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Abstract
The purpose of this paper is to present an adaptive control
approach to vibration control using FxLMS algorithm with feedback
Neutralization. Active Vibration control (AVC) uses secondary
sources to cancel vibrations from primary sources based on the
principle of super position. A feedforward FxLMS - AVC system
applied to structure normally uses a reference sensor, a control unit,
an actuator to generate secondary vibration and an error sensor to
monitor the response of the structure. However, the control actua-
tor which is used to cancel the primary vibrations will also generate
vibrations in the structure. These secondary vibrations not only
cancel the vibration, but also reach the reference sensor, resulting in
a corrupted reference signal which is picked up by the reference
sensor. The coupling of the vibrations from the control actuator to
the reference sensor is called Structural Feedback. The presence
of strong structural feedback degrades the performance of AVC sys-
tems, and, in the worst case, the AVC system may become unstable.
This structural feedback problem is solved by introducing a feed-
back neutralization filter in the controller in parallel with the struc-
tural feedback path. The FxLMS with feedback neutralization has
been implemented for a single channel active control system in
MATLAB. The FxLMS with feedback neutralization guarantees the
stability of AVC systems over conventional FxLMS – AVC systems.

1. Introduction

Mechanical vibrations produce increased
stress and energy loss. They also increase bearing
loads, induce fatigue, create passenger discomfort
in vehicles, and absorb energy from the system.
So vibrations should be prevented in order to get a
good performance. In passive control methods,
system properties like mass, stiffness and damping
change in the design stage to reduce vibration. This
may increase the overall mass of the structure and
is found to be unsuitable for controlling low
frequency vibrations (Brennan and Ferguson 2004).
This method does not suit applications where weight

restrictions are present and low frequency
vibrations are encountered. These shortcomings
of passive control can be overcome using
active control. Active vibration control involves
actively adding more energy to a system such
that when it is superimposed with the original
response, the total combined response is reduced.
An AVC system can be a smart structure, since a
smart structure is capable of responding to a
changing external environment as well as to a
changing internal environment. A smart structure
essentially consists of sensors to capture the
dynamics of the structure, a processor to manipulate
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the sensor signal, actuators to obey the orders of
the processor, and a source of energy to actuate
the actuators.

If the characteristics of the vibration source
and that of the environment vary widely, the control
may exhibit an unsatisfactory response and may
cause instability. So, to get better control of the
vibration, AVC systems must be adaptive. This
adaptive AVC system modifies its behavior in
response to changes in the dynamics of the
disturbance and provides optimal control over a
much broader range of conditions. Adaptive control
has been applied for the control of vibration isolation
mounts by Tichy and Sommerfeldt (1990). Adaptive
filters (Widrow and Stearns 1985; Treichler, Johnson
Jr and Larimore 1987) adjust their coefficients to
minimize an error signal and can be realized as finite
impulse responses (FIR) and infinite impulse
responses (IIR). The most common form of
adaptive filter is the transversal filter using the least
mean- square (LMS) algorithm (Kuo and Morgan
1996; Elliott 2001).

Active control using the LMS adaptive
algorithm has been illustrated by Vipperman,
Burdisso and Fuller (1993) for reducing broad band
structural vibration. Shashikala Prakash et al. (1999)
have demonstrated adaptive vibration control using
LMS-based algorithms using smart actuators and
sensors. In AVC the filtered - X type algorithm
which is a modification of the LMS algorithm is
used in which information about the secondary path
and feedback path are needed to update the
controller. For an adaptive active control, the
filtered-x least mean squares (FxLMS) algorithm
is the most well known, having been applied
extensively in many applications such as adaptive
active noise cancellation in a duct (Wu and Bai 2001)
and active vibration control in a rotor (Bai and W.
Luo 2000). DSP board based real time active
vibration control using LMS has been illustrated
(Shashikala Prakash et al. 2000, 2001, 2007) for
aerospace structures.

