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Selection of Sensor Locations for Active Vibration Control
of Helicopter Fuselages

C. Venkatesan* and A. Udayasankarf
Indian Institute of Technology, Kanpur 208 016, India

Vibration control has always been a challenging problem to the helicopter designer. This paper ad-
dresses the problem of the formulation and solution of an active vibration control scheme for helicopters,
based on the concept of active control of structural response. First, using a mathematical procedure
employing the Fisher information matrix, optimum sensor locations have been identified in a three-
dimensional model of a flexible fuselage structure. The reference parameters used in the selection process
are the elements of a vector defined as the effective independence distribution vector and the condition
number of the Fisher information matrix. It is observed that, irrespective of the excitation frequency,
these optimally selected sensor locations experience relatively high levels of vibration. Then, using the
measurement from these optimal sensor locations, a multi-input/multi-output control problem has been
formulated and solved to obtain the active control forces required for vibration minimization in the
helicopter fuselage. It is observed that sensor locations have a significant influence on the level of vibration
reduction in a fuselage structure.
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Nomenclature
system, control, and output matrices,
respectively
damping of the ith gearbox mounting
output matrix defined for preselected
sensor locations
idempotent matrix
forcing function vector
hub shears in the nonrotating hub-fixed
coordinate system
force at the ith gearbox mounting
spring, damper, and control force at ith
gearbox mounting
mass moment of inertia of fuselage
mass moment of inertia of gearbox
stiffness of the ith gearbox mounting
number of available sensors
modal mass, damping, and stiffness
matrices, respectively
mass, damping, and stiffness matrices of
fuselage in finite element domain
hub moments in the hub-fixed
nonrotating coordinate system
initial number of candidate sensor
locations
rotor blade mass
mass of fuselage
mass of gearbox
number of blades in the rotor system
number of flexible modes of the fuselage
generalized force vector
state vector consisting of degrees of
freedom of gearbox and fuselage modes
rotor radius
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= perturbational translation of the hub
= control force vector
= vector of nodal degrees of freedom
= vibratory response at preselected sensor

locations
= output vector
= structural damping coefficient
= modal coordinate vector
= estimate of the states of the system
= angular displacement of the hub
= modal matrix
= modal matrix corresponding to initial set

of candidate sensor locations
= rotor angular velocity
= quantities corresponding to fuselage
= quantities corresponding to gearbox

I. Introduction

T HE periodic loads of rotor systems cause vibration in hel-
icopters. With increasing demand for high-speed and

high-performance helicopters, vibration control has become an
important objective in the design of modern helicopters. Ref-
erences 1-3 provide excellent reviews of helicopter vibration
and its control. Over the years, the vibratory levels in the fu-
selage of helicopters have been reduced by using passive vi-
bration control devices and/or by suitable structural design.
For present-day helicopters, the general requirement is to have
a maximum vibratory level of 0.1 g in the fuselage. However,
in the future, with the adoption of stringent vibration control,
it will become necessary to reduce the vibratory levels below
0.05g, or even 0.02g.4

Vibration reduction schemes adopted in helicopters can be
classified as either passive or active control methodologies.
The passive control scheme includes hub or blade-mounted
pendulum absorbers; antiresonant vibration isolation devices
like dynamic antiresonant vibration isolator (DAVI), antireso-
nant isolation system (ARIS), and liquid inertia vibration elim-
inator (LIVE); structural modifications; and structural optimi-
zation. Active control methodologies include higher harmonic
control (HHC), individual blade control (IBC), active flap con-
trol (AFC), and active control of structural response (ACSR).
It may be noted that while HHC, IBC, and AFC control
schemes are aimed at reducing the blade loads in the rotating
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frame, ACSR is employed in the nonrotating frame to nullify
the effect of vibratory hub loads on the fuselage.

