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DESIGN AND OPERATING EXPERIENCE ON THE V.8, DEPARTMENT OF ENERGY
EXPERIMENTAL MOD-0 100 kW WIND TURBINE

Johin €. CGlasgow and Arthur G. Mrehenough

Notional Acronautics and Space Administracion
Lowie Rescarch Center
Cleveland, Ohlo 44135

ABSTRACT

The Mod-0 100 kW Experimental Wind Turbine was
designed and Eabricated by NASA, as part of the
Federzl Wind Energy Program, to assess technology
requirements ond engipeering problems of large wind
turbines. The machine became operational dn Octo-
ber 1975 and has demonstrated successful opcration
in all of 4its desigp medes. During the course of
its operations the machine has gencrated a wenlth
of experimental data ant ans served ds o prototype
developmental test bed £on the Mod~0A operatierol
wind turbines which are gurvently used on utility
networks, This paper deticribes thn mechanieal ond
control syatems as they cvolved im operational
rests and describes some of the experdence with
various systems in the downwilnd votor configuration.

THE MOD-0 100 kW EXPERIMENTAL WIND TURBINE is o
part of the Federal Wind Encrgy Pregram under the
direction of the U,5, Department of Energy. The
NASA Lewis Research Center has desipgned, built and
erected this machine nezr Sandusky, Ohio and is
currently testing it to obtain engincering data on
large hoxizontal axis wind turbines.

The wind turbine described in a previcus re-
port {1)* has a 38 m (125 Et) dimmeter two-bladed
rotor which drives a 125 KVA synchronous generator
through a step up pear box. The rotor is position-
ed downwind of a 30 m{l100-Ft) steel truss towar as
pictuved in fig. 1. The rotor is designed to oper-
ate at a constant speed of 40 rpm and 1t drives a
480 V 60 Hz three phase generator at 1800 rpm.
Rotor speed or output power level is maincnined by
controlling rotor biade piteh angle with an active
feedback control system. The rotor, pgencrator,
transmission and ossocianted equipment are mounted
in a nacelle, £ig. 2, which can be yawed to align
the rotor with the wind and power, instrumentation
and control connections to the ground are mada
through slip rings. '

The turbine was designed to begin geperating
power ia winds of 16 km/hr (10 mph) and produce
100 kW at a wind velocity of 29 ln/hr (18 mph). In
winds above 29 km/hr, the generator continues to
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gperate at 100 kW output by adjusting the plteh of
the retor Llodes to splll excess wind encrgy. When
the wind veloelty excceds 48 km/hr (30 mph) or dropa
below 13 km/hr (8 mph) the generator 1s taken out

of synchronism with the power network, the hlades
are featliered to bring the rotor to a halt and the
machine is shut down to awnit the return of winds in
the proper veloclty range. The high wind speed
limit is set by structural limits of the rotor. The
low wind 1limit Is set to keep the wind turbine from
drawing utility power to mailntnin rotor speed, In-
itially the Mod-0 was designed to operdte in winds
between 64 keflhr, (40 mph) and 13 km/hr (8 mph) but
rotor loads encountered in winds above 48 km/hr

{30 mph} made Lt necessary to limit wind maximum
wind velocity to 48 km/hr. The follow on Mod-OA
operational wind turbines were built with added
strength in the rotor and operate In winds hetween
13 and 64 km/hkr, (B and 40 mph).

Final assembly of the machine was compicted in
Septembor 1975 and aince that time successful opnr-
ation of the wind turbine has been demonstrated for
cach of its design operacing modes at 40 Ypm: man-
ual operation on 4 resigtive load, synchronized to
a lorge power grid and a emall pover prid, and un-
attended automatle synchronization and operation on
a large powar grid.

This paper presents a brief description of the
wind turbine mechanical systems and, in scmewhat
more detail, the control systems which are used in
manval and automatic operation of the machina. Op-
erational experience with regard to thn pitehh con-
troller is discussed and the probiems encountered
before a satisfactory ynw drive scheme was defined
are recounted in some dotail.

