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ABSTRACT

Active integral twist control for vibration reduction
of helicopter rotors during forward flight is investigated
in this paper. The twist deformation is obtained us-
ing anisotropic piezocomposite actuators embedded in
the composite blade construction. An analytical frame-
work has been developed to examine integrally-twisted
helicopter blades and their aeroelastic behavior during
forward flight condition. This is accomplished by modi-
fying an existing multi-body dynamics code, DYMORE,
with active material constitutive relations. An Active
Twist Rotor (ATR) blade was designed in accordance
with this framework. A four-bladed fully-articulated
ATR system was built and tested to demonstrate the
present concept in forward flight. In parallel, the im-
pact of the integral twist actuation upon the fixed- and
rotating-system loads during forward flight is estimated
by the proposed analysis. While discrepancies are found
in the amplitude of the loads under actuation, the pre-
dicted trend of load variation with respect to its con-
trol phase correlates well with the experiments. Using
the analysis, system identification is performed to esti-
mate the harmonic transfer functions of the ATR sys-
tem based on linear time-periodic (LTP) approach. A
vibration minimizing closed-loop controller can then be
designed based on this system identification results.

INTRODUCTION

Rotorcraft has been a very important means of
aerial transportation due to its capability of vertical
take-off and landing. However, it has also been un-
der some serious constraints such as relatively poor
ride quality associated with high levels of vibration and
noise, restricted flight envelope, low fatigue life of the
structural components, and consequently high operat-
ing cost. The primary source of these high levels of vi-
bration is the complex unsteady aerodynamic environ-
ment which is generated near the rotor blades mainly
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during forward flight. An instantaneous asymmetry of
the aerodynamic loads acting on the blade at differ-
ent azimuth location is developed, and such asymmetry
becomes more and more adverse as the forward flight
speed increases. The coupling between the structural
and mechanical components such as rotor, fuselage, en-
gine, and transmission adds another degree of complex-
ity to this problem. There have been considerable ef-
forts in the helicopter community to reduce such vibra-
tion, and most of them were based on passive method-
ologies [1]. However, during the last two decades, active
methods to alleviate helicopter vibration based on the
idea of directly modifying unsteady aerodynamic loads
acting upon the rotor blades have been studied. These
may be broadly classified as higher harmonic control
(HHC) and individual blade control (IBC) [2, 3]. Sev-
eral outstanding results were obtained in terms of vi-
bration reduction capability. Examples include analyt-
ical studies searching for an optimal control scheme [4],
wind tunnel tests with either small or full-scaled model
[2, 5], and flight tests [6]. However, these realizations
are associated with employing additional hydraulic ac-
tuators installed on either non-rotating (beneath swash-
plate) or rotating frames (between pitch links) have not
successfully entered into full-scale application. Typi-
cal disadvantages were identified, such as adverse power
requirement and limitation on excitation frequency in
HHC, and extreme mechanical complexity of hydraulic
sliprings in IBC.

Recently, advances in active materials have en-
abled multiple lightweight sensors/actuators embedded
or surface-mounted at several locations in rotor blades
[7, 8, 9]. By employing active materials for such actu-
ators, one can potentially obtain advantages in terms
of weight and power consumption when compared with
traditional hydraulic systems. Various implementations
have been suggested for active materials application to
the rotorcraft vibration reduction [10]. Among those
implementations, an integral twist actuation concept
[11, 12, 13, 14] is selected as a major mechanism for
blade control in this present study. This actuation con-
cept presents itself as an aggressive alternative with sev-
eral potential benefits. Besides providing redundancy
in operation, the integral concept does not increase the
profile drag of the blade unlike discrete flap concepts.
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Moreover, the actuators once embedded in the compos-
ite construction become part of the load bearing struc-
ture, making the active blade a truly integrated multi-
functional structure that allows for effective construc-
tion and assembly of future low vibration and low noise
rotor blades.

