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Abstract

This paper presents active boundary contro—ABC—of an Euler—Bernoulli beam, which enables one to generate a desired
boundary condition at any designated position of a target beam structure, thereby permitting the structure to possess desired
properties characterized by the boundary condition. Furthermore, ABC has potential to create a completely vibration-free
state in the designated area of a beam. This paper begins by presenting the principle of ABC using a transfer matrix method,
the optimal control law of the ABC system being derived. It is found that, in addition to conventional four classical boundary
conditions: free, pinned, clamped and sliding support, ABC can generate two more boundary conditions that may not be
observed in real systems but realized by ABC. It is also found that as a result of applying ABC to a specific location, including
a current conventional boundary of a beam, a completely vibration-free state in the target region of a beam can be realized.
Finally, an experiment using an adaptive feedforward control was conducted, demonstrating that ABC enables the generation
of a desired boundary condition at the designated location of a target beam, and of a completely vibration-free state of a beam.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Recent technological developments have increased the need for the design of vibration-free structures, especially
in the nano-technology community. A technology road map disclosed recently outlining the requirements for
future generations of semiconductors shows that a key technology element, the width of electrical lead wire, is
planned to be as narrow as 22 nm, which is the width of only 100 atoms, and in fact no technology is currently able
to achieve this target. With a view to realizing future semiconductors having a highly stringent specification, many
technological problems must be resolved. Among these, the establishment of nano-infrastructure is essential; not
even a micro-vibration is allowed for a semiconductor fabricating machine. As such, it is worth beginning by
reviewing the current status of active vibration control technology and assessing its potential to provide the
vibration-free environment required for future generation semiconductor designs and similar applications.

Design methodologies for active vibration control of a distributed-parameter structure can be roughly
divided into two categories: the modal-based control approach [1-13]. Modal-based control—which can
further be classified into two categories: high performance, narrow band high authority control (HAC), and
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low performance, broad band low authority control (LAC)—is premised on the assumption that all structural
modes are excited to some degree. When attempting to suppress the vibration of a distributed parameter
structure using HAC, the method encounters difficulty in achieving control because of the generally large
number of modes involved; modal-based control theoretically requires as many sensors and actuators as the
number of modes to be controlled. Even with advanced control such as H-infinity control [14], u-synthesis [15]
and Linear Matrix Inequality control (LMI) [16], the resulting controller will require an astonishingly large
order even for an extremely simple control object. As such, HAC has a limit on the number of structural
modes it can deal with. On the contrary, LAC, which is typically implemented using velocity feedback (DVFB)
with collocated sensors and actuators [17-19], may treat all structural modes equally; however, it is not able to
preferentially damp modes that are more dominant while ignoring modes that are inconsequential to the final
result. Active wave control is based on the excitation mechanism of structural modes. By actively suppressing
reflected waves produced in a structure, active wave control aims to make all structural modes inactive, rather
than augmenting the damping of a structure. It may thus be regarded as imposing the characteristics of an
infinite structure, in which no vibration modes occur, onto a finite structure. The active wave control law has
been applied to a flexible beam in a restricted frequency range [9,10,13].

This paper presents active boundary control, “ABC”, of a beam that allows the generation of a vibration-
free state in a designated area of a target structure. The term ‘“boundary control” is already employed in a
number of research fields. For instance, the expression is utilized for the purpose of turbulent boundary layer
control or laminar flow control in the fluid dynamics field [20-22]. It is also used in vibration control of a
flexible cable [23] and a beam [24-27]. In these instances, the boundary of a structure is defined to be the
location where a control actuator/sensor can be installed. Thus the term ‘“boundary control”, as used
previously refers to the control object per se or control actuator/sensor placement.

