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This study investigates the effect of piezoelectric actuator hysteresis on helicopter vibration control using trailing-

edge flaps. An aeroelastic analysis is used represent the helicopter with trailing-edge flaps. A compressible unsteady

aerodynamic model is used to predict the incremental airloads due to trailing-edge flap motion. The material and

mechanical hysteresis in the piezoelectric actuator is modeled using the classical Preisach model. Experimental data

from the literature are used to estimate the weighting function through geometric interpretation and numerical

implementation. Results are obtained from vibration control studies performed using a trailing-edge flap with

1) ideal linear actuator and 2) real actuator with hysteresis modeled. Multicyclic control input gives 90 and 81%

reduction in hub vibration at high-speed flight (�� 0:30) for the ideal and real actuator, respectively. In low-speed

flight (�� 0:15), the hub vibration is reduced by 99 and 86% for ideal and real actuator, respectively. Results

indicate that the presence of actuator hysteresis nonlinearity leads to deterioration in controller performance and

lower vibration reductions in both high- and low-speed forward flight.

Nomenclature

CT = rotor thrust coefficient
c = blade chord
cf = trailing-edge flap chord
d0 = drag coefficient
EIy = flap bending stiffness
EIz = lag bending stiffness
Fx = hub longitudinal shear force
Fy = hub lateral shear force
Fz = hub vertical shear force
GJ = torsion stiffness
J = objective function
Mx = hub roll moment
My = hub pitch moment
Mz = hub yaw moment
mf = trailing-edge flap mass per unit length
m0 = blade mass per unit length
N = number of control input harmonic
Nb = number of blades
R = rotor radius
T = transfer matrix of control sensitivities
u = input to the hysteresis transducer/voltage applied to

the piezostack, V
u = vector of control input harmonics
Wu = weighting matrix on control input
WZ = weighting matrix on vibration magnitudes
Xfg = trailing-edge flap center of gravity (after hinge)
Z = vector of 4=rev hub loads
� = rotor angular speed
� = output of the hysteresis transducer/flap deflection

angle, deg
� = lock number

� = advance ratio/weighting function of the hysteresis
transducer

� = blade solidity ratio
 = blade azimuth angle

Subscripts

i = control step number
Nc = Nth cosine harmonic
Ns = Nth sine harmonic
St = steady component
0 = parameter evaluated at baseline conditions

Superscript

4p = 4=rev component

Introduction and Objectives

H ELICOPTERS suffer from severe vibration levels compared
with fixed-wing aircrafts. Helicopters have a very high degree

of aeroelastic interaction because the flexibility of the rotor blades
couples strongly with the aerodynamics and dynamics. The main
source of vibration in a helicopter is the main rotor which operates in
a highly unsteady aerodynamic environment. Severe vibration levels
in a helicopter lead to passenger and crew discomfort, decreased
fatigue life of structural components, and increased maintenance
costs. Passive vibration isolators and absorbers are normally used to
reduce vibration but they lead to considerable weight penalty and
perform poorly under off-design conditions. In comparison, active
vibration control systems can adapt to various flight conditions and,
in general, incur lesser weight penalty. Most active vibration control
systems in rotorcraft are designed to cancel the vibratory loads before
they reach the airframe. Higher harmonic control (HHC) is one such
active method in which the swashplate is excited at the higher
harmonics of the rotor rotational speed, thereby generating new
unsteady airloads that cancel the hub vibratory loads [1,2]. However,
HHC suffers from certain drawbacks: 1) high actuation power,
2) large weight penalty due to hydraulic actuators, 3) limitation of
excitation frequency to integermultiples ofNb=rev, and 4) additional
airworthiness considerations.