MOD-0 WIND TURBINE DESIGN

The Mod-0 wind turbine design is pregented in
this paper in two categorics, mechanienl design and
control system design, The designs are preeznted
as they have evelved over 2 1/2 vears of operational
experienee and those items in the mechanieal system
which requirved modification from the original de-
sign are emphasized, The contrel systems also were
desipned or modified as operational and test ex-
perience was galned and are discussed in greater
detail than the mechanical system which has been
presented in other sources (1),

MECHANICAL SYSTEM - The wind turbine nacelle is
depicted in fig. 2 and consists of a two-bladed
rotor, a low speed shaft which supports the rotor

*Numbers in parentheses designate references at
end of paper.
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and drives o leneralor through a 45 to 1 etep up
goar box and "' belts, The wind turbine gonerates
100 kW of clectric pover at a wind spoed of 29 km/
he, Rotor power is dontrolled by an active control
system which changes rotor blade piteh by means of
hydraulic actuators. The system permlty eollective
plech changes only. lydraulic pawer is aupplied
Lrom o system mounted in the nacelle apd 18 delivor-
ed to the bub through khe low speed shnft., Align-
ment with the wind is waintained by redundont yaw
motors through a double reduction self locking worm
drive engaging a bull gear attached to the nacelle.

Sinca the Mod-0 was first put into operation
in Qceobor 1975, some changes in the mechanicenl de=
tails of the pacelle have been incorperated and are
depicted in the cutaway drawing. These changes ine
clude the fluld coupling on the high speed (1800
rpm) shaft, the duinl raw drive and the yaw hroka.
The f£luid coupling is installed to introduze damping
iuto the drive cvain, S1ip con be varied by ad-
Justing the lsvel of fluld making it an ideal de-
vice Edr an wxperimental program., The dual yow
drive was added to provide more stiffness to the
yow drive and to climinate the free play in yaw tuat
is present in the single yaw drive system. The yas
brake was added by placing a large disk betwoeen the
yaw drivae genr and the nacelle and spacing three
brake calipera around the circumference of the sup-
port cone. Aside from these changes the Mod-0 wind
turbine mechanical system cssentially corresponds
to the original design. The desipn changes and the
reasons Lor incorporating the changes nre discussed
more fully later in this paper under the Operational
Experience Section.

CONTROL SYSTEMS -~ The Mod-0 wind turbine 48
desipned to be a fully autouatic pieece of power pro-
duction equipment for use on a utility grid., In
order te meet these requirements the control system
had te be capable of monitoring wind conditiens,
maintaining alignment with the wind, controlling
rotor speed and power level, starting, synchro-
nizing, and stopping the wind turbine safely, moni-
toring key pavameters throughout to assure that
critical items are eperating within specified toler-
ances, and providing a remote operator (eypically
a power dispateher) the capability of starting and
stopping the machine. Five control systoms were
previded on Hod-0 to accomplish these tasks:

1. The rotor blade pitch controller which ad-
juats blade pitch to control rotor speed or alter—
notor output power.

2, The yaw system which keeps the wind turbine
aligned with the wind.

3. The microprocessor which controls the auto-
matic operation of the wind turbine ineluding stact-
up, synchronization and shutdown.

4. The safety system which monitors asystem op~
eration and provides a wind turbine shutdown signal
when out of tolernnce performance is detected.

5. The remote contrel and monitor system whieh
provides a remote operator with the ability to en-
able the.microprocessor to start or stop the wind
turbine and to monitor machine performance,

A block dingrom depieting the interactlons of
the control systems 1s shown in fig. 3. The five
control Functions operate nearly independently and
are interfaced to each other chrough the microproc-
cs80%, : :

PITCH CONTROLLER ~ Wind turbine rotor power is
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a function of wind apecd and blade pitch angle.
Therefore, either roter specd or rotor powor at a
glvaen rotor speed can be controlled by adjusting
blode pitch angle, The relationship botween rotor
power and blade piteh angle feor the Mod-0O turbipe
at 40 rpm is glven in figs, 4 and 5.

The Mod-0 pitely contreller oparates to maintoin
eithor rotor speed or rotor power by meang of a
hydraoulically actuated blade pleeh mechaniom which
is nctivated by o closed loop servo aoystem, ‘The
gervp controller operates in threa wodes; ¢loged
loop control to regulate speed) c¢losed loop control
to regulate power output; and pitch ongle position
control used at low rotor vpm where specd control is
inoffective, sce bolow. A block dingram of the
pireh controller is shown in fig. 6. As Indleated
in the figure, speed and power are controlled with
n simple proportional plus integral contvol lunc-
tion,

The piteh controller is programmed to increase
blade pitch angle to increase rotor power and de-
ercage the angle to reduce power. The pitch angle
limit is set at 0° to avoid the reglon of stall that
occurs in low winds, fig., 3. The wind speed limit
of 48 km/hr (30 mph) 48 sct by the structural limits
of the machine, and the power limit 18 sat by the
drive train and generator design.