The concept of an ACSR scheme is based on the principle
of superposition of two independent responses of a linear
system, such that the total response is zero. In the case of
helicopters, the fuselage is excited by the application of
controlled external actuators at selected locations, such that
the total response of the fuselage caused by the rotor loads
and the external actuator forces is a minimum.5'10 A schematic
of the helicopter system with the ACSR scheme is shown
in Fig. 1. The rotor loads (F//A, F//v, FHz, MHX9 MHyt and
MHz) are transmitted to the fuselage through the gearbox
support structure. The support structure is idealized as a spring,
damper mechanism, and a control force generator. In a passive
scheme, the control force generator corresponds to a vibration
absorber mass (as in ARIS), whereas in the case of ACSR, the
control force generator is an active electrohydraulic force
actuator. Preliminary studies based on extensive ground
and flight tests have shown promising results in reducing
the vibration in helicopters. The major advantages of the
ACSR scheme are 1) less power requirements, 2) minimal air-
worthiness requirements because this scheme is independent
of the primary flight-control systems, and 3) selectively min-
imized vibratory levels at any set of chosen locations in the
fuselage.

A key aspect of vibration control is the measurement of
vibration. In general, the vibratory levels are measured at
tail boom/tail rotor transmission, cockpit instrument mount-
ings, cabin floor, and pilot location.8 ~10 Even though these
locations may be sensitive, in the light of recent devel-
opments11"13 on the optimal placement of sensors for sys-
tem identification, an interesting question arises: i.e., whether
or not the measurement of vibration at the previously men-
tioned locations truly represents the vibratory levels in the
structure. In other words, whether or not the control of vibra-
tion at some selected sensitive points in the structure truly
corresponds to a reduction of vibration in the whole structure.
A review on the sensor placement in distributed parameter

RHZ«eHZ

(continuous) systems can be found in Ref. 14. It is pointed out
in Ref. 13 that the measurement locations play a major role in
the quality of measurement, and in some situations, modes
may be completely missed. For a simple one-dimensional
structure, the measurement locations can be selected based on
experience, but for complicated three-dimensional structures,
the choice is very difficult. Therefore, there is need for a sys-
tematic approach based on mathematical principles to arrive at
the optimal sensor locations. Kammer11 described a suboptimal
procedure for identifying the sensor locations in large struc-
tures for the measurement of frequencies and mode shapes,
which can be compared with finite element method results for
correlation studies. This procedure is based on using the Fisher
information matrix and effective independence distribution
vector (EIDV) to eliminate sequentially the redundant sensor
locations from an initial set of many candidate sensor loca-
tions. In Ref. 12, this approach was slightly modified by using
the controllability and observability matrices of the system to
identify the actuator/sensor placement in a truss structure for
modal parameter (natural frequency and mode shape) identi-
fication. A comparative analysis of the EIDV method and the
Guy an reduction approach is presented in Ref. 13. The com-
parative study was based on identifying the sensor locations
for modal testing of one-dimensional beams and two-dimen-
sional plates. The EIDV method of identifying the sensor lo-
cations in a systematic manner is computationally elegant and
has been shown to be successful.13 However, the demonstrative
applications have been to rather simple structures and have
emphasized measurements for vibration testing.

An interesting feature of helicopter fuselage structure is that
the airframe has only a small distributed structural mass in
comparison with several large concentrated masses, represent-
ing engine, gearbox, rotor systems, etc. Therefore, the heli-
copter fuselage structure has a high modal density, i.e., many
closely spaced natural frequencies, and very complex mode
shapes.15 Considering the mathematical simplicity of the EIDV
approach and the complexity of the helicopter fuselage vibra-
tions, the application of the EIDV approach for active control
of vibrations in helicopters will be highly useful from the point
of view of practical considerations.

The main objectives of the present study are as follows:
1) Identification of optimal sensor locations for measure-

ment of vibration in a three-dimensional finite element model
of a helicopter fuselage for active control studies.

2) Analysis of vibratory levels observed at the optimally
selected sensor locations.

3) Formulation of an open-loop control scheme for vibration
minimization using the ACSR scheme.

4) Analysis of the effectiveness of vibration control using
the measurements from optimally placed sensors, in compari-
son with the control of vibration using measurements from
arbitrarily placed sensor locations.

