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HEUCOPTER INDIVIDUAL-BLADE..CONTROL: PROMISING 

TECHNOLOGY FOR 1HE RITURE HEUCOPTER 

Professor Norman D. Ham 

Massachusetts Institute of Technology 

ABSTRACT 

The history, principles, and applications of helicopter individuaJ-blade
ro:ltrOI are described, with particular reference to MIT research in the area from 

1917 to present. 

The emphasis is on wind tuMel and flight testing of full-size rotors since 

1986. IBC applications considered are flight stabilization, gust alleviation, lag 
damping augmentation and vibration a.l!eviation. 

Future work on rec will be briefly oullined. 

'·~ 

n:e o::n:ept. o! !r.d!vid.ul-sJ.ade-Coouol tl:EC) (!:bodies the CC<ltrol of 

brcad:::oar.d elect.rd':y-"...!:~ulic a~mtors a~<::hed to each bl.4ck, using sis;nal..s 

hen sensors m:::unte:l <::r1 the bl..aOes to SUfPlY a:wt~ri.'lte o::ntrol <:o:TJar.ds 

to t.':te <>C::Wtors. !bte I:Mt IEC J.nvolv~ not ally cmtrol of. eadl b~de 

J..~Uy. 00t .USO a f~ loop tor eiiCh blade J.n the routirq 

fr:11..-->e. In this ::'Wln<':~ it ~ p:>3sible to reduce the severe et:!etts of 

at::u~erie turtul=e, retre.:~tJ.n::l blade rta.J.L blade-vortex J.nterl!Cticn. 

blade-!~e interference. arid b)..,.de Mel rotor in.stablliti~. >tlile 

p!:OJiCi.'l9 !!-proved perio~e Md flyinq qu.ll.itien {1-lol, 

It is e<1idefl: rl--'t the I:OC syut= lo'lll be o:>ort effective 1! It is 

o::>::?:ised of ::.everu ~=· e.'ldl coot1:0ll.i.r>;! a specific =:le. e.g., 

t.'le bl.!lde fl.,.,.pping ~. the £in1t bl.e.de flab.lise bend1r.:] :o::xle. and the 

first blade lag :o::xle {ll, Each scb--eystw o,erates in its awt"<::~'date 

f.::~b.lnd. 

'· 
f'ran riqures 1 lind 0!. the bl.!OO O.atvise acoelernticn ~t $btJ.oo 

OJe to res;xnse of the first t:w flatwi.so:l l!lCde!:l is 

,,, ' ' 

! 
., <rl~l "''1) r1n 'l <r11 

rllll ' . ., <rl~) ~(rll r
1

1l 'l <r1J 

r,o1 ' . ., ((3~) ~<r,J r3o " <r3> 

,,ol ' ' •• (r4~) ,<r 4l r4n 'I (r4> 

In :r::e.triJ: notat.i.<:rl, A • l't ' R 

'!:ben the !lAt\ii.B<! m:xhl r~ ue 9ivo:n by 

R " x-l ' A 

RX:.e thct the el.=t.s o! x-1 .u:e ~t only o.:p::n blade ep3.'lVise 

at.atioo. rotor rot.:~tioo spe-ed, Mid bendin:j ID:Xlo rru:pe. i.e., they 4:e 

~t of fll'.)bt o::n:Ut!.cn. 

S.l.m.1.1arly. t!le bl4de 1.a<; 4<:Ce.l.eration at .$t..at1oo r 0.:.. to ,~· 

o! the fi..nn: J.a.g 1!00: can be siJowl to be {61 

:::& • d • b R P(t) • l.F <ll .t..ere ex, is !;be ~ l.oal.t.ioo <Jt the lag h.l.."lge. 'Dlcn for 

l>i::Cclertz:f!ters =.:r.t.!:d llt r1 &'ld '1 

(l) 

:ri( • ci • ~X • (1/(1+{}} f'(t) 

and t.':e ::">X.U t~.lloe is .tttr:<'lt.l.lte<.l b'f the U!ct.or 1/(l+-1':) '>tllle the~ 

~i..-,q and Mtural !r~ are o.:n::..,...,oo. 

For ::o:l;,.l da:;pi."lq auo::;:rentat!c:n, cnly tlle :ate feed:>5ck l.F R ~~ is 

required. 

