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Abstract
This study investigates the optimal vibration reduction using the IBC (Individual Blade Control) actuation
concept for a coaxial lift-offset (L.O.) rotorcraft in high-speed cruise flight. The rotorcraft vibration analysis
model consists of a three-bladed coaxial rotor and a one-dimensional (1D) finite element (FE) fuselage stick
model. A 1D FE stick model of the fuselage is constructed based on the natural frequency data of XH-59A
and several other conventional helicopters. A total of 14 free vibrating modes are used to describe the air-
frame motions, after conducting a convergence study on the vibration behavior of the vehicle. The rotor-body
vibration analysis is carried out using either one-way or two-way coupled method, and the results are vali-
dated with XH-59A flight test data. The two-way coupled predictions show relatively good correlations with
the flight test data. The active vibration reduction gains obtained at the rotor hub and the pilot-seat via vari-
ous actuation scenarios are examined. The IBC actuation is demonstrated to be very effective in reducing
the vibration levels at both the locations of the vehicle. A multi-harmonic IBC actuation schedule enables to

suppress the overall vehicle vibration by 80.6%, as compared to the baseline uncontrolled case.

1. INTRODUCTION:

High levels of vibration, large noise emissions, and
relatively poor aerodynamic efficiencies are some of
the major concerns in modern rotorcraft applications.
The problem becomes aggravated with increases in
flight speeds as the edgewise rotor experiences
greater differences in incoming air velocities be-

tween the advancing and retreating sides of the rotor.

Many innovative ideas have been devised to over-
come the shortcomings in relation to the speed bar-
riers of helicopter flights. One prominent concept is
to apply the L.O. mechanism with which the lift gen-
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eration capacity of the rotor is maximized without
compromising the aerodynamic deficiencies in the
retreating side of the rotor. The roll moment equilib-
rium is satisfied with the lift produced by a pair of
coaxial, counter-rotating rotors that operate with
equal and opposite roll moments. The XH-59A is the
first aircraft to successfully demonstrate the L.O.
concept, achieving the maximum forward speed of
240 knots in level cruise mode (Refs. 1-2). However,
the test program was terminated due to severe vi-
brations and high fuel consumption met in the flight.

To analyze the problem closely, precise modeling of
the main rotor and the fuselage system, considering
their interactional behavior, is crucial for reliable
vibration prediction of a full rotorcraft, especially at
the cockpit location. The rotor-body coupled vibra-
tion analysis can be performed using either ap-
proach: one-way or two-way coupling. The former
considers the main rotor and the fuselage system
separately: the isolated rotor computes the vibratory
hub loads and then applies the load spectrum to
excite the fuselage (from the hub) for evaluating the
vibration at the desired stations of the fuselage. The
process is unilateral, with no interactions in between.
In the latter method, however, they interact with
each other, in which the vibratory loads produced by
the rotor are transferred to the fuselage, which in



turn changes the motion of the hub by the dynamic
response of the fuselage. The changed hub motions
(body) modify the hub loads (rotor) accordingly.
These interactions are repeated until substantial
convergence within a tolerance is reached. Consid-
ering the inherent coupling of the problem, the latter
approach is thought to be more general for a realis-
tic evaluation of rotor-body vibration response.
Nonetheless, there is a need to systematically eval-
uate the difference in accuracy and efficacy between
the two approaches.

The interaction between the rotor and the fuselage
affects the vibration for both the rotating and non-
rotating system of a rotorcraft. Previous studies have
mostly focused on the rotor-body coupling for con-
ventional helicopters (Refs. 3-5), while the L.O. rotor
system has been analyzed using the rotor in isola-
tion or with a simplified fuselage model (Refs. 6-13).
So far, a comprehensive study on the loads and
vibration behavior of L.O. coaxial rotorcraft, consid-
ering the whole rotorcraft system, has not been cov-
ered much in the literature. A few exceptions are:
Blackwell and Millott (Ref. 14), and Lee et al (Ref.
15). Blackwell and Millot (Ref. 14) developed a FE
model of a L.O. coaxial compound helicopter with a
fuselage and active vibration control system (AVCS)
installed at the non-rotating system. They success-
fully demonstrated the vibration reduction of X2TD,
which was developed based on the earlier platform
of XH-59A rotor. Lee et al. (Ref. 15) modeled the
fuselage using a 1D FE stick model along with a
one-way coupling approach for vibration reduction of
XH-59A with the application of IBC and AVCS. Con-
siderable vibration reduction gains were reported to
be obtained, with the co-actuation at both rotor (IBC)
and fuselage (AVCS). However, the vibratory hub
load is not considered with coupled fuselage effect.
Despite the recent attempts, there still remains to fill
the gap in the literature in relating to the rotor-body
coupled vibration analysis of the L.O. coaxial ro-
torcraft system, especially including application of
the two-way coupling approach.