In this paper, the terminology, optimal sensor locations, es-
sentially implies a suboptimal set of sensor locations, because
the EIDV approach is a suboptimal method.

II. Mathematical Formulation
The mathematical formulation consists of three parts. They

are 1) description of the method for the selection of sensor
locations for vibration measurement, 2) equations of motion
of the rotor-gearbox-fusel age system, and 3) formulation of
the control scheme. A brief description of these three items is
provided next. The details of the derivation can be found in
Ref. 16.

A. Mathematical Scheme for the Selection of Sensor Locations
The equations of motion of a flexible structure in a finite

element domain can be written as

Fig. 1 Interaction of subsystems in helicopters. (M]F{x} + [C]F{x} + [K]r{x] = [F] (1)
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Considering the first Nm undamped modes, the modal trans-
formation relation can be written as

M = (2)

Substituting Eq. (2) in Eq. (1), and premultiplying by [<1>]T,
the equations of motion in modal space can be written as

= [Q} (3)

where [M], [C], [K] have a dimension of Nm X Nm, and {17},
{Q}F are vectors of size Nm X L

Assuming harmonic input excitation [F] = {F}elta\ where
a) is a constant. The steady-state displacement at any point on
the structure can be expressed as

{y} = (4)

where the dimension of [y] is ML X 1, and ML represents the
initial number of candidate sensor locations. <&s represents the
modal matrix corresponding to the initial set of candidate sen-
sor locations.

It is assumed that the initial number of candidate sensor
locations is greater than the number of modal coordinates, i.e.,
ML > Nm. In state feedback control, an estimate of the states
of the system is required, and the best estimate can be obtained
from the following equation (for the sake of simplicity, it is
assumed that there is no measurement noise):

(5)

The underbraced term in Eq. (5) is denoted as the generalized
inverse (also known as Moore—Penrose inverse or pseudoin-
verse) of <&s.11 Because the dimension of <&s is (ML X Nm) and
ML > Nm, the rank of <!>,. is equal to Nm, which is the same
as the number of modal coordinates. Hence, there are (ML —
Nm) rows in <&s, which are linearly dependent on the remaining
Nm rows. Physically, it means that there are (ML — Nm) ad-
ditional sensors, providing redundant information about the
Nm modal coordinates. From the point of view of reachability
of certain locations and also as a result of the cost of sensors,
it is not possible to have sensors at all locations. Generally,
the number of available sensors (MA) is less than the number
of initial candidate measurement locations, and it can be
greater than or equal to the number of modes, i.e., Nm ^ MA
< ML. The aim is to eliminate those sensors that provide re-
dundant information about the system response. In Eq. (5), the
symmetric matrix [OfOJ is denoted as the Fisher information
matrix. Premultiplying Eq. (5) by 4>s yields

In Eq. (6), [y] can be identified as the reconstructed output
using the estimate of the states (f)}. If 4>5 is a nonsingular
square matrix, then the underbraced term in Eq. (6) will be a
unit matrix. For a general case, let the underbraced term in
Eq. (6) be denoted by the symbol E:

E = (7)

Matrix E is an idempotent matrix, i.e., E = E2, and its eigen-
values are either 0 or 1. In addition, the trace of the idempotent
matrix E is equal to its rank.17 Hence, the diagonal elements
of E represent the fractional contribution to the rank of E and
the smallest diagonal element i.e., Eii9 contributes the least to
the rank of E. Because the rank of E is equal to the rank of
<E>5, the /th row of <&s contributes the least to the rank of 3>s.
Therefore, the /th row of ®s can be eliminated without influ-

encing its rank. After eliminating the /th row, the modified 4>,
having a reduced size is used to compute the new E matrix,
and the process of elimination is repeated. This procedure is
carried out sequentially until the number of rows of 4>, is equal
to the number of available sensors MA. Because this procedure
employs a sequential elimination process, it is a suboptimal
method. The vector formed by the diagonal elements of E is
denoted as the EIDV.

