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Multiple Vibration Control of a Trim Panel to Reduce
Structure-borne Noise

In-Soo Kim® and Yeung-Shik Kim®
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1. Introduction

The active control of interior noise fields in aircraft
cabin induced by structural excitation has been an
ongoing technical challenge. Several active control
techniques have been focused on the reduction of low
frequency noise since the use of passive means is only
effective for high frequency noise field!". Generally.
active control of interior noise fields uses destructive
interference of sound waves and thus requires many
sources and sensors distributed in the internal space.
Fuller'?' described that for low modal densities, only a
few actuators attached to a vibrating panel can change its
and achieve large

sound radiation characteristics

. Fo st ATy

Hybrid Controller(Z g3 = oi7]),
Multiple Vibration Control( T}

Sound Transmission
Z1 &7 o]y

reductions in radiated sound levels. Noise reduction
can be obtained not only by the suppression of the
vibration amplitude of a panel but by changing its
response so as to vibrate with a lower radiation efficiency
(modal restructuring). Thomas®! predicted analytically
that the considerable noise attenuation could be achieved
using only three actuators when controlling a single rigid
plate (having only rigid body modes). If the motion is
restricted to its out-of -plane piston mode. only one
actuator is needed and the need for modal restructuring is
eliminated because only the amplitude of motion needs
to be reduced.

piston-like mode. St. Pierre™ was able to reduce sound

Using a control panel vibrating in a

transmission through a composite panel using its volume
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velocity as the quantity to be minimized in the control
error function.

Active vibration control schems can be divided into
two categories: feedback and feedforward control.
Feedback control can be used when a reference signal
The
various feedback-based controllers such as modal space
control, linear quadratic Gaussian (LQG) and Hoo
optimal posses a good performance in damping increase
However, most feedback

coherent with primary disturbance is not available.

and transient suppression!>7l,
controllers with fixed coefficients often lead to stability
and robustness problems due to small variations of plant

dynamics. Recent researches in adaptive feedforward
controller including filtered-x and filtered-u least-mean-
square (LMS) algorithms showed that robust

performance in persistent disturbance rejection, such as
the residual error typically driven to zero, can be
little  prior
Snyder and Kim showed that the
convergence of these algorithm depends on the plant
Nelson!™!

achieved with knowledge of plant

dynamics™*l,

dynamics and its model error'.
introduced the multiple LMS algorithm available to the
multiple input and multiple output (MIMO) plant.
Saunders'"*! described that hybrid structural control
approach of single input and single output (SISO) plant
can be applied for the rejection of harmonic or impulsive
disturbance.

In this paper. we have purposely designed as trim
panel to be as stiff and light as possible and constrained
By
embedding inertial actuators near its peripheries, the

in such a way as to allow only rigid body modes.

intention is to minimize the response of the trim panel’s
rigid body modes. and thus control its transmitted
structure-borne sound. This approach allows for global
noise reduction using local vibration control algorithms
of the trim panel, provided that structural coupling
between panels is held to minimum and all of the sound
transmission paths into an enclosure are intercepted with
such an active panel. A hybrid controller composed of an
adaptive feedforward and an optimal feedback loop is
used to reduce the vibration level of the panel. The
feedback response
characteristics on external

controller improves fransient

disturbance by actively

increasing the damping capacity of plant. Feedback
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controller is designed using LQG technique based on
MIMO model identified by a frequency domain curve
fitting. The adaptation rule for hybrid controller which
automatically compensates the effect of feedback link is
proposed to maintain the control performance. The active
vibration control system for the honeycomb composite
panel, which is supported with soft rubber mounts. and
driven by four inertia-type actuators, is presented using
digital signal processing unit with 4 parallel high speed
processors.

2. Design of Active Vibration Controller

2.1 Feedforward Control Using multiple
Filtered-x LMS Algorithm

Figure 1 shows block diagram of a feedforward

filtered-x LMS

algorithm. Residual vibration e, (k) at n-th sensor is

vibration control using multiple

the result of destructive interference between the external
disturbance and vibration created by control force.

