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TECHINOLOGY FOR THE FUTURE HELICOPTER

Professor Norman D. Ham
Massachusetts Institute of Technology

ABSTRACT
The history, principles, and applications of helicopter individual-blade-
contrsl are described, with particular reference to MIT research in the area from
1977 to present.
The emphasis is on wind tunnel and flight testing of full-size rotors since
1986. IBC applications considered are flight stabilization, gust alleviation, lag
damping augmentagon and vibration atleviation.

Future work on [BC will be briefly outlined.

1. IHTRODOCTION

The concept of Individual-8lade—Control (IEC) eckbodles the control of
brsasband electradnizaulic actustors attached ta each blade, usfng signals
freo sensors moumted on the blades to awply apprepriate aontrol coowands
to the actuatora. Yote thaz I involves not enly contrel of each blade
Indeperdently, but also a fesdbgck loop for esch blade in the rotating
frase. In this manner it becomes possible to reduce the severs cffects of
atmospneric turbulence. retreating blade stall, blade—vortex interaction.
blade—fuselage rerference. and bdlade ond rotor iInstabiiities, while
providing irproved performance and flylng qualities {1-10].

It iz evident that the IEC syptem will be most effective I ib fa
corprised of several eub—uyywters, sach controlling a specific mode. e.g..
the blade flapping mode, the first blade flatwise bending mode, and the
first blade lag moce {3}, Each subrsystens operats in its appropciate
frequency band.

Conadder the =odal equaticn of motion
25 + e » kx m PCE) + AF ()

where the modal cortrol force af fa

AF = - Kymh -~ Kk - Kohx 2
Then mestituting (2) Inte (1)
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For the case Xy « Ky v Kp = K
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and the modal respenne 19 atzenuared by the factor 1/7(1+k} shile the sodal
carping and natural frequency are unchanged.

For tedal danping augmentaticn, only the fate feecback 4F « -Rgex i
required,

The confiquration conaidered in [1-71 esplove an ndividual actuator
and mulriple feschack loopa to cmerol each blade. These actustors and
feednik loops rotate with the blades and, thezefors, a conventicnal ssash
plate is not vequirsd. Bowever, same applications of individual-plade-
contrel fan be achieved Dy placing the actuarora It the non-rotating system
ard controlling the plades throogh & conventicnal gensh plate as described
in Seczion § and in (3.

The followlng secticas descsibe the degign of a4 system controlllng
blacke flapping, bending, and lag dyramics. and related testing of the
aysten on a bodel rocor In the wing umnel. The contrel inpats considered
are blade pitch curges proportional to blade flapping and bending
acceleration, velocity. and displacement, snd lag velosity.

Alzo presented are preliminary flight test resulta f{reo a Black Hawk
helicopeer naving two flanwise-oriented acceleromecers monted on ne
blade. Thege open-locp results are tO be used In the dodign of an active
control System for roeor qust alleviation and attitude stabilization.

2, DESTRODNATION OF BLADE MOCAL RESFOMSE

from Figurea 1 and (51, the blade flatwise acceleration at stacion r
doe to resgonse of the first bwo flatwiss modes is ’
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Then, for accelertmeters zouted at ry, Iy, Fy. and 7,
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Then the flatwipe modal Tesponses are glem by

R o« nlp

Moce thot the elemsnts of K% are dependent only upn blade epamvise
station. roter retation speed, and bending mode shape. l.e.. they are
Independent of flinhe condition.

Similacly. the blade lag acoeleration at seaticn r doe L0 response

[ of the first lag mode can be shown to De (6]
L “‘%'E“gﬂ’r

shere ¢, 1 the sponwise location of the lag hinge. Then for

accalermeters roarted at £y and €4

51.1 tr,-e) anz r

- 2
ALZ (tyzp) &0 ¥
in patrix notacion A K ' Ry
The lag moxial responses are glven by
L Kf..-l "
Sirce the elesenta of N0 and X470 are Indeperndent of flight
corndition, the solution for a desired modal response Involves enly the
mrmation of the products of sponwice acceiercaeter signals and their

corrempondlng constant matrir elewents by an analeg or digital device, bece
called a polyes.