The integral twist actuation concept using active
materials technology has showed promising benefits
from a conceptual standpoint [15], as well as prelimi-
nary hover testing with small-scaled models [13, 16]. In
the Boeing/MIT integral blade program [13] sponsored
by DARPA, a 1/6th Mach-scaled CH-47D blade was
manufactured and hover tested in a two-bladed rotor
configuration, where the integral twist actuation was
obtained through the use of Active Fiber Composite
(AFC). In order to design the blade structure and pre-
dict the actuation performance, a rudimentary single-
cell active composite beam model [17] was used. Also,
an intentional reduction by 50% on the baseline tor-
sional stiffness was imposed and regarded to improve
twist actuation. Hover testing on the MIT Hover Test
Stand Facility demonstrated tip twist performance be-
tween 1◦ and 1.5◦ in the rotating environment. Boe-
ing/MIT continues this work that should eventually
lead to forward flight wind-tunnel test and full-scale
blade section manufacturing [18].

However, a comprehensive investigation on the he-
licopter vibration reduction, which is obtained by the
present integral actuation concept, has not been started
until a recent open-loop wind-tunnel forward flight test
[19]. This open-loop test was conducted under the Ac-
tive Twist Rotor (ATR) program, a collaborative re-
search between the U.S. Army Research Laboratory,
at NASA Langley Research Center, and MIT. The re-
search activities which have been conducted so far under
this program are described in detail in the relevant ref-
erences: structural modeling of the integral blades [20],
blade design, prototyping, and its bench test [21], hover
test and its correlation with analysis [16, 22], open-
loop forward flight test and its correlation with analysis
[19, 23], and a preliminary numerical simulation of the
closed-loop control [24].

This paper presents the latest results from the
ATR research, especially regarding the open-loop for-
ward flight analysis, its correlation with experiments,
and system identification. It illustrates a framework
which simulates a response of the helicopter rotor sys-
tem employing active composite blade with distributed
anisotropic piezoelectric strain actuators during for-
ward flight. An active blade of such rotor system is an-
alyzed in a two-step approach as follows. First, its cross
section is modeled as a multi-cell composite beam with
integral anisotropic actuators [20, 25]. Then, this cross-
sectional result is added to the existing multi-body dy-
namics model for passive helicopter blades [26], which

already combines a geometrically-exact beam structural
formulation and the finite-state dynamic inflow theory
for aerodynamics [27]. Results from the open-loop for-
ward flight experiment are correlated with the predic-
tion from the simulation. Using the forward flight anal-
ysis proposed above, system identification is conducted
to estimate the harmonic transfer functions of the ATR
system [28, 29]. Within this effort, linear time-periodic
(LTP) components of these transfer functions are ex-
tracted in addition to linear time-invariant (LTI) mem-
bers. Since the helicopter rotor becomes a LTP system
during forward flight due to a periodicity in aerodynam-
ics, these LTP components potentially exist and may
contribute to the identification results. The specific ob-
jectives of this paper are:

1. Build an aeroelastic framework to simulate heli-
copter forward flight with active twist rotor blades
and evaluate its response due to actuation

2. Correlate the analytical prediction with experiment
results for the open-loop control ATR test in for-
ward flight

3. Identify the harmonic transfer functions of the ATR
system during forward flight based on LTP system
approach.

FRAMEWORK

For analyzing helicopter blades with embedded
strain actuators, a framework is needed such that the
effects of the active material embedded in the struc-
ture are carried out throughout all the steps of the
analysis. Since there are few analysis formulations
available which can properly handle all the peculiari-
ties of an active helicopter blade cross section like the
ATR, the authors have been working on creating a gen-
eral framework for active rotor blade modeling. Here,
an asymptotical analysis takes the electromechanical
three-dimensional problem and reduces it into a set of
two analyses: a linear analysis over the cross section
and a nonlinear analysis of the resulting beam refer-
ence line. By coupling the active blade formulation with
the appropriate unsteady aerodynamics, the aeroelastic
problem can then be solved in time and simulations be
conducted for control design. A schematic diagram of
the established framework is shown in Fig. 1.

Cross-Sectional Analysis

Stiffness and actuation forcing constants for an ac-
tive anisotropic thin-walled two-cell beam are obtained
from a variational-asymptotical formulation [20]. While
restricted to thin-walled beams, it yields closed form so-
lutions of the displacement field (which is derived and
not assumed), and stiffness and actuation constants.
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Figure 1: Schematic diagram of the analytical frame-
work for an active helicopter blade and its aeroelastic
behavior

The availability of correct closed form expressions is es-
sential to determine design paradigms on this new type
of blade, mainly concerning the tradeoffs between tor-
sional stiffness and twist actuation. These stiffness and
actuation constants are then used in the beam finite
element discretization of the blade reference line.