Because the inverse of Fisher information matrix is required
to estimate the modal vector, [Eq. (5)], it is important to mon-
itor its condition number at every iteration. If there is a drastic
increase in the condition number, then the elimination process
must be terminated. The condition number of a square matrix
represents the sensitivity of its inverse to very small changes
in the elements of the matrix.18

In every iteration, one can eliminate either one row (one
sensor) or a group of rows (group of sensors), whose corre-
sponding diagonal elements (£„) are very small in comparison
with the other diagonal elements. In identifying the optimal
sensor locations, the advantage of group elimination is that it
requires less iterations than a series of single eliminations.
However, the disadvantage will be that there is a likelihood of
increasing the condition number of the Fisher information ma-
trix. This important conclusion has been brought out in Ref.
19 while addressing the problem of the effectiveness of the
selection procedure for optimal sensor locations, i.e., single
elimination vs. group elimination. In addition, Ref. 19 also
addresses the sensitivity of sensor locations to structural mod-
ifications.

It is important to note that the selection of optimal sensor
locations is not influenced by the type of normalization per-
formed on the modal vectors. However, the condition number
of the Fisher information matrix is dependent on the type of
normalization, and it can be varied arbitrarily by using differ-
ent multiplication factors for different modal vectors.16 Be-
cause the condition number is primarily monitored for termi-
nating the elimination process, the variation in the order of the
condition number is more important than the absolute value
itself.

B. Equations of Motion
For the purpose of application of optimal sensor locations

to vibration reduction problems, the coupled rotor- gearbox -
fuselage dynamic model was simplified. The simplified model,
shown in Fig. 2, consists of a gearbox supported on the top of
the fuselage at four locations. The rotor blade dynamics are
not included. However, the vibratory hub loads are assumed
to be acting at the top of the gearbox, simulating a ground
test condition. The gearbox support is idealized as a spring, a
viscous damper, and an active control force generator for the

AM,

PC - Control Force Generator

Fig. 2 Coupled gearbox-fuselage dynamic model.
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vibration minimization. For the sake of simplifying the anal-
ysis and also because of the unavailability of practical data,
several assumptions have been made in formulating the equa-
tions.

1. Assumptions
1) The gearbox is assumed to be rigid and undergoes only

vertical translation, pitch, and roll motions.
2) The fuselage is assumed to be undergoing rigid-body ver-

tical translation, pitch, and roll motions, as well as flexible
deformation as a result of elastic modes.

3) The gearbox supports are assumed to be uniaxial mem-
bers, providing forces only in the z direction.

4) The c.m. of the gearbox is assumed to be above the c.m.
of the fuselage and on the same vertical axis.

5) The rigid-body rotational motions of the gearbox and fu-
selage are assumed to be small. Hence, the nonlinear terms
involving products of rigid-body rotational degrees of freedom
have been neglected.

6) The products of inertia of the gearbox and fuselage are
assumed to be zero.

2. Equations of Motion of Coupled Gearbox-Fuselage System
The equations of motion of the coupled gearbox-fuselage

system can be written in three sets. Set I describes the
rigid-body equations of motion of the gearbox, set II presents
the rigid-body equations of motion of the fuselage, and set
III represents the equations of motion of the elastic modes of
the fuselage. The details of the equations are given in Ref.
16.

C. Vibration Control
During forward flight, the predominant frequency of the pe-

riodic hub loads is M?/rev. These vibratory loads excite the
fuselage structure. The vibratory levels in the fuselage are
measured by a set of sensors placed at selected locations. Us-
ing the measurement from the sensors, an open-loop multi-
input/multi-output (MIMO) control scheme is formulated to
minimize the vibration in the fuselage.