Individual blade control (IBC) is a well-known active vibration
control methodology among rotorcraft engineers and can be
implemented in several ways in a helicopter. In the conventional IBC
approach, the entire blade is oscillated in the pitch direction at its root
using servo-actuators [3,4]. The drawbacks of this conventional IBC
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approach are high actuation power and high pitch link loads. Both
HHC and conventional IBC systems actuate the blades at the root,
and therefore require higher actuation power. Another implementa-
tion of IBC involves twisting the entire rotor blade by actuating
embedded or surface-mounted piezoelectric materials [5]. On-blade
partial span trailing-edge flaps can be actuated at higher harmonics of
the rotor rotational speed to generate new unsteady airloads, which
when phased properly can lead to considerable suppression in hub
vibration [6]. The actively controlled flap (ACF) approach can be
implemented in single or dual flap configurations. Each flap is
individually controlled in the rotating frame. This method has
received considerable attention due to its simplicity of
implementation and enhanced airworthiness, because the flap
control is independent of the primary control system. Furthermore,
the power consumed by the trailing-edge flap system for vibration
suppression is much lesser compared with the conventional IBC
approach [3]. Another advantage of the ACF approach is the
possibility of attaching servo-flaps to helicopter rotor blades in
current use with minimal redesign costs.

The ACF approach has been tested on scaled rotors in the wind
tunnel [7,8]. A recent study has concluded that the ACF concept has
the potential to satisfy the general requirements for primary flight
controls in a helicopter with a torsionally soft rotor [9]. Besides
model scale rotor tests, several studies have looked at aeroelastic
analysis of a helicopter rotor with trailing-edge flaps. Milgram et al
presented a comprehensive study of vibration reduction in
helicopters using an actively controlled trailing-edge flap [10,11].
The aeroelastic analysis in their study included a nonlinear
aeroelastic rotor model, unsteady compressible aerodynamics of the
flap, and a multicyclic flap controller. The analytical results
presented in their study were validated using experimental wind
tunnel data. They also conducted a parametric study for a four-bladed
Sikorsky S-76 main rotor. Straub and Charles investigated the
dynamics and aerodynamics of rotors with trailing-edge flaps using
two different aeroelastic codes [12].

De Terlizzi and Friedmann combined the rational function
approximation (RFA) approachwith a free-wakemodel to determine
the aerodynamic loads under attached flow conditions [13]. In a
recent study, Liu et al. developed a coupled aeroelastic and
aeroacoustic simulation of a helicopter and validated it with
experimental data [14]. Using a dual flap configuration, they were
able to simultaneously reduce blade-vortex-interaction-induced
vibration and noise at low-speed descent flight. A comprehensive
review of the work on trailing-edge flaps for helicopter vibration
reduction is given by Friedmann [15]. In other studies, trailing-edge
flaps have been proposed for primary control of swashplateless rotors
and stabilization of helicopter following damage to pitch links
[16,17]. Zhang et al. looked at active-passive vibration reduction
using trailing-edge flaps and optimal blade structural properties [18].
These studies do not address the effect of piezoceramic hysteresis on
the trailing-edge flap control even though piezoceramic stack
actuators are the leading contenders for trailing-edge flap actuation.
Spencer et al. studied the possibility of employing an adaptive
neurocontroller to suppress vibration using a piezoactuated trailing-
edge flap [19]. The controllers employ a single hidden layer neural
network, learning in real time, to adaptively cancel the effects of
periodic aerodynamic loads on the blades. This neurocontroller
learns the transfer function between the hub loads and the
piezoceramic voltage input in real time and is therefore capable of
handling piezoceramic hysteresis.

Smart materials such as piezoceramics have great potential for use
in helicopters. They are light, compact, possess high bandwidth, and
consume less power. Among the variousmethods explored to actuate
the flap, piezostack actuators used in conjunction with an
amplification mechanism show good promise for full-scale rotor
applications. Lee and Chopra successfully demonstrated the
performance of this actuation device in conjunction with a double-
lever (L-L) amplification mechanism through tests in an open-jet
wind tunnel [20]. In another study, Hall and Prechtl developed a
discrete trailing-edge servo-flap actuator called an X-frame actuator

and successfully conducted tests on a 1=6Mach scaled model rotor
system to demonstrate the actuator control authority [21].