This paper is concerned with active boundary control, ABC, which possesses the following properties: (i)
control capability of generating a desired boundary condition at a designated location of a structure, so that
the characteristics of a structure governed by the boundary condition may be controlled; (ii) control capability
of generating a completely vibration-free state at a designated region of a structure; (iii) actuators/sensors may
be placed at any location of the structure. Therefore, the definition of active boundary control presented in the
paper is intrinsically different from those used in the past. For the purpose of emphasizing the new concept of
ABC presented in this work, a simplistic model with a simple control strategy is employed: a flexible
(Euler—Bernoulli) beam controlled by feedforward control. As in all applications of control, if a disturbance
reference signal can be obtained then augmentation with a feedforward system will offer advantages.
Feedforward active vibration control is not new; what is new is the control law formulation in this paper
which, via the use of wave concepts, explicitly targets a modification to the boundary conditions of the
structure (and not necessarily via application of the control input at the boundary of the structure as is used in
active control of magnetic bearings, for instance). By actively controlling a boundary condition governing the
structural modes of a beam, ABC permits the nullification of the beam vibration, and hence differs, in
principle, from active wave control [5—13] which is aimed at suppressing reflected waves. By utilizing a transfer
matrix method (see Ref. [28], the ABC law is derived using feedforward control. Moreover, in addition to the
four classical boundary conditions: free, clamped, pinned and sliding support, ABC allows the generation of
two more boundary conditions which may not be observed in real systems, but are realized by ABC. It is
found that applying ABC to a specific location, including a current conventional boundary of a beam, a
completely vibration-free state—neither progressive waves nor reflected waves exist—can be realized in the
designated region of a flexible beam. Finally, an experiment using adaptive feedforward control was
conducted, demonstrating that ABC enables one to generate a desired boundary condition at a designated
location of a target beam, as well as to produce a completely vibration-free state for a beam.

2. Active boundary control—ABC—of an Euler—Bernoulli beam
2.1. State equation of an Euler— Bernoulli beam

Before proceeding to the theoretical development of an ABC system, three assumptions are employed in this
paper: (i) an Euler—Bernoulli beam is used as a target structure; (ii) only flexural vibration of a beam is
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considered; (iii) feedforward control is applied. Then, an equation of motion of an Euler—Bernoulli beam lying
along the x-axis is written as

o*é(x, 1) 0%é(x, 1)
ox4 ox?

where (x, 1), E, I, A, p and f(x, f) are the deflection of the beam, Young’s modulus, cross-sectional inertia of
area, cross-sectional area, mass density and applied force per unit length, respectively. In the work, the effects
of shear deformation and rotary inertia are assumed to be neglected. To solve the partial differential equation,
consider first the homogeneous equation; i.e., f(x, #) = 0. The solution of Eq. (1) is assumed to be written in
the form, &(x, 1) = &(x)el’ where j and o are the imaginary unit and the angular frequency, respectively. Then
the deflection of a beam &(x) satisfies the following ordinary differential equation:

EI + pA =f(x,0), (1)

a4
09 e =0, ®)
ox4
where k is the flexural wavenumber defined as
4 pAd®
= 3)
A general solution to Eq. (2) is written as
—é(X) — alefjkx +a2eka + a3ej/cx +a4ekx, (4)

where ay, ay, a3 and a4 are constants that may be evaluated by the boundary condition properties of a beam.

Having obtained the deflection £(x), slope 0(x), internal bending moment m(x) and internal shear force g(x)
may also be derived by the formulae provided in material mechanics, and these state variables may then be
expressed in the vector form as

z(x) = B(x)a, (5
where the state vector z(x), matrix B(x) and vector a are defined as
2(x) = col. (=€) 00 m(O/EL q)/EI), (6)
e Jkx e kx elkx ekx
_jkefjkx —Jeekx jkejkx Jeekx
B(X) = _k2€7jkx kZkax _kZejkx kZQkx ’ (7)
jk3e—jkx _k3e—kx _jk3 elkx k3ekx
and
a=col(a1 a a3 as), ®)

where col. denotes a column vector. The matrix B(x) further expands to

B(x) = KD(x), )
where K, the flexural wavenumber matrix and D(x), the wave transfer matrix, are defined as
1 1 1 1
—jk -k jk k
jk3 _k3 _Jk3 k3

(10)
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and
ek 0 0
0 ek 0 0
D(x) = . . 11
) 0 0 e 0 an
0 0 0 ekx
Consider a beam element with points i—1 and 7 at both ends of the element as shown in Fig. 1, and for brevity
let z(x;_) and z(x) be z;_; and z,, respectively. Then, with a view to describing the relation between these state
vectors, it needs to introduce a local coordinate system to these state vectors; with the origin of the local
coordinate system at z;_;, z; can be expressed as a function of the distance /; between these two points. Using
Eqgs. (5) and (9), the state vectors at the points, i—1 and i, are given by
z;,1 = KD(0)a = Ka, (12)
and
Z; = KD(Z,)a (13)

