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Abstract

The work describes the experimental implementation of a spatial vibration control strategy using multiple structural
sensors distributed over the structure. The control strategy incorporates the spatially weighted vibration objective/
performance function that needs to be minimised for achieving vibration control at certain spatial regions. Experiments
have been undertaken which were focused on a rectangular panel structure with a number of accelerometers attached. An
filtered-X least mean squared (FX-LMS)-based adaptive algorithm has been employed to achieve vibration control at
spatial regions of interest by utilising a continuous spatial weighting function. The experimental results demonstrate the
effectiveness of the spatial control strategy that can be used for controlling vibration at certain regions that are caused by
tonal or broadband excitation.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

A significant amount of research work has been performed on the field of active structural vibration control.
Active control strategies can be effectively used to minimise vibration of an entire flexible structure, which is
generally caused by low-frequency excitations. In addition to simply minimising vibration of an entire
structure, there are cases where it is beneficial to minimise vibration only at certain structural regions. For
example, vibration at certain structural regions in a cabin/an acoustic enclosure may be critical for the near-
field sound/noise radiation, so the vibration needs to be suppressed. In this case, it is necessary for the
developed controller to target vibration at those critical regions, and not at the entire structural region. This
way, the control effort can be concentrated on reducing the vibration at the critical spatial regions, which is
the main interest of this work.
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To design an active controller for structural vibration minimisation, model-based control methods such as
the optimal #; or /# o, control methods [1,2] can be utilised. For the cases in which only vibration at certain
structural regions need to be controlled, spatial 5, or # ., control methods [3—7] have been developed, which
allow the design of an optimal controller that targets vibration control at certain structural regions. However,
there are cases when it may not be practical to obtain a dynamic model of structure for the model-based
control design. In such cases, control methods that are less reliant on the a priori dynamic models can provide
an alternative method. Such control methods include the work that utilises multiple discrete sensors and
spatial interpolations for control design [8,9], and also for generating modal/spatial filters [10-12]. However,
the control methods still require a priori structural information such as mass/stiffness or structural modal
properties. Other work has also utilised shaped continuous piezoelectric films to generate spatial filters for
structural vibration control [13] or for structural sound radiation control [14-17]. In general, the use of
piezoelectric films for efficient spatial filtering still requires accurate mode shapes and boundary conditions. It
is therefore the aim of this work to provide an alternative control method that depends less on the a priori
structural information.

The work presented in this paper focuses on the experimental implementation of active structural vibration
control using spatially weighted structural signals introduced in Ref. [18]. The control method allows a
continuous spatial weighting to be included in the vibration performance objective so that certain structural
regions can be targeted more than other regions. Vibration measurements from sensors are spatially filtered to
produce error signals whose energy correspond to the spatially weighted vibration energy to be minimised.
A control algorithm based on the filtered-X, least mean squared (FX-LMS) adaptation method can then be
used to minimise the relevant spatially weighted vibration energy of the structure.

An advantage of the proposed control method is that it utilises vibration measurements directly from
structural sensors, which do not require a priori structural information in terms of mass, stiffness or modal
properties, in contrast to previous work in Refs. [8—12]. Contrary to the model-based control methods [3-7], a
dynamic model of the structure is also not required, except for the determination of the secondary path model
for the implementation of FX-LMS adaptive control.

2. Spatial vibration control using the spatially weighted vibration method

In some cases, it may not be practical to use a model-based control strategy, such as for vibration control
applications involving complex structures, whose dynamic models may not be readily available. In this case,
non-model-based control is likely to provide a better alternative, in which the structural vibration information
can be accessed from a number of structural sensors distributed over a structure. This current work
concentrates on the experimental attempts to control the spatial vibration profile of a structure, since the
ability to spatially control structural vibration can be advantageous such as for controlling the associated
sound radiation. To measure the spatial profile of a vibrating structure, spatial interpolations (such as the one
used in numerical finite element method [19,20]) have been employed which are also used in this work. The
principle of using spatial interpolations have also been utilised in other work such as in Refs. [8,10] although
the approaches still require the information about structural properties.