In o typlcal operation cyele the wind turbine
is storted by ramping (i.e., linear inerensc as a
function of timu) blade angle using position contrel
unt*l a 5 wpm rotor speed Is obtained., Above 3 rpm
closed loop speed control is used to increase rotor
speed to 40 rpm hy ramping the gpeed sot polnt. The
40 rpm speod is maintained while the outomatie syn-
chromizar connects the alterpator with the power
network., At this point the controller is switched
to the power control mode and the set point is ad-
vanced to 100 kW. The rotor speed is maintained at
40 rpm by the synchronous torque of tha power nete
work. At shutdown, hlade piteh ongle is reduced
untll a zero power output is achleved ot which peint
the alternator is disconnected from the network,
blade piteh angle decrease is continued until the
rotor i3 brought to a balt ond the hlades are feath-
ered ot an angle of ~90°, The rotor hlades are 1:ift
at this angle until a startup command is receiveo.

YAW CONTROLLER ~ The yaw controller is used to
keep the wind turbine aligned wich the wind, The
systen is powered by two redundant yaw motors elec—
tricolly paralleled and meclionically coupled to
share the load, The motors drive two double reduc=-
tion worm drive gear boxes connected to the nacelle
bull pear by plunion gears., The yaw drive system
drives the nacelie at a constant gpeed of 19/sec,

a rate which was sot to limit rotor loads induced

by the gyroscopie effects of yawing. The dual yaw
drive and yaw brake is depicted in fig. 2 and are

discussed later in the paper. The features of the
yaw controller will be discussed here.

The yaw controlleér scnses directional error
from 0o wind vane mounted on the nacelle, [fig. 2,
which measures the apparent wind direction relative
to the nacelle, a direct measure of yow error. The
wind vane signal is filtered by a 30 second time
constant filter to eliminste woise and ko smooth out
transient wind shifts. The controller has a dead
band of +252 which must be exceeded for several
geconds, due to the filtering, before a correction
ie initlated. Once activated, the yaw motors re-

Glasgow, -Birchenough



madn on untdl the £ileeved yaw aorrvor signal io with-
in 189,

The yaw control pyntem as originally confip-
urad witl more responslve to yaw errors than the
pystem deseribed above, Inftially the controller
had a permispable error bamd of +159 aml pasved the
algnal throogh o 15 second £4lter. This system
wias [ound to bo vesponding to high frequency varde
atlon in wind dirececdon, aa indicated by the nacello
wind vane, which crented almost constant operation
of the yaw motors with lictle or wo cffect on the
polnting accuracy of the wind turbine. When the lim-~
fra were apenod wp the yow motors were found to op-
erate typically less chan five times por hour wich
no adversa effectn on the pointing accuricy.

A yow brake ls provided to resprain the nicolle
in yaw, [1g. 2, The brake 18 used as o posuive re-
stradning frictional Foree in yaw. Tho brnke gys-
tem Is pregaurized to a constant prossure and 1o
left on throughout for operating and nonoperating
conditions, The yaw Lrake is discussed in greater
dotadl below undor Oparating Experdence,

Por automatie opuration of the wind turbise
the yaw controller in oporative witenover the wind
velocity 4o above 13 km/hr (B wph), and is disarmed
in lowor wind veloelties.

THE MICROPROCESSQR = Tha mieroprocessor is the
control unlt which pemitts unattemdad asutomntic
operation of the wind turbine to toke place, The
undt provides the commands to inibiave the startup,
control the norwal operation, and shutdoun the wind
turbine baged on wind conditlons, Once the micro-
procesgor hag beon activated no ather Function da
required of an operacor unless he wants to shuk down
the wind turbine and/or disable the microprocessor.