Multiplying Eq. (12) by K~ and substituting the resulting formula into Eq. (13) leads to the state equation of
a beam expressed in the form

z; = KD()K 'z = T (l)ziey, (14)
where T, ;_; denotes the transfer matrix connecting the points 7 and i—1, and is defined as
N 7 13 15}
Ti-1(l}) = KD(/)K™! Koon un 15
i,[—l( i) - ( i) - k4t3 k4t2 f t 5 ( )
Kty Ky Ko o
where
1= (e—jkl, ek 4 gkl 4 ekl,»)/4’ f= (_je—jkl,- — e el 4 ek"‘)/4k3,
t; = (—e_jkl" + e Kl — okl 4 ekl")/4k2, ty = (je_jkl" — e i _ jelkl 4 ekl")/4k. (16)
Y X X;
O, —> X
t—
éi—] &.n

5

Fig. 1. Coordinate system of an Euler—Bernoulli beam.
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Using the flexural wavenumber matrix K, the wave vector w may be defined as
w(ly) = col.(will) wall)  wi(l) walli)) = K~ 'z(l)). (17)

Then, substituting the state vectors, z(x_;) = z,_; and z(x;) = z;, and the wave vectors, w(x;_;) = w,_; and
w(x;) = w,, into Eq. (17) yields

wi =K '"T; 1 (1)Kwiy = D()wi_1. (18)

As seen from Eq. (18), the matrix D is found to be the transfer matrix bridging the wave vectors at i—1 and i,
and hence it is termed the wave transfer matrix.

Clearly from Egs. (11) and (18), wy, w», w3 and wy are the function of e i, =¥ ei*/i "and e¥i, respectively.
The first wave, wy, propagates in the positive x direction, while the second term, w,, decays exponentially as x
increases, and thus w, is an evanescent wave in the vicinity of the node i—1 (x = 0). With the same reason, w;
is a backward propagating wave, while w, is an evanescent wave in the vicinity of the node i (x = /;) which
decays with distance.

ki,

2.2. Control law of the ABC system

Let us derive the control law of an ABC system for generating a desired boundary condition at the
designated position of a clamped—clamped beam. Although this paper deals with a clamped—clamped beam as
an example, the methodologies presented in the work are still applicable for a flexible beam with other
boundary conditions. Note that at conventional boundary conditions of a beam: free (m = ¢ = 0), clamped
(¢ =0 =0), pinned (£ = m = 0) and sliding (0 = ¢ = 0), two of the four state variables—¢, 0, m, ¢—are always
zero, thereby eliminating two out of the four state variables leads to any kind of boundary condition. As such,
totally six boundary conditions exist theoretically—two of them: (¢ = ¢ = 0) and (6 = m = 0) may not be
observed in a real system, however realized by ABC as described later.

In order to conduct ABC, a pair of control forces—combinations of f., shear force-type actuator and m,.,
bending moment-type actuator as shown in Fig. 2—are required to suppress two state variables independently.
Supposing that these control forces act respectively at ¢; and ¢,, the control force vectors f.; (i = 1, 2) are given by

For Controller Type I-

f61=c01.<0 0 my/EI 0), (19)
and
fo=col (0 0 m/El 0). (20)
For Controller Type 2:
fa=col.(0 0 0 f\/EI), 1)
and
fo=col.(0 0 0 f/EI). (22)
Type 1 Type 2 Type 3
m my n
Lk, o 2
T A, A, G A
¢ c, S b5 h
Moment actuators ~ Shear force actuators ~ Moment and shear force actuators

Fig. 2. Controller types.
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For Controller Type 3:
fo=col.(0 0 mi/El f\/EI). (23)

Moreover, a disturbance force f; is assumed to act at d. Then, the disturbance force vector f; is similarly
written as

fdzcol.(o 0 my/EI 0). (24)

To proceed to the theoretical development of an ABC system, this paper adopts the control forces of Type 1 as
an example. Furthermore, the state vectors z; and zz at the left end and right end of a clamped—clamped
beam, respectively, are expressed by

2 =col(0 O m/EL qy/EI), (25)
and

zx=col.(0 0 my/El qp/ET). (26)
Using z;, f.;, f, and f,, the state vector zg in Eq. (26) becomes

zp = Trezp + Treifor + Trofer + Trafa. (27)