Blade Structure and Aerodynamic Analyses

To simulate the active rotor system for open
and closed-loop control, a time domain formulation is
needed. The multi-body dynamics code DYMORE, de-
veloped by Bauchau and co-workers [26], is based on the
geometrically-exact beam equations and it is coupled to
the aerodynamics of Peters and He [27]. DYMORE’s
original beam formulation is consistent with the one
used previously by the authors in studying hover re-
sponse of the ATR system. The difference now is that
the formulation is displacement-based instead of mixed-
form. Therefore, the same cross-sectional analysis for
active beams can be used. The integral actuation forces
and moments existing inside the blade structure are re-
alized in the form of finite element loads to the pas-
sive beam in the modified time domain analysis. The
solution of the 1-D beam analysis provides blade dis-
placement and generalized stress fields due to external
loading and piezoelectric actuation, which are of inter-
est in the analysis of static and dynamic deformations
and aeroelastic stability.

The forward flight part of the finite-state dynamic
inflow aerodynamics model [27] was already imple-
mented in DYMORE. This aerodynamic theory was
originally developed for both hover and forward flight
conditions. This model was constructed by applying
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Figure 2: Planform and cross section of the ATR pro-
totype blade (Dimensions are in inches.)

the acceleration potential theory to the rotor aerody-
namics problem with a skewed cylindrical wake. More
specifically, the induced flow at the rotor disk was ex-
panded in terms of modal functions. As a result, a
three-dimensional, unsteady induced-flow aerodynam-
ics model with finite number of states was derived in
time domain. This model falls on an intermediate level
of wake representation between the simplest momentum
and the most complicated free wake methodologies. It
does not require a severe computational effort, which is
usually the case in those that involve the vortex filament
theory. Therefore, this model is applicable to the prob-
lems of rotor aeroelastic stability, basic blade-passage
vibrations, and higher-harmonic control studies [27].

Aeroelastic System in Forward Flight

The aeroelastic system of equations which com-
bines the structural and aerodynamic equations ob-
tained in the previous steps is now solved for forward
flight condition to provide the information regarding
the transient response. Specifically, the present analysis
adopts a direct time integration of the blade response
due to an integral actuation during flight. This time
integration is required since further analytical tasks
including system identification, open- and closed-loop
simulations will be conducted in time domain. DY-
MORE, the original passive blade dynamics model,
adopts a time-discontinuous integration scheme with
energy decaying characteristics in order to avoid high
frequency numerical oscillation [26, 30]. Such an ad-
verse high frequency oscillation usually occurs during a
finite element time integration of a complex multi-body
dynamic system. Finally, the transfer functions due to
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high voltage actuation input for different forward flight
conditions can be calculated by Fourier transform of
the time response of the blade or the entire active rotor
system.

ATR CHARACTERISTICS

The basic requirements for the ATR blade comes
from an existing passive blade used by NASA Langley.
The baseline (passive) system has been well studied and
characterized over the years, and is representative of a
generic production helicopter [31]. The new ATR blade
is designed based on the external dimensions and aero-
dynamic properties of the existing baseline blade to be
tested in heavy gas (R134a) medium. Table 1 summa-
rizes the general dimension and shape characteristics of
the ATR blade.

Table 1: Characteristics of the ATR blade

Rotor type Fully
articulated

Number of blades, b 4
Blade chord, c 10.77 cm
Blade radius, R 1.397 m
Solidity, bc/πR 0.0982
Airfoil section NACA 0012
Blade pretwist −10◦

Hinge offset 7.62 cm
Root cutout 31.75 cm
Pitch axis 25% chord
Elastic axis 25% chord

