bi ns . As 
befor e , the bins i n  the mai n  wind speed r ange have about 2 0 0  sample sets each . 
F i g . 4-7 ( b )  g i ves the rotor speed stat i s t i c s  for th i s  power -off r un .  The mean 
r otor speed levels of f below 2 5 0  rpm . Fig . 4 - 7 (c ) shows the r otor power vs . 
wi nd speed . At 5 m/sec or 2 0 0  rpm the mean rotor power i s  0 . 6 kW , at  7 to 1 0  
m/sec o r  2 5 0  rpm the mean rotor pqwer i s  0 .  7 kW . Thi s  represents the mechani cal 
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loss in  the dr i ve t r a i n  includ i ng the bel t  dr ive and in  the induc t i on gener ator 
when i t  is not connec ted to the elect r i cal g r id . After g r id connect i on the 
rotor power inc reases substant i ally to over 1 . 5 kW because of the add i ti onal 
magneti z i ng loss . 

so 



SECTION 5 . 0  

CONCLUS IONS 

Analys i s  of and atmospher i c  expe r iments wi th a two-bladed 7 . 6  m d i ameter vane 
s tabi l i zed wind r otor having pas s i ve cyclic pi tch var i at i on allow the following 
conc l u s i ons . 

o For steady state the c l as s i cal rotor yaw analys i s  wi th cons tan t 
i nflow agreed qui te well wi th a much more r ef ined var i able inflow 
analys i s .  

Blade angle of attack d i s t r i bu t i ons obtai ned wi th the yaw dynami cs 
analys i s  all ow rough e s t imates of the blade stall envelope . 

A two-bl aded wi nd rotor wi th pa s s i ve cycl i c pi tch var i at i on was 
capable of s uf f i c i e nt r apid yaw r ates to use the yaw mode as ex
clus i ve means of rotor speed and tor que cont rol . 

Both the act ive yaw cont r ol system u s i ng a hydraul ic propeller speed 
gover nor and the pas s i ve system u s i ng a combination of r otor thr ust 
and torque wer e  capable of effec t i ve speed and tor que l imi tat i ons 
dur i ng s t r ong gusts . 

The pa s s i ve fur l cont rol sys tem showed gr eate r promi se because no 
emer gency cont r ol sys tem i s  needed , because i t  i s  s impler and mor e 
rel i able and requ i res less mai ntenance , and because i t  i s  appl i cable 
also i n  the case of a cons tant speed elec t r ic generator for whi ch the 
act i ve speed cont r ol sys tem is not sui table . 

For eff i c i ent wi nd ene r gy conve r s i on the atmosphe r i c  tes t  equ ipment wi th the 
pas s i ve cyclic pitch rotor , the pas s i ve f u r l  cont r ol system , and the induc t i on 
gener ator needs to be improved in seve r al respects . 

• The f r i c t i on of the pas s i ve fur l control system should be greatly 
reduced to allevi ate delayed unfur l i ng wi th i ts considerable energy 
losses . Thi s  requ i res a f a i r ly s ubstant i al rede s i gn of the system . 

The tr ansm i s s i on loss due to the be l t  dr i ve i s  qui te h i gh . The bel t  
dr i ve should be el imi nated . 

The s i ngle phase i nduc t i on gener ator wi th i ts relat i ve ly high losses 

s hould be improved . 

The rotor , d ue to the l ong bl ade shanks , oper ate s wi th si zeable 
losses and should be improved . 
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All of the l i s ted mod i f icat i ons af f ect the fur l control system stabi l i ty whi ch 
needs to be re i nve s t i gated . 

Afte r remov i ng the present i nadequacies , the atmospher i c  tes t  equipment wi th 
the passive f u r l  control system should be tested to considerably h i gher wind 
speeds than the maximum encounter ed dur i ng the precedi ng tests . 