~ coo!.lgurat!co o:msidered 1n [l-7! ~lO'fll an J.ndlv1Cwl llcc.uato: 

and :cuit~ple !~<:':. loops to COltrol eac.'l blade. 1bes.e actu:lltors and 

!ef:'±e::.l< lc:q>S rotllte with the blades Md. therefore. ,.. (X):)Ventiaro.l S>oO!.Sh 

pLl:e is not r~red. Bc.~evec ~ 6ft>l!c::ltlcns o! J.ndiviWal-olade

cootr:l ::.3/l be ac.'lieved by placing the aC'"..c.atore 1n the nen-rO"'..ating system 

a.r.:! o:n::ol.L!.n:J the bLldcs thr009h a cawentlerul :3W!Uih plll.te llll deocr!bed 

1n Sec:ia~ ~Mel 1n [II. 

The !ollo.<i.'>g ~ions des<:: i!:>e the design of a systa:o cootrolllng 

bl..:.<.le flawing, ~"lq. and lag dynAtl\ics. M<l telll.ted testin; o! the 

~e:> en a lilOOc:l ro:o: 1n the vind to.:rJlel.. The coo::ol in-p.:t.S o:::nsidered 

are blade ;>itd! c:-.. ~.:>;es pt""OpOrtiona..l to b!Mle flawing MXl l:>end.l.r>; 

~lHation. ·~ocity. 41ld displac=t . .md laq velocity. 

A1= ptes<mted ate ptel!.mJ..'l.,H"f {llqht test. results {rca a Blad: !Ia'>.>; 

hell<;X;f'Ce: holvillq t\.<> !lab.l~cimted aceele~ters =ted co <:ne 

blaOO. 'nles.c open-loop td!t.llt.s are to be UDCd 1.1'1 the dcsi'J'l of a:1 I!Cdve 

cootrol ~=!or :-ttot qu.st. alleY~ticn .m::l ~tti':.l.Jde stabllizatioo. 

1\ R 1'\:.-1 0 l'.r. 

Sin:::e t.'le el.ecnentB of 1('1 ,00 ~-l .u:e ~t of flic;J":! 

o:OO.it!.cn, the golutioo for a desired !tedsl resp::ns.e l.nvolvea cnly t.'le 

=t..!.oo of t.'l.e prcdu:::t.s o! ~ ~ero:reter si<;nals and their 

oott~"XJ o:::n=t ""'t..ri>: e.l.=m.tB by 11n =.lo:.! or d19iW device. bere 

at.lled a~· 

Co:usider the blO<::X dibgr~~~~~ ~ in Fiqure l. For nxh.l i!'Xeler~t!cn 

M<l :ro::hl <!is:pU.ccrr=t J det.emine::l u &:ole !or any n:de, t.'lis 

d.J.b;ram r~esent:s the follcvi..-,q filter tq1.0ti<::m frcm [1,91: 

A 
t+~fx-~ 

i•JS<x-~l 

1obe:"e the hatted <:j!.W~t1t1e~~ are est.i:l>:lted Vll~. 4lld 11:1 4lld 1:.:1 are 

o:x1B':Mlt.ll. h'l:it!rq the efft..!......,.t1on error aa 

V/.9-j 



e .. :c - £-
Mld d1!fercnti.ltci.n; eq.:.:~tieo (3) lrlth t~ to tim!. there resulb 

d ' <=' 
Sl.:bstituting equ4tleo (~) into ~t..J.eo W. 

s1nce !z ~ -i -e. equ~~tion w be:::aDe:l 

e • ~~: 1 .1 .. ~Se .. o 

"' 

"' 

"' 
'llli!l expeessicn represent:..3 the dynamics o! the e.stil::aticn error. 

corre:a:pondi."l9 dlatl!lcteri:r....ic eq..>aticn ill 

'Ihe b.'lndllie:.ll and ~ing o! the e!ltil:'ntion precess atil det=ined by the 

choice o! the <::a\IJtMI~ ~ .vii l.:!. 