3. TOENIIFTCATION OF MICAL BATY RESPOUEE

ensider the block diagram sbown in Figure 1. For sodal acceleratl
I and mdal dieplacement z  determined as above for any mode, this
dlagram represents the followlsy filter eqpmtions from [7.91:

A
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where the hacted gquantities are estimated valves, and Ky and K, are

constant. Writlng the estimticn error as
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and differentiating equaricon (3) with regpect to time, there results
1 A
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Substituting equation (4} into equatdon ($).

A A 13}

equation (¢} becomea

E'K:é’&e-o [4)]

Thia expressicn represents the dynamics of the estimtion error. The
corresponding chagacteristic equation is

S agper - G

The bandwicth and damping of the estimation proceaz are detarsuned Iy She
choice of the congrants X, and K.

Since the ejements of the filter shown in Figure 1 axe independent of
flight cenditien, the estimtion of rodal rate response fvolves only the
integraticn of the products of constants and the measured modal responses
by an andlog oc digital dev{ce. here called a McKillin filver. Hote that
an Irproved estimate of the modal displacement X 18 also cbtained due to
the dxble integration of modal acceleraclon ¥ embodled In the fllter,
Alsn, note that no knowledge of the rotor or ita flight condition s
required in designing the f£ijter.

4. FORM CF THE 0, CRMISOLLER

As discussed in the Introduction. the modal conrroller voltage oot
to the blade pitch actuator 18 proportionsi to mochl acceleration, Mate.
and dizplacerenc:

Vo K - Kok - Rpx

where Kp. Rg, and Xp are constants and thezefore independent of £1lghe
eordition.

For oodal darping avpmentaticn only,

v G

3. MORL COMTTOL BY DOTVIDUAL~ BLADE- OONTROL (T2C)

he solver. McE{ilip filter, and controller described In Sectims I-4
are cosbined to form the IBC systen fof a given tode. The coebined
functicns of the solver and the McXillp filber are here cailed the
*chgerver”. Sam appllcaticns are Sescyibed Delow, fncluding &xperizenzal
reaults obtalned ateMIT from a four-foot-dlameter wind tnnel sodal rocor,
uaing I2C.

PRefereree (3] descsibed the applicaticn of INC o helicopter qust
alleviation. The feedhack blade pitch control was proportional to blade
flapping acceleration and displacerent, l.e..

B KL
o

A bieck dingran of the control Syetem la shown {n Figure J.  Hote that each
blade reqiizes only two flatwise-otiented blade—wounted accelercmeters.

Figure 4 shows the affect of Incressing the open—300p gain X upon the
I8¢ qust alleviation systes Pperformance. Hote that the egerizental
reduceion in gust-induced flapping response la In accordance with the
theoretical closed-loop gain L/ {I+R).

The Lock nuzber of the model blade was 3.0. for a full alze rotor.
the increase in dwmping due te the Ixcrease In Lock maber reults In the
flapping at excitation frequency beceming the dominant response. Also.
with increased blade dampipg it becores possible to use higher feechack
gain for the same stabillry level, and aa a consequence the DIC sysen
pecfotwance izproves with increasing Lock msher.

Pollowing the mecessful alleviation of gust disturbances using the
NG gysten, Reference {3} showed the theoretical equivalence of blade
flapping respense due to atmospheric turtulence and that due to other low-
frequency distycbances, e.g., heliooprer pitch and rell attituder therefore
these disturbances can alse be alleviated by the IRC system, 28 =hown in
(8], to provide hellcopeer attitude stabilimatich.