Piezoceramic materials exhibit significant nonlinear behavior at
high field strengths such as voltage dependent nonlinearities
(increase or decrease of electromechanical coupling coefficients) as
well as hysteresis. Hysteresis in piezoceramic materials is a form of
nonlinearity with memory. Thus, the piezoceramic expansion
depends not only on the current voltage excitation but also on the
history of excitation. This material nonlinearity couples with the
amplification mechanism to yield significant nonlinearity at the
structural level. Unmodeled hysteresis in the actuator can lead to
inaccuracy in open-loop control and generate amplitude-dependent
phase shifts, leading to poor performance of the active trailing-edge
flap mechanism. Most studies related to active control of helicopter
vibration using smart materials neglect the presence of material and
mechanical hysteresis and nonlinearity. In a rare study addressing
hysteresis effects, Kurdila et al. derived a control methodology that
accounts for overall hysteresis in PZT actuated on-blade elevons
[22]. However, they represented the helicopter by a very simple
linear aeroelastic model and the objective was not active vibration
control. They used a simple collocated output velocity feedback to
study the stability of the aeroelastic system. They found that the
introduction of actuator hysteresis led to a sharp degradation in the
performance of collocated feedback control, sometimes even leading
to loss of asymptotic stability. In the current work, the effect of
piezoelectric and mechanical hysteresis nonlinearity on helicopter
vibration control using trailing-edge flap is studied under high- and
low-speed flight regimes. The material and mechanical hysteresis in
the piezoelectric actuator is modeled using the classical Preisach
model. This nonlinear actuator model is cascaded with the nonlinear
aeroelastic model.

Aeroelastic Analysis

A nonlinear model of four elastic rotor blades dynamically
coupled to a 6-degree-of-freedom rigid fuselage represents the
helicopter. Each blade undergoes flap bending, lag bending, elastic
twist, and axial displacement. Small strains and finite rotations
(moderate deflections) are assumed and the Euler–Bernoulli
hypothesis is used. The trailing-edge flaps are assumed to be an
integral part of the blade. The trailing-edge flap hinge is assumed to
coincide with its leading edge. The flap hinges are assumed to be
rigid in all directions except about the hinge axis, thereby allowing
only pure rotation of the flap in the plane of the blade cross section. It
is also assumed that the flaps do not contribute to the stiffness of
the rotor blade and influence the behavior of the blade only through
their contribution to the blade spanwise aerodynamic and inertial
loading.

The aerodynamic forces and moments acting on the blade section
are calculated for unsteady profile and flap motion under forward
flight condition. The attached flow formulation is based on the
indicial responsemethod inwhich response is calculated from afinite
difference approximation to theDuhamel’s integral. Compressibility
effects are implicitly included in the indicial response functions [23].
A time domain unsteady aerodynamic model developed by
Hariharan and Leishman for a flapped airfoil in compressible,
subsonic flow is used [24]. The formulation is based on linearization
of the governing partial differential equations similar to that applied
in classical thin airfoil theory. The present analysis considers the
incremental effects on flap and profile aerodynamics caused by
trailing-edge flap motions. The wake behind the rotor disk
determines the induced inflow distribution over the disk and plays an
important role in the prediction of the blade response, blade loads,
acoustic signature, and rotor performance. The results in the present
study are based on the Leishman–Bagai free-wake model [25]. The
aerodynamic model in this study does not include a dynamic stall
model.

The aeroelastic formulation is based on a generalized Hamilton’s
principle applicable to nonconservative systems:
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��U � �T � �W� d � 0 (1)

The �U, �T, and �W are the virtual strain energy, kinetic energy,
and work, respectively. Finite element methodology is used to
discretize the governing equations of motion and allows for
nonuniform blade properties. The beam is discretized into 10 finite
elements and each of these 10 beam finite elements have 15 degrees
of freedom. The spatial functionality is removed by using finite
element discretization and partial differential equations are
converted to ordinary differential equations.

