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Abstract

The present study using active vibration control system (AVCS) attempts to actively reduce the airframe vibration responses of
alift-offset compound helicopter at 250 knots. An 11% scaled airframe structure of the Sikorsky X2 Technology Demonstrator
(TD) is used for the AVCS test and simulation and this small-scale airframe model is designed and manufactured based on the
one-dimensional (1D) stick structure. The present AVCS comprises two force generators for producing vibration cancellation
forces, two accelerometers to measure 4P vertical vibration responses at the pilot and copilot seats, and the filtered-x least
mean square (Fx-LMS) algorithm as a closed-loop feedback controller. MATLAB Simulink is used to construct the AVCS
framework for both tests and simulations. MSC.NASTRAN is applied to the dynamic design of a small-scale airframe structure
and to predict of its airframe vibration responses in a simulation study. The dSPACE MicrolabBox equipment is used for the
AVCS test. When the AVCS is applied to the present X2TD scaled airframe model, the 4P vertical vibration responses in the
test are reduced by 68.57% and 60.24% compared to the baseline without AVCS at the pilot and copilot seats, respectively,
whereas they are reduced by 70.89% and 64.11%, respectively, in the simulation. Finally, the vertical vibration reduction rates
between the AVCS test and simulation are similar, and it is investigated that the vibration reduction performance is good in
both the AVCS test and simulation.

Keywords Lift-offset compound helicopter - X2 technology demonstrator - Small-scale airframe model - Active vibration
control system

1 Introduction has received considerable attention because it exhibits high-

speed flight capability and can maintain the hover perfor-

A helicopter is an aircraft that has distinct characteris-
tics such as hovering and vertical take-off/landing (VTOL)
flights. However, the slow forward flight speed (approxi-
mately 150-170 knots) of conventional helicopters is chal-
lenge. Therefore, compound or convertible helicopters have
recently been developed to solve this drawback of low-speed
flight while maintaining hover and VTOL flight capabili-
ties. For a compound helicopter using rotors, wings, and
auxiliary propulsions, the lift-offset compound helicopter
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mance of conventional helicopters. A lift-offset compound
helicopter using a lift-offset coaxial rotor (or rigid coaxial
rotor) produces most of the lift forces on each advancing side.
Therefore, the retreating blades are off-loaded and dynamic
stall on the retreating side is not experienced. Furthermore,
the lift-offset rotor can be slowed down; thus, high-speed
flight is possible when auxiliary propulsions are used [1-3].
The X2 technology demonstrator (TD) (Fig. 1a), developed
by Sikorsky, is a modern lift-offset compound helicopter
based on XH-59A (Fig. 1b), and is the baseline model for
advanced lift-offset compound helicopters such as the S-97
Raider (Fig. 1c), and SB > 1 Defiant (Fig. 1d).

However, the lift-offset rotor has very rigid blades; thus,
lift-offset compound helicopters experience a high level of
Ny/rev vibration in high-speed flights compared with conven-
tional helicopters [1], where Ny, denotes the number of blades
for a rotor and 1/rev (or 1P) is the non-dimensional rotor
rotational speed. In high-speed flight conditions, significant

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42405-022-00501-3&domain=pdf
http://orcid.org/0000-0002-7621-9565

78

International Journal of Aeronautical and Space Sciences (2023) 24:77-91

(a) X2 Technology Demonstrator

(b) XH-59A

(c) S-97 Raider

B aciess o
(d) SB>1 Defiant

Fig. 1 Various lift-offset compound helicopters

vibrations cause negative effects such as limited maximum
flight speed, degradation of the structural integrity, increase
in fatigue of the mechanical components, passenger discom-
fort, increase in life-cycle cost, and mechanical malfunction
[4]. Therefore, reducing helicopter vibrations by applying
appropriate vibration control techniques is important.

For lift-offset compound helicopters, the rotor speed is
appropriately reduced during high-speed flights. Therefore,
active vibration control techniques, which can be used in a
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Table 1 General properties of X2TD lift-offset compound helicopter

Property Value
Gross weight, GW 5955 1b
Fuselage length 29.1 ft
Number of rotors 2

Number of blades per rotor, Ny 4

Rotor solidity (total), o 0.1441
Rotor radius, R 13.2 ft
Nominal tip speed, Vp 620.45 ft/sec
Maximum level flight speed 250 knots
Rotor vertical separation 1.5ft
Advancing blade tip Mach number 0.9
Nominal rotor speed (at hover) 448.5 RPM
Rotor speed at speed of 250 knots 394.7 RPM
Pusher propeller radius 3.335 ft
Horizontal tail area 34 ft?
Vertical tail area 15.4 f2

wider frequency range, are more appropriate than passive
vibration control techniques, which are effective in a lim-
ited frequency range [4]. The active vibration control system
(AVCS), which has been applied to conventional helicopters
(S-76D, AW139, and UH60M) and lift-offset compound
helicopters (X2TD, S-97 Raider, and SB > 1 Defiant), demon-
strates excellent airframe vibration reduction performance.
The AVCS comprises force generators, accelerometers, and a
closed-loop controller. The AVCS suppresses airframe vibra-
tion by generating vibration cancellation signals that sum to
zero with the airframe vibration responses excited from the
rotor [3-7].