Consider a flexible structure system, whose vibration at (x, y) location over the structure is observed at the
nth sample time, expressed by

ny(x, Vs n) = V,‘iy(xa Vs n) + sz(x, Vs n) (1)

where vfiy and vy, respectively, represent the structural vibration levels due to the disturbance source and
control source. Note that in general, v,,(x, y,n) € R? is a vector quantity with g vibration parameters which
could represent the transverse, angular/rotational, strain vibrations, or other vibration measures. If one
desires to control the spatial vibration of the structure, it would be desirable to monitor the vibration over the
entire structure, and not just at a few structural locations. This may be overcome using the spatial
interpolation approach [18]: Fig. 1 depicts an arbitrary panel-type structure with N structural discrete sensors
distributed over the structure, in which the ith sensor measures vibration v; at a particular location (x;, y;).

Since the vibration level at structural boundaries is often minimal, nodes N, at the boundaries can be included
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Fig. 1. A panel structure with N structural sensors and N, nodes at structural boundaries. The vibration level measured by the ith sensor
at location (x;, y;) is v;. The mth element has local coordinates of (x™, y) and is constructed from 4 nodes in this example.

to improve the spatial vibration interpolation, and M elements/regions can then be constructed from N + N,
nodes.

For the mth element/region with local coordinates of (x™,y™), the vibration level v{7 at any location
(x, »™) within the element can be estimated from sensor measurements. If / sensors are used to construct
nodes for mth element, V%’,) € RY will be the estimated elemental vibration profile which are based from
vibration measurements obtained from the sensors, v™:

VD 30y = HOA™, y )y (), )

where v consists of a group of / vibration measurements associated with the mth element, and H(x"", y(™) is
a g x [ interpolation function matrix.

Transforming the local coordinates into the global coordinates using a linear transformation matrix, the
vibration at each (x, y) structural location can be estimated from [18]:

Vap (X, 3, 1) = M(x, y) v(n), (€)

where v e RY+No) consists of vibration measurements v; and vibrations observed at the nodes. Here, v consists
of vibration signals measured at sensors and at the redundant structural boundary nodes.

2.1. Vibration control at certain spatial regions using spatial weighting

Having obtained the estimated vibration across the structure, structural regions that needs to be controlled
can be emphasised using a continuous spatial weighting function, whose values can continuously vary across
the structure depending on the control requirement. For instance, transverse vibration at one region may need
to be suppressed to reduced sound/noise radiation, while at other region, strain vibration may be suppressed
for improvement of structural fatigue performance. A different spatial weighting function can then be
employed for each vibration parameter (e.g. transverse or strain vibration) whose high weighting values are
given to regions with high-control importance.

In this case, a spatial weighting matrix can be introduced to reflect the spatial regions of interest for
vibration control. A real-symmetric spatial weighting matrix W(x, y) continuous in (x,y) can be introduced
where W(x,y)>0 for all locations (x,y) € R, where R is the structural region of interest. This weighting
function can be constructed using polynomial functions in (x, y). The simplest structure for matrix W(x, y) is a
diagonal weighting matrix whose diagonal elements represent the spatial weighting functions for the
associated vibration parameters to be controlled.

Thus, one can construct an objective function J(n) representing the spatially weighted vibration energy,
which can be minimised using active control strategies [18]. In this case, the instantaneous spatially weighted
vibration energy at the nth sample time can be constructed by considering the vibration energy across the
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entire surface of a structure:
J(n) = / Vap(X, p, n)T W(x, y)vy(x,y,n)dR
R

=me(£wﬂwJMmemumynm>wm. 4

Note that a more detailed explanation on the spatially weighted vibration energy of a structure with multiple
sensors can be found in Ref. [18]. The above integral term can be calculated by

A=/Mmﬁwmwwwﬂ
R
=UVUT, (5)

where V and U are the eigenvalue and eigenvector matrices obtained from the eigenvalue decomposition of
matrix A, respectively. Note that since the term in Eq. (5) is integrated over the entire surface of the structure,
the integral term is generally a positive definite matrix. Due to rounding errors that can occur during the
numerical integration, the term might consist of a number of small negative eigenvalues. However, the positive
definiteness of matrix A can still be ensured by considering only a number of dominant eigenvalues that will be
relevant for control. It will be shown in the experimental results that the satisfactory spatial control
performance can be maintained even when only a few dominant eigenvalues are used.

Note that having computed the integral term in Eq. (5), the dimensions of the term can be condensed by
removing the appropriate rows and columns that correspond to the associated N, nodes, which are redundant
since vibrations at the nodes (structural boundaries) are minimal [18]. The condensation reduces the
dimensions of the term from N + N, to N. Now, ¥ € R", which consists of vibration measurements at sensors
v;, can be used for the rest of discussion in this work.

