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TEETERED, TLP~-CONTROLLED ROTOR: PRELIMINARY TEST REBULTS

FROM MOD<0 100-KW EXPERIMENTAL WIND TURBINE

by Js €, Ulasgow® and B, Ry Millee¥

National Aeyonautics and Space Adminintyation
Lewis Research Uenter
Clavaland, Qe

Abstract

A serigs of tests is currently being conducced
using the DOE/NASA 100 kW Experimental Wind Tup=-
bine with a two=bladed, teetered rotor with J0%
span tip concyol, Freliminary evaluation tesr
results indicates that the tectered rvotor signifi-
cantly decrenses londs on the yaw drive wmechanism
and reduces blade cyclic tlapwive bending moments
by 25% at tha 20% span location when cowpared to
rigid hub rotor. The teetered hub performed woll
buc did impact the teeter stopp on occasion as
wind speed and/or dirvection w «jed vapidly. The
tip~controlled rotor pervformed satisfactorily with
some expected losg of control whan compared to the
full span pitchable blade. The performance re=
sults indicate that a review of techniques used to
caleylata votor power is jn orders

Introduetion

The Mod~0 100 kW Experimental Wind Turbine
located near Sandusky, Ohlo, haa served as the
test bed for the U.S, Large Horizontal Axnis Wind
Evergy program since its initial operation in
1975, The wmachine was desigoed and fabricated awd
has baan operated by the NASA Lewis Research
Center under the direction ot the U.8. Deparvtwent
of Energy. Many concepts eurrently used in large
horizontal axis wind tuvbine desipns were initial-
ly evaluated on the Mod-0 maching.

The teetered, tip-¢ontrolled rotor tests con=
tinue this tradition and are designed to obtain
operating experience with the same type of votoy
which will be used on the Mod-2, 2,5 MW Wind Pur=
bine currently undar construction., Tests were
conducted on the teetered, tip-controlled rotor to
detemmine startup, shutdown and powsr control
charactaristics and agrodynamic perfommance of the
tip-controlled rotor and the response of the tee-
teved rotor under normal operation. The hub was
designed with the capability for converting the
teeterad hub to & rigid hub and tests were run in
the rigid hub mode to provide data for comparing
rigid and teetered hub blade loads.

Preliminacy data presented in this paper de~
peeibe teetered votor response, a comparison of
blade bending moments and yaw loads for teetered
and rigid hub operation and performance of the
tip-controlled rotor as it relates to power output.

Test Confipuration

The tectaeced, tip-controlled rotor tests were
conducted on the Mod-0 100 kW Experimental Wind
Turbine which has been described previously.bs
The wind turbine with the exception of the rotor
was essentially unchanged and is depicted in
Fig. 1. ‘The rotor is downwind of the tower and

*Research Bngincer,

the nacelle way tilted B~1/29 to provide tower
¢learance for the unconed xotor. The rotor speed
wag 33 rpm with o dyive ¢rain slip of 5.3% av »
100 kW Wind speed and nacelle yaw augle ave mea=
sured on the anemometey/windvane mounted atop the
nacelle ag shown in Fig, 1,

Tower. The wind turbing 18 mounted on the
Mod=0 open Lruss tower; however, an adjustable
upring base hag bean added vo provide capabilivy
for simulating various tower flexibilities.

The tower first cantilevex bending Lrequevey for
this test configuration was measured to be 1.0 to
L7 Hror 2,2 to 3.1 times the rotor spaed at

33 vpme Tests are planned with the tower in a
more flexible confignration. The flexible tower
base adds 3 feet Lo the nacelle centerline height
placing it 103 feet above the ground at the tower
centerline, A sketeh of tha wind turbine mounted
on the tower with the Flexible base is shown in
Fig. 2, This figure also presents parvameter defi-
nitions and sign conventions pertinent to the
papet.

Rotor. The teetered, tipwcontrolled votor is
depicted in Fig. 3, The rotor is unconed. The
blades have a 23X root cutowt and a JUZ span
pitchable tip. The blade section is a NACA 23024
airfoil from root to tip. Speed and power control
is achieved by pitehing the blade tip about its
25% ehord point. The tip is capable of piteh
angle changes from +100 go =900 og the full
feather position, The tip is driven by a hydrau-
lie actuator and the votor is stopped by fedthers
ing the blade tip at a vate of 29 per second,
Rotor and blade chavacteristics ave presented in
Table 1.