To reduce the computational cost, the finite element equations in
terms of the nodal displacements are transformed into modal space.
Four flap, four lag, and two torsion modes are used in this study. The
blade response is solved in modal space using finite element in time.
Eight time elements are used and fifth-order Lagrange polynomials
are used as shape functions. A coupled trim/aeroelastic solution
procedure is carried out to simultaneously solve for blade nonlinear
steady response, pilot input trim controls, and vehicle orientation.
Steady and vibratory components of the rotating frame blade loads
are calculated using force summationmethod. In this approach, blade
inertia and aerodynamic forces are integrated directly over the length
of the blade. Fixed frame hub loads are calculated by summing the
contributions of individual blades at the root. The hub forces and
moments are nondimensionalized with respect to m0�

2R2 and
m0�

2R3, respectively. Additional details of the aeroelastic analysis
are given in [26]. Figure 1 shows the comparison of the baseline
vibration levels (�� 0:30) predicted by the aeroelastic analysis used
in the current study with the analysis given by Zhang et al. [18]. The
vibration levels shown are for a four-bladed rotor whose properties
are given in the same reference. Zhang et al. used a quasi-steady
aerodynamic model to predict the aerodynamic loads acting on the
rotor blades. In the current study, an unsteady aerodynamic model
proposed by Leishman is used [27]. Furthermore, the free-wake
model is implemented differently in the two studies [25,28]. This
explains the difference in the vibration levels predicted in the two
studies. Accurate prediction of hubloads is a difficult problem in
rotorcraft, and aeroelastic codes generally give different predictions
due to differences in modeling. However, the trends predicted by the
analyses are similar and are quite useful for rotor response prediction
and controller design [12]. Note that the global controller used in this
study can be fine-tuned using flight-test data [2].

Actuator Hysteresis Model

A major limitation of piezoceramic actuators is their lack of
accuracy due to hysteresis and drift. Piezoceramic materials are

fundamentally nonlinear in their response to an applied electric field,
exhibiting a hysteresis effect between the electric field and the
displacement. Mechanical linkages designed to amplify the stroke of
piezoceramic actuators further amplify this hysteresis effect. In
addition, there can be other sources of nonlinear behavior, such as
binding or friction in the actuator mechanism, or nonlinear gain. Not
modeling hysteresis in the piezoceramic actuator can lead to
inaccuracy in open-loop control and generate amplitude-dependent
phase shifts. Modeling and prediction of hysteresis is therefore
critical for the performance of the active trailing-edge flap
mechanism.

Researchers have studied hysteresis in ferromagnetic materials for
long. The most popular hysteresis model for ferromagnetic materials
is the classical Preisach model [29]. There exists considerable
similarity between the primary hysteresis mechanism of
ferromagnetic and ferroelectric materials. Several researchers have
successfully applied the classical Preisach model to represent
hysteresis in ferroelectric material systems. Sreeram andNaganathan
were the first to apply the classical Preisach model to piezoceramic
material systems [30]. Hughes and Wen discussed and verified the
applicability of Preisach model to piezoceramic and shape memory
alloy systems [31]. The parameter identification based on the input/
output data and hysteresis compensation via direct inversion of the
identified model was also demonstrated. Ge and Jouaneh used a
modified Preisach model to represent hysteresis in a stacked
piezoceramic actuator and validated the model through experiments
[32].

Krasnoselskii separated Preisach’s model from its physical
meaning and represented it in a pure mathematical form [33]. As a
result, this model can now be used for the mathematical description
of hysteresis of any physical nature. The Preisach model has several
appealing features including its ability to model complex hysteresis
types, a well defined identification algorithm, and a convenient
numerical simulation form [34]. The classical Preisach model can be
represented in the following mathematical form:

�� � �
ZZ
���

���; ���̂���u� �� d� d� (2)

where �̂�� is the elemental hysteresis operator. The output of each
elemental hysteresis operator traces a rectangular loop on the input-
output diagram switching from �1 to �1 when the input increases
above the threshold �. The output switches from�1 to�1when the
input decreases below the value of � as shown in Fig. 2. The
weighting function, ���; �� is characteristic of the hysteresis
transducer (Fig. 3). If the weighting function is known, then Eq. (2)
can be solved directly by integration. If the function ���; �� is not
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known explicitly, then experimental data are needed to estimate the
weighting function through the geometric interpretation and
numerical implementation [34]. In the current study, the
experimental data obtained by Hall and Prechtl were used to
estimate the weighting function [21].