The equations of motion of the gearbox-fuselage model are
coupled ordinary differential equations, having a harmonic in-
put representing M?/rev hub loads. These equations can be
written in state-space form as

B(U] (8)

The details of system matrices [A] and [B] are given in Ref.
16. The output vector representing the response of the structure
can be represented by

(9)

the steady-state responseFor harmonic input {/} = {f}r'"
can be written as

[q] = [A - ia>irl[B]{U} + (A (10)

Using Eq. (9), the vibratory response measured at preselected
sensor locations can be written as

,} = [CUq]

(U)

[b]

where

[T] =

{b\ = [

Formulating a minimization problem as

min y={F}f{F}5 w.r.t. {U} (12)

the best estimate of the control vector minimizing the perfor-
mance index J can be written as

(J= -[TTT]-lTTb (13)

Substituting {&} from Eq. (13) into Eq. (10), and using Eq.
(9), the controlled vibratory response at any location in the
coupled gearbox-fuselage system can be obtained. It is im-
portant to note that the control force vector {U} is estimated
using the vibratory response at only certain preselected loca-
tions in the system. For example, these preselected locations
could be the optimally identified locations or they could rep-
resent any set of arbitrary locations.

III. Results and Discussion
Using the dynamic model of the coupled gearbox-flexible

fuselage system, several studies were performed. The results
of these studies are presented in three sections. Section III.B
describes the results pertaining to the choice of sensor loca-
tions for vibration measurement. A study on the validity of
these optimal sensor locations is presented in Sec. III.C. The
results on vibration control are presented in Sec. III.D.

Before presenting the results corresponding to the helicopter
fuselage model, an example problem has been solved to high-
light the essential features of the EIDV approach.

A. Example Problem
Consider an example in which there are six candidate mea-

surement locations (y,, i = 1, . . . , 6) and three modes repre-
sented by the generalized coordinates (rj^ r/2, and ry3), which
is given as

'I 0 0'
0 1 0
0 0 1
2 0 0
3 0 0
4 2 0

(14)

The three column vectors of <bs correspond to the modal dis-
placements at the six measurement locations. In this example,
the rank of <!>, is 3. The fourth and fifth rows of <&s are integer
multiples of the first row. The sixth row is a linear combination
of rows 1 and 2. A sensor placed at location 6 will measure a
maximum displacement in modes 1 and 2. A sensor at location
3 is essential to measure the third mode. In this case, a mini-
mum of three sensors are required to estimate the three gen-
eralized coordinates. It is essential to have one sensor at lo-
cation 3, preferable to have the second sensor at location 6,
and the third sensor can be placed at any one of the remaining
four locations (1, 2, 4, or 5). Using the EIDV approach, the
redundant sensor locations are eliminated sequentially one at
a time. The results of the sequential elimination are provided
in Table 1.

Table 1 contains [<f>5]7 and [E]j (subscript j refers to y'th it-
eration) at every iteration along with the lowest diagonal value
of [E]j. In the first iteration, the lowest diagonal value of E is
EH, which is 5/86. Therefore, the first row has the least influ-
ence on the rank of <&s. Eliminating the first row, i.e., the sen-
sor at location 1, the new [4>J2 is formed for the second iter-
ation. In the second iteration, the lowest diagonal value of
[E]2 is E33, which is 20/81. Eliminating this row (note that this
row corresponds to sensor location 4 in the original set of six
sensor locations), the new [4>J3 for the third iteration is
formed. In the third iteration, the lowest diagonal value of
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Table 1 Example problem

Iteration
j

1

"l
0
0
2
3
4

^s\j

o o"
1 0
0 1
0 0
0 0
2 0

1/86

5
-8

0
10
15
4

-8
30
0

-16
-24

28

IE],
0
0

86
0
0
0

10
-16

0
20
30
8

15
-24

0
30
45
12

Lowest
Eu

4"
28
0
8

12
72

5/86

Condition
number

38

2

3

0
0
2
3
_4

"o
0
3
_4

r°4 3
L4

1
0
0
0
2

1
0
0
2

0
0
2

0
1
0
0
°-
o"
1
0
0_

1/81

29
0

-16
-24
26
-

1/61

-

'10
OJ

0
81
0
0
0

25

24
18

[1
0
0

_

0
61
0
0

0
1
0

16 -24 26
0
20
30
8

-24
0
45
12

°1n 1
IJ

0 0
30 8
45 12
12 68_

is"
0
12
52.