5 2 
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APPENDIX B 

ROTOR WITH PASS IVE CYCLIC PITCH VARIATION 

AS A MEMBER OF A FAMI LY OF HINGED ROTORS 





FOREWORD to APPENDIX B 

The Appendix B to the Final Repor t was pe r formed under Amendment Two to Sub
contract No . XH-1- 1 0 52-1 by Dr . Kur t H .  Hohenemser and Dr .  Andr ew H .  P .  Swi f t  i n  
February , 1 9 8 2 . 

B- i i i  





SUMMARY OF APPENDIX B 

The two-bladed wi nd rotor wi th pa s s ive cycl ic pi tch var i ation i s  compared to 
other two-bladed hinged r otor types . The teeter r otor is shown to be impract ical 
for dynamic reasons i f  both blade coni ng and blade flappi ng ar e present , the 
latter caused by h igh yaw angles and h i gh r ate of yaw . Solutions of the dynamic 
problems of  the teeter r otor appl ied i n  rotorcr af t  technology - damped blade l ag 
h inges or a central univer sal f lapping h i nge in  combination wi th blade pi tch 
control ar e held to be too complex and too costly for wi nd turbine 
appl ications . The r otor with pas si ve blade cyclic pitch var iation is  as s imple 
and rugged as the tee te r  rotor and avoids its dynamic problems by suppre s s i ng 
f l appi ng wi thout otherwi se chang i ng i ts aerodynamic char acte r i stics . 
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NOMENCLATURE LIST 

Time 
Out-of plane blade angular deflect ion 
Coni ng Angle 
Flapping Ampl i tude 
Angle de fining pi tch-cone and pi tch-flap coupl ing ratio - tan o 3 
Angle de f i n i ng pi tch-cone coupl i ng ratio -tan o 3CONE 
Angle def i n ing pi tch-flap coupl i ng ratio -tan o 3FLAP 
Blade pi tch angle 
Blade collect ive pi tch angle 
Blade cyclic pi tch ampl i tude 
Blade angular ampl i tude about hinge axi s  
Phase angle of blade cyc l i c  pi tch mot ion 
Phase angle of blade flapping mot i on 
Rotor angular speed 
Cros swi nd wi nd veloc i ty component 
Ax i al wind veloc i ty component 
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SECTION Bl 

INTRODUCTION 

The pur pose of the following d i scu s s i on i s  to expla i n  the char ac te r i stics of the 
two-bladed wind r otor with pas s ive cyc l i c  pi tch variat ion in compar i son to thos e  
o f  other hinged two-bladed wind rotor type s . The rat ional of the SERI sponsored 
r esearch into the ef fects of pas s ive cyc l i c  pi tch variation appl i ed to a two
bladed wind rotor was to i nvestigate the s u i tabi l i ty of th i s  rotor type for rotor 
speed and rotor torque control based on yawing r ather than on the usually appl ied 
blade feather i ng method . Such a yaw control system r equ i res  h igh yaw rates which 
can cause severe vibrations in teete r i ng r otors i f  the blades have a bu ilt- i n  
coni ng angle o r  i f  they a r e  elas t i ca l ly coned . I n  contr as t ,  the two-bladed rotor 
with pas s ive cyclic pitch var iation runs smoothly dur i ng rapid yawi ng and in the 
presence of blade coni ng . Per f ormance has been demonstr ated dur i ng wind tunnel 
and atmosphe r ic testing . We will attempt to show here why pas s ive cyclic pi tch 
var i ation in two-bladed rotor s produce s  thes e  bene f i ts . Though some analytical 
r esults wi ll be used , the d i scuss i on will  be e s sent i ally of a qual i tative natu r e . 
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SECTION B2 

COLLECTIVE AND CYCLIC BLADE PITCH VARIATION 

A change in blade p i tch i s  attai ned by rotat i ng the blade about its long i tud i nal 
axi s . Ignor i ng aeroelas tic effects and h igher harmonic cyclic pi tch var iations , 
the change in blade pi tch from a refer ence pos i tion i s  given by the sum of two 
terms as : 

(B2- l )  