Another important requirement for the numerical implementation
of the classical Preisach model is the knowledge of the initial state of
the hysteresis transducer. The initial state of the transducer along
with the initial input to the transducer determines the initial output.
The following output values obviously depend on the initial output
value. In this study, it is assumed that the initial output of the system
either corresponds to the value on the limiting ascending branch
(when initial input rate is positive) or the limiting descending branch
(when initial input rate is negative). Such an assumption allows us to
easily fix the initial state of the hysteresis transducer.

Control Algorithm

In the current study, a single active trailing-edge flap located at
70% blade span location is used to introduce control input directly in
the rotating reference frame (Fig. 4). In steady forward flight, the
helicopter rotor system can be assumed to be periodic in time. This
periodic nature of the system allows us to transform the control
problem from the time domain to the frequency domain [35]. The
control algorithm is based on the minimization of an objective
function that is a quadratic function of hub vibratory loads and
control input magnitudes. In this study, the control input is the
voltage applied to the piezostack and not the flap deflection angle
itself.

For a four-bladed rotor, the voltage input to the piezostack is
typically 3, 4, or 5=rev or a combination of all the preceding
harmonics to reduce the vibratory hub loads. In the current study, a dc
bias is also given to the piezostack. This dc bias is adjusted so as to
obtain a flap motion with zero steady component. The total voltage
applied to the piezostack is then given by Eq. (3).

u� � � uSt �
X5
N�3

�uNc cos�N � � uNs sin�N �� (3)

At the i-th control step, the objective function for optimal control is
given by

J�Zi;ui� � ZTi WZZi � uTi Wuui (4)

where

Z i �
h
F4p
x F

4p
y F

4p
z M

4p
x M

4p
y M

4p
z

i
T

ui �
h
u3cu3su4cu4su5cu5s

i
T

(5)

The subscript i in Eqs. (4) and (5) refers to the ith control step,
reflecting the discrete-time nature of the control. The time interval
between each control step must be sufficient to allow the system to
return to the steady state so that the vibration level can be measured
accurately.A linear, quasi-static, frequency domain representation of
helicopter response to control input is generally used in the
minimization of the objective function [3]. Because uSt is not an
independent parameter, it is not included in the vector of control
input harmonics ui.

In this study, the “feedback form of the global controller” is
implemented because the system is only moderately nonlinear
[36,37]. This controller is a compromise between the global and the
local controller. The feedback form of the global controller can save
computation timewithout losing accuracy for amoderately nonlinear
system. The transfer matrix is assumed to be constant over the entire
range of control inputs just like in the global controller. However, this
controller is a closed-loop form where the control input during each
control step is determined by feedback of the measured vibration
levels of the previous control step. Linearizing the system about the
current control inputs using Taylor series expansion gives

Z i � Zi�1 � T0�ui � ui�1� (6)

T0 is the transfer matrix which is numerically computed by
perturbing the control harmonics about the zero values and using a
finite differencemethod. Equation (6) is substituted in Eq. (4) and the
following optimality criteria in applied:

@J

@ui
� 0 (7)

The optimal controller then becomes

u 	
i � C0Zi�1 �C0T0ui�1 C0 ��D0T

T
0WZ

D0 � �TT0WZT0 �Wu��1
(8)

Numerical Results

Numerical results are obtained for a four-bladed, soft inplane,
uniform hingeless rotor similar to the BO105 rotor. The baseline
helicopter blade and trailing-edge flap properties are shown in
Table 1. Studies are conducted at both high- (�� 0:30) and low-
speed (�� 0:15) flight conditions. The primary source of vibration
in these two flight conditions are different. In high-speed flight, the
main source of vibration is the increased magnitude and periodicity
of the aerodynamic loads. In low-speedflight, the rotor wake remains
close to the blades and results in higher wake induced loading.

