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Abstract

The aim of the present paper is the examination of con-
trol systems for the alleviation of vibrating loads arising
at the rotor hub of helicopters in forward flight. These
are obtained by combining the effects of actuated trail-
ing edge flaps with the action of controllable-stiffness
devices located at the pitch link and roots of the blades.
Control laws are obtained through an optimal control
procedure yielding the best compromise between control
effectiveness and control effort. The numerical investi-
gation concerns the analysis of performance and robust-
ness of the control techniques examined through appli-
cation to a four bladed helicopter rotor in level flight.
The identification of the most efficient control configu-
ration is also attempted.
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1. Introduction

This work deals with the analysis of control systems
devoted to the alleviation of helicopter vibratory hub
loads. Indeed, rotational and translational motion com-
bined with the 1/rev cyclic pitch control, and with the
resulting complex aerodynamic environment in which
helicopter rotor blades operate (given by wake inflow,
dynamic stall and reverse-flow effects) cause blade pe-
riodic elastic deformations and transmission of vibra-
tory loads at the hub and hence at the fuselage. In
turn, fuselage vibrations affect helicopter performance
and reliability and are a critical issue for helicopter de-
signers. They produce acoustic disturbances inside the
cabin that may cause unacceptable ride discomfort, and
have also a significant impact on the fatigue-life of the
structure (and hence on maintenance costs). In addi-
tion, vibrations have a negative impact on functional-
ity of instruments located onboard, also making their
reading difficult. All this explains why the suppres-
sion/alleviation of vibratory hub loads is one of the crit-
ical (and most challenging) goals in helicopter design
and has received increased attention by rotorcraft re-
searchers in the last decade (see, for instance, Refs. [1],
[2] and [3]).

Here, we examine the reduction of the vibrating hub
loads through the combined use of controllable-stiffness
devices (for instance, smart springs [4]) and trailing-edge
flaps. In particular, the controllable-stiffness devices are
assumed to be embedded both at the blade root to mod-
ify the bending stiffness and in the pitch link to modify
the torsional dynamics of the blade. A sketch of the



blade with inclusion of these control devices is given in
Fig. 1. Specifically, the investigation is aimed at the
analysis of both effectiveness and robustness of such a
kind of control technique, and is accomplished in the
framework of the SHARCS project [5]. The laws of the
cyclic stiffness variation and flap deflection is obtained
by an optimal control process based on the minimization
of a cost function which includes hub load and control
input harmonics, under the constraint of compatibility
with equations governing the blade aeroelasticity.
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Figure 1. Blade with flap and controllable-stiffness
devices

Blade aeroelastic modeling comes from coupling struc-
tural dynamics equations with unsteady aerodynamic
loads. The blade structural dynamics is described through
the nonlinear flap-lag-torsion equations of motion pre-
sented by Hodges and Dowell [6]. These are related
to a beam-like model and are valid for straight, slen-
der, homogeneous, isotropic, nonuniform, twisted blades
undergoing significant deflections. These equations are
forced by the aerodynamic loads. Akin to several rotor
prediction tools commonly used by helicopter industries,
the aerodynamic loads are simulated through 2D, quasi-
steady, aerodynamic models including flap effects, with
wake-inflow corrections obtained either analytically, or
as predicted by a 3D, unsteady, free-wake, BEM compu-
tational tool for potential flows [7]. The final aeroelastic
equations are solved by applying the Galerkin method
for the space discretization, followed by a harmonic bal-
ance approach for the time integration [8]. Vibratory
hub loads are evaluated by integrating inertial loads and
aerodynamic loads along the span of each blade.

The numerical investigation examines effectiveness and
robustness of control techniques based on several combi-
nations of the trailing edge flap and the variable stiffness
devices, considering the vibrating hub loads arising in a
four-bladed rotor in level forward flight. The study will
attempt to identify the most efficient control configura-
tion.