Center of gravity 25% chord
Lock number 9.0

Tip Mach number 0.6
Centrifugal loading at tip 738.5 g

Rotor speed 687.5 rpm
Rotor overspeed 756 rpm

Mass per unit span (kg/m) 0.6968
Center of gravity 17.9 %

Tension axis 34.4 %
EA (N) 1.787 106

GJ (N-m2) 3.143 101

EIflap (N-m2) 4.419 101

EIlag (N-m2) 1.153 103

Section torsional inertia (kg-m2/m) 3.810 10−4

1st torsion frequency @ 687.5 rpm 6.97/rev
Twist actuation @ 0 rpm,

2,000 Vpp/ 0 VDC 2.46
(peak-to-peak, deg/m)

The ATR blade employed a total of 24 AFC packs
placed on the front spar only, and distributed in 6 sta-
tions along the blade span [21]. Fig. 2 shows basic blade
planform and cross section characteristics selected for
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Figure 3: Fan plot of the ATR blade from the proposed
analysis

the ATR prototype blade. The material properties of
the passive prepregs and the AFC plies used in the blade
are summarized in the appendices of Refs. [21] and [24].
The fan plot of the ATR blade is presented in Fig. 3.

OPEN-LOOP FORWARD FLIGHT RESULTS

The forward flight regime is of great interest for the
vibration reduction problem. The blade twist control
is suggested to alter the undesirable unsteady aerody-
namic environment which develops in that flight regime.
In the wind-tunnel test, various flight conditions were
selected, and they represented low-speed level flight,
high-speed level flight, and descending flight. Once the
steady-state equilibrium condition was obtained by ad-
justing blade pitch control, either sine-dwell or sine-
sweep high-voltage signal was applied at the embed-
ded actuators. In case of sine-dwell signal, only 3P, 4P,
5P frequency components were considered since (N -1,
N , N+1) frequency components are found to influence
significantly N -bladed rotor system. Two blade con-
trol modes were tested: collective twist and an Individ-
ual Blade Control (IBC), where all the blades have the
same twist actuation variation with azimuth. Experi-
mentally, the collective mode was found to be relatively
ineffective in altering fixed-system vibratory loads com-
pared with the IBC mode [19]. The correlations pre-
sented here will concentrate on those obtained during
the simulated 1g level flight conditions while in the base-
line (no actuation) and IBC mode of actuation. Also,
a sweeping algorithm over control phase angle was con-
sidered within the IBC scheme.

Using the proposed forward flight analysis, the
open-loop control forward flight test described above
is simulated numerically. An input model for a four-
active-bladed fully-articulated rotor system is con-
structed. Also, a sine-dwell input signal for an IBC
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Figure 4: Variation of 4P hub shear vibratory loads for
µ = 0.333, αS = −6◦, CT = 0.0066, and 1,000 V twist
actuation at 3P, 4P, 5P with respect to control phase

mode blade actuation is generated with control phase
sweeping algorithm. The resulting time domain quan-
tities can be transferred to frequency domain to exam-
ine the magnitude of the frequency content of inter-
est, which is 4P in the four-bladed rotor system. One
flight condition is selected among the considered con-
ditions to present the analytical results and its correla-
tion with experiment. The steady-state trim condition
is µ = 0.333, αS = −6◦, CT = 0.0066.

Fig. 4 shows two components of fixed-system load
variation with respect to control phase due to 3P, 4P,
and 5P IBC mode blade actuation. The load predicted
from the analysis shows significant discrepancy in am-
plitude from the experimental results, although their
variation trends in terms of control phase are in good
agreement. 3P actuation is most effective in hub shear
vibratory load reduction, resulting in 95% reduction.
Such a hub shear vibratory load reduction performance

numerically predicted here shows similar trend as it was
observed in the experiment. Quantities in the rotating-
system, for example, flap bending moment and torsional
moment are also shown in Figs. 5 and 6. The span loca-
tion where these quantities are calculated is selected to
match those of the strain gauges embedded in the test
blade. While the fixed-system quantities were inves-
tigated only in 4P frequency components, those in the
rotating-system are extracted and examined in their 3P,
4P, and 5P frequency components.

Both of fixed- and rotating-system predicted loads
exhibit quite a large discrepancy in amplitude from the
experimental results. Since the dynamics of the test ap-
paratus used for the wind-tunnel test is not included in
the model, this may be responsible for the discrepan-
cies. Upgraded input model for the same ATR system
including the pitch link and all the linkage components
in the swashplate was attempted for better correlation.
However, this increase in model detail has shown little
impact on the load prediction.

