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Using Adaptive Structures to Attenuate Rotary Wing
Aeroelastic Response

Fred Nitzsche*
DLR Institute of Aeroelasticity, D-37073 Gottingen, Germany

and

Elmar J. Breitbacht
DLR Institute of Structural Mechanics, D-38108 Braunschweig, Germany

This article investigates the feasibility of employing adaptive material to build both sensors and actuators to
attenuate the higher harmonic loads developed at the helicopter rotor blades using the individual blade control
(IBC) concept. Both the first elastic flatwise bending (second for hingeless rotors) and the first elastic torsion
modes of a single blade deserve special attention in the vibration control. Theoretical investigations, supported
by wind-tunnel and flight tests, confirmed that these modes are responsible for the larger amplitude loads at
3/rev in four-blade hingeless rotors. This is a situation for which IBC, based on a collocated actuator-sensor
arrangement along the blade, and tailored to act specifically on the bending and the torsion modes, is expected
to bring further improvements to the reduction of the overall dynamic response of rotary wings. The results
indicate that there are already real situations for which the adaptive material has enough power to accomplish
the task without saturation of the applied electrical field.

Nomenclature

B,, B, = boundary condition matrices, /R = 0,
R =1

by, b, = boundary condition vectors, r/R = 0,
rIR=1

Cr = thrust coefficient, thrust/(pAQ2R?)

c = blade chord

Co = blade pitch-control spring constant

D = differentiating matrix

D} = structure compliance coefficients

d, = distance between layers of piezoelectric
actuators

E* = saturation electric field

E, = applied electric field

El, G] = blade section bending, torsion rigidities

e, €5, = piezoelectric stress coefficients per unit of

charge (global axis) 7

Fy, M, = aerodynamic running lift, pitch moment
= blade section shear resultant

h, = distance of piezolamina midplane from the

blade midplane (positive up)

total moment of inertia of blade in

flapping

= electric current through piezoelectrodes

= [ X i square matrix

= | X j matrix

= control gain

= bending-torsion coupling coefficient

= blade section radius of gyration

integrating matrix .

= blade section bending moment

= blade section running mass

= rotor number of blades
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Subscripts

a =
R =
Y =

number of discretizing points

algebraic solution of Riccati equation

rotor radius

blade local radius

complex eigenvalue

blade section tension

time

adaptive material thickness

right, left eigenvectors

forward speed

blade section flatwise bending displacement
chordwise offset of aerodynamic center behind
pitch axis

complex state vector

forward flight rotor angle of attack

blade flap angle (positive up)

adaptive material actuation coefficients
Lock number, pacR*I,

state vector in aeroelastic modal coordinates
blade section torsion angle

dimensionless current, i/(Qc2e,,)

GJIEI

matrix of complex eigenvalues

dynamic inflow perturbation

rotor advance ratio, V/ QR

rotational parameter, mzQ2R*/(EIl)g

air density

weighting number for control synthesis
blade section torque

right, left modal matrices

effective width of adaptive material in bending,
torsion '

blade section bending slope

blade azimuth angle, (¢

blade rotational frequency

dynamic inflow characteristic frequency
unit matrix (vector)

null matrix (vector)

actuator
reference quantity
sensor
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Superscripts
H = Hermitian transpose
T = transpose

= dimensionless time derivative, 3/dy

! = dimensionless space derivative, Ro/ar

+ = pseudoinverse
. = diagonal matrix
Introduction

HE aeroelastic problem of rotary wings has been studied

extensively. There is a recent overview on this subject
written by Friedmann,! which contains more than 300 refer-
ences on the existent literature. In particular, the control of
the vibration characteristics of helicopter blades has been a
matter of special interest. Among the many sources identified
to contribute to the forced dynamic response experienced by
the helicopter airframe, the most important ones are the rotor
hub reactions induced by the inertial and aerodynamic loads
acting on the blades. They have a direct impact on the design
of the structural components of the helicopter to the specified
strength and fatigue criteria. In steady-state forward flight,
due to the “filtering” characteristics of the hub, vibration is
mainly characterized by a higher harmonic excitation of the
helicopter airframe at the frequencies p/N/rev, where p is an
arbitrary integer number. This excitation, generated by higher
harmonic loading of the blades in the rotating frame, cannot
be suppressed easily. In general, the vibration level is low in
hover flight and increases with the forward flight, in fact lim-
iting the maximum speed of the aircraft.

The mathematical models used to describe the blade aero-
dynamics assume that the loads acting on the mth blade in
the rotating frame are simple pertodic functions of the azimuth
angle:

¥, = ¥ + mQ2nw/N) )

and, hence, the hub reactions are commonly expressed by
Fourier series expansions, such as the vertical shear induced
at the root of the mth blade:

HQO), = Y H,0)enn @

n=—x

Summing over all blades, the total thrust simplifies to

T=3 HOW=N 5 Hy0e™ ()

m=1 p=—x

since the sum is zero, unless » in Eq. (2) is an integer multiple
of the number of blades. Therefore, the forces from all blades
in the rotating frame exactly cancel at the hub, except for
their pN/rev harmonics that are transmitted into the nonro-
tating frame. The important assumption that lies behind this
simple result is that all blades are identical and subject to the
same periodic loading, which is not true if the hub has its own
dynamics determined by the helicopter airframe. Due to this
inherent coupling between rotor and airframe, special atten-
-tion has been given to avoid certain range of frequencies
during the helicopter design. An alternative is to control the
magnitude of excitation loads either by passive or active means.