M NTR N, A A

The preceding sections have demonstrated that the use of blade-mounted
aceeierometers 43 sensors makes possible the control of the fapping, flatwise
bending, and lag modes of each biade individually. This coniro!l technique is
applicable to helicopter rotor gust alleviation, attitude stabilizadon, vibration
alleviation, and lag damping augmmentation.

For retors having three blades, any arbitrary pitch time history can be
applied to each blade individually using the conventional swash plate. Rotors
with more than three blades require individual actuators for each blade for some
applications; fot & rotor with four blades, othet applications such as gust
alleviation, attitude stabilization, vibration alleviatien, and 1P lag damping
augmentation can be achieved using a conventional swash plate. as shown in (8},
The summations of individual blade sensor signals required o obtain the swash
plate collective and cyclic pitch components provide a filtering action such that
only the desired harmonics OP, 1P, 3P, 4P, and 5P remain after summation, ie.,
no specific harmonic analysis is required.

Since ail sensing is done in the blades, no transfer matrices from non-
rotating to rotating system are required; therefore no updating of these matrices
is required, and na non-linearity problems result from the linearization required
to obtain the transfer matrices. Also, blade state measurements allow tighter
vehicle control since rotor control can lead fuselage response: this lead should
provide more effective gust alleviation and permit higher contrel authority
without inducing rotor instabilities than would be possible without rotor state
feedback {11].

i PPE AN B 2

The objective of the flight measurements was to cotnpare flapping
estimated using the root and tp acceleration measurements with that predicted
by a simpie rigid-blade model, and with that measured by 2 root-mounted
flapping transducer.

Time histories and frequency spectra of the two accelerometers for an 80
k. level flight trim condition of the UH-60A helicopter, Figure 5, are shown in
Figures 6 and 7. Multiple harmonics of rotor speed (4.3 Hr) are evident in the
record, with 1P and 3P contributions being particularly strong. [n order to
estimate fapping for putposes of controlling flight dymamics, only the lower
frequency responses at 0-1P are of interest, The anatysis of [12] indicated
significant IP tip accelerometer response due to bending contributions to the
local values of blade slope and blade acceleration, which together determing the
hip accelerometer Tesponse. This was not the case for the root accelerometer.

The results suggested that blade (-1P {lapping estimation <an be
accomplished by using two inboard accelerometers to minimize the blade
bending contribution to the accelercmeter signals, Alternatively, the blade
flapping and bending response can be determined by using four spanwise
accelerometers and the methodology of Section 2 to solve for flapping and/or
bending response.

The knowledgs obtained from this st led o the use of two bladeroot
mouated acceleromerers in the Bell Model 412 wind tunnel tests described below.

Wind tunnel testing of the Model 412 rotor {Fig. §) produced
measurements of blade lag motion in inerual space for all four blades, using
blade-root-mounted accelerometers, In the I1BC system, Figure 9, these
measurements are used to determine blade in-plane acceleration, estimated
velosty, and displacement signals for each blade, and these signals are combined
to generate inputs to the swash plate actuators; in the dosed-loop system these
inputs would provide helicopter blade in-ptane damping augmentation.

Initial tests were open-loop, i.e., the output of the [BC systerm was not
connected (o the swash plate actuators. However, considerable insight into the
osed-loop performance of the IBC system was obtained from the open-loop
esting, as described below.

Recorded open-loop accelerometer signals were used as input to the [BC
system of Figure 9 in the Jaboratory. The resulting cyclic controf outputs are then
compared with the desired closed-loop control displacements under the same
disturbed test conditions.

The test disturbance was Sinusoidal longitudinal (or lateral) displacement
of the cyclic controls, This technique has been used successfully in the past {14,
As shown in [10], the closed-ioop damping of blade lag mation is augmented by
feeding back the lag rate to blade pirch,
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Lag excilation tests were run at advance ratios 0 and .10 using swash plate
excitation {tequendes o given by O-w = 0.9 wy, to 1.10 w. A typical lag response
time history and frequency spectrum from the tests is shown in Figures 10 and
1L The swash plate excitation frequency w appears in the rotating systems as (2
% w) where Q is the rotor frequency. Atlag resonance 2- (= wf,.