To simplify the control implementation, only a limited number of the largest eigenvalues of A are actually
needed for control. Suppose that V and U are reduced in size using the eigenvalue-discarding process such that
they now contain only a reduced number of eigenvalues and eigenvectors [18]. The transformed signal vy,(n)
can now be obtained from the reduced eigenvector and eigenvalue matrices, V and U:

Vp(n) = Qgpv(n) ~ V20U ¥(n). (6)

It can be observed that this signal represents the spatially weighted vibration of the entire structure. Thus, an
active control strategy that minimises the energy of this signal would lead to the reduction of the spatially
weighted structural vibration, i.e. reduction of vibration particularly at certain spatial regions with high
weighting values. This instantaneous spatially weighted vibration energy can now be approximated as follows:

J@=Awwwwwwwwwwme)
= V() Q3 Q¥ (n), (7)

where v consists of vibration signals measured at sensors.

2.2. Adaptive spatial control using the FX-LMS adaptive control method

Next, the adaptive spatial control implementation using the spatial signal vy,(n) can be developed. Let P(n)
and S(n), respectively, represent the impulse responses at the sensor locations associated with the disturbance
d(n) and control input u(n). The vibration signal v(n) can be obtained from

v(n) = P(n) * d(n) + S(n) * u(n) (8)

where * signifies a linear convolution operation.

Consider the case, where the dimension of the spatial signal v, () is reduced from potentially N (since N
sensors are used) to N,, after the eigenvalue-discarding approach mentioned in Eq. (6), so vs,(n) € RY». That
is, the first N,, dominant eigenvalues are used for the determination of V and U. Suppose there are R
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disturbance signals d(n) € R, J reference signals and K control input signals u(n) € RX. The finite impulse
response (FIR) adaptive filters using L taps are also utilised for adaptive spatial control.
Thus, the relevant signals can be described as:

d(n) = [di(n)...drm)]"
Vop(n) = [vsp1(n) . .. vp v, (W]
x(n) = [x;(m)" ... x;(m)"]"
xi(n) =[xjm)...x;n— L+ D', j=1,...,0
u(n) = [u1(n) ... ug(n)]"
wn) = [wi()" ... wx(m)']"
wi(n) = W) ... wy )", k=1,...,K

wii(n) = [wijo(n) . .. ij,L,l(n)]T, k=1,...,K; j=1,...,J, 9)

where x(n) € R’L is the reference signal with X;(n) € R’ containing the last n time-sampled values of the jth
reference signal. Also, w(n) € R’XL is the weight vector of K adaptive filters with each filter having the order of
L as described in wy;(n) € RE. Interested readers are referred to Ref. [21] for a more detailed discussion on this
type of multiple channel adaptive control.

The control input can be calculated from filtering the reference signals with the adaptive weight vector [21]:

u(n) = X" (myw(n), (10)
where X € R/KLXK.
X(I’l) e 0
X=|: "~ 0 | (11)
0 0 x(n)

After the substitution of Eqgs. (8) and (10) into Eq. (6), the spatial signal can be obtained:
Vop(11) = Qp(P(n) % d(n) — S(n) * (X (m)w(n))), (12)

where P(n) contains the N x R impulse response functions for the primary path; Q, is the N,, x N spatial
filter matrix; and S(n) contains the N x K impulse response functions for the secondary path that can be
estimated using the standard system modelling or identification methods. Thus, each element of v, can be

disturbance Vy(n)
d(n) Pz —a

i

——
—
-
]
-

reference 4 Spatial filter
~x(n) u(n) s
B Vo

/'/ Controller

S(2)

spatial signals  vg,(n)

A(n)

Fig. 2. FX-LMS adaptive spatial control diagram.



6 D. Halim et al. | Journal of Sound and Vibration 315 (2008) 1-21

shown as
K
vepi(n) = Qi [ P(m) xd(n) = > Se(m)x wi(mx(n) |, i=1,....Np, (13)
k=1
(a) (b)
0.35
accelerometers
03 | ' , , :
* * *
0.25 | O :
\control actuator
= 02 | * * * |
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Fig. 3. Experimental set-up for a simply-supported panel structure: (a) locations of 16 accelerometers, disturbance and control actuator;
(b) a rectangular panel with the control (top) and disturbance (bottom) actuators.

