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In many applications it is desirable to use a decentralised control strategy, in which multiple
sensor-actuator pairs are utilised to control the response of a structure. This avoids the need for
connections between multiple sensors and actuators and allows the system to be easily scaled
to different applications. However, because the individual control loops, consisting of a single
sensor-actuator pair, only have a direct measurement of the local vibration signal it is not straight-
forward to guarantee global reduction of the kinetic energy of the structure. In this paper a novel
decentralised control strategy is proposed in which the vibration at remote locations is estimated
utilising the local error sensor signal and the local control loop is then adapted to minimise the
sum of both the squared local and the estimated remote error signals. When multiple loops are
employed, it is also necessary for each local control loop to predict the global effect of the remote
control signals and use this information in the adaptation of the local control loop. This paper de-
scribes the proposed control strategy, including the calibration of the algorithm and the estimation
of the error and control signals. The proposed control strategy is evaluated through simulation
of an acoustically excited flat panel and its performance is compared to both standard centralised
and decentralised control strategies.
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1. Introduction

Active vibration control (AVC) can be used as a versatile way to reduce the vibration of an excited
structure. AVC provides the potential for a much greater level of control compared to passive meth-
ods, especially when size and weight criteria must be met [1]. Using AVC it is possible to flexibly
manipulate the structural and acoustic response of a system such that control can be achieved at a
selected frequency and adapted if required.

In general, AVC can be implemented in two ways, using either a centralised or decentralised
architecture. In a centralised control system, an array of connected error sensors are used to detect
the vibration on a structure and a control system is then used to manipulate the measured signals
and drive an array of control actuators to reduce the measured vibrations. In a decentralised control
system, pairs of collocated sensors and actuators are used to measure the vibration on a structure
locally and a local controller is then used to manipulate the measured signal and drive the actuator to
control the measured vibration [1]. Both the centralised and decentralised approaches have advantages
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and disadvantages and depending on the design criteria one approach may be more suited to a specific
application than the other. For example, a decentralised system may be better suited to applications
where it is important to avoid large amounts of cabling between the different parts of the control
system and where the scalability of the control design is important. However, because a decentralised
AVC system only has access to a local measurement of the vibration, it is not straightforward to
guarantee global control of the structural response. Decentralised controllers are typically unaware
of the effect they have on the response of a structure at remote locations or the combined effects
that occur when multiple controllers are implemented. Centralised controllers on the other hand take
into account the cross coupling between units and work as one to minimise a global cost function, the
disadvantages of centralised control however, are that for larger structures that require more actuators,
considerable amounts of cabling would be required, adding to the overall weight of the system and an
increased installation cost.

To over-come the obstacles presented by standard centralised and decentralised active vibration
control strategies, this paper will combine a remote sensing method and a decentralised active vibra-
tion control approach to design a control system that is decentralised, but able to control the global
response of the structure. The proposed decentralised remote sensing control strategy does not require
real time communication between the control units, but instead each local control loop estimates the
error signals at the remote locations and generates a local control signal that assumes coordinated
control at the remote controller positions. In order to assess the performance of this control strategy,
centralised and decentralised control systems were initially implemented to provide a reference for
the performance of the decentralised remote sensing controller.

2. Formulation of decentralised active vibration control using a remote
sensing strategy

2.1 Active vibration control

The following mathematical formulation is for a centralised Multi-input Multi-Output (MIMO)
system operating at a single frequency. The aim of AVC in this case is to minimise the sum of the
squared signals measured at the L error sensors, this can be defined at a single frequency by the
following cost function.

Js = eHe, (1)

where e is the vector of L error signals in the steady state measured on the surface of the panel,
e = [e1 e2 ... eL]T . This is given by the linear superposition of the primary disturbance measured
at the error sensors, d, and the contribution due to the controller, Gu. For a centralised system, the
following equation can then be used to calculate e,

e = d + Gu, (2)

where d is the (L×1) vector of the primary disturbances at the error sensor locations, G is the (L×M)
matrix of transfer responses between the input to the structural control actuators and the resulting, L,
accelerations measured at the error sensor locations and u is the (M × 1) vector of control signals
used to control the response of the structure. Substituting eqn.2 into eqn.1 gives the cost function as

Js = uHGHGu + dHGu + uHGHd + dHd. (3)

If the matrix GHG is assumed to be positive definite, which is generally the case [2], then the
control signals that minimise Js are generated by setting the derivative of eqn.3 with respect to the
real and imaginary parts of u to zero. The optimal vector of control signals is then

uopt = −[GHG]−1Gd, (4)
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If L = M , which is the case for the decentralised controller, then the optimal vector of control signals
becomes

uopt = −G−1d. (5)

In practical applications the disturbance signals are not known in advance and therefore, to min-
imise the sum of squared error signals in realtime, an algorithm able to iteratively adjust the input to
the control actuators, u, is needed. The method of steepest decent was used to manipulate the mea-
sured signals and drive the control actuators to alter the response of the structure in such to way so as
to minimise the measured error signals. The steepest decent update algorithm that was used was

u(n+ 1) = γu(n)− αGHe, (6)

where n represents the current iteration step of the algorithm, γ is the leakage factor and α is the
convergence gain. Simulation of the decentralised system uses the same mathematical formulation,
however, the plant matrix G contains only transfer responses between local actuator-sensor pairs.

