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fhstract

A simnle scheme for estimeting the state wvariables of a helicopter rotor
is presented. The method incorporates the use of blade-mounted acocelerometers
and/or position transdieers to reconstrimt modal displacements and velonities.
The design of the observer structure and feedback gains is simplified by the
fact that the method requires only hnowledge of basic kiremmtic relationships
between the wvarjous wndal guantities. The observer sitructure described is
particularly well-suited to control problems wiwre the use of a traditional
KEalman Filter approach would be too cowplex or ocostly. The technique can be
viewed as descreasing the requirements on chserver comnlexity while inoreasing
the meed for an enhanced sensor complement.

1. Imtrodoction

Recent efforts to apply actiwe control technology ic rotary wings have
shown promise in reducing response to atmospheric turbulence, retreating blade
stalli, wibration suppression, blade-fuselage inteference, armd flap-lag modal
damping enhancement [1-7]. These applications have all nsed the method of active
pitch control to produwe counteracting aerodynamic forces on the rotor blades.
The methods for generation of the control actwvation, however, can be divided
into two fundamentally different approaches, either Higher Harmonic Control
{HHC), or Individusl Blade Control {IBC). HHC has traditionally been applied
almost exclusively to vibration reduction [3,7], where integral multiples of
rotor rotational freguency are appropriately scaled and phase shifted so as to
generate pitch commnds, either open— or closed-loop, that approximately cancel
the harmonics of vihration passed down from the rotor to the fuselage. IHC has a
iarger mmber of potential applications {i-4], since it inwives the use of
actuators and sensors on each blarde to control the pitch individually in the
rotating frame of reference. This latter approach is essentially a "broad band”
control of the rotor bhlade dynamics, as opposed to the HHC limitation of
discrete frequency disturbance suppression, and thus is also capable of
modifying each blade's aeroelastic stability, wmodal damping and modal

frequencies,

Controlier design for the IBC system is most easily done using a
state-variable {or “mpdern” or “optimal") control approach; dee to the fact that
it can easily handle the many interacting rigid and elastic degrees of freedom
present in any rotor system, as well as any periodically time—verying parameters
[1]. The consequence of using such a design technique is that one is regquired to
feed back a linear corbination of all of the state variables to the econtrol
input. This often cannot be accomplished because all of the state variables are
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rarely available for measurement. Instead, the controls empinser must resort to
using estimaies of these states produced from an “cbserver”. fn cbserver is a
dynamic element that takes the sensor sigrals as inputs and produces state
estimates as outputs. The form of the observer is intimately related to the
particular complenent of sensors available, and often comprises the npst conplex
part of the controller structure.

The instrumentation used to measure the rotor states and/or responses
varies from application to application, but appears to be strongly related to
the type of rotor control system employed. In the case of HHC systems, these
measurerents are often made at severa)l fuselage locations about the aircoraft,
with the assumption that the vibratory loads wvary linearly with changes in
harmonic pitch inputs, This approach requires; for mst cases; an empirical f£it
to response data in order to account for the effects of rotor inpedence and the
complex interactions present in the rotor wake. In the case of IBC systems,
however, ithese measurements are made in ithe rotating frame of reference, since
the feedback loops for this type of control are arpund each blade individoally.,
This has the advantage of not requiring an accurate representation of the
fuselage stroctwre and rotor impedence; and posesses the attractive property of
placing the measwrement at the sowce of the disiwbance. The increase in
potential applications for IBC is accompanied by a more severe estimetion task,
though, since estimates of the blade’s modal displacenments and welocities are
required for feedback contrpl.

The design of ohservers for estimeting rotor state variables is
currently a topic of active research {1,8-12]. lbost of these designs use a
Ealman filter-type stricture, vwhere a methemtical mdel of the system dynamics
being ohserved is forced by the error between the actual measurements and their
predicted veloes. A full Ealmen filter is rarely used, as it requires an
a-priori koowledge of the random processes perturbing the rotor system, a
knowledge of the strunture of the noise corrupting the measurenents, and the
exact model of the plant dynamics relating the various physical quantities,
Given the complex dynamic and aerodynamic environment of mnst helicopter rotors,
this proves tc be too great a demand on mmethematical modeling ability.
Approximations are mede in the representation of the plant dynamics or in the
assumptions aboui the signal content of the avaiiable sensors.,