2. Model for blade dynamics

The starting point for the identification of blade flap and
variable-stiffness devices optimal control actuation is the
definition of the aeroelastic model through which the he-
licopter rotor behavior may be simulated: it is essential

both in the control law synthesis process and for the
validation of the performance of the control procedure.
Here, the aeroelastic equations are obtained by coupling
a beam-like rotor blade structural description with the
aerodynamic loads from a 2D, quasi-steady model that
takes into account wake inflow effects and trailing-edge
flap influence.

The blade equations are based on the nonlinear bending-
torsion formulation presented by Hodges and Dowell [6],
that is valid for straight, slender, homogeneous, isotropic,
nonuniform, twisted blades, undergoing moderate dis-
placements. Indeed, second order terms are retained
in the equations after the application of an ordering
scheme that drops third-order terms (with respect to
bending slope) not contributing to damping. For a hub-
centered orthogonal coordinate system fixed with the
undeformed blade, having spanwise x-axis and the y-
axis parallel to the plane of rotation, the lead-lag, v(x, t),
and flap, w(z,t), displacements of the blade elastic axis
(aligned, respectively, with y and z axes), along with
the cross-section rotation, ¢(z,t), about the deformed
elastic axis are governed by the following three dimen-
sionless integro-differential equations [6]
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where the tension, T, is given by

T:/ pa(v,w, ) dz (@)

and ()" denotes derivation with respect to dimension-
less spanwise coordinate. The blade loading terms due
to section inertial forces, p.,py,p-, section inertial mo-
ments, ¢z, Gy, g-, and aerodynamic loads per unit length,
Ly, Ly, My, are functions of the blade section degrees of
freedom. In the equations above, dimensionless lengths
are related to the blade radius, R, while dimensionless
time coincides with blade azimuth position. The bend-
ing equations, Eqs. (1) and (2), have been obtained
by division by the parameter m$?R, while the torsion
equation, Eq. (3), is the result of division by the param-
eter mQ2R?, with m denoting the reference blade mass



per unit length and 2 denoting the angular velocity of
the blade. Moreover, A; and A are the dimension-
less flap and lead-lag bending stiffnesses, respectively,
Ao1 = Ay — A4, K is the dimensionless torsion rigidity, n
is the dimensionless sectional mass radius of gyration, K
is the square of the ratio between the blade cross-section
polar radius of gyration and the blade cross-section mass
radius of gyration, whereas 6 is the section pitch angle
and e4 is the tensile offset (see [6] for details).

The effects of the control action performed through ac-
tivation of trailing-edge flaps and variable-stiffness de-
vices located at blades root and pitch link are included
in Eqs. (1)-(3). In particular, the angle § denotes
the deflection of flaps which affect aerodynamic and
inertial loads at those blade sections where they are
present; in addition, the effect of the pitch-link variable-
stiffness device is simulated as a time-varying torsional
spring, Ky, at the pitch hinge location, z, [see Eq. (3)],
whereas the embedded smart springs devoted to chang-
ing bending stiffnesses are located in the blade root re-
gion, z; < x < ., and their effects are simulated as-
suming that Ay = AY +AA[H(x —x;) — H(z — z.)] and
Ao = A+ AAo[H(z — 2;) — H(x — x.)], with AA; and
AA5 denoting the bending stiffnesses time variations.

Akin to several rotor prediction tools commonly used
by helicopter industries, the aerodynamic loads on the
blade are analyzed by using a two-dimensional, quasi-
steady model with wake-inflow corrections (mainly, to
take into account the 3D effects due to the complex trail-
ing vortices structure released by the rotor blades). It is
based on the Theodorsen [9] and Greenberg [10] theories,
under the assumption of very low frequency analysis, for
which the lift deficiency function is constant and equal
to one (see [12] for details). The wake-inflow on the rotor
disk is obtained either analytically [11], or numerically
by a 3D, unsteady, free-wake, BEM computational tool
for potential flows [7].