Onee enabled the microprogossor mouitors the
wind mnd initiates n startup sequence fig, 7, when
the wind speed cxeeeds 21 km/hr (13 mph). During
the stortup sequence, the plteh hydraulic system
ds started and after the pressure builds up the
totor bladas sre pltched at a vate of 369 per minute
toward the powar positlon. When the votor spaed is
greater than 5 rpm the pltch controller is switchad
to spead control and the speed set polnt is in-
ecradsed at the rate of 15 rpm/minute to synchrounous
gpecd.  Just below aynehizanogus gpeed the alternator
field is nctlvated, and at 40 rpm the automazic
synchronizer is cnabled, After the alternator is
connactod to the power grid, the piteh controller Is
awitched Lo the power control mode and the sot point
1s advanced to 100 kW which complates the stoveup
modi,

The shutdown sequence fs also automatic and
con be indtiated by an operator commond, wind condi-
tions, the safety sysatem, or several checkpoints in
the microprocesgor program. The shutdown sequence
is shown in £ig. 8, Upon recedving a stop command,
tne microprogessor switches the piltch countroller to
the pitch control mode., The blade pitech angle is
then reduced at the rate of 30° per minute until the
power output is zero., The alternator is then dls-
connected from the Iine and the field is turned off,
When . the blades are fully feathered the pltch hy-
droulic aystem Is turned off, '

If the shutdown is initiated by an unaceeptable
wind speed, the wind turbipe will start automatd-
cally when the wind speed returns to within accept~
able boundarics. Although startup requirves a wind
speed greater than 2] km/hr (13 mph), shutdown is
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wot inltdated until the wind dropn belew 13 km/hr

(8 mph), which reducon the stareup-ghutdown cyclen
in light variable winds, Similarly, shutdewm o
inftinted by winda above 48 km/he {30 mph) and re-
start 1a not inltlated wntll the wind veloclty dropo
bolow 40 ke/lir (25 mph), Tho wind speed algnal to
the microprocousor in {iltored through a 1 minute
fllrer teo Turther reduce unneconpary cyclipg.,

The micvoproceanor will aloe inltlate a shut=
down peguence on command by the operator; whopever
an abnormality {8 dotocted by tho mieyroprocossory
or on a4 algunl [rom the safcty syatem,  Abnormal-
lties detected by the mieroprocensor includor Slow
startup or synchronization, loss of hydraulic pres=-
sure, lows of synchrenization, and microproceuabor
fallure., Ench of these conditionn initviates a wind
turblne shutdown and requires an on glie reset be-
fore tho wind turbine can bo reatarced.

A deseription of the Mod-0 nicroprocessor
hardware, program davelopment amd oporational ox-
pevicnee {8 presented in Ref, 2,

SAFETY SYSTEM = The concept of unattended op=
arntion dictotos that a protectlve system monitor
the wind turbine and offect a sale shutdown 1€ a
malfunction or ocut of tolerance porformance is de-
tected.  The syastem must be reliable to prevent uwn-
pecensnry shutdowns but must incorporate redundaney
apd Failsafe dealgns to ingure adequate protection.

The sallety system daveloped for the Mod=0 wind
turbine incorporating these featurca is shown in a
block diagram In [ig, 9, The syatem Includes o
gerias of primary aonsors connuocted to an inter-
fnee/annunedarvor efécuit, The annunclator is pro-
vided to allew a rapld detorminntion of the cause
of shutdown. The annunglator funcklon, condensed,
is also travsmitted to the remote contrel and mon-
itoring statien described below. The output of the
interface eiveultry controls a relay logle system,
Intercomnected with the wind turbine cleetrical
system, which effects the shutdown,

A Becond aset of acnsors Is used as a redundant
but not complete cryor detcotion shutdown system.
In this system, an independent path is used to of-
feet the shutdown mul crrors detected in the wind
turbine nagelle eflfect n shutdown hy switching na-
¢elle wirdng dirvectly without running sipnals to the
control room aud back to the nagelle as is done in
the primary system. The safety system is [unction-
ally dndepondent of the data eaxd control systems
and provides g positive overrdde in the event of a
detected [allure.

Safety syatem primary sensors are listed bolow:

Temporaturve sensing. - Low speed shaft hearings
(2); high speed shaft bearing; pear box; altornntor;
piteh hydraulic fluid; pitel hydraulie pump motor.

Vibration, - Low speed shaft bearing (rotor).