Recent work on applications of Individusl Blade Control to high advance
ratio rotor control [1] bromght forth a novel and extremely effective technigque
to estimate the missing state variables of a complex, periodically time-varying
system. By incorporating an accelerometer within the observer stroctire; it was
possible to accwrately estimate the missing states of the system using a
constant-coefficient dynamic element. Alsn; sinoe the acsceleroweter signal was
used to "force” the observer, an accurate model of the blade dymamics was not
necessary,. Hovever,; this form of observer does require a good description of the
sensor dynamics {if present} amd modal content of each sensor's output signal
over the bandwidth of its response. The sigmificance of the form of the observer
is best appreciated after noting the difficuities present in attempting a
stamndard application of Ealmen filter theory to the problem,
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2. Traditional State Estimation

Consider the linear time-varying state vector representation of the
dynamics of an individual rotor blade as:

x{t) = Af{t) x{t) + B{t} ut)

B(t)

x(t) = | B{t)
g{t)

L g{t)
represents the state vector containing the flapping position and velocity {B{t)
and ﬁ(tj), and the first elastic bending mode displacement and welocity (g(t)

and g{t)), and u{t) represents the blade pitch control input {#{t)}. A{t) is a
x4 matrix of tire—varying coefficients from the blade egquation of wmotion, and
B{t) is a 4xl matrix of the time-varying control effectiveness. Observer theory
{cf vhich the Kalman filter is a special cas2} incorporates the concept of
negative feedback to force the errors in the state estimates to approach zero
exponentially with time. This is done by driving a model of the system with an
input proportional to the difference between the actwal measurements and the
pradicted measurenments based on the cwrrent state vector estimate. If ome
represents these nmeasurements as:

y{t) = C{t) x{t) + D{t} u(t)

then the cbserver has the form:

1l

x(t} = A{t)x(¢) + B{t)ult) + K(t)[ v{t) - C(t)%(t] - D(t}ult) ]

e
x{t} [ A{t)-R(t)C{t) Ix{t) + [ B{t)-E{t)D{t) Ju{t) + E{t})y{t)

where the “hatted” quantity indicates an estimate of the state vector. The
choice of the matrix K{t) determines the speed with which the estimation errors
are reduced, and depends upon the noise statistics for case of the ERalwan
filter. Note that the observer has two parts: the first provides a prediction of
the rate of change of the state vector by simalating the system egquation of
motion, and the second provides some corrective action based wpon the error
between the actual sensor's putput and the expected value based on the current
state estimte.

H

The instrurentation proposed for the IBC wvibration contral system
consists of a series of blade mounted accelerometers, with their sensitive axes
oriented perpendicular to the blade surface. fis shown in figure 1, this
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partiocular installation of the accelerometers resnlte in their output bheing
proportional to out—of-plane displacerment as well as acceleration, due to their
orientation in a centrifopgal foroe field, Since flapping and bending wmode
atceleration are not state variables but time derivatives of state wariables
{i.e., time derivatives of wmdal velocities); one wmast represent each
accelerometer's signal content by incorporating the system dynamics in the
observation matrices. Thus, for an accelerometer that senses the ecowhination:

accel{t) = HI (t} + H2 x{t)
onz can reconfigure this to be:

accel({t} = Hi x(t) + H2 { a(t)x(t) + B{t)u{t) }

accel{t) = { H1 + H2 A(t] } x{t} + { B2 B{t) } u(t)

This is indeed an unfortunate situation, for now the representation of
the signal content of the sensor depends intimately upon the mylelirng accuracy
of the dynamics. This constraint can weke the design of a suitable control law
for active helioopter rotor vihration control extremely difficult;, doee to the
complex flowfields and structural nonlinearities often present in such wehicles,
as well as the periodically-time—varying nature of the individuoal blade dynamics
in forward flight.