Since the element~:~ o~ the !liter stJoo.n in figure l .ue ~t of 

!liqht ~tioo, the estJ..--aticn of ao;laJ. rate resp:::ru.e i.'lVOlve~ oo.!y !he 

!nteqr~:~ticn of the proc:..=s of o::t'llltl!lnts and the lre!lSUI:ed :n:xhl respor'~ 

by 1!111 arulo; or diqiW deviee. here called 1:1 H:::l'(Ulb !liter. Note tmt 
M J.zttlroved est.im!.te of the ll:~Cd.ll d.if;pl,.,cc:nent % J.., a1.elo cbb.i:led rue tO 

the <b.:ble !..:'lteqraticn o! mo:hl acccl.er:l!.ticn 'i ec:bodied in th~ filter • 

.>J.ao, note ::Mt no ~ledge o! the rotOI:' or it.a fll<:;.'l.t «rdit.!.cn is 

req.llred in de:signin:] t.'le !liter, 

M d..t.scussed in the !nt::cduttion. t.'le n:dal co:tt.roller volt.'lge ~'t 
to the bL:!de pitch ~tor i9 prcp:lrtiorul to nrxhl eeceler.atioo, n~:e. 

Md di!rplac=t: 

Wlere "'A· ~R• Mld Xp ue CQI'ls='lt.& and the:efore J.r:dependent of !ll;ht 

corditJ.on. 

'llle ~lver. lt.";lllip filter, .md ccnt.toUer do'!!lCrl.be<:l in Sectioos :-• 

are CCC!bined to fo>;'::ll the n,;: eyseen for a given !r'Cde. n:e =:t>J..-:ed 

Mct!ons o! the aolV>er and the l'!:::!'(lillp filter .-.re he.ce called t.~e 

"cb~>e~er•. Scme appliO'Iticns .uc W~i.!::.:<l belco.-. incl!Jdlng e.JttX!rL-et3.1 

results c:b'-..ained at~M!T U= a !oor-foot~er lfind b.Wlel .rodel ro<:o~, 

u.aJ.ng IOC. 

R:efen:n::e (l l deo:::dbe:l the awllattion of ro:: t.o hello:;.ptec <;<Jst 

ille<~il!tioo. 'Ihe !~ blade pitdl cx:otrol ~ p~ to blll~ 

t~in<l <">Ceeler;stion and d.if;pl.ace::-oent, Le .. 

M3~-r.:{.i. .. ~) 
•' 

A blo:::!<; di.ogr.!l:n o! the ccnL--ol syst.o:m U. ~ in Figure l. l:bte t.'l.at ~ 

bl.acie tequ.i~es o:lly t....o !lat'o'ise-orientcd b4de-m:>.lntcd ~etCD!te:!l. 

Fic:; .. ue • ~ tlle et!".:ct o! inctoa!lin9 the QP(';fr"l.c>::9 '.l!l.in :0: ~ t.'le 

IEC gw;e illeviaticn systo:r:~ perfor;:ronce. !btc that the ~rL-m!:-1! 

rtduction in gust-J..nd:x.ed !~inq regp:::nse 1.a in ac~rclance ~~'it.'l t.'le 

t.~eoretical c!osed-loop <)!I.J.n 1/{1+10. 

'lhe Lock n..::bcr of the ~1 blade ~6 3,0, fur a !ull ai.:.e ro~or. 

the !.ncr~ i.'l ~inc.l We to t.'le inc::cau in Lock rn,_'"'ber rem.~lts in t.'le 

lli~i."'9 at e:<eit.llticn !Iequ.ency beo:mi."l9 the d<x\ina.'lt resp::t'~. .IJ..$0, 

,.itl\ J.nc~casl>d blade &::ping it bec<.x:es PJSSible to use h.i<3-'ler f~ 
g-ain for tlle =>e sta!>U!~y lCIIel. .v.d 3.3 a ~ t.'le IEC Sj"S':.IP 

perfot'lmTlCe ~roves lfith incre.:winq Lock ru.:d:lcr. 

f'ollwing tlle ooceesa!ul lll.levU.ticn of gust di.6tu:bance3 \!!lln:j t.~e 

roc systoon, Pe!crcncc {l J shcYed the tho:«ctical tqJival<:""<::c of b1a&! 
Uappi:"'9 resp<:nSe ~ to at:::'Qs;:hcric t!J..-tull:nee and that d!Je to 0"-'ler lcv

!requ.e=lcy disturt>.mces. e-'.1·• heliccpter pitch and roll attitudet t.~e:e!o:e 
tllese dlstu::....-.ccs ca.'\ also be 11ll~iatl>d by the tK !J'{Sto:m. as s.~ !.'l 

(3), t.o prO'tiOO h.elic:o;x:er attitudo'! st.ablliZ'I.t.icn. 

