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Abstract
A now, advanced aystem for sotive contrel of ballcopters wnd Ita
application to the solution of rotor meradyuamic and aeroalastie problems is
described. Bach blade ix Individoally controlled 1o the rotating frame over 2

wide 7 ¢ of fregoencies. Application of the system to yust slleviatios,

stritode stadilization, widration allevintion, blade fag dumpizg sogmentstion,
atall flutter scppresslon. hlade flapping stabillzacien, stall alleviation,
snd performance ¢obancemcnt ks omtliosd., The effcotiveness of the system iz
schieving most of these applications ix demompstrated by erperimental resnits
from wind tunnel tests of a model! helloopter rotor with ladividval-blade-
cottrol. The feasibitlity of achicvlng Mauy or wll of the appllecations of
individusl-blade~contrel nsing the conveotional bellcopter swash plate is

demonstrated, and the necessary control laws are pressated.

1. INTRODPUCTION

A trely wdvanced heolicopter rotor must opsrats in m kevers asrodymamic
sxviroomsnt with high refinbility and lov maintenancs requiremsaty,. This
onvironment iacliedes:

{1) atwosphoric tosbnfence {lesdlag to iwpaired flying quulfties,
pertlenlarly io the case of hingelass rotor hellgaptars}.

{1} rotreating blads stall {leading to large torslonz]l loads In blade
atrackars and control system).

{3) blsde-vortesr intarsction i tramsftions! and map-af-the—earth
flight (leading to bracosptablo bhigher harmonic binde bonding stressos and
beolicopter vikratiom),

(4) bladerfusslage lnterferense (lesdibg EO bomcoeptable higher
harmonic blade dending stresses and belitopter wibration).

{5) blade and roter iostabilitias (leadlog to sttncturz]l failure or
Acss of goatpel) .

The sapplication of feedback teéchnigques make it posaible te mlloviate the
effects described in Lltoms (1) to (5) abore, while laproviang kellooptor
vibration and bandling charagteristics to meet dexired standards. The comcept
¢f Individuat-Blade-Controt {IBC), lasplred by the work of ¥, Krotx, vmbodiss
the contral of breadband oleatrobydraulic acthators attazhed te onch blade or
to the swxsh plate, asing signals from semsors mownted oz the blades to xepply
appropriata control sommands to the sctustors [1-261. Note that IBC favolves
not juit contrel of tach blade independently, but alac a [eaddack loop For
onch blxdo im the rotatiogy frame. In this manner ii begomos poxeible to
rodnca the savoro effscts of atmosphoric turbnlence, ntnltln;. biede atall,
blnde-vortex interaction, blade—{fuselage interference. und blade snd rotor

lnstabllities, while providiag improved performance and Elying qualities.

This rescsrch wez rpompored by the Ames Rescarch Center, MNASA, Moffett Fleld,
Talifornis 94035, Special wcknowitdgment ls due ta Bobert M. MeKillip, JIr.,
sné Paul E. Baver for thelr contriboticns at MIT.
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It s evident that the IBC aystem will be most effective I it ls
sompeised of several sab-systoms. eack coatrolling & speciflec mode, c.z., the
blxdo flappimy mode, the first blade flatwiso bending mode, the ficst blede
1ag wode, and the First blade torzion mode {1}. Each sub-xystem operste: in

its appropriste frequency hand:

Copaider the modal oquation of moticn
uX + ck + kx = F(1) + AF (1}
where the moda] comtrol force AP is
AF = Kyuz’ v Kpex - Epkz £4)
Then subatitating {2} iare (1}
[1+E,)ud + (14Kglez + (1+Epdx = Flc}
For the case Iy = fp=fp =X

wx + ox + kt « [1/{1+K)] Flt)

snd tho madel rasponse is attenuated by the factor 1/{(1+K} while the modal
dswping and oetursl Frequency sre uachanged.

For mods] dampizg nugmentstion. only the rate focdback AR = ~Kpoi s
required.