3. KEinewatic {(bservers

Fortunately, a way around this problem is possible by reformlating the
emmtions representing the system dynamics. If one considers the blade dynamics
from the previous example, we can reformiate the equations of motion as:

Bit) 1 oxoo} B{t) [o o] . [oo .
lﬁ(t)|= 00 o0 0| ﬁ(tzl+|1 QEI‘Btt)I*ilo ["’1“'
E?(t)} =0 O 0 1 1 l?tt‘i }O O}lg(th }G O WE{t)l
fg{t} ] 10 0 0 0fig{t)] [0 1} 1o 1}

vhere we have used wlft) and wz{t) to represent ficticious exterpal

disturbanpes. This equation represents nothing wore than the knowledge that the
position of the blade is the double integral of the acceleration applied to it.
If one has knowledge of what this acoeleration is {as we do, given that we are
using accelerometers for measurement), one can consiruct an observer for this
system that has a form dependent only upon the kinematics of the propess being
pbserved. This is acconplished by including the observation equation:
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I B{t) ] [
li. 1 V(f)
= [osteljan [+ [o0] [
. i :
{ g{t}) ]

into a standard Ealman—filter type of observer, where we have assued mpdal
position measurerents are also available, and where we are using ul(t) arxt vz(t)

to represent measurement noises. By trading off the relative strengths of the
process and measurerent noise covariances, one can control the bandwidth of the
observer dynamics for each wode independently. The net result is simply the
double integration of the acceleration informetion, with the bias errors in the
velocity and position estimates driven to zero through feedback of the
displacement estimation error.

The significance of this approach needs to be erphasized. By redwcing
the state estimation problem to a constant ceefficient dynamical form,
generation of modal rate estimates can be accomplished with relative ease. This
allows the use of modern, multi-input/miti-output control law design techniques
for rotor control with no penalty on the munber or types of state feedback gains
required. One does not even need to simaltaneously estimate the dynamics of the
lover-order modes, since all that is needed is an accurate measurenment of the
particular modal acceleration and position. This can be achieved by providing
two sensors {at least one of vhich is an accelerometer) for every mode of
interest, starting with the lowest wode. Thus, for the two-mode system described
abouve, four accelerometers will provide a unigue estimate of each modal position
and acceleration for use in the above observer structure. The selection of the
bandwidth of each modal observer is made by iterating on the process and
measurement noise covariance specifications, swh that the particular modal
natural freguency is well within the break frequency of the observer. If only
the higher frequency wmodal state variables are reguired, only one observer need
be implemented, but the requirenent on the mmmber of sensors remains the same in
order toc gqenerate a umigque measuwre of the higher mode's acceleration and
position.

4. Implewmtation Issoes

fi set of computer simzlations using this approach were rum in support of
some experimental work currently in progress at Princeton’s Dynamic Model Track.
Of specific interest were the various implementation isswes associated with the
choice of such an observer scheme. Sinpe successful application of Einemmtic
Observers in closed-loop control tasks depends upon accurate reconstruction of
the mydal displacements and accelerations from the given sensors, the influences
of sensor location, signal nonlinearities, asswmed node shape and choice of
ohserver bandwidth were investigated as they affect estimmtion error.

The placement of the accelerometers was chosen according to an
optimization procedure outlined in [13], where the condition mmber of the
measurerent metrix was minimized. That is, the content of the out-of-plane
accelerometers can be represented by:
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accel, ) irlnzaz}l(rl)mr... ... 1Bt

1 |
accel,, “ae 7y ({ry) S cos Blt) i
acoel, = are -es T An,(rg)/or ... g{t)
accel, J . vee vos nz(rq) glt) ]
uhere m and n, represent the rigid flap and first elastic bending modes of the

blade. The product of the inverse of the above mtrix with the fowr
accelerometer measurenents produces a unigue measuwrement of the two out—of-plane
mdal displacements and apcelerations, provided; of course; that the matrix is
nonsingular. The larger the condition nunber for the matrix, the wore nearly
singular the matrix is, and hence the poorer the measurement of the modal
acceleration and displacement become. Various bending mode shapes of increasing
order that all satisfied the bouwddary conditions were selected for the
optimization trials, ami a plot of the behavior of the fow optimm
accelerometer locations as a function of mde polymwmial order is chown in
figure 2. The general trend is that as the cuwrvatwe of the higher—-arder
polynomials shifts out toward the tip, so also does the set of optimam locations
for the hlade accelerometers. This result suggested that the observer may
exhibit stronger sensitivity to assumed mode shape than originally anticipated.
In order to gauge this sensitivity, the condition number of the wmeasurement
mtrix was plotted as each accelerometer was varied individually away from its
optimam location, shown in figure 3. The flatrness of the curves indicates that
precise sensor placement is npbot essential; as the condition nuwber does not vary
significantly with woderate placenent errors.