(k)

a
>

x(k) +

d(k)

P

A Wk
> W = H

S

fi

b Aot

Fig. 1 Block diagram of single-reference/multiple

output FXLMS algorithm

Secondary plant which includes dynamic characteristics
between m-th acuator and n-th sensor including an anti-
aliasing filter, and a transmission path of the structural
vibration may be modeled by a finite impulse response
(FIR) filter of order p. H,, = [h,,0. h,(1). ...
hoa(p)}T.  Assuming that m-th adaptive controller is
represented by another FIR filter of order gq.
Wk =[w,  (0),w,, (1),...w,,(g)] " where subscript
denotes the time at which the filter coefficients are
updated. then e, (k) can be expressed as follows:

M P 4
e, (k) = d, (k) ZZZII,,,,,U)W,,,J(,](i)x(k - j=i).

m={ j=0i=0

(n=1,2,...,N) (N
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where desired signal d,(k) is the vibration level
induced by only external disturbance at the n-th sensor.
x(k)is the single reference input which is closely
coherent with external disturbance but not corrupted by
actuator force, e.g.. blade rotational signal for a rotor-
d,(k) is represented using primary plant
between external disturbance and n-th sensor which is

modeled by FIR filter of
P, =(p,0), p,(D,.... p, DI,

crafl.

order 1,

!
dy(k)="Y_ By(ipxtk =) @

i=1

Coefficients of controller may be updated recursively
based on the gradients of instantaneous squared residual

N
0 en’ )

n=l

vibration as follows:

Wink+1 @)= Wk ()—u

éwm,k(i)

s G, (k)
=Wn () —2u (k) —2——(i=0,1,....q), (3)
e Ze EPRTARMAE

where 4 is a convergence factor that determines the
speed of adaptation. Substitution of equation (1) into
equation (3) yields the adaptation rule of the controller as

follows:

N
V1) = W (D =20 €y (K)-

n=1
M p q
é){zzzhnm(j)wm,k‘j(i)x(k —j—i)}
m=1 j=0 j=0 (4)
d’1"m,k(i)

Since the partial derivative in the above equation cannot
be given in an explicit form, it is assumed heuristically
that the filter coefficients in past may be the same as the
current ones

Wm,k—J(i)=wm,k(i)s G=01,...p). (5)

This assumption may be reasonable one if the filter
coefficients are updated slowly on a time-scale which is

long compared with the dynamic response of secondary
plant H,,. Substitution of equation (5) into equation (4)
yields the adaptation rule of the controller as follows:

N P
W k1 (D)= Wy 1 )+ 20 ) €g(K) Y o ()l = j=i)

n=1 J=0

N
= W (D427 Y € () fym (k=)

n=1

(6)

where n isgivenby n=(p+Du. [, isthe filtered-x
signal by filtering the reference input with secondary
pant H,,,

4
om (==Y Iy (60 = j =)

Jj=0

)

This is so called multiple filtered-X LMS algorithm
which uses single reference input, multiple secondary
plants and multiple residual vibrations in order to update
Snyder 10 the
convergence characteristics of the iterative steepest
descent algorithm which is derived under the assumption
that reference input signal is stationary and random

multiple controllers. surveyed

process, and may be impractical due to practical
problems
associated with matrix manipulation.

like unavailability of computing facility
The stability
criteria of the filtered-x LMS algorithm is derived under
the assumption of slow adaptation of filter coefficients
represented with equation (5).
definite quadratic Lyapunov function!®! V(k) as follows:

M q
1 .
V(k):zgzlz Wk @D =wp (P20 (8)

m=1i=0

Define a semi-positive

where w, (i) is the optimal filter of wy, ,(/)!""" and
n>0. The function M(k+1) can be derived using
equations (6) to (8) as follows:

M g N
Vk+1) =V R +1Y DAY entk) fymk =D}
m=1i=0 n=1

©
M N
F DD W (=W DD gk fom (k=)
n=1

9
i=0

—

m=

Since residual vibration is given by following equation,
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M 4
en(k) = ZZ{WW (i)"wm,k(i)}fnm(k ~i)

(10)
m=11=0
equation (9) can be simplified to
M ¢ N
. - w2
P =F 047 D eylk) fum(k =)
m=}i=0 n=1 (11)

N

—Zezn(k).

n=i

Applying the Lyapunov stability criterion that V(k+/)
must be less than (k) yields the stability condition of 7
as follows:

0<n< (12)

M q N
DD ealk) fumk =i}

m=1i=0 n=|

In case of single input single output (SISO) plant, namely
M=N=1. stable range of 7
following brief form:

is represented in the

0<pu< 7 (13)

D k-
i=0

After the coefficients of adaptive controller is converged,
the filtered-x signal may be assumed with variance O, 2
disturbance is under

if external stationary process.

q
Since Zfz(k~i) of equation (13) isequal to
i=0
g+ l)O'f2 or Tr(R,) for the active control process
under such a condition, equation (13) is identical with the
stability criterion of iterative steepest descent algorithm.
Tr(R;) denotes the trace of auto-covariance matrix of
Equations (12) and (13) mean that
convergence factor of filtered-x LMS algorithm should

filtered-x signal.

be set inverse proportionally to the magnitude of filtered-
x signal or impulse response of secondary plant H,,.
Therefore if external disturbance is consisted of the
the

secondary plant, feedforward controller adapted by

frequency components near to resonance of

filtered-x LMS algorithm would converge very slowly
and be unsuitable for the control of frequently changing
external disturbance.

2.2 Hybrid Control

As pointed out in previous section, the filtered-x
LMS algorithm may converge slowly in case that the
secondary plant is a lightly damped system over the
frequency band of external disturbance. In order to
the convergence

feedforward controller, a feedback controller may be

increase speed of the adaptive
used to improve the dynamics of secondary plant, such as
This is the basic idea
of proposed algorithm related with the design of hybrid

increasing the damping capacity.

controller.

2.2.1 Adaptive Feedforward Controller

Combined With Feedback Loop
Figure 2 shows the block diagram of a hybrid
adaptive control system. G denotes feedback controller
which outputs control signal using only residual
E(jo)=[E (o). E,(jo)...E (jo)]"
The behavior of hybrid controller may be analyzed

vibration

conveniently in frequency domain to get insight about
hybrid control process. The control signal vector
U(jw) consists of the feedback signal Ugjw) =
[Uaifw), Usjo), ..., Updiod]™ and feedforward
signal Uyjw) = [Up (@) Uplj). ... Upndio)]" (the
term jw will be abbreviated for compact expression in
following equations in this section).

U=U;+Uy
=-GE+WX (14)
where G has N X M number of components.
> P dio
X fF—> W —— WWoow - —_—
Y ' T__ G g’
C Proposed
Algorithm

Fig. 2 Block diagram of the single reference/multiple
output  hybrid  feedback and  adaptive
feedforward control system
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G, denotes the transfer function of feedback controller

mn

between n-th residual e, and m-th feedback control

signal Ug;,
Gy G Gy
G G .. G
G=| 2 TR T (1s)
Gt Gana Gy

and feedforward controller W ={W,,W,,...W,, 17
signal
Residual vibration is the result of

generates feedforward control using single
reference input.
destructive interference between primary disturbances,
D=[D,,D,,....Dy]" and secondary vibration signals

at sensors.

E=D-HU (16)

where H consists of H,

nn

between m-th actuator and n-th sensor

which denotes secondary plant

Hy  Hp Hyy
H H H

He :21 :22 2:M a7
Hyy Hyo H g

Combining equation (14) with equation (16) yields the
following equation.