It is common practice for the transfer matrix method to express the initial state vector z;—Ileft end of
the beam—using all external variables such as m;, m, and f,;. For this purpose, substituting Egs. (19)—(26) into
Eq. (27) enables the state variables m; and ¢ at the left end of the beam to be expressed by

myp, ~A—1 A mi ~ nmy A mg
a0 = —Trr124 Trei12 0 + Treon2 0 + Trar2 0 EI, (28)

where the transfer matrix, Tz, € C*** is partitioned into four sub-matrices, TRU_,- e C*? (i,j=1,2)

such that
Tren Tron
Tee = | - . . (29)
Tri2i Trix

Likewise, Tg.1, Tre, Trq are partitioned into four sub-matrices ’i‘Rcl s ’i’RCZ i TRd i (i,j =1, 2), respectively.
Let us generate an arbitrary boundary condition at x between the locations ¢, and d (see Fig. 3). To do this,
using z;, f.; and f,,, the state vector z, at x is written as

Z, = T)(LZL + Txrlfcl + Tchfc2~ (30)
Eq. (30) further expands to
n
Z, = A( > + bmy, (3D
ny
where A € C*? and b € C*! yield
A= (A Ay, (32)
and
1 Tarin Vot - 1
b=—-——| . Trn T . 33
El (TxL22> RL12 Rd12<0> ( )

Here A; € C*! and A, € C**! are defined as

T \ oot 2 1 TleZ 1
A = A T T — | A 34
: { <TxL22> RL12ERCH2 EI (Txsz (0) 69
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m my mq

X >
X, >

Fig. 3. Beam with control forces and a disturbance force.

T ot « 1 (T2 1
Ar = — T, T — | . 35
2 { (TxL ) rL2 YRC,12 + El <Tx0222 (0> (35

Note again that Txm, TxLzz etc., are the sub-matrices partitioned from T,;. Hence, the suppression of two
appropriate state variables out of four in z, in Eq. (31) generates a desired boundary condition at x. Suppose
the ith and jth entries of z,—for example, i = 1 and j = 2 refer to a “‘clamped” support—are to be eliminated.
Then, the control law for generating the desired boundary condition at x is described in a form based on the

assumption of feedforward control as
mi _1
<m2> = —A; byma, (36)

where A; € C**? and b; € C**! consist of the ith and jth row element(s) of A and b, respectively.

and

3. Numerical simulation for generating a boundary condition

Using the controller “Type 17 as shown in Fig. 2, let us generate a desired boundary condition at a
designated position x from the left end of a clamped—-clamped beam. In a numerical analysis, a pair of moment
actuators are placed at x.; = 0.05m and x., = 0.2 m, respectively, the specification of the beam being shown in
Table 1. The beam is assumed to be subjected to a disturbance moment m, acting at x, = 1 m with a sinusoidal
moment excitation with the amplitude of 0.0005 Nm.

Fig. 4 illustrates the time histories—before ABC is applied—of four state variables: &, 8, m, and ¢ along the
x-axis of the beam excited near the third resonance frequency 35.27 Hz. As seen from the figure, the boundary
condition “‘clamped support” at both ends of the beam is justified; that is, ¢ and 6 are zero whereas m and ¢
are not. As the beam is excited near the third modal frequency, two nodes are observed at one-third and two-
thirds of the beam. From the viewpoint of a boundary condition, the nodes possess the characteristics quite
similar to a pinned support; both & and m are zero (note that under the influence of a near-field effect, the
positions where ¢ and m become nullified are slightly different), while 6 and ¢ are not.

With control forces expressed in Eq. (36), ABC permits one to generate any kind of a desired boundary
condition at the designated position of a beam. As an example, consider the case when generating a ‘“‘clamped
support” (¢ = 0 = 0) at x = 0.42 m of the beam using a pair of moment actuators located at x.; = 0.05m and
X = 0.2m, respectively. Illustrated in Fig. 5 are the time histories of four state variables of the beam excited
near the third modal frequency after ABC. As seen from the figure, both the displacement and slope at the
target point x = 0.42m are controlled to be zero, hence a clamped support. The maximum value of the
displacement is suppressed to 0.017 mm; 2.32% of the maximum displacement without ABC. It should be
noted that as a result of applying ABC for generating a clamped support to the beam, the characteristics of a
beam change, and hence the modal frequencies also change. Consequently, the responses of four state
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Table 1
Dimensions of a clamped-clamped beam used in numerical analysis
Total length Thickness Width
I.Im 1.5mm 4.5cm
Young’s modulus Density Material
7.4 x 10'°N/m? 2770 kg/m? Duralumin
| —x10° Displacement &
e 0
1L
1 —
3 -
S of
A -
-1
1
£ of
1 L
1 -
z 0
1 b

0 0.2 0.4 0.6 0.8 1.0
Beam length m

Fig. 4. Time histories of four state variables of a clamped—clamped beam driven near the third resonance frequency, 35.27 Hz.