Combining Egs. (1)-(3) with the aerodynamic loads
yields the rotor aeroelastic model to be solved. The
space discretization of the equations is performed through
the Galerkin method, based on elastic deformations de-
scribed as a linear combination of suitable linearly in-
dependent shape functions that satisfy the geometric
homogeneous boundary conditions corresponding to the
structure constraints (for instance, for a hingeless blade
they are chosen as bending natural modes of a cantilever
beam). The resulting aeroelastic system consists of a set
of nonlinear ordinary differential equations of the type

M(t) G+ C(t) 4 + K(t) g = £31(t,q) + faer(t, q) (5)

where q denotes the vector of the Lagrangean coordi-
nates of blade, whereas M, C, and K are time-periodic,
mass, damping, and stiffness structural matrices repre-
senting the linear structural terms. Nonlinear structural
contributions are collected in f/2L, whereas the general-

ized aerodynamic forces are collected in f,... Note that
the control variables, 5, AA;, AAy and kp;, mainly af-

fect generalized aerodynamic forces and stiffness matrix.
Finally, Eq. (5) is integrated through a harmonic bal-
ance approach. It consists of: (i) expressing LHS and
RHS of Eq. (5) in terms of Fourier series; (ii) equating
the resulting coefficients; (iii) solving the correspond-
ing algebraic set of equations in terms of the unknown
Fourier coefficients of the Lagrangean coordinates of the
problem. Once the steady periodic blade deformations
are determined, vibratory hub loads are evaluated by
integrating along the span the corresponding inertial
and aerodynamic loads and combining the contributions
from each rotor blade.

3. ldentification of optimal control law

Here, the objective is to identify blade flaps cyclic mo-
tion and cyclic pitch link and blade root smart spring
stiffness variations such that vibrating hub loads are re-
duced as much as possible. Following an approach al-
ready used in the past by other authors that have faced
the problem of helicopter vibration control [1], [2], [3],
[13], this is achieved through an optimal procedure that
consists of minimizing the following performance index

J=2"W_,z+u"W,u (6)

where u is the vector collecting the control input ampli-
tudes to be determined (harmonics of flap deflection,
pitch link and blade root bending stiffnesses, in our
case), z is the vector of the quantities to be reduced (hub
loads harmonics, in this problem), while W, and W,
are weighting matrices that are defined so as to get the
best compromise between control effectiveness and con-
trol effort. Because of the inherently time-periodic na-
ture of the problem, this control approach involves only
the harmonics of input and output variables, without
concerning the evolution of transients. In the present
problem, for a N-bladed rotor, the output vector con-
sists of the N/rev sine and cosine harmonics of forces
and moments at the hub, while the control inputs are the
sine and cosine harmonics of flap deflection, 3, pitch link
stiffness, k,;, and blade root smart spring stiffnesses,
AAq, AAs, that are effective for control.

Akin to the standard optimal LQR control method (of
which the present approach may be interpreted as the
natural extension for the application to the control of
the steady-periodic behavior of a system governed by a
nonlinear, periodic-coefficient differential equation), the
minimization of the cost function is obtained under the
constraint of satisfying the governing equation of the
system controlled. Such constraint is not directly repre-
sented by Eq. (5), but rather is given by the following
linearized relationship (about a reference input state,
u,—1) between control inputs, u, and system response,
z7

Zp = Zp—1+ Tn—l (un - un—l) (7)

where T,,_; is the (Jacobian) transfer matrix that may
be obtained numerically from solutions of Eq. (5). Note



that the nonlinear behavior of the rotor aeroelastic re-
sponse implies that the transfer matrix is not constant,
being a function of the reference input state. Then,
combining Eq. (6) with Eq. (7) and minimizing the re-
sulting cost function yields the following optimal control
input

u, =Gyu,_1 —G.2z, (8)
where the gain matrices are given by

G, = DT} W.T,,
G. = DT' W,

with

D= (T ,W.T, ;+W,)!
Equation (8) has to be used in a recursive way: start-
ing from a given control input and corresponding out-
put, the law of the optimal controller is updated until
convergence. In a semi-active control process Eq. (8)
directly yields the control actuation laws to be applied,
otherwise this procedure gives the gain matrices to be
implemented in a closed-loop control process in which,
at each n-th control step, measured vibrating hub loads
and corresponding control inputs are used as a feedback
to update the control law. In this case, the time inter-
val between each control step should be long enough to
allow the helicopter to reach the steady-periodic state
corresponding to the updated control inputs [1].