2.2 Decentralised remote sensing active vibration control

In the case of a decentralised controller, since there are no connections between the local control
loops, it is not straightforward to minimise the sum of the squared error signals given by eqn. 1.
To attempt to overcome this problem, it is proposed here to use a remote sensing strategy algorithm
to estimate the error signals at the remote sensors from the local measured error signal. Remote
sensing strategies have been employed in active noise control systems and vibration control systems
to estimate the pressures and structural responses at locations that cannot be directly measured [3, 4,
5, 6, 7, 8], however, they have not previously been integrated into a decentralised control framework.
The distinction in this case is that it is necessary to estimate both the remote error signals and the
effect of the remote control actuators.

Assuming perfect knowledge of the plant response matrix, the estimated remote error signals for
the lth control loop can be expressed as

êl = d̂l + Gûl, (7)

where d̂l is the vector of primary signals estimated at the remote locations, G is the (L × L) plant
response matrix, and ûl is the vector of estimated control signals.

The primary disturbance at the remote error sensors can be estimated for the lth control loop from
the single local measured signal as a linear function of an observation filter, Ol,

d̂l = Old̂l, (8)

where d̂l is the estimate of the primary disturbance at the local error sensor, which can be expressed
in terms of the local error signal el, the (1 × L) vector of responses from each actuator to the local
error sensor, gl, and the (L× 1) vector of estimated control signals ûl.

d̂l = el − glûl. (9)

The optimal observation filter for the lth control loop, Ol,opt can be calculated by minimising the cost
function

JO = trace[(d−Od̂l)(dH − d̂∗l OH
l )]. (10)

where ∗ denotes the complex conjugate. The matrix of optimum observation filters for the lth control
loop is then [9]

Ol,opt =
dd̂∗l
d̂ld̂∗l

=
d
d̂l
, (11)
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The cost function given by the sum of the squared estimated error signals for the lth control loop
can then be expressed as

Jl = êHl êl. (12)

Substituting in eqn.7 and 8 the cost function can then be written as

Jl = (d̂∗l O
H
l + ûH

l GH)(Old̂l + Gûl). (13)

From this, the vector of optimal control signals for the lth loop can be calculated as

ûl,opt = −G−1Old̂l, (14)

which will be equivalent to 5 provided the observation filter provides a perfect estimation of the
remote signals.

As in the case of the MIMO centralised controller described in Section 2.1, it is generally nec-
essary to iteratively calculate the control signals.This can be achieved by using the steepest-decent
algorithm and for the lth control loop using the remote sensor method the update equation is given by

ûl(n+ 1) = γûl(n)− αGH êl. (15)

Substituting in eqn.7 for the estimated error signals and using the estimated disturbance, given by
eqn.8 and eqn.9, the update algorithm for the lth control signal becomes

ûl(n+ 1) = [γI− αGHG + αGHOlgl]ûl(n)− αGHOlel(n). (16)

The decentralised remote sensing controller with L control loops can then be implemented by using
the update equation given in eqn.16 at each of the individual local control loops.

3. Performance assessment

The performance of the three control strategies were assessed through simulations using the re-
sponses measured for a (4 × 4) AVC system mounted to a flat aluminium panel, as shown in Fig.1.

(a) (b)

Figure 1: Photographs of the accelerometer and actuator arrangement (a) and the panel mounted on
the enclosure containing the primary disturbance loudspeaker (b).

Each of the four actuators shown in Fig.1a were driven separately with white noise and the transfer
responses between each actuator and accelerometer were then calculated and used to form the plant
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model. The primary disturbance was provided by the loudspeaker shown in Fig.1b and this was also
driven with white noise in order to excite the panel and generate the primary response models.

The mathematical formulation of the control systems derived in section 2 assumes that the error
signals have reached their steady state values before the control signals are updated [2]. In this
preliminary study the simulations have been implemented in the frequency domain so that all signals
are steady state. However, in practice difficulties can occur because transients may not have have
decayed away before the control signals are updated and in this case the steady state assumption
will be violated. Decentralised remote sensing AVC appears to be more sensitive to this steady state
assumption due to the complex nature of the control formulation leading to a compounding of the
errors. A possible solution to overcome this issue is to implement a decentralised remote sensing
AVC system that allows the error signals to reach the steady state before updating the controller.