7 X 10°° Displacement &
g 0~
-2 L .
2 x10 Slope 6
9 L
2ol
o L
2 : x10°° Bending moment m
PN
=] —
z 0 /—%:
5L~
4 — % 10 Shear force ¢
0
4

| | | | |
0 0.2 0.4 0.6 0.8 1.0
Beam length m

Fig. 5. Time histories of four state variables of a clamped—clamped beam under ABC for generating a clamped support at x = 0.42m.
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Without control
5 —
0 —
-5 L i
1 —x1072 £=6=0 (clamped support)
O —
a L |
| —x10°2 &=m=0 (pinned support)
s =
a L '
§ 1 :xlO’l E=g=0
S oL @'@
2 — |
g 1= :
3 0=m=0
é. 1 —x 1071 I
T =< —
~ I
1 L
> —x10°2 0=¢=0 (sliding support)
0 —
2L |
5 :xlo’2 m=q=0 (free support)
0 —
-5 L |
| | 1 | | | |
0 0.2 0.4 0.6 0.8 1.0

Beam length m

Fig. 6. Time histories of displacement response of a clamped—clamped beam under ABC for generating six kind of boundary support at
x=0.42m.

variables in Fig. 5 vary corresponding to the driving frequency while keeping the designated boundary
condition, a clamped support, at the designated location of the beam.

Fig. 6 depicts the time histories of displacement response of the beam after ABC, demonstrating that, in
addition to classical four boundary conditions (clamped, free, pinned and sliding support), two more
boundary conditions—(¢ = ¢ = 0) and (0 = m = 0)—are generated at x = 0.42m. The beam in the figure is
subjected to a disturbance force acting at x,;, = 1 m with the driving frequency near the first modal frequency,
6.5 Hz, while a pair of moment controllers act at x.,; = 0.05m and x.,, = 0.2 m, respectively.

4. Generation of a completely vibration-free state using ABC
4.1. What is vibration-free?

It is worth discussing what a vibration-free state is. Take a look again at Fig. 4 where two nodes appear in
the time histories of the displacement response of a clamped-clamped beam excited at the third modal
frequency 35.27 Hz. It is normally conceived that the nodes are vibration-free so that there have been some
attempts to avoid vibration by intentionally designing a way such that a node position coincides with a grip
location of a hand-tool. It is true that when placing an accelerometer at a node, the sensor output becomes
small; however the node is not vibration-free. A vibration-free state means that all the four state variables
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dominating the dynamical characteristics of a beam must be null. Consider an example when a beam, the
initial conditions of which are zero, is not subject to any disturbance force. Then no deflection, no slope, no
bending moment and no shear force exist along the beam, and hence a whole region of a beam is completely
vibration-free.

It is one of the purposes of this paper to generate a vibration-free node via ABC. Then what is the benefit of
generating a vibration-free node? To answer this question, consider state vectors z; and z; at i and j of a beam,
respectively. Using a transfer matrix T, the state vector z; is related to z; Hence it follows that

z; = TZ,‘. (37)

Suppose the state vector z; is a null vector, in other words, the node at i is vibration-free, then the state vector
z; at j apparently becomes a null vector, implying that the area between the points i and j are also vibration-
free. Thus, generating a completely vibration-free node at a designated location enables one to produce a
vibration-free state around the designated point. Accordingly, the so-called node coming from “no
desplacement” where both ¢ and m are zero seems to be vibration-free, however other state variables 0 and ¢
are non-zero, and hence the state vector at the node is not vibration-free but plays a role of bridging both sides
of the node to transfer structural waves.

Another question may arise. How does it differ from a well known DVFB [18,19] with an extremely high
feedback gain applied at a sensor/actuator collocated location? The answer is again clear when considering
the difference between the so-called node and a vibration-free node. Since the effort of conventional active
vibration control including DVFB results in simply producing a node at a sensor location, vibration-free
state may not be realized. Even with the control performance for minimizing kinetic energy of a beam
being introduced, a vibration-free state may not be realized since the design concept of vibration control is
different.