6 MODA! CONTROL U5IN'G A CONVENTJONAL sy,'ASH CLATE 

The preceding seaions have demonstrated that the use of blade-mount!.'d 
a<:eelerometers as sensors makes possible the control of the flapping.. (laty,.·ise 

bending.. and lag modes of each blade individually. This ron:rol technique is 

applicable to helicopter rotor gust alleviation, attitude stabilization, vibration 

alleviation, and lag d.unping augmentation. 

For rotors having three blades. any arbitrary pitch time history can be 

applied to each blade individual!:,. using the ronventionalswash plate. Rotors 
with more than th.r~ blades require individual actuators for each blade for some 

applications; for a rotor with four blades, other applications such as gust 

alleviation, attit'Jde stabilization, vibration alleviation, .md l? Jag damping 

augmentation can be ac..'lleved using a conventional swash plate. as shown in lS). 

The summations of individual blade ~nsor signals required to obt.ain the swash 

plate collective and cyclic pitch components provide a filtering action such that 

only the desired harmonics OP. lP, JP, 4P, and 5P remain after su.."'Ul''ation, i.e., 

no sp!X)fic harmonic analysis is re<:iuired. 

Since all sensing is done in the blades, no transfer m.ltrkes from non· 

rotating to rotating system are required; therefore no updating of these matrices 

is fe<j!Jited, and no non-linearity problems result from the linearilltion required 

to obtain the transfer matrices. Also, blade state measurements allow tighter 

vehicle control since rotor control can lead fuselage response: this lead shou!d 

provide more effe<tive gust alleviation and permit higher ront:ol authority 

without inducing ro:or instabilities than would be possible without rotor state 
feed bad:: (11 ). 

7 BLADE F!.A?PING RfSPO;:>SE FROM B\ ACl< HAWK f1!Gb"T TESTS 021 

The objective of the flight measurements was to compare f1apping 

estimated using the root and tip acceleration measurements with that predicted 

by a simple rigid-blade mode!, and with that measured by ~ root-mounted 

fLlpping transducer. 

Time histories and frequency spectra of the two acceleromel'e:-5 for an 80 

kt. !eve! night trim condition of the UH-60A helioopter, Figure 5, are sho.,.,-n in 

Figures 6 and 7. Multiple harmonics of rotor speed (4.3 Hz) are evident in the 

record, with lP and JP contributions being particul.uly strong. In order to 

estimate flapping for purpose-s of controlling flight dynamics, only the lower 

freque:'lcy responses at 0-IP are of interest. The analysis of (12] indicated 

signifiant lP tip accelerometer response due to bending contributions to the 

lcxa.l values of blade slope and blade aC<;eleration, which together determine the 
tip accelerometer response. This was not the case for the root accelerometer. 

The results suggested that blade 0-IP (lapping estimation can be 

accomplished by using two ~ accelerometers to minimize the blade 
bending contribution to the ac~Jerometcr signals. Alternatively, the blade 

(lapping and bending response can be determined by using four spanwise 

acceierometers and the meth.odolosr of Section 2 to solve for flapping and/or 

bending respon~. 

The knowledg~ obtained fro:n this test led to the use of two blade-root· 

mounted accelerometers in the SeU Model412 wind tunnel testS desc;be<:l below. 

.. B\ APE LAG \lQUON C00IR01 FROM 8EI! MODEl 412 '>'/IND 

Wind tunnel testing of th.e Model 412 rotor {Fig. 8) produced 

measurements of blade lag motion in inertial space for all four blades. using 

blade-root·mounted accelerometers. In the IBC system, Fig!Jre 9, these 
measurements are used to determine blade in-plane acceleration, estimated 

veloCt;r, and displacement signals for each blade, and these signals are combined 

to gene!dte inputs to the swash plate actuators; in the closed· loop system thes.:

inputS would provide heliropter blade in·plane damping augmentation. 

L'litial tests were open-loop, i.e., the output of the IBC system was not 
ronne<:ted to the swash plate actuators. However, considerable insight into the 

dosed·loop performance of the rBC system was obtained from the open·loop 

testing.. as described below. 