The collect ive pi tch var i at ion 8 at a g iven t ime i s  the same for a l l  blades . The 
second te rm in Eq . B2-l desc r iges the cycl ic pitch va riation in terms of i t s  
ampl itude ec and its phase angle �e wh ich is d i f ferent for differ ent blade s , the 
ampl itude 8c at a given time is the same for all blades . For a two-bladed rotor 
the phases of the blades di ffer by 1 8 0° .  8 and ec are time functions . 
Collective and cycl ic pi tch can be imposed on the 9,lades oy a control mechani sm .  
Th i s  i s  called active blade pi tch var i ation . Collective and cyclic pitch can 
al so be var ied by passive means under the influence of aerodynamic and i ne r t i a  
forces . Active conl:,.f'ols involve hydr aul ic or elect r i c  actuators and usually 
requ i re electronic controls , all of whi ch are subj ect to component malfunctions . 
Pass ive controls are s impler and mor e  r el i able except poss ibly under condi t i ons 
of icing . In propeller and wind turbine terminology , collective blade pi tch 
var i ation is called blade feather i ng or unfeathe r i ng .  Cyclic pi tch var i ation i s  
not used in propeller s nor in  most wind tur bines . 
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SECTION B 3  

BLADE CONING AND FLAPPING 

If blades are hinged to the hub wi th hinges pe r pendicular to the blade axes and 
pos i ti oned in the plane pe rpendicular to the rotor axi s , see Fig . 83-1 , and i f  
aer oelastic affects and higher haononics a r e  ignored , the change in angular blade 
de flecti on about the hinge from a refer ence posi tion is given by the sum of two 
terms as : 

(83- 1 )  

The blade coni ng angle a i s  at any g iven time the same for all blade s . The 
second te rm in Eq .  83-1° desc r ibes blade flapping in terms of the flapping 
ampl i tude aF 

and the phase angle ¢F whi ch i s  d i f fe r ent for d i fferent blade S i the 
flapping amplitude at a g iven t ime is the same for all blades . In a two-bladed 
rotor the phase angle for the two blades d i f f er s  by 1 8 0° . a and a

F 
are time 

functions . If the two blades are r ig i dly connec ted to the h8b and can swivel 
about a teeter hinge , see F ig . 83-2 , then only blade flapping is poss ible but no 
change in coning angle occurs except for aeroelastic e ffects . However , there may 
be a bu i lt- in f i xed coni ng angle . I n  the l i ter ature the sum of what we cal l  
coning and flapping , the r ight hand side of Eq .  83-2 , i s  usually denoted as 
flapping angle � The haononi c  term would then be called cyclic flapping . Since 
the word flapping has the connotati on of a per i odic motion and not of a s teady 
state , we bel i eve our def in i ti on of flappi ng to be mor e  appropr i ate . I t  also 
shor tens the text . 

Fig . B3-3 ( a )  shows the schemat i c  s i deview of a rotor when the blades are coned by 
the angle f3 • Fig . B3-3 (b ) shows the schemat i c  sideview of the rotor when the 
blades flap 0wi th the ampl i tude e

F 
i n  such a phase that for t = o ,  2 1f/ g, 4 ,Yg, e tc . 

and 4F = 0 ,  a blade i s  in the upward pos i tion . The blade tips then rotate in a 
t ip path plane which i s  not per pendi c ular to the rotor axi s but rather i ncl i ned 
downward . 