Table 1
Resonance frequencies of the first five modes of the panel
No. Mode Frequency (Hz)
1 (1, 1) 92.5
2 2,1) 213.8
3 (1,2) 261.3
4 2,2) 385.0
> G.D 430.0
(2) T (b)

14 1
0.8 4 0.8
0.6 4 ,, s e 0.6
044 e T 0.4
02 “ = o 0.2

0 L = 2‘ ‘&§§§; 0

0.3 200 ‘ N
JARRNNRE 0.4
02 f%tot‘g‘\“ > 03
L 0.2
01 0.1
J///b .
74 0 0 * [m}

Fig. 4. Two spatial weighting functions used in the experiment: (a) spatial weighting 1, Q,(x,»); (b) spatial weighting 2, O,(x, ).



D. Halim et al. | Journal of Sound and Vibration 315 (2008) 1-21 7

where

S(m) =[Si(m)"...Sx(m)'T"

Qo) = [ ... Qy, ('] (14)

The adaptive weight vector w(n) are now adapted using the gradient-based optimisation. Since the
minimisation of the spatially weighted vibration is of interest, it can be shown that the optimisation gradient

(b)
——

400 -200 o 200 400 ——————

05
0.3 0.45
0.25 04

0.35

E 02 0.3

0

3 0.25

? o015 :

0.2

0.1
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0.05 | — R W 0.1
0.05

0
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Fig. 5. Experiment using the spatial weighting 1, Q,(x,y), for mode (1, 1) at 92.5Hz. The grey-scale bar represents the percentage of
vibration level with respect to the maximum uncontrolled vibration: (a) no control—spatial vibration profile of mode (1, 1); (b) with
control—experiment; (c) with control—simulation.
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has the form of

VJ(n) = V< / Vap(X, 0, n)TW(x, YIVy(x,y,1) dR)
R
~ V(Vsp(n)TVsp(n))

Nm
~ VY v i) (15)
i=1
The gradient with respect to the kth weight wy(n) can be found by incorporating Eqs. (13) and (15):

N Non
Vi) vpin)’ = =2 QSi(n) # X(n)vgy i(n), (16)
i=1 i=1

which then leads to the overall gradient with respect to w(n):

N
VIRV vgin) = =2{¥(n) @ x(n)}vp(n) (17)
p)
with
QiSi(n) QSi(n) --- Qu,Si(n)
QSy(n)  QSy(n) - Qy,Sy(n)
Y= ; : g : ’ 1o
QSk(n) QSk(n) --- Q,Sk(n)

where €; is a time-independent matrix and &® denotes the Kronecker product convolution which convolve
each element of ¥(n) with vector x(n).

(a) (b)

0.35

0.4
03} 0.35
025 | 0.3
| T 02} 0.25
X 2 :
o 2
L ? o015} 0
] >
I 0.15
Sy 0.1
l ! 0.1
48 0.05
| 0.05
0

0 005 01 015 02 025 03 035 04
x—axis [m]

Fig. 6. Experiment using the spatial weighting 2, Q,(x,y), for mode (1,1) at 92Hz. The grey-scale bar represents the percentage of
vibration level with respect to the maximum uncontrolled vibration: (a) with control—experiment; (b) with control—simulation.
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The adaptation process for the spatial control can now be obtained from:

w(n+ 1) = w(n) — gVJ(n)

~ w(n) + uA(n)vsp(n), (19)
where p is the convergence coefficient and A(n) is
A(n) = Y(n) ®x(n). (20)

The implementation of the FX-LMS algorithm is illustrated in Fig. 2, where the spatial signal can be obtained
from the filtering process of the sensors signals by the spatial filter €,,. Here, v; and v, are the vibration
signals associated with the disturbance and control inputs, respectively. An adaptive LMS algorithm in
Eq. (19) is utilised to optimise the controller coefficients w(n) that minimises the instantaneous spatially

(a)

-100 1/

-120 S M g T o | 1
VAL ka o JL By, \\_\M‘ Aﬂf\v”h_}\ _,MMN\J\/&JL wﬂ&mﬂwn A
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Fig. 7. The average velocity spectrum of the panel for the uncontrolled case, the spatially controlled case with Q,(x, ), and the spatially
controlled case with Q,(x, y): for mode (1,1) at 92.5Hz: (a) no control; (b) spatial control with spatial weighting 1; (c) spatial control with
spatial weighting 2.
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weighted vibration energy J(n). The following section will describe the implementation of the spatial control
strategy to a rectangular panel which is the main part of the work.