The different designs that have been suggested for the active
control of helicopter blades may be classified in two cate-
gories, according to their philosophy. In the first group, the
time-dependent pitch control is introduced in the nonrotating
frame through the helicopter swashplate. This approach is
known as higher harmonic control (HHC). In the second
group each blade is individually controlled in the rotating
frame. This type of control is called individual blade control
(IBC). The HHC has been more amply investigated.?~'
Promising results were obtained, although some limitations
were recognized to exist.
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The IBC concept was pioneered by Kretz!® and Ham.'¢ It
embodies the control of broadband frequencies, using an ac-
tuator attached either to the swashplate or individually to each
blade. The signals come from sensors mounted on the blades.
The IBC involves feedback loops for each blade in the rotating
frame and is more effective if comprised of several subsys-
tems, each controlling a specific mode that contributes sig-
nificantly to the helicopter vibration performance. For most
aircraft, these modes are the blade first flatwise bending (sec-
ond for hingeless blades) and the blade first torsion, which
are recognized to have resonance frequencies in the neigh-
borhood of N/rev. The introduction of IBC through the swash-
plate is limited by the number of blades.'” Such a limitation
imposed restrictions to the use of IBC, although a wind-tunnel
model suggested a number of important applications of the
method, namely gust alleviation, lag damping augmentation,
stall flutter suppression, and flapping stabilization in forward
flight.’”~2° The industry has also considered the realization
of IBC control without the need of the swashplate.?!

HHC or IBC?

Although the HHC method presented good results in re-
ducing the vibration loads at the hub, flight tests have indi-
cated that a similar reduction in the airframe vibration levels
(e.g., at the pilot seat) is not always accomplished. A recent
paper by Papavassiliou et al.?> was devoted to study the prob-
lem. A complete model, including the airframe modelization
as a beam, was developed using symbolic manipulation codes.
This model was able to confirm that in the presence of air-
frame-rotor coupling the conventional HHC method fails to
suppress both hub and airframe vibration. This is not an en-
tirely unexpected result if one recalls that the HHC is able to
control only the frequencies N/rev and (N *+ 1)/rev through
the introduction of a single frequency, wy, = N/rev, exciting
the harmonic pitch displacement of the swashplate.

On the other hand, the IBC method is suitable for situations
where each blade has its own characteristics. If the control
laws are synthesized independently, aiming at minimizing the
contribution of the modes of each individual blade to the rotor
vibration, the magnitude of the hub reactions in the rotating
frame becomes naturally lower. Hence, the loads transmitted
into the nonrotating frame will also be lower, regardless of
the hub filtering performance at N/rev.

With the advent of the adaptive structure technology, the
problem of IBC must be reviewed, since a superior authority
over specific modes of the blades without the use of the swash- -
plate is theoretically feasible. Particularly attractive seems to
be the application of the new technology to provide full con-
trol on the dynamic response characteristics of the aforemen-
tioned elastic modes of the blades. Furthermore, as long as
the adaptive material may be employed as modal sensors, it
is possible to eliminate the accelerometers mounted on the
blades, which were a matter of special concern in the past
due to problems associated with the modal identification in
the rotating frame.?"

Aeroelastic Applications of Adaptive Structures

Most of the reported resecarch on adaptive structures is
related to space applications. Few works were published in
recent years involving aeroelastic applications. Among them,
Ehlers?* and Ehlers and Weisshaar?** studied static problems
of fixed composite wings. Similar studies were developed in-
dependently by Song et al.?* On dynamic aeroelastic prob-
lems, there is an investigation on the control of panel flutter
conducted by Scott and Weisshaar?” and a paper coauthored
by Lazarus et al.”® on the comparative performance of adap-
tive structures vs aerodynamic control surface deflection, aim-
ing at modal damping augmentation and flutter suppression.
In this work, the classical typical section model was employed
to perform parametric studies, indicating situations for which
the use of adaptive structures is advantageous.
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The investigations aiming at rotor vibration control are even
more rare. Spangler® and Spangler and Hall*® used piezo-
electric crystal actuators (PZT) to change the camber of rotor
blade sections. The concept of changing the blade camber to
alter the aerodynamic load distribution has been used in an-
other paper, where the idea was explored using hydraulic
actuators to introduce warping in the airfoil cross section.!
Spangler and Hall concluded that an efficient way of intro-
ducing the new concepts in rotor blade design was to incor-
porate a servo tab actuated by piezoelectric beams to the blade
airfoil. The tab mechanism adds, however, a further compli-
cation to the blade dynamics. A more promising approach to
obtain suitable deflections with piezoelectric actuators seems
to be followed by Barrett.>2 He suggests the use of “direc-
tionally attached piezoelectric crystals” and was able to gen-
erate bending-independent twist distributions up to 2 deg in
blade specimens at high frequencies. In both works the pie-
zoelectric material was employed only to construct actuators,
and the reciprocal property that enables their use as sensors
was not explored.