A feedforward FxLMS - AVC system applied
to structure normally uses a reference sensor, a
control unit, an actuator to generate secondary
vibration, and an error sensor. Adaptive control in
AVC applications is an effective method; however,
while applying the FxLMS algorithm for real time
control, the coupling of the vibrations from the

control actuator to the reference sensor might exist,
and may result in a corrupted reference signal. This
corrupted reference signal can be neutralized by
introducing a Neutralization filter in the FxLMS –
AVC system.

In this work, an adaptive Single Input, Single
Output (SISO) feed forward control configuration
of FxLMS with a feedback neutralization algorithm
for active vibration control is presented.

2. Adaptive Filter Feedforward Control

The difference of the adaptive filter and
general filter is that the parameters of the adaptive
filter adjust to the characteristics of the input signal
to maintain optimal filtering. While the adjustment
of the parameters is determined by the adaptive
algorithm, its behavior is critical for the filtering
performance.

2.1 LMS Algorithm

The LMS algorithm is a gradient-type
algorithm that updates the coefficient vector by
taking a step in the direction of the negative gradient
of the objective function. LMS is an easy algorithm
to implement with less computational complexity.
Hence, it is widely used in active vibration control
of aerospace structures.

2.2 The LMS Algorithm consists of three basic
processes:

Filtering process

The output of filter Y(n) is a linear combination
of input signal X(n) and weights vector W(n); then
output of the filter is

Error Estimation

Error signal e(n) is obtained by comparing the
filter output with the desired response D(n) to make
Y(n) as close as possible to D(n); thus, an error
signal is

Adaptation process

Mean-square error performance function f
(w) is

FxLMS Algorithm with feedback neutralization for active vibration control
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According to the least mean square criterion,
the optimal filter parameter W should minimize the
error performance function f (w). Using gradient-
descent methods to acquire W, the weight update
formula is

Here ì is the convergence step factor.

2.3 FxLMS Algorithm

In practical applications there is a transfer
function between the digital controller and the
physical world. This Secondary Path [S(z)] transfer
function may affect amplitude as well as phase and
the adaptive filter should compensate for these
effects  to ensure convergence. This is achieved
by placing  an identical filter in the reference signal
path to the weight update of the LMS Algorithm,
which leads to the filtered - X (FXLMS) algorithm
derived by  Widrow, Shur and S. Shaffer (1981, p.
185-189).

Figure 1. FxLMS Algorithm

A block diagram of a FxLMS algorithm based
AVC system is shown in Fig.1 The error signal e(n)
is given as:

where s(n) is the impulse response of
secondary path S(z) at time n , * denotes linear
convolution, W(n) is the coefficient vector of W(z)
at time n , and x(n) is the reference signal vector at
time n.

The objective of the adaptive filter is to
minimize the instantaneous square error î(n)=e2 (n),

and using the LMS algorithm the coefficients are
updated as per the equation as

Where ∇ξ(n) is the instantaneous mean
square at time ‘n’

But from the above equation

Therefore the gradient estimate becomes

And the weight updating equation can be
written as

This result shows that when a transfer
function, S(z), follows the adaptive filter, this transfer
function must also be placed in the weight update
path [i.e., the input vector x(n) is filtered by S(z)] ,
hence the name FxLMS algorithm.

Where s^(n) is the estimated impulse response
of the secondary -path filter, S^(z).

3. FxLMS with Feedback Neutralization

The Active Vibration Control system illustrated
in Fig.1 uses a reference sensor to pick up the
reference vibration X(n), processes this input with
an adaptive filter to generate an anti vibration signal
opposite in phase to Y(n) to suppress the primary
vibration in the structure, and uses a error sensor
to measure the performance and to update the
adaptive filter coefficients. But the control actuator
which is used to suppress the primary vibration may
also generate vibrations in the structure. Therefore,
the control  signal not only suppresses the vibrations
in the structure by minimizing the error signal
measured by the error sensor, but it also reaches
the reference sensor, resulting in a corrupted
reference signal X(n). The coupling of the vibrations
from the control actuator to the reference sensor is
called Structural Feedback.
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The AVC system described in Fig. 1 assumes
that the reference sensor signal contains only the
reference vibration signal, as it is completely
independent of the secondary control actuator. The
absence of structural feedback allows a simple
analysis of such a purely feedforward system.

