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Abstract

This paper studies vibratory hub loads and cabin vibrations reduction using higher harmonic con-
trol. The dynamic analysis of the rotor is performed using a comprehensive analysis tool coupled with
a gradient based optimization algorithm to evaluate the higher harmonic cyclic input which is expected
to minimize vibratory hub loads. The hub force minimization problem is converted into a cabin vibra-
tion reduction problem using a comprehensive aeroservoelastic helicopter model which includes a linear
time invariant aeroelastic rotor model, rigid and elastic fuselage modes, servo actuators and sensors for
vibration measurement. The optimal higher harmonic control inputs are then applied and the accelera-
tions are measured at the selected sensor locations and additionally aeroservoelastic stability analysis
is performed. For the same aeroservoelastic model, a cabin vibration reduction procedure is formulated
considering direct acceleration reduction at sensor locations. All studies are conducted on a light util-
ity helicopter. Vibratory hub loads and sensor accelerations are presented and the differences in the
objectives of minimum force at hub and minimum vibration at sensors are discussed.

1 INTRODUCTION

Helicopter vibrations are generally considered
to limit several factors like safety, reliability, com-
fort and maximum speed. The aeroelastic inter-
actions of the vehicle with the pilot are an addi-
tional source of degradation in handling qualities
and safety [1–3] and chronic pain in long term [4].
Additionally, an excessive level of vibrations leads
to an increase in maintenance stops which in turn
increase the operational costs. More severe vi-
brations may cause failures and instability during
flight leading to accidents. Therefore, the rotorcraft
should be designed to achieve the lowest possible
vibrational levels [5] which in turn reduce opera-
tion costs, increase reliability, improves passenger
comfort and handling qualities, in other words im-
proved acceptance for commercial market [6].

The benefits of vibration reduction are well
known in rotorcraft industry since modern heli-
copters era started [7]. The techniques can be
passive or active. The passive techniques do
not require any actuation and aim at isolating the
critical components from high levels of vibration,

hence in this case the vibratory loads are still
present [8]. On the other hand the active tech-
niques are implemented through on-board com-
puters and servo actuators. The aim is directly
to reduce oscillatory loads or their consequences
rather than isolating them.

Higher Harmonic Control (HHC) is one of the
active vibration reduction approaches currently im-
plemented. It reduces the vibratory loads by excit-
ing the swashplate at frequencies higher than fun-
damental frequency, which is the main rotor angu-
lar speed Ω (known as (1/rev) in rotorcraft terminol-
ogy) [9]. The main idea behind HHC is to smooth
the rotor aerodynamics. A rotor with a number
of N equally spaced identical blades acts as a fil-
ter when all the blade root loads are summed in
the non-rotating reference frame. Hence only the
loads at frequencies which are at integer (k) multi-
ples of the fundamental frequency multiplied by the
blade number (kN/rev) are transmitted to the fuse-
lage [10]. Therefore the loads on the fuselage at
N/rev frequency, the most critical one, can be re-
duced by moving the swashplate at the same fre-
quency. This in turn induces blade pitch variations
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Figure 1: Schematic of HHC

that can smooth out aerodynamic loads. The prin-
ciple is the same of regular 1/rev control actuation
as given in Figure 1, but in this case higher har-
monics are considered.

In the non-rotating frame there are six compo-
nents for HHC input at n = N/rev harmonics. Then
the contribution of HHC on the blade root motion
θ∆,BR is summed to;

θ∆,BR =[θ0,nc cos(nψ)+θ0,ns sin(nψ)](1)
+[θlat,nc cos(nψ)+θlat,ns sin(nψ)]cos(ψ)
+[θlong,nc cos(nψ)+θlong,ns sin(nψ)]sin(ψ)

where θ0,nc, θ0,ns, θlat,nc, θlat,ns, θlong,nc and θlong,ns
are independent of rotor azimuth angle ψ and ap-
plied in the fixed system [11]. The local blade root
analysis is not within the scope of this study, there-
fore from now on HHC input θ∆ refers to the vector
of these six non-rotating frame inputs.