E=(Iy,n -HGY ' D=(Iy,y —HGY 'HWX . (18)
If feedforward controller is updated based on the
complex gradient of J = E"E with regard to W . the
following adaptation rule in frequency domain for
feedforward controller is derived:

Wik+1)y=Wk)+ 271Uy, v — HGY  HXT E(k) (19)

where superscript * denotes the conjugate transpose.
Equation (19) shows that when feedforward controller is
combined with feedback loop. feedforward controller
should be adapted based on the other filtered-x signal
which is estimated using closed-loop transfer function
C=(Iy.y~-HG)Y"'H instead of secondary plant H.
Equation (19) can be converted into the new adaptation
rule in time domain available for multiple feedforward
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controllers with feedback loop.
Wi g (1) = W (1)

ZZN kz"' i (20)
+2Y ]en( ) Ocnm(.,)x( v.]'_l)
n= =

where FIR filter of p' order,

1 T
{€nm (0} (Dl (P1)]
weights of transfer function between m-th feedforward
control signal Uy, and n-th residual vibration, namely

is impulse response

the closed-loop transfer function C,, .
equation (20) with equation (6) informs that the proposed
algorithm compensates automatically the effect of
feedback link by means of the closed-loop transfer
function C,, . Note that impulse response weights

Comparison

[Chm (0)Crpm (D (P )" can be significantly less than

ones of secondary plant [h,,,,,(O).h,,,,,(1).....h,,,,,(p)]T if

feedback
secondary plant. and so convergence factor of the

loop increases the damping capacity of

proposed algorithm y can be set more greatly than 7
as deduced from equation (6) .(12), (13} and (20).
Therefore. hybrid active controller may be able to
attenuate even transient external disturbance as
illustrated in later section by numerical simulation.
Additionally, calculation burden for updating hybrid
controller may be reduced because closed-loop transfer
function C,, is modeled by FIR filter of smaller order

comparedto H,,.i.e. p' <p.

2.2.2 Design of Feedback Controller

Feedback loop of hybrid controller can be designed
independently of feedforward loop because feedforward
controller is adapted by the proposed algorithm which
compensates automatically the effect of feedback link.
There are many kinds of model-based control approach
available for designing the MIMO controller; e.g.,
optimal control. modal space control. In this research.
LQG approach!® is employed for feedback controller.
Plant model including dynamic responses of primary and
secondary plants required to design feedback
In case that dynamic characteristics of

is
controller.
primary plant is not feasible, the shaping filter!"
specified over main frequency components of the
disturbance may be used to express primary disturbance.
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If only feedback loop is used for active vibration control
system, tuning of feedback controller should be focused
on the reduction ratio of external disturbance which
depends mainly on the sensitivity transfer function
S=(Iy.y —HG)"' as shown in equation (18).
However, in case that hybrid controller is used for active
vibration control system, the objectives of feedback
controller are not only to improve the transient response
of closed loop transfer function in order to increase the
convergence rate of adaptive feedforward controller. but
Due to the fact
that the summation of the sensitivity transfer function

also to reduce persistent disturbance.

and the complimentary sensitivity transfer function is
always one, this two objectives for feedback controller
might be negotiated with weighting parameters related
with control performance by designer.

Active vibration system including disturbance
characteristics is modeled by the following discrete time

state equation.

x(k +1)= Ax(k)+ Bu(k)+ Lw(k) @n

y(k) = Cx(k)+ Du(k) + n(k) (22)
where A, B, C, D and L are system matrices related with
system states x(k), control force u(k), disturbance w(k).
y(k). n(k) denote the measured output and measurement
noise respectively. In the LQG control, disturbance and
measurement noise are assumed to be stationary, zero-
mean. Gaussian white process, and to have auto-
covariance matrices satistying