The objectives of the present study are threefold: 1)
assessing the accuracy and efficiency of the rotor-
body coupled vibration predictions obtained between
the one-way and two-way coupling methods in ref-
erence to XH-59A flight test data in high-speed
cruise condition; 2) identifying the coupled vibration
behavior of the rotor and fuselage; and 3) finding the
best actuation scenario for the minimum vibration
using the IBC scheme.

2. SOLUTION APPROACHES
2.1. Fuselage FE model

Table 1 shows the summary of the general proper-
ties of XH-59A (Ref. 1), which is a 3-bladed coaxial
rotor with 5.48 m long and a vehicle weight of 5,398
kg. For the vibration analysis, the fuselage dynamic
model is first constructed using MSC.NASTRAN.
Modeling the fuselage varies from a simple 1D FE
stick model to a detailed 3D FE model. For both the
efficiency and convenience purpose, a simple 1D FE
stick model is adapted to account for the dynamic
motions of the fuselage (Ref. 4). Since most of the
normal mode characteristics of the XH-59A fuselage
are not publicly available, except the first fuselage
symmetric bending mode (Ref. 1), values taken from
conventional helicopters (e.g. UH-60A, AH-1G, BO-
105) are adopted instead for the target modes of the
fuselage (Refs. 16-18). The target frequencies of the
fundamental modes of the fuselage is given in Table
2. The cross-sectional dimension and structural
properties of each beam element in the stick model
are appropriately assumed and varied to match the
target frequencies set for the fuselage structure. The
overall vehicle weight and CG location of the XH-
59A are held constant during the frequency tuning
(Ref. 19). Fig. 1 illustrates the final 1D FE stick
model built for the present XH-59A fuselage, which
consists of 37 elastic beam FE’s, 20 concentrated
masses, and a flexible pylon that creates the physi-
cal connection between the rotor shaft and the fuse-
lage. The 1D FE stick model includes the flexible
pylon mounting system, modeled to match the nor-
mal modes of the fuselage. Five multipoint con-
straints using RBE2 element are used to simulate
elastomeric mounting system, with one bar element
installed to model the lift link of the rotor shaft
mounting system (Ref. 18). It is noted that the lift link
is the primary load path of the vertical force carried
through the upper and lower rotor.

2.2. Rotor-body coupled analysis

Fig. 1 shows the schematic view of the between the
one-way and two-way rotor-body coupled vibration
analysis methodologies. The one-way coupling
analysis is mainly conducted in MSC.NASTRAN
using the direct frequency response analysis solu-
tion (SOL 108). The vibratory hub load spectrum
obtained from the isolated rotor system with blade
passage frequencies (BPF), which is 3 per rotor
revolution (3P), are directly applied to the upper and
lower hub positions, as indicated in Fig. 1. The struc-



tural response of the fuselage is then computed as
discrete excitation frequencies in direct response
analysis by solving a set of coupled matrix equations
of the system. To this purpose, a ground vibration
analysis model of the XH-59A fuselage is construct-
ed, using the same set of normal modes as the
aforementioned 1D FE stick model, which including
the bungee cables connected to the upper rotor hub
and at the empennage as depicted in Fig. 2 (Ref.
15).