Reo::>rded open-loop accelerometer signals were u$Cd as inp!Jt to the me 
syst~ of Figure 9 h the l~'ooraton•, The resulting cyclic control outputs are then 
compared with the desired closed·loop control displacements under the same 

disturbed test conditions. 

The test disturbance was sinusoidallong1tudinal (or latera)) displacement 

of the cyclic controls. This teehnique has ~n use<l successfully in the past [14). 

As shov.-n in [10]. the closed-loop damping of blade lag motion is augmented by 
feeding back the lag rate to blade pitc.\. 



Lag excitation te;stS were run at advance ratios 0 and .10 using swash pl.ate 

excitation frequende;s rogiven by 0-w,. 0.9 WL to 1.10 WL. A typical lag re;sponse 

time history and frequency Spe<:tntrn from the te;stS is shown in Figure;s 10 and 

II. The swash plate exdtation frequency w .a~ars in the rotating systems as (0 

± w) where!l is the rowr frequency. At l.ag resona:1ct! !l • w .. WL. 

The analog data were then used to find the lag response chara<:teristks of 

the Model 412 rotor to swashplate oscillations at discrete frequencif'S. Data 

records from \0 to 40 seconds were collected from the 8 accelerometeTs at each 

fixl.'d excitation frequency to eliminate ttaruient ~ontamin.<Hion of the estimates. 

Comparison of the lag ~nsor and the rro::mstructed lag signal from the observer 

in Figure 12 shows surprisingly good agre-ement, verifying the measurement of 

rotor states using blade-mounted aCct!.lerometers. 

The final ~ontro! system evaluation step <:Qnct!med the inve;stigation of the 

disturbance rejection capability of the <:l:lntrol system design. This was achieved 

through ~ompa.rison of the rotor pitch excitation used in the open-loop testing 

with the calculated rotor pitch to be led bad: from the controller. Should these 

two signals ~ancel, one may infer that any other distu.rbanees that would cause 
lag excitation could also be reduced through ~ontrol of blade pitch through the 

swashplate. Figure 13 <:l:lmpares the pitch excitation. measured on one of the 

blades with the pitch fe«<bad: signal from the <:Qntro!ler. This fredbad. trace is 

inverted and offset in order to more closely compare the two signals. The 

controller output is the recombination of the feedback swash plate inputs in the 

rotating fra.:ne reference. The two curves can be seen to have similar shape, with 

the fe«<back sign.JJ slightly delayed due to the phase lag inherent in the mtering 

pro::es.s. 

9. BU.DE FLAPPING MOTION CONTROl FROM BELL MODEl 412 
WJ:ND TIJNNEL TESJ5! I 51 

Wind tunnel te<;tlng of the Model 412 rotor {Fig. 8) in 1990 produced 

measurements of blade flapping motion in inertial space for all four blades, using 

root-mounted accr!erometers. In the JBC system, Figure H, these measurements 

are used to detennine blade flapping ac~eleration., estimated velo::ity, and 

displa~ement signals for each blade, and these signals are combined to generate 

inputs to the swash plate actuators; in the closed-loop system L'lese inputs would 

provide heli<:l:lpter attitude stabilization and gust alleviation [8). 

Initial tests we~e open-loop. i.e., the output of the JBC system was not 

connected to the swash ?late actuatorS. However, considerable insight bto the 

dosed-loop performance of the IBC system w.:~s obtained from the open-loop 

testing., as desaibt.>d below. 

Open-loop acct!lerometer signals recorded digitally were used as input to 

the IBC system of Figt.:re 14 in the labor.:~torv. The resulting cyclic control 

outputs aJe then. compared with the de<sired closed-loop control displacements 

under the same disturbed test ~onditions. In-plane test data were pre$t'nted in 

Se1::tion 8. The present sed:ion will present the flapping data in a similar IT\..lf\ner. 

The te-st disturbance was sinusoidJ.J longitudinJ.J (or lateral) displacement 

of the cydic controls. This te<:hnique has been used successfully in the ?ast (14). 

As shown \n Section 1, the closed-loop response of the rotor tip-path-pla.·:u~ tom 

disturbances is altenu_ated by the factor 1/0+Kl where I<" KA = KR:: Kr is the 

gain of the JBC system. In the present open-loop case, the !BC system outputs 

were examined to see if. in the clOS€d-loop ~ase, they would provide the expected 

rOtor response attenuation of 1/(l+Kl. 