20/81 37

25/61 33

33

[£"]3 is EH, which is 25/61. Eliminating this row, i.e., the sensor
at location 2 in the original set of six locations, the final [4>J4
is formed. In this case, [E]4 is an identity matrix, indicating
that all diagonal elements, i.e., all sensors, are equally impor-
tant. Further elimination of any one row will render the Fisher
information matrix a singular matrix. This means that we are
attempting to estimate three generalized (independent) coor-
dinates with two sensor measurements, which is not possible.
In this example, the condition number of the Fisher informa-
tion matrix exhibits a very small variation with iteration.

B. Choice of Sensor Locations for Vibration Measurement
Figure 3 shows a finite element model of a helicopter fu-

selage. The length of the helicopter model is 8.25 m, the height
is 2 m, and the width is 3 m. The fuselage is 4 m long, having
a width of 2.5 m and a height of 1.5 m. The tail boom is 4.25
m in length, with a horizontal stabilizer having a span of 3 m
attached near the end. In addition, lumped masses representing
two engines, a tail gearbox, and two end plates are also at-
tached to the structure at appropriate nodes. The total number
of nodes and the degrees of freedom of the finite element
model are 64 and 384, respectively. The details of the struc-
tural properties, node locations, and other data are given in
Ref. 20. It was shown in Ref. 20 that the undamped natural
frequencies and mode shapes of this model are similar to those
of a realistic helicopter. The first four mode shapes of the fu-
selage structure are shown in Fig. 4.

Assuming that the main rotor system consists of four blades,
the vibratory hub loads will have a nondimensional excitation
frequency of 4/rev. For the fuselage model, the nondimensional
natural frequency of the 20th flexible mode is 6.41 (Ref. 20),
which is 50% more than the excitation frequency (4/rev) of
the hub loads. Therefore, the first 20 modes of the helicopter
fuselage are considered in the vibration analysis.

Considering three rigid-body modes (heave, pitch, and roll),
and the first 20 modes of the fuselage (Nm = 20), the modal
matrix 3>s is formulated. Because the vibratory level in the
vertical (z) direction is more predominant, without loss of gen-
erality, it is assumed that the sensors measure only the z com-
ponent of the fuselage vibration. Therefore, in the formulation
of <I>5, the modal displacement in the z direction only is con-
sidered. Initially, it is assumed that all 64 nodes are the can-
didate sensor locations, i.e., ML = 64. Employing the procedure

62 61,

19

Fig. 3 Finite element model of helicopter fuselage.

described in Sec. II.A, the redundant sensor locations were
eliminated at each iteration. The final set of 23 optimal sensor
locations is indicated by node numbers in Fig. 5.

C. Validation of Optimal Sensor Locations
A vibration analysis was performed using the coupled gear-

box-fuselage equations by applying a vibratory force at the
top of the gearbox. The total number of degrees of freedom
considered in this analysis is 26. These include three rigid-
body modes of the gearbox (heave, pitch, and roll) three rigid-
body modes, and 20 flexible modes of the fuselage. The gear-
box is assumed to be supported on the roof of the fuselage at
the four nodes (39, 48, 46, and 37). The data used for the
vibrational analysis are given next.

1) Reference quantities for nondimensionalization: mB = 65
kg, R = 6 m, and fl = 32 rad/s.

2) Nondimensional quantities:
Kt = 60.01, C, = 0.033, mF = 33.846, WGB = 4.615, IxxF =

0.6838, IyyF = 2.7350, 7,x<iB = 7vvGB = 0.0171, and FJmBtfR =
0.0001.

Coordinates of fuselage e.g. from origin at the nose of the
fuselage: x = 0.5632, y = 0.0, and z = 0.0833.
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3-rd mode (9 .95 Hz)
4-th mode (12.05 Hz)

Fig. 4 First four elastic modes of the fuselage. - - -, undeformed
configuration; ——, deformed shape.