The two-way coupling analysis is conducted using
the comprehensive dynamics analysis code
CAMRAD Il (Ref. 20). The rotor-body coupled anal-
ysis is performed through the interactions between
the hub and airframe motion. To consider the elas-
ticity of the fuselage, the motion loop option in
CAMRAD Il is used during the vehicle trim process.
Fig. 3 illustrates the flow diagram of the analysis
process. The trim loop consists of the motion loop
itself, which iteratively computes the effect of hub
loads on the vehicle motion sensors. To avoid har-
monic coupling between the rotor and airframe, the
solution is conducted in nonrotating frame. The elas-
ticity of the fuselage is converted to generalized
mass, natural frequency, and eigenvectors from the
normal modes analysis results of 1D FE stick model.
The interactions are computed at three collocation
points, called motion sensors, as depicted in Fig. 1,
which capture the elastic behavior of the fuselage.
The motion sensors are positioned at the lower and
upper rotor hub, and the pilot seat. The rotor hub
locations are chosen since they are directly con-
nected to the rotor, which is the main source of the
vibration. The fuselage motion is calculated using
the linear and angular mode shapes of the respec-
tive motion sensor, considering all the forces and
moments acting on the rotorcraft.

The governing equation of motion of a rotor-body
coupled system is expressed as:

(1) P+ 20or +o’r =f
where r is the modal degree of freedom (DOF) in

generalized coordinates, { and o are the critical

damping ratio and the natural frequency of the nor-
mal mode, respectively, and f is the excitation force
in generalized coordinates defined as:

(2a) f=S'F
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where S is the mode shape vector of the linear and
angular mode shapes and F is the vibratory hub
loads in non-rotating frame, respectively. Since 1D
FE fuselage model includes the rotor as a concen-
trated mass at the hub center, the inertial loads are
included twice in the two-way rotor-body coupled
analysis (Ref. 21). Therefore, the inertial loads must
be eliminated from the generalized force array. The
inertial loads are calculated as the mass (hub and
blade) multiplied by the acceleration of the hub. The
fuselage excitation force is expressed as:

(3) F=F, +F,;+M,,S F+M_ S, F

where the subscripts LH and UH designate the lower
rotor hub and upper rotor hub, respectively, and M
denotes the mass matrix. The final form of governing
equation is given by:

(I=S1 M, Sy = S{uMyy Sy )i +280f + o't

= SEHFLH + SLTJHFUH

(4)

where 1 is the identity matrix. The generalized mass
matrix is no longer diagonal so, the governing equa-
tion is fully coupled between the rotor and the body
motions. The vibratory hub loads from the rotor are
transferred to the fuselage, which changes the hub
motion according to the mode shapes of the motion
sensor locations on the fuselage. The modified hub
motion then alters the rotor hub loads. These inter-
actions are repeated until a converged solution is
obtained. In either one-way or two-way coupling
analysis, a structural damping ratio of 2% critical is
used considering that its range is generally within 1
to 4% (Ref. 17).

2.3. Rotor comprehensive analysis

CAMRAD Il is used to perform the rotor-body cou-
pled vibration analysis of the XH-59A rotorcraft in

high-speed cruise flight (200knots, advance ratio y =

0.53). Fig. 4 shows the structural and aerodynamic
analysis models used for the blades. The blade is
discretized using 13 FE’s, with one rigid element
installed near the blade root. Each FE has 15 DOF,
including 3 axial, 2 flap, 2 lag, and 2 elastic twist
motions. A pitch link with 13,558 N/m spring con-
stant is used to model the pitch control input while
keeping the first torsion frequency of the rotor. The
aerodynamic analysis is based on the ONERA-



EDLIN unsteady airfoil theory with C81 table look-up
with a rolled-up tip vortex wake model. The trim
analysis consists of six inputs and six targets of the
counter-rotating rotor system in high-speed cruise
flight. The trim variables include the mean and dif-
ferential collective pitch angles of the whole rotor
and the longitudinal and lateral cyclic pitch angles of
each rotor. The goal is to balance the rotor system
by adjusting the pitch moments of the lower and
upper rotor and the difference between the lower
and upper rotor hub roll moments, while matching
the L.O. and the thrust of the vehicle. The L.O. is
defined below, relating the lift produced by the coax-
ial rotor system (L) with the rotor radius (R) and dif-
ferential roll moments (AMx).