4. Numerical results

The control approach presented above has been applied
to alleviate the vibrating loads arising during level flight
conditions at the hub of a Bo-105-like four-bladed main
rotor. The radius of this rotor is R = 4.93m, the blades
have constant chord, ¢ = 0.395m, and linear twist angle
equal to —8°; in addition, bending and torsional nondi-
mensional stiffnesses (as well as cross-section mass ra-
dius of gyration and mass per unit length) have been
assumed to be uniform along the blade span and, re-
spectively, equal to A; = 0.008345, Ay = 0.023198,
k = 0.00225 (see [2], for further details). The flight
configuration with advance ratio g = 0.3 has been ex-
amined, with trim controls related to blade rotational
speed Q = 40rad/s.

In the first step of the analysis the control matrices, G,
and G, have been identified as those yielding the opti-
mal hub loads reduction, under the limitation of requir-
ing a maximum flap deflection of +4°, maximum ampli-
tudes of flap and lead-lag bending stiffness cyclic varia-
tions equal to 10% of Ay and As, respectively, and max-
imum amplitude of pitch link stiffness variation equiva-
lent to 10% of k (such constraints are introduced to take
into account the operational limitations that would un-
avoidably arise during the practical implementation of
the control). Specifically, considering an aeroelastic ro-
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Figure 2. Hub loads, Drees wake inflow
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Figure 3. Flap deflections time history

tor model based on the wake inflow given by Drees [11],
the optimal weighting matrices and the corresponding
control variables cyclic evolution have been determined
using a local controller approach, with the transfer ma-
trix in Eq. (7) given by a preliminary analytical approx-
imation based on a least square procedure. Indeed, this
approach allows a search of the optimal control law that
is as fast as that using a global controller (i.e., consid-
ering a constant transfer matrix), and much faster than
the local controller ones based on the numerical evalu-
ation of the transfer matrix at each step of the control
process. Note that the application of a local controller
is needed because of the presence of the trailing edge
flap deflection among the control variables: indeed, the
elements of the transfer matrix related to the action of
the flap are those that more significantly depend on the
control variables state about which are evaluated.

Figure 2 compares the baseline vibrating hub loads (i.e.,
without any control actuation) with those resulting from
the application of control laws identified using several
combinations of the control variables considered in this



work. Figure 3 depicts the flap deflection time histo-
ries used in the control procedures applied for the re-
sults in Fig. 2, while Figs. 4, 5 and 6 show the cor-
responding bending stiffnesses and pitch link stiffness
variations during one blade revolution (in this analysis
the 2 — 5/rev control variables harmonics have been in-
cluded, in that are those most effective for the control
of a four-bladed rotor). All the control approaches
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Figure 4. Flap bending stiffness time history
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applied seem to yield significant alleviations of the vi-
brating loads, however the most effective strategies are
those in which there is the combined use of cyclic trail-
ing edge flap deflections and blade root stiffness vari-
ations through smart springs. In addition, the control
laws based on such combinations require lower control
variables effort with respect to the other techniques (see
Figs. 3-5). The results given by the application of the
only pitch link stiffness variation have not been included
in that, at least for the stiffness range that has been
considered in this work, it does not produce significant
vibrations reductions.
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Figure 7. Hub loads without feedback, free-wake
inflow

The effectiveness of the control techniques dramatically
changes when the cyclic control variables histories are
applied to a rotor aeroelastic model that uses a more
realistic wake inflow based on a BEM free-wake solver
[7]. This is demonstrated by Fig. 7 that shows the
inefficiency of the controls which, for some loads, even
increase the vibratory level. Indeed, with respect to the
model based on the Drees wake inflow, the application
of a wake inflow based on a free-wake solver introduces
higher frequencies in the aerodynamic loads, and hence
significantly modifies the harmonic loads in the rotating
frame that participate to the vibrating loads in the hub
frame (note that the baseline vibrating hub loads in Fig.
7 are significantly increased with respect to those in Fig.
2). Thus the cyclic controls identified with the simpler
aeroelatic model may result inefficient.