The configuration considerad lun [1-14] swploys an lndividmal sotmator
snd multiple Feedback loopa to contrel ¢ach blade. Thess actustors and
fecdback Joops reiate with the blades wad, thersfece, s coaventlonel swash
plate s not requiced, However, yome applicxtions of individusi-blade—comtrol
can be schieved by placiag the actnaters ia the noa-ratating systea and
controlling the biades throngh s conventional swash plats s desoribed In
Section 9 sad in [15, 17].

The followlng sections doscribe the denign of a systc.- costrolling blade
flapping, konding, Iuk, #nd torsion dymemics, and relsted testing of the
syitem on a model rotor lw the wind tuazel. The control inputs considered arc
$iade pitch shangws praportlensl to blade flepping snd bending acceloration,
velocity, snd displaccuent, and lag and torsion velocity. [t da then shown
that helicopter gast alloviation, attltade stabilization, vibration
allevintion, mud IP Jlay damping sagmentation cxo be achjeved meimg the
conventional hellcoptar swash plats for en N-biaded rotor whereo W»3, For N&s,

all applicztions €in be mchileved,

2, GUST ALLEVIATION
Roférences {2-4] doseribe the applicstion of IBC to helicopter gnst
allesintion, The feeddack blade pitck contrel was prepertiomal to blade

flapping sccoleration and displscement, i.e.,
28 . -k (%1. v p)

A Blsck disgram of the control aystem is thown In Figuro (1).
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The above techoiqae provides il the information required to create the
bending feedback sizmals (F + -i 5}, g, amd if desired, the {lapping Foodback
signals (f + 0%) andfor i.

The deslgn of the control system is based on the root locns of the
¢varatl aystewm, stmposed of 4 servomotor controlling the piteh motlen of the
blade, which ia oquippad with thrce aceelerometsrs to provide the required
feedbuck signals ns doscribed sbova.

The combined secelercweter tranufer funcrloas are given by
2 w 2
S el t
Alhi = ligh ~ - ]

2 b 4
end Aty < B hy

where G = sccolnzation doe to gravity

The iptogrator travefar function Is given by

(s} = —

3 + 13%
Hote the integrator low—frequency robl-off of 3 rad/ses to aveld tho
application of ac infinite d.c. gals to 2ny steady—sptate componsants in the
sceolorometer signal.

Frow the laner-lcop block diagrem shown ian Figure (3}, the closed loop
transfer function Hl4) from gy to gy for y = B, 4 = 3t .4 zadfsee, u.n’ﬂ = 3, scd
K ~ 3 is roandily obZained [8, %], The corresponding laner-loop veot locus is
shown in Figure {9).

Then from the ounter-loop bleck dimgram in Figure (10), the fiaal closed
loop transfer funstion from $p to g ix obtiaacd. The corrasponding outer-loop
locuz is shown in Figure (11},

Some preliminary test resalts are shown ln Figare {12}, It ks seon that
a reduotion ie beonding response to :/{1+K) = 0.15 of the origioal valoe, i.s..
an attoncetion of T5% withont sigaificant change in bendimg naturzl frequeacy
can thus be obtmiacd, The cortrcl syttem achieves the desdred attemuation of
[latwineg bending response, and presumsbly Itx ssecclsted vertical fnertial
vi¥ratory sheoar, as postulited abova.

Is practico, only cectein barmonles of the vertical vibratloa doe to
blade bending can be transmitted to the [uzclege by an N-bladed retar. Thesc
harmponics can be eontroiled uwsing bimde-nounied acccelerometers as sunscrs and
a conventiona] swash plate, ax deseribod ln Section &,

It should also be moted thet swpprossion of blade Flapping and fletwiss
bending responses and their correspoeding in-plane Coriolls forces will tend
to alleviate in-plane vibration a3 n Beneficial by—prodoct of vertical
vibration slleviation.
$. LAG DANPING ANGMENTATICN