Lee et al.?>* and Lee and Moon*® demonstrated that an-
other class of piezoelectric film material (PVF,) may be used
to construct modal sensors and actuators to achieve critical
damping of selected modes of one-dimensional structures.

Actuator Equation

The aim of the present work is to perform a feasibility study
in which the evaluation of the order of magnitude of the
parameters involved are of more interest than the determi-
nation of their actual values. A linear mathematical model of
a single rotating blade including only the flatwise bending and
torsion degrees of freedom (DOF) was developed. The aero-
elastic dimensionless equations are cast in the state-vector
form, according to the Hellinger-Reissner-Washizu formu-
lation [Egs. (4a—4f)]. The dimensionless quantities are de-
fined in Table 1:

M = H + vTo (4a)

H' = vmw — Fy, (4b)

¢ = M/EI (4¢)

w = —¢ (4d)

™ = vmky¥0 + 8) — M, (4e)
9 = GJr (4f)

Table 1 Nondimensional parameters definition

Parameter Adimensionalization Value
Co c,RIEI, o (Cantilever)
c ¢/R 0.0555

d, d,/c 0.08

E, (¢/R)*E,/E* —_—
EI EIL/EI 1.0

e, &5, E*ImgQ? 0.4272

€5, e, E*ImpQ? 0.1617
F, R3F,/EI, e
GJ El./GJ 1.756

H R2H/EI, e
h, h,lc 0.04

I, I/(mgR?) i

K K/EI, 0

kg ko/R 0.03

M RMI/EI, e
M, R2M/EIL _—
m mimg 1.0

r r'R e
s s/} —_—
T T/(mgR? e
t, t./c 0.16

w w/R —_—
X, x,/R 0.00555

T R7/Elg —_—
s baslc 0.8

0Q,, 0,,/c 0.8

where
1
T = f mr dr )

In order to allow possible structural coupling between bending
and torsion, Eqgs. (4c) and (4f) are modified:

¢ =DM + DT + T E; (4c")
0 = DM + D7 + TLE, (4f)

The last terms, due to the adaptive material actuation, are
added at this point to formulate the control problem. The
coefficients I', and I, follow the approximations first intro-
duced by Ehlers?* and Ehlers and Weisshaar.? Here, they are
dimensionless quantities defined by

Fe = AEI(ke,, + KEle;)t d b, (6a)
T, = AEI(kKEle,, + e;)t,d.0, (6b)

where
A = 1/(x — K2EI?) @)

and are dependent upon two functions, ¢,(r) and ©,(r), which
describe the width distribution of the adaptive material along
the blade span, aiming at independent bending and torsion
actuation, respectively (Fig. 1). These two functions may be
optimized eventually to achieve modal control in real designs.

The perturbation loads assumed in this work, Fy, and M,,
are attributed to the blade running lift and pitch moment and
are based on a linear, two-dimensional blade section, “quasi-
static” aerodynamics. They may be derived following equa-
tions presented in Ref. 36. Ignoring the unsteady terms and
taking the quasisteady approximation C(k) = 1, the blade-
section dimensionless lift and pitch moment are, respectively:

Ful| _ 1 oma|?
] ) (momi[F]

@
+ [Fy —F, —F] [0]> (8

A

where

Fy = —(r* + prsin ¢)/2 (9a)
Fy = —(urcos ¢ + u?sin ¢ cos 4)/2 (9b)
F, = (r* 4+ 2ursin ¢ + u? sin?y)/2 (9¢)
F, = —(r + psin )2 (9d)

The dependence upon the inflow perturbation is conven-

iently maintained to allow an association between the dis-

Aerodynamic
Upper  Center . Actuator
Skin \ i-._x‘_—i H 1Layel's

V4 \
7 ¢ 8 X
! /
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b llllll)l\llllllllllllkl\ ,"‘]>]
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Fig. 1 Blade section definitions.
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placement variables and a flight attitude variation like that
generated by gusts.

Integration of the Actuator Equation

Equations (4-9) need to be integrated in the independent
space variable r. In this article the integrating-matrix method
is employed. Integrating matrices have already proved to be
an efficient way of systematically integrating systems of or-
dinary differential equations and formulating eigenvalue
problems in structural dynamics. Vakhitov,*” Hunter,* White
and Malatino,* Murthy,* Lehman,* and Nitzsche*? used in-
tegrating matrices to obtain numerical solutions for the two-
point boundary value problems that appear in aeroelasticity.
Hunter chose a displacement variable formulation to solve
for the natural lateral vibration characteristics of a cantile-
vered rotating propeller having nonuniform cross section.
Lehman preferred a formulation including both force and
displacement variables (state vector formulation) to solve for
the aeroelastic characteristics of composite wings. Nitzsche
also used the state vector formulation to solve for the aero-
elastic characteristics of a vertical axis wind turbine blade,
including the flatwise and chordwise bending and torsion DOF.
The most interesting advantage of the state vector formulation
when using the integrating matrix method is to allow a single-
step integration of the differential equations and an easy re-
duction of the integrated equations either to a standard ei-
genvalue or to a forced vibration problem in terms of the
displacement variables alone.