To obtain a realistic model of hysteresis, experimental data from
the published literature are used. Figure 5 shows the quasi-static

TRANSDUCER

HYSTERESIS

δu ( )ψ ( )ψ

Fig. 3 Schematic representation of a hysteresis transducer system.

BLADE TIP

PLAIN FLAP

70% BLADE SPAN LOCATION

12% BLADE SPAN

20% BLADE CHORD

Fig. 4 Schematic view of the rotor blade with trailing-edge flap.

Table 1 Baseline blade and flap properties

Blade properties

Nb 4
c=R 0.055
Solidity, � 0.07
Lock number, � 5.20
CT=� 0.07
Blade pretwist 0.0
Precone, �p 0.0
EIy=m0�

2R4 0.0108
EIz=m0�

2R4 0.0268
GJ=m0�

2R4 0.00615
m0; kg=m 6.46
�, rpm 383
R, m 4.94
Trailing-edge flap properties

cf=c 0.20
mf=m0 0.10

Xfg=cf 0.20
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response of a trailing-edge flap actuator on a bench top test obtained
by Hall and Prechtl [21]. The hysteresis nonlinearity is due to both
material effects and friction in the mechanical device. The stacks
used in this research were made of lead magnesium niobate-lead
titanate (PMN-PT) composition. The experimental data shown in
Fig. 5 are used to determine the unknownweighting function���; ��
required by the Preisach model in Eq. (2). If the entire flap actuation
mechanism is assumed to have no hysteresis, then it is reasonable to
presume that the relationship between piezostack voltage input and
flap deflection angle is linear. This presumed linear relationship is
also shown in Fig. 5.When a pure sinusoidal voltage input is given to
such a linear actuator with no hysteresis, the output (flap deflection)
is also a pure sinusoid with zero phase shift and at the same
frequency. However, a sinusoidal input given to an actuator with
hysteretic behavior yields an output (flap deflection) which has a
phase shift at the input frequency and a nonzero response at other
frequencies.

Two cases are considered:
Case 1) Ideal linear actuator
Case 2) Real actuator, hysteresis addressed using Preisach model
The linear actuator is termed ideal because hysteresis that occurs in

the real actuator leads to an unwanted nonlinearity which
complicates the controller design and adversely affects performance.
The helicopter aeroelastic model is found to be almost linear with
respect to the actuator control input. Hence, for the ideal linear
actuator, the global controller is used to determine the optimal

control input. For the real actuator with hysteresis, the feedback form
of the global controller is used to determine the optimal control input,
because the inclusion of the actuator hysteresis model made the
overall system nonlinear. Initial studies are conducted by applying
the higher harmonics of the control input individually (3, 4, and
5=rev). This provides a general understanding of the influence of the
control input on the various components of the fixed-frame hub
vibratory loads.

Vibration Reduction at High-Speed Flight (�� 0:30)

3=rev Voltage Input

Figure 6 shows the time history of the optimal 3=rev control input
(voltage input to the piezostack) for the two cases. There is a notable
difference in magnitude and phase of the optimal control input
obtained for the ideal and real actuator. It can be seen that the flap
motion history is almost identical for the ideal and real actuator,
though the 3=rev control input required to achieve this flap motion is
different in the two cases (Fig. 7). In other words, the controller is
able to adjust the control input for the real actuator to obtain a flap
motion similar to the ideal actuator. Figure 8 shows the flap
deflection angle as a function of piezostack voltage for the two cases.

Overall vibration reduction of 79% is obtained in both the ideal
and real actuators. For the ideal actuator, longitudinal and lateral hub
shear are reduced by about 28% each. However, the vertical shear is
reduced by about 86%. The rolling, pitching, and yawing moments
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are reduced by 43, 35, and 46%, respectively. Similar reductions in
hubloads are achieved for the real actuator (see Fig. 9). The identical
performance of the two cases is not surprising because the optimal
flap motion achieved in both cases are nearly same.