Structural feedback introduces poles in the
response of the system and thus results in potential
instability, if the gain of these feedback loops
becomes too large. This feedback effect has been
realized in ducts as acoustic feedback (Edgar Lopez
et al. 2010; Larsson et al. 2007) and adaptive active
noise cancellation has been implemented using
feedback neutralization (Muhammad Tahir Akhtar
et al. 2009; Bai and Zeung 2002; Ho-Wuk Kim et
al. 2011).

3.1 Effects of feedback

A more general block diagram of an AVC
system that includes feedback from a secondary
source to a reference sensor is shown in Fig.2,
where x(n) is the signal picked up by the reference
sensor, and F(z) is the feedback path transfer
function from the output of adaptive filter W(z) to
the reference sensor.

In Fig. 1 a block diagram of a feedforward
AVC system without Structural feedback, using the
filtered-x LMS algorithm is illustrated. Assuming
that the adaptive filter is time invariant, the error
signal of the system in Fig. 1 in the Z-domain can
be written as

The goal of the adaptive filter, W(z), is to
minimize the error, E(z), which, in an ideal case,
will equal zero after the convergence of W(z).
Hence, setting E(z) = 0 in Eq. 15 gives the optimal
filter as

In Fig. 2 a block diagram of an AVC system
with structural feedback, using the filtered-x LMS
algorithm is illustrated. In Fig.2 the feedback path
is denoted F(z), and the transfer function of the
feedback loop is denoted H(z).

Figure 2. FxLMS Algorithm with feedback

Assuming that the adaptive filter is time
invariant, the output from the adaptive filter in Fig.
2 is given in the z-domain by

Hence, the transfer function of the feedback
loop, marked and denoted as H(z) in Fig. 2, is given
by

The open-loop transfer function associated
with the feedback loop is given by W(z).F(z), which
is related both to the control filter and the structural
feedback path. If H(z) becomes unstable, it will
result in instability of the AVC system

The error signal E(z) in Fig. 2 is given by

Setting E(z) = 0 in Eq. 22 gives the optimal
filter for the case with structural  feedback as

In comparing Eq. 23 and the optimal filter for
feedforward control given by Eq. 16, the optimal
filter coefficients for the system with Structural

FxLMS Algorithm with feedback neutralization for active vibration control
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feedback differ from cases without structural
feedback.

3.2 Feedback Neutralization

The simplest approach to solving the feedback
problem is to separate feedback Cancellation, or
the “neutralization”, filter within the controller. This
electrical model of the feedback path is driven by a
secondary source control signal, and its output is
subtracted from the reference sensor signal.

An active control system using the FxLMS
algorithm with feedback Neutralization is illustrated
in Fig. 3. The feedback component of the reference
sensor signal is cancelled electronically using the
feedback Neutralization filter F^(z), which models
the transfer function from the control actuator input
to the reference sensor output.

Figure 3. FxLMS Algorithm with feedback
Neutralization

The input signal X(n) is computed as

4. Case Study

The experimental setup for a case study of a
beam is shown in Fig. 4 to validate the corruption
of the reference signal due to structural feedback.
One end of the beam is clamped and the other end
is free. The piezoelectric patch is located near the
clamped end, where the maximum strain is induced.
A shaker placed close to the root is used to excite
the beam. The error signal (response) of the beam
is measured by a PZT sensor. An accelerometer
placed very near to the actuating point is used for
picking up the reference signal.

A sinusoidal signal with a frequency of 34 HZ
is chosen as the excitation signal since it is the first
natural frequency of the beam, while the control
signal is extracted from the second output channel
of the signal generator and the Single Input Single
Output (SISO) vibration control experiment is
carried out. Control is achieved by changing the
phase of the control signal and the control
performance is monitored as shown in Fig.5 and
Fig. 6.