Appendix A gives a brief review of the integrating matrix
scheme. In Appendix B the integration of the actuator equa-
tion is performed for a hingeless blade, including the effect
of the blade pitch control system flexibility through a non-
homogeneous boundary condition. The problem, in terms of
the two essential dependent variables (here chosen to be the
flatwise bending slope and the torsion angle), is reduced to
the dimensionless equation

Fx + Gx = HE, (10)
—vlLLA, L.A, [O]anl
F= [0]1><2n+l 0]z, Vo3 (11)
| P l 04,44

"[V_llzn + LZ [O]Z;le] + vI,L,A,

G —- [[0]1X2n _1] 2n+1

001 | Lo
(12)

~ Lk
H= 0 (13)
[0]2n+l><l
x=[p pI" (14)
Here \

p= [[‘P]lx" [6}: . )‘]T (15)

and the remaining matrices are defined in Appendix B.

The inflow dynamics is introduced as a simple second-order
system [Eq. (16)]. This is a mathematical convenience to
avoid a singularity in G. In this study the natural frequency
is arbitrarily set to w, = 10/rev to make the inflow dynamic
response fast enough with respect to the structural modes
of interest and the excitation (e.g., gusts) characteristic
values:

A+ w=0 (16)

It should be noted that F in Eq. (10) is not invertible due
to the nature of the integrating matrix (Appendix A). How-
ever, with the exception of the singular value at v = 0, G is
always invertible, as long as Eq. (16) is defined. Furthermore,
due to its convenient construction, G is analytically inverted
(leaving to the machine a problem of order 2n + 1, where n
is typically 10; this is the only inversion required in the entire
process), yielding a slightly different form of the familiar
equation:

Ax = x + BE, 17)
where
_|Gi'Fy, G{'Fy,
A= [ ) X (18)
—1
B = [Glel] (19)

Since one is interested in performing modal control, Eq.
(17) will be transformed next into “aeroelastic” modal co-
ordinates including both aerodynamic and gyroscopic loads.
The system has an intrinsic non-Hermitian character. Con-
sequently, the complex eigenvectors are not orthogonal in the
normal sense. However, biorthogonality relationships are useful
to solve the problem. Neglecting the control loads, the ei-
genproblem and its adjoint may be formulated in terms of
the inverse of the eigenvalues:

(A = s MNug = (20a)
(AT — s Du, =0 (20b)

Here, the right and left eigenvectors of A are ordered in the
respective modal matrices, which satisfy the following or-
thogonality relationships:

®}'d, = U, = block-diag [MOH LS,] (21a)
1
. 0 u,
PHAD, = U, = block-diag w0 (21b)
2

Both U, and U, are not diagonal, but block diagonal in the
form described in Eqs. (21a) and (21b), with the order of the
blocks being 2, and u, /u, = s; and ufi/ufl = si’for the jth
complex pair of elgenvalues A similar result was obtained
by Meirovitch and Oz** when studying flexible spacecraft
structures subject to gyroscopic loads. In rotorcraft systems
the presence of the aerodynamic loads does not change this
property. However

Us'U, = A 22)

where “A is now the diagonal matrix of eigenvalues. Hence,
Eq. (17) may be written as

“An + BE, (23)
with

x = Oy (29)

B = Us'OHB (25)

Equation (23) is the desired actuator equation in the aero-
elastic modal coordinates. The reciprocal transformation of
coordinates, from x to n, is generally given by the pseudoin-
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verse of the modal matrix, here calculated through its single
value decomposition:

n = Pfx (26)

Sensor Equation

Lee and Moon* determined that the charge signal mea-
sured through the electrodes of a piezoelectric lamina of a
laminate plate may be used to derive one-dimensional modal
sensors and actuators. Neglecting the transversal deforma-
tions, their equation may be adapted to obtain the charge
signal developed at a laminate beam subject to both bending
and torsion deformations. Taking the time derivative of the
charge signal, the current measured at the electrodes of the
piezoelectric lamina becomes proportional to the time rate of
change of the bending and torsion displacements. Its dimen-
sionless form yields

vt = —h, {Ll &,(r)¢’ dr — 2e, /e, J: 0,(né’ dr} 27

where ¢,(r) and O,(r) are two electrode shape functions, as
defined in Lee and-Moon’s work, here designed to measure
both the bending and the torsion velocities. Like their coun-
terparts in the actuator equation developed in a section above,
these functions should be optimized to measure individual
modal deformations in actual designs of IBC. v

Discretizing Eq. (27) and applying the integrating and dif-
ferentiating matrices presented in Appendix A, the single-
output dimensionless sensor equation is obtained