The second study considered the influence of nonlinearities present in
the actual accelerometer’s signal on the estimation accuracy of the observer. In
aorder to capture all of the possible nonlinear effects, two out-of-plane modes
and ore rigid in-plane mde were incloded in the simalation. A white noise
sexueEnce was used as the pitch input to excite the system, providing a
particularly challenging tracking task for the cbserver. The eqguations of wotion
used quasisteady aerodynamics with all coriolis cowpling terins included in the
inertial operators. The flap and lag wpdes were assumed rigid with a coincident
offset hinge, ami the out—of-plane bending wode satisfied both natural and
geometric bowmdary conditions at the root and tip; as well as orthogonality with
the rigid fiap mxde.

The non-linear accelerometier signals used in the siwmiation were:
accel(r,t) = ms(aﬁg—’g-) z + sin[ga:i)—)[ ms[{‘)ﬂze + r® - 2 + ri}z ]

P— 2(r,t) = n,{r)B(t) + nyfrig(t)

is the out-of-plane displacement, { is the rigid iag amngle, e is the offset
hinge length,  is the rotation speed; and r is the spanwise accelerometer
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location.

Comparison of the non-linear and linearized acoelerpweter signals for
the farthest outhoard acceleroneter is presented in figure 4. The two are quite
close, and produce almst eguivalent estimates for the bending mde displacement
and acceleration, indicating ithat the small angle assumpiion implicit in ihe
abouve measurement matrix is indeed valid. These were then used to provide an
estimate for the bending wode weloniiy, and the comparison of the “observed"
velocity amdd the actuml velocity geperated from the simmlation are shown in
figure 5. The velocity estimate tracks the actual state almost identically,
despite the “wnmmndelled" white-noise pitch disturbance.

Since the placerent of sensors was ot found to be gverly sensitive to
assumed bending mode shape, it was assumed that the coefficienits in the
reasurerent maetrix would exhibit similar robustness, As a check, the same
simulation data was used to produce estimates of the bending mode displacement
and acceleration, but with a higher order peolynomial used in generating the
elements of the sensitivity matrix given abowe., The results, shown in figure 6,
are quite poor, demnstrating that an acowrate representation of the hlade mpdal
properties is essential for the kinematic observer io prove successful. This
requirerent can be easily met by performing a few simple modal identification
tests wusing the instailed accelerometers prior to initiating any feedback
control or estimation tasks.

Finally, as a means of assessing the implications of considering only a
limited number of modal displacements, a Kinematic Observer was designed for
estimating the displacement and velocity of the rigid blade flapping mnde, in
the presence of wnmodeled higher modal participation. The previous flapping
phserver bapdwidth of S/rev was used, with only the most outhoard amd mst
inboard acceleromeiers incorporated initno the ZxZ measurerent mairix. Since the
pheerver hanlwidth extends beyvond the 3/rev natural fregeency of the secord
out—of plane mode, it was felt that this would severely limit the observer'’s
performance by introdiming significant errors into the reconstrimted Fflap
displacement and acceleration data. As can be seen in figwe 7, the flap
walocity is estimated gquite poorly, indicating potemtial sensitivity to "modal
spillover” problems; not wniike conventional cbservers.

3. Uontyol System Amlications

In order for EKinematic Observers to prowe useful in state wvariahile
control applications, it would be very desirable to be able to design them
separately from the feedback control gains, Fortumately, such is the case, die
to our fawvorable choice of system sensors. Since we are driving the
“prediction” of the mowial state variables by the actual measured acoeleration,
and since we are using position estimates to correct for any estimation errors,
the state estimates may be used with impmmity in any state-feedbach controller
design. Unlike the approaches of [8] and [8], this farm of observer makes no
approfimation in its representation of the eguations of nmotion, and thos the
estimation errors are wcorrelated with the system states. Put in other terms, a
feedback oontrol system that uses these state estimates will obhey the
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“spnaration principle” of wmiern control design; vhich allows the separate
design of a state feedback controller from that for the cbserver. fi simple
exanmple for a reduced-order problem will illustrate.