· 

Fig . B3-4 (a )  shows what happens when the sepa r ate coni ng and flappi ng i ndicated 
i n  Fig . B3-4 ( a )  and (b) are supe r imposed . When the blade i s  in the hor i zontal 
pos i ti on its proj ection is pa r allel to the rotor axi s .  I t  ther efore can not 
participate in the blade t ip path plane t i lt i ng motion . Seen in the d i r ection of 
the arrow which i s  perpend icular to the blade t i p  path plane i t  has the view shown 
in Fig . B3-4 (b) . The two oppos i te blades in Fig . B3- 4 (b) , when in the hor i zontal 
pos i t i on ,  form an angle wi th each other given by twi ce the product of coni ng and 
f lapping angle . In the blade tip path plane the blade tips move wi th nonuni form 
angular veloc i ty ,  thi s  angular veloc i ty be ing larger for the lowe r  port i on and 
smaller for the upper por tion of the t ip path . These i n-plane osc illations 
produce in-plane oscillatory blade loads and a 2 pe r  revolution ver t i ca l  
exc i tation of the rotor support .  The analysi s  o f  these loads i s  usually 
per formed in a refer ence system whi ch rotates uni formly about the rotor axi s . 
The i n-plane loads then appe a r  as Cor ioli s  forces and are found to be 
sign i f icant . 
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The conclusion i s  that rotor s wi th h i nges as shown in Fig . B3-l wh ich a r e  subj ect 
to both blade con i ng and blade f lappi ng have a dynamic problem . C i erva , who 
began h i s  autog i ro development i n  the 1 9 2 0 ' s  wi th a rotor accord i ng to Fig . B3-l , 
learned th i s  les son soon and added damped lag h i nges , Fig . B4-l , wh ich are s t i l l  
used in mos t  rotor c r af t . The lag dampe r s  are needed t o  prevent dynamic lag 
mot ion instabi l i ties . The problem indicated in Fig . B3-4 not only a r i ses in F i g . 
B3-l type rotor s wh i ch are f r ee to cone but also occur s in rotor s wi th a teeter 
h i nge , Fig . B3- 2 , if the blades have a bu i l t- in coning angle or if they are 
ae roelast i cally coned . The Bel l  Hel i copter Company began its tee te r i ng rotor 
development wi th a conf igurat ion accord i ng to Fig . B3- 2 .  I t  later adopted a 
un iver sal flap h i nge , Fig . B4- 3 , wh i ch i s  now incorporated in all two-bladed 
r otorcraft . Ul r i ch Hue tter beg an h i s  1 0 0  kW wind turbine development in the 
1 9 5 0 ' s  wi th a wind rotor accord i ng to Fig . B3-2 wher eby the blades had 
s ubstant i al bu i l t- i n  con i ng angles . Appar ently he encountered d i f f icult i e s  
s i nce i n  h i s  u . s .  Patent ( Ref . 1 )  h e  appl ies the Be ll Hel icopter solut ion wi th 
the univer sal flappi ng hinge to hor i zontal ax i s  wind tur bines . 

The upwind rotor MOD-2 conf igur at ion i s , despi te of i ts teeter hinge , relative ly 
f r ee of the problem indicated i n  Fig . B3-4 . The reasons are that the blades have 
no bu ilt- i n  con i ng angle , that due to the high bending s t i f fness of the stee l 
bl ades elas tic con i ng i s  small , and that the yaw rate from the yaw gear drive i s  
also small . Wi th alumi num , f i berglas or wooden blades elastic con ing can be 
cons ider able so that , even wi thout bu i lt- in con ing angle , Cor iol i s  forces from 
combi ned con i ng and flappi ng can be s ign i f icant at h igh yaw rate s . 
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F IGURE B3-l .  FLAP-CONING HINGE ; AXIAL VIEW 

FIGURE B3- 2 .  FLAP OR TEETER HINGE ; AXIAL VIEW 
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SECTION B 4  

P ITCH-CONE AND P I TCH-FLAP COUPLING 

Fig . B4-l shows the schemat i c  axi al v i ew of the bl ade-hub attachment f r equently 
used for r otorcr aft . The bl ade can be r otated about i ts long i tud inal axis ( blade 
pi tch varying hinge ) via a cont rol horn and a cont rol link extendi ng pa r a l lel to 
the r ot or axis and attached to the cont rol horn at point A. Ther e  is a flap
coni ng h i nge pe r pendicular to the bl ade axi s  and extend i ng i n  the plane 
per pend icular to the r ot or axi s , same as in F i g . B3-l , and there i s  a blade lag 
h i nge extending pa r allel to the r otor axi s .  The bl ade lag h i nge enable s  the 
blade to cancel the i n-plane osc i l l a t i ons seen in Fig . B3- 4  ( b ) , so that the 
Cor i ol i s  forces are e l imi nated . For r easons of dynamic stabi l i ty the l ag h i nge 
moti on must be s t r ongly damped . S i nce for a g iven cont rol pos i t i on poi n t  A i s  
f ixed , the blade cones and f laps about the obl ique axi s A-B wh i ch i s  inc l i ned 
w i th respect to the flap-coni ng hinge by the ang l e  o 3 • Thus coni ng by the angle 
S wi l l  produce a negative collect ive p i tch change 8 = -SF. tan o3 • Flapp i ng wi th 