For Iag dampicg sogmentation, a servomoter coatsols the pltchk angle of
tho blade whose lag scceleration Ex sensed by two xccaleromsters, and ax
incegrator ylolds the lag velocity which is fod biek throogh & compensator to
the blade pitech control [7. 107. A blade flepping velocity is thos gonersted
which in the prefence of blsde conlng angle, rexalts in an invpians moment doe
te Corlolis forces which oppozes lag motian xnd L proportional to lag
velocity (Figare 13},

A series of wind tunnel touts of this system war ron utillzing white
noise excitstion of blade pitch. The results are shown in Figore {14} in

terns of lag séceleracion magnitude and phaso e » function of pltch

excitation freguency for the rator st advaace rxtio 0,27,

The respensc phmse magles shown Flgure (14} sre conclazive in
demansirating ua increaze in lag damping doe to the control system. The
figore shows & votntion of the slope of the phese apgle versns frequency cufve
at lag resomance, io the direction of incroawed lag demping. a3 ‘E is
increazed. The increase ln [ag demping ratio due to the control aystem was
datermined te Yo 0.37 wt adeance ratdo 9.27. Thir value iz lacrementsl to the
open Ioop vxlue of 0.37 duo to bearing friction.

6. STALL MLOTTER SEPPRESSICH

Refersnens [3-4] showed that approprinte fecdback to & poiition coantrol
sorvo goveralng blade piteh motles could roedice wndesirable blade motions due
to low—froquency gust lnpots. Similar methods were applied to alleviste the
vicloct torzliooal metions s#socictod with stafl flotter, At high hinde aagles
of attsck and cevtanln roduced freguomofes, sorodynamic moment hysteresls
canses & net input of enargy to blade torsiopsl motlon, ao thac any small
blade oacillation grows with time. Soch a sitoation 1s typloal of simple
osclliating systeams witk aegative damplngy stall flatter exn bo considered as
4 pbenomenon capaed by u wvartatlon in the effsctive damping of the Slade in
pitch, On the advancing slde, the blszde experlences strong pesitive dampisg
ac Pow angles of attack, b4t ¢a the retreating side the cffective demping can
tomporecily becoms megative, Leading te the osclllaticos dencribed above,

An effoctiya ata]l flutter suppresaicn system would ellminste this
excursfon loto negative dawping. Omne way to achieve this cnd is to provide
piteh~rate fredback from the blade to the pitch comtrol serve {Figure 15}.
The details of this comoept, its implemsntstion, and the resanlss of
experiments ntilizing It sre given Io [, 6].

Typical text rastults are shown in Figerow {1€ and 17} for sn advance
ratio ef 0.33. MNote that the stall flntter componoant is effectively

soppressad with Incroeasing foedback.

7. FLAPPING STABILYZATION AT EIGH ADVANCE RATIO

Since blade flap dawplng and restorisg forces can bes controlled using
IBC techniques, the bigh-advance-ratlo flapping inxtability of helicoptar
bledes due to periodicity of these forses cas bo oliminated. The simplest
mothod would be to lsaremse tho moan valuos of bilude fisp damping and
roatoring foraes by rudlhck of blade [lapping veloslty and Flsplzcement to
blade pitch control aw discoxsed {a Sectlom 1, Dowever,. this approsch weuld
wot reduce the lxrge poriodiclty of thease forces at high advence ratio. A
more sephizticated comtrol tochumigue to control this perisidicity i deseribed
dolow,

Reforences [1I, 36] describe the restlte of an lovestigation into
mathods af INC costrotler dexiga for linear periodlc xystems ntilizing an
extensica of modern control methods. Tronds precent in the zelection of
watidas cost functlons are cutlined, snd closed-loop controller results are
demonstrated for two cazes:; ([irst, on ud amelog compuier zimulatles of the
cigid oot—of-plane Tlapping dypamics of s single roter blade and second, on 2
medel kelicopter rfotor fn the wind tunnel, betkh for various high fevelz of
advancs ratis, It is showz that modsl eottrol using the IOC concept 1
poazible over a large range of advence retios with only i modsst wmouat of
somputaticesl power reqmired.