(5) v

LO.= =
L-R

To simplify the analysis, it is assumed that the fuse-
lage aerodynamic forces balance themselves, in-
cluding the rotor drag and auxiliary propulsion sys-
tem. The rotor rotational speed is fixed to 98% of the
nominal RPM considering the flight test results in
Ref. 19. To account for the vibration level of whole
aircraft, the vibration index (VIr) of the rotor hub and
body are defined in an index form by the guidelines

described in the ADS-27A-SP document (Ref. 22) as:
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Where Fx, Fy, and Fz are the hub forces in the longi-
tudinal, lateral, and vertical directions, respectively,

and Mx, and My are the rolling and pitching moments.

In addition, Wb is the vehicle weight, and ai(i = 1,2)
(0<a, <1) are the weighting factors, respectively.

The present analysis calculates VIr using the same
weight factors (ai = 1). Unless otherwise stated, the
hub vibration is evaluated using the lowest BPF (i.e.
3P) of the three-blade rotor. The vibration index of a
fuselage VIr is defined by the accelerations evaluat-
ed at the pilot seat (MS 1) as:

2 2 2
aX+ay+aZ
vl =N T TR

(7) .

where a,,a,,a, are the accelerations in the longitu-

dinal, lateral, and vertical directions respectively,
and g is the gravity constant, respectively. The

overall aircraft vibration Vloverar is expressed by
combining Egs. (6) and (7) into:

(8) VL, =W VI, +w, VI,

overall

where w1 and w2 denote the weighting factors
(0<w, <1). The present vibration analysis is carried

out using the same weight factors (w, =w, =1). For

the performance measure, the rotor effective lift-to-
drag ratio (L / D, ) is used to evaluate the efficiency

of the rotor in forward flight, which is expressed as:
9) L/D,=L-V/(P+F)

where V is the forward speed, and P; and Poare the
induced and profile power of the rotor, respectively.

2.4. Individual blade pitch control (IBC)

The vibratory loads of the rotor are actively sup-
pressed using IBC actuators installed at the pitch
link connected to the swashplate. The IBC pitch
motions are defined by:

(10) T(y)=4,cos(ny ~@,)

where n is the actuation frequency of harmonic
control pitch input, 4, is amplitude and @, is phase

angle. The best actuation deployment scenario for
the vibration reduction at the rotor hub and pilot seat
is sought using a parametric sweep study on ampli-
tudes, frequency, and phase angles in single har-
monic actuation. Amplitude from 0° to 2.0° (incre-
ment of 0.5°) are actuated for the present study
while a phase angle sweep is conducted for every
30°. Effective actuation amplitude for every actuation
frequency is chosen from the parametric results to
manipulate the investigation of the multiple harmonic
actuations expressed as:

(11)

where frequencies are added up to the frequency
contents (Nr) specified by the actuation input. For the
efficiency of the investigation, the phase sweep is
varied by 60° with discrete amplitudes for each ac-
tuation frequency.

3. RESULTS and DISCUSSION

Ny
T(y)=)4,cos(ny —®,)

3.1. Validation of aeromechanics model

The structural dynamics model in the present analy-
sis is validated first against the measured data and
earlier predictions found in Refs. 1 and 2. Fig. 5
shows the comparison of the natural frequencies of
XH-59A blades with the rotor speeds, obtained be-
tween the different set of results. The present pre-
dictions show good agreements on non-rotating
frequencies, as compared with the measured data. It



is indicated also that more close correlation is ob-
tained with the present results than those by the
earlier predictions, which confirms the correct mod-
eling for blade structures and pitch control system of
the rotor. Next, the fuselage vibration analysis model
described in 1D FE stick representation is validated.
Table 2 shows the summary of normal mode analy-
sis results predicted using the 1D stick model with
each of the target values set from the conventional
data. It is noted that all the primary body modes are
placed well within the frequency ranges specified as
the targets, except the first lateral bending mode
which has an error of 6.4%. In general, the frequen-
cy outcomes demonstrate the suitability of the fuse-
lage dynamic model constructed for the rotorcraft
vibration analysis. Finally, the convergence behavior
of the body normal modes is investigated for the
pilot seat acceleration using the two-way rotor-body
coupled analysis. Fig. 6 shows the convergence
results on the acceleration signals (ax, av, az) com-
puted at the pilot seat location. It is indicated that the
cockpit vibration (acceleration) is quite sensitive to
the vibrating modes participated in the analysis,
particularly for both longitudinal and vertical vibra-
tions (ax and az). According to the convergence
study, the lowest 14 modes (up to 9P) are employed
in the present coupled vibration analysis.