tf�e ampl i tude 8 wi ll produce a cyc l i c  pi tch ampl l'tude 8 = - S
F tan o 3 •  The 

p i tch-cone coupfing ratio 8 ;13 i s  the s ame as the pi tcTt- flap coupl ing rat i o  
8

C;13 F , namely - tan 8 3 • The p� tc<fi-cone coupling i s  qu i te e f f ect i ve i n  allev i a t i ng 
tfie rotor thr u s t  i ncr ease f rom g u s t s , even if o is only mode r ate . In con t r as t ,  
the pi tch- flap coupl i ng has l i t tle e f fect on t5e r otor character i s tics , unl e s s  
large values o f  o3 n e a r  9 0° a r e  selected . The effects o f  pitch-flap ra t i o  a r e  
unde s i r able for r otor c r a f t  s i nce they r educe the r otor angular damping wh i ch i s  
impor tant for good rotor c r af t  fl ight char acter i stics . For th i s  reason rot or c r a f t  
have mode r ate values o f  o3 of 1 5 to 3 0° . 

Fig . B4-2 shows a schemati c axi al v i ew of a rotor -type wh i ch allows the com
bination of a large pi tch-cone coupl i ng r atio w i th a small or zero pi tch flap 
coupl i ng ratio . The r e  i s  a uni ve r sal flap h i nge in the rotor center ( f l oat i ng 
hub) and pur e  coni ng h i nges f u r ther out . The blade i s  controllable about i t s  
long i tud i nal axi s . Pi tch i s  con t rolled v i a  a cont rol hor n and a control l i n k  
attached t o  point A .  Coni ng takes pl ace about the axi s A-B wi th a large o3 ang l e , 
so that the pi tch cone r a t i o  8 / S  = - tan o3.CO i s  large . Flapping takes place 
about the axi s A-C whe r eby the �i t�h- f l ap r a t: 1 o  �/SF 

= - tan o3FLAP i s  smal l . The 
unive r sal flap h i nge allows the coned r otor -to t ilt so tnat the i n-pl ane 
osc i llations shown in F ig . B3- 4  and the as soc i ated Cor i ol i s  forces are avo i de d . 
The r otor type shown i n  F i g . B 4 - 2 was analyzed aerodynami cally i n  Ref .  2 and 
dynami cally in Ref . 3 . I t was appl ied to the Army-McDonne ll XV-1 Conve r t i pl ane 
developed in the 1 9 50 ' s .  Due the l a r ge pi tch-cone coupl ing th i s  r otor c r af t  was 
gu s t  insens i t ive . Due to the unive r sal hub h i nge the rotor r an smoothly wi th a 
l ow vibration level . Damping of h i nge mot i ons was not r e qu i r ed . Dur i ng c r u i s ing 
fl i ght when the r otor was unloaded by the f i xed w i ng and not needed any mor e , the 
cent r al univer sal flapping h i nge was bloc ked . The r otor then had not only a 
large pi tch-cone coupl ing r a t i o  but also a l arge pi tch-flap coupl i ng rat i o . The 
r ot or speed was accurately cont r olled by r otor angle of attack changes .  Flapping 
was effect i ve ly suppr essed so tha t  the r otor followed rapid rates of pi tch or 
r ates of roll wi thout r es i s tance . I t  was the e xpe r i ence wi th th i s  r ot or type 



whi ch sugges ted i ts appl icat ion i n  a s impl i f ied form to wind tur bines . The xv-1 
Conve rtiplane was the only rotorcraf t  that used a large pi tch-flap coupl i ng ratio 
for part of the fl ight envelope . The XV-1 Conve rtiplane was underpower ed and i ts 
development was terminated for thi s  reason despi te its good flyi ng qual i t i e s . 