The HHC applications introduce weight penal-
ties in terms of the servo actuators, hydraulics,
computers and the additional necessity of local air-
frame strengthening which in turn degrades the
aircraft performance. Additionally these systems
are quite complex therefore the design, production,
installation, certification and maintenance costs
should also be taken into account [10]. Moreover
reliability problems may arise since the HHC acts
on the primary control chain. Because of these
reasons, it is essential to estimate the possible
reduction in vibrational level before implementing
such systems. That evaluation of HHC perfor-
mance provides the feasibility by comparing the
benefits versus the weight and cost of the system.
This study deals with the problem of evaluating
the benefits which is the minimum vibrational level
that can be achieved by HHC. The minimization
can be performed on two objectives, either on the
source of vibrations which is vibratory hub loads
or the acceleration measurements at critical points
on the fuselage. The former should be performed
with an aeroelastic rotor model having proper trim

conditions since the loads are of aeroelastic ori-
gin. However due to the interactions with fuselage
a detailed fuselage model gives more accurate re-
sults. On the other hand, in addition to rotor loads
calculation, the second objective needs a more de-
tailed model with an elastic fuselage representing
all multiple load paths through the gearbox attach-
ment and servo actuators that excite the fuselage.

It should be emphasized that HHC is usually
implemented in adaptive manner. However this
work focuses on setting up models that is capa-
ble of evaluating performance benefits of HHC ap-
plication rather than a particular implementation.
Therefore the algorithm of the HHC application is
out of the scope of this work.

Considering the scope, paper is organized as
follows. The following chapter introduces the
method of the performance evaluation of HHC vi-
bration reduction. The two objectives of HHC ap-
plication are presented and the details of the anal-
ysis models are given. A model of a three-blade
helicopter of the class of the Aerospatiale Gazelle
is considered. After the method section, results of
the numerical analysis are provided including vi-
bratory loads and vibrations reduction at the sen-
sors. The reduction in vibrations and the required
HHC inputs are compared and discussed for each
analysis.

2 METHOD

In this study, two objectives for helicopter vibra-
tion reduction are investigated for optimal HHC in-
put. First, the hub loads induced by the main rotor
are considered as objective such that the vibration
reduction problem is solved by minimizing critical
vibratory hub loads that are the sources of exci-
tation. Then, in order to investigate the effect of
HHC on fuselage vibrations, a more detailed lin-
ear time invariant (LTI) aeroservoelastic model is
built using a comprehensive solver. Having the ca-
pability of assembling substructures from different
sources, this model makes it possible to calculate
the accelerations at selected points and allowing
a comparison of the HHC performances at differ-
ent cabin locations. The other objective for vibra-
tion reduction considers minimizing sensor accel-
erations at prescribed locations. For this purpose,
a least squares approximation is formulated for an
arbitrary number of vibration sensors and applied
on the same LTI aeroservoelastic tool.



2.1 Minimum Vibratory Loads Optimization

The optimization problem is formulated as [12]

Find X = {x1,x2, ....xm} maximizing J(X)(2)
subjected to g(X)≤ 0 and l(X) = 0,

where X is termed as the design vector which in-
cludes m design variables, J(X) is called the objec-
tive function to be minimized, g and l are inequal-
ity and equality constraint vectors having arbitrary
number of functions. The design variables are the
model inputs that are the most sensitive to the opti-
mization problem, the objective function is defined
as the model output which is to be minimized and
constraints are selected in order to prevent unre-
alistic results due to their dependence on design
variables.

The objective of the optimization is to reduce
critical N/rev loads originating from high frequency
aerodynamics. Among them, the N/rev hub force
component along the shaft, which is referred to
as vertical hub force, is selected since the magni-
tude of vertical aerodynamic forces are higher than
loads in other directions. The collective, longitu-
dinal and lateral excitations of the swashplate in
the non-rotating reference frame are determined
as the design variables which are altered during
the optimization analysis in order to minimize the
objective function. For each collective, longitudinal
and lateral excitation the amplitudes of sine and
cosine components are required and this leads to
six design variables.

It is not possible for an actuator to apply high val-
ues of HHC inputs due to power limits, hence the
amplitudes of the selected design variables have
been limited to below one degree. The change in
blade pitch angle depends on the azimuthal loca-
tion. Nevertheless, a maximum of one degree non-
rotating frame input in a combination of collective
longitudinal and lateral directions, gives the high-
est possible magnitude of 2.37 degrees variation
at the blade root.

The other N/rev loads, which are not intended to
be optimized, include two force and three moment
components are limited based on the reference
steady loads such that the N/rev loads are kept be-
low 5% of those references. The reference for the
longitudinal N/rev force component (Fx) and lateral
N/rev force component (Fy) is determined as the
helicopter weight. Similarly for the N/rev moment
components, pitching (My), rolling (Mx) and yaw-
ing (Mz), the reference is determined as the main
rotor torque at the analyzed flight speed. Apart

from these inequality constraints (g(X)), no equal-
ity constraint (l(X)) is defined.