In the design stage of rotorcraft, experimentally apply-
ing AVCS to a full-scale aircraft is difficult; however, AVCS
simulation is available for both full- and small-scale models.
Therefore, when the experimental work using AVCS is con-
sidered in the preliminary design, the small-scale airframe
model is more appropriate than the full-scale model. Small-
scale airframe models of conventional helicopters (AH-1G
[8],), tiltrotor aircraft (V-22 [9],), and the conceptual lift-
offset unmanned compound helicopter [10] using a lift-offset
coaxial rotor, wings, and propellers were considered for
experimental work using AVCS. However, there have been no
published experimental works for active airframe vibration
controls using a small-scaled model for the actual lift-offset
compound helicopters, which succeeded in flights.

Therefore, in this study, it is conducted that tests and sim-
ulations using AVCS for a small-scale airframe model for
X2TD in high-speed flights. X2TD is a good model for this
study because there are available data in the public domain
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__ Lift-offset rotor Tails Table 2 Target natural frequencies of X2TD airframe structure
Pilot seat (node 25)
(node 201) | Mode Frequency [Hz]
y ¢ Propeller
\L." ‘ Ist fuselage lateral bending mode 7.5-8.5
fhage Copilot seat Ist fuselage vertical bending mode 11.5-13.0
(node 306)
(a) Finite element model 2nd fuselage lateral bending mode 21.0-23.5
38 ‘ : , F"“""’ge 2nd fuselage vertical bending mode 31.5-35.5
2 _E 10 F i
RN \ \\\ DN &\\ NN *\t\\x\:\\\s.sx‘\, DA _ _
5 (Ngse) 01 0s 07 08 09 10 Table 3 Natural frequencies of full-scale airframe model
(b) Cross-sectional area distribution of fuselage
(non-dimensionalized using cross-sectional area at pilot seat) Mode Natural frequency [HZ] Error [%]
Fig. 2 Full-scale airframe stick model of X2TD in free—free boundary Modal analysis Ground
conditions model (free—free vibration test
B.C) model
for X2TD, as compared to the S-97 Raider and SB > 1 Defi- 1st lateral 7.612 7.620 0.105
ant. The X2TD demonstrated excellent airframe vibration bending
reduction by applying the AVCS through flight tests and sim- mOde_
ulation studies [3]. A full-scale one-dimensional (1D) stick 18t Vertical 11.650 11712 0.532
- . .. bending
(elastic-line) model in free—free boundary conditions for the mode
X2T1? airframe structur.e isrepresented by MSC.NASTRAN nd lateral 22 862 22856 0,026
(afinite-element analysis software), and an 11% dynamically bending
scaled model using 1D bar elements is constructed based mode
on the full-scale model. A small-scale ground vibration test ~ 2nd vertical 33.034 34.233 3.630
(GVT) model, along with steel cables and springs is designed bending
mode

and manufactured. At a flight speed of 250 knots, the 4P
airframe vibration responses at the pilot and copilot seats
are calculated using the full- and small-scale GVT models,
measured experimentally for the manufactured small-scale
GVT model, and compared to each other. In both the AVCS
test and simulation, MATLAB Simulink is applied using the
Fx-LMS algorithm [11]. The dSPACE ControlDesk, Micro-
labBox, and MATLAB Simulink are used for the AVCS test
using a small-scale X2TD airframe model. The 4P airframe
vibration responses reduced by AVCS in the present test and
simulation are compared, and the vibration reduction per-
formance using AVCS is evaluated. Although the existing
active vibration control technique, i.e., AVCS, is applied for
this study, the comprehensive and practical work is conducted
from the airframe structural design to the AVCS simulations
and tests for active vibration reductions of the X2TD small-
scaled airframe model.

2 Methods
2.1 Full-Scale Airframe Structural Dynamics Model

X2TD is a 6,000-1b class lift-offset compound helicopter
developed by Sikorsky to realize the high-speed flight of
a rotorcraft. In September 2010, a maximum speed of 250
knots was recorded during the level flight. The lift-offset rotor

of X2TD has four blades each of the upper and lower rotors;
thus, the 4P frequency is the most important for X2TD vibra-
tion problems. Table 1 summarizes the general properties of
the X2TD [3]. For the 4P airframe vibration response analysis
at 250 knots, a full-scale airframe structural dynamics model
is constructed using MSC.NASTRAN. As shown in Fig. 2a,
the one-dimensional (1D) stick airframe structure using 36
elastic beam elements (CBARSs) is remodeled based on pre-
vious work [12]. The 1D stick airframe model can represent
similar modal characteristics and dynamic responses as those
using the 3D airframe model, although a lower degree of
freedoms is used for the 1D stick model. Hence, the 1D
stick model is often used to predict the rotorcraft airframe
vibration responses [13—15]. For full-scale stick modeling,
the 3D drawings in reference [3] are used to model the geo-
metric configuration. However, unlike the authors’ previous
work [12], the horizontal and vertical tails are not consid-
ered because the present study does not focus on them. The
weight data for the X2TD airframe components are assumed
by applying the well-known Mach scaling law to NASA’s
conceptual design results for the lift-offset compound heli-
copter [16], which has a configuration similar to that of
X2TD. These weight values of airframe components are
inputted to the stick model, using concentrated mass ele-
ments (CONM?2) while considering that the gross weight
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Fig. 3 Full-scale ground vibration test model of X2TD