L= Cx (28)

where

C= [[0]1><2n+1 Cz] (29)

CZ = - hs [[\(bs]nD - 2633/83,\'[\@:]"1) [O]n x 1] (30)
Using Eq. (24), Eq. (28) may be rewritten in modal coordi-
nates

L= Chpm = €y (31)

Synthesis of a Smart IBC

Assuming that the aeroelastic modal displacements are
available for feedback at any instant of time, the control laws
will be synthesized using the optimal control theory (LQR
algorithm) at selected azimuth angles and different rotor ad-
vance ratios. Therefore, Egs. (9a—9d) are simply evaluated
for p and ¢, and the nonlinear periodic character of the system
is simplified. This is not a rigorous approach, but it is assumed
to be sufficient for the present analysis. Since measurement
noise from piezoelectric sensors can result in degradation of
the closed-loop control system, a more robust feedback pro-

sensor

actuator
electromechanlical electromechanical
system blade system
\ dynamics
n=0 Eg ) L = i/(nczeax)
—e— B 1) ce, >

o
- +'
L ‘A

K

Fig. 2 “‘Smart” IBC scheme.

cedure using the output, as opposed to full-state, was pursued
in another work.4*

The block diagram for the proposed IBC subsystem (con-
trolling an individual elastic mode) is depicted in Fig. 2. The
problem is to minimize the cost-function

J = expected value L [c(p™"0On) + E3|dr  (32)

subject to Eqgs. (23) and (31). As a first step, the sensor
equation will not be used to synthesize the control law. Avail-
ability of the modal displacement is assumed. This study is
useful to evaluate the adaptive material as an actuator, ver-
ifying whether it has enough power to attenuate the desired
aeroelastic mode. The weighting matrix Q in Eq. (32) is mul-
tiplied by the factor o to ponder the relative costs involved
in increasing the damping of the selected aeroelastic modes
at the expense of the work done by the adaptive material.
The saturation of the adaptive material determines the phys-
ical limit of the work. Hence, the general form of Q is a
diagonal of zeros, except for the rows associated with the
mode (or modes) affected by the control. It is well-known
that the solution of this problem is given by the algebraic
Riccati equation:

P'A + AP — PRBHP + 0Q = 0 (33)

In a second step, the complete feedback system will be
evaluated, making use of both the actuator and the sensor
equations. In this case, the vector of modal displacements in
Eq. (32) is substituted for the scalar representing the current
through the electrodes of the piezoelectric material; matrix
Q collapses to unity and the last term of the Riccati equation
needs to be modified [Eq. (34)].

In both situations the control system is a single-input, single-
output (SISO), where the input is the voltage E;, the output
is the current ¢, and the control law is given by Eq. (35):

P'A + “A"P — PRBHP + 0c67€ = 0 (34)
E, = —Kn = —®"Py (35)

Since the control laws are synthesized in a reduced-order
modal space, @ is truncated at the lower modes.

Results

Open-Loop

For the typical helicopter parameters presented in Table 2,
the first four complex aeroelastic modes in forward flight
[Re(s) < 10/rev] are shown in Fig. 3. They are derived from
the first flatwise bending (1F), second flatwise bending (2F),
first torsion (17°), and third flatwise bending (3F) natural
modes of the fixed wing. The evolution of their frequencies
and damping ratios with the rotation parameter are presented
in Fig. 4. The same two parameters are plotted vs the advance
ratio in Fig. 5 and vs the azimuth angle in Fig. 6. It is clear

Table 2 Typical rotor parameters

Parameter Value Units
El, 6.89 x 10* N-m?
meg 5.5 kg/m
R 4.926 m

Q 44.4 rad/s
N 4

P 1.225 kg/m?
Cr 0.0044 —_—
b% 52 —
v 100 e
E* (PZT) 0.381 x 10° V/m
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Mode 1F Mode 1F
0.05 200
0 N theta
150
-0.05 2 \Phase(w/R)—...
100
04 - w/R © phase(theta)
50
015 5-1.124- 367]
02 0
0 0.5 1 0 0.5 1
/R /R
Mode 2F Mode 2F
0.05 200

\phase(w/R)-”.
phass(theta)

-0.05

§=3.327-.670j

-0.1 -50
0 0.5 1 [»] 0.5 1
/R /R
Mode 1T Mode 1T
0.1 200,
N
theta 150
0.05
100
o AR phase(w/R)-...
50 phase(theta)
$=4.316-.131j
-0.05 4]
[+] 0.5 1 [+] 0.5 1
R R
Mode 3F Mode 3F
0.03 200
phase(w/R)-...
0.02 phase(theta)
0.01 \
0
$=7.387-.647j
-0.01 0
0 0.5 1 2] 0.5 1
/R /R

Fig. 3 First four aeroelastic modes for u = 0.1 and { = 0: on the
left the amplitudes of w and @; on the right the corresponding phase
differences between w and 6. The value of the complex eigenvalues is
given in the left figures.
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Fig. 4 Evolution of the aeroelastic modes with rotor speed (. = 0.1,

& = 0).