3.2. Validation of rotorcraft vibration levels

Fig. 7 shows the correlation of the results as well as
the effect of the rotor-body coupling method on the
cockpit vibration (ax, az) at the pilot seat with respect
to the flight speeds (120 to 240 knots). The L.O. is
set to 0.2 for all speeds except for 120 knots, which
is 0.1. Both measured data and predicted results
respectively taken from Refs. 1 and 15 are included
to validate the present analysis. It is noted that Ref.
15 used the one-way rotor-body coupling, which is
similar to the present one-way coupling method.
Both one-way coupled predictions indicate close
agreements with each other, for both acceleration
signals, at flight speeds greater than 160 knots, with
less satisfactory correlations at low speeds. The
difference in the rolled-up free wake representations
adopted in each analysis contribute to the possible
source of deviations between the predictions. One
thing clearly observed in Fig.7 is that the two-way
rotor-body coupling significantly improves the corre-
lation with the flight test data, in comparison with the
corresponding one-way coupling method. Specifical-
ly, the longitudinal and vertical vibration levels at the
pilot seat obtained using the present two-way cou-

pling show deviations up to 8.4% as compared with
the test data, at the cruise speed of 200 knots. The
deviations become larger (up to 20.6%) when using
the one-way coupling method. It should be remarked
that the improved correlation is reached with an
increase in computational costs from about 20 min
to 52 min, due to the involvements of the hub reac-
tions in the two-way coupling analysis. Based on the
comparison results, the following rotor-body coupled
vibration analysis is determined to be performed
using the two-way coupling approach, unless other-
wise specified.

Predicted results on the blade and hub loads of XH-
59A rotor are investigated next. Fig. 8 shows the
comparison of the blade flap bending moments
(FBM) at the blade root (0.1R) of the upper rotor,
obtained respectively from the present isolated rotor,
the rotor body coupled configurations, and the flight
test data, with respect to the flight speeds. As the
actual L.O.s or control phase angles for each for-
ward flight speed are not available in the public do-
main, so the present results are computed at the L.O.
values of both 0.2 and 0.3, and presented together
with the measured data. It is indicated that the pre-
sent predictions with the selected L.O.’s show only a
fair correlation with the test data. Though no promi-
nent, the rotor-body coupled results slightly im-
proves the correlation on FBM at higher flight
speeds, especially with L.O. of 0.2. Fig. 9 shows the
comparison of the vibratory hub pitching moments
(My) of the rotor obtained between the same sets of
results as given in Fig. 8. The comparison results
clearly indicate that the present rotor-body coupled
analysis with the L.O. of 0.2 show excellent correla-
tions with the flight test data, especially for vibratory
hub pitching moments. The predicted vibratory roll
moments (not shown) show less satisfactory agree-
ments with the test data, however, the impact should
be marginal due to the cancellation effect of the
counter-rotating coaxial rotor system. Once again,
the influence of including the fuselage on hub vibra-
tory moments marginally improves the correlation as
compared with the flight test data.

Fig. 10 illustrates the effect of the fuselage on hub
vibratory forces (Fx, Fv, Fz) in reference to the hub
vibration index (VIr) of the rotor. it is observed that
the predicted hub longitudinal forces (Fx) show a
large deviation between the present analytic models
(with and without the body), with differences on the
other hub forces components. As reported in Ref. 23,
the longitudinal force (Fx) is expected to be larger or



at least comparable to the vertical force (Fz), but no
numerical values are provided. The isolated rotor
analysis fails to capture this trend, while the rotor-
body coupled analysis successfully reproduces it.
This demonstrates the importance of considering the
fuselage dynamics in predicting the vibratory hub
loads. It is noted that, despite the large deviation in
the longitudinal force, the changed in hub VIr be-
tween the two methods remain small due to the in-
creases in other load component (Fz) as well as the
scaling effect reflected in defining the index (see Eq.