The calculation of vibratory loads needs com-
prehensive analysis tools. For this purpose CAM-
RAD/JA is selected [13]. The required higher har-
monic control analysis are performed at free flight
trim for an aeroelastic rotor, rigid fuselage having
6 degrees of freedom, rigid tail rotor and stabil-
ity derivatives for vertical and horizontal stabiliz-
ers. This CAMRAD model is coupled with CON-
MIN gradient based optimization algorithm [14] so
that the HHC inputs on the swashplate that can
minimize the critical vibratory hub loads, are eval-
uated.

The flowchart of the coupling between CON-
MIN and CAMRAD/JA is given in Figure 2. The
vectors represent design variables (X), objective
function(J(X)) and constraint function (g(X)). The
role of the comprehensive model in this process
is to provide the values of objective function and
constraints for the assigned design variables. Af-
ter the CAMRAD/JA model is initialized and CON-
MIN inputs (J(X),g(X)) and outputs (X) are de-
fined, the optimization routine accepts initial de-
sign variables (X000) and computes the initial value
of objective function (J(X000)). This is essentially
due to the fact that the optimization algorithm is
gradient based. In the optimization routine, CON-
MIN provides the design variables to CAMRAD/JA
based on the evaluation of the derivatives of ob-
jective function and constraint functions, whereas
CAMRAD supports CONMIN by calculating these
functions. This calculation continues until all the
finite difference derivatives of J(X) and g(X) are
evaluated for all design variables (X). Based on
the derivatives CONMIN assigns the new set of de-
sign variables giving maximum gradient in objec-
tive function max(∆J(Xi)/∆Xi) while satisfying con-
straints. This loop iterates until convergence.

2.2 LTI Aeroservoelastic Model for Vibration
Reduction Analysis

The second objective, which is vibration reduc-
tion analysis including elastic fuselage, servo ac-
tuators and sensors for vibration calculation, is
performed using a simulation tool called MASST
(Modern Aeroservoelastic State Space Tools)
which has been developed at Politecnico di Mi-
lano for the aeroservoelastic and aeromechanical
analysis of aircraft and rotorcraft [15, 16]. MASST
analyzes compact yet complete modular models
of complex linearised aeroservoelastic systems.
Models are not directly formulated in MASS; they
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Figure 2: CONMIN-CAMRAD Coupling

are rather composed of subcomponents collected
from well-known, reliable and possibly state-of-the-
art sources and blended together in a mathemati-
cal environment.

The problem is formulated in state-space form.
This approach is often termed “modern” in the au-
tomatic control community. The equations of mo-
tion of the system are cast as first order time differ-
ential equations. As a consequence, generic state-
space approaches can be used to analyze aeroe-
lastic systems.

MASST has been designed to be modular and to
incorporate heterogeneous subcomponents from
different sources to model:

1. deformable aircraft structural dynamics;

2. airframe unsteady aerodynamics;

3. rotor aeroelasticity;

4. drive train dynamics;

5. servoactuators dynamics;

6. sensors and filters dynamics;

7. (Automatic) Flight Control System (FCS);

8. pilot biomechanics.

When these elements are combined, they provide
a powerful and flexible closed loop aeroservoelas-
tic modeling capability.

Each component is modeled in its most nat-
ural and appropriate modeling environment and
then cast into state-space form. Substructures are
connected using the Craig-Bampton Component
Mode Synthesis (CMS) approach [17].

2.2.1 Rotor Aeroelasticity Subproblem

From the point of view of the interaction with the
rest of the vehicle, the Main Rotor (MR) contri-
bution is expressed in terms of a LTI aeroelastic
operator. For a given steady flight condition, re-
lates forces and moments produced by the rotor
at the MR attachment point, fMR, to the compo-
nents of motion at that point (displacements and
rotations), xMR, and to the MR controls, including
regular trim control (1/rev) and any harmonic input
(N/rev), δδδMR = {θ0;θ1c;θ1s θNc;θNs}, namely

fMR = HxMR(jω)xMR +HδδδMR(jω)δδδMR + fN/rev;(3)

fN/rev are N/rev excitation forces and moments gen-
erated by the rotor aerodynamics. Note that the
rotation components of the motion include both
rigid-body motion and deformation effects of the
airframe.