0 : T . . 80 T T ; r
-t 1 70 *
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1T
2r R 60+ ]
-af 1 50 1
. 1T
L: —
¥ W % 4o 1
I
=5t 1 aof ¥ |
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A—— o
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Fig. 5 Evolution of the aeroelastic modes with advance ratio (v =
100, ¢ = 0).
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ool ]
-4 4
— > 50r -
3 F LN
¥, ¥ _
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-8 1
201 1

1
w—_\/T 1

"

‘ . 0 L ‘
200 300 400 O 100 200 300 400
deg v deg v

Fig. 6 Evolution of the aeroelastic modes with azimuth angle (v =
100, » = 0.5).

0 100

that the first torsion mode (17) is the critical one, having
almost zero damping ratio at u = 0.5 and ¢ = 270 deg.

Closed-Loop

The ability of the adaptive material to provide damping
augmentation in characteristic helicopter blades will be first
analyzed admitting that the modal coordinates are available
for feedback by other means. In other words, the relative
participation of the torsion mode in the blade total dynamic
response is known in real time.

At the moment, the best candidate for a “smart” actuator
is the piezoceramic material (PZT). It has Young’s modulus
comparable with that of the aluminum and may be embedded
in aeronautical structures. Furthermore, its known inability
of inducing independent shear deformations may apparently
be overcome by providing a partial attachment of the crystal
on the substructure through the gluing process.3? Figure 7 is
an example of the result achieved with the technique described
in the same reference. Therefore, by gluing the crystals at
+45 deg on the top and bottom of the substructure, an ef-
ficient torsion device may be created.

Next, a control law is sought by the LQR algorithm using
the four modes presented in Fig. 3. The 8 X 8 Q is chosen
to select only the 17 mode (at 4.12/rev) and its complex con-
jugate. Figure 8 depicts a plot of the weighting factor against
the modal damping of the aforementioned modes. For ¢ =



1184

PZT-DAP in the Blade Spanwise Coordinate
14, a T T T T T T T

Stress coef./Charge (C/m**2)

. 1 L . s L
-6 L L

4 20 40 60 120

80 100
Skew Angle (deg)
Fig. 7 Stress/charge constant vs skew angle of attachment for PZT
using the ““directionally attached”’ concept.*?
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Fig. 8 Control synthesis: weighting factor vs modal damping.

10-3, the damping ratio of 17 approaches the one of 1F (the
remaining modes’ damping are kept constant due to the def-
inition of Q). Accepting this value of ¢, the complex control
law (K,) yields Eq. (39), indicating that it comprises both a
gain (0.0269) and a phase lag (136 deg) with respect to the
given azimuth position (270 deg).

To evaluate the effect of the gain on the saturation of the
piezoelectric material, a simulation of the closed-loop system
in the dimensionless time domain is performed. It is well
known that the momentum theory for the forward flight con-
dition gives :

A= pa + C/2Vp? + A?)

Assuming that for one blade Cr = C/N, Eq. (36) is it-
eratively evaluated for the initial value A = C;/(2N) with the
data given in Table 2 as a function of « (Fig. 9). Therefore,
for . = 0.5, a perturbation Aa in the forward-flight condition
around an equilibrium value «, causes a variation in the dy-
namic inflow:

(36)

AL = 9M/da, Aa = 0.0086/deg Ac (37)

Since the derivative is practically constant, a simple rela-
tionship was obtained between the forward-flight perturbation
angle (as that generated by a gust) and the initial condition
vector x,. It should be emphasized that AA = A in Eq. (15),
as long as in the present formulation all dependent variables
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Fig. 9 Dynamic inflow vs rotor attitude angle in forward flight (mo-
mentum theory): C;, = 0.0044.
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Fig. 10 Applied electrical field vs azimuth angle per degree of flight
attitude perturbation. E;/E¥ = =1 represent the saturation limits of
the material.
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Fig. 11 Power spectral density of the blade torsion and bending slope
at the tip: closed- vs open-loop results.

are perturbation quantities. Still assuming that at ¢ = 0~ the
system is in equilibrium, a modal displacement initial con-
dition is derived from Eq. (26) per degree of Aa [setting [¢], «,,
= [6],x, = 0; A = 1in Eq. (19)}:
Mo = (D};xq (38)
The uncontrollable A modes [Eq. (16)] not included in the
control synthesis must be added to provide a proper decom-
position of x, in the modal space. The control vector is then
extended with two additional zeros. Using Eq. (35), a sim-
ulation of the control input is plotted in Fig. 10, indicating
that | E;/E*| < 1, and no saturation of the adaptive material
is observed. As long as the curve is plotted per degree of Aa,
a perturbation in forward flight condition of up to 4 deg would
be acceptable. In Fig. 11 the power spectral density (PSD) of
both the torsion angle and the bending slope at the blade tip
are presented. It is clear that the performance of the IBC is
satisfactory, cutting by a factor of four the torsion response
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at 4/rev. No change in the bending slope response can be
expected with the chosen Q, but since the amplitude of the
two responses are of the same order of magnitude, a signif-
icant improvement of the total response of the blade at the
critical value of N/rev is indeed verified. The peak at 10/rev
is due to the inflow dynamics resonance, arbitrarily taken at
this frequency.