Flapping exci:atio:~ tests were run at advance ratios 0, 0.1. and 0.2using 

swash plate excitation frequendes w "' 0 to 0.250. Frequency spect~a a:~d a 

typkal flapping .:~cceleromet"'r time history from the tests are shown in Fig. 15. 

The swash plate excitation fr~.uency w appears in the rotating system as (O:!:w) 

where n is the rotor frequency. 

The first task concerned the perform3nce of the rotor flap mode state 

estimator, as desaib«i in Se<tioru 2 and 3. As the proposed IBC scheme involves 

feedback of flapping position, rate 31\d a~~leration, adequate perform,HKe of 

this portion of the <:l:lntro!ler would be indicated through comp.trison of similar 

measurements using $t':lSOrs other than accelerometers. Since the 412 rotor is of 

hinge!ess de-sign, flap position was recorded as scaled signals from a bending 

str;Un gauge located at 4.8~ of the rotor radius. figure 16 shows the tirne history 

from this strain gauge plotted above thl! flap displa~ement estimate from the 

observer. DiHeren~es in the two time histories can be explained through 

examination of the spe<tral ~ontent of the two sigMls. Figure 17, which differ 

primarily at frequencies above I /rev. Such vari.ation may be caused by the 

pMtidpation of higher out-of-plane modes in the gauge measurements, si.'ni.br to 

the effe~ts s~n in the tip accelerometer measurements of {\2). Further 

examination. of these daw show that the flap $t'nSOr is nearly identical to another 

flap bending gauge located at 1.7% of rotor radius, which suggests that the 

t.ensor at 4.8% radius picks up ill of the hub moment due to out-of-plane motion, 

and not just that from flapping (the lirst mode) alone. BaSl?d upon these 

arguments, the flap displacement esti:nator was deemed sufficiently acru:ate to 

warrant furL"1er investigation in a control system context. 

The next step of the valid.ltion process was the reconstruction of a 

feedback signi.l to cancel the pitch excitation.. This was done using a simple 

constant ga.in feedback, but through the full system of Figure H, in which 

individual flap position, rate and aCct!.leration estimates were gene:-ated for e.ach 

blade, and then summed to provide swashplate command signals. The$<? 

swashpl.:~te commands were then recorutruded to give the pitch signal that 

would be generated at the reference blade, and this is compared to the actual 

pitch exdtation in Figure lB. The similarity o{ the two <;UrVe$ shows that such a 

system would indeed act 10 reduce unwanted disturbances that would geneute 

excessive flapping response. Effects of altemat>! feedback strategies, and their 

inl1uenct! on other modes {sudt as Lag response) are discussed below. 

ll the simple feedback scheme of Figure 14 with KA = KR = Kp is used, a 

root locus for the resulting closed-loop dynamics can be seen in Figure 19. This 

plot shows that the oOserver poles ue not "o:mt:roilable" through variations in the 

feedback gain. K (as indkated by an exa~t pole-zero ~an~elbtion), a direct 

consequencr of the use of the predictive nature of the acreleration measurement 

in the recorutruction of the tla.pping state estimates. As a result, feedback Jaws 

may be designed that a.sswne full state feedback is present, without worry that 

the inclusion of an ob~rver will deteriorate the predicted full-state feedback 

design dynamic properties. In addition, two complex dipoles ue shown: the 

lower frequency, lightly damped pair represent the lag dynamio:s interaction 

with the flapping response, and the higher frequency, higher damping pair ue 
the original flapping dynamics, along with a complex zero introduced through 

the selection of the ratio of the three gain constants Kp, KJt,a.nd KA· Variatioru in 

the relative levels of these three constants would move this zero around the 

cotnplex plane, sudt that increase$ in total loop gain would have the open-loop 

flap dynamics asymptotically approach these zeros. !his behavior is very muc.h 

like an i..mplicit-model-foUowing design, where feedback is structured to make 

the open-loop dyn.arn.ics track a certa.in dynami~ beluvior. 