is matched and the aircraft’s center of gravity is located
near the rotor axis. As previously described, the horizon-
tal and vertical tails are not modeled, but only their weights
are considered. Subsequently, the cross-sectional dimensions
(Fig. 2b) and elastic material properties of the beam elements
for this stick airframe model are designed for the full-scale
stick model to have dynamic similarity with the actual X2TD
airframe structure. The natural frequencies of the stick air-
frame model in the lower four fuselage bending modes are
designed to satisfy the target natural frequencies of the X2TD
airframe structure, as listed in Table 2. As the natural fre-
quencies of the actual X2TD airframe are not provided in the
public domain, the target natural frequencies of the airframe
structure are assumed using the following procedures. First,
the first lateral mode frequency can be estimated from the ini-
tial fuselage design results obtained by Sikorsky [3]. Second,
the other three bending mode frequencies of the X2TD fuse-
lage can be derived using its airframe configuration and the
formula for the natural frequencies of the engineering beam
model in free—free boundary conditions. As shown in Table
3, the modal analysis results for the present full-scale stick
airframe model in free—free boundary conditions satisfy the
target natural frequencies.

A ground vibration test (GVT) model (Fig. 3) is used to
predict the 4P airframe vibration responses when 4P rotor
hub vibratory loads are applied to the airframe [7, 17]. The
GVT model is constructed by adding two bungee cables to
the previous full-scale airframe stick model used for the
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modal analysis. The lengths and material properties of the
two bungee cables are determined such that the GVT model
shows six rigid body modes in flight and has natural frequen-
cies similar to those of the modal analysis model in free—free
boundary conditions. The natural frequencies of the present
GVT model are calculated by frequency response analysis
with sinusoidal excitation using the 4P frequency in the ver-
tical or lateral direction. The natural frequencies predicted
by the frequency response analysis for the GVT model are
compared well with those from the modal analysis, as sum-
marized in Table 3 because the relative error between the two
results is within 4%. Therefore, the GVT model for the full-
scale airframe is believed to be appropriate for predicting the
4P airframe vibration responses of the X2TD in flight.

2.2 Small-Scale Airframe Structural Dynamics Model

The 11% dynamically scaled stick model (length: 1 m;
weight: 5.66 kg) to the X2TD airframe is designed and
manufactured for the AVCS test at a small laboratory in the
university. Aluminum is selected as the structural material
because it is easily manufactured. The cross-sectional dimen-
sions and lengths of multiple blocks in Fig. 4 are determined
such that the natural frequencies of the small-scale model
in free—free boundary conditions predicted by the normal
mode analysis are similar to those of the full-scale normal
mode analysis model in the previous section. For this small-
scale model, two different small-scale models are constructed
using 1D beam elements (37 CBAR elements, Fig. 4a) and
3D solid elements (7622 CTETRA elements, Fig. 4b). As
shown in Table 4 and Fig. 5, both normal mode analysis
results for the two small-scale models match well with those
of the full-scale airframe stick model.

Using the same method as the full-scale GVT model
described in Sect. 2.1, the small-scale GVT model is con-
structed using the 1D stick model, as shown in Fig. 6. Steel
cables and springs are added to the above-described small-
scale airframe model to simulate the small-scale GVT model.
The number of cables, their lengths and the number of springs
are designed such that the natural frequencies of the small-
scale GVT model are similar to those of the small-scale
model using 3D elements in free—free boundary conditions
and the small-scale GVT model has six rigid body modes.
Table 5 summarizes the natural frequencies of the small-scale
GVT model calculated using frequency response analysis.
As shown in the table, the natural frequencies of the small-
scale GVT model are compared excellently with the normal
mode analysis results of the small-scale model using 3D ele-
ments. A small-scale GVT model is manufactured based on
the previously discussed design results (Fig. 7). A modal test
using an impact hammer is conducted to measure the natu-
ral frequencies (Fig. 8). The impact hammer excites the GVT
model in the vertical or lateral direction, and seven single-axis
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Fig.4 11% dynamically scaled
model of X2TD in free—free
boundary conditions

10.00

Unit: [mm]

10.00

(b) 3D element model

Table 4 Comparison of airframe natural frequencies between full-scale model and two different small-scale models

Mode Natural frequency [Hz]

Full-scale model!
(free—free B.C.)

Small-scale model (free—free B.C.)