4.2. Completely vibration-free state via ABC

ABC has potential to create a completely vibration-free state in the target region of a beam. Consider a
beam with any kind of boundary condition at both ends of the beam with two control forces m; and m, acting
as shown in Fig. 3. The state vector z, at s between L, the left end of the beam, and the control point ¢; may be
written as

zs =Tsrzp, (38)

where the mth element and nth element of z; are assumed to be non-zero. When applying ABC to the left end
of the beam so as to nullify the two non-zero elements of z;, the state vector z; then becomes a null vector, and
hence the state vector z, in Eq. (38) becomes also a null vector. As such, all the state variables: &, 6, m and ¢ of
Z, become zero, whereby a completely vibration-free state—neither progressive waves nor reflected waves
exist—is generated in the region between the left end of the beam and the point s. Note that the point s may be
located anywhere between L and the control point ¢, so that in effect the vibration-free state may be produced
between L and the control point ¢;.

Next, let us apply ABC onto the point at s between the left end of the beam and the control point ¢; (see Fig.
3) in an attempt to assign any kind of boundary condition; say, the kth and /th elements of the state vector z;
are to be suppressed. Then, Eq. (38) expands to

Ok = UamZLm + tknZLn, (39)

Ol = UmZLm + tnZLn, (40)

where t,,, for instance, expresses the kth and mth element of the transfer matrix T,;, and z;,, denotes the mth
element of z;. As seen from Eqs. (39) and (40), the elements, z;,, and z;,, which are non-zero before ABC are
nullified via ABC. Thus, the initial state vector z; becomes null, with the result that the state vector between
the left end of the beam and the control point ¢; also becomes a null vector, hence vibration-free in the area. In
summary, by applying ABC at any location of the beam between the left end of the beam and the control point
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4 —x107° Xqg=02m, x,=03m, x;=0.05m
R S e
4 L
%102 Xa=04m, x;=05m, x;=0.05m
2 —x10?  Xa =0.6m, x,=0.7m, x;=0.05m
2
4 X107 x =08m, x,=0.9m, x,=0.05m

0 <—

[ | | | | | |
0 0.2 04 0.6 0.8 1.0
Beam length m

(S]
|

Displacement mm

Fig. 7. Time histories of displacement response of a clamped—clamped beam under ABC for generating a completely vibration-free state in
the designated region of the beam; control target is x, = 0.05m.

¢1, including the left end, ABC enables one to generate a completely vibration-free state in the region of a
beam by producing any kind of boundary condition.

4.3. Numerical simulation for generating a vibration-free state

Illustrated in Fig. 7 are the time histories of displacement response of a clamped—clamped beam after ABC
in an effort to generate a clamped support at x; = 0.05m, with the control locations x.; and x., varying from
0.2 to 0.8 m, and 0.3 to 0.9 m, respectively, while a disturbance moment m, acts at x;, = 1 m with a sinusoidal
moment excitation with the amplitude of 0.0005 Nm.

Clearly from the figure, a completely vibration-free state is generated in the designated region of the beam,
albeit the control locations shift. Note that by merely generating any kind of boundary condition (clamped
support in this case) at any place between the left end and x,.;, a vibration-free state is generated in between. In
order to verify whether it is actually vibration-free or not, other state variables; slope, bending moment and
shear force, should also be demonstrated in the figure, however, in light of the definition of the state variables
derived by taking the derivative of displacement with respect to x, it is easily understood that these state
variables become zero in the region since displacement of a beam is zero from the left end to x.; where a
control actuator is positioned. Note that the segment from the actuator location x,; to the right end of the
beam is outside the sphere of control. Consequently the properties of the region are characterized by those of a
clamped—clamped beam, the effective length of which is shortened as the actuator location shifts toward the
right end of the beam. Hence, the effective stiffness of the segment increases so too does the corresponding
structure modal frequency.

Fig. 8 shows the time histories of the displacement response of the clamped—clamped beam after ABC with
the control locations x.i, x., and control target location x, being fixed at 0.6, 0.7 and 0.05m, respectively,
while the driving frequency f of a disturbance force varies from 1 to 50 Hz. As seen from the figure, the beam
segment between the left end and x.; becomes completely vibration-free at any driving frequency via ABC.
The maximum amplitude of the displacement response in each picture seems to be suppressed; however, as
described above the right-hand side of the controller location is beyond the sphere of ABC, so that the
suppression of vibration in the segment cannot be expected. Therefore, driving frequency happens to be at
off-resonance frequency of a (virtually) shortened segment in this case, hence small amplitude of the
displacement response.
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Fig. 8. Time histories of displacement response of a clamped—clamped beam under ABC for generating a completely vibration-free state in
the designated region of the beam; driving frequency varies from 1 to 50 Hz.