3. Experimental implementation of spatial control on a panel structure

For the experiment, a simply-supported steel plate (400 mm x 350 mm x 2.8 mm) was used with N =16
Analog Devices MEMS ADXL50 accelerometers distributed across the plate as shown in Fig. 3. Note that the
accelerometers used have the application bandwidth of approximately 500 Hz, which means that only the
first 5 structural modes up to a frequency of about 440 Hz can be observed efficiently. Strips of steel sheets are

02}

y—axis [m]

0.15 |
01 |

0.05

0

0O 005 01 015 02 025 03 035 04
x—axis [m]
Fig. 8. Experiment using the spatial weighting 1, Q,(x,»), for mode (2,1) at 213.8 Hz. The grey-scale bar represents the percentage of

vibration level with respect to the maximum uncontrolled vibration: (a) no control—spatial vibration profile of mode (2, 1); (b) with
control—experiment; (c) with control—simulation.
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attached to the edges of the panel to approximate the simply-supported (or pinned) boundary conditions.
Only 5 largest eigenvalues are used to create the spatial filter €y, which means that the spatial signals
produced by the 16 accelerometers have the dimensions of only 5, reducing the need to use a large number of
inputs for the error signals used for the adaptive control.

Two LING V-200 electrodynamic shakers were used as disturbance and control sources whose locations are
shown in Fig. 3. The placements of shakers were not optimised since the main interest of the work is to
demonstrate the effectiveness of the proposed adaptive spatial control. However, the positions of both shakers
allowed excitation of the first 5 resonances of the panel. The 5 lowest resonance frequencies are shown in
Table 1. An electronic filtering box was used to implement the spatial filtering based on matrix £, and
EZ-ANC II controller was used to implement the FX-LMS based spatial feedforward control by utilising the
spatial signals vy,(n) with a sampling frequency of 5 KHz.

The vibration signals from the accelerometers were initially filtered to obtain spatial signals that represent
the spatially weighted vibration of the entire panel. The energy of the spatial signals can be minimised by
employing the FX-LMS adaptation algorithm to generate necessary control actuation via the attached
electrodynamic shaker. A Polytec PSV-400-3D laser scanning vibrometer was then used to obtain velocity
measurements at 9 x 15 points across the panel structure.

For the experiment, linear interpolations and rectangular elements/regions were used to obtain the matrix of
interpolation functions in Eq. (2). Each rectangular element thus consisted of / = 4 sensors at all 4 corners
with the elemental dimensions of A and hfvm) (in x" and y" directions, respectively). The linear

interpolation matrix used is
- 4T
) S
x ¥
m) )
IR 7m)
hy hy
By |\ )
hy hy

H(x™, ym) =

(a) (b)

0.35 : : : : : : . 6
03 | 5
0.25 |

4

E 02}

0 3

x

T o015
0.1 2
0.05 1

0

0 005 01 015 02 025 03 035 04
x—axis [m]

Fig. 9. Experiment using the spatial weighting 2, Q,(x,y), for mode (2,1) at 213.8 Hz. The grey-scale bar represents the percentage of
vibration level with respect to the maximum uncontrolled vibration: (a) with control—experiment; (b) with control—simulation.
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To test the effectiveness of the proposed spatial control, a number of different spatial weightings can be used.
In this work, it was decided to concentrate the work on achieving vibration reduction at certain localised
spatial regions, instead of the entire region of the structure. Therefore, the experiments utilised two
representative spatial weighting functions that emphasised two different spatial regions. The two normalised
scalar spatial weightings Q;(x,y)>0 and Q,(x,y)>0 are shown in Fig. 4 and spatial filter matrix £, can be
obtained from Eq. (6). Note that the two weighting functions have different structural regions of interest as
reflected by the high weighting values. In this case, spatial weightings 1 and 2 have maximum weightings at
(0.133, 0.110m) and (0.265, 0.100 m), respectively. Note that the centre of the panel is located at (0.200,
0.175m) so the peak of spatial weighting 1 occurs closer to the centre of the panel compared to that of spatial
weighting 2. The purpose of these spatial weightings is to target regions where vibration control is desirable.
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Fig. 10. The average velocity spectrum of the panel for the uncontrolled case, the spatially controlled case with Q,(x, y), and the spatially
controlled case with Q,(x, y): for mode (2, 1) at 213.8 Hz: (a) no control; (b) spatial control with spatial weighting 1; (c) spatial control with
spatial weighting 2.
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3.1. Spatial tonal control of a panel structure

In this section, vibration control experiments at a single excitation frequency were performed to observe the
effectiveness of spatial tonal control. Since significant vibration occurred at or near the structural resonance
frequencies, the experiments targeted a number of resonance frequencies.