(6))

In Fig. 11, the rotor effective lift-to-drag ratio is vali-
dated against the flight test data at different forward
speeds. Both the present results show a reasonable
matches with the flight test data over the speed
range. Generally, the present results with the L.O. of
0.2 indicate slightly better correlation at low speeds
(below 160 knots) and follow the trend of the flight
test data as the speed increases. This assumes
again the relevance of using the value of 0.2 as the
desired L.O. in examining the rotorcraft vibration for
XH-59A rotor. Fig. 12 illustrates the free wake ge-
ometry computed using the present coaxial rotor
model in high speed cruise flight. The rolled-up tip
wake geometry is resolved and developed in well-
organized form, indicating the sufficient convergence
of the free wake model used in the present analysis.

The above validation study demonstrates that the
current two-way coupled vibration methodology, trim
strategy, and the detailed aeromechanics modeling
are formulated correctly to yield good vibration pre-
diction capability, not only at the rotor hub but also at
the fuselage locations of the vehicle. In the subse-
quent sections, an active vibration reduction using
IBC actuation schemes is studied for the L.O. coaxi-
al rotorcraft. Retrimming is used throughout the ro-
torcraft vibration analysis.

3.3. Vibration reduction using IBC

A parametric sweep study is conducted to investi-
gate the effects of single harmonic actuation with
each frequency of 2P, 3P, and 4P, on the vibration
response of a two-way rotor-body coupled model.
The amplitudes are varied by 0.5° up to 2° half peak-
to-peak (p-p) while the phase angles are swept over
a rotor revolution with an interval of 30°. Fig. 13
shows the changes in the aircraft vibration (Vloveran)
with different actuation frequencies. The scales in
the vertical axis are kept the same between the re-
sults for a fair comparison. It is indicated that the

IBC actuation due to single harmonic inputs has a
significant impact on decreasing the rotor hub plus
the pilot seat vibration of the vehicle. The maximum
vibration reduction attains in about 67% in reference
to the baseline uncontrolled case. This condition is
reached at the frequency of 3P with the amplitude of
1.0° and the phase angle of 240°, as depicted in
yellow circle in Fig. 13(b). As can be seen in Fig. 13,
the single harmonic actuation results are straight
forward to reach the minimum vibration condition.
However, the multiple harmonic case is more com-
plicated due to significant in cases in actuation sce-
narios with different conditions of vibratory harmon-
ics. In order for efficiency and convenience, the best
amplitudes according to each actuation frequency
are selected considering the sweep study results on
the single harmonic as: 2° for 2P, 1.0° for 3P and 0.5°
for 4P input, respectively.

Fig. 14 shows the comparison of non-vanishing vi-
bratory hub loads components (Fig. 14(a)) and vi-
bration indices (Fig. 14(b), due to the application of
different actuation inputs, evaluated for the coaxial
L.O. rotorcraft. It is noted that the other hub loads
components (e.g, Fy, Mx, Mz ) become neglected
due to the cancellation effects of the counter-rotating
rotor. In Fig. 14, the baseline uncontrolled case is
also included for reference purposes. It should be
emphasized that each case presented in Fig. 14
represents approximately the minimum vibration
conditions according to the specific actuation fre-
quency inputs. Both results on hub vibratory loads
and vehicle vibration indices demonstrate that an
IBC actuation with any harmonics (single or multiple)
can be used to decrease the vibration. Specifically, a
multi-harmonic IBC with the combined 2P and 4P
inputs is the most efficient in reducing the vibration
at both the rotor and the pilot seat positions. The
reduction is amounted to be about 76.6% for the
vertical hub force (Fz) and 80.6% for the overall ve-
hicle vibration (Vloveran), as compared with the uncon-
trolled case. In general, about 10% more reduction
in the vibration level is achieved using the multiple
harmonic actuation.