15

Fig. 5 Optimal sensor locations (sensor locations indicated by
node numbers).

Coordinates of gearbox e.g. from origin at the nose of the
fuselage: x = 0.5632, y = 0.0, and z = 0.3333.

Structural damping for fuselage elastic modes: /3F = 0.005.
The vibratory levels in the fuselage were calculated for dif-

ferent excitation frequencies, namely, I/rev, 2/rev, 3/rev, 4/rev,
and 5/rev. For the sake of conciseness, only those results per-
taining to the I/rev and 4/rev excitation frequencies are pre-
sented (Figs. 6 and 7). In these figures, the vibratory levels (g
levels) at different nodes are indicated by impulses. The arrows
(other than the one indicating the gearbox e.g.) indicate the
optimal locations for the sensors. For I/rev excitation, the sen-
sor at node 64 measures the highest level of vibration of 0.48g
(Fig. 6). For 4/rev excitation (Fig. 7), the peak response occurs
at node 33. There are two sensors at node locations 32 and
34, measuring the second highest level of response. A similar
behavior was also observed for other excitation frequencies.16

These results indicate that, irrespective of the excitation fre-
quency, the optimally selected sensors measure high levels of
vibration.

D. Open-Loop Vibration Control
Incorporating the open-loop control scheme described in

Sec. II.C, an attempt was made to minimize the vibratory re-
sponse of the fuselage. The control forces required for vibra-
tion minimization were evaluated using measurements from
several sets of sensor locations. These different sets of sensor
locations correspond to 1) 23 optimally placed sensors; 2) 5
arbitrarily placed sensors (node locations 12, 13, 20, 21, and
64); 3) 10 arbitrarily placed sensors (node locations 1, 2, 20,
21, 31, 35, 50, 56, 62, and 64); and 4) 23 arbitrarily (or a

nonoptimal set) placed sensors (node locations 1-22 and 64
representing the fuselage floor and tail, respectively). The non-
dimensional frequency of the excitation force is assumed to be
4/rev (a four-bladed rotor system is considered). The relevant
data are listed in Sec. III.C.

Using the vibratory levels measured at the 23 optimally se-
lected locations, the control forces required for minimization
of vibration in the fuselage were calculated. Figure 8 shows a
comparison of the baseline vibratory levels along with the con-
trolled response. The fuselage vibratory level has been reduced
substantially from the baseline peak acceleration of 0.284g to
a level of 0.5E-04g at node location 33. In addition, the vi-
bratory levels at all nodes in the fuselage are reduced to very
low levels. The gearbox e.g. experiences an increase in the g
level, i.e., the gearbox g level increased from a value of
0.0477g to 0.0625g. This observation of increasing gearbox
vibration while reducing fuselage vibrations is similar to the
phenomenon observed in an ARIS type of passive vibration
control scheme.21 Figures 9a and 9b show the magnitudes and
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Fig. 6 Baseline vibratory levels (excitation frequency I/rev).
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Fig. 7 Baseline vibratory levels (excitation frequency 4/rev).
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Fig. 10 Vibration control with 5 arbitrary sensors vs. control
with 23 optimal sensors.

phase angles, respectively, of the four control forces required
for vibration minimization. The control forces are almost 180
deg out-of-phase with the applied external force.

To analyze the effectiveness of vibration reduction using 23
optimally placed sensors, a vibration-reduction analysis using
different sets of sensors located at arbitrary nodes in the fu-
selage was performed. The controlled response for these cases
of arbitrary sensor locations was compared with the controlled
response for the case of 23 optimally placed sensors. These
results are shown in Figs. 10-13.