4=rev Voltage Input

Figure 10 shows the time history of the optimal 4=rev control input
for the two cases. Again, there is a notable difference in magnitude
and phase of the optimal 4=rev control input obtained for the ideal
and real actuator. The resulting flap motion in both cases are again
found to be identical. Overall vibration reduction of 70% is obtained
in both cases. For the ideal actuator, longitudinal and lateral hub
shear are reduced by about 15% each (see Fig. 11). However, the
vertical shear is reduced by about 92%. The rolling, pitching, and
yawing moments are reduced by 15, 9, and 25%, respectively.
Similar reductions in hubloads are achieved for the real actuator.

5=rev Voltage Input

Figure 12 shows the optimal 5=rev control input for the ideal and
real actuators. The resulting flap motion in both cases are identical,
just as seen with 3=rev and 4=rev control input. The 5=rev control
input required to achieve this identical flap motion is different in the
two cases. We notice that if the actuator response is modeled fairly

well, the controller is able to adjust the magnitude and phase of the
control input so as to get the precise optimal motion of the trailing-
edge flap to obtain maximum vibration reduction. Overall vibration
reduction of 66% is obtained for both the ideal and real actuators. For
the ideal actuator, the longitudinal and vertical hub shear forces are
reduced by 41 and 96%, respectively. However, the lateral shear
force increased marginally by about 2%. Both pitching and yawing
moments are reduced by about 24%. The rolling moment increased
by 5% from the baseline value. Similar reductions in hubloads are
achieved for the real actuator (see Fig. 13).

In all the three caseswith individual 3, 4, and 5=rev voltage control
input, the flap motion obtained using the feedback form of global
controller for a real actuator has nearly the same magnitude and
phasing as the flapmotion obtained using the global controller for an
ideal linear actuator. This is the reason why similar reduction in hub
vibratory loads were obtained for the ideal and real actuator using a
single frequency control input. This is because, for the real actuator,
the system response is only mildly nonlinear with respect to
individual voltage control inputs. Hence, the feedback form of global
controller used in this study works quite well.

Multicyclic Control Input

A multicyclic control algorithm is used where 3, 4, and 5=rev
harmonics of the control input are given simultaneously [Eq. (3)].
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Fig. 9 Comparison of hub vibratory loads for 3=rev control input,
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Fig. 10 Optimal 4=rev control input, �� 0:30.
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Fig. 11 Comparison of hub vibratory loads for 4=rev control input,
�� 0:30.
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Fig. 12 Optimal 5=rev control input, �� 0:30.
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Figure 14 shows the optimal control input for the two cases. Note that
the optimal control input which needs to be given to the piezostack is
different for the real actuator compared to the ideal actuator.
However, in both cases, the actuators are used to complete authority

in contrast to the single frequency control input cases. Unlike single
frequency control input, the optimal flap motion history for the
multicyclic control input is different for the two cases (see Fig. 15).
Hub vibration is reduced by 90%and81% from the baseline value for
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Fig. 13 Comparison of hub vibratory loads for 5=rev control input,
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Fig. 14 Optimal multicyclic control input, �� 0:30.
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Fig. 15 Flap motion history due to multicyclic control input,�� 0:30.
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Fig. 16 Comparison of hub vibratory loads for multicyclic control

input, �� 0:30.
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Fig. 17 Optimal multicyclic control input, �� 0:15.
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the ideal and real actuator, respectively. This is because, for the real
actuator, the system response is fairly nonlinear with respect to
multicyclic control input. This shows that neglecting hysteresis in the
actuator leads to overprediction in vibration reduction compared to
an actuator with hysteresis modeled. Figure 16 shows the reduction
in the individual vibratory hubloads.

Figures 6, 10, and 12 indicate that the actuator is not used to its full
potential when the optimal control input is given at a single
frequency. That is, the constraints on the minimum and maximum
voltage that could be applied to the piezostack actuator (from Fig. 5)
are not active at the optima.However, in the case ofmulticyclic input,
the actuator is used to its full potential (Fig. 14).