A s imilar rotor type wi thout the coning h i nges i s  shown in Fig . B4-3 . Thi s rotor 
has no pi tch-cone coupl ing and a small pi tch- flap coupl ing ratio 8C/ F 

= - tan 
8 3 • The univer sal flap hinge in the hub center allows the use of a bu1lt-in f i xed 
coning angle wi thout producing the i n-plane blade osc illations shown i n  Fig . B3-4 
and the as sociated Cori ol i s  forces . The Fig . B4-3 rotor type has been 
incorporated in all modern Bell helicopter s  and has been proposed for hor i zontal 
axi s wind tur bines in Ref . 1 .  Though i t  has excellent ope rat i ng character i stics  
it  i s  rather complex and costly , much the same as  the lag hinge rotor of Fig .  
B4-l . In  wi nd turbines wi th rotor speed and torque control by yawing , an act ive 
blade pi tch control system is  not needed . Wi thout the pi tch control mechani sm 
the univer sal flap hinge in the hub center i s  not usable since the rotor plane 
could then wander off wi thout aerodyanmic feed back . The teeter rotor of Fig . 
B3- 2  i s  impr actical i f  the blades have e i the r a bu i lt- in fixed coning angle or i f  
coning is produced aeroelas t i cally . The rotor with passive cyclic pi tch 
var iation shown in Fig . B4-4 combines the s impl i c i ty of the teete r rotor , Fig . 
B3- 2 , wi th the operational smoothness of the much more complex Bell hel icopter 
rotor of F ig . B4- 3 . The pi tch- flap coupl ing ratio 8c/ F = - tan 83 is ver y  h i gh 
so that flapping is lar gely suppr e ssed and replaced by cyclic pi tch var i ation . 
Due to the suppres sed flappi ng the effect shown in Fig . B3-4 i s  small , part i c
ularly if buil t- in blade coni ng i s  avoided and aeroelastic coning i s  kept 
moderate by reasonably s t i f f  blade s . The rotor of Fig . B4-4 could not be used i n  
conventional rotorcraft s ince it  lac ks collective blade pi tch control and s i nce 
the suppress i on of flappi ng all but el iminates rotor yaw dampi ng . When appl ied 
to the vane stabi li zed hor i zontal axis wind turbine where rotor speed and rotor 
torque is controlled by yawi ng , the lack of collect ive blade pi tch control and of 
r otor yaw dampi ng is not detr imental . 
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FIGURE B4- 3 . FLOATING HUB WITH PITCH HINGES ; AXIAL VIEW 

FIGURE B4-4 . ROTOR WITH PASSIVE BLADE CYCLIC PITCH VARIATION ; 
AXIAL VIEW ( LARGE PITCH-FLAP COUPLING RATIO ) 
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SECTION B 5  

EFFECT OF PITCH-FLAP COUPLING ON BLADE FLAPPING 

For the rotor type shown in Fig . B4-4 , the effect of 8
3 

on blade flapping for a 
s teady yaw angle and for a s teady yaw r ate has been determined using dynamic yaw 
analys i s , Ref . 4 .  Thi s  analys i s  has two shor tcomings . First , the induced flow 
caused by the aerodynamic pr essure which r e s i s ts the rotor. gyroscopic moment has 
been neglected . As a resul t , the tr ans i tion from a steady yaw cond i tion to the 
new equ i l ibrium for a steady yaw r a te is almost i nstantaneous , wh i le in real i ty 
i t  takes a cer ta i n  time to bui ld up the new induced flow pattern . Second , blade 
stall effects were neglected , wh i le actually the i nner por tion of the retreating 
blade i s  stalled . As a resul t , the flapping and cyclic  pi tch ampl i tude s  
predicted by the analysis  for a g iven yaw rate a r e  only about two-thi rds o f  the 
measured values . However , the t r end of the change of cyclic pi tch and f l appi ng 
ampl itudes wi th o 3 should be cor r ec t . 