1D elements? (difference*) 3D elements? (difference’)

1st lateral bending mode 7.612
Ist vertical bending mode 11.650
2nd lateral bending mode 22.862
2nd vertical bending mode 33.034

7.799 7.521
(— 2.457%) (= 1.195%)
11.989 11.734
(2.910%) (0.721%)
23.372 22.685
(2.231%) (— 0.774%)
32.820 32.641
(— 0.648%) (— 1.190%)

“Difference between ! and 2
SDifference between ! and 3

accelerometers (Table 6) are located while avoiding the nodes
in the mode shapes from the normal mode analysis using 3D
elements. Table 5 compares the predicted and measured nat-
ural frequencies of the small-scale model with those of the
full-scale model in free—free boundary conditions. As shown
in the table, the modal test results have reasonable errors (less
than 9%) against the natural frequencies of the full-scale

model predicted by the normal mode analysis. The Modal
Assurance Criteria (MAC) in lower two bending modes are
calculated to compare and evaluate the corresponding mode
shapes of the small-scaled models in the finite-element anal-
ysis using 1D elements and modal test. As shown in Table
7 and Fig. 9, since the diagonal values in MAC are nearly
0.9 or higher, based on the reference [18], it is believed that

@ Springer
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Fig. 5 Mode shapes of airframe

stick model for X2TD. (Left: 1D E‘y
full-scale model and right: 11% X \
scaled model using 3D elements) ) —
7.612 Hz
z
ky
X
11.650 Hz
z
ky
. \
22.862 Hz
r4
E‘y
X
33.034 Hz

two sets of mode shapes obtained from the analysis and test
are compared reasonably well for the small-scale airframe
model. Therefore, the present small-scale GVT structure is
appropriate for use in the AVCS test for the X2TD airframe.

2.3 AVCS for Airframe Vibration Reduction

The AVCS actively reduces the airframe vibration responses
by minimizing the error signal, which is defined as the
sum of the airframe vibration responses caused by the rotor
hub vibratory loads and vibration cancellation responses
generated from the force generator. The AVCS comprises
sensors (O in Fig. 10), actuators (or force generators, @ in
Fig. 10), and a closed-feedback controller (® in Fig. 10). In
this study, accelerometers are used to measure the airframe
vibration responses, and the filtered-x least mean square (Fx-
LMS) algorithm [11], which is an adaptive control algorithm,
calculates the vibration cancellation signal with the same
magnitude but antiphase (or in the opposite direction) to the
airframe vibration response. A counter-rotating force gen-
erator (CRFG) and linear force generator are used in the
AVCS simulation and test as force generators, respectively.
As shown in Fig. 11, a CRFG generates a linear force as

@ Springer

z o
Ly \ e ,
x r 3‘:;“7: St

~ 7.521 Hz
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(a) First lateral mode

<L
11.734 Hz -

(b) First vertical mode

T 22.685 Hz

(c) Second lateral mode

32.641 Hz

(d) Second vertical mode

the vibration cancellation force by the sum of two centrifu-
gal forces of rotating disks [4]. The detailed properties of
a CRFG in the present AVCS simulation using a full-scale
airframe model are given in the reference [17]. Figure 12
shows a schematic diagram of the Fx-LMS algorithm. The
reference input signal (x(n)) is the phase of the 4P signal
of the rotor, and the disturbance path (H(iw)) is a trans-
fer function model of the 4P airframe vibration responses
caused by the rotor hub vibratory loads, where n repre-
sents the time step and w is the 4P frequency. The forward
path (C(iw)) represents the dynamic characteristics of the 4P
vibration cancellation responses from the force generators,
and is a mathematical transfer function model of the actual
forward path (C”(iw)). The control input signal (u(n)) is cal-
culated using the LMS update equation [11] to minimize the
error signal (e(n), Eq. (1)) measured using the accelerome-
ters:

e(n) = $(n) + y(n) = C*(iwyu(n) + y(n). ey

When the cost function J to minimize the error signal
(e(n)) is defined by Eq. (2), the control input signal (u(n)) is
updated using Eq. (3) with the gradient descending method
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Fixed “f Fixed
Rear spring

L. (0.0720 N/m, 2EA)

Front spring
(0.2618 N/m) ¢

Rear cable
(1.46 m)

Front cable
(1.23 m, 4EA)

Lift-offset rotor

Copilot seat

Pilot seat

Fuselage (1 m)

Fig.6 Small-scale ground vibration test model of X2TD

Table 5 Dynamic similarity for small-scale ground vibration test model

Fuselage (1 m)

Fig. 7 Manufactured small-scale ground vibration test model of X2TD

for every time step. As | is a parameter that affects the con-
vergence of the control input signal (u(n)) and the stability
of the controller, its value should be appropriately selected
[19]:

J = e (men), )

1 (a7
u(n +1) = u(n) — E“(au((Z))>' 3)

The transfer function models in the AVCS are assumed to
be linear time-invariant (LTI) systems, and they are obtained
from the system identification using measured or calculated
output values (vibration responses) for the given input values.
The disturbance path (H(iw)) uses the 4P airframe vibration
responses (y(n)) obtained when rotor hub vibratory loads are
applied. The coefficients of the harmonic functions for the 4P
airframe vibration response (y(n)), Ag, and By, are obtained
using Eq. (4) with the MATLAB curve fitting tool. In this
equation, the reference theta (6(n)) is the phase angle of the
rotor hub vibratory loads at time step n and f represents the

Mode Natural frequency [Hz]

Full-scale model’

Small-scale model

(free—free B.C.)