N. can be seen by the relatively small migration of the pole<s with feedba~k 

gain, this system (as modeled here) will be robust to gain variations with 11ight 

condition, and will~ the influence of the Lag dynamics on the flap motion as 

~ result of the pole--zero cancellation present for this mode. The disturbance 

response, due W L"1e dO$<? proximity of the zeros near the flapping mode poles, 

will have quite similar dynamics to the open· loop behavior, but at a significantly 

lower amplitude. This result is further coniinned by examining the flapping 

re-sponse of this system to a step aerodynami~ disturbance at a moderate 

fredback gain !eve!, shown in Figure 20. It can be seen the response diminishes 

the os.cil!atory behavior from the lag coupling., while reducing the net excursion 

level by 1/0+KJ. 

10. HELICOPTER VTBRATION ALI.EVIATION IS 81 

!n the IBC bending control system, Figure 21, measurements of blade 

flat...,ise motion in inerti.a.l spact!, using four blade-mounted acceleromet~rs. <'lre 

used to determine blade bending acceleratio;~, estimated velocity, and 

displa~emen.t signals for each blade, (see Se<::tion 2), and these signJls are 

combined to genera til inputs to the swash plate actuators; in the closed-loop 

system these input:s would provide helicopter blade bending attenuation, with 

resulting vibration alleviation. Sinct! the first blade 11atwise bendi.ng mode is a 

rnajor ~ontributor to rotor \ibration, alt{'!'at:ion of the dynamics of this mode can 

sul:>stantially reduce helicop«eT vibration, as shown in Figure 22, taken from !16!. 

Further dlscus.sion. of measurement of blade flatwise motion is conLlincd 

in !17). The reference presents compa.risoru of blade first mode b<!nding 

displacements as estimated by blade-mounted accelerometers and blade

mounted strain gauges, as shown in Flgu .. 'l! 23. 



11. 51J}1'MARY ANDCONC!UDIN<j REMARKS 

During the period 1977 • 1985 extensive theoretical and experimental 

research was conducted .lt MIT on helicopter Individual-Blade-Control (!Be>. 

The experimental portion of this research consisted or wind tunnel testing of 

SmJJI models. The next phase of the research was conducted under a cooperative 

agr~ment with Ames Research Center, NASA, and involved full·size flight and 

wind tunnel testing of a Sikor$ky Black Hawk and a Bell Model412 respeaively. 

These open·loop tests occurred in 1987 and 1990. Unfortunately, due to external 

constraints, both tests were small adjuncts to much Larger unrelated tests. To this 

date no clo~d-loop tests have been conducted. However, considerable new 

knowledge of lBC system components was acqu.ired. 

The unique characteristics of me c.m be summarized as follows: 

I. Individual control of the lift on each blade, or a portion thereoi, by 

such means as conventional blade pitch, partial-span flap or flaps, iocat or 

dis:ributed cir<:Ulation controL or "smart structures"'. 

2 An inner feedback control loop around each blade jn thg rotating 

~- Specialized complete-vehicle functions can be achieved by outer loops. 

which can operate at high gain since blade stability is ensured by the inner loop. 

3. Item (2) can Qn!.x be achieved by the use of individual sensors on each 

blade, such as accelerometers. 

Accelerometers offer many advantages as sensors in the rot.1ting system. 

Their use is well--establishe<i in the suppression of high·fre-quency flutter and 

vibra::ion info:.«< ;o,ing airaafl The accelerometer signal c.m be integrated once 

am! twice to obtain high·fidelity rate and displacement estinutes. 

4. Control in the time-domain; this approa.ch eliminates the need for 

harmonic analysis or filtering found in HHC systems, with their corresponding 

lags and inability to follow rapid transients such as tho~ found in helicoo:er 

maneuvering flight. Also, control of the stability of various blade m~es 
becomes possible. 

The future of JBC can be swnma.rized as follows; 

1. Helicopter blades will utilize blade-mounted sensors, probably 

accelerometers, as Individual-Blade-Sensors (IBS). This will be true for both 

swash-plate contro!IOO and Individual-Blade-Control rotors. 

2 lniti<~l IBC rotors will probably embody extensible pitch links 

supplemental to the conventional swash plate. 

3. Later IBC rotors wiU utilize local blade lift changes resulting from 

partial span flaps, circulation control, or deformable structures. 

4. It is possible that the many advantages of IBC will lead to a return to 

three-bladed rotors having IBS and a conventional swash pl.1te for Stn:.\11 a.,.,d 

mediuzn helicopters, <~nd coaxial three-bladed rotors, each with its own s"'·ash 

plate. for large helicopters. 
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