Table 1 ~ Rotor Characteristics

Rotor diameter, £ « o o o o+ « o+ » o 126,5
Root cutout, £ 8pam « & « o o s o ¢ s 2 o 23
Tip control, % spane » o o v o 4 2 0 4w o o 30
Blade piteh, inb'd section, deg. + + + «+ Zero
Airfoil (root to tip)e « o o v v« NAUA 23024
Tapers « o s ¢« v o s s v e s s 4 s s o hipear
Twint, deg « v ¢ o 2 v 0 o v o s s 6 4+ dero
Solidit:y.--.-..........'0.033
Precone, deg « « o o s v v 4w v 0 s o« s 0 Zero
Max., teeter motlon, dege o o + ¢+ o o « » 2o
Raotor speod @ 100 kW, wpme ¢ « v & v v o+ 33
Drive train slip @ 100 kW, percent » « & + 5,3
Blade woight, 1b o v v v ¢ s s o o« » o 4000
Blade Jock number + v o ¢ v v o v o0 o B0
Blade first cantilever bending Irequency
Flapwise = Hz o ¢« v v o o v v v ¢« ¢« v v 1,70
Bdgevise = Hlz « v o v o o v v« v 0w s & 190

The teetered hub is depicted in Fig. 3 and was
deaipguned to mate with the Mod=0 low speed shaft at
the original hub-ghaft interface. The hub has the
capability of operating as a rigid as well as a
tectered hub,  The change from teeteved to rigid
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hub i3 accowplished by replacing the wabber faced
teater stons with close fitting sieel inseycs
which loek out the teeter motion, This feature
wig used to obtain a direct comparison between
vigid and teetsred hub blade bending moments.

The teetered hub provides capabilicy tor ap»
proximately 269 of teetex wotion with inilial
contact with the stop oecurring at approximitely
25.8%,  The stops were designed to be easily
replaceable should they become damaged or worn
during the test progvam and this featurn has been
used several times co date.

Tosc Rewnlty

The teetered, tip~controllesd rotor tests were
designed to define the operating chavacteristics,
tgeter wotion, blade loads, and the performmnce of
the rotor. Operating chavacteristics such as
startup and shutdown, response to guats, ete,, ace
decermined by rvoview of time history data which
degeribe the evont and the remainder, including
teetered hub response, loads and rotor pervfoy=
mance, is described by statistical analysis of o
large sample of opevational data,® Ideally chis
data sample should be distvibuted over the operat=
ing wind speed range Erom g¢ut=in wind speed to
cut=out wind speed with equal opevating times at
cach wind speed, We presently feel that 4-1/2 to
3 hours of operational data, well distvibuted over
the operational wind speed range, would adequately
deseribe nomial wind turbine scrodynamic perfoy-
mance and loads. The rodults presented in this
paper ave based on over 5 liourvs of operational
data but the sample is deficiont in high wind
datai howaver, results presently available appear
to indicate the general trend of the data.

Four aspecty of the test vesults are discussed
in this paper: teetered votor response, compari~
son of rigid and teetered hub blade bending mo~
ment s, yaw loads and rotor perfovmance and control.

Teetorved votor response. Tecterved rotor re-
sponse is based on a statistical evaluation of
5 hours of operational data and the results are
presented In Fige 4 In towms of cyelie teetoer
angle versus average wind speed and cyelic teeter
angle versus average nacelle yaw apgle. (in these
plots and those following, n cyelic value i
defined as one half the peak-to=peak amplitude ot
a variable over a given rotor revolution. Mean
value 18 one half of the sum of the maximum value
ond the wintmom value of o vardable over a rotor
revolution and average value is the avervage of all
values of the variable over a votor revolution.)
Figure 4 also gives the distribution of the data
contained in the sample over the range of the
independent variables showing the number of data
points at cach wind speed or yaw angle, Cyelie
tecter angles increase as wind speed increases and
ns nacelle yaw increases. This trend is more pro-
nounced in the maximum values than with the median
or 84 percentile datas Also an lwmpact with the
tecter stop was indicated at a wind speced of be~
tween 20 and 25 mph and at yaw angles of betwoen
20% and 30° The data sample did not include
adequate data at the higher wind speeds but there
appeaxs to be a reduction in tecter angle as wind
speed increayes above 25 mph.  The wind data in
the sawple id more stable divectionally as wind
speed inereases and this could explain some of

this reduction in teeter response at higher wind
speed s,

The variation in teeter angle as the nacelle
yaw angle incroapes 18 to be expacted in that
popitive yaw angles tend to add to the effect of
wind sheay and tower ehadow. Both conditions
cause the plane of the rotor to tils wlightly up=
wind on the side of the ascending blade.