Elw()w (k)] = Qedj . Eln(in" (k)] = Rpdj, (23)

where Qg and R, are intensities of disturbance and
measurement noise respectively, and are assumed to be
positive definite matrices. E” and J, denote
expected value operator and the Kronecker delta function
respectively.  Other cross-covariances are assumed to be
nil. LQG controller is consisted of a state feedback
regulator and a Kalman filter.
control outputs by the following control law:

Regulator generates

w(k)y=Kx(k), (24)
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where K is the state feedback gain matrix. K is
determined from the following equation to minimize the

performance index. Z [x T(k JQx(k)+u’ (k)Ru(k)]
k=0
K=R+B"P.B)'BTP.A (25)
where P, is the solution of control algebraic Riccati
equation:
ATPA-P,
T T 1RT (26)
-ATpBR+B'P.B)'BTP,A+Q=0
Q. R are both positive definite symmetric matrices

allowing control designer to trade off control

performance with control effort. In practice, not all
state variables are available for direct measurement. In
order to form the desired control vector using equation
(24). it is necessary to estimate the state variables that are
not directly measurable. Current type Kalman filter
may be used to estimate of the all state variables based

on the measured output variables:
R(k +1) = Ax(k)+ Bu(k)+ K [y(k) - Cx(k) - Du(k)] (27)

where X and K, are the estimated state variables and
gain matrix of Kalman filter respectively. Gain matrix
of current type Kalman filter is determined by following

equations.
K. =AP,CT(CP.CT +Ry)™! (28)
AP AT - P, - AR, CT(CP,CT +Ry)'CP AT 29)

+LQgLT =0

The synthesis of LQG controller may be obtained by
adjustments of weighting factors Q. R, Qp and R,
repeatedly until the performance of feedback control
system, such as increasing of damping capacity of the
control plant and disturbance reduction over the specified
frequency band. is satisfied. State feedback regulator
and Kalman filter can be converted into the transfer
functions of feedback controller from measured outputs
to control vectors and implemented by digital filters.

3. Simulation and Experiment
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3.1 Simulation and Discussion
Computer simulation is carried out in order to show
filtered-x LMS

algorithm possess and how those can be overcome by the

which difficulties the conventional

proposed algorithm.

Table 1 Computer simulation model of the

secondary plant.

Zeros (z) Poles (z)
0.9822+0.1456i 0.9742+0.1889i
0.9608 0.9902+0.0808i
gain = 0.020221

Secondary plant is assumed to be the system with
resonance at 65 Hz and 125.5 Hz as shown in Table 1.
The sampling rate is selected at 5 kHz. In general.
primary plant is different from secondary plant because
secondary plant involves the characteristics of actuator.
anti-aliasing filter and so forth, and external disturbance
induced by primary source is transmitted to the sensors
through different paths even though the part of the
transmission paths is in common with secondary plant.
For clarity of the simulation, however. it is assumed that
primary plant is same with secondary plant except the
. LQG feedback
controiler is designed with such the weights as
Qo =400, Rp=1, Q=400C"'C and R=1 in the
equations (23), (25) and (26). Figure 3 shows that closed-
loop transfer function is significantly damped out at

added 3 step time-delay. i.e. =z

resonant frequencies compared to the open-loop transfer
function. The convergence properties for hybrid control
are investigated under the harmonic disturbance.
4(a). (b) and (c¢) are the time histories of disturbance
rejection related with feedback control, feedforward

Figure

control and hybrid control in case that reference signal is
consisted of sine wave of 65Hz and one of 152.5Hz
changed abruptly from 0.8 second. and controller is
initiated at 0.4 second. Performance of hybrid control
was much better and faster compared to adaptive
Note
that even though LQG feedback controller has been

feedforward control and LQG feedback control.

designed under ideal condition. residual vibration by
feedback controller cannot be eliminated completely.
As described in section (3-2), convergence rates of

filtered-x LMS and proposed algorithm depend on the
filtered-x signal power, Tr (R, ).