02 |

y—axis [m]

01 |

0.05 | .

0 L L L i L L L
0 005 01 015 02 025 03 035 04
x—axis [m]

Fig. 11. Experiment using the spatial weighting 1, Q,(x,»), for mode (1,2) at 261.3 Hz. The grey-scale bar represents the percentage of
vibration level with respect to the maximum uncontrolled vibration: (a) no control—spatial vibration profile of mode (1,2); (b) with
control—experiment; (c) with control—simulation.
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3.1.1. Spatial control on mode (1,1) at 92.5 Hz

The first experiment considered the first structural mode (1, 1) at 92.5Hz. The root mean squared (rms)
vibration profile of the panel with and without control are shown in Fig. 5 for the control case using the spatial
weighting 1. It can be seen that the vibration at the structural region of interest (at the lower left-hand side
(LHS) corner of the panel) has been reduced more than the upper region as expected. The vibration nodal line
occurred closer to the region of interest, which implies that the upper and lower regions vibrated in opposite
directions (i.e. with 180° phase difference). The simulation result based on an idealised simply-supported panel
using an optimal spatial tonal control approach is also shown in Fig. 5(c). Interested readers are referred to
Ref. [18] for a more detailed explanation about this optimal spatial tonal control approach. It is interesting to
note that the spatial vibration profiles obtained from the experiment and the idealised model were reasonably
similar. At higher frequencies, however, more pronounced differences between the experiment and simulation
could be expected since the simulation model was an ideal simply-supported panel which was based on the
modal analysis method with the truncation of higher frequency modes.

When the spatial weighting 2 was used for spatial control, the control results (shown in Fig. 6) are different
from those for the spatial weighting 1 case. The region with minimal vibration, represented by the vibration
nodal line, had been shifted closer to the lower right-hand side (RHS) corner of the panel, which was the
structural region of interest for the spatial weighting 2. As the consequence, the vibration level at the lower
LHS corner had been increased compared to that of the previous case. Thus, it can be seen that the
implemented spatial control was able to minimise vibration at the spatial region of interest by using only a
single control actuator. The control performances could be improved further by increasing the number of
control actuators used.

Fig. 7 shows the average velocity spectrum based on 9 x 15 points scanning laser measurements across the
panel. It is interesting to note that below 20 Hz there was a significant vibration observed in the spectrum,
which was caused by background vibration in the laboratory. However, the background vibration occurred at
very low frequencies, below the first resonant mode of the panel so it would not significantly influence the
spatial control experiments. For both control cases that used different spatial weightings, the averaged
vibration reductions of the panel were approximately 35 and 36dB at 92.5Hz, respectively, for spatial
weightings 1 and 2. The results were expected since the overall panel vibration had also been reduced, although
the region of interest had received more vibration reduction as shown in Figs. 5 and 6.
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Fig. 12. Experiment using the spatial weighting 2, Q,(x, y), for mode (1,2) at 261.3 Hz. The grey-scale bar represents the percentage of
vibration level with respect to the maximum uncontrolled vibration: (a) with control—experiment; (b) with control—simulation.
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3.1.2. Spatial control on mode (2,1) at 213.8 Hz

Experimental results for mode (2, 1) at 213.8 Hz are shown in Figs. 8 and 9 for spatial control using spatial
weightings 1 and 2, respectively. After control, it can be observed that the regions of low vibration actually
occurred around a diagonal nodal line over the panel. The results were expected since for the spatial weighting
1 case, the diagonal nodal line cut across the lower LHS region, which was the region of interest for vibration
minimisation. Similarly for the spatial weighting 2 case shown in Fig. 9, the controller also targeted structural
vibration at the lower RHS region. Simulation results also describe similar patterns of results for both
control cases. Fig. 10 shows the average velocity spectrum across the panel, where for both control cases, the
average vibration reductions of the panel were similar at approximately 22.5dB at the resonance frequency of
mode (2,1) of 213.8 Hz.
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Fig. 13. The average velocity spectrum of the panel for the uncontrolled case, the spatially controlled case with Q,(x, y), and the spatially
controlled case with Q,(x, y): for mode (1,2) at 261.3 Hz: (a) no control; (b) spatial control with spatial weighting 1; (c) spatial control with
spatial weighting 2.
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3.1.3. Spatial control on mode (1,2) at 261.3 Hz