3.1 Simulation study

To assess the feasibility of the decentralised remote sensing AVC strategy simulations for cen-
tralised, decentralised and decentralised remote sensing AVC were carried out at three selected fre-
quencies. The frequencies selected were; 90.3, 122.1 and 190.4 Hz representing the breathing mode
of the panel, an off resonance frequency and the second mode of the panel respectively. Fig 2 shows
the magnitude and phase plots of the primary and plant responses of the panel.

(a) Primary response (b) Plant response

Figure 2: Magnitude and phase plot of the primary and plant responses measure on across the
surface of the panel.

Fig. 3 shows the convergence of the cost function, Js for each system at the three frequencies. In
each plot the black solid line represents centralised AVC, the blue solid line represents decentralised
AVC and the red dashed line represents decentralised remote sensing AVC. The convergence gain and
leakage for the active vibration control systems have been set to achieve the the quickest convergence
time whilst maintaining a stable system.

Control at the 90 Hz breathing mode for all control systems shows the largest reduction in the
overall response with the quickest convergence. Both centralised AVC and decentralised remote
sensing AVC achieve approximately 20 dB reduction and decentralised AVC achieves a reduction of
approximately 11 dB. Off resonance at 122 Hz the convergence time for all three control systems
slows to maintain stability. The reduction of the overall response of the system is approximately 14
dB for both centralised AVC and decentralised remote sensing AVC and decentralised AVC shows
a reduction of approximately 7dB. At the second mode, the performance of the systems is reduced
further. Decentralised AVC is unable to reduce the response of the structure at all and both centralised
AVC and decentralised remote sensing AVC achieve a maximum reduction of approximately 12 dB.
Fig. 3 clearly shows that at all frequencies, the control curves for centralised AVC and decentralised
remote sensing AVC are identical proving the validity of the mathematical formulation.

ICSV24, London, 23-27 July 2017 5



ICSV24, London, 23-27 July 2017

(a) Control at 90 Hz (b) Control at 122 Hz

(c) Control at 190 Hz

Figure 3: The convergence of the cost function Js at each control frequency using the three control
strategies.

For a practical system, it is unlikely that estimated signals will perfectly match the physical signals
due to changes in operating conditions introducing differences between the physical and modelled
primary and plant responses. This would introduce a degree of uncertainty into the controller and this
could affect the stability of the system.

In order to assess the sensitivity of the controllers to such uncertainties in the plant response,
errors were introduced into the physical plant response matrix, G in eqn.2 and 7, as

G = G0 + ∆, (17)

where G0 is the nominal plant response used in the controllers and ∆ represents the error which has
been defined as

∆ = ε2
rand(size(G))

||G||F
(18)

where ε is set to 0.01 to evaluate the performance of the system when an error of 1% is present
between the measured error signals and the plant models.

Fig. 4 shows the convergence of the cost function Js for the three control strategies at each
frequency. Leakage has been applied to each of the control systems to ensure that the system is stable
after the addition of the plant response errors and, therefore, rather than assessing the stability directly
the performance limit due to ensuring robust stability has been assessed.
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(a) Control at 90 Hz (b) Control at 122 Hz

(c) Control at 190 Hz

Figure 4: The convergence of the cost function Js at each control frequency using the three control
strategies when an artificial error of 1% is introduced into the plant response.

As in Fig. 3, the black solid line represents centralised AVC, the blue solid line represents de-
centralised AVC and the red dashed line represents decentralised remote sensing AVC. With errors
added to the physical plant response, control at 90 Hz is unaffected for all of the control strategies.
To maintain robust stability at the off resonance frequency with the addition of plant response errors,
an increase in leakage was required. As a result, the performance of the decentralised remote sensing
system decreased by approximately 7 dB, however, the new method still out performed standard de-
centralised control by approximately 2 dB. For control at 190 Hz only the centralised control system is
unaffected by the addition errors, the decentralised and decentralised remote sensing active vibration
control systems both suffer a loss in performance in order maintain robust stability. Decentralised
AVC at this frequency actually causes a small amplification in vibration whilst the performance of
decentralised remote sensing AVC drops from a 12 dB reduction to 2 dB.

4. Conclusions

A new approach to designing a decentralised active vibration control system using a remote sens-
ing strategy has been proposes in this paper. This approach avoids the need for a physical, real-time
connection between controllers, whilst providing a comparable level of control to that of centralised
AVC in a perfect simulation scenario.

It has been shown in simulation that under ideal conditions a decentralised remote sensing AVC
system performs as well as centralised AVC. At frequencies above resonance the performance drops
when a small error is introduced into the plant response, however, despite this reduction in perfor-
mance when simulated errors are added, decentralised remote sensing AVC remains more effective
than standard decentralised AVC.
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