Pnoumatie prosgure. - Emargency feoather gas
bﬂttleo -

lydraulie pressure, - Piteh hydraulic pressure;
yaw brake pressure.

Hydraulic level, - Plteh hydrauliec; yaw hy-
draulie.

Yaw error, = (Nacelle relative wind angle)

Electricul, - Overcurrent; indtantancous trip;
time ovarcurrent trip; roverse power - alternator.

Rotor overspied. - 42 rpm.

Microprocessor. - Cycle timer reset by micro-
processer software.

Glusgow, Birclienough
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M oerror from any of theue sengors wlll enuse
an smergency dhutdown,  In an cmorgency shutdown,

a valve in the piech hydravlic aystem 16 opened
which drivoes the rotor blades to the feathor poais
tion at a Cixed rate of 30O por minute, This pro-
codure Le reforred to as an cmergency foather of
the rotor,s ‘two soconds after the cmorgoney CLentloer
is Infcdnced, the ficld contractor, and the synchro-
nleing contractor are opened. The 2-sccond delay
is provided to Insura that the blades ara feathered
enough to provent averspecding when the oleetricul
load is removed from the rotor. Additionally, tho
microprocesnor ia givan a halt command which in=
structs it to shutdown the muchine.

The redundant system s intended as a backup to
{ngure safety in tha event of a foilure in the pri-
wiary aystom. ‘The sensor list is nol an oxtenaive,
but gencrally duplicates the primary system, using
separdte sensors and wlring threughout, The follow-
ing nre redundant sensors: Vibration, low gpeod
shaft (rator); Yaw error, nacclle/weather vower dif-
ferencej Electrical, overcurrent, reverae power
(nlternntor); Puoumntle prossure, emergeney fenthaer
gas bottle, Totor brake gas bottle; Overspeed, high
speed shaflt,

Yaw error and overcur:ent shutdowns comminded
by the redundant gafoty system arce 1dentical to the
pripary system shutdown except that the microproc-
egsor is not directly hnlted, awl sompletely inde-
pondent wirvdng 18 uged, Vibration amnd pneumatic
presfiure sensors cause oenly an emergency feathor,
ind overspeed to 45 rpm causes cmergency feather
and rotor brake application, The redundant gystenm
is designed as a backup, therefore the sepsors are
sct to trdp at elightly larger errors. A redunlant
shutdown causing only emergency feather, f,8., vi-
bration or pressure, will cause g completa cmergency
shutdown because the overcurrent sensor will dosyn-
chrondize the maclhine when the rotor blade angle has
been reduced enough to produce negative load on tho
generator tripping the overcurrent scnsor., In this
cvent the machine shutdown is completed by the safe-
ty systoem directly vather than depending on the mi-
croprocessor to complete this function as is dope
in a primary systom shutdown, .

REMOTE CONTROL AND MONITOR SYSTEM ~ The Remote
Control and Mounitor System (RCMS) provides the in-
terfoce between the wind turbine and the power dis-
patcher's control room, The RCMS serves as a con-
trold 1link, status dndicator, and performance moni-
tor, amd 1s connected to the wind turbina by a padr
of telephone wires. A single unit 48 capable of
contrelling n number of wind turbines., The RCMS
control panel is shown dn fig. 10.

- The system 1s capable of two control functions
or on~off command pulses: (a) startup and shutdown
of thae wind turbine through the micreprocessor and,
(b) dinitdation of an emergency shutdown of the wind
tutbine, The startup command enubles the microproc-
egaor which takes control of the wind turbina, The
shutdown commamnd tells the microprocessor to shut
down and deactivace the wind turbine., After this
command has been sent the power dispatcher must sord
a searcup comnand before the wind turbine will begin
anather atartup sequence. The emergency shutdown
command 1g set directly to the snfety system and is
provided as a b.ekup to the normal shutdown command
through the mizroprocessor. However, if the wind
turbine 1g halted by the amergency shutdown sighal,

i
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fn oporator muot resoc the gafoty gystem at tho wind
turbine site hefore the machine can be reatarted.