3D elements (free—free B.C.)

Ground vibration test model using 1D elements

Freq. response analysis? Modal test?
(difference®) (difference’)
Ist lateral bending mode 7.612 7.521 7.671 8.250
(0.775%) (8.382%)
Ist vertical bending mode ~ 11.650 11.734 12.051 11.000
(3.442%) (—5.579%)
2nd lateral bending mode 22.862 22.685 23.360 20.880
(2.178%) (— 8.669%)
2nd vertical bending mode  33.034 32.641 31.681 31.130
(— 4.096%) (— 5.764%)

4Difference between ! and 2
SDifference between ! and 3
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: Pilot seat
: Copilot seat

: Accelerometer
(PCB 352C42)

o @

Lift-offset rotor

(a) Vertical direction

@ : Pilot seat
@ : Copilot seat

6) : Accelerometer
(PCB 352C42)

0.010 m
0.187 m
0.112m 0.108 m 0.268 m
0.315m

(b) Lateral direction

Fig. 8 Locations of accelerometers and excitation for modal test

Table 6 General properties of accelerometer

Parameter Value

PCB 352C42
Sensitivity (10%) 3.109 mV/ft/s?

0.016 ft/s® rms
(1 to 10,000 Hz)

+ 1,611 ft/s? pk

Broadband resolution

Measurement range

Frequency range (& 5%) 1 to 9,000 Hz
Weight 0.006 1b
Height 0.382 in
Ny/revirequency:

y(n) = Ag cos@(n) + By sinf(n),
4)
where 0(n) = 2nf) x t(n).
System identification for the actual forward path (C*(iw))
is conducted using the control input signal (x(rn)) and the air-
frame vibration response (J(n)) by the vibration cancellation

force, as given in Eq. (5):

y(n) =C*(iw)u(n)

@ Springer

=(Acx —iBcx)(AcosO(n) + Bsinf(n))
= A[Ac* cos6(n) + Bexsinf(n)]
+ B[Ac+sinf(n) — Bex cosO(n)]

=Ascosf(n) + By sinf(n), 5)
AA+BB AB,—BA
where Acx = Z55 572 and Bex = =S5 552

2.4 AVCS Test Techniques
2.4.1 Experimental Setup

In this work, based on the author’s previous works [10],
as the three components of 4P hub vibratory loads (F4p,
F4p, and My4p) cause airframe vibration [1], only the axial
and vertical airframe vibration responses are considered.
However, exciting the small-scale airframe model in the
axial direction in the present AVCS test is not easy; thus,
only vertical airframe vibration responses are used. Among
the three 4P rotor hub vibratory load components, the 4P
hub pitch moment (My4p), which has the greatest effect
on the airframe vibration responses, is only used for the
present AVCS test and simulation for the small-scale model
[20]. Linear force generators are used to produce the 4P
hub pitch moment and vibration cancellation forces in the
AVCS test, and they are hung with steel cables and ten-
sile springs so that their weights have no influence on the
dynamic characteristics of the small-scale airframe model.
A linear force generator (K2004EO1 SmartShaker, @ in
Fig. 13) produces a harmonic linear force in the vertical
direction, which is applied to the tip of a moment arm with
high rigidity. Therefore, a hub pitch moment can be gen-
erated using this linear force. However, the magnitude of
the linear force generator for the 4P hub pitch moment is
fixed as 75% of the force generator’s maximum peak-to-
peak force (31 N) in the experimental work so that the 4P
airframe vibration responses at the specified locations (pilot
and copilot seats) of the small-scale model are similar to
those of the full-scale GVT model (Fig. 14). Two linear
force generators (K2004EO1 SmartShaker, @ in Fig. 13) for
vibration cancellation forces are located at different posi-
tions for multi-input-multi-output (MIMO) model. The 4P
vibration cancellation forces are limited to 60% of the max-
imum peak-to-peak force of the force generator, based on a
previous study [4]. The loads transmitted to the small-scale
airframe model from the linear force generator are mea-
sured using a force sensor (PCB 208C02, @ in Fig. 13). Two
single-axis accelerometers (PCB 352C42, @ in Fig. 13) to
measure the vertical airframe vibration responses are located,
respectively, at the pilot and copilot seats of the manufac-
tured small-scale model. An ICP sensor signal conditioner
(PCB Model483C15, ® in Fig. 13) is used for signal con-
ditioning. MicrolabBox (® in Fig. 13) acquires real-time
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Table 7 Comparison of MAC

values for small-scale models Mode Finite element analysis
bet lysis and test
ctween analysis anc fes 1st lateral 1st vertical 2nd lateral 2nd vertical
bending mode  bending mode bending mode bending
mode
Modal test 1st lateral 0.9261 0.8669 0.1426 0.1221
bending mode
1st vertical 0.8984 0.9029 0.1081 0.0914
bending mode
2nd lateral 0.0283 0.0093 0.8932 0.8816
bending mode
2nd vertical 0.0202 0.0043 0.8971 0.9030

bending mode

MAC value
)
=

2nd vertical -

2nd lateral
2nd vertical
2nd lateral
1st vertical
1st lateral

Fuselage bending modes,  1st vertical
Finite element analysis
using 1D elements

Fuselage bending modes,

Istlateral
stlateral Modal test

Fig.9 3D presentation of MAC values for small-scale airframe models
between analysis and test