The next step is to analyze a closed-loop performance using
the adaptive material as a sensor as well. It is obvious that
either PZT (with the concept of Ref. 32) or PVF, provide
suitable sensors, as long as no power requirement exists in
this case. The PZT material will deliver higher current output,
but PVF, may also be employed with current amplifiers. Fig-
ures 12—14 are the counterparts of Figs. 8, 10 and 11, re-
spectively, for a complete “smart”” IBC using only PZT ma-
terial. In this case, the control law (¢ = 10) should affect all
modes. The system has a full-state feedback character since
no attempt was made to optimize ¢, and O, in the present
work. Comparing the control gain obtained in this case (K,)
with the previous one (K,), it is evident that the damping

0

-0.1f

1F

2F

05 :
10° 10° 10°
(-4
Fig. 12 Control synthesis: weighting factor vs modal damping. ‘‘Smart”’
IBC system.

PZT Sensor & Actuator

0 10 20 30
rad 1"

Fig. 13 Applied electrical field versus azimuth angle per degree of
flight attitude perturbation. E,/E* = =1 represent the saturation
limits of the material. ‘‘Smart”” IBC system.
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Fig. 14 Power spectral density of the blade torsion and bending slope
at the tip: closed- vs open-loop results. ‘“‘Smart’’ IBC system.

ratio of the higher-damped modes cannot be significantly in-
creased by the full-state feedback:

Klv KZ

i [0.009 2 —88.3 deg |

0.009 £ 88.3 deg
0.0012 £ 72.9 deg
0.0012 £ —72.9 deg
“ | 0.0269 £ 136deg || * 0.0265 £ 134 deg
0.0269 £ —136 deg 0.0265 £ —134 deg
0 0.0048 £ 33.7 deg
0 0.0048 £ —33.7 deg _|

(39)

oo oo

Further inspection of Fig. 12 reveals that for the high to mod-
erate control costs (low o), which are necessary to avoid
saturation of the adaptive material, no modification in the
damping ratio of the bending-related modes is verified. In
fact, this is an indication that only very lightly loaded modes
(with low aerodynamic damping) benefit from the' present
technology of piezoelectric actuators.

Conclusions

The main conclusions of this work could be summarized as
follows:

1) For low-damped, lightly loaded blade modes in hingeless
rotors, adaptive materials in general and piezoceramics in
particular already have enough power to provide attenuation
in the dynamic response of helicopter blades by the IBC method
without reaching the saturation level. A reduction of a factor
of four at N/rev was verified for a typical helicopter rotor.
Perturbations (due to gusts) up to 4 deg in the forward-flight
angle of attack could be tolerated without saturation of the
adaptive material.

2) A distributed IBC using a sensor-actuator arrangement
may be designed for actual rotors using the optimal control
theory assuming an on-line adaptive algorithm dependent on
both the advance ratio and the blade azimuth angle.

3) Integrating-differentiating matrices are a powerful tool
to deal with problems commonly encountered in the control
theory, due to their semianalytical, self-contained compact
formulation.

Appendix A: Integrating and Differentiating Matrices

For the sake of completeness, a summary of the integrating-
differentiating method used in this article is presented. A
better description of the method may be found in Refs. 41
and 42.

Let f(x) be a dimensionless function defined in the interval
[0,1]. In addition, suppose that the interval is discretized
in n grid points such as x, = 0 and x,, = 1. Assuming that f(x)
can be approximated by a mth degree polynomial in the ith
subinterval, [x;, x; ], withm=n + landi =1,...n -
1, an integration of f(x) over such a subinterval would appear
as :

k=j+m

[ =" was (A1)

where W, are weighting numbers that are independent of the
value of the function. The integer j is the starting point of a
general sequence of consecutive m + 1 grid points at which
the function is approximated by the mth degree polynomial
(1 =j = n — m). Defining the vectors
Xz X, - T
F = [0, J flx)dx, ... f fx) dx] (A2)
X1 Xn—1 n

x1

f= [flfz .- 'fn]le (A3)
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the integral of Eq. (A1) can be expressed for all subintervals
in a matrix notation

F=W,.f (A4)
where m denotes the degree of the approximating polynomial.

W,, is a n X n weighting matrix whose first row is zero as
long as the first element of & is zero. A sequence of integrals

T
5, = [o, [reyan... [ 1w dx)] (A3)
*1 *t nx1
would be represented by
F, = SW.f (A6)

where S, is a n X n lower triangular summing matrix for
which §;; = 1 wheni =jand §;; = 0if i <j. The integrating
matrix is then defined as the linear operator

L=SW, (A7)
with the property

f=Lf" + fO1] (A3)

where the boundary condition vector remains to be evaluated.
It is worthwhile to mention that due to the row of zeros in
W, the integrating matrix is singular. Furthermore, it is not
symmetric. Two boundary-condition vector operators

bo=[1 0,...,0, b =100 0,...,1 (A9)

and their matrix correspondents, B, ; = [1],,x b0, provide a
series of properties that are useful in the solution of two-point
boundary value problems (Table Al).