0 -

Linear Magnitude

0 50 100 150 250 oo 350 400

200
Frequency (Hz)

Fig. 3 Comparison between the transfer function for the
secondary plant and the transfer function for the
closed-loop system; , transfer function of
the secondary plant; ----- , closed-loop transfer
function for the LQG feedback control system

The result of feedforward controller illustrates that
filtered-x LMS algorithm yields poor transient response
due to slow convergence rate.

Error

Error

Etror

~ ]
]

o8 1

06
Tume (second)

Fig. 4 Simulation for the time histories of disturbance

rejection. (a) LQG feedback control: (b) FXLMS
algorithm; (c) hybrid control

for filtered-x LMS and
proposed algorithm. shown in figure 5. supports this

A comparison of Tr(R,)

result. Simulation result shows that hybrid controller is
able to recover quickly from transient disturbance
because of active damping component of the control
signal from feedback loop. and consequently performs
better for both persistent and transient disturbances.
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3.2 Expeiment and Discussion
3.2.1 Experimental Set-up

Figure 6 is the schematic diagram of the active trim
panel, inertial type actuator, and an experimental set-up
that simulates structure-bone excitation. The active
trim panel is mounted to the stiffening members of a
aircraft fuselage skin via soft mounts and a lightweight.
acoustically unobtrusive, aluminum frame.

10°
{8}

TR{R()

10'F (b) j

%4 ©45 055 06

Tirme ?s%cond)

Fig. 5 Comparison of Tr(R) between FXLMS
algorithm and the proposed algorithm. (a)
FXLMS algorithm: (b) proposed algorithm.

The active trim panel is placed on top of a layer of
passive absorbing fiber glass in order to reduce the high
frequency vibration component. Trim panel is a
45.7 X 45.7x2.54 cm’ honeycomb composite consisting

of a 2.54 ¢m aluminum core and carbon fiber face sheets

on cither side.

Fig. 6 Schematic diagram of the active trim panel,
inertial type actuator, and an experimental set-up
that simulates structure-bone excitation

The trim panel weighs 1.59 kg ; and has the first bending
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mode at approximately 530Hz after combined with
passive absorbing material and aluminum frame. An
inertial type actuator and accelerometer(PCB, 303A02)
are embedded near each of the 4 corners of trim panel to
generate control forces and measure the vibration level.
These actuator consist of a shaking coil which is
mounted rigidly to the panel, and a magnet part which is
free to move in and out-of-plane motion using circular
spider.
force over 50 to 500Hz bandwidth when 1 volt random
signal is inputted.

Each actuator produces approximately 0.7 N

Digital controller for active vibration control of trim
panel is conducted by a digital signal processor
(Spectrum QPC40) which consists of 4 floating-point
TMS320C40)
capable of parallel signal processing, 12-bit 5 channel
A/D converters, and 12-bit 4 channel D/A converters.
An electromagnetic shaker (VTS VG600 Vibrator) is
attached the skin plate in order to generate the external

microprocessors  (Texas Instrument,

disturbance. 4 anti-aliasing filters. which are set at
1250 Hz, are used so that high frequency component
from D/A converters is eliminated. A signal analyzer
(HP35660) evaluates the control performance of realized

system and provides the pseudo-random source.

3.2.2 Experimental Results

For the design of hybrid controller. 16 frequency
transfer functions for secondary plant were measured
using the signal analyzer and then a 4x 4 MIMO
ARMA (auto-regressive moving average) model whose
order is 29, is identified based on frequency domain
curve fitting'® and balanced minimum realization'",
This fitting method is capable of avoiding window
distortion and system identification in one step due to the
matrix-fraction approach of Markov parameter. Figure
7 shows the transfer functions related with only the 4™
identified.
Note that this secondary plant represents all dynamic