Vibration Reduction at Low-Speed Flight (�� 0:15)

The results shown in the preceding section were obtained at a high
forward speed corresponding to an advance ratio of 0.30. Studies are
also performed at a low forward speed of advance ratio 0.15. For the
ideal actuator, overall vibration reduction of 90, 98, and 91% is
achieved by using 3=rev, 4=rev, and 5=rev control input,
respectively. For the real actuator, hub vibration is reduced by 88,
84, and 91% from baseline level through 3=rev, 4=rev, and 5=rev
control input, respectively. Multicyclic control input gave 99 and
86% reduction in hub vibration for the ideal and real actuator,
respectively. This indicates that not modeling hysteresis leads to
results showing much larger reduction in vibration compared with
when hysteresis is modeled. Figure 17 shows the optimal multicyclic
control input obtained for the two cases. The flap motion for the two
cases are quite different (Fig. 18). The reductions in individual hub
vibratory loads are given in Fig. 19. It is clear that the ideal linear
actuator performs better than the real actuator with hysteresis
modeled.

Table 2 summarizes the numerical results obtained in terms of hub
vibration reduction for the ideal and real actuator at high and low
forward speeds. It should be noted that a static hysteresis model is
used in this work as a first step into this research area.

Conclusions

In this paper, the effect of actuator hysteresis on helicopter
vibration control using a trailing-edge flap is studied. Two cases are
considered: 1) ideal linear actuator and 2) real actuator with
hysteresis nonlinearity. The global controller is used to determine the
optimal control input for the ideal linear actuator. The feedback form
of the global controller is used in the case of the real actuator with
hysteresis. This controller is known to work well in systems with
weak nonlinearity. The controller performance is compared for two
cases. The hysteresis in the real actuator is modeled using the
classical Preisach model. The weighting function which is
characteristic of the hysteresis transducer is estimated from
experimental data found in literature. Active vibration control is
simulated for steady-state high and low forward speed conditions.
The following conclusions can be drawn from the results presented in
this paper for a four-bladed hingeless rotor similar to the BO105
rotor:

In high-speed flight, both ideal linear actuator and real actuator
give 79, 70, and 66% reduction in hub vibration using individual
3=rev, 4=rev, and 5=rev control inputs, respectively. In the case of
real actuator, the addition of actuator hysteresis made the overall
systemmore nonlinear. Therefore, the voltage control input required
for obtaining minimum vibration levels is different in the two cases.
However, the resulting flap motion in the two cases are almost
identical for single frequency control inputs.

The ideal linear actuator with multicyclic control input gives 90%
reduction in hub vibration at high-speed flight. The real actuator with
multicyclic control input resulted in only 81% in hub vibration
reduction. This loss in controller performance (about 9%) in the real
actuator is due to the presence of actuator hysteresis. Again, the
optimal voltage control input for the two cases are different.
However, unlike single frequency control input, the resulting flap
motion due to multicyclic control input in the two cases are not
identical.

For an ideal linear actuator in low-speed flight, vibration levels are
reduced by 90, 98, 91, and 99% with 3, 4, 5=rev, and multicyclic
control input, respectively. For 3=rev and 5=rev control input, the
performance of the real actuator is comparable to the ideal linear
actuator. However, for 4=rev and multicyclic control input the real
actuator yielded only 84 and 86% reduction in vibration levels,
respectively. Again this performance penalty (a drop of 14%) can be
attributed to the presence of hysteretic nonlinearity in the flap
actuator.

In the case of multicyclic control input, both ideal and real
actuators are used over the complete envelope of authority in high-
speed flight. However, in low-speed flight, the actuators are not
required to operate over their complete envelope of authority to
achieve maximum vibration suppression.

The incorporation of more complex and accurate hysteresis
models like dynamic hysteresis models can strengthen the
nonlinearity and further penalize the controller performance. This
is a subject of future work.

Table 2 Percentage reduction in hub vibration for all cases

Type of control
input

Ideal linear
actuator

Real actuator
with hysteresis

Ideal linear
actuator

Real actuator
with hysteresis

High-speed flight (�� 0:30) Low-speed flight (�� 0:15)

3=rev 79 79 90 88
4=rev 70 70 98 84
5=rev 66 66 91 91
Multicyclic 90 81 99 86
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