It should be further noted that the baseline ampli-
tude in all cases are significantly underpredicted by the
numerical analysis. Also, the experimental 4P hub side-
ward baseline (not shown here) presented unreasonably
high magnitude when compared to the other two hub
force components. This suggests that further charac-
terization of the whole experimental apparatus is desir-
able. Once this is done and the information is brought
to the model, an improved correlation between them is
expected. Meanwhile, the basic active aeroelastic char-
acteristics of the ATR system has been mostly captured
by the analysis, and this model is used for further in-
vestigations.

SYSTEM IDENTIFICATION RESULTS

During forward flight, helicopter rotor blade ex-
hibits an aerodynamic environment which varies itself
within the rotor revolution. This signifies that the heli-
copter rotor system during forward flight is basically a
linear time-periodic system. Therefore, a methodology
considering this periodicity should be used for its char-
acterization. In this paper, a method is adopted which
results in multi-component harmonic transfer functions
[28, 29]. The theoretical background of the adopted
methodology and its implementation schemes that in-
clude additional assumptions imposed on the transfer
functions are described in detail in [32].

Sinusoids are used to determine transfer functions,
and more specifically, sine-sweep waves (chirp signals)
are used to obtain the system response over a specific
range of frequencies. Using the sine-sweep input signal,
fixed- and rotating-system response of the ATR system
are predicted by the proposed analysis. At first, a series

5
American Institute of Aeronautics and Astronautics



(a) 3P loads

(b) 4P loads

(c) 5P loads

analysis

experimentZHF

Z
Z

Z

Z

Z

Z

Z

Z
Z

Z

Z

Z

Z

Z

Z

Z

ZZ

H

H

H

H
H
H H

H

H

H

H

H

H
HH
H

H

H

F
F F FF FF F

FF
F
F

FF F FF
F

0

0.5

1

1.5

2

2.5

3

0 60 120 180 240 300 360

3
P

 F
la
p

 B
e
n

d
in

g
 M

o
m
e
n
t 

(N
-m

)

Control Phase (deg)

3P

5P

4P

3P

baseline
4P 5P

Z

Z
Z

ZZ

Z

Z

Z

Z

Z
ZZ

Z
Z
ZZ

Z
Z

H

H

H

H

H

H
H H

H

H

H

H

H

HH
H H

H

F
F F F

F

F

F

F

F

F

F

F F
F

F

F

F

F

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 60 120 180 240 300 360

4
P

 F
la
p

 B
e
n

d
in

g
 M

o
m
e
n
t 

(N
-m

)

Control Phase (deg)

3P
5P

4P

3P

baseline

4P

5P

Z
ZZZ

Z
Z Z

ZZ ZZZ Z
ZZ

Z

ZZ

HH HH H
H
H H HH

HHH
HH H

H
H

F
F F

FF FF
F
FF FF F

F
F F

F
F

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 60 120 180 240 300 360

5
P

 F
la
p

 B
e
n

d
in

g
 M

o
m
e
n
t 

(N
-m

)

Control Phase (deg)

3P

5P

4P

3P

baseline

4P

5P

Figure 5: Variation of flap bending moment at 28.7%
span location for µ = 0.333, αS = −6◦, CT = 0.0066,
and 1,000 V twist actuation at 3P, 4P, 5P with respect
to control phase

of collective mode actuation signal is applied, and its re-
sponse is examined for the system identification. Before
applying the system identification algorithm suggested
in [32], the amplitude of the baseline loads must be sub-
tracted from those under actuation. This is due to the
definition of the transfer matrix which will be used in
the future closed-loop controller design, as represented
by the following equation.

z = Tu + zo (1)

where z is a vector of vibration amplitudes, T is the
transfer matrix, u is the vector of the actuation ampli-
tudes, and zo is the vector of the vibration amplitudes
with no actuation (baseline).