In  Fig . BS-1 and 2 ,  T denotes the ampl i tude of the angular mot ion about the h i nge . 
I t  i s  compared to the flap ampl i tude and to the cycl ic pi tch ampl i tude . At 8 = O ,  
which repr esents the teeter rotor o f  Fig . B3- 2 , the cyclic pitch ampl i t u� i s  
zero and T i s  equal to the flappi ng ampl i tude . At o3 = 7 0° the flapping ampl i tude 
i s  small and T is almost equal to the cyc l i c  pi tch ampl i tude . Thus at o3  = 7 0° 

which i s  close to the value used for the full scale test rotor , the hinge motion 
represents almost pur e  cyc l i c  pi tch and l i ttle flapping , thus prov i d i ng the 
rationale for the designation " rotor with pass ive cyclic pitch vari ation " . Note 
that wi th incr eas i ng o3 angle from the value 8 3 = O, the flapping ampl i t ude 
decr eases slowly . For o 3 

= 1 5° to 3 0° ( the normal range of 8 
3

) ,  f lapping has not 
decr eased much from its value for the teeter rotor , 8 = 0 .  In order to 
effectively suppress flapping one has to select a o 3 

angte of about 7 0° . The 
ampl i tude T of the angular mot ion about the hinge does not change much wi th o3 •  
Thus the requi red hinge moti on between l imi t i ng stops is about the same f or tfie 
rotor wi th passi ve cyc l i c  pi tch var i at ion as for the teeter rotor though the 
flapping l imits are much lower . 

The results presented i n  Fig . BS-1 through BS-4 r efer to the tes t  rotor descr ibed 
i n  Ref .  5 for an angular rotor speed of n = 21 rad/sec and a wind veloc i ty of 1 8  
m/sec ( 4 0  mph ) . Fig . BS-1 as sumes a steady yaw angle of 60° . Fig . BS-2 assumes a 
s teady yaw rate of 3 0°/sec for a yaw angle between 56° and 6 5° . Thi s  yaw rate 
i nc r eases T from about 2 .  5° to 7° . The o

3 angle has l i ttle effect on rotor 
per formance . The rotor power output is about 9 . 5  kW throughout the 8 3 r ange . 
Fig . BS-3 and BS-4 show for the gaw r ate case of Fig . BS-2 the angle of attack 
prof i les for c 3 

= 0° and o 3 = 6 7  r espect ively . The prof i les ar e approximately 
the same . The suppression of f lapping , according to the analys i s , has l i ttle 
effect on the aer odynamic rotor cha r acte r i stics . Tes t  results obta i ned wi th 
teeter rotors and repor ted in Ref . 6 and 7 should be approximately appl i cable to 
rotor s wi th passive cyc l i c  pi tch var i at i on . For example , the effect of yaw rate 
on the teeter ampl itude should be about the same as i ts effect on the cycl i c  pitch 
ampl itude . The effect of blade s tall  on the teeter ampl i tude should be simi lar 
to its effect on the cyc l i c  pi tch ampl i tude . 
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SECTION B6 

OTHER APPLICATIONS OF PASS IVE CYCLIC PITCH VARIATION 

Wh ile  the pr i nc ipal appl icat ion of pas s ive cyc l i c  pi tch var iat ion was to the wind 
turbine with rotor speed and torque control by yawing , other useful appl ication s  
are  pos s i ble . For example , a w i n d  r otor whi ch i s  located downwind of the mas t  and 
whi ch is des i gned to self-al i gn w i th the wind d i r ection needs subs tant i al blade 
coni ng . I f  a tee ter hinge i s  used , combined coni ng and flapping wi th i t s  
detr imental effects could occur dur i ng rapid wind d i rection changes wh i ch the 
rotor i s  incapable of following immedi ately . The temporary yaw angles as wel l  as 
the yaw r ates will cause f lapping . The ver t i cal boundary layer will al so cause 
flappi ng . Suppress ion of flapping bycfa s s ive cyc l i c  pi tch var i at ion would appear 
des i rable . The usual o3 ancy.e s  of 1 5 to 3 0° 