In Fig.5 the green color signal indicates the
error sensor response and the other signal indicates
the reference signal, which is picked up by the
accelerometer. Since there is no control signal fed

Figure 4. Experimental setup for case study
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Figure 5. Control Performance before control

to the secondary actuator, the beam vibrates and
the amplitude of vibration is shown in Peak-Peak
voltage.

Fig 6 shows that control has been achieved
because of the opposite phase of the secondary
input to the system – [which is indicated by a green
signal]. The pink signal shows the effect of a
secondary control input on the reference signal.
From the above case study, we can infer that there
is Structural Feedback from the control actuator
to the reference sensor and this needs to be
addressed, in order to achieve a better control
performance.

Figure 6. Control Performance after control

5. Computer Simulations

The computer simulations of FxLMS with
feedback Neutralization for Active Vibration Control
have been completed in MATLAB 8.1. At present,
a single channel control code has been tested
extensively in the simulation  and the results are
encouraging and have been presented in this section.

Case 1: The disturbance signal is a sine
signal with a frequency of 10Hz, the
convergence factor is 0.09 and the order of
the filter is 8 for both control and neutralization
filters.

FxLMS Algorithm with feedback neutralization for active vibration control
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Control performance of FxLMS algorithm with
feedback and FxLMS with feedback Neutralization
for Sinusoidal Signal is shown Fig. 7, Fig. 8 and
Fig.9.

Fig. 10 shows a MATLAB simulation and

Figure 7. Control Performance of FxLMS algorithm with feedback for Sine Signal

Figure 8. Control Performance of FxLMS with Neutralization for Sine Signal

Figure 9. Mean Square Error of FxLMS with Neutralization for Sine Signal

comparison of the reference sinusoidal signal
because of the structural feedback effect with the
original reference signal. The red signal is the original
reference signal and the blue signal is the corrupted
reference signal because of the feedback effect.
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Figure 10. Comparison of Sine Reference signals before and after feedback

Figure 11. Control Performance of FxLMS with Neutralization for Random Signal

Case 2: The disturbance signal is a random
signal, the convergence factor is 0.09 and the
order of the filter is 8 for both control and
neutralization filters

Control performance of FxLMS with
feedback Neutralization for a Random Signal is
shown in Fig. 11 & Fig. 12.

Figure 12. Mean Square Error of FxLMS with Neutralization for Random Signal

Fig. 13 shows the MATLAB simulation results
and the comparison of a reference random signal
with structural feedback and without it. The black
signal is the reference signal without feedback and
the blue signal is the corrupted reference signal.

Fig. 14 is an enlarged view of Fig.13 to show
the effect of feedback and it illustrates that feedback

FxLMS Algorithm with feedback neutralization for active vibration control
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introduces an increase in amplitude which may
affect the stability of the system.

Fig. 15 shows a comparison of a reference
random signal without Structural feedback and with

Figure 13. Comparison of Reference signals before and after feedback

Figure 14. Enlarged view of Fig. 13 for comparison signal with feedback and without feedback

Figure 15. Comparison of Reference Signal with feedback neutralization

feedback Neutralization which ensures that the
original reference can be obtained by feedback
neutralization. Fig. 16 shows an enlarged view of
Fig 15 to illustrate the effectiveness of feedback
Neutralization.

Karthikeyan & Shashikala Prakash



6. Conclusions

In this paper, an AVC system with feedback
Neutralization is presented. The effectiveness of
the single input single output (SISO) FxLMS with a
feedback Neutralization control algorithm is
demonstrated via computer simulations. The future
work will implement the feedback Neutralization in
real time and test it for its performance level. From
the simulation results, it can be concluded that a
feedback Neutralization filter helps to get back the
original signal from the corrupted reference signals
due to structural feedback, and also leads to an
improvement in the stability of the AVC system.
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