Five harmonic transfer functions, i.e., G−2, G−1,
G0, G+1, G+2, are obtained, and the higher order ones
neglected. However, G0 is found to have amplitude
which is significantly larger compared with the others.
This indicates that the response of the ATR system can
be described only by the G0 component, behaving like a
linear time-invariant (LTI) system. More insight about
the blade dynamics can be extracted from a Bode dia-
gram of the G0 component for the hub vertical force as
shown in Fig. 7. It is recognized that the peaks approx-
imately match the frequencies of rigid and elastic flap
bending modes of the blade. (See the fan plot shown in
Fig. 3).

Sine-sweep input signals for longitudinal and lat-
eral cyclic mode of blade actuation are also gener-
ated. By putting these input signals and executing
the same identification process as described before, har-
monic transfer functions corresponding to these two
modes of actuation are estimated. Again, all the other
components except G0 resulted in much lower magni-
tudes. Therefore, the LTI simplification is still valid for
these modes of actuation. All the identification results
including the collective mode previously obtained may
be represented as a transfer matrix relating three com-
ponents of the hub shear loads versus three modes of
blade actuation signal as shown in Fig. 8.

Consider the case of alleviating only the vertical
components of the 4P hub shear vibratory load. From
the analytical results presented in Fig. 4, the baseline
amplitude of this vibratory component was predicted
to be approximately 23 N. However, from Fig. 8, the
amplitudes associated with the hub vertical vibratory
load altered by the application of each actuation mode
are found to be 45 N, 26 N, and 28 N at 4P frequency,
respectively. Theoretically, it can be concluded that the
application of only collective mode of blade actuation is
enough for a complete elimination of the 4P hub vertical
vibratory load at this given flight condition. However,
experimental results do not support that [19].

This contradiction resulted from the same discrep-
ancy generally found in the load amplitude results pre-
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Figure 6: Variation of torsional moment at 33.6% span
location for µ = 0.333, αS = −6◦, CT = 0.0066, and
1,000 V twist actuation at 3P, 4P, 5P with respect to
control phase
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Figure 7: Harmonic transfer function G0 of the hub
vertical shear loads during the collective mode actuation

dicted by the analysis and observed in the experiment,
regarding the baseline loads and those under actuation.
Again, for the hub vertical shear vibratory component,
the 4P baseline load was predicted to be 23 N, and
the amplitude under collective mode actuation was pre-
dicted to be 45 N at 4P. However, in the experiment,
the corresponding quantities for the baseline load was
observed to be 90 N and the amplitude altered by the
4P IBC-mode actuation to be approximately 20 N at its
maximum (See Fig. 4 (a)). Note that the 4P IBC-mode
actuation is exactly the same as the collective mode ac-
tuation at 4P.

From the present discussion, few issues are sug-
gested for future study as follows. First, an improve-
ment on the analysis model is recommended regarding
its load prediction. Second, regarding the closed-loop
control, an appropriate combination of the three actu-
ation modes is recommended. This multi-mode com-
bination becomes equivalent to IBC mode, which was
shown to be most effective in the open-loop control test.
This multi-mode controller can be configured for sup-
pressing multi-component of hub shear vibratory loads
simultaneously.

CONCLUSION

This paper addresses helicopter vibration reduction
using integral blade twist control. As presented here,
a numerical aeroelastic framework is proposed for this
study. For its implementation, an existing multi-body
dynamics code, DYMORE, is modified to account for
the distributed anisotropic piezocomposite actuators.
The analytical results of open-loop IBC-mode actua-
tion is correlated with the experimental data collected
in NASA Langley wind tunnel. While discrepancies are
found in the amplitude of the loads under actuation, the
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Figure 8: Matrix of G0 estimated for three components
of 4P hub shear vibratory loads versus three modes of
blade actuation

predicted trend of load variation with respect to its con-
trol phase correlates well with the experiments. Using
the proposed analysis, system identification on the ATR
system is performed. It is found that the linear time-
periodic system can be represented by a linear time-
invariant system under the three modes of blade actu-
ation: collective, longitudinal cyclic, and lateral cyclic.
Collective mode of actuation is found to have potential
of eliminating 4P hub vibratory loads completely from
the analysis, which contradicts the observation in the
experiment. Further studies are required to improve
the correlation between the experimental and analyti-
cal results. The combination of the three modes of ac-
tuation is recommended for future closed-loop control
implementations.
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