In practice, these loads are evaluated in the fre-
quency domain for a set of discrete frequencies
and for a given set of trim points, ranging from
hover to forward flight at different speeds. In this
study CAMRAD JA is used both in optimization
and detailed aeroservoelastic analysis. In the de-
tailed aeroservoelastic analysis the LTI model is
combined to the fuselage. Since this LTI rotor
model does not include harmonic loads, the N/rev
force and moments at the rotor hub obtained from
CAMRAD JA are implemented as an external force
and moment input in MASST model.

2.2.2 Airframe Dynamics Problem

The structural dynamics model simply consists
of the second-order equations of the rigid-body
and flexible airframe dynamics,

Mq̈+Cq̇+Kq = f,(4)



formulated for the generalized coordinates q. The
motion of the MR attachment point is known in
terms of the corresponding modal displacements
xMR = UMRq. As a consequence, the frequency
domain representation of the airframe dynamics is
simply coupled to the MR aeroelastic model using
the Principle of Virtual Work (PVW), namely

δWMR =δxT
MRfMR(5)

=δqT UT
MR(HxMR(jω)UMRq

+HδδδMR(jω)δδδMR +Hqf(jω)fN/rev),

which contributes to 4, yielding
(
−ω

2M+ jωC+K−UT
MRHxMR(jω)UMR

)
q(6)

= UT
MRHδδδMR(jω)δδδMR +UT

MRHfMR(jω)fN/rev

As long as all the controls δδδ and N/rev excitation
loads fN/rev are considered, including for example
also the collective pitch of the tail rotor δTR, i.e.
δδδ = {δδδMR;δTR}, the problem can be written as

q = Hqδδδ(jω)δδδ+Hqf(jω)fN/rev,(7)

where additional exogenous inputs and distur-
bances are neglected, since the analysis focuses
on harmonic loads.

In order to introduce HHC inputs and also ac-
count for the load path through servos, actuator
dynamics are considered as well. The dynamic re-
lationship between the command requested by the
pilot and the actual motion prescribed to the con-
trols is

δδδ = Hact(jω)ηηη+Hdc(jω)fact,(8)

where vector ηηη contains the motion of the control
inceptors, while fact represents the force transmit-
ted by the actuators; Hdc(jω), the dynamic compli-
ance of the actuator, is often neglected or statically
approximated. Usually, a first- or second-order
equation is considered for the actuator dynamics
transfer function Hact(jω). In this study rigid actua-
tors are connected to the rotor at their usual rotor
connection and rigidly attached to the fuselage at
their fuselage connection. This ignores the link to
the pilot and servos act as a secondary load path
to fuselage.

MASST requires the mode shapes and modal
mass matrix of the fuselage to model the rigid and
elastic behavior of the airframe. For this purpose
a stick model, which uses an original 3 node lin-
earized finite volume beam formulation together
with lumped inertia and rod models [18, 19], is
used to approximate the fuselage structural dy-
namics. The complete MASST aeroservoelastic

model, composed of airframe stick model, servo
actuators, main rotor and acceleration sensors, is
given in Figure 3.

1

2

3
4

Figure 3: Helicopter Model in MASST

There are 6 beam elements on the longitudinal
axis which models cabin and tail boom. There
is also one node at rotor hub. The main rotor,
tail rotor, gear box and engine are considered as
lumped masses and inertias. The lateral exten-
sions on the fuselage longitudinal axis, labeled 1,
2, 3, 4 in Figure 3, are four sensor locations where
accelerations are measured. These sensors can
be placed anywhere in the fuselage such as pi-
lot/passenger seats, avionics and transmission lo-
cations, depending on the objective of vibration
analysis. In this model, four sensors are used as
given in Table 1 assuming that sensors 1 and 2
loosely correspond to crew seat locations and sen-
sors 3 and 4 are given as arbitrary locations near
transmission. In the present analysis, the sensors
are attached to the nearest longitudinally aligned
beam node and their contribution to mode shapes
is calculated by considering a rigid link in-between.