The data was sorted further by wacelle yaw
angle and plotted vevsus avevage nacelle wind
speed.  These vesults are presented in Fig. 5 and
show the effect of wind speed on Leeter rasponse
for vavious vanges of yaw angle. The figure is
arxapged to indicate the effect of increaning yaw
angle, progressing from negative yaw angles to
positive yaw angles. The median value ot the ey
clic togter angle increases as the yaw angle be~
comes wore positive und the wost positive yaw
angles, +159 to +50°, produce teeter response
which iveveases shaxply as wind speed increanes,
Cyclic tecter angles are the smallest in the yaw
angle vange of ~15® yo =59 {ndicating that the
optimum off wind operatipg point may lie in this
range, but the data indicate that high teator
apgles can be expected on occasion at any yaw
angle when rhe wind speed is above 15 mph, In
this five hour data sample, cyelic teeter angles
of 59 av wore were experienced in vach yaw angle
range except ~159 ¢p ~59 (Fig. 5(b)),

A time history of the rotor impacting the tee-
ter stops is shown in Fig. 6. This particular
event was chosen over approximately ten other such
events which have occurred during the test program
because it was one of the most severe iwpacts ve-
corded and the wind conditions typify the winds
associated with high teetsr vesponse in that they
ave highly variable. Just prior to the high tee-
ter response the wind speed inereased Erom seven
mph £o 25 mph in seven seconds and during the por-
iod of low wind speed the wind vane indicated yaw
angles of =249, 4320 and «249 in a period of
five seconds. Also, during the entive time his=
tovy of the avant, the avevage yaw angle was be=
tween ~13° and -209,

As the teeter angle increased, Coriolis forces
become evident as twice per revolution power os=
cillations on the alternator power trace and these
aseillations approach 60 kW peak~to-peak at the
time when the rokor is impacting the stops. Also,
as the rotor impacts the teeter stops, the yaw
shaft torque increases to 200 000 in=-1b, the oper-
ating limit of the yaw drive indicating that sig=
nificant ysw forces are transmitted to the wind
turbine nacelle by the rotor contact with the tee-
ter stop., For comparison, less than 50 000 in-1b
of yaw shaft torque are required to yaw the
machine with the yaw drive.

The rotor impact condition is not fully urder=
stood at this point, The wind data taken on the
nacelle does not indicate & direct csuse and ef-
fect relationship and present analytical tech~
niques do nokt deseribe rotor response to transient
phenomenon.  The large increase in torque oscilla-
tions at the point of teeter stop impact, compared
to that experienced just 15 second aarlier, is
probably due to added tecter angle velocity caused
by vebound after the rotor hits the tecter stop.
Alsp, average rotoy powar is less than 100 kW even
though the indicated wind speed is well above 20
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mphy  This could be the result of asrodynamic
Yosses caused by high blade flapping velocities,
The power oscillations cauwed by the toviolis
acceleration ave veduced by the fluid covpling
which introduces 5.3% of alip wn the drive train
at 100 kW,  These powe> vacillations would ap~
sroach +100 kW for a igid drive trawn with

2% o¢ tester wotion

A short test wax run with the teeterad yotor
to determine how the rotor tilets with the wind
turbine at vavious yaw angles relative to the
wind. For this test the machine yaw controller
waw shut of§ and the wind turbine wag st at azi=
matha to produce aveyage yaw anglea of =Je,

00 apnd #309, With the wind guvbine azimuth

held constant the rotor position at which the
blade tip is at 1ts maximum upwind position was
detemined. For the downwind rotor this upwind
position indicates the point of closest travel to
the tower. Approximately 50 voiwr rovolutions
were included at each wind turbine aziwuth and
winds ranged from 15 to 40 mph during the test.
The results are shown in Fig. 7 which indicates
the region over the rotor disk where the blade tip
achieved its waximum ypwind position fox each
average yaw angle. The median and the regicn
which contains 68% of the data is alge indivated.
Negative yaw angles ave most eritical from the
viewpoint of tower clearsnce for this downwind
votor rotating in the divestion indivated,

During startup and shutdown the teetered potov
hit the teeter gtops at rotor apecds below 1h or
20 vpme  Therefore, teotered hub designs xhould
provide a lockeout devigce or make other provisions
for handling low speed operation.

Rotor loads, Blade bending moments measured
it the test are prosented in Figs, 8 and ¥ showing
the flapwise and chordwige moments at blade sta-
tion 131, (Flapwise bending occurs when the blade
woves perpendicular to the plane of the vobor disk
and chordwise bending is bending in the plane ot
the rotor disk.) The hendiug moments are pre=
sented as wean and cyclic moments versus average
nacelle wind apoed,  The bending moments were meas
sured at blade station 151, Fig. 3, and for the
lower wind speeds a compavigon of rigid and tee-
tered hub bending moments is shown,

The mean value of flapwise bending incresses
in value ag thrust on th votor increases until
rated wind speed s re. . aed, abt which point the
bending load decreasces as the thrust on the yotoy
is decreased to wiintain constant power, as the
wind speed continues to inerease.  The wean chorvd=
wise bending moments increase as the power in=
ereases to rated value and remsing at this level
providing constant rotor torque from rated wind
speed to cut=out wind speed.