Fig. 15 presents the representative IBC actuation
signals which showed the best vibration reduction
gains (see Fig. 14), respectively for 3P single and
combined 2P and 4P multi-harmonic inputs. Com-
paring the waveforms of the two best harmonic in-
puts, there is a clear down-up pitch application in the
first quadrant and a reversion of up-down trend in
the second quadrant of the rotor disk, for both actua-



tion cases. This harmonized behavior of the two
signals is observed only in the advancing side, with
no consistent waveforms in the retreating side. Note
that the retreating side of the rotor disk plays less
significant roles in generating the lift for a coaxial
L.O. rotor than conventional helicopter rotors. The
actuation profiles shown in Fig. 15 and their driving
mechanism in reduction the vibration of the aircraft
are explained further illustrating the section normal
force in contour format. Fig. 16 compares the sec-
tion normal force distribution between the baseline
(uncontrolled) and the best actuation cases, with a
time step size of 15°. With the actuation (combined
2P and 4P), the section airloads are substantially
redistributed, particularly in the advancing side of the
rotor disk. The peak values originally situated in
either 30° or 160° zones are shifted more toward 90°
azimuth regions due to the active application of pitch
input scenarios. The peak amplitudes also become
decreased slightly by the actuation process. In
summary, the substantial redistribution and de-
creased peaks in section normal force signals con-
tribute to reduce the vibration levels of the coaxial
L.O. rotorcraft in high-speed cruise flight.

4. CONCLUSIONS

In this work, a comprehensive vibration reduction
study was performed for an integrated rotor-body
system of XH-59A using individual blade pitch con-
trol (IBC) technique. A 1D FE stick model of the
fuselage was developed based on the natural fre-
quency data of XH-59A and other conventional heli-
copters. Either one-way or two-way coupled vibra-
tion model was employed for the rotorcraft vibration
analysis, and its effectiveness was evaluated con-
sidering the predicted vibration levels obtained at the
rotor hub and pilot seat locations, as compared with
the flight test data. The following conclusions were
drawn from the study:

1. The fuselage vibration level predicted at the pilot
seat of the aircraft was found to be very sensitive
to the fuselage vibration modes, especially with
the longitudinal and vertical vibrations. The par-
ametric study demonstrated that at least the first
fourteen normal modes of the fuselage were
needed to reach a sufficient convergence.

2. The iterative two-way rotor-body coupling was
shown to significantly improve the correlation with
the test data for both the longitudinal and vertical
vibration at the pilot seat with the penalty of in-

creased computational costs (20 min vs. 52 min),
as compared with the one-way coupled method.

3. The comparison of blade loads (FBM) and vibra-
tory hub moments in reference to the flight test
revealed that a L.O. value of 0.2 correctly pre-
dicted the general trend of the measured data of
the rotorcraft in flight.

4. The influence of the fuselage on the rotorcraft
vibration of the L.O. coaxial rotor was indicated to
be crucial on the vibratory longitudinal force sig-
nal, despite the seemingly small difference (3.7%)
on the overall hub vibration level described in in-
dex form (VIR).

5. An IBC actuation with different harmonics was
successfully demonstrated for the reduction of vi-
bration at both the rotor hub and the pilot seat lo-
cations. The best vibration gains achieved were
67% for a single harmonic actuation at 3P fre-
quency with the amplitudes of 1° and the phase
angle of 240°, and 80.6% for multiple harmonic
actuation at a combined 2P and 4P frequencies.
Phase shifting toward 90° azimuth zones and al-
leviating the peak magnitudes of the section
normal forces were attributed to the sources of
the reduced vibration.
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Table 1: General properties of XH-59A rotorcraft.

Property Value
Number of blades, Np 3
Number of rotors 2
Radius, R 548 m
Root cutout 0.2R
Mean chord, ¢ 0.36 m
Solidity (single rotor), & 0.064
Hover tip Mach number, Mgp 0.58
Fuselage length 124 m
Vehicle weight, W, 5,398 kg
Nominal rotor speed, Q 344 RPM
Cruise mode rotor speed 338 RPM

Table 2: Comparison of natural frequencies for the

target fuselage model.

Fuselage mode Target, Hz Present, Hz
15t pylon yaw 3.01 3.01
15t pylon pitch 3.90 3.78
1st vertical bending 5.52-7.94 6.28
18t lateral bending 5.58 -7.14 7.6
2" vertical bending 16.2 16.2
2" |ateral bending 15.3-25.2 16.7
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Figure 1. Rotor-body coupled vibration analysis

model of XH-59A.
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Figure 2. 1D ground vibration analysis model of the

fuselage.
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Figure 3. Schematic view of two-way coupled vibra-
tion analysis in CAMRAD Il (Ref. 20).
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Figure 4. Aeromechanics analysis models of co-axial

XH-59A rotor.
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