Given a differential equation

y =Ay + b (A10)
where y is a vector of N dependent variables, y,, . . . , yn, @
discrete version of Eq. (A10) is formally obtained

[¥i)ax1 [\All]n [\AIZ]n [61]x1

[y:]:nxl [\A:21]n T ¥+ Z:nxl

[ynlax: [Aml. L2Y/
(A11)

or shortly, y = Aj + b, and next multiplied by the extended
integrating matrix operator:

L = block-diag L (A12)

yielding

y=LAy + Lb + k (A13)
As a final step, Eq. (A13) is solved for k using the boundary
conditions and properties given in Table Al. Since it is gen-
erally necessary to apply different types of boundary condi-
tions at x = 0 and x = 1, it would be formally required to
premultiply Eq. (A13) by block-diagonal boundary condition

Table A1 Boundary-condition matrices properties

ByL = 0 B.L = Llfdx
Bllf = ﬁ) = f(O)[l]uxl Blf = fl = f(l)[I]nXl
Bok = k Bk =k

matrices B, and B,, respectively. However, if the problem is
cast in its state vector form, the matrix A is always sparse,
and the system can be easily split into N first-order subsystems
for which the determination of k is rather simplified. This
procedure will be discussed in Appendix B in connection with
the present problem. A compendium with the numerical form
of the most common integrating matrices may be found in
Refs. 38 and 41.

Differentiating matrices can also be derived. The Newton
forward and backward formulas presented in Abramovitz and
Stegun’s** handbook are useful to generate n X n differen-
tiating matrices, which are compatible with the mth degree
polynomial used in the integrating matrix and perform the
reciprocal operation: f' = Df.

Appendix B: Actuator Equation: Hingeless Blade
Equations (4-9) will be integrated by the integrating matrix
method. These steps are followed:
Step 1. Discretize and apply the L operator:

[M],1 = L[H],x, + LU T)[@l < + ky  (Bla)
[Hl,»: = vL[m][W).xi — LIFwlaixy + kg (Blb)
[¢lx1 = LEDHLIML, 0 + LED L]
+ LT} :Es + k, (Blc)
Whixr = —L[@luxs + kw (B1d)
[Tlix1 = VL[\mkg]n([é]nXI + [0lix1) — LMl i + k.
(Ble)
[0]ix: = LIDELIMI, o + LED ][]
+ L[Tolax:Es + kq (B1f)
where
[Tlxy = (Bi — DLm][r],x (B2)
[Di1.x: = [EI(1 + K2EI?A)),,., (B3a)
[Ds)axi = [KEIPA], (B3b)
(D3} = [EIA] (B3¢)
[Alxi = [W(x — K2EI*)],«, (B3d)

Step 2. Use boundary conditions to determine constants of
integration:

¢0) =0=>k, =0 (Bda)

w0 = 0>k, =0 (B4b)

M(1) =0=>ky = —B\L[H],., = vB.L[ TL[¢},x1 (B4e)

H(1) = 0> ky = —vB,L['m],[#],«, + B.L[Fy),.. (B4d)
(1) = 0>k, = —vBL['mk3] (6],

+ [6l.1) + BiL[Mo],x, (Bde)

7(0) = ¢,8(0) = k, = (Uc,)k, (B4f)

Equation (B4f) is a nonhomogeneous boundary condition as-
sociated with the blade rigid body mode, due to the pitch
control flexibility. If ¢, — o, a perfect cantilever blade is
obtained.

Step 3. Substitute Eqs. (B4a—4f) into Eqs. (Bla—1f) and
solve for the essential dependent variables, here chosen as
[¢] and [6]. The size of the global matrix is reduced at the
expense of the number of matrix multiplications:

(1 4+ vL\Z)q = L, —vA,§ + vyl(A\p + Ap)] + vL:hE;
(BS)
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where
— [ ]n><1
q‘[ﬁmj (B6)
-4
o

R
h”LmMJ (B8)

S

_ [T
2= [ ] ®
_ |[ml.L
&“[m lwmj (B10)
1, N
Al = I:[\xa]n:l [[ FB]n On Onxl] (Bll)
Ay = I:[\i:]n] [[\FB]n _[\Fﬂ]n _[\F/\]nxl] (B12)
— L[\D ;kl]nLc L[\D;kl%]nLc
L‘_[LFDﬁhh L, ] 19
_ | L[DHL.LE LIDELL,
fa= [L[‘D AL L ] (514
L
L, = [ L] (B15)
with two “special” boundary condition matrices
L = (B - DL = f [dr (B16)
L,, = L['D%).L. + (1/cy)B,L (B17)

associated with the “cantilever”” bending and the ‘“‘nonho-
mogeneous torsion” conditions, respectively.
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