5. Experiment
5.1. Experimental setup

Feedforward control requires the full knowledge of a target model. Given the full model of a structure,
theoretically achievable control effect may be accomplished as shown in Figs. 5-8. If there exists some discrepancy
between a mathematical model and a real system, the control effect is deteriorated. When a mathematical model
cannot be obtained beforehand, a practical method to cope with this problem may be the use of adaptive
feedforward control based upon a filtered-x least mean square (LMS) algorithm. The adaptive feedforward
control does not require a mathematical model a priori. Prior to and/or during control, system identification may
be conducted to estimate the transfer function between an error sensor and an actuator location. Then, in an
effort to minimize an error sensor output, the feedforward control exerts, thereby suppressing unwanted two state
variables out of four, and thus producing a new boundary condition at the error sensor location.

Fig. 9 shows a picture of the test rig used in an experiment for the purpose of verifying the validity of ABC
for generating a desired boundary condition as well as creating vibration-free state at the designated area of a
clamped—clamped beam, the specification of which is the same as used in the numerical analysis (see Table 1).
Depicted in Fig. 10 is a schematic diagram of ABC implementation based upon adaptive feedforward control
using a filtered-x LMS algorithm. As seen in Figs. 9 and 10, envelopes of a displacement response of the beam
were obtained using a wave visualization system that had been developed for this experiment, consisting of a
gap sensor array, each sensor being located along the beam with an 8.5cm interval as shown in Fig. 9. The
sensor outputs acquired simultaneously by a data logger were then sent into the wave visualization system to
obtain displacement envelopes of the beam. As with a feedforward control strategy using a filtered-x LMS
algorithm, two gap sensors were installed at s; and s, to obtain displacement outputs &(x,) and &(xy). With
these sensor outputs, an average displacement and a slope were estimated by

(xs1) + E(x0)

¢= 7 (1)

and
é(xsl) - f(xsZ) )

Xs2 — Xsl

0= (42)
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Fig. 9. Outlook of experiment rig.
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Fig. 10. Schematic diagram of ABC implementation.
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These processed signals were then input to an adaptive feedforward control system so as to minimize the
squared value of error signal outputs, producing control signals to drive two moment actuators placed at ¢;
and c,.

5.2. Experimental results

Prior to conducting active boundary control experimentally for generating a desired boundary condition at
any location of a beam as well as producing a completely vibration-free state at the designated region of the
beam, some fundamental characteristics of a target beam were measured. Fig. 11(a) illustrates the envelopes of
displacement response of a beam excited at the third modal frequency of 35 Hz, and the maximum amplitude
of the displacement response was measured as 75um. A dashed curve in Fig. 12 depicts the dynamical
compliance of the beam obtained at 20 cm from the left end of the beam as will be discussed shortly. As seen
from the figure, six structural modes appear in the frequency range up to 100 Hz.

Depicted in Fig. 11(b) is the displacement response of the beam at 35 Hz after ABC conducted in an effort to
generate a clamped support at x =0.42m. A pair of gap sensors with the resolution of 0.1 um were
respectively implemented at x;; = 0.4m and x,; = 0.44m, while a pair of piezo ceramic actuators (Type 1 in
Fig. 2) were installed at x.; = 0.05m and x.; = 0.2m. As seen from the figure, a clamped support was
generated at the designated position x = 0.42m. The maximum displacement of the beam was reduced to
0.95 um, about 12% of that before ABC. Thus the objective of producing a desired boundary condition; a
clamped support in this case, was accomplished experimentally via ABC. Comparing a theoretically
achievable control effect shown in Fig. 5 with the experimental result in Fig. 11(b) shows a good agreement.

Next, with a view to realizing a vibration-free state in a desired region of a beam, an experiment
was conducted. Fig. 11(c) shows the experimental result of a displacement response of the beam after ABC.