The problem of identifying the control laws with numer-
ical simulations that unavoidably differ from the real
rotor aeroelastic behavior may be alleviated by using
accurate modeling, but not eliminated. Next, we exam-



ine a strategy to overcome this problem that includes
a feedback process in the definition of the flap actu-
ation and analyze the benefit of using more accurate
simulations in the control identification process. In par-
ticular, leaving unchanged the actuation laws regarding
the smart springs at blade root and pitch link that have
been identified with the simpler aeroelastic model, Eq.
(8) is applied recursively to determine the flap deflec-
tion that minimize the performance index for the given
(feedback) vibrating hub loads (note that if stiffness con-
trol variables are also updated in the feedback control
process, the procedure does not tends to a converged

solution). Figure 8 shows the vibrating hub loads
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Figure 8. Hub loads with feedback, free-wake inflow
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Figure 9. Hub loads with feedback, prescribed-wake
synthesis

corresponding to the different control strategies exam-
ined here, with the application of the feedback process
in the flap actuation law. In this case the results are
quite satisfactory, although it is unclear if it is useful to
combine flap with root smart spring, rather than con-
trolling with the only trailing edge flap. A clearer an-
swer to such question comes from Fig. 9. It presents

the hub loads alleviated using the feedback process for
the flap actuation with control matrices G, G, in Eq.
(8) and the cyclic stiffnesses variations identified with an
aeroelastic simulation based on the wake inflow given by
a BEM prescribed (undistorted) wake solver. The im-
proved accuracy of the aeroelastic solver applied in the
control law identification yields a better performance of
the control procedures examined. However, in this case,
due to the increased reliability of the cyclic stiffness ac-
tuation laws, the combined use of flap and blade root
smart spring seems to be the most efficient control pro-
cedure (the inclusion of the pitch link stiffness variation
seems to have negligible influence). The cyclic flap de-
flections corresponding to the controlled hub loads in
Fig. 9 are depicted in Fig. 10, with their harmonic
content given in Fig. 11 which demonstrates the impor-
tance of the higher frequency flap motion. Figures 12
and 13 depict the cyclic blade root bending stiffnesses
variations that have been identified with the prescribed
wake inflow aeroelastic model and have been used to get
the hub loads in Fig. 9.
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5. Concluding remarks

This work has examined the effectiveness of several op-
timal control strategies devoted to the alleviation of vi-
brating loads at helicopter rotor hubs. These strategies
have been the results of the combined use of trailing-
edge flap and variable stiffness devices at the blade root
and pitch link. A particular goal of the work has been
the analysis of control performance changes when mov-
ing from the control identification rotor model to a more
realistic control validation model. Satisfactory load re-
ductions have been obtained during the control law iden-
tification process based on the numerical simulations
from a rotor aeroelastic tool using a simple wake inflow
model. However, the application of the same cyclic actu-
ation laws to a rotor model with a wake inflow predicted
from an aerodynamic free-wake solver has produced a
totally unsatisfacory load alleviation. In order to get
significant load reductions a feedback process has been
included in the control procedure. In particular, the
control matrices obtained with the simpler model have
been applied to update the flap actuation law recur-

sively, from the knowledge of current hub loads, leaving
the variable stiffness actuation laws unchanged. Better
control performances have been obtained enhancing the
accuracy of the aeroelastic identification plant, particu-
larly in terms of the semi-active contribution from the
variable stiffness devices. This analysis has shown that
the combined use of flap and blade root variable stiff-
ness smart spring is the control strategy yielding the
highest level of hub loads alleviations, at least for the
control variables oscillation amplitude constraints here
considered.
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