The analog data were then used 1o find the lag response characteristics of
the Model 412 rotor to swashplate oscillations at discrete frequencies. Data
records from 10 to 40 seconds were collected from the 8 accelerometers at each
fixed excitation frequency to eliminate transient contamination of the esmales.
Comparison of the lag sensor and the reconstructed lag signal from the observer
in Figure 12 shows surprisingly good agreement, verifying the measurement of
ToLor states using blade-mounted accelerometers,

The final control system evaluation step concerned the fnvestigation of the
disturbance rejection capability of the control system ¢lesign. This was achieved
through cemparison of the rotor pitch excitation used in the open-toop testing
with the calewlated rotor pitch to be fed back from the controller. Should these
two signals cancel, one may infer that any other disturbances that would cause
lag excitation could also be reduced through control of blade pitch through the
swashplate. Figure 13 compares the pitch excitztion measured on one of the
blades with the pitch feedback signal from the controller. This feedback 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 frame reference. The two curves can be seen to have similar shape, with
the feedback signal slightly delayed due to the phase lag inherent in the filtering
process.

9. BLADE FLAPPRNG MOTION CONTROL, FROM BELL MODEL 412
WIND TUNMEL TESTS {15]

Wwind runnel testing of the Model 412 rotor {Fig. 8) in 1550 produced
measurements of blade flapping motion in inertial space for ali four blades, using
reot-mounted acceierometers. In the [BC system, Figure 14, these measurements
are used to determine blade flapping acceleration, estimated velocity, and
gdisplacement signals for each blade, and these signais are combined to generate
inputs to the swash plate actuators; in the closed-loop system these inputs would
provide helicopter attitude stabilization and gust alleviation [8).

Initial tests weze open-ioop, ie., the output of the IBC system was not
connected to the swash plate actuators. However, considerable insight into the
closed-loop performance of the IBC system was obtained from the open-loop
testing, a5 described below.

Open-loop accelerometer signals recorded digitally were used as input to
the TBC systermn of Figure 14 in the laboratory. The tesubting cyckic control
outputs are then compared with the desired dosed-loop control displacements
under the same disturbed test condigons. In-plane test data were presented in
Section 8. The present section will present the flapping data in a similar manner.

The test disturbance was sinusoidal longitudinal {or lateral) displacement
of the cyclic controls. This technique has been used successfully in the past {14},
As shown in Section 1, the closed-loop response of the rotor Gp-path-plane to any
disturbances is attenuated by the factor 1/{1+K) where K = K, = Kp = Kp is the
gain of the 1BC system. In the present open-loop case, the [BC system outputs
were examined o see if, in the closed-loop case, they would provide the expected
rotor response attenuation of 1/(1+K),

Flapping excitation tests were run at advance ratios 9, 0.1, and 0.2 using
swash plate exdtation frequencies @ « 0 to 0.25Q0. Frequency spectra and a
typical Mapping acceleromerer time history from the tests are shown in Fig, 15.
The swash plate exdtation frequency w appesrs in the rotating system a5 ((2w)
where {2 is the rotor frequency.

The first task concerned the performance of the rotor flap mode state
estimator, as described in Sections 2 and 3. As the proposed 1BC scheme involves
feedback of Aapping position, rate and acceleration, adequate performance of
this portion of the controller would be indicated through comparison of similar
measurements using sensors other than accelerometers. Since the 412 rotor is of
hingeiess design, Nap position was recorded as scated signals from 2 bending
strain gauge located at 4.8% of the rotor radius. Figure 16 shows the time history
from this strain gauge plotted above the flap displacement estimate from the
observer. Differences in the two time histories can be explained through
examination of the spectral content of the twao signals. Figure 17, which differ
primarily at frequencies above /rev. Such variation may be caused by the
partidpation of higher out-of-plane medes in the gauge measurements, similas to
the effects seen in the p accelerometer measurements of {12 Further
examination of these data show that the flap sensor is nearly identical to another
flap bending gauge located at 1.7% of rotor radius, which suggests that the
sensor at 4.8% radius picks up all of the hub moment due to out-of-plane motion,
and not just that from Napping (zhe [first mode) alone. Based upon these
argurments, the flap displacement estimator was deemed suffidently accurate to
warrant further investigadon in a conwol System context,