Control results for mode (1,2) at 261.3 Hz are shown in Figs. 11 and 12 for spatial control using spatial
weightings 1 and 2, respectively. Again a diagonal nodal line indicated the location where the vibration level
was lower than that at other regions. The implemented controller had modified the vibration profile of the
panel at that particular frequency so that the structure had a minimal spatially weighted vibration energy.
Simulation results also indicated a similar control behaviour, indicating the actual control results agreed well
with the idealised optimal spatial control results. The average velocity spectrum across the panel is shown in
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Fig. 14. Experiment using the spatial weighting 1, Q,(x, ), for mode (2,2) at 385.0 Hz. The grey-scale bar represents the percentage of
vibration level with respect to the maximum uncontrolled vibration: (a) with control—experiment; (b) with control—simulation.
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Fig. 15. Experiment using the spatial weighting 2, Q,(x, y), for mode (2,2) at 385.0 Hz. The grey-scale bar represents the percentage of
vibration level with respect to the maximum uncontrolled vibration: (a) with control—experiment; (b) with control—simulation.



D. Halim et al. | Journal of Sound and Vibration 315 (2008) 1-21 17

Fig. 13. The average panel vibration reduction levels for the spatial weighting 1 and 2 cases were, respectively,
15.5 and 19.5dB at the resonance frequency of mode (1,2) of 261.3 Hz.

3.1.4. Spatial control on mode (2,2) at 385.0 Hz

The experimental results for spatial control on the mode (2,2) at 385.0 Hz are shown in Figs. 14 and 15 for
the cases with spatial weightings 1 and 2 respectively. There were two main nodal lines occurring across the
surface of the controlled panel. For the spatial weighting 1 case, a nodal line occurred at the lower LHS of the
panel, cutting across the region with the maximum spatial weighting at (0.133, 0.110 m). For spatial weighting
2 case, a nearly vertical nodal line (compared to Fig. 14) occurred closer to the RHS of the panel so that the
vibration at the lower RHS could be suppressed further. The nodal line also cut across the region around
(0.265, 0.100 m) which had the maximum weighting for the spatial weighting 2 case.

It should be noted that the ability of a single control actuator to modify a spatial vibration profile can be
limited particularly for vibration modes with high-spatial variations. Thus for higher frequency vibration
control, an improved spatial vibration regulation can be achieved by increasing the number of control
actuators. In addition, the number of sensors used can also limit the control performances since vibration
modes with high-spatial variations will require a more spatially dense sensor arrangement to estimate the
structural vibration profile more accurately.

3.2. Spatial broadband control on a panel structure

The following experiment focussed on broadband control of the panel since broadband structural vibration
could also occur in practice. The experiment had targeted the broadband vibration arising from the first 5
structural modes here since the application bandwidth of the accelerometers was limited to approximately
500 Hz. The scanning laser vibrometer was used to measure the rms vibration level at a number of points
across the panel. The vibration profiles for the uncontrolled panel are shown in Fig. 16. The simulation results
were obtained by finding an optimal controller that minimised the spatially weighted cost function using an
optimal #, control strategy.

It can be shown that both simulation and experimental results show a similar rms vibration profile with the
highest vibration energy occurring in the middle of the panel. From the results, it can be seen that the
contribution of the first 3 modes (1, 1), (2, 1) and (1,2) at 92.5, 213.8, 261.3 Hz was significant such as shown in

(b)

Normalised RMS [%)]