The status indicators ahaw machine conditionn,
blodes feathered and automitic or manual operation,
and 6 posalble orror comditions detected by the
safety pystemst overspeed, yaw orror, temporaturo,
ovarcurrent or roverse power, vibration, and bhydray-
lic or pnounatie systems failure, Additionally,
the gtatus of the mleroproeessor lo indicated ob tho
control function panel,

Porformance of the maclhine can be monitorpd
through an analey data section. Four channels of
data are displayed In digital Tormat: wind apeed,
rotor apeed, power and VARS or reactlive hower, Any
two channhels can ho monitored simultancously, with
the readouts sealed L engincering undts,

OPERATIONAL EXIERIENCE

Sinca the Mod-0 wind turbine wos dedieated in
getober 1975, operational tochniques have been dew
voeloped and much teclindeal data has been ohtalned
and reported to the wind turblpe community., The
items reported herein were chason aither to demon-
strate the design evoelution of the Mod-0 wind cup=
hine or becsusce ol the current intercat expreosacd
in tha parvicular subject mattor by the wind bur=-
ine community.

YAW DRIVE EXPERIENCE - Wind curbines hoving
twa blaces have often experdenced difficulcdies in
gome phuse of thoir development from the oseillntory
foreea induced by tho two bladed rotor. The forces
arise begause the two bhladed rotor ie not polar
pymnotric and lorge changes in moment of Inertis
cecuy about the vertieal axls us che rotor turns
through 360°. The condition 4s aggravated when the
nacelle szimuth is changed to maintuin allgoment
with the wind or the nacelle ig disturbed in yow by
oxtornal Corces such ag chonges in wind direction
or velocity.

The Mod=0 yaw dtive exporience presents the
steps taken to denl wicth yaw delve problems, in-
eluding unsuccessful attempes and the final design
which produced satisfactory operation of the wind
turbine. The design evelution included a single yaw
drive and a dual yaw drive with a yaw brake, Trsts
were also run using o free yaw system (l.e., yaw
drive disconnected from the nacelle) with the yaw
brake providing o vestraining force.

SINGLE YAW DRIVE = 'The Mod-0 wind turbine was -
designed with o positive yuw drive driven by rédun-
dant 10 hp aleotrie motors. Noeelle azimith was
maintained and altered by a seli-locking double re-
duction worm gear driving o pinton which engages a
bull goar attached to the nacelle, as depictsd i
fig. 2. Initial vests of this system were discussed
in ref, 3. Tho yaw drive system as inicially in-
gtalled had twe problems, first frac play in the
mechaniam permitted yowing motion to occur and sce=
ond, the stiffupss of the mochanism resulted in a
nacelle yawing resonant fraquency very near to twice
the rotor speed, "2P," a frequency at which there
18 o gignificant driving force avallable on a two-
bladed machine, The free play, the resonant fre-
quency, and the small drag afforded by the friction
in the yaw bearing came together to produce a prob-
Lem characterized by nacelle yawing wotion and high
rotor loadsg, including tha blades and the low speed
phaft which suppores the rotor.

Glasgow, Birchenough
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The dual yaw drlve was installed to alleviate
thia problem by ealsing the yawing [requency above
the "2 poine to 2.5 I and eliminating Ercu play
wr praloading one drive shafr ogainst the othor.

A yo brake was ingcalled ag a backep aystem o be
uned Lor addicional yaw vescraint In case this wap
needed.  The veviged yaw drive and brake 1a Qo=
picred fn fig. 2.

DUAL YAW DRIVE - Inltial tests with the dual
drive system fadicoted that the purely elaptie ro-
straint In yaw won unsntinfactory, Wigh yow re-
sponse with actendant execcasive rotor loads were
agadn axperienced in gusty winds nbova 30 km/fhr andd
the yaw brake was employed to provide additional
vontradnt, The yaw brake wan uwsed to loek tho no-
cello to the tower during normol oporation and te
provide o drag forco or damping when yaw adjustmonts
wera bolug made by the yow deive, This requived a
two gtapge preasure system for the yow broke, o
lacking pressure aud o spomowhat lower drng prossure.
Plrat opevation with this system war tried with o
36 700 N-m deag foree on the nacolle duving yowing
oparations (27 500 fe-ih), and thiy wag found ta
ke toa low to proveat high amplicude yaw wmotiay
during yawing operatious, The deag foree way in-
ereased to 100 000 N-m and the increased domping
radugad the motion and lodds to within nceeptahle
levals, This two stnge pressure broke sysiem was
found to be satisfactory amd was used on the Mod-0
and Mod~-0A wind turbines.