Table 1: Sensor Locations (m.) with respect to ro-
tor hub

Sensor # x(+ aft) y (+ right) z (+ up)
1 -1.42 -0.8 -1.52
2 -1.42 -0.8 -1.52
3 -0.58 -0.6 -1.52
4 -0.58 -0.6 -1.52

In order to attach the rotor to the fuselage and
transfer loads and motion, a gear box attachment
is necessary. A gearbox attachment, as shown in
Figure 4, has been modeled to gain the capability
to address this component in the LTI analysis with
the future objective of exploiting its compliance to
introduce passive and active vibration suppression
capabilities. The 4 rods, having high stiffness, con-
nect the main rotor to the fuselage and are mainly
responsible for supporting and transferring verti-
cal force and pitching and rolling moments. There
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Figure 4: Gearbox Support

are two groups of bushings, composed of two per-
pendicular elements, located parallel to the main
rotor plane at the bottom of the gearbox attach-
ment. Therefore the role of the 4 bushings is to
support and transfer forces and moments in the
rotor plane, namely, longitudinal and lateral forces
and yawing moment. These elements each hav-
ing 2 nodes is connected to the main rotor at one
node and to the fuselage at the other node. As
in the case of the sensors, the motion contribution
of the gearbox attachment node is calculated by
attaching them to the nearest rotor/fuselage node
and evaluating their motion assuming a rigid link
between the gearbox attachment nodes and the
corresponding rotor/fuselage node.

The fuselage stick model uses six rigid body
modes and four elastic modes whose frequencies
are within N/rev and slightly above. Due to the
lack of detailed mass and stiffness data, mass and
elasticity distributions are assumed to obtain natu-
ral frequency values as close as possible to those
of the original work [20]. Modal damping of 2%
is assumed. The comparison is given in Table 2
and the corresponding mode shapes are plotted in
Figure 5. It is important to note that the N/rev fre-
quency (with N = 3, 3/rev = 19.35 Hz) is between
the 3rd and the 4th structural modes.

2.3 Cabin Vibration Calculation

Having completed the LTI aeroservoelastic
model, the vibrations at the sensor locations can

Table 2: Structural Bending (B.) and Torsion (T.)
Modes of the Fuselage for Reference (R.) and
Stick Model (S.M.) and % difference (∆)

Mode R. [20] S.M. ∆

1st Vertical B. 07.96 07.59 -5%
1st Lateral B. 09.99 10.21 +2%
1st Fuselage T. 17.59 18.08 +3%
2nd Vertical B. 20.93 21.10 +1%

be found using state the space form of the MASST
model. Figure 6 provides a simple representation.
The loads coming from the HHC actuation (FH,∆θ),
rotor feedback (FH,aH ) and N/rev loads prior to HHC
(FH,N/rev) actuation are summed at the hub and
excite the fuselage through the gearbox attach-
ment and servos. The output accelerations (aS) are
evaluated using the transfer function from the hub
forces to the sensor accelerations (HaS,FH ). More-
over, the importance of a coupled rotor fuselage
model can be seen from the load feedback (FH,aH )
arising because of the rotor response to hub ac-
celeration (aH ).

2.4 Least Squares Formulation for Minimum
Fuselage Vibration

The least squares solution is formulated for
an acceleration vector (y) with arbitrary number
of sensors and HHC swashplate actuation vector
(θ∆ = θHHC). The problem is formulated in the fre-
quency domain, such that real and imaginary parts
of the solution directly represent the cosine and
since terms of the control input. First a scalar ob-
jective function is written using a weighted multi-
plication of y and θ∆ with their complex conjugate
transposes (Hermitian), yH and θ

H
∆ ;

J = yHWy+θ
H
∆ Rθ∆(9)

where W and R are weighting matrices for accel-
eration and HHC input vectors respectively. The
matrix W is defined depending on the priority of
sensor locations. If the accelerations at all the sen-
sors are aimed to be minimized to the same extent
then W is an identity matrix with the dimension of
number of sensors. However, in many applications
minimizing accelerations everywhere is not practi-
cal and moreover some locations in the cabin such
as the pilot seat have higher priority compared to
other locations. In this case the elements of W
would have different values depending of their im-
portance.