— Ny/rev vil
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N/rev vibration

ion response from main rotor
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@ Sensors
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&

AVCS

@ Actuators @ Sensors

(Force generators) (Accelerometers)

@® Controller
(Fx-LMS algorithm) Measured error signal
(feedback)

b

Calculated vibration cancellation signal

Fig. 10 Schematic diagram of active vibration control system (AVCS)
[17]

acceleration signals using the real-time interface (RTI) of
MATLAB Simulink and delivers control signals to the linear
force generators.

OORNC D

0° 90° 180° 270° 360°

—>  Centrifugal force generated by eccentric mass
— Resultant force vector

“~~~ Sinusoidal force

Fig. 11 Principle of producing linear force from counter-rotating force
generator (CRFG)

B S
Rotorcraft

Disturbance path

ym)

Actual forward path | C*(iw)

| 1
! _ A Control signal !
! —[ Vibration Control Command]i 1
1 u(n) I
1 1
. { .
! 1
1

1

E i |
L cliw) = 4.~ 1B, ]—{ LMS Update jo—t"2 2002
e(n)
F

Forward path

Reference signal

Fig. 12 Schematic diagram of filtered-x least mean square (Fx-LMS)
algorithm

2.4.2 AVCS Test Framework

Figure 15 shows the present AVCS test framework using
Simulink blocks and dSPACE RTI Blockset in the MATLAB
Simulink environment. The MATLAB Simulink file is con-
nected to dSPACE ControlDesk. The excitation frequency
is 4P for both a linear force generator for the hub vibra-
tory pitch moment and two linear force generators for the
vibration cancellation forces. The magnitudes of the forces
for the hub pitch moment and the vibration cancellation are
determined by system identifications for the disturbance path
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@ 4P hub vibratory
load generator
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nr
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Fig. 14 Measurement of airframe vibration responses of small-scale
model

(H(iw), @ in Fig. 15a) and the actual forward path (C*(iw),
@ in Fig. 15a) in Sect. 2.3. Figure 16 shows a schematic dia-
gram of the signal acquisition and processing for the airframe
vibration responses in the AVCS test using the manufactured
small-scale GVT model. The control signals for the 4P hub
pitch moment and vibration cancellation forces are input to
the linear force generators (D and @ in Fig. 16) using the DAC
channel of MicrolabBox (® in Fig. 16). The acceleration data
from the accelerometers (@ in Fig. 16) are delivered to the
ADC channel. In addition, a band-pass filter (® in Fig. 15b)
is used to extract the airframe vibration responses with only
the 4P frequency component.

2.5 AVCS Simulation Techniques

The AVCS simulation for the small-scale GVT model is
conducted by constructing a framework based on MATLAB
Simulink as shown in Fig. 17. The reference theta (6(n), ®
in Fig. 17) block represents the phase angle of the 4P hub
pitch moment. The disturbance path (H(iw), @ in Fig. 17)
block refers to the transfer function model obtained from the
results of the vibration response analysis using the 4P hub
pitch moment as the input value. The actual forward path
(C*(iw), ® in Fig. 17) block is the transfer function model
defined using the airframe vibration responses when vibra-
tion cancellation forces are applied. With the update equation

@ Springer

(@ in Fig. 17) based on Fx-LMS algorithm, the control sig-
nal (u(n)) is updated to minimize the error signal, which is
the sum of vibration cancellation signal (¥(n)) and airframe
vibration response (y(n)) [17].

3 Results and Discussion
3.1 4P Airframe Vibration Responses at 250 Knots

Figure 18 shows the predicted and measured 4P vertical
vibration responses from the test and simulation using the
full- and small-scale GVT models at 250 knots when AVCS
is not applied to the airframe model. Herein, to predict the 4P
airframe vibration responses for the full-scale GVT model,
4P rotor hub vibratory loads (F x4p, Fz4p, and M y4p) at a flight
speed of 250 knots from the previous study using CAMRAD
II[21] are applied to the location of the rotor (node 25), using
the same approach used in reference [17]. For the small-scale
GVT model using 1D elements in both the test and simula-
tion, the 4P hub pitch moment (M y4p) only is applied to the
rotor as previously described in Sect. 2.4.1. The magnitude
of this 4P hub pitch moment is determined such that the 4P
vertical airframe vibration responses of the small-scale GVT
model in the test and simulation are similar to those of the
full-scale GVT model and the prediction by Sikorsky [3].
As seen in the figure, at the pilot seat, the present simula-
tions using the full- and small-scale GVT models compare
well with the analysis by Sikorsky [3]. At the copilot seat,
the present analyses using the full- and small-scale GVT
models are lower than Sikorsky’s result [3] by 14.78% and
28.12%, respectively; however, the measured result using
the small-scale GVT model is correlated reasonably well
with Sikorsky’s analysis [3] because the relative difference
is approximately 5.22%. Therefore, the present small-scale
GVT model in both the test and simulation can appropriately
represent the 4P X2TD airframe vibration responses in the
vertical direction at 250 knots.