Two additionnl tests have bowi conducted on
the Mod-D wind turbine ynw aystem which have ylelded
promising results, In the dnterest of simplifying
tha yaw broke gyatem, tests were run in which the
preload wius removed from the yaw drive mechanism
and the nacelle was allowid the normal free play {in
yow built dnto the systom. Tho yow brake wag used
a3 a passlve restraining foree In thesa tests Hup~
plying a damping force when the yaw motors were off
and a drag force whon on azimuth change was being
made,  Teats with this system at variouvs hrake pros-
gures have been complotod and the rosults are being
cvaluated at this cime. fHowevaer, we have concluded
at this point that the passive broke system with a
single pressure Is ot least us good zs the active
two stage proegsure system In providing the yaw ro-
straint necessnry to keep roter leads within ae-
ceptable ldmive, while greately simplifving the yaw
brake systom,

FREE YAW - Tests havae been conducted on the °
Mod-0 wind turbine in passive or Free yaw, The
tests were inspired by suggestions by K. Hohenemser
{4) among others and were conducted with the yaw
drive discomnected and the nacelle Erec of any posi-
tive yaw drive. During these tests the yaw bhrake
was wsed as a snfoty device and could be contrealled
from the wind turbine control voom to provide yaw
reatrning should any Instabilities occur,

Tests with the wind turbine in free yaw indi~
cated that the systew was at least newtrally stable
in yuw while operating ot 40 rpm ond synchronized
to a uedlicy prdd with wo drag from tho brake. A
tondeney did exist for the mnchine te wawnder or os-
cillate in yaw at a very low frequency under free
yav conditions ag indicated in fig, 11, Howover,
the application of the yaw brake stabilized the nao-
celle in yavw and produced satisfactory operation,
Tha nucelle yawed qut of the wind to angles as high
at 509 and returned dycing the tests, The racelld

yaw anglo wag blased to the pogitive pide duelng
norial operation: when the turbine wan producing
power dnd blosed to the negacive sdde whep the tur-
bine wos motored in low wimds, The vaw angle error
data 18 preseonted in Cig. 11 which also ohows the
effect of yaw brado reatradnt In stobilizing (he
nacelle in yiaw, Hotor leads wore exccosive when the
nacelle was allowed to wander or caclllote, unre=
stralned by the yaw brake. Yawing rvates of 59 per
secomd were sometimes reached and high rotor lomls
accompanicd these vopditions, (The deaipn yaw rake
wlth the yow drlve ig 1° por gec.) The applleation
of the y4#v brake olimipated thie high yaw rotes and
appears to pormlt the nacelle te mike yaw correg-
tlons to nidntaln alignment wich the wind ap indi-
cated in tha [lgure,

Tests were glso conducted in the free yow con~
dicion to devormine Af the wingd turblne would alipgn
Itsolf with the wind durdlng noneperating or shutdown
eonditionn, In shutdown the wind turbine blades
are feathered, i,0., blade plteh angle io ~90% com-
pared gp 00 for full power, the rotor Is free to vo-
tate snd the yow brake ds relessed, It way domon=
strated that the wind turbine In this shutdowm con=
ditdon would reovient iyself Inte the wind from ony
yow orrer Inelwding 3807 in less than p minute Sn
winds above 13 hwm/he (B mph), “This 1a fuster than
the some manouver can be sccomplivhed by the astive
yuw dydve,  Tests hoavo also dosdicoted that tho ma-
chine remaing in alighment with the wind in winds
nbove 13 ko/hy whish 18 compatible with owr startup
vind gpoeed of 21 kw/he (13 mph),

The free yaw teat vosults are prosently bodug
analyzed an ave the pagsive yaw brake resules and
will be che subject of a move detalled troeatment at
a later date. However, we folt that the resulbs are
of aignificunt Interest to the wind turblve commun-
17y and should be pregented in thilg prelimluary
form.