will have l i ttle effect . One needs 
to use o3 angles of about 70 , an approach wh i ch has neve r been t r i ed pr i or to the 
SERI proJ ect , Ref .  5 .  Self-al igning wind turbines must be stopped at h igh wind 
ve loc i ti es . The blades wi ll  then bounce between the elas tic  stops wh i ch l imi t 
the flapping moti on unless cent r i fugally var i able stops are used . With pas s ive 
cyc l i c  pi tch var i ation the flapping mot ions be tween stops ar e much smaller than 
for the teeter r otor . Thi s  w i ll improve the i nterfer ence margin between blades 
and mas t  and wi ll reduce the blade loads from stop impact s .  The pas s ive cyc l i c  
pi tch feature could also be used f o r  wind r otors with feathe r i ng controls i f  one 
des i res in case of a failure  of the feather ing control an independent shut down 
by rapidly yawi ng the r otor out of the wind . The large flapping ampl i tudes of a 
teeter rotor dur i ng th i s  procedur e would be suppressed by the pas s i ve cyc l i c  
pitch featur e . 
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SECTION B7 

SUMMARY AND CONCLUSIONS 

The following conclusions  can be drawn for two-bladed wind rotor s .  

1 .  

2 .  

3 .  

4 .  

5 .  

6 .  

A teeter rotor wi th bu i l t- i n  or aeroelas tic coning angles i s  not sui ted for 
operation at high yaw angles or at high yaw rates because simultaneous 
coning and flapping causes h igh i n-plane Cor iol i s  forces on the blades and a 
h igh 2 per revolution exc i tat i on on the rotor suppor t .  

One way to avoi d  in-plane blade osci llat ions from combined con ing and 
flapping is to add damped blade lag hinges as is  done in most helicopter 
rotor s . 

Another way to avoid  in-pl ane blade osc i l lat ions from combined coning and 
flapping i s  to use a unive r s al f lapping h i nge at the rotor center . Th i s  i s  
only feas i ble i f  the rotor has blade pi tch control . The combinat ion of 
blade pitch control and a universal central flapping hinge is  used in Bel l  
he l i copter s .  The same ar rangement has been proposed for wi nd rotor s i n  a 
u . s .  patent by Ulr ich Hue tter . Though the dynamic performance is  good , such 
a rotor is complex and costly . 

In the absence of blade pi tch control a univer sal central flapping h i nge i s  
not feas i ble and the only way to alleviate the i n-plane Cor iol i s  forces and 
v ibrati ons from combi ned coni ng and flapping of the teete r rotor is to 
s uppress flapping by a large pi tch-flap coupl ing wi th a 5 3 angle of the 
h i nge of about 70° . The ampl i tude of the angular mot ion about the h i nge i s  
then almost equal to the cycl ic pitch ampl itude and therefore j us t i f i es the 
term " pass ive cyclic pitch var iation " . A two-bladed rotor wi th thi s  feat u r e  
i s  a s  s imple and a s  rugged a s  a tee ter rotor . 

Except for suppress i ng flappi ng , pass ive cyclic pi tch var i ation doe s  not 
affect the r ema i n i ng aerodynamic characte r i stics of a teeter rotor l i ke 
thr ust , torque and power output . 

A mode r ate pi tch-flap ratio wi th a 6 angle between 1 5° and 3 0° as i t  i s  
usually appl ied has l i ttle e f fect on £rapping and is  all but useless for i t s  
suppress ion .  

7 .  The suppr essed flapping resul t i ng f r om  pa s s i ve cyclic pi tch var i at i on 
appears to be war ranted in  other wind turbine conf igurations in add i t i on to 
those wi th rotor speed and torqu e  control by yawing . 
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