In order to find the minimum, J is differentiated
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Figure 6: Block diagram representation of HHC vibration reduction problem in MASST

with respect to θ
H
∆ and equated to zero which gives;

∂J
∂θ

H
∆

= 0⇒ ∂yH

∂θ∆

Wy+Rθ∆ = 0(10)

The acceleration y can be derived from state space
representation of the aeroservoelastic model
which can be stated with a participation in force
and HHC inputs as

ẋ = Ax+Bff+Bθ∆
θ∆(11)

y = Cx+Dff+Dθ∆
θ∆

where f is the forcing term and x is the state vector
of the system. For harmonic excitation, the state
vector is written as,

x = (jωI−A)−1(Bff+Bθ∆
θ∆)(12)

For our problem ω is the N/rev frequency. Inserting
Eq. (12) into the acceleration relation of Eq. (11),
the acceleration vector can be obtained as,

y = Hff+Hθ∆
θ∆(13)

where Hf and Hθ∆
are the transfer functions from

forcing input and HHC input respectively.

Hf = C(jωI−A)−1Bf +Df(14)

Hθ∆
= C(jωI−A)−1Bθ∆

+Dθ∆

Now the derivative of yH can also be written as

∂yH

∂θ
T
∆

= HH
θ∆

(15)



And finally combining Eqs. (9), (12) and (15), a
least squares solution for minimum acceleration is
obtained as:

θ∆min,a =−(HH
θ∆

WHθ∆
+R)−1(HH

θ∆
WHff)(16)

3 NUMERICAL ANALYSIS AND RESULTS

The method has been applied to a light utility
helicopter based on SA349/2 Aerospatiale Gazelle
for which extensive numerical and experimental
studies are available in literature. The general fea-
tures are provided in Table 3. In this work, the
model data from References [21], [22] and [20] are
used.

Table 3: General features of SA349/2 helicopter

Main Rotor Radius 5.25 m
Number of Blades 3
Blade-Hub Connection Articulated
Main Rotor Angular Speed fggl r 387 RPM
Mean Chord 33.6 cm
Max. Helicopter Mass 2000 kg
Maximum Speed 167 knots

A CAMRAD JA model of the SA342 Gazelle con-
figuration has been built using the data in Ref. 22.
The reliability of the model for 3/rev loads was
studied and discussed in a previous work [23]. In
helicopters, since the blade angle of attack and ad-
vancing airflow speed depend on the forward flight
speed and, as the forward flight speed increases,
the magnitude of oscillations in blade advancing
airspeed increases, inducing a higher level of vi-
bratory loads. Therefore the vibration level orig-
inating from the main rotor is theoretically zero
at hover and increases with forward flight speed
to high levels [24]. For this reason µ = 0.30 is
selected as the representative flight condition in
most of the rotorcraft vibration optimization stud-
ies [25]. Therefore hover condition and the low for-
ward flight speeds are excluded and the analysis
have been performed between the advance ratios
µ = 0.25 and µ = 0.40 with an advance ratio incre-
ment of 0.05.

3.1 Optimization for minimum vertical hub
force at 3/rev

Table 4 gives the result of the optimization for
vertical 3/rev force (Fz) and the other force and
moment components that are constrained with the
limit values for each flight condition. The applica-
tion of HHC reduces 3/rev vertical force (Fz) by ap-

Table 4: Comparison of HHC-ON and HHC-OFF
3/rev Forces (N.) and Moments (Nm.)

Force-µ 0.25 0.30 0.35 0.40
Limit 930 930 930 930
Fx(OFF) 82 65 113 367
Fx(ON) 58 41 123 353
Fy(OFF) 84 51 51 150
Fy(ON) 152 171 109 182
Fz(OFF) 2153 2593 3243 4945
Fz(ON) 1444 960 1935 4666
Moment-µ 0.25 0.30 0.35 0.40
Limit 294 395 540 795
Mx(OFF) 97 138 294 785
Mx(ON) 250 363 460 846
My(OFF) 94 201 301 567
My(ON) 121 157 457 415
Mz(OFF) 298 384 577 1177
Mz(ON) 197 198 415 1045

proximately 30%, 59% and 40% for the advance ra-
tios of 0.25, 0.30 and 0.35 respectively. At these
advance ratios the constraints for the force and
moment components other than vertical force are
satisfied. In terms of the intended optimization,
the flight condition with 0.40 advance ratio is the
only unsuccessful case. It is believed that the level
of complexity in the oscillatory airloads cannot be
smoothed within the prescribed limit of HHC input,
one degree magnitude, due to control power re-
quirement considerations.

The required 3/rev HHC input in the non-rotating
frame for the range of the HHC analysis are pre-
sented in Table 5. According to the limit value, the
magnitude of these values should be less than one
degree. The highest input magnitude is found to be
0.89 degrees at µ = 0.30 for collective input.