The next step of the validation process was the reconstruction of 3
feedback signal to cancel the pilch excitafion. This was done using a simple
constant gain feedback, but through the full system of Figure 14, in which
individual Rap position, rate and acceleration estimates were generated for each
blade, and then summed to provide swashplate command signals. These
swashplate commands were then reconstructed Lo give the pitch signal that
would be generated at the reference blade, and this is compared o the actual
pitch excitation in Figure 18. The similarity of the two curves shows that such a
system would indeed act to reduce unwanted disturbances that would generate
excessive flapping response. Effects of alternate feedback strategies, and their
influence on other modes (such as lag response) are discussed below.

If the simple feedback scheme of Figure 14 with Ky = Kp = Kp is used, 2
root locus for the resulting closed-loop dynamics n be seen in Figure 19, This
plot shows that the observer poles are not "controllable”™ through variations in the
feedback gain K (as indicated by an exact pole-zero cancellation), 2 direct
consequence of the use of the predictive nature of the acceleration measurement
in the reconstruction of the fapping state estimates. As a result, feedback laws
may be designed that assume full state feadback is present, without worry that
the inclusion of an observer will deteriorate the predicted full-state feedback
design dynamic properties. In addition, two complex dipoles are shown: the
lower frequency, lightly damped pair represent the lag dynamics interaction
with the flapping Tesponse, and the higher frequency, higher damping pair are
the original flapping dymamies, along with 2 complex zero introduced through
the selecton of the ratio of the three gain constants Kp, Kp.and Ka. Variations in
the refative levels of these three constants would move this zero around the
omplex plane, such that increases in total loop gain would have the open-loop
flap dynamics 2symprotically appreach these zeros, This behavior is very much
like an implict-model-fotlowing design, where feedback is structured to make
the open-loop dynamics track a certain dynamic behavior.

As can be seen by the relatively small migration of the poles with feedback
gain, this system (as modeled here) will be robust to gain variations with flight
condition, and will [essen the influence of the lag dynamics on the flap motion as
a resule of the pole-zero cancellation present for this mode. The disturbance
response, due to the dose proximity of the zeros near the flapping mode poles,
will have quite similar dynarnics to the open-loop behavior, but at 2 significandy
lower amplitude. This result is further confirmed by examining the flapping
response of this system to a step aerodynamic disturbance at a moderate
feedback gain level, shown in Figure 20. It can be s¢en the response diminishes
the osgillatory behavior frotn the lag coupling, while reducing the net excursion
lewe! by 1/(1+XD.

10, HELICOPTER VIBRATION ALLEVIATION [, 81

In the IBC bending control system, Figure 21, measurements of blade
Aatwise motion in inertial space, using four blade-mounted accelerometers, are
used to determine blade bending acceferatien, estimated velocity, and
dispiscement signals for each blade, (see Section 2}, and these signals are
combined ¢ generate inputs to the swash plate actuators; in the closed-loop
systern these inputs would provide helicopter blade bending attenvation, with
resulting vibration alleviation. Since the first blade flatwise bending mode is 2
major contributst to rotor vibration, alteration of the dynamics of this mode can
substantially reduce helicopter vibration, as shown in Figure 22, taken from {16].