Suppose we have a8 trimeated obhserver for the first oot of plane hending

mde of ihe form:
a(t) a(t) £y -
[ [ ate) | P [ att) - ate)
g{t) g(t) ;

where i‘ and i‘ are the observer gains, and g{t) and g[t) are available for

masmemnt. I!‘ we wished to utilize these estimated states in a control law of
the form:
o ! a{t) | . {B[t) ]
-a -a .
0 "1 | gft}

o) - - [ 1, | gm]

g(t)

aft) ] -

0
g(t) b

we could analyze the dynamics of the closed-loop system by first defining the
estimation error as:

e(t) = x{t) ~ x(t)

and thus we get the aumgmented state dynsmics:

'g(t) r 0 1 0 0 . r:._:[['t) . r 0 0

s(t) | _ 1207Bky) {73y bgia) Boky Bokal darey 14 0 0 [ v,{t) ]
e (t) 0 0 RS B LD 1 © w,{t) I
e (+) 0 o . 0 | le {t) 'SR B
2( ’J ] 2 j ] 2 j 2 L ¥

where w, ard v, are the process and measurement nbise respectively for the

berding egquation. Of primary interest is the fact that the estimation errors are
uncoupled from the system dynamics, and thus the desired closed-lpop poles of
the state-feedback controller do not move. This mncoupling arises from the fact
that by using the actual mndal accelerations in ow observer structure we are
able to exactly predict the time variation in the state variables. Swch a result
should weke control systems using “hinematic observers” wmore robust than
traditionz]l Kalman Filter approaches. 8n example of such an application was run
as part of the above nmentioned simalations.

Since it was desired to simulate a closed-loop system using the abowve
pbserver stroctwre and contrel law, a distubance other than simple pitch
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excitation was used. Instead; a tip vortex encommter was simualated by imposing
a spanwise—cubic raised—cosine inflow distribution cver a portion of the disk on
the afvancing side. This "kick™ was sufficient to excite the first bending node
of the blade, as shown in the open-loop response plot of the bending
acceleration in figure 8. Then, the sare disturbance was simulated, with the
control system using feedback of the observed bending rate to the blade pitch
angle. The closed-loop response, shown in figure 9, shows a diminished bending
acceleration, uwhich would translate into a redwuce inertial shear load at the
. Comparison of the open- amt closed-loop acceleration spectra are given in
figure 10. Even better improvement couid be obtained thromgh a wethodical
feedbark ormtrol design approach, rather than the hewristic one simulated here.

The eace in vhich state estimmtes pan e estimmted using this technigre
suggests additional control applications beyond traditional state wvariable
feedback. Since only a kinematic wodel of the system is necessary for the
observer to produce state estimates, and since the wodal accelerations are
available as a measurenent, it becomes possible to solve for the system
coefficients describing the differential equation of wodal wmotion. These
coefficients can be determined thropgh snlution of linear emmtions or by a
ieast-squares technique. Such a procedwre was done for reference [i1], and the
resulting system identification data was wused to design a swooessful
time—varying control law. Were this identification done on-line in a recursive
fashion, one wy even incorporate the coefficient tracking ability into an
adaptive controller, which should exhibit similar robustness as that present in
the observer itself.

6. Conclusions

The above nethod of constructing an observer for rotor state variables
presents an alternative to the standard Ealman Filter approach, by utilizing the
predictive information content present in an accelerometer. The structure is
extremely cimnle and ic nnt denendent wnon the gyvstem differential eqmtions,
but requires an accwrate representation of the kinenatic modal content of each
sencor, The decision 4o use such an ohserver mast he hased wmon the relative
costs of implementing an  inberently complex Ralmn Filter versus adding
additional sensors, bt For complex rotor vibration control problems, the latter

is often the less expensive choice.

- The ability of the chserver to isolate modal states and accelerations
alsp allows its use as a pre-processor of rotor data in a parameter
identification role. Given this wealth of information, such applications should
prove valumhle in providing more acowrate rotor mathematical wmxlels to aid the
conirol design process.
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Fig 2 OPTIMUM ACCELEROMETER LOCATIONS
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Fig 4 LINEARIZED AND NONLINEAR ACCELEROMETER SIGNAL
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Fig 6 BENDING POSITION ESTIMATE USING WRONG MODE SHAPE
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Fig 8: OPEN-LOOP BENDING ACCELERATION
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Fig 10: BENDING ACCELERATION SPECTRA, 0.L. AND C.L.
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