3.2 Correlation Between AVCS Test and Simulation

This section describes the correlation between the AVCS test
and simulation results for the X2TD small-scale airframe
model. However, the comparison between the results using
the full- and small-scale models is not studied herein because
the number and locations of force generators for AVCS are
different in the two models. The acceleration data in the
AVCS test are measured for 25 s, and AVCS is applied for 14 s
from 6 to 20 s when the acceleration measurement is started.
The value of the 4P airframe vibration responses reduced by
AVCS are measured for 5 s from 15 s after the acceleration
measurement begins to 20 s when the AVCS is terminated
and the alleviated vibration is stabilized.
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Fig. 16 Schematic diagram of AVCS test using small-scale airframe
structure model

3.2.1 Multi-input-Single-Output Model

Prior to the study using AVCS with MIMO model, multi-
input—single-output (MISO) model with two accelerometers
and one force generator is considered for the AVCS. In this
example, using the MISO model, the vibration reduction
behaviors at the pilot and copilot seats are studied when the
location of a force generator is changed. The MISO model

o
Il

T
R Full-scale model(Sikorsky's simulation [3])
[E=3 Full-scale model(simulation)

-1 11% scaled model(simulation)

[___111% scaled model(test)

At 250 knots

<
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0.327

o
@

o
[

0.152  g.145
N

4P vertical airframe vibration response [g]
o
-

e
=3

Pilot seat

Copilot seat

Fig. 18 Comparison of 4P vertical airframe vibration responses between
full- and small-scale models

is obtained by modifying of the MIMO model discussed in
Sect. 2.4. The 4P hub pitch moment only is used in this exam-
ple, and its magnitude is determined such that the 4P vertical
vibration responses at the pilot and copilot seats are similar
to those of the full-scale model at 250 knots. The case study
using AVCS in both the test and simulation is conducted with
four cases, as shown in Fig. 19, when the four locations of a
vibration cancellation force generator are considered. As the
airframe vibration reductions at the pilot and copilot seats
are mainly considered herein, there are four locations of a
force generator near the pilot and copilot seats as shown in
the figure. A vibration cancellation force generator in Case 1
is located ahead of the pilot seat; however, in Cases 24, it is
placed between the pilot and copilot seats. Figure 20 shows
the 4P vertical vibration responses at the pilot and copilot
seats of the small-scale airframe model at 250 knots when
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Fig. 17 Block diagrams of MATLAB Simulink for AVCS simulation
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Fig. 19 Locations of accelerometers and vibration cancellation force
generators for MISO model

the AVCS using the MISO model is applied in four cases.
In the figure, the baseline indicates the 4P vertical vibration
responses without AVCS. The relative error of the 4P ver-
tical vibration responses without AVCS is 12.86 to 24.16%
between the test and simulation in this example; therefore,
its magnitude is moderate. However, the trend between the
test and simulation is quite similar. The dashed lines show
the trend of 4P vertical vibration reductions using different
locations where the vibration cancellation force is applied. In
the AVCS test, the reduced vibration response at the copilot
seat gradually decreases from Cases 1 to 4, and a force gen-
erator is located from far to near the copilot seat. This trend
is similar to that observed in the simulation. At the pilot seat
in Case 1 in which a force generator placed near the pilot
seat, the vibration reduction is higher than that of the other
cases. The vibration responses at the pilot seat obtained from
Cases 1 to 4, wherein the distance between the force gener-
ator’s location and the pilot seat is from short to long in the
test, also show a similar trend to the simulation. Although
the results for all four cases show relative errors of 9.76 to
38.86% between the AVCS test and simulation, this error is
appropriate because the error magnitude is acceptable com-
pared with the error of 68% in reference [4]. Based on the
results obtained using the MISO model in this section, the
two vibration cancellation force generators are located near
the pilot and copilot seats to reduce the 4P vertical vibration
responses at the pilot and copilot seats effectively in the next
section using the MIMO model.