Further discussion of measurement of blade Natwise motion is contained
in [17). The reference presents comparisons of blade first mode bending
displacements as estitmated by blade-mounted accelerometers and biade-
mounted strain gauges, as shown in Figure 23.
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3 2 MARK

During the period 1977 - 1983 extensive theoretical and experimental
research was conducted at MIT on helicopter Individual-Blade-Control (1BC).
The experimental portion of this research consisted of wind tunnel testing of
small models. The next phase of the research was conducted under a cooperative
agresment with Ames Research Center, NASA, and involved fuli-size flight and
wind tunnel testing of a Sikorsky Black Hawk and a Beil Model 412 respectively.
These open-loop tests ocewrred in 1987 and 1990. Unfortunately, due to external
constraints, both tests were small adjuncts to mach larger unrelated tests. To this
date ne ¢losed-loop tests have been conducted. However, considerable new
knowledge of IBC system components was acquired,

The urique characteristics of IBC can be surmmarized as follows:

1. Individual control of the lift on each blade, or a portion thereof, by
such means as conventional blade pitch, partial-span flap or flaps, local or
distributed drculation contral, or *smart structures”.

2 An inner feedback control loop around each blade in the rotating
system. Specialized compiete-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 gnly be achieved by the use of individual sensors on each
blade, such as accelerometers.

Accelerometers offer many advantages as sensors in the rotating system.
Their use is well-established jn the suppression of high-frequency flutter and
vibradon in fixed wing aircraft. The accelerometer signal can be integrated once
and twice to obtain high-fidelity rate and displacement estimates.

4. Control in the time~<jomain: this approach eliminates the need for
harmenic analysis or filtering found in HHC systerns, with their corresponding
lags and inability to follow rapid transients such as those found in helicopter
maneuvering flight. Alse, control of the stability of various blade modes
becomes possible.

The future of IBC can be swmnumarized as follows: )

1. Helicopter biades will utilize blade-mounted sensors, probably
accelerometers, as Individual-Blade-Sensors (IBS). This will be true for bath
swash-plate congolied and Individuai-Blade-Control rotors.

2 Initial IBC rotors will probably embody extensible piteh links
supplemental to the conventional swash plate.

3. Later [BC rotors will utilize local blade lift changes resulting from
partial span flaps, drculation control, or deformable structures.

4, Itis possible that the many advantages of 18C will lead o a return to
three-bladed rotors having IBS and a conventional swash plate for small and
medium helicopters, and coaxial three-bladed totors, ezch with its own swash
plate. for large helicopters.
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ﬂﬂ:-.u 14, Schomatic of Flapping Cantrol Syslem Uriag the

Swath Plater  Four-Eladed Rotor

ROTATING SENSOR DATA FOR INDIVIOUAL BLADE CONTROL

BLADE YOKE FLAFTHG ACCELINATION
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Figure 16.Com of Flap Gy, with Flap Estdmate, Hover.
gare parison P ge Slgnal

23 \\lil&
1
[X]
& 1
LX)
o
a3 /E apral favered & o)
h () ) % < £ .a W (3
Avieons Mty

Fgure 14 Measured and Conrol Syriem Feedback (Trorerted) Fiich Angles.

FAgure 17. Comparison of Firp Gaugr and Flap Esdoum Specora,
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Flgure 19. Root logus for flap cvode feedbade: Xa=Kp=Kr=K.
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Figure %0, Open- wid dowed-koop dliturbance 1hep rerponse, flap tnode

feedbada KanKz-Kee K.

Figure 21, Schemzlic of Bending Coantrol Systea UsSng ibe
Suash Plate: Tour-8laded Rotor
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Figure 22, [ffect of Blade Bending Mptification Factor on Hanimm

Coctplt Yibration Level

Spectnad Mognilude Comparison: Bending Mods Resoastruction Feom Blady Sensoc Signals
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Figure B.Comparison of Bending Response Spectral Components:
Strain Gauge-Baced Estimates / Accrleromeler-Based Estimales
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