(@)

x

X, =005m X,=02m

Displacement mm

X,=0.17m x,=075m X,=09m

0 0.2 0.4 0.6 0.8 1.0
Beam length m

Fig. 11. Experimental results of ABC: (a) time histories of displacement response before ABC; (b) time histories of displacement response
after ABC conducted to generate a clamped support at x = 0.42m; and (c) time histories of displacement response after ABC for
generating a completely vibration-free state.



584 N. Tanaka, H. Iwamoto | Journal of Sound and Vibration 304 (2007) 570-586

4
H

" 4
o + Without control

"
M
.

20— & 0 & i i

Gain dB

With ABC
-60 —

"
0 20 40 60 80 100
Frequency Hz

Fig. 12. Experimental results of dynamical compliances at x = 20 cm before and after ABC with a random excitation.

As seen from the figure, a vibration-free state in the region between the left end of the beam and the location
around x = 0.4 m was produced. In this case, error sensors were placed at x,; = 0.17m and x,, = 0.21 m, while
moment actuators were moved to x.; = 0.75m and x., = 0.9m, respectively. Unlike a simulation result,
achieving a literally vibration-free state is not an easy task in practice. However, taking into account the sensor
resolution (0.1 pum in this case), the power of control actuators used and the variability of a flexible beam
response that is likely to be affected by environmental disturbance, the control effect shown in the figure is
satisfactory. More important, the experimental results show the validity of generating a vibration-free state in
a designated region of a beam via ABC.

The maximum amplitude of the beam deflection observed in the right-hand side of the controller location
was reduced to 2.5 pum; only 3% of that before ABC. It should be noted that the region from the actuator
location toward the right end of the beam is beyond the sphere of control as the control point is outside the
area, so that when a driving frequency varies, the deflection response also changes.

Comparing the numerical simulation in Figs. 7 and 8 with the experimental result in Fig. 11(c), some
discrepancies appear. In the numerical simulation, the vibration free region is generated from the left end of
the beam to the actuator location at x.;; in the experimental result, however, the near field effect around x,; is
considerably strong, with the result that the vibration free region is narrowed; from the left end of the beam to
the location around x = 0.4 m. The reason for this is the same as stated above. In addition, the load effect due
to the attachment of the piezo-ceramic actuators on the beam may be attributed to the discrepancies.

As long as active control of sinusoidal vibration as was discussed in Fig. 11 is concerned, it may be
performed by a mere phase and gain adjustment of a control signal no matter what control strategy might be
employed. When it comes to random vibration, it is no longer the matter of a signal manipulation but
implementation of a controller dynamics in a frequency band of interest. Accordingly, difficulty as well as
complexity in control immediately arises. In reality, random vibration is common so that it is worth
investigating into the practicality of ABC.

Fig. 12 shows the measured dynamical compliances (acquired at 20 cm from the left end of the beam) before
and after ABC obtained by exciting the beam with a random force, the driving signal of which was generated
by putting a white noise signal into a low-pass filter with the cutoff frequency at 150 Hz. The experimental
condition to carry out ABC was the same as was used in Fig. 11(c). As with an adaptive feedforward control
set up, the specifications are as follows: digital signal processor (dSPACE 1103); 256 taps for a system
identification; 128 taps for an FIR controller; sample rate is 1 kHz. Solid curve in Fig. 12 indicates the
dynamical compliance after ABC. Comparing both plots in the figure, it can be seen that generation of
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a perfect vibration-free state was not achieved in practice due to the same reason stated above, however even
when a beam was subjected to a random force, satisfactory reduction at the control point of the beam was
obtained. Thus irrespective of driving frequency varying randomly in a wide range, it is revealed that ABC
enables the generation of a vibration-free state at the designated region of the beam. The maximum reduction
obtained experimentally was measured as 45 dB.

6. Conclusions

In light of the fact that structural modes of a flexible beam are determined by boundary conditions, ABC
(active boundary control) has been presented. ABC aims to generate a desired boundary condition at the
designated location of a beam. First, the feedforward control law of the ABC system was derived using a
transfer matrix method. In addition to conventional four boundary conditions, two more boundary conditions
were found to be produced by ABC. Moreover, ABC enables the generation of a completely vibration-free
state—neither progressive waves nor reflected waves exist—in the designated region of a beam. Finally, with a
view to verifying the validity of ABC, an experiment was conducted using an adaptive feedforward control
based upon a filtered-x LMS algorithm, demonstrating that ABC generates a desired boundary at a designated
location of a beam, and creates a completely vibration-free state at a designated area of a beam.
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