POWER CONTROLLER QPERATIRG EXPERIENCE = The
Mod-0 degign did net include the £luld coupling in-
dicated In the cutaway drawing, fig. 2. 'The ovip-
inal desdgy called for o rigld steel shalft betwean
the step up gear box and the "V" belt sheave beariug
support., Initial tests with this degign in gynchro-
nous eoperation showed the power control to ba un-
gtable when propoctienal control was ndded to tho
system ond operation In high gusty winds erecatod
large variations fn power level whew only lategral
control was uesad. Pover flvervations ag indicated
in Elg. 12 were encountered with this drive train
configuration and attempts to ineyease control gys-
tem responsde by increases in loon galu were limlted
by instabilities. The problem wng caused by the
presence of a lightly damped drive train vibration
mode with 4 frequney very nenr the rotor speed,
"1p," (5). Increases in loop gain made the system
regonant st thils Erequency and lower gnin sBebtings
did not provide adequnte response to maintnin con-
trol of power laovel during guaty, high wind condi-
tionsg.

The fluid coupling provided a solution to this
problem by adding damping te the deive train which
permitted us not only to use proportional control
but nlse cnabled us to increanse the overall loop
gain to the polnt that cffective contrel of power
lavel can be assured In highly variable wind con- -
ditilons. TFigure 13 is on indication of the control
syatem effectlvencss, The present control systom

Glasgow, Birchenough
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used in copjunction wich the £luid coupling han
demonotrated offcetive concrol of power level on
the Mod-0 machlne fn Lighly voriable wind condi-
tions. The repults of Mod-0 contrel syutem teots
and analysis will be oubjeet of a rvepove £o be re-
leased shortly,

CONGLUDING REMARKS

This paper has prasented a bricf description
of the Mod-0 mechanical and coutrol systems. Op-
erationn} exporience with the yaw drive and the
power controller is nlso prosented. As a result of
the Mod=0 downwind rotor test experience, the fol-
lowing remarks can be madoe!

1, Power leval can be controlled effoctively
wlth p elosed loop integrol and prepogtional control
gyatem, opernting on output power, 1f adequate
damping is prosent in the drive treain,

2, The wind divection s Been ot hub helght is
highly variable and the error band should be set
quite wide (approx. 250 for Mad-0) for wind tur-
bines with positive yaw drive systems.

3, Frictional damping in yaw must be provided
for the Hod-0 wind turbine to pravent large rotor
and yaw drlve loads from occurring during yawlng
aperations, A damping force must also be provided
when the nacelle is not yawing, otherwlsd the na-
celle must be locked to the tower.

4, Mod-0 tests indicate that a potentinl exisis
for a freo yow downwind rotor machine. However,
steps must be tnken to increase tha stabllizing
force with rotor offset or coning, and some poaltive
restroindng force or damping in yaw may be required.
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Figure 2. - Mod-0 wind turbine generator schematic of nacelle interior,
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Fig. 3= Wind turbine control system interfaces
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Flg. 6 - MOD-0 rotor blade pitch controtler
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Flg. 7 - MOD-0100 kW wind turbine startup
sequence
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Fig, 8 ~ MQD-0 100 kW wind turbine shuldown

sequence
PRIMARY SENSORS REMOTE CONTROL &

R _ | MONITOR{NG SYSTEM
TEMPERATURES ———-m
VIBRATION
YAW ERROR RELAY| WIND TURBINE
QVERCURRENT ——— “1L061C =—ELECTRICAL
REVERSE POWER——» INTERFACE & SYSTEM
HYDRAULIG LEVE] ——~{ANNUNCIATION
HYDRAULIC PRESS, —=
PNEUMATIC PRESS,——
INTRUS|ON el
MICROPROCESSOR —=)
OVERSPEED ol
REDUNDANT SENSORS
VIBRATION
YAW ERROR
WIND TURBINE

OVERCURRENT | REDUNDANT
REVERSE POWER ———={ RELAY LOGIC TR ICAL
PNEUMATIC PRESS, ~—]
OVERSPEED

Fig. 9 - Safety system block diagram




Fig. 10. - Remote control and monitoring system,
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Abstract

The Mod-0 100 kW Experimental Wind Turbine was designed and fabricated by NASA, as part
of the Federal Wind Energy Program, to assess technology requirements and engineering

problems of large wind turbines.
demonstrated successful operation in all of its design modes.
tions the machine has generated a wealth of experimental data and

developmentzl test bed for the Mod-OA operational wind turbines which are currently used on

utility networks. This paper describes the mechanical and contro

vperational tests and describes some of the experience with various systems in the downwind

rotor configuration.

The machine became operational in October 1975 and has
During the course of its opera-

has served as a prototype

| systems as they evolved in
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