Blade moments for the rigid hub edao and the
testered hub case show po appreciable difference
in the mean £lapwise woments and in Lhe ¢hordwise
moments. However, the teetered rotor case shows a
decrease of approximately 25% in the cyelice flap-
wisn moment in bo’a the median and the 84th per-
centile values when compared to the rigid hub mo=~
mants.  This {s due to the fact that in the tee~
tered votor case a portion of the £lapwise momoents
are converted into teeter motion and are vesisted
by diatvibuted aerodynamic and inercia forces.

Flapwise blade bending moments were also mpa=
sured at station 54l on the blade woveable tap but
the'rigid hub and teeteved hub blade moments were
esgentinlly the same 4t this outboard statiou

Yaw loads, In testing the two configurations,
rlgld ks and teeteved hub, a significant differ~
epce wis noted in the torce voquired to restrain
the machine in yawe For the rigid hub case, »
constant yaw brake pressure ot JO0 to 600 pai was
requ;red to obtain satisfactory operation of the
michine whereas for the testered hub rotor case
the wind turbine could be operated satistactorily
without the yaw brake. However, the wachine with
the teetered hub was usually operated with a yaw
brake pressure of 50 psi and, in {solated in~
stances whon the teetered hub rotov hit the stops,
signiticant Lorces were trausmitted to the yaw
drive ag indicated above, Lt adequate frveedom for
tooter motion were allowed in the design, the yaw
brake would be unnecessary,

Ra perfomance and control.  Heasured power
ouUtpul Versus avevage ‘nacelle wind speed is pre-
sented in Fig, 10, The roror performed well ovar
the opersting range of wind speeds and ho problems
were experienged with startup, vontrel or shutdown
of the rotor. However, rotor startup and shutdown
were #lower than with & foll span pitchable
blade. Data will be available at a later date
defining startup and shutdown chavacteristics in a
more quantitative manner.

The propgvam used to calenlake rotor power?
indicated that the rotor would not maintain rated
power vutput at wind speeds above 29 wph due to
the onset of stall on inboavrd portions of the
biade at bigher wind speeds. The program uges two
dimensional airfoil data which shows the onset of
stall at scction angles of attack of 15,59, 1f
this were the case, the entirve blade would be
stalled at I3 vpm and 40 wph with a zevoe tip pitch
angles  The results of the ealeulations are shown
in Fige 10 with the power dropping off to zeyro at
35 wphe The Med=0 teats did not indicate any
tendeney to lose pawer at higher wind speods and
alternator output power rvemained at 100 kW
throughout the operating wind speed range to
40 wph,  Blade piteh angles were continuously de=
evensad an the wind speed inereased up te 40 wph.
Figure 11 showg these repults vut to a wind speed
of 33 mph and later test yosults indicate that the
trend continues to 40 mph.  The test results
¢learly indicate chat modificstions to the rotop
power program are required in the high wind speed
region to account for the delayed stall which oe-
cury in the real world.

Preliminavy evaluation of the tecterved, tip-
control rotor tests on the Mod-0 LU0 KW wind tux-
bine lead us to che following conclusions based on
the vest results.

1+ The tecteved votor reduced cyclice Flapwise
moments by 25% at 208 of the blade span when come
pared to rigid hub moments weapured at the game
location. No change was noted in cyclic flapwise
moment s At 72% of mpan.
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2+ 1t is estimated that the teetered rotor
raduces yaw loade by an order of magnitude when
compared with the rigid hub rotor, The yaw brake,
required for satisfactory rigid hub operation, is
not required with the teetaraed rotor.

3. Teeter angle amplitudes rarely exceeded
23° {n steady wind conditions; however, when
sudden changes in wind speed and/or direction oc~-
curred, the teeter angle amplitudes occasionally
increaned to 26° and hit the teeter stops
transferring high loads to the nacelle and the yaw
drive. Provisions must be made for handling these
extreme conditions in future designs. Predicting
maximom teeter motion is the most criticasl design
problem.

4, A teeter lockout device shuuld be provided
for low rpm operation during staytup and shutdown
conditions.

5 The 30% span tip control rotor performed
satisfactorily with eome expected loss in control
as demonstrated by slower startup and shutdown
when cowpared to a fully pitchable blade.

6. Techniques for calculation of rotor power
should be reviewed. Test results indicate that
stall predictions from two dimensional airfoil
data are inadequate for predicting stall on an
operating wind turbine rotor, )
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Figure 1, - Mod-0 100 kW wind turbine; Nacelle interior with teetered hub,
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