Typical wind tunnel teit xexalts aTe shown In Figurcs {18} end (19} for
apec~and slaged-100p cases st an advante ratie of 1.4, It 1z seen that

periodic contral of roter biaede flappizg dynzmics 1s feasible even foar extreme

flight conditions.
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Baferecces [I1, 16] also contaln ap excollent discusslon of the unigue
Advantagss of daing blado—moontod accelorometaxa wy seasors Io designing a

blude nodal control system.

8. STALL ALLEVIATION AND PERFURMANCE ENHAMCEMENT

If rotor Feading ir inerossed in the fors and aft portions of tha rotor
disk and radoced fn the lntersl porticaz, the loaded retremting blades will be
operating at higher mngles of yaw and higher pitch rednced-frequescias than
befors, with correspouding benefits Im rotor zexll allevistion and roter
porformanco, Such » chunga i% rotor Iosding van be obtnined with tha blads
piteh time histoxy shows [a Figuse {20}, Thougk u complotely azbitrary pitch
schadale Ls poaslble with TBC, for easo of description a simple super—position
of 1P, 2P, and 3P pitch 1s eaployed [23].

Raferonco {12] considers only opee-loop fmplementation of this pitch
time hiatoryr swhsoquent wpplicationt msy Involws clozed-loop variation of
pitek amplitude #nd phase in sccordamce with somo mesxnre of bIade #tall onset
such as tha RMS value of blada lag aceeleration, .

The pireh time bistory shown lo Figore {20} was tostad on a wodel rotor
iln the wind tunnel. Application of IP xnd 3F cyclic plich olixinated high
Lrequency blade lag ecceleratione bellovod to hs aszocisted witk rotor blade
atal]l. However, &ne to bdIade methanical plich limitstlons, substantial blade
s$tall was not cacountersd, and therafore conolusive demonstration of tha
1gtcess of IP and 3P cyclic piteh in aelleviating more extreme rotor blade
stafl wost await testing with inoreased model blade pltck capabilicy,

Prellminnry work has lodicated that thers sze substantial performsnce
incremests to be obtained from the latredoccion of appropriate higheor karmonic
conttel to the kelicopter rotor to reduce indmced drag by re~distxibutien of
biade leading. Since lndividual-blade-control s 2 goneralization of higher
karnonic control, similar bsnefits can be sxpected In this applicmtion.

Since It ls poasidble te wodlfy roter loadlng distributlom nsfag IBC
technlques wy described above, it may be porsible toc reduce rotor nofss
signatores uwsing these tochniquos.

9. HELYCOPTER IMDIVIDUAL-BLADE-CCNTROL DSING A CONVENTIONAL SWASH PLATE

Several importaat dyswswic pheaomesa of the helleopter rotor occar at
harmonics of rotor totational speed:

{1) Guostwioduced flapplog, both guasl-steady and at 1P

{2) $haft-sotfoa—indwced flapping, both quasi-steady axd at 1P

{37 Airloand-induced vibraetion at NP zzd (ME1}P

(4) Hotor [nzelage alrf/ground resomance at 1P

{$} Tilt-rotor manesvering loads at 1P
Segtions 2, 3, and 4 have zshown that individuml-blade-coniral ¢an elleviate
ilz;: {1} Lo {3) above, Svetion 5 domezstrated that blade tag danmpiog can be
sngwented using TAC to suppress iteas (4) wad {5).

Tt is now skown that YBC can %+ ieplemecuted t(hkrough s canventionmal swash
plaze 1o allevinte jtems {1) to {5} fur N-bleded retors:

The ¢ontrel requiremont for the oth individeal biade is

. v .
3 3 1 F .
m ] m n

LR TRT TR TR kg tph, T K

The corrcaponding comtrol raquirement {or the swash plate Lz

G-l'lofﬂ
c

coty + ‘)lc sing + 02

Using the mathcaatics of Juhnson®, P, 351, the control lawe arrc

*Johason, W., "Melicopter Thoory®, Priccoton B,P,, 1980

go - %"ZI on « 0 unless a = pH
F W
Olc 'ﬂ'nzl 8, cosy, - 0 unless & = pN * 3
N

01‘ -% ob1 Ty tiby, # O unlosa o = pH & 3

8; = 0 onless » = pH ¥ H/2 (Yohnson*, P. 348)
whexo p

= any Ilnteger

a = rotor hermonie auaber

The physicel signtficance af the above equations is that IBC of aa H-
bladed eotor haviog a sonvenilonsf awash plate ls possible for those TAC
fonctlon: ievolrlng the zerotk (gquasi-wteady), first, pNth. and {pNil}th
harmonics of roter speed, #.p., gust allevietion (p»9), sttitnde stabilization
{p=0}, vibration sllevistion (p=1}, wnd suppzesilon of air/ground resonsnce
and tilt-zotor mancavering leads (p=0}.

Note that all barmonics and im geaersl wny mrbitrary time hilstory of
eonttol are achlevible with 4 thros-bladed rotor msing » conventiona)] zweah
glate.

The sommations of indlvidual blede o

sor signals reguired to obrainm the
swezh plats collective and cyclic pitch coeparents provide o fiftericg actisn
such that only the desired harmonics OF, LP, WP, and {N*1)P romain sfter
summstion. k.t., 20 specific harmonic spcalysis i required. In addition, some
smgothing of randem noise in the signails may resalt,

Singe a1l sepying it dome in the blades, ne tramsfer matrices froa nos—
rotating to rotating systes are requireds therefore no upéating of these
matrices i3 reqaired, and oo nom«limesrity preblems resolt from the
tlnesrlzation required to obtain the transfer maxirices. Also, blade state
meatarements mliew tighter vohicle contrel sinco rotor coatrol can Iead
funiclage rosponse: thia lead should provide more effective gust allevistion
and permit higher control suthorfity witkoat indocing rotor Instabilities than
would be possible without rotor atate feodbaek.

The following equipment is required to lmplemeat IBC for gust
alleviation and sttitade atabilization of an N-bladed hellcopter rotor:

{1} iwo flxtwisc accelcrometers per blade.

{2) & means of tramsmitting sigoals from rotating to pon—rotsting

1ysien.

{2) swash plats sctuator bandwidths op to dirtnrbainca (requency,

The following squipment is roguixed te jmplement IBC for wibratiom
allevistion of an N-bladed holicopter roior:

(1} four flatwisc aceclercmetars per blade.

(2} » means of transmitting sigasls from rvotxtfing to noz-rotating

system.

(3} swash plate sotuator bandwidths mp to {He1)P,

Tac following eguipment ia ragoirsd to lupleseat IEC for supprossion of
sir/ground rosopance and tilt-rotor manouveriog loads ¢f an N-bladed
helicopter rotor:

{1} two Imgwise sccoleromoters per blade.

(2} & mosns of transmitting sigoels from votating to voo-rotsting

zyatenm,

{3) twash plate mctuator bandwldths up to disturbsnce fregqueacy.
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10, CONCLUSION

The preceding sectioas have demonstraced that the ure of binde-mounted
accelcrometers &n sansors makes poxsible the contrel of the flapping, flatwise
bending, lag, and torsicnal modos of each blade individmally. This eontrof
techniquo is spplicable toc helicopter toter gost alteviactlioa, attitade
stabilizstion, vibration alleviation, lag damplog augmectation, atxll flutter
supprexsion, blede Flapping stabifization st high advence ratio, ztall
alleviation, and perfermsnce enchancement.

For roters bavisg three blades, ony srbitrory pitch time history can he
applied to exch blade lndivideafly using the conventionsl swxsh plate. Rotors
with more than three blsdex require individual mctgators for sach bilade for
somw wpplicationsy other wpplicntiows svch as gust allsvistion, wttitade
wtabilisntion, vibration salleviation, saud lag dasping wegmentation {Lor
supprossion of air/ground rescoance aed tilt-rotor mastuvering loads) can be

achievod nxfng a conventional swaszk plate.
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