Figure 10 shows the results of the controlled vibratory re-
sponse obtained using 5 arbitrary sensors and 23 optimally
placed sensors. It is observed that the peak acceleration of the
controlled response with five arbitrary sensors is 0.31E-02g at
node location 43. The peak acceleration of the controlled re-
sponse for 23 optimally placed sensors is 0.138E-03g at node
location 5. Figure 11 shows a comparison of the controlled
vibration with 10 arbitrary sensors and 23 optimally placed
sensors. For the case of 10 arbitrary sensors, the peak accel-

eration of the controlled response is 0.211E-03g at node lo-
cation 33, which is about 53% more than that for the case of
23 optimally placed sensors. Figure 12 shows the controlled
response for the case of 23 arbitrary (nonoptimal set) sensors
along with the controlled response with 23 optimally placed
sensors. For the case of 23 arbitrary sensors, the peak accel-
eration is found to be 0.203E-03g at node location 41, which
is 47% more than that for the case of 23 optimally placed
sensors. The magnitudes and phase angles of the control forces
for all of these case are presented in Table 2. It is interesting
to note that though there is very small variation in the mag-
nitudes and phase angles of the control forces, there seems to
be a large variation in the peak acceleration of the controlled
vibratory response of the fuselage. These results clearly indi-
cate that vibration control using measurements from optimally
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Fig. 11 Vibration control with 10 arbitrary sensors vs. control
with 23 optimal sensors.
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Table 2 Magnitude and phase angle of control forces

Control force Number of sensors used for vibration control

Force

Magnitude

Phase angle, deg

Node
location

39
48
46
37
39
48
46
37

5
arbitrary

3.756
3.756
3.757
3.756
180.2
182.4
178.8
180.5

10
arbitrary

3.755
3.756
3.756
3.755
180.5
180.3
180.3
180.5

23
optimal

3.755
3.755
3.755
3.755
180.4
180.4
180.4
180.4

23
arbitrary

(nonoptimal)

3.755
3.756
3.756
3.755
180.6
180.3
180.3
'80.6

24
23 optimal + 1 gearbox

3.989
3.561
3.563
3.978
180.5
180.2
180.2
180.5

placed sensors provide the minimum peak acceleration in the
fuselage.

It is observed that even though there is vibration reduc-
tion in the fuselage, the gearbox e.g. experiences an increase
in the acceleration level (Figs. 10-12). Therefore, an attempt
was made to reduce simultaneously the vibratory levels at the
gearbox e.g. as well as at the fuselage. In this case, the control
forces required for vibration minimization were obtained using
measurements from 24 sensors (23 optimal sensor locations
in the fuselage + 1 sensor at the gearbox e.g.). Figure 13
shows the comparison of controlled vibratory levels obtained
by using measurements from 23 optimal locations and those
for the case of 24 sensors. It is interesting to observe that
with 24 sensors there is no improvement in vibratory levels at
the gearbox e.g., but there is deterioration in the control of
fuselage vibratory levels. The magnitudes and phase of the
control forces are given in Table 2. These values indicate
that the vibratory levels are very sensitive to the control
forces.

IV. Concluding Remarks
The problem of vibration reduction in helicopter fuselage,

using the concept of ACSR, has been formulated. The equa-
tions of motion representing the dynamics of a coupled
gearbox-fuselage model have been derived. Using these equa-
tions, the following studies have been performed. They are 1)
identification of optimal sensor locations for vibration mea-
surement and 2) formulation and solution of MIMO control
scheme for vibration minimization in a helicopter fuselage.
The salient points of this study are summarized next.

1) A detailed description of the EIDV approach for the iden-
tification of sensor locations for vibration measurement is pre-
sented.

2) Irrespective of the input excitation frequency, the optimal
sensor locations identified by the single elimination process
experience high levels of vibration.

3) Vibration control using measurements from the optimally
selected sensor locations provides maximum reduction in the
g levels of the fuselage vibration as compared with the con-
trolled response using measurements from arbitrarily placed
sensor locations or from a nonoptimal set of sensors.

4) When the vibratory levels in the fuselage are minimized,
the gearbox experiences a higher level of vibration in com-
parison with the baseline g level. While trying to minimize
simultaneously the vibratory levels in the fuselage and gear-
box, it was observed that there is no reduction in the vibratory
levels at the gearbox, but the reduction in fuselage vibratory
levels is not as significant as in the optimal case.
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