3.2.2 Multi-input-Multi-output Model

A correlation study for the AVCS test and simulation using
a small-scale airframe structure with the MIMO model
is conducted using the techniques described in Sect. 2.4.
When comparing the AVCS test results with the simulation
results, the 4P vertical vibration response behaviors in the
time domain, required time for convergence of the vibration
response reduced by AVCS, and vibration reduction rate are
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0.40 T T T T -
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05| At 250 knots B Coplot scat | |

4P vertical airframe vibration response [g]
o
N
o

Baseline

(a) Test
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(b) Simulation

Fig. 20 4P vertical vibration reductions using AVCS with MISO model
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Fig.21 Locations of accelerometers and vibration cancellation force
generators for MIMO model

considered. A 4P hub pitch moment with the same magnitude
as that used for the previous example with the MISO model
is applied in this section. The locations of the two vibration
cancellation force generators and accelerometers at the pilot
and copilot seats are shown in Fig. 21. The locations of the
two vibration cancellation force generators are determined
to obtain excellent vibration reduction performance based
on previous results using the MISO model. Figures 22 and
23 show the 4P vertical vibration responses reduced using
the AVCS at the pilot and copilot seats, respectively, in the
time domain. In the test, the 4P vertical vibration response
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Fig. 22 Reduced 4P vertical vibration responses using AVCS at pilot
seat of small-scale model

at the pilot seat reduced by AVCS (0.044 g) is less than the
target level of the X2TD airframe vibration (0.1 g, [3]) and
the reduced vertical vibration response at the copilot seat is
measured as 0.130 g, which is similar to the target value of
0.1 g. In addition, the reduced vertical vibration responses
at the pilot and copilot seats in the simulation have magni-
tudes of 0.046 g and 0.089 g, respectively, both of which
are lower than 0.1 g. Hence, the vibration reduction perfor-
mance using AVCS is good in both the test and simulation
herein. The differences in the reduced vibration responses
between the test and simulation when AVCS with the MIMO
model is applied are 4.55% and 31.54% at the pilot and copi-
lot seats, respectively. The differences are less than the value
given in reference (68%, [4]); thus, the differences between
the AVCS test and simulation are reasonable and acceptable
in this study. In addition, the measured 4P vertical vibration
response behaviors in the time domain are similar to the pre-
dicted results, as shown in the figures, and the 4P vertical
vibration responses at both the pilot and copilot seats con-
verge within 2 s after AVCS is applied in both the test and
simulation. However, as shown in Fig. 22a, when AVCS is
applied, the 4P vertical vibration response does not imme-
diately converge to the reduced vibration response (0.044 g)
owing to the reaction to the oscillation of springs with low
stiffness in the GVT model. The reduction rates of the 4P
vibration responses at the pilot and copilot seats in the test and
simulation are summarized in Fig. 24. As seen in the figure,
the vibration reduction rates in the AVCS test are 68.57%
and 60.24% at the pilot and copilot seats, respectively, and
the simulation results are 70.89% and 64.11%, respectively.
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Fig. 24 4P vertical vibration response reduction rates for small-scale
model using AVCS

Therefore, there are small errors of — 2.32% and — 3.87% at
the pilot and copilot seats, respectively, when the AVCS test
results are compared with the simulation results. Finally, it
can be concluded that the present AVCS test and simulation
results are reasonably similar, and the vibration reduction
capability using AVCS with the MIMO model is excellent
for the X2TD small-scale airframe model.

4 Conclusion

In this study, the active airframe vibration control test and
simulation studies using AVCS were conducted for a Siko-
rsky X2TD lift-offset compound helicopter at a flight speed
of 250 knots. The 11% scaled airframe structure was designed
and manufactured such that the dynamic similarity between
the full-scale X2TD airframe model and the present small-
scale model was satisfied. The 4P hub pitch moment only
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was applied to the small-scale GVT model, such that its
4P vertical vibration responses at the pilot and copilot seats
were similar to those of the full-scale airframe model at 250
knots. In this AVCS study, two linear force generators were
used to produce vibration cancellation forces in the vertical
direction. The vibration cancellation forces were determined
using the Fx-LMS algorithm, which is a closed-loop feed-
back controller. The single-axis accelerometers were located
at the pilot and copilot seats to measure the vertical vibration
responses; however, MSC.NASTRAN was used to predict
the vertical vibration responses of the small-scale GVT
model in the AVCS simulation. The AVCS framework in
both the test and simulation was constructed using MAT-
LAB Simulink, and dSPACE MicrolabBox equipment was
applied in the AVCS test.

First, when AVCS using the MISO model with one force
generator and two accelerometers was applied for four case
studies, it was investigated that the force generators were
required to be located near the pilot and copilot seats for
good vibration reduction at the pilot and copilot seats. The 4P
vertical vibration reductions in the AVCS test were compared
with the simulation results, and the differences between the
two results were 9.76-38.86% for the four cases. Second,
an AVCS study was conducted with a MIMO model using
two force generators and two accelerometers. The 4P vertical
vibration responses in the AVCS test were reduced by 68.57%
and 60.24% from the baseline without AVCS, respectively, at
the pilot and copilot seats, and the vibration reduction rates in
the AVCS simulation were 70.89% and 64.11%, respectively.
The relative errors between the AVCS test and simulation
were — 2.32% and — 3.87% at the pilot and copilot seats,
respectively. Therefore, this study showed that the AVCS test
and simulation results were similar for the X2TD small-scale
airframe model at 250 knots, and the 4P vertical vibration
reductions using AVCS were good at the pilot and copilot
seats.
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