Fig. 16. Rms broadband vibration profile for the uncontrolled panel: (a) experiment; (b) simulation.
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the average velocity spectrum depicted in Fig. 17(a). The effect of spatial control on the broadband vibration
profile is shown in Fig. 18(a) for the spatial weighting 1. The maximum vibration regions of the controlled
panel still occurred at the LHS and RHS regions of the panel, which were similar to those of the uncontrolled
panel. However the overall vibration had decreased with the maximum rms vibration (occurring around the
centre of the panel) being reduced from 1.1 mm/s (as shown in Fig. 16(a)) to 0.6 mm/s (Fig. 18(a)).
Furthermore, note that due to the control action, the LHS vibration peak had been shifted up relative to the
RHS vibration peak. The results were expected since the lower LHS region had a high weighting indicated by
the spatial weighting 1, which meant that more vibration reduction was desirable at the lower LHS region.
A similar vibration profile was observed from the simulation as depicted in Fig. 18(b) where the RHS
vibration peak had been also shifted up by control action (the region of interest was shown with a circle).
From Fig. 17(b), the average vibration reductions achieved were 8, 7, 12 and 11dB for the first 4 modes.
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Fig. 17. The average velocity spectrum of the panel for the uncontrolled case, spatially controlled case with W(x,y), and spatially
controlled case with W;(x,y): (a) no control; (b) spatial control with spatial weighting 1; (c) spatial control with spatial weighting 2.
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Fig. 18. Rms broadband vibration profile for the controlled panel: experiment and simulation using the spatial weighting 1, Q;(x, ).
Dashed circle shows the spatial region of interest for control: (a) experiment; (b) simulation.

However, there was a 1 dB vibration increase observed for the 5th mode (3, 1) at 430 Hz. Note that since the
broadband case involved simultaneous excitations of a number of structural modes, the spatial vibration
variation was less pronounced than that for tonal cases. In addition, increasing the number of control sources
could also improve the broadband spatial control performance in targeting specific regions.

The broadband spatial control results for the spatial weighting 2 is shown in Fig. 19. In this case, the
vibration peak at the RHS region had been shifted up since the spatial region of interest was located at the
lower RHS region of the panel. The overall vibration had also decreased with the maximum rms vibration
being reduced from 1.1 to 0.6 mm/s. Note that the simulation results in Fig. 19(b) shows a similar vibration
profile as observed from the experiments. When the control gain was increased, Fig. 19(c) indicates that
the broadband energy was further reduced in the lower RHS region of interest, so that the vibration in the
region shown in a circle could be further reduced. From Fig. 17(c), the averaged vibration reductions achieved
were 3, 9, 11 and 14 dB for the first 4 modes, while a 1 dB vibration increase was observed for the 5th mode
(3,1) at 430 Hz.

It is interesting to compare the vibration reduction performance of both control cases shown in Figs. 17(b)
and (c). Note that the peak of spatial weighting 1 at (0.133, 0.11m) was closer to the centre of panel at
(0.20, 0.175m), which was also the vibration peak for mode (1, 1). In contrast, the peak of spatial weighting 2
was closer to the lower RHS corner of the panel. Consequently, the controller for the spatial weighting 1
concentrated more in reducing the strength of mode (1, 1) (by 8 dB) compared to that for the spatial weighting
2 (by only 3dB). In contrast, the controller for the spatial weighting 2 attempted to reduce the strength of
mode (2,2) (by 14dB) more than that for the spatial weighting 1 (by only 11 dB) since vibration mode (2, 2)
also had the maximum transverse vibration very close to the region of interest (at the lower RHS corner of the
panel). In general, the spatial control attempts to control vibration modes that have dominant contributions
to vibration at the region of interest. By increasing the number of control actuators used, the control
performance can be improved since it allows multiple magnitude and phase control actuations for better
regulation of the structural vibration.

4. Conclusions

Experiments on a simply-supported panel structure have been performed in this work, demonstrating the
feasibility of implementing the proposed spatial control method for spatial vibration control. The spatial
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Fig. 19. Rms broadband vibration profile for the controlled panel: experiment and simulation using the spatial weighting 2, Q,(x, ).
Dashed circles show the spatial regions of interest for control: (a) experiment; (b) simulation—control gain 1; (c) simulation—control
gain 2.

signal obtained by spatially filtering the sensor signals, represents the spatially weighted vibration
over an entire structure that can be utilised for active control. The experiments demonstrated that the spatial
control can be utilised to control vibration at particular structural regions. The proposed spatial control can
also be used for controlling the associated noise/sound radiated from a vibrating structure. Since the
vibration information is obtained directly from structural sensors, apart from the determination of the
secondary path model, a dynamic model of the structure is not required in contrast to model-based control,
allowing the spatial control method to be used for complex structures whose dynamic models may not be
readily available.
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