The results of the optimization are summarized
in Figure 7. For the next analysis, since MASST re-
quires an isolated rotor model, the results for both
full helicopter model and isolated rotor models are
provided for verification of isolated models. It can
be concluded that both models give close results
and show similar trend for initial and reduced loads
in the prescribed range of advance ratio.

3.2 Aeroservoelastic Analysis in MASST

Following the described method, a MASST
aeroservoelastic model has been developed to in-
vestigate the airframe vibration reduction. The
model is relatively simple but has all the features
that are essential for rotor/fuselage coupled vibra-
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tion problem of rotorcraft which include;

• Aeroelastic rotor model

• Elastic Gearbox support that supports the
main rotor and transfers rotor loads

• Aeroelastic coupling between rotor and fuse-
lage

• Rigid and elastic behaviour of the Fuselage
Model covering the frequency of interest

• Sensors to measure the accelerations on the
prescribed airframe locations

• Vibratory hub loads to excite the vehicle at the
the frequency of interest

• Control chain from servo actuators to blades
to input required HHC swashplate angles

Table 5: Optimal swashplate HHC inputs in non-
rotating reference frame

µ Component Cos. Sin.
Collective 0.23 -0.14

0.25 Longitudinal 0.18 -0.19
Lateral 0.06 0.09
Collective 0.72 -0.52

0.30 Longitudinal 0.28 -0.28
Lateral 0.07 0.08
Collective 0.59 -0.33

0.35 Longitudinal 0.14 -0.26
Lateral -0.24 0.05
Collective 0.06 0.10

0.40 Longitudinal 0.07 -0.03
Lateral -0.02 -0.02
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Figure 8: Aeroelastic modes, transition from 0.25
advance ratio to 0.40 with increasing marker size

First, aeroelastic stability has been checked.
The coupled rotor fuselage aeroelastic modes in
the range of interest are given in Figure 8. The ve-
hicle is concluded as aeroelastically stable since
all aeroelastic roots appear on left hand side of
complex plane, i.e negative real root. Since the
analysis focuses on high frequencies, a stabiliza-
tion system for rigid body modes was not included.
The unstable rigid body modes, which are at zero
or very low frequency and hence far below 3/rev,
are rather removed from the system.

Vibrations in longitudinal, lateral and vertical di-
rection have been computed at the sensor loca-
tions, previously reported in Table 1, to assess the
amount of reduction in the magnitude of sensor ac-
celeration in vertical (z) direction and to observe
the effects of minimization of vertical force in the
accelerations in longitudinal (x) and lateral (y) di-
rections. The HHC-OFF vibrations are compared
to those of two HHC application strategies. The
first one is the HHC-ON case using the HHC in-
put obtained from minimum force optimization (la-
beled as min. F) and the other one is HHC-ON
case obtained by least squares solution. For the
least squares optimization two sets of analyses
were performed with the same weight matrix W of
Eq. (9), in which, the weights are given as 1.00
for vertical acceleration and 0.25 for longitudinal
and lateral accelerations in the diagonal element
so that the vertical acceleration is given priority
while the vibrations in other two directions are not
allowed to change significantly.

Two sets of analysis were performed with the
same weight matrix W. First, since the optimiza-
tion problem limits the magnitude of HHC input, for
comparison of two objectives, the weighting matrix



R of Eq. (9) was adjusted accordingly using trial
and error approach to give the maximum HHC in-
put component as 1 deg (labeled as min a.). It
is also possible to formulate control inputs in least
squares solution as constraints rather than using
the R matrix. However for the intended aim of the
analysis, a trial and error was found sufficient. For
the second least squares solution, R matrix was
set to zero (labeled as min a. R=0) to investigate
the maximum reduction and the cost of minimized
cabin vibration.

For the advance ratio range considered in the
analysis, the time history over one rotor revolution
is given for one of the cases in Figure 9 for a repre-
sentation of all cases. For the overall advance ratio
range, the magnitudes of the sensor accelerations
are compared in Figures 10, 11 and 12 in the x,
y and z directions respectively. Their correspond-
ing magnitudes of HHC inputs are provided in Ta-
ble 6. As postulated above, the results show that
the reduction in N/rev loads also reduce the cabin
vibrations. However, the plots show that the vibra-
tions differ as the sensor location differ in the same
advance ratio although the hub loads are unique
for a given flight condition. Therefore, it is always
more accurate to work with a fuselage model and
formulate the reduction problem in terms of accel-
erations.