inertial actuator which are measured and

characteristics from inertial actuators to accelerometers
including amplifiers, vibration transmission paths, anti-
aliasing filters. time-delay of digital signal processor and
so forth. The first resonance at 65Hz is due to circular
spider of inertial actuator itself. The second resonance
at 350Hz is due to suspension between trim panel and
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skin plate of aircraft fuselage. The third resonance at
530Hz is due to first bending mode of trim panel. By
using impact hammer instead of the inertial actuator, two
rocking modes at 7.75Hz and 8.25 Hz, and one piston-
like mode at 9Hz were certified. These rigid-body
modes were highly damped due to the fiber-glass
absorbing material and the rubber joints installed
It should be noted
that the low frequency noise fields below 50Hz, induced
by forced vibration components of trim panel, are not
usually active control objects because of insensitivity of

between trim panel and skin plate.

humans.

The LQG feedback controller was designed based on
the identified MIMO model. The weights for designing
LQG controller were selected as follows:

15 6 6 6
6 15 6 6

= 15xCTC. Q=
Q Q°66156
6 6 6 15

1 04 04 04

04 1 04 04

104 04 1 04
04 04 04 1

and = RO

These weights were determined, under the consideration
of the ratios between amplitudes of the direct transfer
functions e.g., Hy;, Hy, and the one of cross transfer
functions, e.g., f},. Hyyof the identified secondary
model, so that closed loop transfer functions maintain as
symmetrically as possible.

Comparison of open-loop transfer function and
closed-loop transfer function as shown in Figure 7
(dashed-line) illustrates that the feedback loop decreased
the resonant response of secondary plant considerably.
Figure 8 shows the experimental results for the active
vibration control system. Broadband external vibration
up to 630Hz could be attenuated by 5-20dB in the
vibration level. Note that the external forced vibration
of trim panel, induced by the primary actuator(shaker),
consists of 4 vibration modes, namely 3 rigid body and 1
bending vibrations. The inefficiency with low frequency
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components below 50Hz may be ascribed to the power
limit of inertial actuator.

0.4 .
A A
0.3}
-
w 02
g 4
0.1
, .
0 200 400 600

Frequency(Hz)

o~
A 4
w
-
[} 200 400 600
Frequency(Hz)
0.5
(3]
~t
'S
-
0 200 400 600
Frequency(Hz)
-
-
'S
-

o 200
Frequency(Hz)

400 600

Fig. 7 Frequency response functions for the secondary
plants. - , experimental measured frequency
response functions; ., mathematical models;

----, simulated closed-loop transfer functions

Sampling rate was at 2kHz considering the frequency
bandwidth of disturbance, and the calculation burden of
digital signal processor. FIR filter of 120 order was used
for the feedforward controller and adapted by proposed
algorithm. Closed loop transfer function of secondary
plant was in the form of FIR filter of 60 order required
coefficients due to increased damping ratio by feedback
As the time histories of residual at the first
hybrid controller.
whose the convergence factor was set at 0.001, was

path.
accelerometer shown in figure 9,

converged in 2 seconds.
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Fig. 8 Vibration reduction at 4 accelerometer locations:
----, without control;

. with hybrid control

—4 Staning for
* hybnid control -

Acc 1 signal (V)

0.1 02 06

03

04 0.5
Time (Second)

07 o8 08 1

Fig. 9 Time history of the active panel system with
hybrid controller

4. Conclusion

Active vibration control system to reduce the sound
transmission through trim panel has been presented. It
is effective for attenuation of broad band vibration
induced by external source. The problem related with
adaptive feedforward controller is analyzed theoretically
in the viewpoint of convergence rate especially when
secondary plant has the resonant response characteristics.
To solve this problem, the hybrid control loop which
consists of an adaptive feedforward and a LQG feedback
control, and the related adaptation rule is described.
Hybrid controller for active trim panel is applicable to
both persistent and transient external vibrations due to
the high rate convergence.
of MIMO controller for active trim panel, which is

The actual implementation
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designed as prototype of aircraft fuselage. shows that
approximately 12dB reduction in the vibration level of
trim panel over the 50~600Hz broadband can be
achieved.
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