The effect of the minimum force optimization
strategy and the different weights in matrix W can
be observed by comparing the acceleration in (x),
(y) and (z) directions of Figures 10, 11 and 12.
As mentioned before the vibratory force in z di-
rection is minimized while constraining other force
and moment components below reference values
for the minimum force objective and the weights
in least squares formulation are higher in vertical
direction as compared to the other two directions.
Because of this reason, while the accelerations in
z direction reduced for all the sensors at the whole
advance ratio range, the accelerations in y and z di-
rections after HHC actuation are sometimes lower
sometimes higher as compared to that of reference
HHC-OFF case. This is a trade off between the
level of aimed reduction in critical direction(s) and
the allowable margin of vibration increase in the
other direction(s).

Another observation is that the least squares
minimization gives lower acceleration magnitudes
as compared to minimum force optimization. This
is expected since the objective of least squares
minimization is directly the accelerations at sen-
sors. On the other hand the objective of the min-
imum force optimization considers the magnitude
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Figure 9: Comparison of time histories over one ro-
tor revolution for the acceleration at 0.35 advance
ratio at sensor # 2

of 3/rev vertical force at hub and hence its effect
on airframe acceleration reduction is on input level
which means that the load path from the rotor to
the sensors in the fuselage is not taken into ac-
count. Therefore it can be concluded that reduc-
tion in the vibratory hub loads means reduced vi-
brations in the airframe but does not necessarily
lead to minimum vibrations.

Finally, the last columns of Figures 10, 11 and
12 give the possible minimum level of the sensor
accelerations for the least squares formulation, i.e.
the weighting matrix for control inputs (R) is zero.
The cost of zero R matrix can be observed from the
values which have at least one of the components
larger than 1 deg, as given in most right column
of Table 6. These values can be considered as a
maximum performance for cabin vibration reduc-
tion application. For this particular analysis, the
maximum values are not significantly higher than
those of the limited applications.

4 CONCLUSIONS AND FUTURE WORK

Reduction in vibratory loads and vibrations by
higher harmonic control active vibration control
technique has been presented. Although being
simple for a detailed vibration analysis, a stick
model including a gearbox attachment that can
provide all the essential features for vibration re-
duction has been developed. The objectives of
minimum oscillatory hub loads and minimum ac-
celeration on fuselage have been analyzed on
comprehensive aeroelastic rotorcraft models. The
vibratory loads and vibrations have been com-
pared for the HHC-OFF and HHC-ON cases and
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Figure 10: Magnitude of longitudinal sensor accelerations (labeled 1, 2, 3, 4) for HHC-OFF and HHC-
ON inputs coming from minimum force optimization (min F.) and least squares acceleration minimization
(min a.) and least squares acceleration minimization (min a.) without limit, R=0
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Figure 11: Magnitude of lateral sensor accelerations (labeled 1, 2, 3, 4) for HHC-OFF and HHC-ON
inputs coming from minimum force optimization (min F.) and least squares acceleration minimization
(min a.) and least squares acceleration minimization (min a.) without limit, R=0
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Figure 12: Magnitude of vertical sensor accelerations (labeled 1, 2, 3, 4) for HHC-OFF and HHC-ON
inputs coming from minimum force optimization (min F.) and least squares acceleration minimization
(min a.) and least squares acceleration minimization (min a.) without limit, R=0

results have been discussed.
This study proves that MASST aeroservoelastic

analysis tool is efficient in active vibration control
analysis. In addition to analysis capability, an in-
tegrated aeroelastic rotor model capable of provid-
ing aeroelastic model together with harmonic ro-
tor loading is expected to convert it to a novel de-
sign tool. With the rotor addition, sensitivities and

Table 6: Magnitude of swashplate HHC inputs

µ Comp. θ∆,minF θ∆,mina θ∆,mina−R0

Col. 0.27 0.69 0.84
0.25 Long. 0.27 0.40 0.39

Lat. 0.13 1.00 1.09
Col. 0.89 0.80 1.17

0.30 Long. 0.40 0.28 0.11
Lat. 0.11 1.00 1.17
Col. 0.68 0.74 1.31

0.35 Long. 0.30 0.57 0.44
Lat. 0.25 1.00 1.26
Col. 0.12 0.61 1.69

0.40 Long. 0.08 0.72 1.87
Lat. 0.03 1.00 1.40

robustness of an objective to design parameters
can be easily included in active vibration control
design.
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